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ABSTRACT 
 

Botulinum neurotoxins are the causative agents of botulism and serotype A (BoNT/A) 

is the most persistent one among seven Clostridium botulinum serotypes. Current 

treatments for BoNT/A toxicity do not meet the demand of a potential mass outbreak of 

botulism. The catalytic domain of BoNT/A light chain (LC) is the main target of the 

inhibitor designs. 

The inhibition and binding data of quinolinol inhibitors suggest that the inhibition of 

NSC 84096 is likely due to the binding around the active site pocket rather than removing 

the catalytic Zn2+ of LC/A. NSC 84096 was successfully docked to the active site of 

LC/A with and without Zn2+. Based on the structural information of known LC/A 

inhibitors, about 400,000 compounds in the ZINC database were screened by eHiTS-

LASSO. everal new scaffolds and potential leads were obtained.  

Other than small organic compounds, Zn2+ and Cu2 showed strong inhibition of LC/A 

activity at micromolar concentrations, implicating that the inhibition is likely associated 

with specific binding to LC/A. The inhibition of LC/A cysteine and histidine mutants by 

Zn2+ and the inactivation of LC/A by thiol-selective reagent N-ethylmaleimide suggest 

that C165 is the likely transition metal binding site. 
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More than only inhibiting LC/A, Cu2+ was able to inactivate LC/A through Fenton-

like reaction in the presence of ascorbate or hydrogen peroxide. Cu2+ effectively 

inactivated LC/A protease activity at submicromolar concentrations in the presence of 

both hydrogen peroxide and ascorbate. Cu2+ mediated inactivation of LC/A was time-

dependent and irreversible. The second order rate constant of the inactivation of LC/A by 

Cu2+ was found to be 4.24 ± 0.26 µM-1 min-1. 

The Cu2+-mediated inactivation of LC/A was not affected by the addition of the 

known LC/A inhibitor NSC 84096, which is a quinolinol derivative. NSC 84096 and 

similar quinolinol inhibitors in combination with Cu2+ could potentially deliver the 

inhibitors across cell membrane through chelation and subsequently inactivate BoNT/A. 

Due to the several-month long persistence of the BoNT/A toxicity, irreversible 

inactivation may offer a more effective therapy than conventional inhibitors. The Cu2+ 

mediated inactivation of LC/A developed in the present studies is applicable to similar 

Cu2+ binding proteins and nucleic acids.   
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Chapter 1 Introduction 

Botulinum neurotoxins (BoNTs), a family of proteins produced by Clostridium 

botulinum, are among the most toxic substances in the world (Rossetto and Montecucco, 

2008). Despite the association with food poison and potential threat as bioweapon (Smith 

et al., 2012), their high effectiveness and specificity also make them intriguing scientific 

subjects and useful tools in medical treatments (Montecucco and Molgo, 2005). BoNTs 

have been used in treatment of different neurological disorders such as dystonia and 

migraine headache as well as management of chronic pain and Parkinson’s disease 

(Truong and Jost, 2006). There are seven serotypes (A to G) of BoNTs with strong 

homology in protein sequence. BoNT A, B, E, F are the common cause of botulism in 

human, while BoNT C and D are responsible for avian and animal botulism (Arnon et al., 

2001). They are potent synaptic transmission blockers at neuromuscular junctions. All 

BoNTs are synthesized as a single polypeptide chain with a molecular weight around 150 

kDa. The inactive precursor protein is expressed as a 1296-residue single polypeptide 

(Thompson et al., 1990). The LC is designated from residues 1-449, but 11 residues at its 

C terminus is cleaved by endogenous protease after translation (Schmidt et al., 1984). In 

the mature toxin, the 50 kDa light chain (LC) and the 100 kDa heavy chain (HC) is linked 

by interchain disulfide bonds (Turton et al., 2002). The potency of BoNTs relies on its 

distinctive structure (Montal, 2010).  

1.1 Structure of botulinum neurotoxins 

The mature dichain BoNT consists of three functionally distinctive modules: an N-

terminal Zn2+ metalloprotease LC (~50 kDa), a translocation domain HN (~50 kDa) in the 
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N-terminus of HC and a receptor binding domain HC in the C-terminus of HC (Figure 

1.1).  

 

Light Chain (LC) 

1296  COOH 

s s 

1 NH2 

448 

HN 

HCN 

873 

Heavy Chain (HC) 

C430 

449 

HCC 

1098 

C453 

H222 

 

Zn2+ 

 

Figure 1.1 Structure of BoNT/A.  Three functional domains of BoNT/A are light 

chain (LC), heave chain N-terminus (HN), and heavy chain C-terminus (HC). LC 

(in red) consists of residues 1-448. HN (in green) consists of residues 449-873. 

HC consists of two subdomains: HCN (residues 874-1097 in pink) and HCC 

(residues 1098-1296 in blue) (Lacy and Stevens, 1999). Zn2+ at the catalytic site 

is shown as yellow sphere. The crystal structure of BoNT/A was obtained from 

Protein Data Bank (PDB ID: 3BTA). Image was generated by PyMOL 

(http://www.pymol.org/).  

The distinctive tri-modular structure can be seen in the crystal structures of BoNT/A, 

B and E holotoxins (Kumaran et al., 2009; Lacy et al., 1998; Swaminathan and 

Eswaramoorthy, 2000). The structures of BoNT/A and B holotoxins are superimposable 

(Swaminathan and Eswaramoorthy, 2000). The receptor binding domain can be further 
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categorized into two subdomains: a jelly roll folded β sheet barrel HCN domain and a β 

trefoil folded HCC domain. The catalytic domain (LC) has a α/β fold, while the 

translocation domain (HN) is a channel-like coiled-coil formed by two long helices (~100 

Å long). The central translocation domain HN separates the protease domain and receptor 

binding domain. There is virtually no contact between catalytic domain (LC) and receptor 

binding domain (HC). A large loop of translocation domain wraps around LC like a belt, 

which is partially blocking the active site of the protease. The catalytic zinc resides deep 

in the large cavity of the LC active site. Although individual functional domains of 

BoNT/E is similar to that of BoNT/A and B, its spatial arrangement is different from that 

of BoNT/A and B. The catalytic domain and receptor binding domain are close to each 

other sharing a common boundary with translocation domain. The belt in BoNT/E has an 

N-terminal fragment surrounded by the protease and receptor binding domain, which is 

absent in BoNT/A and B. However, the function and significance of these structures in 

BoNT/E is not yet understood (Kumaran et al., 2009).  

1.2 Intoxication of botulinum neurotoxins  

The intoxication of BoNTs is a multi-step process with discrete stages involving 

different functional domains (Simpson, 2004; Swaminathan, 2011). The intoxication 

includes a) receptor-mediated endocytosis; b) pH-dependent translocation and subsequent 

release of LC into cytosol and c) proteolysis of substrate and blockage of 

neurotransmitter release process (Matteoli et al., 1992) (Figure 1.2). 

The receptor binding domain HC provides high-affinity interaction with a surface 

protein receptor and a ganglioside coreceptor (Rossetto and Montecucco, 2008). The 
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protein receptors are different for BoNTs serotypes: secretory vesicle 2 (SV2) protein for 

BoNT/A, E and F (Dong et al., 2008; Dong et al., 2006; Fu et al., 2009); synaptotagmin 

(Syt) I and II for BoNT/B and G. Fibroblast growth factor receptor-3 (FGFR3) protein 

was also shown as possible protein co-receptor to BoNT/A.(Fernandez-Salas et al.) The 

receptor binding complex at the presynaptic nerve terminal encapsulates the toxins into 

endosomes. The acidic environment of endosomes induces a conformational change 

causing the insertion of HC into endosomal membrane. Subsequently the LCs of BoNTs 

translocate through the transmembrane protein channel and enter the cytosol.  

The LCs of BoNTs are Zn2+ metalloproteases, which cleave members of soluble N-

ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins. This group of 

proteins is widely involved in membrane fusion and release of acetylcholine 

neurotransmitter. There are three components of SNARE proteins: a) syntaxin, substrate 

of BoNT/C; b) synaptosomal protein of 25 kDa (SNAP-25), substrate of BoNT/A, C and 

E; c) synaptobrevin (also known as VAMP protein), substrate of BoNT/B, D, F, G 

(Schiavo et al., 1995a). The cleavage of SNARE proteins blocks the synaptic 

transmission and causes the severe neuromuscular paralysis of botulism.  
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Figure 1.2 Intoxication of BoNTs. The intoxication of BoNTs involves three 

steps: (a) receptor mediated internalization; (b) pH dependent translocation of 

light chain (LC); (c) Proteolytic cleavage of SNARE proteins.  BoNTs exert their 

action by cleaving members of SNARE. SNARE proteins: syntaxin is substrate of 

BoNT/C; b) synaptosomal protein of 25 kDa (SNAP-25), substrate of BoNT/A, /C 

and /E; c) synaptobrevin (also known as VAMP protein), substrate of BoNT/B, /D, 

/F and /G. The cleavage of SNARE proteins prevents the release of the 

neurotransmitter acetylcholine from synaptic vesicles.  
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1.3 Receptor binding domain (HC) 

The high neuronal specificity of BoNTs is determined by the interaction of HCC and 

its protein-ganglioside dual receptors (Maksymowych and Simpson, 2004). Several 

ganglioside receptors and protein receptors have been identified (Dong et al., 2006; 

Yowler et al., 2002). 

The abundant polysialylated gangliosides in neuron are thought to be involved in the 

initial anchorage of BoNTs to neuron cells (Rossetto and Montecucco, 2008).  Disialo-

gangliosides (GT1b) and trisialo-gangliosides (GT1bs) have been shown binding to 

BoNTs in nM range. Blocking access to GT1b prevents the entry of BoNT/A to neurons 

cell (Kamata et al., 1997). Binding to sialic acid of the gangliosides, lectins are able to 

compete the binding of all BoNT serotypes (Bakry et al., 1991). Inhibition of ganglioside 

biosynthesis in neuron cells can protect them against BoNT/A (Yowler et al., 2002).  

BoNT/A, B, C and F are shown to have affinity to GT1b, GD1b and GD1a, while 

BoNT/E binds to both GT1b and GD1a (Kozaki et al., 1998). BoNT/G binds to all these 

gangliosides with similar affinity. Lacking the ganglioside-binding pocket in other BoNT, 

BoNT/D shows association to phosphatidylethanolamine (PE) (Tsukamoto et al., 2008). 

However, the trypsin-sensitivity of BoNTs binding to neuronal membranes has 

indicated that the entry of BoNTs to the neuron cells required the high affinity protein 

receptors in additional to common gangliosides co-receptors (Montecucco, 1986). Protein 

components of the synaptic vesicles membranes are considered possible candidates due 

to the enhanced uptake of the toxins during neuronal activity (Simpson, 2004). The Ca2+ 

sensor for synaptic vesicle fusion, synaptotagmin, was found as the protein receptors for 
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BoNT/B and G respectively (Sudhof and Rothman, 2009). The family of synaptic 

vesicles membrane proteins SV2 and FGFR3 were identified as possible receptors for 

BoNT/A, E and F (Binz and Rummel, 2009). The protein receptors for BoNT/C and D 

are not yet known. The BoNT/B bound minimal segment of Synaptotagmin II is confined 

to the 20 residues close to the membrane (Dong et al., 2003). The co-crystal structure of 

BoNT/B and Synaptotagmin II binding segment reveals some insight of the receptor 

binding process (Chai et al., 2006). The peptide corresponding to Synaptotagmin II 

binding segment is essentially unstructured in solution but adopts an α-helical 

conformation in the presence of BoNT/ B HC (Dyson and Wright, 2005). The 

Synaptotagmin II binding site to BoNT/B is close to but different from the one of 

ganglioside co-receptor GT1b.   

The structures of HCC in BoNT/B are not significantly affected by the presence and 

absence of the protein and gangliosides receptors. The non-overlapping binding sites for 

protein and ganglioside receptors infer the absence of allosteric interaction between the 

two receptors (Binz and Rummel, 2009). The model based on the crystal structures of 

BoNT/A-SV2 complex and BoNT/B-GT1b complex is rendered to demonstrate the two-

receptor hypothesis at the atomic level. The two receptors of BoNTs presumably function 

independently (Stenmark et al., 2008). The low-affinity but high density gangliosides co-

receptors allow BoNTs to concentrate on the surface of the neuron, and move laterally to 

bind the low density high affinity protein receptors (Montal, 2010). BoNT/C and D do 

not require the second protein receptor for binding, but they may use dual gangliosides 

for binding (Karalewitz et al., 2010; Strotmeier et al., 2010). 
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The exact function of the jelly-roll folded HCN domain is not yet understood. 

However, HCN of BoNT/A has weak interaction with phosphatidylinositol phosphates 

(Muraro et al., 2009). 

There have been efforts in developing inhibitors targeting the receptor binding. 

Polysialylated ganglioside receptors of BoNTs like GT1b have been shown to inactivate 

BoNT/A (Kamata et al., 1997). Lectins compete the binding to gangliosides with all 

BoNT serotypes by binding to sialic acid (Bakry et al., 1991). Antibodies are also 

developed to block the entry of BoNTs (Garcia-Rodriguez et al., 2007). A small molecule 

compound, doxorubicin, binds to BoNT/B around the GT1b-binding site (Eswaramoorthy 

et al., 2001). However this approach may be limited, since it cannot affect the toxin 

activity after the intoxication.  

1.4 Translocation domain (HN) 

After the receptor-mediated endocytosis of BoNTs to sensitive cells, the LC protease 

domain needs to translocate through the endosomes. HN is responsible for the 

translocation of BoNT LC through the endosomal membrane. There is no crystal 

structure for isolated HN of any BoNT serotypes available, but its structure can be 

obtained from holotoxins or HN-LC crystal structures. Studies have shown HN can form 

channels in artificial membrane bilayer as well as in cell membranes (Blaustein et al., 

1987; Hoch et al., 1985). The hypothesis has been proposed that HN of BoNTs functions 

both as a channel and a chaperone, based on the study of channel current and substrate 

proteolysis of BoNTs (Koriazova and Montal, 2003). The translocation of BoNTs is 

found to be a pH dependent process. The pH of endosome has to decrease in order to 
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induce the translocation process. The disulfide bond between LC and HC is reduced after 

LC translocates across the endosomal membrane, which releases LC into the cytosol 

(Fischer and Montal, 2007). Recently studies on LC-HN complex have shown that the 

binding domain is not required for translocation and that translocation can happen even at 

neural pH. However, its physiological relevance is not understood (Fischer et al., 2008; 

Montal, 2009). 

The inhibitors of BoNT translocation were previously focused on preventing the 

acidification of endosome. The acidification of endosome requires vesicular H+-ATPase 

to pump the proton from the cytoplasm to the endosome. Inhibitors for vesicular H+-

ATPase like bafilomycin A1 (Simpson et al., 1994) and aminoquinolines (Deshpande et 

al., 1997) are shown as antagonists against BoNTs. Recently, the protein-conducting 

channel has also emerged as a promising target. Toosendanin and its tetrahydrofuran 

analog have been shown to inhibit the translocation of LC/A and E at subnanomolar 

concentration (Fischer et al., 2009). 

1.5 Catalytic domain (LC) 

The final stage of the BoNT intoxication is the blockage of acetylcholine release in 

neuromuscular junction. This is achieved by the catalytic domain (LC) cleaving the 

SNARE substrates. 

1.5.1 The SNARE proteins 

The soluble NSF attachment protein receptor (SNARE) proteins are a family of 

proteins essential for intracellular membrane fusion of synaptic vesicles in eukaryotes.  

The synaptic SNARE proteins consist of three proteins: synaptosome-associated protein 
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25 kDa (SNAP-25), syntaxin (Syt) and synaptobrevin (Syb) which is also known as 

VAMP. These three proteins mediate the docking and fusion of neurotransmitter vesicle 

to the presynaptic membrane through the formation of a four helix bundle SNARE 

complex.  

Based on the localization of synaptic SNAREs, vesicle associated Syb is classified as 

v-(vesicle) SNAREs, while presynaptic membrane associated SNAP-25 and Syt are 

categorized as t-(target membrane) SNAREs (Sollner et al., 1993).  

The v-SNAREs and t-SNAREs proteins pull the two associated membranes together 

by the formation of trans-SNAREs complexes. The subsequently membrane fusion 

converts the trans complexes into cis complexes in which all associated SNARE proteins 

are in the same membrane. The disassembly of the extremely stable cis-SNARE 

complexes requires the specialized chaperone machinery. This machinery consists of N-

ethylmaleimide sensitive factor (NSF) and soluble NSF attachment protein (SNAP). The 

NSF/SNAP machinery disassembles the cis-SNARE complexes using the energy from 

ATP hydrolysis, which is allowing the recycling of SNAREs after mediating one round 

of membrane fusion (May et al., 2001). 

Each SNARE protein is characterized by the presence of a 60-70 residue long 

SNARE motifs. Syt and Syb have a single SNARE motif immediately next to the C-

terminal transmembrane domain, while SNAP-25 has two SNARE motifs separated by 

the cysteine-linked palmitoyl membrane anchors. The SNARE motif contains a repeating 

heptad pattern of hydrophobic residues. This allows the hydrophobic side chain to locate 

at the same face of the helix, when an α helical structure is formed. SNARE motifs 
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assemble into an extremely stable four-helix bundle through the burial of these 

hydrophobic side chains into the core (Sutton et al., 1998) (Figure 1.3). 

N-terminus C-terminus

 

Figure 1.3 Four-helical bundle of SNARE complex  (PDB ID: 1SFC) SNAP-25 

(25-93) is shown in green. Syntaxin (188-259) is shown in yellow. Synaptobrevin 

(7-83) is shown in blue. SNAP-25 (131-204) is shown in cyan. Image was 

generated by PyMOL (http://www.pymol.org/). 

The complex of SNARE motifs was first visualized by the crystal structure of a 

complex containing SNARE motifs from Syb, Syt and SNAP-25 (Sutton et al., 1998). 

Syb and Syt each contribute one SNARE motif to the SNARE four-helix bundle while 

SNAP-25 contributes two of them. There is a central polar layer, constituted by highly 

hydrophilic side chains from each SNARE motifs, at the hydrophobic core of the 

complex. An arginine I and three glutamine (Q) residues comprise this polar layer 

through hydrogen bonds between the residues. These residues at the polar layer give rise 

to the classification of R- and Q-SNARE, which is based on which residues are 

contributed at the polar layer. R-SNARE motif is contributed by Syb. The Q-SNAREs 

can be further classified as Qa-, Qb-, Qc-SNAREs. Qa-SNARE motif is contributed by 

Syt, while Qb- and Qc-SNARE motifs are contributed by SNAP-25 N-terminal and C-

terminal respectively. The function of this polar layer is not fully understood. However, it 

has been suggested that this ionic layer is crucial for the proper alignment of the four 
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helices in the complex. Only one R-SNARE is present in a SNARE complex, due to 

charge repulsion of arginine side chain. Although a complex can be formed by 

exclusively Q-SNAREs and functional in vivo, the physiological SNARE complexes 

normally contain one and only one R-SNARE. The glutamine contributed by Syt appears 

to be important in the efficient disassembly of complex by the NSF/SNAP machinery 

(Sutton et al., 1998). 

The individual SNARE motifs are intrinsically disordered, but the assembly of these 

motifs dramatically induces the formation of the α helical structure. The four helices 

intertwine from N- to C- terminal direction. The resulting four-helix bundle of SNARE 

motifs reduces the distance between the transmembrane anchors and the two associated 

membranes like a zipper. The detail of the bi-layer fusion is not fully understood (Sudhof 

and Rothman, 2009). The cleavage sites of all BoNTs are located between the C-terminal 

transmembrane anchor and the polar ionic layer in SNAREs complex (Table 1.1). BoNTs 

cleave only free SNARE proteins, while the SNARE complex is resistant to the 

proteolysis of BoNTs (Hayashi et al., 1994). 

Table 1.1 Substrate Cleavage Sites of BoNTs 
Serotype Substrate Cleavage Site Reference 

A SNAP-25 Q197–R198 (Binz et al., 1994) 
B Syb Q76–F77 (Schiavo et al., 1992a) 

C 
SNAP-25 R198–A199 (Binz et al., 1994) 

Syt K253–A254 (Schiavo et al., 1995b) 
D Syb K59–L60 (Schiavo et al., 1993) 
E SNAP-25 R180–I181 (Binz et al., 1994) 
F Syb Q58–K59 (Schmidt and Stafford, 2005) 
G Syb A81–A82 (Schiavo et al., 1994) 

  



13 
 

1.5.2 Thermolysin-like Zn2+ metalloprotease 

The catalytic domain (LC) of BoNT is a zinc metalloprotease. The crystal structures 

of LCs in all serotypes are now available. All LCs of BoNT serotypes share a similar 

tertiary structure as the thermolysin. The tertiary structure is a compact globular folding 

with α helices and β sheets. The distinctive HEXXH Zn binding motif is also conserved 

in the primary sequence of all LCs. As the Zn2+ in the thermolysin, the catalytic Zn2+ in 

the LC active site is coordinated by two histidines, one glutamic acid  and an activated 

water (Hooper, 1994) (Figure 1.4). An additional glutamic acid forms strong hydrogen 

bond with the water molecule and acts as a general base of the catalytic reaction. The 

conserved residues around Zn2+ form identical contacts, even though each BoNT 

serotypes have different substrate specificity (Hanson and Stevens, 2000). In BoNT/A, 

the Zn2+ coordinates with His223, His227, Glu262 and a water molecule. Water molecule 

forms hydrogen bond with Glu224. Tyr366 is thought to stabilize the nucleophilic water 

in the transition state during the proteolytic reaction. Mutation of Tyr366 and Glu224 

resulted in inactive LC/A. The cleavage mechanism of BoNT LCs is thought to be similar 

to that of thermolysin, since they share high similarity in catalytic sites.   

Tyr157

Glu166
His146

His142

Glu143
His231 W1

W2

Zn

Tyr157

Glu166
His146

His142

Glu143
His231 W1

W2

Zn

             

Tyr366

Glu262

His227

His223

Glu224w

Zn

Tyr366

Glu262

His227

His223

Glu224w

Zn

 
     Thermolysin (PDB ID:1TLX)  BoNT LC/A(PDB ID: 3QIX) 

Figure 1.4 The active site zinc ions of thermolysin and BoNT LC/A. Zinc ions 

(yellow sphere) are coordinated by two histidines and one glutamic acid in both 
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thermolysin and BoNT LC/A. The zinc ion of thermolysin coordinates with an 

extra water molecule (in red sphere) which is stabilized the His231, while it is not 

present in BoNT LC/A active site.  

The target peptide bond is coordinated to zinc. A neighboring glutamic acid activates 

the Zn2+-coordinated water molecule through hydrogen bonding. The water molecule 

attacking the carbonyl carbon of the target peptide bond results in a tetrahedral 

intermediate. The intermediate is stabilized by a nearby tyrosine residue.  The proposed 

mechanism of SNAP-25 cleavage by LC/A is illustrated in Figure 1.5 (Swaminathan, 

2011; Zuniga et al., 2008b). 

 

Figure 1.5 Mechanism of LC/A cleavage. A water molecule is first activated by 

Zinc. Then the activated water molecule attacks the target peptide bond. The 
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adjacent tyrosine residue stabilizes the transition state. The glutamic acid acts 

general as an acid-base transferring the proton from water to amide group. It 

results in the cleavage of peptide pond.  

1.5.3 Role of zinc ion in BoNTs 

Zinc ion has different roles in different proteins. It could be structural, functional or 

both. A catalytic zinc in metalloprotease is normally coordinated by a catalytic water 

molecule and three amino acids, while a structural zinc is coordinated by four amino 

acids (Vallee and Auld, 1990). The zinc ion in BoNTs is now considered to be purely 

catalytic. Based on crystal structures of BoNT LCs, the zinc is coordinated by two 

histidines, one glutamic acid and one water molecule. There is no significant structural 

and conformational change in the active site of LC crystal structures after the removal of 

zinc ion (Agarwal et al., 2005; Eswaramoorthy et al., 2004; Silvaggi et al., 2008; 

Simpson et al., 2001). The removal of the zinc by metal chelators has shown to abolish 

the catalytic activities of BoNTs (Simpson et al., 2001). It has been reported that the 

activity of zinc depleted LC/A could be partially restored by reconstituting with addition 

of zinc ion (Ahmed and Smith, 2000). However, the evidence from tertiary structural 

study in solution suggests zinc could have an effect on the tertiary structure of LCs in 

solution (Fu et al., 1998).  

1.5.4 Enzyme-substrate interaction of BoNTs 

Most important information on the interaction between BoNT LCs and its substrate 

are from the crystal structures of enzyme-substrate complex. Inactive LC mutants or non-

cleavable substrate mutants are used in forming the enzyme-substrate co-crystal to avoid 
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cleavage of substrate. Based on the co-crystal structure of inactive double-mutant LC/A 

with a SNAP-25 peptide (141-204), Brunger and his collaborators have located two 

additional sites (α-exosite, β-exosite) in LC/A that interact with the substrate 

(Breidenbach and Brunger, 2004).  

The substrate-enzyme interaction away from the active sites has been clearly 

demarcated within the two exosites which are attributed to the specificity of LC/A 

(Figure 1.6). In the complex, the unstructured SNAP-25 peptide forms a helical 

conformation after the binding to LC. The helical α exosites of the substrate binds to LCs 

through the interaction of its hydrophobic side chains and the hydrophobic core of the 

enzyme.  

