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Abstract

The high potency of clostridial neurotoxins relies predominantly on their neurospecific binding and
specific hydrolysis of SNARE proteins. Their multi step mode of mechanism can be ascribed to their
multi-domain three-dimensional structure. The C-terminal Hcc-domain interacts subsequently with
complex polysialo-gangliosides such as GT1b and a synaptic vesicle protein receptor via two
neighbouring binding sites resulting in highly specific uptake of the neurotoxins at synapses of
cholinergic motoneurons. After its translocation the enzymatically active light chain specifically
hydrolyses specific SNARE proteins, preventing SNARE complex assembly and thereby blocking
exocytosis of neurotransmitter.
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Introduction

The family of clostridial neurotoxins (CNTS) consists of tetanus neurotoxin (TeNT) and the
seven botulinum neurotoxin serotypes (BONT/A-G) and represents the most toxic agents
known. The median lethal dose is below 1 ng per kg of body weight (Gill, 1982). The disease
tetanus is caused by germination of Gram-positive, anaerobic spore-forming Clostridium
tetani in infected tissue lesions, thereby producing and releasing TeNT into the blood stream.
In contrast, botulism is evoked by ingestion of acid resistant BONT progenitor toxins, generated
by various strains of C.botulinum, C.butyricum and C.barati, and subsequent transcytosis of
this complex or the released BoNT through the intestinal epithial barrier (Bigalke and Shoer,
2000). The CNTSs reach the motoneurons via circulation and specifically bind to unmyelinated
areas of nerve terminals (Dolly et al., 1984). Here, BoNTSs inhibit acetylcholine release
followed by flaccid paralysis while TeNT is transported retrogradely to inhibitory neurons and
blocks release of glycine or y-aminobutyric acid which results in spastic paralysis.

The crystal structures of the BONT/A and B holotoxins (Lacy et al., 1998; Swaminathan and
Eswaramoorthy, 2000) revealed that most likely all CNTs are composed of four functionally
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independent domains that perform individual tasks in the multi-step intoxication process (Fig.
1). All CNTs are produced as ~150 kDa single chain (sc) proteins. They are posttranslationally
proteolysed into a ~100 kDa heavy chain (HC) and a ~50 kDa light chain (LC). Both chains
remain associated by a single disulfide bridge, noncovalent interactions and an HC derived
peptide loop wrapping around the LC. The HCs are responsible for neurospecific binding,
uptake and translocation of the LCs into the cytosol. Following cell attachment, internalisation
via receptor-mediated endocytosis brings the BoNTS into the synaptic vesicles. Here, the acidic
environment eliminates repulsive electrostatic interactions between the largely a-helical
amino-terminal half of the HC, the Hy-domain and the membrane, allowing its penetration
into the membrane, without triggering detectable structural changes (Galloux et al., 2008). At
the same time the LC is partially unfolded (Koriazova and Montal, 2003). Translocation of LC
by HC can be observed in real time as an increase of channel conductance. The HC channel is
occluded by the LC during transit, then unoccluded after completion of translocation and
release of LC (Fischer and Montal, 2007b). Upon reduction of the disulfide bond, the LC
functions as a zinc dependent endopeptidase in the cytosol (Fischer and Montal, 2007a; Schiavo
etal., 1990).
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Gangliosides as receptors for CNTs

The specific binding to peripheral nerve endings at the neuromuscular junction solely involves
the 50 kDa C-terminal half of the HC, the Hc-fragment (Evinger and Erichsen, 1986; Fishman
and Carrigan, 1987; Lalli et al., 1999; Simpson, 1984a, b, 1985) and complex polysialo-
gangliosides, glycosphingolipids that are found particularly in membranes of neuronal cells
(Simpson and Rapport, 1971; van Heyningen and Miller, 1961). The interaction of gangliosides
with CNTs was investigated for TeNT and several serotypes of BONTs in extensive studies
(Halpern and Neale, 1995; Yowler and Schengrund, 2004). These studies revealed that the
disialo-carbohydrate structure as found in GD1b is essential for the binding of most of the
CNTs. Furthermore, TeNT, BoNT/A, B, C, E, and F have affinities in the upper nM range in
various in vitro binding assays with immobilized polysialo-gangliosides, whilst CNTs have
much higher affinity (Kp = 1.2 nM) to synaptosomes that are similar to neuronal tissue. At the
cellular level, the cleavage 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) reduced BoNT/A potency as well as TeNT action (Critchley et al., 1986). Conversely,
bovine chromaffin cells lacking complex polysialo-gangliosides were rendered sensitive to
TeNT and BoNT/A by incubation with gangliosides (Marxen and Bigalke, 1989; Marxen et
al., 1991). In addition, a monoclonal antibody to GT1b antagonized the action of BONT/A on
rat superior cervical ganglion neurons (Kozaki et al., 1998). The inhibition of ganglioside
biosynthesis with fumonisin in primary spinal cord neurons and with D,L-threo-I-phenyl-2-
hexadecanoylamino-3-morpholino-propanol-HCI (PPMP) in the neuroblastoma cell line
Neuro2a resulted in insensitivity to TeNT and BoNT/A, respectively (Williamson et al.,
1999; Yowler et al., 2002). Employing a genomic approach, mice, deficient in NAcGal-
transferase thus only expressing Lac-Cer, GM3 and GD3, resisted treatment with TeNT and
BoNT/A, B and E (Bullens et al., 2002; Kitamura et al., 1999) whereas GD3-synthase knock-
out mice expressing only Lac-Cer, GM3, GM2, GM1 and GD1a are solely resistant to TeNT,
but kept their sensitivity towards BoNT/A, B and E (Kitamura et al., 2005). A combination of
both gene knock outs resulted in GM3-only mice which display i.a. high resistance towards
BoNT/B and G (Rummel et al., 2007). Also, GM3-synthase knock-out mice theoretically
expressing only Lac-Cer are insensitive to BONT/C1 (Tsukamoto et al., 2005). Hence, complex
polysialo-gangliosides such as GD1a, GD1b and GT1b mediate the first cell contact of CNT
and play an important role in their specific binding to neuronal cells.
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A protein is the second receptor for CNTs

