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Summary

The botulinum neurotoxins (BoNTSs) are the most potent protein toxins for humans. There are
seven serotypes of BoNTs (A-G) based on a lack of cross anti-sera neutralization. BONT/C and
BoONT/D serotypes include mosaic toxins that are organized as D-C and C-D toxins. One BoNT D-
C mosaic toxin, BONT/D-South Africa (BoNT/D-SA), was not fully neutralized by immunization
with a vaccine composed of either prototype BoNT/C-Stockholm or BoNT/D-1873. While several
BONT serotypes utilize dual receptors (gangliosides and proteins) to bind and enter neurons, the
basis for BONT/C and BoNT/D entry into neurons is less well understood. Recent studies solved
the crystal structures of the receptor binding domains of BoNT/C, BoNT/D, and BoNT/D-SA.
Comparative structural analysis showed that BoONT/C, BoNT/D, and BoNT/D-SA lacked
components of the ganglioside binding pocket that exist within other BoNT serotypes. Utilizing
structure based alignments, biochemical analyses, and cell binding approaches, BoNT/C and
BoNT/D-SA have been shown to possess a unique ganglioside binding domain, the ganglioside
binding loop. Defining how BoNTs enter host cells provides insight towards understanding the
evolution and extending the potential therapeutic and immunologic values of the BoNT serotypes.

Introduction

The Botulinum neurotoxins (BoNTS) are the most potent protein toxins for humans and the
etiological agent of botulism [1]. BONTSs are produced by Clostridium botulinum and several
other species of clostridia [2]. The BoNTSs are grouped into 7 serotypes (termed A-G) based
upon anti-sera neutralization [3]. Serotypes A, B, E, and F are associated with natural human
intoxication, while serotypes C and D are associated with natural intoxication of animals.

BoNTSs are AB toxins composed of independent functional domains linked by disulphide
bond. The N-terminal light chain (LC) is the enzymatic domain, while the heavy chain (HC)
includes two independent domains, the translocation domain (HCT) and the receptor binding
domain (HCR) (Figure 1). The crystal structure of BONT/A revealed that the three
functional domains were structurally distinct and arranged in a linear fashion [4]. The LC
protease active site is composed of a zinc atom coordinated by a HExxH...E motif that can
access SNARE proteins as substrates. The identifying features of the HCT include a pair of
a-helices ~105A long that twist around each other and a “belt” region within the N terminus
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of the HC that wraps around the LC partially occluding the active site [5]. The HCR consists
of two sub-domains; the N-terminal subdomain is predominantly B-sheets arranged into a
jelly roll motif and the C-terminal sub-domain folds into a B-trefoil. The structures of each
BONT serotype have similar three dimensional organization [6]. Using single particle
electron microscopy, Fischer et al. visualized the holotoxin architecture, which revealed a
heterogeneous unique globular organization for BoNT/E, in contrast to homogenous
conformation for BoNT/A that reflects the crystal structure [4, 7]. A recent crystal structure
showed that BoNT/E is composed of three independent structural domains like BONT/A
and /B, but unlike BoNT/A and BoNT/B where the LC and HCR are separated by the HCT,
BoONT/E forms a compact, globular structure with the three domains in direct contact with
each other [8].

Retention of function by the three individual domains (LC, HCT, and HCR) has facilitated
the structure-function characterization of BONT and Tetanus neurotoxin (TeNT). The
molecular identities of the LC substrate(s) as well as the structural intricacies of substrate
recognition have been defined using recombinant LC domains [9, 10]. Using a catalytically
inactive LC/A and a deletion peptide of SNAP-25, Breidenbach et al. generated a crystal
structure of LC/A bound to SNAP-25 [5]. The structure revealed that LC-SNAP-25
interactions extended through multiple sites with SNAP-25 wrapping around a cleft that
spanned the circumference of LC/A. The N terminus of SNAP-25 assumed a helical
conformation when contacted to a hydrophobic region of LC/A termed the a-exosite, while
the C terminus of SNAP-25 interacted with the B-exosite located on the opposite face of LC/
A. The region of SNAP-25 between the a- and B-exosites of LC/A was positioned to align
the catalytic active site with the scissile bond of SNAP-25. Unexpectedly, SNAP-25 wraps
around LC/A in an orientation similar to the belt region of the translocation domain of the
HC. This implicates the belt region as a safeguard against premature proteolysis until LC is
delivered into the host cell [10]. Similarly, LC/F interacts with VAMP by binding with three
exosites and wrapping the SNARE protein in the same direction as LC/A [11, 12]. Building
on biochemical and structural data regarding LC-SNARE protein interactions [13], a LC/E
was engineered to cleave the non-neuronal SNARE protein SNAP-23. Incorporation of a
point mutation at Lys224 expanded LC/E substrate specificity, where LC/E(Lys224Asp)
cleaved endogenous SNAP-23 in HelLa cells and effectively reduced TNF-a induced mucin
and IL-8 secretion [14]. Studies addressing the role of the translocation domain in BONT
toxicity have also benefited from the use of recombinant BoNT domains [15-18].
Recombinant HCR domains have been utilized for structural and cellular studies and have
been shown to represent minimal essential components required to host cell interactions [19,
20]. The C-terminal p-trefoil domain alone contains known receptor binding sites and has
been shown to retain ganglioside interactions for TeNT and BoNT/A [21, 22], although
binding SV2 and neuronal entry has not yet been demonstrated for BONT/A. HCR domains
bind and enter target neurons and antagonize the action of full-length BoNTs [23], while co-
crystal structural studies have defined the HCR-receptor interactions with atomic resolution
[24-30].