 

Figure 1.6 Substrate interaction with BoNT LC/A (PDB ID: 1XTG) LC is 

shown in green. Zinc ion at the LC active site is shown in yellow. SNAP25 (141-

204) is shown in red. The α-exosite is shown in magenta, while β-exosite is 

shown in blue.   
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However, the substrate SNAPtide (residue 190 – 202) lacking α and β exosite binding 

regions can still be cleaved by BoNT/A. Some detail on the substrate-enzyme interaction 

around the active site could not be obtained due to inactive mutants of LC/A. This 

information is later obtained from the crystal structure of LC/A and SNAP-25 peptide 

197QRATKM202 (Sharma et al., 2008).   

In the complex of (QRATKM) and LC/A, strong hydrogen bonds are found between 

Q197 and R198 of SNAP-25 with Y366 and R363 of LC/A respectively. The nitrogen of 

Q197 displaces the water molecule and coordinates with zinc at the active site. D370 of 

LC forms a salt bridge with R198 of substrate. These findings are supported by the 

mutational studies of LCs (Agarwal et al., 2005; Binz et al., 2002). The catalytic 

mechanism has then been proposed. Tyrosine and arginine assist the orientation and 

stabilization of the substrate for cleavage, while E224 acts as a general base shuttling 

proton for the formation of products. This model is consistent with that proposed for 

other serotype (Agarwal et al., 2009; Swaminathan, 2011).  

The truncated SNAP-25 (residues 145-154) is able to enhance LC/A activity without 

interacting with α exosite (Washbourne et al., 1997). These data indicate that additional 

sites are involved in BoNT/A enzyme-substrate recognition. Protease activity and CD 

studies of BoNT/A have shown that LC might adopt different conformations at 

physiological conditions (Kukreja and Singh, 2005). Based on these evidences, the 

existence of a molten-globular state of LC and dynamic substrate recognition process 

under physiological condition was proposed (Singh, 2006). 
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These structural data have provided important clues on the enzyme-substrate 

interaction and guided the design of drug discovery against botulism. The exosites and 

active site have been used as targets for drug design for different serotypes of BoNTs.  

1.5.5 Structure-based inhibitors for BoNT catalytic domain 

Despite the potential for botulinum toxin to be used as a biowarfare or bioterrorist 

agent and the extreme lethal potency of the toxin, effective small molecule inhibitor 

against the toxin after it enters the neuron is not yet available. Antibody is available for 

BoNTs, but multiple antibodies may be needed for a single serotype. An equine antitoxin 

is available for the treatment of BoNTs after the exposure. The Human Botulism Immune 

Globulin (BIG) is the first licensed product for the treatment of infant botulism (Arnon et 

al., 2006). However, the high cost and limited production make antibody treatment 

impractical for potential mass outbreak of botulism. 

Small molecules could be an effective treatment for BoNT. Small molecules have 

been studied against BoNT at all three stages of the intoxication: receptor-mediated 

binding, translocation and catalytic activity. However, the catalytic domain is still the 

main target for drug development against BoNTs. The crystal structures of SNAP-25 

peptide (residues 141-204) and the hexapeptide QRATKM complexes with BoNT LC 

provide detail information on how substrate interacts with enzyme around and away from 

the active site. Many studies have used the structural information to design inhibitors 

targeting BoNT LCs (Hale et al., 2011; Kumaran et al., 2008; Schmidt and Stafford, 

2002).  
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Two groups of inhibitors against LCs are under development. One is peptides or 

peptide analogues that mimic the native SNARE protein substrate. The other is small 

organic compounds that specifically bind to and inhibit LC/A activity. Although the 

exosites of BoNTs may be a suitable target for designing inhibitors, different serotypes 

with different substrates require different inhibitors. Therefore, the structurally conserved 

active site of BoNT LCs is currently the major target for inhibitors.    

Several effective peptide inhibitors targeting the active site pocket of LC have been 

reported. Peptide CRATKML (Schmidt and Stafford, 2002) and its derivatives (Yiadom 

et al., 2005) have been shown to inhibit BoNT/A activity in the sub-micromolar range. 

Several peptide inhibitors based on the hexa- and tetra-peptide complex with BoNT/A LC 

have been developed (Hale et al., 2011; Kumaran et al., 2008). Comparing the complex 

structure of peptide QRATKML and LC with the one of peptide CRATKML and LC, the 

two hepta-peptides have different conformations when they binding to LC/A at the active 

site. It demonstrates that LC can accommodate and induced-fit different ligands. 

Increasing stacking interaction of the peptide inhibitors could possibly enhance 

specificity. Several peptidomimietic inhibitors derived from the CRATKML peptide 

inhibitor with nM-range inhibition (Zuniga et al., 2010; Zuniga et al., 2008a).  

The other group of inhibitors based on small organic molecules is also under 

development. Because the conserved zinc binding motif is present in all serotypes, the 

majority of these compounds target the zinc of the LC active sites. Different from the 

substrate-based peptide inhibitors, small organic molecules can be serotype specific or 

cross-serotype inhibitors. Using hydroxamate as the zinc binding motif, L-arginine 
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hydroxamate inhibits LC/A in µM range (Dickerson and Janda, 2006). Janda and co-

workers have further improved the hydroxamic acids scaffold through in silico screening 

and modeling (Boldt et al., 2006; Park et al., 2006). Several co-crystal structures of 

hydroxamic acid inhibitors and LC/A complex are obtained. In all three co-crystals of the 

hydroxamate inhibitors and LC, N-hydroxamate group chelating to zinc ion at the active 

site serves an anchor for the inhibitor. The arginine and 4-chlorocinnamic side chains 

occupy the P1’ pocket which accommodates the R198 of SNAP-25. The 4-

chlorocinnamic derivative showed some efficacy in animal model assays (Park et al., 

2006). However, hydroxamic acid inhibitor fails to meet the suitable ADMET 

(absorption, distribution, metabolism, excretion and toxicity) profiles to emerge into an 

effective treatment for human (Smith et al., 2012). However the crystal structures of these 

small molecules shed insight on how LC interacts with small molecule inhibitors. 

Quinoline as another zinc binding motif in LCs inhibitors was also explored. 4-

aminoquinoline derivatives have been identified as effective inhibitors via high 

throughput screening assays (Burnett et al., 2003; Roxas-Duncan et al., 2009). A group of 

quinolinol based inhibitors were identified after extensive computer-assisted screening of 

National Cancer Institute database (Roxas-Duncan et al., 2009)(Figure 1.7).  
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Figure 1.7 Selected structures of quinolinol-based inhibitors with their LC/A 

IC50 . Each compound structure was obtained from NCI database and redrawn by using 

ChemDraw Ultra 11 (http://www.cambridgesoft.com/). The IC50 of quinolinol based 

inhibitors were determined for truncated LC (1-425) by high throughput in vitro assay 

(Roxas-Duncan et al., 2009).  

In summary, the recent development of new inhibitors and structural information of 

LCs have shed lights on interaction between LCs and substrate/small molecules. 

However, the absence of effective inhibitors developing into clinical treatment for BoNTs 

stresses the challenge in designing a molecule to inhibit BoNT LCs with large and elastic 

active sites (Smith et al., 2012). Therefore, further understanding of BoNT LCs will be 

valuable in the development of new inhibitors and new treatments.   
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Chapter 2 Materials and methods  

2.1 Materials  

2.1.1 Bacterial strains 

The E. coli strains used in this study are described in Table 1.1. Bacterial stocks were 

stocked in LB broth with 15-20% glycerol at -80°C.  

Table 2.1 E. coli. strains used in the study  

Strain Genotype Source 
XL1B RecA1, endA1, gyrA96, thi-1, hsdR17, supE44, 

relA1, lac[FtproAB, lacI q Z∆M15, Tn10 (Terr)] 
Stratagene/Agilent 

DH5α Fϕ80 lacI Z∆M15∆(lacZYA-argF)U169, RecA1, 
endA1,  hsdR17(rk

-,mk
+), phoAsupE44, gyrA96, 

thi-1, relA1λ- 

Invitrogen 

M15(pREP4) NalS, StrS, rifS, lac-, ara- gal-, mtl-, F-, recA+, uvr+ Qiagen 

BL21(DE3) F–, ompT, hsdSB(rB–, mB–), gal, dcm (DE3) Stratagene /Novagen 

2.1.2 Plasmids 

Plasmid vectors used in the study are shown in Table 2.2. All plasmids were 

propagated in DH5α or XL1B and purified by Spin Miniprep kit (Qiagen) according to 

manufacturer’s protocols. 

Table 2.2 Plasmid vectors  

Vector Description Source 

pQE30 
E. coli expression vector is 

designed to express an N-terminal 
6xHis-tag fusion protein. 

Qiagen 

pET30a 
E. coli expression vector can be 

used to express an N-or C-terminal 
6xHis-tag fusion protein. 

Novagen 
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pGEX-6p-3 
E. coli expression vector can be 
used to express an N-terminal 

GST-tag fusion protein. 
GE Healthcare Life Sciences 

 

2.1.3 Oligonucleotides 

All oligonucleotides used in this study were synthesized by Qiagen or Operon. The 

oligonucleotides were salt-free and synthesized at 10 nmol scale. The 100 µM 

oligonucleotides stocks were prepared with molecular grade water.   

2.1.4 Buffers, media and solutions 

PBS was from Biosource. 0.5 M EDTA (pH 8.0), 1.0 M Tris-HCl (pH 7.5) and TAE 

buffer (pH 7.2) were purchased from Quality Biologicals. Lysis buffer for GST column 

purification contained 100 mM sodium phosphate (pH7.4), 150 mM NaCl, 1 mM DTT, 

0.5% Triton X-100. Elution buffer contained 100 mM sodium phosphate (pH 7.4), 150 

mM NaCl, 10 mM glutathione, 1 mM DTT and 1 mM EDTA. EDTA-free complete 

protease inhibitor tablets were from Roche.  

1kb and 100bp DNA ladder with 6x DNA loading buffer were purchased from Biorad. 

Prestained SDS-PAGE standard (Biorad) contains 50% glycerol, 300 mM NaCl, 10 mM 

Tris, 2 mM EDTA and 3 mM NaN3. Protein samples were loaded into 12% or 7.5 % Bis-

Tis gel with 1x Laemmli sample buffer (Biorad). 

NuPAGE MOPS SDS running buffer (pH7.0) was purchased from Invitrogen for 

SDS-PAGE. The gel was stained with coomassie staining solution containing 0.75% (w/v) 

coomassie brilliant blue R-250, 7.5% acetic acid and 50% methanol followed by 

destaining solution containing 35% methanol and 10% acetic acid. Gel drying solution 

contains 20% methanol and 5% glycerol.   
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2.1.5 Chemical reagents and other materials 

NSC 84096 were custom synthesized to >98% purity by GLSynthesis Inc. (Worcester, 

MA). SNAPtide(o-Abz-Dnp) was purchased from List Biological Laboratory.  Test 

compounds were stored at -20°C until used. Ampicillin, kanamycin, isopropyl-β-D-1-

thiogalactopyranoside (IPTG), ethylenediaminetetraacetic acid (EDTA), β-

mercaptoethanol, dithiothreitol (DTT), ethidium bromide, agarose, glycerol, acetic acid, 

trichloroacetic acid (TCA) and ethidium bromide were purchased from Sigma-Aldrich.  

All restriction enzymes and T4 DNA ligase were from New England Biolabs. Proofstart 

DNA polymerase was from Qiagen. QuickChange® II Site-Directed Mutagenesis kit was 

from Stratagene/Agilent. QIAprep® Spin mini column for DNA purification, QIAquick® 

DNA gel extraction kit and Ni-NTA agarose beads were from Qiagen. Guanidinium 

hydrochloride (GuHCl), Triton-X, agarose, potassium chloride, sodium chloride, 

ammonium bicarbonate, sodium phosphate (monobasic and dibasic), ampicillin, 

kanamycin, EDTA, N-ethylmaleimide (NEM), PMSF, urea were purchased from Sigma.  

2.2 Methods 

2.2.1 DNA Agarose gel electrophoresis 

All gels were prepared by heating 1% agarose with 1x TAE buffer supplemented with 

1 µg/mL ethidium bromide. DNA ladder and sample were prepared by mixing 6x DNA 

loading buffer at 5:1 sample to buffer ratio. Electrophoresis was run at 100V to 120V. 

DNA bands were visualized by UV light and photographed with a Nikon P50 digital 

camera or a Polaroid camera. The expected product was extracted and purified by 

QIAquick gel extraction kit following the manufacturer instructions. 
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2.2.2 SDS-polyacrylamide gel electrophoresis (PAGE) 

7.5% and 12% Tris-HCl SDS PAGE gels were prepared by a Biorad Mini-

PROTEAN® Tetra Handcast Systems with standard recipes.  Protein samples were 

prepared by mixing sample and Laemmli sample buffer in 1:2 ratio (Biorad). All protein 

samples were denatured at 94°C for 5min. The denatured sample were cooled to room 

temperature and loaded into the hand-casted SDS-PAGE gels. The SDS-PAGE gels were 

run at 100-120 voltage in 1x MOPS SDS running buffer. Gels were stained by immersing 

in staining solution (Biorad). Then the gels were incubated and shaken with destaining 

solution overnight.  

2.2.3 Site-directed mutagenesis 

Site-directed mutagenesis was carried out by using Quickchange II mutagenesis kits 

(Stratagene/Agilent). Primers for site-directed mutagenesis were designed by 

QuickChange Primer Design online tool (Agilent). A typical 10 µl mutagenesis reaction 

contained 100 ng each primer, about 100 ng template, 1 µl dNTP mix, 1 µl 10x reaction 

buffer, 1 µl PfuTurbo DNA polymerase (2.5 U/µl) and 5 ml de-ionized water. A typical 

mutagenesis PCR program is shown in Figure 2.1  

 

Figure 2.1 PCR program for site-directed mutagenesi s  
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 After PCR, the reaction mixtures were digested by DpnI (20 U/µl) at 37°C for 1 hour. 

Then 5ml of the reaction mixtures were transformed into XL1B super competent cells 

with standard transformation protocol. The transformed cells were grown overnight on 

LB plate with appropriate antibiotics. Plasmids were purified from overnight culture 

using Qiaprep spin minprep kit (Qiagen). DNA sequences ere confirmed using the 

sequence analysis service located at Biology core facility of Georgetown University or 

sequencing service of Genewiz Inc.  

2.2.4 SNAPtide based LC activity assay 

SNAPtide (o-Abz-Dnp) (List Biological Laboratories) was used for studying the LC’s 

activity and inhibition (Figure 2.2). 100 µM SNAPtide stock was prepared in DMSO. 

The proteolytic reaction was initiated by the addition of LC to 20 mM HEPES (pH 7.5) 

with 2 µM SNAPtide. The protease activity was monitored by the increase of o-Abz 

fluorescence (λex: 320 nm, λem: 420 nm). The results were analyzed using Sigmaplot.     

o-amino benzoic acid (o-Abz)
2,4-dinitrophenyl benzoic 
acid  (Dnp)

oAbz-TRIDEANQRATKMSnaptide =
Dnp

LC/A cleavage site

ex: 320nm em: 420nm

 
Figure 2.2 Structure of SNAPtide 
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2.2.5 SDS PAGE Gel-based LC activity assay 

LC (0.2 µM) was mixed with 6 µM GST-SNAP-EGFP substrate in 20 mM HEPES 

(pH 7.5). The reaction mixture was incubated at 37°C for 10 min. The reactions were 

stopped by the addition of Laemmli sample buffer and heating at 95°C. The samples were 

then analyzed by SDS-PAGE.    

2.2.6 Circular dichroism (CD) spectrum of LC and its mutants 

All CD spectra were obtained on Jasco J710 Spectropolarimeter. The spectra were 

recorded from 200 to 250 nm at room temperature in a 1 mm path-length quartz cell with 

5 µM protein concentration. The spectra were scanned at 10 nm/min, 4s response time 

and 1 nm slit-width. All CD spectra were recorded as the average of 5 scans. Buffer 

background was corrected.     

2.2.7 Intrinsic fluorescence measurements of LC and its mutants  

All fluorescence measurements were performed in 10 mM K+-HEPES buffer pH 7.5 

at room temperature using SPEC Fluomax and 10 mm micro cuvettes unless otherwise 

specified. The intrinsic fluorescence of LCs was determined at 323 nm with excitation 

wavelength at 280 nm. Background of buffers was subtracted.   

2.2.8 Partial trypsin digestion 

Wild type LC (~5 µM) and its mutants was mixed with 0.1 µM Trypsin in 0.1M Tris 

pH 8.0 and incubated for 10 minutes at 37°C. The reactions were quenched by the 

addition of Laemmli sample buffer and heating at 95°C. The samples were then analyzed 

by SDS-PAGE.   
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Chapter 3 Synthesis of LC/A cDNA and expression of SUMO-

LC 

3.1 Introduction 

With the increasing availability of new genes and protein targets, these proteins or 

genes often need to be overexpressed in cells or organisms other than the original 

organism. In order to optimize the expression of genes from their original sources, 

multiple mutations and modification may be required. With the decreasing cost of 

synthetic oligonucleotides, it is possible to synthesize complementary oligonucleotides of 

the target genes and assemble them in vitro (Stemmer et al., 1995). Therefore, we used a 

modified PCR assembly reaction to synthesize LC/A cDNA from oligonucleotides 

designed by DNAworks (Hoover and Lubkowski, 2002b).      

3.1.1 PCR Assembly 

PCR Assembly (also known as polymerase cycling assembly) uses DNA polymerase 

to assemble DNA from a group of overlapping synthetic oligonucleotides. PCR assembly 

requires the same DNA polymerase, dNTPs to synthesize the DNA like conventional 

PCR. However, there is no DNA template in assembly PCR. The process achieves the 

synthesis of large DNA by DNA hybridization. DNA polymerases assemble and amplify 

the entire sequence of target DNA from designed oligonucleotides. Therefore, this 

process makes the synthesis of gene and even the entire genome from synthetic 

oligonucleotides possible (Smith et al., 2003; Stemmer et al., 1995). 



29 
 

The oligonucleotides of a PCR assembly reaction are designed in a similar way as the 

primers in conventional PCR Stemmer et al., 1995. While conventional PCR requires two 

oligonucleotides as forward and reverse primers to amplify the template DNA by DNA 

polymerase, PCR assembly reaction requires multiple oligonucleotides that encompass 

both sense and anti-sense target gene. Longer oligonucleotides (50 to 60 base pairs) are 

used to provide more specific and correct hybridization of the oligonucleotides, while 

conventional PCR only requires about 20 base pairs.  

The oligonucleotides in PCR assembly need to be carefully designed (Hoover and 

Lubkowski, 2002a). The oligonucleotides require overlapping with each other and 

comprising the entire double stranded DNA. They also need to fulfill additional 

requirements like similar melting temperatures, hairpin free, and low GC content as the 

conventional PCRs. 

During the annealing stage of PCR reaction, the oligonucleotides anneal to 

complementary fragments and amplified by DNA polymerase. Therefore, in each cycle 

the synthetic oligonucleotides will be extended into various fragments of target DNA 

randomly.  

After this initial assembly of oligonucleotides, a regular PCR reaction is applied to 

assembly reaction mixtures with the forward and reverse primers which encompass the 

target sequence (Smith et al., 2003). The target product will be selectively amplified from 

all incomplete fragments by forward and reverse primers. A regular gel extraction is used 

to identify and isolate the target product. The sequence of gel-purified product then is 
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further confirmed by sequencing.  Further correction of errors by mutagenesis may be 

needed.   

 

Figure 3.1 Scheme of conventional PCR and PCR assem bly. The figure was 

created by PowerPoint 2010.  

3.1.2 Touchdown PCR 

A touchdown PCR is a method used in conventional PCR reaction (Don et al., 1991). 

This method is used to minimize nonspecific annealing of oligonucleotides. The 

specificity of annealing is determined by the annealing temperature and the melting 

points of the oligonucleotides. The melting point of the oligonucleotides is the highest 

possible temperature for the oligonucleotides to anneal. The higher the annealing 

temperature, the more specific is the base pairing between the oligonucleotides and the 

template. Nonspecific binding of oligonucleotides could significantly affect the result of 
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PCR reaction, especially for the earlier cycles. Because of the exponential growth nature 

of PCR, the product of nonspecific oligonucleotides annealing in the earlier cycles may 

be amplified and outnumber the correct product.   

In a touchdown PCR, the early cycles have high annealing temperatures that are close to 

the melting points of the oligonucleotides. The annealing temperature then is decreased 

for subsequent cycles. The oligonucleotides anneal at the highest temperature will have 

highest specificity in oligonucleotides hybridization. Nonspecific binding will be least 

tolerated. There would be amplified correct assembly appearing in the earlier cycles than 

the nonspecific product. These correct products will be further amplified in the later 

cycles at lower annealing temperature. Because the correct products appear much earlier 

than the nonspecific products, the correct products can outnumber the nonspecific 

products in the later cycles. 

 

Figure 3.2  Typical touchdown PCR program.  Annealing temperature Ta can 

decrease after every cycle from highest melting temperature of the 

oligonucleotides to the regular annealing temperature.  

3.1.3 Booster PCR 

Booster PCR is another technique for increasing the specificity of oligonucleotides 

and the yield of the target sequence (Ruano et al., 1989). When there is a low initial 

template concentration or non-optimized PCR conditions, using the high concentration of 
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oligonucleotides may cause the non-specific hybridization and self-hybridization of 

oligonucleotides. Therefore, the first few cycles of booster PCR are performed at a lower 

concentration of oligonucleotides and dNTP than a standard PCR protocol. This would 

increase the specificity of the amplification, though the yield might be reduced in the first 

few cycles. When a sufficient amount of PCR product is amplified, the PCR reaction is 

paused. An additional booster of oligonucleotides is added to the reaction mix, which will 

raise the concentration of oligonucleotides to the similar level of a standard protocol. The 

post-booster stage of PCR amplification will then proceed as a standard protocol. With 

this method, low template concentration can still be amplified specifically (De Medici et 

al., 2007; Filice et al., 1993). 

b) Annealing

a) Denaturing

c) Extension

Booster of oligos
at the 4th cycle

 

Figure 3.3 Scheme of booster PCR protocol. The figure was created by 

PowerPoint 2010. 

3.1.4 SUMO fusion proteins 

Preparation of active and properly folded protein has been one of the major 

challenges for establishing structural and functional relationship. A poor protein 

expression can be a result of insoluble protein and improperly folding. In order to 

enhance the solubility and proper folding of protein, several expression fusion tags have 
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been developed such as glutathione-S-transferase (GST), maltose binding protein (MBP), 

thioredoxin (Trx), etc. These fusion tags and chaperone enhance expression and folding 

of proteins. However, these systems have difficulties in removing these fusion tags after 

the expression. First, the removal of these fusion tags is relied on the proteases like 

thrombin, EK, or TEV. These proteases require sequence specific linkers between the 

fusion tag and the protein of interest. It generates additional amino acids at the termini of 

proteins after cleavage. Moreover, the recognition sequences for these proteases are short 

and degenerate. These factors increase the possibility of internal cleavage of the fusion 

protein. One alternative to the conventional purification tags is to introduce ubiquitin (Ub) 

as the fusion partner. The deubiquitinating enzymes (DUBs) recognize Ub through the 

three dimension structure of Ub instead of short amino acids sequence and cleave at the 

c-terminus of the Ub sequence This DUB-Ub system prevents the undesirable internal 

cleavage and leaves no artificial termini on the protein of interest. However, the DUBs 

are not stable and efficient enough to cleaving all fusion protein in vitro.  

Small ubiquitin-like modifier (SUMO) proteins are about 12 kDa with 100 amino 

acids. SUMO proteins are a family of ubiquitin paralogues that are involved in various 

cellular processes such as protein stability, transcriptional regulation, apoptosis etc.(Hay, 

2005) Modification of SUMO has been shown to alter the stability, localization or 

binding partners of the proteins (Gill, 2005; Hay, 2005; Matunis et al., 1996). Although 

SUMO does not share much homology with Ub in protein sequence, it has almost 

identical 3-dimensional structure to ubiquitin (Figure 3.4).  
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Figure 3.4  Small ubiquitin-like modifier 1 (SUMO-1). SUMO-1 (PDB ID:1A5R) 

as a globular protein with a spherical core consists of an alpha helix and a beta 

sheet. Two termini of the amino acid chain are extended out from the core 

(shown in red and blue). Image was prepared by PyMOL (http://www.pymol.org/). 

