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 Chitinase A from Vibrio carchariae is an endochitinase that degrades chitin, 

yielding GlcNAc2 as the end product. To understand the mode of enzyme action, four 

crystal structures of wild-type chitinase A, mutant E315M without substrate and 

mutant E315M in complex with NAG5 and NAG6 were refined at 2.00 Å, 1.70 Å, 1.72 

Å and 1.80 Å resolution. The overall structure of chitinase A comprises three separate 

domains; an N-terminal chitin-binding domain, a catalytic (β/α)8-TIM-barrel domain, 

and a small (α+β) insertion domain. The substrate binding cleft of the enzyme has a 

long, deep groove structure of 33 Å × 14 Å and comprises multiple binding sites 

extended from subsite -4 (at the non-reducing end) to subsite +2 (at the reducing end). 

The crystal structures of E315M-NAG5 and E315M-NAG6 revealed that the enzyme 

bound to the straight conformation of NAG5, but to the bent conformation of NAG6. 

The transient conformation of -1 NAG observed in the electron density map of 

E315M-NAG6 complex strongly suggested that the interacting sugars adopted a 

conformational change to facilitate hydrolysis. Several conserved aromatic residues 

that lie along the substrate binding cleft are found to act as the binding residues, by 

forming hydrophobic stack against the pyranose rings of the bound sugars.  



 

 Point mutations of Trp168, Tyr171, Trp275 and Trp570 to glycine and Trp397 

to phenylalanine significantly changed the cleavage patterns against 

chitooligosaccharides, indicating that these residues are important for the hydrolysis of 

soluble chitin.  
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CHAPTER I 

INTRODUCTION 

 

1.1 Chitin and applications 

Chitin, the second most abundant biopolymer in nature, is composed of units 

of N-acetyl-D-glucosamine (GlcNAc, NAG or G1) linked by β-1 4-glycosidic bonds 

(Figure 1.1). This fibrous polysaccharide is widely distributed in the shells of 

crustaceans (such as lobsters, crabs, and shrimps), in the cuticles of insects in the 

shells and skeletons of mollusks and in the cell walls of fungi (Huber et al., 1995). 

 

 

Figure 1.1 The chitin repeating unit (Cohen-Kupiec and Chet, 1998). 

 

The abundance of chitin in both marine and terrestrial environments has 

attracted much attention in biomedical, pharmacological, agricultural and 

biotechnological applications (Li et al., 1992; Muzzarelli, 1993; 1996). A serious 

pollution from chitin wastes released from seadfood industries leads to an interest to 

bioconvert chitin to utilizable carbohydrates (Brine, 1984). N-

acetylchitooligosaccharides, which are of special interest in the fileds of agriculture 

and medicine, have been prepared by chemical and enzymatic methods. However, the 
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chemical hydrolysis usually occurs via a series of chemical reactions that generate 

unwanted by-products (Rupley, 1964; Chang et al., 1997; 2000). On the other hand, 

the enzymatic hydrolysis of chitin occurs under mild conditions, in which the 

selectivity of the end products depending on the substrate specificity of chitinolytic 

enzymes. Chitinases (EC 3.2.1.14) are major enzymes that primarily hydrolyze chitin 

into small oligosaccharide fragments. The enzymes are found in various organisms, 

including bacteria, fungi, plants and animals (Cohen-Kupiec and Chet, 1998). 

Bacteria produce chitinases to meet nutritional needs. They usually secrete several 

chitinases, probably to hydrolyze different types of chitin and convert them to carbon 

and nitrogen sources (Svitil et al., 1997). Fungal chitinases have multiple functions. 

They play a nutritional role as well as involve in fungal development and 

morphogenesis (Sahai and Manocha, 1993). Plants use chitinases as a defense against 

pathogenic fungi (Leah et al., 1991). In animals and some vertebrate species, 

chitinases are involved in dietary uptake processes (Spindler-Barth et al., 1993). For 

example, chitinases are found in the digestive tract of gold fish Carassius auratus (L.) 

(Jeuniaux, 1961; 1966), sea bass Latelabrax japonicus (Okutani, 1967; 1977) and 

dover sole Solea solea (L.) (Clark et al., 1988).  

 

1.2 Classification of chitinases  

Chitinases (EC 3.2.1.14) are classified in two major categories based on the 

mode of enzyme action (Cohen-Kupiec and Chet, 1998). Endochitinases cleave chitin 

randomly at internal sites, generating soluble chitooligo fragments, such as 

chitotetraose, chitotriose and chitobiose. On the other hand, exochitinases 

progressively remove N-acetylglucosamine residues from the non-reducing end of a 
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chitin chain. Other chitinolytic enzymes, such as chitobiases (EC 3.2.1.52 or formally 

EC 3.2.1.30) release GlcNAc2 units in a stepwise mode, while N-acetyl-β-1,4-D-

glucosaminidases (EC 3.2.1.52) cleave the oligomeric products released by 

endochitinases, generating monomeric GlcNAc. 

Based on amino acid sequence and folding similaritity (Henrissat and Bairoch, 

1993; Davies and Henrissat, 1995), chitinases are grouped into unrelated families 18 

and 19 glycosyl hydrolases. Both families show little homology, differing in both 

structures and mechanisms (Davies and Henrissat, 1995). Family 18 chitinases are 

distributed in a wide range of organisms, including viruses, bacteria, fungi, plants, 

insects, mammals, whereas family 19 chitinases are mainly found in plants (Brameld 

and Goddard, 1998; Sasaki et al., 2002) and only found in a bacterium, Streptomyces 

griseus HUT 6037 (Mitsutomi et al., 1995).  

The catalytic domain of family 18 chitinases has a deep substrate-binding cleft 

located at the top of the catalytic (β/α)8 barrel domain. In contrast, the catalytic 

domain of family 19 chitinases (Hart et al., 1995) does not possess a TIM-barrel 

structure, but comprises of two lobes, each of which is rich in α-helical structure. The 

substrate binding cleft of family 19 chitinases is positioned between the two lobes 

(Figure 1.2). 
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Figure 1.2 A ribbon representation of the main characteristics of the catalytic 

domains of the family 18 and 19 chitinases (modified from Davies and Henrissat, 

1995). An arrow indicates the substrate-binding cleft. 

 

 The mode of enzyme action of family 18 chitinases has been proposed to be 

the anchimeric stabilization mechanism (Brameld and Goddard, 1998). To date, 

several experimental studies identified the β-anomeric form of the hydrolytic 

products, which confirmed that family 18 chitinases catalyze the hydrolytic reaction 

through a retaining mechanism (Armand et al., 1994; Hollis et al., 1997; Babiker et 

al., 1997; 2002; Fukamizo, et al., 2001; Aronson et al., 2003; 2006; Suginta et al., 

2004; 2005). On the other hand, the mode of action of family 19 chitinases employs 

the concerted single displacement mechanism, which yields an inversion of anomeric 

configuration with a predominant α-anomeric product (Hollis et al., 1997).   

 Bacterial family 18 chitinases are further classified into four subclasses, which 

are chitinase A, B, C1 and D1 (Suzuki et al., 1999; 2002; Matsumoto et al., 1999). All 

of them contain the catalytic domain with two characteristic sequence motifs, SxGG 

and DxxDxDxE and found to possess a TIM-barrel structure. The distinct 
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characteristics of chitinase A are an N-terminal signal peptide and a small α+β 

insertion domain inserted between the two catalytic regions (Brurberg et al., 1994; 

1995). In addition, the chitin-binding domain of chitinase A locates at the N-terminal 

part, preceeding the catalytic domain. In contrast, the catalytic domain of chitinases B 

and C1 locates at the N-terminus lacking the signal peptide. The C-terminal end of 

chitinase C1 contains an additional fibronectin type III-like (FnIII-like) domain 

preceeding the chitin-binding domain. On the other hand, chitinase D1 of Bacillus 

circulans also possesses an N-terminal chitin-binding domain that is similar to 

chitinase A, but followed by FnIII-like domain (Matsumoto et al., 1999). 

 The domain organization of chitinases A, B and C1 from Serratia marcescens 

2170 and chitinase D1 from B. circulans is presented in Figure 1.3.  

 
 

 

 

 

 

 

 

 

 

Figure 1.3 The domain organization of chitinase A, B and C1 from S. marcescens 

2170 and chitinase D1 from B. circulans (modified from Suzuki et al., 1999 and 

Brurberg et al., 1994; 1995). 

  

 To date, only X-ray structures of chitinase A and chitinase B are available. 

Figure 1.4 shows the X-ray structure of S. marcescens chitinase A (Perrakis et al., 
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1994) comprising three domains, an N-terminal chitin-binding domain, a catalytic 

(β/α)8-barrel domain, and a small (α +β) domain, which is inserted into the (β/α)8-

barrel domain. The 3D-structure of S. marcescens chitinase B (van Aalten et al., 

2000) reveals the N-terminal catalytic (β/α)8-barrel domain and a C-terminal putative 

chitin-binding domain. The support loop and the chitin-binding domain extend the 

substrate-binding cleft of chitinase B from the reducing side of the active site, 

whereas the chitin-binding domain of chitinase A extends the substrate-binding cleft 

from the non-reducing end of the catalytic domain. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Crystallographic structures of (A) chitinase A (Papanikolau et al., 2001) 

and (B) chitinase B (van Aalten et al., 2001), showing the catalytic domains co-

crystallized with oligosaccharide substrates.  

  

 Although chitinase A and other two S. marcescens chitinases (chitinases B and 

C1) have different orientations when bound to a polymeric chitin chain, the catalytic 
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domains of these three enzymes share the same overall fold of the (β/α)8-barrel. The 

catalytic domain of chitinase A contains a deep substrate binding groove, which is 

open at both sides. This structure is a characteristic of endochitinase (Perrakis et al., 

1994; Aronson et al., 2003). In contrast, the substrate binding cleft of chitinase B is 

relatively closed (van Aalten et al., 2001), giving this cleft much of the tunnel 

character. This is a typical characteristic of exo-acting glycosyl hydrolases. Although, 

no availability of the 3D-structure of chitinase C1, a sequence comparison of chitinase 

C1 with other bacterial chitinases clearly indicates that the catalytic domain of 

chitinase C1 is smaller than that of chitinases A and B. The lack of the α+β insertion 

domain in chitinase C1 suggests that the substrate binding groove is much more open, 

which is also a characteristic of an endochitinase. In a synergistic effect of chitin 

degradation, it is likely that chitin degradation is initiated by the action of endo 

chitinase A and chitinase C1, followed by the exo-action of chitinase B (Suzuki et al., 

1999; 2002). 

 

1.3 Enzymatic properties of chitinases  

 The enzymatic activity of chitinases has been examined by a variety of 

methods, including a monitor of changes in the molecular size of substrates and 

determination of oligosaccharides, or N-acetyl-glucosamine liberated in the reaction. 

The colorimetric assay by detecting the amount of monomeric GlcNAc released from 

colloidal chitin could be achieved by the enzymatic hydrolysis of the reaction 

products, followed by derivatizing with dimethylaminobenzadehyde (DMAB) (Boller 

and Mauch, 1988) or ferriccyanide reagents (Imoto and Yagishita, 1971). The most 

widely used substrates for testing the chitinase activity are p-nitrophenyl-N-acetyl-
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chitooligosaccharides (pNP-GlcNAc(1-5)) (Xia et al., 2001; Aronson et al., 2003; 

2006; Suginta et al., 2004; 2005) and 4-methylumbelliferyl-N-acetyl-

chitooligosaccharides (4MU-(GlcNAc)1-5) (Hollis et al., 1997; Tanaka et al., 1999; 

2001; Fukamizo et al., 2001). Chromogenic measurements monitor the release of p-

nitrophenol (pNP) or 4-methylumbelliferone (4MU) from the chromogenic substrates. 

Such method is convenient, rapid, and quantitative, but gives a limited explaination 

on the enzyme binding mode.   

Viscosity measurements for chitinase activity monitor the changes in the 

molecular size of substrates (Jeuniaux, 1966), by measuring a significant reduction of 

the viscosity upon chitin degradation. Insoluble compounds, such as colloidal chitin 

and glycol chitin are used in this assay procedure. Although this method is somewhat 

troublesome and time consuming, it provides an insight in the endo, exo 

characteristics of the studied enzymes. Gel activity assay (Trudel and Asselin, 1989; 

Thamthiankul et al., 2001; Suginta et al., 2005) is also used to determine chitinase 

activity using glycol chitin as the substrate. The enzyme activity could be visualized 

on gel with Calcofluor White M2R, which is fluorescent and highly specific for glycol 

chitin. Alternatively, analyses of the degradation products obtained from the 

hydrolysis of colloidal chitin and soluble N-acetyl-chitooligosaccharides by chitinases 

can be carried out using HPLC and TLC (Table1.1). 
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Table 1.1 A summary of enzymatic methods of chitinase enzymes. 

 

Source Substrate Methods of characterization References 

Aspergillus  

fumigatus YJ-407 

 

pNP-GlcNAc2, GlcNAc2, 3, 6  

and colloidal chitin   

Glycol chitin   

Qualitative TLC (study of time course reaction) 

 

Viscosimetric method  

Xia et al., 2001  

B. thuringiensis  

subsp. Pakistani    

Glycol chitin 

Colloidal chitin  

Gel activity assay  

Qualitative TLC (study of time course reaction) 

Thamthiankul et al.,  

2001 

B. circulans WL-12 GlcNAc3, 6 

GlcNAc4H 

Quantitative HPLC (study of time course reaction) 
1H NMR (identification of anomeric products) 

Armand et al., 1994;  

Watanabe et al., 2003 

Barley   4MU-GlcNAc3  Colorimetric method  Hollis et al., 1997 

Coccidioides immitis GlcNAc6   Quantitative HPLC (identification of anomeric products) Fukamizo et al., 2001 

Hevea brasiliensis GlcNAc5, 6 Quantitative HPLC (study of hydrolytic pattern) Bokma et al., 2000 

Pyrococcus  

kodakaraensis  

KOD1 

4MU-GlcNAc(1-3) 

pNP-GlcNAc(1-5), GlcNAc1-6  

and colloidal chitin 

Colorimetric method 

Qualitative TLC and quantitative HPLC (study of time 

course reaction) 

Tanaka et al., 1999;  

2001 
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Table 1.1 (continued). 

 

Source Substrate Methods of characterization References 

S. marcescens pNP-GlcNAc(2-4) 

GlcNAc5  

GlcNAc3-6 

 

Qualitative TLC (study of time course reaction) 

1FAB-MS (identification of anomeric products)   

Quantitative HPLC (study of time course reaction and 

identification of anomeric products)  

Aronson et al., 2003; 

2006 

Vibrio carchariae  pNP-GlcNAc2 

GlcNAc3-6 

Colloidal chitin 

 

Glycol chitin

Colorimetric method  

Quantitative HPLC-MS (study of time course reaction) 

Quantitative HPLC-MS (identification of anomeric 

products)  

Viscosimetric assay and gel activity assay

Suginta et al., 2004; 

2005; 2007 

Vibrio sp.  

98CJ11027 

Colloidal chitin 

 

Qualitative TLC (study of time course reaction) 

 

Park et al., 2000 

 
1FAB-MS (fast atom bombardment-mass spectrometry) 
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1.4 The catalytic mechanism of family 18 chitinases 

 Since 1994, the 3D-structures of family 18 chitinases were solved using 

protein crystallography technique either in the absence or in the presence of substrates 

and inhibitors. These structures include S. marcescens chitinase A (Perrakis et al., 

1994; Aronson et al., 2003; Papanikolau et al., 2001; 2003), S. marcescens chitinase 

B (van Aalten et al., 2001), B. circulans chitinase A1 (Matsumoto et al., 1999) and C. 

immitis chitinase (Hollis et al., 2000; Bortone et al., 2002). As mentioned earlier, the 

3-D structures reveal that all the enzymes in this family share the catalytic domain 

consisting of a (β/α)8-barrel with a deep substrate-binding cleft formed by the loops 

following the C-termini of the eight parallel β-strands. The glutamic residue at the end 

of the DxxDxDxE motif is identified as the catalytic residue (Perrakis et al., 1994; 

Hollis et al., 2000). 

 In terms of the mode of enzyme action, there are two major general 

mechanistic pathways that describe the acid hydrolysis catalyzed by glycosyl 

hydrolases (Brameld and Goddard, 1998); i) the retention of the stereochemistry of 

the anomeric oxygen at C1’ relative to the initial configuration (see Scheme 1 and 3); 

and ii) the inversion of the stereochemistry (see Scheme 2).   
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 Two different models have been proposed for the retaining catalytic 

mechanism of family 18 glycosyl hydrolases (Perrakis et al., 1994; Terwisscha van 

Scheltinga et al., 1994). The first model is designateted as the double displacement 

hydrolysis mechanism (Scheme 1). An example of the double displacement 

mechanism is hen egg white lysozyme, HEWL (Blake et al., 1965), which requires 

two acidic residues, one of which is protonated. According to this mechanism, the β-

(1,4)-glycosidic oxygen is protonated by the carboxylic group of Glu35, leading to an 

oxocarbenium ion intermediate that is stabilized by a second carboxylate group 

(Asp52). Subsequent nucleophilic attack by water yields the hydrolytic product, 

which retains the initial anomeric configuration.  

 The second model of the retaining mechanism is described as the substrate-

assisted catalytic mechanism (see Scheme 3). This mechanism has been proposed 
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based on the X-ray structure of hevamine chitinase in complex with allosamidin 

inhibitor (Terwisscha van Scheltinga et al., 1995). With this mechanism, the catalytic 

residue (Glu127) plays a functional role in protonating the glycosidic oxygen that 

links between NAG units at subsites -1 and +1. The positive charge built up on -1 

NAG led to the formation of an oxazolinium intermediate, which is stabilized by an 

interaction with its own N-acetyl group (Figure 1.5).  

 The molecular dynamics (MD) simulations investigated the substrate binding 

and the possible resulting hydrolytic intermediates of chitinase A from S. marcescens 

(Brameld and Goddard, 1998). It was found that the hexaNAG substrate was forced to 

distort to a boat geometry at subsite -1 prior to protonation, which then led to a 

spontaneous anomeric bond cleavage and a subsequent formation of an oxazolinium 

ion. X-ray diffraction analyses confirmed that the reaction mechanism of all the 

family 18 chitinases proceeds through the substrate-assisted catalytic mechanism 

(Terwisscha van Scheltinga et al., 1995; 1996; van Aalten et al., 2001; Papanikolau et 

al., 2001; 2003; Bortone et al., 2002; Aronson et al., 2003).  

 In contrast, the single displacement mechanism as shown in Scheme 2 is likely 

to be employed by family 19 chitinases. The hydrolytic products of family 19 

chitinases showed an inversion of the anomeric configuration (Fukamizo et al., 1995; 

Iseli et al., 1996; Hollis et al., 1997; Ueda et al., 2003). The crystal structure of barley 

chitinase (Hart et al., 1995) suggested that the second catalytic carboxylate may be 

sufficiently close to make coordinations with a bound water molecule that acts as a 

nucleophile.  
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Figure 1.5 Substrate-assisted hydrolysis catalyzed by family 18 chitinases. The 

oxazolinium ion intermediate is stabilized by an anchimeric assistance of the sugar N-

acetyl group after proton donation from the catalytic carboxylic acid (Fukamizo, 

2000). 
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1.5 Structural analysis of family 18 chitinases 

 The first three-dimensional structure of bacterial chitinase A was determined 

from S. marcescens (Perrakis et al., 1994). The crystal structure of the native enzyme 

was solved and refined to a 2.3 Å resolution using the synchrotron radiation source. S. 

marcescens chitinase A consists of three domains: i) an all β-strand N-terminal chitin-

binding domain (similar to FnIII-like domain), ii) a catalytic TIM-barrel, and iii) a 

small α+β-fold domain. It was suggested that the FnIII-like domain evolutionally 

evolved and has been found in several glycosyl hydrolases, such as cellulases and 

amylases (Bork & Doolittle, 1992; Prag et al., 1997). Although the FnIII-like (or the 

N-terminal chitin-binding) domain of chitinases is not directly responsible for chitin 

binding, several lines of experimental evidence indicated that this domain participates 

in directing the filamentous chtin substrate to the catalytic groove to facilitate efficient 

hydrolysis (Watanabe et al., 1992). In the case of S. marcescens chitinase A, the 

chitin-binding domain is linked with the catalytic domain through a small hinge as 

shown in Figure 1.6. The catalytic domain of chitinase A comprises two sequence 

motifs, namely CatI and CatII that are separated by the α+β small insertion domain. 

The two catalytic motifs typically form a (β/α)8-barrel structure with a deep substrate-

binding cleft. 
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Figure 1.6 Domain structures of chitinase A from S. marcescens (Perrakis et al., 

1994). I) The FnIII-like or N-terminal chitin-binding domain; II) The TIM-barrel 

catalytic domain; and III) The α+β small insertion domain 

 

 The crystal structures of hevamine chitinase (Terwisscha van Scheltinga et al., 

1995), C. immitis chitinase (Bortone et al., 2002) and S. marcescens chitinase A 

(Papanikolau et al., 2003) bound to allosamidin also provided the detailed hydrolytic 

mechanism of such enzymes. Allosamidin was found to strongly inhibit all family 18 

chitinases. It consists of two β-1,4-linked N-acetylallosamine residues linked with an 

oxazolinium derivative, allosamizoline as shown in Figure 1.7. The strong inhibition 

by allosamidin suggested that the structure of allosamizolium residue was 

complementary to that of the catalytic center (Papanikolau et al., 2003). Thus, the 

allosamizoline structure is most likely to reflect the transition state of the enzyme 

complex as described in Figure 1.5.  
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Figure 1.7 The structure of allosamidin (Bortone et al., 2002).  

 

 The X-ray structure of hevamine complexed with allosamidin was determined 

at 1.85 Å resolution (Terwisscha van Scheltinga et al., 1995). This structure suggested 

the role of Glu127 as a proton donor in the substrate-assisted mechanism. The 

allosamizoline group bound in the center of the active site, mimicking the reaction 

intermediate in which a positive charge at C1 was stabilized intramolecularly by the 

carbonyl oxygen of the N-acetyl group at C2. Structural analyses of C. immitis 

chitinase complexed with allosamidin revealed the catalytic role of Glu171 (Bortone 

et al., 2002). After proton donating by Glu171, the positive charge built up on the 

sugar at subsite -1 was stabilized by interaction with its own N-acetyl group, forming 

an oxazolinium intermediate (Figure 1.8). Therefore, only one catalytic group is 

involved in this mechanism.  
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Figure 1.8 A schematic representation of polar interactions between allosamidin and 

the important residues located at the active site of C. immitis chitinase (Bortone et al., 

2002). Hydrogen bonds are shown as dashed lines.  
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 The X-ray structure of the complexes between S. marcescens chitinase A 

mutants and hexaNAG and octaNAG substrates (Papanikolau et al., 2001; Aronson et 

al., 2003) demonstrated that the catalytic site of the enzyme contained a full 

occupancy of six substrate binding subsites extending from subsite -4 (non-reducing 

end) to subsite +2 (reducing end). The crystal structures of these complexes showed 

that the reducing-end disaccharide of a bound chitin oligosaccharide was in β-

anomeric configuration and occupied subsites +1 and +2. GlcNAc at -1 was the 

glycosyl unit protonated by the catalytic Glu315. Thus, the disaccharide at positions 

+1 and +2 act as the leaving group. Additional subsites of the binding cleft (-5 to -13) 

were proposed to interact with the non-reducing end (NRE) of the glycone region of 

chitin polymer. These binding sites locate beyond in the catalytic cleft, and extended 

towards the chitin-binding domain of chitinase A. It was reported that substrate 

binding was controlled by a series of aromatic residues (Papanikolau et al., 2001; 

Aronson et al., 2003; Watanabe et al., 2003). Aronson et al. (2003) solved the 

structure of S. marcescens chitinase A mutant (E315L) with GlcNAc6 and found that 

the aglycone disaccharide in the binding cleft interacted with three aromatic residues, 

including Tyr418 and Phe396 at the +2 site and Trp275 at the +1 site (Figure 1.9). 

Although Tyr418 appeared to mark the end of the cleft, this residue did not seem to 

interfere with the extension of the reducing end beyond the +2 site. In S. marcescens 

chitinase A, Trp275 and Phe396 formed the opposite sides of the cleft and stacked 

against the hydrophobic faces of the corresponding GlcNAcs. In contrast, the sugar 

ring of the glycone component of the substrate that lied flat in the cleft and every 

other GlcNAc in this region had its hydrophobic face aligned with an aromatic amino 

acid in the cleft floor [-1 (Trp539), -3 (Trp167), -5 (Trp170)].  
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Figure 1.9 Three-dimensional structure and molecular surface of S. marcescens 

chitinase A mutant E315L with the hexasaccharide in the binding cleft (Aronson et 

al., 2003). The N-terminal chitin-binding domain is shown in blue and the C-terminal 

catalytic domain in green. Aromatic residues that line along the substrate-binding cleft 

are shown in space-filling mode. GlcNAc6 in the substrate-binding cleft is shown in 

ball-and-stick mode.  

 

 A plausible model by which family 18 chitinases degrade pure β-chitin was 

proposed previously by Uchiyama et al. (2001) and Watanabe et al. (2003). The 

model suggestsed that the chitin-binding domain maintains the enzyme binding to the 

insoluble substrate so that the reaction could be progressive. The chitin-binding 

domain of chitinase A is located at its N-terminus and has a FnIII fold (Perrakis et al., 

1994). The chitin-binding domain contains two surface exposed tryptophan residues 

(Trp33 and Trp69), along with two additional residues (Trp232 and Trp245) located 

at the edge of the catalytic domain beyond the −5 site of the cleft. All these residues 
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are positioned correctly and serve as additional binding sites for odd-numbered 

GlcNAcs (Aronson et al., 2003). Point mutation study of Trp33 and Trp69 from S. 

marcescens chitinase A revealed that both residues were important for the degradation 

of crystalline β-chitin, but not for the degradation of oligosaccharides (Uchiyama et 

al., 2001). Likewise, Trp232 and Trp245 on the catalytic domain of chitinase A were 

selective in helping to degrade only the natural polymer. The binding takes place with 

the reducing end of a chitin chain on the surface of the insoluble chitin matrix that is 

first located by the surface exposed residues like Trp33, Trp69, Trp232, and Trp245 

(Figure 1.10). Subsequent hydrolysis led to the release of the reducing end 

disaccharide at positions +1 and +2, and then the enzyme moves symmetrically two 

GlcNAc residues towards the non-reducing end, allowing the chitin chain to be 

degraded processively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 A model for crystalline β-chitin hydrolysis by chitinase A (Uchiyama et 

al., 2001). 
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1.6 Background of chitinase A from Vibrio carchariae 

 V. carchariae (a synonym of V. harveyi) is a gram-negative marine bacterium 

that particularly expresses high level of chitinase A (Suginta et al., 2000). The mature 

enzyme is active as a monomer of Mr 63,000 as judged on SDS-PAGE.  

 On the basis of sequence and structural similarities, this monomeric enzyme is 

classified as a member of family 18 chitinases (Suginta et al., 2004). Like other 

family 18 microbial enzymes (Perrakis et al., 1994; Matsumoto et al., 1999; Bortone 

et al., 2002), the catalytic domain of V. carchariae chitinase A comprises two short 

sequence regions, which form an (β/α)8-TIM barrel active site. A completely 

conserved acidic amino acid (Glu315) located at the end of the conserved motif 

DxxDxDxE (in the loop connected to the strand β4) is identified to be the catalytic 

residue (Suginta et al., 2005). The action of native chitinase A on chitin initially 

released various lengths of small chitooligomeric fragments, which were further 

hydrolyzed to GlcNAc2 as the end product, suggesting that the enzyme acts as an 

endochitinase (Suginta et al., 2005). The retention of the β over α anomer of all the 

products observed at initial time of reactions supports that the enzyme employed the 

substrate-assisted mechanism. The higher affinity of V. carchariae chitinase A toward 

higher Mr chitooligosaccharides suggested that the catalytic cleft of the enzyme 

comprises an array of most probably six binding subsites, comparable to that of C.  

immitis chitinase A (Bortone et al., 2002) and S. marcescens chitinase A (Perrakis et 

al., 1994). 

 This hydrolytic activity of V. carchariae chitinase A mutants, E315Q, E315M 

and D392N (Suginta et al., 2005) towars glycol chitin showed that the D392N mutant 

retained significant chitinase activity in the gel activity assay, while the E315M and 
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E314Q mutants had a complete loss of the hydrolytic activity, suggesting that E315M 

is the only essential residue in catalysis. 

 Since high-level expression of the recombinant chitinase A has been 

established in E. coli M15, the main aim of this study is to employ protein 

crystallization technique to determine the 3D-structure of V. carchariae chitinase A. 

A rapid screening for obtaining chitinase crystals was carried out using the 

microbatch method. Further optimization for crystallization conditions was performed 

using the hanging drop vapor diffusion technique. Under collaborative project with 

Dr. Jirundon Yuvaniyama, the diffraction data of the first wild-type crystal was 

collected using a Rigaku/MSC RU-H3R X-ray generator equipped with an R-AXIS 

IV++ detector (Rigaku Corporation, Sendagaya, Shibuya-Ku, Tokyo, JAPAN) located 

at Center for Protein Structure and Function, Faculty of Science, Mahidol University, 

Thailand. Preliminarily structural analysis of V. carchariae chitinase A was 

subsequently performed using S. marcescens chitinase A (PDB code; 1CTN) as a 

phasing model (Songsiriritthigul et al., 2005). 

 In the later stage of this research, several active site variants were generated to 

investigate the catalytic role of Glu315 and Asp392 residues using site directed 

mutagenesis technique. The first seven variants had changes of two acidic residues, 

namely D392N, D392K, E315Q, E315M, D392NE315Q, D392NE315M, 

D392KE315M. Additional eight variants were mutated from the highly conserved 

aromatic residues that were predicted to be important for substrate binding. These 

mutants included W168G, Y171G, W275G, W397F, W570G, a double mutant 

(W397F/W570G), a triple mutant (W397F/W570G/W275G), and a quadruple mutant 

(W397F/W570G/W275G/Y171G). The active wild-type chitinase A and all variants 
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were produced as recombinant proteins expressed in E. coli and were subjected to 

functional characterization using TLC and quantitative HPLC. 

