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Chitinases are a member of family 18 and 19 glycoside hydrolases that are
responsible for the successive degradation of insoluble chitin to yield soluble
chitooligosaccharides, which are then further hydrolysed to GICNAc monomers by
family 3, 20 and 84 GIcNAcases. This thesis is divided into three parts. The first part is
involved with probing the catalytic residues of VhGIcNAcase by a chemical rescue
approach. Two invariant acidic pairs (Asp303-Asp304 and Asp437-Glu438) of
VhGIcNAcase were mutated using a site-directed mutagenesis strategy. Substitution of
Asp303, Asp304, Asp437 or Glu438 with Ala/Asn/GlIn produced a dramatic loss of the
GIcNAcase activity. However, the activity of the inactive D437A mutant was largely
recovered in the presence of an exogenous nucleophile (formate ion) in a concentration-
dependent manner, while the activity of other mutants was restored only slightly. In
conclusions, chemical rescue of the VhGIcNAcase D437A inactive mutant by an added
nucleophile helped to identify Asp437 as the catalytic nucleophile/base, and hence its
acidic partner Glu438 as the catalytic proton donor/acceptor.

In the second part, the function and structure of VhGIcNAcase were investigated



v

by protein crystallography and enzyme kinetics. Size-exclusion chromatography and
native-PAGE suggested that the recombinant VhGIcNAcase is a monomeric enzyme
with molecular weight of 75 kDa. Structural investigation revealed that VhGIcNAcase
comprises three distinct domains, designated as the N-terminal carbohydrate-binding
domain, the a+f topology domain and the TIM-barrel catalytic domain. The substrate
binding pocket of VhGIcNAcase has a small tunnel-like structure, which is suitable to
accommodate a short-chain chitooligosaccharide. Superimposition of the crystal
structures of ligand-free and ligand-bound VhGIcNAcase suggests that binding of the
GIcNACc induces local conformational changes around the sugar binding pocket.
Kinetic analysis of the active-site mutants revealed that the adjacent D437-E438 pair is
significantly important for the enzymic activity of VhGIcNAcase.

In the third part, the pKa of the active site residues in the DxDXE sequence motif
(referred as ‘D1, D2 and E’) and its pH profiles of family 18 chitinases were
investigated. The analysis has found that the side chain of D is mainly in the ‘up’
position, whereas the side chain of E is mainly in the ‘down’ position in the apo and
holo forms. The pKa values calculated for the three residues are as follows: pKa (D1) <
2.0, pKa (D2) in the range between 8.0-13.0 and pKa (E) in the range from 6.0 to 9.0.
The calculated pKa values indicate that the D1-D. pair holds exactly one negative charge
over the whole accessible pH range, whereas the catalytic acid E is protonated over the
catalytically competent pH range. In summary, these three acidic groups D1, D2 and E
are proposed to play a concerted role in the catalysis of family 18 chitinases and must

be charged, neutral and neutral, respectively for the chitinases to be active.
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CHAPTER I

INTRODUCTION

1.1 Chitin and applications

Chitin is a homopolysaccharide of N-acetyl-D-glucosamine (GICNAC) units
linked together with f-(1,4) glycosidic linkages (Figure 1.1). Chitin is the second most
abundant polysaccharide in nature, next to cellulose and it serves as a major component
in fungal cell wall, exoskeleton of crustaceans and insects, mollusks, protozoa and
microfilaria sheaths of parasitic nematodes (Bussink et al., 2007; Lee, 2009; Rinaudo,
2006). Chitin is hard, inelastic and its chains can run either parallel (B-chitin) or anti-
parallel (a-chitin) (Blackwell, 1969; Minke and Blackwell, 1978). This natural polymer
and its derivatives are suitable to be used as functional materials because of their
biocompatibility, biodegradability, non-toxicity, and well-adsorption properties, etc
(Ravi Kumar, 2000). However, biological degradation of chitin is difficult, since its
chains contain intra and intermolecular hydrogen bonds, which cause chitin to be a

highly insoluble material, which limits its use (Blackwell, 1969; Ravi Kumar, 2000).
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Figure 1.1 Chemical structure of chitin (Seidl, 2008).

Several strategies have been developed to convert chitin into small soluble
derivatives by chemical or enzymatic methods (llankovan et al., 2006). For a chemical
method, a strong acid such as HCI is employed for chitin hydrolysis but several
problems are found in GIcNAc, production because of its limitation by the acid,
including low yields, high cost and acidic waste created by a strong acid. In contrast,
the enzymatic method can catalyse the chitin degradation completely with less time
consumed under mild conditions, has lower cost and is non-toxic to the environment
(Chen et al., 2010; Sashiwa et al., 2003).

Chitin and its derivatives can be used in various fields, including biomedicine,
nutrition, material sciences, biotechnology, agriculture and food industries (Harish
Prashanth and Tharanathan, 2007; Kato et al., 2003; Ravi Kumar, 2000). In the
biomedical field, chitin exhibits a wide variety of applications. For example, chitin
sutures resist attack in bile, urine and pancreatic juice (Nakajima et al., 1986), whereas
deacetylated chitooligomers can be used for fatty acid absorption, decreasing low-
density lipoprotein (LDL) and increasing high-density lipoprotein (HDL) cholesterols
(Koide, 1998). Chitin derivatives also possess anti-tumor and anti-bacterial properties,

and can be used for drug delivery carriers, wound dressing, stimulating connective



tissue formation, activating the immune response, decreasing sugar in the blood, and
enhancing absorption of calcium (Kim and Rajapakse, 2005; Koide, 1998; Struszczyk,
2006). In food industries, deacetylated forms of chitin are used as food, drink
supplements, animal nutritional supplements, and as a measure of mold contamination
of agricultural commodities and food products (Cousin, 1996; Qin et al., 2006; Ravi
Kumar, 2000). In agriculture, chitin is used to increase crop yields and protect harvested
products by eliminating pests (Chang et al., 2007). In biotechnology, chitin films,
sponges and fibres are used to enhance wound healing in tree-bark tissues (Hirano,

1999).

1.2 Roles of chitin-degrading enzymes

Chitin is degraded by chitinolytic enzymes, which are divided into chitinases
(EC 3.2.1.4) and p-N-acetylglucosaminidases (GIcNAcases) (3.2.1.52). Chitinases
hydrolyse the $-(1,4) glycosidic linkages between the adjacent N-acetylglucosamine
residues of insoluble chitin to yield soluble chitooligosaccharides and then further
hydrolysed to the N-acetylglucosamines by GIcNAcases. Bacterial chitinases and
GIcNAcases utilize chitin as important carbon and nitrogen sources for the cells and
their chitinolytic enzymes are involved in the natural recycling of chitin biomass
(Armand et al., 1994; Bassler et al., 1991; Keyhani and Roseman, 1999; Park et al.,
2000; Yu et al., 1991). Fungal chitinases and GIcNAcases are involved in fungal
development and morphogenesis, including cell wall digestion, germination and hyphal
growth (Kim et al., 2002; Kuranda and Robbins, 1991; Sahai and Manocha, 1993).
Most chitinases and GIcNAcases from insects play a vital role in the degradation of old

cuticle chitin during insect metamorphosis, especially in the moulting process



(Hogenkamp et al., 2008; Liu et al., 2011; Merzendorfer and Zimoch, 2003). Plants
have inducible defence mechanisms using chitinases and GIcNAcases which act as the
biological control agents by degradation of the fungal cell walls, resulting in death or
inhibition of fungal growth and invading insects (Bolar et al., 2001; Dowd et al., 2007;
Herrera-Estrella and Chet, 1999; Melchers and Stuiver, 2000). Plant GIcNAcases are
also present at high levels during the ripening of many fruits, suggesting a role in N-
glycan degradation or processing (Hossain et al., 2014; Jagadeesh et al., 2004a, 2004b).
In animals, chitinases and GIcNAcases are involved in the digestive system (Rinaudo,
2006). In human, chitinases are found to be highly expressed in macrophages that are
involved in inflammatory conditions (Kanneganti et al., 2013; Kzhyshkowska et al.,
2007; Rosa et al., 2012). Both chitinases and GIcNAcases from human have been also
detected at high levels in patients infected with Plasmodium falciparum that may reflect
an immunological response to malarial infection induced by the human enzymes (Patil
et al., 2000). Specifically, human acidic mammalian chitinase (AMCase) is associated
with T helper-2 inflammation such as asthma and allergic diseases (Zhu et al., 2004;
Donnelly and Barnes, 2004; Elias et al., 2005; Kawada et al., 2007) and chitotriosidase
has been described in an increase in symptomatic Gauchers patients (Hollak et al.,
1994). For human GIcNAcases, deficiency of HexA or HexB leads to the accumulation
of gangliosides, causing Tay-Sachs and Sandhoff diseases, respectively (Gravel et al.,
1995; Myerowitz, 1997). The chitin-degrading enzymes are of great interest as the
potential target for the development of specific pesticides, antifungal agents and human

drug design and seem to be potential biocatalysts for chitin conversion.