Similar to Ub, SUMO proteins can enhance the expression and assist the folding of 

protein of interest. Like DUB, SUMO hydrolases also recognize the tertiary structure of 

SUMO proteins, which do not require additional recognition amino acid residues like 

thrombin and TEV proteases (Butt et al., 2005). This prevents the internal cleavage of 

target proteins. Furthermore, SUMO hydrolase，unlike DUBs, are more stable and 

efficient in cleaving fusion SUMO tag. SUMO hydrolase is active in a wide range of pH 

(5.5~9.5) and temperature (4-30°C) (Malakhov et al., 2004). 
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3.2 Methods 

3.2.1 Touchdown booster PCR assembly of LC cDNA 

Oligonucleotides for gene synthesis were designed by DNAWorks (Hoover and 

Lubkowski, 2002a) based on the amino acid sequence of BoNT/A (NCBI accession 

number P10845). Input for LC/A oligonucleotides design was residues 1-437. Sixty-

seven salt free oligonucleotides were synthesized on 50 nmol scale from Qiagen. Not I 

and Hind III restriction sites were added at the 5′ and 3′ ends of the designed LC/A 

cDNA. These synthetic oligonucleotides were dissolved separately in sterile water to a 

final concentration of 1 mg/ml. Equal volume of synthetic oligonucleotides were mixed 

into oligo-mixture. The oligo-mixture was assembled by booster touch-down PCR 

(general scheme shown in Figure 3.5). The reaction mixture contained 50 ng/µl oligo-

mixture, 200 µM each of dNTPs, 2.5 U of Proofstart DNA Polymerase, 20 mM Tris–HCl 

(pH 8.8), 2 mM MgSO4, 10 mM KCl, 10 mM (NH4)2SO4, 0.1 % Triton X-100 and 0.1 

mg/ml BSA. The booster contained half of the amount of initial oligo-mixture. In 

touchdown PCR program, the annealing temperature decreased from 65˚C by 1˚C/2 

cycles. The booster of Oligo-mixture was added right after the fourth cycle. Additional 

20 cycles of general PCR were performed. The excess oligonucleotides and dNTPs were 

removed by centrifugal filter (Microcon YM100 column) according to ultrafiltration 

protocol outlined in Sambrook and Russel (2001). The purified assembly product was 

amplified with outermost oligonucleotides through conventional PCR.  
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Figure 3.5 Touchdown booster PCR assembly. Touchdown PCR Assembly 

program: The annealing temperature decreased from 65 ˚C by 1 ˚C/2 cycles. The 

booster, containing half of the amount of initial oligonucleotides mixture, was 

added right after the fourth cycle. Additional 20 cycles of general PCR were 

performed. The excess oligonucleotides and dNTPs were removed by centrifugal 

filter (Microcon). The purified assembly product was amplified with outermost 

oligonucleotides through conventional PCR. 

 

The amplified assembly mixtures were then inserted and sequenced in pCRII vector 

(Invitrogen) through TOPO TA cloning according to the manufacturer’s protocol. Site-

directed mutagenesis was performed to correct errors in the LC/A cDNA according to 

standard protocol of Quickchange site-directed mutagenesis kit (Stratagene). A mutation, 

Phe2Ser, was present in the sequence of pCRII-LC/A (Appendix A1.3). The cDNAs for 

HN residues 448-873 and HC residues 873-1295 have been obtained through the same 

procedures as LC/A (Appendix A1.7 and A1.8).  
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3.2.2 Construct of pQE30-Sumo-LC 

The plasmid pCRII-LC/A was digested with Hind III and Not I restriction enzymes. 

The LC cDNA was extracted from 1 % agarose gel by Mini Elute Gel Extraction Kit 

(Qiagen). The resulting LC/A cDNA was ligated with pQE30-Sumo vector (constructed 

by Kate Guzzo, Georgetown University) by T4 Quick ligation kit (NEB). The ligation 

product was transformed into XL1B competent cell. The pQE30-Sumo-LC/A plasmid 

purified from XL1B overnight culture by Mini prep spin column (Qiagen). The Not I 

restriction site (GCGGCCGC) was deleted by site-directed mutagenesis in order to 

achieve the correct reading frame of LC. The resulting plasmid pQE30-SUMO-LC-∆notI 

(Figure 3.6) was confirmed by both restriction digestion and sequencing.  

 

Figure 3.6 Plasmid map of pQE30-SUMO-LC-∆notI. LC/A (1-438, green) was 

fused with His-tagged (blue) sumo 1 (yellow) at N- terminal. The fusion protein 

sequence was flanked with BamH I and Hind III restriction site. T5 promoter (PT5) 

is shown as light blue arrow. 
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3.2.3 Construct of LC425, LC-C430S mutants 

Two mutants of LC/A were obtained from pQE30-SUMO-LC-∆notI through 

Quikchange Site-Directed mutagenesis kit according to the manufacturer protocol. 

pQE30-SUMO-LC425 is truncated LC containing residues 1-425; pQE30-SUMO-LC-

C430S contains mutation changing cysteine at position 430 to serine. The primers were 

designed by Stratagene Primer Design Program (Appendix A1.6). The primers were 

dissolved in sterile water to the final concentration of 100 µM. 

3.2.4 Expression and purification of pQE30-SUMO-LC 

pQE30-SUMO-LC was expressed in M15 cell. The 5 ml overnight pQE30-SUMO-LC 

M15 cell culture was inoculated into 100 mL LB (Kanamysin 25 µg/ml, Ampicillin 100 

µg/ml). The culture was incubated with shaking at 37˚C until OD600 = 0.6. Isopropyl β-D-

1-thiogalactopyranoside (IPTG) was added into the culture to a final concentration of 0.1 

mM. The induced culture was incubated with shaking at 16˚C for 22 h. The light chain 

was purified by Ni-NTA agarose (Qiagen) according the protocol of the manufacturer. 

Protease inhibitor (Roche EDTA free protease inhibitor cocktail) was added to prevent 

degradation of LC/A during the lysis. The purified LC/A is stored with 40 % glycerol at -

80˚C. 

3.2.5 The cleavage and removal of SUMO domain 

The freshly eluted sumo fusion protein from Ni-NTA column was first dialyzed three 

times against 1 L PBS at 4°C. 100 µl of dialyzed sumo fusion protein (~2mg/ml) was 

cleaved by the addition of 10 µl SUMO protease 1 (10 units/µl) (Life Technologies) 

overnight at 4°C. The reaction mixture was added into a pre-equilibrated His spintrap 
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column (GE Life Sciences) and incubated for 1 hour at 4°C. Then the column was spun at 

100g for 30s and wash with PBS twice. The flowthough and washes were then combined 

into a 10K Amicon ultra-4 concentrator. The combined solution was spun at 16000g for 

30 minutes. The concentrated solution was then washed 6 times with 4 ml 40 mM 

HEPES (pH 7.5). After the final wash, the concentrated protein was stored with 40% 

glycerol at -80°C. 

3.3 Results 

3.3.1 PCR assembly of LC/A cDNA with different Polymerases 

To assemble the cDNA of LC/A, 67 oliognucleotides were designed by DNAworks 

(Hoover and Lubkowski, 2002a) with an optimized sequence for expression in E. coli. 

The master mix of 67 oligonucleotides was used for all the assembly reactions (see 

Methods section for details).  

Two different polymerases were tested for PCR assembly reaction: Taq polymerase 

(NEB) and Proofstart polymerase (Qiagen). Taq polymerase is the common polymerase 

used for conventional PCR reaction. However, it has limitations like low fidelity and 

nonspecific amplification. The Proofstart polymerase is a chemically modified 

polymerase with exonuclease activity isolated from Pyrococcus, which remains inactive 

until the heat initiation step.  

Both polymerases were tested with their standard reaction buffers. The same amount 

of oligonucleotides (50 ng/µl) was added into the reaction mix. The reaction mixtures 

were then split into two aliquots for a touchdown PCR assembly and a regular PCR 

assembly program. The annealing temperature of touchdown program was set to decrease 
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from 65˚C to 60 ˚C with 1 degree every 2 circles, then maintain at 60 ˚C for another 10 

cycles, while the annealing temperature was fixed at 60 ˚C for all 20 cycles in the regular 

PCR. The result was then analyzed with standard agarose gel electrophoresis. In 

comparison with samples from Taq polymerase reaction products, samples from 

Proofstart polymerase showed longer assembly products. Most of the assembly products 

were in the low molecular range comparing with expected LC/A product (1.3kb) (Figure 

3.7). Thus, Proofstart Polymerase was chosen for the later PCR assembly and 

amplification reactions. 

T     R       L1  L2

Taq polymerase Proofstart polymerase

T     R

1kb
LC 1.3kb

0.5kb

1.5kb

 
Figure 3.7 Products of different polymerases in reg ular PCR assembly 

reaction.  L1 and L2 are 1kb ladder and 100bp ladder respectively. T is for 
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product after touchdown PCR assembly protocol (see methods section). R is for 

product after a regular PCR assembly protocol (see methods section). The left 

two lanes used Tag polymerase, while the right two lanes used Proofstart 

polymerase. Expected LC assembly product is about 1.3 kb as indicated by the 

arrow.  

3.3.2 Touchdown booster PCR assembly of cDNAs 

In order to increase the yield of correct cDNA, a touchdown booster PCR protocol 

was applied to the synthesis of LC cDNA (see methods section). The assembled PCR 

products were purified by Microcon filter (Micron YM-100). Five µl of assembled PCR 

product were amplified by a regular 20-cycle PCR reaction with forward and reverse 

primers of LC/A. The amplified products were then analyzed with standard agarose gel 

electrophoresis. Purified assembled products from touchdown alone and regular PCR 

assembly reaction were also amplified in the same conditions. As shown in Figure 3.8, 

the touchdown booster PCR (Lane TB) has much higher yield of correct cDNA than the 

touchdown alone (Lane T) and regular PCR (Lane R). The band corresponding to the 

expected LC cDNA was extracted from agarose gel and ligated into Topo vector for 

sequencing and subcloning.  
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LC (1.3kb)
1kb

TB       T      R           L1         L2

0.5kb

1.5 kb
LC (1.3kb)

1kb
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0.5kb

1.5 kb

 
Figure 3.8 Amplification of LC assembly products. The LC cDNAs were 

amplified from products of touchdown-booster (TB), touchdown (T) and regular I 

PCRs. L1 and L2 are 1kb ladder and 100bp ladder respectively. 5 µl Amicon 

concentrator purified PCR assembly products from touchdown-booster (TB), 

touchdown (T), regular I were used as template for regular PCR amplification 

protocol. Predicted assembled LC cDNA (1.3kb) is indicated on the gel.  

To demonstrate this touchdown booster PCR protocol can be applied to different 

genes and sequences, the HC (receptor binding domain) of BoNT/A was assembled from 

synthetic oligonucleotides by the same protocol.  In comparison to LC/A cDNA assembly, 

the HC could not be assembled under touchdown and regular PCR assembly conditions 

(Figure 3.9). Only after touchdown booster PCR protocol, the correct product of receptor 

binding domain was able to be assembled. This shows that the touchdown booster PCR 
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protocol is not limited to LC/A sequence. It can be applied to other sequences that could 

not be assembled by conventional PCR.       

L2     L1    TB     T        R

RBD(1.3kb)
1kb

1.5kb

L2     L1    TB     T        R

RBD(1.3kb)
1kb

1.5kb

 

Figure 3.9 Amplification of H C assembly products. The HC cDNAs were 

amplified from products of touchdown-booster (TB), touchdown (T) and regular I 

PCRs. L1 and L2 are 1kb ladder and 100bp ladder respectively. Amicon 

concentrator purified PCR assembly products (5µl) from touchdown-booster (TB), 

touchdown (T), regular I were used as template for regular PCR amplification 

protocol. Predicted assembled HC cDNA (1.3 kb) is indicated on the gel.  
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3.3.3 The expressions of SUMO-LC and its variants 

The sequence verified LC/A cDNA was subcloned into the pQE30-SUMO vector. In 

order to resolve the frame-shift of LC/A translation, the Not I site between the N-terminal 

SUMO and LC/A was removed by site-directed mutagenesis. The resulting pQE30-

SUMO-LC plasmid was transformed and expressed in M15 cell. The SUMO-LC was 

then expressed at 37°C, 25°C and 16°C. Based on the expression result (Figure 3.10), 

SUMO-LC showed various extents of degradation at all three temperatures. However, at 

16°C, SUMO-LC showed the highest yield and least degradation among the three tested 

conditions.  
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Figure 3.10 SUMO-LC expressions at different temper atures  
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SUMO-LC was expressed in M15 cell at 37°C ( a), 25°C ( b) and 16°C ( c). L is 

pre-stained broad range molecular weight standard (Biorad). Samples were 

collected at 0, 2, 4, 22 h after induction. P is the sample of lysate pellet. S is the 

sample of lysate supernatant. F is the sample of flowthrough from column.W1 is 

samples of first wash from the Ni-NTA column. W2 is samples of second wash 

from the Ni-NTA column. E1 is the first eluent from Ni-NTA column 

To improve the expression of SUMO-LC, the expression of different mutants of 

SUMO-LC was also tested at 16°C (Figure 3.11). Cysteine 430 was mutated to serine 

(SUMO-LC_C430S) in order to prevent the dimerization of LC. The C-terminally 

truncated form of SUMO-LC, SUMO-LC425, was also expressed to increase the 

solubility of LC. As expected, the SUMO-LC_C430S prevented the dimerization of LC 

through disulfide bond. SUMO-LC425 showed better solubility than SUMO-LC and 

SUMO-LC_C430S. 
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Figure 3.11 The expression of SUMO-LC425, SUMO-LC_C 430S and SUMO-

LC at 16°C. SUMO-LC(a), SUMO-LC_C430S(b) and SUMO-LC425(c),  were 

expressed in M15 cell at 16°C with overnight induct ion. Lane L shows pre-

stained broad range molecular weight standard (Biorad). Lane P shows the 
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sample of lysate pellet. Lane S shows the sample of lysate supernatant. Lane E1 

shows the first eluent from Ni-NTA column 

3.3.4 Cleavage of SUMO fusion protein 

The SUMO-LC425 was cleaved at 4°C at standard conditions with SUMO-1 protease 

(Life Technology). The cleavage of the sumo fusion protein was not successful even with 

overnight incubation (Figure 3.12) because the Pro2 residue between the sumo domain 

and LC inhibited the cleavage. Therefore, a site-directed mutation was carried out to 

mutate the proline to alanine. After the mutation, the SUMO-LC425_ P2A was cleavable 

after overnight incubation at 4°C. The sumo and sumo protease were removed by His 

spintrap column.   

 
 
Figure 3.12 Sumo cleavages of SUMO-LC425 and SUMO-L C425_P2A. 

SUMO-LC425 (right) and SUMO-LC425_P2A (left) were cleaved at 4°C 
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overnight by SUMO hydrolase. Samples were taken at 0h, 1h, 3h, overnight (ON) 

after addition of sumo hydrolase for SUMO-LC425. 

3.3.5 The activity of SUMO-LC425 and SUMO removed LC425   
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Figure 3.13 Activities of SUMO-LC425 and LC425  
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SNAPtide (2 µM) was added to LC (0.2 µM) in 20mM HEPES (pH 7.5) at room 

temperature. Increase of the fluorescence at 420 nm was monitored. The data 

were fitted with linear equation. The activity of SUMO-LC425_P2A was 

compared with LC425_P2A after sumo removal as well as His tagged LC425 

from Barbieri’s group. The relative activity was obtained by normalizing the 

slopes from the SNAPtide assays against SUMO-LC425_P2A’s. 

The activity of SUMO-LC425_P2A and SUMO removed LC425 was measured by 

SNAPtide activity assay.  The slope of the increasing fluorescence at 420 nm was directly 

proportional to the proteolytic cleavage of the substrate. Thus, the relative activity was 

obtained by comparing the activity of SUMO-LC425 and those of SUMO removed 

LC425 and His-tagged LC425 from Barbeiri’s group (Figure 3.13). The SUMO fusion 

LC showed a higher activity than the one without SUMO fusion.  

3.4 Discussion 

3.4.1 PCR assembly from synthetic oligonucleotides 

Because the PCR assembly does not have a template and involves multiple 

oligonucleotides, it is a process with a higher probability of having errors in the product. 

When Proofstart polymerase with the longer processivity and higher fidelity was used in 

the PCR assembly, the product of the assembly showed longer products than the Taq 

polymerase in both regular and touchdown PCR (Figure 3.7). The Proofstart polymerase 

is also a hot-start polymerase, which is only active after incubation at 95°C. It prevents 

the non-specific amplification during the heating stage before the first cycle. That is why 
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the Proofstart polymerase was chosen for the later PCR assembly reactions instead of Taq 

polymerase.  

An essential factor in a successful PCR assembly reaction is to limit the mismatch 

and nonspecific interaction of the oligonucleotides during the PCR reaction. Thus, a 

narrow melting temperature I difference in the designed oligonucleotides is of great 

importance. In an ideal condition, all the synthetic oligonucleotides can be denatured and 

hybridized at the same temperature. The oligonucleotides can be successfully assembled 

and amplified by DNA polymerase as in regular PCR reaction. However, even with the 

help of advanced computer oligonucleotides designing program like DNAworks, it is still 

hard to achieve a universal melting temperature for all oligonucleotides due to the nature 

of various sequences. The Tm of our designed LC/A oligonucleotides vary from 70°C to 

62°C. Therefore, it is difficult to apply a single annealing temperature for all 

oligonucleotides. To tackle the lack of universal Tm for oligonucleotides, we introduced 

touchdown method in our PCR assembly reaction, which involves gradually decreased 

annealing temperature. This technique was supposed to increase the hybridization 

specificity of the oligonucleotides with large Tm difference. In comparing the assembly 

reaction of LC/A cDNA, the touchdown and regular PCR assembly reactions did not 

show a significant difference (Figure 3.7). In fact, after the amplification of the assembly 

product with LC forward and reverse primers, the regular PCR appeared to have a higher 

yield of target cDNA (Figure 3.8). The lower yield in touchdown PCR is not surprising. 

This is probably due to a higher stringency in touchdown PCR than the regular one.   
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Increasing oligonucleotides concentration could increase the yield of touchdown PCR. 

The concentration of oligonucleotides is the limiting factor and driving force for DNA 

polymerase reaction. In a regular PCR reaction with a template/primer ratio about 106 to 

107, the ratio will decrease to be <1 after 20 cycles. The decrease of primers 

concentrations will limit the accumulation of PCR product. In a PCR assembly reaction, 

oligonucleotides act as both template and primer. The consumption of oligonucleotides 

will be much faster than the conventional PCR reaction. The consumption of 

oligonucleotides in the earlier cycles will reduce the reaction rate in the later cycles and 

the final yield of assembled product. However, simply increasing the initial concentration 

of the oligonucleotides may cause promiscuously binding and self-dimerization, which 

will decrease the specificity of the product. In order to increase the yield without 

compromising the specificity, a booster of oligonucleotides was added to the PCR 

reaction mixtures at 4th cycle.  The first few cycles allowed the oligonucleotides 

assembled into template cDNAs which can act as templates for later cycles. The addition 

of booster was supposed to increase the yield of assembled cDNA. As shown in Figure 

3.8, the touchdown booster PCR have much higher yield of assembled LC cDNA than the 

other two protocols. The advantage of this touchdown booster PCR protocol is more 

apparent in assembling the cDNA of BoNT HC (receptor binding domain). The 

assembled cDNA only showed in touchdown booster protocol (Figure 3.8). This indicates 

the touchdown booster protocol is not limited to particular sequences.  

3.4.2 Expression and purification of SUMO-LC 

In the expression of SUMO-LC (Figure 3.11), the SUMO-LC expressed better at16°C 

than 37°C and 25°C. In the eluates from Ni-NTA column, there were more degradation 
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of products from 37°C and 25°C. Lowering the expression temperature to 16°C reduced 

the degradation of SUMO-LC. The lower yield and partial degradation could be 

associated with lower stability and autolysis of full length LC. Similar to the expression 

of 6xHIS-tag LC by Barbieri’s group (Baldwin et al., 2004), mutating cysteine 430 to 

serine removed the dimerization of LC but did not improve the solubility (Figure 3). The 

truncated mutant LC (1-425) has shown significant improvement in solubility and yields. 

The LC and its mutants were not stable at above 5 mg/mL. The protein precipitated out of 

solution at 4˚C overnight unless 40% glycerol is present in the buffer. An interesting 

observation is that addition of glycerol to precipitated LC can re-dissolve the protein. LC 

probably forms reversible aggregates at above 5mg/mL. The disulfide bond formation is 

likely not the only factor for aggregation of LCs. The hydrophobic interaction between 

LC is probably the driven force for this aggregation. (Baldwin et al., 2004). 

In order to evaluate the effect of SUMO on LC activity and stability, the SUMO-1 

hydrolase was used to remove the sumo domain of LC. However, the cleavage of SUMO-

1 was not successful. This is due to the proline 2 residue in between SUMO cleavage site 

and LC (Malakhov et al., 2004). With the mutation of proline to alanine, sumo fusion 

proteins were able to be cleaved at 4˚C overnight.  

The activity of SUMO-LC425 was measured by the SNAPtide assay. Comparing the 

N-terminal His-tagged LC425 provided by Barbieri’s group, both SUMO-LC425 and 

LC425 with SUMO removed showed much higher activity. This demonstrates that 

SUMO domain helps the folding of LC425 and stabilizes the protein.      
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3.5 Summary 

The cDNAs of BoNT/A LC and HC (receptor binding domain) have been obtained 

through touchdown booster PCR assembly. This touchdown booster PCR demonstrated 

the ability to increase the specificity and yield of assembled product, comparing with the 

regular and touchdown PCR assembly. This technique may be applied to a broader range 

of genes and sequences that previously cannot be assembled through the regular protocol. 

The LC has been successfully expressed as the fusion protein with SUMO. The LC 

expressed by SUMO fusion showed higher activity than the His-tagged LC425 (from 

Barbierri). This demonstrates the advantage of SUMO fusion tag.  
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Chapter 4 Interaction of metal ions with the BoNT/A protease 

domain 

4.1 Introduction 

4.1.1 Metal ions and proteins  

Metal ions are essential components of life. Metal ions play different roles in 

organisms. Sodium (Na), potassium (K), magnesium (Mg) and calcium (Ca) are known 

as bulk metals existing in large amounts in organisms. Zinc (Zn), nickel (Ni), copper (Cu), 

manganese (Mn) etc. are the trace metals existing in small quantities (Fenton, 1996). The 

bulk metals comprise of 1-2% of the human body weight while the trace metals 

contribute to less than 0.01%. Most of the trace metals are in proteins performing specific 

functions in the organisms. Over 30% of all proteins in the cells contain metals or use 

them as cofactors (Gray, 2003). 

The common metal binding sites in proteins consist of cysteines, histidines, glutamic 

acid, aspartic acids and tyrosines. The interactions between metal ions and their ligands 

from protein often follow the general hard-soft theory of acids and bases. Modifications 

of the residues can change the preference of the metals (Gomes et al., 2002). 

Different metals are required for different biological functions. Iron and copper are 

often involved in electron transfer process of respiration and photosynthesis processes 

(Fenton, 1996). Soluble redox-active metalloproteins often contain copper and iron such 

as iron-sulfur-cluster proteins, heme-binding cytochromes, and blue-copper proteins. 

Manganese is found in mitochondrial Mn-super-oxide dismutase, the reactive center of 
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photosynthesis system II, and inorganic phosphatase. Nickel is present in urease and 

some hydrogenases. In contrast, zinc is usually present in the active sites of 

metalloenzymes catalyzing hydrolysis or cleavage of different chemical bonds. The 

typical zinc metalloenzymes include thermolysin, carbonic anhydrase, carboxypeptidases, 

and alcohol dehydrogenase. Zinc ion also plays as structural constituents in proteins like 

superoxide dismutase and zinc finger proteins. Other trace metals are also found in 

metalloenzymes (Gray, 2003). The metals are important constituents of proteins and 

enzymes in life.  

Metal ions not only involve in the functions of proteins and enzymes, but also affect 

the folding and aggregation of proteins (Gomes and Wittung-Stafshede, 2011). Local and 

overall structures in the unfolded protein could be affected by the binding of metal 

cofactors (Pozdnyakova et al., 2000). The metals are proposed to serve as nucleation sites 

guiding the proteins folding into the native structures (Luisi et al., 1999). It is well-known 

that metals can stabilize the folded protein structures, but how metals modulate the 

protein folding pathways is still not clear (Gomes and Wittung-Stafshede, 2011). Metal 

binding to some proteins/polypeptides is found to modulate their aggregation and 

fibrillation (Blaho and Miranker, 2009; Villanueva et al., 2004). The aggregation of the 

amylogenic peptide β-microglobulin can be induced by Cu2+ and Zn2+. The metal ions are 

thought to increase the local conformational flexibility and destabilize the molecules, 

which may promote the aggregation of the proteins. Zinc in micromolar concentration 

can stabilize nonfibrillar pathogenic aggregate forms of the amyloid β-protein (Noy et al., 

2008). 
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Metal ions also act as modulators for protein structures and conformations. A folded 

protein could stabilize a specific conformation when the binding to a metal ion that 

crosslinks specific residues. The well-known example is the Zn2+ in zinc finger proteins. 

The binding of Zn2+ to the Cys2His2 motif is essential to maintain the conformation of the 

zinc finger domain (Petsko and Ringe, 2004). The coordination of the zinc to cysteines is 

important for the transition of a β-strand to α-helix in the formation of the finger 

structure. When the ligand residues are swapped within the sequence, the transition of 

secondary structures and zinc finger conformation do not occur.  

Metal ions also fine-tune the folding and conformation of proteins. In a designed 

four-helix bundle protein, the addition of two Zn2+ binding sites in the Leu-rich 

hydrophobic core renders a higher rigidness and better native-like properties 

(Chamberlain et al., 1996). In some dicluster ferredoxins, the N-terminal extension has 

been found to be stabilized either by a His/Asp Zn binding sites or by a local hydrophobic 

core depending on the isoforms (Rocha et al., 2006).  

Binding to metal ions could result in dramatic changes in proteins conformation and 

functions. In the case of Ca2+ binding proteins, the EF-hand domain with a helix-loop-

helix structure are found in calmodulin or the S100 family proteins. The binding of Ca2+ 

to EF-hand motif causes the lateral motions of the two helices and significant 

conformational changes in the protein. These conformational changes in Ca2+ sensor 

proteins can be propagated to another protein down the regulatory pathway. In the case of 

a cell cycle regulator protein, S100A2, it contains two Ca2+ and two Zn2+ binding sites 

per unit. The binding of Zn2+ destabilizes the protein, while the binding of Ca2+ stabilizes 
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it (Botelho et al., 2009). Binding with different metal ions can activate or inhibit the 

downstream signaling.  