 In collaboration with Dr. Robert C. Robinson, the Institute of Molecular and 

Cell Biology (IMCB), Singapore, extensive experiments on crystallization of 

chitinase A and chitinase E315 mutant with four structures of wild-type, E315M in 

the absence and in the presence of NAG5 and NAG6 being elucidated at high 

resolution. X-ray data collection was performed using a Rikagu/MSC FR-E 

SuperBright X-ray generator equipped with an R-AXIS IV++ imaging plate area 

detector (Rigaku Corporation, Sendagaya, Shibuya-Ku, Tokyo, JAPAN) located in 

IMCB, Singapore. 

 Together with functional, structural data from V. carchariae chitinase A and 

sequence comparison among chitinase A from V. carchariae and chitinases from 

other organisms, the knowledge gained finally provided an insight into the detailed 

mechanism of V. carchariae chitinase A in chitin hydrolysis.  

 

1.7 Objectives 

 The objectives of this thesis include: 

1. To functionally express and purify V. carchariae chitinase A expressed in E. coli 

M15 cells. 

2. To solve the 3D-structures of chitinase A/inactive chitinase A E315M mutant in 

complex with chitooligosaccharides. 

3. To gain an insight into the detailed mechanism of chitinase A in chitin hydrolysis. 
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CHAPTER II 

MATERIALS AND METHODS 

 

2.1 Chemicals and reagents 

 Chemicals and reagents used for protein expression, purification, 

characterization, and crystallization of V. carchariae chitinase A were of analytical 

grade unless stated otherwise. Acrylamide, aniline, ammonium sulphate, ammonium 

persulphate, bromophenol blue, bis-N, N"-methylenebisacrylamide, calcofluor white 

M2R, calcium chloride 2-hydrate, chitin flake, coomassie blue R250, coomassie blue 

G250, aniline-diphenylamine, ethylenediamine tetra-acetic acid (EDTA), isopropyl β-

D-thiogalactoside (IPTG), 2-mercaptoethanol, magnesium chloride, glycerol, glycine, 

sodium azide, sodium dodecyl sulphate (SDS) and tris (hydroxymethylamine), N, N', 

N", N"'-tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich 

(St.Louis, MO, USA).   

 Acetone, acetonitrile (HPLC grade), ammonium hydroxide, glacial acetic acid, 

hydrochloric acid, methanol, n-butanol, phosphoric acid, potassium chloride, 

potassium hydroxide, sodium acetate, sodium bicarbonate, sodium chloride, sodium 

hydroxide, sodium dihydrogen phosphate, sodium hydrogen phosphate and water 

(HPLC grade) were purchased from Carlo ERBA (Rodano, Milano, Italy).   

Ampicillin, phenyl methylsulfonyl fluoride (PMSF), imidazole, isopropyl β-D-

thiogalactoside (IPTG), hen egg white lysozyme, p-nitrophenol sodium salt, MES [2-

(N-morpholino) ethanesulfonic acid)], MOPS [3-(N-morpholino) ethanesulfonic 



 

 

26

acid], PIPES (piperazine-1,4-bis(2-ethanesulfonic acid), HEPES [N-(2-

hydroxyethyl)piperazine-N-(2-ethanesulfonic acid], CAPS [(3-(cyclohexylamino)-1-

propanesulfonic acid)], triton X-100, PEG 4000 and PEG 8000 were purchased from 

USB Corporation (Cleaveland, OH, USA). 

Nanosep membrane centrifugal filter (10 kDa molecular-weight cut-off) was a 

product of PALL Life Sciences, Michigan, USA. Vivaspin-20 ultrafiltration 

membrane concentrators (10 kDa molecular-weight cut-off) were obtained from 

Vivascience AG, Hanover, Germany). Surfactant-free cellulose acetate (SFCA) 

membrane, polystyrene housing, 0.2 μm pore size was bought from Nalgene, 

Rochester NY, USA. MF-Millipore Membrane Filters (0.22 μm and 0.45 μm pore 

size) were purchased from Millipore Corporation (Bedford, U.S.A.).  

N-acetyl-chitooligosaccharides (di-N-acetyl-chitobiose, tri-N-acetyl-

chitotriose, tetra-N-acetyl-chitotetraose, penta-N-acetyl-chitopentaose, hexa-N-acetyl-

chitohexaose) and p-nitrophenyl-di-N-acetyl-chitobioside [pNP-(GlcNAc)2], were 

purchased from Seikagaku Corporation (Tokyo, Japan). Silica gel 60 F254 aluminium 

sheet (0.2 mm) was purchased from Merck (Damsladt, Germany).   

A CARBOSep CHO-411 Oligosaccharide column (7.8 mm ID × 300 mm, 20 

μm particle size) and a CARBOSep CHO-611/C Guard Cartridge (4.0 mm ID × 20 

mm, 20 μm particle size) were purchased from Transgenomic (Omaha, NE USA). A 

Zorbax Carbohydrate Analysis column (4.6 mm ID × 250 mm, 5 μm particle size) and 

a Zorbax NH2 Guard Cartridge (4.6 mm ID × 12.5 mm, 5 μm particle size) were 

purchased from Agilent Technologies (Englewood, CO, USA).  

Ni-nitrilotriacetic acid (Ni-NTA) agarose resin was a product of Qiagen 

(Qiagen, Valencia, CA, USA). Chromatographic media and prepacked columns for 
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automated protein purification were products of Amersham Pharmacia Biotech 

(Amersham Biosciences, Piscataway, NJ, USA). These prepacked columns included 

HisTrap HP 1-ml, Superdex 200 10/300 GL (1.0 × 30 cm) and HiLoad 16/60 

Superdex 200 prep grade (1.6 × 60 cm) gel filtration columns. 

JB Screen HTS I and HTS II were purchased from Jena Bioscience GmbH 

(Jena, Germany). Micro-Bridge, Imp@ct Plate, Cryschem PlateTM, Linbro Plate®, 

VDX Plate GreasedTM, 20 mm Siliconized glass cover, Crystal Screen HT, SaltRx 

HT, Index HT, 2,4-dimethyl-5-pentanediol (MPD), glycerol, Al’s oil and Crystal 

Clear sealing tape were purchased from Hampton Research (Aliso Viejo, CA, USA). 

96 well CrystalQuick™, microbatch sitting drop plates were purchased from Greiner 

bio-one (Frickenhausen, Germany). Bacto tryptone, yeast extract, bacto agar were 

purchased from Scharlau Chemie (Barcelona, Spain). Luria-Bertani broth (LB) was 

obtained from USB Corporation (Cleaveland, OH, USA). 

 

2.2 Bacterial strains  

Escherichia coli type strain M15 (Qiagen, Valencia, CA, USA) and the pQE 

60 expression vector harboring chitinase A gene fragments were used for high-level 

expression of recombinant chitinases. E. coli type strain DH5α and XL1Blue were 

used for routine cloning, subcloning, and plasmid preparations. 

 

2.3 Instrumentation  

 All instrument required for protein expression, purification, characterization 

and preliminary crystallization are located at the Center for Scientific and Technology 

Equipment at Suranaree University of Technology, Nakhon Ratchasima, Thailand. 
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These instrument included a Sonopuls Ultrasonic homogenizer with a 6 mm diameter 

probe (Sigma-Aldrich, St.Louis, MO, USA), an HP Series 1100 HPLC system 

(Hewlett Packard, Waldbronn, Germany), a Mini-PROTEAN® 3 Cell (BioRAD, 

Hercules, CA, USA), a microtiter plate reader (Applied Biosystems, Foster City, CA, 

USA), a Genway UV-VIS spectrophotometer (Feisted, Dunmow, Essex, UK), an 

ÄKTA purifier system (Amersham Biosciences, Piscataway, NJ, USA), a Stereo 

Microscope (Stemi 2000-C Zeiss, Germany) mounted with a color video camera 

(Sony, SSC-DC398P, Sony Corporation, Tokyo, Japan). 

A Jasco J-715 spectropolarimeter (Japan Spectroscopic Co., Japan) was 

located at the Institute of Molecular Biology and Genetics, Mahidol University, 

Salaya, Nakhon Pathom, Thailand. A Rigaku/MSC RU-H3R X-ray generator 

equipped with an R-AXIS IV++ detector (Rigaku Corporation, Sendagaya, Shibuya-

Ku, Tokyo, JAPAN) was located at the Center for Protein Structure and Function, 

Faculty of Science, Mahidol University, Bangkok, Thailand. 

 Instrument used for protein purification and crystallization work that located at 

the Institute of Molecular and Cell Biology, Proteo, Singapore were the Screenmaker 

96+8™ (Innovadyne Technologies, Inc.’s, Santa Rosa, CA, USA), Rikagu/MSC FR-E 

SuperBright X-ray generator equipped with an R-AXIS IV++ imaging plate area 

detector (Rigaku Corporation, Sendagaya, Shibuya-Ku, Tokyo, JAPAN). 

 

2.4 General methods 

      2.4.1 Transformation of recombinant plasmid into E. coli M15 cells 

 The DNA fragment that encodes wild-type chitinase A was cloned into the 

pQE60 expression vector and expressed in E. coli M15 cells as the 576-amino acid 



 

 

29

fragment with a C-terminal (His)6 sequence (Suginta et al., 2004). Point mutations 

were introduced to the wild-type chitinase A DNA by PCR technique (Suginta et 

al., 2005; 2007) using the QuickChange Site-Directed Mutagenesis Kit according 

to the Manufacturer’s protocols. Active-site chitinase A variants were generated 

using oligonucleotides synthesized from Proligo Pte Ltd. (Helios, Singapore) and 

Bio Service Unit (BSU) (Bangkok, Thailand). Single mutants (W168G, Y171G, 

W275G, W397F, W570G and D392N) were constructed using the DNA fragment 

encoding wild-type chitinase A as template. A double mutant (W397F/W570G), a 

triple mutant (W397F/W570G/W275G), and a quadruple mutant 

(W397F/W570G/W275G/Y171G) were produced using mutants W570G, 

W397F/W570G, and W397F/W570G/W275G, respectively, as DNA templates. 

The success of newly-generated mutations was confirmed by automated DNA 

sequencing (BSU, Thailand). The programs used for nucleotide sequence analyses 

were obtained from the DNASTAR package (DNASTAR, Inc., Madison, USA). 

The recombinant pQE60 harboring the chitinase A gene fragments was 

transformed into E. coli M15 cells (Qiagen) as described by Sambrook et al. (1989). 

The competent cells of E. coli M15 host strain were prepared as described in 

Appendix A. About 100 ng of plasmids was transformed into a 50-μl aliquot of the 

competent cells, and spread on LB agar plates containing 100 μg/ml of ampicillin. 

The transformed E. coli cells were further expressed as described in section 2.4.2. 

 

      2.4.2 Expression of recombinant chitinase A in E. coli M15 cells 

 For chitinase expression, the ampicillin resistant colonies were picked and 

grown overnight at 37°C in 10 ml of LB medium containing 100 μg/ml ampicillin. 
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The freshly inoculated culture was diluted to a ratio of 1:100 with LB broth 

containing the same concentration of ampicillin, and then continued to grow at 37°C 

until OD600 reached 0.5-0.6. The culture was cooled down to 25°C, then IPTG was 

added to a final concentration of 0.5 mM and the culture was shaken at 200 rpm at 

25°C for an additional 18 h. The IPTG-induced cells were harvested by centrifugation 

at 5,000 rpm at 4°C for 30 min, and the cell pellet kept at -30°C for 30 min or longer 

until used. To obtain highest level of protein expression, optimal IPTG 

concentrations, temperatures, various times for chitinase induction were optimized. 

During chitinase induction, concentrations of IPTG were varied from 0-2.0 mM. 

Three induction temperatures of 20°C, 25°C and 37°C were tested with induction 

times of 0, 2, 5, 8 and 18 h. The condition that gave highest level of wild-type 

expression was chosen for further studies and for expression of the chitinase mutants. 

To determine protein expression level, total protein profiles of E. coli M15 

cells containing the pQE60 plasmid with and without DNA insert were compared.  

After IPTG induction, the cells were pelleted from a 100-μl liquid culture in a 

microtube and the pellets resuspended in 50 μl of 1× SDS sample buffer (50 mM Tris 

pH 6.8, 1.6% of 2-mercaptoethanol, 2% SDS, 10% glycerol and 0.03% bromophenol 

blue). The suspension was boiled for 5 min, then centrifuged and a 10-15 μl aliquot 

was analyzed on 12% SDS-PAGE as described in method 2.4.7.   

 

      2.4.3 Preparation of crude extract of recombinant chitinase A from E. coli 

     M15 cells  

 The cell pellet prepared from section 2.4.2 was thawed, resuspended in 40 ml 

lysis buffer (20 mM Tris-HCl pH 8.0 containing 150 mM NaCl, 1 mM 
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phenylmethylsulfonylfluoride (PMSF) and 1 mg/ml lysozyme), and then incubated on 

ice for 30 min.  The cell suspension was sonicated on ice using a Sonopuls Ultrasonic 

homogenizer with a 6 mm diameter probe (50% duty cycle, amplitude setting, 20%, 

total time, 30 s, 6-8 cycles, Sigma-Aldrich). Unbroken cells and cell debris were 

removed by centrifugation at 12,000 rpm at 4°C for 30 min.  

 

      2.4.4 Purification of recombinant chitinase A by Ni-NTA agarose resin 

 Purification of recombinant chitinases was carried out using Ni-NTA agarose 

resin (Qiagen) at 4°C. For condition optimization trials, a small scale purification was 

initially tried using the modified protocol from Qiagen 

(http://www1.qiagen.com/literature/handbooks/INT/ProteinPurification.aspx). For a 

large scale purification, crude supernatant prepared as described in section 2.4.3 was 

gravitationally applied onto a Ni-NTA agarose affinity column (1.0 × 10 cm) 

equilibrated with 100 ml of the equilibration buffer (20 mM Tris-HCl pH 8.0 and 150 

mM NaCl). After sample loading, the column was washed with 100 ml of 20 mM 

Tris-HCl buffer pH 8.0 containing 5 mM imidazole, followed by 50 ml of the same 

buffer containing 20 mM imidazole. The recombinant protein was eluted with 20 ml 

of the elution buffer (250 mM imidazole in the equilibration buffer). Then, the eluted 

fraction was concentrated to 1 ml using Vivaspin-20 ultrafiltration membrane 

concentrator (Mr 10 000 cut-off, Vivascience AG). Purification of other chitinase 

variants was also carried out following the same protocol as described for wild-type 

chitinase A. 

 To determine the protein purity, each protein fraction was loaded onto 12% 

SDS and electrophoresed as described in method section 2.4.7.    
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      2.4.5 A complete purification of the recombinant chitinase A for   

    crystallization studies  

            2.4.5.1 Protocol I 

The protein fraction obtained from Ni-NTA agarose step was concentrated, 

then further purified using an ÄKTA purifier system (Amersham Biosciences) on a 

Superdex 200 10/300 GL (1.0 × 30 cm) gel filtration column (Amersham 

Biosciences). The running buffer was 20 mM Tris-HCl buffer pH 8.0 containing 150 

mM NaCl. A flow rate of 0.25 ml/min was maintained and fractions of 0.5 ml were 

collected and assayed for chitinase activity. The chitinase-containing fractions were 

pooled, then exchanged into 20 mM Tris-HCl buffer pH 8.0 and concentrated using 

the same type of Vivaspin membrane concentrator.  

 

            2.4.5.2 Protocol II 

Alternatively, recombinant chitinase A was purified using the HisTrap HP 1-

ml affinity column (Amersham Biosciences). The crude supernatant obtained from 

section 2.4.3 was filtered through SFCA membrane, 0.22 µm (Nalgene). Then, the 

filtrate was applied to two columns of HisTrap HP 1-ml connected in series using an 

ÄKTA purifier system (Amersham Biosciences). The equilibration buffer was 20 mM 

Tris-HCl buffer pH 8.0 containing 150 mM NaCl and a flow rate of 2.8 ml/min was 

maintained. After sample loading, the columns were washed with 20 ml of 20 mM 

Tris-HCl buffer pH 8.0 containing 5 mM imidazole, followed by another 10 ml of the 

same buffer containing 20 mM imidazole. Fractions of 2.0 ml were collected and 

protein fractions eluted with 250 mM imidazole were concentrated using Vivaspin-20 

ultrafiltration membrane concentrator. The concentrated enzyme obtained from Ni-
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elution was further purified by gel filtration chromatoghraphy on a HiLoad 16/60 

Superdex 200 prep grade (1.6 × 60 cm, Amersham Biosciences) connected to an 

ÄKTA purifier system (Amersham Biosciences). The running buffer was 20 mM 

Tris-HCl buffer pH 8.0 containing 150 mM NaCl. A flow rate of 1.2 ml/min was 

maintained and fractions of 2.0 ml were collected and pooled. Then, the pooled 

fraction was exchanged into 10 mM Tris-HCl buffer pH 8.0 and concentrated using 

Vivaspin membrane concentrator.  

 

      2.4.6 Determination of protein concentration by Bradford’s method  

Protein concentration was estimated by the method of Bradford (1976) using 

bovine serum albumin (BSA) as standard (0-10 μg) (see Appendix A and B). A 

diluted sample (100 μl) was mixed with 1 ml of dye reagent (see Appendix A) and 

50 μl of 1 M NaOH solution. The solution was mixed and allowed to stand at room 

temperature for 10 min. The absorbance at 595 nm was measured using a Genway 

UV-VIS spectrophotometer.  

 

      2.4.7 Denaturing polyacrylamide gel electrophoresis (SDS-PAGE)  

SDS-PAGE was performed according to the method of Laemmli (Laemmli, 

1970). One part of protein solutions was mixed with 2 parts of 3× sample buffer (150 

mM Tris-HCl pH 6.8, 5% of 2-mercaptoethanol, 6% SDS, 30% glycerol, 0.03% 

bromophenol blue). The suspension was boiled for 5 min, a 10-15 μl aliquot was 

loaded onto 12% SDS-PAGE gel set in a Mini-PROTEAN® 3 Cell (BioRAD), and 

then electrophoresed using Tris-glycine pH 8.3 as a running buffer (see Appendix A) 
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at a constant 120 V for 1 h from a cathodic (-) end to an anodic (+) end. After 

electrophoresis, the gel was stained with coomassie brilliant blue R250 (Appendix D) 

for 30 min, and then destained with a destaining solution (Appendix D) until the 

background was clear. The size of protein bands was estimated by comparing with the 

low molecular weight protein marker (Amersham Biosciences) comprising 

phosphorylase b (97 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), 

bovine carbonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa) and bovine α-

lactalbumin (14.4 kDa).    

 

      2.4.8 Circular Dichroism (CD) spectroscopy  

The purified chitinases were diluted to 0.40 to 1.40 mg/ml in 20 mM Tris-HCl 

buffer, pH 8.0. CD spectra over 3 scans were measured using a Jasco J-715 

spectropolarimeter at near UV (190 to 250 nm) regions. CD measurements were 

performed at 25oC with a scan speed of 20 nm/min, 2 nm bandwidth, 100 mdeg 

sensitivity, an average response time of 2 s and an optical path length of 0.2 mm. The 

baseline buffer for all the proteins was 20 mM Tris-HCl buffer, pH 8.0. The baseline 

was measured and subtracted from each spectrum before the raw data were 

transformed to mean residue ellipticity (MRE) using the following equation: 

[Ө] = (73.33 mo) / ([prot]mM .lcm
 .n) 

Where [Ө] is the MRE in deg.cm2.d/mol, n is the number of amino acids in the 

polypeptide chain, mo is the measured ellipticity, and l is the path length of cuvette 

used in centrimeter. The intensity of JASCO standard CSA (nonhygroscopic 

ammonium (+)-10-camphorsulfonate at wavelength 290 nm was around 45 units. 

Therefore, the conversion factor was calculated to be 3,300/CSA intensity at 290 nm 
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or 73.33 using the equation above. The molecular weight of each protein was 

calculated corresponding to the number of amino acids. After noise reduction and 

concentration adjustment, the measured ellipticity was converted to the molar 

ellipticity, which was plotted versus wavelength. 

 

2.5 Sequence comparison and modeled structural topology 

An amino acid sequence alignment of bacterial chitinases was constructed 

using "CLUSTALW" algorithm in a GCG package (Thompson et al., 1994) and 

displayed in Genedoc (http://www.psc.edu/biomed/genedoc/). The putative V. 

carchariae chitinase A sequence was compared with seven bacterial chitinase A 

sequences available in the Swiss-Prot or TrEMBL databases (http://us.expasy.org/). 

These chitinase sequences are from V. parahaemolyticus (accession number 

Q8VTN2), S. marcescens (accession number Q54275), S. liquefaciens (accession 

number Q9ALZ0), Aeromonas hydrophila (accession number Q9L5D5), Altermonas 

sp. strain O-7 (accession number P32823), Enterobacter sp. G-1 (accession number 

O54328), and Pantoea agglomerans (accession number P97034). The putative 

chitinase A amino acid sequence was subsequently subjected to the program PHD 

(http://cubic.bioc.columbia.edu/predictprotein/ and Burkhard and Chris, 1993; 1994) 

for the secondary structure prediction. A modeled topology of the catalytic domain of 

V. carchariae chitinase A was built based on the X-ray structure of S. marcescens 

chitinase A (PDB code; 1CTN). 

 

 

 



 

 

36

2.6 Structural determination of V. carchariae chitinase A 

      2.6.1 Initial crystallization  

For initial crystallization screening, the microbatch under oil, hanging drop 

and sitting drop vapor diffusion methods were employed to obtain suitable conditions 

for reproducing single crystals for X-ray diffraction experiments. Initial crystallization 

experiments were carried out manually by the microbatch under oil method (Figure 

2.1A) using an Imp@ct Plate (Hampton Research) filled with 10 µl Al’s oil (Hampton 

Research). For each crystallization drop, 1 μl of wild-type chitinase A (10 mg/ml in 

20 mM Tris-HCl buffer pH 8.0) was added to 1 μl of each precipitant from Crystal 

Screen (Hampton Research), JB Screen HTS I and HTS II (Jena Bioscience GmbH) 

without mixing. Under oil crystallization was performed at two different temperatures 

of 4ºC and 16ºC. After setting up the screen, the protein drop was immediately 

examined under a Stemi 2000-C stereomicroscope (Zeiss), mounted with a color 

video camera (Sony). The crystal growth was examined daily for one week, then 

continued once a week afterwards. Results were recorded by indicating whether the 

protein drop was clear, or contained precipitates or crystals (see Appendix C). 

In the later stage, robotic screening crystallization using a Screenmaker 

96+8™ (Innovadyne Technologies) was used for the microbatch sitting drop 

technique (Figure 2.1B). A series of crystallization trials was setup using Crystal 

Screen HT, SaltRx HT, Index HT (Hampton Research), JB Screen HTS I and HTS II 

(Jena Bioscience GmbH) and a CrystalQuick™ (Greiner bio-one). For each 

crystallization drop, 20 nl of chitinase A (20 mg/ml in 10 mM Tris-HCl buffer pH 

8.0) was added to 20 nl of each commercial precipitant, and 50 µl of the same 

precipitant was applied into the well as reservoir. The crystallization plates were 
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incubated under free of vibration at three different temperatures of 4ºC, 15ºC and 

22ºC. The protein drops that were equilibrated over the reservoir of the precipitating 

agent were examined under a stereomicroscope periodically as mentioned for the 

microbatch under oil method.  

 

             A       B  

 

  

Figure 2.1 A schematic representation of microbatch techniques. (A) Microbatch 

under oil technique (http://www.hamptonresearch.com/products/ProductSearch.aspx? 

q=CRYSTAL) and (B) Microbatch sitting drop technique (http://www.greinerbioone. 

com/en/germany/articles/news/26/informations/99/). 

 

      2.6.2 Optimization of crystal growth conditions 

Either the hanging drop (Figure 2.2A) or the sitting drop vapor diffusion 

techniques (Figure 2.2B) were used for further optimization of the crystal growth of 

wild-type chitinase A and its inactive mutant E315M. 

For the hanging drop technique (Figure 2.2A), the crystallization experiments 

were setup using a Linbro Plate® and a VDX Plate GreasedTM (Hampton Research). 

Different conditions including types of precipitant, salt and buffer at various 
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concentrations were tested. A grid of various 24 conditions was made (see Results 

3.1.6). A crystallization droplet of 2 µl was prepared on a 20 mm siliconized glass 

cover slip by pipeting 1 µl of chitinase A into the center of the cover slide, and then 

mixed with an equal volume of the reservoir solution. The prepared cover slide with 

droplet was subsequently inverted and placed over an 1-ml buffer reagent added into 

reservoir, then the edge of the reservoir was sealed by applying high vacuum grease 

along the top edge of the wells. The procedure was repeated with other buffer systems 

using a clean pipette tip for each reagent to avoid cross contamination of reagents. 

Crystallization was carried out at 4ºC, 15ºC, 16ºC and 22ºC. 

For sitting drop experiments, Cryschem PlateTM (Hampton Research) was used 

as shown in Figure 2.2B. A droplet of chitinase A was mixed with the crystallization 

reagent by pipeting 1 µl of chitinase and an equal volume of the buffer reagent. The 

protein droplet was placed on a platform in vapor equilibration with the reservoir 

reagent, and then sealed with plain cover slides using vacuum grease or clear sealing 

tape.  
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             A     B                

 

 

 

 

 

Figure 2.2 A schematic representation of vapor diffusion technique (A) Hanging drop 

vapor diffusion technique, (B) Sitting drop vapor diffusion technique 

(http://www.hamptonresearch.com/products/ProductSearch.aspx?q=CRYSTAL). 

 

When the vapor diffusion method was chosen for crystallization optimization, 

small crystals were observed in the crystallization plates. These small crystals were 

used as seeds to grow larger crystals. Two seeding methods are employed; 

microseeding (Figure 2.3A) and macroseeding (Figure 2.3B). To obtain microseeds, a 

small, single crystal was transferred to a microcentrifuge tube and resuspended in 1 

ml of non-dissolving precipitant solution (usually the reservoir precipitant contains 

10% glycerol). The microseeds were produced after a repeated step of spinning and 

vortexing in the initial stock solution. The protein sample was then diluted with the 

non-dissolving precipitant solution to obtain a serial dilution of 1/100-1/1,000,000 in 

a final volume of 1 ml, then stored at 4ºC. The protein drops were pre-equilibrated 

against a 1-ml reservoir of the precipitant solution using the same method as 

described for the vapor diffusion technique. The pre-equilibrated growth drops were 

streaked from less to higher dilutions in order to obtain an optimal dilution that 

yielded a few crystals per drop.  
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Figure 2.3 A schematic representation of microseeding and macroseeding techniques 

(A) Microseeding technique (http://www.douglas.co.uk/rep1.htm), (B) Macroseeding 

technique (http://www.structmed.cimr.cam.ac.uk/Course/Crystals/). 

 

With macroseeding technique, a small single crystal was picked by a cryoloop 

and transferred to a freshly precipitant solution, in which the crystal was slowly 

dissolved on the surface by gently crushing. Washing steps were repeated several 

times until a fresh growth surface was seen on the crystal and dissolved any 

microcrystals. Then, the crystal was transferred to a protein drop pre-equilibrated to 

the growth conditions with a minimal amount of solution. 

 

      2.6.3 Soaking of inactive mutant E315M chitinase A crystals with penta-N-

     acetyl-chitopentaose (NAG5) and hexa-N-acetyl-chitohexaose (NAG6) 

 Crystals of E315M were grown under the optimized hanging drop vapor 
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diffusion method (see Method 2.6.2). For preliminary crystallization of E315M-NAG5 

and E315M-NAG6 complexes, X-ray quality crystals of inactive E315M mutant were 

further transferred to a 1-µl mother liquor containing 5 or 10 mM of NAG5 and NAG6 

in cryoprotectant solutions, containing 2-4% higher concentrations of PEG 4000 and 

10% of glycerol. The survival of the soaked crystals was periodically observed under 

a stereomicroscope as described in section 2.6.1. 

 

      2.6.4 Cryocrystallization 

To protect chitinase A crystals from the damaging effect of ice formation, the 

obtained crystals were treated with varied concentrations of 5-20% glycerol that 

serves as a cryoprotectant. It was found that both wild-type and E314M crystals 

survived when 10% glycerol was used. The wild-type and inactive mutant crystals 

were picked by a cryoloop, then flash-cooled in a nitrogen stream before X-ray 

diffraction was performed. On the other hand, the crystals of E315M-NAG5 and 

E315M-NAG6 complexes were directly flash cryocooled without the addition of 

glycerol, since their precipitants already contained 10% glycerol. 

 

      2.6.5 Data collection and processing  

All the diffraction data of wild-type, E315M and E315M-substrate complexes 

were collected at 100K by the Rikagu/MSC FR-E SuperBright, X-ray generator 

equipped with R-AXIS IV++ imaging plate area detector (Rigaku) that located at the 

Institute of Molecular and Cell Biology, Proteos, Singapore using an incident 

wavelength of 1.5418 Å. A crystal-to-detector distance was varied from 120 mm to 

150 mm in order to maximize the resolution of diffracted spots. The exposure time 
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was set between 0.5 to 1 min to give a few overloads in the resolution range of 

interest and a reasonably low background. The first step of data collection was to 

mount a crystal and to take a diffraction pattern. Once a satisfactory image was 

visualized, this first image was preliminarily analyzed by indexing to check the 

crystal quality and its space group using program MOSFLM (Leslie, 1991). A lattice 

type, unit cell parameters and crystal orientation were determined using a single 

oscillation image. The overall scanning range of the Φ angle comprised 360° for the 

lowest symmetry of wild-type crystal. Four data sets were recorded with 0.5° per 

image oscillation around the omega axis. The final steps were refinement and 

integration of the diffraction data sets using the same program as for indexing. The 

integrated data were then converted into an mtz format. Scaling, merging and 

statistical analysis of all the data sets were further examined using program Scala 

from the CCP4 suite (CCP4, 1994). The maximum resolution to which a crystal 

diffracted was determined by analyzing the ratio of the measured intensity to its 

standard deviation, I/σ(I). All the four data sets were scaled using the maximum 

resolution range of 2.00 to 1.70 Å (see Table 3.8). Another criterian to assess the 

quality of the measured data was the completeness of the dataset, the redundancy of 

the data, and the merging R-factor (R
merge

) (equation 1) (Rhodes, 2000). R
merge 

is 

dependent on the redundancy of the measured data and increasing the more often a 

given reflection is measured. Therefore, it is a measure of how well multiple 

observations of the same reflection and its symmetry related reflections merge.  

