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Abstract

Botulinum neurotoxins (BoNTs) are a family of bacterial protein toxins produced
by various Clostridium species. They are traditionally classified into seven major
serotypes (BoNT/A-G). Recent progress in sequencing microbial genomes has led
to an ever-growing number of subtypes, chimeric toxins, BoNT-like toxins, and
remotely related BoNT homologs, constituting an expanding BoNT superfamily.
Recent structural studies of BoNTs, BoNT progenitor toxin complexes,
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tetanus neurotoxin (TeNT), toxin-receptor complexes, and toxin-substrate com-
plexes have provided mechanistic understandings of toxin functions and the
molecular basis for their variations. The growing BoNT superfamily of toxins
present a natural repertoire that can be explored to develop novel therapeutic
toxins, and the structural understanding of their variations provides a knowledge
basis for engineering toxins to improve therapeutic efficacy and expand their
clinical applications.
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Botulinum neurotoxins (BoNTs) are a family of bacterial protein toxins that cause
the human and animal disease botulism (Fig. 1) (Dong et al. 2019; Pirazzini et al.
2017; Montal 2010; Rossetto et al. 2014). Together with the related tetanus neuro-
toxin (TeNT), they are known as clostridial neurotoxins. These toxins are composed
of two chains and three functional domains (Fig. 2a): the light chain (LC, ~50 kDa),
which is a zinc-dependent metalloprotease that cleaves the target proteins in neurons,
and the heavy chain (HC), which can be further divided into the N-terminal
membrane translocation domain (Hy, ~50 kDa) and the C-terminal receptor-binding
domain (H¢, ~50 kDa). These toxins are initially produced as a single polypeptide
known as the pro-toxin. The linker region between the LC and HC needs to be

BoNT/F5A

Dysport, BoNT/F
Botox, BoNT/A (BoNT/HA)
Xeomin
BoNT/E
L <«— |n clinical trials

BONT/En_

BoNT/Wo ——————
BoNT/X

BoNT/C-D

s / ™+ NeuroBloc,
BoNT/G BoNT/B  Myobloc

Fig. 1 A phylogenetic split network of BONT and BoNT-like toxins. The diagram illustrates the
potential evolutionary relationships based on comparing protein sequences of all known BoNT
subtypes, chimeric toxins, BoNT-like toxins, and BONT/Wo. BoNT/A1 (with such brand names as
Dysport, Botox, and Xeomin from different companies) and BoNT/B1 (with the brand names
NeuroBloc or Myobloc) have been approved by the FDA for medical and cosmetic uses, while
BoNT/ELI is under clinical trials. These three toxins are marked in red
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Fig.2 The three-domain architecture of BoNTs. (a) A schematic drawing of the di-chain and three-
domain architecture of BoNTs. The light chain (LC) is colored red, the translocation domain (Hy)
blue, and the receptor-binding domain (H¢) yellow. The two chains are connected via a disulfide
bond. (b) The crystal structures of full-length BoNT/A, BoNT/B, BoNT/E, and TeNT. LC is
colored red, the Hy blue, and the H¢ yellow. The protein structures are shown in a space filling
representation. BONT/A and BoNT/B display a linear arrangement for the three domains, with the
LC and the H¢ on each side of the Hy. BONT/E and TeNT have their LC and H located on the same
side of the Hy. PDB: 3BTA, 3FFZ, 1S0D, and SNOB

cleaved by bacterial or host proteases, which converts the inactive pro-toxin to a
di-chain active form. The LC and HC remain connected via a single disulfide bond.
Once the Hc recognizes the receptors on nerve terminals, the toxin enters neurons
via receptor-mediated endocytosis. The Hy then mediates translocation of the LC
across endosomal membranes into the cytosol. The LC cleaves neuronal substrate
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proteins, including Syntaxin 1, SNAP-25, and VAMPI, 2, 3, which are required for
neurotransmitter release (Jahn and Scheller 2006; Sudhof and Rothman 2009), thus
blocking neurotransmission.

1 BoNT Serotypes, Chimeric Toxins, and Subtypes

The classifications of BoNTs are traditionally based on their antigenicity and are
known as serotypes, meaning that anti-sera generated against one toxin cannot
recognize and neutralize another toxin (Fig. 1). The first BoNT was identified in
1897 (van Ermengem 1897). A serologically distinct BONT was recognized in 1904,
and hence serotypes A and B were designated to differentiate these two toxins
(Burke 1919a, b; Leuchs 1910). This was followed by recognition of serotypes C
in 1922, D in 1928, E in 1936, and F in 1960. The latest serotype, BoNT/G, was
isolated from soils in Argentina and reported in 1970 (Gimenez and Ciccarelli 1970).
This traditional serological classification has provided a way to distinguish diverse
BoNT members and played a key role in developing vaccines and neutralizing
antibodies against BoNTs.

The DNA and protein sequences for the prototypes of the seven BoNTs, as well
as related TeNT, were resolved by the early 1990s, revealing ~37-70% variation in
protein sequences among different serotypes. A phylogenic tree can be constructed
based on protein sequences (Fig. 1). The two pairs BoNT/B versus BoNT/G and
BoNT/E versus BoNT/F show the highest sequence identity (57% and 63%, respec-
tively) among BoNTs. BoNT/A and BoNT/B have been approved by the FDA for
use in humans (Schantz and Johnson 1992; Johnson 1999), and BoNT/C and BoNT/
F have been investigated for potential medical use (Eleopra et al. 1997, 2006).
BoNT/E is currently under clinical trials, which has a faster onset and shorter
paralysis duration than BoNT/A (Fig. 1) (Eleopra et al. 1998).