1.3 Classification of chitinases and GIcNAcases

Chitinolytic enzymes are divided into chitinases and N-acetyl-glucosaminidases
(GIcNAcases). Chitinases are a diverse group of enzymes that catalyse the conversion
of chitin to soluble chitooligosaccharides. As shown in Figure 1.2, chitinases are further
classified into endo- and exochitinases, depending upon their cleavage patterns (Cohen-
Kupiec and Chet, 1998; Seidl, 2008). Endochitinases degrade chitin from any point
along the polymer chain, yielding soluble low-molecular mass multimers of chitooligo
fragments such as (GIcNACc)2, (GIcNACc)s, and (GIcNAc)4 (Sahai and Manocha, 1993).
On the other hand, exochitinases cleave the glycosidic bonds from the non-reducing
end and release (GIcNAc). as the major product. GIcNAcases further catalyse the
release of terminal non-reducing GIcNAc residues from chitin with highest affinity for
GIcNAC:2 as the major product of chitin hydrolysis from chitinases and then convert it
into two GIcNAcs as shown in Figure 1.2 (Horsch et al., 1997). Finally, GIcNACc is then

taken up by the bacterial cells and used as carbon and nitrogen sources (Yu et al., 1991).
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Figure 1.2 Schematic drawing of the predominant cleaved patterns of chitinolytic
enzymes. Subunits of the chitin are shown in light blue and the reducing end sugar in

gray (Seidl, 2008).

Chitinases are a member of the glycoside hydrolase superfamily, which has
been currently classified into 135 families based on their primary sequence similarity,
substrate specificity and occasionally on their molecular mechanism (Davies and
Henrissat, 1995; Henrissat, 1991; Henrissat and Bairoch, 1993) and further classified
for families lacking significant sequence similarity but having similar three dimensional
structure as the same clan (Henrissat and Davies, 1997). According to the
Carbohydrate-Active enZYmes database (CAZy database; http://www.cazy.org),
chitinases belong to families 18 and 19 (GH18 and GH19) and family 18 chitinases are
also classified to clan GH-K that characterized by the structure. Enzymes in the two
GH families do not share any significant sequence identity and the mechanisms and

3D-structures of representative members are not similar (Davies and Henrissat, 1995).



Family 18 chitinases are mainly found in bacteria, fungi, viruses, insects, mammals,
and some plants that produce classes Ill and V chitinases. In contrast, family 19
chitinases are mainly found in higher plants like classes I, I, and IV plant chitinases
and some Gram-positive bacteria, such as Streptomyces species (Iseli et al., 1996; Ohno
et al., 1996).

Generally, family 18 chitinases contain multiple functional domains, such as
chitin-binding domains (ChBDs) and fibronectin type IlI-like domains (Fn3 domains),
linked to the catalytic domain (Suzuki et al., 1999). The catalytic domain of family 18
chitinases has a (B/a)s TIM-barrel containing eight a-helices and eight B-strands, which
possess a deep and long substrate-binding cleft formed by loops following the C-termini
of the eight parallel B-strand (Figure 2.3) (Aronson et al., 2003; Hollis et al., 2000;
Perrakis et al., 1994; Songsiriritthigul et al., 2008; Terwisscha van Scheltinga et al.,
1994; van Aalten et al., 2000). On the other hand, the catalytic domain of family 19
chitinases does not possess a TIM-barrel but comprises two lobes that have the a-helix-
rich fold (Figure 1.3) (Hart et al., 1995; Kezuka et al., 2006). In GH19 barley chitinase
docked with GIcNAcs, the substrate binding cleft is composed of two a-helices and
three stranded p-sheets lying between the two-lobe fold (Figure 1.3) (Davies and
Henrissat, 1995; Hart et al., 1995; Henrissat and Davies, 2000). Additionally, these two
families use different catalytic mechanisms with two possible stereochemical products,

retention or inversion at the anomeric centre (Davies and Henrissat, 1995).



Family 18 Family 19

Figure 1.3 Ribbon representation of the main folds of the catalytic domain of the family
18 (PDB code: 3B9A) and family 19 (PDB code: 3CQL) chitinases (modified from

Davies and Henrissat, 1995).

Bacterial family 18 chitinases are further classified into chitinase A, B, C, and
D, based on the amino acid sequence identity of their catalytic domains (Suzuki et al.,
1999). Chitinase A (ChiA) consists of an N-terminal signal peptide preceding a ChBD
and a catalytic domain with a small o+ domain inserted between the seventh and
eighth B-strands of (f/a)s-barrel (Brurberg et al., 2001; Suzuki et al., 2002). Chitinase
B (ChiB) consists of the catalytic domain that has a fold similar to ChiA and a small
putative ChBD at the C-terminal part (Brurberg et al., 2001; Suzuki et al., 2002). The
difference in their domain topology leads ChiA and ChiB to digest chitin from
opposite directions. ChiA degrades a chitin chain from the reducing end, but ChiB
from the non-reducing end (Uchiyama et al., 2001; van Aalten et al., 2000). Recently,
chitinase C1 (ChiC1) and chitinase C2 (ChiC2) were reported. ChiC1 has a fibronectin
type IlI-like domain (FnlIID) at the C-terminal end that is absent in ChiA and ChiB

(Suzuki et al., 2002), whilst ChiC2 is a proteolytic derivative of ChiC1 (Alam et al.,



1996; Suzuki et al., 2002) generated by cleavage of the C-terminal portion. The
catalytic domains of ChiB and ChiCl1 are located at the N-terminus which lacks the
signal peptide. Chitinase D (ChiD1) is another chitinase that was identified in B.
circulans WL-12. ChiD1 contains a signal peptide before the N-terminal ChBD, which
is similar to ChiA, connected with an Fnlll domain (Alam ef al., 1996; Brurberg et al.,
2001), and then the TIM barrel domain at the C-terminus. All GH18 chitinases contain
a catalytic domain with the SxGG and DxDxXE conserved motifs. These two motifs are
the characteristic of a family 18 glycoside hydrolase (Brurberg et al., 2001). The
domain organization of chitinases A, B, C1 and C2 from S. marcescens 2170 and

ChiDI1 from B. circulans is summarized in Figure 1.4 (Suzuki et al., 1999).

Chitinase A A .
chitinase8 [\ NN N
chitinase c1 L NN NN\ ==
Chitinase C2 [N
chitinase D1 | [ ==Y

D Signal peptide - Chitin-binding domain D Linker
Catalytic domain E] Fibronectin type lll-like domain

Figure 1.4 The domain organization of bacterial chitinases (modified from Suzuki et

al., 1999).
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GIcNAcases are classified into glycoside hydrolase family 3 (GH3), family 20
(GH20) and family 84 (GH84) based on their amino acid sequence similarity, substrate
specificity and the mode of enzyme action (Carbohydrate-Active enZYmes Database;
http://www.cazy.org; Davies and Henrissat, 1995; Henrissat and Bairoch, 1993;
Henrissat and Davies, 1997). Family 3 glycoside hydrolases include S-glucosidases
(EC 3.2.1.21), p-xylosidases (EC 3.2.1.37), f-glucosylceramidases (EC 3.2.1.45), f-N-
acetylhexosaminidases (EC 3.2.1.52), -N-acetylglucosaminidases (EC 3.2.1.52), a-L-
arabinofuranosidases (EC 3.2.1.55), exo-glucanases (EC 3.2.1.-). Family 20 glycoside
hydrolases include p-N-acetylhexosaminidases (EC 3.2.1.52), f-N-acetylgluco-
saminidases (EC 3.2.1.52) and lacto-N-biosidases (EC 3.2.1.140). Family 84 glycoside
hydrolases include p-N-acetylglucosaminidases (EC 3.2.1.52) and hyaluronidases
(EC 3.2.1.35). p-N-acetylglucosaminidases (GIcNAcases) hydrolyse the f-1,4-
glycosidic linkage between two N-acetyl-D-glucosamine residues (Tews et al., 1996)
whereas S-N-acetylhexosaminidases (f5-Hexs) catalyse the removal of both gluco- and
galacto- configurations of N-acetyl-f#-D-hexosaminides from the non-reducing end of
oligosaccharide and their glycoconjugates as well as a hydrolysis of Gm2 ganglioside
(Robbins et al., 1992; Sandhoff and Kolter, 1998). There are only five bacterial GH3
GIcNAcases have been characterized, including NagZ from Bacillus subtilis (Litzinger
et al., 2010), NagZ from Salmonella typhimurium (Bacik et al., 2012), NagA from
Thermotoga maritima (Mine et al., 2014), CbsA from Thermotoga neapolitana (Choi
et al., 2009) and NagZ from Vibrio cholera (Balcewich et al., 2009). In contrast, the
GH20 GIcNAcases have been characterized from a wide variety of organisms ranging
from bacteria to human, including from insect (Liu et al., 2011), human (Lemieux et

