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ABSTRACT
Botulism neurotoxins (BoNTs), a family of neurotoxins produced by the anaerobic bacterium
Clostridium botulinum, are the most poisonous biological toxins known to man and are listed as
category A bioterrorism agents by the Centers for Disease Control and Prevention. BoNTs are
zinc proteases that cleave the SNARE (soluble NSF attachment protein receptor where NSF
stands for N-ethylmaleimide-sensitive fusion protein) family of proteins and prevent the fusion
of neurotransmitter-carrying vesicles to the plasma membrane of neurons, resulting in flaccid
paralysis. The structure of BoNT/A contains a 100 kDa heavy chain linked to a 50 kDa light
chain via a disulfide bond. The light chain of BoNT/A is a zinc metalloprotease that specifically
cleaves SNAP-25 between residues Gln197-Arg198.
It is critical to understand the mechanism of binding and cleavage between enzyme and
substrate in order to design more potent inhibitors that target key residues or substrate pockets
involved during substrate binding and catalysis. Binding and kinetic studies of fluorescently
labeled SNAP-25 constructs of varying length with the light chain will provide means of
analyzing kinetic parameters of different fragments of SNAP-25 in its association with LC/A to
identify residues/loops that are critical to substrate recognition and/or catalysis. Therefore, the
first step is to express and purify the BoNT/A LC and SNARE proteins in order to be further
utilized for the binding and kinetic studies.
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A list of eight screened small molecule inhibitors was kindly given by Dr. Radhakrishnan
Padmanabhan, Professor of Microbiology and Immunology at the Georgetown Medical Center.
Dr. Padmanabhan’s research focuses on understanding how the dengue virus interacts at the
molecular level and developing small molecule inhibitors of the virus by study-activity
relationship studies. Specifically, Dr. Padmnabhan has studied the role and structure of NS3
serine protease in the dengue virus in hopes of developing a specific inhibitor to counteract the
dengue and other flaviviral proteases. The substrate interaction of the NS3 serine protease in the
dengue may be similar to the substrate interaction in the zinc metalloprotease of the light chain in
botulism neurotoxin, and therefore the list of HPLC based screened compounds against the
protease in dengue could also serve as potential inhibitors of the protease in neurotoxin. Three
of the eight compounds were tested for their ability to inhibit the protease activity of BoNT/A
LC. In order to conduct future kinetic studies between enzyme and substrate, BoNT/A LC was
expressed and purified. For tertiary structural studies, SNAP-25 constructs were expressed and
purified where the SNAP-25 construct was labeled at two locations with two separate
fluorescence probes, such as EGFP and ReAsH. GST was used as a tag for purification.
The effect of cleavage of SNAP-25 by BoNT/A LC on the assembly and disassembly of the
SNARE complex is another area of interest. Components of the SNARE complex are expressed
and purified for future studies.
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CHAPTER 1: INTRODUCTION
Botulism neurotoxins (BoNTs), a family of neurotoxins produced by the anaerobic
bacterium Clostridium botulinum, are the most poisonous biological toxins known to man and
are listed as category A bioterrorism agents by the Centers for Disease Control and Prevention
(Agarwal et al, 2008). The toxicity of these neurotoxins is evident by having a mouse 50% lethal
dose range of 0.1-1ng/kg of body weight (Schiavo et al, 2000). BoNTs are zinc proteases that
cleave the SNARE (soluble NSF attachment protein receptor where NSF stands for Nethylmaleimide-sensitive fusion protein) family of proteins (Dolly et al, 2006). The SNARE
fusion complex mediates acetylcholine release into neuromuscular junctions and cleavage of any
member of the SNARE complex by the neurotoxin prevents the fusion of neurotransmittercarrying vesicles to the plasma membrane of neurons, resulting in flaccid paralysis. Seven
serologically distinct BoNT isoforms (denoted A-G) exist while four of the seven serotypes (A,
B, E, and F) cause human botulism. BoNTs A, B, and E pose the greatest threat due to their
heightened potency (Marvaud et al, 2002). Currently, the only treatments against BoNTs include
preventative antitoxins and experimental antibodies but even these therapies are ineffective once
the BoNT is inside the neuronal cytosol.
Ironically, these ominous neurotoxins simultaneously serve a beneficial purpose as
therapeutic remedies for treating diseases such as strabismus, blepharospasm, and torticollis
(Wheeler, 1997), alongside smoothing wrinkles and fine lines for aesthetic purposes. Despite its
clinical efficacy in treating neurological diseases and its uses for cosmetic procedures, the severe
lethality of BoNTs and their continuous threat as a potential bioweapon has caused BoNTs to be
a top priority in scientific research to identify and develop small molecule inhibitors to
counteract the toxin’s lethal effects. The development of effective and potent inhibitors of the
1

botulism neurotoxin depends on understanding the molecular mechanisms involved, especially
the catalysis and binding of the enzyme with its target substrate.
The seven serologically distinct BoNT isoforms exhibit strong amino acid sequence
homology (Lacy et al, 1999), as well as similar functional mechanisms of toxicity. Each BoNT
isoform is initially produced as an inactive polypeptide chain of 150kDa, which then undergoes
proteolytic cleavage to yield the final active di-chain protein consisting of a 100kDa heavy chain
(HC) and a 50kDa light chain (LC) linked by a disulfide bridge and by the belt, a loop from the
HC that wraps around the LC (Lacy et al, 1998). BoNT/E is unique in that it is the only isoform
that is released as a single chain molecule and is cleaved into its active di-chain by an unknown
host cell protease (Sathyamurthy et al, 1985).
The activated form of the neurotoxins consists of a tri-modular structure: an N-terminal
LC Zn2+-metalloprotease that is responsible for its toxicity (shown in blue and cyan), and the HC
comprises of an N-terminal ~50kDa translocation domain (denoted as HN and shown in green)
and a C-terminal ~50kDa receptor-binding domain (denoted as HC and shown in orange/yellow).
Based on sequence and functional similarity, it is predicted that the three-dimensional structures
of all serotypes will be similar but this is not the case for BoNT/E. Although the individual
domains of BoNT/E are similar to those of BoNTs A and B, the crystal structures of BoNTs A
and B both have the translocation domain flanked between a receptor binding domain and the
catalytic domain whereas the crystal structure of BoNT/E has both the receptor binding domain
and the catalytic domain as being on the same side of the translocation domain (Kumaran et al,
2009).
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Figure 1: Botulinum toxin structure A) Crystal structure of BoNT/A (PDB:3BTA) B) Schematic representation of
BoNT. BoNT/A cleaves the scissile bond of SNAP-25 at Gln197-Arg198.
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The toxicity of BoNT is due to an extraordinary and unique multi-step mechanism that
involves binding, internalization, membrane translocation into nerve cells, intracellular traffic
and finally proteolytic degradation of substrate. Each step of the intoxication process is
completed by different domains of BoNTs, which function almost independently of one another.
A 'double receptor' model has been proposed in which the HC dictates cellular specificity by
interacting with a high degree of affinity with a surface protein receptor and a ganglioside coreceptor (Montecucco, 1986). The BoNTs’ serotypes that contain the highest sequence similarity
share the same protein receptor, i.e., BoNT types A, E, and F bind to synaptic vesicle protein 2
(Dong et al, 2006), whereas BoNT types B and G bind to synaptic vesicle proteins
synaptotagmin (Binz et al, 2009).
The neurotoxins then enter nerve cells through receptor-mediated endocytosis and the
acidic environment of the endosome induces a conformational change, prompting the HN into the
endosomal membrane and forming a transmembrane protein channel (Fischer et al, 2007). The
LC is translocated through the transmembrane chaperone and enters the cytosol where it acts as a
metalloproteinase that specifically cleaves one of three fusion proteins in the vesicular membrane
trafficking system of the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein
receptors) complex (Koriazova et al, 2003). The SNARE proteins are responsible for all
intracellular membrane fusion events during neurotransmitter secretion and cleavage of any one
of the SNARE proteins by the metalloprotease halts acetylcholine release from the presynapses,
resulting in severe paralysis and even death.
The LC comprises the catalytic domain and is characterized as a zinc endopeptidase that
is responsible for the catalytic activity of the botulism neurotoxin. The LC region of the seven
serotypes of botulism neurotoxins contains the conserved HEXXH Zn binding motif which is
4
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present in the thermolysin family of all zinc proteases. Thermolysin, a 34.6kDa, zinc
metalloproteinase that is isolated from Bacillus thermoproteolyticus, serves as a model for
understanding the catalytic mechanisms of similar but more pharmacologically important
members of the zinc endopeptidase family through extensive inhibitor and crystallographic
studies (Holmes et al, 1982; Monzingo et al, 1984).
The zinc ion in the LC is coordinated by two histidines, a glutamate and a water molecule
and plays a crucial role in the cleavage of substrate (Agarwal et al, 2004). Although the
conserved HEXXH Zn binding motif is present for BoNT A-G, each BoNT endopeptidase
exhibits several unique characteristics, with the most apparent being the very specific cleavage of
a scissile bond of a very exclusive substrate.
The crystal structures of the serologically different BoNT serotypes reveals that the active
sites are very similar (Hanson et al, 2000) and leads to the prediction that additional sites other
than the active site pocket are needed for substrate recognition by the botulism neurotoxin. The
co-crystal structure of BoNT/A with its target SNARE (Breidenbach et al, 2004) reveals an array
of exosites (most importantly the α-exosite and β-exosite) that most likely determine substrate
specificity. The co-crystal also shows that the orientation of the substrate is similar to that of its
related zinc endopeptidase thermolysin (Holden et al, 1987). Brunger et al also reveal structural
changes in close proximity of the neurotoxin’s catalytic pocket upon substrate binding, most
likely to prime the protease for catalysis (Breidenbach et al, 2004).
Crystal structures are useful in identifying structurally relevant information related to the
structure- function of the protein. However, crystal structures only focus on the active site of the
neurotoxin to explain protease activity, thus providing very limited information about unique
substrate requirements for BoNTs due to possible conformational changes that occur during
6

