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Abstract

Botulinum Neurotoxin (abbreviated as BTX or BoNT), produced by Clostridium
botulinum, can lead to clinical syndrome of botulism by specifically targeting and
blocking the release of neurotransmitter at nerve terminals. Among the 7
unambiguously identified serotypes (designated as BoNT/A, /B, /C, /D, /E, /F, and
/G), BONT/A, /B, /E, and /F (rarely) mainly cause human botulism, and BoNT/C and
/D infect animals. Even though BoNTSs are considered as the most potent protein
toxins, they are approved by FDA as effective therapies for numerous neuronal
disorders and cosmetics. No effective antitoxins or inhibitors, however, are available
to date. A better understanding of the mechanism of substrate recognition and
cleavage by BoNTSs is the prerequisite to develop inhibitors or antidotes for BONTS
intoxication, novel therapeutic applications and rapid detection system. This thesis
focuses on the investigation of the substrate recognition mechanisms employed by
BoNT/D, /F5 and /F7 to dissect their step by step substrate binding and cleavage. In
addition, based on previous understanding and comparison of the substrate
recognition mechanisms utilized by BoNT/B and Tetanus Neurtoxins (TeNT), a
BoNT/B derivative was engineered with elevated substrate cleavage activity, with
the hope to minimize the immunoresistance impact from patients during BoNT/B
therapy. As an extension of this work, a FRET peptide (designated as FVP-B) was
synthesized to develop a rapid and sensitive detection assay for BONT/B detection.
In the last part of the thesis, a set of potent peptide inhibitors were developed to
inhibit BONT/A activity both in vitro and in murine model. In summary, the research
works in this study will provide useful information for the development effective
countermeasures to combat BoNT intoxication and for the development of nopvel

BoNT based therapies.
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Chapter One: Introduction

1.1 Neurotoxin

The medical definition of neurotoxin is "a poisonous protein complex that acts on the
nervous system™. In a broader sense, any substance that is poisonous or destructive to nerve
tissue can be defined as neurotoxins, such as lead, drinking alcohol, glutamate, nitric oxide,
Botulinum Neurotoxins (BoNTSs), Tetanus Neurotoxin (TeNT) and tetrodotoxin. However,
some substances, nitric oxide and glutamate, for example, only exert adversely neurotoxic
effects at excessive concentrations, under normal condition, they are essential for body to

function properly.

According to the activity mechanisms of neurotoxins, they either interfere with the
controlling of ion concentrations across cell membrane by neuron or inhibit the
communication between neurons across synapse by blocking the release of
neurotransmitters. The former type of neurotoxins normally play a role as membrane
channel inhibitors, such as Na channel inhibitor (tetrodotoxin) (1), K channel inhibitor
(tetraethylammonium) (2), CI channel inhibitor (chlorotoxin) (3), and Ca channel inhibitor
(conotoxin) (4). A typical representative of the neurotransmitters release blocker is BONTSs
which can inhibitor the release of acetylcholine (Ach) by specifically targeting and
degrading the SNARE (Soluble N-ethylmaleimide sensitive fusion protein (NSF)
Attachment protein Receptor) proteins at the neuromuscular junction, resulting in botulism
(Figure 1.1). With a high similarity in structure and origin, TeNT functionally reduces

inhibitory transmissions in the nervous system resulting in muscular tetany.

. Synaptic Nerve Terminal

Figure 1. 1 Mechanism of BoNTs neurotoxins.

Image adapted from Wikipedia.



1.2 Clostridia

Based on the realization that infectious diseases was caused by microbial agents, the idea
that bacteria could produce poisonous substances was raised. As early as 19" century, Klebs
firstly suggested the presence of toxic molecules from staphylococci and then pioneering
works done by Koch and Loeffler on cholera (Vibrio cholerae) and diphtheria

(Corynebacterium diphtheriae) infections respectively.

The Clostridia are a highly polyphyletic class of Firmicutes, including Clostridium which
are obligate anaerobes, Gram-positive and spore-forming species (5). Clostridium is
originated from Greek kloster or spindle, the individual cell of Clostridium is rod-shaped
(Figure 1.2). Traditionally, the genus of Clostridium was defined by its rod-shaped
characteristics; however, many species have been reclassified into other genera. Clostridium
botulinum is widely distributed in soil, sediments of lakes, ponds and decaying vegetation.
More than 100 species of Clostridium have been identified, including common free-living
bacteria and pathogens. There are five main species that responsible for human diseases.

C. botulinum produces BoNTs, which can cause botulism from food or wounds infection.
Honey that contains spores of C. botulinum may cause human infant (one year old and
younger) botulism (6), but cannot infect adult or older children in that they cannot compete

with the dominant bacteria present in gastrointestinal tract.

C. difficile can cause antibiotic-associated dierrhea under which situation other bacteria in
the gut are killed by antibiotic therapy, thus leading to pseudomembranous colitis. Some
virulence factors, such as glucosyltransferase toxins and ADP -ribosylating binary toxin are

involved in the infections caused by C. difficile(7).

C. perfringens (fomerly named C. welchii) produces about 12 different toxins and causes a
wide range of symptoms, such as enterotoxemia in sheep and goats. The produced cytolytic

a-toxin can hydrolyze phosphatidylcholine and sphingomyelin and lead to cell death (8).

C. tetani is the causative organism of tetanus by producing the TeNT which can specifically
inhibit neurotransmission at the central nervous system, leading to spastic paralysis and

potentially to death (9).

In addition, C. sordellii is one pathogen that can cause even rare, fatal infection. Since the

year of 2000, less than one case was reported per year (10).



Figure 1.2 A photomicrograph of Clostridium botulinum stained with Gentian violet.

Image adapted from http://www.ppdictionary.com/bacteria/gpbac/botulinumhtm.

1.3 Botulism

Botulism was named after the Latin word “botulus” for sausage in that it was firstly
described by Justinus Kerner after a food poisoning outbreak that followed the ingestion of
blood sausages (11). Human botulism is serious and fatal. After 12-36 hours exposure, early
symptoms of botulism will appear with marked fatigue, weakness and vertigo, usually
followed by trouble seeing, swallowing and speaking. If prompt diagnosis and immediate
treatment are not given, the mortality rate of botulism is really high, with 5-10% cases are
fatal, even though the incidence of botulism is low, and thus early detection and diagnosis is
the key in preventing botulism. There are four main causes of botulism (12). Foodborne
botulism occurs when Clostridium botulinum grows and produces toxins in food prior to
consumption. Due to the anaerobic characteristics of Clostridium botulinum, foodborne
botulism is often associated with lightly preserved foods and in inadequately processed,
home-canned or home-bottled substances and fermented uncooked dishes. Infant botulism,
which mostly occurs in infants under six months of age, is the most common form in
Western countries. By lacking of the competition from other dominant bacteria that are
existed in older children and adults, Clostridium botulinum will be easily colonize in the gut
of infants and then release toxins into the intestine, which is then absorbed into the
bloodstream (13). Spore-contaminated honey has been reported to associate with a number
of cases though there are sewveral possible sources of infection of infant botulism. Wound
botulism is another cause which mainly resulted from wound contamination by Clostridium
botulinum. Even though wound botulism is rare, increasing cases were reported in
intravenous drug users, especially people using black tar heroin (13). Inhalation botulism is
rare as well and does not happen naturally, it is described after inhalation by laboratory

workers and after cosmetic use of inappropriate dose of Botox (13). This type of botulism is



becoming a serious concern from the bioterrorism perspective. Moreover, there are some
other types of intoxication, such as waterborne botulism, but the risk is very low in that the

common water treatment will destroy the toxin.

1.4 SNARE complex and exocytosis

In yeast and mammalian cells, there are more than 60 members of SNAP (Soluble N-
ethylmaleimide sensitive fusion protein (NSF) Attachment) Receptor (SNARE) proteins
which primarily play roles in mediating vesicle fusion for materials distribution among
intracellular organelles and communication (14,15). Divided based on location, SNARES
can be classified into two categories, vesicle or v-SNAREs and target or t-SNAREs (Figure
1.3), the former type is located into the membranes of transport vesicles during budding and
the later one is incorporated into the membranes of target compartments (16). It was
reported that the t-SNARES served as a guide for the v-SNAREs binding to form a complete
SNARE complex (17,18). Recently, several SNARE members were identified to locate on
both the vesicle and target membranes, leading to a new classification with the consideration
of structural features of SNAREs: R-SNAREs (corresponding to v-SNARES) and Q-
SNAREs (acting as t-SNARESs) which can be further grouped as Qa, Qb and Qc by locations
in the four-helix bundle (Figure 1.4). In the formed zero ionic layer of assembled core
SNARE complex, R-SNAREs (including synaptobrevin) contribute an arginine (R) residue
and Q-SNAREs (including syntaxin and synaptosomal-associated membrane protein of 25
kDa (SNAP-25)) contribute a glutamine (Q) residue (19-22).

v-SNARE : &
1 Vesicule |/ ATl

TI-VAMP ,/r__!{ | | Fusion | |

CSNARE : ——1

Syntaxine

Figure 1. 3The different locations of v-SNAREs andt-SNAREs.

Image adapted from (16).



ayers of core SNARE complex

Synaptobrevin 2 (R)

Figure 1. 4 The locations of R- and Q-SNAREs in the layers of synaptic core SNARE complex.

In the extended helix bundle structure of SNARE complex, Synaptobrevin 2 (R), Syntaxin la (Qa),
and two helices of SNAP-25 (Qb and Qc) are illustrated. Image adapted from (22) with modifications.

The SNAREs that mediate docking of synaptic vesicles (SVs) with the presynaptic
membrane in neurons were well studied. Located at the end of neuronal axons in
presynaptic terminals, the SVs are key organelles of neuronal communication by mainly
functioning on concentrating, storing and releasing neurotransmitters into synaptic cleft.
During the process of exocytosis and endocytosis, the SVs are in recyclable usage. In the
fusion process of SV with presynaptic membrane, the increasing concentration of free Ca**
in cytoplasmic is important as well (23). On the surface of SV, more than 80 integral
membrane proteins have been identified which can be grouped into, in the respect of
responsibility, classes for trafficking and for transmitter loading and its modulation. The
drive force in vesicular exocytosis is the formation of the core of SNARE complex which
consists of wvesicular protein synaptobrevin and the preferentially plasma membrane-
localized proteins SNAP-25 and syntaxin (21).

Synaptobrevin-2 (or named vesicle-associated membrane protein (VAMP) -2), presenting
on secretory vesicles both in or outside the central nervous system, is one of the most
abundant proteins on SV (about 70 copies per SV). The VAMPs family proteins are
characterized by a C-terminal integral membrane domain and the N-terminus which
comprises a SNARE motif for interacting with SNAP-25 and syntaxin faces the cytosol.
VAMP-1, the second most abundant VAMP isoform (24,25) and VAMP-4 and VAMP-7/Ti-
VAMP were found occurred on SV as well (26). However, the VAMP-2 knockout animals
studying indicated that the role played by VAMP-2 in the SNARE core complex formation
could not be reconstituted by other isoforms and in addition, the interactions of VAMPs
with synaptophysin or the SNARE proteins were mutually exclusive (25,27,28). Besides,
there are many other isoforms of VAMP-2 (VAMP-5 and VAMP-8, for example), they
locate outside of the central nervous system but play important roles in membrane fusions
(29-31).



SNAP-25 is proposed to account for membrane fusion specificity by forming tight
interactions with VAMP-2 and syntaxin (32). With the help from palmitoylation side chains
covalently bound to the four cysteine residues in between the two SNARE motifs, SNAP -25
can stably anchored to the cytosolic face of membranes (33). The identified two isoforms
(mRNA splice variants) of SNAP-25 (labeled as A and B) differed only in nine residues,
including a re-localization of one of the four cysteine residues, leading to the diffuse
localization of SNAP-25A and SNAP-25B mainly localized to terminals and varicosities
(34,35). In addition, SNAP-25A is mainly expressed in embryos and developing neural
tissue but not in adult tissue except in pituitary and adrenal gland tissues, in contrast, SNAP -
25B is dominantly expressed in adult neural tissue, suggesting the switched expression
pattern from A to B after birth (35,36). SNAP-23, -29 and -47 are another membrane-
associated isoforms of SNAP-25 but with different locations, functions and resistant to
natural BoNTs (37-39).

Syntaxins are a family of Q-SNARE proteins that reside on SV membrane and function in
exocytosis process (40). Functionally, syntaxins can be divided into three domains: a single
C-terminal transmembrane domain, H3 (SNARE domain) and Habc (N-terminal regulatory
domain) which is comprised of three a-helices (19). In the ‘closed’ conformation of
syntaxin 1a, the H3 domain folds back onto the Habc domain, preventing the H3 domain
from interacting with other SNARE components. The ‘closed’ conformation of syntaxin la
was found mediated by the binding of Munc 18a (Sec 1) which is a key modulator of
exocytosis. Thus, in order to assemble into a SNARE complex, syntaxin 1a must dissociate
from Munc 18a and switch to an open comformation in which the H3 domain is free from
the Habc domain. However, the binding affinity of Munc 18a with syntaxin la is at
nanomolar level, therefore the dissociation of the Munc 18a-syntaxin 1a complex is a slow
process (41-44). Syntaxin 1b is another closely related isoform of syntaxin 1a, both of which
share more than 80% homology in sequence. It was proved that syntaxin 1b overlapped in
function with syntaxin la (45,46). Syntaxin-3, -4 and -5, which belong to the large syntaxin
family, are reported involving in other types of membrane fusion in different cells
(40,47 48).

1.5 Botulinum Neurotoxins

Botulinum Neurotoxins are the most potent protein neurotoxin identified so far. The dual
roles of BoNTs as causative agent of human botulism/biological warfare and most widely
used protein therapies for numerous neuromuscular disorders/cosmetic uses make it an
extreme hot topic in diverse fields. As listed in Table 1.1, since the isolation of BONT/B,
the firstly identified serotype of BoNTSs, from salted ham by van Ermengem in 1897 (49), in
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the following 73 years (1897-1970), serotypes of BoNT/A, /C, /D, /E, /F and /G were
identified successively (50-54). In addition, an eighth serotype, BoNT/H, was reported
recently (55), however, some scientists question of the new identification and more
experiments need to be performed to further prove it as a new serotype (56). Then bivalent
strains which produce 2 toxins with different amounts were identified, including the dual
toxicities of Af (1970), Bf (1980), Ab (1983), Ba (1984) and AB (both toxins are produced
equally in amounts) (57). Moreover, A(B) strains which are termed as “A silent B” has been
identified as well, due to a stop-codon mutation in the additional gene of BoNT/B (58,59).
Besides the alphabetically designated toxin serotypes, the host bacterium was grouped as
well. Four groups (I-1V) have been described, and recently another two additional groups,
Group V and Group VI have been included as well, both of which represent the BoNT/F-
producing C. baratii strains and the BoNT/E-producing C. butyricum strains respectively
(60).

With more and more sequences being generated by PCR and sequencing, more variations
within the toxin of the existing serotypes has been identified. As defined, if > 2.5%
difference in amino acid sequence compared with other strains within a serotype was found,
that strain can be defined as a subtype. Till now, about 31 bont gene subtypes/variants have
been identified within serotypes BoNT/A-F (Figure 1.5) (61-64).

Table 1. 1 Discowery time-line of all the eight serotypes of BoNTs.

Serotype Source Country Year
BoNT/B salted ham Belgium 1897
BoNT/A bean salad Germany 1904
BoNT/C fly larvae cattle US, Australia 1924/1926
BoNT/D cattle S. Africa 1929
BoNT/E spras salmon us 1936/1938
BoNT/F duck paste Denmark 1958
BoNT/G soil Argentina 1970
BoNT/H" feces us 2014

More authentic evidence needed.



Percent nucleotide identity
Strain Al A2 A3 A4 AS Accession #
Al Hall o 94.6% | 92.0% 94.3% | 98.6% AF488749
A2 Kyoto-F 89.9% o 96.4% 93.6% | 94.9% CP001581
A3 Loch Maree 84.6% f— 91.6% | 92.3% DQI185900
A4 Ba 657 89.3% 84.4% o 93.7¢ CP001082
AS HO04402 065 97.1% 85.0% 87.4% — EU679004
Bl B2 B3 B4 B5 B6 B7
Bl okra o 97.5% | 97.9% 96.2% | 98.0% | 97.9% 97.5% CP000940
B2 213B 95.6% e 99.1% 96.2% | 97.3% | 99.1% 97.7% EF028395
B3 CDC 795 96.0% 98.4% o 964% | 97.7% | 98.9% 97.8% EF028400
B4 Eklund 17B ' 93.2% | 93.9% | 93.7% o 96.0% | 96.0% 96.3% EF051570
BS Ba 657~ 96.1% 95.0% 95.4% 92.7% o 97.3% 97.1% EF033130
B6 Osaka05 96.1% | 984% | 98.1% 93.1% | 954% | ---- 97.3% AB302852
B7 Bac-04-07755 94.7% 95.6% 95.7% 93.6% 94.1% | 95.1% — JQ354985
C1 C/D D D/C
Cl1 Stockholm o 85.3% | 68.3% 76.2% D90210
C/D 003-9 76.0% -- 80.3% 68.8% AB200360
D 1873 51.2% | 68.7% e 85.9% ABO12112
D/C 5995 64.7% 51.9% 76.5% P EF378947
El E2 E3 E4 E7 ES
El Beluga ' — 99.4% | 99.3% 98.5% 99.1% 97.9% X62089
E2 CDC 5247 99.0% P 98.7% 98.3% 98.5% 98.5% EF028404
E3 Alaska E43 T 98.2% 97.4% o 97.9% 98.8% 97.6% EF028403
E4 BL5262 97.3% | 97.0% | 95.6% o 98.1% 98.0% ACOMO1000005
ES LCL155 ™ 96.8% 96.3% 95.1% 95.0% — . 97.3% 96.9% AY327861
E6 K35' 96.9% | 96.7% | 95.8% 96.8% | 94.7% | ----- 98.2% 98.3% AMGB95752
E7 | IBCA97E-0192" [ 97.8% 97.0% 97.3% 96.2% 94.7% | 96.2% — 98.8% JN695729
E8 Bac-02-06430 ' 96.2% | 97.0% | 95.6% 96.1% | 94.0% | 96.6% 98.2% o ING695730
Fl1 F2 F3 F4 F5 Fb F7
Fl Langeland f— 91.2% [ 91L.5% 96.0% | 81.5% | 93.1% 82.4% X70821
F2 Bf An436 - o 98.9% 91.9% | 84.6% | 95.2% 80.2% EF028397
F3 CDC 54086 91.0% o 92.1% | 84.5% | 95.1% 79.6% GU213218
F4 CDC 54076 - 83.5% 83.8% o 81.9% | 93.4% 81.5% GU213213
F5 CDC 54096 ~ 74.0% 74.0% 69.4% — 83.8% 75.9% GU213225
Fb Eklund 202F 89.8% 89.8% 86.9% 73.6% | - 80.2% M92906
F7 Sullivan * 68.6% | 68.9% 719% | 63.8% | 69.8% — HM746656
Percent amino acid identity

Figure 1. 5 Percent identities at both nucleotide and amino acid lewels between subtypes within
different serotypes.

Nucleotide level and amino acid level identities are colored in blue and red respectively. Strains,
subtype/variant designation, and their GenBank accession numbers are listed within serotypes A-F.
Variants within a serotype are shaded to highlight the pairwise comparisons that show the least or the
greatest similarity. 1 nonproteolytic strains; 2 bivalent toxin producing strains; 3 C. butyricumstrains;

4 C. baratii strain. Image adapted from (64).

1.5.1 Structure of Botulinum Neurotoxins

BoNTSs belong to AB toxin family. The holotoxin is a ~ 150 kDa single polypeptide chain
which can be functionally divided into two domains: an N-terminal ~ 50 kDa light chain
(LC, catalytic domain) and a ~ 100 kDa C-terminal heavy chain (HC) and both of which are
covalently linked through a disulfide bond until they encounter reducing conditions in the
neuronal cytosol (65). The HC domain is composed of two sub-domains: translocation
domain Hy which mediates translocation of LC across the endosomal membrane, and cell
surface receptor-binding domain Hc (Figure 1.6) (66,67). Till now, three full length BoNTS'

crystal structures have been resolved, (Figure 1.7).
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Figure 1.6 The di-chain structure of BoNT/A.
(A) An overall view of the domains organization of BONT/A, with the locations of LC, HC and
disulfide bond illustrated. The image adapted from (66) with modifications. (B) The crystal structure
of BONT/A holotoxin (PDB: 3BTA) prepared by PyMOL.

BoNT/B BoNT/A BoNT/E

Figure 1. 7 The three resoled crystal structure of Botulinum Neur otoxin holotoxins.

The crystal structures of BONT/A (PDB: 3BTA), BoNT/B (PDB: 1EPW), and BoNT/E (chain A,
PDB:3FFZ) were colored in green, cyan and yellow respectively. Images were prepared by PyMOL.

BoNT/A (PDB: 3BTA), BoNT/B (PDB: 1EPW), and BoNT/E (PDB:3FFZ) (67-69), and
BoNT/B shares high structural similarity with BoNT/A, but BONT/E has dramatic
difference with BoONT/A BoNTSs are inherently fragile, however, the environment of low pH
and rich in proteases in the gastrointestinal (GI) tract is harsh enough to destroy them, so
before interacting with host cells and approaching their substrates, what kind strategy of
BoNTSs utilized to survive such harsh condition and cross the intestinal epithelial barrier to
enter the bloodstream. Recently studies suggested that when BoNT is incorporated into
progenitor toxin complexes (PTCs), it exhibited greater oral toxicity then the BoNT alone
(70). The PTCs are composed of BONT and several non-toxin neurotoxin-associated
proteins (NAPs) (71) which comprise a non-toxic non-hemagglutinin (NTNHA) and three
different hemagglutinin proteins (HA-17, HA-33, and HA-70) (Figure 1.8A and B). The
naturally occurring minimally functional PTC (M-PTC) is composed of BoNT (~150 kDa)



and NTNHA (~140 kDa). In the M-PTC of BoNT/A, NTNHA-A protect BONT/A from Gl
degradation by providing large and multivalent binding interfaces. Interestingly, NTNHA-A
displays high similarity in structure with BoNT/A despite shares about 20% sequence
identity with BoNT/A (Figure 1.8C and D). In addition, when compared with the M-PTCs
of BoNT/A2, BoNT/E and BoNT/F, all of which formed HA-negative M-PTCs, the nLoop
was missed, suggesting the nLoop may functioned in interacting with HAs to assemble
larger PTCs (72-75). Other PTCs (500-900 kDa) are assembled by the addition of various
combinations of HAs to the M-PTC, but the mechanisms are not clear now (65,76).

A BoNT complex

830- 1193
NTNHA-A

Figure 1. 8 Molecular architecture of progenitor toxin complexes and structural comparison
between BoNT/A and NTNHA-A.

(A) The three major forms of PTCs, 12S toxin (M toxin), 16S toxin (Ltoxin), and 19S toxin (LL
toxin) (Upper panel) (70,77,78). The different PTC forms of the six serotypes of BoNTs and some
subtypes of BONT/A are illustrated (79) (Lower panel). + presence of the complex forms; - not
present. (B) In the surface representation of the large progenitor toxin complex (L-PTC) (16S
complex) of BONT/A, the M-PTC (12S complex) is composed of BONT/A (magenta) and NTNHA
(gray), and the incorporation of the three different HA proteins (HA70, three in yellow; HA 17, three
in cyan, and HA33, six in orange formed a complete L-PTC (80). (C) Cartoon presentation of the
BONT/A- NTNHA complex. The BONT/A domains are colored as : LC in blue; Hy in orange and Hc
in green. The NTNHA-A domains are yellow (nLC), cyan (nHy), and red (nHc). (D) The individual
cartoon representation of the BONT/A and NTNHA-A and both are labeled as that in (C).

1.5.2 Mode of action

As detailed above, BoNTs are produced in progenitor toxin complexes in order to survive
harsh environment in human or animals and finally cause intoxication. Decades intense
investigations began to unravel the action mode of BoNTs. The following sections describe
the four major steps involving in the invasion of BONTS.
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1.5.2.1 Intestine uptake

The GI tract is weaponed with multiple barriers, such as layer of membrane anchored
glycoproteins, exterior hydrated gel layer of mucins, continuous monolayer of epithelial
cells and even many proteolytic enzymes (in the lumen of the small intestine) to protect host
from the invasion of harmful external elements (81,82). Howewer, in the most two common
forms of human botulism, foodborne and intestinal botulism, BONT holotoxin or its multi-
subunit complexes must cross the well-protected Gl tract barriers to enter the circulation and
approach target neurons. Previous studies indicated that BoNT holotoxin alone showed
slight toxicity in mice through oral administration, and the larger of the complex, the greater
of the oral toxicity, suggesting the protective role played by both NTNHA and HA when
BONT traversed the digestive tract (70,83,84). The recently reported crystal structure of the
12S toxin of BoNT/A proved that NTNHA conferred resistance to low pH environment and
proteolysis within the Gl tract (72). In addition, T. I. Lam et al. observed that BoNT/A
holotoxin alone translocated across the small intestines, but slower than that of the BoONT/A
complex (85). In light of the findings in recent years from several laboratories that focused
on the description of the internalization of BONT and BoNT complex into the epithelial
barrier by using in vitro model systems (86-90), a possible three-step transit mechanism of
BONT through the intestinal epithe lial barrier was proposed (Figure 1.9). In the transcytosis
step (Step 1), a small amount of luminally located BoNT complexes (Route ii) (91) or alone
(Route i) (86,87,89,91-93) transits through the epithelial barrier without disrupting it; in the
barrier disruption step (Step 2), when reach the basolateral surface, the HA moiety of the
16S toxin will disrupt the epithelial barrier translocated to the basolateral surface (91,94); in
the absorption step (Step 3), the disrupted epithelial barrier allows the accumulated BoNT
complexes or BoNT alone (Route iii) in the serosal to pass through the damaged barrier (91).
However, more in vivo studies need to be carried out in order to confirm the in vivo
relevance of these steps, in that the proposed model is based on the investigations of in vitro
systems.
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Figure 1.9 A proposed transit mechanism of BONT through the intestinal epithelial barrier.
[Step 1] A smallamount of luminally located BONT complexes mediated by HA components (Route
i, yellow arrows) (91) or BoNT alone (Route i, green arrows) (86,87,89,91-93) transits through the
epithelial barrier without disrupting it; [Step 2] After translocation to the basolateral surface, the HA

moiety of the 16S toxin will disrupt the epithelial barrier translocated to the basolateral surface
(91,94). HA proteins in the BONT/A and /B complexes interact with E-cadherin and disrupt the
intercellular barrier (95). HA in the BoNT/C complex may disrupt barrier function by exerting
cytotoxic effects on the epithelial cells of susceptible animals (94). [Step 3] Accumulated BoNT
complexes or BoNT alone (Route iii, light green arrows) in large amount pass through the damaged

barrier (91). Image adapted from (96)with modifications.

1.5.2.2 Double receptor anchorage and endocytosis

The two members of the CNT (Clostridia Neurotoxin) family, TeNT and BoNT, share a
same core structural characteristics and target the same class of intracellular substrates
(SNARE complex) (97), but they traffick different pathways and lead to a different
symptomatology of the pathologies after being endocytosed (Figure 1.10). BONT mainly
target the neuromuscular junction (NMJ) in vivo with a minor fraction back to the motor
neuron (98), and cause botulism, in contrast, TeNT reaches the inhibitory interneurons in the
spinal cord and lead to sustained spastic paralysis.
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Figure 1. 10 Schematic illustration of the trafficking pathways of BONT and TeNT in neurons.

TeNT (light blue) and BoNT (red) firstly bind to neuronal membranes via receptor comple x(es)
formed by polysialogangliosides (black dots) and synaptic proteins (blue and red bars) with
specificity. After internalization, BoNT enters the synaptic vesicle recycling pathway, TeNT, under
the help of microtubules (tracks, grey) and cytoplasmic dynein (molecular motor, red), is trancytosed

into inhibitory interneurons at the soma. Image adapted from (99) with modifications.

The different and specific trafficking pathways utilized by CNT may due to their
neurospecific receptor complexes. Polysialo-gangliosides (GD1a and GT1b, etc) were found
abundantly present on the outer leaflet of the presynaptic membrane through the membrane
incorporation of a ceramide part (Cer). Bullens et al. reported that the N-
acetylgalactosamine-transferase (NAcGalT) which involving the the biosynthesis of
ganglioside, knockout mice could not be affected by BoONT/A incubation (100). In addition,
when incubated with the cultured hippocampal neurons of NAcGalT-deficient mice, the
binding and entry of all the seven BoNT serotypes were reduced, but could be restored by
the addition of exogenous bovine brain ganglioside mix (101-103). As mentioned previously,
the HC domain of the CNT is responsible for the delivery of the LC into the cytosol of
neuronal target cells to fulfill substrate cleavage, structural alignment of the Hcc domain of
all the seven BoNT serotypes and TeNT indicated that the 5-mer clusters in the B-trefoil
architecture of the Hcc domain were conserved though showed high sequence divergence at
the whole Hcc level (104). Combining the data derived from recent decades animal and
biochemical analysis (Table 1.2), BoNT/A, E, F and G prefer the terminal NAcGal-Gal-
NAcNeu moiety present in GD1a and GT1b, whereas BoNT/B, C, D and TeNT require the
disialyl motif found in GD1b, GT1b and GQ1b (105). In contrast to the conserved CNT-
ganglioside interaction mode, the reorganization between CNT and their protein receptors

employ a serotype-specific strategy to avoid chaos occurred (Table 1.2).
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Data were extracted from (105,106) with modifications.

Table 1. 2 The corresponding binding sites between CNT and dual receptors.

Serotype AA motif in the Key AA of the SV protein Key AA of SV protein
consenved ganglioside sialic acid receptor receptor binding site
binding site binding site
BoNT/A E...H...SXWY...G SV2C>SV2A>SV2 ?
B, FGFR3 (?)
BoNT/B E...H...SXWY...G SytlI>Sytl K1192, F1194, F1204
BoNT/C W1258, Y1259; WY- Y1179 ? ?
loop®
BoNT/DC W1252, F1253; WF- Y1175 Syt M1179,N1185, V1191,
loop® L1235, 11264
BoNT/D DXY...VXN R1239 SV2B>SV2C>SV2 ?
A
BoNT/E E...K...SXWY...G SV2A>SV2B ?
BoNT/F E...H...SXWY...G SV2 ?
BoNT/G Q...G...SXWY...G Sytl ~ Sytll Q1200, F1202, F1212
TeNT D...H...SXWY...G R1226 Nidogen, SV2 ?

no conserved ganglioside binding site present.