The limitations of serological classification were recognized as early as the 1920s,
when inconsistent neutralization efficacy was observed while serotyping “type C”
toxins from different bacterial strains. Sequence information later revealed that this
was due to the existence of naturally occurring chimeric toxins. For instance, there is
a chimeric BoNT/CD with its LC-Hy derived from BoNT/C and its Hc from BoNT/
D (Moriishi et al. 1996b). Anti-sera raised against BONT/CD can neutralize BoNT/
C, but anti-sera against BoNT/C are not effective in neutralizing BoNT/CD
(Pfenninger 1924). There is also a chimeric toxin BoNT/DC, which is composed
of a LC-Hy that is 98% identical with the corresponding region in BONT/D and a Hc
that shares 77% identity with BONT/C-Hc (Moriishi et al. 1996a). Serologically,
because this toxin can be recognized and neutralized by anti-sera against BoNT/D, it
has been considered a BoNT/D (the bacteria strain is known as the strain D-5995,
D-SA, or D-4947) and has been supplied as BoNT/D by a commercial vendor
(Metabiologics Inc. Madison, WI, USA); however, its Hc is clearly distinct from
BoNT/D-Hc.

Sequencing toxin genes has also revealed a growing number of subtype toxins
with significant protein sequence variations from known toxin sequences (Hill et al.
2007; Peck et al. 2017). These variations could significantly reduce the efficacy of the
standard anti-sera. For instance, there are at least eight BONT/A subtypes (A1-A8).
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The prototype is referred to as BONT/A1, which is the only FDA-approved BoNT/A
type for use in humans (Peck et al. 2017). Among BoNT/A subtypes, BoNT/A3
contains the greatest sequence variations from BoNT/A1 (15.4%). BoNT/F subtypes
contain the most variation among all seven serotypes from their prototype BoNT/F1:
as high as 30.2% for BoNT/F5 and 26.3% for BoNT/F7. The difference between
BoNT/F5 and BoNT/F7 is 36.2%, the highest variation among all subtypes. These
sequence differences help explain the significant variations in neutralization efficacy
observed when BoNT/A and BoNT/F were serotyped from different bacterial strains.

The limitations of the traditional serotyping approach are further illustrated by the
recent controversial naming of BoONT/H. This BoNT was identified in 2013 from a
bacterial strain isolated from an infant botulism case (Dover et al. 2014; Barash and
Arnon 2014). This toxin was not neutralized by anti-sera against other BoNTs
following the established serotyping protocol. Thus, it was proposed as a new
serotype. However, sequencing the toxin gene revealed that its LC shares ~80%
identity with the LC of BoNT/F5, while its Hc shares ~84% identity with BoNT/A1-
Hc (Maslanka et al. 2016). As the LC of BoNT/F5 (F5-LC) has a relatively high
sequence variation from BoNT/F1-LC (only ~47% sequence identity) (Kalb et al.
2012), it is not surprising that anti-sera against BoNT/F1 failed to neutralize this
toxin. Later studies showed that this toxin can be neutralized by antibodies against
BoNT/Al, albeit a higher antibody titer is required than the standard serotyping
protocol (Maslanka et al. 2016). Thus, this toxin is also considered a chimeric toxin
BoNT/FA or more precisely BONT/F5-A. To make the matter even more compli-
cated, the Hy of this toxin does not appear to be close to either BONT/F5-Hy or
BoNT/A1-Hy. Thus, it has also been speculated that the LC-Hy of this toxin might
be derived from a yet-to-be-identified BoNT.

Most subtypes likely cleave the same substrate protein at the same site and utilize
the same receptors as their prototypes. However, exceptions with altered functional
specificity have been reported. For instance, BONT/FS cleaves a site on VAMP1/2/3
that is distinct from all other BoNTs, indicating that its sequence variation is large
enough to shift its cleavage site (Kalb et al. 2012). Similarly, sequence variations
between the Hcs of BONT/DC and BoNT/C result in BoNT/DC utilizing a protein
receptor that is not the receptor for BONT/C (Peng et al. 2012).

Interestingly, even relatively low levels of sequence variations among subtypes,
which may not alter the cleavage site on their substrates or switch receptors, could
have measurable impacts on in vivo efficacy and pharmacological properties. For
instance, BONT/A2, which has 90% sequence identity with BoNT/A1, showed faster
onset than BoNT/A1 on cultured neurons and in animal models (Torii et al. 2011;
Pier et al. 2011; Whitemarsh et al. 2013; Pellett et al. 2015). It has been suggested
that this faster onset time is because BoONT/A2 has an overall faster translocation
process across the membrane than BoNT/A1 (Pier et al. 2011; Whitemarsh et al.
2013). As faster onset is clinically beneficial, BONT/A2 has been explored for
clinical uses. Additionally, it was recently reported that BoNT/A6, which has
4.3% sequence variation from BoNT/Al, also showed faster entry into neurons in
culture (Moritz et al. 2018). Another example is that sequence variations in the LC of
BoNT/A3 from BoNT/A1-LC result in a shorter duration of paralysis induced by
BoNT/A3 compared with that induced by BoNT/A1 (Pellett et al. 2018). Thus,
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sequence variations among the growing number of subtypes provide valuable
resources for developing a new generation of therapeutic toxins and for optimizing
toxin sequences to improve their pharmacological properties.