binding and catalysis. In addition, there are inconsistencies between structural characteristics of
BoNTs in crystals versus in solution. It is known that reduction of the disulfide bond between
HC and LC activates the neurotoxin and initiates endopeptidase activity. However, the crystal
structure of BoNT shows no modification in structure after reduction of the disulfide bond,
whereas spectroscopic data of BoNT in solution reveals drastic modification in polypeptide
folding (Cai et al, 2001). Kukreja and Singh previously have demonstrated through tryptophan
fluorescence and UV spectroscopy that the botulinum neurotoxin A exists under two dynamic
conformations: a stable molten-globule conformation which retains 60% of optimal enzyme
activity and a novel pre-imminent molten-globule enzyme (PRIME) conformation at 37°C that
was more dynamically flexible. It is hypothesized that the dynamic flexibility of the PRIME state
governs the most efficient mode of binding of SNAP-25 (synaptosome-associated protein of
25kDa; substrate of LC/A) and thus plays a determining role in biological function of the
neurotoxin (Kukreja et al, 2005).
The SNARE proteins are responsible for most, if not all, intracellular membrane
trafficking and membrane fusion events. The SNARE crystal structure reveals a stable synaptic
fusion complex containing syntaxin-1A, synaptobrevin-II and SNAP-25B. The structure of the
core complex is a parallel four-helix bundle that contains conserved layers and central to these
layers is the zero ionic layer consisting of an arginine and three glutamine residues contributed
from each of the four a-helices (Sutton et al, 1998).
The ‘zipper’ model postulates that the SNARE core complex ‘zips’ from the membranedistal amino end to the membrane-proximal carboxyl end, and the formation of the stable ternary
SNARE complex overcomes the energy barrier needed to drive fusion of the lipid bilayers
between vesicle membrane and plasma membrane (Lin et al, 1997). Neurotransmitter release at
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nerve endings are mediated by the SNARE complex. Rothman and his colleagues found that the
ATPase NSF (NEM-sensitive fusion protein) and cofactors such as α-SNAPs, are able to
reversibly disassemble the SNARE complex into its individual components (Fasshauer et al,
1998) , thus recycling the SNARE complex.
BoNTs A, C, and E cleave SNAP-25 (Binz et al, 1994); BoNTs B, D, F, and G cleave
synaptobrevin or VAMP (vesicle associated membrane protein) (Schiavo et al, 1992, Shiavo et
al, 1993, Schiavo et al, 1994); and BoNT C also cleaves syntaxin (plasma membrane SNARE)
(Blasi et al, 1993). Once the target SNARE is cleaved by its related neurotoxin, peripheral
neuromuscular blockage occurs at neuronal junctions, leading to flaccid paralysis. The botulism
neurotoxin cannot cleave its substrate once the SNARE complex has formed because of the very
stable ternary core complex that is resistant to SDS denaturation, protease digestion (Hayashi,
1994), and is stable up to ~90ºC (Yang, 1999).
Presently, most of the research has focused on serotype BoNT/A since it is responsible
for most of the reported botulism poisonings and its duration of neuroparalysis is the longest
(months) as compared to the other serotypes (Burnett et al, 2009). BoNT/A LC specifically
targets SNAP-25 between the scissile bond of Gln197-Arg198 and thus blocks SNAP-25
mediated neurotransmitter vesicle fusion to the plasma membrane. BoNT/A LC recognition of
SNAP-25 is more complicated than simply recognizing the scissile bond because it recognizes
various sites within the substrate; an extended surface on SNAP-25 that is distal from active site
(exosites), and residues that are adjacent to Gln197-Arg198 that appear as pockets and are
discontinuous (Chen et. al, 2011). SNAP-25 wraps around the majority of the protease's exterior
surface making an extensive network of protein-protein interactions crucial for substrate
specificity and catalytic efficiency (Brunger et al, 2009). Based on structural and kinetic data for
8

SNAP-25 substrates, Brunger proposed a general model of the method used by BoNT/A to
recognize and cleave SNAP-25 as presented in Figure 3.
BoNT/E also blocks neurotransmitter release by cleaving SNAP-25, but at the scissile
bond of Arg180-Ile181. Ironically, the cleavage of identical substrate by BoNT/A and BoNT/E
produces the longest (months) and the shortest (days) of neurotransmitter inhibition,
respectively. The marked variance in longevity of toxicity of BoNT/A and BoNT/E could be
attributed to each toxin producing different size of SNAP-25 fragments that inhibit exocytosis by
competing for formation of SNARE ternary complex (Keller et al, 2001). Another distinction
between the two serotypes is BoNT/A localizes with the truncated SNAP-25 at the plasma
membrane, while BoNT/E appears to be located throughout the cytoplasm (Fernandez-Salas et
al, 2004). The different mode of binding and cleavage of SNAP-25 by LC/A versus LC/E is
another area that can be probed to explain differences in duration of toxicity between the two
proteases. The structural and functional differences that exist between these two genetically
similar serotypes demonstrate the highly specific and unique interplay of the BoNT with its host
system. Comparison of the structures of BoNT/A and BoNT/E LCs would provide a basis for
understanding the differences in their specificity and selectivity and provide useful information
on designing a common inhibitor for both serotypes.
The protease region of the BoNT, specifically the LC, is a primary target for designing
and developing small molecule inhibitors in the treatment of botulism that will be effective post
exposure. The metalloprotease of BoNT requires Zn2+ for catalytic activity and thus has sparked
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BoNT/A Substrate Recognition

Figure 3: a, SNAP-25 is attached to presynaptic membrane (yellow). The N-terminal (cyan) and
C-terminal (green) are disordered in uncomplexed SNAP-25. b, Binding of BoNT/A (blue)
occurs with helix formation at the α-exosite and other anchor points (green notches) alongside
the SNAP-25. c, Km is reduced and increased binding occurs at the β-exosite, initiating
conformational changes at the active site (AS), which allows the light chain to cleave its
substrate. d, The C-terminal of SNAP-25 possesses a helical confirmation in the SNARE
complex.

Reprinted by permission from Macmillan Publishers Ltd: [Nature] (Breidenbach, M.A.; Brunger,
A.T. Substrate recognition strategy for botulism neurotoxin serotype A. Nature 2004, 432, 925929), copyright (2004).
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Zn2+ coordinating compounds as potential drugs for inactivating the protease activity. The
catalytic Zn2+ actively participates in the cleavage of substrate because the zinc-bound water
molecule attacks the carbonyl carbon and transfers protons from a glutamate residue to the amide
nitrogen of the scissile bond leading the cleavage of SNAP-25 (Skiles et al, 2001). Zinc binding
groups (ZBG) inhibit LC by displacing the zinc-bound water molecule and/or by locking into
active site and positioning the rest of the inhibitor in a favorable target for a substrate-binding
pocket. Common zinc binding groups include hydroxamic acids, carboxylates, thiols, and
phosphonic acids. The Zn2+ coordinating L-arginine hydroxamic acid displayed inhibition in the
μM range for BoNT/A LC (Dickerson, 2006). Although hydroxamates have been effective in
inhibiting BoNT/A LC, no hydroxamate-based inhibitor has been approved by the FDA because
of unwanted off-target activity on other metalloproteases. However, hydroxamates and other
ZBGs should not be completely ruled out as effective therapeutics for botulism because it has
been previously shown through a cell based case study that off-target activity of a particular
ZBG does not necessarily repeat the same off-target activity of an inhibitor containing the
identical ZBG (Jacobsen et al, 2008).
Schmidt used an HPLC assay to develop peptide inhibitors (Schmidt, 2002), such as
CRATKML, and based on the peptide inhibitor CRATKML, more peptide inhibitors were
screened by mRNA display (Yiadom et al, 2005).The peptidomimetic inhibitor, CRATKML was
designed after the heptapeptide sequence of SNAP-25 and it has been demonstrated to
selectively inhibit LC/A in the nanomolar range (Zuniga et al, 2008). The inhibitory effect of
CRATKML was not present against BoNTs B, D, E, and F. Inhibition of BoNT/A is predicted
to occur by removing the catalytic water, which is hypothesized to interact with Glu224 at the
active site (Zuniga et al, 2008).
11