1.5.2.3 Neuron cytosol translocation of LC

After endocytosis mediated by the dual-receptor mechanism, CNT exposed to the acidic
enrivonment of endosomes, which triggered the conformation change of Hy from a soluble
protein to a protein that could be inserted into the bilayer membrane of endosomes, in order
to facilitate the translocation of the LC through the protein-conducting channel into the
cytosol of neuron (Figure 1.11) (97,107-109). Similar to other bacterial toxins,
electrophysiological measurements indicated that the channel formed by the Hy domain of
BONT is cation specific with a single channel conductance (109,110), and the belt region
(residues 450-544) within the Hy domain is believed function as pH trigger to promote
channel formation only under acidic enrivonment, the beltless Hy (Hn.bat, residues 545-870)
represented as a minimal channel forming unit (111,112). However, the formed channel
remains primarily closed within the endosome, circular dichroism analysis revealed that the
secondary structure of the HC domain did not undergo significant structure changes upon
acidification (113,114), suggesting the acidic pH alone was not sufficient to induce an active
channel state of the HC, the conformational changes depend on seweral factors, such as
acidification, receptor binding and possible lipid association (115,116). In addition, studies
suggested that the Hc subdomain in the HC domain of BoNT determined the pH dependence
of channel formation (112,113). Without the Hc, the Hy was readily inserted into the plasma
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membrane of neuron and the LC was incapable of being translocating through the channel,
indicating a chaperone role played by the Hc subdomain to ensure the concurrence among
the partial unfolding of LC and the Hy.veit, thereby promoting a productive LC translocation
(117). After the complete translocation of LC, the channel would be closed to preclude the
passive dissipation of the ionic electrochemical gradients across endosomal membranes.
Taken together, each domain in the BoNT functions in a synchronized cooperative manner
to achieve the cellular intoxication with elegance, even though them can work
independently.
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Figure 1. 11 Schematic illustration of neuron cellular intoxication by BoNT.

1. BoNT, via its Hc domain (blue), specifically recognize and bind to its dual receptors located on the
membrane surface of neuron; 2. Endocytosis occurs and BoNT is shuttled to vesicles destined for the
endosome/lysosome pathway; 3, the Hy domain (cyan) of BoNT undergoes conformation change to
insert into the bilayer membrane of endosome/lysosome triggered by the acidic enrivonment; 4, the
LC (gold) of BoNT is delivered via the formed channel into the cytosol of neuron, and 5, the released

LC traffics in the cytosol to approach its specific SNARE substrate to achieve substrate cleavage.

Image adapted from (117).
1.5.3 SNARE substrate recognition and cleavage

1.5.3.1 Identification of CNT substrates

Based on sequence prediction, a conserved segment which contained the zinc-binding motif
of zinc-endopeptidases (HEXXH) was identified in the LC of CNT (118). The activities of
purified BONT/A, B and E could be inhibited by chelating agents (such as EDTA), and the
activities of them could be rescued by adding exogenous zinc ion. The finding further
confirmed the zinc presence. In addition, previous study indicated that zinc atom
coordinated with histidines in active site but not cysteines, suggesting the zinc atom
contributes to the catalytic activity of BoNTs but rather keeps the conformation of the

BoNTSs structure, further indicating the irreplaceable role of zinc ion in the action of BONTSs
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(119). The Ach release inhibition effect at synapses by TeNT provided the hint that the
substrate of CNT may exited in synaptic vesicles (120). In order to direct prove the
hypothesis, rat cerebral cortex small synaptic vesicles were purified, incubated with nicked
CNTs. A 19kDa protein, which was proved late to be the VAMP-2, was cleaved by both
BoNT/B and TeNT at the same site (Q"-F"") (121). Similarly, the substrate of BoONT/F1 was
proved as VAMP-2, with a scissile bond located between Q*-K* sequences. Recently,
however, the BONT/F5 subtype was found to recognize and cleave a different scissile bond
in VAMP-2, namely L*-E>® (122,123) (Figure 1.12). The identification of the stable
SNARE protein complex (formed by VAMP-2, SNAP-25 and syntaxin) that functioned in
vssicle exocytosis expanded the substrate test for other BoNTs (14,21). The substrate of
BoNT/A and /E was found to be SNAP-25, but with distinct cleavage sites, Q"*'-R'*® and
R™-I'*" respectively. Moreover, BoNT/D and BoNT/G cleaved substrate VAMP-2 at
peptide bond between K**-L*° and Ala®'-Ala® respectively. Further researches suggested
that BoNT/C could cleave both of SNAP-25 between R™%-A'* and a single K**2-A”* bond
within the carboxyl-terminal region of syntaxins (124-126). The substrate and
corresponding cleavage sites is summarized in Table 1.3.

Table 1. 3 Identified SNARE substrate and cleavage site of the CNTs.

BoNT Substrate Sdissile bond (P1-P1%)
BONT/A SNAP-25 ORI
BoNT/B VAMP-2 QS-F
BoNT/C SNAP-25 RIS A 199

Syntaxin-1a K292 p\203
BoNT/D VAMP-2 K59 60
BoNT/E SNAP-25 RIE0_ 181
BoNT/F1 VAMP-2 QK
BONT/F5 VAMP-2 | 5455
BONT/G VAMP-2 Ala*-Ala®
TeNT VAMP-2 Q-F!

1.5.3.2 CNT need extended substrate region for efficient cleavage

The LC of CNT is very particular zinc-dependent protease in that the substrate specificity of
the CNT do require the help of other endogenous factors (127) and the LC of CNT need
extended SNARE region in corresponding substrate for efficient substrate recognition and
cleavage (128). The study on BoNT/D, /F and TeNT indicated that the VAMP-2 peptide
substrate ranged from Arg*’ to Thr'® could not be cleaved efficiently, while the peptide
ranged from Thr*’-Thr''® could be efficiently cleaved by all three toxins(129). In addition,
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the minimal VAMP-2 peptide substrate for BONT/G is VAMP-2 (54-97), with its residue at
P1” (Ala) plays an important role in substrate cleavage (130). Similarly, the minimal
domains that have been determined for BONT/A, E and C were 146-206, 156-206 and 93-
206 of SNAP-25, respectively (128). It was also shown that the P1’ site was essential for
substrate cleavage by these three toxins.

Sequence amalysis suggested that these three SNARE proteins shared common motifs
composed of hydrophobic, negatively charged and other residues. There are two copies of
motifs in VAMP-2 (V1 and V2) and syntaxin (X1 and X2) and 4 copies in SNAP-25 (S1,
S2, S3 and S4). Peptides derived from SNARE motifs in particular, V2 and S3 could inhibit
BoNTs and TeNT ability to inhibit Ach release. Antibody against SNARE motifs could also
show cross-reaction to different SNARE proteins and influence substrate cleavage by
neurotoxins (131). These results suggested that BoNTs and TeNT recognized their substrate
through double interaction with one region for unique substrate cleavage by different
neurotoxins and one common region, structural motif, to all three SNARE proteins.
Mutation of the residues in the SNARE motif affected substrate recognition by BoNTs (132).

To better understand the mechanisms underline the extended substrate requirements for
CNTs, saturation mutagenesis was performed on SNAP-25 and VAMP-2 to identify the
essential residues in the substrate for CNT substrate hydrolysis. Alanine scanning of LC/A
minimal substrate, SNAP-25 (156-202) identified that mutations of 18 of 48 residues did not
affect LC/A or LC/E cleavage of SNAP-25, mutations of 11 of 48 residues inhibited the
ability of LC/A and LC/E to cleave SNAP-25, whereas 18 of 48 residues had differential
effects on SNAP-25 cleavage by LC/A or LC/E. Two regions were resolved that included
mutated residues, which showed the greatest inhibitory action to LC/A, residues 193-202,
termed the active site (AS) domain and residues 156-181, termed the binding (B) domain.
With the AS domain, residues at P4’, P1°, P3, and P5 contributes to substrate hydrolysis.
Relative to LC/A, mutation to fewer residues in SNAP25 inhibited LC/E cleavage.
Mutations that influenced LC/E cleavage included residues 178-183 within the AS domain
and residues 167-173 within the B domain. Within the AS domain, residues at P1° and P5
contributed to LC/E substrate hydrolysis. Kinetic constants were determined for significant
mutations in both AS and B regions and results indicated that AS domain contributed to
catalytic activity, whereas B domain contributes to high affinity binding of SNAP-25 by
LC/A and LC/E. Furthermore, LC/A and LC/E were shown to cleave AS domain peptide,
Y2 DEANQRATK®® and LC/E cleaved '"IDRIME™®, respectively, although at lower
efficiency. These data suggested that AS domain determined the substrate specificity of
LC/A and LC/E, while B domain contribute to high affinity substrate binding. Both domains
were required for efficient substrate catalysis (133).
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Saturation mutagenesis of VAMP-2 was performed by two independent groups to test the
substrate requirements by LC/B, D, F and LC/T and consistent data were observed from
these studies. Mapping experiments showed that residues 60-87 of VAMP-2 were sufficient
for efficient cleavage by LC/B and that residues 40-87 of VAMP-2 were sufficient for
efficient LC/T cleavage. Alanine-scanning mutagenesis and kinetic analysis identified three
regions within VAMP-2 that were recognized by LC/B and LC/T: residues adjacent to the
site of scissile bond cleavage (AS) and residues located within N-terminal and C-terminal
regions relative to the cleavage region. Analysis of residues within the cleavage region
showed that mutations at the P7, P4, P2, and P1’ residues of VAMP-2 had the greatest
mhibition of LC/B cleavage (>32- fold), whereas mutations at P7, P4, P1°, and P2’ residues
of VAMP-2 had the greatest inhibition of LC/T cleavage (>64-fold). Residues within the AS
influenced catalysis, whereas residues N-terminal and C-terminal to the cleavage region
influenced binding affinity. Thus, LC/B and LC/T possess similar organization but have
unique residues for VAMP-2 recognition and cleavage (134,135). Similar mapping and
saturation mutagenesis characterization were also performed for LC/D and LC/F. minimal
substrate for LC/F was VAMP-2 (27-63), while minimal substrate for LC/D was VAMP -2
(39-63). Mutagenesis characterization identified several residues in the minimal substrate
that were significant for LC/D and LC/F substrate hydrolysis. Mutations of significant
residues around the scissile bond affect substrate catalysis, while mutations of residues
distal to the scissile bond affected substrate affinity(135). These results suggested that
although unique to each of CNTSs, these neurotoxins share the similar requirement for
efficient substrate hydrolysis, a substrate recognition region and distal binding
region/regions for efficient substrate affinity, which is exclusive for any other proteases
(135). LC/C cleaved recombinant SNAP25 and syntaxine very inefficiently, therefore the
detail characterization of substrate requirements was not investigated except for a
preliminary characterization study (136).

1.5.3.3 Mode of SNAP-25 recognition by BoNTs

The crystal structures of all LCs of CNTs have been resolved and showed very similar
confirmation with Zn ion coordinated in the active sites of the LCs (136-142), while the
mode of substrate specificity for each LC is unique. Decoding of complex structures of
LC/A-SNAP-25 and LC/F-VAMP-2 has depicted the mode of LC recognition of their
substrate, SNAP-25 or VAMP-2 (143,144). The recognition of SNAP-25 by LC/A is
mediated by exosites: the a-exocite, C-terminus of the active site, contributes to substrate
binding, which is initiated by the helix formation and the extended anchoring points along
SNAP-25; these sites binding reduces K, and enhance binding at the f-exosite at the N-
terminus of the active site, inducing conformational changes at the active site (AS), which
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renders the endopeptidase competent to cleave its substrate. Further biochemical study
resolve the step by step binding and recognition of SNAP-25 by LC/A(145). The
mechanism of LC/A recognition and cleavage of SNAP-25 involves sequential steps
representing SNAP-25 recognition and active site organization (Figure 1.12). Initial
interactions involve discontinuous surfaces between residues within the belt region of LC/A
and the B region residues of SNAP-25. The Velcro-like binding of SNAP-25 to LC/A aligns
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the P5 residue Asp™® to form a salt bridge with Arg*"’, an S5 pocket residue at the periphery
of one side of the active site. Although the exact order of each step of recognition of SNAP-
25 by BONT/A at the active site is not clear, the initial binding could subsequently orient
SNAP-25 for the formation of a salt bridge between the P4'-residue SNAP-25(Lys*") and
the S4'-residue LC/A(Asp®’). These interactions broaden the LC/A active site cavity and
dock Arg'®®, the P1"-residue, via electrostatic and hydrophobic interactions within the S1'-
pocket. The fine tuning of the alignment of Arg™® into the S1'-pocket resulting in the
precise alignment of the scissile bond is facilitated by the binding of the P3 residue, SNAP-
25-Ala*®®, into the hydrophobic S3 pocket of LC/A. The proper docking of the P1'-P1 sites
into the AS initiates substrate cleavage. After cleavage, the P4'-residue dissociates from the
S4'-residue of LC/A, which converts the AS to a smaller conformation, facilitating

dissociation of the P 1'-residue from the AS (Figure 1.12) (145).

The complex structure of LC/E-SNAP-25 was not available, while the identification of
significant residues in AS and B region of SNAP-25 provided a starting point for the
characterization of SNAP-25 recognition by LC/E. Structural modeling predicted that the
active site region of LC/E had three interaction sites, termed S3, S2, and S1°, with the AS of
SNAP-25 and that LC/E made several contacts with the substrate binding region of SNAP-
25 that were distanced from the active site of LC/E. Biochemical characterization of S
pockets and binding site in LC/E depicted the multiple pocket recognition and cleavage of
SNAP-25 by LC/E. LC/E initially interacts with the B site of SNAP-25 at the plasma
membrane of neurons through the B region of LC/E. This interaction ends at the
hydrophobic S3 pocket, which specifically recognizes P3, 1le178, through hydrophobic
interactions. The binding of SNAP-25 to LC/E is facilitated through P1’ and P2 site
mteractions with the S1” and S2 pockets of LC/E. Proper docking of P1° and P2 sites into
S1” and S2 pockets initiates a final alignment that precisely aligns the substrate scissile bond
for cleavage. After cleavage, the products of cleavage leave the AS and LC/E targets to
another SNAP-25 molecule starting another cycle of substrate recognition and
cleavage(146).
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Figure 1. 12 Multistep recognition andcleavage of SNAP25 by LC/A.

The step by step SNAP-25 recognition and binding at corresponding sites/pockets is illustrated in

cartoon drawings. Detailed interaction mechanism refers to the text above. Image adapted from (145).

1.5.3.4 Mode of VAMP-2 recognition by CNTSs

The mode of VAMP-2 recognition by BoNT/B was first reported by a study that resolved
the first co-crystal of LC/B and VAMP-2. Howewer, the lack of electron density in the
VAMP-2 sequence limited its contribution to understand the substrate recognition by
LC/B(147). The recently resolved complex structure of LC/F bound to a VAMP-2-based
peptide inhibitor provides information on the mode of LC/F binding to VAMP-2 distal to
the active site and proposes a three-exosite-pocket substrate recognition model(144).
However, these studies lack the detailed information with regard to how BoNTSs recognize
and hydrolyze their substrate VAMP-2 at the molecular level. Detailed characterization of
the interactions between LC/F and VAMP-2 addressed the mechanisms of VAMP-2
cleavage by LC/F through a series of accumulative interactions (Figure 1.13B). The Bl
pocket of LC/F recognizes the B1 region of VAMP -2 through hydrophobic, electrostatic and
hydrogen-bond interactions. The B1 pocket substrate recognition facilitates the further
recognition of the VAMP-2 B2 region by the B2 pocket of LC/F, which contributes to both
the substrate binding and further substrate recognition. The B1 and B2 substrate recognition
is further strengthened by the interactions between the hydrophobic B3 region of VAMP -2
and the hydrophobic S3 pocket of LC/F. At the B3 region, VAMP-2 maintains a helical
confirmation as in the SNARE complex, which folds the hydrophobic residues into a surface.
The primary role of the B3 pocket on substrate catalysis suggests that B3 substrate
recognition may stabilize the active site substrate catalysis, where the P2, P1’ and P2’ sites
are specifically recognized by the LC/F S2, S1° and S2’ pockets. The S2-P2, P1°-S1” and
S2’-P2’ substrate recognition stabilizes the P1-P1’ scissile bond alignment over the active

site Zn**, which promotes the substrate hydrolysis. After substrate cleavage, the cleaved

20



substrate disassociates from LC/F, which then can recognize and cleave other VAMP -2
proteins (Figure 1.13B)(148).

Earlier studies showed that LC/B and LC/T recognized three regions in VAMP-2 that
contribute to substrate recognition: a cleavage region (residues 70~78) that immediately
surround the scissile bond and two regions that contribute to high affinity binding to
VAMP-2 which are located N-terminal and C-terminal to the cleavage region (134,135).
Together with the current study, the generation of a detailed model for how LC/B and LC/T
recognize VAMP-2 and a molecular basis to explain the similarities and differences in
substrate cleavage are now possible (Figure 1.13A). By analogy with LC/A-SNAP-25
interactions (133,145), upon N- terminal and C-terminal VAMP-2 binding, the S7 pocket
residue (F* in LC/B and Y?° in LC/T) associate with L™ in the P7 site through hydrophobic
interactions and the S2” pocket residue (R*" for LC/B and R** for LC/T) associates through
an ionic interaction with E’® the P2’ residue. These interactions facilitate P1 and P1° (Q'°,
F'") association to the LCs to align the scissile bond for substrate cleavage. In addition,
interactions of the internal S pocket residues of LC/B and LC/T (S5, S4, S3 and S2) align
VAMP-2 through physical interactions that allow physical orientations for the effective
cleavage of a coiled substrate (Figure 1.13A)(149).

The similarity of LC/B and LC/T substrate recognition includes two binding sites that are
unique in Clostridium neurotoxins and the specific recognition of several P sites by active
site pockets of the LCs, where the P7-S7 and P1°-S1’ interaction are the most important
anchoring points, while other P-S interactions contribute to the tighter and more specific
substrate recognition (Figure 1.13A). The different substrate recognition between these two
neurotoxins includes their different binding sites that may contribute to their different K, on
substrate VAMP-2 and their different composition of the S pockets, which may contribute to
their different ke, on VAMP-2. The active site substrate recognition for LC/B includes the
direct recognition of P7, P6, P1, P1’, and P2’ sites of VAMP-2 by the corresponding S
pockets in LC/B and the fine alignment of P4 and P3 sites to the S4 and S3 pockets, while
the substrate recognition for LC/T includes the direct recognition of P7, P6, P1, P1°, and P2’
sites of VAMP-2 by the corresponding S pockets in LC/T and the fine alignment of P4 and
P2 sites to the S4 and S2 pockets. The less optimal composition of S1 pocket and the more
complex interaction between P2’-S2’ interactions in LC/T may contribute to the lower K4
of LC/T on VAMP-2 (149).
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Figure 1. 13 Molecular mechanisms of substrate recognition by LC/B & LC/T and LC/F.

(A) illustrates the similarities and differences in substrate recognition by LC/B and LC/T in multiple
interaction sites/pockets. Image adapted from (150). The series of accumulative interactions between
LC/F and VAMP-2 is illustrated as (B). Image adapted from (148). For detailed interaction

mechanis m, refer to the text above.

1.5.3.5 Substrate recognition by CNTs

Current knowledge on VAMP-2 and SNAP-25 recognition by CNTSs suggested that different
CNT substrate recognition is unique, while shares some common themes. The AS region of
BoONT substrate normally includes at least three P sites, a P1” site that is significant to the
substrate recognition, an upstream P site for the stabilization of P1’ and a downstream P’
site for the stabilizations of P1 site for efficient substrate cleavage (133-135,145,146,151)
(Figure 1.14). The different rates of substrate hydrolysis by different serotypes of BoONTs
might be attributed to their AS substrate recognition. Comparing the AS site substrate
recognition of BoNTs, the P2’ and P2 sites contribute to the LC/E and LC/F P1°-P1 scissile
bond stabilization respectively, and the P4’ and P5 sites, P2’ and P7 sites contribute to the
LC/A, LC/B and LC/TeNT P1°-P1 scissile bond stabilization, respectively (Figure 1.14).
The different arrangements of P site for P1’-P1 scissile bong stabilization affect the
substrate catalytic activity of BoNTs. The higher catalytic activity of LC/E and LC/F may
be attributed to the tight stabilization of the P1’-P1 by the closest P sites, the P2’ and P2
sites. The relatively low catalytic activity of LC/B and LC/TeNT might be due to the weak
stabilization of the P1°-P1 by the further P sites, the P2’ and P7 sites (133-135,145,146,151).

In addition to AS substrate recognition, substrate binding distal to the active site can also
affect the catalytic activity of BoNTs. Within BoNTSs, there are two types of substrate
binding regions, a longer binding region in the case of LC/A and LC/F, and a relatively
shorter binding region in the case of LC/B, LC/E and LC/TeNT, (Figure 1.14) . The size of
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binding region shows little correlation to the substrate binding affinity of the LCs (133-
135,145,146,151). The mechanism of the contribution of substrate catalysis through
substrate binding distal to the active site of LCs is not clear, but it may be due to the
following reasons. One reason is that distal substrate binding may change the LC active site
confirmation. The superimposition of LC/A structure over the LC/A-SNAP-25 complex
structure and that of LC/F structure over the LC/F-peptide inhibitor complex structure
indicated that only a minor confirmation change was seen at the active site after substrate
binding. This mainly reflected at the side chain movement of the active site residues due to
the substrate-LC interactions suggesting that distal substrate binding showed minor or no
effect on the secondary confirmation of LC/A and LC/F active sites (143,144). In addition,
although a cooperative exosite-dependent cleavage of VAMP-2 by LC/TeNT is reported,
where distal substrate binding can enhance the active site substrate cleavage, this effect is
only a minor effect and not enough to support the argument that distal substrate binding
affects the active site confirmation change (152). Another reason is that substrate binding
close to the active site contributes to the stabilization of AS substrate recognition and
arrangement by affecting the substrate catalysis. The tightness of substrate binding close to
the active site could stabilize the AS substrate interaction, recognition and further catalysis.
LC/F and LC/E share similar organization of P-S interactions at the active sites, while LC/F
shows higher hydrolytic activity than LC/E, which may be due to that the B3 interaction of
LC/F-VAMP-2 is closer to the active site than the B region interaction in LC/E-SNAP-25,
and the B1-B3 binding in LC/F-VAMP-2 is much stronger than the B region binding of
LC/E-SNAP-25 (146) (Figure 1.14). In addition, compared to LC/TeNT, LC/B shares
similar organization of P-S interactions at the active sites as LC/TeNT, while LC/B shows
~20-fold higher hydrolytic activity than LC/TeNT, which may be due to that the B region
interaction of LC/B-VAMP-2 is closer to the active site than that of LC/TeNT (Figure 1.14).

LCs K, (uM) Ko (S Binding Active Site Binding
LC/A 16.2 60.0 [ss] [s3] ’S_"‘

LCE 49 218 _— [s2] E'

LCIF 7.1 2208 L~ @ (s3] El

LciB 1.7 11 S6431 El [s2'] _—
LC/eNT 4.1 18 B — [ seaz21 | El [s2'] —

Figure 1. 14 Substrate recognition and cleavage by the CNTs.

Black boxes contributed to the direct substrate recognition, while the red boxes represent the pockets
for active site substrate alignment. Different lengths and positions of the lines represent the number,
length and their position relative to the active site of different substrate binding regions of the LCs.

Image adapted from (153).
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1.5.3.6 BONT antitoxin development

The understanding of the specific substrate recognition and cleavage mechanisms of CNTs
provide useful information to develop countermeasures for them. Vaccine and monoclonal
antibodies (154-156), recombinant subunit vaccine produced from E.coli (157-159) and
human-derived polyclonal- and neutralizing monoclonal- antibodies that block the entry of
BoNTs into nerve cells have been intensively studied and developed. The major limit of
vaccine and antibodies is they will be inefficient after the entry of BoNTSs into nerve cells.
Potent inhibitors that inactivate BoNTs activity in nerve cells urgently needed. Intensive
efforts have been made to develop high-throughput assay for inhibitor screening,
identification of target sites in the LCs for rational small inhibitor design and development
of peptide and peptidomimetic inhibitors for CNTs. In addition, small molecular inhibitors
targeting the active site of BONTSs using various approaches, including direct compound
library screening, computer-aided small molecular design, screening of natural compounds,
etc. However, the most potent small molecular inhibitors that have been identified so far
showed inhibition effect at uM range. In addition, they have similar affinity (Km) as BoNTs
substrates and has no potential to be a potent inhibitor (160-165). Attempts to develop
natural product-based small inhibitors that target the binding domain of BoNTs did not lead
to a potent inhibitor yet (165). The difficulties of developing small molecular inhibitors for
BoNTSs are probably due to the unique mechanism of extended substrate recognition of
BoNTs, which requires a substrate binding and recognition regions for efficient substrate
hydrolysis (133-135,145,146). Furthermore, structural and substrate-based small peptides
targeting the active site of BoNTs have been studied and the most promising peptide
inhibitors showed Ki as low as nM range. The mechanisms of inhibition of these peptide
inhibitors are based on the interaction with BoNTs active site residues that are significant to
substrate recognition (166-170). These studies showed the promising possibility of peptide-
based inhibitor design for BoNTs. However, the limited contribution of affinity to BoNTs
by a peptide that targets only to the active site of BoNTs limited further development of
these peptide inhibitors with higher potency. Previous studies indicated that the LC/A-
SNAP-25 interactions are not optimal and that the mutation at some residues can improve
both of the substrate binding and catalysis (133,171), which strongly indicate that the
peptide inhibitor containing both active site and binding regions could dramatically increase
the affinity and potency. In Chapter Seven of the present thesis, some peptide inhibitor that
specifically targeting BoONT/A were designed based on the above mentioned concept and

their detailed in vitro and in vivo inhibition effects were tested as well.
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1.5.3.7 Detection of CNT

For BoNT/A, the estimated lethal dose for humans is 1ug/kg for oral (172), but if diagnosed
before the onset of symptoms, botulism can be effectively treated immunologically by using
an equine trivalent antitoxin (www.bt.cdc.gov/agent/agentlist-category.asp). Early BoONTs
detection is critical to start medical treatment in due time. Currently, the “gold standard” in
BONT detection in culture, serum and food samples is mouse bioassay (MBA). It has a
serotype and subtype depended sensitivity of between 10-100pg/ml (173,174), and can
detect all serotypes and subtypes either in their free or complex forms, but it is time-
consuming (175) and of serious ethical concern which encouraged the attempts to develop
different alternative assays to replace the MBA. PCR-based techniques aiming at detecting
bont genes by conventional or quantitative amplification reactions, leading to detection limit
of 10°-10° genome equivalents (GE) per ml (176-179). Mass spectrometry (MS) is a
powerful tool in detecting different BONT serotypes unambiguously (180-184), an amino
acid substitution database has been established by Barr and co-workers, allowing for the
identification of multiple BoNT/B subtypes (185). By far, the most commonly employed
methods for BONT detection in vitro is ELISA (enzyme-linked immunosorbent assay)-based
technologies, which have high sensitivity, simplicity in performing the assay and robust
performance (174,186-189).

Since the identification of the substrates of CNTs and the understanding of their substrate
recognition and specificity, detection assays focusing on the endopeptidase activity of the
LCs of BoNTs have been developed and improved, displaying the serotype-specific
proteolytic cleavage of SNAREs (190). The first peptide based FRET assay was the 17-mer
peptide derived from SNAP25 around the cleavage site of BONT/A. The 17-mer substrate is
not the optimal substrate for BoNT/A, therefore the assay sensitivity is very low for
effective inhibitor screening. A longer peptide may be needed to achieve the higher
sensitivity of the assay for high throughput screening. In addition, there are several other
substrate based fluorescence and FRET detection methods, which showed high efficiency
and sensitivity and easy to be scaled up to high throughput assays. There are still some
limitations of current high throughput assays due to the high false positive rate and narrow
spectrum only targeting to some of the BoNTs. The understanding of substrate requirements
of BoNTs would provide insights to the optimization of the assays. The combination of the
endopeptidase assay with FRET (Fdrster resonance energy transfer), which utilizing the
nature of fluorescence donor and fluorescence acceptor (or quencher) makes it more
powerful and sensitive in detecting the activity of different BoNTs (191,192). A FRET
based BoNT/B detection system was developed by our research group and will be detailed
in Chapter Three (193).
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1.6 Pharmaceutical applications of Botulinum Neurotoxins

Botulinum neurotoxins are the most potent protein neurotoxin identified. The extreme
toxicity makes BoONTs a potential biological warfare agent, however, the reversible
intoxication turns them from deadly agent to be effective for a range of common
neuromuscular disorders (194-197). As early as 1989, BoNT/A was approved by the U.S.
FDA to treat some common conditions (such as strabismus and blepharospam), and its
application was expanded for the treatment of cervical dystonia, glabellar facial lines,
chronic migraine and cosmetic use. In addition, BONT/A also has been proved to be
effective and safe treatment in several less common conditions, vaginism wound healing, for
example (198-200). Moreover, the efficacy of BoNT/A in treating disorders related to
involuntary skeletal muscle activity prompted its empirical/off-label use in a variety of
ophthalmological, gastrointestinal, urological, orthopedic, dermatological, secretory, and
painful disorders (Table 1.4). Recently, There are three commercial available BoNT/A
products approved by FDA. BOTOX (approved in 1989), Dysport (approved in 2009) and
Xeomin (approved in 2010). In addition, MYOBLOC™ (a BoNT/B relative product) was
approved by FDA as well on December 11, 2000, to as a alternative treatment for cervical
dystonia. The corresponding trade names for the MYOBLOC are Solstice and Neurobloc in
the US and EU markets respectively (201-203).

1.7 Summary and objectives of the thesis

Our know ledge of this unique species, C. botulinum, is increasing with the combined use of
methods of microbiology and molecular and structural biology and intensive investigations
from diverse aspects in the past century has furthered our knowledge on the powerful
molecule of Botulinum Neurotoxins as well. But many questions remain to be addressed.
The recently reported crystal structure of the minimal progenitor toxin complex of BoNT/A
(72) shed light on the survive strategy of BoNT in the acidic environment and digestive
proteases rich conditions in the Gl tract. But how is the HA proteins recruited and
assembled, and what is the interaction model of HA proteins with host receptors and
facilitate translocation? Rigorous studies will be needed at structural and functional levels in
the future to figure these questions out. The double receptor anchorage model employed by
BoNTSs has been elucidated recently, and our knowledge of their exquisite neurospecificity
was enriched. But the studies of this aspect now only focused on the seven major serotypes.
Therefore, in the future, all of the BoNT variants should be characterized in depth to avoid
dangerous surprises and exploit more promising therapeutic applications. It well known that
CNTs are a public health hazard and potential bioterrorism agent, but the only therapeutic
available is antibody till now and it is useless for post-intoxication. Accordingly, effective
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drugs for fighting against botulism is imperative. However, many different approaches have
been utilized to discover new drugs with higher efficiency for CNTs related diseases,
unfortunately, no relative drug is commercially available. In addition, viewing from the
CNTs detection aspect, high toxicity, large complexes of different size and composition and
increasingly identified variants are now challenging the detection of CNTs from
environment samples. Taken together of all the issues, a better understanding of the
mechanism of substrate recognition and cleavage by BoNTs is the prerequisite to develop
inhibitors or antidotes for BoNTs intoxication, novel therapeutic applications and rapid
detection system. This thesis focuses on the investigation of the substrate recognition
mechanisms employed by BoNT/D, /F5 and /F7 to dissect their step by step substrate
binding and cleavage. In addition, based on previous understanding and comparison of the
substrate recognition mechanisms utilized by BoNT/B and Tetanus Neurtoxins (TeNT), a
BoNT/B derivative was engineered with elevated substrate cleavage activity, with the hope
to minimize the immunoresistance impact from patients during BoNT/B therapy. As an
extension of this work, a FRET peptide (designated as FVP-B) was synthesized to develop a
rapid and sensitive detection assay for BONT/B detection. In the last part of the thesis, a set
of potent peptide inhibitors were developed to inhibit BONT/A activity both in vitro and in
murine model.
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Table 1. 4 The current pharmaceutical applications of BONT andrelative products.