While traditional serotyping has value as a framework for categorizing toxins and
identifying their distinct antigenic properties, describing toxins with seven serotypes
is clearly insufficient to capture the growing diversity among BoNTs. Given the
current ease of determining the exact toxin sequences, it will be important to note the
specific subtype information when discussing a particular BONT. To manage the
naming of the growing number of subtypes, a guideline was proposed in 2017,
which officialized the previous proposed threshold for a toxin sequence to be
considered a new subtype as >2.6% variations at protein sequence levels from any
known BoNT sequences (Peck et al. 2017). A few previous defined subtypes with
<2.6% variations are grandfathered in, such as BoNT/B2, B3, and B6, which
encompass only 1.5-1.9% variations, and BoNT/E2, E3, and E7, which differ
from BoNT/E1 by only 1.0 to 2.1%.

To avoid duplication in numbering new subtypes, an email address has been set
up at the Centers for Disease Control and Prevention (CDC, bontsubtype @cdc.gov)
to receive requests for designation of new subtypes (Peck et al. 2017). There are also
other efforts to develop a unified reporting system and database. One such a
database, BoNTbase (https://bontbase.org) developed by Dr. Jonathan Davies in
the laboratory of Prof. Stenmark, contains all reported BoNT subtypes as well as
BoNT-like sequences along with associated research publications.

2 TeNT

TeNT, produced by Clostridium tetani, shares the same overall domain structures
and mode of actions with other BoNTs; in fact, sequence alignment places TeNT in
the middle of the family (Fig. 1). However, TeNT is not classified as a BONT
because it causes tetanus, a disease that is clinically distinct from botulism. TeNT
and BoNTs both target and enter peripheral motor neurons. Unlike BoNTs, which
block neurotransmitter release from motor neurons, thus causing muscle relaxation
(flaccid paralysis), TeNT undergoes retrograde transport and transcytosis: it moves
along the axons of motor neurons into the cell body in the spinal cord and is then
released from motor neurons and enters the connecting inhibitor neurons where
TeNT blocks neurotransmitter release (Lalli et al. 2003; Surana et al. 2018). Loss of
inhibitory input leads to overactivity of motor neurons, resulting in spastic paralysis.
Interestingly, it has been suggested that at least a small fraction of some BoNTs such
as BoNT/A1 may also undergo long-range transport and transcytosis along periph-
eral neuronal axons into connecting neurons (Restani et al. 2011, 2012; Antonucci
et al. 2008; Bomba-Warczak et al. 2016). The molecular basis for the different traffic
pathways utilized by TeNT versus BoNTs remains unknown.
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3 BoNT-Like Toxins

Rapid progress in sequencing microbial genomes in recent years has fundamentally
changed how novel toxins are discovered. In 2015, a new toxin gene was recognized
through bioinformatic analysis of the genome of a Clostridium botulinum strain.
It encodes a protein containing the same three functional domains and key motifs
found in BoNTs, with ~28-30% of sequence identity compared with the seven
BoNTs (Fig. 1) (Zhang et al. 2017). This toxin was named BoNT/X because of
varying opinions on what naming convention to utilize. Subsequent functional
characterization confirmed that BoNT/X is capable of cleaving VAMPIL, 2, 3 at a
novel cleavage site distinct from all known cleavage sites for BoNTSs. Interestingly,
BoNT/X is a unique toxin that can also cleave VAMP family members VAMP4,
VAMPS, and Ykt6, although the physiological consequences of these noncanonical
cleavage events remain to be determined. Because BoNT/X was not recognized by
antisera raised toward any of the seven BoNTs, it could be considered a novel
serotype. However, unlike the seven classic BoONTs, BoNT/X showed only a low
level of toxicity in mice. These findings suggest that BoONT/X may not naturally
target mice and other vertebrates. The host species targeted by BoNT/X remains to
be established.

In 2017, sequencing the genome of an Enterococcus faecium strain collected
from cow feces revealed another BoNT-like toxin, designated BoNT/En (Zhang
et al. 2018; Brunt et al. 2018). It too shares the same three-domain arrangement and
key motifs found in BoNTs, with 24-27% protein sequence identity with the seven
classic BoNTs. It is most closely related to BoNT/X, sharing 37% sequence identity.
Functional validation demonstrated that BoNT/En is capable of cleaving VAMP1,
2, 3 and SNAP-25 in cultured neurons. Because BoNT/En is not recognized by any
anti-sera against the seven BoNTs and BoNT/X, it too can be considered a new
serotype, but BONT/En showed no toxicity in mice. This is largely due to the lack of
appropriate receptors in mice, as a chimeric toxin containing the LC-Hy of BoNT/En
fused with the Hc of BONT/A showed high neuronal toxicity and induced muscle
paralysis. Thus, BONT/En does not appear to target mouse motor neurons, and the
host species naturally targeted by BoNT/En remains unknown.

In 2019, another BoNT-like toxin, PMP1 (paraclostridial mosquitocidal protein
1), was reported (Contreras et al. 2019). It was identified by screening and analyzing
bacteria that can kill anopheles mosquito larvae. The toxin gene is located on a
plasmid found in two strains with mosquitocidal activity: Paraclostridium
bifermentans malaysia isolated from a mangrove swamp in Malaysia and
Paraclostridium bifermentans Paraiba isolated in Brazil. PMP1 shares 36%
sequence identity with BoNT/X and 34% identity with BoNT/En. These three toxins
form a distinct branch in the BoNT superfamily (Fig. 1). Functional analysis showed
that PMP1 is capable of cleaving mosquito Syntaxin 1 and has no toxicity in mice.
PMP1 is the first known neurotoxin that naturally targets anopheles mosquito larvae.
Its insecticidal toxicity and selectivity have the potential to be harnessed for devel-
oping novel mosquito control agents.