The 4-aminoquinolines have been identified as effectively inhibiting the protease activity
of BoNT/A LC and these inhibitors were designed based on computational analysis of the crystal
structures of the neurotoxin (Solaja et al, 2008). Specifically, the quinolinol compound 7(phenyl(8-quinolinylamino)methyl)-8-quinolinol (QAQ) is a non-competitive inhibitor of
BoNT/A LC and binds to a hydrophobic pocket near the active site (Lai et al, 2009). Also,
Peptide C (a peptide sequence containing 24 residues of SNAP-25 from E183 to G206 with
Q197C mutation) binds with a slow second order rate constant of 76.7 M-1s-1, QAQ binds to
Zn2+-free BoNT/A LC with a KD of 0.67μM, and QAQ binds to Peptide C-BoNT/A LC complex
with a KD of 2.33μM. Long peptides such as Peptide C and C1 (an analog of Peptide C with an
alanine substituting the cysteine in Peptide C) were discovered to have very slow but tight
binding to the BoNT/A LC. The slow and tight binding of the long peptides to the light chain
provides an experimental probe to determine dynamics of substrate and enzyme interaction in
order to design a potent inhibitor (Lai et al, 2009).
The pharmacophore-guided lead inhibitors (Burnett, 2007) were used to develop
inhibitors as well as structure- and substrate-based inhibitor designs were used to screen
inhibitors (Kumaran et al, 2008). Despite considerable efforts to develop a potent small molecule
inhibitor or an effective peptidic inhibitor, no compound has emerged as an effective treatment
against botulism neurotoxin that selectively and effectively inhibits the zinc metalloprotease.
It is critical to understand the mechanism of binding and cleavage between enzyme and
substrate in order to design more potent inhibitors that target key residues or substrate pockets
involved during substrate binding and catalysis. Binding and kinetic studies of fluorescently
labeled SNAP-25 constructs of varying length with light chain will provide a means of analyzing
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kinetic parameters of different fragments of SNAP-25 in its association with LC/A to identify
residues/loops that are critical to substrate recognition and/or catalysis.
A list of eight screened small molecule potential inhibitors of LC/A was kindly given by
Dr. Radhakrishnan Padmanabhan, Professor of Microbiology and Immunology at the
Georgetown Medical Center. Three of the eight compounds were tested for their ability to
inhibit the protease activity of BoNT/A LC. In order to conduct future kinetic studies between
enzyme and substrate, BoNT/A LC was expressed and purified.
For tertiary structural studies, SNAP-25 constructs were expressed and purified where the
SNAP-25 construct was labeled at two locations with two separate fluorescence probes, such as
EGFP and ReAsH. GST was used as a tag for substrate purification. The effect of cleavage of
SNAP-25 by BoNT/A LC on the assembly and disassembly of the SNARE complex is another
area of interest. Components of the SNARE complex are expressed and purified for future
titration studies.
Comparative analysis studies between LC serotypes A and E are needed for developing a
common drug that will be effective against both strains. BoNT LC/E is also expressed and
purified for future studies.
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CHAPTER 2: MATERIALS AND METHODS
1. MATERIALS
Dr. Padmanabhan, Professor of Microbiology and Immunology at the Georgetown
Medical Center, provided a list of eight compounds that could act as potential inhibitors of
BoNT/A LC based on preliminary HPLC screening. Three of the eight compounds were initially
tested as they were commercially available and were purchased through Chembridge.
SNAPtide® (o-Abz-Dnp) was purchased from List Biological Laboratory and was used
according to manufactures instructions unless otherwise specified and were then used in the
subsequent assays. Test compounds were stored at -20˚C until further use.
The double labeled constructs of SNAP-25 and 7-phenyl(8-quinolinylamino)-8quinolinol (QAQ) were provided from Dr. Huigio Lai, a former graduate student of Dr. Yang’s
research group.
Ampicillin, kanamycin, adenosine triphosphate (ATP), isopropyl-β-D-1thiogalactopyranoside (IPTG), Tris-HCl, Tris-base, ethylenediaminetetraacetic acid (EDTA), βmercaptoethanol, dithiothreitol (DTT), ethidium bromide, agarose, glycerol, acetic acid, trypsin,
L-glutathione (G4251), benzamidine hydrochloride hydrate, tris(2-carboxyethyl)phosphine
hydrochloride, pepstatin A, lysozyme from chicken egg white, iodoacetamide,
phenylmethanesulfonyl fluoride, and glutathione-agarose (G4510) were obtained from Sigma
(St. Louis, MO). Coomassie brilliant blue, Tween 20, sodium dodecyl sulfate (SDS), Bio-Rad
Protein Assay Dye Reagent Concentrate, and Bradford protein assay reagents, including
Laemmli sample buffer, were purchased from Bio-Rad (Hercules, CA). NuPAGE® 4-12% BisTris Gel and NuPAGE MOPS SDS Running Buffer (20x) were purchased from Invitrogen
(Carlsbad, CA). QIAprep® spin miniprep kit and QIAquick® gel extraction kit were purchased
14

from Qiagen (Valencia, CA). EDTA-free protease inhibitor tablets were obtained from Roche
(Indianapolis, IN).
Restriction enzymes, including BamHI and NotI, bovine serum albumin (BSA), and T4
DNA ligase, were purchased from NEB (Ipswich, MA) for restriction digestion. 1kb and 100bp
DNA ladder with 6× DNA loading buffer (pH 8.0) containing 10mM Tris-HCl, mM EDTA were
purchased from BioRad. Competent cell E. coli BL21(DE3)pLysS was purchased from
Stratagene (La Jolla, CA). EDTA-free protease inhibitor tablets were obtained from Roche
(Indianapolis, IN).