Entry of Botulinum Toxins into Neurons

When interactions with gangliosides (sialylated glycosphingolipids) were not sufficient to
explain the affinity and specificity of BoNTSs for nerve terminals, Montecucco proposed a
dual receptor model for BoNTSs, inferring the presence of a protein co-receptor to facilitate
entry [31]. Nishiki and colleagues subsequently identified synaptotagmin Il as a functional
protein receptor for BoNT/B in complex with ganglioside GT1b [32-35], while Rummel et
al found that synaptotagmins I and 11 facilitate BoNT/G entry [36]. Several groups showed
that neuronal stimulation led to rapid BoNT toxicity, prior to the identification of functional
BONT protein receptors [37, 38], when Chapman and coworkers showed that BoNT/B
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entered neurons bound to synaptotagmin upon membrane depolarization [39]. Subsequent
studies showed that BoONT/A, BoNT/E, and BoNT/F utilized SV2 as protein receptor and
that BONT/G utilized synaptotagmin | and 11 as co-receptor [36, 40-42]. Thus, the BONT
protein co-receptor comprises luminal domains of synaptic vesicle membrane proteins
exposed through fusion of the synaptic vesicle to the plasma membrane [40-42]. The general
entry mechanism of BoNT is shown in Figure 2. BoNT initially binds ganglioside on the
plasma membrane of resting neurons. A depolarization event triggers an influx of
extracellular calcium which is recognized by the cytoplasmic calcium-binding domains of
synaptotagmin on synaptic vesicles. This initiates vesicle fusion to the plasma membrane
where luminal domains of synaptic vesicle proteins are exposed and function as the protein
co-receptors for BONT. Recent studies have identified a synaptic vesicle protein complex as
a high affinity receptor for BONTs [43, 44]. Upon BoNT binding, plasma membrane bound
synaptic vesicles are recycled by an endocytic mechanism [45] and the BoNT-receptor
complex is sequestered into the lumen of the vesicle. Upon maturation, the lumen of the
synaptic vesicle is acidified by the H* v-ATPase. Acidification triggers insertion of the HCT
domain of BoNTSs into the synaptic vesicle membrane which facilitates translocation of LC
into the cytosol.

How BoNT/C and BoNT/D enter neurons is less clear. The dependence of gangliosides for
entry has been demonstrated for BONT/C and BoNT/D [46-48]. Recently an unidentified
synaptic vesicle protein was suggested as a receptor for BONT/C based on depolarization-
dependent toxicity, while BONT/D has been proposed to utilize two carbohydrates for entry,
although it, too, responds to depolarization [46, 48]. This review will describe the history
and our current understanding of the entry of BONT/C and BoNT/D into neurons.

BoNT/C and BoNT/D

BONT/C and BoNT/D are not typically associated with human intoxications [49]. Although
not toxic to humans following ingestion [50], BoNT/C is toxic for human tissues and cleaves
SNAP25 and syntaxin in human neurons [51]. BONT/C was initially isolated in 1922 and
determined to be responsible for avian botulism [52-54]. A role for gangliosides in BONT/C
intoxication was supported by studies with mouse knockouts that were deficient in complex
gangliosides that were more resistant to BoNT/C intoxication than wild type mice and by the
observation that BoNT/C directly bound gangliosides GD1b and GT1b [47] . Conversely,
binding of BONT/C to neuronal cell lysates is insensitive to proteinase K [43, 47, 48]. A co-
receptor for BONT/C has yet to be identified, although Rummel et al demonstrated an
increase in toxicity upon stimulation, which indicates entry may be synaptic-vesicle specific.
Furthermore, BoNT/C competed with BoNT/E and F in a mouse hemidiaphragm paralysis
experiment, although whether these serotypes compete for a protein or ganglioside is still
unclear [48].