The discrepancy in affinity between binding of CNTSs to isolated gangliosides and neuronal
tissue prompted predictions of a second receptor component. The protease-sensitive binding
of BONT/Aand TeNT torat brain synaptosomes (Dolly etal., 1982; Kitamura, 1976; Lazarovici
and Yavin, 1986; Pierce et al., 1986) resulted in a dual receptor model. First, polysialo-
gangliosides were considered to accumulate CNTs on the plasma membrane surface. Then,
CNTs would simply stay on the surface until binding is accomplished to their thinly distributed
protein receptor(s) or move laterally within the membrane while still bound to low affinity
receptors thereby increasing the chance of contact with the protein receptor. Simultaneous
interaction with ganglioside and protein receptor would then be considered as high affinity
binding and set the stage for the subsequent specific step of endocytosis (Montecucco, 1986;
Niemann et al., 1991).

Several studies demonstrated accelerated uptake of TeNT (Simpson, 1985) and BoNT/A
(Black and Dolly, 1986) upon electrical stimulation into hemidiaphragm preparations as well
as of BoNT/A and E upon K* stimulation into spinal cord neurons (Keller et al., 2004). As a
consequence, increased nerve stimulation resulted in an earlier onset of neurotransmitter
blockade on upon application of BONT/A (Hughes and Whaler, 1962; Simpson, 1980) and
TeNT (Schmitt et al., 1981). As nerve stimulation causes increased rates of exo- and
endocytosis of synaptic vesicles, one can hypothesise that synaptic vesicle proteins, which,
upon neurotransmitter release, become temporarily exposed on the cell surface within the
synaptic cleft, are involved in the binding and uptake of CNTSs.

1dudsnueiy Joyiny [INHH

The synaptic vesicle membrane protein synaptotagmin (Syt) (Geppert et al., 1991; Perin et al.,
1991) was identified to be the protein receptor for BONT/B in rat brain synaptosomes
employing cross-linking experiments (Nishiki et al., 1994; Nishiki et al., 1993). The current
13 isoforms of the Syt family are supposed to trigger vesicular fusion upon CaZ* entry
(Chapman, 2002; Siidhof, 2002). The recombinant isoforms Syt-l1 and Syt-I1 reconstituted in
GD1a or GT1b endowed liposomes (Nishiki et al., 1996a) as well as Syt-11 stably expressed
in CHO cells (Nishiki et al., 1996b) interacted in vitro with BONT/B. Use of recombinant
deletion mutants of Syt-11 demonstrated that only the N-terminal intravesicular domain, which
is extracellularly exposed upon exocytosis, plus the transmembrane domain retains BoNT/B
binding activity (Kozaki et al., 1998). Later, the Syt-1 and Syt-11 mediated entry of BONT/B
was confirmed by means of loss-of-function and gain-of-function studies employing PC12
cells. Furthermore, results of GST-pull-down assays narrowed the BoNT/B binding segment
of Syt-1 and Syt-11 down to the 20 juxtamembrane amino acids of the intravesicular domain.
The corresponding 20mer peptide neutralised the toxicity of BONT/B in mice when
administered together with gangliosides. Neither binding of BoNT/A and E to Syt-I and Syt-
I1 nor their uptake were observed (Dong et al., 2003). Shortly after, Rummel et al. demonstrated
that BoNT/G interacts with the identical juxtamembrane segments of Syt-I and Syt-11 in
vitro. A dramatic decrease in the BONT/G activity at mice phrenic nerve (MPN)
hemidiaphragm preparations upon preincubation with the intravesicular domains of Syt-1 and
Syt-11 revealed that these molecules also act in vivo as protein receptors for BONT/G. However,
none of the remaining CNTs bound to Syt-1 and Syt-11 (Rummel et al., 2004a).
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The 12 transmembrane domain synaptic vesicle glycoprotein 2 (SV2) was identified as protein
receptor for BONT/A. In in vitro experiments the isoform SV2C displays the highest affinity
to BONT/A, followed by SV2A and SV2B (Dong et al., 2006). BONT/A interacts with the 125
amino acid long luminal domain (referred to as domain “four”) of SV2 which inhibits the
neurotoxicity of BoONT/A using the MPN assay (Mahrhold et al., 2006). Subsequently, it was
shown that BoNT/A and B associate with detergent resistant synaptic vesicle protein complexes
consisting of SV2, Syt-1, synaptophysin, synaptobrevin 2, and the vacuolar proton pump
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VATPase (Baldwin and Barbieri, 2007). Very recently it was demonstrated, that the N-
glycosylation of the luminal domain 4 of SV2A and SV2B enables the binding to and the uptake
of BoNT/E into hippocampal neurons (Dong et al., 2008). The protein receptors of the
remaining BoNT serotypes are still awaiting their identification.