Table adapted from (204).

BoNT product
(Year of approval)

Remarks

Status Indications
FDA Strabismus
approved
indications
Blepharospasm
Hemifacial spasm
Cervical dystonia
Cosmetic use
Axillary
hyperhidrosis
Chronic migraine
Neurogenic detrusor
overactivity
Off-labeled  Lower urinary tract
use disorders
indications Gastrointestinal

tract disorders
Spasticity

Spasmodic
dysphonia
Sialorrhea

Temporomandibular
disorder

Chronic
musculoskeletal
pain
Vaginism
Wound healing
Diabetic neuropathy

Oculinum/BOTOX (1989)

Oculinum/BOTOX (1989)
Oculinum/BOTOX (1989)
BOTOX (2001), Dysport
(2009), Xeomin (2010),
NeuroBloc (2000)
BOTOX (2000, Canada)
BOTOX (2012, US)
BOTOX (2001, UK and
Canada), BOTOX(2004,
us)
BOTOX (2010)

BOTOX (2012)

BOTOX

BOTOX

BOTOX

BOTOX

BOTOX

BOTOX

BOTOX

BOTOX
BOTOX
BOTOX

Very effective but repetitive injections are
required, therefore more suitable for
temporary uses
Very effective and no more trials are required
Very effective and no more trials are required
Very effective but larger doses may be
needed, therefore immune-resistance might
sometimes develop in some patients
Very effective and safe for long-term use

Effective and safe, but painful at the injection
sites

Safe and effective for randomized studies but
not placebo controlled trials
Remarkab le efficacy and minimal side effects

Remarkab le efficacy and minimal side effects

Commonly used for some indications, but
effects are relatively short-lived
Can be considered as a first-line treatment, but
should be used at the early stage
Effective but more controlled studies are
needed
Effective on reducing excessive salivation but
effective therapeutic dosages and the ideal
form of application remain to be established
Correct injection technique and appropriate
dosing guidelines are very important for
successful results
Effective for some patients who have not
responded favorably to
first-line treatments
Effective but reports are limited
Improvement of wound healing
Effective and safe treatment but reports are
limited
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Chapter Two: Engineering Clostridia Neurotoxins

with elevated catalytic activity*

2.1 Abstract

BoNT/B and TeNT cleave substrate VAMP-2 at the same scissile bond, yet these two toxins
showed different efficiency on substrate hydrolysis and had different requirements for the
recognition of P2’ site of VAMP-2, E78. These differences may be due to their different
composition of their substrate recognition pockets in the active site. Swapping of LC/T S1°
pocket residue, L230, with the corresponding isoleucine in LC/B increased LC/T activity by
~25 fold, while swapping of LC/B S1” pocket residue, S201, with the corresponding proline
in LC/T increased LC/B activity by ~10 fold. Optimization of both S1 and S1’ pocket
residues of LC/T, LC/T (K168E, L2301) elevated LC/T activity by more than 100-fold. The
highly active LC/T derivative engineered in this study has the potential to be used as a more
effective tool to study mechanisms of exocytosis in central neuron. The LC/B derivative
with elevated activity has the potential to be developed into novel therapy to minimize the

impact of immune resistance during BoNT/B therapy.

Key words: Botulinum Neurotoxin B, TeNT, light chain, VAMP-2, engineering, elevated
activity

Abbreviations: CNTSs, Clostridia Neurotoxins; BoNT/B, Botulinum Neurotoxin; TeNT,
Tetanus neurotoxin; LC, light chain; VAMP-2, vesicle associated membrane protein-2;
SNARE, soluble NSF attachment receptor

*Most of the material of this chapter have been published as: Jiubiao Guo, Xuehua Pan,
Yanxiang Zhao, Sheng Chen. Engineering Clostridia Neurtotoxins with elevated catalytic
activity. Toxicon. 2013 Nov; 74: 158-66.

2.2 Introduction

The clostridia neurotoxins (CNTs) are among the most potent protein toxins for humans.
These include the botulinum neurotoxins (BoNT) that are responsible for botulism, and the
tetanus neurotoxin (TeNT) that causes spastic paralysis. CNTs are 150 kDa dichain proteins
with typical A-B structure-function properties, where the B (binding) domain binds to the

surface components on mammalian cell and translocates the A (active) domain to an
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intracellular location (205). CNTs are organized into three functional domains: an N-
terminal catalytic domain (light chain, LC), an internal translocation domain (heavy chain,
HCT), and a C-terminal receptor binding domain (heavy chain, HCR) (206). The CNTs are
zinc metalloproteases that cleave SNARE (Soluble NSF Attachment REceptor) proteins,
which are known to have the ability to interfere with synaptic vesicle fusion to the plasma
membrane and ultimately block neurotransmitter release in nerve cells (205,207).
Mammalian neuronal exocytosis is driven by the formation of protein complexes between
the vesicle SNARE protein, VAMP-2, and the plasma membrane SNAREs, SNAP25 and
syntaxin la (208). There are seven BONT serotypes (termed A-G) that cleave specific
residues on one of the three SNARE proteins: BoNT serotypes B, D, F, G, and TeNT cleave
VAMP-2, BoNT serotypes A and E cleave SNAP25, and BoNT serotype C cleaves
SNAP25 and syntaxin 1a (121,207,209,210).

BoNTSs are the most widely used protein therapeutic agents. BONT/A was approved by the
US FDA to treat strabismus, blepharospam, and hemificial spasm and then for cervical
dystonia, cosmetic use, glabellar facial lines and axillary hyperhidrosis as early as 1989. The
efficacy of BoNT/A in treating dystonia and other disorders related to involuntary skeletal
muscle activity, coupled with the satisfactory safety profile, has prompted empirical/off-
label use in a variety of opthalmological, gastrointestinal, urological, orthopedic,
dermatological, secretory, and painful disorders(197,211-218). On December 11, 2000, a
Botulinum Neurotoxin serotype B product (MY OBLOC™) was approved by the FDA in the
United States as a treatment for patients with cervical dystonia to reduce the severity of

abnormal head position and neck pain associated with cervical dystonia (201,203).

The therapeutic benefits of BoNT for treatment of conditions associated with invo luntary
muscle spasm and contractions, cosmetic use, and other applications are transient and
repeated injections are necessary. In some patients, BONT could elicits neutralizing
antibodies against the corresponding toxin, thus reducing the beneficial effects or rendering
the patient completely unresponsive to further treatment (219). The exact percentage of
patients who may develop immunoresistance to BONT treatment is unknown, but it is
commonly believed that there are fewer patients who develop blocking antibodies when
treated with BoNT/A than with BoNT/B(220,221). This is probably due to the use of lower
dosages of BoNT/A complex than BoNT/B complex (222). The development of blocking
antibodies is also more common in patients who receive treatment of cervical dystonia or
spasticity, which requires larger dosages and periodic administration of toxin; on the other
hand it is less common in patients who are treated for laryngeal dystonia, blepharospasmor
cosmetic use, all of which require smaller dosages for treatments (220,223,224). Thus
reducing the treatment dosage may help to reduce the development of immune resistance.
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In current study, comparative characterization of the substrate recognition pockets in the
active sites of LC/B and LC/T was performed, producing results that lead to optimization of
the substrate recognition of LC/B and LC/T and formation of LC derivatives with elevated
catalytic activity. The highly active LC/T derivative engineered in this study has the
potential to be used as a more effective tool to study mechanisms of exocytosis in central
neuron. The LC/B derivative with elevated activity has the potential to be developed into

novel therapy to minimize the immune resistance issue of BONT/B therapy.

2.3 Experimental Section

2.3.1 Plasmid construction for protein expression

The genes that encoding BoNT LC/B (1-430) and LC/TeNT (1-436) were amplified from
Clostridium botulinum serotype B Okra strain (225) and Clostridium tetani, respectively.
The PCR products were then digested by Sacl and BamHI restrictive enzymes (all reagents
from NEB). The vector pET-15b which was modified by replacing original Xhol with Sacl,
was digested by the same restrictive enzymes used to digest the PCR products. Both
restricted PCR products and vector were ligated using T4 DNA ligase (NEB) by following
the manufacturer's instruction. Human VAMP-2 (1-97) fragment was amplified from a
cDNA clone purchased from ATCC, digested by Sacl and BamHI restrictive enzymes (all
reagents from NEB). The modified vector pGEX-2T (with an extra Sacl inserted into the
original sequence) was digested by the same restrictive enzymes used to digest the DNA
fragment and then ligated with restricted VAMP-2 (1-97) fragment as above mentioned. The

success constructs were further confirmed by sequencing.

The confirmed constructs of pET-15b-LC/B (1-430) and pET-15b-LC/T (1-436) was
transformed into Escherichia coli BL21(DE3)-RIL (Stratagene). The construct of pGEX-
2T-VAMP-2 (1-97) was transformed into E. coli BL21 (DE3). Both of the 6xHis tagged LC
proteins were expressed at 16 °C overnight induced by 0.75 mM IPTG (isopropyl 1-thio-p-
D-galactopyranoside). GST tagged VAMP-2 (1-97) protein was induced by 0.75 mM IPTG
as well, but expressed at 30 °C for 3h. Cell pellets were collected by spin down at 4°C at
8000rpm for 6min, re-suspended in binding buffer (20 mM Tris-HCI, pH 7.9, 500 mM Nacl,
and 1 mM DTT, for 6xHis-tagged protein), supplemented with 5 mM imidazole, or GST
buffer (20 mM Tris-HCI, pH 7.6, 150 mM NacCl and 1% Triton X-100, for GST-tagged
protein) supplemented with fresh DNase, RNase and PIC. Cells were then lysed by
sonication or French press on ice; supernatant was collected by centrifugation at 18000 rpm
for 1h at 4°C, and loaded onto either binding buffer pre-equilibrated Ni-NTA agrose
(Invitrogen) or GST buffer pre-equilibrated glutathione-Sepharose 4B (Amersham
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Biosciences). The tagged protein bound resins were washed as follows: 6xHis-tagged
protein was successively washed by binding buffer, wash buffer 1 (binding buffer
supplemented with 10 mM imidazole), wash buffer 2 (binding buffer supplemented with 20
mM imidazole), and finally eluted with elution buffer (binding buffer supplemented with
250 mM imidazole); the GST-tagged protein was washed with GST buffer for three times,
then eluted with e lution buffer (20 mM reduced Glutathione, 100 mM Tris-HCI, pH 8.0 and
1% Triton X-100). All collected samples were analyzed by SDS-PAGE and quantified by
using BSA as standard. If further purification steps were necessary, the eluted target
proteins were concentrated by using centrifugal filter with appropriate size (Millipore) at
3800 rpm at 4°C to desired volume and then further purified by gel filtration or ion
exchange chromatography or both by linking the corresponding columns (S-200, 16/60
column, Pharmacia Biotech or HiTrap 5ml, Q HP, GE) with AKTA purifier (GE). All
corresponding buffers or system operations were prepared or performed by following

manufacturers' instructions.

Site directed mutagenesis of pLC/T and pVAMP-2 were performed using QuickChange
(Stratagene) protocols from manufacturer. Plasmids were sequenced to confirm the mutation
and that additional mutations were not present within the ORFs. Mutated proteins were
produced and purified as described above .

2.3.2 Linear velocity and Kkinetic constant determinations for VAMP-2
cleavage by LC/B and LC/T

Linear velocity reactions (10ul) were performed as previously described (134,145,146).
VAMP-2 proteins (5 uM) were incubated with varying concentrations of LC/T, LC/B or
derivatives in 10 mMTris-HCI (pH 7.6) with 20 mM NaCl at 37°C for 10 min. Reactions
were stopped by adding SDS-PAGE buffer, and VAMP-2 and cleavage product were
resolved by SDS-PAGE. The amount of VAMP-2 cleaved was determined by densitometry.
Km and kcat determinations were performed with the same assay where VAMP-2
concentrations were adjusted to between 1 and 300 pM to achieve ~ 10% cleavage by LC/T
and derivatives. Reaction velocity versus substrate concentration was fit to the Michaelis-
Menten equation and Kinetic constants were derived using the GraphPad Program (San
Diego, CA). At least five independent assays were performed to determine the Kinetic

constants for each protein.

2.3.3 Compensatory assay

Effect of compensatory mutations within LC/T on the cleavage of VAMP-2 and mutated
forms of VAMP-2 was performed as previously described with modification (145). Briefly,
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5uM VAMP-2 or VAMP-2 derivatives were incubated with LC/T or derivatives, uncleaved
and cleaved VAMP-2 were resolved by SDS-PAGE. The amount of wild type LC/T or
derivatives in the reaction were plotted verses % cleavage and the amount of LC required to
cleave 50% of VAMP-2 or VAMP-2 derivative were calculated.

2.3.4 LC crystallization and structure determination

LC/T derivative was crystallized by the hanging drop vapor diffusion method. The
concentrated protein solution was in a buffer of 20mM Tris, 20mM NaCl PH7.9 and at a
concentration of 7.5mg/ml. Each drop contained 1ul protein solution and 1lul well buffer,
which was composed of 250mM Mg (NO3)2 and 15% PEG 3350. Crystals were grown at
16°C for 4-5 days until maturation. For data collection, crystals were harvested and
cryoprotected in mother buffer plus 20% glycerol. Data was collected at 100K on Rigaku
MicroMaxTM-007HF x-ray machine and processed using iIMOSFLM (226). The crystals
belonged to the monoclinic group C222 with a cell parameter of a = 105.38 A, b = 176.83 A,
¢ = 57.36 A and diffracted to 2.6 A. There was one molecule per asymmetric unit. The
structure of LC/T (E168E,L230I) was solved by molecular replacement using the PHASER
module in the CCP4i suite of programs with LC/T (PDB ID: 1Z7H) as search model (227).
The subsequent structural refinement was conducted using REFMAC module in CCP4
(228). Manual structure rebuilding was done using WINCOOT (229). The final structure
was deposited to PDB data bank under the ID of 4J1L.

2.3.5 Cleavage of endogenous VAMP of Neuro2A cell by recombinant
LC/T, LC/B and their derivatives

Neuro-2A cells were cultured in minimum essential medium supplemented with 10%
newborn calf serum, 1.4% sodium bicarbonate, and 0.5% penicillin-streptomycin at 37 °C in
5% CO2. Confluent cells were harvested and lysed by passing through 25gauge needle
20~30 times on ice or in RIPA cell lysis buffer (SIGMA). Nuclei and unbroken cells were
spun down by centrifuging for 5 min at 2500 rpm and the supernatant was used to assay for
the cleavage of endogenous VAMP-2 by LCs. After incubating the cell lysate with different
amount of LCs at 37°C for 10min in 10ul volume, the assay was stopped by adding equal
amount of SDS-PAGE sample buffer and boiled at 100°C for 10min. The cleavage of
VAMP-2 was detected by SDS-PAGE and probing with anti-VAMP-2 antibody.

2.4 Results

BoNT/B and TeNT cleave substrate VAMP-2 at the same scissile bond but with different
efficiencies. Our earlier characterization of VAMP-2 recognition by LC/B and LC/T showed
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that the active site of both LCs displayed similar recognition of VAMP-2, while a major
difference at the P2’-S2’ substrate recognition was unexplainable (134,150). The mutation
at P2’ site E78A of

Figure 2. 1 Schematic illustration of S2°, S1° and S1 pockets, their constituent residues in LC/T
and LC/B and their recognition of different VAMP -2 P sites.

The nomenclature of P sites of VAMP-2 and S pockets of LCs is as follows. The two residues that
formed the scissile bond of VAMP-2 were defined as P1-P1’° from C-to N-terminus. Residues from
P1to the C-terminal direction were defined as P2, P3..., while residues from P1’ to the N-terminal
direction were defined as P2’, P3’.... The pockets in LC/T that recognized s pecific P sites were
defined as the corresponding S pockets. The S2° pocket of LC/T and LC/B, which recognize P2’ site,
E’® of VAMP-2, was composed of R*"* and R*"® respectively. The S1° pocket of LC/T and LC/B that

L230 |227

recognize P1° site, '’ of VAMP-2 comprised L**° and

respectively. The S1 pocket of LC/T and
H . 76 H 168 170 168 170 :
LC/B that recognize P1site, Q"° of VAMP-2 contained K™>*NE""" and E™°°NE""", respectively.

VAMP-2 reduced LC/B and LC/T cleavage by ~8-fold and ~240-fold respectively,
suggesting the different role of VAMP-2, E78, on LC/B and LC/T substrate cleavage (134).
Further biochemical characterization of S2° pocket of LC/B and LC/T showed that the S2’
of LC/B and LC/T was formed by R370 and R374 respectively (Figure 2.1). Compensatory
mutational assay showed that R370 of LC/B directly interacted with E78 of VAMP-2,
whereas the interaction of R374 of LC/T with E78 of VAMP could not be proved (150).
These data prompted the current study to investigate the mechanisms of different substrate
recognition at P2’ site by LC/B and LC/T.
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2.4.1 Optimization of LC/T and LC/B S1° pockets enhanced their
catalytic activities

Structure based sequence comparison of the active site of LC/B and LC/T showed that the
S2’ pocket of these two LCs were similar and comprised of an arginine residue, while their
S1” pockets were different (Figure 2.1). The S1’ pocket of LC/B was composed of F95,
V200, S201, L226, and 1227. Mutation of these residues to alanine showed no effect on
LC/B substrate hydrolysis except for 1227A that resulted in~80-fold reduction of kcat, but
not Km (150). The S1” pocket of LC/T contained the residues F199, V204, P205, 1229,
L230, and L231. Mutation of most of these residues showed no effect of LC/T substrate
hydrolysis, while the mutation causing LC/T(L230A) or LC/T(P205A) changes did not
affect Km but reduced the kcat by ~30-fold (150). Within these residues, P205 of LC/T
structurally aligned well with S201 of LC/B and L230 of LC/T aligned well with 1227 of
LC/B (Figure 2.1). We questioned whether the different composition of S1° pocket
contribute to not only the different recognition of P1°, but also the P2’ site of VAMP-2,
which further affects the different catalytic activities of LC/B and LC/T.

Mutagenesis was then performed to swap the residues between the S1° pocket of LC/B and
LC/T. Mutation of LC/T(P205S), which resulted in replacement of LC/T S1’ residue P205
with LC/B S1’ residue S201, showed ~80-fold reduction on kcat, yet the Km remained
unchanged. The mutation LC/T(L230I) that resulted in the replacement of LC/T S1’ residue
L.230 with LC/B S1’ residue 1227showed ~20-fold elevated kcat, but similar Km (Table 2.1,
Figure 2.2a). The data suggested that proline and isoleucine were the best residues to form
the S1” pocket of LC/T and interact with P1°, F77 of VAMP. To further confirm this
hypothesis, swapping of residue was performed for the S1” pocket of LC/B. The mutation of
LC/B (I227L) that resulted in replacement of LC/B S1° residue 1227 with LC/T S1” residue
L230, showed ~590-fold reduction of kcat, with no change of Km. The mutation of LC/B
(S201P), which led to replacement of LC/B S1° residue S201 with LC/T S1’ residue P205,
showed ~10-fold increase of kcat and no change of Km (Table 2.1, Figure 2.2b). The data
further confirmed that residues proline and isoleucine were the major components of
optimal S1’ pocket of LC/B and LC/T. The data also suggested that the substrate
recognition pockets of LCB and LC/T were not optimal and the optimization of these
pockets could improve their catalytic activity. To determine that the change of S1° pocket of
LC/B and LC/T did not change their substrate specificities, all the four mutations were used
to test their cleavage of VAMP-2 F77E. None of the above mutations could cleave F77E,
suggesting that the scissile bond of VAMP-2 for LC/B and LC/T S1” pocket mutations

remained the same (Figure 2.2a, b).

35



Table 2. 1 Kinetic constants of LC/B, LC/T and their derivatiwes.

LCs LC Pockets LC derivative K (LM) Keat G Keat / K (Se nM™)
Wt-LC/B 1.7+0.3 11 6.5x10"
LC/B N s¥p 1.6+0.2 115 7.2
swapping
S1” swapping 121 1.6+0.4 1.8x10°® 1.1x10°®
Wt-LC/T 4.1+0.2 1.6x10" 3.9%x10?
SI’ swapping p#°g 4.4+0.4 2.1x10°® 4.7x10™
LC/T S1’swapping L2 4.2+0.2 4.1 9.7x10"
S1,S1” swapping K18E, L2 4.0£0.4 15.9 4.0
S3, S1, S1” swapping KI8E, 230, ND ND ND
R188M

ND, Not Determined, the enzyme istoo inactiveto determine the kinetic congants.
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Figure 2. 2 Different catal ytic activities of LC/T, LC/B and their derivatives tosubstrate
VAMP-2.

Recombinant VAMP-2 (5 uM) were incubated with varying concentrations of LC/T, LC/B or their

derivatives in 10 mM Tris-HCI (pH 7.6) with 20 mM NaCl at 37°C for 10 min. Reactions were
stopped by adding SDS-PA GE buffer and boiled for 5min. Cleaved and uncleavedVAMP-2 were
resolved by SDS-PAGE. (A) Linear velocity of LC/T and derivatives on VAMP -2; (B) linear velocity
of LC/B and derivatives on VAMP-2. Error bar represents the standard deviation of three

independent repeats for each assay.

2.4.2 Optimization of LC/T S1° pocket regained optimal recognition of P2’
site
Since S1” and S2’ pockets were side by side and closely resided in the active site of LC/B

and LC/T, we then asked whether the different composition of S1’ pocket of LC/B and
LC/T were the causes of the difference between the S2’ pocket of LC/B and LC/T. The S2’
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pocket of both LC/B and LC/T contained an arginine residue. However, R370 of LC/B
exhibited direct interaction with E78 of VAMP, while R374 of LC/T did not interact
directly with E78 of VAMP-2. In addition, the mutation of P2’ site of VAMP-2, E78A,
showed less effect on LC/B cleavage but more for LC/T cleavage. Therefore, LC/T (L230I)
with the optimal S1” pocket was used to test its activity on VAMP-2 mutation E78R. In our
assay condition, the amount of LC/T to cleave 50% VAMP-2 was about 120nM, while at
concentration of 36,000nM, LC/T still showed no cleavage on VAMP-2 (E78R). However,
LC/T (L230I) cleaved VAMP-2 about~24 fold more efficiently than LC/T, while LC/T
(L2301) cleaved VAMP (E78R) with the same efficiency of LC/T to cleave VAMP-2, with
greater than 360-fold more efficient than LC/T to cleave VAMP E78R (Table 2.2). These
data suggested that the optimization of S1’° pocket of LC/T enhanced the tolerance of P2’
site mutation. This also explained that the mutation of P2’ site of E78resulting in much
greater effect on LC/T substrate cleavage than that of LC/B substrate cleavage was due to
less optimal composition of LC/T S1° pocket. Previous study also showed that LC/B S2’
pocket residue, R370, interacted and formed salt bridge with P2 site E78, whereas theS2’
pocket residue R374 did not (150). To test whether the different S2’-P2’ interaction between
LC/B and LC/T was due to the less optimal composition of S1° pocket, the efficiency of
LC/T (L230I, R374E), a swap of LC/T residue R374 with E78 of VAMP-2, to cleave
VAMP-2 (E78R), a swap of VAMP-2 residue E78 with R3740f LC/T, was determined.
LC/T (L2301, R374E) showed no cleavage on VAMP-2, while LC/T (L2301, R374E) was
able to cleave VAMP-2 (E78R) more efficient than LC/T to cleave VAMP-2 (Table 2.2).
The data suggested that the less optimal organization of LC/T S1° pocket affect the direct
interaction between R374 of LC/T and E78 of VAMP-2.

Table 2. 2 Results of a compensatory mutational assay for interactions of LC/T with VAMP-2
and derivaties.

50% cleavage ratio of activity 50% cleavage of ratio of activity
of VAMP-2 (LC:LC VAMP-2 (R™®E) (LC:LC
derivative) derivative)
LC/T 120nM >36000nM
LC/T(L%1) 5nM 24 100nM >360
LC/T(K™8E, L) 1.2nM 100 24nM >1440
LC/T(L?°I, R*E) >36000nM <1/300 50nM >720

2.4.3 Optimization of S1° and S1 substrate recognition pockets further
enhanced LC/T activity

Our previous study also identified two residues that contributed to the elevated activity of
LC/T(150). Mutation of S1 pocket residue, LC/T (K168E), and S3 pocket residue, LC/T
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(R188M), showed increased catalytic activity of LC/T. These mutations were incorporated
into LC/T (L2301) mutation to test their effect on LC/T activity. Double mutations, LC/T
(K168E, L230I) became ~100-fold more active than LC/T on substrate VAMP-2 through
increasing its kcat, but not Km (Table 2.1, Figure 2.2a). A triple mutation, LC/T (K168E,
L230I, R188M) showed no activity on VAMP-2 suggesting that combining these three
mutations in the active site of LC/T may impair the correct conformation of the active site of
LC/T (Table 2.1).

24.4 Side chain positioning of L230 of LC/T affects its optimal
recognition of both P1° and P2’ sites

Both isoleucine and leucine were hydrophobic residues and supposed to be able to interact
with F77 of VAMP-2 through hydrophobic interaction. However, in the case of LC/B and
LC/T, the isoleucine in S1° pocket of LC/B and LC/T worked much better than leucine in
that position. It could be due to the different positioning of isoleucine residue in the pocket
that interacted well with F77 of VAMP-2. Structural analysis of S1” pockets of LC/B and
LC/T revealed that 1227 in LC/B resided in a flatter position than L230 in LC/T. The bulky
conformation of leucine in LC/T may push the interacting residue F77 outward, which
restrained the interaction between R374 and E78 of VAMP-2. The flatter position of
isoleucine in LC/B may provide an optimal position for fitting the F77 and E78 of VAMP-2
to the active site of LC/B, allowing the perfect interactions of both 1227-F77 and R370-E78.
To proof this hypothesis, the crystal structure of LC/T (K168E, L2301) was determined.
Figure 2.3a illustrated the Fo-Fc electron density of L2301 mutations in LC/T (K168E,
L230l) structure. LC/T (K168E, L230I) structure showed perfect alignment to LC/T with
RMSD=0.150(370 to 370 atoms with 421 atoms aligned) suggesting that the overall
conformation of LC/T (K168E, L230I) remained intact compared to LC/T. LC/T (K168E,
L230I) also aligned well with LC/B with RMSD=0.750 (341 to 341 atoms with 421 atoms
aligned). The crystallographic statistics of LC/T(K168E, L2301) was summarized (Table
2.3). The structure showed that the mutation of leucine to isoleucine flatten the S1° pocket
to similar level as LC/B (Figure 2.3). Most importantly, we observed that the distance
between the side chain of L230 and R374 of LC/T was 7.2 A and that of 1227 and R370 was
7.9A in LC/B. The mutation, L230I, increased the distance between the side chain of 1230
and R374 of LC/T to 8.3A (Figure 2.4). These data further supported that distance between
S1” and S2’ pockets in LC/B and LC/T determined their efficiency of recognition of P1’ and
P2’ sites of VAMP-2. The wider space between the S1° and S2” pockets favored the proper
fitting of both P1°, F77 and P2’, E78 of VAMP-2 into these two pockets.
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(A)

LC/B, 1277

230
LC/T,1 LC/T, L230

Figure 2. 3 Different positioning of S1° residue of LC/B, LC/T and LC/T(K'%8E, L*I).

(A) Different positioning of S1° pocket residue, 1?27 in LC/B (blue), L?*%in LC/T (red) and 12%in
LC/T(K®E, L2%)) (gray); (B) urface demonstration of S1° pocket comprising 1??” in LC/B (blue), and
17 in LC/T (K**8E, L) (gray); (C) Bulking surface of S1° pocket of LC/T comprising L*° (red)
with mesh surface demonstration; (D) Bulking surface of S1° pocket of LC/T comprising L%3° (red)

with solid surface demonstration.
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Table 2.3 The crystallographic statistics of LC/T (K% E, L#).

LC/T (K™E,L*"T)

Data collection

Space group C222
Unit cell parameters (A)
a 105.38
b 176.83
c 57.36

Resolution range (A) 52.69-2.60 (2.74-2.60)

No. of total reflections 113923
No. of unique reflections 16451
Vi 13.9 (3.9)
Completeness (%) 97.7 (97.4)
Rmerge (%) 9.5(18.1)

Structure refinement

Resolution (A) 48.12-2.60
Rorys!Res (%) 23.76/26.64
r.s.m.d. bonds (A)/angles (°) 0.015/1.838
No. of reflections 15636
Working set 14815
Test set 821
No. of atoms 3317
Protein atoms 3179
Water molecules 138

Z
Average B-factor (A )

Main chain 34.52
Side chain 34.36
Water molecules 32.88

2.4.5 Activities of LC/B, LC/T and their derivatives on endogenous
VAMP-2

To check the activities of LC/T derivatives on natural substrate VAMP-2 in neuronal cells,
different constructs of LC/T derivatives were incubated with Neuro2A lysate. Figure 2.5
showed that LC/T(K168E, L230l) was more active than LC/T in cleaving endogenous
VAMP-2 from Neuro 2A cells. LC/B (S201P) was also more active than LC/B on
endogenous VAMP-2. Surprisingly, LC/B and LC/B (S201P) were more active than LC/T
and LC/T (K168E, L230lI) on endogenous VAMP-2 even though the activity of
LC/T(K168E, L230I) was slightly higher than Wt-LC/B on recombinant VAMP-2,
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suggesting that LC/B is more active to cleave natural substrate VAMP-2, which imply that
LC/B is more appropriate than LC/T to be used as human therapy.

(K1%°E) L2

Figure 2. 4 Different distances between the residues in S1° and S2’ pockets.

The distance between S1° residue and S2” residues of LC/T (A), LC/B (B) and LO/T(K'®8E, L?%°1) (C)
were measured in PyMol program. The surface distance between these two residues were measured.
The distance between R*"® and L?*° in LC/T was about 7.2A, distance between R370 and 1227 in
LC/B was 7.9A ,and distance between R*" and 17% in LC/T(K*®E, L**°I) was about 8.3A.
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Figure 2. 5 Cleavage of endogenous VAMP -2 by recombinant LC/B, LC/T and their derivatives.