In metal sensor proteins, metal binding enables them to interact with DNA and 

regulate gene expression. The metal binding modulates the open and close conformations 

within the sensors proteins. These sensor proteins bind to a wide range of metals from 

transitional to heavy metals. How metal binding stabilizes certain protein conformations 

for DNA binding is becoming clearer with the ample structural data (Giedroc and 

Arunkumar, 2007). The metal binding increases rigidness of metal sensor proteins and 

limits their conformations. This stabilizes the dimerization domains of the proteins and 

the helix-turn-helix DNA specific binding motifs. Thus, the binding of metals modulates 

on and off conformations of the sensor proteins for DNA-binding.        

4.1.2 Fenton reaction and proteins 

Fenton reaction is a unique oxidation reaction catalyzed by transition metal ions like 

Cu(I), Fe(II), Co(II), Ti(III), and Cr(V) (Kasprzak, 2002). The reaction is distinct in the 

generation of highly reactive oxygen free radicals. In a classic Fenton reaction, it is a 

metal catalyzed disproportionation of H2O2. Fe2+ that is oxidized to Fe3+ produces a 

hydroxyl radical (•OH). Fe3+ is then reduced back to Fe2+ with a peroxide radical (•OOH) 

(See Reaction A). The resulting reactive radicals can react with biological molecules like 

DNA, lipids, proteins or enzyme cofactors (Koppenol, 2001). 

 Reaction A 

                       H2O2  +  Fe2+  � Fe3+ + •OH  + OH−   (1) 

                       H2O2  +  Fe3+  
� Fe2+ + •OOH  + H+    (2) 
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Net reaction:   2H2O2  ���� •OH  + •OOH + H2O  

The Fenton reactions do not necessarily require the presence of H2O2 in the initial 

conditions. The H2O2 can be produced by the reducing reagents like ascorbic acid (AA) 

and dissolved O2 in the presence of the copper (See Reaction B). 

Reaction B 

 

   2Cu+ + O2 + 2H+ = 2Cu2+ + H2O2                                                              (2) 

From our researcher, we found that LC/A is able to bind Cu2+. We are trying to 

explore the possibility to inactivate LC/A through Fenton reaction. The Cu+ can catalyze 

the Fenton redox cycles generating reactive free radicals through the similar redox cycle 

as Fe2+ in Reaction A. The reactive free radicals from Fenton reaction can modify and 

react with the target molecules by the abstraction of hydrogen, addition or oxidation 

reactions. These reactions usually result in damages or loss of functions of the biological 

molecules (Prousek, 2007). For proteins, the amino acid residues are common targets for 

the reactive free radicals. Histidine, arginine, proline, lysine, cysteine and methionine of 

proteins are commonly oxidized by reactive free radicals in biological conditions 

(Stadtman, 1993). The reactive oxygen species generated by copper Fenton-like reaction 

have been closely associated with the aggregation and misfolding of the prion and prion-

like proteins (Stevens et al., 2009). The metal catalyzed oxidation of Cu2+ binding 

histidines could result in a time-dependent inactivation of enzymes like acetylcholine 
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esterase (Shinar et al., 1983) and Cu,Zn-superoxide dismutase (Uchida and Kawakishi, 

1994). The generation of reactive radicals could cause significant damage to biological 

molecules, but the process is dependent on the structures and binding modes of the Cu2+ 

complex (Liu et al., 2011). Due to the reactivity of free radicals, the Fenton reaction often 

causes localized or even site-specific oxidation around the metal binding sites. For 

example, the histidine residues of Cu2+ binding human growth hormone could be 

oxidized through the Fenton-like reaction (Hovorka et al., 2001; Zhao et al., 1997). The 

Cu2+-amyloid β-peptide complexes catalyze the site-specific oxidation on the histidines 

and tyrosines involving Cu2+ binding (SchöNeich, 2004). The Cu2+ mediated oxidation of 

tryptophan around the metal binding histidines causes the degradation of human IgG Fab 

protein (Lam et al., 2011).  

4.1.3 Zinc and BoNTs 

All BoNTs are zinc-endopeptidase (Jiang and Bond, 1992). There is a single high 

affinity zinc binding site present in the light chain of BoNT/A, B and F (Schiavo et al., 

1992b; Wright et al., 1992). In addition to the zinc binding sites with dissociation 

constants (Kd) of 50-100 nM, there are several divalent-cation binding sites in these 

toxins with micromolar Kd (Schiavo et al., 1992b; Wright et al., 1992). There are two 

zinc ions in BoNT/C (Schiavo et al., 1995b). One of the zinc ions is present at the 

proteolytic active site and is exchangeable with free Zn2+ in buffer. The other zinc ion are 

tightly bound and thought to be a structural zinc ion. 

The catalytic zinc ion can be removed by metal ion chelators like EDTA and TPEN, 

which inactivate the neurotoxin’s catalytic activity. The proteolysis activity of zinc-
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depleted apo-neurotoxins can be restored after incubation with zinc-containing buffers 

(Hohne-Zell et al., 1994; Poulain et al., 1993; Schiavo et al., 1992b; Simpson et al., 1993; 

Simpson et al., 2001). 

The catalytic Zn2+ is tightly bound to BoNTs in native condition. The spontaneous 

exchange of bound Zn2+ and free ambient Zn2+ is a very slow process for BoNT/A in vitro 

(Simpson et al., 2001). However, the zinc-depleted BoNT/A can rapidly regain 

exogenous zinc ion from the buffer and environment within minutes. This ability is 

thought to provide an advantage for BoNTs in the intoxication.  

The intoxication of BoNTs involves multiple stages: receptor binding, translocation 

and the cleavage of cellular protein target. Especially in the process of pH-induced 

translocation from endosome into the cytosol, the decrease of pH in endosome could 

result in protonation of histidines and conformational changes in BoNTs. It has been 

shown that reducing pH weakens the binding of Zn2+ to BoNT/A (Simpson et al., 2001). 

Therefore, the ability to harvest exogenous Zn2+ from the environment or cytosol could 

restore the activity for those toxins which loss the zinc ion during the intoxication process.  

The ability to restore activity from exogenous Zn2+ presents a challenge to develop 

inhibitors for BoNTs. It has been well-known that all BoNTs can be inactivated by Zn2+ 

chelators in vitro (Simpson et al., 1993). However, the Zn2+ chelators are not able to 

completely inactivate BoNTs in vivo. Zinc-depleted toxins can still restore the activity in 

vivo, because the toxin can obtain exogenous zinc from tissues and cells. The activity of 

the zinc-depleted BoNT/A LC could also be partially restored through binding to other 

divalent metals cations such as Co2+, Cu2+, Fe2+, Mn2+, Ni2+, Mg2+ and Ca2+ (Ahmed and 
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Smith, 2000). The removal of these ambient free divalent cations would be difficult to 

achieve and hamper other native metalloproteins functions in cells. Therefore, it limits 

the application of the zinc chelators as the inhibitors for BoNTs. In this study, the 

interaction between metal ions and BoNT/A was determined in order to provide new 

insight for the development of new inhibitors.     

4.2 Results 

4.2.1 Monovalent cations and LC activity 

In order to determine the effect of monovalent cations on BoNT/A LC, SNAPtide 

activity assays were performed in phosphate buffer (5 mM at pH 7.5) and 150 mM 

corresponding chloride salts of the monovalent cations. All assays were performed at 

room temperature with the same concentration of enzyme (LC/A 0.2 µM) and substrate 

(SNAPtide 2 µM). The rates of the fluorescence increase after the addition of LC/A were 

used as the measurement of enzyme activity. The activities of different assays were 

normalized against the LC activity of standard PBS buffer as relative activity (%).  

LC/A had the highest activity in buffer containing K+ which is comparable to that in 

PBS buffer (Figure 4.1). Other monovalent cations all inhibited the LC/A activity to 

various extents.  
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Figure 4.1 Effects of monovalent ions on LC/A activ ity in phosphate buffer . 

SNAPtide activity assay was performed in phosphate buffer (5 mM, pH 7.5) with 

corresponding 150 mM chloride salts. LC (0.2 µM) and SNAPtide (2 µM) were 

added to initiate the reaction.  Activity was measured by the rates of fluorescence 

increase (λex: 320 nm, λem: 420 nm). The relative activity was obtained by 

normalizing the respective rates of fluorescence increase against that of PBS.  

4.2.2 LC activity in low salt buffers  

Salts, like NaCl, inhibited the activity of LC/A. LC activities were then measured by 

SNAPtide assay in different buffers with low salt concentration: 5 mM, potassium 

phosphate buffer (KPB) pH 7.5 ; 20 mM, K+ HEPES (pH 7.5); MiniQ grade water (H2O). 

The activities of LC in different buffers were normalized against that of standard PBS, 

represented as relative activity (%) (Figure 4.2). LC activities in low salt buffers, even in 

pure water, were higher than in PBS. In 20 mM HEPES (pH 7.5), the enzyme has the 
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highest activity among all buffers. Thus, HEPES buffer was chosen as the standard buffer 

for later SNAPtide assays.         
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Figure 4.2 LC relative activities in low salt buffe rs. Activities of LC/A were 

measured by SNAPtide assay in PBS (PBS); 5 mM, Potassium phosphate buffer 

(KPB) pH 7.5; 20 mM, K+ HEPES buffer (HEPES) pH 7.5; MiniQ grade water 

(H2O). All relative activities were normalized against that of PBS.   

4.2.3 Divalent metals and LC activity  

In order to study the effect of divalent metals on LC/A activity, several divalent 

cations of transition metals were added into 20 mM HEPES buffer for SNAPtide activity 

assay.  The activities of LC were normalized against the sample in HEPES only. The 

divalent cations showed a higher inhibition of LC. The divalent cations can be 

categorized as two groups based on their effectiveness by which they inhibited LC. The 

weak inhibition group included Ca2+, Mg2+ and Mn2+. They showed effective inhibition 
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of LC at 10 mM (Figure 4.3). The strong inhibition group included Ni2+, Co2+, Cu2+ and 

Zn2+. The divalent cations effectively inhibited LC activity at 0.1 mM (Figure 4.4). The 

fluorescence quenching by the metal cations was corrected by measuring fluorescence of 

completely cleaved product in different buffers.   

Among the strong inhibition group, Cu2+ showed the strongest inhibition of LC 

activity at 0.1 mM. Surprisingly Zn2+ had the second strongest inhibition of LC at 0.1 

mM. However, Zn2+ showed higher inhibition of LC than Cu2+ at 10 µM (Figure 4.5). 

The fluorescence time course of the SNAPtide cleavage (Figure 4.6) shows a bi-phasic 

increase at 0.1 mM Cu2+ (Equation 4.1). In contrast, Zn2+ only shows single-phase 

fluorescence increase at 0.1 mM (Equation 4.2).  

Equation 4.1 )1()1( dxbx eceay −− −×+−×=   

Rate constant b=0.062±0.079 S-1, d=0.010±0.0020 S-1 

Equation 4.2 )1( bxeay −−×= . Rate constant b= 0.0020±0.0002 

This suggests there are different inhibition mechanisms in Cu2+ and Zn2+ inhibition of 

LC/A. The inhibition of LC at the low Cu2+ metal concentrations is probably different 

from that at the high Cu2+ concentration.  
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Figure 4.3 Weak Inhibition divalent cations at 10 m M. The 1M stock solutions 

of cations were prepared by dissolving corresponding chloride salts in MiniQ 

water. The reaction buffers contain 10 mM divalent cations were prepared by 

mixing the 20 mM HEPES buffer (pH 7.5) with the stocks before SNAPtide 

activity assay. The activity of LC with divalent cations was normalized against 

that of LC in HEPES only. 
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Figure 4.4 Strong Inhibition divalent cations at 0. 1 mM.   The 10 mM stock 

solutions of cations were prepared by dissolving corresponding chloride salt in 

water. For Cu2+, Ni2+ and Zn2+, CuSO4, NiSO4 and Zn(CH3CO2)2 were used for 

preparation of the stock solutions. The reaction buffers contain 0.1 mM divalent 

cations were prepared by mixing the 20 mM HEPES buffer (pH 7.5) with the 

stocks before SNAPtide activity assay. The activity of LC with 0.1 mM divalent 

cations was normalized against that of LC in HEPES only.    
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Figure 4.5 Inhibition of LC/A by 10 µµµµM Cu2+ and Zn 2+. The 1 mM stock 

solutions of cations were prepared by dissolving corresponding salt in water. The 

reaction buffers contain 10 µM divalent cations were prepared by mixing the 20 

mM HEPES (pH 7.5) with the stocks before SNAPtide activity assay. The activity 

of LC with divalent cations was normalized against that of LC in HEPES only (LC 

alone). 
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shown in triangle. a) 0.1 mM: The data of Cu2+ were fitted with Equation 4.1, 

while the data of 0.1 mM Zn2+ were fitted with single exponential Equation 4.2. b) 

10 µM Zn2+ or Cu2+. Both data were fitted with linear equations.  

4.2.4 The binding of Zn2+ to LC/A 

To determine the dissociation constant (Kd) of Zn2+, LC was titrated by Zn2+. The 

quenching of LC intrinsic fluorescence was monitored. LC (0.2 µM) was mixed with 20 

mM HEPES (pH 7.5) and incubated at room temperature for 1 hour or until the 

fluorescence was stabilized. The emission spectrum of LC excited at 280 nm was the 

average of three scans at each time point. The fluorescence of each time point was the 

average of the fluorescence intensity from 315 to 322 nm. The fluorescence of buffer 

with Zn2+ was used as background. The background fluorescence was subtracted. The 

dilution factor due to the increase of volume during the titration was corrected.   

The Kd was obtained by fitting the data with Equation 4.3 b). F0, Fmin and Kd were 

considered as parameters fitted by program Sigma plot. The Kd of Zn2+ to LC/A was 

calculated as 4.3±0.4 µM.  

Equation 4.3  a)
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 αααα is the extent of binding. E0 is the initial enzyme concentration. xb is the 

enzyme- bound Zn2+ concentration. F0 is the initial fluorescence intensity of 
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enzyme. F is the fluorescence intensity of enzyme during the titration. Fmin is 

fluorescence intensity of enzyme at saturated concentration of Zn2+.   
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Figure 4.7 Intrinsic fluorescence titration of LC/A  with Zn 2+. LC (0.2 µM) was 

incubated in 20 mM HEPES (pH 7.5) at room temperature for 1 hour. Emission 

spectra (300 to 400 nm) of LC were recorded as the average of three 

consecutive scans at room temperature for each addition of Zn2+. Each 

fluorescence data point was the average fluorescence intensity from 315 to 322 

nm. The buffer with corresponding Zn2+ concentration was used as background. 

The background fluorescence was subtracted. The dilution factor was corrected. 

The titration data was fitted to Equation 4.3b. The Kd of Zn was calculated as 4.3 

± 0.4 µM. 
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4.2.5 The inhibition of LC/A by Zn2+  

To determine the mode of inhibition and the inhibition constant Ki of Zn2+, LC 

activities were measured with varying Zn2+ concentrations (0 to 20 µM). All the 

SNAPtide assays were performed in 20 mM HEPES (pH 7.5) at room temperature. The 

reaction rate (v) is the slope of the fluorescence increase. In Dixon plot, 1/v is plotted 

against Zn2+(µM) (Figure 4.7). The three lines corresponding to 2 µM, 4 µM and 10 µM 

SNAPtide had intercept on the x axis. It suggests Zn2+ is a non-competitive inhibitor to 

LC/A. The Ki was estimated by the intercepts on the x-axis, as 10.22±0.77 µM.  Thus, the 

Zn2+ is not binding at the catalytic zinc binding sites. As a non-competitive inhibitor, 

Zn2+ binds to the enzyme and enzyme-substrate complex.  This suggests the secondary 

binding of Zn2+ and substrate binding are not mutually exclusive. 
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Figure 4.8 Dixon plot of Zn 2+ - LC inhibition.  The SNAPtide assays were 

performed in 0.2 µM LC, 20 mM HEPES buffer (pH 7.5) at room temperature. 

The slope of fluorescence increase was used as the reaction rate. LC activities 

were measured at different Zn2+ concentrations with 2 µM SNAPtide (diamond), 4 

µM (square) and 10 µM (triangle) SNAPtide concentrations. The Ki is determined 

by the intercepts on x-axis, as 10.22±0.77 µM.   
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4.2.6 Mutation studies and potential zinc binding sites 

Site-directed mutations were conducted on LC in an attempt to identify the potential 

binding site of secondary Zn2+, which is responsible for the inhibition of LC.  Mutations 

on the residues that bind to zinc should affect the Zn2+ inhibition of LC.  The common 

residues in strong metal binding sites are cysteines and histidines. Since Zn2+ inhibits and 

binds to LC at micromolar range, cysteines and histidines are the most likely candidates 

for the potential zinc binding sites. Because Zn2+ was demonstrated as a non-competitive 

inhibition, it is probable that secondary Zn2+ is bound near the active site pocket so that it 

could inhibit the enzymatic cleavage of substrate. The potential zinc binding residues 

around the active sites were selected by the available crystal structure (PDB ID:1XTG) 

(Figure 4.8). The four residues E262, E224, H223 and H227 are involved in coordination 

to the catalytic Zn2+. These residues are essential for the cleavage of substrates and tight 

binding to the catalytic Zn2+ (Kd 60-80 nM) (Schiavo et al., 1992b). Since the substrate 

cleavage was not completely abolished by the addition of Zn2+, these residues were not 

likely to involve in the binding of secondary Zn2+. Thus, only mutants H230A, H170A, 

C134S and C165S were constructed using Quickchange site-directed II kit (Agilent). 

They were expressed as SUMO fusion proteins using the same protocol as the wild type 

LC (Methods and Materials). The H230A mutant had a low yield and lost most of the 

activity. It was impossible to use H230A to probe the Zn2+ inhibition of LC. The E261 

forms a salt bridge with H230 in the crystal structure of LC. Thus, the E261D mutant was 

constructed and expressed to test the Zn2+ inhibition of LC.  

 



74 
 

 

 

H230

H227
H170

H223

E262
E261

C165 C134

E224

 

Figure 4.9 Potential zinc binding sites around the L C active site.  Crystal 

structure was obtained from PDB bank (PDBID: 1XTG). LC is shown as green 

cartoon. The glutamic acid residues are shown as magenta stick. The histidines 

residues are shown as blue stick. The cysteine residues are shown as yellow 

stick. The image was generated by PyMOL (http://www.pymol.org/).  
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4.2.6.1 The kcat and Km of LC and its mutants  

The activities of mutants were measured at varying concentration of SNAPtide from 2 

µM to 50 µM. The concentration of cleaved SNAPtide product was derived from the 

increased fluorescence at the complete cleavage of the SNAPtide substrate. One µM 

cleaved SNAPtide in 20 mM HEPES (pH 7.5) corresponded to an increment 75456 A.U 

in fluorescence intensity measured by Fluromax. Thus, the initial rate (v µM s-1) was 

obtained by dividing the rate of fluorescence increase with 75456 A.U. per µM cleaved 

substrate. By plotting the 1/v against 1/[S], the intercept on x axis is equal to 
mK

1−  and 

the intercept on y the axis is equal to 
max

1
V

 . The kcat of each mutant can be calculated by 

dividing the Vmax with enzyme concentration. The kcat and Km of mutants and wild type 

(WT) are summarized in Table 4.1.  

Table 4.1 The k cat and K m of wild type (WT) LC/A and its mutants.  

 Km (µµµµM) kcat x103(s-1) kcat/Km x105(µµµµM-1 s-1) 

WT 79 117 148 

H170A 144 13.5 9.37 

H230A 234 0.93 0.40 

E261D 48 28.5 59.4 

C165S 1543 134 8.71 

C134S 68 94.0 138 
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4.2.6.2 The CD spectra of LC and its mutants 

LC and its mutants were incubated in the buffer containing 10 mM sodium phosphate 

(pH 7.5) and 50 mM KF.  All CD spectra were recorded as the average of 5 scans at 10 

nm/min. Buffer background was subtracted. The observed ellipticity θ was converted into 

the mean residue ellipticity [θ] with Equation 4.4. 

Equation 4.4 : )(deg
100

][ 12 −⋅⋅
⋅⋅

⋅= dmolcm
lCn

θθ  

θθθθ is observed ellipticity in degree; C is the concentration of protein in M; l is the 

path length in cm. n is the number of amino acid residues.  

The CD spectra of LC and its mutants are shown in Figure 4.9. All mutants are 

sharing similar CD spectra except for H230A. The decrease of [θ] between 190 and 200 

nm suggests significant change in secondary structure of H230A and the decrease of 

alpha helix structure. This is probably due to the loss of the salt bridge between H230 and 

E261. There is no major change in secondary structure of other mutants.   
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Figure 4.10 CD spectra of LC and its mutants . LC and its mutants were 

incubated in the buffer containing 10 mM sodium phosphate (pH 7.5) and 50 mM 

KF in room temperature. The mean residue ellipticity [θ] is calculated using 

Equation 4.4. Wild type LC (WT) is shown in blue, C134S is shown in magenta. 

C165S is shown in yellow. H170A is shown in cyan. H230A is shown in pink. 

E261D is shown in brown. 
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4.2.6.3 The intrinsic fluorescence of LC and its mutants 

In order to monitor the effect of the mutation on the tertiary structure of LC, the 

intrinsic fluorescence of LC and its mutants were measured. All proteins were incubated 

in 20 mM HEPES (pH 7.5). The spectra were recorded after 30 min incubation at room 

temperature or until the fluorescence was stable. The proteins were excited at 280 nm and 

scanned for emission spectra from 300 to 450 nm. Each spectrum was the average of 

three scans. The background fluorescence of the buffer was subtracted from the spectra. 

The concentration difference of the proteins was corrected. The result is shown in Figure 

4.11.  

The intrinsic fluorescence of mutant H230A was significantly reduced. The 

maximum wavelength shifted to 330 nm. It is consistent with the CD spectrum which 

indicated a significant structural change in H230A mutant. The fluorescence spectra of 

other mutants were higher than the wild type LC. This suggests that the mutants rendered 

certain conformational change on LC and enhanced the fluorescence from tyrosines and 

tryptophans. H170A and E261D had similar fluorescence spectra, while C134S and 

C165S shared similar spectra. 
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Figure 4.11 Intrinsic fluorescence spectra of LC an d its mutants.  All 

proteins were incubated in 20 mM HEPES (pH 7.5). The proteins were excited at 

280 nm and scanned for emission spectra from 300 to 450 nm. Wild type LC/A 

(WT) is shown in blue, C134S is shown in magenta. C165S is shown in yellow. 

H170A is shown in cyan. H230A is shown in pink. E261D is shown in brown.
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4.2.6.4 Controlled trypsin digestion of LC and its mutants 

 In order to probe the conformation and structure change in the mutant position, the 

controlled trypsin digestions were performed with LC/A and its mutants.  Wild type 

LC/A (5 µM) and its mutants were mixed with trypsin (0.1 µM) in Tris pH 8.0 (0.1 M) 

buffer and incubated for 10 minutes at 37°C (Material and Method section). The products 

were analyzed by SDS-PAGE gel (Figure 4.12).  

C165S and wild type LC showed similar digestion patterns. Although C165S and 

C134S showed similar fluorescence spectra, C134S could have different conformation 

based on the different trypsin digestion patterns. H170A and E261D had similar digestion 

patterns. Both mutants were more susceptible to trypsin cleavage and generated the 50 

kDa fragment. This is consistent with fluorescence spectra which indicate that H170A 

and E261D shared similar conformations and ternary structures. As expected H230A 

showed more digestion fragments in comparison to other mutants. This suggests a partial 

unfolding of the protein which is consistent with the fluorescence and CD data.  
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Figure 4.12 Partial trypsin digestions of LC and it s mutants. Wild type (WT) 

LC (5 µM) and its mutants were mixed with 0.1 µM trypsin in 0.1M Tris pH 8.0 

buffer and incubated for 10 minutes at 37°C. The rea ction is quenched by the 

addition of sample buffer. The LC before trypsin digestion was the control. The 

product was analyzed by SDS-PAGE gel. 

4.2.6.4 Zn2+ Inhibition of LC/A and mutants   

The activity of LC/A and its mutants were tested using SNAPtide assay in the 

presence of 10 µM Zn2+. The activity of H230A is very low and had significant structural 

changes. Thus, H230A was not tested for Zn2+ inhibition. However, E261 forms salt 

bridge with H230 (Figure 4.9). It is expected that E261D mutant should also affect Zn2+ 

inhibition if H230 is the secondary Zn2+ binding site. About 0.2 µM LC were added in 20 

mM HEPES buffer. The reaction mixture was split into two aliquots. One was assayed 

with 2 µM SNAPtide in the present of 10 µM Zn2+, while the other was assayed in the 
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absence of Zn2+ as control. There is a difference in the enzyme activities of different 

mutants. Thus, the activities in the presence of Zn2+ were normalized against that without 

Zn2+. The result is shown in Figure 4.13.  

Zn2+ showed inhibition of LC and its mutants in the SNAPtide assay. However, the 

C165S mutant showed higher normalized activity in the presence of Zn2+.  It suggests 

that Zn2+ inhibition was weakened by the C165S mutant. The other mutants shared 

similar relative activity to wild type in the presence of Zn2+. H170A and E261D had the 

same relative activity and slightly lower than the wild type LC/A in the Zn2+ inhibition 

assay. C134S did not affect the Zn2+ inhibition.      
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Figure 4.13 Relative activities of LC/A and its mut ants in the presence of 

Zn2+. About 0.2 µM LC/A was added in 20 mM HEPES (pH 7.5). The reaction 

mixture was split into two aliquots. One was assayed in the presence of 10 µM 

Zn2+, while the other was assayed without additional Zn2+. The relative activity in 

the absence and the presence of 10 µM Zn2+ was determined to obtain the 

degree of Zn2+ inhibition.   