The crystal structure of the PMP1-Hc has been solved, revealing features distinct
from the classic BONT-Hcs (Contreras et al. 2019). For instance, there are a dozen
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aromatic residues exposed on the surface of PMP1-H, forming unique hydrophobic
patches. Mutations at these hydrophobic patches reduced toxicity, suggesting that
they may contribute to receptor binding. The receptors for PMP1 and other BoNT-
like toxins remain unknown, which likely dictate the species targeted by each toxin,
although other barriers may also exist. It is possible that BONT/X and BoNT/En may
also target insects or other invertebrates, and we expect that additional members of
this group will continue to be discovered, which may form a group of neurotoxins
targeting invertebrates. As the Hc can be switched between BoNT and BoNT-like
toxins, chimeric toxins utilizing the LC-Hy part of BoNT-like toxins may provide an
additional toolbox for designing new therapeutic toxins with unique properties.

4 BoNT Homologs

Bioinformatic analysis also revealed a growing number of sequences bearing various
degrees of homology to BoNT, defined as BONT homologs. The first was discovered
in the genome of Weissella oryzae, a gram-positive anaerobe isolated from
fermented rice in Japan (Mansfield et al. 2015). The protein was later named
BoNT/Wo (Zornetta et al. 2016). The protein sequence of BONT/Wo can be divided
into LC, Hy;, and H¢ based on homology analysis with BoNTs, and it contains a few
key conserved moieties found in BoNTs. However, BoNT/Wo is significantly
different from BoNTs and BoNT-like toxins. First, the sequence identity of BoNT/
Wo to other BoNTs and BoNT-like toxins is only 14—16% (Fig. 1). Second, there is
no cysteine located at the linker region between BoONT/Wo-LC and HC. Third, while
all BoNTs and BoNT-like toxins are located within a similar gene cluster (discussed
in Sect. 6), BONT/Wo is not in such a cluster. Thus, BONT/Wo is only a distant
homolog of BoNTs. It has been reported that BONT/Wo-LC is capable of cleaving
VAMP?2 in vitro, but its physiological function remains to be established (Zornetta
et al. 2016).

Three more BoNT homologs were recently reported in the genome of
Chryseobacterium piperi (Mansfield et al. 2019). They showed low levels of
sequence identity to BoNTs. For instance, one of these proteins, designated Cpl,
shares ~17% identity with BONT/A1. Cpl can be divided into LC, Hy, and H¢ based
on homology analysis with BoNTs, and there are two cysteine residues located at the
linker region between its LC and HC, suggesting an inter-chain disulfide bond. The
function of these BONT homologs remains to be fully characterized.

5 Three-Domain Architecture

The full-length crystal structures of BONT/A, BoNT/B, BoNT/E, and TeNT have
been determined, clearly demonstrating a three-domain architecture, composed of
the LC, Hy, and H¢ (Fig. 2b) (Lacy et al. 1998; Swaminathan and Eswaramoorthy
2000; Kumaran et al. 2009; Masuyer et al. 2017). The overall fold of each domain is
largely conserved across these toxins, despite their rather low levels of amino acid
sequence identity. BoONT/A and BoNT/B both showed a linear domain arrangement,
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with the LC and Hc¢ located on each side of the Hy, while the LC and Hc in BONT/E
are located on the same side of Hy and interact with each other. Thus, BoNT/E has
an overall more-compact globular shape than BoNT/A and BoNT/B. The structure
of TeNT has been investigated using multiple approaches: small-angle X-ray scat-
tering analysis showed that TeNT is in a linear domain arrangement (open state) at
neutral pH and changes into a compact globular form (closed state) under acidic pH
(Masuyer et al. 2017). An intermediate semi-open state was also observed by
low-resolution cryogenic electron microscopy (Cryo-EM). The high-resolution
X-ray crystal structure of TeNT showed a closed state, with all three domains
interacting with each other. Within TeNT, the LC-Hy forms a relatively stable
core, while the Hc alters its position under different experimental conditions. The
physiological relevance of the domain rearrangement in TeNT and whether similar
flexibility exists in BoNTs remain to be determined.

5.1 Translocation Domain

The crystal structures of BoNT/A, B, E, and TeNT all reveal that the LC
forms extensive contacts with the Hy. Particularly, the N-terminal region composed
of ~50 residues of the Hy, designated the “belt” region, wraps around the LC
(Fig. 2b). Because the belt region partially covers the active site of the LC, the LC
reaches its full activity only once it is dissociated from the Hy after the disulfide
bond connecting the LC and HC is broken (reduced).

The Hy is responsible for translocating the LC across the endosomal membrane.
It is well established that the low pH within endosomes triggers conformational
changes in BoNTs, leading to translocation of the LC, but the molecular mechanism
for this translocation process remains to be elucidated. The Hy domain prominently
features two long a-helices of ~105 A. It remains unclear how these helices may alter
their conformations upon encountering the low pH within endosomes.

A potential transmembrane region has been proposed based on analyzing
hydrophobicity (e.g., residues 659-681 in BoNT/A), and a similar region (residues
593-686) in BoNT/A has been suggested to contribute to forming a channel in
membranes (Montal et al. 1992; Lebeda and Olson 1995; Fischer et al. 2012).
Bioinformatic analysis comparing the Hy of BoNTs and BoNT-like toxins revealed
similarities between this region and the proposed transmembrane helix of diphtheria
toxins, and also identified a conserved K/R. . .PxxG motif (Mansfield et al. 2019).