Methods
2. Expression and Purification of BoNT/A LC
The pQE30-SUMO vector was transformed into a M15 cell line. Culture size was 350ml
and expression of BoNT/A LC was induced with 1mM IPTG overnight at room temperature.
Lysis of cells was accomplished by resuspending pellet in lysis buffer (50mM NaH2PO4 (pH 8),
300mM NaCl, 10mM β-mercaptoethanol, 10mM imidazole, and 5% glycerol), adding 1mg/ml of
lysozyme, and 1 tablet from complete, EDTA-free Protease Inhibitor Cocktail Tablets. The
recombinant LC had 6 histidine residues tagged at the C-terminal and was purified on a Ni2+
column by batch purification according to the Qiagen® protocol describing purification of 6xhistagged proteins under native conditions. The cleared lysate and Ni-NTA slurry mixture were
allowed to equilibrate by gently shaking (200rpm on a rotary shaker) at 4°C for 60 minutes. The
column was washed twice with 4 bed volumes of wash buffer (50mM NaH2PO4, 300mM NaCl,
20mM imidazole) and eluted 4 times with 0.5ml elution buffer.
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3. SNAPtide assay of BoNT/A LC with screened compounds
SNAPtide® (o-Abz-Dnp) was purchased from List Biological Laboratories and was used
for analyzing the kinetics of protease inhibition. The BoNT/A LC is included in a mixture
(denoted Big Mix) to minimize discrepancies in concentration of enzyme and to have a constant
concentration of BoNT/A LC throughout the whole experiment. Big Mix includes 1xPBS,
20μM Zn2+, and 0.2μM LC/A-SUMO. Compounds B, D, and E were dissolved in DMSO and
the LC Buffer (1xPBS, 20μM Zn2+) and DMSO was tested as a negative control to determine any
possible interference in fluorescence. The catalytic activity of BoNT/A LC is largely insensitive
to the presence of DMSO, making this an ideal co-solvent (Boldt et al, 2006). The SNAPtide
assay was initiated by the addition of 2μM SNAPtide and the reaction was allowed to proceed to
5% completion and the initial rate was determined. The protease activity was monitored by the
increase of donor fluorescence intensity. The compound 7-(phenyl(8-quinolinylamino)-8quinolinol, better known as QAQ (84096), has previously shown in an HPLC-based enzymatic
assay to inhibit BoNT/A LC by 74% at 20μM enzyme concentration (Lai et al, 2009).
Compounds B, D, and E were each analyzed at ~10μM and ~20μM to examine if higher
concentration of compound will lead to a decreased rate of cleavage, and therefore a reduced rate
of fluorescence as compared to the lower concentration.
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Figure 4: Structural and molecular formulas of Compound B (IUPAC: N-[5-[2-(tertbutylamino)-2-oxoethyl]sulfanyl-1,3,4-thiadiazol-2-yl]-2-(4-oxoquinazolin-3-yl)acetamide),
Compound D (IUPAC Name: (5Z)-5-[(3-bromo-4,5-dihydroxyphenyl)methylidene]-2-(4methylphenyl)-1,3-thiazol-4-one), Compound E (IUPAC Name: propan-2-yl
7,8-dihydroxy-4-oxo-3-(1-phenylpyrazol-4-yl)chromene-2-carboxylate), and structural and
formula name of QAQ.
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Table 1: Concentration and volumes used for SNAPtide Assay.
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4. Fluorescently Labeled GST-SNAP-25 Recombinant Proteins
A. Plasmid purification
Plasmid pGEX-6P3 containing the gene for fluorescent double labeled GST-SNAP-25
and its fragments were constructed by a former graduate student, Dr. Huigio Lai. The pGEX
plasmids for each double labeled SNAP-25 construct was streaked on LB agar plates containing
100µg/ml ampicillin and allowed to incubate for 12-16 hours overnight at 37°C. A single colony
was picked from the freshly streaked selective plate and inoculated in a culture of 10ml LB broth
containing the 100µg/ml ampicillin. The culture was incubated for 12–16 h at 37°C with
vigorous shaking. The bacterial cells were harvested at 5400 x g for 10 min at 4°C. The
supernatant was discarded and the pellet was contained for further purification. The plasmids
were recovered and purified via the protocol following Qiagen® Plasmid DNA Purification
using the QIAprep Spin Miniprep Kit and a Vacuum Manifold. Samples were diluted with 30µl
of Millipore water and 10µl of each plasmid was sent to sequencing at Genewiz®.
B. Restriction Digestion
The reaction mixture in each restriction digestion consisted of 10µl of selective DNA,
1µl of BamH1, 1µl of Not1, 2µl of Buffer 10x, 0.2µl of BSA 100x, and 5.8µl of Millipore DI.
The reaction mixture was put in a GeneAMP PCR 2700 for 37°C for 67 minutes. The following
samples were run on an agarose gel and UV light was used to visualize bands.
C. Agarose Gel Electrophoresis
Agarose gels were prepared by heating 1% agarose in 1× TAE buffer supplemented with
2μg/mL ethidium bromide. Gels were cast for use in a miniboat agarose gel unit and DNA
ladder (BioLabs) and samples were prepared in 6× DNA loading buffer. Electrophoresis was run
at 100 voltages for 50 minutes and DNA bands were visualized by UV light and photographed
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with a SONY digital camera. The gel with expected DNA bands was collected and the DNAs
were recovered and purified using Qiagen® miniprep kit following the manufacturer’s
instructions.
D. Expression and Purification of Recombinant Proteins
The following fluorescent double labeled constructs were of initial interest: GSTSNAP25-CCPGCC-EGFP, GST-SNAP25 (1-140) CCPGCC-SNAP-25 (141-206) EGFP, and
GST-EGFP-SNAP25 (1-140) CCPGCC-SNAP-25 (141-206). After the DNA sequence was
confirmed for each of these constructs, they were transformed into E. coli BL21(DE3)LysS for
protein expression. Cells were grown at 37 ºC overnight in LB broth containing 100μg/ml
ampicillin. The overnight culture was diluted 1:100 with LB containing 100μg/ml ampicillin and
incubated at 37 ºC until OD600 reached 0.5. The cells were induced with 0.5mM IPTG and
incubated at room temperature for an additional 4 hours. The cells were pelleted by
centrifugation at 6000 RPM for 10 min and suspended in lysis buffer (10mM Tri·HCl, 200mM
NaCl, 1mM DTT, and 0.5% Triton X-100, pH 7.5) supplemented with 5mM PMSF (Sigma,
P7626) and 5mM benzamidine (Sigma, B-6506) as a protease inhibitor. The 5mM PMSF was
continuously added every 20 minutes due to the limited half life of PMSF in aqueous solutions.
The suspended cells were lysed on ice by sonicating at 15 pulses with 15 second pauses and then
centrifuged at 6000 RPM for 10 min to pellet cell debris. The supernatant was applied to
glutathione reduced agarose column pre-equilibrated with lysis buffer at 4°C. The column was
thoroughly washed with wash buffer (10mM Tri·HCl, 200mM NaCl, 1mMDTT, and 0.5%Triton
X-100, pH 7.5) and the bound GST-SNAP-25 was eluted with elution buffer (10mM Tris·HCl,
pH 7.5, 10mM glutathione). Purified SNAP-25 with GST-tag was then dialyzed against 1× PBS
(pH 7.5) for 3 h. The samples were analyzed by SDS-PAGE.
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Double Labeled GST-SNAP-25 Recombinant Proteins