4.2.6.5 Zn2+ binding ability of LC/A and its cysteine mutants 

Since C165S affected the inhibition of Zn2+, the Zn2+ binding of C165S was 

examined along with C134S. The intrinsic fluorescence titration of the two cysteine LC 

mutants were performed in 20 mM HEPES (pH 7.5). The results are shown in Figure 

4.14. The Kd of Zn2+ binding to C165S (1.52±0.05 µM) was smaller than those of C134S 

(5.32±0.38 µM) and the native LC (4.60±0.24 µM).  
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Figure 4.14 Fluorescence titration of LC and its cy steine mutants by Zn 2+. 

Native LC is in circle, C165S is in square and C134S is in triangle. 0.2 µM LC or 

its mutants was incubated in 20 mM HEPES (pH 7.5) at room temperature for 1 

hour. Emission spectra (300 to 400 nm) of LC were recorded as the average of 

three consecutive scans for each addition of Zn2+. Each data point was the 

average fluorescence intensity from 315 to 322 nm. The buffer with 

corresponding Zn2+ concentration was used as background and subtracted. The 

dilution factor was corrected. The titration data was fitted to Equation 4.3b. The 

fitted Kds of native LC, C134S and C165S were 4.60±0.24 µM, 5.32±0.38 µM and 

1.52±0.05 µM, respectively.  
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4.2.7 Solvent accessibility of the cysteines in LC 

In order to determine the solvent accessibility of the cysteines in LC, the 

dithiodipyridine (DTDP) assay of sulfhydryl group were conducted for SUMO-LC425, 

SUMO removed LC425 its cysteine mutants. The proteins were mixed with 20 mM 

HEPES (pH 7.5) containing 0.2 mM DTDP. The reaction mixtures were incubated at 

room temperature for 15 min. Absorbance at 324 nm was measured. Background of the 

buffer was subtracted (Materials and Method). The concentrations of the solvent 

accessible sulfhydryl were obtained from the standard curve of cysteine. The protein 

concentrations were quantified from Biorad protein assay according to the manufacturer’s 

protocol. The solvent accessible sulfhydryl group per molecule is shown in Table 4.2. 

The numbers of SH per molecule in DTDP assay were much lower than the number of 

total SH per molecule. This suggests that all cysteines in LC and its mutants were either 

buried or not reactive to DTDP. However, the solvent accessible SH in C134S is much 

lower than other mutants, indicating that the C134 was more reactive or accessible than 

C165S.  

Table 4.2 Solvent accessible sulfhydryl group in LC /A and its cysteine 

mutants.  

 Total SH per molecule 
Observed SH group per 

molecule 
SUMO-LC425 3 0.14 

C134S 2 0.074 
C165S 2 0.24 
LC425 2 0.18 

The proteins were mixed with 20 mM HEPES (pH 7.5) containing 0.2 mM DTDP. 

The reactions were incubated at room temperature for 15 min. Absorbance at 
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324 nm were measured. The concentration of solvent accessible SH group was 

calculated from the cysteines standard curve. The protein concentration was 

obtained from Biorad protein assay.  

4.2.8 The N-ethylmaleimide (NEM) inhibition of LC activity 

Since cysteine mutations of LC significantly reduced the activity of LC,   sulfhydryl 

specific reagent N-ethylmaleimide (NEM) is used to modify cysteines in LC. NEM (200 

µM) was mixed with 0.2 µM LC in 20 mM HEPES (pH 7.5). The activity of LC was 

measured by SNAPtide assay with and without incubation of NEM at 4°C. The result is 

shown in Figure 4.15. The NEM inhibited the LC activity by up to 40% even without 

overnight incubation. However, with incubation overnight, a slight increase in the 

inhibition was observed.      
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     b) With overnight incubation at 4°C 

Figure 4.15 N-ethylmaleimide  (NEM) inhibition of LC activity.  NEM (200 µM) 

was mixed with 0.2 µM LC in 20 mM HEPES (pH 7.5) containing 2 µM SNAPtide. 

The fluorescence increase of the cleaved SNAPtide was monitored with (in 

square) and without NEM (in diamond).  The activities of LC without overnight 

incubation are shown in a). The activities of LC with overnight incubation are 

shown in b). Linear regression equations are shown beside the corresponding 

samples.  

The reversibility of the NEM inhibition of LC is determined by comparing the 

activity before and after the removal of excess NEM. NEM (200 µM) was incubated with 

LC in 20 mM HEPES buffer (pH 7.5) overnight at 4 µM. The mixture was divided into 

two 100 µl aliquots. One was dialyzed against 1L of 20 mM HEPES (pH 7.5) twice. The 
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activities of the samples were assayed by the addition of SNAPtide (2 µM). The result is 

shown in Figure 4.16. The removal of excess NEM did not significantly affect the 

activity of LC. There was no recovery of LC activity in NEM inhibition after dialysis. 

The irreversible inhibition is different from the inhibition by the metal chelators like 

EDTA.   
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Figure 4.16 NEM irreversible inhibition of LC. NEM (200 µM) was mixed with 

0.2 µM LC in 20 mM HEPES (pH 7.5) overnight at 4°C. The fluorescence 

increase of the cleaved SNAPtide was monitored after addition of SNAPtide (2 

µM). The sample after dialysis (in diamond) was dialyzed against 20 mM HEPES 

(pH 7.5) twice. LC control is shown in triangle and before dialysis sample is in 
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square. Linear regression equations are shown beside the corresponding 

samples. 

SUMO-LC425 (10 µg) was incubated with 200 µM NEM overnight at 4°C in 20 mM 

HEPES (pH 7.5). The sample was separated in Tris-Bis SDS-PAGE gels. The band 

corresponding to the LC was extracted. A standard trypsin in-gel digestion was 

performed. The LC-MS analysis of the in-gel digestion sample was performed by Dr. 

Wang, Guanghui (NIH Proteomics Core Facility). Fifty one of the 63 detected peptides 

with C134 (VIDTNCINVIQPDGSYR) were modified by NEM. Only one peptide with 

C165 (SEELNVIGPSADIIQFECK) was detected by MS. It was not modified by NEM. 

The MS data confirmed that the C135 was modified by NEM in solution. The 

modification of C165 by NEM was not detected. However, it did not exclude the possible 

modification of C165 by NEM. The absence of modification on C165 could be because 

of the low abundance of the peptide with C165 in the in-gel digestion samples.  

4.2.9 Inactivation of LC by Fenton-like reaction  

4.2.9.1 Binding of Cu2+ to LC 

Since Cu2+ and Zn2+ in µM range have demonstrated similar ability to inhibit LC, it 

suggests that Cu2+ possibly binds to LC in a similar way as Zn2+. The fluorescence 

titration study (Figure 4.17) indeed demonstrated that Cu2+ has similar affinity to LC (Kd 

=5.20±071 µM) as Zn2+. Such LC affinity to Cu2+ offers a possibility to utilize Fenton-

Like reaction to irreversibly inactivate LC.  
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Figure 4.17 Fluorescence titration of LC by Cu 2+. LC (0.24 µM) or its mutants 

was incubated in pH 7.5  HEPES (20 mM) buffer at room temperature for 1 hour. 

Emission spectra (300 to 400 nm) of LC were recorded as the average of three 

consecutive scans for each addition of Cu2+. Each fluorescence data point was 

the average fluorescence intensity from 315 to 322 nm. The buffer with 

corresponding Cu2+ concentration was used as background and subtracted. The 

dilution factor was corrected. The titration data were fitted to Equation 4.3b . The 

fitted Kd of Cu2+ binding to LC was Kd= 5.20± 0.71 µM.  

4.2.9.2 Inactivation of LC by Cu2+  

To examine the possibility of the inactivation of LC with Cu2+ catalyzed Fenton 

reaction, LC (10 µM) was incubated with Cu2+ (10 µM) and sodium ascorbate (200 µM) 
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at 37°C. The activity of LC was then examined in standard SNAPtide assay conditions. 

The result is shown Figure 4.18.  
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Figure 4.18 Inactivation of LC/A by sodium ascorbat e (NaAsc) and metal 

ions at 37°C.  LC/A (10 µM) was incubated with Cu2+ (10 µM) or Zn2+ (10 µM) in 

a buffer containing 200 µM sodium ascorbate (NaAsc), 20 mM HEPES (pH 7.5) 

at 37°C for 2 hours. LC/A was diluted to 0.2 µM and e xamined via standard 

SNAPtide activity assay. The activity of LC/As was normalized against that of 

LC/A alone.  

The protease activity of LC/A was almost completely lost after incubation with Cu2+ 

and sodium ascorbate (NaAsc). However, LC incubation with Zn2+ + NaAsc only 

reduced activity by 20%. This suggests the incubation with Cu2+ was able to inactivate 

LC through Fenton-like reaction. The loss of the LC activity in the presence of Zn2+ is 

consistent with the inhibition by Zn2+ (Figure 4.5). 
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4.2.9.3 Inactivation of LC by Cu2+ + NaAsc 

In order to determine the effective concentration of Cu2+ and NaAsc for inactivation 

of LC, different concentration of Cu2+ and NaAsc were incubated with 0.2 µM LC at 

room temperature for 1 hour. The activities of the LCs were examined by standard 

SNAPtide assay. The results are shown in Figure 4.19.  

59 6059

40

3 4

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

1mM NaAsc 0.2mM NaAsc

R
el

at
iv

e 
A

ct
iv

iti
es

(%
)

Cu2+ 0.1µM

Cu2+ 1µM

Cu2+ 0µM

59 6059

40

3 4

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

1mM NaAsc 0.2mM NaAsc

R
el

at
iv

e 
A

ct
iv

iti
es

(%
)

Cu2+ 0.1µM

Cu2+ 1µM

Cu2+ 0µM

Figure 4.19 Inactivation of LC by Cu 2+ + NaAsc.  Different concentrations of 

Cu2+ and NaAsc were incubated with 0.2 µM LC in the 20 mM HEPES (pH 7.5) at 

room temperature for 1 hour. The activities of resulted LCs were examined by 

standard SNAPtide activity assay. The activities were normalized against that of 

LC in HEPES only, as relative activity (%).  

4.2.9.4 Inactivation of LC by Cu2+ + H2O2 

The inactivation of LC showed dependence on the concentration of Cu2+. At 1 µM 

Cu2+, both 1 mM and 0.2 mM NaAsc could sufficiently inactivate LC. At 0.1 µM Cu2+ 
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level, 1 mM NaAsc has shown less inactivation compared with that at 0.2 mM NaAsc. 

The high concentration of NaAsc may probably quench the free radicals or slow down 

the turnover of Cu+ to Cu2+ in Fenton-like reaction. The inhibition of LC by NaAsc in the 

absence of Cu2+ is not fully understood. Possible contamination of heavy metals in buffer 

might have contributed to the inhibition. This inhibition was not dependent on NaAsc 

concentration. There is not much difference in LC activity observed when LC was 

incubated with 1 mM or 0.2 mM NaAsc.    

The inactivation of LC with H2O2 and Cu2+ was also examined. Different 

concentrations of Cu2+ were incubated with 1 mM H2O2 and 0.2 µM LC. The results are 

shown in Figure 4.20. The inactivation of LC is dependent on the concentration of Cu2+. 

However, H2O2 showed as much inactivation as NaAsc at the same Cu2+ concentration.  
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Figure 4.20 Inactivation of LC by Cu 2+ + H2O2.  Different concentrations of Cu2+ 

were incubated with 0.2 µM LC and 1 mM H2O2 in the presence of 20 mM 

HEPES (pH 7.5) at room temperature for 1 hour. The activities of the LC were 

examined with standard SNAPtide activity assay and normalized against that of 

LC in HEPES only, as relative activity (%). 

4.2.9.5 Inactivation of LC by Cu2++ H2O2 + NaAsc 

The combination of H2O2 and NaAsc for inactivation of LC was expected to be more 

efficient than NaAsc alone. In the presence of H2O2 and NaAsc, Cu2+ inactivated LC in a 

multiple turnover fashion (Figure 4.21). In the absence of Cu2+, H2O2 + NaAsc enhanced 

the inactivation of LC compared with H2O2 or ascorbate alone. However, 0.01 µM Cu2+ 

significantly inactivated the LC in the presence of 1 mM H2O2 + 1 mM NaAsc. 
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Figure 4.21 Inactivation of LC/A by Cu 2+ + H2O2 + NaAsc.  Different 

concentrations of Cu2+ with H2O2 + NaAsc were incubated with 0.2 µM LC in 20 

mM HEPES (pH 7.5) at room temperature for 1 hour. The activities of resulting 

LC/A were examined with standard SNAPtide activity assay. The activities were 

normalized against that of LC/A in HEPES only, as relative activity (%). 

4.2.9.6 Time dependent inactivation of LC/A by Cu2+ Fenton reaction 

The time dependent inactivation of LC/A with different concentrations of Cu2+ was 

examined in the presence of 0.2 mM H2O2 and 0.2 mM NaAsc. Aliquots of the reaction 

mixture were taken at various time points. The activity of LCs was monitored by the 

standard SNAPtide assay. The apparent rate constants (k’) of LC/A inactivation were 

obtained by fitting the relative activity with single exponential decay rate equation. The 

obtained k’ was plotted against various Cu2+ concentrations. The second order rate 
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constant k of Cu2+ was estimated to be 4.24 ± 0.26 µM-1 min-1. The results are shown in 

Figure 4.22.  

 

 

Figure 4.22 Time dependent inactivation of LC/A by Cu2+ Fenton reaction.  

Different concentrations of Cu2+ were incubated with LC (0.2 µM), H2O2 (0.2 mM) 

and NaAsc (0.2 mM) in 20 mM HEPES (pH 7.5). At different time points, aliquots 
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were examined with standard SNAPtide activity assay. The activity of the aliquots 

was normalized against that at 0 min, as relative activities. The results are shown 

in panel A) with LC/A alone as solid circle, 0.1 µM Cu2+ as solid diamond, 0.05 

µM Cu2+ as hollow triangle, 0.02 µM Cu2+ as hollow square and 0.01 µM Cu2+ as 

solid triangle. The inactivation time courses of LC/A were fitted with single 

exponential equation. The apparent rate constants were plotted against the 

concentration of Cu2+ in panel B). The second order rate constant for Cu2+ 

inactivation was calculated based on the slope of the linear-fitted line and the 

concentration of LC. The second order constant k was 4.24 ± 0.26 µM-1 min-1.  

4.2.9.7 The specificity of Cu2+ catalyzed inactivation of LC/A  

The C165 and C135 in LC/A are not conserved in BoNT LC/E. The lack of cysteine 

residues near the active site is expected to affect the binding of metal ions and the Cu2+-

catalyzed Fenton reaction. Therefore, Cu2+ in combination with H2O2 + NaAsc were 

incubated with LC/A and LC/E at room temperature. The activities of incubated LC/A 

and LC/E were examined with both SNAPtide assay (Figure 4.21 and 4.23) and SDS-

PAGE gel (Figure 4.24).  

In SNAPtide assay, 1 µM Cu2+ and 0.2 mM NaAsc did not show much inactivation of 

LC/E (provided by Dr. L. A. Smith, USAMRIID) (Figure 4.23), while the activity of 

LC/A is almost completely lost (Figure 4.21). When LC/E was incubated with H2O2 

(0.2mM), NaAsc (0.2 mM) and Cu2+ (1 µM) mixture, there was more than 70% activity 

loss of LC/E. However, LC/A was more sensitive to the inactivation of Cu2+ and NaAsc 
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whether H2O2 was present or not. Cu2+ and NaAsc seems to inactivate LC/A in a more 

specific manner, while the addition of H2O2 inactivated both LC/E and LC/A.  

 

Figure 4.23 Inactivation of LC/E with Cu 2+ catalyzed Fenton like reaction. 

Cu2+ (1 µM) was incubated with 0.2 µM LC/E (provided by Dr. L. A. Smith) in 

HEPES buffer containing NaAsc (0.2 mM) or both NaAsc (0.2 mM) and H2O2 (0.2 

mM) at room temperature for 1 hour. The activities of LC/E were examined using 

LC/E SNAPtide assay (List Biological Laboratories, Inc.) and normalized against 

that of LC/E alone, as relative activity (%).  

In order to confirm the inactivation of LC/A by Cu2+ and NaAsc, the recombinant 

full-length SNAP-25 substrate GST-SNAP-EGFP was used for SDS-PAGE gel cleavage 

assay. LC/A and LC/E were incubated with 1 µM Cu2+ and 0.2 mM NaAsc at room 

temperature for 1 hour. The resulting LC/A (0.2 µM) and LC/E (0.2 µM) mixtures were 
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tested separately with GST-SNAP-EGFP (6 µM) in 20 mM HEPES (pH 7.5). The 

reaction mixture was incubated at 37°C for 10 min and quenched by the addition of SDS 

sample buffer. The samples were then analyzed by SDS-PAGE gel. Results are shown in 

Figure 4.24.  

 

Figure 4.24 SDS-PAGE gel cleavage assays of Cu 2+ and NaAsc inactivated 

LC/A and LC/E.  1 µM LC/A or LC/E was mixed 1 µM Cu2+ and 0.2 mM NaAsc at 

room temperature for 1 hour. The mixtures were diluted to 0.2 µM with 6 µM 

substrate (GST-SNAP-EGFP) in HEPES (pH 7.5) and incubated at 37°C for 

10min. The reactions were quenched by the addition of Laemmli sample buffer 

and 1 mM EDTA. The samples were then analyzed by SDS-PAGE gel.    

The results from the SDS-gel assay are consistent with the SNAPtide assay. The band 

of substrate SNAP-25 in the Cu2+ and NaAsc sample was almost as intense as the 

substrate only sample. LC/A lost most of the activity after incubation with Cu2+ + NaAsc, 

while there is no significant difference between the activity of LC/E and the inactivated 
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LC/E sample. The results confirmed that LC/A was more sensitive to the inactivation of 

Cu2+ and NaAsc than LC/E. 

To elucidate the difference between LC/A and LC/E, the binding of Cu2+ to LC/E was 

also measured by intrinsic fluorescence titration (Figure 4.25). 
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Figure 4.25 Fluorescence titration of LC/E by Cu 2+. LC/E (0.2 µM) or its 

mutants were incubated in 20 mM HEPES (pH 7.5) at room temperature for 1 

hour. Emission spectra (300 to 400 nm) of LC were recorded as the average of 

three consecutive scans for each addition of Cu2+. Each fluorescence data point 

was the average fluorescence intensity from 315 to 322 nm. The buffer with 

corresponding Cu2+ concentration was used as background and subtracted. The 
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dilution factor was corrected. The titration data was fitted to Equation 4.3b. The 

fitted Kd of Cu2+ binding to LC was 33.97±13.95 µM. 

The affinity of Cu2+ to LC/E (Kd= 33.97±13.95 µM) is much weaker than to LC/A 

(Kd =5.20±071 µM). The lack of high affinity binding site probably makes LC/E less 

sensitive to the inactivation of Fenton-like reactions.  

4.2.9.8 Inactivation of LC/A by Fenton reaction with NSC 84096 and Fe3+ 

Metal chelators may inhibit or enhance Fenton reaction (Kasprzak, 2002). In order to 

examine whether NSC 84096 affects the Fenton reaction, LC/A was incubated with Cu2+ 

(1 µM) + NaAsc (20 µM) + NSC 84096 (2 µM). The LC/A inactivation by Fe3+ (1 µM) 

and NaAsc (20 µM) was also examined. The LC/A was dialyzed against HEPES buffer at 

4°C for 4 hours to reduce the fluorescence quenching effect by  the additional 

components. The activities were measured by standard SNAPtide assay (Figure 4.26).     
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Figure 4.26 Fenton reaction inactivation of LC/A in  the presence of NSC 

84096 and Fe 3+. For all samples, 0.2 µM LC was incubated in HEPES buffer at 

room temperature for 15 min with indicated reagents. 84096 (2 µM) was added 

for 84096 sample. Fe3+ (1 µM) and NaAsc (20 µM) were incubated with LC/A for 

Fe3++NaAsc sample. Cu2+ (1 µM) and NaAsc (20 µM) was used for Cu2++NaAsc. 

For Cu2++NaAsc+84096, LC/A was incubated with 84096 (2 µM) and Cu2+ (1 µM) 

and NaAsc (20 µM). The LC/A activities of the resulting mixtures were examined 

with standard SNAPtide assay and normalized against that of LC/A alone, as 

relative activity (%). 

Surprisingly, the Fenton reaction catalyzed by Fe3+ did not show inactivation of LC 

with 20 µM NaAsc, possibly due to the low affinity of Fe3+ to LC/A. The Fenton reaction 

catalyzed by Cu2+ was not affected by the addition of NSC 84096 at 1 µM. The 

inactivation of LC/A was even improved in the presence of NSC 84096. This suggests 

that the Cu2+ catalyzed Fenton reaction is not affected by the presence of NSC 84096. 

There is also an additive inactivation effect on LC.  

4.4 Discussion 

4.4.1 Metal ions and LC/A activity 

Monovalent ions like Na+, Li+ and NH4
+ showed moderate inhibition of LC/A activity. 

K+ had the least effect on the activity of LC/A. LC/A had higher activity in a low salt 

buffers like MiniQ H2O or HEPES K+ than the phosphate buffers (Figure 4.2). At the 

same metal ion concentration, the activity of LC/A follows the trend of K+>Na+>Li+ 

(Table 4.3). This is correlated with the decrease of metal ionic radii and the increase of 
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charge density. The NH4
+ has the largest radius among all tested metal ion. However, the 

activity of LC/A with 150 mM NH4
+ was between that of K+ and Na+. This is possible 

because the NH4
+ could form multiple hydrogen bonds with residues of LC/A. This 

confers it additional ability to destabilize the LC/A structure. The effect of monovalent 

ions is likely due to the destabilization of the overall protein structure through coulomb 

interactions. It does not require specific interaction between the metal ions and LC/A.  

Table 4.3 Ionic radii of tested mono- and divalent ions . 

Metal Ionic radius (Å) Metal Ionic radius (Å) Metal Ionic radius (Å) 
K+ 1.38 Ca2+ 1 Ni2+ 0.69 

Na+ 1 Mg2+ 0.72 Co2+ 0.745 
Li+ 0.76 Mn2+ 0.645 Cu2+ 0.73 

NH4
+ 1.43   Zn2+ 0.74 

All radii of metal ions are from six coordinated metal complexes. All metal ions 

data were taken from R. D. Shannon (Shannon, 1976). NH4
+ radius was obtained 

from T. C. Jorgensen and Weatherley (Jorgensen and Weatherley, 2003). 

Unlike the monovalent ions, the divalent metal ions could affect LC activity at much 

lower concentration. The divalent ions could be categorized into two groups based on the 

effective concentrations.  

The weak inhibition divalent ions (Ca2+, Mg2+and Mn2+) inhibited LC/A activity at 

the 10 mM level (Figure 4.3). The extent of the inhibition is correlated with the trend of 

the metal ionic radii (Table 4.3). Of the three metals, Ca2+ gives the weakest inhibition, 

while Mn2+ is the strongest. This inhibition effect is similar to the monovalent ions. It is 

possible that the metal ions destabilize the overall structure of LC/A through coulomb 
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interactions. The lower concentration of divalent ions necessary to inhibit LC/A activity 

is probably due to their higher charge density for the divalent ions.  

The strong inhibition divalent ions consist of transition metals like Ni2+, Co2+, Cu2+ 

and Zn2+. These ions have shown effective inhibition below 0.1 mM (Figure 4.4). The 

transition metal ions have similar radii and charge density. The inhibition on LC/A 

activity does not correlate with the radii trend. Ni2+ with the smallest ionic radius (0.69 Å) 

demonstrated the least inhibitory effect on LC/A, while Cu2+ (radius 0.73 Å) exhibited 

strongest inhibition on LC/A at 0.1 mM concentration.  Surprisingly, Zn2+ had second 

strongest inhibition on LC/A. This inhibitory effect of divalent ions on LC/A was likely 

related to specific binding of these metal ions to LC/A.  

However, Zn2+ had a stronger inhibition on LC/A than Cu2+ at 10 µM (Figure 4.5). 

The inhibition mechanism of Cu2+ may be different at 0.1 mM and at 10 µM. From the 

time course of the SNAPtide assays, Cu2+ demonstrated a biphasic time course at 0.1 mM, 

which is absent in both Zn2+ concentrations and 10 µM Cu2+ time course. Cu2+ at higher 

concentration probably has two types of the inhibition mechanisms. One is inhibiting 

LC/A through the specific binding just like that of Zn2+. The other is Cu2+ exchanging the 

Zn2+ out of the active site of LC/A. At lower concentration, Cu2+ is not enough to 

exchange the Zn2+ out of the active site. Therefore, the inhibition may be only through 

binding at low Cu2+ concentration. The metal-ion exchange process is slower than the 

binding process. The first phase of the Cu2+ 0.1 mM time course is likely correlated with 

Cu2+ binding, while the slower second phase is related to Zn2+ exchange.  
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4.4.2 Potential secondary binding site of Zn2+ in LC/A 

The Zn2+ inhibition of LC/A is likely related to the binding of Zn2+ to LC/A. The 

dissociation constant of Zn2+ to LC/A was measured by fluorescence titration of LC/A 

with Zn2+ (Figure 4.7). The dissociation constant Kd was 4.3±0.4 µM, which is 

significantly less than the 60–80 nM dissociation constant of the LC/A active site with 

Zn2+ (Schiavo et al., 1992b). Therefore, there is likely a secondary Zn2+ or metal binding 

sites in LC/A.  