The diverse sites of action of BoNTs and TeNT, leading to truly opposite symptoms, are i.a.
caused by different modes of internalization at the presynaptic terminal. Whereas BoNT is
taken up in motoneurons via SV recycling, TeNT binds to GD1b or GT1b and
glycosylphosphatidylinositol-(GPI)-anchored glycoproteins associated in rafts (Herreros et al.,
2000; Munro et al., 2001) and uses a clathrin-mediated pathway for its entry. In NGF
differentiated PC12 cells the GPl-anchored glycoprotein Thy-1 was determined as binding
partner of TeNT Hc-fragment (Herreros et al., 2001). This specialized clathrin-and AP-2—
dependent uptake mechanism does not require the endocytotic adaptor protein epsinl
(Deinhardt et al., 2006a). While BoONT containing endosomal compartments are acidified by
the VATPase in the presynapse, TeNT travels in various vesicles with neutral lumen inside the
axon of motoneurons towards the spinal cord (Bohnert and Schiavo, 2005). Rab5 is essential
foran early step in TeNT sorting but is absent from axonally TeNT transporting vesicles which
are marked by the small GTPase Rab7, p75NTR, TrkB and BDNF (Deinhardt et al., 2006b).

1dudsnueiy Joyiny [INHH

Characterisation of binding sites in CNTs

The crystal structure of the TeNT Hc-fragment revealed that it is composed of two domains,
an N-terminal lectin-like jelly-roll domain (Hcp, residues 865-1110) and a C-terminal B-trefoil
domain (Hcc, residues 1110-1315) (Knapp et al., 1998; Umland et al., 1997). Deletion
mutagenesis studies showed that the TeNT Hcc-domain binds to gangliosides and neuronal
cells even more efficiently than the complete Hc_fragment (Halpern and Loftus, 1993), whereas
the Hcn-domain does not bind at all (Figueiredo et al., 1995). Although the Hcn-domain
displays a lectin-like fold, no carbohydrate binding to this segment has been observed.
Currently, it is unknown what role if any the Hen-domain plays during intoxication.
Hypotheses suggest a function as a rigid, complex spacer between Hy- and Hec-domain as
well as an involvement in the translocation process.