Rmerge = ( ) ( ) ( )I I Ii i
hkl i hkl i

hkl hkl hkl− 〈 〉∑ ∑ ∑ ∑   {1} 

Where Ii is the intensity for the ith measurement of an equivalent reflection 

with indices hkl.  
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      2.6.6 Phase determination by molecular replacement method 

In this study, the molecular replacement method (Navaza, 1994) was 

employed using program AmoRe from the CCP4 suite to obtain phase information. In 

order to obtain the molecular replacement solution, the first data set of inactive 

E315M mutant was solved using the crystal structure of chitinase A from S. 

marcescens (PDB code 1CTN; 47% identical to chitinase A from V. carchariae) as a 

search model. Subsequently, the final model of inactive E315M mutant from Vibrio 

enzyme was further used as a template for other three data sets obtained from E315M-

NAG5, E315M-NAG6 complexes and the wild-type chitinase A as summarized in 

Table 2.1. 

 

Table 2.1 A summary of the search model used in the molecular replacement method 

using program AmoRe for phase determination.  

 

V. carchariae chitinase A 

crystals 
Search model 

E315M 

E315M-NAG5 complex 

E315M-NAG6 complex 

Wild-type 

S. marcescens chitinase A (PDB code; 1CTN) 

E315M mutant from V. carchariae chitinase A 

E315M mutant from V. carchariae chitinase A  

E315M mutant from V. carchariae chitinase A 

 

      2.6.7 Model rebuilding  

Once the search model was placed in the new unit cell, an electron density 

map was calculated using model phases and the observed structure factor amplitudes 

(Rhodes, 2000). The electron density ρ is calculated at each point (x, y, z) of the 
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crystal from the structure factor amplitude F (h, k, l), which is proportional to the 

square root of the measured intensity I for the reflection (h, k, l), the phase α (h, k, l), 

and the volume V of the unit cell (equation 2).  

2 ( ' ).1( , , )
V

hkli hx ky lz
hklh k lx y z F e π− + + −∝ρ = ∑ ∑ ∑   {2} 

Subsequently, program O (Jones et al., 1991) was used to manually rebuild the 

structural model. The Fourier difference maps (Fo-Fc 
and 2Fo-Fc 

maps) were generated 

from the observed structure-factor amplitudes (|Fobs|) and the calculated amplitudes 

(|Fcalc|. Whereas each |Fobs| is derived from a measured reflection intensity and each 

|Fcalc| is the amplitude of the corresponding structure factor calculated from the current 

model. 

The resultant electron density map showed the regions of disagreement 

between the search model and the new structure, which was further determined 

through rebuilding and refinement processes.    

 

      2.6.8 Structure refinement  

After a reasonable model was obtained from a molecular replacement 

experiment, the positional parameters and the temperature factor of each atom have to 

be refined in order to adjust the protein model to fit the observed data. To judge 

convergence and assess the model quality, there is the possibility to overfit data, 

especially at moderate resolution. To obtain the correct structure, the measured 

structure-factor amplitudes |Fobs| and the calculated structure-factor amplitudes |Fcalc| 

should converge. Therefore, structure validation using the residual index or 
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crystallographic R-value (equation 3) was the most widely used to measure the 

structural convergence (Rhodes, 2000).  

obs calc

obs

F F

F
R

⎜ ⎜ − ⎜ ⎜
=

⎜ ⎜
∑

∑
    {3} 

The crystallographic R-value measures for the agreement between the 

structure factors calculated for the existing model and the observed structure factors. 

The R-factor obtained when a set of measured amplitudes is compared with a set of 

random amplitudes. A more demanding and revealing criterion of model quality and 

of improvements during refinement is the free R-factor, Rfree. To compute Rfree, data 

were divided into a working set and a test set. The test set comprised a random 

selection of 5% of the observed reflections. Only the working set was used to refine 

the model. The free R-value was computed from the test set, which was not included 

in the refinement process using the same equation. If a structure was improved during 

refinement, both the R-value and R
free 

should decrease.   

Throughout this work, refinements were performed under restraint conditions 

using programs REFMAC (Murshudov et al., 1997) and ARP/wARP (Lamzin et al., 

1993) in the CCP4 suite until the convergence of the indices Rfactor and Rfree was 

reached. Fourier maps with coefficients of 2Fobs-Fcalc and Fobs-Fcalc were calculated. 

Alternate sessions of model building using program O and refinements were carried 

out until well-fit statistics of each final model were obtained as shown in Table 3.8. 

 

      2.6.9 Validation of model quality   

 To examine the stereochemistry of the polypeptide chain, a Ramachandran 

plot (Ramachandran and Sasisekharan, 1968) was constructed for the final structure 
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using program PROCHECK (Laskowski et al., 1993). The dihedral angles Φ and Ψ 

for each residue were plotted in a square matrix. For all the four structures, the 

majority of the Φ/Ψ values lied within the allowed regions, as judged from the 

corresponding Ramachandran plots (see section 2.6.10-2.6.13). This indicated that the 

conformationally reasonable models were finally built. The root-mean-square 

(R.M.S.) deviations from ideality of bond length and angles were also determined 

with PROCHECK as shown in Table 3.8. The criteria of a well-refined model exhibits 

R.M.S. deviations of no more than 0.02 Å for bond lengths and 4o for bond angles.  

 

      2.6.10 Structural determination of inactive E315M mutant 

The E315M mutant in the absence of substrate was the first structure that was 

successfully solved. A single crystal prepared by the hanging drop method under the 

precipitant containing 20% (w/v) PEG 4000, 0.1 M ammonium sulfate and 0.1 M 

Tris-HCl pH 7.5, diffracted to a maximum resolution of 1.70 Å. Using MOSFLM as 

the data processing software, the crystal was assigned to the orthorhombic P212121 

space group.  

The phase of the E315M X-ray diffraction pattern was further determined by 

the molecular replacement method using the crystal structure of chitinase A from S. 

marcescens as a search model (PDB code; 1CTN). The rotation, translation and 

subsequent fitting functions were executed by appropriate software available in the 

CCP4 suite. The final fitting solution performed in the P212121 space group gave an 

R-factor of 47.25%. The number of molecules was determined to be one protein 

monomer (63 kDa) per asymmetric unit, corresponding to a Matthew’s coefficient 

(Matthews, 1968) of 2.27 Å3/Da and a solvent content of 44.4%. The first round of 
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restraint refinement led to a significant decrease of an R-factor to 37.40% and a free 

R-factor to 41.70%. At the second round of refinement, approx. 120 amino acid 

residues were deleted from the model, yielding a decrease of an R-factor to 33.50% 

and a free R-factor to 36.00%. Restraint refinements done in REFMAC were 

thoroughly carried out, followed by iterative cycles of model building in O. At the 

first three cycles of model rebuilding, the six histidine residues tagged at the C-

terminal region were not located in the E315M model because of their labile behavior.  

After three alternating sessions of the model rebuilding and refinement, a new 

map called an omitted (unbiased) map showed an improved map of 2Fo-Fc and a clear 

positive map of Fo-Fc in the active cleft (data not shown). At this point, the six 

histidine residues were built in the model that matched the omitted density. The 

restraint refinement was further employed, giving a slight decrease of the R-factor and 

the free R-factor by 1.40% and 2.00%, respectively. After the sixth round of 

consecutive rebuilding, the C-terminal region starting from residues 598-605 revealed 

a perfect match with the density map and suggested a blockage of the catalytic cleft of 

the inactive E315M mutant by the C-terminal six histidine residues. Renumbering and 

rebuilding residues was done after the seventh round of refinement and the final 

model of the inactive E315M mutant comprised 581 amino acid residues.  

The final round of the refinement was complete with the R-factor and free R-

factor converged to 18.90% and 21.90%, respectively. The R.M.S. deviations of 0.006 

Å for bond distances and of 0.932° for bond angles indicated the correct geometry of 

almost all the residues. The final model gave good fit with the electron density map 

with an average B-factor value of 15.10 Å2 for protein atoms. The refined model 

contained 740 water molecules with an average B-factor of 25.69 Å2. The geometry 
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of the model was well verified by program PROCHECK, which indicated most of the 

residues (91.1%) in the polypeptide chain in the most favored regions, 8.7% in the 

additionally allowed regions and 0.2% in the generously allowed regions. No residues 

lied in disallowed Ramachandran regions.  

 

      2.6.11 Structural determination of inactive E315M-NAG5 complex 

 The crystals of inactive E315M mutant soaked with NAG5 and NAG6 were 

diffracted and the data were processed the same way as described for the E315M 

structure. The diffraction data gave a maximum resolution of 1.72 Å and 1.80 Å, 

respectively. These crystals also contained one monomer per asymmetric unit, which 

corresponded to the same Matthew’s coefficient (VM) of 2.2 Å3/Da. A solvent content 

of 43.2% and 44.1% was calculated for E315M-NAG5 and for E315M-NAG6 

complexes. Although different crystal growth conditions were required for the 

inactive mutant and its two complexes, the crystals were assigned as the same 

orthorhombic P212121 space group.  

For E315M-NAG5 complex, the first rigid body refinement by REFMAC 

yielded an R-factor of 35.10% and a free R-factor of 35.50%. With sugar residues 

being omitted, 2Fo-Fc and Fo-Fc electron density maps obviously showed differences 

between the model and the calculated maps. When four rings of NAG coordinates 

taken from the data bank, 1NH6 (Papanikolau et al., 2001) were rebuilt in the clear 

density, giving an improvement of an R-factor and a free R-factor to 34.60% and 

35.20%. During rebuilding process, the last non-reducing sugar (-3 NAG) was 

missing because of the poor electron density map found in this region. The refined 

structure of inactive E315M complexed with NAG5 showed that the protein comprised 
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567 residues. Upon completion of the refinement, the R-factor and free R-factor had 

converged to 18.80% and 21.50% with the R.M.S. deviations of 0.006 Å and 0.994°, 

indicating an ideal geometry of almost all the residues. The protein atoms exhibited 

good fit with the electron density map with an average B-factor of 14.24 Å2. The 

refined structure contains 665 water molecules with an average B-factor of 24.92 Å2 

and the four sugar residues (from subsites -2 to +2) were modeled with an average B-

factor of 19.82 Å2. The overall geometry of the model was well verified by program 

PROCHECK. Most of the residues (90.9%) in the polypeptide chain were found 

within the most favored regions, 8.9% was found within the additionally allowed 

regions, 0.2% was found within the generously allowed regions and no residues lied 

in disallowed Ramachandran regions.  

 

      2.6.12 Structural determination of inactive E315M-NAG6 complex 

For E315M-NAG6 complex, the first rigid body refinement resulted in an R-

factor of 29.20% and a free R-factor to 30.90%. Subsequent rebuilding and refinement 

were carried out and significantly lowered the R-factor to 25.60% and a free R-factor 

to 27.90%. The omitted maps (2Fo-Fc and Fo-Fc) were generated by excluding the 

coordinates of NAG6 residues from the refinement process. The Fo-Fc omitted map 

that showed obvious differences between the model map and the calculated map 

allowed the sugar coordinates to be located and led to an improvement of an R-factor 

and a free R-factor to 0.70% and 0.20%. The final model of E315M-NAG6 complex 

showed that the protein consists of 567 amino acid residues. Tight restraint refinement 

was performed, yielding a final R-factor and free R-factor converged to 18.10% and 

20.90%, respectively. The R.M.S. deviations of 0.006 Å and of 0.992°, respectively 
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indicated an ideal geometry for almost all the residues. The final model gave good fit 

with the electron density map with an average B-factor value of protein atoms of 

13.74 Å2. All six sugar residues were modeled with an average B-factor of 21.79 Å2. 

The refined model contains 740 water molecules with an average B-factor of 25.42 

Å2. The geometry of the model was validated by PROCHECK with the same values 

of the residues within the most favored regions, the additionally allowed regions and 

the generously allowed regions as for E315M-NAG5 complex and no residues lie in 

disallowed Ramachandran regions.  

Later, a thorough inspection of the refined structure of E315M-NAG6 showed 

that the electron density of the sugar +1 extend to -1 was ambiguous. Therefore, the 

omitted map was further refined with the coordinates of the -4 to +2 NAG residues 

being omitted from the refinement process. This led to a slight increase of R-factor of 

18.90% and free R-factor of 21.70%, (comparing with the final structure of E315M-

NAG6, which gave the R-factor of 18.10% and the free R-factor of 20.90%). The 

sugar conformation obtained from E315M-NAG5 was remodeled and refined 

corresponding to the diffraction data of E315M-NAG6 complex and finally gave an R-

factor of 18.40% and a free R-factor of 21.40%.  

 

      2.6.13 Structural determination of wild-type chitinase A 

 As earlier mentioned in section 1.6, the preliminarily crystallographic analysis 

of the wild-type crystal was studied (Songsiriritthigul et al., 2005). The diffraction 

data provided an initial molecular replacement solution. The later stage of this 

research under the collaboration with Dr. Robert C. Robinson’s guidance (IMCB, 

Singapore), model rebuilding and refinement of such data set were attempted without 
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success, as indicated by the high value of R-factor (42%). Therefore, new conditions 

for crystal growth to obtain single crystals of wild-type chitinase were tried.  

The diffraction data of wild-type chitinase A were processed and gave a 

maximum resolution of 2.0 Å. After autoindexing and integrating the data, the crystal 

was assigned to the triclinic space group P1. The crystal contains two protein 

monomers per asymmetric unit, which corresponded to a matthews coefficient of 2.3 

Å3/Da and a solvent content of 46.9%. The structure of the wild-type enzyme was 

determined by the molecular replacement methods using the crystal structure of 

E315M mutant as the model. The first round of restraint refinement gave an R-factor 

of 29.50% and a free R-factor of 32.00%. For further refinement, noncrystallographic 

symmetry (NCS) restraint was introduced to keep tight restraints of the main-chain 

atoms and the side-chain atoms. By doing so, the obtained electron density map 

appeared to match well with the model of molecule A, with some regions only agreed 

with that of molecule B. For molecule B, the N-terminal region showed substantial 

disagreements between the model map and the electron density map. The 

improvement of the model was done by superimposing molecule A onto molecule B. 

Therefore, the resulting model comprised two copies of molecule A designated as 

molecule A and B. The rigid body refinement allowed the three domains of the two 

molecules, domain 1 (A22-A589), domain 2 (B40-B60) and (B130-B589) and domain 

3 (B22-B39) and (B61-B129) move independently, while keeping tight NCS 

restraints. The restraint refinement lowered the R-factor to 26.50% and a free R-factor 

to 28.80%. For subsequent refinement, tight NCS restraint was still defined, which 

resulted in a slight decrease of the R-factor and the free R-factor to 24.50% and 

26.40%. On the other hand, an R-factor of 22.70% and a free R-factor of 25.00% were 
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obtained when no NCS restraint was tried. This indicated an improvement in both R-

factor and free R-factor by releasing the NCS restraint refinement for the wild-type 

structure. Program ARP/wARP was used to iteratively search for potential water 

molecules. Subsequently, water molecules were manually removed from the model if 

their respective 2Fo-Fc density was less than 0.7 σ. At the end of the refinement, the 

R-factor and free R-factor had converged to 16.80% and 20.50% with the final refined 

structure consisted of 1,134 amino acid residues and 1,091 water molecules. The 

R.M.S. deviations of bond length and angles were calculated to be 0.007 Å and 0.968° 

respectively. The final model gave good fit with the electron density map with an 

average value of atomic temperature factor (B-factor) of 15.15 Å2. The higher B-

factor value of molecule B (15.85 Å2) than that of molecule A (14.45 Å2) suggested 

that molecule B contained more mobility parts than molecule A. The refined model 

reveals water molecules with an average B-factor of 24.46 Å2. The geometry of the 

final model was assessed by PROCHECK with most of the residues (91.4%) in the 

polypeptide chain found within the most favored regions, 8.4% of the residues found 

within the additionally allowed regions, and 0.2% found within the generously 

allowed regions. No residues lied in disallowed Ramachandran regions.  

With all the four structures, only three residues of 590, 591 and 592 could not 

be modeled due to their poor electron density maps. In addition, the C-terminal region 

starting from residues 598 to 605 could only fit in the density of the inactive E315M 

mutant, whilst these residues were too labile to be seen in the structures of wild-type, 

E315M-NAG5 and E315M-NAG6. 

After the final models were constructed, the four enzyme structures were 

compared using program Superpose available in the CCP4 suite. Direct contacts were 
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determined by program Contact in the CCP4 suite. All the structures and electron 

density maps were created and displayed with Pymol (www.pymol.org).    

 

2.7 Biochemical characterization 

      2.7.1 Chitinase activity assay using pNP-(GlcNAc)2  

Chitinase activity was determined in a 96-well microtiter plate. A 100-μl assay 

mixture contained protein sample (10 μl), 1 mM pNP-(GlcNAc)2 (25 μl), and 0.1 M 

sodium acetate buffer, pH 5.0 (65 μl). The reaction mixture was incubated at 37oC for 

10 min with constant agitating, then the enzymatic reaction was terminated by the 

addition of 50 μl 1.0 M Na2CO3. The amount of p-nitrophenol (pNP) released was 

determined spectrophotometrically at 405 nm in a microtiter plate reader (Applied 

Biosystems). The molar quantity of the liberated pNP was calculated from a 

calibration curve constructed with pNP standard varying from 0-30 nmol (see 

Appendix B).  

One unit of chitinase activity is defined as the amount of enzyme, which 

produces 1 µmol of pNP per min at 37oC. 

 

      2.7.2 TLC analysis of the hydrolytic products of wild-type chitinase A and 

     mutants 

Hydrolysis of chitooligosaccharides (G2-G6) by chitinase A and its mutants 

were carried out in a 80-μl reaction mixture, containing 0.1 M sodium acetate buffer, 

pH 5.0, 2.5 mM substrate and 800 ng purified enzyme. Chitooligosaccharides 

hydrolyzed by wild-type chitinase A was incubated at various times of 2, 5, 10, 30, 60 
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min and 18 h (overnight) at 30oC with shaking at 70 rpm. Then, the reaction was 

terminated by boiling for 5 min. For product analysis, each reaction mixture was 

applied five times (one μl each) to a silica TLC plate (7.0 × 10.0 cm), then 

chromatographed three times (1 h each) in a mobile phase containing n-butanol: 

methanol: 28% ammonia solution: H2O (10:8:4:2) (v/v) (modified from Tanaka et al., 

1999), followed by spraying with aniline-diphenylamine reagent and baking at 180oC 

for 3 min. Hydrolysis of chitooligosaccharides by mutants, D392N, W168G, Y171G, 

W275G and W397F were further studied under the same condition with two varied 

time points of 10 min and 1 h. 

Hydrolytic products of wild-type chitinase A against colloidal chitin at various 

time points was studied. A reaction mixture (150 μl) containing 20 mg of colloidal 

chitin suspended in 0.1 M sodium acetate buffer pH 5.0 was incubated with wild-type 

chitinase A (4 μg) at 30oC with shaking at 100 rpm for 2, 5, 10, 30 min, 1 h and 18 h. 

Hydrolysis of colloidal chitin by mutants D392N, D392K, E315M, E315Q, 

D392NE315Q, D392NE315M, D392KE315M, W168G, Y171G, W275G, W397F, 

W570G, a double mutant, a triple mutant, and a quadruple mutant were also 

investigated. A 150 μl-reaction mixture containing 20 mg of colloidal chitin in 0.1 M 

sodium acetate buffer pH 5.0 was incubated with enzyme (80 μg) at 30oC for 18 h. 

The reaction products of all chitinase A mutants were relatively analyzed with that of 

wild-type enzyme. The products were analyzed by TLC under the same condition as 

described for the oligosaccharides.  
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      2.7.3 HPLC analysis of the hydrolytic products of wild-type chitinase A and 

     mutants 

Initially, HPLC was operated on a CARBOSep CHO-411 Oligosaccharide 

column using a CARBOSep CHO-611/C Guard Cartridge (Transgenomic) connected 

to an HP Series 1100 HPLC system (Hewlett Packard). The temperature was set at 

70oC, and the column was eluted with HPLC water at a constant flow rate 0.4 ml/min 

with 205 nm UV detection. Various mobile phases were tried to separate G1-G6 

standard but it was unsuccessful. Finally, HPLC analysis of the hydrolytic products 

was carried out using a Zorbax Carbohydrate Analysis column with a Zorbax NH2 

Guard Cartridge (Agilent Technologies) connected to an HP series 1100 automated 

HPLC system (Hewlett Packard).  

G3-G6 hydrolysis by wild-type chitinase A was investigated using quantitative 

HPLC with the same set of reaction times as described for TLC experiments, whereas 

the hydrolyse of G3-G6 by mutants D392N, W168G, Y171G, W275G and W397F 

were studied under the same condition with 10 min of incubation. For all the variants, 

a reaction mixture (80 μl) containing 2.5 mM G3-G6 in 0.1 M sodium acetate buffer 

pH 5.0 and 800 ng chitinase A, was incubated at 30oC with a constant shaking. After a 

specified period of incubation, the reaction mixture was boiled at 100oC for 5 min, 

then the enzyme was removed from the reaction mixture by a Nanosep membrane 

centrifugal filter (Mr 10 000 cut-off). The reaction mixture was subsequently diluted 

2.5 times with pure HPLC water, then 20 μl of the diluted reaction was analyzed on a 

Zorbax Carbohydrate Analysis column. The column was operated with an HP Series 

1100 HPLC system at 40oC at a constant flow rate of 1.0 ml/min, under an isocratic 

condition using acetonitrile:H2O (65:35, v/v) as a mobile phase (see Appendix A). 
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After four minutes of sample injection, the resultant products were eluted under a run 

time set to 20 min with sugar peaks detected at A205. The peak areas of the resolved 

sugars were then converted to nmol quantities using the standard calibration curve 

constructed individually from G1-G6 (see Appendix B). Twenty microliters of a 

standard mixture G1-G6 (1-25 nmol) were resolved under the same condition. The 

estimated values represent mean values from the three separate datasets, using the 

reactions containing sugars without enzyme as a reaction control. 

Hydrolytic products obtained from colloidal chitin hydrolysis by wild-type 

were analyzed by HPLC following the same protocol as described for G3-G6 

hydrolysis, with the reaction mixture diluted two times before HPLC injection. 
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CHAPTER III 

RESULTS 

 

3.1 Structural determination  

      3.1.1 Optimization of recombinant chitinase A expression from E. coli M15 

    cells  

The DNA fragment that encodes wild-type chitinase A (amino acid residues 

22-597, without the 598-850 C-terminal fragment) was cloned into the pQE60 

expression vector and highly expressed in E. coli M15 cells as the 576-amino acid 

fragment with a C-terminal (His)6 sequence (Suginta et al., 2004). To achieve a high 

level of expression of soluble chitinase, IPTG concentrations, temperatures and times 

required for chitinase induction were determined. When the cells were grown at 37oC 

to an OD600 of about 1.0, then the chitinase expression was induced by the addition of 

varied concentrations of IPTG (0-2 mM) at 25°C for 8 h. The induced cells were 

harvested, lysed and analyzed by SDS-PAGE. The concentration of 0.5 mM IPTG 

was found to produce highest level of soluble enzyme. Further optimization was 

carried out at a fix concentration of 0.5 mM IPTG for 8 h with various temperatures 

(20oC, 25oC, 30oC and 37oC). SDS-PAGE analysis of total proteins obtained in cell 

pellet and crude supernatant displayed highest amount of the soluble protein with an 

induction temperature of 25oC. For further optimization, chitinase induction was 

performed at 25oC with 0.5 mM IPTG concentration. The expression level of 

chitinase was tested at various induction times (0, 2, 5, 8 and 18 h). SDS-PAGE 
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analysis showed no protein band of expected size (63 kDa) at 0 h of incubation. 

However, this band gradually appeared when the time of induction increased from 2 

to 18 h (overnight). For the convenience of experimental handling, an overnight 

incubation was chosen for chitinase expression. 

In conclusion, the expression level of the soluble chitinase was dependent on 

IPTG concentration, temperature and time course, with the optimal condition 

established with 0.5 mM IPTG concentration at 25°C for 18 h. This condition was 

further used for obtaining the high-level expression of all the chitinase variants for 

functional and structural studies.  

 

      3.1.2 Purification of the recombinant chitinase A  

            3.1.2.1 A small scale purification of the recombinant chitinase A using Ni-

  NTA agarose affinity chromatography 

The recombinant chitinase A was expressed in E. coli M15 cells under the 

optimized condition as mentioned earlier. Crude supernatant was prepared, then 

further purified by Ni-NTA agarose affinity chromatography using a modified 

Qiagen’s protocol (http:///www1.qiagen.com/literature/handbooks/INT/ProteinPurifi- 

ation.aspx). Briefly, the Ni-NTA slurry was transferred to a microcentrifuge tube, 

equilibrated, and washed by centrifugation. To prevent non-specific binding, different 

concentrations of imidazole (5, 10, 15 and 20 mM) were tested as a single step wash 

protocol before the bound protein was eluted with 250 mM imidazole. The 

purification profiles of chitinase A obtained from Ni-NTA chromatography after 

being washed with the specified concentrations of imidazole were compared (data not 

shown). As judged by SDS-PAGE, the imidazole concentrations of 10-20 mM used in 
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the washing step remove unwanted protein bands, yielding a major band of chitinase 

A.  

 

            3.1.2.2 A large scale purification of the recombinant chitinase A for   

  functional studies 

Since a relatively high concentration of a highly purified protein (10 mg/ml) is 

generally required for crystallization experiments, one litre of the bacterial culture 

was set up as described in section 2.4.2 and 2.4.3. The results obtained from the small 

scale purification with the single step protocol still displayed nonspecific binding of a 

97 kDa protein. To improve the purity of the eluted protein, a two-step wash (5 mM, 

followed by 20 mM imidazole) was applied prior to elution with 250 mM imidazole.  

 
 

 

 

 

 
Figure 3.1 A large scale purification of the recombinant chitinase A using Ni-NTA 

affinity chromatography with the two-step wash protocol. 

Cell pellet and crude supernatant were prepared as described in Sections 2.4.2 and 

2.4.3. Lanes: Std, low molecular weight protein markers; 1, cells induced with 0.5 

mM IPTG; 2, crude supernatant; 3, flow through; 4, 5 mM imidazole wash fraction; 5, 

20 mM imidazole wash fraction; 6, the first fraction eluted with 250 mM imidazole; 7, 

the second fraction eluted with 250 mM imidazole. 
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 Figure 3.1 demonstrates an improvement of the purity of the 63 kDa band 

when the two-step wash protocol was applied. The overall yield obtained from one 

litre of bacterial culture was approx. 15 mg of the purified chitinase A. For further 

purification, the eluted protein obtained from the first fraction (lane 6) was 

concentrated and subjected to gel filtration chromatography. 

A purification of other chitinase variants (D392N, D392K, E315Q, E315M, 

D392NE315Q, D392NE315M, D392KE315M, W168G, Y171G, W275G, W397F, 

W570G, a double mutant (W397F/W570G), a triple mutant (W397F/W570G/W275G) 

and a quadruple mutant (W397F/W570G/W275G/Y171G) were also carried out using 

Ni-affinity chromatography with a two-step wash without additional purification by 

gel filtration chromatography with similar yields of approximately 10-15 mg of highly 

purified protein per liter of bacterial culture. 

 

      3.1.3 A complete purification of the recombinant chitinase A for   

    crystallization studies 

 For initial crystallization set up, the first eluted fraction obtained from the Ni-

NTA affinity step was concentrated using Vivaspin-20 ultrafiltration membrane 

concentrator, and then further purified using a Superdex 200 10/300 GL connected 

with an ÄKTA purifier system (see Protocol I, section 2.4.5.1). The running buffer 

was 20 mM Tris-HCl buffer pH 8.0, containing 150 mM NaCl. A flow rate of 0.25 

ml/min was maintained and 0.5 ml fractions were collected and assayed for chitinase 

activity. 
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Figure 3.2 An elution profile of the recombinant wild-type chitinase A obtained from 

an ÄKTA purifier system with a Superdex 200 10/300 GL gel filtration column. 

The protein sample obtained from the Ni-affinity step was applied on to Superdex 200 

10/300 GL gel filtration column under the condition given in Section 2.4.5.1. Lanes: 

Std, low molecular weight protein markers; 1, the eluted fraction with 250 mM 

imidazole from Ni-NTA affinity column; 2-8, the eluted fractions 24, 25, 26, 27, 28, 

29 and 30 from Superdex 200 10/300 GL gel filtration column, respectively.  

 

Figure 3.2 shows an elution profile of the protein fractions eluted from 

Superdex 200 10/300 GL gel filtration column. As seen on SDS-PAGE gel, a major 

band of 63 kDa was observed in fractions 27-30. These eluted fractions were then 

pooled and concentrated. The purity of the protein obtained from this step was found 

to be sufficient for crystallization purpose.  

Chitinase activity of the eluted fractions was also determined by colorimetric 

assay using pNP-GlcNAc2 as the substrate. A summary of the complete purification 

procedure is described in Table 3.1. 
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Table 3.1 A complete purification of the recombinant wild-type chitinase A  

Purification 
step 

Total 
protein 

(mg) 

Total activity 

(Unitsa) 

Specific 

activity 

(U mg-1) 

Purification 

fold 

Activity 
yield 

(%) 

Crude 
supernatant 

102.4 11.3 0.11 1 100 

Ni-affinity 14.3 7.54 0.53 4.8 66.8 

Superdex 200 
10/300 GL 

7.3 4.1 0.57 5.2 36.6 

a The release of p-nitrophenol was recorded at 405 nm. One unit of chitinase activity 

is defined as the amount of enzyme that produces 1 µmol of p-nitrophenol per min at 

37°C. 