(@) Cleavage of endogenous VAMP-2 by LC/T and derivatives. Neuro 2A cell lysate was incubated
with different amounts of LC/T and derivatives at 37°C for 10min in 10ul volume. The assays were
stopped by adding equal amount of SDS-PA GE sample buffer and boiled for 10min. The cleavage of
VAMP-2 was detected by SDS-PA GE and probing with anti-VAMP-2 antibody. Upper panel showed
the Western blot of membrane by anti actin (as control for total protein level) and anti VAMP -
2antibodies. The decreasing VAMP-2 signal represents the proportion of cleaved endogenous
VAMP-2. Lower panel was the quantification of the upper panel. (b) Cleavage of endogenous
VAMP-2 by LC/B and derivatives. The assay condition and data interpretation were the same as that

of LC/T assay.
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2.5 Discussion

To date, there is no solution to immune resistance issue of BoNTs therapy. Attempt has
been made to block the epitopes on the BoNTs that are involved in neutralizing antibody
production. By probing the neutralizing antibodies from resistant patients to different
domains of BONT/A and B, a number of regions that may be involved in neutralizing
antibody production have been identified (230-232). Based on researches that
monomethoxypolyethylene glycol (mPEG) conjugated peptide could suppress the immune
response, regions on the HC/B that showed strong immune response were conjugated to
mmPEG and pre-immunized mice before the administration of BoNT/A. It was shown that
some of the mPEG conjugated peptides could actually reduce the neutralizing antibody
production (233). This finding suggests that the tolerization procedure might be potentially

useful for clinical applications to immune resistant patients.

Since the BoNTSs therapeutic doses have direct effect on the development of BONTs immune
resistance, the best way to overcome the immunoresistance problem in BoNTs is to engineer
more active BoNTs, which will reduce the amounts of protein required for therapy and may
decrease the development of immune response to the therapy. Rummel et al have modified a
ganglioside binding motif of the HC domain of BoNT/B that enhances the binding and
toxicity to up to three-fold relative to the wild type toxin (234). However, the engineering of
BoNTSs through modification(s) of its receptor binding sites may affect the selectivity of the
binding event and protection by current vaccine derived from the HCs of BoNTSs. In
addition, the modification of binding site(s) may not successfully increase the potency
enough to prevent the development of immunoresistance. Modification of LC to alter its

activity may well be a better way to achieve this goal.

The understanding of the substrate recognition and specificity has opened up new
opportunity to engineer novel BONT LC with different activities and substrate specificities.
In LC/A, mutation of an active site residue of LC/A, K165L, resulted in 4-fold increase in
substrate hydrolysis (171). A comparative study was conducted for LC/B and LC/T to
provide proof of principle to engineer LC of CNTs with elevated activities. Comparative
study of LC/B and LC/T substrate recognition showed that the S1 pocket mutation LC/T
(K168E) increased the rate of native VAMP-2 cleavage to a level approaching that of LC/B,
depicting the molecular basis for the lower kcat that LC/T possesses for VAMP-2 cleavage
relative to LC/B. In addition, R188M, a S4 pocket mutation, increased LC/T substrate
hydrolysis by ~5 fold (150). Further researches showed that the most important determinant
of the activity of LC/B and LC/T resides in their S1° pocket. The side chain of L230 that
formed a bulky shape in the active site of LC/T dramatically affected its recognition of P1’
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and P2’ site of VAMP-2, which also suggested that the recognition of different sites of
VAMP-2 by different pockets of BoNT was closely related. Compromised optimization of
one pocket could affect the substrate recognition efficiency of the other pocket. The
mutation of L230I increased LC/T activity by ~25-fold and the double mutation LC/T
(K168E, L230I) increased catalytic activity by ~100-fold. For LC/B, the original 1227
conferred its high activity. However, compared to LC/T, the S201 in the S1 pocket seemed
less optimal than proline in the corresponding site of LC/T. The mutation of LC/B S201P
increased LC/B activity by more than 10-fold. The LC/T derivative also exhibited higher
activity on native VAMP-2 in Neuro2A cell, with less amount of LC/T derivative being
required to achieve the similar effect as LC/T. The highly active LC/T derivative can be
used as a more effective tool to study mechanisms of exocytosis in central neuron. The
LC/B derivative with elevated activity could be developed into novel therapy that may

minimize the immune resistance issue of BONT/B therapy.

Another interesting observation of this study is the different catalytic activities of LC/B and
LC/T on recombinant VAMP-2 and native VAMP-2 from Neuro2A cells. LC/T showed
much lower activity on native VAMP-2 substrate than LC/B. The LC/T(K168E, L230I)
showed higher catalytic activity on recombinant VAMP-2 than Wt-LC/B, while it displayed
lower activity on native VAMP-2 from Neuro2A cells than LC/B. These imply that the
recognition of native VAMP-2 in neuron is a complicated process because inside the neuron,
VAMP-2 is present as a SNARE complex formed by VAMP-2, SNAP25 and Syntaxin 1a.
The accessibility of VAMP-2 for LC/B and LC/T may determine the efficiency of native
VAMP-2 cleavage by BoNT LCs. Our previous study on LC/A also support the idea that in
addition to the substrate recognition region, LC/A also interacts with SNAP25 at an
additional site outside the SNARE complex to gain initial access to SNAP25(235). Further
researches will be needed to figure out the different accessibility of LC/B and LC/T to
VAMP-2 in a complex conformation.
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Chapter Three: A simple, rapid and sensitive FRET
assay for Botulinum Neurotoxin Serotype B

Detection*

3.1 Abstract

BoNTSs, the most potent naturally-occurring neurotoxins known to humans, comprise seven
distinct serotypes (BoNT/A-G), each of which exhibits unique substrate specificity. Many
methods have been developed for BoNT detection, in particular for BoNT/A, with various
complexity and sensitivity, while substrate based FRET assay is considered as the most
widely used approach due to its simplicity and sensitivity. In this study, we designed a
VAMP-2 based FRET assay based on the understanding of the VAMP-2 and LC/B
interactions in our previous studies. The current design constituted the shortest peptide,
VAMP-2 (63-85), with FRET dyes (EDAN and Dabcyl) labeled at position 76 and 85,
respectively, which showed minimal effect on VAMP-2 substrate catalysis by LC/B and
therefore enhanced the sensitivity of the assay. The FRET peptide, designated as FVP-B,
was specifically to LC/B, with a detection sensitivity as low as ~20 pM in 2 h. Importantly,
FVP-B showed the potential to be scaled up and used in high throughput screening of LC/B
inhibitor. The currently developed FRET assay is the most economic and sensitive FRET
assay for LC/B detection so far.

Key words: Botulinum Neurotoxin B, FRET, rapid detection assay, sensitive

Abbreviations: BoNT/B, Botulinum Neurotoxin B; LC, light chain; VAMP-2, vesicle
associated membrane protein-2; SNARE, soluble NSF attachment receptor

*Most of the material of this chapter have been published as: Guo J, Xu C, Li X, Chen S.
entitled “A simple, rapid and sensitive FRET assay for botulinum neurotoxin
serotype B detection”published in PLoS One. 2014 Dec 1;9(12):e114124. doi:
10.1371/journal.pone.0114124. eCollection 2014.

3.2 Introduction

Botulinum neurotoxins (BoNTSs), the most potent protein toxins identified so far, cause
human botulism (172). There are seven different BONT serotypes, designated as A to G, and
more than 30 different subtypes being identified so far (185,236). BONTs cause food-borne,
wound and infant botulisms. Although large-scale outbreak of botulism rarely occurred
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nowadays, sporadic cases of natural botulisms and medical emergencies due to the clinical
uses of BoNTSs are still a huge threat to human. Most importantly, due to its potency and
ease of distribution, the Centres for Disease Control and Prevention (CDC) in the US have
listed botulism as one of the six most dangerous bioterrorist threats

(www.bt.cdc.gov/agent/agentlist-category.asp).

BoNTSs are zinc-dependent protease; they are activated by proteolysis to generate 150-kDa
dichain molecules, which mediate their exquisite specificity and neurotoxicity. BoNTs are
typical A-B toxins that comprised of three independent domains. A 50 kDa N-terminal light
chain (LC) is responsible for its enzymatic activity and a zinc-dependent protease. A 100
kDa C-terminal heavy chain (HC) involved in receptor binding and cellular uptake is
composed of a translocation domain (HCT) and a receptor binding domain (HCR)
(195,237,238). BoNTs apply a four-stage mechanism when penetrating cells: binding,
internalization, membrane translocation and target modification. However, two mechanisms
by which the BoONT complex crosses the epithelial barrier have been suggested: receptor-
mediated endocytosis and ternary HA complex mediated destruction of the intercellular
junctions, followed by paracellular influx (239-241). The driving force in mammalian
neuronal exocytosis process is the formation of complexes between the family of soluble N-
ethylmale imide-sensitive factor attachment protein receptors (SNARES): the vesicle VAMP-
2, the plasma membrane SNARs, SNAP25 and syntaxin 1a (242), which are the targets of
the seven BoNTS: serotypes B, D, F and G cleave VAMP-2, serotypes A and E cleawe
SNAP25, and serotype C cleaves both SNAP25 and syntaxin 1a (237). The neurotransmitter
release will be blocked upon the cleavage of any of the aforementioned SNARE proteins,
leading to the classical paralytic symptoms of botulism.

For BoNT/A, the estimated lethal dose for humans is 1ug/kg for oral administration (172). If
diagnosed before the onset of symptoms, botulism can be effectively treated
immunologically by using an equine trivalent antitoxin (www.bt.cdc.gov/agent/agentlist-
category.asp). Early BoNTs detection is critical to apply medical treatment on time.
Currently, the “golden standard” in BoNT detection in culture, serum and food samples is
mouse bioassay (MBA). It has a serotype and subtype dependent sensitivity of between 10-
100pg/ml (173,174), and can detect all serotypes and subtypes both in their free and
complex forms. However, it is time-consuming (175) and causes serious ethical concern,
which encouraged the attempts to develop different alternative assays to replace the MBA.
PCR-based techniques aiming at detecting bont genes by conventional or quantitative
amplification reactions, leading to detection limit of 10%-10° genome equivalents (GE) per
ml (176-179). Mass spectrometry (MS) is a powerful tool in detecting different BONT
serotypes unambiguously (180-184), an amino acid substitution database has been
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established by Barr and co-workers, allowing for the identification of multiple BoNT/B
subtypes (185). By far, the most commonly employed methods for BoNT detection in vitro
is ELISA (enzyme-linked immunosorbent assay)-based technologies, which have high
sensitivity, simplicity in performing the assay and robust performance (174,186-189). Since
the identification of the substrates of BoNTSs, substrate based activity assays of BONTs hawve
been developed and improved, displaying the serotype-specific proteolytic cleavage of
SNARES (190). The combination of the endopeptidase assay with FRET (Forster resonance
energy transfer) that utilizes the nature of fluorescence donor and fluorescence acceptor (or
guencher) makes it very powerful and sensitive BoNTSs detection (191,192). Substrate based
FRET assay has the advantages of simple, fast, cost effective and easy for scale up, while
the detection sensitivity was shown to be very low due to the reduced activity of FRET
peptide.

In the current work, we developed a VAMP-2 based FRET assay for BoNT/B detection
based on our research on the characterization of VAMP-2 and LC/B interactions. We found
that VAMP-2(60~87) is the optimal substrate for LC/B (243). In addition, the contribution
of each residue in this fragment of VAMP-2 has also been well understood for LC/B
substrate hydrolysis. Based on our understanding of LC/B recognition of VAMP-2, we
developed a VAMP-2 based FRET assay for simple, rapid and sensitive detection of LC/B.

3.3 Experimental Section

3.3.1 BoNT LCs Recombinant Proteins

Recombinant LC/B protein was purified as detailed in Chapter Two and previously
described(243). Other BONT LCs including LC/A (1-425), LC/E (1-408), LC/F (1-446),
LC/D (1-442) and LC/TeNT-(1-436) were expressed and purified as that of LC/B and as
described previously (243-246).

3.3.2 Fluorogenic Peptide design

Previous study showed that the optimal substrate for LC/B is VAMP-2 (63~85). Mutational
analysis data also showed that Q76 of VAMP-2 contributed limited effect on the activity of
LC/B(243). Therefore, the FRET peptide includes the 63~85 of VAMP-2 with EDANS
labeled L-Glu at replaced Q76 and Dabcyl labeled Lys at the C-terminus. The peptide
sequence is as follow, Leu-Asp-Asp-Arg-Ala-Asp-Ala-Leu-GIn-Ala-Gly-Ala-Ser-L-
GIu(EDANS)-Phe-Glu-Thr-Ser-Ala-Ala-Lys-Leu-L-Lys (Dabcyl) (Figure 3.1). EDANS (L-
glutamic acid g-[b-(5-naphthyl sulfonic acid)-ethylenediamine] ester) and Dabcyl (N-
dimethylaminophenyldiazobenzoyl) is a FRET pair (Figure 3.1). EDANS works as
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fluorescent donor and Dabcyl acts as fluorescent dye. In this design, the FRET peptide
showed limited fluorescent signal. After cleavage by LC/B, EDANS was separated from

Dabcyl and fluorescent signal increased. The FRET peptide was named as FVP-B.
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Figure 3. 1 Spectral properties of EDANS-Dabcyl pair (247) and the flowchart of the
experimental design.

(A) EDANS-Dabcyl is a widely used donor-quencher pair. The optimal absorbance and emission
wavelength of EDANS are Agps=336nm and A =490nm respectively, and for Dabcyl, the maximum
absorbance wavelength is Ags=472nm, which, to a large extent, overlap with the emission spectra of

EDANS. When they are in a close proximity (10-100 A), the energy emitted from EDANS will be

quenched by Dabcyl, resulting in low or no fluorescence; and when they are separated upon substrate
cleavage, for example in this design, the fluorescence will increase. So fromthe fluorescence
intensity change, the enzyme could be detected continuously and directly. (B) Based on the principle
of FRET and our previous study, we chose the optical LC/B cleavage length of VAMP-2 (63-85) as
the linker between EDANS-Dabcyl.

3.3.3 Fluorogenic Peptide synthesis

All commercial materials (Sigma-Aldrich, Fluka of USA and GL Biochem of China) were
used without further purification. All solvents were reagent grade or HPLC grade
(DUKSAN). Dry dichloromethane (DCM) was distilled from calcium hydride (CaH,). All
separations involved a mobile phase of 0.05% TFA (v/v) in acetonitrile (solvent A)/0.05%
TFA (vN) in water (Solvent B). HPLC separations were performed with a Waters HPLC
system equipped with a photodiode array detector (Waters 2996) using a Vydac C18 column
(5 pm, 300 A, 4.6 x 150 mm) at a flow rate of 0.6 mL/min for analytical HPLC and Vydac
Prep C18 column (10 pm, 300 A, 22 x 250 mm) at a flow rate of 10 mL/min for preparative
HPLC. Low-resolution mass spectral analyses were performed with a Waters 3100 mass

spectrometer.
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The solid phase peptide synthesis was carried out manually using 2-Chlorotrityl chloride
resin (loading 0.5mmol/g). Peptides were synthesized under standard Fmoc/t-Bu protocols.
The following Fmoc amino acids from GL Biochem were employed: Fmoc-Ala-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-GIn(Trt)-OH, Fmoc-
GIu(EDANS)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-lle-OH, Fmoc-Leu-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Lys(DABCYL)-OH, Fmoc-Met-OH, Fmoc-Phe-OH, Fmoc-
Ser(tBu)-OH, Fmoc-Thr(tBu)-OH. Fmoc removal was executed using a solution of 20%
piperidine in dimethylformamide (DMF) at room temperature for 30 min. Coupling of Fmoc
protected amino acid units was carried out by activation with (O-(7-azabenzotriazol-1-yI)-
N,N,N’,N'-tetramethyluronium hexafluorophosphate (HATU) using N,N-
diisopropylethylamine (DIPEA) in DMF at room temperature for 40 min. The Fmoc amino
acids (2.0 equiv), HATU (2.0 equiv) and DIPEA (5.0 equiv) were dissolved in DMF and
subsequently mixed with the resin manually. This procedure was repeated twice for each
coupling. Upon completion of synthesis, the peptide resin was subjected to a cleavage of
cocktail (TFA/iPrsSiH/H,O, 95/2.5/2.5, viviv) for 2 h. The resin was filtered and the
combined filtrates were blown off under a stream of condensed air. The crude product was
triturated with cold diethyl ether to give a white suspension, which was centrifuged and the
ether subsequently decanted. The remaining solid was purified by HPLC.

3.3.4 Proteolytic activity of LC/B and other LCs

All LCs used in this study was quantified using by SDS-PAGE using BSA standards. The
FVP-B was prepared in 21mM stock in DMSO, aliquoted and stored at -20°C. It was diluted
in reaction buffer (10mM Tris-HCI, 20mM NaCl, pH7.9) for assay.

For LC/B activity assay using FVP-B, certain amounts of FVP-B were mixed with different
concentrations of LC/B and incubated in 500ul of reaction buffer in eppendorf tubes at 37°C
for different time courses. The reaction mixture was transferred to a quartz Hellma®
fluorescence cuvette (Sigma-Aldrich Co. LLC. USA). Fluorescent intensity was scanned
using the LS-55 Fluorescence Spectrometer (PerkinElmer Inc. Massachusetts, USA), with
the following parameters set: excitation: 336nm (slit: 10nm), emission: 380-650nm (slit:
10nm), speed: 100nm/min. For EDTA inhibition assays, different concentrations of EDTA
were incubated with LC/B and FVP-B in the similar assay as described above, but detected
both in fluorescence cuvette and black 96 well plate (OptiPlate™-96F, PerkElmer, USA).
All the data were repeated at least three times.

3.3.5 LC/MS analysis of the FVVP-B cleavage by LC/B

200 nM LC/B, plus 8.4 uM FVP-B were mixed in reaction buffer to final volume of 500 pl,
incubated at 37°C for 1 h. LC/MS analysis then was carried out on a Agilent 6540 Ultra
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High Definition Accurate-Mass Q-TOF (Agilent-Technologies Inc., Wilmington, United
States of America) equipped with an Agilent 1290 Infinity binary LC system. A 2 ul portion
of sample was injected into a C18 reverse column (Agilent Zorbax SB-C18, 2.1 x 100 mm,
1.8 pm). The mobile phase solvent system included solvent A, Milli-Q® water with 0.1%
formic acid, and solvent B, acetonitrile with 0.1% formic acid. The sample was firstly
desalted with 5% solvent B at a flow rate of 0.3 ml/min for 3 min, eluted with a 17 min
linear gradient of 5% to 90% solvent B at a flow rate of 0.3 ml/min. The mass spectrometer
was operated in positive electrospray ionization mode. Other instrumental parameters were
set as follow: Capillary voltage: 3500 V, Nozzle voltage: 1000 V, Fragmentor voltage: 175
V, Skimmer: 65 V, Octopole RF: 750 V.

3.4 Result

3.4.1 LC/B specificity of FVP-B

The FRET assay is based on the detection of continuous signal increase resulting from the
hydrolysis of FVP-B to separate quencher Dabcyl from the fluorescent donor EDANS. To
verify the specificity of FVP-B to LC/B, FVP-B was used to test the cleavage by different
LCs of BoNTs. In this assay condition where 200 nM each of the LCs were mixed with 8.4
MM FVP-B in reaction buffer in 500 pl reaction volume for 1 h incubation at 37°C, the
fluorescence intensity of each reaction was quantified. The negative control was performed
exactly the same as other reactions, but without adding the LCs in the reaction. Figure 3.2
showed the fluorescent intensity of each reaction and the negative control. The result
showed that dramatic increase of fluorescence intensity could be seen after incubating LC/B
with FVP-B, whereas incubation of other LCs with FVP-B did not produce dramatic
increase of fluorescence intensity, suggesting that FVP-B was specific for LC/B cleavage
(Figure 3.2).
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Figure 3. 2 The specificity of the synthesized FVP-B.
LCs (200 nM each) were mixed with 8.4 uM FVP-B in reaction buffer to a final volume of 500 pl,
incubated at 37°C for 1 h, fluorescent intensity was measured by a Fluorescence Spectrometer in

quartz cuvette. The data obtained were processed with GraphPad Prism.

The mixture sample of LC/B and FVP-B was then analyzed by LC/MS to prove the specific
cleavage of FVP-B by LC/B. As shown in Figure 3.3, the uncleaved FVP-B could be
detected (Figure 3.3A), and the C-terminal product (CT-product, Figure 3.3B) and the N-
terminal product (NT-product, Figure 3.3C). The LC/MS results also prove that the sum of
the molecular weights (M,) of CT-product (M, = 1214.6) and NT-product (M, = 1708.8) is
about 2905.4 (with a H,O molecular deducted), which is consistent with the uncleaved FVP-
B (M, = 2906.4), indicating that LC/B can specifically cleave FVVP-B at the desired site.
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Figure 3.3 LC/MS analysis of s pecific cleavage of FVP-B by LC/B.

Mixture sample of FVP-B (8.4 uM) and LC/B (200 nM) from Figure 2 was analyzed by LC/MS to
detect the full length FVVP-B (A), CT-product (B) and NT-product (C).

3.4.2 FVP-B assay for LC/B activity detection

The effect of cleavage of FVP-B by LC/B over a specific time period was determined.
Firstly, 228 nM LC/B was mixed with 8.4 uM FVP-B in reaction buffer in 500 pl reaction
system and incubated at 37°C. The fluorescent intensity between 400 and 650 nm was
measured every 30 min (except the last 1 h) over 480 min assay time. After 30 min
incubation, dramatic increase of fluorescence intensity could be observed. The signal
increased steadily until reaching a steady stage at 480 min. Sharp increase of fluorescent
intensity continued for at least 120 min and the rate of fluorescence increase slowed down
after about 180 min and finally reached to a steady state at 480 min (Figure 3.4A). LC/B
velocity curve was generated by recording the rate of increase in fluorescence intensity at
502 nm. The curve clearly indicated that fluorescence intensity increased over time (Figure
3.4B). To optimize the assay and test the sensitivity of FVP-B for LC/B detection, the LC/B
concentration was titrated. First, FVP-B concentration was ixed at 8.4 uM and 10-fold
dilution of LC/B concentration was performed. A dramatic fluorescent intensity increase
was shown at LC/B concentration of 228 nM. Obvious fluorescent intensity increase can be
seen at LC/B concentration of 22.8 nM, yet no fluorescent intensity change can be observed
at lower concentration of LC/B (Figure 3.5A). Secondly, LC/B concentration was fixed at

22.8 nM and 5-fold FVP-B titration was performed. Significant fluorescent intensity
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increase can be seen when FVP-B concentration was at 8.4 UM, and relatively obvious
fluorescent change can be seen at 1.68 uM of FVP-B, but not at lower concentration
(Figure 3.5B). However, when the concentration of FVP-B was fixed at 1.68 uM, we
further diluted the LC/B to 22.8 pM with extended incubation time. After 2 h incubation at
37°C, obvious fluorescent intensity change can be detected, and 4 h incubation showed even
dramatic fluorescent intensity change, but longer incubation time up to 8 h cannot produce
any further increase in fluorescent intensity. The fluorescent intensity was stable (Figure
3.5C and 3.5D). Taken together, the assay optimization results showed that the detection
sensitivity of the developed assay is about 20 nM of LC/B within 30 min, but the sensitivity
can be improved to ~20 pM of LC/B with 2 h incubation. Additionally, we have tested the
effect of different concentrations of zinc on LC/B activity and did not observe any
association between zinc ion and LC/B activity (data not shown).
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Figure 3. 4 The feasibility of the synthesized FVP-B and our developed assay.

(A) 228 nM purified LC/B was mixed with 8.4 uM FVP-B in reaction buffer to a final volume of 500
W, Reaction was incubated at 37°C and the fluorescent intensity was measured in quartz cuvette
every 30 min. The total duration of measurement was 8 h. The data were processed by Origin85. (B)
The fluorescent intensity peak at 502 nm was selected to represent the trend of the whole data. The

data were processed with Excel.
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Figure 3.5 Optimization of the developed assay system.

To optimize the assay and test the sensitivity of our detection assay, ten-fold dilution of LC/B was
performed with the concentration of F\VP-B fixed at 8.4 uM (A); five-fold dilution of FVVP-B, with
the LC/B concentration fixed at 22.8 nM (B); the fluorescent intensity change at 502 nm of further
diluted LC/Bto 22.8 pM with 1.68 uM FVP-B and extended incubation time (C); and a spectrum
representative of 22.8 pM LC/B incubated with 1.68 uM FVP-B for extended time span (D). Viewing
fromthe data, the detection sensitivity of the developed assay is about 22.8 nM of LC/B within 30
min, but the sensitivity can be improved to 22.8 pM of LC/B with 2 h incubation. The data were
processed by Origin85 and Excel.

To further illustrate the sensitivity of the developed system, various amounts of LC/B were
incubated with 8.4 uM FVP-B in 500 pl reaction volume for 1 h incubation at 37°C. The

fluorescence intensities are potted as a function of LC/B concentrations (Figure 3.6). The
limit of detection (LOD) is about 4.1ng/mL.
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Figure 3. 6 Limit of detection of the developed LC/B detection system.

Serial LC/B concentrations were incubated with 8.4 uM FVP-B in 500 pl reaction volume for 1 h
incubation at 37°C. The fluorescence intensities are potted as a function of LC/B concentrations. At
least five replicates were carried out. LOD=3*S/k (S means standard deviation of negative control, k

means slope).
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3.4.3 FVP-B as LC/B inhibitor screening assay

To prove that this assay can be scaled up for BoNT/B inhibitor screening, EDTA was used
as an inhibitor of LC/B to test the validity of the assay. Different concentrations of EDTA
were tested in the assay, where 228 nM of LC/B and 8.4 uM FVP-B were mixed and
incubated for 1 h at 37°C. The fluorescent intensity was recorded at 502 nm, measured both
in fluorescent cuvette (500 pl reaction volume, Figure 3.7A) and 96 well plate (100 pl
reaction volume, Figure 3.7B) . At 0.1, 0.3, 0.5 and 1 mM EDTA, fluorescent intensity
remained at the same level as control (no LC/B added), while at 0 mM of EDTA, the
fluorescent intensity showed dramatic increase (Figure 3.7A and 3.7B). The data indicated
that FVVP-B based assay is a useful tool for LC/B inhibitor high throughput screening.
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Figure 3. 7 The inhibitory effect of EDTA on LC/B.

228 nM of LC/B was mixed with 8.4 uM FVP-B with reaction buffer to a final volume of 500 pl,
incubated at 37°C for 1 h, and then the fluorescent intensity was measured by a Fluorescence
Spectrometer in quartz cuvette (A); 100 ul reaction volume, which contained 228 nM LC/B with 8.4
UM FVP-B, were carried out in 96 well plate after 1 h incubation at 37°C (B) For simplicity, the
fluorescent intensity peak at 502 nm was selected. The data obtained were generated fromat least

three repeats, processed with Excel and GraphPad Prism, with the negative control data subtracted.

3.5 Discussion

BoNTs are the most potent naturally-occurring toxins known. Although BoNT/B is not as
clinically important as BoNT/A in term of its ability to cause human botulism and its
usefulness in various therapeutic processes, BoNT/B is still frequently linked to human
botulism, in particular infant botulism. Data from CDC showed that 58.4% cases of infant
botulism (387 out of 663) were attributed to BONT/B during a 2001 to 2007 surveillance
(248). In addition, BONT/B is also used as human therapy to treat dystonia in addition to
BoNT/A. Moreover, because of the many ethical and legal concerns over the standard
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mouse bioassay, an alternative, simple and sensitive detection method is urgently needed to
either detect trace of BoNT/B in food or for designing new potent inhibitor to neutralize the
toxin. Recently, several new methods have been reported to detect BoNT/B with higher
sensitivity in the picomolar to femtomol arranges (249); these include common methods like
ELISA with comparable sensitivity as mouse bioassay (248,250), and fast detection
methods such as micromachined BoNT/B detection sensor for BoNT/B detection within
minutes, but with lower sensitivity (251). However, all these methods need complicated
procedures, expensive apparatus and are difficult to be scaled up. FRET coupled LC/B
detection methods have been reported before (191,252). However, the synthesized peptides
were much longer (either contained VAMP-2 (residues 55-94) or VAMP-2 (residues 60-94))
than the peptide reported here. Most importantly, some have mutated or replaced the residue
F'" of VAMP-2, which will dramatically reduce the efficiency of LC/B to cleave this
substrate according to our previous data that the P1° site played a very important role in
enzyme catalysis: the mutant VAMP-2 (F'A) reduced the LC/B cleavage efficiency to more
than 320-fold (243). In addition, there are seweral versions of FRET based peptides, for
example, VAMPtide® (0-Abz/Dnp), VAMPtide® (FITC/DABCYL) and VAMPtide® (PL
150, Pya/Nop) available in market (List Biological Laboratories, INC. USA), and the latter
one, VAMPtide® (PL 150, Pya/Nop), has been claimed with a LOD as low as 140 pg/mL
after 5 h digest or 8 pg/mL after 24 h digest. Christine Anne et al reported a fluorogenic
assay system for BoNT/B activity determination by using the VAMPtide® (PL 150,
Pya/Nop), they claimed a 3.5 pg/mL detection sensitivity after 4 h incubation time (191).
However, it is questionable that there is no effect of BONT/B cleavage of peptide, as
claimed by the authors, by replacing the native phenylalanine in position 77 by a p-
nitrophenylalanine. Moreover, the cost of the claimed high sensitivity is longer incubation
time, 4 h or even longer, for example, when compared with the present results which need
as short as 1 h incubation to reach a 4.1 ng/mL LOD. The different applied reaction
conditions, buffer, spectrometer sensitivity, for example, are another major factors affect the
different sensitivities and LOD reported.

In this study, we developed a simple, fast and sensitive VAMP-2 based FRET peptide for
LC/B detection. The detection sensitivity is about 20 pM of BoNT/B with 2h incubation.
FRET based BoNTs detection method has been proven to be very useful in both clinical
application and research. SNAPtide, a commercial 13mer FRET peptide developed for
BoNT/A detected has been widely used in BoNT/detection and inhibitor screening in many
researches (253-255). However, due to the lower cleavage efficiency by BoNT/A, the role
of SANPtide as high throughput assay was limited. Since FVP-B is designed based on the
optimal substrate for BoNT/B, the FRET peptide we developed has similar cleavage
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efficiency by BoNT/B as natural substrate VAMP-2. Actually, we have designed another
version of FRET based peptide, the positions modified were A74 and T79, the sinlg-letter
sequences are 63-LDD RADALQ A G E-(Edans) S Q F E K-(Dabcyl) SS A K L K-85.
Based on the previous investigation, the mutation or modification on 74 or 79 has less effect
on LC/B cleavage than that of 76 or 85 (the two sites modified in the present FVP-B peptide)
(243), but it showed much lower sensitivity and lower LC/B cleavage activity than FVP-B
(data not shown). Therefore, FVP-B based assay represents a good FRET assay for BONT/B
detection and also proved to be useful for BONT/B inhibitor screening when scaled up.
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Chapter Four: Unigue substrate recognition

mechanism of Botulinum Neurotoxin D light chain*

4.1 Abstract

Botulinum neurotoxins (BoNTSs) are the most potent protein toxins in nature. Despite the
potential to block the release of neurotransmitter at the neuromuscular junction and cause
human botulism, they are widely used in protein therapies. Among the seven BONT
serotypes, mechanisms of substrate recognition and specificity are known to a certain extent
in LC/A, B, E and F, but not LC/D. In this study, we addressed the unique substrate
recognition mechanism of LC/D and showed that this serotype underwent hydrophaobic
interactions with VAMP-2 at its V1 motif. The LC/D B3, B4 and B5 binding sites
specifically recognize the hydrophobic residues in the V1 motif of VAMP-2. Interestingly,
we identified a novel dual recognition mechanism employed by LC/D in recognition of
VAMP-2 sites both at the active site and distal binding sites, where one site of VAMP-2 was
recognized by two independent, but functionally similar LC/D sites that were
complementary to each other. The dual recognition strategy increased LC/D tolerance to
mutations and rendered it a good candidate for LC/D engineering to improve its therapeutic
properties. In conclusion, the current study identified a unique, multistep substrate
recognition mechanism by LC/D and provided insights for LC/D engineering and antitoxin

development.