BoNT/D-1873 was initially observed in 1929 in cattle and remains associated with animal
botulism [55]. Human intoxication by BoNT/D has not been reported, and one study
indicated toxicity in human tissues was not observed at concentrations sufficient for BONT/
A toxicity [51]. A discrepancy arose regarding BoNT/D and ganglioside interactions due to
an early study demonstrating gangliosides competing BoNT/D toxicity [56], while later
studies did not detect BONT/D binding to gangliosides, but reported the direct binding of
BoNT/D to phosphatidylethanolamine derivatives [47]. The requirement of gangliosides was
most recently demonstrated through the use of hemidiaphragm preparations from mice
lacking B-1,4-N-acetylgalactosamine transferase and GD3 synthetase, which were partially
resistant to toxicity [46]. The current model by Binz and colleagues proposes two
carbohydrate binding sites [46]; the role of phospholipid binding remains unclear. In
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addition, BoNT/D toxicity is increased with neuronal stimulation, suggesting at least one
receptor is specific to synaptic vesicles [48].

In addition to the BoNT prototypic serotypes, BONT/C-Stockholm and BoNT/D-1873
mosaic toxins have been reported, which comprise D-C and C-D structural organization.
These mosaic toxins appear to have originated from recombination events, presumably
through a phage-mediated mechanism, since the genes encoding BoNT/C and BoNT/D are
located within phage [55]. BONT/D-South Africa (BoNT/D-SA) is a D-C mosaic toxin that
has attracted interest with the observation that mice immunized with HCR/C were only
partially protected from BoNT/D-SA challenge, while immunization with HCR/D did not
protect from BoNT/D-SA challenge [57-60]. Thus, the study on BoNT/D-SA may provide
information on the immunological protection elicited by the HCR domains.

The primary amino acid homology among BoNT/C-Stockholm, BoNT/D-1873 and BoNT/
D-SA are shown in Table 1. This alignment showed that BONT/D-SA is a mosaic composed
of the LC and HCT of BoNT/D and the HCR of BoNT/C. While the LC and HCT showed a
high amount of homology between the respective domains of BONT/D-SA and BoNT/C and
BoNT/D, there was limited identity between the C-terminal sub-domains of the HCRs of
BoNT/D-SA with BoNT/C (62%). This indicated that BONT/D-SA and BoNT/C had
undergone considerable genetic drift since the generation of BONT/D-SA. [61, 62], The
genetic divergence within the C terminus of BoNT/D-SA supports a role for the HCR in
eliciting a protective immune response to BONT intoxication which is consistent with the
inability of HCR/C or HCR/D vaccination to completely protect against challenge by BoNT/
D-SA [57].

Structures of HCR domains of BoNT/C, BONT/D, and BoNT/D-SA

The crystal structures of HCR/C, HCR/D, and HCR/D-SA (Figure 3) [62] show a
conservation of structure among each other as well as among other BONT serotypes [4, 8,
26, 63, 64]. The HCRs are organized into two sub-domains, an N-terminal jelly-roll domain
and a C-terminal p-trefoil domain. The root mean square deviation (RMSD) was 2.5 A for
HCR/D-SA and HCR/D and 0.5 A for HCR/D-SA and HCR/C. The greater RMSD for
HCR/D-SA and HCR/D was due to the different bent angle between the N-terminal jelly-roll
domain and C-terminal p-trefoil domain, which perturbed the calculated RMSD values
between the two HCR. The majority of structural divergence between HCR/D-SA and HCR/
C and HCR/D is primarily within the C-terminal sub-domain, specifically within the loops
of the C-terminal B-trefoil domain, which includes the Ganglioside Binding Pocket (GBP)
described within other BONT serotypes [28].