1dudsnuey Joyiny [INHH

An early crosslinking experiment employing 12°1-azido-GD1b and the TeNT Hc-fragment led
to radiolabeling of H1293 in the proximity of a large cavity within the Hcc-domain (Shapiro
etal., 1997). The neighbourhood of H1293 to the ganglioside binding pocket was confirmed
in a mutagenesis study showing reduced in vitro binding of the TeNT Hc 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 also reduced affinity to
GT1b as well as binding to synaptosomal membranes (Sutton et al., 2001). In computer-aided
docking studies employing small molecules for inhibition of TeNT ganglioside binding, this
cavity was chosen out of 52 others as the ganglioside binding site. Into this pocket the anticancer
drug doxorubicin, an anthracycline antibiotic, was docked thereby competitively inhibiting the
binding of the TeNT H¢-fragment to liposome-integrated GT1b (Lightstone et al., 2000).
Cocrystallization of the TeNT H¢-fragment and four carbohydrate subunits of GT1b revealed
four distinct binding sites, including the one in the proximity of H1293, where lactose interacts
with the residues D1222, T1270, S1287, W1289, Y1290 and G1300. A separate site comprising
R1226 as the key residue coordinated either a molecule of N-acetylgalactosamine (NAcGal)
or sialic acid. Two additional sites were identified in cocrystals with galactose (Gal) or NAcGal
(Emsley et al., 2000). However, the latter two sites are unlikely to function as binding pockets
for polysialo gangliosides, due to insufficient space (Gal) or a high flexibility of the carbon
backbone (NAcGal). Isaac et al. refined their cocrystallisation approach by using a synthetic
GT1b-B analogue lacking the ceramide portion. Indeed, the terminal disaccharide
GalB3GalNAcp bound to the lactose binding site next to H1293 while the disialic acid branch
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of another GT1b-f3 molecule interacted with the sialic acid binding site comprising R1226
(Fotinou et al., 2001). Cocrystallisation of a TeNT H¢-fragment with disialyllactose detected
this GD3 derivative bound to the sialic acid binding site (Jayaraman et al., 2005). Mutation of
residues D1222, H1270 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). Finally, the physiological importance of the lactose binding site in
TeNT was 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 the sialic acid binding site is essential for TeNT action, since the mutant
TeNT R1226F only retained 1.4 % activity in the MPN assay. Mass spectroscopy experiments
indicated simultaneous binding of two molecules GT1b to the TeNT Hc-fragment, but no
ganglioside mediated crosslinking was observed (Rummel et al., 2003). Based on these results
the ganglioside specificities of the individual lactose and sialic acid binding sites were refined
(Chen et al., 2008). Although binding of a ganglioside to the sialic acid binding pocket was
shown, it is conceivable that there is subsequent substitution by or a direct interaction with the
reported GPI anchored glycoproteins. The binding of the tripeptide YEW to the sialic acid site
of TeNT supports this assumption (Jayaraman et al., 2005). At present, it is still unclear whether
the two ganglioside binding sites of TeNT are a peculiarity of this neurotoxin and whether it
relates to its retrograde intraaxonal transport.

1dudsnueiy Joyiny [INHH

The lactose binding site is characterised by the presence of the peptide motif H....SXWY......G
and it is conserved among the majority of CNTSs. This cavity displays the typical features
necessary for carbohydrate interaction 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 glutamate, serine or asparagine are
oppositely located to interact with the sugar hydroxyl groups. Cocrystallisation studies with
BoNT/B and sialyllactose or doxorubicin, respectively, suggested that the lactose binding site
is the ganglioside binding pocket in BoNTs (Eswaramoorthy et al., 2001; Swaminathan and
Eswaramoorthy, 2000). Detailed mutational analyses defined the contribution of various
residues within the homologous lactose binding pocket of BONT/A and B. Again, the mutations
of the aromatic key residues, W1266L and W1262L in BoNT/A and B, respectively, lead to
dramatic reductions of neurotoxicity using the MPN assay (Rummel et al., 2004b). In contrast
to TeNT, mass spectroscopy data revealed the binding of only a single GT1b molecule to the
Hc-fragment of BoNT/A and B, which according to the binding data seems to bind in a different
mode within the lactose site (Rummel et al., 2004b). Now, these physiological data was
confirmed by a cocrystal of a synthetic GT1b and the Hc-fragment of BoNT/A (Stenmark et
al., 2008). Recently, the tryptophan residue 1268 of BONT/G was shown to play a key role in
ganglioside interaction (Rummel et al., 2007). Shortly thereafter, the conserved tryptophan of
the ganglioside binding pocket in BoONT/C1 was identified as W1258 (Tsukamoto et al.,
2008).

1dudsnuey Joyiny [INHH

Since BoNT do not possess a second carbohydrate binding site, the question arises, whether
protein receptors such as Syt-11 for BONT/B bind in a pocket that is homologous to the sialic
acid binding site within the Hcc-domain of TeNT. The different affinities of Hc-fragment
hybrids consisting of Hcn- and Hec-domains of BoNT/B strains Okra and 111, respectively,
to GT1b/Syt-11 endowed liposomes pointed into that direction (lhara et al., 2003). The use of
isolated Hoc-domains of BONT/B and G exhibiting an interaction with their protein receptor
Syt-11 further supported this hypothesis (Rummel et al., 2004a). Computer-based surface
analysis of potential Syt binding sites in the Hcc-domain of BoNT/B followed by detailed
mutational analyses in the sialic acid site corresponding area in BoNT/B and G revealed
reduced binding of Syt-1 and Syt-11 in GST-pull-down assays as well as drastically reduced
neurotoxicity of full length BoNT/B and G mutants in the MPN assay (Rummel et al., 2007).
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In parallel, two independent co-crystal structures revealed that the intraluminal Syt-11 peptide
binds in an a-helical conformation to the sialic acid site corresponding area within the Hec-
domain of BoNT/B (Chai et al., 2006; Jin et al., 2006). Although both binding sites are in close
proximity (Fig. 2) they function independently and do not require pre-formation 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 in combination) deactivated
do not exhibit appreciable toxicity excluding any significant contributions of other cell surface
molecules to binding and entry of BONTs (Rummel et al., 2007). Taken together, these results
support the dual-receptor concept nearly 20 years after it had been proposed.