al., 2006; Mark et al., 2003) and bacterial GIcNAcases such as chitobiase from Serratia
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marcescense (Tews et al., 1996), p-hexosaminidase from Streptomyces plicatus (Mark
et al., 2001), disperin B (p-1,6-N-acetylglucosaminidase) from Actinobacillus
actinomycetemcomitans (Ramasubbu, et al., 2005), N-acetyl-s-D-glucosaminidase
from Streptococcus gordonii (Langley et al., 2008), f-N-acetylhexosaminidase from
Paenibacillus sp. (Sumida et al., 2009), p-N-acetylglucosaminidases from Vibrio
harveyi 650 (Suginta et al., 2010), p-N-acetylhexosaminidase from Streptococcus
pneumoniae R6 (Jiang et al., 2011) , f#-N-acetylglucosaminidase from Streptococcus
pneumoniae TIGR4 (Pluvinage et al., 2011) and p-N-acetylhexosaminidase from
Streptomyces coelicolor A3(2) (Thi et al., 2014). For GH84 GIcNAcase, there is only
one p-N-acetylglucosaminidase (NagJd) from Clostridium perfringens has been

characterized (Rao et al., 2006).

1.4 Catalytic mechanism of chitinases and GIcNAcases

In general, enzymatic hydrolysis of p-(1,4) glycosidic linkages takes place by a
general acid-base catalysis that requires two amino acid residues, one acting as a proton
donor and the other as a nucleophile or base (Koshland, 1953; Sinnott, 1990). The
mechanistic pathway for acid-catalyzed glycosyl hydrolases is shown in Figure 1.5.
Figure 1.5A represents inversion of the stereochemistry whereas Figure 1.5B-C
represent retention of the stereochemistry of the anomeric oxygen at C1 relative to the
initial configuration (Brameld and Goddard, 1998).

With both retaining and inverting mechanisms, the protein donor position is
identical or within the hydrogen-bonding distance to the glycosidic oxygen. The model
of the inverting mechanism, described as the single displacement mechanism (see

Figure 1.5A), is proposed for family 19 chitinases (Brameld and Goddard, 1998, 3rd).
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The single displacement catalysis requires two acidic residues within the active site.
The first acidic residue acts as a general acid and the second acts as a nucleophile. An
example of GH19 chitinase is chitinase from barley (Hordeum vulgare L.). This
enzyme requires Glu67 (the proton donor) and Glu89 (the nucleophile) for catalysis
(Hart et al., 1995).

In retaining enzymes, the nucleophilic catalytic base is in close vicinity of the
sugar anomeric carbon whereas the base in inverting enzymes is more distal because
they must accommodate a water molecule between the base and the sugar (Davies and
Henrissat, 1995). Hen egg white lysozyme (HEWL) was the first glycoside hydrolase
to have its three dimensional structure solved (Matthews and Remington, 1974). HEWL
is an example of a retaining enzyme that requires two acidic residues, one protonated
(Glu35) and the other one deprotonated (Asp52) (Phillips, 1967). Following the
retaining mechanism, the 4-(1,4)-glycosidic oxygen is first protonated by the carboxylic
group of Glu35, which act as a general acid, leading to an positively charged
oxocarbenium ion intermediate at the -1 sugar residue. This intermediate is stabilized
by a second carboxylate group of Asp52 via covalent or electrostatic interactions. The
leaving group (or the reaction product) subsequently diffuses out of the active site and
is replaced by a water molecule. A nucleophile attack by water yields the hydrolytic
product, which retains the initial f-anomeric configuration. This hydrolytic model is
designated as the double displacement mechanism (see Figure 1.5B) (Brameld and

Goddard, 1998).
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Figure 1.5 The catalytic mechanism of glycoside hydrolases. (A) Single-displacement
mechanism. (B) Double-displacement mechanism. (C) Substrate-assisted mechanism.

(modified from Brameld and Goddard, 1998).

The second model of the retaining mechanism is the substrate-assisted
mechanism (see Figure 1.5C). The initial pathway of this mechanism is identical to the
double displacement one, but an oxazolinium ion intermediate is formed via anchimeric
assistance by the neighboring N-acetyl group (Brameld et al., 1998).

On the basis of structural and stereochemical studies of chitin hydrolysis, all of
the family 18 chitinases catalyse their reactions through the substrate-assisted
mechanism or or retaining mechanism in which the substrate at subsite -1 is distorted
to a boat conformation prior to protonation, leading to a glycosidic bond cleavage and
formation of the oxazolinium ion intermediate (Armand et al., 1994; Bortone et al.,

2002; Brameld et al., 1998; Papanikolau et al., 2001; Terwisscha van Scheltinga et al.,
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1995; Tews et al., 1997). From the multiple sequence alignment, all family 18
chitinases share a conserved DxDxE motif that is buried in the core of the (B/a)g fold.
These acidic residues include the catalytic acid/base residue Glu315 in SmChiA or
Glul44 in SmChiB that acts as a proton donor due to its position in the vicinity to donate
a proton to the oxygen O4 of +1 subsite sugar unit (Kolstad et al., 2002; Kolstad et al.,
2004; Papanikolau et al., 2001; Perrakis et al., 1994). Subsequent cleavage of
glycosidic bond leads to a formation of an oxazolinium ion intermediate that is
stabilized by hydrogen bonding interaction with the protonated Asp142 in SmChiB as
shown in Figure 1.6A-B. The rotation of Asp142 also causes lowering pKa of Glu144
of about 0.8 pH units (Synstad et al., 2004), which promotes a proton transfer to the
oxygen in the scissile glycosidic bond. Then, a proton from a water molecule is
abstracted by the y-carboxylate of Glul44 in SmChiB and the remaining hydroxide
anion is taken up by the C1 carbon of -1 sugar, yielding the hydrolytic product with
retained anomeric configuration (Figure 1.6C) (Kolstad et al., 2002; van Aalten et al.,

2001).
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Figure 1.6 The proposed catalytic mechanism of family 18 chitinase B from Serratia
marcescens (SmChiB). (A) Resting enzyme. (B) Binding of substrate and rotation of
Aspl42 toward Glul44, enabling hydrogen bond interactions between the hydrogen of
the acetamido group, Aspl42 and Glul44. (C) Hydrolysis of the oxazolinium ion
intermediate leads to protonation of Glul44 and rotation of Aspl42 to its original

position where it shares a proton with Asp140 (van Aalten et al., 2001).

Recently, the refined catalytic cycle of chitin degradation by VhChiA has been
reported and the acidic residues in the DxDXE sequence motif were suggested to play
a concerted role in the catalysis (Suginta and Sritho, 2012). A study of the enzyme-
substrate interactions of VhChiA revealed two conformations of Asp313 and -1
GIcNAc. The first conformation, likely to be the initial conformation, showed that the
S-COOH of Asp313 detaches from Asp311 and rotates to interact with the —C=0 of the
N-acetamido group of the -1GIcNAc through hydrogen bonding (Figure 1.7A-B). The
second conformation, is derived from the first conformation, in which the Asp313 side
chain makes hydrogen bonds between the -NH of the N-acetyl group and the y-COOH
of Glu315 and then facilitates bond cleavage by nucleophilic attack of the —C=0 of the
N-acetamido group on the transient C1-GIcNAc cation and protonation of the

glycosidic oxygen by Glu315 (Figure 1.7C), leading to formation of oxazolinium ion
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intermediate which is stabilized by Asp313 (Figure 1.7D). The second nucleophilic
attack on the reaction intermediate by a water molecule leads to the product in retention

configuration (Figure 1.7D) (Suginta and Sritho, 2012).
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Figure 1.7 The refined catalytic cycle of chitin degradation by Vibrio harveyi chitinase
A (VhChiA). (A) Pre-priming. (B) Substrate binding. (C) Bond cleavage. (D) Formation

of the reaction intermediate (modified from Suginta and Sritho, 2012).