 

Table 3.1 shows that the purification fold of the recombinant wild-type 

chitinase A increased to 4.8 after Ni-affinity chromatography with the activity yield of 

66.8%. After gel filtration chromatography, the purity of the enzyme increased to 5.2 

fold with the overall yield of 36.6%. From one litre of bacterial culture, 7.3 mg of the 

purified chitinase A was obtained. 

In collaboration with Dr. Robert C. Robinson, the Institute of Molecular and 

Cell Biology (IMCB), Singapore, crystallization experiments of both wild-type and 

inactive mutant E315M chitinase A were carried out based on the initial screening 

trial done at SUT. To obtain a large scale production of the enzymes, one litre of 

bacterial culture was grown, and crude enzyme was then purified using the modified 

protocol of the two-step wash Ni-affinity chromatography, followed by two HisTrap 

HP 1-ml columns connected in series with an ÄKTA purifier system (see Protocol II, 

section 2.4.5.2). The Ni-affinity columns were first washed with 20 ml of 5 mM 

imidazole, then an additional wash with 10 ml of 20 mM imidazole. The fractions 
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eluted with 250 mM imidazole were pooled, concentrated, and then applied on a 

Hiload 16/60 Superdex 200 prep grade gel filtration column. Figure 3.3 shows an 

elution profile obtained from a Hiload 16/60 Superdex 200 prep grade gel filtration 

column. SDS-PAGE analysis indicates a major band of the 63 kDa protein in the A280-

containing fractions, suggesting the high purity of the enzyme. The enzyme obtained 

from this step was used for crystallization experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 An elution profile of the recombinant wild-type chitinase A obtained from 

an ÄKTA purifier system with a Hiload 16/60 Superdex 200 prep grade gel filtration 

column.  

Cell pellet and crude supernatant were prepared as described in Section 2.4.2 and 

2.4.3. Lanes: Std, low molecular weight of protein markers; 1, cells induced with 0.5 

mM IPTG; 2, crude supernatant; 3, the pooled fraction eluted with 250 mM imidazole 

by HisTrap HP 1-ml columns; 4-9, the A280-containing fractions obtained from a 

Hiload 16/60 Superdex 200 prep grade column. 
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 Expression and purification of E315M mutant was carried out following the 

purification protocol of the wild-type enzyme with a similar yield of approximately 8 

mg per litre of bacterial culture.  

 

      3.1.4 Circular Dichroism (CD) spectroscopy  

Circular dichroism was employed to investigate the folding states of the E. 

coli expressed enzymes. CD measurements of the highly purified variants were 

carried out as mentioned in section 2.4.8. The CD spectra of the mutated proteins 

were compared with that of the wild-type chitinase. 

Figure 3.4 shows the CD spectra of the chitinase variants acquired from the 

wavelength scan between 250 and 190 nm. The overall characteristic of the spectra of 

the mutated proteins were similar to the spectrum of the native chitinase. This gives 

an indication that mutations of the studied amino acid residues did not affect the 

overall structure of the enzymes. The spectra exhibited the minimum absorbance at 

220 and 208 nm implied that the protein contained a mixture of α-helices and β-

sheets. This spectral characteristic was expected for a (β/α)8-barrel containing enzyme 

(Davies and Henrissat, 1995). 
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Figure 3.4 Determination of the folding states of chitinase A and its mutants. 

A) The CD spectra of wild-type, Glu315 and Asp392 mutants; B) The CD spectra of 

wild-type and its active-site aromatic side chain mutants. The enzymes were prepared 

by a single-step purification using Ni-NTA agarose affinity chromatography, then 

dialyzed extensively to remove imidazole. The proteins were solubilized in 20 mM 

Tris-HCl buffer pH 8.0 to final concentrations of 0.40 to 1.40 mg/ml. The CD spectra 

of chitinase proteins were obtained with a Jasco J-715 spectropolarimeter. A buffer 

solution containing 20 mM Tris-HCl pH 8.0 was used for background subtraction.  
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Figure 3.4 Determination of the folding states of chitinase A and its mutants. 

A) The CD spectra of wild-type, Glu315 and Asp392 mutants; B) The CD spectra of 

wild-type and its active-site aromatic side chain mutants. The enzymes were prepared 

by a single-step purification using Ni-NTA agarose affinity chromatography, then 

dialyzed extensively to remove imidazole. The proteins were solubilized in 20 mM 

Tris-HCl buffer pH 8.0 to final concentrations of 0.40 to 1.40 mg/ml. The CD spectra 

of chitinase proteins were obtained with a Jasco J-715 spectropolarimeter. A buffer 

solution containing 20 mM Tris-HCl pH 8.0 was used for background subtraction.  
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      3.1.5 Sequence comparison and modeled structural topology 

The cDNA encoded a Mr 95 kDa chitinase A precursor was previously isolated 

from a marine bacterium V. carchariae (Suginta et al., 2004). MALDI-TOF 

measurement of the isolated chitinase A yielded a peak of Mr 63 kDa, indicating that 

the mature enzyme was proteolytic cleaved, most likely at the C-terminus with the 

cleavage site predicted to be between Arg597 and Lys598. 

The deduced amino acid sequence of a full-length V. carchariae chitinase A 

was compared with other bacterial chitinase sequences. The putative chitinase A 

showed highest identity with ChiA from V. parahaemolyticus (94%), followed by 

ChiA from S. liquefaciens (48%), ChiA from Alteromonas sp. (47%) and ChiA from 

Enterobacter sp. (47%), ChiA from S. marcescens (47%), and ChiA from Pantoea 

agglomerans (44%). On the other hand, V. carchariae chitinase A aligned with 

chitinase A1 from B. circulans with low identity (18%).  

Figure 3.5 shows the amino acid sequence comparison of V. carchariae 

chitinaseA with three selected sequences from Alteromonas sp ChiA, P. agglomerans 

ChiA and S. marcescens ChiA.  

 

 

 

 

 

 

 



 

 

68

Figure 3.5 An amino acid sequence alignment of V. carchariae chitinase A with other 

bacterial chitinase A sequences. 

Completely conserved regions are shaded in black and the catalytic residues in grey. 

The amino acid residues that are suggested to form three cis peptide bonds or to 

provide hydrophobic environments in the active site of S. marcescens ChiA are 

indicated (asterisks). Key: Vcar_ChiA: chitinase A from V. carchariae (harveyi) 

(Q9AMP1); Alte_ChiA: ChiA from Alteromonas sp. strain O-7 (P32823); 

Pagg_ChiA: ChiA from Pantoea (Enterobacter) agglomerans (P97034); and 

Smar_ChiA: ChiA from S. marcescens (P07254, Q54275). : β-strand; : α-

helix.
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The predicted secondary structure of V. carchariae chitinase A using S. 

marcescens ChiA as a template indicated that the polypeptide comprises the N-

terminal domain connected with a small hinge region, a typical (α/β)8-TIM barrel 

catalytic domain, and a small α+β insertion domain. As shown in the sequence 

comparison, the catalytic domain of all the bacterial chitinases A is found to be 

extensively identical, with two completely conserved motifs SxGG and DxxDxDxE 

located at strand β3 and at the end of strand β4, respectively. These motifs are found 

in all family 18 chitinases (Davies and Henrissat 1995). The glutamic acid (Glu315) at 

the end of the DxxDxDxE motif is identified as the most important residue in the 

catalysis. Amino acid residues that are suggested to form three cis peptide bonds 

(equivalent to residues Gly191-Phe192, Glu315-Phe316, and Trp570-Glu571) or to 

provide hydrophobic environments (equivalent to residues Phe192, Trp275, Phe316, 

and Met389) in the active site of V. carchariae ChiA are also completely conserved in 

all the aligned sequences.  

It is noticeable that the C-terminal proteolytic fragment in the sequence of full-

length of V. carchariae chitinase A is predicted to be cleaved off to generate the 

active 63-kDa enzyme with the proteolytic site located between Arg597 and Lys598. 

The prediction of the proteolytic cleavage site corresponds well with the molecular 

weight (62,698 Da) of the native chitinase as determined by MALDI-TOF mass 

spectrometry (Suginta et al., 2004). 

 

      3.1.6 Crystallization of inactive mutant E315M chitinase A  

Initial screening experiments for crystallization of wild-type enzyme and 

E315M mutant were carried out in parallel. However, the crystals of E315M mutant 



 

 

70

were obtained earlier. Therefore, further screening to obtain high quality crystal will 

be described first with E315M mutant.  

Initial crystallization of E315M mutant was screened by the Screenmaker 

96+8™ located at IMCB, Singapore (see Method 2.6.1). A protein concentration of 

20 mg/ml was freshly prepared in 10 mM Tris-HCl buffer pH 8.0. Initial microbatch 

crystallization experiments were carried out by the sitting drop technique with Crystal 

Screen HT, SaltRx HT, JB Screen HTS I and HTS II. Positive conditions, which 

produced crystalline samples, were obtained in many conditions as summarized in 

Table 3.2.  
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Table 3.2 A summary of positive conditions obtained from the commercial screening kits for crystallization of E315M. 

 

Commercial 
screening kit 

Condition Precipitant composition Temperature (oC) Days of 
incubation 

Crystal 
morphology 

Crystal Screen HT 

(Hampton 

C2 

 

30% (w/v) MPD, 0.2 M ammonium acetate, 

0.1 M tri-sodium citrate dihydrate pH 4.0 

15 

 

6 

 

Needle cluster 

 

SaltRx HT 

(Hampton 

Research) 

 

H3 

 

H5 

 

0.6 M potassium sodium tartrate tetrahydrate, 

0.1 M Tris pH 8.5 

0.5 M potassium thiocyanate, 

0.1 M sodium acetate pH 4.6 

22 

 

22 

 

4 

 

4 

 

Needle cluster 

 

Needle cluster 

 

JB Screen HTS I 

(Jena Bioscience 

GmbH) 

 

 

B11 

 

D10 

E3 

 

10%(w/v) PEG 4000, 0.2 M magnesium chloride, 

0.1 M MES sodium salt pH 6.5 

20%(w/v) PEG 4000, 0.2 M ammonium sulfate 

22%(w/v) PEG 4000, 0.2 M ammonium sulfate, 

0.1 M sodium acetate 

15 

 

15 

15 

 

6 

 

6 

6 

 

Rod cluster a 

 

Plate a 

Needle cluster 

 

JB Screen HTS II 

(Jena Bioscience 

GmbH) 

A9 

 

D2 

2%(w/v) PEG 1000, 1.6 M ammonium sulfate, 

0.1 M HEPES sodium salt pH 7.5 

47%(w/v) MPD, 2%(w/v) tert-butanol  

4 

 

15 

6 

 

5 

Needle cluster 

 

Needle cluster 

a The conditions used for further optimization. 
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 Of all the conditions tested, only conditions B11 and D10 from JBScreen HTS 

I gave rod cluster and plate types of crystals and were used for further screening by 

the hanging drop vapor diffusion method. For further optimization, two major 

parameters were considered simultaneously and were refined as two-dimensional (2D) 

optimization or “grid screening” (Table 3.3). For condition D10 optimization, 

concentrations of PEG 4000 and ammonium sulfate were varied in the hanging drop 

trays. It was found that the effective concentrations of PEG 4000 were in a range of 6-

20%. Ammonium sulfate concentrations were varied with 0.05 M increment (0 M to 

0.1 M). In addition, a grid screen of PEG 4000 and ammonium sulfate concentrations 

(Table 3.3A) was performed with a discrete range of pH from 5.0 to 8.0. With all the 

conditions used, crystals appeared in 20% PEG 4000, 0.1 M ammonium sulfate in 0.1 

M Tris-HCl pH 7.5 and pH 8.0 (not shown) and these two conditions were further 

refined (as shown in Table 3.3B), in which a combination of PEG 4000 and 

ammonium sulfate was tried under 0.1 M Tris-HCl pH 7.5 or pH 8.0. 
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Table 3.3 A grid screening of PEG 4000, ammonium sulfate concentrations and 

various pH for crystallization of E315M chitinase A. 

A A coarse screening under 4 different pH values a obtained from condition D10.  

 

 

 

 

 

 

 

a 0.1 M sodium acetate pH 5.0, 0.1 M HEPES pH 7.0, 0.1 M Tris-HCl pH 7.5 and 0.1 M Tris-

HCl pH 8.0. 
b The condition used for a refined screening.  

B A refined screening of the condition containing 20% (w/v) PEG 4000, 0.1 M 

ammonium sulfate obtained from Table 3.3A under two pH values c.  

 

c 0.1 M Tris-HCl pH 7.5 and 0.1 M Tris-HCl pH 8.0  
d The condition produced single crystals.  

Concentration of ammonium sulfate (M) %PEG 4000 

(w/v) 0 0.05 0.1 

6% 6% 6% 6 

0 M 0.05 M 0.1 M 
10% 10% 10% 10 

0 M 0.05 M 0.1 M 
14% 14% 14% 14 

0 M 0.05 M 0.1 M 
20 20% 20% 20% b 

          0 M                 0.05 M               0.1 M 

%PEG 4000 (w/v) 
Concentration of 

ammonium sulfate 

(M) 12 14 16 18 20 22 

12% 14% 16% 18% 20% 22% 0.05 

0.05 M 0.05 M 0.05 M 0.05 M 0.05 M 0.05 M 
12% 14% 16% 18% 20% 22% 0.08 

0.08 M 0.08 M 0.08 M 0.08 M 0.08 M 0.08 M 
12% 14% 16% 18% 20%  d 22% 0.10 

0.10 M 0.10 M 0.10 M 0.10 M 0.10 M 0.10 M 
0.13 12% 14% 16% 18% 20% 22% 

  0.13 M     0.13 M    0.13 M    0.13 M     0.13 M    0.13 M 
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From the two sets of screening experiment, the best condition in which single 

crystals were observed was 20% (w/v) PEG 4000 and 0.1 M ammonium sulfate in 0.1 

M Tris-HCl pH 7.5 as shown in Figure 3.6A. An average size of the crystal obtained 

at Day 6 at 15oC was measured as 100 × 30 × 50 µm3. A single crystal of E315M was 

then transferred to a cryoprotectant composed of a reservoir solution with 10% 

glycerol, then subjected to X-ray diffraction analysis. The diffraction data was 

collected by a Rikagu/MSC FR-E SuperBright X-ray generator equipped with R-

AXIS IV++ imaging plate area detector located at IMCB, Singapore (see Methods 

2.6.5). After completing data collection, the crystal was transferred from the cryoloop, 

dissolved in gel loading buffer, and then analyzed on SDS-PAGE (Figure 3.6B). 

Another positive condition was also found in the grid screen of PEG 4000 and 

ammonium sulfate concentration with a pH of 7.5. The E315M protein was 

crystallized as thin needles in the condition of 18% (w/v) PEG 4000, 0.13 M 

ammonium sulfate and 22% (w/v) PEG 4000, 0.08 M ammonium sulfate.  
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           A                  B 

 

 

 

 

 

Figure 3.6 Crystallization of E315M inactive mutant. 

(A) A crystal of inactive mutant E315M chitinase A obtained from the hanging drop 

technique using 20% (w/v) PEG 4000, 0.1 M ammonium sulfate and 0.1 M Tris-HCl 

pH 7.50. (B) The diffracted crystal was analyzed by SDS-PAGE. Lanes; Std, low 

molecular weight protein markers; 1, a diffracted crystal of E315M obtained from 

(A). 

 

The data analysis processed by MOSFLM gave a representative diffraction 

image with orthorhombic space group, and the crystal diffracted to 1.70 Å resolution 

(Figure 3.7).  

 

 

 

 

 

Figure 3.7 A diffraction image of mutant E315M diffracted to 1.70 Å resolution.  
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The crystal-to-detector distance was set to 150 mm, with all frames collected 

at 100 K and the exposed time of 0.5 min per image. Total diffraction images 

collected were 515 images with a width of 0.5° per image. The processed data 

suggested that the crystals belong to space group P212121 with cell parameters a = 

63.96 Å (1 Å = 0.1 nm), b = 83.11 Å and c = 106.98 Å (Table 3.8).  

This data led to the structural determination of E315M by the molecular 

replacement method based on the crystallographic data of chitinase A from S. 

marcescens (PDB code; 1CTN). S. marcescens chitinase A comprises 540 amino 

acids and exhibits a molecular weight of 58.7 kDa (Perrakis et al., 1994), which is 

similar to the size of V. carchariae chitinase A. The two enzymes share 47% sequence 

identity (Results 3.1.5), and the 3D-structure modeling suggested that V. carchariae 

chitinase A has a similar fold with S. marcescens chitinase A (Suginta et al., 2007).  

 

      3.1.7 Crystallization of E315M-NAG5 and E315M-NAG6 complexes 

In the case of the inactive mutant complexed with chitooligosaccharides, 

various soaking experiments were tried. Initially, the X-ray quality crystals of E315M 

mutant obtained under 20% (w/v) PEG 4000, 0.1 M ammonium sulfate and 0.1 M 

Tris-HCl pH 7.5 using the hanging drop method were further transferred to a mother 

liquor containing a series of 5 mM and 10 mM NAG5 or NAG6 in the cryoprotectant 

solution [22% (w/v) PEG 4000, 10% glycerol, 0.1 M ammonium sulfate in 0.1 M 

Tris-HCl pH 7.5]. Under this condition, the crystals were successfully soaked for only 

1 day, then damaged after 2 days of soaking time. 

Therefore, different conditions of crystal growth were tested to improve the 

stability of the crystals. Condition B11 from JBScreen HTS II (see Table 3.4) was 
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then selected for further optimization using the hanging drop method with various 

concentrations of precipitants PEG 4000 and magnesium chloride in 0.1 M HEPES 

pH 7.0. A protein concentration of 10 mg/ml was prepared in 10 mM Tris-HCl buffer 

pH 8.0. A coarse optimization was performed by varying concentrations of PEG 4000 

(2-20%) and magnesium chloride (0-0.2 M). A grid screening with varied PEG 4000 

and magnesium chloride concentrations is shown in Table 3.4. 
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Table 3.4 A grid screening of PEG 4000 and ammonium sulfate concentrations for 

crystallization of E315M-NAG5/NAG6 complexes. 

A A coarse screening obtained from condition B11. 

 
a The condition used for a refined screening. 

B A refined screening of the condition 14% (w/v) PEG 4000, 0.1 M ammonium 

sulfate in 0.1 M HEPES pH 7.0 obtained from Table 3.4A.  

 
b The condition produced single crystals.  

%PEG 4000 (w/v) Concentration of 

magnesium chloride 

(M) 2 6 8 10 14 20 

0 M 0 M 0 M 0 M 0 M 0 M 0.0 

2% 6% 8% 10% 14% 20% 
0.05 M 0.05 M 0.05 M 0.05 M 0.05 M 0.05 M 0.05 

2% 6% 8% 10% 14% 20% 
0.1 M 0.1 M 0.1 M 0.1 M 0.1 M a 0.1 M 0.1 

2% 6% 8% 10% 14% 20% 
0.2 0.2 M 0.2 M 0.2 M 0.2 M 0.2 M 0.2 M 

   2%          6%           8%         10%        14%         20%     

Concentration of magnesium chloride (M) 
%PEG 4000 (w/v) 

0.05 0.08 0.1 0.16 0.2 0.24 

12% 12% 12% 12% 12% 12% 12 

0.05 M 0.08 M 0.1 M 0.16 M 0.2 M 0.24 M 
14% 14% 14% 14% 14% 14% 14 

0.05 M 0.08 M 0.1 M 0.16 M 0.2 M 0.24 M 
16% 16% 16% b 16% 16% 16% 16 

0.05 M 0.08 M 0.1 M 0.16 M 0.2 M 0.24 M 
18 18% 18% 18% 18% 18% 18% 

  0.05 M     0.08 M     0.1 M     0.16 M      0.2 M     0.24 M 
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Of all the conditions tested (Table 3.4A), small single crystals were obtained 

from 14% (w/v) PEG 4000, 0.1 M magnesium chloride in 0.1 M HEPES pH 7.0 

within 10 days. Therefore, this condition was further refined under HEPES buffer pH 

7.0 using the hanging drop method. The refined grid screening of PEG 4000 and 

magnesium chloride concentrations is shown in Table 3.4B. High quality crystals for 

E315M mutant was observed within 12 days at 15oC in the condition containing 16% 

(w/v) PEG 4000, 0.1 M magnesium chloride in 0.1 M HEPES pH 7.0. Another 

condition of 14% (w/v) PEG 4000, 0.08 M magnesium chloride in 0.1 M HEPES pH 

7.0 also gave single crystals, but with smaller sizes. The average size of the crystals 

obtained from the best condition was 50 × 30 × 15 µm3 as shown in Figure 3.8.  

 

 

 

 

 

 

 

 

 

Figure 3.8 Crystals of inactive E315M mutant in the absence of substrate. 

The crystals of inactive E315M mutant were obtained from the hanging drop 

technique using 16% (w/v) PEG 4000, 0.1 M magnesium chloride and 0.1 M HEPES 

pH 7.0. 
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Therefore, the crystals obtained under the condition consisting 16% (w/v) 

PEG 4000, 0.1 M magnesium chloride in 0.1 M HEPES pH 7.0 was chosen for 

soaking experiments. The inactive mutant crystals were transferred to the 

cryoprotectant solutions [20% (w/v) PEG 4000, 10% (v/v) glycerol, 0.1 M 

magnesium chloride in 0.1 M HEPES pH 7.0] containing 5 mM and 10 mM NAG5 or 

NAG6. The crystals were successfully soaked after 2 days at 15oC at both 

concentrations of the substrates.  

For X-ray data collection of E315M-complex crystals, two single crystals were 

picked directly from the hanging drop without any cryoprotectant solution since 10% 

glycerol present in the precipitant solution already served as a cryoprotectant. The 

diffraction X-ray data were collected by the same X-ray generator with crystal-to-

detector distance set to 120 mm and all frames collected at 100 K for both data set to 

Diffraction of 360 and 430 images with a width of 0.5o per image for NAG5 and 

NAG6 were collected. The processed data revealed that the crystals belong to space 

group P212121 with cell parameters a = 63.96 Å, b = 83.11 Å and c = 106.98 Å for 

E315M-NAG5 complex and a = 63.70 Å, b = 83.32 Å and c = 106.56 Å for E315M-

NAG6 complex (Table 3.8). The structure was subsequently determined by the rigid 

body refinement using the crystal structure of inactive E315M mutant as the structural 

model as described in Methods 2.6.11 and 2.6.12. 

 

      3.1.8 Crystallization of wild-type chitinase A  

The purified chitinase A (20 mg/ml) was kept in the storage buffer (20 mM 

Tris-HCl buffer pH 8.0 and 150 mM NaCl) at 4oC before crystallization setup. The 

buffer was later exchanged to 10 mM Tris-HCl buffer pH 8.0 in order to effectively 
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maintain the lowest possible ionic strength of the protein solution (Papanikolau and 

Petratos, 2002). The crystallization experiments were carried out by the microbatch 

method using commercially available screening kits; Crystal Screen HT, JB Screen 

HTS I and HTS II (see Methods 2.6.1). Under all the tested solutions, a number of 

positive conditions that produced micro crystals were obtained as summarized in 

Table 3.5. The hanging drop, sitting drop vapor diffusion, microseeding and 

macroseeding techniques were tried for all the conditions listed in Table 3.5.  
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Table 3.5 A summary of positive conditions obtained from the commercial screening kits for crystallization of wild-type. 

 

Commercial 
screening kit 

Condition Precipitant composition Temperature (oC) Days of 
incubation 

Crystal 
morphology 

Crystal Screen HT 
(Hampton Research) 

B10 
 

30%(w/v) PEG 4000, 0.2 M sodium acetate, 
0.1 M Tris-HCl pH 8.5 

15 
 

5 
 

Rod cluster a 
 

JB Screen HTS I 
(Jena Bioscience 
GmbH) 
 

C10 
 

D9 
 

D10 
E2 

 
E3 

 

30%(w/v) PEG 4000, 0.1 M magnesium chloride, 
0.1 M sodium acetate pH 4.6 
16%(w/v) PEG 4000, 10%(w/v) 2-propanol, 
0.1 M HEPES sodium salt pH 7.5 
20%(w/v) PEG 4000, 0.2 M ammonium sulfate 
22%(w/v) PEG 4000, 10%(w/v) 2-propanol, 
0.1 M HEPES sodium salt pH 7.5 
22%(w/v) PEG 4000, 0.2 M ammonium sulfate, 
0.1 M sodium acetate 

15 
 

4 
 

15 
22 

 
15 

 

2 
 

4 
 

4 
4 
 

5 
 

Needle cluster 
 

Needle cluster 
 

Needle cluster 
Needle cluster 

 
Needle cluster 

 

JB Screen HTS II 
(Jena Bioscience 
GmbH) 

A4 

A9 

 

B1 

 
C6 

1 M ammonium sulfate, 0.1 M Tris-HCl pH 8.5 

2%(w/v) PEG 1000, 1.6 M ammonium sulfate, 

0.1 M HEPES sodium salt pH 7.5 

5%(v/v) PEG 400, 2 M ammonium sulfate, 

0.1 M MES sodium salt pH 6.5 

30%(w/v) MPD, 0.2 M ammonium acetate,

15, 22 

4 

 

15 

22 

15

1 

21 

 

8 

4 

8

 Needle cluster a 
Plate 

 

Plate 

Needle cluster 

Needle cluster 

a The conditions used for further optimization. 
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With all the conditions tested, condition B10 from Crystal Screen HT [30% 

(w/v) PEG 4000, 0.2 M sodium acetate trihydrate and 0.1 M Tris-HCl pH 8.5] 

provided starting crystals that could be further optimized by the hanging drop, sitting 

drop or microseeding techniques at 15oC. For each of the 2D grid screening, two 

major factors were optimized simultaneously. Concentrations of PEG 4000 and pH 

values were screened, while fixing 0.1 M sodium acetate trihydrate as shown in Table 

3.6. 
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Table 3.6 A grid screening of PEG 4000 concentrations and various pHa for 

crystallization of wild-type chitinase A. 

A A coarse screening under 4 different pH values a obtained from condition B10.   
 

 

 

 

 

 

 

 

B Another coarse screening under 4 different pH values a obtained from condition B10 

(continued).  

 

 

 

 

 

 

 

 

 

 
 

 

a 0.1 M Tris-HCl pH 7.5, 0.1 M Tris-HCl pH 8.0, 0.1 M Tris-HCl pH 8.5 and 0.1 M Tris-HCl 
pH 9.0. 
b The condition produced crystals. 

 pH a %PEG 4000 

(w/v) 7.5 8.0 8.5 9.0 

14% 14% 14% 14% 14 

7.5 8.0 8.5 9.0 
16% 16% 16% 16% 16 

7.5 8.0 8.5 9.0 
18% 18% 18% 18% 18 

7.5 8.0 8.5 9.0 

20 20% 20% 20% 20% 

                             7.5         8.0         8.5         9.0      

  pH a %PEG 4000 

(w/v) 7.5 8.0 8.5 9.0 

22% 22% 22% 22% 22 

7.5 8.0 8.5 9.0 
26% 26% 26% 26% b 26 

7.5 8.0 8.5 9.0 
30% 30% 30% 30% 30 

7.5 8.0 8.5 9.0 
34 34% 34% 34% 34% 

                             7.5         8.0         8.5         9.0 
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Under the condition comprising 26% (w/v) PEG 4000, 0.1 M sodium acetate 

and 0.1 M Tris-HCl pH 9.0, single crystals were found in the hanging drop well after 

7 days of incubation at 15oC. A well-formed crystal was picked, flash-cooled in 

liquid-nitrogen stream using a cryoprotectant solution [26% (w/v) PEG 4000, 10% 

(v/v) glycerol, 0.1 M sodium acetate, 0.1 M Tris-HCl pH 9.0], and subjected to the 

same X-ray generator. A diffraction image of the wild-type crystal diffracted to 2.36 

Å resolution. The crystal-to-detector distance was set to 190 mm, with exposure time 

of 1 min per image. After autoindexing and integrating some of the diffraction data, 

the crystal was assigned to the triclinic space group P1. However, due to the twinning 

problem that arose from so many layers of crystals, the data set obtained from this 

condition could not be further processed.  

To obtain other crystal growth conditions, all the conditions listed from the 

commercial screening kits (Table 3.5) were re-screened with various types of PEG, 

salts, buffers and a wide range of pH. All the optimized conditions tested from those 

commercially available screen kits failed to generate X-ray quality crystals for 

structural analysis, except for condition A4 from JB Screen HTS II [1 M ammonium 

sulfate and 0.1 M Tris-HCl pH 8.5]. Therefore, this condition was further optimized 

under a pH range of 6.5-9.0 and different concentrations of 0.8-1.4 M ammonium 

sulfate at varied temperatures of 4oC, 15oC and 22oC (Table 3.7).  

 

 

 

 

Table 3.7 A coarse screening of condition A4 for crystallization of wild-type 

chitinase A. 
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a 0.1 M MES pH 6.5, 0.1 M HEPES pH 7.0, 0.1 M Tris-HCl pH 7.5, 0.1 M Tris-HCl pH 8.0, 

0.1 M Tris-HCl pH 8.5 and 0.1 M Tris-HCl pH 9.0. 
b The condition used for further macroseeding optimization. 

 

The crystallization results obtained from the hanging drop method indicated 

many plates and needle clusters obtained under the optimized conditions shown in 

Table 3.7. Some plates were seen in the hanging drops at 15oC and 22oC with buffer 

pH 8.0 containing 1.2 M ammonium sulfate as shown in Figure 3.9A. Single crystals 

were only obtained after 2 days of incubation at 15oC using the macroseeding 

technique. With varied protein concentrations of 5, 10 and 20 mg/ml, only a drop of 5 

mg/ml of protein concentration pre-equilibrated in 0.1 M Tris-HCl pH 8.0 containing 

1.2 M ammonium sulfate provided large crystals with an average dimension of 230 × 

100 × 15 µm3 (Figure 3.9B). 