A recent study reported that the isolated Hy fragment of BoNT/A lacking the belt
region can be produced as a soluble protein, and its crystal structure under acidic pH
conditions has been resolved (Lam et al. 2018a). The structure highlights major
conformational changes in the region from residues 620 to 667. This region is termed
the BoNT-switch and contains disordered loops and short helices under neutral pH
but switches to B-hairpins containing five B-strands under acidic pH. Interestingly,
the sequence of this region, particularly the 2/p3 loop, is highly conserved across all
BoNTs and bears an “aromatic-hydrophobic-glycine” tripeptide motif flanked by
proline residues, which is similar to the lipid-binding peptide found in viral fusion
proteins such as the internal fusion loop of Ebola virus glycoprotein 2. Thus, it was
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Fig. 3 BoNT-LCs cleave SNARE proteins. (a) The three SNARE proteins, Syntaxin 1, SNAP-25,
and VAMP1/2/3 form a complex of four alpha helix bundles, which is essential for fusion of
synaptic vesicle membranes to the plasma membrane of neurons. Cleavage of any one of these three
SNARE proteins is sufficient to block vesicle exocytosis and neurotransmitter release. The cleavage
sites for BONT/A1, B1, and E1 are marked. PDB: IN7S. (b) The crystal structure of a SNAP-25
fragment (colored dark green) in complex with BONT/A1-LC (red), showing extensive interactions
of SNAP-25 with the BoNT/A1-LC (right panel: rotated 180°). PDB: 1XTG

suggested that the BoNT-switch region is responsible for sensing the pH change and
initiating membrane penetration via a mechanism similar to that used by viral fusion
peptides. These results represent a major advance in our understanding of
pH-induced conformational change in Hy. How the changes in the BoNT-switch
region leads to further conformational changes in the rest of Hy and the eventual
translocation process remains to be determined.

5.2 The Structure of the LC

By aligning the protein sequence of five BoNTs and TeNT, Giampietro Schiavo and
Cesare Montecucco recognized a conserved HEXXH motif that is the key feature of
metalloproteases, suggesting that BoNTs and TeNT act as proteases (Schiavo et al.
1992b). In their following seminal work published in 1992, they identified BoONT/B
and TeNT as zinc-dependent proteases that cleave the synaptic vesicle protein
VAMP?2 (Schiavo et al. 1992a). Within a few years, it was fully established that
BoNT/B, D, F, and G cleave homologous VAMP1, 2, and 3, while BoONT/A, C, and
E cleave the peripheral membrane protein SNAP-25 (Fig. 3a). In addition, BONT/C
can also cleave the plasma membrane protein Syntaxin 1. BoONT/B and TeNT both
share the same cleavage site on VAMPI, 2, and 3, while all other toxins have their
own unique cleavage sites. These three toxin substrates are members of SNARE
family proteins. They form the core complex that mediates fusion of synaptic vesicle
membranes to plasma membranes, which is essential for releasing neurotransmitters
(Jahn and Scheller 2006; Sudhof and Rothman 2009).

The crystal structures of all seven BoNT-LCs have been resolved, revealing an
overall conserved globular fold (Jin et al. 2007; Arndt et al. 2005, 2006). The
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catalytic site with the signature motif HEXXH is conserved in both composition and
geometry across all BoNTs. BoNT-LCs are zinc-dependent proteases with remark-
able substrate specificity. As their catalytic sites are similar, the specific recognition
and cleavage of different substrates must involve regions outside the catalytic site.
Indeed, co-crystal structure of an inactive form of BoNT/A-LC (A-LC, containing
two-point mutations that abolish its protease activity) in complex with a fragment of
its substrate SNAP-25 (residues 141-204) reveals that SNAP-25 wraps around
A-LC, forming extensive interactions particularly via an a-exosite bound by the
N-terminal region of the SNAP-25 fragment as well as a pf-exosite bound by the
C-terminal region of SNAP-25 (Fig. 3b) (Breidenbach and Brunger 2004). This
requirement of “long stretch” of SNAP-25 to be properly docked into A-LC ensures
specificity.

Each BoNT-LC likely possesses its own distinct exosites, whose location and
composition determine the selection of the substrate SNARE proteins and the
specific cleavage site. The co-crystal structure of BoNT/F-LC (F-LC) in complex
with a VAMP2 fragment containing a point mutation that renders it resistant to
BoNTY/F is the only other toxin-substrate complex that has been resolved (Agarwal
et al. 2009). This structure also demonstrated extensive interactions between F-LC
and the VAMP2 fragment, with VAMP2 docked onto F-LC through at least three
exosites distinct from the exosites in A-LC. The precise locations of exosites in other
BoNT-LCs remain to be established. The crystal structure of BoNT/X-LC (X-LC)
has been solved (Masuyer et al. 2018). Despite only ~30% sequence identity with
other BoNTs, X-LC display a typical BONT-LC fold with many conserved second-
ary structural features. The structure further demonstrates that X-LC is a bona fide
member of the BONT-LC family. The crystal structure of the BONT/Wo-LC has
recently been solved as well, showing that it shares a common core fold found in
other BoNT-LCs but also revealing several distinct features including an unusually
wide and open catalytic site (Kosenina et al. 2019).