The chemical mechanism in glycoside hydrolase families 3, 20 and 84 is distinct
based on the association of the C2-acetamido group of the substrate. The GH3 enzymes
use a typical retaining mechanism involving the formation and breakdown of a covalent
a-glycosyl enzyme intermediate formed on an aspartate residue (Figure 1.8A) (Vocadlo
et al., 2000; Vocadlo and Withers, 2005). In the first step of the reaction, the formation

of the intermediate, departure of the aglycon leaving group is typically facilitated by a
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general acid/base catalytic residue, which donates a hydrogen atom to the glycosidic
oxygen whereas the nucleophile forms a covalent glycosyl-enzyme intermediate. In the
second step of the reaction, the breakdown of the intermediate, the same catalytic
residue acts as a general base by enhancing the nucleophilicity of a water molecule
poised near the anomeric center. This water molecule attacks on the anomeric center of
substrate being the formation of the product with retained stereochemistry (Vocadlo et
al., 2005). In contrast, GH20 and GH84 enzymes are typically employed the substrate-
assisted retaining mechanism (Drouillard et al., 1997; Mark et al., 2001; Rao et al.,
2006), which is similar to family 18 chitinases (Vocadlo and Withers, 2005). This
substrate-assisted mechanism is involved with the carbonyl oxygen of the C2-
acetamido group that acts as a nucleophile to displace the aglycon leaving group with
the formation of an oxazolinium ion intermediate. Afterwards, a nucleophilic attack
from a water molecule at the anomeric center breaks down the oxazolinium ring to
generate the product with retained stereochemistry (Figure 1.8B) (Vocadlo et al., 2005).
Recent studies of GIcNAcases have also provided reasonable evidence supporting
substrate-assisted catalysis by both enzyme kinetics (Drouillard et al., 1997; Williams
et al., 2002) and structural studies (Mark et al., 2003; Mark et al., 2001; Tews et al.,
1996) show an adjacent Asp-Glu pair in the GH20 GIcNAcases as the key catalytic

residues in the catalytic cycle (Hou et al., 2001).
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Figure 1.8 The catalytic mechanisms of the two classes of GIcNAcases. (A) Family 3
GIcNAcases use an anionic enzymic carboxylate group as the nucleophile to form a
covalent glycosyl enzyme intermediate. (B) Families 20 and 84 GIcNAcases use the 2-
acetamido group of the substrate that acts as a nucleophile to form an oxazolinium ion

intermediate (modified from Vocadlo et al., 2005).

1.5 Studies of the chemical rescue in retaining enzymes

In the substrate-assisted mechanism of GH20 enzymes, two adjacent acidic
side-chains (Asp-Glu) in the active site form a catalytic pair. The aspartate residue
typically acts as the catalytic base/nucleophile, while the glutamic acid acts as the
catalytic proton donor/acceptor (Maier et al., 2003; Williams et al., 2002). The effects
of exogenous anions, such as azide or formate, can provide direct evidence identifying
the catalytic acid/base residues in retaining glycoside hydrolases. Following mutation
of the acid-base residue or the nucleophilic residue, hydrolytic activity can be rescued

by the addition of an exogenous nucleophile, such as azide or formate (Comfort et al.,
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2007; Zechel and Withers, 2001), resulting in the formation of products with the o or B
configuration. Examples of enzymes studied by use of this approach include
Streptomyces plicatus GH20 hexosaminidase (SpHex) (Williams et al., 2002),
Arthrobactor protophormiae GH85 endo-/-N-acetyl-glucosaminidase (Endo A) (Fujita
et al., 2007), Streptomyces sp. GH1 p-glucosidase (Vallmitjana et al., 2001),
Paenibacillus sp. TS12 GH3 glucosylceraminidase (Paal et al., 2004), Cellulomonas
fimi GH10 exoglucanase/xylanase (MacLeod et al., 1994), Bacillus licheniformis GH16
1,3-1,4-p-glucanase (Viladot et al., 1998), Sulfolobus solfataricus GH29 a-L-
fucosidase (Cobucci-Ponzano et al., 2003) and Geobacillus stearothermophilus T-6
GH51 a-L-arabinofuranosidase (Shallom et al., 2002). All studies demonstrated that
sodium azide produced a significant recovery of the glycoside hydrolase activity of
inactive mutants in which one of the catalytic pair of acidic residues was mutated, for
example, the key catalytic residues Glu134 and Glu138 of Bacillus licheniformis 1,3-
1,4-p-glucanase were mutated to alanine by site-directed mutagenesis and showed a
drastic decrease in hydrolytic activity of the mutants E138A and E134A. Addition of
sodium azide, which acts as an exogenous nucleophile, reactivated the hydrolytic
activity of inactive mutant E138A, yielding a B-glycosyl azide product, arising from
nucleophilic attack of azide anion on the glycosyl-enzyme intermediate in the
deglycosylation step whereas azide anions reactivated the inactive mutant E134A
through a single inverting displacement, forming the a-glycosyl azide product in the
glycosylation step. Such results suggested that Glul38 acts as a general acid/base
residue while Glu134 acts as the catalytic nucleophile (Viladot et al., 1998).

In the most relevant case of the GH20 GIcNAcases, rescue of the activity of

SpHex from Streptomyces plicatus (Williams et al., 2002) has been demonstrated.
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SpHex catalyses the hydrolysis of N-acetyl-f#-hexosaminides in which an acidic pair
Asp313-Glu314 is identified to be the catalytic residues. Point mutation of Asp313 of
SpHex to Ala or Asn (mutants D313A or D313N) almost abolished the enzyme’s
hydrolytic activity, but the catalytic activity of the mutant D313A was significantly
increased with the inclusion of sodium azide in the assay medium. For such results, the
predicted functional roles of Asp313 in SpHex were to aid the C2-acetamido group of
-1GIcNAc in acting as a powerful nucleophile and provide charge stabilization of the
transition state that flanks the oxazolinium ion intermediate during the glycosylation
and deglycosylation steps of substrate hydrolysis. Alternatively, azide anion may
reactivate the inactive mutant by acting as a strong nucleophile that competes with the
hydroxyl group of a water molecule to interact with the oxazolinium ion intermediate,
yielding the S-glycosyl azide product in the deglycosylation step (Figure 1.9) (Williams

etal., 2002).
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Figure 1.9 Proposed mechanism of azide-mediated rescue with the SpHex D313A
mutant. Azide anion as an alternative nucleophile to water acts to open the oxazolinium

ion intermediate (Williams et al., 2002).
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1.6 Structural analysis of family 18 chitinases

1.6.1 Structural analysis of chitinase A and B from S. marcescens

The three-dimensional structure of bacterial chitinase A from S.
marcescens was the first structure to be solved and refined to 2.3 A resolution (Perrakis
et al., 1994). The overall structure of S. marcescens ChiA consists of three domains
designated as: 1) an N-terminal chitin-binding domain (ChBD) comprising mostly -
stands ii) a C-terminal catalytic (Cat) domain containing the (j3/a)s-barrel fold and iii)
a small insertion domain comprising three a-helices and five B-strands that are inserted
into the TIM barrel. The crystal structure of S. marcescens chitinase A mutant E315L
complexed with the GIcNAcs is shown in Figure 1.10A.

S. marcescens chitinase A was found to degrade a chitin chain from the
reducing end and the catalytic site of the enzyme contains six substrate binding subsites
extending from subsite -4 to +2 (Figure 1.10B). Trp275 and Phe396 are important for
substrate binding at the +1 and +2 subsites and stacked against the hydrophobic faces
of the corresponding GIcNAcs. Tyr418 seems to mark the end of the binding cleft,
however, this residue did not interfere with the extension of the reducing end beyond

the subsite +2 (Aronson et al., 2003; Papanikolau et al., 2001).
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Figure 1.10 The crystal structure of S. marcescens chitinase A mutant E315L in
complex with GIcNAcs (PDB code: INH6). (A) A ribbon representation of the domain
organization of S. marcescens chitinase A. (B) A surface representation of the substrate-
binding cleft. The aromatic residues that interact with the substrate are highlighted in

blue (modified from Aronson et al., 2003).

Unlike the chitinase A from the same species, a three-dimensional
structure of chitinase B from S. marcescens refined to 1.9 A resolutions (van Aalten et
al., 2000) reveals that chitinase B consists of an N-terminal (B/a)s-TIM barrel catalytic
domain, a linker and a small C-terminal chitin-binding domain. The TIM barrel
catalytic domain has a fold similar to that of chitinase A as shown in Figure 1.11A. The
catalytic site of the enzyme is defined as subsites -3 to +3 and its substrate-binding cleft
has a tunnel-like character (van Aalten et al., 2000) lined with exposed aromatic
residues as shown in Figure 1.11B. Binding of chitin oligomers is blocked beyond the
subsite -3, which explains why chitinase B degrades chitin chains from the nonreducing
end (van Aalten et al., 2000; 2001) and primarily converts chitin to dimers with

exoactivity (Brurberg et al., 1996; Suzuki et al., 2002).