A structure based alignment showed that the overall C-terminal p-trefoil domain was
conserved among BoNT/C, BoNT/D, and BoNT/A. Using HCR/A and the corresponding
amino acid residues the main chain can be traced. From the C terminus, the main chain of
the HCRs proceeds from a conserved internal Trp-Phe towards the N terminus, upon
emerging from the interior, the main chain forms the helical conformation of the GBP
(Figure 4). Three residues, Tyr1267, Trp1266, and Ser1264 (HCR/A), are present on the N-
terminal side of the GBP helix and contribute to ganglioside binding, while Glu1203 (HCR/
A) also participates in ganglioside binding [65]. As the main chain continues towards the N
terminus, a B-hairpin loop is formed and continues into an anti-parallel-B-sheet which aligns
adjacent to Trp1266 of the GBP and includes His1253 (HCR/A), which also contributes to
the GBP. The regions within HCR/C and HCR/D that are analogous to the GBP have an
overall structural similarity to HCR/A, however, neither HCR/D nor HCR/C contain the
conserved Trp, Ser, or His. Thus, while the main chain organization of the GBP is
conserved, residues that contribute to ganglioside binding are absent in BONT/C and BoNT/
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D. This implicated a unique mechanism for ganglioside binding by BoNT/C and BoNT/D.
The structure based alignment shows that, following the GBP, HCR/C and HCR/D form
Trp-containing B-loops similar in size the hydrophobic loop in HCR/B. This loop represents
a novel ganglioside binding region termed the Ganglioside Binding Loop (GBL) (Figure 5)
[62]. While each BoNT serotype contains a loop that corresponds to the GBL, the loops vary
in size and composition. For example, HCR/A has a p-finger (i.e., a two-residue turn) with
several hydrophobic residues toward the end of the finger followed by two consecutive Asn
at the tip of the finger which is exposed to solvent, and HCR/B has a loop more structurally
analogous to HCR/C and HCR/D, but lacking a Trp.

Ganglioside binding by HCR/C and HCR/D-SA

Early studies showed that HCR/C bound GD1b and GT1b [47]. Quantitative binding assays
showed that HCR/C bound GD1b with the highest affinity, followed by GT1b, GD1a, and
GM1a, while HCR/D-SA displayed a unique binding preference for GM1a, followed by
GD1a with a lower affinity for b-series gangliosides. Directed mutagenesis experiments
showed that HCR/C (Trp1258Ala) had reduced binding to GD1b, while HCR/D-
SA(Trpl1252Ala) binding to GM1a was also reduced. This supports a role for the Trp within
the GBL as contributing to the coordination of ganglioside binding by HCR/C and HCR/D-
SA. Thus, HCR/C and HCR/D-SA utilize the GBL for ganglioside binding.

The GBLs of BoNT/C, BoNT/D and BoNT/D-SA represent a gain of function of
ganglioside binding with a loss of function at the prototypical GBP. The overlap of the Trp
locations within the GBL of HCR/C and HCR/D-SA indicates that while Trp is required for
ganglioside binding, this residue does not contribute to specificity and other residues within
the GBL may contribute to ganglioside binding specificity. Tsukamoto and colleagues
reported that the mutation Trp1258Ala reduced the ability of HCR/C to compete with
BoNT/C for synaptosome binding [66], also implicating a role for this Trp in cell
recognition. In addition to Arg1253, HCR/C has two Args flanking either side of the GBL
(R1251, R1260), which may provide contacts for sialic acid residues in b-series
gangliosides. The GBL loop of HCR/D-SA also contains Asp1249, which may repel the
sialic acid carboxylate of b-series gangliosides. Future studies will determine which residues
make contact with gangliosides and how gangliosides interact with this novel GBL. Cell
binding experiments showed that HCR/C and HCR/D-SA bound neurons, while neither
HCR/C(Trp1258Ala) nor HCR/D-SA(Trp1252Ala) bound neurons. Unlike HCR/C and D-
SA, HCR/D did not show detectable cell binding, suggesting HCR/D binding and affinity
varied from HCR/C and HCR/D-SA. Under similar conditions, HCR/A binding to neurons
is also not detected unless neurons are depolarized [40]. Thus, high-affinity binding of HCR/
D may require the presence of a synaptic vesicle co-receptor.

Using receptor bound HCR/B as a model, a prediction for how the GBL can align with the
host plasma membrane is shown in Figure 6. Plasma membrane orientation was achieved by
aligning the indol rings of BoNT/B Trp1266 and BoNT/C Trp1258 parallel to the plasma
membrane. Binding to ganglioside and synaptotagmin simultaneously positions HCR/B on
the membrane so that the 1250 loop may contact the lipid bilayer. When HCR/C is modeled
in the same orientation, the synaptotagmin peptide occupies a region on the C terminus of
the HCR and TrpW1258 of the GBL is positioned to interact with PM embedded
ganglioside. Additional interaction with the plasma membrane may be accomplished by
HCR/C though Tyr1259 and the loop residues Met1183-1s01198.