Notably, A-LC has been shown to maintain its activity in cultured neurons for
several months, which is the major reason for BONT/A’s ability to induce persistent
paralysis that lasts several months in humans (Keller et al. 1999; Whitemarsh et al.
2014; Tsai et al. 2017; Pellett et al. 2015; Foran et al. 2003). This is a key
pharmacological property that contributes to the success of BONT/A as a therapeutic
agent. Among the seven BoNTs, BoNT/E showed the shortest half-life, with only a
few weeks in humans (Foran et al. 2003), a key feature differentiating it from BoNT/
A. The molecular basis for the extremely long half-life of BONT/A remains to be
fully established. A-LC has been shown to bind the cytoskeleton protein septin
complex, which may shield A-LC from degradation (Vagin et al. 2014). It has also
been suggested that A-LC recruits deubiquitinase to reduce its ubiquitination (Tsai
et al. 2017). The structural basis for those interactions remains to be solved.
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5.3 Structural Basis for Receptor Recognition

The structure of the 50 kDa H¢ showed two distinct sub-domains roughly equal in
size. BoNTs have extreme specificity toward nerve terminals, which is achieved by
recognizing at least two receptor components in a ‘“double-receptor” model
(Montecucco 1986). One is a family of glycolipids on cell membranes known as
gangliosides, which are comprised of a lipid tail and a glycan headgroup containing
various numbers of negatively charged sialic acids (Simpson and Rapport 1971;
Hamark et al. 2017). Gangliosides are abundant at nerve terminals and serve as
low-affinity receptors to enrich the toxin onto the cell surface. A ganglioside-binding
site (GBS) has been identified and is conserved in BoNT/A, B, E, F, and G (Rummel
etal. 2003, 2004; Fotinou et al. 2001). This GBS is at the C-terminal region of the Hc
and contains the signature residues SXWY. The crystal structures of the H¢ in
complex with the headgroup of gangliosides have been solved for BoNT/A, B,
and F, showing that GBS interacts with the GalNAc-Gal motif as well as sialic
acids within gangliosides (Stenmark et al. 2008; Berntsson et al. 2013; Benson
etal. 2011).

Besides gangliosides, many BoNTs also require specific neuronal protein
receptors. Two sets of synaptic vesicle membrane proteins, synaptic vesicle glyco-
protein 2 (SV2) and Synatotagmin I and II (Syt I/Il), serve as receptors for multiple
BoNTs. For instance, BONT/A utilizes SV2 (including all three isoforms SV2A,
SV2B, and SV2C) as its receptors, while BoNT/B, BoNT/DC, and BoNT/G all
utilize homologous Syt I and Syt II as receptors (Dong et al. 2003, 2006; Nishiki
et al. 1994; Mahrhold et al. 2006). These synaptic vesicle membrane proteins travel
to cell surfaces only transiently, and this entry pathway is thus activity facilitated, as
neuronal activity promotes synaptic vesicle exocytosis and endocytosis, leading to
enhanced binding and entry of BoNTs.

Syt I and II are single-pass transmembrane proteins, with a short luminal domain
(the region inside vesicles). BONT/B, DC, and G all recognize the same short section
of the luminal domain of Syt I/Il, located next to the transmembrane domain. The
co-crystal structure of the Hc of BONT/B (B-Hc) in complex with the Syt II fragment
containing the toxin-binding site revealed that the toxin-binding segment is induced
to form an amphipathic a-helix and dock into a hydrophobic groove within B-Hc
(Fig. 4a) (Jin et al. 2006; Chai et al. 2006). The complex is stabilized by highly
specific side-chain-to-side-chain interactions. It has been reported that Syt II is
expressed in most motor neurons in diaphragm neuromuscular junctions, while Syt
I is detectable in only ~40% of motor neurons in mice (Pang et al. 2006). These
findings suggest that Syt II is the dominant receptor at diaphragm motor nerve
terminals. On the other hand, bladder tissues express mainly Syt I, but not Syt II
(Elliott et al. 2019). Since bladder tissues are smooth muscles controlled by auto-
nomic nerves, it is possible that Syt I is the dominant receptor in autonomic nerves.

It has long been clinically observed that higher doses of BoNT/B are required to
achieve the same level of paralysis produced by BoNT/A in humans. This is because
human Syt II happens to contain a residue change from phenylalanine, which is
commonly found in most mammalian species, to leucine at a key position within the
toxin-binding region. This single residue change drastically reduces the binding
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a BoNT/B1 Receptor Complex

e GD1a

Fig.4 BoNT/Al and BoNT/B1 in complex with their receptors. (a) The crystal structure of BONT/
B1-Hc (yellow) in complex with its ganglioside coreceptor (colored according to chemical element)
and the toxin-binding region of its protein receptor Syt II (orange). PDB: 4KBB. (b) BONT/A1-Hc
(yellow) in complex with its ganglioside coreceptor (colored according to chemical element) and
the L4 of its protein receptor SV2C (green). PDB: 2VU9 and 5JLV

affinity of BoNT/B, DC, and G to human Syt II compared with Syt II from mice
(Peng et al. 2012; Strotmeier et al. 2012).

This “defect” in human Syt II creates the need to engineer BoNT/B to improve its
efficacy in humans. This has been achieved by structure-assisted mutagenesis
approaches, which eventually identified that mutating residue 1191 (glutamic acid)
to methionine, cysteine, glutamine, or valine, in combination with mutating serine
1199 to tryptophan or tyrosine, creates B-Hc mutants that can bind robustly to both
mouse and human Syt II (Tao et al. 2017). Two of these toxin variants, E1191M/
S1199Y and E1191Q/S1199W, have been produced recombinantly as full-length
active toxins in E. coli. They were tested on a “humanized” transgenic mouse model,
in which the mouse Syt II luminal domain has been replaced with the human version
(Elliott et al. 2019). While natural BoNT/B showed a drastically reduced potency in
this model, modified BoNT/B mutants showed the same level of potency in
humanized mice and control mice. Therefore, these modified BoNT/B are expected
to have better therapeutic efficacy in humans compared with natural BoNT/B.