Figure 5: Schematic drawing of the fluorescent labeled constructs A) GST-SNAP25-CCPGCCEGFP, B) GST-SNAP25(1-140)CCPGCC-SNAP25(141-206)-EGFP, and C) GST-EGFPSNAP25(1-140)CCPGCC-SNAP25(141-206).
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E. SDS—polyacrylamide gel electrophoresis (PAGE)
Proteins were analyzed on NuPAGE® 4-12% Bis-Tris gels and sample preparation and
conditions were followed according to the manufacturer’s instructions. Prestained protein
standard and samples were prepared with 1× Laemmli sample buffer and denatured at 94°C for
10 min. The samples were then cooled to room temperature and loaded in the NuPAGE® 4-12%
Bis-Tris gel and run at 120 voltages for 90 minutes in 1×NuPAGE MOPS SDS running buffer.
Gels were stained by incubating in BioRad Coomassie Blue Staining Solution for 3 hours and
then destained overnight in BioRad Destaining Solution. A photograph of each gel was taken via
a SONY digital camera.
5. Expression and Purification of SNARE Proteins
A. α-SNAP
The stock cell containing the gene for α-SNAP was provided by a colleague and graduate
student, Minghao Feng. An overnight culture containing 20ml of α-SNAP (BL21) was
inoculated in 400ml of LB broth containing 50μg/ml ampicillin and 25μg/ml kanaymycin. After
OD600 reached 0.6 in 37°C, culture was induced with 1mM IPTG for an additional 4 hours in
37°C. The α-SNAP was purified by Ni-NTA agarose according the protocol of Qiagen®.
Protease inhibitor (Roche EDTA free Protease Inhibitor cocktail) and 1mg/ml of lysozyme was
added during the lysis procedure to prevent degradation of protein.
B. Synaptobrevin;VAMP (1-94)
The stock cell containing the gene VAMP (1-94) was provided by a colleague and
graduate student, Minghao Feng. An overnight culture containing 10ml of VAMP (1-94) was
inoculated in 200ml of LB broth containing 100μg/ml ampicillin and 25μg/ml kanaymycin. After
OD600 reached 0.6 in 37°C, the culture was induced with 1mM IPTG for an additional 4 hours in
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37°C. The VAMP (1-94) was purified by Ni-NTA agarose according the protocol of Qiagen®.
Protease inhibitor (Roche® EDTA free Protease Inhibitor cocktail) and 1mg/ml of lysozyme
were added during the lysis procedure to prevent degradation of protein.
6. Expression and purification of BoNT/E LC
A 50μl sample of highly purified BoNT E/LC synthetic gene in pET24a+ was kindly
provided by Leonard Smith and Virginia Roxas-Duncan from the U.S. Army Medical Research
Institute of Infectious Diseases. An agar plate containing 100μg/ml of kanamycin was streaked
with the BoNT E/LC stock cell and incubated in 37°C overnight for greater than 16 hours. A
single colony was picked from the agar plate and inoculated in 5ml LB culture and incubated at
37°C with shaking for 14 hours. The purification of LC/E was followed using Agarwal’s
protocol. After overnight growth, the 5ml culture was inoculated in a 2L flask containing 500ml
of LB broth and 100μg/ml of kanamycin. The cells were incubated at 37°C with shaking until an
OD600 reached 0.6. The culture was then induced with 1mM IPTG and incubated at room
temperature for an additional 12 h. The induced cells were harvested at 5000 rpm for 10 min.
The pellet was resuspended in 20ml lysis buffer (50mM Na–phosphate, pH 8.0, 300mM NaCl,
5mM benzamidine, 0.5mM PMSF, and 1μg/ml pepstatin A) supplemented with two tablets of
protease inhibitor cocktail (Roche) and 0.5mg/ml lysozyme and 6mM iodoacetamide. The lysate
was sonicated with 6 pulses for 10 seconds each and allowed to incubate on ice for 10 minutes
before being centrifuged at 10,000 rpm for 30 minutes. The supernatant was mixed with 5ml of
Ni-NTA agarose, already pre-equilibrated with phosphate buffer (50mM Na-phosphate, pH 8.0,
300mM NaCl) and placed on a rotor at 4°C for an hour. The column was washed with phosphate
buffer containing 10, 20, and 50mM imidazole. The elution was done with 100mM and 250mM
imidazole phosphate buffer.
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Chapter 3: RESULTS
1. Expression and Purification of BoNT/A LC
In order to study the interaction between BoNT/A light chain and its substrate SNAP-25,
the BoNT/A LC protein had to be expressed and purified. Despite numerous gene fusion
systems, recombinant protein expression in E.coli remains to be challenging. Marblestone and
colleagues did a comparative analysis of several gene fusion systems, comparing maltose
binding protein (MBP), glutathione-S-transferase (GST), thioredoxin (TRX), NUS A, ubiquitin
(Ub), and small ubiquitin-like modifier protein 1 (SUMO-1) to determine which would serve as
the best fusion partner for three separate model proteins, consisting of enhanced green
fluorescent protein (eGFP), matrix metalloprotease-13 (MMP13), and myostatin growth
differentiating factor-8, (GDF8). The studies revealed that the NUS A and SUMO fusions had
dramatically enhanced expression and solubility as compared to the other fusion systems. An
extra advantage of the SUMO fusion protein over the NUS A is that the SUMO fusion is cleaved
by the natural SUMO protease, whereas an AcTEV protease site has to be designed between the
NUS A and its fusion protein. The SUMO protease also had a 25 fold higher kcat than the
AcTEV protease, proving it to be a more efficient protease (Marblestone, 2006). The relatively
small size of the SUMO, 12kDa, is another desirable attribute for a fusion partner because of
minimal spatial interference with target protein activity. The SUMO genetic tag was chosen to be
the most suitable fusion partner for LC due to its enhanced expression and solubility, as well as
its broad specificity and highly efficient cleavage attributes of the SUMO protease.
The pQE30-SUMO-LC expression vector was initially developed by a former graduate
student (Kate Guzzo) but the solubility of the full length light chain originating from the pQE30SUMO-LC proved to be an obstacle. A dimer also formed during expression of the full length
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light chain, even after varying experimental conditions. Minghao Feng, another graduate student
in our lab, then constructed the pQE30-SUMO-LC425, which consists of the truncated LC
containing residues 1-425, via site-directed mutagenesis. This truncated SUMO-LC425 had
enhanced solubility and did not form a dimer as did the full length SUMO-LC. All future
experiments involving the light chain stem from the pQE30-SUMO-LC425 but will simply be
referred to as LC/A SUMO or LC/A. The pQE30-SUMO-LC425 vector was transformed in
M15[pREP4] cell line. Culture size was 350ml and expression of BoNT/A light chain (LC) was
induced with 1mM isopropyl β-thiogalactopyranoside (IPTG) overnight at room temperature.
The light chain was purified by Ni-NTA argose according the protocol of Qiagen®. Protease
inhibitor and lysozyme were added during lysis to prevent degradation of LC/A-SUMO.
The purified LC/A-SUMO was separated into two different portions, and each portion
was dialyzed with either Dialysis Buffer 1 (40mM HEPES, 20μM EDTA, pH 7.5) or Dialysis
Buffer 2 (40mM HEPES, pH 7.5). The only difference between the two buffers was the addition
of 20μM EDTA in Dialysis Buffer 1. The EDTA in Dialysis Buffer 1 would serve as a chelating
agent and remove any Zn2+ from solution whereas Dialysis Buffer 2 would not interfere with
Zn2+. The zinc ion is crucial in that the LC/A is a zinc-dependent protease that requires Zn2+ to
be present for efficient cleavage of the SNAP-25. In order to determine the conformational
changes of SNAP-25 upon binding with BoNT/A LC, Zn2+ depleted BoNT/A LC would be
needed in order to prevent cleavage of SNAP-25. The purified LC/A-SUMO was stored with
40% glycerol at -80˚C.
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SDS Page of BoNT/A LC
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Figure 6: SDS Page of BoNT/A LC. Lane 1: Elution 2 (6μl loading volume), Lane 2: Precision
Plus Kaleidoscope Standard, Lane 3: Elution 3 (6μl loading volume), Lane 4: Elution 4 (6μl
loading volume). Lysis of cells was accomplished by resuspending pellet in lysis buffer (50mM
NaH2PO4 (pH 8), 300mM NaCl, 10mM β-mercaptoethanol, 10mM imidazole, and 5% glycerol),
adding 1mg/ml of lysozyme, and 1 tablet from cOmplete, EDTA-free Protease Inhibitor Cocktail
Tablets. The recombinant LC had 6 histidine residues tagged at the C-terminal and was purified
on a Ni2+ column by batch purification according to the Qiagen® protocol describing purification
of 6xHis-tagged proteins under native conditions. The cleared lysate and Ni-NTA slurry mixture
were allowed to equilibrate by gently shaking (200 rpm on a rotary shaker) at 4°C for 60
minutes. The column was washed twice with 4 bed volume wash buffer (50mM NaH2PO4,
300mM NaCl, 20mM imidazole) and eluted 4 times with 0.5ml elution buffer. Eluates were
analyzed by SDS-PAGE. BoNT/A LC-SUMO shows up at 65kDa.
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2. SNAPtide Assay of Botulism LC/A-SUMO
A highly efficient assay for monitoring light chain activity is based on the use of
fluorescence resonance energy transfer (FRET) substrates. FRET substrates contain a fluorescent
donor group at the N-terminus of the synthetic peptide and a chromogenic acceptor group at the
C-terminus. The fluorescence is quenched initially by energy transfer between the donor
fluorophore and the acceptor chromophore. The FRET substrate used is SNAPtide®, Product
#520, and contains the o-aminobenzoic acid/2,4 dinitrophenyl (oAbz/DNP) FRET pair. This
synthetic peptide contains the native cleavage site for botulinum neurotoxin type A.
Initially the N-terminally attached fluorophore, o-aminobenzoyl is quenched by the Cterminally attached chromophore, 2,4-dinitrophenyl (Dnp). Cleavage of the SNAPtide by the
botulinum neurotoxin LC/A releases the fluorophore and full fluorescence is restored. The
increase in fluorescence intensity is directly proportional to the amount of cleavage that has
occurred and thus allows for accurate measurement of botulinum neurotoxin enzymatic activity.
BoNT/A LC activity can be monitored continuously by recording the increase in fluorescence
intensity over time. Fluorescence is a linear function of cleaved SNAPtide® concentration up to
30μM for the (oAbz/DNP) FRET pair.
A. Enzyme activity of BoNT LC/A-SUMO
After the LC/A-SUMO was expressed and purified, the enzyme was tested for protease
activity by measuring the rate of enzymatic cleavage of 2μM SNAPtide® (oAbz/DNP) at various
concentrations of LC/A-SUMO. The FRET substrate SNAPtide® (13 amino acids) is a
shortened version of LC/A’s physiological substrate SNAP-25 (206 amino acids) that contains
the native cleavage site of Gln197-Arg198. Cleavage of the substrate by botulinum neurotoxin
releases the fluorophore and full fluorescence is restored.
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BoNT/A LC-SUMO dependent hydrolysis of SNAPtide® (oAbz/DNP) produced a linear
increase in fluorescence when monitored at excitation and emission wavelengths of 320 and 420
nm, respectively. The increase in donor emission of SNAPtide® (oAbz/DNP) substrate is
proportional to enzyme concentration thus confirming LC/A-SUMO activity as shown in Figure
7.
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SNAPtide Assay for Cleavage by BoNT/A LC

Donor emission quenched

Donor emission restored

Schematic representation of cleavage of SNAPtide® by BoNT/A LC. Enzyme activity is monitored by increase of
donor fluorescence intensity.

Figure 7: This figure is modified from the schematic representation of SNAPtide Assay from
Huigio Lai (2010) with permission.

29

Rate of Cleavage of SNAPtide® (oAbz/DNP)
Substrate by BoNT LC/A-SUMO
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Figure 8: This graph depicts the BoNT LC/A-SUMO dependent hydrolysis of 2µM SNAPtide®
(oAbz/DNP). A linear increase in fluorescence occurs when monitored at excitation and
emission wavelengths of 320 and 420 nm, respectively.
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B. Compounds B, D, and E as Potential Inhibitors of LC/A-SUMO