CNT LC Proteases

BoNT and TeNT LCs are amongst the most selective proteases known (Oost et al., 2003).
Primary sequence and structural analysis of LCs suggest that their enzymatic mechanism is
related to that of other Zn?*-metalloproteases (Agarwal et al., 2004; Breidenbach and Brunger,
2005; Lacy et al., 1998; Rao et al., 2005; Swaminathan and Eswaramoorthy, 2000), but the
structural basis of SNARE target selectivity is unusual. Remarkably, the LCs do not appear to
recognize a consensus site, or even have rigorous requirements for particular side chains
flanking the scissile bond (Schmidt and Bostian, 1997). Also, the LCs generally require long
stretches of their target SNAREs for optimal efficiency (Cornille et al., 1997; Foran et al.,
1994; Schmidt and Bostian, 1995, 1997; Vaidyanathan et al., 1999; Yamasaki et al., 1994).
Indeed, point mutations in SNARE regions remote from the scissile bond can dramatically
reduce LC efficiency (Breidenbach and Brunger, 2004; Pellizzari et al., 1996; Rossetto et al.,
1994; Schmidt and Bostian, 1995). The cleavage-site selectivity of CNT-LCs is very high. For
example, the scissile bond in SNAP-25 for BONT/A (Q197-R198) is shifted by exactly one
residue compared to that for BONT/C1 (R198-A199). BONT/C1 cleaves only one of two
identical neighboring peptide bonds (K253-A254 and K260-A261) in syntaxin-1A (Schiavo
et al., 1995).

The apo structures of all members of the family of CNT-LCs are now available: BONT/A LC
(Breidenbach and Brunger, 2004; Burnett et al., 2007; Lacy et al., 1998; Segelke et al.,
2004), BoNT/B LC (Swaminathan and Eswaramoorthy, 2000), BONT/C1 LC (Jin et al.,
2007), BoNT/D LC (Arndt et al., 2006), BONT/E LC (Agarwal et al., 2004), BoNT/F LC
(Agarwal et al., 2005), BoNT/G LC (Arndt et al., 2005), and TeNT LC (Breidenbach and
Brunger, 2005; Rao et al., 2005) (Fig. 3). The structural differences among the CNT-LCs are
mostly limited to solvent-exposed loops and potential substrate interaction sites. The striking
similarity of LC active sites naturally leads to the question of which LC features are
determinants of substrate selectivity. Furthermore, none of the LCs efficiently cleave truncated
substrate peptides less than 20-30 residues. Rather, unusually long stretches of the substrates
are required for optimal cleavage (Cornille etal., 1997; Foran etal., 1994; Schmidt and Bostian,
1995, 1997; Vaidyanathan et al., 1999). In general, long sequences that are located N-terminal
of the scissile bonds appear to be important for cleavage, as revealed by mutagenesis studies
with synaptobrevin 2 and SNAP-25 (Binz et al., 1994; Sikorra et al., 2006; Yamasaki et al.,
1994). For example, the optimal portion of SNAP-25 required for maximally-efficient cleavage
by BONT/A spans residues 146-202 (Chen and Barbieri, 2006; Vaidyanathan et al., 1999).
Other CNTs require 3060 residue stretches of their substrates for efficient cleavage, regardless
of scissile-bond location (Cornille et al., 1997; Foran et al., 1994; Yamasaki et al., 1994).
Moreover, point mutations in SNAREs far-remote from the scissile bond can dramatically
influence the proteolysis efficiency (Breidenbach and Brunger, 2004; Pellizzari et al., 1996;
Rossetto et al., 1994; Sikorra et al., 2008). Comparison of structures of wildtype BoNT/A in
different crystal forms revealed significant conformational variability of some of surface loops,
especially near the active site of the LC (Burnett et al., 2007).

Toxicon. Author manuscript; available in PMC 2010 April 1.
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LC — Substrate Interactions

The structure of a BoNT/A LC --SNAP-25 complex (PDB ID 1XTG) (Breidenbach and
Brunger, 2004) for the first time provided molecular insights into the basis of LC substrate
selectivity (Fig. 4). To date, this is the only structure of a complex between a CNT-LC and its
substrate. A previous report of the structure of a complex between BoNT/B-LC and
synaptobrevin 2 (Hanson and Stevens, 2000) is not supported by the experimental data
(Breidenbach and Brunger, 2004; Rupp and Segelke, 2001) and the corresponding Protein Data
Bank deposition has been withdrawn (PDB ID 1F83). Remarkably, SNAP-25 wraps around
most of the LC’s circumference; the extensive interface between the enzyme and its substrate
is not restricted to the active site. Moreover, in contrast to the contiguous helical conformation
observed in the ternary SNARE complex (Sutton et al., 1998), SNAP-25 adopts three distinct
types of secondary structure upon binding to BoNT/A. The N-terminal residues of SNAP-25
(147-167) form an a-helix, the C-terminal residues (201-204) form a distorted B-strand, and
residues in between are mostly extended (Breidenbach and Brunger, 2004). Mutagenesis and
kinetics experiments demonstrated that the N-terminal a-helix and the C-terminal B-sheet are
critical for an efficient substrate binding and cleavage, and are termed a- and p-exosites,
respectively. The structure confirmed the existence of such exosites which had been postulated
before based on biochemical experiments (Rossetto et al., 1994; Washbourne et al., 1997).