While BoNT/B binds specifically to Syt I/Il through side-chain-mediated
interactions, BoNT/A recognition of SV2 involves not only the protein part of
SV2 but also carbohydrate moieties at a glycosylation site of SV2 (Fig. 4b) (Yao
et al. 2016). The three members of SV2 (SV2A, SV2B, and SV2C) are 12-trans-
membrane-domain proteins, with both the N- and C-termini located in the cytosol.
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The fourth luminal domain (SV2-L4) is the longest among all luminal domains, and
BoNT/A recognizes its middle portion. The crystal structure of He of BoNT/Al
(A1-Hc) in complex with human SV2C-L4 expressed and purified in E. coli has
been solved, revealing that SV2C-L4 folds into a right-handed, quadrilateral p-helix
pattern, similar to pentapeptide-repeat proteins (Benoit et al. 2014). The overall
architecture of SV2C-L4 is similar to the structure of amyloid fibrils, forming a stack
of B-strands. BoNT/A 1 recognizes the top of this structure by stacking two of its own
[-strands in the middle of A1-H¢ (Fig. 4b). This is an unusual type of toxin-receptor
recognition, as most interactions are through backbone-backbone hydrogen bonds.
The crystal structure of BONT/A2 in complex with human SV2C L4 has also been
solved (Benoit et al. 2017; Gustafsson et al. 2018). The complexes are highly similar
to BoNT/A1 — SV2C L4.

SV2 is heavily glycosylated, and there are three conserved N-linked glycosyla-
tion sites within the L4, with one located right in the middle of the BONT/A1-SV2
interface. These three sites are not glycosylated in SV2C-L4 purified from E. coli.
Mutagenesis studies showed that abolishing the glycosylation site at the BoNT/
A1-SV2 interface reduced the potency of BoNT/Al on neurons, suggesting that
glycosylation at this site contributes to toxin-SV2 interaction (Yao et al. 2016;
Dong et al. 2008).

In 2016, the crystal structure of A1-Hc in complex with a glycosylated SV2C-L4
(expressed in eukaryotic cells) was elucidated (Yao et al. 2016). The overall
structure of glycosylated SV2C-L4 and the protein-protein interaction interface
between SV2C-L4 and Al-H¢ are the same as shown in the structure containing
un-glycosylated SV2C-L4. The new discovery is that the base of the N-linked
glycan, including two GlcNAc, a mannose, and a fucose, is directly recognized by
Al-Hc. These interactions with glycans significantly reduce the dissociation con-
stant and enhance the overall binding affinity between Al-Hc and SV2C-L4
(Mahrhold et al. 2016; Yao et al. 2016). The location of this N-linked glycosylation
site is highly conserved across all three SV2s as well as in different vertebrate
species.

BoNT/E also utilizes SV2A and SV2B as its receptors, and the recognition is
even more dependent on the presence of glycosylation at the same site of L4 than it is
with BoNT/A (Dong et al. 2008; Mahrhold et al. 2013). Though structural basis for
BoNT/E-SV?2 interactions remains to be established, it has been shown that BONT/E
cannot recognize SV2C in neurons, which is a major difference from BoNT/A.
SV2B and SV2C are both widely expressed at motor nerve terminals, while SV2A is
expressed only in a subset of motor neurons controlling slow muscle fibers
(Chakkalakal et al. 2010). It has also been reported that trigeminal sensory neurons
are insensitive to BoNT/E, as they express only SV2C. This insensitivity can be
overcome by an engineered chimeric BONT/E-A toxin in which the Hc of BoNT/E is
replaced with A1-He (Meng et al. 2009).
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6 BoNT Gene Cluster and Progenitor Toxin Complex

BoNTs exist naturally in protein complexes when produced from Clostridium
bacteria. BONT/A1 was first purified in 1946 in crystalline form (Lamanna et al.
1946). It was later discovered that this purified form can be further separated into a
toxic and a nontoxic component, with the latter capable of inducing aggregation of
erythrocytes (hemagglutinin activity). Further studies revealed that BONT/A1 can
exist in three different complexes, known as 12S, 16S, and 19S based on ultracen-
trifugation analysis of their molecular weight. The 125 form contains a BoNT/A and
a nontoxic molecule of similar size known as NTNHA (nontoxic non-hemagglutinin
protein, also known as NTNH). The 16S contains the 12S plus a nontoxic protein
complex with hemagglutinin activity (known as HA complex). The 19S appears to
be a dimer of 16S, and this is the crystalline form first put into clinical use. Current
generation of therapeutic BoNT/A and BoNT/B are both in complex form,
containing NTNHA and HA proteins. The exception is that the product from Merz
is the BoNT/A molecule alone, isolated through additional purification from the
original complex form.

The genes encoding BoNTs are located within two kinds of gene clusters, both
containing a gene encoding NTNHA next to the toxin gene (Fig. 5a). One cluster,
designated as the HA cluster, encodes three proteins (HA17, HA33, and HA70) that
form a complex with hemagglutinin activity. BONT/A1, B, C, D, and G all contain
the HA cluster and produce both 12S and 16S complexes. The other cluster is known
as the OrfX cluster, encoding four proteins (OrfX1, OrfX2, OrfX3, and P47) with
unknown functions. BONT/A2, E, and F contain the OrfX cluster, and only 12S
complexes were purified for these toxins.