 

 

 

 

pH a Concentration of 

ammonium sulfate (M) 6.5 7.0 7.5 8.0 8.5 9.0 

0.8 M 0.8 M 0.8 M 0.8 M 0.8 M 0.8 M 0.8 

6.5 7.0 7.5 8.0 8.5 9.0 
1.0 M 1.0 M 1.0 M 1.0 M 1.0 M 1.0 M 1.0 

6.5 7.0 7.5 8.0 8.5 9.0 
1.2 M 1.2 M 1.2 M  1.2 M b 1.2 M 1.2 M 1.2 

6.5 7.0 7.5 8.0 8.5 9.0 
1.4 1.4 M 1.4 M 1.4 M 1.4 M 1.4 M 1.4 M 

     6.5           7.0          7.5           8.0           8.5          9.0 
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         A                          B 

 
 

 

 

 
  

Figure 3.9 Crystals of wild-type chitinase A. 

(A) Plates and needle clusters of wild-type chitinase A obtained from the hanging 

drops using 1.2 M ammonium sulfate in 0.1 M Tris-HCl pH 8.0 (B) Crystals of wild-

type chitinase A obtained from the macroseeding technique under 1.2 M ammonium 

sulfate and 0.1 M Tris-HCl pH 8.0. 

 

A single crystal obtained from Figure 3.9B was transferred to a cryoprotectant 

composed of a reservoir solution containing 10% glycerol. X-ray diffraction data were 

measured using the same X-ray machine located at IMCB as described for E315M 

mutant. The crystal-to-detector distance was set to 120 mm, with all frames collected 

at 100 K. The diffraction data of 720 images with a width of 0.5o per image were 

collected and processed. The crystal belongs to space group P1 with cell parameters a 

= 60.27 Å, b = 64.28 Å and c = 83.52 Å (Table 3.8). All four data sets from single 

crystals of wild-type, inactive E315M mutant, E315M-NAG5 and E315M-NAG6 

complexes were further scaled and merged as described in Methods 2.6.10-2.6.13. 

The structure of wild-type enzyme was determined by the molecular replacement 

methods with program AmoRe (Navaza, 1994), using the crystal structure of refined 

E315M mutant as the model. Crystallographic data collection and refinement statistics 

obtained from the final models is shown in Table 3.8.  
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Table 3.8 Crystallographic data collection and refinement statistics of the four 

chitinase structures.  

Crystal                               Wild-type             E315M                  E315M-NAG5       E315M-NAG6 

Space group                         P1                              P212121                     P212121                     P212121     

Unit-cell parameters   a = 60.27 Å 
 b = 64.28 Å 
 c = 83.52 Å  
 α = 91.74o 
 β = 91.17o 
 γ = 112.91o 
 

 a = 63. 96 Å 
 b = 83.11 Å 
 c = 106.98 Å  
 α = β = γ = 90o 

 a = 63.51 Å 
 b = 83.08 Å 
 c = 105.59 Å  
 α = β = γ = 90o 
 

 a = 63. 70 Å 
 b = 83.32 Å 
 c = 106.56 Å  
 α = β = γ = 90o   
 

Solvent content (%)   46.9  44.4  43.2  44.1 

Unique reflections   73693 (10404)   61563 (7880)  59561(8247)  53131 (7564)  
Observed reflections  292719 (41321)  607216 (59894)  406849 (45783)  452556 (63380) 
Multiplicity  4.0 (4.0)  9.9 (7.6)  6.8 (5.6)  8.5 (8.4) 
Resolution limits a (Å)  24.60-2.10 (2.00)  24.70-1.80 (1.70)  21.50-1.80 (1.72)  30-1.90 (1.80) 
Completeness (%)  94.6 (91.9)  97.2 (87.2)  99.2 (95.6)  99.7 (99.0) 
Rmerge

 a, b (%)  6.60 (22.80)   7.10 (36.10)  7.10 (12.30)  7.00 (31.20) 
<I/sigmaI>  19.5 (5.5)  26.9 (4.5)    26.3 (9.9)  26.3 (6.1) 
Rfactor

 c (%)  16.80  18.90  18.80  18.10 
Rfree

 d (%)  20.50  21.90  21.50  20.90 
No. of protein residues 
No. of protein atoms 

 1134 
 8708 

 581 
 4474 

 567 
 4353 

 567 
 4353 

No. of carbohydrate atoms     -     -  57  85 
No. of ordered waters  1091  740  665  691 
R.M.S. deviation  
Bond length 

   
 0.007 

 
 0.006 

 
 0.006 

 
 0.006 

Bond angle  0.968  0.932  0.994  0.992 
Mean atomic B values 
Protein atoms  

  
 14.45 

 
 15.10 

 
 14.24 
 

 
 13.74 

Substrate     -     -  19.82  21.79 
Waters  24.46  25.69  24.92 

 
 25.42 

Overall                                                    16.19                         16.60                          15.70                         15.45 

 

a Values in parentheses refer to the corresponding values of the highest resolution shell.  
b Rmerge = ( ) ( ) ( )I I Ii i

hkl i hkl i
hkl hkl hkl− 〈 〉∑ ∑ ∑ ∑  where Ii is the intensity for the ith 

measurement of an equivalent reflection with indices hkl.  

c Rfactor = 
obs calc

obs

F F

F

⎜ ⎜ − ⎜ ⎜

⎜ ⎜
∑

∑
 where Fobs and Fcalc  are the observed and calculated structure-factors.  

d Rfree = 
obs calc

obs

F F

F

⎜ ⎜ − ⎜ ⎜

⎜ ⎜
∑

∑
 calculated from 5% of the reflections selected randomly and omitted from 

the refinement process. 
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      3.1.9 The structure elucidation of V. carchariae chitinase A  

The structures of E315M, E315M-NAG5 and E315M-NAG6 consist of one 

monomer per asymmetric unit and comprise 576 amino acid residues, whilst the 

structure of the wild-type enzyme consists of two monomers per asymmetric unit and 

comprises 1,134 amino acid residues. The overall structure of the Vibrio enzyme 

contains three domains (Figure 3.10).  

The amino terminal domain 

The amino terminal domain has a fold comprising mostly β-strands with 

residues 22-138.  

The hinge region 

The hinge region comprises 21 amino acid residues, connected between the 

amino-terminal domain and the main α/β-barrel domain. The formed coil consisting 

of residues 139-159.  

The β/α-barrel domain 

The eight stranded β/α-barrel is the catalytic domain of the enzyme comprising 

two separate regions designated Cat I and Cat II. Cat I is formed by residues 160-460, 

while Cat II is formed by residues 548-588. It has the TIM characteristic, which is 

referred as the (β/α)8-barrel fold comprising of eight β-strands tethered to eight α-

helices by loops. 

The small α+β insertion domain 

The small α+β fold is inserted between strand B7 of Cat I and helix A7 of the 

Cat II. It comprises three α-helices and five β-strands. These strands make up all 

antiparallel β strands, which are connected by β turns. 
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Figure 3.10 A ribbon representation of the overall structure of V. carchariae chitinase A.  

The N-terminal domain is depicted in blue, the catalytic TIM-barrel domain is in red for (A) wild-type structure; in salmon for (B) inactive 

E315M mutant; in orange for (C) E315M-NAG5 complex and in yellow for (D) E315M-NAG6 complex. The small insertion domain is in 

green. Molecule A is only presented for the wild-type structure. Stick models represent His6 residues, NAG5, and NAG6 from inactive 

E315M mutant, E315M-NAG5 and E315M-NAG6 complex, respectively.  

A

C

B 

D 
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Overall, the chitinase structures exhibit three additional common features as 

follows; i) Tyr171 is detected in generously disallowed region in Ramachandran plot; 

ii) three cis peptide bonds are formed between residues Gly191-Phe192, Glu315-

Phe316, and Trp570-Glu571 located at the catalytic cleft (see Discussion 4.4); iii) 

there are three disulfide bonds, one of which (Cys116-Cys121) located at the end of 

the N-terminal region and two of which (Cys196-Cys217 and Cys409-Cys418) 

located at the catalytic domain (Figure 3.11).  

 

Figure 3.11 A representation of three disulfide bonds of V. carchariae chitinase A. 

The backbone structure is shown in red. Ball-and-stick model represents Cys residues. 

Sulfur is labeled in orange yellow.  
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The structure of inactive mutant without substrate (Figure 3.10B) reveals that 

the histidine tagged residues, which were added to aid purification, buries in the 

catalytic cleft of the enzyme. These histidine residues apparently mimic the substrate 

structure by interacting with all the important binding residues that lie within the 

substrate binding cleft. The overall structure of the complex E315M-NAG5 (Figure 

3.10C) shows that the substrate NAG5 is bound within the long deep groove (about 30 

Å in width and about 14 Å in depth). The structure of the complex E315M-NAG6 

(Figure 3.10D) indicates that the NAG6 substrate is firmly embedded within the 

groove extended to 33 Å in width with the same dept of 14 Å as for NAG5. The 

substrate-binding groove appears to be long and open at both ends, which allows 

sugar substrates to extend either directions beyond subsites -4 or +2 (see Figure 3.13B 

for subsite identification). 

 

A structural comparison of V. carchariae and S. marcescens chitinase A 

The putative sequence of chitinase A from V. carchariae shows 47% identity 

to that of the template sequence (S. marcescens chitinase A) (see Results 3.1.5). The 

superposition of 459 residues of the Vibrio enzyme with the equivalent residues of the 

Serrratia enzyme using program Superpose available in the CCP4 suit (CCP4, 1994) 

gave an R.M.S. of 6.221 Å (Figure 3.12A), which indicates a high similarity of the 

overall fold of the two enzymes. Figure 3.12B-C presents the secondary structural 

arrangement between Serratia and Vibrio chitinase A.  
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A                    B 

   

                                 C 

  

                 

Figure 3.12 A comparison of V. carchariae and S. marcescens chitinase A structures.  

(A) A ribbon representation of superposition of V. carchariae and S. marcescens chitinase A. The N-terminal domain of V. carchariae is 

depicted in blue, the catalytic TIM-barrel domains is in red and the small insertion domain is in green. The overall structure of S. 

marcescens is shown in wheat color. Arrow indicates the helix that is not present in S. marcescens structure. (B) and (C) Topology 

diagrams of the catalytic domains of S. marcescens and of V. carchariae chitinase A. Symbols and nomenclatures of strands and helices 

used are given based on the topology of the secondary structure of S. marcescens chitinase A (Perrakis et al., 1994). Eight β-strands that 

form the core of the enzyme are referred as B1 to B8, whereas eight α-helices connected between β-strands are referred as A1 to A8. 
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The structural comparison shows that both S. marcescens and V. carchariae 

chitinase A have a distinct N-terminal β-sandwich domain that presumably acts as a 

chitin anchor. Essentially, both structures are identical (Figure 3.12) with only a few 

minor differences. Considering the differences at N-terminal domain, the first two 

parallel strands are interrupted with a helix, which was absent in S. marcescens 

chitinase A (indicated by an arrow 1 in Figure 3.12A). In addition, the N-terminal 

domain of Vibrio enzyme contains an interchain disulfide bond between residues 116 

and 121 (see Figure 3.11) but in the Serratia enzyme this bond formed between 

residues 115 and 120. Furthermore, the hinge region of the Vibrio structure is 

preceded by a short helix (as indicated by an arrow 2 in Figure 3.12A). This helix is 

not found the Serratia structure. 

Additional discrepancies are found in their catalytic domains. Topology of the 

catalytic domain reveals that strand B1 connects four short α-helices (G1-1, G1, G1-2 

and G1-3) together in the Vibrio enzyme (Figure 3.12C), while only three helices (G1-

1, G1-2 and G1-3) are found in the Serratia enzyme (Figure 3.12B). In contrast, there 

are four α-helices connected between B2 and B3 in the Serratia domain, but only 

three (Á, G2-1 and A2) are found in the Vibrio domain, with two extra short 

antiparallel strands namely B2-1 and B2-2 are found in Vibrio. Both structures have 

two α-helices (G3 and A3) connected between B3 and A4 and contain two conserved 

motifs; the SxGG motif located within strand B3 and the DxxDxDxE motif consisting 

Glu315 located at the end of strand B4. In V. carchariae chitinase A, two helices (G4 

and A4) are found between strands B4 and B5, while only helix A4 is found in the S. 

marcescens domain. Although, two α-helices (A6 and G6) that connect between 



 

 

95

strands B6 and B7 are the same for both enzymes, the two extra antiparallel β-sheets, 

B6-1 and B6-2, are only formed in the V. carchariae domain.  

In the Vibrio catalytic domain, two intrachain disulfide bonds are found 

between Cys196-Cys217 and Cys409-Cys418 (see Figure 3.11), while only Cys195-

Cys218 was found in the Serratia catalytic domain. In the Vibrio structure, the first 

intrachain disulfide bond joins between B2-1 and Á, while the second bond connects 

the loop of B6 and B6-1 together. These cystine bridges appear to restrict the 

flexibility of the connected strands. The amino acid residues that form three cis 

peptide bonds are located between Gly191-Phe192, Glu315-Phe316, and Trp570-

Glu571 (as discussed in section 4.4).  

Both enzymes have the small α+β insertion domain positioned between 

strands B7 and A7. The overall fold of this domain is very similar between the two 

enzymes. There are three conserved residues from this domain that participate in 

binding with substrate. Two of which (Tyr461 and Arg463 in Vibrio or Tyr444 and 

Arg446 in Serratia) are found in both enzymes, while only Trp497 is found in Vibrio 

chitinase A. Additional differences are; i) the α+β fold of V. carchariae chitinase A 

comprises five α-helices instead of two helices as found in S. marcescens. Arrow 3 

(Figure 3.12A) indicates three extra connected helices found in Vibrio domain, while 

only one helix found in Serratia domain; and ii) the two short parallel stands are 

interrupted with an extra helix (as indicated by an arrow 4 in Figure 3.12A). This is 

only found in the Vibrio domain.     
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      3.1.10 A comparison of wild-type and mutant structures  

 The overall structures of wild-type, E315M mutant and complexes of E315M 

mutant with NAG5 and NAG6 are identical (Figure 3.10A-D). Superimposition of 

wild-type with E315M-NAG6 complex gave an R.M.S. of 0.655 Å (Figure 3.13A), 

while superimposition of the free E315M mutant and its complex with NAG6 resulted 

a less R.M.S. value of 0.234 Å (not shown) and superimposition of E315M-NAG5 and 

E315M-NAG6 complexes gave the least R.M.S. value of 0.161 Å (see section 4.4.1). 

The higher R.M.S. value of wild-type structure aligned with the E315M structure than 

the value of E315M-NAG5 aligned with E315M-NAG6 could potentially reflect the 

structural movement upon substrate binding.  

The structure of E315M-NAG6 complex shows that NAG6 units extend over 

the substrate binding cleft of the Vibrio chitinase (Figure 3.13A). 
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A      

      B                   

B 

B 

B 

 

   

Figure 3.13 Structural superimposition of  wild-type and E315M-NAG6 complex.  

(A) The backbone structure of V. carchariae chitinase A. Wild-type is depicted in red and E315M-NAG6 complex in yellow. The six sugar 

units are shown as sticks in cyan. (B) The NAG6 structure obtained  from E315M-NAG6 complex. Designation of carbon (cyan), oxygen 

(red) and nitrogen (blue) atoms are indicated at the reducing end sugar. NRE: the non-reducing end sugar; RE: the reducing end sugar. 
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Based on subsite nomenclature assigned by Davies and Henrissat (1995), the 

sugar unit located at the non-reducing end is assigned as subsite -4. The following 

subsites located towards the reducing end are assigned as subsites -3, -2, -1, +1 and 

+2, respectively (Figure 3.13B). Based on this subsite assignment, the scissile bond or 

the cleavage site is placed between -1 NAG and +1 NAG. The subsequent cleavage 

will mainly release the reducing end NAG2 (+1 NAG and +2 NAG units) as the end 

products. This binding topology agrees well with the functional study as described 

previously that the Vibrio chitinase degrades chitin substrates, releasing GlcNAc2 as 

the end product (Suginta et al., 2005). 

As shown in Figure 3.13A, many conserved aromatic residues (W168, Y171, 

W231, Y245, Y31 and W70) are found to be surface exposed. The role of these 

residues will be discussed in section 4.4. 

 

      3.1.11 The structure of E315M mutant structure  

The sequence alignment (see Figure 3.5) shows that Glu315 is completely 

aligned with the catalytic residue of S. marcescens chitinase A (Glu315). Mutation of 

Glu315 to Met and Gln led to a complete lack of chitinase activity towards chitin 

substrates, suggesting that Glu315 is essential in catalysis of Vibrio chitinase (Suginta 

et al., 2005). The structure of inactive mutant in the absence of substrate reveals that 

the C-terminal hexahistidine residues, which were genetically engineered to aid 

purification, were completely buried in the catalytic cleft of the enzyme (Figure 

3.10B). The electron density map of the hexahistidine tag is clearly shown in Figure 

3.14. These His6 residues appear to mimic the structure of NAG6 substrate and fully 
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occupied all the six binding subsites by interacting with all the residues which were 

later found to be important for binding to NAG5 and NAG6. 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 The electron density map of hexahistidine residues in the inactive E315M 

structure in the absence of substrate. 

A 2Fo-Fc map was calculated from the final refined model and contoured at 1.0 σ. The 

histidine residues are shown in stick models. Salmon for carbon; blue for nitrogen and 

red for oxygen atoms.  

  

To prove that the C-terminal attached (His)6 tag specifically occupied the 

active site of E315M, direct contacts between the His6 residues and their interacting 

residues were calculated using program Contact in the CCP4 suite. The maximal 

contact distance between the six histidine residues and their interacting residues are 

given as ≤ 4Å (Table 3.9). This contact distance is in accordance with the distances 

formed by hydrogen bonds or hydrophobic interactions (Figure 3.15). The interaction 

of the His6 residues and the binding residues are summarized in Table 3.10.  
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Table 3.9 Direct contacts between (His)6 tag residues and the substrate binding 

residues of inactive E315M mutant.   

His residue number 
and atoms a 

Binding residues 
and atoms a 

Distance 
(Å) 

Hydrogen 
bond 

Hydrophobic 
interaction 

600 

ND1 a  

 

 

 

O 

 

ND1 a 

 

 

Y164 

Y164 OH 

F192 

G274 

W275 

W275 N 

D313 

D313 OD2 

E315M 

A363 

M389

3.19 

3.56 

3.27 

3.29 

3.72 

2.82 

3.75 

3.15 

3.83 

3.77 

3.42

- 

+ 

- 

- 

- 

+ 

- 

+ 

- 

- 

-

+ 

- 

+ 

+ 

+ 

- 

+ 

- 

+ 

+ 

+ 

601 

 

 

 

 

NE2 a 

W168 

F192 

W275 

T276    

E498 

E498 OE1

3.31 

3.57 

3.49 

3.57    

3.50 

3.74  

- 

- 

- 

- 

- 

+

+ 

+ 

+ 

+   

+ 

- 

602 

 

W168 

V205 

3.30 

3.76 

- 

- 

+ 

+ 

603 

O 

 

ND1 a 

 

R173 

R173 NH2 

E498 

E498 OE1 

V501 

3.72 

2.80 

3.54 

2.84 

3.87 

- 

+ 

- 

+ 

- 

+ 

- 

+ 

- 

+ 
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Table 3.9 (continued). 

His residue number 
and atoms a 

Binding residues 
and atoms a 

Distance 
(Å) 

Hydrogen 
bond 

Hydrophobic 
interaction 

604 

NE2 a 

 

N 

 

V205 

G207 N 

W497    

W497 O 

E498 

3.18 

3.78 

3.58    

3.78 

3.45 

- 

+ 

- 

+ 

- 

+ 

- 

+   

- 

+ 

605 

NE2 a 

N 

 

 

V496 O 

W497 

W497 O 

E498 

D499 

3.84 

3.43 

3.44 

3.83 

3.19 

+ 

- 

+ 

- 

- 

- 

+ 

- 

+ 

+ 
 

a Atom designation of amino acid residues is defined in Appendix D.  
Interactions involved at least one atom of each amino acid residue at a distance ≤ 4Å from an atom of 
the corresponding His residue. 
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          A                                        B 

 

 

 

 

 

 

 

Figure 3.15 The interactions of the binding residues of E315M with hexahistidine tag in the active cleft. 

(A) Hydrogen bonds and (B) hydrophobic interactions. The aromatic and hydrophilic residues that interact with the hexahistidine tag are 

shown as ball-and-stick models, the hexahistidine tag are in stick models. Hydrogen bond is shown in dash line (…..). The binding residues 

are colored; salmon for carbon in the catalytic domain; green for carbon in the small insertion domain and orange yellow for sulfur. Six 

histidine residues are colored; cyan for carbon, blue for nitrogen and red for oxygen. 
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As will be shown later, the aromatic and charged residues (i.e. Y164, W168, 

R173, F192, V205, G274, W275, D313, E315M, A363, M389, Y391 and W570) that 

interacted with His6 also involved in substrate binding in E315M-NAG5 and E315M-

NAG6 complexes (see section 3.1.12 and 3.1.13). As summarized in Table 3.10, the 

histidine residue 600 particularly makes most contact with the active site residues and 

is completely buried within the (β/α)8-TIM barrel in the catalytic pocket as illustrated 

in Figure 3.16.  

 

Table 3.10 A summary of the interactions between the C-terminal attached (His)6 tag 

residues and the binding residues of inactive E315M mutant.  

(His)6 tag 
residues Binding residues 

600 Y164, F192, G274, W275, D313, E315M, A363, M389, Y391, W570 

601 W168, F192, W275, T276, E498, W570 

602 W168, V205 

603 R173, E498, V501, E571 

604 V205, W497, E498 

605 V496, W497, E498, D499 
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                    A              B 

 

 

 

 

 

 

 

Figure 3.16 A close representation of the residue His600 in the TIM-barrel of the inactive E315M structure. 

The interactions of binding residues with His600 are formed by hydrogen bonds and hydrophobic interactions. Hydrogen bond is shown in 

dash line (…..). The eight β-strands are defined; a1 (residues 160-165); a2 (residues 455-460); a3 (residues 566-571); b (residues186-192); c 

(residues 384-389); d1 (residues 267-273); d2 (residues 308-313) and d3 (residues 358-366). Carbon atoms of the labeled amino acids are 

colored; violet for strands a1, a2 and a3; blue for strand b; deep salmon for strand c; pale cyan for strands d1, d2 and d3. The binding 

residues are depicted as ball-and-stick models and orange yellow for sulfur. A stick model is shown for His600 residue. Blue for nitrogen 

and red for oxygen. (B) is a 180o rotation of (A).  
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      3.1.12 The structure of E315M-NAG5 

The structure elucidation of inactive mutant E315M crystals soaked with 

NAG5 and NAG6 provides an insight into the important function of several conserved 

residues located at the active site. The overall structure of the E315M-NAG5 complex 

was previously presented in Figure 3.10C. The electron density map of the refined 

structure of E315M-NAG5 complex only reveals four sugar moieties instead of five 

moieties occupied subsites -2 to +2 as shown in Figure 3.17.  

 

 

 

 

 

 

Figure 3.17 The electron density map of NAG5 in the structure of E315M-NAG5 

complex.  

A 2Fo-Fc map was calculated from the final model and contoured at 1.0 σ. The sugar 

residues are shown in stick models. Green for carbon; blue for nitrogen and red for 

oxygen.  

 

 

While the electron density map allowed the coordinates of the sugar moieties 

at subsites -2 to +2 to be located, the electron density corresponded to the -3 sugar 
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was clearly missing. This reflects low affinity of binding between the -3 sugar ring 

with the corresponding binding residues. As a result, the sugar moiety is allowed to be 

freely moved. The electron density map also suggests that the NAG moiety at subsite 

-2 is tilted and lies perpendicular from the plane of other NAG units. Under this 

situation, the -1 NAG still maintains ‘chair configuration’ instead of ‘boat 

conformation’ as observed in the structure of E315M-NAG6. The structure of the 

E315M-NAG5 complex provides important evidence how NAG5 oriented in the 

catalytic cleft. An estimation of direct contacts between the interacting residues and 

their corresponding sugars exhibits that the interactions are mainly mediated by 

hydrophobic interactions between the aromatic or hydrophobic side chain residues 

and the cyclic faces of NAG units and by hydrogen bonds between charge residues 

that lie within the substrate binding residues and the ionizable groups of the sugar 

units (i.e. OH, CO and NH groups) as shown in Table 3.11. The maximal contact 

distance between NAG5 and amino acid residues are estimated to be ≤ 4 Å. Figure 

3.18 illustrates the interactions of the binding residues with the sugar units via 

hydrogen bonds and hydrophobic interactions.  
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Table 3.11 Direct contacts between the bound substrate NAG5 and the substrate 

binding residues in the inactive E315M active site. 

Sugar subsites 
and atoms a 

Binding residues 
and atoms b 

Distance 
(Å) 

Hydrogen 
bond 

Hydrophobic 
interaction 

+2 NAG 

 

O7 

 

N2 

 

W275 

K370 

K370 NZ 

D392 

D392 O 

W397 

3.31 

3.43 

2.85 

3.65 

2.88 

3.54 

- 

- 

+ 

- 

+ 

- 

+ 

+ 

- 

+ 

- 

+ 

+1 NAG 

 

 

O6 

W275 

E315M 

D392 

D392 OD2 

3.05 

3.77 

3.23 

2.61 

- 

- 

- 

+ 

+ 

+ 

+ 

- 

-1 NAG 

 
 
 

O7 

 

O6 

F192 

G274 

W275 

W275 N 

E498 

E498 OE1 

3.53 

3.74 

3.39 

2.85 

3.38 

2.87 

- 

- 

- 

+ 

- 

+ 

+ 

+ 

+ 

- 

+ 

- 

-2 NAG 

 

O7 

 

 

O6 

W168 

R173 

R173 NH2 

V205 

T276 

T276 OG1 

3.61 

3.19 

2.25 

3.18 

3.52 

2.53 

- 

- 

+ 

- 

- 

- 

+ 

+ 

- 

+ 

+ 

+ 

 

a Nomenclature for sugar subsites is proposed in section 3.1.10 (Figure 3.13B).  
b Atom designation of amino acid residues is defined in Appendix D.  
Interactions involved at least one atom of each amino acid residue at a distance ≤ 4Å from an atom of 
the corresponding sugar ring.  
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     A         B 

Figure 3.18 The interactions of the binding residues of E315M with NAG5 in the active cleft. 

(A) Hydrogen bonds and (B) hydrophobic interactions. The aromatic and hydrophilic residues that interact with NAG5 are depicted as ball-

and-stick models with four sugar residues in stick models. Hydrogen bond is shown in dash line (…..). The binding residues are colored; 

orange for carbon in the catalytic domain; green for carbon in the small insertion domain and orange yellow for sulfur. NAG5 are colored; 

cyan for carbon; blue for nitrogen and red for oxygen.  
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Figure 3.18 shows that the interactions of the binding residues with each 

subsite occur via hydrogen bonds or hydrophobic interactions, in which five amino 

acid residues (W275, K370, D392, W397 and Y435) contribute to the binding of +2 

NAG (see also Table 3.12). The +1 NAG bound to four amino acid residues, W275, 

E315M, D392 and R463, while the -1 NAG interacted with five amino acid residues 

including, F192, G274, W275, E498 and W570. There are six amino acid residues 

participating in substrate binding at subsite -2. These residues are W168, R173, V205, 

T276, W497 and E498.  

 

Table 3.12 A summary of the interactions between NAG5 and the binding residues in 

the inactive E315M active site. 

 

Sugar subsites  Binding residues 

+2  W275, K370, D392, W397, Y435 

+1  W275, E315M, D392, R463 

-1  F192, G274, W275, E498, W570 

-2  W168, R173, V205, T276, W497, E498 

-3 Non observable 

 

      3.1.13 The structure of E315M-NAG6  

 The overall structure of the E315M-NAG6 complex is shown in Figure 3.10D. 

Investigation of the electron density maps (Figure 3.19) clearly reveals a different 

conformation of the six sugar moieties that lied along the binding groove from the 

conformation of the sugar units in the structure of E315M-NAG5.  
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Figure 3.19 The electron density map of NAG6 in the structure of E315M-NAG6 

complex.  

A 2Fo-Fc map was calculated from the final model and contoured at 1.0 σ. The sugar 

residues are shown in stick models. They are colored; yellow for carbon; blue for 

nitrogen and red for oxygen.  

 

Unlike NAG5 in the structure of E315M-NAG5 complex, all six sugar rings of 

the E315M-NAG6 structure fully occupied subsites -4 (at the non-reducing end) 

through subsite +2 (at the reducing end). However, the plane of the NAG units bound 

to subsites -4 to -1 lies perpendicular with the plane of the +1 and +2 sugars, 

indicating the geometric constraint of the scissile bond joining between -1 and +1 

sugars. This observation is different from NAG5 bound to E315M binding residues, by 

which a ‘straight plane’ of -1 NAG to +2 NAG and the tilt of -2 NAG is found in 

NAG5 substrate instead (see Figure 3.17). The most striking finding is that the sugar 

unit in boat conformation at subsite -1 is sunk downward together with the twist of the 

scissile bond between subsites -1 and +1, yielding the ‘bent conformation’ of NAG6. 
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On the other hand, the sugar units found for NAG5 orientated in the binding site is in a 

‘straight chair conformation’. The observed conformation of NAG6 is expected to be 

energetically favored for bond cleavage. 

In addition, the electron density map of the +1 to -1 NAG units of NAG6 

displays somewhat ambiguity, by which the electron density map revealed patches of 

the extended map around +1 NAG. In contrast, the electron density of the -1 NAG 

residue was partially broken and incomplete. Together with findings that the -1 NAG 

and the predicted scissile bond were distorted, yielding the plane of the sugars at 

product sites (+1 and +2) to be perpendicular with the plane of the rest of the sugar 

oligomer. It has been assumed that the -1 sugar adopts a conformation change upon 

binding with the substrate to facilitate efficient cleavage of the scissile bond. 