23

Figure 1.11 The crystal structure of S. marcescens chitinase B mutant E144Q in
complex with GIcNAcs (PDB code: 1E6N). (A) A ribbon representation of the domain
organization of S. marcescens chitinase B. (B) A surface representation of the substrate-
binding cleft with GIcNAcs bound from subsites -2 to +3. The surface exposed aromatic
residues that interact with the substrate are highlighted in blue (modified from Horn et

al., 2006).

1.6.2 Structural analysis of chitinase A from V. harveyi

V. harveyi (formerly V. carchariae) is a Gram-negative marine bacterium
that shows high level of chitinase A activity in the presence of chitin. V. harveyi
chitinase A is classified as a member of family 18 chitinases and active as a monomer
with MW of 63 kDa (Suginta et al., 2000). Analysis of chitin hydrolysis using
HPLC/ESI-MS revealed that V. harveyi chitinase A acts as an endochitinase (Suginta
et al., 2004). The enzyme shows a broad range of substrate specificity with various
chitin oligomers. At the initial time of reaction, chitinase A yields predominantly -
anomers, which supports the substrate-assisted mechanism as described for other

family 18 chitinases (Suginta et al., 2005).
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The crystal structures of the wild-type and mutated chitinase A revealed
that chitinase A consists of three domains, an N-terminal chitin binding domain, a (B/a)s
TIM-barrel catalytic domain and a small (o+f) insertion domain (Figure 1.12A)
(Songsiriritthigul et al., 2008). The catalytic residue (Glu315) is positioned in the loop
of the strand B4 which is part of a DxDxE sequence motif whereas the Asp313
positioned at the bottom of the binding cleft next to catalytic residue 315 plays several
important roles in the catalytic cycle of VhChiA by contributing to substrate binding,
stabilizing the oxazolinium ion intermediate and lowering the pKa of catalytic residue
315 to facilitate a bond cleavage (Suginta and Sritho, 2012). The structure of the mutant
E315M complexed with (GIcNAC)e displays the substrate-binding cleft as a long deep
groove, which contains six-binding subsites (-4)(-3)(-2)(-1)(+1)(+2) (Figure 1.12B).
This subsite topology defines subsite -4 at the non-reducing end (NRE), subsite +2 at
the reducing end (RE) and the cleavage site between -1 and +1 subsites. Trp231 and
Tyr245, and Tyr31 and Trp70 appear to line up in the position for binding the longer
chain chitins (Songsiriritthigul et al., 2008). Trp275 and Trp397 stacked against the +1
GIcNACc and +2GIcNAc, respectively (Figure 1.12B) are suggested to be important for
the primary interaction with soluble substrates (Suginta et al., 2007) and are also crucial

for the progressive degradation of insoluble chitin (Suginta et al., 2009).
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(A) (B)

Insertion domain

Figure 1.12 The structure of inactive mutant E315M complexed with GIcNAcs of V.
harveyi chitinase A (PDB code: 3B9A). (A) A ribbon representation of the domain
organization of V. harveyi chitinase A. (B) A surface representation of E315M in
complex with GIcNAcs that fully occupied subsites -4 to +2 within the substrate binding
cleft lining with surface-exposed aromatic residues (Songsiriritthigul et al., 2008;

Suginta et al., 2009).

1.7 Studies of pK, calculations

1.7.1 Theory of protein pKa calculation
The pH-dependent ionization of a protein titratable group is typically

described using the Henderson-Hasselbalch equation:

_ [A7]
pH = pKa+ Iogm (1.2)

where, pH = -log[H30"], pKa = -logKa, Ka = [H3O*][A]/[HA] and [HA] and [AT] are
the concentrations of the acid and its conjugate base, respectively. The dissociation of
a proton from an acid HA to A" causes a change of charge on the titratable group. It is
seen that the pKa, values of an acid is the pH value where the concentrations of the

protonated and deprotonated forms of an acid are the same. Furthermore by rearranging
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the Henderson-Hasselbalch equation, the fractional charge fua of an acid can be

obtained as the equation:

_ mA 11
[HA]+[A] Ke+l 1077741

(1.2)

and plotting of fua as a function of pH will give the well-known sigmoid titration curve

as shown in Figure 1.13).
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Figure 1.13 The titration curve of an acid with a pKa value of 4.0 calculated using

equation 1.2.

In proteins, the chemical reactions with water is the uptake and release of
protons by amino acids in which the parts of amino acids in a protein that can uptake
or release protons will be referred as protein titratable groups. The titration of titratable
groups that have the pKa values in water within the range from 0-14 will be considered,
for example, the titratable groups in the side chains of Asp, Glu, Tyr, Cys, His, Lys and
Arg as well as the two terminal groups. These titratable groups are defined as bases

when titratable groups convert from positive to neutral and acids as titratable groups
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that exist in neutral and negative forms. In the following, Asp, Glu, Cys, Tyr and the
C-terminus are defined as acids whereas His, Arg, Lys and the N-terminus are defined
as bases.

The pKa value of a titratable group is a measure of the free energy
difference between the neutral and the charged forms of a titratable group. It is therefore
possible to calculate the pKa value of the group if we can calculate the energy difference
between the neutral and the charged form of a titratable group. This energy difference
can be calculated using a sampling or simulation technique, which most pKa calculation
algorithms in proteins do exactly.

A protein that has N titratable groups can typically occupy 2N different
protonation states. Each titratable group can exist in at least two protonation states:
charged and neutral. Each of all possible protonation states can be associated with a
specific free energy, and when the pH dependence of these energies is known, the
fractional charges are typically obtained by evaluating the Boltzmann sum. For proteins
containing more than 35 titratable groups, it is no longer possible to evaluate the
Boltzmann sum. For a large system, a Monte Carlo sampling method (Beroza et al.,
1991) and the cluster approach (Gilson, 1993) have been typically used to produce the
accurate fractional charges at every pH values. The energy of every possible
protonation state of the protein at a particular pH is then converted into fractional charge
for each residue at each pH value in order to get the titration curves. A plot of the pH-
dependent population of the protonation states for three-group system is obtained by
evaluation of the partition function displayed in pKaTool program (Figure 1.14A)

(Nielsen, 2007, 2009).
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The fractional charge of a particular group is simply the sum of the
partition function for all the states where a specific group is charged at a given pH value.
For example, if there are eight (2%) protonation states, the charge of a specific group 1
(G1) is the sum of p; in states 1, 2, 3, and 4 where G1 is charged (Table 1.1). This
calculation is repeated for each pH value of interest, and the charge is plotted as a
function of pH to construct titration curves as shown in Figure 1.14B. According to the
calculated titration curves, the final pKa value for each titratable group is determined as

the pH value where the group is half-protonated.
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Figure 1.14 pH dependence of population of protonation states for three-group system
and its titration curves. (A) pH dependence of the relative populations of eight possible

protonation states. The pink bell-shaped curve represents one deprotonated group,
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whereas the orange bell-shaped curve represents the protonation states with two groups
deprotonated. The single black curve at low pH represents protonation states with all
groups protonated whereas the single gray curve at high pH represents protonation
states with all groups deprotonated. (B) Titration curves of three titratable acids: black
titration curve with pKa value 4.7, blue titration curve with pKa value 5.1 and red

titration curve with pKa value 5.7 (Nielsen, 2009).

Table 1.1 Possible protonation states for a hypothetical protein consisting of three

titratable groups.

State Gl G2 G3 Energy

1 + + +  AGpH(1) + AGpH(2) + AGpH(3) + (1=2) + (1=3) + (2=3)
2 + + 0  AGpH(1) + AGpH(2) + (1=2)

3 + 0 +  AGpH(1) + AGpH(3) + (1=3)

4 + 0 0 AGm()

5 0 + +  AGpH(2) + AGpH(3) + (2=3)

6 0 + 0 AGw?

7 0 0 + AGwQ)

8 0 0 0 O

Note that: + is charged, 0 is uncharged. Energy is relative to state 8. (X=Y) indicates
the interaction energy between the charge form of group X and Y. AGpn(X) is the free
energy difference between the charged and uncharged forms of group X at a fixed pH

values.