The FRET based SNAPtide assay is further implemented to experimentally determine if
the screened compounds B, D, and E serve as potential inhibitors of the BoNT LC/A-SUMO.
Figure 8 shows that rate of cleavage of SNAPtide® (oAbz/DNP) by the BoNT/A LC-SUMO is
directly proportional to the amount of enzyme present and full fluorescence of the FRET
substrate is restored after proteolytic cleavage. If a compound acts as an inhibitor of BoNT/A
LC, the compound should prevent cleavage of the SNAPtide® (oAbz/DNP) by the protease, and
fluorescence shall remain quenched by the intact FRET substrate as is depicted in Figure 7.
Compounds that inhibit BoNT/A LC will display an inverse relationship between the rate of
fluorescence versus concentration of compound.
Compounds B, D, and E were each analyzed at ~10μM and ~20μM to examine if a higher
concentration of these compounds would lead to a decreased rate of cleavage, and therefore a
reduced rate of fluorescence as compared to the lower concentration. Reactions were initiatied
by the addition of SNAPtide at a final concentration of 2μM. Each compound was run in
triplicate and fluorescence titrations were done on the same day to avoid discrepancies due to
instrumental error. Janda et al previously did co-solvent stability studies to determine which
solvent (methanol, ethanol, glycerol and/or DMSO),if any, would affect the catalytic activity of
the light chain during SNAPtide assay. Methanol and ethanol were concluded to be the most
inhibitory (assay could not contain more than 3% by volume of either solvent), followed by
glycerol (assay could not contain more than 10% by volume). The most ideal solvent proved to
be DMSO since there was no interference with catalytic activity of BoNT/A LC (Boldt, 2006).
Therefore, DMSO was chosen as co-solvent for all SNAPtide runs.
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The fluorescence titration studies revealed that the inhibition of LC/A-SUMO was only
evident by Compound B, as it was the only compound to decrease the rate of fluorescence of
LC/A-SUMO at a higher concentration of 20µM of Compound B as compared to a lower
concentration of 10µM of Compound B. Compounds D and E showed no such correlation, and
these screened compounds were ruled out as potential inhibitors.
In order to ensure the accuracy of the SNAPtide assay, the compound 7-(phenyl(8quinolinylamino)-8-quinolinol (QAQ) was tested in its efficacy as an inhibitor of BoNT LC/ASUMO as it had previously shown via in an HPLC-based enzymatic assay to inhibit BoNT/A LC
by 74% at 20μM enzyme concentration (Lai et al, 2009). The QAQ shows inhibitory action
against BoNT/A LC, as was expected from previous studies by Dr. Lai (Lai et al, 2009). The bar
graph in Figure 9 summarizes the inhibitory studies and reveals that Compound B does act as an
inhibitor of LC/A-SUMO.
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Inhibitory Studies of BoNT/A LC-SUMO
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Figure 9: Inhibition of LC/A-SUMO by Compound B and QAQ. The LC Alone includes
1xPBS, 20μM Zn2+, 0.2μM LC-SUMO, DMSO, and 2µM SNAPtide.
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3. Fluorescently labeled GST-SNAP-25 Recombinant Proteins
For future tertiary structural studies, SNAP-25 was labeled at two locations in SNAP-25
with the fluorescent probes EGFP and ReAsh. Glutathione S-transferase (GST) was chosen as a
tag for the expression and purification of SNAP-25 and its fragments because it is readily
purified by affinity chromatography using immobilized glutathione. The use of other genetic
tags, such as 6×His and/or biotin were not considered because BoNT/A LC is a zinc protease that
requires zinc for cleavage of SNAP-25 and the 6×His tag could potentially bind to the Zn2+
coordinated LC and cause interference and introduce complications.
Kinetic and binding studies on the interaction between SNAP-25 and BoNT LC/A can be
monitored by FRET. FRET allows a way to study molecular dynamics, such as protein-protein
interactions and protein conformational changes by measuring interatomic distances in real time.
The protein of interest is labeled with a donor and an acceptor at two loci. FRET between the
two fluorescent chromophores can take place when the emission spectrum of one of them
(donor) overlaps with the excitation spectrum of the other (acceptor). A change of protein
conformation will result in a subsequent change of some interatomic distances within the target
protein. Fluorescence donor and acceptor tags inserted at appropriate locations on the protein
should be able to report such a conformational change as a change in FRET signal (Selvin,
1995).
Each SNAP-25 construct was labeled with enhanced green fluorescent protein (EGFP)
and a tetracysteine (TC, or CCPGCC) tag. The CCPGCC tag is a genetically modified
fluorescent tag that when covalently bound to biarsenical pro-fluorescent dyes such as 4, 5-bis(1,
3, 2-dithiasolan-2-yl) fluorescein (FlAsH) and 4, 5-bis(1, 3, 2-dithiarsolan-2-yl)resorufin
(ReAsH), a resulting hairpin is produced with either a green (FlAsH) or red (ReAsH)
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fluorescence occurs. The dyes by themselves are not fluorescent, but upon binding to the
CCPGCC-a fluorescent complex is formed.
The significance of these constructs is to study the conformational changes of SNAP-25
in the absence and presence of Zn2+-depleted BoNT/A LC, using FRET between EGFP
and CCPGCC-ReAsH fused to SNAP-25 at specific locations. The SNAP-25 constructs are
designed such that conformational changes of intact SNAP-25, N-terminal SNAP-25, and Cterminal SNAP-25 are studied with LC/A. The following three constructs are GST-SNAP-25CCPGCC-EGFP, GST-EGFP-SNAP-25 (1-140) CCPGCC-SNAP-25 (141-206), and GSTSNAP-25 (1-140) CCPGCC-SNAP-25 (141-206)-EGFP. The plasmids containing these genes
were already provided by a former graduate student, Dr.Huigio Lai.
A. Restriction Digestion and Sequence Analysis
Restriction digestion using BamHI/Not1 was done on each pGEX plasmid containing the
constructs GST-SNAP-25-CCPGCC-EGFP, GST-EGFP-SNAP-25 (1-140) CCPGCC-SNAP-25
(141-206), and GST-SNAP-25 (1-140) CCPGCC-SNAP-25 (141-206) EGFP in order to
establish that the DNA fragments containing the target sequence have the same size, and
furthermore that each fragment with the target sequence is located at the same position within the
fragment. DNA bands were visualized by UV light and photographed with a SONY digital
camera. Each pGEX vector contains a total of 6343 base pairs and BamHI/Not1 cleaves the
vector to form two distinct DNA fragments, one containing the insert region of SNAP-25 and
EGFP (~1.4kb) and the other containing the remaining plasmid (~5kb). The agarose gel in
Figure 10 confirms the band size of each insert by appearing very close to the 1.4kb marker. To
further confirm the specific DNA sequence of each pGEX plasmid, 10μl of each purified
plasmid was sent to Genewiz for sequencing. The DNA sequence for all pGEX plasmids were
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confirmed by Genewiz sequencing (Appendix A) and expression and purification ensued.
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Restriction Digestion GST-SNAP25 Constructs
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Figure 10: Lane 1: 10μl GST-CCPGCC-SNAP25-EGFP+2 μl (6x) Loading Dye,
Lane 2: 10μl GST-SNAP25(1-140)CCPGCC(141-206)-EGFP+2 μl (6x) Loading Dye, Lane 3: 1
kB Ladder (Standard), Lane 4: 10μl GST-CCPGCC-SNAP25(A195S)-EGFP+2 μl (6x) Loading
Dye
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B. Expression and Purification
Once the DNA sequence of each pGEX construct was confirmed and identified,
expression and purification followed. The pGEX plasmids containing the fluorescent labeled
GST-SNAP-25 proteins were designed and engineered by former graduate student Dr. Huigio
Lai. Therefore, the method of expression and purification outlined in Dr. Huigio Lai’s thesis was
administered. However, this method of purification revealed to be problematic, even as several
modifications were made. The outlined procedure in Dr. Huigio Lai’s thesis was followed
strictly but resulted in low yield, poor stability of final product, and several impurities showing
up during elution. Such modifications included testing the effect of with and without lysozyme,
adding 1.5% SARKOSYL to make protein more soluble, changing pH and salt conditions,
reducing IPTG concentration, adding IPTG at a lower OD600, reducing hours of induction from 4
hours to 2 hours at 37°C, increasing aeration, reducing temperature of induction from 37°C to
room temperature, reducing duration of sonication after lysis from 15 pulses to 6 pulses to
prevent degradation, using benzonase nuclease to reduce viscosity, adding EDTA during lysis to
prevent degradation, and several other modifications. Interestingly enough, the pellet after
centrifugation of lysate was a fluorescent green hinting that the desired fluorescent protein was
insoluble and remained in the pellet. Several experimental trials to produce a purified protein
product were attempted but one example of the impurities that resulted during purification and
elution is shown in Figure 11. This specific trial of purifying the GST-SNAP25 fusion proteins
had the modification of using 1.5% Sarkosyl and doing comparative analysis between room
temperature induction and 37°C induction.
After considerable effort and lots of trial and error, the method of purification that
provided the most pure protein resulted from following the protocol from Dr. Huigio Lai’s thesis
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but with the following adjustments: inducing culture at room temperature for 4 hours instead of
37°C, adding 5mM PMSF instead of 1mM PMSF during lysis, adding two tablets of cOmplete
Mini Roche Protease Inhibitor during lysis, adding 1μg/ml of pepstatin during lysis, and most
importantly continuously adding PMSF every 20 minutes after the lysis step since the half life of
PMSF in aqueous solution is limited (110 min at pH 7, 55 min at pH 7.5, and 35 min at pH 8, all
at 25°C). Another method of improved purification of the GST fusion proteins derived from
following the Genscript protocol for purification of GST-tagged proteins with the additional
modification of supplementation of 5mM PMSF and 5mm benzamidine.
The first two constructs of GST-CCPGCC-SNAP-25-EGFP and GST-EGFP-SNAP-25
(1-140) CCPGCC-SNAP-25 (141-206) were expressed and purified. The GST-CCPGCCSNAP-25- EGFP construct was expressed and purified following Dr. Huigio Lai’s protocol (Lai,
2010) and the GST-EGFP-SNAP-25 (1-140) CCPGCC-SNAP-25 (141-206) was expressed and
purified following GenScript protocol for GST-tagged proteins. Proteins are stored in 20%
glycerol in -80°C.
The molecular weights of the GST-SNAP-25-CCPGCC-EGFP and GST-EGFP-SNAP-25
(1-140) CCPGCC-SNAP-25 (141-206) were approximately 76kDa.
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Improve Solubilization of GST-Fusion Protein (adding
SARKOSYL, TRITON) in room temperature versus 37°C induction
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2. After Induction (Room Temperature,4
hour)
3. After Induction (37°C, 4 hour)
4. Lysate (Room Temp)
5. Supernatant (Room Temp)
6. Lysate (37°C)
7. Supernatant (37°C)
8. Elution 1 Room Temp
9. Elution 2 Room Temp
10. Elution 3 Room Temp
11. Standard Kaleidoscope
12. Elution 1 37°C
13. Elution 2 37°C
14. Elution 4 37°C
15. Elution 3 37°C