The inhibition mode of Zn2+ with various Zn2+ concentrations revealed a non-

competitive inhibition mode of Zn2+. The data in a Dixon plot were intercepted closely at 

X axis with a Ki
 at 10.22±0.77 µM (Figure 4.8). The Ki of Zn2+ is consistent with Kd of 

secondary Zn2+ binding. This suggests that the secondary binding of Zn2+ likely 

contributed to the inhibition of Zn2+. The non-competitive inhibition mode of Zn2+ 

indicates that the secondary Zn2+ binding and substrate binding are not exclusive. 

However, the secondary Zn2+ binding site is likely close to substrate binding sites and 

catalytic Zn2+.  

Based on the substrate-enzyme co-crystal structure (PDB 1XTB) and the sequence of 

SNAPtide substrate, the five residues possibly involved in binding the secondary Zn2+ 

were selected for site-directed mutagenesis (Figure 4.9). H170A, H230A, E261D, C134S 

and C165S five single mutants of LC/A were constructed and expressed. All five mutants 

affected LC/A activity to various extents (Table 4.1).  

Mutation of H230A almost abolished all activity of LC/A. The fluorescence and CD 

data of H230A indicated that the mutant was significantly different from native LC/A in 
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the secondary and tertiary structures of the mutant (Figures 4.10 and 4.11). It is an 

expected consequence since the H230 is forming hydrogen interaction with E261 to 

maintain the structure of the LC/A active site. The more conserved mutant E261D 

reduced the kcat comparing with WT. It is possible that the mutation weakened the 

geometry of the HExxH tetrahedral zinc binding motif. The increase of the intrinsic 

fluorescence of E261D suggests some tertiary structural changes in the mutant. The 

conserved mutant C165S significantly affected the Km of LC/A. C165 is not directly 

interacting with substrate in the crystal structure. However, C165 is in the active site 

pocket and close to the substrate binding sites. The mutation may significantly alter the 

substrate binding. In contrast, the C134S is far from the active site and substrate binding 

sites. Thus, C134S had the least effect on Km and kcat of native LC. It is surprising that 

H170A significantly reduced the activity of LC/A, since H170 is located far away from 

the active site and substrate binding. H170A affected both the kcat and Km of LC/A. There 

is a significant increase of fluorescence intensity compared with native LC/A, while the 

CD data is similar (Figure 4.10 and 4.11). This suggests that H170A may render some 

tertiary structural changes in LC/A that affected both its catalysis and substrate binding. 

The similar fluorescence spectra and trypsin digestion pattern of H170A and E261D 

suggest the two mutants may have similar ternary structures (Figure 4.12). However, the 

exact mechanism of H170A altering the LC/A tertiary structure is not clear and further 

study will be needed. 

In order to locate the possible secondary Zn2+ binding site, the activities of four 

mutants H170A, E261D, C134S and C165S were examined in the presence and absence 

of Zn2+. Among the four mutants and native LC/A, C165S was least affected by the Zn2+ 
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inhibition. It suggests the structural changes in C165S are possibly related to the binding 

site of the secondary Zn2+. Therefore, the affinity of the two cysteines mutants were 

determined by the fluorescence titration (Figure 4.14). The Kd of Zn2+ to C165S 

(1.52±0.05 µM) was less compared with that of C134S (5.32±0.38 µM) and the native 

LC (4.60±0.24 µM). It suggests the Zn2+ is binding tighter to C165S than to LC and 

C134S. It seems contradictory to the Zn2+ inhibition experiment. However, there was a 

significant loss of LC/A activity in C165S.  The structure changes in C165S could expose 

the high affinity Zn2+ binding site in the active site. Thus, the exact Zn binding site is not 

conclusively identified, but the site near C165S could be the potential site for the 

secondary Zn2+ binding.   

4.4.3 Modulate LC activity by modification of cysteines 

The significant effect of the cysteine residues on LC activity suggests the possibility 

of modulating LC activity through the cysteine residues in LC/A. The solvent 

accessibility of the cysteines in LC/A was first examined by the DTDP assay. The free 

SH group in native LC/A and the two cysteine mutants were below the theoretical 

number (Table 4.2). However, the C135S have least SH number among the tested LC/As, 

suggesting that C134 is probably more accessible than C165.  

Thiol-reacting reagent N-ethylmaleimide (NEM) was incubated with LC/A. The 

NEM irreversibly inactivated LC/A (Figures 4.15 and 4.16). Further analysis of the NEM 

modified LC/A with MS has shown the C135 was modified by NEM. However, whether 

C165 could be modified by NEM was not concluded by MS data. It suggests it is possible 

to modulate LC/A activity by modifying the cysteines residues with thiol-reacting 
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reagents. Thiol-reacting reagents may provide a new method to inactivate LC or 

modulate its activity. The C165 has also recently been reported as the potential target for 

thio-reactive inhibitor of LC/A (Stura et al., 2012). 

4.4.4 LC/A inactivation by Cu2+ + NaAsc and Cu2+ + H2O2 

Cu2+ has a micromolar dissociation constant to LC/A (Figure 4.17). The possible 

inactivation of LC/A through a Fenton-like reaction was examined by incubating LC/A 

with Cu2+ + NaAsc.  

As shown in Figure 4.14, Cu2+ inactivated LC/A in the presence of excess NaAsc, 

while Zn2+ only slightly inhibited the activity of LC/A. The effective concentration of 

Cu2+ + NaAsc was examined by varying concentration of Cu2+ and NaAsc (Figure 4.19). 

At 1 µM concentration, Cu2+ could effectively inactivate more than 95% activity of LC/A 

at both 1 mM and 0.2 mM NaAsc. This demonstrates Cu2+ could effectively inactivate 

LC/A in the presence of excess NaAsc. One mM NaAsc inhibited LC less than 0.2mM 

NaAsc in the presence of 0.1µM Cu2+. It is likely because that the high concentration of 

NaAsc could result in a slow turnover of Cu+ to Cu2+and slow down the generation of 

H2O2 and free radicals (Jiang et al., 2007).  

The activity of LC/A was reduced to 60% by NaAsc alone. The LC/A activities in 1 

mM NaAsc and 0.2 mM NaAsc were not much different. The LC/A activity of Zn2++Asc 

sample, which was examined after 50 fold dilution, did not show as much loss as the ones 

examined directly in 1 mM and 0.2 mM NaAsc (Figure 4.18). Thus, the activity loss in 1 

mM NaAsc alone sample is likely reversible and might be contributed by the 

destabilization of Na+ or possible residual heavy metal contamination in the buffer.  
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The Cu2++H2O2 was also examined for the possible inactivation of LC through a 

classic Fenton reaction cycle (Figure 4. 20). Different from NaAsc, H2O2 alone did not 

inhibit LC/A. It is consistent with the fact that H2O2 did not introduce additional metal 

ions into the reaction mixture.  

The Cu2++H2O2 showed a moderate inactivation of LC/A at 1 µM Cu2+ and 1 mM 

H2O2, but not as effectively as Cu2++NaAsc. H2O2 alone did not effectively inactivate 

LC/A in the presence of Cu2+ probably because H2O2 was unable to reduce the LC/A 

bound Cu2+ to Cu+. This would quench or reduce the generation of free radicals. As 

demonstrated by the study of different copper-amyloid-β complexes, the generation of 

free radicals is dependent on the occupancy and structure of copper complexes (Liu et al., 

2011). The moderate inactivation of LC/A by Cu2+ +H2O2 is probably attributed to the 

hydroxyl radicals generated by H2O2 reacting with free Cu2+ through classic Fenton 

reaction (Reaction A). Although free Cu2+ is more effective in catalyzing the generation 

of free radicals (Guilloreau et al., 2007), the LC/A bound Cu2+ reduced by NaAsc would 

result in a more site-specific and effective inactivation.  

4.4.5 LC/A inactivation by Cu2+ + NaAsc + H2O2 

H2O2 could not inactivate LC/A probably due to inefficiency in reducing LC/A bound 

Cu2+. By the combination of H2O2 and NaAsc, the Cu2+ might be able to further 

inactivate LC at lower concentration. Cu2+ effectively inactivated LC/A at 0.1 µM with 1 

mM H2O2+NaAsc (Figure 4.21). Cu2+ showed effective inactivation of LC/A at 

substoichiometric concentration with 1 mM H2O2+NaAsc (Figure 4.21). The 

H2O2+NaAsc inactivated LC/A protease activity by > 90% at 1 mM concentration. It is 
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possible because there is residual heavy metal ions in the buffer could catalyze the Fenton 

reaction.  

The time course of Cu+H2O2+NaAsc inactivation of LC was examined by monitoring 

the activity of LC/A incubated in 0.2 mM H2O2+NaAsc with different substoichiometric 

Cu2+ concentrations (Figure 4.22). The inactivation rate constant is dependent on the Cu2+ 

concentration. The second order rate constant of Cu2+ inactivation was 4.24 µM-1min-1 

(7.07×104 M-1s-1). The complexes of Cu2+- amyloid β peptides catalyzed the generation 

of H2O2 at a rate constant of 15.8 M−1s−1 in ascorbic acid (240 µM) (Jiang et al., 2007). 

The low reaction rate is attributed to the slow conversion of Cu+ to Cu2+ in the catalytic 

cycles. The conversion of Cu2+ to Cu2+is also dependent on dissolved O2 concentration, 

which further limits the reaction rate. Therefore, Cu2+ + NaAsc requires relatively high 

concentration of Cu2+ to inactivate LC/A. In contrast, the Cu2+- amyloid β peptides 

complexes react with in vitro generated H2O2 with rate constants ranging from 104 to 105 

M−1s−1 (Guilloreau et al., 2007; Jiang et al., 2007; Nakamura et al., 2007). The addition of 

oxidative reagents like superoxide or H2O2 would assist the conversion of Cu+ to Cu 

2+and increase the production of free radicals.  

4.4.6 The specificity of Cu2+ catalyzed inactivation of LC/A  

To examine the specificity of Cu2+ catalyzed inactivation of LC/A, LC/E (0.2µM) 

was incubated with Cu2+ and NaAsc. Although the two LCs share a high sequence and 

structure homology, LC/E was not as susceptible as the LC/A to Cu2+ + NaAsc and 

Cu2++NaAsc+H2O2 in both SNAPtide assay and recombinant SNAP-25 SDS-PAGE gel 

assay (Figures 4.23 and 4.24). This could be attributed to the much weaker affinity of 
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LC/E to Cu2+. As measured by the intrinsic fluorescence assay, the dissociation constant 

of LC/A to Cu2+ (Kd= 5.20± 0.71) is much lower than that of LC/E (Kd= 33.97±13.95 µM) 

(Figure 4.25). Cu2++ NaAsc was more specific for LC/A, while Cu2++ NaAsc + H2O2 

could probably be used for inactivating LCs of different serotypes.  

Other possible combinations of treatments were tested. The Fe3+ was also examined 

for catalyzing the inactivation of LC/A (Figure 4.26). Surprisingly, 1 µM Fe3+ + 20 µM 

NaAsc did not inactivate LC/A. LC/A likely has no Fe3+ specific binding site at 

micromolar range. Cu2+ could inactivate LC/A after removing Cu2+ by dialysis, indicating 

the inactivation is not reversible. The presence of the inhibitor NSC 84096 to the Cu2+ + 

NaAsc provided additional inactivation of LC/A. This suggests that the Cu2+-catalyzed 

inactivation of LC/A could be applied together with known inhibitors with metal 

chelation moiety.  

4.5 Summary  

The divalent transition metal ions showed stronger inhibition at lower concentrations, 

implicating that the inhibition is probably associated with specific binding to LC/A. The 

site directed mutagenesis of His and Cys residues of LC/A suggested that the secondary 

Zn2+ binding site could locate near C165. However, this data didn’t exclude the existence 

of other binding sites in LC/A. The function of the metal binding site is still not clear, but 

it may be related to the catalysis of LC/A.  

The Cu2+ could not only inhibit LC/A activity but also was able to irreversibly 

inactivate LC/A in the presence of ascorbate or hydrogen peroxide. The reaction of Cu2+ 

with ascorbate or hydrogen peroxide is known to generate hydroxyl radical. The hydroxyl 



112 
 

radical may readily modify various amino acid residues, especially the cysteines, and 

inactivate the enzyme. Cu2+ effectively inactivated LC/A protease activity at 

submicromolar concentration after incubation with H2O2 + NaAsc. Cu2+ mediated 

inactivation of LC/A was time-dependent and irreversible. The second order rate constant 

was found to be 4.24 ± 0.26 µM-1 min-1. Cu2+ mediated the inactivation of LC/A at a 

comparable or lower concentration than the reported small molecule inhibitors of LC/A 

(Zuniga et al., 2010).  

The inactivation by copper ion is most effective in the presence of both ascorbate and 

hydrogen peroxide. The successful inactivation of LC/A at copper ion concentrations 

lower than that of the enzyme revealed that the copper ions were capable of multiple 

rounds of inactivation of the LC/A. The finding that the action by Cu2+is catalytic rather 

than stoichiometric has not been previously observed in any enzymes.   

LC/E is less susceptible to Cu2+ mediated inactivation than LC/A, it is consistent with 

weaker affinity of LC/E to Cu2+. The specific binding of Cu2+ is essential for an effective 

inactivation. The inactivation is also specific to Cu2+ since ferric ion failed to inactivate 

the LC/A. Covalent modification of the LC/A using sulfhydryl reagents such as NEM 

similarly inactivated the protease activity. Results of site-directed mutagenesis of His and 

Cys residues of LC/A were consistent with that the Cu2+ possibly also binds to C165.The 

Cu2+-mediated inactivation of LC/A is not affected by the addition of quinolinol 

inhibitors. NSC 84096 and similar quinolinol inhibitors in combination with Cu2+ could 

potentially deliver the inhibitors across cell membrane through chelation and inactivate 

BoNT/A.  
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In contrast to the reversible inhibitors, the irreversible inactivation of LC/A by Cu2+ 

provides a new approach of the treatment against botulism by BoNT/A. Since the 

BoNT/A toxicity persists over several months (Smith et al., 2012), irreversible 

inactivation may offer a more effective therapy than the conventional inhibitors could 

provide. Since metal binding sites are also present in other BoNTs serotypes and proteins 

(Gomis-Ruth, 2008; Stura et al., 2012), the Cu2+-mediated inactivation of LC/A 

developed in the present studies is applicable to similar Cu2+ binding proteins and nucleic 

acids.  
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Chapter 5 Small molecule inhibitors of BoNT/A LC 

5.1 Introduction  

The catalytic domain of BoNTs, the light chain (LC), has been a target for the 

discovery and development of small molecule inhibitors for therapeutic intervention of 

botulism. However, several unique properties of BoNT LCs make them challenging 

targets for developing small molecule inhibitors. First, there is an extensive interface 

between the substrates and LCs. Second, there are distal recognition sites far away from 

the active site controlling the specificity of the LCs. Finally, there are possible 

conformational changes of the LCs during catalysis such as prime and molten globular 

states.  

Recent progresses in the structural information of BoNTs and computer-aided 

inhibitor design have substantially accelerated the development of inhibitors of BoNTs. A 

group of compounds with high scores in previous virtual screening of NCI database were 

selected for conventional in vitro HPLC assay (Roxas-Duncan et al., 2009). The HPLC 

assays further identified several quinolinol derivatives that effectively inhibited BoNT/A 

LC and BoNT/A holotoxin. The binding and inhibition of these quinolinol compounds 

were analyzed (Lai et al., 2009). The result suggests there is a tight binding of quinolinol 

derivatives to LC/A, as well as interaction between the inhibitors and substrate-LC 

complex.  
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NSC 84096 NSC 1010 NSC 84094 NSC 84086  

NSC 647122 NSC 658253

 

Figure 5.1 Structures of previously screened active  BoNT/A inhibitors 

(Roxas-Duncan et al., 2009). 

In this research, we further compared the temperature effect on the quinolinol-based 

NSC 84086 and the non-quinolinol based inhibitors NSC 658253 and NSC 647122. The 

results suggest that these inhibitors have tight binding to LC/A at different temperatures. 

The possible conformational change of LC at different temperatures did not significantly 

affect the inhibitors’ binding. The quinolinol based inhibitor NSC 84096 was compared 

with long peptide inhibitor Peptide C at different incubation times. It demonstrated the 

inhibition by NSC 84096 is a faster process than Peptide C. A possible combinational 

inhibition of organic compound and peptide inhibitor were explored. The stoichiometry 

of quinolinol inhibitor NSC 1010 and LC/A was determined by centrifugal filtration 
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assay. The effect of zinc chelation on the inhibition of quinolinol inhibitor NSC 84096 

was also evaluated.  

In order to understand the inhibition of quinolinol inhibitors, molecular docking 

simulation was performed using the eHiTS (electronic High Throughput Screening) 

program, an exhaustive flexible ligand docking VHTS (virtual high throughput screening) 

program (Zsoldos et al., 2006). The eHiTS provides major docking modes that are 

compatible with the steric and chemistry constraints of the target active sites. The binding 

modes of the quinolinol derivatives were predicted. 

Further modifications of the known inhibitors and potential lead compounds were 

explored by screening with eHiTS-LASSO. LASSO is a conformational independent 

structure similarity search tool developed with eHiTS program. It is based on the idea 

that ligands must have compatible surface properties to the target sites of receptors. 

(Zsoldos et al., 2006) The same binding sites require similar surface properties of ligands. 

LASSO uses a descriptor of interacting surface point types (ISPT) for each compound.  

The ISPT descriptors of compounds will match with a filter pre-trained by user-provided 

active ligands and decoys. Compounds baring the similar interacting surface point types 

will have higher filter score (Reid et al., 2008). 

The results attained could further improve the understanding of inhibition mechanism 

and provide more insight on designing new inhibitors.   
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5.2 Methods 

5.2.1 Fluorescence titrations of LC/A with inhibitors 

The quenching of LC intrinsic fluorescence was monitored. In all titrations, 0.2 µM 

LC was added into 20 mM HEPES (pH 7.5) and incubated at room temperature for 1 

hour or until the fluorescence was stabilized. The emission fluorescence intensity was 

measured at 323 nm when the sample was excited at 280 nm. The fluorescence of the 

buffer alone was subtracted as background. The dilution factor due to the addition of 

inhibitors was corrected.  The dissociation constant Kd was calculated by Equation 5.1.   

 Equation 5.1 
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 F is the protein intrinsic fluorescence. F0 is protein intrinsic fluorescence in the 

absence of the inhibitors. Fmin is minimum protein fluorescence at saturated inhibitors 

concentration. x0 is the total concentration of small molecule inhibitors, while E0 is the 

total concentration of BoNT/A LC concentration.  The data were fitted to Equation 5.1 by 

Sigmaplot. 

5.2.2 Preparation of Zn-depleted LC/A 

The SumoLC425 was dialyzed overnight against 150 mM PBS (pH 7.5) with 10 mM 

EDTA. Then it was further dialyzed against 150 mM PBS pretreated with Chelex 100 

resin (Biorad). The Zn-depleted LC/A was stored at 4 ˚C before use.  
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5.2.3 The 4-(2-pyridylazo) resorcinol (PAR) assay for the zinc concentration of 
LC/A  

The zinc concentration of LC/A was determined by the chromophoric chelator 4-(2-

pyridylazo) resorcinol (PAR). The PAR assay was used to determine transition metal ion 

concentration in metalloproteins (Sabel et al., 2009). The formation of PAR2-Zn2+ 

complex results in the maximum absorbance shifting from 416 nm (ε = 33,700 M-1·cm-1) 

to 497 nm (ε = 46,700 M-1·cm-1). The zinc-stripped LC/A was incubated at room 

temperature for 15 min in Chelex 100 (Biorad) pretreated PBS (30 mM) buffer 

containing GuHCl and100 µM PAR. The concentration of Zn2+ was obtained from the 

standard curve of zinc acetate in the same buffer.  

5.2.4 Docking of small molecule inhibitors to LC/A active site 

The structure of LC/A was obtained by removing ligands and water from the known 

LC inhibitor crystal structure (PDBID: 2ILP). The 3D structures of the known small 

molecules were directly obtained from NCI database. For other compounds without 

available 3D structures, the energy minimized conformations were obtained with 

Chem3D. The eHiTS docking searches were done with the 8 Å clip file of the catalytic 

zinc atom. The top 20 docking positions were manually analyzed by viewing in PyMOL 

(http://www.pymol.org/).  

5.2.4 Screening of modified and new inhibitors of LC/A by eHiTS  

For screening structures of modified known active compounds, the 3D structures of 

modified compounds were generated similar to the regular docking protocol with eHiTS 

as above. In the screening protocol, the compounds were ordered by the top scores of 

their top docking positions. 
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A pre-trained filter was generated by LASSO with 24 reported or tested active LC 

inhibitors (Burnett et al., 2009; Pang et al., 2009; Tang et al., 2007).  The pre-trained 

filter was generated after 50 rounds of training with LASSO default decoys and provided 

actives.  

More than 400,000 compounds from fragment-like subset (Carr et al., 2005) in ZINC 

database (Irwin and Shoichet, 2005) were screened with the pre-trained filter. Only the 

top 10% from the filtered compounds were docked by eHiTS. The eHiTS was run at fast 

mode using default parameters with an 8 Å clip file of LC.  

5.3 Results 

5.3.1 Temperature effect on inhibitors binding to LC/A 

To study the effect of temperature on the binding of small molecule inhibitors to 

BoNT/A LC, the dissociation constant Kd of inhibitors were measured at different 

temperatures. Three previously screened inhibitors NSC 84086, NSC 658253 and NSC 

647122 (see Figure 5.1) were titrated against LC425 at 20, 37 and 42°C. 
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Figure 5.2 Fluorescence titration of LC425 with NSC  84086 at 20, 37 and 

42°C .  The BoNT/A LC425 (0.2 µM) were titrated by NSC 84086 in a buffer 

containing 10 mM phosphate, 150 mM NaCl and10 µM zinc acetate at pH 7.4. 

The fluorescence intensity at 323 nm (λex at 280 nm) was recorded and 

converted to δ by equation 5.1. The solid lines were the theoretical titration 

curves fitted by Sigmaplot with equation 5.1. Data at 20°C are shown as circle, 

while those at 37 and 42°C are shown as triangle and sq uare. The fitted 

dissociation constant Kds of NSC 84096 at 20, 37 and 42°C were 0.0944 ± 

0.0089, 0.0524 ± 0.0055 and 0.0057 ± 0.0031 µM, respectively.  
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Figure 5.3 Fluorescence titration of LC425 with NSC  647122 at 20, 37 and 

42°C .  The BoNT/A LC425 (0.2 µM) were titrated by NSC 647122  in a buffer 

containing 10 mM phosphate, 150 mM NaCl and 10 µM zinc acetate at pH 7.4. 

The fluorescence intensity at 323 nm (λex at 280 nm) was recorded and 

converted to δ by equation 5.1. The solid lines were the theoretical titration 

curves fitted by Sigmaplot with equation 5.1. Data at 20°C were shown as black 

circle, while those at 37 and 42°C were shown as blue triangle and red square. 

The fitted dissociation constant Kds of NSC84086 at 20, 37 and 42°C were 

0.0697±0.0153, 0.0150±0.0037 and 0.0249±0.0059 µM, respectively.  
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Figure 5.4 Fluorescence titration of LC425 with NSC  658263 at 20, 37 and 

42°C .  The BoNT/A LC425 (0.2 µM) were titrated by NSC 658263 in the buffer 

containing 10 mM phosphate, 150 mM NaCl, 10 µM zinc acetate at pH 7.4. The 

fluorescence intensity at 323 nm excited at 280 nm was recorded and converted 

to δ by Equation 5.1. The solid lines were the theoretical titration curves fitted by 

Sigmaplot with equation 5.1. Data at 20°C are shown as black circle, while those 

at 37 and 42°C are shown as blue triangle and red squa re. The fitted dissociation 

constant Kd of NSC84086 at 20, 37 and 42°C were 0.0698±0.0077,  

0.0462±0.0082 and 0.0109±0.0026 µM respectively.  

The Kd of three inhibitors decreased when temperature increased. This indicates a 

stronger binding of inhibitors to LC425 at higher temperatures. The Kd increase is 
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consistent with entropy driven binding and possible conformational changes of LC at 

higher temperature.  

5.3.2 The effect of pre-incubation on inhibition of LC/A  

In order to investigate the effect of pre-incubation on LC/A inhibition by peptide 

inhibitor and small quinolinol inhibitor, NSC 84096 and a peptide inhibitor were pre-

incubated at room temperature with LC for 30 min before the SNAPtide activity assay. 

The peptide inhibitor Peptide C (Ac-EKADSNKTRIDEANCRATKMKLGSG-NH2) 

contains the SNAP25 residues from E183 to G206, except a mutation at 197 (Q197C). 

The activities of pre-incubated samples were compared with the ones without pre-

incubation. The result is shown in Figure 5.5.  
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Figure 5.5 Inhibition of LC/A by NSC 84096 with and  without pre-incubation.  

LC425 (0.2 µM) in 20 mM HEPES (pH 7.5) was split into two aliquots. One was 
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pre-mixed with NSC 84096 (10 µM) at room temperature for 30 min before it was 

assayed with SNAPtide (2 µM) (triangle). The other aliquots were assayed with 

SNAPtide without pre-incubation (square). The 420 nm emission fluorescence of 

cleaved SNAPtide was monitored. The control without addition of inhibitors is 

shown in diamond. The equation and correlation coefficient (R2) of data’s linear 

fitting are shown.  
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Figure 5.6 Inhibition of LC/A by Peptide C with and  without pre-incubation.  