30

The Henderson-Hasselbalch equation (Eq. 1.1) can be used to extract a
pKa value for the group that has only a simple titration curve. The case of more
complicated titration curves such as the titration curve containing tight association of
more than one titratable group, cannot be described by the Henderson-Hasselbalch
equation. The methods for calculating the pH dependence of the free energy for each
protonation state have been considered by calculating the intrinsic pKa values and
pairwise interaction energies (electrostatic interaction energies) and this allows us to
extract the pKa values from its titration curves. The intrinsic pKa values and pairwise
interaction energies can be calculated using the information from its three-dimensional
structure. Electrostatic interaction energies can be calculated from protein structures by
solving the Poisson-Boltzmann equation (PBE) that can be applied to most other pKa
calculation methods (Baker et al., 2001; Madura et al., 1995; Nicholls and Honig,
1991). In the PBE calculation scheme (Yang et al., 1993) it is possible to calculate three
types of energies: desolvation energies, background interaction energies, and site-site
interaction energies that are required in pKa calculation. Namely, desolvation energy
and background interaction energy are pH-independent interactions, whereas the
electrostatic interaction between titratable groups (charge-charge interaction) is pH-
dependent interaction. The desolvation energy and background interaction energy
describe the protein environment that influences the pKa values of each titratable
residue when disregarding the titration of all other titratable groups in the enzyme. The
model pKa value (the pKa value of the residue in water) (Nielsen and Vriend, 2001)
integrated with the pKa differences of desolvation energy and background interaction
energy is called the intrinsic pKa which is the pKa values when all other titratable groups

in the protein are fixed in their neutral state. This pKa can be calculated based on the
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thermodynamic cycle as depicted in Figure 1.15. The intrinsic pKa values of each
residue integrated with all charge-charge interaction energies can be used to calculate
the energy of every possible protonation state of the protein at a particular pH.

The input for a PBE solver consisted of a protein structure expressed as
charges and a set of calculation parameters. The preparation of a protein structure shows
a large effect on the electrostatic energies from the PBE run, and therefore results in a

large effect on the calculated pKa values.

Solvent ) @
¢ pK, (model) |
G —_—
- AG,
AGneutral l AG1 AGS l AGcharged
Protein ) @)

AG,
—

“ pK, (protein)

Figure 1.15 The thermodynamic cycle for the transfer of a titratable group from solvent
to a protein environment. pKa (model) is the model pKa value of the group in solvent
which is typically water. pKa (protein) is the pKa value of the group in the protein,
disregarding the effects from other titratable groups. The AGcharged and AGneutral are the
energies associated with transferring the charged and neutral form from water into the

protein. The net free energy, AG1 + AGs4 — AGs — AGz is equal to zero.
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1.7.2 Running a pKa calculation

The pKa calculation is run by choosing a set of protein structures,
examining the protein structures and adapting the protein structures to the experimental
condition, for example, removal of all water molecules and all ions that are
crystallization artifacts and modelling any missing atoms in the X-ray structures. The
PBE-based methods for calculating the pKa values have been developed for modelling
a change in protein structure by optimizing the hydrogen bond network for each
protonation state (Alexov and Gunner, 1997; Nielsen and Vriend, 2001). These
methods make the protein respond to changes in the protonation state by rearranging
dipoles to minimize the energy of each protein structure. In general, optimization or
relaxation of the hydrogen bonding network gives improved results, especially for
buried titratable sites that are typically involved with a movement of hydrogen bond-
mediated dipoles. However, the improvement obtained by hydrogen bond optimization
has less effect for the surface residues since the surface residues themselves typically
change their conformation more than buried titratable sites as a deprotonation reaction
occurs. The buried titratable sites are kept fixed in the protein interior and a change in
protein environment only comes from reorientation of hydrogen bond dipoles whereas
the surface residues can move more freely and change the rotamer states (Alexov and

Gunner, 1999; Georgescu et al., 2002).

1.7.3 Extracting pKa values from calculated titration curves
The calculated pKa values have been derived from calculated titration
curves. A protein structure including charges and radii and a set of calculation

parameters is converted into titration curves in a standard pKa calculation algorithm.
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The extraction of pKa values from titration curves can be performed with most methods
assuming that the pKa value of a titration curve is the pK%2 value which is the pH value
at which the titratable group is half-protonated (Nielsen, 2007). This method has been
used in many pKa calculation methods because the non-Henderson-Hasselbalch
titration curves observed with standard pKa calculation methods prevent the extraction
of classical pKa values from the Henderson-Hasselbalch equation and so use of pK¥%2
values is better to define a pKa value from non-Henderson-Hasselbalch titration curves.
When making a complete set of pKa calculations, the titration curves for all residues
that one is interested in should be checked manually to identify titration curves that
cannot be described by a single pKa value, using a freely available graphical tool such
as pKaTool (Nielsen, 2007) that allows easy interpretation of calculated pKa values at
the click of a button or web-based solutions such as the H++ server (Gordon et al.,

2005).

1.7.4 Calculating pH activity profiles

The pKa values in the active site of an enzyme are calculated in order to
predict the pH activity profile. Therefore, it is necessary to identify the catalytically
competent protonation state (CCPS) for the enzyme before predicting the pH activity
profile. Two or more titratable groups are typically required to be in a specific
protonation state to provide the protons or charges for the enzyme to be active in the
catalytic mechanism. Hen egg white lysozyme is a good example of this in which the
catalytic acid/base Glu35 donates a proton to the glycosidic bond whereas the catalytic

nucleophile Asp52 attacks at the C1 of the sugar substrate (Phillips, 1967).
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When the CCPS has been identified, the pH activity profile can be then
predicted simply by extracting the pH-dependent population of the CCPS. It should be
mentioned that only in the case of perfect Henderson-Hasselbalch titration curves of
the catalytic groups is it possible to correctly predict the pH activity profile from the
calculated pKa values. Many enzymes are known to have pH-activity profiles with
shoulders or tails, and it is therefore clear that at least two titratable groups in the active

site are generally important to be in a catalytic protonation state for enzyme catalysis.

1.7.5 Accuracy of protein pKa calculation methods

A calculated pKa value depends on the X-ray structure, the method used
in pKa calculation and the residues of interest (Nielsen, 2007; Nielsen and McCammon,
2003b). The accuracy of a protein pKa calculation result is evaluated by the root mean
square deviation (RMSD) between the computational and experimental pKa values of
all protein titratable groups. The performance of individual pKa calculation packages
can vary from the average value. Most pKa calculation algorithms have been developed
to give low RMSD values for a set of calculated pKa values, compared with
experimentally measured pKa values (van Vlijmen et al., 1998; Nielsen and Vriend,
2001; Toseland et al., 2006).

Presently, the best pKa calculation algorithms reach an accuracy within
+0.5 pKa units when benchmarked with experimentally measured pKa values (Nielsen,
2007). WHAT IF PBE-based pKa calculation package (WIpKa) is comparable in
accuracy to other pKa calculation packages and has been benchmarked extensively to
assess its sensitivity to structural errors (Nielsen and McCammon, 2003b). WIpKa has

been developed by optimizing the hydrogen bond network for each protonation state
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used with the PBE solver in the pKj calculations (Alexov and Gunner, 1997; Nielsen
and Vriend, 2001). This method allows the protein to respond to changes in the
protonation state by rearranging dipoles to minimize the energy of each protein
structure. This global optimization gives significantly improved results, especially for
buried residues that are typically involved with the movement of hydrogen bond-

mediated dipoles (Nielsen and Vriend, 2001).

1.7 Studies of Vibrio harveyi GIcNAcases

The complete genome sequence of Vibrio harveyi encodes two GIcNAcases
(VhNagl and VhNag2) that belong to the new members of family 20 glycoside
hydrolases. The full-length DNAs of these GIcNAcases were successfully cloned into
the pQE-60 expression vector, which provides high-level expression in E. coli M15
host cells as a C-terminally Hise-tagged polypeptide. VhNagl has a molecular mass of
89 kDa and an optimum pH of 7.5, whereas VhNag2 has a molecular mass of 73 kDa
and an optimum pH of 7.0. When specific hydrolytic activity was assayed with various
substrates, pNP-GIcNAc was found to be the most effective. Both GIcNAcases could
hydrolyse all the natural substrates, VhNag2 being ten-fold more active than VhNag1.
A time course of chitin oligosaccharide hydrolysis by TLC and quantitative HPLC
showed that VhNag2 acts exolytically for chitin degradation in a sequential manner,
yielding GIcNAc as the end product and chitotetraose was found to be the best substrate
for VhNag2 due to its highest activity as compared with the other natural glycosides.
Kinetic modeling of the enzymic reaction suggested that binding at subsite (-2) and (+4)
had unfavourable binding free energy changes and that the active site of VhNag2

comprises four GIcNAc binding subsites, designated (-1), (+1), (+2), and (+3). In living
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cells, these intracellular GIcNAcases may work after endolytic chitinases to complete
chitin degradation and could potentially serve as biocatalysts in the production of chitin

derivatives during the recycling of chitin biomass (Suginta et al., 2010).