The complex of chitinase A E315M with NAG6 provides detailed structural 

analysis of the enzyme-substrate interactions. Similar to observations made with the 

E315M-NAG5 complex, direct contacts are mainly mediated via aromatic and charged 

residues as shown in Table 3.13. Figure 3.20 illustrates the interactions of these 

binding residues with the sugar residues via hydrogen bonds and hydrophobic 

interactions. 
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Table 3.13 Direct contacts between the bound substrate NAG6 and the substrate 

binding residues in the inactive E315M active site.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sugar subsites 
and atoms a  

Binding residues 
and atoms b

Distance 
(Å)

Hydrogen 
bond

Hydrophobic 
interaction 

+2 NAG 

 

 

 

O7 

 

N2 

 

W275 

F316 

G367 

K370 

K370 NZ 

D392 

D392 O 

W397

3.63 

3.98 

3.86 

3.43 

2.82 

3.33 

3.09 

3.71

- 

- 

- 

- 

+ 

- 

+ 

-

+ 

+ 

+ 

+ 

- 

+ 

- 

+ 
+1 NAG 

 

 

 

 

O5 

W275 

E315M 

F316 

M389 

D392 

D392 OD2 

3.58 

3.23 

3.72 

3.69 

3.19 

3.22 

- 

- 

- 

- 

- 

+ 

+ 

+ 

+ 

+ 

+ 

- 

-1 NAG 

 

O3 

 

O7 

 

 

 

 

 

O6 

 

Y164 

F192 

W275 N 

D313 

D313 OD2 

E315M 

A363 

M389 

Y391 

D392 

D392 OD2 

Y461 

3.21 

3.67 

3.05 

3.42 

3.49 

3.67 

3.53 

3.48 

3.58 

3.57 

2.88 

3.71 

- 

- 

+ 

- 

+ 

- 

- 

- 

- 

- 

+ 

- 

+ 

+ 

- 

+ 

- 

+ 

+ 

+ 

+ 

+ 

- 

+ 
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Table 3.13 (continued).  

 

Sugar subsite 
and atoms a 

Binding residues 
and atoms b 

Distance 
(Å) 

Hydrogen 
bond 

Hydrophobic 
interaction 

-2 NAG 

 

O6 

 

O6 

 

F192  

W275  

W275 N 

T276 

T276 OG1 

W570 

3.71  

3.70 

3.28 

3.65 

3.34 

3.55 

- 

- 

+ 

- 

+ 

- 

+ 

+ 

- 

+ 

- 

+ 

-3 NAG 

 

O6 

 

O7 

W168 

R173 

R173 NH2 

T276 

T276 OG1 

3.57 

3.89 

2.91 

3.60 

2.74 

- 

- 

+ 

- 

+ 

+ 

+ 

- 

+ 

- 

-4 NAG 

 

O6  

Y171 

R173 

R173 NH1  

4.14 

3.79 

2.79   

- 

- 

+   

+ 

+ 

- 
 

a Nomenclature for sugar subsites is proposed in section 3.10 (Figure 3.11B).  
b Atom designation of amino acid residues is defined in Appendix D.  
Interactions involved at least one atom of each amino acid residue at a distance ≤ 4Å from an 
atom of the corresponding sugar ring (with the exception for Y171 which is contacted with 
the distance of 4.14 Å). 
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Considering specific interactions among the E315M-NAG6 complex, the 

binding of NAG6 to the enzyme involves a number of aromatic residues that extend 

over the catalytic cleft. Figure 3.20 reveals that Y435 located at the end of the 

reducing end of the sugar forms hydrophobic interaction with +2 sugar and its -OH 

group also hydrogen-bonds with the oxygen atom of the acetamido group of +2 NAG, 

while W275 and F397 from opposite sides of the cleft stack against the hydrophobic 

faces of +1 NAG and +2 NAG. In addition, the nitrogen atom of W275 forms two 

critical hydrogen bonds with the O3 and O6 hydroxyl groups of the -1 NAG and -2 

NAG. Subsite -3 contains W168 that stacks against the hydrophobic face of the 

corresponding sugar. The carbonyl oxygen in the main chain of W497 residue forms a 

hydrogen bond with subsite -3 for which its two aromatic rings making hydrophobic 

interaction with subsite -4 NAG. At the edge of subsite -4, Y171 is positioned to form 

hydrophobic interaction with -4 NAG. 

Considering the most important subsite (-1 site), hydrophobic interactions are 

mediated by many residues, including Y164, F192, W275, E315M, A363, M389, 

Y391 and W570. Both D313 and D392 seem to play a binding role through hydrogen 

bonds, by which the carboxylic side chain of Asp313 makes a direct contact with the 

O7 of the acetamido group of the -1 NAG (Table 3.13), and the acidic side chains of 

D392 forms a hydrogen bond with O6 of the hydroxyl group of the -1 NAG. In 

addition, the carbonyl oxygen from the main chain of D392 also contacts via a 

hydrogen bond with N2 of the acetamido group of the +2 NAG, whereas its acidic 

side chains forms a hydrogen bond with the cyclic O5 of the +1 NAG. As also shown 

in Table 3.13, the mutated methionine (E315M) is found to strongly interact with both 

the +1 and -1 NAG in the structure of E315M-NAG6. The sulfur atom of its side chain 
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forms hydrophobic interactions to +1 and -1 NAG with the contact distance of 3.23 Å 

and 3.67 Å, respectively. These interactions are probably responsible for forcing the 

substrate into the non-favored conformation. In the substrate-assisted mechanism, 

Glu315 residue acts as a proton donor, while the terminal oxygen (O7) of the 

acetamido group of the -1 NAG acts as a nucleophile. It may be hypothesized that the 

formation of a hydrogen bond between O7 of the acetamido and Asp313 stabilizes the 

transition state by maintaining the constraint ‘boat conformation’ of -1 NAG. Further 

discussion in the bending of the -1 NAG will be made in section 4.4.1.
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A         B 

Figure 3.20 The interactions of the binding residues of E315M with NAG6 in the active cleft. 

(A) Hydrogen bonds and (B) hydrophobic interaction. The aromatic and hydrophilic residues that interact with NAG6 are depicted as ball-

and-stick models with six sugar residues in stick models. Hydrogen bond is shown in dash line (…..). The binding residues are colored; 

yellow for carbon in the catalytic domain; green for carbon in the small insertion domain and orange yellow for sulfur. NAG6 are colored; 

cyan for carbon, blue for nitrogen and red for oxygen. 
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In summary, there are many conserved residues play interactions with NAG6 

units (Table 3.14).  

 

Table 3.14 A summary of the interactions between NAG6 and the binding residues in 

the inactive E315M active site.   

 

Sugar subsites  Binding residues 

+2 W275, F316, G367, K370, D392, W397, Y435 

+1 W275, E315M, F316, M389, D392, R463 

-1 Y164, F192, W275, D313, E315M, A363, M389, Y391, 

 D392, Y461, R463, W570 

-2 F192, W275, T276, W570, E571 

-3 W168, R173, T276, W497 

-4 Y171, R173, W497 
 

There are six amino acid residues contributing to the binding of +2 NAG (the 

reducing end); W275, F316, G367, K370, D392, W397 and Y435 (Table 3.14). All of 

these residues except for G367 and F316 were found to interact with the +2 NAG in 

the E315M-NAG5 complex (Table 3.12). These binding residues are found to bind to 

the same geometry of +2 NAG located in both E315M-NAG5 and E315M-NAG6 

complexes (Figure 3.18 and Figure 3.20).  

With regard to the +1 NAG, this sugar interacts with six amino acid residues 

including W275, E315M, F316, M389, D392 and R463. Most of the interacting 

residues also contribute to the binding of +1 NAG in E315M-NAG5 complex, with the 
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exception of F316 and M389. This reflects minor differences between the binding 

preference of E315M bound to NAG5 and to NAG6.  

The -1 NAG is found to interact with a large number of amino acid residues 

including Y164, F192, W275, D313, E315M, A363, M389, Y391, D392, Y461, R463 

and W570 in E315M-NAG6 complex, indicating the strong binding at this subsite. On 

the other hand, the -1 NAG in E315M-NAG5 complex interacted with only five amino 

acid residues (F192, G274, W275, E498 and W570). A dramatic drop in a number of 

the interacting residues when comparing with E315M-NAG6 complex probably 

reflects the unfavorable geometry of the -1 NAG in the E315M-NAG5 complex.  

There are five amino acid residues that participate in the binding at subsite -2. 

These residues included F192, W275, T276, W570 and E571 in E315M-NAG6 

complex. It is noticeable that most of these residues do not bind to -2 NAG in 

E315M-NAG5 complex with the exception of T276. This clearly indicates that the 

binding of the sugar at subsite -2 take place in a different manner between NAG5 and 

NAG6.  

The -3 NAG in E315M-NAG6 complex are found to interact with four amino 

acid residues including W168, R173, T276 and W497. All these residues are found to 

bind with -2 NAG in E315M-NAG5 complex, with other two additional interacting 

residues (V205 and E498). This implies the overlapping geometries between the -2 

NAG in E315M-NAG5 complex (Figure 3.17) and the -3 NAG in E315M-NAG6 

complex (Figure 3.19).  

There are only three amino acid residues that contribute to the binding of -4 

NAG (the non reducing end). These amino acids are Y171, R173 and W497. It is 

noticeable that a small number of the interactions at the -3 sugar (four binding 
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residues) and -4 sugar (three binding residues) accounts for weaker interactions 

towards the non-reducing end subsites. This feature is also seen in the structure of 

E315M-NAG5 complex, particularly subsite -3 has so low affinity of binding towards 

the corresponding sugars that the electron density map was not seen. Therefore, the 

direct contact of both enzyme complexes reveals the tendency of stronger interactions 

from the reducing end (+2) to weaker interaction towards the non-reducing end (-4). 

A comparison between direct contacts from E315M-NAG6 and E315M-NAG5 

complexes shows a higher number of the binding residues that simultaneously interact 

with the longer chain oligomers (NAG6) than the shorter one (NAG5). This 

observation agrees well with the previous finding that V. carchariae chitinase A has 

higher affinity toward longer substrates (Suginta et al., 2005). 

 

3.2 Functional characterization 

      3.2.1 Optimization of TLC conditions for determination of the hydrolytic  

    activity of chitinase A 

Previous reports employed TLC to analyze the hydrolytic products obtained as 

a result of family 18 chitinase action (Park et al., 2000; Tanaka et al., 1999; 2001; 

Thamthiankul et al., 2001). TLC technique can be used to separate mixtures of 

different sugar components contained in the hydrolytic products. The rate of 

migration of the components depends on the partition between polar matrices and the 

mobile phase, and allows individual chitooligosaccharide to be identified. In this 

study, the composition of mobile phase and the separation condition was used 

following the modified method of Tanaka (Tanaka et al., 1999). For preliminary 

studies, a standard mixture containing 5 nmol of G1-G6 was applied on a silica TLC 
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plate (4.0 × 7.0 cm), then chromatographed three times in a mobile phase containing 

n-butanol: methanol: 25% ammonia solution: H2O (v/v) in various solvent 

compositions (10:8:4:2, 10:8:4:3 and 10:8:4:4). Various heights of TLC (7 cm and 10 

cm) and different rounds of chromatography were also tried to maximize the 

resolution of the separated sugars. Of all the trial conditions (see Methods 2.7.2), the 

G1-G6 mixture was best resolved when the reaction mixture was applied on a silica 

TLC plate of 4.0 × 10.0 cm, and chromatographed three times using a mobile phase 

containing 28% ammonia (Figure 3.21). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 A TLC chromatogram of a standard G1-G6. 

A sample mixture (5 µl) was applied on a silica TLC plate (4.0 × 10.0 cm), and 

chromatographed three times (1 h each) using the mobile phase containing n-butanol: 

methanol: 28% ammonia solution: H2O (10:8:4:2) (v/v). Sugar signals were detected 

with aniline-diphenylamine reagent by baking at 120oC for 5 min. Lanes: Std, a 

standard mixture of G1-G6 (5 nmol each); 1-6, standard G1-G6. 
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      3.2.2 Optimization of HPLC conditions for determination of the hydrolytic 

     activity of chitinase A 

 Identification of the various reaction products released by the chitinase 

variants were assessed by quantitative HPLC technique. Previous research reported 

the determination of degradation products of chitinases as a function of time using 

various types of HPLC systems i.e. gel filtration on a TSK-GEL G2000PW column 

(Fukamizo et al., 2001), an Ultron-NH2 column (Watanabe et al., 2003), a TSKgel 

Amide-80 column (Tanaka et al., 2001), and a Toso-Haas Amide-80 column 

(Aronson et al., 2003). In addition, the anomeric configuration of the hydrolytic 

products were also investigated using a reversed C18 Nucleosil column (Armand et 

al., 1994; Terwisscha van Scheltinga et al., 1995), a TSKgel Amide-80 amino column 

(Fukamizo et al., 2001), or a Hypercarb hydrophobic column (Suginta et al., 2005).    

In this study, a separation of the standard G1-G6 was initially tested with 

CARBOSep CHO-411 HPLC column with various mobile phases. However, the 

separation efficiency obtained from this size exclusion column found to be relatively 

poor (data not shown). Therefore, a different HPLC condition was tried using a 

Zorbax Carbohydrate Analysis column. The column was operated with an isocratic 

elution using varied ratios of acetonitrile: H2O (75:25 (v/v), 70:30 (v/v), 65:35 (v/v) 

and 60:40 (v/v)) at a constant flow rate of 1.0 ml/min and room temperature. Sugar 

signals were detected at various wavelengths including 205, 210, 215, 220 and 260 

nm, with the best signals being seen at 205 nm (data not shown). The effects of 

mobile phase compositions on retention times of standard sugars were also studied. 

Peak identification of each oligosaccharide was carried out by spiking with the 

corresponding N-acetyl-chitooligosaccharide standard. The results showed that the 
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ratio of 75:25 (v/v) of ACN to H2O gave the separation time longer than 80 min to 

complete the elution of all the sugars, whereas lower ratios of ACN to H2O, 70:30, 

65:35 and 60:40 (v/v) eluted the last sugar peak within 35.44 min, 16.27 min and 9.06 

min, respectively. The separation basis of a Zorbax Carbohydrate Analysis column, 

depends on the ability of the separated molecules to be partitioned on the stationary 

phase, allowing the smaller sugar to be eluted earlier. The results showed that the 

higher ratios of ACN to H2O (75:25 and 70:30 (v/v)) resulted in good resolution but 

broad peaks. On the other hand, the overlapping peaks occurred when a ratio of ACN: 

H2O was 60:40 (v/v) was used. Under all the conditions tested, the ratio of 65:35 

ACN to H2O provided the best resolution. Therefore, this condition was further 

optimized by investigating the effect of column-operating temperatures on peak 

separation. The results displayed the best quality of the peak with good separation 

when the HPLC was operated at 40oC, comparing to 30oC and 35oC (data not shown). 

The separation of standard G1-G6 mixture obtained under the optimized HPLC 

conditions was shown in Figure 3.22. 
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Figure 3.22 An HPLC chromatogram of a standard mixture G1-G6 (20 nmol) using a 

Zorbax Carbohydrate Analysis column.  

Mobile phase composition was acetonitrile: H2O 65:35 (v/v). An applied flow rate 

was 1.0 ml/min at temperature 40oC with 205 nm UV detection. 

 

      3.2.3 Time course of chitooligosaccharide hydrolysis of wild-type chitinase A 

            3.2.3.1 TLC analysis of the hydrolytic products of wild-type chitinase A  

The hydrolytic activity of chitinase A towards short chitooligosaccharides (G2 

to G6) and colloidal chitin was examined at various time points using TLC (Figure 

3.23), while quantification of the reaction products was simultaneously investigated 

by means of calibrated HPLC.  
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Figure 3.23 Time course of G2-G6 hydrolysis by wild-type chitinase A as analyzed by TLC.  

The reaction mixture (80 µL), containing 800 ng chitinase and 2.5 mM substrate (G2-G6) in 100 mM sodium acetate buffer pH 5.0, was 

incubated at various times at 300C (A-E). The reaction mixtures (120 µL), containing 4 µg chitinase and 20 mg colloidal chitin in 100 mM 

sodium acetate buffer pH 5.0, was incubated at various times at 300C (F). After boiling, the reaction solution (5 µl) was analyzed on TLC 

and sugar products detected with aniline-diphenylamine reagent. (A) G2 hydrolysis; (B) G3 hydrolysis; (C) G4 hydrolysis; (D) G5 

hydrolysis; (E) G6 hydrolysis and (F) Colloidal chitin hydrolysis. Lanes: Std, a standard mixture of G1-G6; 1-6, the reaction products at 2, 

5, 10, 30, 60 min and 18 h, respectively; 7, substrate blank. 
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When chitinase A was incubated with G2, the TLC results showed no 

detectable products observed even after 18 h of incubation (Figure 3.23A). The 

obtained result suggested G2 does not at all act as the substrate of this enzyme. With 

G3 substrate, only pale spots of G1 and G2 were detected only 18 h of incubation, 

indicating that G3 was poorly hydrolyzed by the enzyme (Figure 3.23B). With G4 

substrate (Figure 3.23C), the enzyme mainly recognized the middle glycosidic bond 

of the tetrameric chain, releasing G2 as the major product. As expected, the enzyme 

degraded G5, releasing G2 and G3 end products (Figure 3.23D). On the other hand, 

the hydrolysis of G6 initially yielded G2, G3 and G4 (Figure 3.23E). At the end of the 

reaction, G3 and G4 were further hydrolyzed to G1 and G2 with G2 being produced 

as the major products. The hydrolytic activity of chitinase A against colloidal chitin 

was also studied at various incubation times (Figure 3.23F). The TLC result showed 

that the dimer (G2) was significantly formed only after 2 min of the incubation time. 

Other reaction intermediates (G1, G3 and G4) were observed only when the reaction 

was proceeded up to 18 h. Again at the end of the reaction, G2 was observed as the 

major product.  

To quantify how much these transient products were generated from the 

degradation reactions of G3-G6, the remaining reaction mixtures from TLC were 

subjected to HPLC analysis as shown in Figures 3.24-3.27. 

 

            3.2.3.2 HPLC analysis of G3 hydrolysis by wild-type chitinase A. 

The reaction products of G3 hydrolysis by wild-type chitinase A were resolved 

by HPLC under the conditions described in section 3.2.2 (Figure 3.24). 
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Figure 3.24 HPLC analysis of G3 hydrolysis by wild-type chitinase A at various 

times.  

The reaction mixture (80 µL), containing 800 ng chitinase and 2.5 mM G3 in 100 mM 

sodium acetate buffer pH 5.0, was incubated at various times (2, 5, 10, 30, 60 min and 

18 h) at 30oC. After boiling, the reaction mixture (20 µl) was resolved on HPLC using 

a Zorbax Carbohydrate Analysis column and sugar peaks detected by UV absorption 

at A205 nm. (A) HPLC chromatogram of G3 hydrolysis (B) Quantification of G3 

hydrolysis by wild-type chitinase A at various times. SB, substrate blank. 
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The G1 and G2 products were converted to nmol quantity by estimating their 

peak area, using a standard curve of each corresponding sugar. A plot of mole 

quantity of the reaction products and G3 substrate versus reaction times is shown in 

Figure 3.24B.  

Figure 3.24 shows that G2 products (1.29 nmol) was detected within the first 

10 min, while no G1 was detectable at very early stage of reaction. Even as longer 

time of incubation as 18 h, G3 could only be partially hydrolyzed, giving 16.04 nmol 

of G1 and 22.08 nmol of G2. These amounts of G1 and G2 products were calculated 

to be only ~10% and ~13% of the starting substrate. Once again, the HPLC result 

confirmed that G3 is a poor substrate for Vibrio chitinase A. 

 

            3.2.3.3 HPLC analysis of G4 hydrolysis by wild-type chitinase A.  

The hydrolysis of G4 substrate as a function of time is shown in Figure 3.25. It 

can be seen that the enzyme recognized the middle bond of G4 so that G2 was mainly 

formed. An increased signal of G2 (6.02 min) was already seen even at the 2 min of 

incubation (Figure 3.25A). On the other hand, G3 (7.58 min) was measured only in 

trace amount upon incubation upto 18 h. G3 intermediate was further degraded to G2 

and G1 (5.08 min) towards the completion of the hydrolysis. Quantitative analysis of 

the hydrolytic products (Figure 3.25B) indicated that 4.9 nmol of G1 was produced, 

which was only 2% of G2 after the end of the reaction, while 265.94 nmol and 34.09 

nmol of G2 and G3 were calculated from 142.69 nmol of the starting material (G4).  
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Figure 3.25 HPLC analysis of G4 hydrolysis by wild-type chitinase A at various 

times.  

The reaction mixture (80 µL), containing 800 ng chitinase and 2.5 mM G4 in 100 mM 

sodium acetate buffer pH 5.0, was incubated at various times (2, 5, 10, 30, 60 min and 

18 h) at 30oC. After boiling, the reaction mixture (20 µl) was resolved on HPLC using 

a Zorbax Carbohydrate Analysis column and the sugar peaks detected by UV 

absorption at A205 nm. (A) HPLC chromatogram of G4 hydrolysis (B) Quantification 

of G4 hydrolysis at various times. SB, substrate blank. 
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            3.2.3.4 HPLC analysis of G5 hydrolysis by wild-type chitinase A  

The hydrolysis of G5 is shown in Figure 3.26. Two major peaks corresponded 

to the retention times of G2 (6.02 min) and G3 (7.58 min) were observed upon the 

incubation time of 18 h (Figure 3.26A). Figure 3.26B shows that both G2 and G3 

were formed in relatively equal amounts since 2 min of reaction. The amounts of both 

products were steadily increased at longer times of incubation. At the end of the 

reaction, 160.24 nmol and 91.28 nmol of G2 and G3 were detected. Again, only very 

small amount of G1 (9.21 nmol) was observed even as long as 18 h of incubation. The 

yield of G1 was only ∼6% of the dimer. This is because G1 could be only produced 

from the subsequent degradation of G3 intermediate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

130

A 

 

 

 

 

 

 

 

B

   
 

 

 

 

 

 

 
Figure 3.26 HPLC analysis of G5 hydrolysis by wild-type chitinase A at various 

times.  

The reaction mixture (80 µL), containing 800 ng chitinase and 2.5 mM G5 in 100 mM 

sodium acetate buffer pH 5.0, was incubated at various times (2, 5, 10, 30, 60 min and 

18 h) at 30oC. After boiling, the reaction mixture (20 µl) was resolved on HPLC using 

a Zorbax Carbohydrate Analysis column and the sugar peaks detected by UV 

absorption at A205 nm. (A) HPLC chromatogram of G5 hydrolysis (B) Quantification 

of G5 hydrolysis at various times. SB, substrate blank. 
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            3.2.3.5 HPLC analysis of G6 hydrolysis by wild-type chitinase A. 

Figure 3.27A shows an HPLC elution profile of the reaction products at 

various incubation times. The retention times of 5.08, 6.02, 7.58, 9.40, 11.60 and 

14.50 min corresponded to G1, G2, G3, G4, G5 and G6, respectively. 

For G6 hydrolysis, G2 and G4 were produced as the primary products. The 

production of G2 major product most likely occurred directly from the degradation of 

G6. The cleavage of G4 intermediate to G2 seemed to take place to a lessen extent as 

judged from the relative amount of G4 being released at early time of reaction. On the 

other hand, the production of G3 proceeded by a single step action of the enzyme 

indicated the enzyme also recognized the middle bond of G6. At 10 min of reaction, 

the rate of G3 formation detected was approx one-fifth slower than that of G2 

formation. This exhibits the preference of the enzyme towards the second bond of the 

sugar chain. At 1 h of reaction time, the yields of the trimer was 3.16 nmol, the 

tetramer was 12.05 nmol and the dimer was 29.72 nmol. The amounts of the trimer 

and the tetramer were calculated to be 10% and 40% of the yield of dimer. In 

addition, the G3 intermediate was also further hydrolyzed, giving G1 (5.65 nmol) as 

the end product with 2% of that of dimer.  
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Figure 3.27 HPLC analysis of G6 hydrolysis by wild-type chitinase A at various 

times.  

The reaction mixture (80 µL), containing 800 ng chitinase and 2.5 mM substrate of 

G6 in 100 mM sodium acetate buffer pH 5.0, was incubated at various times (2, 5, 10, 

30, 60 min and 18 h) at 30oC. After boiling, the reaction solution (20 µl) was resolved 

on HPLC using a Zorbax Carbohydrate Analysis column and the sugar peaks detected 

by UV absorption at A205 nm. (A) HPLC chromatogram of G6 hydrolysis. (B) 

Quantification of G6 hydrolysis at various times. SB, substrate blank. 
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            3.2.3.6 HPLC analysis of chitin hydrolysis by wild-type chitinase A.  

Hydrolytic patterns of colloidal chitin by chitinase A were also analyzed by 

quantitative HPLC. Figure 3.28A shows an HPLC chromatogram of 

chitooligosaccharide products at various incubation times. Quantitation of the 

hydrolytic products obtained from colloidal chitin hydrolysis is shown in Figure 

3.28B.  

When colloidal chitin was the substrate, only chitooligosaccharides, G1, G2 

and G3 were observed with G2 being predominantly formed. Like other substrates, 

G3 intermediate was gradually released in the course of the reaction and 

simultaneously hydrolyzed, giving G1 end product. For quantitative analysis (Figure 

3.28B), G2 formation was 207.23 nmol, while G1 and G3 formation were 12.08 nmol 

and 43.49 nmol.  
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Figure 3.28 HPLC analysis of chitin hydrolysis by wild-type chitinase A at various 

times.  

The reaction mixture (120 µL), containing 4 µg chitinase and 20 mg colloidal chitin in 

100 mM sodium acetate buffer pH 5.0, was incubated at various times (2, 5, 10, 30, 

60 min and 18 h) at 30oC. After boiling, the reaction solution (20 µl) was resolved on 

HPLC using a Zorbax Carbohydrate Analysis column and the sugar peaks detected by 

UV absorption at A205 nm. (A) HPLC chromatogram of colloidal chitin hydrolysis. 

(B) Quantification of colloidal chitin hydrolysis at various times. SB, substrate blank. 
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      3.2.4 TLC and HPLC analyses of the hydrolytic products of chitinase A  

    mutants 

            3.2.4.1 Screening the hydrolytic activity of chitinase A mutants 

The hydrolytic activity of all chitinase A variants were initially tested with 

colloidal chitin by adjusting concentrations of the enzymes to yield detectable 

activity. The products of chitin hydrolysis generated by chitinase wild-type and 

mutants were analyzed at overnight reaction using TLC as shown in Figure 3.29.    

From Figure 3.29A, all the E315 mutants did not hydrolyze colloidal chitin at 

all even with the enzyme was as high as 80 µg. Only D392N mutant was able to 

hydrolyze chitin with lessen activity than the wild-type activity. On the other hand, 

the aromatic mutants (W168G, Y171G, W275G and W397F) still remained hydrolytic 

activity with various degrees, while W275G and W397F retained most significant 

activity (Figure 3.29B). Mutant W570G displayed most severe effect by abolishing 

the hydrolyzing activity against colloidal chitin. No activity was detected with triple 

and quadruple mutants, giving an indication of an accumulative effect of multiple 

point mutations on the hydrolyzing activity of Vibrio chitinase A. 
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Figure 3.29 TLC analysis of chitin hydrolysis by chitinase A and its mutants. 

The reaction mixture (150 µL), containing chitinase A (80 µg) and colloidal chitin (20 

mg) in 100 mM sodium acetate buffer pH 5.0, was incubated for 18 h at 30oC. After 

boiling, the reaction solution (5 µl) was analyzed on TLC and sugar products detected 

with aniline-diphenylamine reagent. (A) Hydrolysis by wild-type chitinase A, Asp392 

and Glu315 mutants. Lanes: Std, a standard mixture of G1-G6; 1, wild-type; 2, 

D392N; 3, D392K; 4, E315Q; 5, E315M; 6, D392NE315Q; 7, D392NE315M; 8; 

D392KE315M and 9, substrate blank. (B) Hydrolysis by wild-type chitinase A and 

aromatic-residue mutants. Lanes: Std, a standard mixture of G1-G6; 1, wild-type; 2, 

W168G; 3, Y171G; 4, W275G; 5, W397F; 6, W570G; 7, double; 8, triple; 9, 

quadrupole and 10, substrate blank. 
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            3.2.4.2 TLC analysis of G2-G6 hydrolysis by chitinase A mutants 

As noted above, mutations of the active site residues (Asp392→Asn, 

Trp168→Gly, Tyr171→Gly, Trp275→Gly and Trp397→Phe) led to a significant 

modification of the chitinase hydrolytic activity towards colloidal chitin. The ability 

of the enzymes to hydrolyze chitooligosaccharides (G2-G6) was further investigated. 

The discriminations in the cleavage patterns of each mutant were observed at 10 min 

(data not shown) and 60 min of the reaction (Figure 3.30A-E ).  
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Figure 3.30 TLC analysis of G2-G6 hydrolysis by chitinase A mutants. 