Figure 11: Protein of interest is GST-CCPGCC-SNAP-25-EGFP. An overnight culture
containing 4ml of GST-SNAP-25 (BL21) was inoculated in 200ml of LB Broth containing
100μg/ml ampicillin. The inoculatd culture placed in 37°C for 90 minutes and induced at
0.1mM IPTG. The culture was equally split into two separate flasks, one 100ml culture being
induced room temperature for 4 hours with the other 100ml culture being induced at 37°C for 4
hours. STE Buffer (10mM Tris, 150mM NaCl, 1mM EDTA, pH 8.0) was used in lysis buffer
supplemented with 0.1mg/ml lysozyme, 5mM DTT, 5mM PMSF, 5mM benzamidine, 1 tablet of
cOmplete Mini Roche Protease Inhibitor tablet, 1µg/ml Pepstatin A. A 1.5% SARKOSYL
solution was added to lysate, follwed by 1 minute sonification on ice. Lysate was pelleted at
8000 RPM for 10 minutes and 2% Triton was added and then allowed to incubate 15 minutes
with glutathione agarose. Samples were eluted with 75mM HEPES, 150mM NaCl, 10mM
Reduced Glutathione, and 5mM DTT (pH 7.4).
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SDS PAGE of GST-CCPGCC-SNAP-25-EGFP
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Figure 12: SDS gel of GST-CCPGCC-SNAP-25-EGFP. Lane 1 is Elution 1, Lane 2 is Elution 2.
Lane 3 is BioRad Kaleidoscope Precision Plus Protein Standard, and Lane 3 is Elution 3. An
overnight culture containing 20ml of GCSE (BL21) was inoculated in 400ml of LB Broth
containing 100μg/μl of ampicillin. OD600 reached 0.734 in 37°C. Culture was induced with
1mM IPTG for an additional 4 hours at room temperature. Cells were pelleted at 6000 RPM for
10 minutes. The pellet was resuspended in lysis buffer supplemented with 5mM PMSF,5mM
benzamidine, 2 tablets of cOmplete Mini Roche Protease Inhibitor, and 1μg/ml pepstatin. The
5mM PMSF was added to sample after every 20 minutes. Lysis buffer contained 10mM TrisHCl, 200mM NaCl, 1mM DTT, and 0.5% Triton X-100 (pH 7.5). Elution Buffer contained
10mM Tris-HCl with 10mM L-glutathione reduced (pH 7.5). Batch purification was done for 2
hours in cold room and purification using glutathione agarose resin and wash buffer was same as
lysis buffer. Samples were eluted with 10mM Glutathione Elution Buffer (0.154 g of reduced
glutathione dissolved in 50mM Tris-HCl, pH 8.0). Dialysis 3X with 1XPBS in cold room.
Samples were concentrated with AMICON Ultra Ulracel-30K.
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SDS PAGE of GST-EGFP-SNAP-25 (1-140) CCPGCC-SNAP-25 (141-206)
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Figure 13: SDS gel of GST-EGFP-SNAP-25 (1-140) CCPGCC-SNAP-25 (141-206). Lane 1 is
Elution 1, Lane 2 is Elution 2. Lane 3 is BioRad Kaleidoscope Precision Plus Protein Standard.
An overnight culture containing 10ml of GST-EGFP-SNAP-25 (1-140) CCPGCC-SNAP-25
(141-206) (BL21) was inoculated in 1000ml of LB Broth containing 100μg/ml ampicillin. OD600
reached 0.812 in 37°C and an additional 100μg/ml of ampicillin was added. Culture was induced
with 1mM IPTG for an additional 5.5 hours in 37°C. The lysis and purification followed the
Genscript Protocol. The lysis buffer was 1XPBS supplemented with 5mM PMSF, 5mM
benzamidine, 1 cocktail tablet of cOmplete Mini Roche Protease Inhibitor per 10ml of lysate,
1mg/ml lysozyme, and 1% Triton. Wash buffer was same as lysis buffer (1XPBS) supplemented
with 5mM PMSF. Samples were eluted with 10mM Glutathione Elution. Dialysis was done with
1000 fold dialysate in 1XPBS with three washes in cold room. Samples were concentrated after
dialysis with AMICON Ultra Ulracel-30K.
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4. Expression and Purification of SNARE Proteins
SNAP-25 plays a key role in membrane fusion and binds to VAMP and syntaxin to form
a stable four helix bundle termed SNARE. SNAP-25 is unique in that in its free form it is an
intrinsically disordered protein, but upon formation of the SNARE complex, it gains a
considerable amount of alpha helical content. SNAP-25 also associates with synaptotagmin,
munc18, α-SNAPS, and phospholipids during membrane fusion. Additionally, SNAP-25 can
undergo several modifications, from palmitoylation to phosphorylation (Lai, 2010). The
interplay of SNAP-25 and its constituents most likely result in conformational changes in the
SNAP-25. The double labeled fluorescent GST-SNAP-25 constructs that have been expressed
and purified in this study could be utilized in further experiments with interacting SNARE
proteins and accessory proteins.
The proteins that constitute the SNARE complex (SNAP-25, syntaxin, and
synaptobrevin) and the accompanying accessory proteins involved in disassembly (NSF and αSNAP) will need to be expressed to study conformational changes in the time course of assembly
and disassembly of SNARE complex. The effect of SNAP-25 cleavage by botulism neurotoxin
on synaptobrevin and syntaxin remains unknown and is also significant for related future studies.
The plasmids containing the cDNA of synaptobrevin (VAMP) and α-SNAP were provided by a
graduate student, Minghao Feng. The VAMP is a truncated version of the full length, containing
only the first 94 amino acids, due to low solubility of the full length VAMP. A truncated
synaptobrevin protein and α-SNAP protein has been expressed and purified by Ni-NTA column
according to Qiagen protocol. Protease inhibitor and lysozyme were added during lysis to
prevent degradation of proteins. Elution of each protein yielded highly pure and concentrated
bands at its appropriate size marker. Proteins were stored in 20% glycerol and in -80°C until
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future studies could be done once the remaining constituents of the SNARE complex are
expressed, purified, and assembled.
The molecular weight of VAMP (94) is approximately 10kDa and the molecular weight
of α-SNAP is 35kDa.
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SDS PAGE of VAMP (1-94)
1

2

10kDa

Figure 14: SDS gel of VAMP (1-94). Lane 1: BioRad Kaleidoscope Precision Plus Protein
Standard, Lane 2: Vamp (1-94). An overnight culture containing 10ml of Vamp (1-94) was
inoculated in 200ml of LB Broth containing 100μg/ml ampicillin and 25μg/ml kanaymycin.
OD600 reached 0.6 in 37°C .Culture was induced with 1mM IPTG for an additional 4 hours in
37°C. The V94 was purified by Ni-NTA agarose according the protocol of Qiagen. Protease
inhibitor (Roche EDTA free Protease Inhibitor cocktail) and 1mg/ml of lysozyme was added
during the lysis procedure to prevent degradation of protein.
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SDS PAGE of α-SNAP
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Figure 15: SDS gel of α-SNAP. Lane 1: Elution 1, Lane 2: Elution 2, Lane 3: BioRad
Kaleidoscope Precision Plus Protein Standard, and Lane 4: Elution 3. An overnight culture
containing 20ml of α-SNAP (BL21) was inoculated in 400ml of LB Broth containing 50μg/ml
ampicillin and 25μg/ml kanaymycin. OD600 reached 0.6 in 37°C .Culture was induced with 1mM
IPTG for an additional 4 hours in 37°C. The α-SNAP was purified by Ni-NTA agarose
according the protocol of Qiagen. Protease inhibitor (Roche EDTA free Protease Inhibitor
cocktail) and 1mg/ml of lysozyme was added during the lysis procedure to prevent degradation
of protein.
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5. Expression and Purification of BoNT/E LC
There are seven serotypes of botulinum neurotoxins created by the anaerobic bacterium
Clostridium botulinum (BoNT A-G). All seven distinct neurotoxins BoNT A-G share common
sequence homology and possibly similar structural and functional properties. Each botulinum
neurotoxin has a zinc dependent metalloprotease that cleaves a specific protein component of the
SNARE complex to cause flaccid paralysis. BoNT/A, /C, and /E cleave SNAP-25 but each at a
different scissile bond, BoNT/B, /D, /F and /G cleave synaptobrevin (VAMP) but again at a
different scissile bond, and BoNT/C also cleaves syntaxin. Although BoNT’s share mostly
similar structures, there selectivity in specific SNARE protein and distinct site of cleavage poses
a difficulty in designing a common structural based inhibitor. Furthermore, the active site
conformation of each neurotoxin could be similar and contain the zinc binding motif, but
additional binding sites are most likely required for substrate specificity and are probably located
distal from the active site. Nonetheless, it would be interesting to determine if the same drug
could be effective in treating all the serotypes of botulinum neurotoxin.
BoNT/A with BoNT/E have similar genetic sequences and share the same substrate
SNAP-25, but differ considerably in duration of cleavage. It will be of prime importance to study
the kinetics of LC/A and LC/E to detect conformational changes upon binding of substrate and to
determine if BoNT/A binds fast or slow as in comparison to BoNT/E.
The gene containing the pET24a+ plasmid for BoNT LC/E was a kind gift given by Dr.
Leonard Smith and Virginia Roxas-Duncan from the U.S. Army Medical Research Institute of
Infectious Diseases. The BoNT LC/E was over expressed in BL21 (DE3) cells and purified to
homogeneity on Ni-NTA agarose to produce concentrated and pure bands at 50kDa. The 6 X
His-tag protein was easily expressed and purified without any complications as seen in the GST47

tagged SNAP-25 proteins. The BoNT LC/E was stored in 20% glycerol and stored in the -80°C
until further studies. The purified protein had very good stability and could be stored for months
in -20°C or below.
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BoNT/E LC
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B. Structure of BoNT/E (PDB 3FFZ).
Figure generated by Chimera.