1.8 Research objectives

In marine ecosystems, chitin biomaterials are initially hydrolyzed to short-chain
oligosaccharides by chitinases, hydrolytic enzymes that are secreted mainly by marine
bacteria such as V. harveyi, which has been reported to express high levels of chitinases
and GIcNAcases in order to efficiently utilize chitin biomaterials as its sole source of
energy. In the chitin-degradation pathway of V. harveyi, chitinases initially degrade
chitin to small chitooligosaccharide fragments, which are further transported across the
bacterial cell wall through the chitooligosaccharide-uptake channel, which is known as
chitoporin. In the periplasm, GIcNAcases (EC 3.2.1.52) degrade chitin oligosaccharides
to GIcNAc monomers, which are transported across the inner membrane by a specific
ABC transporter into the cytoplasm and are then further metabolized to metabolic
intermediates that can readily be converted to carbon and nitrogen sources for cells.
However, the human homologues of bacterial GIcNAcases, known as HexA and HexB,
are clinically important since they are critically involved in the degradation of
glycosphingolipids, which are deposited in the form of gangliosides Gm1, Gm2 and Gws
on the plasma membranes of nerve cells. Mutations of these enzymes lead to the
accumulation of Gm2 gangliosides, which results in fatal diseases such as Tay-Sachs
and Sandhoff diseases.

The effects of exogenous anions, such as azide or formate, can provide direct

evidence identifying the catalytic acid/base residues in retaining glycoside hydrolases.
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Following mutation of the acid-base residue or the nucleophilic residue, hydrolytic
activity of inactive mutants can be rescued by the addition of an exogenous nucleophile,
such as azide or formate. However, the effects of external nucleophiles on the
hydrolytic activity of inactive mutant VhGIcNAcases have not been thoroughly
investigated yet. The first part of this research aims to investigate the effects of
mutations on the enzymatic activity of VhGIcCNAcase and probe the catalytic residues
of VhGIcNAcases by chemical rescue to support the proposal of a substrate-assisted
mechanism of GH20 GIcNAcases.

Chitinase A from the marine bacterium V. harveyi was previously reported for
functional and structural characterization. The crystal structures of V. harveyi chitinase
A and its catalytically inactive mutant (E315M) in the presence and absence of
substrates give an insight in catalytic mechanism and provide evidence that the
interacting sugars undergo conformational changes prior to hydrolysis. However, a
crystal structure of 5-N-acetylglucosaminidase from any marine bacterium has not been
reported yet. Therefore, in the second part of this research, we firstly determine the
molecular weight of VhGIcNAcase in the native state and then solve the 3D-structure
of GIcNAcases with and without the natural substrate as well as determining the kinetic
properties of VhGIcNAcase and its mutants.

The pKa values of the active-site residues in an enzyme are important to the
functionality of the catalytic mechanisms, enzyme activity, pH-dependent
conformational changes and protein stability. The pH-activity profile of chitinases is
typically bell-shaped and that is determined by the pKa values of the acidic active-site
residues. The computational algorithm in defining the pKa values in the active site is of

great interest because it can predict the pH activity profile and supports the catalytic
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mechanism. Therefore, the third part of this research aims to calculate the active site
pKa values of the GH18 chitinases and confirm the catalytic mechanism based on the
pKa calculation as well as predict the pH-activity profiles of chitinases and compare
these to experimentally measured pH-activity profiles.

The objectives of this research include:

1. To express and purify the wild-type and VhGIcNAcase mutants.

2. To investigate effects of mutations on the enzymatic activity of VhGICNAcase.

3. To probe the catalytic residues in the catalytic cycle of VhGIcNAcase using the
chemical rescue assay for supporting the proposal of a substrate-assisted mechanism of
GH20 GIcNAcases.

4. To determine the molecular weight of VhGIcNAcase in the native state.

5. To solve the 3D-structure of GIcNAcase inactive mutants with and without the
natural substrate and understand the mechanism of enzyme catalysis.

6. To determine the kinetic properties of VhGIcNAcase and its mutants.

7. To calculate the active site pKa values of the GH18 chitinases and confirm the
catalytic mechanism based on the pKa calculation.

8. To predict pH-activity profiles of chitinases and compare these to experimentally

measured pH-activity profiles.



CHAPTER II

MATERIALS AND METHODS

2.1 Chemicals and reagents

2.1.1 Bacterial strains and expression plasmids
Escherichia coli type strain DH5a was used for cloning, subcloning and
plasmid preparation. Supercompetent E. coli XL1Blue (Stratagene, La Jolla, CA, USA)
was the host strain for the production of mutagenized plasmid. E. coli strain M15
(pPREP) host cells (Qiagen, Valencia, CA, USA) and the recombinant plasmid of pQE-
60 vector containing GIcNAcase gene fragments were used for a high-level expression

of recombinant enzyme (Suginta et al., 2010).

2.1.2 Site-directed mutagenesis and plasmid purification

Chemicals and reagents used for site-directed mutagenesis were of
molecular biology grade. The mutagenic primers used for site-directed mutagenesis
were ordered from BioDesign (Bangkok, Thailand) and Bio Basic Canada (Ontario,
Canada). Pfu DNA polymerase, Pfu polymerase 10x buffer, ANTP mix, Dpnl, BamH1
and Bglll restriction enzymes, were purchased from Promega (Madison, WI, USA).
High-Speed Plasmid Mini Kit was product of Geneid (Taipei, Taiwan), QIAquick Gel
Extraction Kit of QIAGEN (QIAGEN GmbH, Hilden, Germany) and QuickClean Il
Plasmid Miniprep Kits of GenScript (GenScript, Piscataway, New Jersey, USA).

SYBRO Green | nucleic acid gel stain was bought from Sigma-Aldrich (St. Louis, MO,
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USA) and HyperLadder™ | DNA marker from Bioline (Tacerton MA, USA).

2.1.3 Protein expression and purification

Chemicals and reagents used for protein expression and purification were
of analytical grade. Glacial acetic acid, hydrochloric acid, methanol, n-butanol,
phosphoric acid, potassium hydroxide, sodium chloride, sodium hydroxide, sodium
dihydrogen phosphate and disodium hydrogen phosphate were obtained from Carlo
ERBA (Rodano, Milano, Italy). Acrylamide, tris (hydroxymethyl)amine, glycerol,
ammonium persulfate, 2-mercaptoethanol, bromophenol blue, coomassie blue R250,
coomassie blue G250, N, N', N, N""'-tetramethylethylenediamine (TEMED), bis-N, N"-
methylenebisacrylamide, tris(2-carboxyethyl)phosphine (TCEP), -ethylenediamine
tetra-acetic acid (EDTA), calcium chloride, magnesium chloride, sodium dodecyl
sulfate (SDS) were products of Sigma-Aldrich (St. Louis, MO, USA). Glycine was
from Vivantis (Oceanside, CA, USA). Ampicillin, kanamycin, phenyl methylsulfonyl
fluoride (PMSF), imidazole, hen egg white lysozyme, Triton X-100 were product of
USB Corporation (Cleaveland, OH, USA). DNase | was from Bio basic (Markham,
Ontario, Canada). Isopropyl thio-s-D-galactoside (IPTG) was from Merck Millipore
(Billerica, MA, USA). MF-Millipore Membrane Filters (0.22 um and 0.45 pum pore
size) were purchased from Millipore Corporation (Beverly, MA, USA). Vivaspin-20
ultrafiltration membrane concentrators (10 kDa molecular-weight cutoff) were product
of Vivascience (Hanover, Germany). Ni-nitrilotriacetic acid (Ni-NTA) agarose resin
was a product of QIAGEN. The TALON® Superflow™ metal affinity resin was the
product of Clontech Laboratories, Inc., USA. Disposable columns for Ni/Co agarose

chromatography (1.0 x 10 cm) from Biorad, (Bio-Rad Laboratories, Inc., CA, USA).
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HisTALON® pre-packed columns (1 x 5 ml) were purchased from Clontech
Laboratories, Inc., USA. HiPrep 16/60 Sephacryl S-200 HR and HiPrep 26/60
Sephacryl S-300 HR columns were products of GE Healthcare (Munich, Germany) and

BCA protein assay kit was a product of EMD Chemicals (San Diego, CA, USA).

2.1.4 Enzyme Kinetics
All chemicals and reagents were obtained from the following sources: p-
nitrophenol (pNP) and p-nitrophenyl-N-acetyl-glucosaminide (pNP-GIcNAc) were
purchased from Sigma-Aldrich (St. Louis, MO, USA); sodium dihydrogen phosphate,
disodium hydrogen phosphate, citric acid, sodium carbonate, sodium nitrate, sodium
formate and sodium chloride were purchased from Carlo Erba (Rodano, Milano, Italy);
sodium azide was purchased from LabChem Inc. (Zelienople, PA, USA) and a 96-well

microtiter plate was purchased from Nunc (Roskilde, Denmark).