LC425 (0.2 µM) in 20 mM HEPES (pH 7.5) was split into two aliquots. One was 

pre-mixed with Peptide C (10 µM) at room temperature for 30 min before it was 

assayed with SNAPtide (2 µM) (triangle). The other aliquots were assayed with 

SNAPtide without pre-incubation (square). The 420 nm emission fluorescence of 
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cleaved SNAPtide was monitored by PTI fluorometer. The control without 

addition of inhibitors is shown in diamond. The equation and correlation 

coefficient (R2) of data’s linear fitting are shown.  

Although pre-incubation by both NSC 84096 and Peptide C did improve inhibition of 

LC/A, the long peptide inhibitor Peptide C is more sensitive to the procedure. Pre-

incubation for Peptide C can further reduce the activity from 84 to 34% of the control 

LC/A, while it reduced the activity of LC from 78 to 57%.  This is probably due to 

Peptide C’s slow binding to LC/A. At the same concentration, small molecule can inhibit 

LC/A activity immediately after the addition, while long peptide inhibitor takes a longer 

time. However, Peptide C did achieve more inhibition after pre-incubation with LC/A.  

5.3.3 Stoichiometry of quinolinol inhibitor binding to LC/A by centrifugal 
filtration  

To determine the stoichiometry of quinolinol inhibitor binding to LC, a centrifugal 

filtration assay was performed.  The quinolinol inhibitor NSC 1010 (Figure 5.8) was used 

in the experiment due to its UV absorbance at 380 nm.  

Standard curve of NSC 1010 absorbance at 380 nm was prepared. NSC 1010 (20 µM) 

was incubated with 1 µM LC425 in 20 mM HEPES (pH 7.5) for 30 min at room 

temperature. The mixture was added into with 30 kDa molecular cutoff Microcon 

centrifugal filtration kit at 13000 rpm for 5 min. The concentration of NSC 1010 was 

determined by UV absorbance at 380 nm. The concentration of LC/A at concentrate was 

determined by Bio-Rad protein assay. The concentration of bound NSC 1010 was 

calculated by subtracting the NSC 1010 in flowthrough from the initial NSC 1010 
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concentration before the centrifugation. The result is shown in Table 5.1. The 

stoichiometry of NSC 1010 with LC/A was 1.13. It suggests there is only one quinolinol 

small inhibitor molecule binding to LC/A. 

Table 5.1 Stoichiometry of NSC 1010 binding to LC/A .   

Bound 1010 1.21 (µM) 
LC 1.07 (µM) 

Ratio of bound 1010 vs. LC 1.13 
 

The concentration of NSC 1010 was determined by UV absorbance at 380 nm. 

The concentration of LC/A after centrifugal filtration was determined by Biorad 

protein assay. The concentration of bound NSC 1010 was calculated by 

subtracting the NSC 1010 from the initial NSC 1010 concentration before the 

centrifugation. 

5.3.4 The effect of Zn2+ on the LC/A inhibition by NSC 84096  

Strong metal chelators like EDTA inhibit the LC and other metalloenzymes by 

stripping metal ion out of the active site. Because quinolinol is also a metal chelator, the 

zinc stripping could contribute to the inhibition of LC. To elucidate if NSC 84096 

inhibits LC/A entirely through the zinc stripping mechanism, the zinc content of LC/A 

after incubation with NSC 84096 was determined by PAR assay. The result is shown in 

Table 5.2. NSC 84096 did reduce the zinc content of LC. However, it did not completely 

remove all zinc atoms as EDTA-treated LC did. The inhibition of quinolinol derivatives 

like NSC 84096 could be partially due to a zinc-stripping mechanism.  
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Table 5.2 Zn 2+ of NSC 84096 and EDTA treated LC/A.   

Sample Zn/Protein ratio 

LC control 1.33 

84096-treated  LC 0.33 

EDTA-treated LC not detectable  

LC (8 µM) was incubated with NSC 84096 (20 µM) at room temperature in 150 

mM PBS buffer for 1h and further dialyzed with Chelex-100 treated PBS 

overnight. For EDTA-treated LC, LC/A (8 µM) was treaded with 10 mM EDTA in 

150 mM PBS buffer overnight and further dialyzed with Chelex-100 treated PBS 

overnight. The zinc content of EDTA-treated LC was not detectable by PAR 

assay.  

5.3.4.1 NSC 84096 inhibits LC in the presence of excess Zn2+ 

The quinolinol group of inhibitors might strip the zinc atom off the LC. The addition 

of free Zn2+ in the buffer may compete with the binding of the catalytic zinc atom in LC 

or replenish the zinc in the active site. This should significantly reduce the ability of 

quinolinol to inhibit LC, if the chelation of quinolinol is the only inhibition mechanism of 

NSC 84096. Therefore, the inhibition of quinolinol inhibitors in the presence excess zinc 

ion was determined. The result is shown in Figure 5.9.  

NSC 84096 at 20 µM still inhibited LC/A by up to 58% even in the presence of 20 

µM zinc acetate. The relative activity of LC/A is similar to that of NSC 84096 in the 

absence of additional zinc ion (Figure 5.5). It demonstrates that the addition of excess 

zinc does not affect the inhibition of NSC 84096, suggesting that NSC 84096 binds to LC 
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through the hydrophobic interaction with residues around the active site. The excess free 

zinc ions did not significantly affect the inhibition of NSC 84096.  
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Figure 5.7 NSC 84096 inhibits LC/A in the presence of Zn 2+. LC/A (0.2 µM) in 

10 mM PBS (pH 7.5) with 20 µM zinc acetate was split into aliquots. SNAPtide 

activity assays were performed for LC alone (square), NSC 84096 (20 µM) + 

LC/A (triangle). 2 µM SNAPtide were added. The 420 nm emission fluorescence 

of cleaved SNAPtide was monitored by a PTI fluorometer. The equation and 

correlation coefficient (R2) of data’s linear fitting are shown. 

However, such inhibition of NSC 84096 in the presence of excess zinc could also be 

explained by the depletion of zinc in the LC/A. This may result in an inactive LC which 

could not quickly recover its activity with the free zinc ion.  

Time (s) 
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5.3.4.2 NSC 84096 binding to the Zn-depleted LC 

The activity of the zinc-stripped LC425 and native LC425 in zinc free buffer and zinc (10 

µM) buffer was measured by SNAPtide activity assay.  

Table 5.3 Activity of LC and Zn-depleted LC in Zn 2+ (10 µM) and zinc free 

buffer.   

 Activity* (%) 

Native LC in 10 µM Zn buffer 100 

Native LC in no Zn buffer 115 

Zn-depleted LC in no Zn buffer 6 

Zn-depleted LC in 10 µM Zn buffer 80 

*the activity of LC is measured by SNAPtide assay, compared with the native LC/A 
in the presence of Zn2+ (10 µM). 

When Zn2+ in the LC active site was stripped off by EDTA, the activity of Zn-

depleted LC/A was only 6% of the native LC/A. However, incubating Zn-depleted LC 

with 10 µM Zn2+ PBS buffer resulted in immediate recovery of the protease activity of 

the Zn-depleted LC/A. This indicates that replacement of Zn2+ in the Zn-depleted LC/A is 

a process that is faster than the mixing time of components. It is unlikely that NSC 84096 

would inhibit the LC activity by stripping off the zinc ion, when there were additional 

zinc ions in the buffer. Although stripping zinc ion inactivates LC, the inhibition of NSC 

84096 is not entirely due to stripping off zinc ions.  

Further, the binding of NSC 84096 to the zinc-depleted LC was monitored by the 

NSC 84096 titration of zinc-depleted LC. The data was fitted directly to Equation 5.2 

(derived from Equation 5.1). The result is shown in Figure 5.8.  
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The F% is the fluorescence normalized against the initial intrinsic fluorescence of LC. 

∆Fmax% is the maximum florescence quench of LC by NSC 84096 normalized against the 

initial intrinsic fluorescence. Both ∆Fmax% and Kd were fitted as parameters by the 

Sigmaplot.  
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Figure 5.8 Fluorescence titration of Zn-depleted LC /A by NSC 84096 The Zn-

depleted LC425 (0.2 µM) were titrated by NSC 84086 in 20 mM HEPES pH 7.5. 

The fluorescence intensity at 323 nm (λex at 280 nm) was recorded. The 

fluorescence of LC was converted into F% and directly fitted to Equation 5.2 by 

Sigmaplot. The Kd of the fitted curve was 1.2655±0.1036 µM.  
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The fitted dissociation constant Kd (1.27±0.10 µM) of NSC 84096 to the Zn2+ 

depleted LC was greater than that of native LC (0.02 µM) (Lai, 2010). The Zn2+ at the 

active site of LC contributes to the binding of NSC 84096, but NSC 84096 still 

maintained a moderate binding to Zn-depleted LC. The Kd of the NSC 84096 was almost 

the same as that of its inhibition constant, suggesting that the inhibition of NSC 84096 is 

likely due to the binding near the active site rather than the removal of Zn2+ from LC. 

5.3.6 Predicting the binding modes of quinolinol inhibitors to LC by eHiTS 
docking program 

To further illustrate the binding mode of quinolinol derivatives, NSC 84096 and NSC 

1010 were docked into the active site pocket of BoNT/A LC crystal structures using 

eHiTS (SimbioSys). The R enantiomers of the NSC 84096 and NSC1010 were docked to 

the LC/A (PDB: 2ILP) crystal structure. The top 20 scored conformations were collected. 

The top scoring binding poses of LC at the Zn2+ and away from Zn2+ are shown in Figure 

5.9.  
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Figure 5.9 Predicted binding modes of NSC 84096 and  NSC 1010. A) 

Modeled LC binding modes to Zn2+; B) Modeled LC binding modes away from 
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Zn2+. The binding modes of the R enantiomer NSC 84096 (green stick) and NSC 

1010 (blue stick) were predicted by eHiTS. Zn2+ is labeled in yellow sphere. 

Potential NSC 84096 interacting residues are shown as cyan line. LC/A 

backbone is shown in wire frame.  

5.3.7 Docking and evaluation of inhibitor modifications with eHiTS 

To improve the inhibition of known inhibitors, 3D structures of compounds derived 

from NSC 84094 and NSC 297265 were constructed by ChemDraw and Chem3D. The 

additional derivatives were categorized by the positions of the modification. For NSC 

84094, the derived compounds were grouped by the modification on the three moieties, A, 

B, C (Figure 5.10). For NSC 297265, they were grouped into moieties Arm and Center 

(Figure 5.11). All compounds were docked and scored by eHiTS. The structures and 

scores of the docked compounds are listed in Figures 5.10 and 5.11.   

Figure 5.10 eHiTS scores for NSC 84094 and its modi fied structures.   
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Figure 5.11 eHiTS scores for NSC 297265 and its mod ified structures.   
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Change NSC297265 Center moiety to the following 
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5.3.8 Screening ZINC data base with eHiTS  

About 415,560 compounds from the ZINC fragment-like subset were screened and 

docked by LASSO and eHiTS 2009.1. The top 10 scoring compounds were selected for 

further analysis. All of these compounds have higher eHiTS scores than both the known 

hydroxymate inhibitors (Silvaggi et al., 2007) and the quinolinol inhibitor NSC 84096. 
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Some of the other known inhibitors were also docked with eHiTs for (Lai, 2010; Roxas-

Duncan et al., 2009). The results are shown in Figure 5.12. 

J2
Score -5.45  

J3
Score -4.5  

J1
Score -5.65

NSC647122
score -4.84 
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Score -4.5  
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score -4.84  

Figure 5.12 eHiTS Scores of four known active inhib itors. J2 and J3 were 

reported by Janda, K. D. (Silvaggi et al., 2007). NSC647122 and 647120 were 

examined by our collaborators and our lab (Lai, 2010; Roxas-Duncan et al., 

2009).  

 After LASSO-eHiTs screening of 400,000 compounds in the ZINC database, the 

compounds score better than the known inhibitors (Figure 5.12) were analyzed. The top 

10 scoring compounds from the eHiTS-LASSO screening are listed in Figure 5.13.  

ZINC20431616 
Score -10.81

ZINC05411208 
Score -10.49

ZINC03861739 
Score -10.34  
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ZINC21993602
Score -10.15

ZINC20431667 
Score -10.06

ZINC05410811 
Score -9.86

ZINC01584091 
Score -9.83

ZINC21993602
Score -10.15

ZINC20431667 
Score -10.06

ZINC05410811 
Score -9.86

ZINC01584091 
Score -9.83  

ZINC19504400
Score -9.82

ZINC01596720 
Score -9.81

ZINC19433064 
Score -9.71  

Figure 5.13 Top 10 scoring compounds from the eHiTS -LASSO screen.  

 

5.4 Discussion  

5.4.1 The effect of temperature on LC/A affinity to inhibitors   

Quinolinols were found to be effective in inhibiting BoNT/A protease activity by in 

vitro and ex vivo assays (Roxas-Duncan et al., 2009).  Quinolinol derivatives like NSC 

84096 and NSC 1010 demonstrated a tight binding to LC/A (Lai et al., 2009).  However, 

LC has shown possible conformation changes at different temperatures (Kukreja and 

Singh, 2005). The dissociation constant of NSC 84096 (Kd ≈ 0.02 µM) was not 

significantly affected by temperature and pH (Lai et al., 2009). However, the Kd of its 

analogue NSC 84086 decreased when temperature was increased from 20 to 42°C   
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(Figure 5.1). The Kd at 42°C was about 10 fold less than that at 20°C. This suggests that 

even for the same class of quinolinol-based inhibitor the binding could be different when 

the temperatures increase.  

The non-quinolinol inhibitor NSC 658263 showed higher affinity to LC with higher 

temperature. However, NSC 647122 has a tighter binding at 37°C than at the 20 and 

40°C. This indicates that the small molecules bind to LC in a very different manner at 

varying temperatures. This may relate to the different conformations of LC at different 

temperatures. The LC could have conformational changes at different temperatures and 

pHs (Kukreja and Singh, 2005). There may be new binding sites of LCs available to the 

inhibitors when the temperature increases. This will results in a change of the affinity of 

inhibitors. The binding modes and structures of inhibitors may also contribute to changes 

in affinity to LC with the temperatures. The different behavior of the small molecule 

inhibitors towards the temperature may be an important factor for screening the new 

inhibitors.  

5.4.2 The effect of pre-incubation on inhibition of LC  

Pre-incubation with LC increased the inhibition of NSC 84096 and Peptide C 

(Figures 5.5 and 5.6). However, pre-incubation with LC significantly enhanced the 

inhibition by Peptide C, while the pre-incubation did not affect the inhibition by NSC 

84096. This may be attributed to the conformational adaptation of the long peptide during 

the binding. Small molecule inhibitors like NSC 84096 have faster binding than the 

peptide inhibitor. After pre-incubation with LC, Peptide C exhibited more inhibition than 

NSC 84096. This is consistent with the fact that the long peptide inhibitor has a slow but 
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tight binding to LC/A (Lai, 2010). The slow but tight binding of long peptide inhibitor 

may be combined with the fast binding small molecule for the treatment of BoNT/A 

intoxication.  

5.4.3 The effect of Zn2+ on the inhibition of LC  

The Zn2+ is the catalytic center of LC. It is also considered as one of the major anchor 

points for chelating inhibitors. Extracting Zn2+ out of the active site is one of the possible 

mechanisms for inhibiting metalloproteases like BoNT LCs. NSC 84096 has 

demonstrated the ability to remove Zn2+ after incubation with LC (Table 5.2). However, 

the inhibition by NSC 84096 cannot be completely explained by stripping off Zn2+
 of 

LC/A. The activity of Zn-depleted LC can be restored instantaneously in the presence of 

excess free Zn2+ (Figure 5.7 and Table 5.3). This suggests that the Zn2+ of LC/A can be 

rapidly replaced by free Zn2+ in solution. Therefore, the LC/A inhibition by NSC 84096 

in the presence of excess free Zn2+ cannot be explained by Zn depletion of LC/A. The 

affinity of LC to NSC 84096 was examined by the fluorescence titration study of Zn-

depleted LC (Figure 5.8). The Kd of NSC 84096 for Zn2+ stripped LC (1.27 µM) was 

much larger than that for native LC (0.02 µM). The affinity of NSC 84096 is significantly 

weakened. However, NSC 84096 still maintains a moderate affinity to LC around µM 

range. This Kd is consistent with the Ki (1.84 µM) of NSC 84096 (Lai, 2010). Although 

Zn2+ might provide tight binding sites to NSC 84096, the weaker binding mode in the 

absence of Zn2+ might have a more significant role during inhibition.  
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5.4.4 Possible binding modes of quinolinol-based inhibitors   

 To predict the possible binding modes of quinolinol-based inhibitors, NSC 84096 

and NSC 1010 were docked to LC/A using the eHiTS program. Within the top 10 poses, 

there are poses with quinolinol group chelating to Zn2+ of LC and poses without chelating 

to Zn2+ (Figure 5.9).  

In the conformations chelating to Zn2+, both NSC 84096 and NSC 1010 have similar 

binding modes and interact with similar residues (Figure 5.9A). The hydrophobic side 

chain of F163 and the main chain of E164 form the bottom of pocket accommodating the 

inhibitors. F194 could provide pi-pi or hydrophobic interaction with the quinoline group 

of NSC 84096 and the phenyl group of NSC 1010. The phenyl group of NSC 84096 

could interact with the hydrophobic pocket containing V258 and aliphatic carbons of 

E262.  The nitryl group of NSC 1010 may form hydrogen bonds with the hydroxyl group 

of Y366. This causes some difference in the conformation of NSC 1010 comparing with 

that of NSC 84096.  

In the conformations without Zn2+ chelation, the two inhibitors show significantly 

different conformations (Figure 5.9 B). The orientations of NSC 84096 phenyl and 

quinoline group are switched.  The phenyl group turns toward the F194 forming possible 

pi-pi interaction, while the quinoline group of NSC 84096 is fitted into the F163 

hydrophobic pocket.  The quinolinol group of NSC 84096 rests in the hydrophobic 

pocket formed by V258 and Y366, instead of binding to Zn2+. The hydroxyl group of the 

quinolinol of NSC 84096 could form possible hydrogen bonding with the guanidinium 

group of R363. In contrast, the nitryl benzene group of NSC 1010 point toward opening 
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of the active site. The nitryl group could possibly form hydrogen bonding with the 

hydroxyl group of S259.  The phenyl group of NSC 1010 is fitted into the hydrophobic 

pocket of V258 and Y366. The quinolinol moiety of NSC 1010 points toward the inner 

pocket of the active site. There is possibly hydrogen bonding between the hydroxyl group 

of quinolinol and the guanidinium group of R363.  

The conformations in the Zn2+ binding mode of NSC 84096 and NSC1010 could 

explain the similar tight binding within the group of quinolinol-based inhibitors. However, 

the drastic different conformations in the non-Zn2+ binding mode show more interactions 

with the active site than those in Zn2+ binding mode. The discrepancy of the binding and 

inhibition studies of the quinolinol-based inhibitors may be related to different binding 

modes of inhibitor during the inhibition. To exploit the modifications in different 

moieties of the quinolinol-based inhibitor, various modifications of NSC 84094 were 

generated in silico and evaluated by eHiTS.  

5.4.5 Evaluation of modified inhibitors by eHiTS 

Based on the interactions of the functional groups, the quinolinol-based inhibitor NSC 

84094 was divided into three moieties: quinolinol moiety (A), phenyl moiety (B), 

pyridine moiety (C) (Figure 5.10). Several modifications were applied to each moiety. 

Alone with the R enantiomer of NSC 84094 and the rigid cross-linked modifications, ten 

modified NSC84094 structures were evaluated by eHiTS (Figure 5.10). 

The R enantiomer of NSC 84094 (score -3.379) was slightly better than the S enantiomer 

of NSC 84094 (score -3.358). Based on the similar score values, the active site pocket of 
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LC/A does not seem to prefer certain enantiomer over the other. However, when the AB 

or BC moieties were cross-linked, there is an improvement in the eHiTS score (for AB -

4.227, BC -4.192). The rigid structure may be beneficial to fill the large active site pocket 

of LC.  

The best score within the tested structures was obtained by 84094C3 (score -5.261) 

with a dansyl group that replaced the pyridine group in moiety C. The possible binding 

mode of 84094C3 is shown in Figure 5.14. The quinolinol moiety of 84094C3 did not 

bind to the Zn2+ at the active site. However, the molecule was fitted into the pocket 

opposite to the Zn2+ atom, which could block the substrate interactions with the Zn2+.   

84094C3 
Score -5.261

 

Figure 5.14 eHiTS predicted binding conformation of  84084C3. The 

conformation of 84094C3 is shown in stick. The bound substrate (PDB ID: 1XTG) 

is displayed as line. The Zn2+ is shown as yellow sphere.    
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NSC 279625
Score -0.655

Arm-1
Score -3.240

Arm-9
Score -3.145

HN

HN NH

NH

O
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O

O

Arm-6
Score -1.636

 

Figure 5.15 eHiTS predicted binding modes of NSC 29 765 and its modified 

structures. The structures of compounds are shown above their corresponding 

binding conformations. The conformations of the compounds are shown in stick. 

The bound substrate (PDB ID: 1XTG) is displayed as line. The Zn2+ was shown 

as yellow sphere.  
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Along with the NSC84094, the modifications on a relatively weak rod-like inhibitor 

NSC 297265 were also evaluated by eHiTS. NSC 297265 was divided into Arm and 

Center moieties (Figure 5.11). The predicted binding conformations of NSC 297265 and 

its modified structures show a different binding mode compared with previous 

quinolinol-based inhibitors. The rod-like linear inhibitors deeply reside in the pocket 

inside the active site (Figure 5.15). 

The compound Arm-1 derived from NSC 297265 has a similar binding mode as the 

one of NSC 297265. However, the replacement of the furanyl group in the Arm moiety 

with a difluorophenyl group significantly increased the score of the compound. The 

difluorophenyl groups anchor at the pocket around Zn2+. The oxygen from the urea 

moiety binds to Zn2+. The whole molecule shields Zn2+ from the interaction with the 

substrate. This binding should improve the inhibition against LC/A.  

The Arm-9 with a long aliphatic Arm moiety also has a higher score than NSC 29765. 

In the predicted binding mode by eHiTS, the Arm-9 molecule did not bind to Zn2+. 

Instead, it extends deep into the active site pocket, possibly due to extensive hydrophobic 

interaction within the active site pocket. Shortening the aliphatic group in the Arm moiety 

seems to reduce the eHiTS score (Figure 5.11 compounds Arm 9-11).  

The Arm-6 also shows a very different binding mode from other NSC 29765 derived 

structures. The Arm-6 is not bound to Zn2+, but it overlaps extensively with the substrate 

binding sites. This may provide a good nonchelating competitive inhibitor to LC/A. 
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These results from the in silico evaluation of compounds could assist in the 

development of new inhibitors from the existing leads. A group of known active 

inhibitors were used to screen new inhibitors from the ZINC database by eHiTS.  

5.4.6 Screening new inhibitors of ZINC data base with eHiTS  

LASSO in eHiTs was applied using the 24 known inhibitors from literatures and 

previous HPLC screening (Appendix A2.1). Three of the known inhibitors were re-

evaluated by eHiTS (Figure 5.16). The potent J2 (Ki = 0.3 µM) scored higher than other 

inhibitors which are in the µM range (Silvaggi et al., 2007). The weaker inhibitor J1 has 

the best score. However, the scores of eHiTS suggest some correlations with the 

inhibition potency of the inhibitors. 

About 400,000 compounds in ZINC database fragment-like subset were screened by 

eHiTS-LASSO. The top 10 scoring compounds were listed in Figure 5.16. The high 

scoring compounds have similar structures to J1-J3. Some have also very similar binding 

conformations. The predicted binding conformation of ZINC01584091 overlapped with 

the conformation of J1 in inhibitor-enzyme co-crystal structure (Figure 5.15). The 

carboxyl group replaces the hydroxamic acid moiety in J1-3 as the Zn2+ binding motif. 

Replacing the strong metal chelation motif like hydroxamic acid could be beneficial in 

reducing the cytotoxicity of the inhibitors.  
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Zn(II)

ZINC01584091(Magenta) 
Score -9.83

J3(Cyan)
Score -4.5  

 

Figure 5.16 Binding conformations of J3 and ZINC015 84091. The binding 

conformation of ZINC01584091 was predicted by eHiTS. The binding 

conformation of J3 was obtained from inhibitor-enzyme co-crystal structure. 

(PDBID: 2ILP)  The Zn2+ is shown as yellow sphere. LC/A backbone is shown in 

ribbon. The image was prepared by PyMOL (http://www.pymol.org/). 

 

5.5 Summary 

The small molecule inhibitors of LC/A demonstrated different behavior with 

temperature change. NSC 658263 has a stronger binding to LC with temperature increase, 

while NSC 84086 has a weaker binding to LC. This indicates that the temperature could 

alter the binding modes of the inhibitors, which could be attributed to the conformational 

changes of LC at different temperatures. Pre-incubating LC/A with inhibitors has more 

effect on the long peptide than the small molecule inhibitor. The long peptide has a better 

inhibition than small molecule after pre-incubation. This provides a possibility of 
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combining the small molecule and peptide to inhibit LC/A. The binding modes of the 

quinolinol inhibitor NSC 84096 was studied by eHiTS docking program. Based on the 

inhibition and binding data of the quinolinol inhibitors, the inhibition of NSC 84096 is 

likely due to the binding around the active site pocket instead of directly binding or 

removing the catalytic Zn2+. The potential binding modes were predicted by docking the 

inhibitor with eHiTS.  