A. Purification of BoNT/E-LC on a Ni–NTA agarose
affinity column.

Figure 16: Panel A(left): SDS gel of BoNT LC/E, Lane 1: Elution1(100mM Imidazole), Lane 2:
Elution 2 (100mM Imidazole), Lane 3: Standard, Lane 4: Elution 4 (250mM Imidazole), Lane 5
(250mM Imidazole). Panel B (right): Structure of BoNT LC/E.
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CHAPTER 4: DISCUSSION
The role of SNAP-25 in vesicular membrane fusion and trafficking is of prime
significance. BoNT LC/A can specifically cleave SNAP-25 at Gln197-Arg198 and block
membrane fusion, causing flaccid paralysis. The conformation of SNAP-25 is critical to
understanding the membrane fusion process.
Botulism neurotoxins have very lethal toxic effects and are categorized as biodefense
Category A Agents. Some antibodies and toxoid vaccines have been effective in preventing
botulism neurotoxin but they have severe side effects and it works only as a preventative
measure. Currently, no small molecule (non-peptidic) drugs exist that can effectively counteract
this dangerous toxin. Therefore, it is imperative to identify and design therapeutics to inhibit
BoNTs.
The BoNT light chain has been used as a target for developing and designing effective
therapeutics. Zinc binding groups such as hydroxamates and peptidic inhibitors such as
CRATKML have been developed to counteract the toxin but zinc binding groups are known to
have off-target activity and peptide based structures are known to be very unstable and be easily
degraded by host proteases upon entering inside the cell. Therefore, the identification of
Compound B as an inhibitor of the LC/A is promising in that it most likely serves as a non-zinc
binding group since there is no zinc coordinating species in the structure and therefore will be
more selective in its inhibition of LC/A. Competitive and non-competitive kinetic need to
further applied in order to identify the mode of inhibition of Compound B.
The FRET based SNAPtide assay is effective in providing a rapid and robust method of
screening and identifying potential inhibitors of BoNT LC/A and in this particular study has
identified Compound B as an inhibitor of BoNT LC/A. However, the FRET based substrate
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SNAPtide® (13 amino acids) is a truncated version of the physiological LC/A substrate SNAP25 (206 amino acids) and contains only those few residues surrounding the site of cleavage of
SNAP-25 by LC/A. It has been previously mentioned that LC/A recognizes SNAP-25 most
likely by the area surrounding the active site, additional binding sites known as exosites, and
residues distal from the active site. The reason for these multiple sites of interaction result from
the SNAP-25 wrapping itself around the majority of the protease’s circumference making an
extensive network of associations that is necessary for binding and catalytic efficiency. Chen et
al revealed that maximal catalytic efficiency of LC/A requires an optimal region of SNAP-25
spanning 57 amino acids from residues 146-202 (Chen, 2006). Therefore, confirmation of LC/A
inhibitors identified by the FRET based SNAPtide assay, such as Compound B, would be
further be validated using LC MS assay with an optimized 66-mer substrate (141-206)
containing the key recognition sites of SNAP-25 (Capkova, 2008).
Compound B and/or QAQ could also be further optimized as more potent inhibitors by
utilizing pharmacophore-guided optimization following a three zone pharmacophore (Burnett,
2009). A hybrid compound that fits the criteria of the computer generated pharmacophore can be
tested against light chain activity and compared with the original compound to see if the
analogue is more potent.
The greatest obstacle in this present study has been the ability to purify the fluorescent
GST-tagged fusion proteins in high yield and as a soluble and very pure product. Several
parameters were adjusted to optimize purification and the most pertinent to GST-recombinant
proteins are to ensure the avoidance of insufficient washing by increasing the number of washes
with PBS, prevent degradation of GST-fusion protein by adding sufficient protease inhibitor to
the lysis solution since several bands indicate a host protease is degrading the target protein
51

during purification, keep all samples and buffers on ice to reduce activity of proteases, and
choose milder sonication conditions.
Conformational studies of wild type SNAP-25 in the formation of the SNARE helix
bundle will be compared with mutants of SNAP-25 in the formation of the SNARE helix bundle
in order to observe which key residues of SNAP-25 play a critical part in formation of the
SNARE complex. Are these key residues of SNAP-25 in the SNARE complex related to key
residues involved in the binding with neurotoxin? Additional proteins that need to be expressed
for this future study include syntaxin and NSF.
The expression and purification of BoNT LC/E was achieved rather easily and produced
a high protein of high quality and with high yields. Comparative analysis studies of BoNT/A
and BoNT/E have yet to be accomplished and can be done so in order to identify commonalities
between the two neurotoxins as a means of designing a single inhibitor that would be effective in
counteracting both serotypes. Future studies would include mutagenesis at specific residues for
each neurotoxin to determine which key residues play a significant role in binding and catalysis
by comparing the resulting kinetic parameters with wild type. Kinetic studies of fluorescently
labeled GST-SNAP-25 constructs produced in this study with BoNT LC/A and BoNT LC/E will
provide details at the molecular level of the specific interplay between enzyme and substrate.
The compounds tested for possible inhibition of BoNT LC/A in this study could also be tested on
BoNT LC/E for inhibition of LC activity using a FRET based assay.
1. Conclusion
The ability to develop a selective, potent, and non-toxic inhibitor of botulism neurotoxin
can successfully be achieved if all aspects of the protease and the substrate interaction are
studied, alongside conformational studies of the SNAP-25 in its role in SNARE assembly and
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disassembly, comparative analysis studies of the varying serotypes of BoNTs to develop a single
drug that would be effective for all serotypes, and to finally optimize current lead small molecule
inhibitors of the light chain.
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Appendix A

Genewiz Sequencing of GST-SNAP25(1-140)CCPGCC-SNAP25(141-206)-EGFP
NOT1
•

TC
MOTIF

EGFP

SNAP 25 TV2

>Insert-3GEX_F03.ab1
NNNNNNNNNNNNNNCGCGCGAGGCAGATCGTCAGTCAGTCACGATGCGGCCGCTTTAACCACTTCCCAGCATCTTTGTTG
CACGTTGGTTGGCTTCATCAATTCTGGTTTTGTTGGAATCAGCCTTCTCCATGATCCTGTCGATCTGGCGATTCTGGGTG
TCAATCTCATTGCCCATGTCTAGAGCCATATGGCGGAGGTTTCCGATGATGCCGCTCACCTGCTCCAGGTTCCCATCCAT
CTCATTTTCCCGGGCGCAACAGCCAGGACAACAATCATTTGTTACCCTGCGGATGAAGCCACCACTGATGGCCATCTGCT
CCCGTTCATCCACCACACGGGCAGGCTGGCTGGCCACTACTCCATCCTGATTATTGCCCCAGGCTTTTTTGTAAGCATCA
CTGGATTTAAGCTTGTTACAGGGACACACACAAAGCCCGCAGAATTTTCCTAGGTCCGTCAAATTCTTTTCTGCTTCTTT
CATGTCCTTATTGATTTGGTCCATCCCTTCCTCAATGCGTTCCAGTTGTTCGCCTTGCTCATCCAACATAACCAAAGTCC
TGATGCCAGCATCTTTACTCTCTTCAACCAGCTGCAGCATGCGACGGGTGCTTTCCAGGGACTCATCAGCCAGCTGGTCA
GCCCTCCTCTGCATCTCCTCCAGCTCATTGCGCATGTCTGCGTCCTCGGCCATGCGGCCGCTCTTGTACAGCTCGTCCAT
GCCGAGAGTGATCCCGGCGGCGGTCACGAACTCCAGCAGGACCATGTGATCGCGCTTCTCGTTGGGGTCTTTGCTCNGGC
GGACTGGGTGCTCANGTAGTGGTTGTCGGGCAGCAGCACGGGGCCGTCGCCGATGGGGGTGTTCTGCTGGTAGTGGTCGG
CGAGCTGCACGCTGCCGTCCTCNATGTTGTGGCGGATCTTGAAGTTCACCTTGANGCCNTTCTTCTGCTTGTCGGCCATG
NNATANNCGTNGTGGCTGTTGTANNNTANNTCCAGCTNTGCCCNNNNGTTNCNTCCTCCNNAANTNNANGCCNNNNGNNN
NATGCGNNANCNGGNGTCNCCCTNNACNTCACNNCAGCNNNNNNNNNNGNANNNNNNGNCNTCNNNNANNANAANNN
NTGNNNNNN
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