A reaction mixture (80 µL), containing 800 ng chitinase and 2.5 mM substrate (G2-

G6) in 100 mM sodium acetate buffer pH 5.0, was incubated for 1 h at 30oC. After 

boiling, the reaction solution (5 �l) was analyzed on TLC and sugar products detected 

with aniline-diphenylamine reagent. (A) G2 hydrolysis, (B) G3 hydrolysis, (C) G4 

hydrolysis, (D) G5 hydrolysis, and (E) G6 hydrolysis. Lanes: Std, a standard mixture 

of G1-G6; 1, wild-type; 2, D392N; 3, W168G; 4, Y171G; 5, W275G; 6, W397F; and 

7, substrate blank. 
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As expected, none of the mutants hydrolyzed G2 (Figure 3.30A). After 60 min 

of incubation, only W397F clearly displayed the hydrolytic activity by cleaving G3 to 

G1 and G2, whereas wild-type and other mutants were unable to utilize G3 at all 

(Figure 3.30B). The pale spots corresponding to G1 and G2 products were a result of 

G3 hydrolysis by W397F, indicating that this mutant had a greater efficiency in the 

utilization of G3 than the non-mutated enzyme. A notable difference in the patterns of 

product formation by mutants W275G and W397F was particularly observed with 

longer-chain chitooligomers, G4-G6, (Figure 3.30C-E). With G4 hydrolysis, greater 

amounts of the G2 product were generated by mutants W168G, Y171G, W275G and 

W397F, with W275G having the most prominent signal (Figure 3.30C). Two pale 

spots corresponding to G6 that were additionally seen in the reaction mixture 

containing G4 and W168G and Y171G gave evidence that transglycosylation was 

concurrently taking place during the hydrolytic reactions of these two mutants (Figure 

3.30C). The elongated oligomer, G6 was predominately generated as early as 10 min 

after the initiation by mutant W168G (data not shown). A complete degradation of G5 

and G6 was reached when the reactions containing W275G and W397F (Figure 

3.30D-E) were incubated at 30oC for 60 min, whilst substantial amounts of the 

substrates remained present in the reaction mixtures containing wild-type chitinase A. 

These results clearly indicated enhanced hydrolytic activity of the two mutants 

towards G5-G6. In summary, the hydrolytic activity towards G4, G5 and G6 (Figure 

3.30C-E), generating the G2 product, was best achieved by W275G. Further analysis 

showed a series of chitooligosaccharide fragments (G1, G2, G3, G4 and G5) were 

produced from G6 hydrolysis by W397F (Figure 3.30E). It was found that mutation of 
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Trp397 to Phe led to a distinct cleavage mode from wild-type enzyme and resulted in 

the enhanced hydrolytic activity.  

 

            3.2.4.3 HPLC analysis of G3 hydrolysis by chitinase A mutants. 

In the previous section, TLC analysis of hydrolytic products revealed 

differences in the ability of mutants W168G, Y171G, W275G and W397F to utilize 

chitooligomers. In this section, the reaction intermediates of the hydrolysis of these 

substrates with the chitinase variants were quantitated at the early stage of the reaction 

(10 min) by HPLC under the conditions described in Methods 2.7.3. The calculated 

amounts of the products were shown as relative values compared to those obtained 

from wild-type. Table 3.15 shows the amounts of hydrolytic products of chitinase A 

and mutants with G3 substrate, the products G1 and G2 were calculated from 

triplicate injection according to the HPLC experimental data.     

 

Table 3.15 Quantification of G3 hydrolysis by chitinase A mutants.   

 

 

 

 

 

 

 

 

a n.d. represents non-detectable activity. 
b Values in brackets represent relative amount comparing to that of wild-type (set to 1). 

nmol of products released 
Chitinase A variant 

G1 G2 

Wild-type n.d. a 1.53 (1)  b 

D392N 0 0 

W168G 0.21 3.17 (2.09) 

Y171G n.d. 2.67 (1.75) 

W275G 25.83 2.55 (1.68) 

W397F 31.32 2.66 (1.75) 
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 The results showed that D392N was unable to hydrolyze G3 substrate. The 

increased signals of G1 and G2 products as a result of G3 hydrolysis by the W168G, 

W275G and W397F mutants indicated that these mutants had greater efficiency in G3 

utilization than the wild-type enzyme. The amounts of G1 products released from G3 

hydrolysis by mutant W275G and W397F were estimated to be 25.83 nmol and 31.32 

nmol, which were most significantly higher than G1 produced by wild-type. 

 

            3.2.4.4 HPLC analysis of G4 hydrolysis by chitinase A mutants. 

Table 3.16 shows the quantitative HPLC analysis of the relative amounts of 

the oligomers produced by the selected mutants as specified in section 3.2.4.3. 

 

Table 3.16 Quantification of G4 hydrolysis by chitinase A mutants.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a n.d. represents non-detectable activity. 
b Values in brackets represent relative amount comparing to that of wild-type (set to 1).  

 

 

nmol of products released Chitinase A 

variant G1 G2 G3 

Wild-type n.d. a 3.10 (1)  b n.d. 

D392N 0 0 1.74 

W168G 0.26 12.04 (3.89)  3.91 

Y171G 14.16 7.40 (2.39) 5.06 

W275G n.d. 93.37 (30.19) 4.84 

W397F 2.66 10.56 (3.41) 8.94 
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With the exception for D392N, all the selected variants gave a significant 

increase in G2 product, especially W275G with the 30.19-fold of the yield obtained 

from wild-type enzyme. In addition, Y171G and W397F mutants displayed 

differences in the hydrolytic patterns compared to wild-type. With G4 substrate, 

Y171G and W397F cleaved G4 to G1 with the amount of G1 products released by 

Y171G and W397F estimated to be 14.16 nmol and 2.66 nmol, while G1 was non-

detectable at all from wild-type protein. It is obvious that mutant W275G most often 

recognized the middle glycosidic bond of G4 as G2 product was the most prominent 

compared to other mutants.  

 

            3.2.4.5 HPLC analysis of G5 hydrolysis by chitinase A mutants. 

The detectable signals of G1-G4 products as a result of G5 hydrolysis by all 

the variants at 10 min of reaction is shown in Table 3.17.  

 

Table 3.17 Quantification of G5 hydrolysis by chitinase A mutants.   

 

a n.d. represents non-detectable activity. 
b Values in brackets represent relative amount comparing to that of wild-type (set to 1). 

nmol of products released Chitinase A 

variant G1 G2 G3 G4 

Wild-type n.d. a 9.86 (1)  b 3.57 (1) 5.61 (1) 

D392N n.d. n.d. n.d. 2.13 (0.38)   

W168G 5.83 6.28 (0.64)  18.89 (5.31) 5.24 (0.94) 

Y171G 3.73 4.13 (0.42) 4.46 (1.25) n.d. 

W275G 7.10 61.79 (6.27) 50.57 (14.21) 7.57 (1.35) 

W397F 19.15 15.92 (1.62) 6.45 (1.81) 10.78 (1.93) 
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 With G5 as the substrate, G2 and G3 were formed as the primary products of 

wild-type with the hydrolytic rate of the D392N mutant being much slower than that 

of other variants. Although the cleavage patterns of W168G and Try171G were 

similar to the wild-type analogue, both enzymes released greater amounts of G3 with 

the 5.31-fold and 1.25-fold of the yield obtained from the wild-type enzyme. Mutant 

W275G degraded G5 to main products of G2 and G3 with 6.27-fold of G2 and 14.21-

fold of G3 compared to the value obtained by wild-type. The levels of G2-G4 

products generated from G5 by mutant W397F were 2-fold greater as compared to the 

levels obtained from the wild-type enzyme. W397F also released highest amount of 

G1 (19.15 nmol), whereas it was non-detectable from wild-type enzyme. Noticeably, 

both W275G and W397F mutant hydrolyzed G5 much more efficiently, as well as 

displayed significantly distinct cleavage patterns from the wild-type enzyme. 

 

            3.2.4.6 HPLC analysis of G6 hydrolysis by chitinase A mutants. 

Hydrolysis of G6 by the same mutants is presented in Table 3.18. 

 

 

 

 

 

 

 



   

 

144

Table 3.18 Quantification of G6 hydrolysis by chitinase A mutants.   

 

 

a n.d. represents non-detectable activity. 
b Values in brackets represent relative amount comparing to that of wild-type (set to 1)  

 

Table 3.18 shows that wild-type enzyme asymmetrically cleaved G6 to G2 and 

G4 products. Thus G3 was much less produced by wild-type enzyme compared to the 

mutated enzyme. After 10 min of reaction time, D392N failed to generate G2 and G4 

products, but the yield of the trimer was 2.31-fold higher than the value of wild-type. 

Both W168G and Y171G hydrolyzed G6, giving the asymmetric products of G2 and 

G4. W168G released higher amounts of G3 and G4 (about 4-fold), comparing to the 

values obtained from wild-type. On the other hand, Y171G released comparable of 

G2 and G4 and greater amount of G3 (3.72-fold higher than that obtained from wild-

type). Mutant W275G particularly enhanced the hydrolytic activity, producing G2, G3 

and G4 with 7.42, 31.78 and 4.39 fold, respectively, higher yields than wild-type. The 

break down of G6 substrate to G2 and G3 was best achieved by W275G. W397F 

enhanced the hydrolytic activity by generating G2-G4 products with the range 5-fold 

nmol of product released 
Chitinase A variant 

G1 G2 G3 G4 G5 

Wild-type n.d. a 10.29 (1) b 0.96 (1) 3.31 (1) n.d. 

D392N n.d. n.d. 2.22 (2.31) n.d. n.d. 

W168G n.d. 9.42 (0.92) 3.77 (3.92) 14.34 (4.33) n.d. 

Y171G n.d. 7.85 (0.76) 3.58 (3.72) 3.49 (1.06) n.d. 

W275G 1.68 76.36 30.51 (31.78) 14.53 (4.39) 5.45 

W397F 15.31 24.94 4.68 (4.88) 10.37 (3.13) 8.69 



   

 

145

higher than that value obtained from wild-type. Table 3.18 shows that the G1 product 

was best produced by W397F compared to G1 produced by other mutants. 

 In conclusion, HPLC provided greater sensitivity for oligosaccharide 

hydrolysis and the construction of the sugar standard curve allowed the hydrolytic 

products to be quantitated. Under the given conditions, the reaction intermediates of 

the hydrolytic reactions were detected as early as 10 min of incubation. The 

hydrolysis of G2 was unnoticeable at this time point, whereas the highest amounts of 

G1 products were released from G3 hydrolysis by mutants W275G and W397F (Table 

3.15). Similar results were observed with higher-Mr substrates, by which the cleavage 

patterns of G4-G6 notably exhibited enhanced-hydrolytic activity of mutants W275G 

and W397F over the wild-type enzyme. Mutant W275G preferably cleaved G4 to G2 

(Figure 3.30C), whilst mutant W397F degraded G4 to G1-G3. By TLC technique, the 

transglycosylation was clearly seen in the reaction mixture containing G4 and W168G 

or Y171G. In addition, W168G displayed greater transglycosylation than Y171G, as 

higher Mr sugar could be observed as early as 10 min reaction, whilst Y171G showed 

the spot corresponding to larger sugar only at 1 h of incubation. With G5 and G6 

substrates (Figure 3.30D-E), the highest amount of G3 product was generated by 

W275G higher than the G3 product obtained from the non-mutated enzyme. On the 

other hand, mutant W397F hydrolyzed G5 (Figure 3.30D), and G6 (Figure 3.30E), 

produced a series of smaller fragments ranging from G1-G4 for G5 substrate and G1-

G5 for G6 substrate. The G1 product, which was a result of the hydrolysis of G3 

intermediate was most seen by mutant W397F (with the highest amount of 19.15 

nmol from G5 hydrolysis). The levels of G2-G5 products generated from G6 by the 

same enzyme were 2-5 fold greater than the wild-type enzyme. The most 
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distinguishable cleavage patterns found for W275G and W397F mutants suggested 

that these two residues are particularly important for primary binding of the soluble 

substrates.  
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CHAPTER IV 

DISCUSSION 

 

4.1 Recombinant expression and purification of chitinase A from 

      E. coli M15 cells  

The chitinase A gene isolated from V. carchariae genome encodes 850 amino 

acids, expressing 95 kDa precursor. However, the molecular weight of the native 

chitinase A was determined to be 63 kDa, suggesting that the functional enzyme was 

proteolytically processed, most likely at the C-terminus with the cleavage site 

predicted to locate between Arg597 and Lys598 (Suginta et al., 2004). The chitinase 

A gene, lacking 254-amino acid C-terminal fragment was subsequently cloned into the 

pQE60 expression vector and expressed in E. coli M15 cells.  

In this study, conditions for high expression level of recombinant chitinase A 

was established with the attempt to obtain sufficient amounts of highly purified 

enzyme for functional and structural determination. Varied IPTG concentrations, 

temperatures and times required for maximal production of the wild-type enzyme 

were tested. The results showed highest level of the protein expression when the cells 

were induced with 0.5 mM IPTG at 25oC for 18 h. Under this condition, the major 

band of ~63 kDa obtained from crude enzyme was clearly detected on SDS-PAGE 

gel. The recombinant chitinase A was expressed with six histidine residues tagged at 

the C-terminus, so that the enzyme could be further purified by Ni-affinity 

chromatography. Other chitinase mutants produced from the



   

 

148

same expression vector and host cells were also expressed and purified under the 

same condition as for the wild-type enzyme. 

Ni-affinity chromatography was carried out using the two-step wash protocol, 

in which 5 mM, followed by 20 mM imidazole were used in the washing step prior to 

chitinase elution with 250 mM imidazole. A single step purification was employed for 

functional characterization. However, further purification by gel filtration 

chromatography was applied if the enzymes were subjected for crystallization 

experiments. A complete purification of wild-type and inactive E315M yielded 

approx. 8-10 mg of purified enzyme per litre of bacterial culture. Other chitinase 

variants (D392N, D392K, E315Q, E315M, D392NE315Q, D392NE315M, 

D392KE315M, W168G, Y171G, W275G, W397F, W570G, a double mutant, a triple 

mutant and a quadruple mutant) were purified using a single step of Ni-affinity 

purification with slightly higher yields of approximately 10-15 mg of the purified 

proteins per liter of bacterial culture.  

 

4.2 Secondary structural analysis of V. carchariae chitinase A  

      by CD spectroscopy  

The effects of point mutations of the active-site residues on the hydrolytic 

activity towards chitin and chitooligosaccharide substrates were studied (Results 

3.2.4). Mutations of some of those mutants resulted in significant changes in the 

catalytic activity of the enzyme. To verify that the functional modifications were not 

caused by the structural disruption, the folding states of the native and expressed 

chitinase A variants from E. coli were investigated by means of CD spectroscopy. 
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The CD spectra of the mutated proteins were compared with the spectrum of 

the non-mutated enzyme. The spectra of the mutated enzymes were found to be nearly 

superimposed as shown in Figure 3.4, which indicated that all the expressed proteins 

folded into native conformations. The CD spectra displayed a mixture of α-helices 

and β-sheets with a minimum absorbance of 220 and 208 nm. This spectral 

characteristic is expected for the (β/α)8-TIM barrel containing structures.  

  

4.3 Sequence analysis of V. carchariae chitinase A 

When the amino acid sequence of the full-length V. carchariae chitinase A 

was compared with other bacterial chitinases, the V. carchariae chitinase A was found 

to align well with all the family 18 chitinases (Figure 3.5) with the overall sequence 

identity of 47%. It is well studied that bacterial chitinase A has the highly conserved 

catalytic region, with two typical conserved motifs SxGG and DxxDxDxE located at 

strands B3 and B4 of the TIM-barrel catalytic domain (Henrissat and Bairoch, 1993). 

The glutamic residue located at the end of DxxDxDxE motif (equivalent to Glu315 of 

the Vibrio sequence) is identified as the most important residue in catalysis (Watanabe 

et al., 1993; Terwisscha van Scheltinga et al., 1995; 1996; Matsumoto et al., 1999; 

Hollis et al., 2000; Bortone et al., 2002; Suginta et al., 2005). 

 

4.4 Three-dimensional structure of V. carchariae chitinase A 

For crystallization experiments, various types of crystallization techniques 

were used, such as microbatch under oil, microbatch sitting drop, sitting drop and 

hanging drop vapor diffusion methods. Microseeding and macroseeding were also 

employed in the later steps of the crystal growth optimization. Although the first 
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crystal was obtained from wild-type protein, it was later found to be twin crystal that 

gave the non-identificable X-ray diffraction pattern. Later, the high quality crystals of 

E315M mutant (without substrate) were obtained. The crystals of E315M complexed 

with two chitooligosaccharide substrates were originally grown under the same 

conditions using the hanging drop technique. Further optimization was carried out 

until the X-ray quality crystal of wild-type was obtained by macroseeding technique.  

The X-ray structures of V. carchariae chitinase A wild-type and its E315M 

mutant were solved by the molecular replacement method (see Methods 2.6.6). In 

general, the structure of the Vibrio enzyme is similar to the structures of S. 

marcescens chitinase A (Perrakis et al., 1994; Papanikolau et al., 2001; 2003; 

Aronson et al., 2003), hevamine chitinase (Terwisscha van Scheltinga et al., 1995; 

1996), B. circulans chitinase A1 (Matsumoto et al., 1999) and C. immitis chitinase 

(Hollis et al., 2000; Bortone et al., 2002). 

The overall structure of V. carchariae chitinase A comprises three major 

domains as shown in Figure 3.10. The N-terminal chitin-binding domain (residues 22-

138), which consists mostly of β-strands, connects through a hinge region (residues 

139-159) to the main (β/α)8-barrel catalytic domain. The TIM-barrel domain has two 

regions (Cat I contains residues 160-460 and Cat II contains residues 548-588). These 

two regions are separated by the third domain (residues 461-547), which has an α+β 

fold. This domain is referred as a small α+β domain.  

The superimposition between Vibrio and Serratia structures gave an R.M.S. of 

6.221 Å, suggesting a high similarity of the overall fold of the two enzymes with a 

few minor differences over the three domains.   
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A difference between the two structures was found in the N-terminal chitin-

binding domain. The first two parallel strands are interrupted with a helix in the 

chitin-binding domain of the Vibrio enzyme. This strand interruption was not found in 

the Serratia domain. In addition, the Vibrio structure has an extra helix preceeding the 

hinge region, which was also absent in Serratia structure (see Figure 3.12A). 

The superimposition between wild-type with E315M-NAG6 reveals a 

complete identity of the two structures. The active site of the enzyme has a long deep 

cleft characteristic with a dimension of ~33 × 14 Å. The structure of E315M-NAG6 

complex reveals a full occupancy of the six NAG units along the substrate binding 

cleft (Figure 3.13A). The nomenclature for sugar subsites was designated from 

E315M-NAG6 structure (Figure 3.13B). Based on Devies and Henrissat (1995), the 

sugar unit at subsite +2 is at the reducing end, while the sugar unit at subsite -4 is at 

the non-reducing end. The bond located between subsites -1 and +1 is identified as the 

scissile bond.  

Several conserved aromatic residues, including Trp168, Tyr171, Trp231 and 

Tyr245 appear to position along the substrate binding site (Figure 3.13A). Other two 

additional conserved residues (Tyr31 and Trp70) are found to extend over the surface 

beyond the substrate binding site towards the N-terminal chitin-binding domain of the 

Vibrio structure. The positions of Trp168 and Tyr171 are alternately placed at the 

substrate binding sites -3 and -5, while Trp231, Tyr245, Tyr31 and Trp70 are placed 

at the predicted sites -7, -9, -11 and -13, respectively. The binding at subsite -3     and 

-5 was strongly confirmed by the direct contact from E315M-NAG6 structure that will 

be later described in section 4.4.2. Two of these conserved residues (Trp122 and 

Trp134) were well studied in chitinase A1 from B. circulans (Watanabe et al., 2001). 
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The residue Trp122 is equivalent with Trp168 and Trp134 equivalent with Tyr171 of 

the Vibrio enzyme. Both residues are surface exposed and found to be aligned on the 

extension of the oligomer chain bound to the binding cleft. These two aromatic 

residues have been shown to be particularly essential for hydrolysis of crystalline 

chitin. The N-terminal chitin-binding domain was suggested to be partially flexible 

and to work cooperatively with a connecting hinge in order to direct a chitin chain 

into the recognition site for a subsequent hydrolysis (Watanabe et al., 2001).  

The TIM-barrel catalytic domain of V. carchariae chitinase A is located at the 

C-terminal and made of strands B1-B8 and helices A1-A8 alternately connected 

between each β-strand as shown in Figure 3.12. Some differences that are found 

between the TIM-barrel domain of V. carchariae and of S. marcescens are; i) strand 

B1 is connected by four short α-helices in V. carchariae (G1-1, G1, G1-2 and G1-3), 

but by only three helices (G1-1, G1-2 and G1-3) in S. marcescens, ii) there are three 

helices connected between B2 and B3 (Á, G2-1 and A2) with two extra short 

antiparallel strands (B2-1 and B2-2) in V. carchariae, but there are four α-helices in S. 

marcescens without two β-strands connected to the helix Á, iii) in V. carchariae 

chitinase A, two helices (G4 and A4) are found between B4 and B5, while only one 

(A4) found in S. marcescens, and iv) the two extra antiparallel β-sheets (B6-1 and B6-

2) connected between B6 and B7 are formed in V. carchariae. These two strands are 

absent in S. marcescens.  

The most important characteristic of the TIM-barrel domain of the Vibrio 

chitinase is the completely conserved motif SxGG located at strand B3, and the 

DxxDxDxE motif at the end of strand B4. The latter motif contains Glu315 that is 

known to be the most important residue in catalysis (Perrakis et al., 1994; Terwisscha 
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van Scheltinga et al., 1995; 1996; Matsumoto et al., 1999; Hollis et al., 2000; 

Papanikolau et al., 2001; 2003; Bortone et al., 2002; Aronson et al., 2003; Suginta et 

al., 2005).  

Like other family 18 chitinases, the catalytic cleft of V. carchariae chitinase A 

contains a number of cis peptide bonds (Figure 4.1). There are three non-Pro cis 

bonds (Gly191-Phe192, Glu315-Phe316 and Trp570-Glu571). These cis bonds are 

also found in S. marcescens (Perrakis et al., 1994) and in hevamine (Terwisscha van 

Scheltinga et al., 1996). In the case of C. immitis chitinase (Hollis et al., 2000), the 

enzyme contains four cis peptide bonds. One involves a cis Pro, the other three are 

non-Pro cis bonds. The locations of these cis peptide bonds that surround the active 

site strongly suggested that they are involved in the overall architecture of the 

catalytic cleft of V. carchariae chitinase A. 
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Figure 4.1 A representation of non-Proline cis bonds and disulfide bonds found in 

E315M-NAG6 complex.  

The amino acid residues are depicted as ball-and-stick model. NAG6 comprising six 

sugar residues are in stick model. Amino acid residues are colored; yellow for carbon; 

blue for nitrogen; red for oxygen and orange for sulfur atoms. NAG6 are colored; cyan 

for carbon; blue for nitrogen and red for oxygen. Non-Proline cis bonds are indicated 

by arrow ( ). Disulfide bonds are shown in orange. 

 

The structure of E315M-NAG6 revealed that -1 sugar interacts with the side 

chains of Phe192, Glu315→Met and Trp570. All these residues are involved in cis 

peptide bond formation as mentioned earlier. In the structure of C. immitis chitinase, 

these residues are presumed to be crucial for preserving the correct peptide geometry 

for substrate binding and for catalysis (Hollis et al., 2000). It was assumed that they 

are often associated with the active sites of enzymes in order to achieve essential 

constraints (Perrakis et al., 1994). In the case of two intrachain disulfide bonds found 

between Cys217-Cys196 and Cys418-Cys409 located at the catalytic cleft (Figure 
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4.1), the first bond near subsite -1 and the latter one near the reducing end of the sugar 

chain. These cystine bridges were suggested to restrict the flexibility of binding of the 

NAG units at these two subsites (Perrakis et al., 1994). 

The small insertion domain of Vibrio enzyme is located between strands B7 

and A7 (Figure 3.12A). Although, function of this domain is still unknown, direct 

contacts from the structure of E315M-NAG6 suggests that the conserved residues 

Tyr461, Arg463 and Trp497 of this domain participate in substrate binding by 

interacting with -1, -3 and -4 NAG. In contrast, the insertion residues in C. immitis 

chitinase (Hollis et al., 2000) did not at all play a role in substrate binding as their 

positions were further away from the catalytic site.  

As seen in Figure 3.10, the overall structures of wild-type, E315M mutant and 

complexes of E315M mutant with NAG5 and NAG6 are identical.  The only difference 

is that the structure of chitinase A E315M either in the presence or absence of NAG 

substrates consists of one monomer per asymmetric unit, while the structure of wild-

type consists of two monomers per asymmetric unit. Figure 3.10B shows the structure 

of inactive mutant in the absence of substrate. It is clearly seen that the engineered six 

histidine tagged residues completely buried in the catalytic cleft of the enzyme. These 

tagged residues mimicked the sugar structures by interacting with all the residues that 

are important for the bindings of NAG5 and NAG6 (i.e. Tyr164, Trp168, Arg173, 

Phe192, Val205, Trp275, Asp313, Glu315→Met, Ala363, Met389, Tyr391 and 

Trp570).  

The overall structure of the complex E315M-NAG5 is shown in Figure 3.10C. 

The substrate NAG5 was bound within a long deep groove (about 30 Å in width and 

about 14 Å in dept) of the substrate binding cleft. On the other hand, the structure of 
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E315M-NAG6 complex (Figure 3.10D) demonstrates that NAG6 was firmly 

embedded within the longer groove (about 33 Å in width and about 14 Å in depth) of 

the enzyme. In both cases, the groove appeares to be open at both ends, which is a 

characteristic of an endo chitinase. 

The crystal structure of inactive mutant-NAG5 complex reveals an occupancy 

of subsites (-2) to (+2) with the ‘straight chair conformation’ of NAG5. The last sugar 

ring at subsite (-3) that was supposed to be seen in the structure could not be modeled 

due to its poor density (Figure 3.17). This observation suggests that the binding 

affinity between the sugar and the binding residues at subsite -3 was relatively weak, 

thus allowing the sugar residue to be freely moved.  

The structure of the inactive mutant E315M complexed with NAG6 clearly 

reveals a higher number of interactions between several conserved residues in the 

E315M-NAG6 complex than in the E315M-NAG5 complex. This supports the 

previous finding on the preference of V. carchariae chitinase A upon an increase in 

the chain length of chitooligomer (Suginta et al., 2005). As found also for other 

chitinases, Vibrio chitinase contains multiple binding sites (Figure 3.20), in which the 

hexasaccharide moieties fully occupied subsites (-4), (-3), (-2), (-1), (+1) and (+2) 

with the particular ‘bent conformation’ of -1 sugar. The scissile bond located between 

-1 NAG and +1 NAG is in the twist conformation, giving the plane of +1 and +2 

NAG lie perpendicular to the plane of the sugar units at the preceeding subsites. 

Direct contacts between NAG6 and the binding sites as shown in Table 3.13 are 

mainly mediated by several aromatic and charged residues. As judged by a number of 

contacts at each subsite, it can be concluded that the NAG units formed stronger 

interactions at the reducing end subsites (+2, +1 and -1), but weaker interactions at the 
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non-reducing end subsites (-3 and -4). This observation somehow reflects the binding 

preference of the incoming chitooligosaccharide towards the reducing end subsites. 

Another word, the binding of the incoming substrate would probably take place at the 

reducing end subsites prior to bindings at the non-reducing end subites. This 

assumption agrees well with the non observable sugar at subsites -3 (non-reducing 

end) in the structure of E315M-NAG5 complex. 

 

      4.4.1 The proposed catalytic mechanism of V. carchariae chitinase A  

The availability of the structures of E315M mutant in the presence of NAG5 

and NAG6 is found to be a key solution to the catalytic mechanism of the enzyme. 

When the overall structures of E315M-NAG5 and E315M-NAG6 complexes are 

superimposed using program Superpose available in CCP4 suite, the low R.M.S. 

value of 0.161 Å suggests the complete identity of the two structures. The overlaid 

structures of NAG5 and NAG6 are shown in Figure 4.2. 
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           A            B 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 A structural comparison of NAG5 and NAG6 in TIM-barrel of E315M-NAG6 complex. 

The interactions of binding residues with sugar residues are formed by hydrogen bonds and hydrophobic interactions. Hydrogen bond is 

shown in dash line (…..). The eight β-strands are defined; a1 (residues 160-165); a2 (residues 455-460); a3 (residues 566-571); b (residues 

186-192); c (residues 384-389); d1 (residues 267-273); d2 (residues 308-313) and d3 (residues 358-366). Carbon atoms of the labeled 

amino acids are colored; purple for strands a1, a2 and a3; blue for strand b; deep salmon for strand c; pale cyan for strands d1, d2 and d3. 

The binding residues are depicted as ball-and-stick models and orange yellow for sulfur. A stick model is shown for sugar residues. 

NAG5 units are colored green for carbon. NAG6 units are colored yellow for carbon; blue for nitrogen and red for oxygen. (B) a 180o 

rotation of (A). 
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Considering a cluster of amino acid residues contributing to the bindings of +2 

and +1 NAG, obvious differences of the interactions between NAG5 and NAG6 are 

seen at subsite -1. The -1 sugar in NAG6 makes contact with Tyr164, Asp313, Ala363, 

Met389 Tyr391, Asp392, Tyr461 and Arg463 via its boat conformation (Table 3.13), 

whereas these residues did not interact with the chair conformation of -1 sugar in 

NAG5. The residues Asp313 and Asp392 that especially hydrogen bonded with -1 

NAG in NAG6 are not seen in NAG5. The observation suggests that both residues 

probably play an important role in introducing -1 NAG into the binding cleft by 

changing the geometry from the ‘straight chair conformation’ to the ‘bent boat 

conformation’. The presence of Glu315→Met near the scissile bond between subsites 

-1 and +1 in NAG6 supports the catalytic role of this residue towards the bent 

conformation but not towards the straight conformation. 

Most importantly, the area where +1 NAG gave a patch of the electron density 

map in the final model of E315M-NAG6 complex that does not correspond to any 

particular conformation of NAG. It has been assumed that the electron density in that 

area may adopt a transient conformation of the sugars lying within these two subsites. 

Therefore, the omitted map of E315M-NAG6 was further calculated with the 

coordinates of the -4 to +2 NAG moieties being omitted in the refinement process. 

The NAG5 conformation obtained from E315M-NAG5 was then remodeled into the 

electron density of E315M-NAG6, then refined. It has been shown that the coordinates 

of NAG5 at positions, +2, +1, -1 and -2 could be reasonably modeled in the refined 

map of E315M-NAG6 as shown in Figure 4.3.  
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Figure 4.3 The omitted electron density map of NAG5 and NAG6 bound to E315M 

mutant. 