Vaccines against Botulism

The potency and duration of paralysis in humans place the BoNTSs as category A select
agents. BONT/C and BoNT/D cause paralysis in human neuromuscular preparations [51, 67]

FEBS J. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kroken et al.

Page 6

and have been implicated as agents for human therapy [68]. In addition, there is a need to
develop vaccines that neutralize all BoNT serotypes and variants. Traditional vaccination
strategies use formaldehyde-inactivated BoNT, which eliminates toxicity and retains
immunogenicity, but these are complicated to produce [69]. Recombinant HCRs are an
alternative vaccine strategy, since the HCRs can be produced in large quantities free of
neurotoxin contamination [70]. In addition, mice immunized with a cocktail of the seven
prototypical serotypes (HCR/A-G) were resistant to challenge by each neurotoxin (BoNT/A-
G) demonstrating the efficacy of this strategy [71]. Anti-sera from mice immunized with the
hepta-serotype HCR vaccine blocked binding of HCRs to gangliosides in vitro. This
indicates that neutralizing antibodies interfere with receptor recognition that is located
adjacent to known human immune reactive epitopes. Humans do not appear to produce
antibodies against to the region comprising the GBP, which suggests that the GBP may not
be immunogenic [72, 73]. Unlike the GBP, the GBL of BoNT/C and BoNT/D-SA is a -
hairpin loop which protrudes from the HCR. The lack of cross protection observed by mice
immunized with HCR/C upon challenge with BoNT/D-SA indicates the neutralizing
epitopes are not conserved between these two BoNT subtypes and thus, the B-loop may be a
potential site to elicit serotype specific neutralizing antibodies. Consistent with this region
contributing to immune stimulation is the recent observation by Fairweather and coworkers,
who reported that deletion of the GBL homologous region of HCR/TeNT reduced the
capacity to elicit a neutralizing immune response [74]. Studies are underway to determine
the role of the GBL in eliciting a protective response against botulism.

Future Perspectives

BoNT/C, BoNT/D, and the related mosaic toxins are a cluster in which ganglioside
recognition has deviated from the mechanism utilized by BoNT/A, B, E-G, and TeNT. This
evolution in protein function may have occurred as a gain of function process where the
GBL acquired the ability to bind ganglioside, allowing a loss of function by the GBP for
ganglioside binding while maintaining tertiary structure. Unanswered questions remain
regarding the unusual ganglioside specificity of BoNT/D-South Africa and potential co-
receptors for BONT/C and BoNT/D cluster. BONT/C and BoNT/D may use SV cycling to
enter neurons [48], but thus far BONT/C has not been found to interact with any known SV
proteins [43], and potential secondary interactions for BONT/D remains unclear. Identifying
ganglioside specificity and entry mechanisms for the BoNT/C and BoNT/D cluster will
expand the known capabilities of BONT entry strategies. Furthermore, the discovery of basis
for BONT/D-SA evasion of both HCR/C and HCR/D immunization may provide a better
understanding of how immunization leads to neutralization of BoNT intoxication.
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Abbreviations

BoONT botulinum neurotoxin

HCR heavy chain receptor binding domain of BONT
VAMP?2 vesicle-associated membrane protein 2
SNAP25 synaptosomal-associated protein of 25 kDa
SNARE soluble NSF attachment receptors
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Figure 1. Structure-Function Organization of the Botulinum Neurotoxins

(Upper Panel) BoNTs are AB toxins composed of independent functional domains linked by
a disulphide bond. The N-terminal light chain (LC, Red) encodes the enzymatic domain,
while the heavy chain (HC) encodes two independent domains, the receptor binding domain
(HCR, Blue) and the translocation domain (HCT, Green). (Lower Panel) Crystal structure of
BoNT/A showed three functional domains: LC (Red), (HCR (Blue), and HCT (Green).
PDB:3BTA, solved by Lacy and Stevens [4].
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Figure 2. Entry of BoNTs into Neurons