Evaluation of modified NSC 84096 and NSC 297265 in silico reveals possible 

effective modifications on the known inhibitors. For NSC 84096, the modifications on 

moiety C seem to have more effect on the interaction with LC. For NSC 297265, a more 

polar Arm moiety could improve the binding to LC. About 400,000 compounds in the 

ZINC database fragment-like subset were screen by eHiTS-LASSO. Several new 

scaffolds and potential leads were obtained. The sulfonamide-based inhibitors could 

potentially become new scaffold for new inhibitors.  
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Appendix 1 Nucleotide sequence  

A1.1 Nucleotide sequence of LC/A cDNA in pCRII-LC/A 

Mutant Phe2Ser is denoted in red. It was corrected by Ser2Phe site-directed mutagenesis. 

    1 ATGCCGT CCG TTAACAAACA GTTCAACTAC AAAGACCCGG TTAACGGCGT 
 
   51 TGATATCGCT TACATCAAAA TCCCGAACGC GGGTCAGATG CAGCCGGTTA 
 
  101 AAGCGTTCAA AATCCACAAC AAAATCTGGG TTATCCCGGA ACGTGACACC 
 
  151 TTCACCAACC CGGAAGAAGG TGACCTGAAC CCGCCGCCGG AAGCGAAACA 
 
  201 GGTTCCGGTT AGCTACTACG ACAGCACCTA CCTGTCTACC GACAACGAAA 
 
  251 AAGACAACTA CCTGAAAGGT GTTACCAAAC TGTTCGAACG TATCTACTCC 
 
  301 ACCGATCTGG GTCGTATGCT GCTGACCTCT ATCGTTCGTG GTATCCCGTT 
 
  351 CTGGGGTGGT TCTACCATCG ACACCGAACT GAAAGTTATC GACACCAACT 
 
  401 GCATCAACGT TATCCAGCCG GACGGTTCTT ACCGTTCTGA AGAACTGAAC 
 
  451 CTGGTTATCA TCGGTCCGTC TGCGGATATC ATCCAGTTCG AATGCAAATC 
 
  501 TTTCGGTCAC GAAGTTCTGA ACCTGACCCG TAACGGTTAC GGTTCCACCC 
 
  551 AGTACATCCG TTTCTCTCCG GACTTCACCT TTGGCTTCGA AGAATCTCTG 
 
  601 GAAGTTGACA CCAACCCGCT GCTGGGCGCG GGTAAATTCG CGACCGACCC 
 
  651 GGCGGTTACC CTGGCGCACG AACTGATCCA CGCGGGTCAC CGTCTGTACG 
 
  701 GTATCGCGAT CAACCCGAAC CGTGTTTTCA AAGTTAACAC CAACGCGTAC 
 
  751 TACGAAATGT CTGGTCTGGA AGTTTCTTTC GAAGAACTGC GTACCTTCGG 
 
  801 TGGTCACGAC GCGAAATTCA TCGACTCTCT GCAGGAAAAC GAATTCCGTC 
 
  851 TGTACTACTA CAACAAATTC AAAGACATCG CGTCTACCCT GAACAAAGCG 
 
  901 AAATCTATCG TTGGTACCAC CGCGTCTCTG CAGTACATGA AAAACGTTTT 
 
  951 CAAAGAAAAA TACCTGCTGT CTGAAGACAC CTCTGGTAAA TTCTCTGTTG 
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 1001 ACAAACTGAA ATTCGACAAA CTGTACAAAA TGCTGACCGA AATCTACACC 
 
 1051 GAAGACAACT TCGTTAAATT CTTCAAAGTT CTGAACCGTA AAACCTACCT 
 
 1101 GAACTTCGAC AAAGCGGTTT TCAAAATCAA CATCGTTCCG AAAGTTAACT 
 
 1151 ACACCATCTA CGACGGTTTC AACCTGCGTA ACACCAACCT GGCGGCGAAC 
 
 1201 TTCAACGGTC AGAACACCGA AATCAACAAC ATGAACTTCA CCAAACTGAA 
 
 1251 AAACTTCACC GGTCTGTTCG AATTCTACAA ACTGCTGTGC GTTCGTGGTA 
 
 1301 TCATCACCTC TTA 

A1.2 Protein sequence of corrected LC/A  

   1 MPFVNKQFNY KDPVNGVDIA YIKIPNAGQM QPVKAFKIHN KIWVIPERDT 
 
  51 FTNPEEGDLN PPPEAKQVPV SYYDSTYLST DNEKDNYLKG VTKLFERIYS 
 
 101 TDLGRMLLTS IVRGIPFWGG STIDTELKVI DTNCINVIQP DG SYRSEELN 
 
 151 LVIIGPSADI IQFECKSFGH EVLNLTRNGY GSTQYIRFSP DF TFGFEESL 
 
 201 EVDTNPLLGA GKFATDPAVT LAHELIHAGH RLYGIAINPN RV FKVNTNAY 
 
 251 YEMSGLEVSF EELRTFGGHD AKFIDSLQEN EFRLYYYNKF KDIASTLNKA 
 
 301 KSIVGTTASL QYMKNVFKEK YLLSEDTSGK FSVDKLKFDK LYKMLTEIYT 
 
 351 EDNFVKFFKV LNRKTYLNFD KAVFKINIVP KVNYTIYDGF NL RNTNLAAN 
 
 401 FNGQNTEINN MNFTKLKNFT GLFEFYKLLC VRGIITS 
 

A1.3 Nucleotide sequence of the insert in pQE30-Sumo-LC/A 

LC sequence is shown in bold. SUMO sequence is shown in pink. The start codon is 

underlined. Not I site is shown in red.  

    1 GAGAAATTAA CTATGAGAGG ATCGCATCAC CATCACCATC ACGGATCCAT 
 
   51  GTCTGACCAG GAGGCAAAAC CTTCAACTGA GGACTTGGGG GATAAGAAGG 
 
  101  AAGGTGAATA TATTAAACTC AAAGTCATTG GACAGGATAG CAGTGAGATT 



152 
 

 
  151  CACTTCAAAG TGAAAATGAC AACACATCTC AAGAAACTCA AAGAATCATA 
 
  201  CTGTCAAAGA CAGGGTGTTC CAATGAATTC ACTCAGGTTT CTCTTTGAGG 
 
  251  GTCAGAGAAT TGCTGATAAT CATACTCCAA AAGAACTGGG AATGGAGGAA 
 
  301  GAAGATGTGA TTGAAGTTTA TCAGGAACAA ACGGGGGGTG CGGCCGCATG 
 
  351 CCGTTCGTTA ACAAACAGTT CAACTACAAA GACCCGGTTA ACGGCGTTGA 
 
  401 TATCGCTTAC ATCAAAATCC CGAACGCGGG TCAGATGCAG CCGGTTAAAG 
 
  451 CGTTCAAAAT CCACAACAAA ATCTGGGTTA TCCCGGAACG TGACACCTTC 
 
  501 ACCAACCCGG AAGAAGGTGA CCTGAACCCG CCGCCGGAAG CGAAACAGGT 
 
  551 TCCGGTTAGC TACTACGACA GCACCTACCT GTCTACCGAC AACGAAAAAG 
 
  601 ACAACTACCT GAAAGGTGTT ACCAAACTGT TCGAACGTAT CTACTCCACC 
 
  651 GATCTGGGTC GTATGCTGCT GACCTCTATC GTTCGTGGTA TCCCGTTCTG 
 
  701 GGGTGGTTCT ACCATCGACA CCGAACTGAA AGTTATCGAC ACCAACTGCA 
 
  751 TCAACGTTAT CCAGCCGGAC GGTTCTTACC GTTCTGAAGA ACTGAACCTG 
 
  801 GTTATCATCG GTCCGTCTGC GGATATCATC CAGTTCGAAT GCAAATCTTT 
 
  851 CGGTCACGAA GTTCTGAACC TGACCCGTAA CGGTTACGGT TCCACCCAGT 
 
  901 ACATCCGTTT CTCTCCGGAC TTCACCTTTG GCTTCGAAGA ATCTCTGGAA 
 
  951 GTTGACACCA ACCCGCTGCT GGGCGCGGGT AAATTCGCGA CCGACCCGGC 
 
 1001 GGTTACCCTG GCGCACGAAC TGATCCACGC GGGTCACCGT CTGTACGGTA 
 
 1051 TCGCGATCAA CCCGAACCGT GTTTTCAAAG TTAACACCAA CGCGTACTAC 
 
 1101 GAAATGTCTG GTCTGGAAGT TTCTTTCGAA GAACTGCGTA CCTTCGGTGG 
 
 1151 TCACGACGCG AAATTCATCG ACTCTCTGCA GGAAAACGAA TTCCGTCTGT 
 
 1201 ACTACTACAA CAAATTCAAA GACATCGCGT CTACCCTGAA CAAAGCGAAA 
 
 1251 TCTATCGTTG GTACCACCGC GTCTCTGCAG TACATGAAAA ACGTTTTCAA 
 
 1301 AGAAAAATAC CTGCTGTCTG AAGACACCTC TGGTAAATTC TCTGTTGACA 
 
 1351 AACTGAAATT CGACAAACTG TACAAAATGC TGACCGAAAT CTACACCGAA 
 
 1401 GACAACTTCG TTAAATTCTT CAAAGTTCTG AACCGTAAAA CCTACCTGAA 
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 1451 CTTCGACAAA GCGGTTTTCA AAATCAACAT CGTTCCGAAA GTTAACTACA 
 
 1501 CCATCTACGA CGGTTTCAAC CTGCGTAACA CCAACCTGGC GGCGAACTTC 
 
 1551 AACGGTCAGA ACACCGAAAT CAACAACATG AACTTCACCA AACTGAAAAA 
 
 1601 CTTCACCGGT CTGTTCGAAT TCTACAAACT GCTGTGCGTT CGTGGTATCA 
 
 1651 TCACCTCTTA AAAGCTTCC 

A1.4 Nucleotide sequence of SUMO-LC/A-∆∆∆∆Not I cDNA 

LC sequence is shown in bold, SUMO sequence in pink. The start codon is underlined.  

    1 ATGAGAGGAT CGCATCACCA TCACCATCAC GGATCCATGT CTGACCAGGA 
 
   51  GGCAAAACCT TCAACTGAGG ACTTGGGGGA TAAGAAGGAA GGTGAATATA 
 
  101  TTAAACTCAA AGTCATTGGA CAGGATAGCA GTGAGATTCA CTTCAAAGTG 
 
  151  AAAATGACAA CACATCTCAA GAAACTCAAA GAATCATACT GTCAAAGACA 
 
  201  GGGTGTTCCA ATGAATTCAC TCAGGTTTCT CTTTGAGGGT CAGAGAATTG 
 
  251  CTGATAATCA TACTCCAAAA GAACTGGGAA TGGAGGAAGA AGATGTGATT 
 
  301  GAAGTTTATC AGGAACAAAC GGGGGGTATG CCGTCCGTTA ACAAACAGTT 
 
  351 CAACTACAAA GACCCGGTTA ACGGCGTTGA TATCGCTTAC ATCAAAATCC 
 
  401 CGAACGCGGG TCAGATGCAG CCGGTTAAAG CGTTCAAAAT CCACAACAAA 
 
  451 ATCTGGGTTA TCCCGGAACG TGACACCTTC ACCAACCCGG AAGAAGGTGA 
 
  501 CCTGAACCCG CCGCCGGAAG CGAAACAGGT TCCGGTTAGC TACTACGACA 
 
  551 GCACCTACCT GTCTACCGAC AACGAAAAAG ACAACTACCT GAAAGGTGTT 
 
  601 ACCAAACTGT TCGAACGTAT CTACTCCACC GATCTGGGTC GTATGCTGCT 
 
  651 GACCTCTATC GTTCGTGGTA TCCCGTTCTG GGGTGGTTCT ACCATCGACA 
 
  701 CCGAACTGAA AGTTATCGAC ACCAACTGCA TCAACGTTAT CCAGCCGGAC 
 
  751 GGTTCTTACC GTTCTGAAGA ACTGAACCTG GTTATCATCG GTCCGTCTGC 
 
  801 GGATATCATC CAGTTCGAAT GCAAATCTTT CGGTCACGAA GTTCTGAACC 
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  851 TGACCCGTAA CGGTTACGGT TCCACCCAGT ACATCCGTTT CTCTCCGGAC 
 
  901 TTCACCTTTG GCTTCGAAGA ATCTCTGGAA GTTGACACCA ACCCGCTGCT 
 
  951 GGGCGCGGGT AAATTCGCGA CCGACCCGGC GGTTACCCTG GCGCACGAAC 
 
 1001 TGATCCACGC GGGTCACCGT CTGTACGGTA TCGCGATCAA CCCGAACCGT 
 
 1051 GTTTTCAAAG TTAACACCAA CGCGTACTAC GAAATGTCTG GTCTGGAAGT 
 
 1101 TTCTTTCGAA GAACTGCGTA CCTTCGGTGG TCACGACGCG AAATTCATCG 
 
 1151 ACTCTCTGCA GGAAAACGAA TTCCGTCTGT ACTACTACAA CAAATTCAAA 
 
 1201 GACATCGCGT CTACCCTGAA CAAAGCGAAA TCTATCGTTG GTACCACCGC 
 
 1251 GTCTCTGCAG TACATGAAAA ACGTTTTCAA AGAAAAATAC CTGCTGTCTG 
 
 1301 AAGACACCTC TGGTAAATTC TCTGTTGACA AACTGAAATT CGACAAACTG 
 
 1351 TACAAAATGC TGACCGAAAT CTACACCGAA GACAACTTCG TTAAATTCTT 
 
 1401 CAAAGTTCTG AACCGTAAAA CCTACCTGAA CTTCGACAAA GCGGTTTTCA 
 
 1451 AAATCAACAT CGTTCCGAAA GTTAACTACA CCATCTACGA CGGTTTCAAC 
 
 1501 CTGCGTAACA CCAACCTGGC GGCGAACTTC AACGGTCAGA ACACCGAAAT 
 
 1551 CAACAACATG AACTTCACCA AACTGAAAAA CTTCACCGGT CTGTTCGAAT 
 
 1601 TCTACAAACT GCTGTGCGTT CGTGGTATCA TCACCTCTTA A 

A1.5 Protein sequence of the insert in pQE30-Sumo-LC/A 

LC sequence is shown in bold, SUMO sequence in pink. The start codon of each gene is 

underlined. 

   1 MRGSHHHHHH GSMSDQEAKP STEDLGDKKE GEYIKLKVIG QDSSEIHFKV 
 
  51 KMTTHLKKLK ESYCQRQGVP MNSLRFLFEG QRIADNHTPK ELGMEEEDVI 
 
 101 EVYQEQTGGM PFVNKQFNYK DPVNGVDIAY IKIPNAGQMQ PVKAFKIHNK 
 
 151 IWVIPERDTF TNPEEGDLNP PPEAKQVPVS YYDSTYLSTD NEKDNYLKGV 
 
 201 TKLFERIYST DLGRMLLTSI VRGIPFWGGS TIDTELKVID TNCINVIQPD 
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 251 GSYRSEELNL VIIGPSADII QFECKSFGHE VLNLTRNGYG STQYIRFSPD 
 
 301 FTFGFEESLE VDTNPLLGAG KFATDPAVTL AHELIHAGHR LYGIAINPNR 
 
 351 VFKVNTNAYY EMSGLEVSFE ELRTFGGHDA KFIDSLQENE FRLYYYNKFK 
 
 401 DIASTLNKAK SIVGTTASLQ YMKNVFKEKY LLSEDTSGKF SVDKLKFDKL 
 
 451 YKMLTEIYTE DNFVKFFKVL NRKTYLNFDK AVFKINIVPK VNYTIYDGFN 
 
 501 LRNTNLAANF NGQNTEINNM NFTKLKNFTG LFEFYKLLCV RGIITS 

 

A1.6 Primers for site-directed mutations of LC 

Primer Name Primer Sequence (5’ to 3') 

C430S 5'-gaattctacaaactgctgagcgttcgtggtatcatca- 3' 

C430S_antisense 5'-tgatgataccacgaacgctcagcagtttgtagaattc- 3' 

LC1-425 5'-ctgaaaaacttcaccggtctgttcgaattctaaaagcttaattagct  
gagcttggactcc-3'  

LC1-425_ antisense 
5'-ggagtccaagctcagctaattaagcttttagaattcgaacagaccgg  
tgaagtttttcag- 3' 

S2P 5'-caaacggggggtatgccgttcgttaacaaacagt- 3' 

S2P_antisense 5'-actgtttgttaacgaacggcataccccccgtttg- 3' 

P2A 5'-aacaaacggggggtatggcgttcgttaacaaacag- 3' 

P2A_antisense 5'-ctgtttgttaacgaacgccataccccccgtttgtt- 3' 

H170A 5'-ttcgaatgcaaatctttcggtgccgaagttctgaacctgac- 3' 

H170A_antisense 5'-gtcaggttcagaacttcggcaccgaaagatttgcattcgaa- 3' 

H230A 5'-ctgatccacgcgggtgcccgtctgtacgg- 3' 

H230A_antisense 5'-ccgtacagacgggcacccgcgtggatcag- 3' 

C134S 5'-aaagttatcgacaccaacagcatcaacgttatccagc- 3' 

C134S_antisense 5'-gctggataacgttgatgctgttggtgtcgataacttt- 3' 

C165S 5'-cggatatcatccagttcgaaagcaaatctttcggtc- 3' 

C165S_antisense 5'-gaccgaaagatttgctttcgaactggatgatatccg- 3' 

E261Q 5'-ggtctggaagtttctttccaggaactgcgtaccttcgg- 3' 

E261Q_antisense 5'-ccgaaggtacgcagttcctggaaagaaacttccagacc- 3' 

A1.7 Nucleotides sequence of HN (translocation domain) 

The start codon is underlined. HN sequence is shown in bold.  
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    1 ATGGGCAGCA GCCATCATCA TCATCATCAC AGCAGCGGCC TGGTGCCGCG 
 
   51 CGGCAGCCAT ATGGCTAGCA TGACTGGTGG ACAGCAAATG GGTCGCGGAT 
 
  101 CCATGAAAGC GCTGAACGAC CTGTGCATCA AAGTTAACAA CTGGGACCTG 
 
  151 TTCTTCTCTC CGTCTGAAGA CAACTTCACC AACGACCTGA ACAAAGGTGA 
 
  201 AGAAATCACC TCTGACACCA ACATCGAAGC GGCGGAAGAA AACATCTCTC 
 
  251 TGGACCTGAT CCAGCAGTAC TACCTGACCT TCAACTTCGA CAACGAACCG 
 
  301 GAAAACATCT CTATCGAAAA CCTGTCTTCT GACATCATCG GTCAGCTGGA 
 
  351 ACTGATGCCG AACATCGAAC GTTTCCCGAA CGGTAAAAAA TACGAACTGG 
 
  401 ACAAATACAC CATGTTCCAC TACCTGCGTG CGCAGGAATT CGAACACGGT 
 
  451 AAATCTCGTA TCGCGCTGAC CAACTCTGTT AACGAAGCGC TGCTGAACCC 
 
  501 GTCTCGTGTT TACACCTTCT TCTCTTCTGA CTACGTTAAA AAAGTTAACA 
 
  551 AAGCGACCGA AGCGGCGATG TTCCTGGGTT GGGTTGAACA GCTGGTTTAC 
 
  601 GACTTCACCG ACGAAACCTC TGAAGTTTCT ACCACCGACA AAATCGCGGA 
 
  651 CATCACCATC ATCATCCCGT ACATCGGTCC GGCGCTGAAC ATCGGTAACA 
 
  701 TGCTGTACAA AGACGACTTC GTTGGTGCGC TGATCTTCTC TGGTGCGGTT 
 
  751 ATCCTGCTGG AATTCATCCC GGAAATCGCG ATCCCGGTTC TGGGTACCTT 
 
  801 CGCGCTGGTT TCTTACATCG CGAACAAAGT TCTGACCGTT CAGACCATCG 
 
  851 ACAACGCGCT GTCTAAACGT AACGAAAAAT GGGACGAAGT TTACAAATAC 
 
  901 ATCGTTACCA ACTGGCTGGC GAAAGTTAAC ACCCAGATCG ACCTGATCCG 
 
  951 TAAAAAAATG AAAGAAGCGC TGGAAAACCA GGCGGAAGCG ACCAAAGCGA 
 
 1001 TCATCAACTA CCAGTACAAC CAGTACACCG AAGAAGAAAA AAACAACATC 
 
 1051 AACTTCAACA TCGACGACCT GTCTTCTAAA CTGAACGAAT CTATCAACAA 
 
 1101 AGCGATGATC AACATCAACA AATTCCTGAA CCAGTGCTCT GTTTCTTACC 
 
 1151 TGATGAACTC TATGATCCCG TACGGTGTTA AACGTCTGGA AGACTTCGAC 
 
 1201 GCGTCTCTGA AAGACGCGCT GCTGAAATAC ATCTACGACA ACCGTGGTAC 
 
 1251 CCTGATCGGT CAGGTTGACC GTCTGAAAGA CAAAGTTAAC AACACCCTGT 
 
 1301 CTACCGACAT CCCGTTCCAG CTGTCTAAAT ACGTTGACAA CCAGCGTCTG 
 
 1351 CTGTCTACCT TCACCGAATA CATCAAGAAC AAGCTTGCGG CCGCACTCGA 
 
 1401 GCACCACCAC CACCACCACT GA 
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A1.8 Nucleotides sequence of HC (receptor binding domain) 

Start codon is shown with underline. HC sequence is shown in bold.  

    1 CTGGCGGCCG CATGATCATC AACACCTCTA TCCTGAACCT GCGTTACGAA 
 
   51 TCTAACCACC TGATCGACCT GTCTCGTTAC GCGTCTAAAA TCAACATCGG 
 
  101 TTCTAAAGTT AACTTCGACC CGATCGACAA AAACCAGATC CAGCTGTTCA 
 
  151 ACCTGGAATC TTCTAAAATC GAAGTTATCC TGAAAAACGC GATCGTTTAC 
 
  201 AACTCTATGT ACGAAAACTT CTCTACCTCT TTCTGGATCC GTATCCCGAA 
 
  251 ATACTTCAAC TCTATCTCTC TGAACAACGA ATACACCATC ATCAACTGCA 
 
  301 TGGAAAACAA CTCTGGTTGG AAAGTTTCTC TGAACTACGG TGAAATCATC 
 
  351 TGGACCCTGC AGGACACCCA GGAAATCAAA CAGCGTGTTG TTTTCAAATA 
 
  401 CTCTCAGATG ATCAACATCT CTGACTACAT CAACCGTTGG ATCTTCGTTA 
 
  451 CCATCACCAA CAACCGTCTG AACAACTCTA AAATCTACAT CAACGGTCGT 
 
  501 CTGATCGACC AGAAACCGAT CTCTAACCTG GGTAACATCC ACGCGTCTAA 
 
  551 CAACATCATG TTCAAACTGG ACGGTTGCCG TGACACCCAC CGTTACATCT 
 
  601 GGATCAAATA CTTCAACCTG TTCGACAAAG AACTGAACGA AAAAGAAATC 
 
  651 AAAGACCTGT ACGACAACCA GTCTAACTCT GGTATCCTGA AAGACTTCTG 
 
  701 GGGTGACTAC CTGCAGTACG ACAAACCGTA CTACATGCTG AACCTGTACG 
 
  751 ACCCGAACAA ATACGTTGAC GTTAACAACG TTGGTATCCG TGGTTACATG 
 
  801 TACCTGAAAG GTCCGCGTGG TTCTGTTATG ACCACCAACA TCTACCTGAA 
 
  851 CTCTTCTCTG TACCGTGGTA CCAAATTCAT CATCAAAAAA TACGCGTCTG 
 
  901 GTAACAAAGA CAACATCGTT CGTAACAACG ACCGTGTTTA CATCAACGTT 
 
  951 GTTGTTAAAA ACAAAGAATA CCGTCTGGCG ACCAACGCGT CTCAGGCGGG 
 
 1001 TGTTGAAAAA ATCCTGTCTG CGCTGGAAAT CCCGGACGTT GGTAACCTGT 
 
 1051 CTCAGGTTGT TGTTATGAAA TCTAAAAACG ACCAGGGTAT CACCAACAAA 
 
 1101 TGCAAAATGA ACCTGCAGGA CAACAACGGT AACGACATCG GTTTCATCGG 
 
 1151 TTTCCACCAG TTCAACAACA TCGCGAAACT GGTTGCGTCT AACTGGTACA 
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 1201 ACCGTCAGAT CGAACGTTCT TCTCGTACCC TGGGTTGCTC TTGGGAATTC 
 
 1251 ATCCCGGTTG ACGACGGTTG GGGTGAACG 
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Appendix 2 Structure of inhibitors and possible lea ds 

compounds 

A2.1 Active inhibitors for training LASSO filter 

The structure of compounds J1-3 (Silvaggi et al., 2007) and Pang1 (Pang et al., 2009) 

were from literature and redrawn with ChemDraw Ultra 11 

(http://www.cambridgesoft.com/). Other compounds were tested active in our lab and our 

collaborators. (Lai et al., 2009; Roxas-Duncan et al., 2009) 

                   

                      

NSC 1010 NSC 84086 

NSC 2451 NSC 201872 
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NSC 4810 NSC 217027 

NSC 647120 NSC 647122 

NSC 658253 NSC 104999 
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A2.2 Top 50 compounds from eHiTS-LASSO screening of ZINC 

database  
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