A 2Fo-Fc map was calculated by the omitting sugar residues and contoured at 1.0 σ. 

Stick model is shown for sugar residues. Carbon atoms of two sugar conformations 

are colored as follows: yellow for NAG6 major conformation; green for NAG5 minor 

conformation. Blue for nitrogen and red for oxygen atom.  

 

The direct contact studies (Table 3.13) demonstrates that the coordinates of +2 

NAG is similar between the refined structures of E315M-NAG5 and E315M-NAG6. 

As shown in Figure 4.3, the electron density at subsites +2, +1 and -3 NAG of 

E315M-NAG6 could be modeled relatively well with their corresponding sugars from 

NAG5. The only sugar that could not be modeled is -1 NAG. The broken electron 

density at -1 NAG could be explained that the sugar at this subsite has adopted more 

than one conformation, most likely from ‘straight’ to ‘bent’ conformation to facilitate 

bond cleavage. It has been hypothesized that the bending process takes place to allow 
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the scissile bond to be accessed by the catalytic residue (Glu315). Based on the 

E315M-NAG5 structure, the cleavage can not take place with a ‘straight 

conformation’ as the -1 sugar is positioned too far away from the catalytic residue.  

Taken all the data together, the catalytic mechanism of V. carchariae chitinase 

is proposed as depicted in Figure 4.4. 

 

Figure 4.4 The proposed catalytic mechanism of V. carchariae chitinase A 

 

From Figure 4.4, four major steps are thought to involve in the hydrolysis of 

chitooligosaccharide substrate of the Vibrio chitinase A. 
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Step 1: Substrate recognition 

The incoming substrate binds to the substrate binding site in the ‘straight 

conformation’ with -1 sugar in ‘chair conformation’ joining with the straight plane of 

other sugar moieties. The structure of E315M-NAG5 complex suggested a weak 

binding affinity at subsite -3 NAG (see Results 3.1.12).  

Step 2: Sliding and bending 

Subsequent binding of NAG units at subsites -3 and -4 may provide enough 

energy for the sugar chain to slide forward towards the reducing end, thus creating the 

most unstable sugar (-1 NAG) to bend as seen in Figure 4.3. This process 

concurrently takes place with the twist of the bond between subsites -1 and +1. The 

change of the geometry of the plane of the sugars has brought the -1 NAG closed to 

Glu315 that locates at the bottom of subsite -1. 

Step 3: Bond cleavage 

The protonated Glu315 now acts as a general acid catalyst by donating a 

proton to the glycosidic oxygen, which leads to a subsequent cleavage of the bond. 

Step 4: Product release 

 After bond cleavage, the constraint of the sugar chain is then released. A 

nucleophilic attack by a neighboring water yields the final form of the products. The 

dimeric product (G2) at subsites +1 and +2 diffuses away. 

 

      4.4.2 Assumption of the roles of the active-site aromatic residues on substrate 

    hydrolysis of V. carchariae chitinase A  

The refined structure of E315M-NAG6 complex reveals that the substrate 

binding site of V. carchariae comprises several conserved aromatic residues in the 
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cleft floor [-4 (Tyr171 and Trp497), -3 (Trp168 and Trp497), -2 (Phe192, Trp275 and 

Trp570), -1 (Tyr164, Phe192, Trp275, Tyr391, Tyr461 and Trp570), +1 (Trp275 and 

Phe316) and +2 (Trp275, Trp397 and Tyr435)] as shown in Figure 4.5.  

 
 

 

 

 

 

 

 

 

 

Figure 4.5 A representation of substrate stabilizing via hydrophobic stack of E315M-

NAG6 complex.  

The aromatic residues that interact with the substrate are depicted as ball-and-stick 

model. NAG6 comprising six sugar residues are in stick model. The aromatic residues 

are colored; yellow for carbon in the catalytic domain; green for carbon in the small 

insertion domain. NAG6 are colored; cyan for carbon; blue for nitrogen and red for 

oxygen.  

 

To clarify the roles of these aromatic residues, they were mutated as 

mentioned in section 1.6. The effects of point mutations (mutants W168G, Y171G, 

W275G, W397F and W570G) on the hydrolytic activity of V. carchariae chitinase 

were also studied by TLC and quantitative HPLC (Results 3.2.4).  
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As revealed by both chromatographic methods, the hydrolytic products 

generated from the degradation of G4-G6 and colloidal chitin by wild-type Vibrio (see 

Figure 3.25-3.28) showed that G2 was the main product of the hydrolytic reactions 

against all the substrates. G5 hydrolysis by wild-type enzyme initially produced G2 

and G3 in equal amounts (Section 3.2.3.4), assuming that G5 occupied subsites -3 to 

+2 in the substrate binding cleft. A time course study of the wild-type reaction 

showed that the enzyme initially hydrolyzed G6 to G4 and G2 (Section 3.2.3.5). 

According to the occupation of the primary subsites (-4 to +2), the G2 product will 

occupy subsites +1 and +2. The G6 hydrolysis also results in the formation of G3 

product. It indicates that the enzyme recognize both second and third bonds of the 

hexamer.  

The structure of E315M-NAG6 complex clearly shows that Tyr435 is located 

at the end of the substrate-binding cleft with its aromatic ring facing to the methyl 

acetamido group of the sugar at site +2 (Figure 4.5). However, this residue does not 

seem to hinder the sugar chain to extend beyond subsite +2. This supports the endo 

characteristic of the enzyme. 

Product analysis by TLC and quantitative HPLC showed higher efficiency of 

W275G and W397F in G4-G6 hydrolysis over the wild-type enzyme. In addition, the 

distinct hydrolytic patterns between wild-type and mutants W275G and W397F 

revealed differences in the cleavage behavior of the chitinase variants.  

The discriminations in the cleavage patterns of each mutant were analyzed at 

10 min of incubation. W275G significantly created G2-G5 intermediates. In contrast, 

W397F initially produced G1-G5 with G6 substrate. With G5 and G6 substrates, the 

higher amount of G3 product was generated by W275G with ~14-fold and ~32-fold 
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higher than the product obtained from the non-mutated enzyme. The results suggest 

that the hydrolytic pattern by W275G was distinct from the wild-type enzyme. Further 

hydrolysis of G5 and G6 by W397F released G1 product, which accounts for the 

break down of the sugar intermediates with a higher rate than the rate produced by the 

wild-type enzyme.  

The structure of E315M-NAG6 complex shows that Trp275 and Phe397 lie on 

the opposite side of the cleft and stack against the hydrophobic faces of +1 and +2 

NAG (Figure 4.5). Mutations of the two residues to a less steric hindrance, by which 

Trp275→Gly and Trp397→Phe certainly caused a loss in their ability to form 

hydrophobic interaction with the +1 and +2 sugars due to the absence of the two 

aromatic rings. This may enhance the turn over of the enzyme due to the fact that the 

cleaved product could diffuse away relatively quickly compared to when it is bound to 

Trp275 and Trp397 residues. 

In addition, the loss of hydrophobic interaction with the +2 subsite by the 

Trp397→Phe mutant appeared to shift the binding site of the substrate from the 

primary subsites (at -4 to +2) to the secondary subsites (-3 to +2). It could be 

explained that the incoming oligosaccharide has more freedom to assemble itself in 

the binding cleft, thus permitting various bonds to be exposed to the cleavage site. 

This observation is strongly confirmed by a time course study of G6 and colloidal 

chitin hydrolyse (Suginta et al., 2007).  

Mutation of W275 to glycine residue seemed to affect the binding preference 

around the cleavage site, by allowing the second and the third bonds of G6 to be 

equally accessed. The production of a high amount of G2 and G3 products by W275G 

than by produced by the wild-type supports this idea.    
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Y171G and W168G mutants remained hydrolytic activity against colloidal 

chitin by giving lower yields of products compared to those obtained from wild-type 

(see Results 3.2.4.1). In contrast, both enzymes released G3 with higher yields than 

that of the wild-type at 10 min of incubation with G6 substrate (see Table 3.18). The 

assumption based on the loss of hydrophobicity is the same as discussed for W397F. 

In B. circulans, the effect of mutation of Tyr56 at subsite -5 and Trp53 at subsite -3 

(corresponding to Tyr171 and Trp168 in V. carchariae) against crystalline chitin and 

reduced NAG5 were analyzed. The results clearly demonstrated that two mutants, 

Y56A and W53A did not cause the loss of the binding activity towards reduced 

NAG5. In contrast, Y56 and W53 seem to be required only for the hydrolysis of 

crystalline chitin but not for soluble substrates. This is inconsistency with our results 

that two mutants, Y171G and W168G had a dramatic lessen catalytic efficiency 

towards colloidal chitin but not much on chitooligosaccharides (Table 3.15-3.18).  

Higher Mr intermediates occurring in the course of hydrolysis of W168G and 

Y171G were identified. Transglycosylation evidence has been clearly seen from TLC 

analysis at 10 min and 1 h incubation of G4 hydrolysis (Figure 3.30C). A recent 

report (Aronson et al., 2006) showed that the mutation of W167A in S. marcescens 

(corresponding to W168G in V. carchariae) favored transglycosylation. 

Of all aromatic-residue mutants, W570G mutant seemed to completely abolish 

the chitinolytic activity against colloidal chitin after the prolonged reaction of 18 h 

(Figure 3.29). The effects of mutation of the equivalent residue was also studied by 

chitinase A1 from B. circulans (Watanabe et al., 2003). It was found that the mutation 

of W433 in Bacillus enzyme drastically reduced the hydrolyzing activity against all 

substrates tested. The structure of E315M-NAG6 reveals that W570 interacts with the 
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most important -1 sugar through hydrophobic interaction, as well as hydrogen 

bonding (see Table 3.13). The hydrogen bond is formed between its nitrogen atoms of 

aromatic ring and the cyclic O4 of the -1 NAG. Like Trp539 in the Serratia structure 

(Papanikolu et al., 2001), this residue would likely be responsible for holding the 

GlcNAc ring in place so that the glycosidic cleavage between subsites -1 and +1 could 

take place.  

The triple and quadruple mutants yielded non-detectable activity against 

colloidal chitin. It is assumed that the cluster of the aromatic residues in the catalytic 

cleft were important in a cooperative binding and in directing the substrate through 

the binding cleft than by particular residues.   
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CHAPTER V 

CONCLUSION 

 

This research describes structural studies of Vibrio chitinase A and its 

hydrolytic function in order to understand the mode of action of the enzyme. 

For functional characterization, wild-type and active site mutants of chitinase 

A from V. carchariae chitinase A were overexpressed and purified using a single step 

Ni-affinity chromatography. However, wild-type and inactive E315M mutant were 

further purified by gel filtration chromatography for crystallization purpose. The 

purified wild-type and active site mutants reveal similar folding as analyzed by CD 

measurement and suggested that point mutations did not affect their overall structures. 

For crystallization of chitinase A, initial screenings were performed with the 

microbatch technique using various commercially available screening kits. The 

conditions that produced crystalline samples were further optimized by the hanging 

drop and the sitting drop vapor diffusion techniques. Two-dimensional optimization 

by the hanging drop vapor diffusion technique provided the first single crystals of free 

inactive E315M. Later, the soaking experiments were achieved, giving the crystals of 

E315M-NAG5 and E315M-NAG6 complexes, while the crystals of wild-type enzyme 

were obtained by macroseeding technique.  

After the completion of X-ray diffraction data, the first model was built from a 

molecular replacement technique using Serratia chitinase A as the search model. On 

the other hand, the structural models of E315M-NAG5, E315M-NAG6 and wild-type 
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chitinase A were built based on the structure of E315M. Alternate sessions of model 

building and refinement were carried out in order to improve the quality of the 

structural models. The final models of the four structures gave good fit with their 

electron density maps with an average B-factor value of protein atoms of 15.10, 

14.24, 13.74 and 15.15 Å2 for E315M protein, E315M-NAG5 complex, E315M-NAG6 

complex and wild-type. The refinement of the four structures was completed with an 

R-factor of 16.80% to 18.90% and free R-factor of 20.50% to 21.90%, which show the 

well refined structures. The R.M.S. deviations of 0.006-0.007 Å for bond distances 

and 0.932o-0.994o for bond angles indicated the correct geometry of almost all the 

residues of the final models. The geometry of the final models were well verified and 

indicated most of the residues (90.9-91.4%) in the polypeptide chain in the most 

favored regions, 8.4-8.9% in the additionally allowed regions and 0.2% in the 

generously allowed regions. No residues lied in the disallowed Ramachandran 

regions.  

The X-ray structure of V. carchariae chitinase A is similar to the known X-ray 

structures of family 18 chitinases (Perrakis et al., 1994; Terwisscha van Scheltinga et 

al., 1996; Hollis et al., 2000). The overall structure of V. carchariae chitinase A 

comprises three domains, i) the N-terminal chitin-binding domain (residues 22-138), 

which consists mostly of β-strands and connects through a hinge region (residues 139-

159), ii) the main β/α barrel catalytic domain (residues 160-460 and 548-588), iii) the 

α+β small insertion domain (residues 461-547). The catalytic domain contains two 

completely conserved motifs; SxGG located in the strand B3; and DxxDxDxE 

consisting of the catalytic Glu315 residue in loop that connects with strand B4.  
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The overall structures of wild-type, E315M mutant and complexes of E315M 

mutant with NAG5 and NAG6 are identical. In the absence of substrate, the engineered 

six histidine tagged residues are found to bury within the catalytic cleft found in the 

structure of inactive E315M mutant and interact with all the important binding 

residues. The structures of E315M-NAG5 and E315M-NAG6 show that the sugar 

substrates are firmly embedded within the long, deep substrate binding groove of the 

enzyme. The refined structure of E315M-NAG6 complex reveals that the substrate 

binding site of V. carchariae comprises many conserved aromatic residues in the cleft 

floor [-4 (Tyr171 and Trp497), -3 (Trp168 and Trp497), -2 (Phe192, Trp275 and 

Trp570), -1 (Tyr164, Phe192, Trp275, Tyr391, Tyr461 and Trp570), +1 (Trp275 and 

Phe316) and +2 (Trp275, Trp397 and Tyr435)]. 

The crystal structure of inactive mutant-NAG5 complex shows that NAG5 

substrate occupied subsites (-2) to (+2) with the ‘straight conformation’, while the 

non-reducing end sugar at subsite -3 is missing. Whilst NAG6 fully occupies subsites 

(-4) to (+2) with the particular ‘bent conformation’ of the sugar at subsite (-1). The 

twist of scissile bond is also found between -1 NAG and +1 NAG in the structure of 

E315M-NAG6 complex but not in the structure of E315M-NAG5 complex. Further 

refinement of the omitted map generated from E315M-NAG6 diffraction data provides 

a key evidence of the transient conformation of the -1 sugar between the ‘straight’ and 

‘bent’ conformations. Presumably, the -1 sugar of a ‘straight conformation’ of the 

NAG5 structure was unable to proceed the bond cleavage as its position is too far 

away from the catalytic residue (Glu315). On the other hand, the ‘bent conformation’ 

of NAG6 allows the scissile bond to be favorably accessed by the catalytic residue so 

that the scissile bond can be further cleaved. This finding suggests that the -1 sugar 
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adopts a conformational change to facilitate the bond cleavage. Based on this 

assumption, the proposed mechanism of V. carchariae chitinase A is suggested to 

involve four major steps; i) the substrate recognition process is initiated via the 

‘straight conformation’; ii) the sliding-bending process thermodynamically forces the 

substrate to adopt the ‘bent conformation’; iii) the bond cleavage process that is 

proceeded via the ‘bent conformation’ of -1 NAG and the twist of the scissile bond; 

and iv) the release of the cleaved products from the subsites +1 and +2 (the reducing 

end).  

Several conserved residues lie along the substrate binding cleft that comprises 

of Trp168, Tyr171, Trp275, Trp397 and Trp570. Point mutations were carried out 

using site-directed mutagenesis. Mutation of these residues resulted in the change of 

cleavage patterns towards G3-G6 substrates, by which mutation of Trp168 to Gly 

enhanced the transglycosylation of the enzyme. Mutation of Tyr171 caused less effect 

on the hydrolytic activity as its location near to the edge of binding cleft, which give 

less binding effect to the bound sugar. Mutation of Trp570 caused a severe loss in the 

hydrolytic activity, since this residue interacts with the most crucial NAG (-1 NAG). 

Mutation of Trp275 to Gly led to an equal access of the second and the third bonds of 

G6, indicating that this residue is important for the binding selectivity around the 

cleavage site. Mutation of Trp397 to Phe entirely changed the cleavage pattern by 

releasing a series of smaller chitooligosaccharide intermediates from particularly G5 

and G6 substrates, indicating that Trp397 plays a role in defining the primary binding 

subsite for the incoming sugar. The improvement of the efficiency in product 

formation maybe caused by the weaker affinity of the binding at subsite +2 due to less 

hydrophobicity of the mutated residue.  
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APPENDIX A 

SOLUTIONS AND REAGENTS PREPARATIONS 
 

1. Reagents for bacterial culture and competent cell transformation 

      1.1 LB broth containing 100 μg/ml of ampicillin (1 L) 

Dissolve 10 g Bacto Tryptone, 5 g Bacto Yeast Extract and 5 g NaCl in 950 ml 

distilled water. Stir until the solutes have been dissolved. Adjust the volume of the 

solution to 1 litre with distilled water. Sterilize by autoclaving the solution at 121oC 

for 15 min. Allow the medium to cool to 50oC before adding antibiotics, ampicillin to 

a final concentration 100 μg/ml and store at 4oC.     

      1.2 LB plate containing 100 μg/ml of ampicillin (1 L) 

Dissolve 10 g Bacto Tryptone, 5 g Bacto Yeast Extract, 5 g NaCl and 15 g 

Bacto agar in 950 ml distilled water. Stir until the solutes have been dissolved. Adjust 

the volume of the solution to 1 litre with distilled water. Sterilize by autoclaving the 

solution at 121oC for 15 min.  Allow the medium to cool to 50oC before adding 

antibiotics, ampicillin to a final concentration 100 μg/ml. Pour medium into Petri-

dishes. Allow the agar to harden, and keep at 4oC.   

      1.3 Ampicillin stock solution (100 mg/ml) 

 Dissolve 1 g ampicillin in 10 ml sterile distilled water, then aliquot and store at 

-30oC. 
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      1.4 IPTG stock solution (1.0 M) 

Dissolve 2.38 g IPTG (isopropyl thio-β-D-galactoside) in distilled water and 

make to 10 ml final volume. Sterilize by filter sterilize, aliquot and store at -30oC. 

      1.5 Reagents for competent cell preparation 

CaCl2 solution (60 mM CaCl2, 10 mM PIPES pH 7.0, 15% glycerol) 

To prepare 100 ml solution, mix the stock solution as follow: 

- 6 ml of 1 M CaCl2 (14.7 g/100 ml, filter sterile) 

- 10 ml of 100 mM PIPES (piperazine-1,4-bis(2-ethanesulfonic acid)) pH 7.0 

(3.02 g/100 ml adjust pH with KOH, filter sterile)  

- 15 ml of 100% glycerol (autoclave at 121oC, 15 min) 

Add sterile distilled water to bring a volume up to 100 ml. Store the solution at 4oC. 

 

2. Solutions for protein expression and purification  

      2.1 20 mM Tris pH 8.0 (1 L) 

Dissolve 2.42 g Tris Base in 800 ml distilled water. Adjust pH to 8.0 with 6 M 

HCl and the volume to 1 L with distilled water. Store at 4oC. 

      2.2 20 mM Tris pH 8.0 containing 150 mM NaCl (Equilibration buffer, 1 L) 

Dissolve 8.77 g NaCl in 1 L of 20 mM Tris pH 8.0. Store at 4oC. 

      2.3 20 mM Tris pH 8.0 containing 150 mM NaCl and 5 mM imidazole (Wash 

buffer I, 1 L) 

Dissolve 0.3404 g imidazole in 1 L of Equilibration buffer. Store at 4oC.  

      2.4 20 mM Tris pH 8.0 containing 150 mM NaCl and 20 mM 

imidazole (Wash buffer II, 1 L) 

Dissolve 1.3616 g imidazole in 1 L of Equilibration buffer. Store at 4oC. 
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      2.5 20 mM Tris pH 8.0 containing 150 mM NaCl and 250 mM imidazole 

(Elution buffer, 100 ml) 

Dissolve 1.7020 g imidazole in 100 of Equilibration buffer. Store at 4oC. 

      2.6 SDS-gel loading buffer (3× stock) (0.15 M Tris pH 6.8, 6% SDS, 0.1% 

bromophenol blue, 30% glycerol) 

Dissolve 6 g SDS, 0.1 g bromophenol blue, 30 ml glycerol and add 0.15 M 

Tris pH 6.8 to bring a volume up to 100 ml. Store the solution at -30oC. Before use 

add 20 μl of 2-mercapthoethanol to 40 μl of solution mixture.   

      2.7 1.5 M Tris pH 8.8 (100 ml) 

Dissolve 18.17 g Tris Base in 80 ml distilled water. Adjust pH to 8.8 with 6 M 

HCl and bring the volume up to 100 ml with distilled water. Store at 4oC. 

      2.8 1.0 M Tris pH 6.8 (100 ml) 

Dissolve 12.10 g Tris Base in 80 ml distilled water. Adjust pH to 6.8 with 6 M 

HCl and bring the volume up to 100 ml with distilled water. Store at 4oC. 

      2.9 30% Acrylamide solution (100 ml) 

Dissolve 29 g acrylamide and 1 g N, N′-methylene-bis-acrylamide in distilled 

water to a volume 100 ml. Mix the solution by stirring for 1 h to be homogeneous and 

filter through Whatman membrane No. 1. Store in the dark bottle at 4oC.  

      2.10 Tris-Glycine electrode buffer (5× stock) (1 L)  

 Dissolve 30.29 g Tris Base, 144 g glycine, 5 g SDS in distilled water. Adjust 

pH to 8.3 with HCl and bring the volume up to 1 L with distilled water.    

      2.11 Staining solution with coomassie brillant blue for protein (1L) 

Mix 1 g Coomassie brilliant blue R-250, 400 ml methanol, 500 ml distilled 

water and 100 ml glacial acetic acid and filter through a Whatman No. 1.   
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      2.12 Destaining solution for coomassie Stain (1L) 

Mix 400 ml methanol, 100 ml glacial acetic acid, and add distilled water to a 

final volume of 1000 ml.   

      2.13 10% (w/v) Ammonium persulfate (1 ml) 

Dissolve 100 mg ammonium persulfate in 1 ml distilled water. Store at -30oC. 

      2.14 12% Separating gel SDS-PAGE (10 ml) 

Mix the solution as follow: 

1.5 M Tris (pH 8.8)   2.5 ml 

Distilled water    3.3 ml 

10% (w/v) SDS   0.1 ml 

30% acrylamide solution   4.0 ml 

10% (w/v) ammonium persulfate  0.1 ml 

TEMED                    0.004 ml 

      2.15 5% Stacking gel SDS-PAGE (10 ml) 

 Mix the solution as follow: 

1.0 M Tris (pH 6.8)   1.25 ml 

Distilled water    3.0 ml 

10% (w/v) SDS   0.05 ml 

30% acrylamide solution  0.655 ml 

10% (w/v) ammonium persulfate 0.025 ml 

TEMED                      0.005 ml 
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      2.16 Bradford’s reagent 

 Dissolve 0.01 g coumassie blue in 10 ml of 85% phosphoric acid and 5 ml of 

ethanol and add distilled water to a final volume of 100 ml. Mix well and filtered 

through a Whatman No. 1. Store at 4oC. 

 

3. Buffers and reagents for enzymatic studies  

      3.1 10 mM p-nitrophenol (10 ml) 

 Dissolve 0.0139 p-nitrophenol in 100 mM NaOAc pH 5.0 buffer and make to 

10 ml final volume.  

      3.2 100 mM NaOAc pH 5.0 buffer (100 ml) 

Dissolve 0.81 g NaOAc in 80 ml distilled water, and adjust pH to 5.0 with 

glacial acetic acid and bring the volume up to 100 ml with distilled water.  

      3.3 1 M Na2CO3 (50 ml) 

Dissolve 5.30 g Na2CO3 in distilled water, and adjust the volume to 50 ml with 

distilled water.  

      3.4 Stock solutions of substrates  

 N-acetyl-chitooligosaccharides (Di-N-acetyl-chitobiose, Tri-N-acetyl-

chitotriose, Tetra-N-acetyl-chitotetraose, Penta-N-acetyl-chitopentaose, Hexa-N-

acetyl-chitohexaose) and p-nitrophenyl-Di-N-acetyl-chitobioside [pNP-(GlcNAc)2], 

(Seikagaku Corporation) were prepared for the stock solutions. 

Dissolve 0.2212 mg of N-acetyl-glucosamine in 10 ml of distilled water, 

giving a final concentration of 100 mM N-acetyl-glucosamine. 

Dissolve 50 mg of Di-N-acetyl-chitobiose in 1,180 µl of distilled water, giving 

a final concentration of 100 mM Di-N-acetyl-chitobiose.  
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Dissolve 50 mg of Tri-N-acetyl-chitotriose in 1,590 µl of distilled water, 

giving a final concentration of 50 mM Tri-N-acetyl-chitotriose. 

Dissolve 50 mg of Tetra-N-acetyl-chitotetraose in 1,200 µl of distilled water, 

giving a final concentration of 50 mM Tetra-N-acetyl-chitotetraose. 

Dissolve 50 mg of Penta-N-acetyl-chitopentaose in 1,930 µl of distilled water, 

giving a final concentration of 25 mM Penta-N-acetyl-chitopentaose. 

Dissolve 50 mg of Hexa-N-acetyl-chitohexaose in 2,000 µl of distilled water, 

giving a final concentration of 20 mM Hexa-N-acetyl-chitohexaose. 

A mixture of oligosaccharide containing (GlcNAc)n, n =1–6 was prepared by 

dilution in range of 0–25 nmol.  

Dissolve 50 mg of p-nitrophenyl-Di-N-acetyl-chitobioside in 2,000 µl of 

distilled water, giving a final concentration of 20 mM p-nitrophenyl-Di-N-acetyl-

chitobioside. 

 

      3.5 Preparation of colloidal chitin 

Colloidal chitin was prepared according to the modified method of Shimahara 

and Takiguchi (1988). Chitin flakes (10 g) were added into 200 ml of concentrated 

hydrochloric acid on ice. The suspension was vigorously stirred for 2 h on ice and 

kept overnight at 4oC. The suspension was filtered through cheesecloth and the filtrate 

was poured into 600 ml of 50% ethanol on ice with stirring. After 1 h., the suspension 

was filtered with suction through Whatman No. 1 filter paper. The residue was 

washed with water until the washing become neutral. The acid-free residue was 

weighted out to calculate dry weight. Then store it in a dark place at 4oC. 
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      3.6 Preparation of HPLC mobile phase 

 HPLC mobile phase consisted of acetonitrile:H2O (65:35, v/v) was prepared 

by mixing 650.0 ml of acetonitrile and 350.0 ml of deionized water in a flask. 

 

4. Buffers and reagents for protein crystallization studies 

The stock solutions of polyethylene glycol (PEG) with a range of molecular 

weight (PEG1000, PEG4000 and PEG8000), were prepared by dissolving 40 g of 

PEG in ~20 ml of distilled ultra-pure water, then heat and the volume was brought to 

100 ml with a final concentration of 40% (w/v). In addition to PEG 400, 40 ml of 

PEG 400 were diluted in HPLC water and were finally made volume to 100 ml 

leading to final concentration of 40% (v/v). All of these solutions were filtered using 

0.45 μm MF-Millipore Membrane Filters with a vacuum pump. Various types of salts 

and buffers were employed in the crystallization solutions. The pH of each buffer was 

titrated using 6 M HCl or 5 M NaOH to obtain the desire pH ranging from 4.6 to 10.5 

for initial screening and optimizing. All of the stock solutions for crystallization were 

summarized below. 
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A summary of stock solutions used for crystallization experiments. 

Crystallizing agents Stock concentrations 

Precipitants 

PEG 400  

PEG 1000  

PEG 4000   

PEG 8000   

 

40% (v/v) 

40% (w/v) 

40% (w/v) 

40% (w/v) 

Salts  

Ammonium acetate 

Ammonium sulfate 

Calcium chloride 

Magnesium acetate 

Magnesium chloride  

Sodium acetate  

1 M 

3.2 M 

1 M 

1 M 

1 M 

2 M 

 

Buffers  

Sodium acetate pH 4.0, 4.6, 5.0, 5.5 and 6.0 

MES pH 6.0 and 6.5 

MOPS pH 7.0 

HEPES pH 7.0 and 7.5 

Tris-HCl pH 7.5, 8.0, 8.5 and 9.0 

CHES pH 9.0 

CAPSO pH 9.5 

CAPS pH 10.5 

 

Substrates 

Penta-N-acetyl-chitopentaose  

Hexa-N-acetyl-chitohexaose     

 

1.0 M 

1.0 M 

1.0 M 

1.0 M 

1.0 M 

1.0 M 

1.0 M 

1.0 M 

 

 

25 mM 

20 mM   
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APPENDIX B 

STANDARD CURVES 

 

1. Stand curve of BSA by Bradford’s method 
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2. Standard curve of p-nitrophenol  
 

y = 0.0486x + 0.0005
R2 = 0.9994
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3. Standard curve of chitooligosaccharides (G1-G6) 
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APPENDIX C 

TYPICAL OBSERVATION IN A CRYSTALLIZATION 

EXPERIMENT 
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APPENDIX D 

STRUCTURES OF THE AMINO ACID SIDE CHAINS 

AND ATOM DESIGNATION 
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STRUCTURES OF THE AMINO ACID SIDE CHAINS 

AND ATOM DESIGNATION (Continued) 
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STRUCTURES OF THE AMINO ACID SIDE CHAINS 

AND ATOM DESIGNATION (Continued) 
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APPENDIX E 

JOURNAL PUBLICATION  
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