Key words: Botulinum Neurotoxin D, light chain, VAMP-2, substrate recognition and
specificity, dual recognition

Abbreviations: BoNT/D, Botulinum Neurotoxin D; LC, light chain; VAMP-2, vesicle
associated membrane protein-2; SNARE, soluble NSF attachment receptor

*Most of the material of this chapter have been published as: Jiubiao Guo and Sheng Chen.
Unigue Substrate Recognition Mechanism of the Botulinum Neurotoxin D Light Chain. J.
Biol. Chem. 2013 288: 27881-27887.

4.2 Introduction

The existing seven different botulinum neurotoxins (BoNTSs) serotypes, A-G, are the most
potent protein toxins. BONT causes human and animal botulism, a flaccid paralysis caused
by the blocking of neurotransmitter (usually acetylcholine) release at the neuromuscular
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junction. Among the seven different serotypes: BONT/A, B, E and F are involved in human

botulism, whereas BoNT/D is mainly responsible for animal botulism (205,207,256).

BoNTSs are zinc-dependent proteases, containing a His-Glu-X-X-His zinc-binding motif of
metallo-endopeptidases in the central region of their light chains (210). BoNTs are 150kDa
di-chain proteins with typical A (Active)-B (Binding) structure-function. BoNTs are
activated by proteolysis to generate di-chain organization (205). There are three domains
found for BoNTs includinga N-terminal catalytic domain (light chain, LC), an internal
translocation domain (heavy chain, HCT), and a C-terminal receptor binding domain (heavy
chain, HCR) (206). SNARE complex formed by the wesicle SNARE, VAMP-2, and the
plasma membrane SNARES, SNAP25 and syntaxin 1a, is the driving force of vesicle fusion
during the mammalian neuronal exocytosis process (208). These SNARE proteins are the
targets of the seven BoNTs: serotypes B, D, F and G cleave VAMP-2, serotypes A and E
cleave SNAP25, and serotype C cleaves both SNAP25 and syntaxin 1a (205).

Due to their extreme toxicity, ease of production, handling and delivery through aerosol or
liquid route, BoNTSs represent a potential biological warfare agent and have been classified
as a category A agent by the CDC (Centre for Disease Control and Prevention) in the US
(257,258). However, another key feature of BoNTS is that their intoxication can be reversed
by the replacement of affected nerves by new ones (194,206,259), thus making BoNTs
effective agents for the therapies of a range of neuromuscular disorders, such as strabismus
(197,213). A better understanding of the mechanism of action and substrate recognition of
BoNTs will enable us to develop antidote for BONT intoxication and novel therapies to
extend its clinical applications. Recently, the mechanism of BoNT/A, B, E and F have been
thoroughly studied, with results indicating that an extended region (exosite) is necessary for
substrate binding and cleavage (133,143,145,146). In 2006, Arndt et al. reported the
structure of light chain of BoNT/D and proposed the recognition of hydrophobic V1
SNARE motif through structural comparison with LC/F (138). Stefan Sikorra et al. reported
the contribution of VAMP-2 residues on LC/D substrate recognition and found that LC/D
required a relatively short sequence for optimal substrate cleavage when compared to other
serotypes such as LC/F and LC/TeNT(135). Howewer, the mechanism underlying the
effective recognition and cleavage of VAMP-2 by LC/D is still unclear, which prompts the

current study to depict the mechanism of substrate recognition and specificity by LC/D.

Our data showed that, similar to other serotypes, LC/D recognition of VAMP -2occurs
though multistep binding and, in particular, recognition of VAMP-2 sites by LC/D substrate
recognition pockets. Interestingly, different from all other BONT LCs and metalloprote inase,

LC/D employed a novel dual recognition mechanism, where one VAMP-2 site was
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recognized by two independent LC/D sites that were complementary to each other. The dual
recognition strategy increased LC/D tolerance to mutations and makes it a good candidate

for LC/D engineering to improve its pharmacological properties.

4.3 Materials and Methods

4.3.1 Molecular Modelling

The complex structure of LC/D-VAMP-2 was modeled and analyzed using SWISS-
MODEL and refined by PyMol (http//www.pymol.org/) as described previously (146).
Briefly, the crystal structure of LC/D (PDB 2FPQ) and the LC/A-SNAP-25 complex
structure (PDB 1XTG) were opened in PyMoL software. The LC/D structure was aligned
to the LC/A-SNAP-25 complex structure. The structure of VAMP-2 was extracted from the
SNARE complex crystal structure (chain A, PDB 1SFC) and aligned to the LC/A-SNAP-25
complex structure as well. The modification and refinement were carried out by PyMoL.

4.3.2 Plasmids Construction and Protein Expression

Codon-optimized DNA encoding the LC domain of BONT/D (residues 1-430) was
synthesized by EZBiolab (Westfield, IN). The PCR product was then subcloned into the
pET-15b vector and transformed into E. coli BL21 (DE3)-RIL (StratageneBiochemicals).
Protein expression and purification were achieved as that of LC/B detailed in Chapter Two
and as described previously (134,145,146). VAMP-2-(1-97) was constructed by PCR
amplifying the cDNA clone purchased from ATCC (accession code NMO014232) and
subcloning into pGEX-2T. The plasmid containing VAMP-2 (1-97) fragment was
transformed into E. coli BL21 (DE3) and expression and purification of VAMP-2 were
achieved as detailed in Chapter Two and as described previously (134,145,146).

4.3.3 VAMP-2 and LC/D mutagenesis

The introduction of point mutations intoLC/D and VAMP-2genes were also performed
using the QuikChange® protocols as described previously (133,146). Plasmids were
sequenced to confirm the mutations and that additional mutations were not present within
the open reading frame of VAMP-2 and LC/D. Mutated proteins were produced and purified
as described previously (133,146).

4.3.4 Linear velocity and kinetic constants

The linear velocity and kinetic constant determination of LC/D and its derivatives were
performed as previously described (134,145,146). Briefly, 10 «M VAMP-2 or the indicated
VAMP-2 derivatives were incubated with various concentrations of LC/D or its derivatives,
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in 10ul reaction buffer (10 mMTris/HCL,pH 7.6 with 20 mMNacCl) at 37°C for 20 min. The
reactions were stopped by adding equal volume of SDS-PAGE sample buffer, boiled at
100°C for 5 min, then analysed for the relative abundance of the substrate and cleaved
product by SDS/PAGE (12% gels). The amount of cleavedVAMP-2 was determined by
densitometry. K., and k. determinations were performed using the same assay where
VAMP-2 concentrations were adjusted to between 1 and 20 uM to achieve ~10% cleavage
by LC/D or its derivatives. The amount of cleaved substratt VAMP-2 was determined by
densitometry and the welocity was determined by dividing the amount of substrate cleavage
to the reaction time.Reaction velocity against substrate concentration was fitted to the
Michaelis—Menten equation and kinetic constants were derived using the GraphPad program
(La Jolla, CA). At least five independent assays were performed to determine the kinetic
constants for each protein.

4.3.5 Trypsin digestion of LC/D and its derivatives

10uM LC/D and its derivatives were incubated with 2mM trypsin in 20ul reaction volume at
37°C for 30min. The reactions were stopped by adding SDS-PAGE sampling buffer and
subjected to SDS-PAGE and stained to visualize the partial trypsin digestion profiles.

4.3.6 Far UV-Circular dichrioism analysis

LC/D and its derivatives were subjected to far UV-CD analysis. Circular dichroism (CD)
spectroscopy was collected in the wavelength range from 200 to 250nm at room temperature
with a JASCO (J-810) spectrometer. Far UV-CD data were obtained with a 10mm path
length quartz cuvette containing 500ul of the protein solutions (0.1-0.4mg/ml protein in
10mM Tris/HCI, pH 7.9, 20mM NacCl), with a scanning speed of 50nm/min, 2s response
time. Each sample was measured in triplicate, and the CD data were converted to molar

ellipticity, and the spectrum was generated using GraphPad.

4.4 Results

A previous study has shown that several residues of VAMP-2 contributed to substrate
cleavage by LC/D, including V¥, V*2, M*®, v*°, D%, K*, L%, and S°!(135). To better
quantify the degree of contribution of these residues to LC/D substrate cleavage, linear
velocity assays were performed to depict the impact of alanine mutagenesis of these
residues. The results showed that amino acid changes in VAMP-2, including V*°A, V*#A,
M*A, V¥A, D¥A, DA, K¥A, L*A and S*A, caused ~25-, 10-, 125-, 20-, 25-, 10-, 20-,
25-, and 20-fold reduction in LC/D cleavage respectively. These data confirmed that the
residues in VAMP-2 contributed significantly to LC/D substrate recognition and cleavage.

Analysis of the modeled complex structure of LC/D-VAMP-2 identified three putative
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substrate recognition pockets in the active site of LC/D, S2°, S1°, and S3, which may
specifically recognize the VAMP-2P sites, P2°(S*"), P1°(L*), and P3(D"") respectively
(Figure 4.1). In addition, we have also predicted several other substrate binding pockets
distal to the active site of LC/D including the B1~B5 binding sites (Figure 4.1). To
characterize the substrate recognition pockets and confirm the specific recognition of
VAMP-2 sites, the LC/D residues comprising the substrate recognition pockets were
converted to different amino acid residues to test the effects of these changes on substrate
recognition. To exclude the possibility that the effect was due to the overall conformational
changes as a result of the mutations, we performed partial trypsin digestion on different
mutant proteins and the result indicated that all the LC/D mutants have identical digestion
profile as Wt-LC/D, suggesting that the mutations did not cause any conformational change
of LC/D (Data Not Shown). In addition, far UV-CD analysis of LC/D and its derivatives
indicated that LC/D (1"*'D) showed slightly different spectrum from Wt-LC/D, while all
other LC/D derivatives had the same far UV-CD spectrum as Wt-LC/D (Figure 4.2). The
curve vertexes of LC/D and its derivatives at around 240nm looked different, which is
probably due to high degree of flexibility of LC/D owning to its relatively high amount of
turn and random coils. Therefore, the different curves at around 240nm did not reflect the
conformational changes of LC/D derivatives (Figure 4.2). The CD spectra of the other
LC/D derivatives were similar to the Wt-LC/D and the data were not shown.

4.4.1 Recognition of P2’ site of VAMP-2, S** by theS2’ pocket of LC/D

The P2’ site, S*, of VAMP-2 played a certain role on LC/D substrate recognition as the
mutation, S61A, of VAMP-2 reduced LC/D substrate hydrolysis by ~20-fold. A S2’ pocket
in LC/D that recognized the P2’ site of VAMP-2 at S*'was identified through the analysis of
the modeled complex structure of LC/D and VAMP-2. The S2’ pocket was composed of a
residue, R*2, and the mutation of R372A showed ~40-fold reduction of LC/D activity with
almost the same Km and ~40-fold lower kcat compared to Wt-LC/D (Figure 4.3a,Table
4.1). The data suggested that S2° pocket residue, R*%, of LC/D may recognize the P2’ site
of VAMP-2 by forming a hydrogen bond between these two residues.
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Figure 4.1 The owerall view of the modeled LC/D-VAMP-2 complex structure.

Left panel represents the view on the active site side and right panel represents a view after 90 degree
clockwise turn. LC/D was shown as surface structure and VAMP -2 was shown as ribbon structure.
The active site recognition and binding site interactions were highlighted. Red color represents
negatively charged residues, blue color represents positively charged residues, grey color represents

hydrophobic residues and green color represents polar residues.
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Figure 4. 2 CD spectroscopy analysis of LC/D and its derivatives.

Far UV-CD (200-250nm) data were obtained for LC/D and its derivatives with a JASCO (J-810)
spectrometer room temperature. The data for the most representative LC/D derivatives were shown

with different colors.
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Figure 4. 3 The s pecific recognition of VAMP-2 by LC/D pockets.

Representations of the recognition of different P sites of VAMP -2 by the S pockets and recognition
of VAMP-2 binding sites by B1-B5 binding sites of LC/D. Red color represents negatively charged
residues, blue color represents positively charged residues, grey color represents hydrophobic
residues and green color represents polar residues. (a) recognition of P sites of VAMP -2 by active site
pockets of LC/D, where P2’ site of VAMP-2, S% was recognized by S2’° pocket, R¥"2 P’ site of
VAMP-2, L%, was recognized by S1’ pocket of LC/D, Y*®8 and L*®; P1site of VAMP-2, K*°,
interacted with O atom of P®* of LC/D; and P3 site of VAMP-2, D°7, was recognized by S3 pocket,
R%, of LC/D. (b) recognition of V®2 by B1, F°® and I'®!, of LC/D. (c) recognition of N*° of VAMP-2
by B2, R?® and H'* of LC/D; and recognition of M*® of VAMP-2 by B3, V! and 1! of LC/D. (d)
recognition of V*2 by B4, W3'® of LC/D; and recognition of \?® by B5, W**, 1'% and P™ of LC/D.
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Table 4. 1 Efficiency of VAMP -2 hydrolysis and kinetic constants of LC/D andits derivatiwes.

LC/D VAMP-2 o Activity reduction 4 Keat/Km
) o LC/D derivatives o K (UM) Keat () P
pockets site recognition (fold) (s*uM™)
Wt- LC/D 1 2.91(0.74%) 6.88 2.36
AS-S2' p2’, 8% R32A 40 2.09 (0.23) 0.17 8.1x10™
Y168A 1 _b _ _
YD 2 - - -
200
AS-S1' PL, L - A 2 ] ) )
LD 8 2.40(0.36) 0.81 3.4x10
YlGBA,LZUOA 2 _ _ )
YD, L4°D 60 3.33(0.66) 0.12 3.6x10?
ss3 3 D R%A 10 2.19 (0.24) 0.40 1.8x10*
AS - P3,D y .
R%E 50 2.26 (0.35) 0.15 6.6x10
FA 1 - - -
|191A l _ _ _
Binding-B1 & FD 4 3.24(0.12) 1.60 4.9x10
inding-
D 4 3.56 (0.21) 1.40 3.9x10"
FOA, I1A 60 4.81(0.64) 0.28 5.8x10
F°D,I*'D 400 4.46 (0.57) 0.04 8.9x107°
R#A 1 - - -
Hl32A l _ _ _
Binding-B2 N4 H2D ND ND® ND ND
H¥Q 100 35.56 (3.48) 0.86 2.4x10*
R%D,H*¥A 25 32.87(5.25) 2.38 7.2x10?
Vl48A l _ _ _
V148D 1 _ _ _
Binding-B3 M4 I1A 2 - - -
11D 1000 7.96 (1.284) 0.02 2.5x1073
V148, |151A 15
Binding.B4 e WA 20 9.90 (1.51) 1.52 1.5x10?
inding- ) .
g WD 40 47.63 (15.12) 3.92 8.2x10™
WD 2 - - -
|l5ZD 2 _ _ _
Binding-B5 \au P¥D 4 11.86(3.46) 6.35 5.4x10™
W44Al IlbzA,
150 20 32.45(8.87) 5.86 1.8x10?
PA

*The number in the parentheses is the sandarderror of at least five independent experiments; °Kinetic constants were not
determined; ND: Not Detectable, the mutant istoo inactive to determine its kinetic constants in our experiments; *The wt-

VAMP-2 hydrolysis was measured as the ratio ofthe amount of LC/D derivatives needed to cleave 50% of the Wt -VAMP-2
againg the amount of Wt-LC/D needed to cleave 50% of the Wt-VAMP-2.

4.4.2 Dual recognition of VAMP-2, P1’ site by S1° pocket of LC/D

The P1’ site of VAMP-2 was shown to be important for LC/D substrate recognition as seen
in the other serotypes of BoNT (145,146,148,150). Mutation of the VAMP-2 P1’ residue,
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L60A, reduced LC/D substrate hydrolysis by ~25-fold. A corresponding S1° pocket
composed of two hydrophobic residues, Y**® and L**, was identified in LC/D (Figure 1.3a).
The mutation of LC/D(Y168A) showed no effect on LC/D substrate hydrolysis, and
LC/D(Y168D) only affected substrate hydrolysis by ~2-fold. The mutation, LC/D (L200A)
showed ~2-fold reduction of LC/D substrate hydrolysis, whereas LC/D (L200D) affected
substrate hydrolysis by ~8-fold (Table 4.1). The complementary effect of Y'*® and L**° was
also examined and we found that although LC/D (Y168A, L200A) only showed ~2-fold
reduction of substrate hydrolysis, LC/D (Y168D, L200D) showed 60-fold reduction of
substrate hydrolysis with no effect on Km and ~60-fold reduction of kcat. These data
suggested that a hydrophobic S1° pocket was necessary to maintain the full recognition of
VAMP-2, L*® and both hydrophobic residues in S1° pocket, Y'® and L°®, played

complementary role on L*® recognition.

4.4.3 S3 pocket residue of LC/D interacts with the VAMP-2 P3 (D*')

D° at the P3 site of VAMP-2 played a certain role in LC/D substrate recognition as the
mutation, D57A, reduced LC/D substrate hydrolysis by ~20-fold. The S3 pocket of LC/D
that specifically recognized the P3 of VAMP-2, D°’, contained residue R*.The mutation of
R63A showed almost no effect on Km but ~13-fold reduction of substrate catalysis (Figure
4.3a, Table 4.1). A charge reversal mutation, LC/D (R63E), caused ~50-fold reduction of
LC/D substrate hydrolysis with no effect on Km and ~50-fold reduction of kcat. The data
suggested that a salt bridge or a side-chain hydrogen bond was important for recognition of
D of VAMP-2 by R® of LC/D.

4.4.4 Main chain of P* of LC/D interacts with P1 site, K> of VAMP-2

There is no obvious residue or pocket that showed interaction with P1 site of VAMP-2,
K. The mutation leading to a VAMP-2 (K59A) change caused ~20-fold reduction of LC/D
substrate hydrolysis, suggesting a role of K* in LC/D substrate recognition. Structural
analysis indicated that K* could potentially interact with the O atom of LC/D residue P*
through the formation of hydrogen bond. This interaction cannot be tested through

mutational analysis (Figure 4.3a).
4.4.5 Substrate binding and recognition distal to the active site of LC/D

4.4.5.1 Recognition of VAMP-2, V** by LC/D B1 binding site

The VAMP-2 VA mutation caused about 25-fold reduction of LC/D hydrolysis. A Bl
binding site of LC/D formed by two residues, F*° and I'®*, may show interaction with V>3
(Figure 4.3b). The mutations underlying LC/D (F*°A) or LC/D (I"*'A) changes had no
effect on LC/D substrate hydrolysis, while LC/D (F*°D) or LC/D(1®'D) caused ~4-fold
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reduction of VAMP-2 hydrolysis. To test for the complementary effect of these two residues
on V*° recognition, the effects of double mutations of these two residues were tested. This
double mutations, LC/D (F°A, 1'°'A), showed ~60-fold reduction of substrate hydrolysis
with ~2-fold increase of K, and ~25-fold decrease on ke, Whereas LC/D (F*D, 1°'D)
exhibited ~400-fold reduction of substrate hydrolysis with ~2-fold increase of K and ~200-
fold decrease on k4, (Table 4.1). The data suggested that F° and 1'**showed independent,
but complementary effect on VV** substrate recognition. The recognition of V°* might mainly
contribute to the fine orientation of VAMP-2 for optimal substrate recognition in the active
site of LC/D since this recognition site mainly contributed to the substrate catalysis (Kct),

but not substrate binding (Kp,).

4.4.5.2 Recognition of VAMP-2, N*° by LC/D B2 binding site

The VAMP-2 mutation, N49A, was associated with ~20-fold reduction in cleavage
efficiency of LC/D.A B2 binding site that was composed of R* and H** of LC/D and may
be interacting with N49was revealed though analysis of the complex structure of LC/D-
VAMP-2 (Figure 4.3c). The mutations of LC/D (R23A) and LC/D(H132A) showed no
effect on LC/D substrate hydrolysis (Table 1.1). Surprisingly, a charge reversal mutation
LC/D (R23D) still maintained the full activity on VAMP-2 as Wt-LC/D; a charge reversal
mutation LC/D (H132D) became inactive in cleaving VAMP-2, while LC/D (H132Q)
showed ~100-fold reduction of substrate hydrolysis, suggesting that the formation of
hydrogen bond between LC/D (H"**) and VAMP-2 (N*) may contribute to this recognition
and a negatively charged reside at the 132 position may impair this interaction (Table 4.1).
However, the minimal effect of the LC/D (H132A) change on LC/D substrate hydrolysis
may be due to the complementary effect of R*. To test this hypothesis, the effect of R23D
and H132A double mutations on LC/D substrate hydrolysis was tested. LC/D (R23D,
H132A) reduced Km by ~11-fold and kcat by ~3-fold, suggesting that both R** and H*®
played a role in LC/D substrate catalysis, and that H'** played a dominant role in N*°
recognition (Table 4.1). This substrate recognition contributed significant to substrate

binding.

4.4.5.3 Recognition of VAMP-2, M* by LC/D B3 binding site

Compared to N**, M*® of VAMP-2 played a more important role in VAMP-2 recognition by
LC/D. Consistent with previous data (135), in our assay condition, the VAMP-2 mutation,
M46A, reduced LC/D substrate hydrolysis by ~125-fold. Structural analysis also identified a
B3 binding site comprising two residues, 1'°* and V**®, which may interact with M*® (Figure
4.3¢).The point mutations associated with the LC/D (V148A) and LC/D (1151A) alterations
did not show any effect on VAMP-2 hydrolysis. LC/D (V148D) also did not have any
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impact on VAMP-2 hydrolysis, but the LC/D (1151D) change reduced LC/D substrate
hydrolysis by ~1000-fold (Table 4.1). The dramatic effect on LC/D (1151D) mutation may
be partially due to its conformational change based on our far UV-CD analysis. Similar to
N* recognition, the minimal effect of LC/D (I1151A) mutation may be related to the
complementary effect of V**®. To test this hypothesis, the effect of 1151 and V148 double
mutations on LC/D substrate hydrolysis was tested. LC/D (1151A, V148D) reduced Km by
~10-fold and kcat by ~2-fold, suggesting that both 1'** and V**® played a role in LC/D
substrate catalysis, with 1'°* playing a dominant role in substrate recognition (Table 4.1).
This substrate recognition contributed significantly to substrate binding.

4.4.5.4 Recognition of VAMP-2, V*? by LC/D B4 binding site

V*? of VAMP-2 was also important for LC/D substrate hydrolysis and the VAMP-2 (V42A)
mutation affected LC/D cleavage of VAMP-2 by ~10-fold. Based on the modeled complex
structure of LC/D-VAMP-2, W*** of LC/D comprising the B4 binding site was predicted to
have direct interaction with \VV** (Figure 4.3d). The LC/D (W315A) mutation showed ~20-
fold reduction of VAMP-2 hydrolysis with ~4-fold increase in K, and ~5-fold decrease in
Kcat, While LC/D (W315D) showed ~40-fold reduction of VAMP-2 hydrolysis with ~20-fold
increase in K, and ~2-fold decrease in ke These data suggested that LC/D, W3 and

VAMP-2, V* substrate recognition contributed significantly to substrate binding.

4.4.5.5 Recognition of VAMP-2, V*° by LC/D B5 binding site

Another hydrophobic residue in VAMP-2 that contributed to LC/D substrate hydrolysis was
V¥, The mutationVAMP-2(V39A) showed ~25-fold reduction of LC/D hydrolysis. A
hydrophobic pocket in LC/D, B5 binding site, which was formed by W**, I andP™*, was
identified through analysis of the complex structure of LC/D-VAMP-2 (Figure 4.3d). The
W44D, P152D and P154D mutations were associated with ~2, 2, and 4-fold reduction of
substrate hydrolysis respectively (Table 4.1). All these mutations had no effect on k. but
caused a 4-fold increase in K, suggesting the role of this pocket on substrate binding.
Interestingly, triple mutations LC/D(W44A, 1152A, P154A) showed ~20-fold increase of K
and no effect on ke suggesting the complementary effect of three residues on V*
recognition and VAMP-2 binding (Table 4.1).

4.5 Discussion
It was proposed that botulinum neurotoxins recognize their substrates through two separate
regions, one that contains the scissile bond and the other distal to the scissile bond and

containing the SNARE motif (131). A two-region substrate recognition model has been
demonstrated in LC/A, B, E, F and LC/TeNT (145,146,148,150). The significance of the
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SNARE motif was not consistently proven in these toxins. However, for LC/D, SNARE
motif V1, *QVDEVVDIMR"was shown to be important for substrate recognition and
hydrolysis. Three conservative hydrophobic residues in the V1 motif of VAMP-2, V¥, v*
and M*", were critical for efficient LC/D substrate hydrolysis. In addition, LC/D also utilizes
other hydrophobic interactions to recognize substrate VAMP-2, such as the recognition of
P1’ site of VAMP-2, L*, by the hydrophobic S1’ pocket of LC/D, and the recognition of
V>%of VAMP-2 by hydrophobic B1binding site of LC/D. In contrast to the substrate binding
contributed by SNARE motif V1 (B3, B4 and B5), binding sites B1 and B2 contributed
more to LC/D substrate catalysis than substrate binding. The data suggested that the V1
motif played a significant role on LC/D substrate binding, while B1 and B2 binding site
may help more on fine tuning the orientation of the substrate for specific recognition by the
active site of LC/D, rather than direct substrate binding.

The current study revealed the mechanism of LC/D substrate recognition and specificity.
After internalization to the cytoplasm of neuronal cells, LC/D attacks the free form of
VAMP-2 through interaction and recognition of hydrophobic residues in the V1 motif of
VAMP-2 including residues V¥, V* and M*, by the substrate binding region B5, B4 and
B3 of LC/D on the substrate binding cleft respectively. In particular, binding of M*® of
VAMP-2 to LC/D B3 was suggested to be very important for LC/D substrate recognition.
This binding facilitates further binding of VAMP -2 residues, N*® and V°3, to the B2 and B1
sites located at the active site surface of LC/D. The recognition of VAMP-2, V**, by LC/D
F*°, 1" pocket further orientates and stabilizes VAMP-2 for subsequent recognition of
different P sites of VAMP-2 by the corresponding S pockets in the active site of LC/D. The
active P sites recognition includes the formation of salt-bridge between P3, D*" of VAMP-2
and S3, R®® of LC/D, hydrogen bond interaction between P1, K*® of VAMP-2 and main
chain O atom of P*, recognition of P1°, L*® of VAMP-2 by S1° pocket, Y**® and L** of
LC/D, and finally the hydrogen bond interaction between P2’, S* of VAMP-2 and S2’
pocket residue R*"? of LC/D. The anchoring of VAMP-2 P sites to different S pockets in the
active site of LC/D aligns VAMP-2 scissile bond close enough to the active site Zinc ion to

facilitate the peptide bond cleavage (Figure 4.4).
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Figure 4. 4 Mechanism of substrate recognition by LC/D.

After internalization to the cytoplasmof neuronal cells, LC/D attacks the free form of VAMP-2
through interaction and recognition of hydrophobic residues in the V1 motif of VAMP -2 including
residues V?°, V2 and M*®, by the substrate binding region B5, B4 and B3 of LC/D on the substrate

binding cleft respectively. In particular, binding of M*® of VAMP-2to LC/D B3 was suggested to be
very important for LC/D substrate recognition. This binding facilitates further binding of VAMP -2
residues, N*° and V?®, to the B2 and B1 sites located at the active site surface of LC/D. The
recognition of VAMP-2, VP2, by LC/D F*°, I'®! pocket further orientates and stabilizes VAMP-2 for
subsequent recognition of different P sites of VAMP -2 by the corresponding S pockets in the active
site of LC/D. The active P sites recognition includes the formation of salt-bridge between P3, D*' of
VAMP-2 and S3, R® of LC/D, hydrogen bond interaction between P1, K°® of VAMP-2 and main
chain O atom of P%*, recognition of P1°, L®® of VAMP-2 by S1’ pocket, Y**® and L*® of LC/D, and
finally the hydrogen bond interaction between P2, S°! of VAMP-2 and S2 pocket residue R¥"? of
LC/D. The anchoring of VAMP-2 P sites to different S pockets in the active site of LC/D aligns

VAMP-2 scissile bond close enough to the active site Zinc ion to facilitate the peptide bond cleavage.

Compared to substrate recognition by other serotypes of BoNT, LC/D possesses unique
features of substrate recognition (145,146,148,150). First, hydrophobic interaction between
LC/D and VAMP-2 played an important role in substrate recognition. The interaction
between VAMP-2, M*® and LC/D, 1151 seems critical for LC/D substrate recognition. This
may be the first step of substrate recognition, which may facilitate the conformational
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change of VAMP-2 from double helix to a free loop confirmation favoring the subsequent
substrate binding and catalysis by different regions of LC/D. Further research may be
needed to test this hypothesis. However, far UV-CD analysis showed that 1151D displayed
slightly different conformation from wt-LC/D, suggesting that the significant effect of 1°'D
substrate recognition may be partially due to the conformational change of the whole protein

but not the loss of I

site recognition. Second, different from the recognition of one site of
substrate by one pocket of LC for other serotypes of BoNT, LC/D utilizes two functionally
similar residues to recognize one site of VAMP-2, such as S1° pocket, Y**®-L*® of LC/D for
recognition of P1” site, L*® of VAMP-2 in the active site of LC/D. In addition, dual
recognition was also commonly employed at the substrate binding regions. VAMP-2, V*°,

I*°*, Mutation to each residue did not

was recognized by the LC/D pocket formed by F>° and
show much effect (maximum 4 fold) on substrate hydrolysis, while mutation to both
residues showed dramatic reduction (400 fold) on substrate hydrolysis. VAMP-2 residues
N*® and M*® were also recognized by pockets with dual recognition mechanism. The pocket
that recognized N*® of VAMP-2 was formed by R* and H'** of LC/D. Although H™** played
a dominant role in N*° recognition, the H™?A mutation can be complemented by R?.
Similar to N*°, the pocket that recognized M*° of VAMP-2 was formed by V** and 1'** of
LC/D. I'** played a dominant role in M*® recognition, whereas V**® of VAMP-2 can play a
complementary role when 1'*'was mutated to alanine. Lastly, the pocket that recognized V*°
of VAMP-2 was formed by three hydrophobic residues, W**, 1'** and P™* of LC/D.
Mutation of each residue to alanine or asparagine showed no or minor effect on substrate
hydrolysis, whereas triple mutations to alanine showed much stronger reduction of substrate
hydrolysis, highlighting the complementary effects of three residues forming this pocket.
The presence of two or more functionally similar residues in the same substrate recognition
pocket enables LC/D to tolerate mutations. This property of LC/D makes it a good candidate
for further protein engineering.