1dudsnueiy Joyiny [INHH

The highly unusual extended enzyme-substrate interface used by BoNT/A serves to properly
orient its conformationally variable SNARE target such that the scissile peptide bond is placed
within close proximity of the catalytic motif of the enzyme. Notably, many of the interactions
that impart substrate specificity occur on the face of the protease that is opposite to its active
site (a-exosite), and the C-terminus of the substrate (B-exosite) induces a conformational
change in the active site pocket, probably rendering the protease competent for catalysis. The
multi-site binding strategy used by BoNT/A LC accounts for the extreme selectivity of this
enzyme. The structure of the BONT/A LC --SNAP-25 complex vividly illustrates the extent of
substrate that must be available for efficient proteolysis to occur. SNARES exhibit considerable
conformational variability; they can exist as monomeric components with little secondary
structure, as partially structured SNARE complexes or subcomplexes, or in complex with
regulatory factors (Brunger, 2006).

1dudsnuey Joyiny [INHH

The structural and enzyme Kinetics studies of the BONT/C1-LC have provided further
information regarding the toxin-substrate interaction (Jin et al., 2007). BONT/C1-LC is unique
among all BoNTSs in that it exhibits dual specificity toward both syntaxin 1A and SNAP-25.
Interestingly, while both BoNT/A and BoNT/C1 cleave SNAP-25, the scissile bond is shifted
by only a single residue (Q197-R198 for BoNT/A and R198-A199 for BONT/C1). Structural
modeling revealed that the remote a-exosite that was previously identified in the complex of
BoNT/A-LC and SNAP-25 is structurally conserved in BoNT/C1. Single site mutations in the
predicted a-exosite of BONT/C1 had a significant but less severe effect on SNAP-25 cleavage
in comparison to that of BONT/A, suggesting that this region plays a less stringent role on
substrate discrimination. Such a “promiscuous” substrate-binding strategy by the a-exosite
could account for its dual substrate specificity. As a crucial supplement to the function of the
remote a-exosite, the scissile-bond proximal exosites probably ensure the correct register for
hydrolysis. This includes the B-exosite as observed on BoNT/A and key residues surrounding
the scissile peptide bond. A small, distinct pocket (S1’) found near the active site of BONT/C1
potentially ensures the correct register for the cleavage site by only allowing Ala as the P1’
residue for both SNAP- 25 and syntaxin 1A. Mutations of this SNAP-25 residue dramatically
reduced enzymatic activity of BONT/C1 (Jin et al., 2007). The S1' pocket is significantly larger
in BoNT/A LC allowing it to accommaodate the arginine residue as the P1’ residue as revealed
by the crystal structures of the inhibitor L-arginine hydroxamate (ArgHX) with wild-type
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BoNT/A-LC (Silvaggi et al., 2007) as well as an inactive double-mutant of BoNT/A LC (Fu
et al., 2006).

The crystal structure of the BONT/A-LC-SNAP-25 complex revealed a small loop (residues
183-190) that detaches from the surface of BONT/A-LC and separates the a-exosite from the
active site. This loop may be able to accommodate the necessary “slack” for the cleavage-site
register shift between BoNT/A and BoNT/C1 while maintaining the approximate position of
the a-exosite. Consistent with this notion, there is little effect on substrate cleavage upon
insertion of up to three extra residues in this loop (Jin et al., 2007). The divided roles for
substrate discrimination among different exosites could provide some flexibility of the precise
scissile bond position while ensuring high overall substrate specificity.

LC — Inhibitor Interactions and Implications for Drug Development

For many years, complexes between LC proteases and inhibitors resisted attempts at co-
crystallization. Over the past two years, dramatic progress has been made resulting in co-crystal
structures of several inhibitor-BoNT/A LC complexes (Fu et al., 2006; Kumaran et al.,
2008a; Kumaran et al., 2008b; Silvaggi et al., 2007; Silvaggi et al., 2008; Zuniga, 2008). Co-
crystal structures with small hydroxamate compounds and tetrapeptides, all including an Arg
moiety, have now uniquely identified the P1’ binding pocket of the LC protease (Fu et al.,
2006; Kumaran et al., 2008b; Silvaggi et al., 2007). However, the identification of the other
substrate binding pockets is still questionable since available structures of larger pseudo-
peptides resulted in backbone conformations that are very different from that of native substrate
(SNAP-25) (Zuniga, 2008).