Several BoNT serotypes enter neurons upon membrane depolarization, using BoNT/A
several steps that can be resolved include: Step 1 HCR of BoNT/A binds GT1b on the
plasma membrane of unstimulated neuron (blue). Step 2 Membrane depolarization, elicited
in cultured cells using elevated extracellular potassium, triggers the opening of voltage-
gated calcium channels, allowing influx of calcium. Step 3 Intracellular calcium binds
synaptotagmin 1/11, located in isolation and in complex with SV2, which signals for fusion
of synaptic vesicles to the plasma membrane. Vesicle fusion exposes L4 loop of SV2, the
protein receptor for BONT/A. The HCR binds GT1b and SV2 simultaneously. Step 4
Complexes of synaptic vesicle proteins are endocytosed to be recycled. Step 5 The vacuolar
ATPase acidifies the lumen of the synaptic vesicle. Step 6 The acidic environment triggers
insertion of the HCT domain which facilitates translocation of a partially unfolded LC (red)
through a channel made by HCT (green). Once in the cytoplasm, LC cleaves SNAP-25.
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HCR/C (red), HCR/D-SA (blue)
RMSD: 0.46 A

HCR/D-SA (blue), HCR/D (green)
RMSD: 2.47 A

Figure 3. Crystal structures of HCR/C, HCR/D, and HCR/D-SA

Shown are overlays of the crystal structure of the HCR/D-SA (blue) with HCR/C (left panel,
red) RMSD: 0.46 A and HCR/D-SA (blue) with HCR/D (right panel, green) RMSD: 2.47A.
PDB: HCR/C, 3N7K; HCR/D, 3N7J; HCR/D-SA, 3N7L. Reproduced from [62] with
permission.
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Figure 4. Ganglioside Binding Pocket of HCR/A overlay with HCR/D-SA

HCR/D-SA (blue) includes conserved internal Phe1280 and Trp1282 (grey), and
corresponding residues that represent the Ganglioside Binding Pocket of HCR/A (green).
Enlarged views of the Ganglioside Binding Pocket of HCR/A (lower) and the corresponding
region of HCR/D-SA (upper) are shown. Residues that contribute to ganglioside binding of
HCR/A (Glu1203, His1253, Ser1264, Trp1266 and Tyr1267) and corresponding residues
within HCR/D-SA are shown. Reproduced from [62] with permission.
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BoNT/B

& BONT/D-SA

Figure 5. Ganglioside Binding Loops of HCR/C, HCR/D, and HCR/D-SA overlay with HCR/A
and HCR/B

HCR/D-SA (blue, upper) includes conserved Phe1280 and Trp1282 (black), and the
Ganglioside Binding Loop (GBL) is enlarged, rotated, (lower) and aligned with the
structurally analogous B-hairpin loops of BoNT/A (purple), /B (orange), /C (red), /D (green).
HCR/C and /D-SA loops. Note, BONT/B has an extended B-hairpin loop like HCR/C, HCR/
D, and HCR/D-SA, but lacks a tryptophan residue. BONT/A, in contrast, does not have an
extended B-hairpin loop. Reproduced from [62] with permission.
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Synaptotagmin

Figure 6. Alignment of HCR/C to the HCR/B-Synaptotagmin complex

A. Crystal structure of HCR/B (green) bound to synaptotagmin peptide (grey, PBD: 2NM1
[26], aligned with HCR/C (red, PDB: 3N7K). Trp1266 and Tyr1267 of the ganglioside
binding pocket (GBP) are shown in cyan. The ganglioside binding loop (GBL1) of HCR/C
is in purple with Trp1258 shown. Structures were aligned so that Trp1266 of HCR/B and
Trp1258 of HCR/C are parallel with the plasma membrane (dashed line, PM). B. The 1250
loop described by Stevens and coworkers [64] potentially penetrates the PM while the
synaptotagmin peptide fits into a crevice within the C terminus of HCR/B. C. Same
alignment as in A. except HCR/B was omitted for clarity. Tyr1273 maps to the GBP and is
shown in cyan. Trp1258 is positioned to interact with PM embedded ganglioside and along
with Tyr1259 may penetrate the PM lipid bilayer, with another loop, GBL2, also membrane
associated.
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Table 1
Amino acid identity among BoNT/C, BoNT/D, and BoNT/D-SA

Identity with BONT/D-SA (9%)A

LC | HCT | HCRN | HCR®

BoNT/C | 47 70 90 62

BoNT/D | 98 95 50 24

AProtein sequences analyzed include: BoNT/C1 Stockholm (D90210 YP398516), BONT/D CB16 D-1873 (S49407, ZP04863672), and BONT/D-
SA (EF378947, S70582). Amino acid identity was determined using the ClustalW2 alignment algorithm.
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