Unlike BoNT/A that is the most toxic botulinum neurotoxin and implicates in human
botulism, BoNT/D is mainly responsible for animal botulism such as cattle botulism.
However, our data indicated that LC/D exhibited similar potency as LC/Ain hydrolysing
their substrates in vitro condition (133). Its role as a human therapy or bioterrorism weapon
remains to be investigated. Our data provided insights into the development of novel BONT

based therapies and BoNT/D antitoxins.
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Chapter Five: Distinct evolutionary routes of
Botulinum Neurotoxin subtypes F1 and F7 featuring
differential substrate recognition and cleavage

mechanisms*

5.1 Abstract

BoONT/F7, one of the seven subtypes of BONT/F (F1 to F7) identified based on phylogenetic
analysis, is the second-most divergent subtype, which shares >60% identity with BoNT/F1
at both holotoxin and enzymatic domain levels but needs an N-terminal extended peptide
substrate for efficient substrate cleavage as previously reported. The present study identified
the multistep substrate recognition mechanism employed by LC/F7 for efficient substrate
hydrolysis. Our findings further indicated that both LC/F and LC/F7 shared similarity in
substrate recognition, but LC/F7 utilized a unique substrate recognition in some binding
pockets and active sites, such as the B1, B2 and S2 pockets. The broadened
understandings of substrate recognition and cleavage at molecular level by LC/F7 may
be helpful in antitoxins and novel detection systems development and in addition, may

throw light on the evolution trace among different serotypes and subtypes of BoNTs.

Key words: Botulinum Neurotoxin F serotype, light chain, VAMP2, subtype, substrate
recognition mechanism

Abbreviations: BoNT/F1 and /F7, Botulinum Neurotoxin subtype F1 and F7; LC, light
chain; VAMP2, vesicle associated membrane protein-2; SNARE, soluble NSF attachment
receptor

* The work of this chapter has been done, and manuscript will be submitted soon.

5.2 Introduction

BONTSs are the most potent toxins identified till now, which have attracted much interest in
divers fields. Originally they are treated as a cause of deadly disease botulism, military and
terrorist intended to misuse them as biological weapon, thus they are classified by the
Centers for Disease Control and Prevention as category A agent, and listed in the Biological
and Toxin Weapons Convention (257,258). In the past about 80 years, seven serologically
distinct botulinum neurotoxins (BoNTSs, designated as A-G) have been identified, grouped
into different groups based on 16S rRNA sequence diversity (64,236) and more than 30
subtypes have been identified and reported as well (260). Moreover, an eighth serotype,
BoNT/H, was reported recently (55), however, some scientists question of the new
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identification and more experiments need to be performed to further prove it as a new

serotype.

Botulinum Neurotoxin serotype F (BONT/F), one of the seven serotypes, was firstly
described in 1960 following an outbreak in Denmark (123). Like other serotypes, BoNT/F
belongs to AB toxin family, its 150 kDa dichain, linked via a disulfide bond, toxin protein
can be separated into two functional domains: an N-ternimal 50 kDa light chain (LC,
catalytic domain) and a C-terminal 100 kDa heavy chain (HC) which can be further
separated into two sub-domains: translocation domain (HCT) and receptor binding domain
(HCR) (195,237). The LC of BoNT is zinc-dependent protease, containing a His-Glu-X-X-
His motif for zinc binding in the active cleft (238); the HC specifically recognize and bind
receptors on the presynaptic motor nerve cells and then translocate the LC across the
endosomal membrane into nerve cell cytosol, thus abort the neurotransmitter release process
by specific cleavage of the SNARE complex - the synaptic vesicle docking/fusion complex
(21,113,121,261).

Besides as deadly agent, the reversible intoxication (259) of BONT makes them to be
efficient treatment for a wide range of disorders (196,197). BoNTs employed a very
complex and multiple steps in substrate recognition and cleavage (243,244,262), a thorough
investigation of the underling mechanism will give a better understanding of BoNTs, and on
the other hand, will help in the development of antidote or inhibitor to fight against them,
and develop or extend novel therapeutic application. Seven subtypes of BoNT/F (F1 to F7)
have been identified based on phylogenetic analysis and BoNT/F7 is the second-most
divergent subtype, which shares 73.7% and 63.3% identity with BoNT/F1 at holotoxin and
enzymatic domain level respectively (122,123). Although BONT/F7 cleave substrate
VAMP-2 at the same location as BoNT/F1, it has a different peptide substrate recognition
requirement and needs an N-terminal extended peptide substrate to cleave (263). The
different substrate cleavage mechanism and limited substrate recognition information make
BoNT/F7 as a good candidate to perform a comprehensive study of its substrate recognition
mechanism, with the hope of better understanding of BoONT substrates recognition and
cleavage mechanism and furthermore provide more useful information for the development
of relative antidote or inhibitor. The present study uncovered that LC/F7 utilized a unique
substrate recognition and cleavage mechanism even though it shared some similarities with
LC/F in certain interaction pockets. The detailed molecular level investigation of
substrate recognition mechanism may be helpful in antitoxins, novel detection systems

and inhibitor development and in addition, may throw light on the evolution trace

among different serotypes and subtypes of BoNTs.
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5.3 MATERIALS AND METHODS

5.3.1 Plasmid Construction and Protein Purification

The E. coli codons optimized full length LC/F7 residues 1-450 (GenBank: ADA79579.1)
were obtained through total gene synthesis by Tech Dragon (Hong Kong, China), which was
then firstly sub-cloned into pGEX-2T vector through Sacl/BamHI restrictive sites. Our
previous study indicates that GST-LC/F7(1-405) has the highest solubility and activity
compared with other derivatives of LC/F7 (data not shown), so in the present study, all the
following assays were carried out by using purified GST-LC/F7(1-405) protein. The
purification of GST-LC/F7(1-405) and VAMP-2 (1-97) was achieved as previously
described (246).

5.3.2 Molecular Modeling

The complex structure of LC/F7-VAMP-2 was modeled by using SWISS-MODEL and
refined with PyMoL software as detailed previously (245). Briefly, the structure of LC/F7
was modeled by SWISS-MODEL by using the crystal structure of LC/F (PDB 2A8A) as
searching template and the structure of VAMP-2 was extracted from the SNARE complex
crystal structure (chain A, PDB 1SFC) and both structures were modified by PyMoL. The
LC/F7-VAMP-2 complex structure was modeled then by aligning to the LC/A-SNAP-25
complex structure (PDB 1XTG) and refined in the PyMoL software.

5.3.3 LC/F7 and VAMP-2 Derivatives Generation and purification

Based on the complex model and predictions, the mutated derivatives of LC/F7 and VAMP-
2 were performed by using QuickChange (Stratagene) commercial kit following the
manufacturer’s instruction. Success mutations were confirmed by sequencing and mutant

proteins were expressed and purified as described above.

5.3.4 Standard Linear Velocity Reaction
Linear velocity assays were performed as previously described (246). Briefly, 5-10 uM

VAMP-2 or derivatives was mixed with indicated amount of LC/F7 in reaction buffer (10
mM Tris-HCI, pH 7.6, 20 mM NaCl, designated as 10:20 buffer), with a total reaction

volume of 10 pl. After 20min incubation at 37°C, the reactions were stopped by adding
SDS-PAGE sample buffer, heated at 100°C for 5min, analyzed by SDS-PAGE. The amount

of VAMP-2 cleaved was determined by densitometry.

5.3.5 Kinetic Parameters Determination
The detailed K, and k., determination procedure was reported previously (262). The

amount of LC/F7 or its derivatives was adjusted to achieve <10% cleavage of VAMP-2 with
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the concentrations ranged from 1 to 72 pM. Reaction velocity against substrate
concentration was fitted to the Michaelis—Menten equation and kinetic constants were
derived using the GraphPad program. For each protein, at least three independent assays
were performed to determine the kinetic constants.

5.3.6 Far-UV Circular Dichroism Analysis

As detailed previously (262), LC/F7 and its derivatives were analyzed by far-UV CD for the
check of secondary structure change in a 10-mm path length quartz cuvette with 400 pl
volume (containing 0.1-0.4 mg/ml protein in 10:20 buffer). A JASCO J-810
spectropolarimeter was used with parameters set as: scanning speed 50 nm/min, 1s response
time, 1nm data pitch, 1nm band width and accumulation times was set as 3. The wavelength
range of 200-250nm was scanned, and raw CD data were converted to molar ellipticity

using Yang as reference (264), and the spectrum was generated using GraphPad Prism.

5.4 Results

5.4.1 VAMP-2 regions mapping analysis for efficient cleavage by LC/F7
BoONT/F7 shares >60% identity with BoNT/F1 both at holotoxin and enzymatic domain
levels, but it was reported that BONT/F7 could not recognize or cleave the optimal peptide
substrate (VAMP-2 32-65) for BoNT/F1. An N-terminal extended peptide substrate is
required for cleavage by BoNT/F7 (263). The detailed substrate recognition mechanism
employed by LC/F1 has been investigated previously (246), in order to dissect the molecular
recognition mechanism of VAMP-2 by BoNT/F7, regions mapping of VAMP-2 that would
give efficient cleavage by LC/F7 was performed firstly (data not shown). The N-terminal 20
residues deletion, VAMP-2 (20-97), did not exhibit reduced VAMP-2 cleavage efficiency
by LC/F7, however, both the VAMP-2 (30-97) and VAMP-2 (40-97) truncated mutants
showed >4000-fold reduction in VAMP-2 cleavage efficiency by LC/F7, suggesting a
significant role played by the N-terminal region from residues 20 to 30 in recognition by
LC/F7. In addition, no dramatic substrate cleavage efficiency reduction was detected for the
C-terminal truncated VAMP-2 (1-65). Taken together, the finding indicated that a likely
minimal efficient substrate for LC/F7 was VAMP-2 (20-65), with the SNARE motif V2
(62-71) exert minor contribution to LC/F7 cleavage of VAMP-2.

5.4.2 Contribution of individual residues of VAMP-2 on LC/F7 cleavage

Based on the results mentioned above, alanine-scanning mutagenesis within VAMP-2 (22-
66) was performed to investigate the individual point mutation effect on substrate cleavage
by LC/F7. Surprisingly, no individual residue within the N-terminal 20-30 region were
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found exerted significant effect on the hydrolysis efficiency of LC/F7 on VAMP-2 (Figure
5.1), indicating the VAMP-2 N-terminal 20-30 region works as a whole to contribute to
substrate recognition and cleavage by LC/F7. In addition, dramatic differences were
detected at certain individual residues of VAMP-2 which contributed differently to the
hydrolysis by LC/F and LC/F7. For example, the R31A, L32A, Q34A, Q38A, V39A, D40A,
145A, M46A, V53A, L54A, D57A, and K59A mutants of VAMP-2 displayed ~500-, 100-,
7-, 6-, 12-, 25-, 5-, 8-, 16-, 16-, 25-, and 2000-fold reductive effect on LC/F7 substrate
hydrolysis respectively, however, these VAMP-2 mutants showed ~10-, 1-, 1-, 30-, 100-, 1-,
20-, 1-, 10-, 30-, 500-, and 1000-fold reductions in LC/F substrate cleavage efficiency
respective ly. Unexpectedly, the VAMP-2 P2' site mutant, L60A, showed almost no effect on
LC/F7 substrate cleavage capacity, but displayed 30-fold reduction in LC/F substrate
cleavage efficiency (Figure 5.1) (246). To conclude, LC/F7 employed a different and

unique mechanism in substrate recognition and cleavage when compared with LC/F.
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Figure 5. 1 Hydrolysis comparison of LC/F and LC/F7 on the cleavage of VAMP -2 and its
derivatiwes.

Hydrolysis was measured as the ratio of the amount of LC/F7 to cleave 50% of VAMP -2 and
derivatives against the amount of LC/F7 to cleave 50% of VAMP -2 wt. The data of VAMP-2 and its

derivatives cleavage by LC/F were from reference (246).

5.4.3 CD analysis of LC/F7 and derivatives

The LC/F7 structure was modeled by using SWISS MODEL based on the structure of LC/F
(chain A, PDB accession number 2A8A), and then LC/F7-VAMP-2 complex structure was
mode led by aligning with the complex structure of LC/F with a peptide inhibitor (PDB 3FIE)
and modified with PyMOL software (Figure 5.2). Based on the alanine mutagenesis
scanning and modeled complex structure, the residues/pockets in LC/F7 that specifically

recognized the corresponding residues in VAMP-2 were predicted and further proved by
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biochemical characterization. To make sure the substrate cleavage efficiency changes were
not caused by the mutations of LC/F7, far-UV CD analysis of LC/F7 and derivatives were
performed. All of the mutants showed identical CD spectra, and only F168A displayed a
slightly different pattern (Figure 5.3). In addition, partial trypsin digestion analysis for
LC/F7 and derivatives was performed as well, and the result indicated that all of the LC/F7
mutants had an identical digestion profile, when compared with LC/F7 wt, suggesting the
mutations of LC/F7 analyzed did not cause significant conformational change in the overall
structure of LC/F7 (data not shown).

Figure 5.2 Owrall view of the modeled LC/F7-VAMP-2 complex structure and aligned
interactions between LC/F7 and VAMP-2.

A, view of the active site and B2 and B3 region alignment; B, view after a 90° clockwise turn,
displaying the B1 region interactions. LC/F7 is shown as a surface structure, and VAMP -2 in ribbon
structure. The active site recognition and binding site interactions are highlighted. The residues were
colored based on side chain: negatively charged (red), positively charged (blue), hydrophobic (gray)

polar (green) and zinc (magenta sphere).
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Figure 5.3 CD spectroscopy analysis of LC/F7 and its derivatives.

Far-UV CD data were obtained for LC/F7 and its derivatives with a spectropolarimeter at room

temperature. The data for the representative LC/F7 derivatives are shown in different symbols.
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5.4.4 LC/F7 active site substrate recognition

Through alanine scanning analysis of VAMP-2, the alanine mutations of P1' (K*°) and P2
(D) could reduced the LC/F7 substrate cleavage efficiency by about 2000- and 25-fold
respectively (Figure 5.1). Both sites also found exerted significant effect on the LC/F
substrate cleavage efficiency, with ~1000- and ~500-fold effect respectively (Figure 5.1)
(246). Based on the modeled complex structure of LC/F7-VAMP-2, the potentially
corresponding interaction pockets (designated as S1' and S2) were identified and
characterized.

5.4.4.1 Triple recognition between the P1' (K*°) of VAMP-2 and the S1' pocket
of LC/F7

The S1' pocket in LC/F7 that specifically recognized the positively charged K>° of VAMP-2
comprised two negatively charged residues (E*° and E**°) which located on the either side
of K*° of VAMP-2, and one polar residue (S*'°) located in the middle of the S1' pocket
(Figure 5.4A). LC/F7 cleaved VAMP-2 (K59A) mutant with an about 2000-fold lower
efficiency, indicating the important role played by the VAMP-2 P1' site on the interaction
with LC/F7 (Figure 5.1). The activity of LC/F7 could be abolished by either E199A or
E345A mutation. In addition, the activity of LC/F7 (E199Q) mutant was also too low to
detect, and LC/F7 (E345Q) derivative showed about 3000-fold deduction in VAMP-2
cleavage efficiency by affecting both Km and kcat, suggesting the significant role of the salt
bridge formed between K59 of VAMP-2 and E199/E345 of LC/F7 (Table 5.1). Moreover,
S?'® in the S1' pocket of LC/F7 also displayed significant role in the interaction with K*° site
of VAMP-2. The LC/F7 (S216A) mutant showed about 63-fold lower substrate cleavage
efficiency through mainly affecting kcat, suggesting a possible side-chain hydrogen bond
interaction with the K59 residue of VAMP-2. The activity of LC/F7 was totally abolished
by LC/F7 (S216D) mutant which likely exerted the significant effect via repelling with the
other two adacent negatively charged residue in the pocket (Table 5.1). For LC/F, its S1'
pocket was formed by two residues, E200 and S224 (246), with a missing negatively
charged residue when compared with LC/F7 which may determined the unique substrate
recognition mechanism of LC/F7.
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Figure 5. 4 Recognition s pecificity of VAMP-2 by LC/F7 pockets.

The structure of LC/F7 in the right panel is shown as surface, the residues of VAMP-2 that identified
interacting with the corresponding residues of LC/F7 were shown in stick. The active site recognition
and binding site interactions of LC/F7 were shown in stick and highlighted based on side chain:
negatively charged (red), positively charged (blue), hydrophobic (gray) polar (green) and zinc
(magenta sphere). (A) At the active site (AS) of LC/F7, the S1' pocket in LC/F7 comprised two
negatively charged residues (E*°° and E***) and one polar residue (S'°), which may interacted the P1'
(K>%) of VAMP-2 through salt bridge and side-chain hydrogen bond interaction. In the S2 pocket of
LC/F7, two residues (K*32 and N*®) were indentified to interact with P2 (D°") of VAMP-2, likely via
salt bridge and hydrogen bond in stabilizing the P1 site for an efficient scissile bond hydrolysis. (B)
In the B3 pocket of LC/F7, three major hydrophobic residues (F*%, Y2 and I1°2) were identified to
interact with the three hydrophobic residues, L>*, V* and 1*° in the VAMP-2 B3 region. In the B2
pocket of LC/F7, the positively charged residue, R*®, interacted with the D*° residue in the B2 region
of VAMP-2 via salt bridge interaction. (C) The B1 pocket in LC/F7, located on the opposite surface
of the active site, was composed of D*!, E%, w* and M** which were found have a very clear
division of roles and synergetic effect in interacting with the corresponding residues in the B1 region
of VAMP-2: the D*! and E*® synergistically interacted with the R* residue of VAMP-2, and the W**
and M residues displayed synergetic effect in interacting with the L*? of VAMP-2.
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Table 5. 1 Efficiency of VAMP-2 hydrolysis andkinetic constants of LC/F7 and derivatives.

VAMP-2 Activity

. . LC/F7 - Km Kcat kcat/Km
ooy pookets Cervatves T w6 (s i)
G?lT 4|6(5:)F ’ 1 13.10£6.60 291.00 2221
P1' (K% Asib E199A ND° ND ND ND
E199Q ND ND ND ND
E345A ND ND ND ND
E345Q 3000 2224045 020 0.09
216D ND ND ND ND
S216A 62.5 6.66+2.33  2.24 0.34
P2 (D%) AS-S2 K232A 2000 3.25+0.80  0.18 0.06
N236A 75 -d - -
B3 rligif;;)("m' B3 F168A 10 2.74+0.67  6.82 2.49
Y26A ND ND ND ND
152A 500 4224124 031 0.07
B2 site (DY) B2 R133A ND ND ND ND
Bl regLL?)” R g D41A 20 2024122 4.07 2,01
D41K 600 4913210  0.29 0.06
T17A 0.7 - - -
E38A 80 253+0.68 146 0.58
E38K ND ND ND ND
E38A/DA41A >3000 - - -
WA44A 6.3 - ; ]
M 149A 6.3 - - -
W44AAM 149 50 2.34+049  3.30 1.41

*Theratio of the amount of LC/F7 derivatives neededto cleave 50% of VAMP-2 wt to the amount of LC/F7 wt needed to
cleave 50% of VAMP-2 wt.

b Active site.

“ND, not detectable. The mutant wastoo inactive to determine its kinetic constants in the present study.

9 _ kinetic constants were not determined.

5.4.4.2 Salt bridge mediates the interaction between the P2 (D°') of VAMP-2
and the S2 pocket of LC/F7

The VAMP-2 P2 site residue alanine mutant, VAMP-2 (D57A), could reduce the substrate
cleavage efficiency of LC/F and LC/F7 by about 500- and 25-fold respectively (Figure 5.1)
(246), suggesting its important role in LC/F and LC/F7 substrate recognition. The
corresponding S2 pocket that specifically recognized the P2 site of VAMP-2 in LC/F was
composed of two positively charged residues (R** and R*®), both of which played
significant contribution in substrate hydrolysis by LC/F (246). In the S2 pocket of LC/F7,
two residues were indentified playing roles in interacting with D°" as well, one positively
charge residue (K**?) and one polar residue (N**°) (Figure 5.4A). The mutations K232A and
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N236A in LC/F7 exerted about 2000- and 7.5-fold reduction in substrate hydrolysis
respectively, and the LC/F7 (K232A) showed significant effect on kcat (Table 5.1),
indicating the very important role of the salt bridge formed between K232 and D57 in
stabilizing the P1 site for an efficient scissile bond hydrolysis. In addition, the N**® in the S2
pocket of LC/F7 may play role in the stabilization of the P1 site via hydrogen bond
interaction with the D°’ of VAMP-2. In the interactions between P2-S2, LC/F employed two
positively charged residues to interact with D°” of VAMP-2, and both of the two Arginines
played significant contributions (246). Howewer, in LC/F7, one Arginine and one
Asparagine were indentified in the S2 pocket, and the Arginine displayed a dominant role in
interacting with D>’ of VAMP-2. The difference may contribute to the unique substrate
recognition mechanism employed by LC/F7 when compared with LC/F as well.

5.4.5 LC/F7 binding pockets interactions with VAMP-2

Alanine scanning and LC/F7-VAMP-2 complex structure analysis identified three binding
pockets in LC/F7 that interacted with the corresponding sites in VAMP-2 (Figure 5.2).

5.4.5.1 LC/F7 B2&B3 pockets

The pockets specifically recognize the B sites of VAMP-2 were designated to be B pockets.
The VAMP-2 B3 region located on a helix immediately downstream of the active site was
composed of three major hydrophobic residues, L**, V** and 1*°. The VAMP-2 alanine
mutations L54A, V53A and 145A showed ~16-, ~16- and ~5-fold reduced effect on
hydrolysis of LC/F7 on VAMP-2 respectively (Figure 5.1). Predicted from the modeled
LC/F7-VAMP-2 complex structure, three major hydrophobic residues (F168, Y26 and 152)
in the corresponding B3 pocket in LC/F7 were identified (Figure 5.4B). The F168A
mutant displayed ~16-fold reductive effect on the hydrolysis activity of LC/F7 mainly
by decreasing kcat (~42-fold); the I52A derivative showed ~500-fold effect on LC/F7
activity in cleaving VAMP-2, with ~3-fold increase in Km and more than 900-fold
reduction effect on kcat; in addition, the Y26A mutant tested totally abolished the
activity of LC/F7 to cleave substrate VAMP-2 (Table 5.1). The findings suggested that
Y26 and 152 in the B3 pocket of LC/F7 may played dominant role in interacting with the
corresponding residue in VAMP-2. Previous study showed that in the B3 pocket of
LC/F, three hydrophobic residues (Y168, Y26 and [52) were identified, but with two
Tyrosines employed (246). It seemed at the B3 pocket, both LC/F and LC/F7 employ a
slightly different but similar strategy to interact with the B3 region of VAMP-2.

The VAMP-2 B2 site was located a little far away from but still adjacent to the active
region (Figure 5.2). One negatively charge residue (D*°) in VAMP-2 was identified to
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interact with the corresponding residue, R**®, in the B2 pocket of LC/F7 (Figure 5.4B). The
VAMP-2 mutant, D40A exerted about 25-fold in decreasing the hydrolysis efficiency of
LC/7 (Figure 5.1). The activity of LC/F7 could be abolished by the R133A mutant in the
B2 pocket (Table 5.1), indicating the significant role of the salt bridge formed between the
D*° of VAMP-2 and the R**® of LC/F7. In LC/F, a more complicate interaction strategy was
applied in the B2 region via the residues E**, V*° and Q¥ of VAMP-2 and R'®, K*"?, P**,
V" and S'*’ residues of LC/F (246), however, the same effect was achieved by LC/F7 in
the B2 region through simply utilizing a salt bridge between D*° of VAMP-2 and R** of
LC/F7, uncovering the trace of evolution among the different subtypes of BoNT/F.

5.4.5.2 LC/F7 B1 pocket

Like LC/F, the B1 pocket in LC/F7 was located on the opposite surface of the active site and
was composed of D*', E®*, W* and M** (Figure 5.4C). The residues, R* and L*, in the B1
region of VAMP-2 interacted with the corresponding residues in the B1 pocket of LC/F7.
The mutants of R31A and L32A showed about 500-fold and 100-fold reductive effect
respectively on the hydrolysis efficiency of LC/F7 on VAMP-2 (Figure 5.1). The D* and
E® in the B1 pocket of LC/F7 may interacted with the residue R*" of VAMP-2 via salt
bridge. The LC/F7 derivatives, D41A and E38A reduced the substrate cleavage efficiency
by about 20-fold and 80-fold respectively. In addition, the double mutant, D41A/E38A of
LC/F7 showed more than 3000-fold reductive effect on the hydrolysis efficiency, indicating
the synergetic effect of residues D*' and E® in interacting with the R* in VAMP-2.
Moreover, the charge reversed mutant of D41K decreased the LC/F7 activity to about 600-
fold, and E38K mutant totally abolished the substrate cleavage activity of LC/F7, further
suggesting the significant role played by negatively charged residues in the B1 pocket in
interacting with the R31 residue in the B1 region of VAMP-2 (Table 5.1). Similar as the
residues of D** and E®, the W* and M**® residues employed a synergetic effect to interact
with L* of VAMP-2 as well, the double mutant W44A/M149A displayed about 50-fold
reductive effect on the LC/F7 substrate cleavage efficiency by affecting both Km and kcat,
but mainly on kcat (Table 5.1). In addition, T*" was within the B1 pocket of LC/F7, and the
T17A mutant could slightly increased the activity of LC/F7 (Table 5.1), suggesting the
potency to optimize the interaction between LC/F7 and VAMP-2 at this site and some other
sites that need to be identified. Take together, in the B1 pocket of LC/F7, a very clear
division of roles and synergetic effect were discovered among residues, with the D** and E®
synergistically interacted with the R** residue of VAMP-2, and the W** and M**° residues
displayed synergetic effect in interacting with the L** of VAMP-2. Moreover, our finding
proved that the interactions between LC/F7 and VAMP-2 have space, at least in the B1
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pocket, to improve and optimize to give a more optimal interactions, and thus elevated

substrate hydrolysis efficiency.

5.5 Discussion

Unlike other metalloendopeptidases, BONTs need an extended region (exosite) for efficient
substrate binding and cleavage. Recently, the mechanisms of BoNT/A, /B, /E, /D and /F and
the tetanus neurotoxin have been demonstrated. Each of them employed different strategies
in interacting with substrates in order to efficiently cleave corresponding substrates
(133,150,243-246,262). In addition, the different subtypes within a serotype also displayed
distinctive substrate hydrolysis efficiency. BONT/A5 was previously reported has a different
substrate recognition mechanism when compared with BoNT/AL, even though the former
shared 97.1% identity and 97.9% similarity with the later at the amino acid level (265). For
the BONT/F, seven subtypes (F1 through F7) have been identified, and the substrate
recognition and cleavage mechanism of subtype BoNT/F1 has been dissected previously.
Three binding pockets in the light chain of BONT/F1 were identified which directed the
scissile bond in substrate VAMP-2 to the active site and then get be cleaved (246). BoNT/F7
shares > 60% identity with BONT/F1 both at holotoxin and enzymatic domain levels, but it
is the second-most divergent subtype. And it was discovered that BoNT/F7 required a
longer peptide substrate for cleavage than other BoNT/F subtypes, suggesting a different
substrate recognition mechanism employed by BoNT/F7(263).

In the present study, VAMP-2 region mapping analysis revealed that the N-terminal 30
residues deletion of VAMP-2 (30-97) showed >4000 fold reduction in VAMP-2 cleavage
efficiency by LC/F7, and the N-terminal 20 residues deletion mapping did not exhibit
reduced effect (data not shown). No single residue, however, within the N-terminal 20-30
region displayed significant effect on the hydrolysis efficiency of LC/F7 on VAMP-2
(Figure 5.1), indicating the VAMP-2 N-terminal 20-30 region, as a whole, exerted
important role in the substrate recognition and cleavage process by LC/F7. Taken together,
our findings suggested a likely minimal efficient substrate for LC/F7 was VAMP-2 (20-65),
with the SNARE motif V1 (38-47) played significant contribution to substrate hydrolysis of
LC/F7. Further alanine scanning of VAMP-2 and protein complex modeling and
characterization analysis enabled the possible substrate recognition and cleavage mechanism
employed by LC/F7 to be uncovered.

Like the mechanism employed by LC/F, three substrate binding pockets distal to the active
site in LC/F7 were identified, which facilitate the LC/F7 active site to recognize and
catalyze substrate VAMP-2. Firstly, D4t and E38in the B1 pocket of LC/F7 specifically
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recognize and interact with the R31 residue in VAMP-2 with synergetic effect through
salt bridge interaction, meanwhile, another two residues in the B1 pocket, W44 and
M149 synergistically interact with the L32 of VAMP-2 via hydrophobic interactions (Figure
5.5). The results suggested that all the four residues in the B1 pocket of LC/F7 were
grouped into two groups with distinctive and clear roles in recognizing and interacting
with corresponding residues in the Bl region of VAMP-2. As comparison, such
distinctive division of synergetic work of different residues has not been witnessed in
the B1 pocket of LC/F. In addition, the slightly increased substrate hydrolysis
efficiency of LC/F7 (T17A) indicating the potency of optimization for LC/F7 with
elevated activity. After anchored into the LC/F7 B1 pocket, VAMP-2 was further
oriented and aligned along the LC/F7 through salt bridge interaction between the R133,
in the B2 pocket of LC/F7, and the D% in the B2 region of VAMP-2. A dramatic
difference and more complicated interaction strategy was employed by LC/F in B2
pocket to recognize the residues in the B2 region of VAMP-2 (Figure 5.5). The
difference in the B2 pocket recognition mechanism employed by LC/F and LC/F7 may
throw light onto the evolution of BoNTs. Adjacent to the B2 pocket, the B3 pocket in
LC/F7 further oriented and stabilized VAMP-2 to active site via interactions with the
corresponding residues in the B3 region of VAMP-2. Both LC/F and LC/F7 utilized a
similar VAMP-2 interaction strategy at the B3 pocket, suggesting its significant role in
stabilizing substrate for hydrolysis (Figure 5.5). Then the scissile bond in VAMP-2 was
further stabilized and oriented through interactions between S2-P2, and finally
substrate VAMP-2 was cleaved at the process during the interactions between S1'-P1'.
Interestingly, in the S2' pocket of LC/F, several hydrophobic residues were identified
to interact with the P2' (L60) of VAMP-2, and the S2'-P2' hydrophobic interactions
between LC/F and VAMP-2 could stabilized the scissile bond arrangement for efficient
substrate cleavage. However, it seemed that the role of the P2' site of VAMP-2 was
diminished in the interaction with the S2' pocket of LC/F7. Together with the
differences in the B1 and B2 pockets, the dramatic differences in the active site also
contributed to the unique substrate recognition and cleavage mechanism employed by

LC/F7, when compared with LC/F (Figure 5.5).
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Figure 5.5 Schematic representation of interactions between LC/F-VAMP-2 and LC/F7-
VAMP-2.