1dudsnueiy Joyiny [INHH

As an example we discuss here the crystal structure of a complex between an active form of
BoNT/A LC and a pseudopeptide inhibitor that mimics the seven-residue Q1¥’RATKML203
sequence of the 206-residue SNAP-25 near the cleavage site (Zuniga, 2008). This inhibitor,
referred to as 11, is the most potent non-zinc-chelating, non- hydroxamate-based antagonist
reported to date, with a Kj = 41 nM. When tested against LCs of BoNT/B, D, E, F, and
thermolysin, 11 did not display any detectable inhibition, indicating that its inhibitory action
is BONT/A specific. Surprisingly, the co-crystal structure revealed a 3;¢ helical backbone
conformation for the peptide inhibitor bound to the active site of BONT/A LC which is in sharp
contrast to the extended conformation of bound SNAP-25 observed in the BoNT/A LC
[E224Q,Y366F]:SNAP-25 complex (Fig. 5). The inhibitor induces binding pockets in BoNT/
A LC which are found neither in the apo BONT/A LC nor in the BoONT/A LC
[E224Q,Y366F]:SNAP-25 complex (Fig. 6).

1dudsnuey Joyiny [INHH

A co-crystal structure of BONT/A LC with a weakly inhibiting (Kj=1.9 uM) heptapeptide, N-
Ac-CRATKML, and that of the weakly inhibiting peptides QRATKM and RRATKM have
also been recently reported (Kumaran et al., 2008a; Silvaggi et al., 2008). In the N-Ac-
CRATKML complex the cysteine Sy atom directly coordinates the Zn2* in the protease active
site. Although the backbone secondary structure and directionality of this peptide is somewhat
similar to that of 11, the direct coordination to the Zn2* results in very different peptide:protein
interactions. For the N-Ac-CRATKML peptide, the N-terminal acetyl group partially occupies
the S1' site in the enzyme, resulting in an altered placement of the P1’ arginine residue, which
no longer makes the salt bridge contact with N370, observed for 1. The P2’ alanine residues
in the N-Ac-CRATKML, QRATKM and RRATKM inhibitors lack many of the interactions
of the corresponding tryptophan sidechain in 11, explaining in part the superior potency of 11
compared to these other inhibitors. This key interaction induced by 11 tryptophan provides
novel, specific details to exploit in future structure-based discovery and design investigations.

L
L
=
>
=
=3
e
<
Y
S
c
o
Q
5

Toxicon. Author manuscript; available in PMC 2010 April 1.



Brunger and Rummel Page 9

The mechanism for peptide cleavage employed by the BoNT/A LC is believed to be similar
to that of thermolysin, as supported by several structural and mutagenesis studies (Agarwal et
al., 2004; Binz et al., 2002; Li et al., 2000; Swaminathan et al., 2004). In this model, the
geometry of the zinc ion coordination in the active site changes upon SNAP-25 binding, such
that the catalytic water is displaced by the carbonyl oxygen in the P1 position (i.e. Q197) of
the substrate and placed in proximity to the carboxylate group of the putative ‘proton shuttle’,
E224 (panel A). As a result, the catalytic water makes two hydrogen bonds with E224 in a
bidentate manner. From this position, the oxygen atom in the catalytic water remains weakly
coordinated to the zinc, resulting in the penta-coordination of the metal ion. Hence, E224 acts
as a general base to generate a hydroxide ion that is oriented to nucleophilically attack the
carbonyl carbon of the scissile peptide bond. This tetrahedral intermediate state is stabilized
by putative interactions provided by the zinc ion and the hydroxyl group of Y366. Finally, the
collapse of this tetrahedral intermediate and the E224-mediated transfer of two protons onto
the scissile amide generate a stable amino group that then leaves the active site. In this model,
the catalytic water, together with the ‘proton shuttle’ E224, are of critical importance for
catalytic hydrolysis of the peptide bond in the SNAP-25 substrate.

1dudsnueiy Joyiny [INHH

The question arises why pseudopeptides such as 11 are not cleaved by wildtype BoNT/A LC.
The structure of the BoONT/A LC:11 complex shows that the carbonyl oxygen of P1 DNP-DAB
is indeed acting as the fourth zinc-coordinating group in the complex, instead of the catalytic
water molecule (Lacy et al., 1998), a feature that has been previously reported for small
molecule hydroxamate inhibitors in complex with the BoONT/A LC (Fu et al., 2006; Silvaggi
et al., 2007). In addition, the complex structure also confirms the proposed hydrogen bonding
between the hydroxyl group of the Y366 side chain in the BONT/A LC, and the P1 carbonyl
oxygen. Nonetheless, the P1 N-terminal amino group forms a hydrogen bond with the
carboxylate group of E224, the putative ‘proton shuttle’ residue in the BoNT/A LC (Li et al.,
2000), effectively abrogating any interaction between E224 and a potential catalytic water
molecule. Thus, E224 is clearly not positioned for a potential nucleophilic attack on the scissile
carbonyl. In addition to this proton shuttle ‘blocking’ effect, the putative scissile amide in
position P1’ in the inhibitor is distant from the E224 carboxylate group, further hampering any
hydrolytic event with the scissile bond. Thus, the 11 inhibitor effectively disrupts the catalytic
mechanism of BoNT/LC by displacement of the catalytic water molecule and the E224 proton
shuttle.