The reason why BoNTs are produced in complexes can be understood from their
mode of action: they are oral toxins. They naturally enter human and animal bodies
via ingestion of contaminated food, and the toxin must be able to pass through the
harsh environment of the gastrointestinal tract and be absorbed into the circulatory
system as an intact molecule. Because the isolated toxin can easily be degraded by
proteases, its oral toxicity is low, whereas the BONT-NTNHA complex is extremely
resistant to proteases. Thus, BoNTs are always combined with their corresponding
NTNHA into a minimally functional progenitor toxin complex (M-PTC, Fig. 5b),
whose formation is pH dependent. For instance, BONT/A1 and its NTNHA form a
complex under acidic pH conditions, and the toxin dissociates from NTNHA at
pH 7.3. This provides a mechanism to release the toxin once the complex enters the
circulatory system. In clinical applications, BONT/AL1 is expected to dissociate from
the complex once it is injected into the tissue; the toxin itself is responsible for the
therapeutic effect.

The structural basis for BONT-NTNHA complexes has been established by recent
work revealing the crystal structures of BONT/A1 with its NTNHA (NTNHA-A) and
BoNT/E with its NTNHA (NTNHA-E) (Gu et al. 2012; Eswaramoorthy et al. 2015).
The two complex structures share a high degree of similarity and confirm that the
toxins and the NTNHAs form interlocked “handshake” complexes, protecting a
large portion of the solvent-accessible areas (Fig. 5b). The NTNHAs also contain
three domains, termed nL.C, nHy, and nHc¢, which are homologous to the LC, Hy,
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and H¢ in BoNTs, but NTNHAs do not contain the protease motif HEXXH in their
nLCs, and there is no disulfide bond between nLC and nHy. The Hc is at the center
of the complex, forming interactions with all three domains of NTNHA, suggesting
that Hc is the key region being protected. On the other hand, the LC and nLC are
both pointing outward from the complex, and the LC of BoONT/A1 does not form any
interactions with NTNHA-A. It has been proposed that key clusters of acidic
residues at the interface of BONT and NTNHA dictate the pH dependency of the
complex formation. These acidic residues are not charged at low pH but become
negatively charged (deprotonated) in neutral or basic conditions, creating a repulsive
force that disassembles the complex.

The major difference between NTNHA-A and NTNHA-E is that NTNHA-A
contains an extra loop within the nLC (termed nLoop), which is conserved in the
NTNHAs from BoNT/Al, B, C, D, and G, but missing from all toxins associated
with the OrfX cluster. This nLoop binds to the HA proteins and serves as a linker to
dock the BONT-NTNHA onto a complex of HA proteins, which comprises three
HA70, three HA17, and six HA33 molecules (Fig. 5c). Together, the entire complex
is defined as large progenitor toxin complex (L-PTC). The crystal structure of the
HA complex of BoNT/B has been determined, showing a triskelion shape with three
HA70 forming a central hub (Amatsu et al. 2013). HA17 serves as a linker, binding
to one HA70 on one side and two HA33 on the other side. A similar structure has
also been constructed for the HA complex of BoONT/A (Lee et al. 2013). By docking
crystal structures into the shape of the entire toxin complex observed from negative-
stain electron microscopy, a structural model of BoNT/Al1 L-PTC has been
constructed (Fig. 5c) (Lee et al. 2013).

The major function of the HA complex appears to be facilitating the absorption of
the toxin complex in the intestine. First, the complex contains up to nine carbohy-
drate binding sites, one on each HA70 and HA33 (Lee et al. 2013). HA-carbohydrate
interactions have been shown to contribute to the initial absorption of the toxin
complex through microfold cells (M-cells) in the intestine (Matsumura et al. 2015).
Second, the HA complexes of both BoNT/A and BoNT/B recognize cell surface
adhesion molecule E-cadherin (Sugawara et al. 2010). Structural studies revealed
that one HA complex binds to three E-cadherin molecules. The interaction blocks the
trans-dimerization of two E-cadherin on neighboring cells, which is essential for
forming cell-cell junctions, thus opening the tight junction in the intestinal epithelial
barrier for the large toxin complex to pass through (Lee et al. 2014).

The function of the OrfX proteins and whether they form complexes with each
other and/or with BONT-NTNHA remain unknown. The crystal structures of OrfX2
and P47 show that both proteins contain a tubular lipid-binding (TULIP) fold,
suggesting lipid-binding activity (Gustafsson et al. 2017; Lam et al. 2018b). All
three BoNT-like toxins, BONT/X, BoNT/En, and PMP1, are located in gene clusters
homologous to the OrfX cluster. It has been shown that deletion of OrfX proteins
reduces the toxicity of PMP1 to anopheles mosquito larvae, demonstrating that these
OrfX proteins contribute to the oral toxicity of PMP1 (Contreras et al. 2019).
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7 Concluding Remarks

Botulinum neurotoxins have captivated researchers for well over 100 years. The
extreme potency of these toxins, and the impressive number of medical conditions
they can be used to treat, continues to fascinate both scientists and clinicians.
Our growing understanding of these toxins, with rapid advances in solving their
structures and discovering new toxin variations and homologs, will lead to develop-
ment of a new generation of therapeutic toxins with improved efficacy and expanded
clinical applications.
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