The interaction data of LC/F-VAMP-2 were from reference (246).

In conclusion, the present detailed investigation of the unique substrate recognition and
cleavage mechanism of LC/F7 dissected the step by step substrate recognition and
hydrolysis though further studies are needed to uncover the exact substrate recognition steps.
The present studying broadens the understanding of substrate recognition and cleavage at
molecular level employed by BoNTs, provide essential information for the development of
antitoxins and novel detection systems for different subtypes of BoNTSs, and in addition,
may throw light on the evolution trace among different serotypes and subtypes of BoNTS.
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Chapter Six: The most diverse subtype Botulinum
Neurotoxin F5 with unique substrate recognition

mechanism*

6.1 Abstract

Botulinum Neurotoxins (BoNTSs) are the causative agents of botulism via potently inhibit
the neurotransmitter release in motor neurons. In the past decade, seven serotypes of BoONTs
(designated as BoONT/A-G) and about 31 bont gene subtypes/variants have been identified.
Among the BoNT/F serotype, BoNT/F5 is the most diverse subtype which less than 50%
identity in amino acid sequence to the other six subtypes. Moreover, the BoONT/F5 was
reported to recognize and cleave a different scissile bond formed by L**-E*® in VAMP-2.
The present study firstly addressed the unique substrate recognition mechanism adopted by
LC/F5 through its B1-B3 binding pockets and S2, S1' and S2' sites in the active site. Our
data indicates that the optimal peptide required for efficient substrate cleavage is VAMP-
2 (20-65). More interestingly, when comparing with the modeled LC/F1-VAMP-2
complex structure, in the LC/F5-VAMP-2 complex, a N-terminal four-residue shifted o-
helix is observed, suggesting VAMP-2 is likely to coordinate and better fit the different cleft
shapes in LC/F5 and LC/F1 by changing conformation. In conclusion, the present findings
may helpful in better understanding the unique substrate recognition mechanisms adopted
by BoNTSs, in deve loping antitoxin, inhibitor and detection systems.

Key words: Botulinum Neurotoxin F serotype, light chain, VAMP2, subtype, substrate
recognition mechanism

Abbreviations: BoNT/F5, Botulinum Neurotoxin subtype F5; LC, light chain; VAMP2,
vesicle associated membrane protein-2; SNARE, soluble NSF attachment receptor

* Most of the work of this chapter has been done, and manuscript will be submitted soon.

6.2 Introduction

Botulism was named after the Latin word “botulus” for sausage in that it was firstly
described by Justinus Kerner after a food poisoning outbreak that followed the ingestion of
blood sausages (11). Botulism from food or wounds infection is caused by the most potent
protein neurotoxin, Botulinum Neurotoxins (BoNTs) which are produced by Clostridia
botulinum (5). Human botulism is serious and fatal. If prompt diagnosis and immediate
treatment are not given, the mortality rate of botulism is really high, with 5-10% cases are
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fatal, even though the incidence of botulism is low, and thus early detection and diagnosis is
the key in preventing botulism. Moreover, due to the longevity, easy to deliver and make
characteristics of BoNTSs, they are treated as potential usage in biological weapons in
bioterrorism attacks and listed as Category A agent by Center for Disease Control and
Prevention in the United States (12,257).

BoNTs typically represent the neurotransmitters release blocker by inhibiting the release of
acetylcholine (Ach) by specifically targeting and degrading the SNARE (Soluble N-
ethylmaleimide sensitive fusion protein (NSF) Attachment protein Receptor) proteins at the
neuromuscular junction. BoNTs belong to AB toxin family. The holotoxin is a ~ 150 kDa
single polypeptide chain which can be functionally divided into two domains: an N-
terminal ~ 50 kDa light chain (LC, catalytic domain) and a ~ 100 kDa C-terminal heavy
chain (HC) and both of which are covalently linked through a disulfide bond until they
encounter reducing conditions in the neuronal cytosol (65). The HC domain is composed of
two sub-domains: translocation domain Hy which mediates translocation of LC across the
endosomal membrane, and cell surface receptor-binding domain Hc (66,67). In the past
almost decade, seven serotypes of BONTs (designated as BoONT/A-G) and about 31 bont
gene subtypes/variants have been identified (49-54,61-64). In addition, an eighth serotype,
BoNT/H, was reported recently (55), however, some scientists question of the new
identification and more experiments need to be performed to further prove it as a new
serotype (56). And recently, BONT/H was reported as a hybrid of serotypes F and A
characterized with BoNT/A antigenicity and BoNT/F5 light chain function (266).

BONT/F5 (122,123) is a newly reported subtype which exhibits 46-49% identity in amino
acid sequence to the other six subtypes within the BoNT/F serotype. Most importantly but
less surprisingly, it cleaves substrate VAMP-2 at a different scissile bond, namely L>*-E*®,
whereas all the other six subtypes cleave substrate VAMP-2 at Q*%-K®°, suggesting that it
belongs to a novel class of BoONTSs in term of biochemical activity. The finding also shook
the principle that all subtypes within a given serotype shared same cleavage site on their
respective SNARE substrate. Amino acid residues near the active sites of all the seven
subtypes of BONT/F indicated that several residues immediately upstream of the active site
were substituted in BoNT/F5 (122). This degree of variance may contribute to the different
cleavage location recognized by BoNT/F5. However, data regarding the efficient substrate
recognition and cleavage employed by LC/F5 is currently not elucidated yet.

The present study, for the first time, reported a detailed substrate recognition and cleavage
mechanism employed by LC/F5, and proposed a possible LC/F5 and VAMP-2 interaction

model to illustrate its unique substrate binding and recognition strategy. The findings may
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broaden our understanding of the substrate recognition mechanism utilized by BoNTs, and
the better understanding of the mechanism of substrate recognition and cleavage by BoNTs
will be prerequisite to develop inhibitors or antidotes for BoNTs intoxication, novel
therapeutic applications and rapid detection system in the future.

6.3 Materials and Methods

6.3.1 Construct design and cloning

To facilitate the expression of target protein, the corresponding sequence to full length
LC/F5 residues 1-450 (GenBank: ADA79579.1) was codons optimized preferred in E. coli,
synthesized by Tech Dragon (Hong Kong, China), sub-cloned into pGEX-2T vector through
Sacl/BamHI restrictive sites. In addition, the human VAMP-2 (1-97) construct was achieved
as detailed previously (243). All the mutated derivatives of LC/F5 and VAMP-2 were
performed by using QuickChange (Stratagene) commercial kit follow ing the manufacturer’s

instruction and confirmed by sequencing in BGI (Shenzhen, China).

6.3.2 Protein expression and Purification

Based on our previous study on LC/F5 (267), GST tagged full length LC/F5 (1-450)
displayed the highest solubility and activity when compared with other versions of LC/F5.
Thus in the present study, all the assays were carried out by using purified GST-LC/F5 (1-
450) protein. The purification of GST-LC/F5 (1-450) and VAMP-2 (1-97) and all
derivatives was achieved as previously described (246,267).

6.3.3 Molecular Modeling

The complex structure of LC/F5-VAMP-2 was modeled by using SWISS-MODEL and
refined with PyMoL software as detailed previously (245). Briefly, the structure of LC/F5
(1-450) was modeled by SWISS-MODEL by using the crystal structure of LC/F (PDB
2A8A) as searching template and the structure of VAMP-2 was extracted from the SNARE
complex crystal structure (chain A, PDB 1SFC) and both structures were modified by
PyMoL. The LC/F5-VAMP-2 complex structure was modeled then by aligning to the LC/A-
SNAP-25 complex structure (PDB 1XTG) and refined in the PyMoL software.

6.3.4 Standard Linear Velocity Reaction

Linear velocity assays were performed as previously described (246). Briefly, in 10 ul
reaction mixture, 5-10 pM VAMP-2 or derivatives was mixed with indicated amount of
LC/F5 in 10:20 buffer (10 mM Tris-HCI, pH 7.6, 20 mM NaCl). After 20min incubation at
37°C, the reactions were stopped by adding SDS-PAGE sample buffer, heated at 100°C for
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5min, analyzed by SDS-PAGE. The amount of VAMP-2 cleaved was determined by
densitometry.

6.3.5 Kinetic Parameters Determination

As described previously (262), the K, and k,; determination were almost the same as above
mentioned, but the amount of LC/F5 or its derivatives was adjusted to achieve <10%
cleavage of VAMP-2 which concentrations ranged from 1 to 72 puM. Reaction velocity
against substrate concentration was fitted to the Michaelis—Menten equation and kinetic
constants were derived using the GraphPad program. For each protein, at least three

independent assays were performed to determine the kinetic constants.

6.3.6 Far-UV Circular Dichroism Analysis

As detailed previously (262), LC/F5 and derivatives were analyzed by far-UV CD for the
check of secondary structure change in a 10-mm path length quartz cuvette with 400 pl
volume (containing 0.1-0.4 mg/ml protein in 10:20 buffer). A JASCO J-810
spectropolarimeter was used with parameters set as: scanning speed 50 nm/min, 1s response
time, 1nm data pitch, 1nm band width and accumulation times was set as 3. The wavelength
range of 200-250nm was scanned, and raw CD data were converted to molar ellipticity

using Yang as reference (264), and the spectrum was generated using GraphPad Prism.

6.4 Results

Identified as the most diverse subtype among all the seven subtypes of the BoONT/F serotype,
BONT/F5 (122,123) shares less than 50% identity in amino acid level to the other six
subtypes. In addition, enzymatic analysis revealed that BoNT/F5 recognized and cleaved a
different scissile bond on substrate VAMP-2 (122), which shook the principle that all
subtypes within a given serotype shared same cleavage site on their respective SNARE
substrate. Taken together, all of the findings indicate that, in term of biochemical activity,
BONT/F5 belongs to a novel class of BoNTs, and it is likely that BONT/F5 employs a
unique substrate recognition and cleavage strategy.

To uncover the mysterious substrate recognition mechanism of BoNT/F5, a GST tagged
light chain of BoNT/F5, namely GST-LC/F5 (1-450), was purified and used to test the
individual residue effect from VAMP-2 on the enzymatic activity of LC/F5. In order to
achieve this goal, saturation alanine mutagenesis was carried out by using the VAMP -2 (1-
97) as backbone, and at the same time, different truncations of VAMP -2 were made as well
by employing mutagenesis method or other relative DNA technologies. Our data indicated
that the residues within the region 20-40 of VAMP-2 contributed significantly to the
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interactions between VAMP-2 and LC/F5, with the truncated VAMP-2 (40-97) deducted
~8000-fold activity of LC/F5, however, the VAMP-2 (1-65) truncation only displayed
~4-fold effect on the activity of LC/F5 (data not shown). All the data suggested that the
possible minimal peptide region required for efficient substrate cleavage was VAMP -2
(20-65). In order to dissect the role of individual residue in VAMP-2, saturation alanine-
scanning analysis was performed within VAMP-2 (22-66) (Figure 6.1). The residues that
exert important contribution to interact with the corresponding residue in LC/F5 mainly
locate within the region 40-60 of VAMP-2 and some other important residues locate
downstream or upstream (Figure 6.1). Most of the residues tested with the location before
30 of VAMP-2 displayed less than 5-fold effect on the substrate cleavage by LC/F5, except
N29A mutant of VAMP-2, which deducted the substrate cleavage efficiency of LC/F5 by
~20-fold. In addition, the VAMP-2 mutants, R31A, E41A, N49A, V50A, D51A, K524,
E55A, R56A and Q58A displayed ~200-, 80-, 10-, 50-, 10-, 20-, 750-, 4000- and 25-fold
deductive effect respectively on the activity of LC/F5 to cleave VAMP -2 (Figure 6.1), most
of which locate within or adjacent to the V1 motif of VAMP-2 (Figure 6.1, inlet).
Consistent with previous findings on the important role played by the P1' residue of
substrate (148,243,262), for LC/F5, the VAMP-2 P1' site mutant, ES5A, required about 750-
fold more amount of LC/F5 to hydrolyze 50% of the mutant. The same as the R56A, the
VAMP-2 P2' site mutant, which deducted the LC/F5 substrate cleavage capacity by ~4000-

fold (Figure 6.1).
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Figure 6. 1 Hydrolysis analysis LC/F5 on the cleavage of VAMP-2 and derivaties.

Hydrolysis was measured as the ratio of the amount of LC/F5 to cleave 50% of VAMP -2 and
derivatives against the amount of LC/F5 to cleave 50% of VAMP-2 wt. The dash line highlights the

no effect level. In the inlet, the motifs distribution within VAMP -2 is illustrated.
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In order to indentify the corresponding residues in LC/F5 to interact with VAMP-2, the
structure of LC/F5 was firstly modeled by using SWISS MODEL based on the structure of
LC/F (chain A, PDB 2A8A), and then LC/F5-VAMP-2 complex structure was modeled by
aligning with the complex structure of LC/F with a peptide inhibitor (PDB 3FIE) with the
help of PyMOL (Figure 6.2). The predicted, based on the modeled LC/F5-VAMP-2
structure, residues that may specifically interacted with the corresponding residues in
VAMP-2 were proved by biochemical characterization. Far-UV CD analysis were
performed to probe whether the introduced mutations of LC/F5 affected the overall protein
conformation and stability, with the aim to avoid the possibility that the resulted difference
in substrate cleavage efficiency was arose by the different mutations of LC/F5(Figure 6.3).
All LC/F5 mutants retain a similar secondary structure profile as wild type LC/F5
suggesting they do not likely impact the overall protein structure. Though the wavelengths
at which maximal and minimal peak values observed with slight changes, the differences are
too minor to take into consideration. In addition, partial trypsin digestion analysis was
performed as well (data not shown), and the result indicated that all of the LC/F5 mutants
had an identical digestion profile to that of wild type LC/F5. In conclusion, the introduced
mutations of LC/F5 analyzed did not cause significant conformational change in the overall

protein structure.

Figure 6. 2 Owerall view of the modeled LC/F5-VAMP-2 complex structure.

(A) view of the active site, B2 and B3 regions alignment; (B) view after a 90° clockwise turn,
displaying the B1 region interactions. LC/F5 is shown as a surface structure, and VAMP -2 in ribbon
structure. Based on prediction, the corresponding interacting sites/regions between LC/F5 and
VAMP-2 are highlighted. The residues were colored based on side chain: negatively charged (red),
positively charged (blue), hydrophobic (gray) polar (green) and zinc (magenta sphere).
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Figure 6. 3 Circular Dichroism spectroscopy analysis of LC/F5 derivaties.
Far-UV CD (190-250 nm) data were obtained for LC/F5 and its derivatives with a JASCO J-810
spectropolarimeter at room temperature. The molar ellipticity per residue weight is shown for the

representative LC/F7 derivatives and wild type, and each is labeled in different symbol.

6.4.1 LC/F5 active site substrate recognition

By taking VAMP-2 alanine screening analysis and modeled LC/F5-VAMP-2 complex
structure information into consideration, three active sites in LC/F5, S2', S1' and S2 (Figure
6.2), were identified and characterized in detail.

The VAMP-2 P2 (R*®) site interacts with the corresponding S2* pocket of LC/F5 via the
mediation of salt bridge— The S2' pocket in LC/F5 that specifically recognized the
positively charged R*® of VAMP-2 comprised two aspartic acids, D’° and D' (Figure
6.4A). LC/F5 cleaved the VAMP-2 (R56A) mutant with ~4000-fold lower efficiency
(Figure 6.1), indicating the important role played by the VAMP-2 P2’ site on the hydrolysis
of LC/F5. In addition, the activity of LC/F5 could be deducted by D70A and D161A
mutants ~10- and ~1000-fold respectively by mainly exerting effect on kcat, and the
activity of LC/F5 was further abolished by the double mutation, LC/F5 (D70A/D161A)
(Table 6.1). The data clearly proved the significant role of the salt bridge formed between
R of VAMP-2 and D"°/D*®* of LC/F5, the interaction between the R*® of VAMP-2 and D**
of LC/F5 is dominant.

Another salt bridge mediates the interaction between the P1* (E*) of VAMP-2 and the S1'
pocket of LC/F5— The P1' site in either VAMP-2 or SNAP-25 was proved to be very
important to its corresponding BoNTs (145,148,150,243,262). The same rule was abided by
VAMP-2 as well when hydrolyzing by LC/F5. The VAMP-2 (E55A) reduced the substrate
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cleavage efficiency of LC/F5 by ~750-fold (Figure 6.1), indicating the very important role
of the VAMP-2 P1' site in the recognition by LC/F5. The indentified corresponding S1'
pocket that specifically recognized the P1' site of VAMP-2 in LC/F5 was composed of a
positively charged residue, K**® (Figure 6.4A). The activity of LC/F5 was totally abolished
by the alanine mutant, K218A, and the charge reversed mutant, K218D. Moreover, ~8-fold
deductive effect was witnessed for the same charged residue replacement of LC/F5,
K218R (Table 6.1). Taken together, all the findings indicated a very important role of the
salt bridge formed between K*® of LC/F5 and E*® of VAMP-2 in orienting and stabilizing

the scissile bond toward the active site of LC/F5 for efficient substrate cleavage.

Dual recognition of the VAMP-2 P2 (V**)by the S2 pocket of LC/F5— The P2 site of
VAMP-2 plays a certain role in recognizing by LC/F5, with the VAMP-2 (V53A) mutant
reduced LC/F5 hydrolysis by ~8-fold (Figure 6.1). In the corresponding interaction site
of LC/F5, two hydrophobic residues were identified, Y183 and Y230 (Figure 6.4A). The
single Alanine mutation of both Tyrosines, Y183A and Y239A exerted ~3-fold and ~8-
fold effect on the LC/F5 substrate hydrolysis efficiency respectively, but the double
mutant, LC/F5 (Y183A/Y239A) displayed ~1000-fold attenuated substrate cleavage
efficiency, with effect mainly on Acat but not on Am (Table 6.1). These data indicate
that the two Tyrosines work complementarily and synergetically with each other in
the interaction with the VAMP-2 P2 site residue. The dual recognition strategy is
proved very common in the interactions between LC/D and substrate VAMP-2 (262),
the dual recognition identified in the VAMP-2 P2 site with the corresponding site of

LC/F5 will undoubtedly increase the LC/F5's tolerance to mutations in nature.

6.4.2 LC/F5 binding pockets interactions with VAMP -2

Three binding pockets, designated as B1-B3, in LC/F5 were identified based on the mode led
LC/F5-VAMP-2 complex structure and the VAMP-2 screening results (Figure 6.2).

LC/F5 B3 pocket— The pockets in LC/F5 that specifically recognize the B sites of VAMP -2
were designated to be B pockets. The VAMP-2 B3 region which locates adjacently to the
scissile bond is composed of V*° and D' (Figure 6.4B). The VAMP-2 alanine mutations
V50A and D51A showed ~50- and ~10-fold side effect on the hydrolysis of LC/F5 on
substrate VAMP-2 respectively (Figure 6.1). In the B3 pocket of LC/F5, two tyrosines (Y?°
and Y*°) and one polar residue (T*°%) are likely interacting with the VV*° of VAMP-2 (Figure
6.4B) through hydrophobic interaction or hydrogen bond interaction, with the Y26A, Y50A
and T192A attenuated the substrate cleavage efficiency of LC/F5 by ~60-, ~10- and ~3-

fold respectively. The triple mutant, LC/F5 (Y26A/Y50A/T192A) could further reduced the
activity of LC/F5 by ~600-fold(Table 6.1). One positively charged residues in the B3
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pocket of LC/F5 (K*®) (Figure 6.4B) was predicted to interact with the VAMP-2 D* residue,
the corresponding alanine mutation, K58A exerted ~250-fold side effect on the substrate
hydrolysis by LC/F5 (Table 6.1). The recognition and interactions in the B3 pocket may
work in the process of orientation and tuning of scissile bond to fit the active site in LC/F5.

LC/F5 B2 pocket— In VAMP-2, the B2 site comprises residue E*! (Figure 6.4C). The
VAMP-2 alanine mutation E41A showed ~80-fold side effect on the hydrolysis of LC/F5
on substrate VAMP-2 (Figure 6.1). In the corresponding B2 pocket of LC/F5, R** (Figure
6.4C) was predicted to interact with the E** of VAMP-2 via salt bridge. The R133A
mutation of LC/F5 displayed ~300-fold reductive effect on the activity of LC/F5 (Table
6.1), indicating the important interaction occurred between the E** of VAMP-2 and R™** of
LC/F5. In conclusion, in the B2 pocket of LC/F5, the very important salt bridge interaction
between E* of VAMP-2 and R™® of LC/F5 is likely stabilizing the binding of VAMP-2
with LC/F5 and orienting a further interaction between VAMP-2 and LC/F5 in the B3
pocket.

LC/F5 B1 pocket— The B1site of VAMP-2, which is distal to the active site, is composed of
R*!, the corresponding interaction residues in the B1 pocket of LC/F5 were predicted as E**
and E**® (Figure 6.4D). The VAMP-2 mutant, R31A, could reduce the LC/F5 hydrolysis by
~200-fold (Figure 6.1), suggesting the important role played by the interactions with the
R*! of VAMP-2 in the recognition process by LC/F5. Based on the modeled LC/F5-VAMP-
2 complex structure, the possible salt bridge between the R** of VAMP-2 and the E™' and
E*® of LC/F5 plays role in substrate recognition and binding (Figure 6.4D). Surprisingly,
the E147A and E308A mutants of LC/F5 exerted almost no effect on substrate cleavage
(data not shown), so did the double mutant, LC/F5 (E147A/E308A) (Table 6.1). The charge
reversed residue replacement of the E147 site, E147R, displayed ~80-fold reductive effect
on the substrate hydrolysis by LC/F5, but the LC/F5 (E308R) charge reversed mutant did
not exert obvious effect on the substrate cleavage activity (Table 6.1), suggesting the very
important interaction occurred between the R* of VAMP-2 and the E**" of LC/F5 via salt
bridge. In conclusion, the interactions in the B1 pocket of LC/F5 and the corresponding B1
site of VAMP-2 are likely working in anchoring the VAMP-2 onto the LC/F5, initiating
recognition and binding between VAMP-2 and LC/F5.
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Figure 6. 4 Specific interactions and recognition between VAMP-2 and LC/F5.

(A) At the active site (AS), the S2' pocket in LC/F5 that specifically recognized the positively
charged R*® of VAMP-2 comprised two aspartic acids, D’® and D*** through salt bridge and the
interaction between the R°® of VAMP-2 and D*® of LC/F5 is dominant. The indentified
corresponding S1' pocket that specifically recognized the P1' site of VAMP-2 (E*) in LC/F5 was
composed of a positively charged residue, K?*8. The formed salt bridge may play role in orienting and
stabilizing the scissile bond toward the active site of LC/F5 for efficient substrate cleavage. In the
corresponding interaction site of LC/F5, two hydrophobic residues, Y*8% and Y?% interact
complementarily and synergetically with the P2 site of VAMP-2 (\V?2). (B) In the B3 pocket of LC/F5,
the salt bridge between the D*! of VAMP-2 and K>® of LC/F5, and the hydrophobic or hydrogen bond
interactions between \V?° of VAMP-2 and Y2, Y*° and T'% of LC/F5, are likely stabilizing the
binding of VAMP-2 with LC/F5 and orienting the scissile bond toward the active site to prompt
substrate hydrolysis. (C) Like the B3 pocket/region interactions, in the B2 site of LC/F5, another salt
bridge interaction between E*! of VAMP-2 and R'*® of LC/F5 are likely stabilizing the interactions of
VAMP-2 and LC/F5 and orienting the scissile bond to prompt hydrolysis by LC/F5 as well. (D) In
the B1 pocket/region interactions, the E*” and E**® of LC/F5 possible interact with the R®! of
VAM P-2 through salt bridge and with the E**’ plays dominant role. The interactions may initiate the
recognition and binding between VAMP-2 and LC/F5. The structure of LC/F5 in the right panel is
shown as surface with 40% transparency, the residues of VAMP-2 that identified interacting with the
corresponding residues of LC/F5 were shown in stick. The active site recognition and binding site
interactions of LC/F5 were shown in stick and highlighted based on side chain: negatively charged

(red), positively charged (blue), hydrophobic (gray) polar (green) and zinc (magenta sphere).
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Table 6. 1 Efficiency of VAMP-2 hydrolysis andkinetic constants of LC/F5 and derivatives.

LC/F5 VAMP-2 Activity Kcat  kcat/Km
pockets site/region LC/F5 derivatives reduction Km (uM) &Y 1 M
(residue) (-fold)?
LC/F5 (1-450) 1 5.13+1.75 938.90 183.02
ASP-S2 P2'(R*) D161A 1000 1.81+0.69 1.58 0.87
D70A 10 4.11+1.41 131.1 31.90
D70A/D161A ND° ND ND ND
AS-S1' P1' (E>) K218A ND ND ND ND
K218D ND ND ND ND
K218R 8 8.27+2.65 192.8 23.31
AS-S2 P2 (V%) Y183A 3.2 = - -
Y239A 8 - - -
Y183A/Y239A 1000 4.91+2.41 0.85 0.17
B3region
B3 Y50A 10 14.52+7.36 402.8 27.74
(\/60, D51)
Y26A 60 1.29+0.25 18.43 14.29
T192A 3 - - -
Y26A/Y50A/T192A 600 6.55+2.33 3.2 0.49
K58A 250 16.17+£9.00 4.5 0.28
B2 B2 site (E*) R133A 300 5.80+3.76 2.01 0.35
B1 B1site (R*) E147A/E308A 5 - - -
E147R 80 6.07+£2.58 23.49 3.87
E308R 0.8 - - -

*Theratio of the anount of LC/F5 derivatives needed to cleave 50% of VAMP -2 wt to the amount of LC/F5 wt needed to
cleave 50% of VAMP-2 wt.

b Active site.

° ND, not detectable. The mutant was too inactive to determine its kinetic congtants in the present study.

9 _ kinetic constants were not determined.

6.5 Discussion

In 2010, BoNT/F5 was reported as a new subtype of BONT/F serotype based on
phylogenetic analysis and signs of botulism in mice. The new BoNT/F5 subtype required 20
more times of antiserum to neutralize an equivalent amount of BoNT/F1 toxin (53,123). In
addition, BoNT/F5 exhibits ~70% and ~47% amino acid identities at holotoxin and light
chain levels respectively with BoNT/F1 (122,123). Moreover, BoONT/F5 cleaves substrate
VAMP-2 at a different scissile bond from all the other six subtypes and the finding shook
the principle that all subtypes within a given serotype shared same cleavage site on their

respective SNARE substrate (122). Further analysis suggested that one possible reason that
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led to the changed cleavage site in VAMP-2 recognized by BoNT/F5 was the substituted
residues near the active sites (122).

In the present report, the detailed substrate recognition and cleavage mechanism employed
by LC/F5, for the first time, was uncovered. Saturation alanine mutagenesis analysis on
substrate VAMP-2 revealed that the likely minimal peptide region required for efficient
substrate cleavage by LC/F5 was VAMP-2 (20-65), in which with the P1' (E®) and P2
(R*®) site residues played a very significant role in interacting with LC/F5 (Figure 6.1). The
finding is consistent with previous studies on the important role played by the P1' residue in
substrate (148,243,262). In addition, most of the individual residues that found important to
interact with LC/F5 are located within or adjacent to the V1 motif of VAMP-2. In the
neuron cell cytosol, when the translocated LC/F5 approaches VAMP-2, the recognition
between LC/F5 and VAMP-2 is initiated by the interactions between the residues in the B1
region of VAMP-2 (R31) and the corresponding residues in the B1 pocket of LC/F5 (E%
and E308). After the anchor of VAMP-2 to LC/F5, the VAMP-2 is further aligned along
the LC/F5 via the recognition and interactions between the B2 and B3 regions of
VAMP-2 and the corresponding B2 and B3 pockets in LC/F5. In the B2 and B3 pockets of
LC/F5, the two dominant salt bridge interactions between E** of VAMP-2 and R'® of
LC/F5 and D** of VAMP-2 and K*® of LC/F5, and a third hydrophobic or hydrogen bond
interactions between V*° of VAMP-2 and Y2, Y® and T"*? of LC/F5, are likely stabilizing
the binding of VAMP-2 and orienting the scissile bond toward the active site to prompt
substrate hydrolysis by LC/F5. Furthermore, with the tuning and stabilization function of
the P2-S2, P1'-S1' and P2'-S2' interactions and recognition (Figure 6.4A), the VAMP-2
scissile bond can be hydrolyzed by LC/F5 with high efficiency.

Interestingly, based on the analysis and comparison of the modeled LC/F5-VAMP-2 and the
LC/F1-VAMP-2 (148) complex structures, in the later modeled structure (Figure 6.5B), a
VAMP-2 a-helix was formed by residues in the region of 49-NVDKVL-54, but in the
former structure(Figure 6.5A), a VAMP-2 a-helix was formed by residues in the region of
45-IMRVNV-50, there is a four-residue shift of the a-helix toward N-terminal. The different
conformation observed in VAMP-2 is likely to coordinate and better fit the different cleft
shapes in LC/F5 and LC/F1 with the aim to achieve efficient substrate recognition and
cleavage.
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Figure 6.5 Owerall comparison of the N-terminal shifted a-helix in the modeled VAMP-2.

Comparing the LC/F5-VAMP-2 (A) and the LC/F1-VAMP-2 (B) complex structures, the VAMP-2
a-helix in the later shifts four residues toward the N-terminal, the shift prompts VAMP-2 to fit the
cleft in the LC/F5 for efficient substrate cleavage. The modeled VAMP -2 structure is represented in
cartoon with the shifted a-helix colored in red, and so did the corresponding residues. The VAMP -2

structure in the modeled LC/F1-VAMP-2 complex was extracted and refined from reference (148).

To conclude, for the first time, the step by step recognition and binding between LC/F5 and
VAMP-2 is dissected in the present study and the mysterious substrate recognition
mechanism employed by BoNT/F5 is partially uncovered, thought further studies are needed
to reveal the mechanism in more detail. The present work throws light on a better
understanding of the substrate recognition mechanisms adopted by BoNTSs, provides more
clues on the antitoxin and inhibitor development and may helpful in developing more

universal or specific detection systems.