1dudsnuey Joyiny [INHH

The co-crystal structure of 11 with BoNT/LC provides a new paradigm for peptidomimetic
inhibitor binding in the BONT/A LC substrate cleft and rationalizes the SAR of related
derivatives (Schmidt and Bostian, 1997; Schmidt et al., 1998). This structural knowledge can
serve as the platform for designing more potent analogs with therapeutic viability.
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Figure 1.

Schematic representation of the four domain structure of the single chain 150 kDa clostridial
neurotoxins (bottom) and the corresponding crystal structure of BoNT/B (top; modified from
1EPW.pdb). The clostridial neurotoxins are posttranslationally proteolysed within the loop
segment into LC and HC which remain linked together covalently by a disulfide bridge and
non-covalently by a “belt” wrapping around the LC. The C-terminal half of the Hc-fragment,
the Hcc-domain is responsible for neurospecific binding to complex polysialo-gangliosides
and a synaptic vesicle protein receptor, and subsequent uptake, the Hy-domain translocates
the LC into the cytosol where the latter acts as metalloprotease.
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Figure 2.

The protein receptor binding site (amino acids highlighted in orange stick drawing) occupied
by the a-helical 20mer peptide of synaptotagmin Il is located in close proximity to the
ganglioside binding site (amino acids highlighted in green stick drawing) within in the Hcc-
domain (red ribbon) of the BoNT/B Hc-fragment (2nm1.pdb)(Jin et al., 2006).
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Figure 3. Superposition of the LC protease structures from all seven serotypes of BONTsand TeNT
BoNT/A LC (PDB code 2SIG, green) (Burnett et al., 2007), BONT/B LC (LEPW, magenta,
rmsd = 1.6 A) (Swaminathan and Eswaramoorthy, 2000), BoONT/C1 LC (2QNO0, gold, rmsd =
2.2 (Jin et al., 2007), BoNT/D LC (2FPQ, blue, rmsd = 1.3 A) (Arndt et al., 2006), BoNT/E
LC (1T3A, cyan, rmsd = 1.6 A) (Agarwal et al., 2004), BONT/F LC (2A8A, red, rmsd = 1.9
A) (Agarwal et al., 2005), BoNT/G LC (1ZB7, orange, rmsd = 2.1 A) (Arndt et al., 2005), and
TeNT LC (1Z7H, grey, rmsd = 1.7 A) (Breidenbach and Brunger, 2005). The specified atomic
root mean square differences are for all Ca atoms with respect to the BONT/A LC structure.
The Zn2* is shown as a yellow sphere. Despite their different substrate specificities, CNT-LCs
display high structural similarity.
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Figure 4. Structure of the BoNT/A:LC-SNAP-25 complex

The protease component of BoNT/A (gray) forms an extended interface with the C-terminal
core domain of SNAP-25 (green). Multiple sites of enzyme-substrate interaction remote from
the catalytic Zn%* (magenta sphere) and associated nucleophile (blue sphere) extend around
most of the toxin’s circumference, imparting the protease with exquisite specificity. SNAP-25
is unstructured in the absence of a binding partner but adopts a mix of a-helix, B-sheet, and
extended conformations when complexed with BoNT/A.
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Figure 5. Comparison of the 11 conformation with that of SNAP-25

Cartoon representation of the backbone of BoNT/A LC-bound inhibitor 11 (panel A) and the
Q197-L.203 fragment in BONT/A LC-bound SNAP-25 (panel B). The backbones of the
corresponding BoNT/A LC structures have been superimposed to produce the shown
orientations of 11 and the SNAP-25 fragment. However, for clarity, the corresponding BoNT/
A LC structures are not shown. The identity of the residues in both molecules is indicated by
their one-letter code, with the exception of residues DAB and DNP-DAB in I1. Side chains of
all residues are shown as sticks. N, C, O and S atoms are colored in blue, cyan, red, and yellow,
respectively. The Zn?* is displayed as a grey sphere. Both backbones display the same N- to
C-terminus directionality indicated by the solid vertical arrow. The dashed vertical line
indicates the presence of additional SNAP-25 residues on both ends of the Q197-L203
fragment, which have been omitted for clarity.
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Figure 6. Induced-fit binding of 11 to the BONT/A active site

View of the binding cleft of the BoNT/A LC (tan surface) in complex with inhibitor 11 (grey
sticks). Inhibitor residues are indicated. The induced binding pockets are evidenced by the
steric clashes between the apo BoNT/A LC surface (magenta) with some of the inhibitor
residues (tryptophan, threonine and leucine) upon superposition (indicated by black ovals).
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