97



Chapter Seven: Substrate-based inhibitors
exhibiting excellent protective and therapeutic
effects against Botulinum Neurotoxin A

intoxication*

7.1 Abstract

Botulinum neurotoxins (BoNT), are potential biological weapon which have been classified
as a category A agent by the CDC (Centers for Disease Control and Prevention) in the US.
However, this group of protein is also widely used as protein-based therapeutic compounds;
for instance, BONT/A has been approved by the US FDA to treat strabismus, blepharospam,
and hemificial spasm as early as 1989. However, with an increasing risk of human botulism
and medical overdose associated with the use of BoNTSs, there is an urgent need for the
development of safer and more effective BoNTs therapies. Vaccine, antibodies and small
compound inhibitors have attracted intense research interest during the past years. However,
potent inhibitors, which can complement the lack of protective and therapeutic effects of
vaccines and monoclonal antibodies in situations where BoNTs have entered the cell, are
still not available. Based upon the current understanding of the substrate recognition
mechanism of BoNTs, we have designed a novel class of peptide inhibitors by using the
BONT/A substrate SNAP25 as backbone. Through a combination of in vitro, cellular based,
and in vivo mouse assays, several potent peptide inhibitors with about one nanomolar
inhibitory strength both in vitro and in vivo have been identified. These findings validated
the hypothesis that a peptide inhibitor which can interact with the two regions of BONT
responsible for substrate recognition and cleavage respectively may exhibit a synergetic
inhibition effect, thereby providing insight on future development of more potent inhibitors

against BoNTSs.
Keywords: Botulinum Neurotoxin serotype A, SNAP25, inhibitor, potent, mice model

*The work of this chapter has been done, and manuscript has been submitted.
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7.2 Introduction

Botulinum neurotoxins (BoNTs) are the causative agents of botulism which work by
specifically interfering with vesicle fusion and neurotransmitter release in nerve cells
(205,207). BoNTSs are synthesized as a 150 kDa single chain protein, which is subsequently
cleaved into a di-chain linked by a disulfide bond between its 50 kDa light chain (LC) and
100 kDa heavy chains (HC). The typical A-B structure-function BoNTs can be further
organized into three functional domains: an N-terminal catalytic domain (light chain, LC),
an internal translocation domain (heavy chain, HCT), and a C-terminal receptor binding
domain (heavy chain, HCR) (206). BoNTSs inhibit exocytosis by specifically cleaving one of
the three SNARE proteins, SNAP25, VAMP2 and syntaxin 1a, the complex formed among
which is the driven force of mammalian neuronal exocytosis (208). Eight serotypes of
BoNTSs (termed A—H) that cleave specific residues on one of the three SNARE proteins have
been identified over the past 75 years. Serotype H (BoNT/H), being a newly added member
of this family, is structurally similar to the subtype F5 of BONT/F (55,121,205,209,210,268).

It is known that muscles will regain function upon clearance of the infected neuronal cells.
The rewersible nature of BoNTs intoxication has made it possible to transform these deadly
agents into novel therapeutics for treatment of a range of neuromuscular conditions
(197,211-213,220,269-273). Howewer, with the persistence problems of human botulism,
mal-functional use and medical overdose as a result of the increased usage of BONTSs in
clinical applications, efforts to develop safer and more effective BoNTs-based therapeutic
approaches have intensified. Vaccines and monoclonal antibodies (154-156), including
E.coli-based recombinant subunit vaccine (157-159) and human-derived polyclonal- and
neutralizing monoclonal- antibodies that block the entry of BoNTs into nerve cells, have
been developed or intensively studied. The major limitation regarding the use of vaccine and
antibodies is that their effectiveness will be drastically reduced upon entry of BoNTs into
nerve cells. Potent inhibitors that inactivate BoNTs activity in nerve cells are therefore
urgently needed to provide therapeutic effects under such situations. Efforts have been made
to develop small molecular inhibitors targeting the active site of BoNTs using various
approaches, including direct compound library screening, computer-aided small molecular
design, screening of natural compounds, etc. Howewer, the most potent small molecular
inhibitors that have been identified so far exhibited inhibitory effects at UM range. In
addition, their affinity (Km) towards BoNTs is similar to that of BoONTs substrates; hence
they have no advantage in being used as a potent inhibitor (160-165). Attempts to develop
natural product-based small inhibitors that target the binding domain of BoNTs also failed
(165). The difficulties of developing small molecular inhibitors for BoNTs are probably due

to the uniqgue mechanism of extended substrate recognition of BoNTSs, which requires a
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substrate binding and recognition regions for efficient substrate hydrolysis (133-
135,145,146). Nevertheless, structural and substrate-based small peptides targeting the
active site of BoNTs have been studied, with the most promising peptide inhibitors
exhibiting a Ki as low as nM range. The mechanisms of inhibition of these peptide
inhibitors involve interaction with BoNTSs active site residues that are significant to substrate
recognition (166-170). These studies therefore offer a promising possibility for the design of
effective peptide-based BoNTs inhibition. However, the limited affinity of a peptide that
targets only to the active site of BoNTs prohibited further development of these peptide
inhibitors with higher potency.

Previous studies indicated that LC/A-SNAP25 interactions are not optimal and that the
mutation at specific residues can improve both substrate binding and catalysis (133,171),
supporting the hypothesis that the peptide inhibitor containing both active site and binding
regions could dramatically increase its affinity and potency. In the present study, we
reported the development of potent peptide inhibitors of BoNT/A which exhibited nM
inhibition effect both in vitro and in vivo. Most importantly, this novel substrate based
inhibitors could provide full protection against 4xLDs, challenge by BoNT/A, representing
the best BoNT inhibitors to date. Our findings infer that BoNT substrate-based inhibitors
exhibit huge potential as effective therapeutic agents against BONT/A intoxication.

7.3 Materials and Methods

7.3.1 Plasmid construction and proteins purification.

LC/A and SNAP25 were constructed and purified as described previously and description in
previous chapters (133).

7.3.2 Development of high affinity peptides for LC/A.

In order to produce highly potent LC/A inhibitors, site-directed mutagenesis was performed,
using the SNAP25 (141-206) as backbone, to mutagenize sites which were selected based
on the co-crystal structure of LC/A-SNAP25 (PDB ID: 1XTG) and previous understanding
of LC/A and SNAP25 recognition mechanism (143,145). The newly created mutations were
confirmed by sequencing. All the proteins were purified and subjected to activity analysis as
previously described (133).
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7.3.3 Development of potential LC/A inhibitors with high inhibition
efficiency.

Kumar et al reported a potential LC/A tetra-peptide inhibitor, RRGF, with an ICs, of 0.9 uM
and a K as low as 358 nM, but the substrate they used was a 17-residue synthetic peptide
corresponding to residues 187-203 of SNAP25 (274). In addition, we have previously found
that LC/A almost could not cleave the SNAP25 Q*'C mutant (unpublished data). Based on
these findings, we designed the following peptides: 1) R197C, the backbone of which is
SNAP25 (80-196), with a Q**’C single mutation; 2) R1, the backbone of which is SNAP25
(80-196), plus a Q™’C mutation and a RRGF tetra-peptide added at the C terminal; 3) R2,
the backbone of which is also SNAP25 (80-196), plus a Q'°’C mutation and a WTKFL
penta-peptide added at the C terminal; and 4) R1-RXF, the backbone of which is R1, but
with the first R deleted from the RRGF tetra-peptide at the C-terminal, and the G mutated to
some other amino acids. Secondly, the sites screened above with enhanced LC/A affinity
were incorporated into the first three backbones of the peptides to further analyze their in
vitro inhibition effects on LC/A by linear velocity assays. Briefly, the reactions were
performed in 10 pl volume. Appropriate concentration of recombinant LC/A was firstly
incubated with different concentrations of peptide inhibitors on ice for 20 minutes in 10 mM
Tris-HCI (pH 7.6) and 20 mM NaCl. Then indicated concentration of SNAP25 was added
into the reaction mixture which was incubated for another 20 min at 37°C, then stopped by
adding SDS-PAGE buffer and heating for 5 min. Samples were subjected to SDS-PAGE
and the amount of SNAP25 cleavage were determined by densitometry.

7.3.4 Cell-based inhibition of potential peptide-based inhibitors.

In order to deliver peptide-based inhibitors into target cells, oligoarginines (R12) coupled
with multiple Serine-Alanine linker sequence were directly added to the N-terminus of the
most potential peptide inhibitors through recombinant DNA technology. Neuro-2a mouse
neuroblastoma cells (ATCC) were maintained in DMEM medium with 10% newborn calf
serum and 1% Penicillin/Streptamycin antibiotics to prevent contamination, then grown on
cell-culture dishes and incubated at 37°C under 5% CO2 to appropriate confluence. The
PEGFP-C3-LC/A (1-425) plasmid were firstly transfected into Neuro-2a cells using
Lipofectamine LTX plus (GIBCO/BRL) as suggested by manufacturer; 4h post-transfection,
the cells were incubated with indicated concentrations of R12-coupled peptide inhibitors in
complete DMEM medium (with 10% FBS and 1% P/S added). After 48 h incubation, cells
were harvested and washed by PBS, lysed by 1x RIPA, with ImM PMSF added, then left
on ice for 10 min. Cells were scraped and spun down at 14,000 rpm for 10 min at 4°C, the
total protein in the supernatant was quantified by the Bradford method (Bio-Rad). Samples
were subjected to SDS-PAGE and western blotting, the cleavage of SNAP25 was
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determined by probing with anti-SNAP25 antibody (SMI 81, abcam) and the amount of
SNAP25 cleavage was determined by densitometry.

7.3.5 Evaluation of selected peptide inhibitors in mouse model.

In order to further test the inhibition effect of the most promising peptide inhibitors, mouse
model level test was performed as previously reported (275). Briefly, six-week-old female
BALB/c mice were bought and maintained according to the company operation manual. For
the LDs, determination, raw BoNT/A holotoxin was diluted in GPB buffer (0.05 M sodium
phosphate, pH 6.8, 0.2% gelatin) to a serial of challenging dose levels. The mice were
divided into six groups, eight mice per group. The five experimental groups of mice were
injected intraperitoneally (i.p.) by the lateral tail vein with 0.2 ml of a solution of toxin
(0.875-14 ng). The toxin control group was treated only with 0.2 ml GPB buffer. Animals
were observed and recorded for signs of botulism and death continuously for a period of 96
h, with 6 h interval record. The LDs, was determined based on the Karber's method. The
toxicity test of the selected peptide inhibitor was measured exactly the same as detailed
above, but mice were randomly divided into four groups, four mice per group. The survival
rate and death was recorded every 6 h during a time period of 96 h. For the in vivo inhibition
tests, the most promising peptide inhibitor was selected based on the above mentioned cell-
based assays. The mice were randomly divided into six groups, with eight mice for each
group. Before i.p. injection, desired concentrations of peptide inhibitor were mixed with
different amounts of the prepared BoNT/A samples (ranged from 1 x LDs to 16 X LDsy),
incubated at 37°C for 30 min, then 0.2 ml of the mixture was injected into mice. The control
group of mice was treated with 0.2 ml GPB buffer. All mice were examined for several days
and the survival, behavior, breath and signs of expression of botulism symptoms were

recorded at the interval of 6 h.

7.4 Results

LC/A substrate recognition involves multi-step substrate binding and catalysis, in which
substrate binding distal to the active site contributes significantly to substrate affinity
(143,145,171,235). In addition to substrate recognition, our previous study showed that
LC/A could also bind to another region of SNAP25, namely SNAP25(80-110), facilitating
the recognition and cleavage of SANP25 on neuronal cell membrane (235). Based on these
findings and our data on saturation mutagenesis mapping of SNAP25, we set to develop
potent substrate based inhibitor for BONT/A since small molecule inhibitors lacking the
distal binding site did not show a promising level of potency. In our design, we used
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SNAP25(80-196), which included both binding sites to LC/A as backbone for development

of various forms of inhibitors.

7.4.1 Screening for SNAP25 sites that contribute to higher binding to
LC/A

Previous studies indicated that the LC/A-SNAP25 interactions were not optimal and that
mutation at specific residues can improve both the substrate binding and catalysis (133,171).
In this work, we identified some potential SNAP25 sites (amino acids) that may contribute
to high affinity substrate binding to LC/A based on both the co-crystal structure of LC/A-
SNAP25 (PDB ID: 1XTG) and our previous understanding of the mechanisms of substrate
recognition of LC/A (143,145). Several residues were identified, including H'®?, R'®, E'®,
D™ T, E™* and M°®. These residues can potentially interact with LC/A in a format of
SNAP25/LCA: H*®?K*®, R*™ /Y™ E¥*P® D*/0 atom of P* and N*°, T*/F'®, E'¥p*®
and M?°?/L%° Y?°/F*® These interactions may not be optimal and may affect the binding
of SNAP25 to LC/A. We therefore created different substitutions in these residues with the
hope of achieving optimal interactions at these sites. In order to screen the effect of SNAP25
substitution on LC/A binding affinity, we used a LC/A activity assay to screen for the
mutations that resulted in higher binding affinity to LC/A. The idea is that, with the LC/A-
SNAP25 active site recognition efficiency unchanged, an increase in binding affinity of
SNAP25 to LC/A could subsequently result in an increase in the efficiency of LC/A
cleavage of SNAP25. By the use of this assay, we observed that mutations at various site of
SNAP25 could enhance the cleavage efficiency of LC/A by 10~20 folds, with SNAP25
(H'*D) and (R™L) being the most efficient mutations (Table 7.1). In the LC/A-SNAP25
complex structure, the H*** of SNAP25 is likely interacting with the K** of LC/A (Figure
7.1A, left parel), both residues are positively charged, they may repel to each other in the
real situation, but in the SNAP25 (H'*°D) mutant (Figure 7.1A, right panel), the Aspartic
acid may interact with the K3¥° of LC/A via salt bridge, thus enhance the binding affinity
between SNAP25 and LC/A. For the R'® of SNAP25, the possible interacting residues in
LC/A are S*** and Y'** (Figure 7.1B, left parel), which forms a hydrophobic pocket, the
preferred corresponding residue in SNAP25 is hydrophobic as well, Leucine, for example
(Figure 7.1B, right panel). Our data proved that the SNAP25 (R*®L) derivative could
increased the LC/A substrate cleavage efficiency. Further incorporated double mutants of
SNAP25, for example, SNAP25 (H**’°D, R*®L) and SNAP25 (T**V, M**?F) , however, did
not enhance the cleavage efficiency by LC/A, suggesting that optimizing interaction at
multiple sites simultaneously did not have a synergistic effect (Table 7.1).
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Table 7. 1 Cleavage of SNAP25 andits derivatives by LC/A (1-425).

- - LC/A needed for 90% cleavage of Ratlo of LC/A activity
SNAP25 and its derivatives SNAP 25/derivatives (ng)
g (SNAP25 derivative/wt SNAP25)

wt SNAP25 (141-206) 10 1

SNAP25 (TH"V) 1 10

SNAP25 (TR 1 10

SNAP 25 (H"*D) 05 20

SNAP25 (R*™L) 05 20

SNAP25 (R*™F) 1 10

SNAP25 (M**F) 1 10
SNAP25 (H*D, R*L) 1 10

SNAP25 (E*°L) 1 10

SNAP25 (E¥*F) 1 10

SNAP25 (E¥*L) 1 10

SNAP25 (E¥*F) 1 10

SNAP25 (D**N) 1 10

SNAP25 (D'*H) 1 10
SNAP25 (T*"V, M**F) 1 10
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Figure 7. 1 The two examples illustrate the enhanced interactions between SNAP25 and LC/A.

(A) The originally possible interacting residues at the162 site of SNAP25 and the corresponding site
in LC/A (left panel) and the modified residue in SNAP25 to illustrate a possibly optimized
interactions at the same sites (right panel). (B) The comparison between the original (left panel) and
modified (right panel) interactions at the 180 site of SNAP25 and the corresponding sites in LC/A.
The LC/A-SNAP25 complex structure was extracted from the PDB bank (ID: 1XTG) with
modifications by using PyMOL software. The LC/A structure was displayed in surface in palecyan
color with the specific residues showed in sticks, and the SNAP25 was showed in cartoon in green
with the specific residues showed in sticks as well. The residues were colored based onside chain:

negatively charged (red), positively charged (blue), hydrophobic (gray) and polar (green).

7.4.2 Development of inhibitors using SNAP25 based peptides with

enhanced affinity

The tetra-peptide RRGF was reported to exhibit an I1Cs, of 0.9 uM and a K; as low as 358
nM (274) when using SNAPtide as substrate (a 17-residue synthetic peptide corresponding
to the residues 187-203 of SNAP25). However, when using SNAP25(141-206) as substrate,
the 1C5, was about 1000-fold higher, suggesting that RRGF could effectively inhibit the
binding of SNAPtide to the active site of LC/A, whereas its inhibition to SNAP25(141-206)
was not effective due to the presence of a binding site of SNAP25 to LC/A. However, this
tetra-peptide is still the best peptide to constitute the C-terminus part of our peptide inhibitor.
Therefore, SNAP25(80-197-RRGF) and SNAP25(80-197- WTKFL) were used as the
backbone of the inhibitor and designated as R1 and R2 respectively. In addition, our
previous study also showed that substituting the P1’ site of VAMP2 by Cys residue could
covert BoNT substrate into a weak inhibitor. Therefore, SNAP25 (80~196-C) was also used
as another peptide inhibitor backbone and designated as R197C. The ICs, of these three
inhibitors, R1, R2 and R197C, were determined to be 17.15uM, 15.71uM and 2.22uM
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respectively and the Ki were 13.52puM, 12.39uM and 1.75uM respectively. We then
incorporated different substitutions that could enhance the binding of SNAP25 peptides into
these three inhibitors, including H'*°D, R®°L, E**°L, D'*H, T*°V, H*’D/T"*V. Inhibitor
R1 (R'L) displayed the highest inhibition effect, with a 1Cs, of 0.28 pM and K; of 0.22 uM.
Inhibitor, R1 (H'®’D) and R1 (H'®°D, T'**°V) had a slightly higher 1Cs, and K; than
R1(R™L). Inhibitor R2 (H***D) exhibited ICs, 0f 1.11 uM and K; of 0.88 uM and R2 (T**°V)
exhibited almost the same inhibitory effect. However, inhibitor R2 (R**°L), did not enhance
the inhibitory effect. For the R197C type of inhibitor, R197C (D*®°H) exhibited 1Cs, of 0.28
uM and K; of 0.22 uM.

Further analysis of the modeled complex structures of LC/A-R1 and LC/A-R2 showed that
replacing RRGF at the C-terminus of the inhibitor by RGF could fit these inhibitors better in
LC/A (Figure 7.2), particularly the active site. Additional inhibitors, such as SNAP25(80-
196-RGF), which was designated as R1-RGF, plus other derivatives, were generated.
Inhibitor R1-RGF exhibited a very low ICso of 0.0021uM and a Ki of 0.0017 uM. Inhibitor
R1-RLF exhibited an 1Cs, of 0.93uM and a Ki of 0.83uM (Table 7.2). The more potent
inhibition of these inhibitors than the one with RRGF as C-terminus may be due to the
better fit of the C-terminus of inhibitor into the active site of LC/A, which was evidenced by
the examination of the structure of LC/A-RRGF (PDB ID: 3QWS5).
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Table 7. 2 1Csp and K of peptide inhibitors of LC/A (1-425).

Peptide inhibitors 1Cso(UM) " Ki ((M) 7
09 0.358"
RRGF
912.540.19 719.57+0.15*

R1 17.1540.83 13.5240.17

R1 (H*D) 0644017 05+0.13
R1 (R¥L) 0284044 0.2240.35
R1 (E*L) 20.4040.03 16.0840.02
R1 (D**H) 17.6940.09 13.9540.07
R1 (T*V) 14.7240.06 11.61+0.04
Rl H**D,T**V) 0.6040.29 0.4840.23
R2 15.7140.05 12.3940.04

R2 (H**D) 1114044 0.8840.35
R2 (R¥L) 13.9640.30 11.0140.24
R2 E**L) 60.86+1.29 47.99+1.02
R2 (D**H) 14.4740.004 11.4140.003
R2 (T*V) 1.1340.20 0.8940.16
R2 (R®L, T*V) 54.40+0.48 42.90+0.38
R197C 2224031 1.75+0.24
R197C (H**D) 5.24+0.28 4134022
R197C (R*F 27.0940.34 25.7140.32
R197C (R¥'L) 4784049 3.77+0.39
R197C (E**L) 18.7540.72 14.784055
R197C (D**H) 0.2840.39 0.2240.32
R197C (T**V) 6.36+0.18 6.04+0.17

R1-RGF 0.0021+0.002 0.0017+0.0012

R1-RAF 20.4240.09 16.1040.71
R1-RFF 57.73+1.02 45.5240.80
R1-RIF 26.8810.76 21.20+0.60
R1-RLF 0.93+1.02 0.7340.80
R1-RPF 13.01£2.11 10.26+1.67
R1-RWF 3.7240.16 29340.12

T Average of at least three measurements.

" The equation used in the calculation is: Ki=IC50 / (1+[S]/KM), andthe KM of LCA (1-425) is 16uM (133).
A Data from reference (274).

“ Data ofthe present work.
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Figure 7. 2 Molecular interactions of the modeledcomplex structure of inhibitor and LC/A.

(A) An overall view of the interactions between C197, R198 and F200 of peptide inhibitor with LC/A.
(B) The predicted interactions between the F200 from RGF based peptide inhibitors with LC/A. (C)
The predicted interactions between the C197 and R198 from RGF based peptide inhibitors with LC/A.
The structure of RGF based peptide inhibitors with LC/A was modeled with reference to the crystal
structures of LC/A-SNAP25 (PDB 1XTG) and RRGF-LC/A (PDB 3QWS5) by using PyMOL
software. The LC/A structure was displayed in surface in palecyan color with the specific residues
showed in sticks, and the SNAP25 was showed in cartoon in green with the specific residues showed
in sticks as well. The residues were colored based on side chain: negatively charged (red), positively

charged (blue), hydrophobic (gray) polar (green). and zinc (magenta sphere).

7.4.3 Inhibition of LC/A by SNAP25 based inhibitors in cell model

In order to further investigate the in vivo inhibitory effects of developed peptide inhibitors,
we coupled oligoarginines (R12) with the four most promising peptide inhibitors, namely
R1 (R*™L), R2 (T™V), R197C and R1-RGF to perform the cell-based inhibition assays.
Consistent with our in vitro results, these four peptide inhibitors showed high LC/A
inhibition effect in vivo as well. About 0.7 uM R12-R1 (R'°L) and R12-R197C
inhibited >60% activity of LC/A, with the latter exhibiting slightly higher inhibitory effects
on LC/A in vivo (Figure 7.3A and 7.3C); howewer, the in vitro inhibition effect of R1
(R**°L) was about 10-fold higher than that of R197C (Table 7.2). More than 80% LC/A
activity was inhibited by about 1.3 pM R12-R2 (T**°V) (Figure 7.3B), and for R12-R1-
RGF, the concentration decreased to about 0.4 uM to inhibit >80% LC/A activity (Figure
7.3D).
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Figure 7. 3 Neuro-2acell based in vivo inhibition effect of inhibitors.

(A) R12-R1 (R™°L), (B) R12-R2 (T**°V), (C) R12-R197Cand (D) R12-R1-RGF.

7.4.4 Full protection of BoNT/A intoxication by SNAP25 inhibitors in
mice

To further test the inhibitory effect of SNAP25 based inhibitors to BONT/A intoxication in
vivo, we performed protection assays using inhibitor R1-RGF. Our data showed that a dose
of 2ug R1-RGF or higher could fully protect the challenge of 2 x LDs, of BONT/A (Figure
7.4A), a dose of 10ug or higher could protect 4 x LDs, challenge by BoNT/A (Figure 7.4B).
At higher doses (8 x LDs, and 16 x LDsy) of BoNT/A challenge, the protective effects of
R1-RGF were not apparent, but the application of inhibitors at 10ug or higher could delay
the killing of mice by BoNT/A (Figure 7.4C, D).
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Figure 7. 4 Protection of mice against dosages of BONT/A challenge by SNAP25-based inhibitor.
Different amounts of BONT/A, 2 X LDsg (A), 4 X LDsg (B), 8 x LDsg (C) and 16 x LDsq (D), were
mixed with different amounts of peptide-based inhibitors, R12-R1-RGF, for 30min before inoculation

of mice. The lethal rate of mice were recorded overtime. GPB refers to control group.

7.5 Discussion

The dual status of Botulinum Neurotoxin as causative agent of human botulism and
bioterrorism weapon, as well as the most widely used protein therapeutic agent for
neuromuscular disorders, has greatly promoted the development of small molecule
inhibitors in the past decade. However, due to the unique substrate recognition mechanism
of these classes of toxins, small molecular inhibitors that specifically bind to the active site
of Botulinum neurotoxin are still not available. The interaction between the toxin and its
substrate at the distal site renders active site inhibition ineffective. This is especially
evidenced from our data that the tetra-peptide RRGF and its derivatives exhibited very
potent inhibitory effects on LC/A cleavage of SNAPtide, whereas their ability to inhibit
LC/A cleavage of SNAP25 (141-206) decreased by 1000 folds due to the presence of an
additional LC/A binding site in region 141-180 of SNAP25. Therefore, development of

peptide inhibitors that constitute both the binding and substrate recognition site of SNAP25
may offer the most effective inhibition.

Another unique feature of BONT/A substrate interaction is that it can recognize an
additional binding site at region of SNAP25 (80-110), thereby facilitating LC/A to bind to
SNAP25 in neuronal cells. This additional binding may offer LC/A an advantage to compete
with syntaxin to initiate its substrate recognition process since in syntaxin-SNAP25 or
SNARE complex, LC/A substrate region SNAP25(141-206), is occupied to form the
SNARE complex. Therefore the free region SNAP25(80-110) in the complex form of
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SANP25 becomes the first target when LC/A comes into contact with SNAP25, which is
then followed by further substrate recognition and cleavage. This binding site could also
contribute to high affinity binding of LC/A to SNAP25. Therefore, region of SNAP25(80-
196) was selected as the backbone of the inhibitor.

In addition to the binding site, the active site architecture of the inhibitor is also very
important. The incorporation of known active site inhibitor RRGF and its derivatives
dramatically increased the inhibitory effect. Structural analysis of inhibitors with R1 and R2
with LC/A showed that the C-terminal RRGF may not fit the active site well. Therefore we
replaced the C-terminal part with RGF and its derivatives (Figure 7.2). R1-RLF increased
its potency to ICs, of 0.93uM and R1-RGF dramatically improved its potency to 1Cs, of
0.0021uM. These inhibitors are the most potent inhibitors that have been reported so far.
Most importantly, R1-RGF not only exhibited potent inhibition of LC/A activity in cell
model, but also displayed full protection against 4 x LDs, LC/A challenge in mice,
suggesting the huge potential of this inhibitor on BoNT/A intoxication treatment. Most
importantly, this inhibitor is the first to display full protection to LC/A challenge; the fact
that it is derived from the substrate SNAP25, suggests that it offers great advantage as
protein therapy development. SNAP25 is one of human neuronal cell protein; hence
inhibitors derived from it probably do not exhibit toxicity to human and would not trigger
immune response during therapy. These characteristics render SNAP25-based inhibitors a

promising candidate for future development.
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Chapter Eight: Conclusion and summary

The most potent protein toxins indentified so far, CNTs, have been approved as effective
therapeutic usage in numerous neuronal disorders and cosmetics. And our knowledge of
them has been and will be in increase with the development of more advanced and new
technologies in the fields of microbiology, molecular and structural biology. Moreover, it is
undoubtedly that intensive investigations from diverse aspects, especially the basic studies,
in the future will enhance our knowledge on the powerful molecule of CNTs as well.

It is well known that CNTs are a public health hazard and potential bioterrorism agent,
many different approaches have been utilized to discover new drugs against CNTs,
unfortunately, no satisfied drug is commercially available till now. A better and more
comprehensive understanding of the substrate recognition mechanisms employed by CNTs
will provide valuable information to develop countermeasures for them. Previously detailed
dissection of the LC/A-SNAP25 interactions indicate that the interactions between LC/A
and SNAP25 are optimizable, mutation at specific residues can improve both substrate
binding and catalysis. In addition, structural and substrate-based small peptides targeting the
active site of BoNTs have been studied and displayed promising inhibition effect, but the
limited affinity of the developed peptide inhibitors to BoNTs prevent their further
development with higher potency. All these studies prompted the hypothesis that peptide
inhibitor containing both active site and binding regions could dramatically increase its
affinity and potency. In the chapter seven of the thesis, we reported the development of
potent peptide inhibitors of BoNT/A which exhibited nM inhibition effect both in vitro and
in vivo. Most importantly, this novel substrate based inhibitors could provide full protection
against 4xLD50 challenge by BoNT/A, representing the best BoNT inhibitors to date.

In addition, in terms of the CNTs detection aspect, the understanding of the substrate
recognition and specificity of CNTs will help to design high through, rapid and sensitive
systems for CNTs detection from environment samples. Large complexes of different size
and composition and increasingly identified variants of CNTs challenge the development of
efficient detection of CNTSs. In the chapter three of the thesis, a VAMP-2 based FRET assay
based on the understanding of the VAMP-2 and LC/B interactions was developed. The
designed FVP-B FRET peptide, constituting the shortest and optimal peptide, VAMP-2 (63-
85), with FRET dyes (EDAN and Dabcyl) labeled at position 76 and 85, respectively,
showed minimal effect on VAMP-2 substrate catalysis by LC/B and displayed a detection
sensitivity as low as ~20 pM in 2 h. Importantly, FVP-B showed the potential to be scaled
up and used in high throughput screening of LC/B inhibitor.
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BoNTSs are the most widely used protein therapeutic agents. In most therapeutic usages of
BoNTs or derivatives, repeated injections or high dose are necessary. In some patients,
neutralizing antibodies against the corresponding toxin used have been detected and thus
reducing the beneficial effects or rendering the patient completely unresponsive to further
treatment. And recently, increasing cases have been reported about the immunoresistance of
BoNT therapies in patients. One possible factor that leads to patient immune response is the
relatively high dosage used, engineer BoNTs with elevated substrate catalysis efficiency is
one way to overcome the immunoresistance problem in BoNTs or derivatives therapies by
reducing dosage needed. In the chapter two of the thesis, based on the thorough
understanding of the substrate recognition and specificity of LC/B and LC/T, a LC/T mutant,
LC/T (K168E, L230I), was engineered with ~100-fold increased catalytic activity toward
substrate. And for LC/B, the LC/B (S201P) mutant increased LC/B activity by more than
10-fold. The reported LC/B and LC/T derivatives with elevated activity could be developed

into novel therapy that may minimize the immune resistance issue of BONTS therapy.

To conclude, a better and more comprehensive understanding of the substrate recognition
and interaction mechanisms employed by CNTSs is the key in the development of inhibitors
or antidotes against BoNTSs intoxication, in engineering CNTs with elevated activity which
may be applied to reduce immune resistance issue of BoNTSs therapy in the future, in
broadening and developing novel therapeutic applications and rapid, sensitive detection
system development. With the same purposes of a thorough understanding of CNTs, the
substrate recognition and interaction mechanisms employed by BoNT/D, BoNT/F7 and
BoNT/F5 were dissected in detail in chapters four, five and six respectively. We believe that
these studies will provide helpful information in the future to fight against CNTs by
minimizing the disadvantage and amplifying the advantage of CNTSs, thus making them

service human beings more efficiently and better.
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