2.1.5 Protein crystallization

Commercially crystal screens: the sparse-matrix screens, the JCSG Core
Suites I, I1, 11l and 1V, the Classics and Classics Il Suites and the PACT Suite and the
grid screens the PEGs Suite and the Anions Suite were from Qiagen, Hilden, Germany.
The 20 mm siliconized glass cover, 0.02-0.5 mm CryoLoops™, CrystalCap
Magnetic™ with vial, Magnetic Crystal Wand™, CryoCane, CryoSleeve, Vial
Clamp™-Curved, Long CryoTongs™, CrystalWand™, Crystal clear sealing tape and
Glass Dewar were products of Hampton Research (Hampton Research Corp., CA,
USA). The Baysilone-Paste® vacuum grease was the product of Carl Roth (Carl Roth

GmbH & Co. KG, Karlsruhe, Germany). The 96-well CrystalQuick plates were from
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Greiner Bio-One, Frickenhausen, Germany. Linbro Plates (24-well tissue culture
plates) with cover were from Linbro® (Linbro Division, Flow laboratories Inc., CA,
USA).

The natural substrate, N, N'-diacetylchitobiose (GICNAc2) were purchased
from Dextra (Dextra Laboratories Ltd., West Berkshire, United Kingdom). PEG3350,
PEG 6000, MES (2-(N-morpholino)ethanesulfonic acid), sodium/potassium phosphate
and sodium acetate were a product of USB Corporation. Tris (hydroxymethyl)amine
hydrochloride, potassium sodium tartrate, sodium malonate dibasic, 1,3-
Bis[tris(hydroxymethyl)methylamino]propane (Bis-Tris propane), 2, 2-Bis(hydroxyl

methyl)-2, 2, 2"-nitrilotriethanol (Bis-Tris), were purchased from Sigma-Aldrich.

2.2 Analytical programs

An amino acid sequence alignment of GIcNAcases and chitinases were
constructed using the CLUSTALW algorithm in a GCG package (Thompson et al.,
1994) and displayed in the DNASTAR package (DNASTAR, Inc., Madison, W1, USA)
and the CLC Main Workbench (CLC Bio, Aarhus, Denmark). The structure-based
alignment was further generated using the program ESPript, v3.0 (Robert and Gouet,
2014). The crystallographic programs were as follows. The iMosflm (Battye et al.,
2011) and XDS (Kabsch, 2010) programs were used for data indexing and scaling. The
PHASER program (McCoy et al., 2007) was used for molecular replacement
calculations, the COOT program (Emsley and Cowtan, 2004) for model building,
PRODRG servers (Schuttelkopf and van Aalten, 2004) for topology of ligand,
REFMACS in the CCP4 suit (Murshudov et al., 1997) for refinement, PROCHECK

(Laskowski et al., 1993) and MolProbity (Chen et al., 2010) for validation of the
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stereochemistry of the final model, LigPlot+ (Laskowski and Swindells, 2011) for two-
dimensional diagram of ligand-protein interactions and PYMOL (www.pymol.org) for
3D visualization of protein. For the pKa calculation, WHAT IF (Vriend, 1990) was used
for rebuilding missing atoms and correcting nomenclature problems, WHAT IF pKa
calculation package (WIpKa) (Nielsen and Vriend, 2001) for pKa calculation, pKaTool
program (Nielsen, 2007) for titration curve evaluation and g3data program for

extracting the graphical data points.

2.3 Instrumentation

The instruments required for site-directed mutagenesis, protein expression,
purification and functional characterization are located at the Biochemistry-
Electrochemistry Research Unit Laboratory and the Center for Scientific and
Technological Equipment, Suranaree University of Technology, Nakhon Ratchasima,
Thailand. These instruments included a Sonopuls Ultrasonic homogenizer with a 6-mm
diameter probe, a Mastercycler® personal PCR thermocycler (Eppendorf AG.,
Hamburg, Germany), a DNA gel apparatus (Pharmacia Biotech, SF, USA), a Jenway
UV-VIS spectrophotometer (Bibby Scientific Ltd., Staffordshire, UK), a Gel-Doc 2000
Gel document system (Bio-Rad Laboratories, CA, USA), a Mini-PROTEAN® 3 Cell
(Bio-Rad, Hercules, CA, USA), a shaking incubator (MRC, Holon, Israel), a
microcentrifuge Denville 260D (Denville Scientific, Metuchen, NJ, USA), a high-
speed microentrifuge CF16RX Il (Hitachi, Tokyo, Japan), an AKTA purifier system
(Amersham Bioscience, Piscataway, NJ, USA), a Thermomixer comfort (Eppendorf
AG, Hamburg, Germany) and a Biochrom Anthos Multiread 400 Microplate Reader

(Biochrom, Cambridge, UK).
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The instruments used for protein expression, purification, crystallization and
structural characterization located at the Max-Planck Institute (MPI) of Molecular
Physiology, Dortmund, Germany were a HC-2000 microfluidizer (Microfluidics,
Lampertheim, Germany), AKTA purifier system (GE Healthcare), a Mosquito
Crystallization robot (TTP Labtech, Melbourn, England), a Zeiss stemi 200-C stereo
microscope (Carl Zeiss Microlmaging GmbH., Géttogen, Germany), mounted with a
color video camera (Sony Corp., Tokyo, Japan), a Rigaku Micromax HF-007 rotating
anode generator and two MAR Research image plate detectors on a Nonius FR-591
generator (Rigaku Corp., Berlin, Germany). For the instruments used for data
collections at the beamline PX-I1 of Swiss Light Source located in Villigen, Switzerland

was a MAR Research CCD detector.

2.4 Sequence analysis and homology modeling of VhGIcNAcases

The amino acid sequence of the matured VhGIcNAcase was submitted to Swiss-
Model (http://swissmodel.expasy.org/) for the tertiary structure prediction using the
crystal structure of S. marcescens chitobiase (PDB code: 1QBA) as a structural
template. To obtain detailed information about the enzyme’s active site, the modelled
structure of VhGIcNAcase was superimposed on the 3D structure of S. marcescens
chitobiase (SMCHB) docked with GIcNAc; coordinates. The annotated structures were
edited and displayed in PyMOL (www.pymol.org). The structure-based alignment was
generated by aligning the amino acid sequence of VhGIcNAcase with five GH20
GIcNAcases with known 3D-structures, including S. marcescens chitobiase, SMCHB
(PDB code: 1QBA); Streptomyces plicatus S-N-acetylhexosaminidase, SpHex (PDB

code: 1HP4); Paenibacillus sp. p-hexosaminidase, PsHex1T (PDB code: 3GH4);
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human pS-hexosaminidase A (a-chain), HsHexA (PDB code: 2GJX) and human p-
hexosaminidase B (f-chain), HsHexB (PDB code: 1NOU). The amino acid sequence
alignment was carried out in ClustalW, and the structure-based alignment was further

generated using the program ESPript, v3.0 (Robert and Gouet, 2014).

2.5 Mutational design and site-directed mutagenesis of VhGIcNAcases
The full-length GIcNAcase cDNA (accession No. HM175716) was isolated
from the genome of V. harveyi by the PCR technique, and the gene encoding
VhGIcNAcase (amino acids 5-642, lacking the signal peptide) was then cloned into the
pPQE-60 expression vector (Qiagen, Valencia, California, USA), generating a four-
amino-acid (MGGS) cloning artefact at the N-terminus as described previously
(Suginta et al., 2010). The recombinant protein was shown to be expressed at a high
level in E. coli M15 (pREP4) cells as a C-terminally Hise-tagged polypeptide (Suginta
etal., 2010). The pQE-60 expression vector harboring the full length VhGIcNAcase was
used as DNA template for point mutations. The mutagenic primers were synthesized
by commercial sources (BioDesign Co., Ltd Bangkok, Thailand and Bio Basic Canada
Inc., Ontario, Canada) and the oligonucleotide sequences of these primers are listed in

Table 2.1. The underlined sequences represent the mutated codon.
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Table 2.1 Primers used for site-directed mutagenesis.

Mutation  Oligonucleotide sequence?

forward 5'- CATTGGCATCTCACTAACGATGAAGGCTGGCGTG -3’

D303N

reverse 5'- CACGCCAGCCTTCATCGTTAGTGAGATGCCAATG -3/

forward 5'- CATTGGCATCTCACTGCGGATGAAGGCTGGCGTG -3’
D303A

reverse 5'- CACGCCAGCCTTCATCCGCAGTGAGATGCCAATG -3’

forward 5'- GCATCTCACTGACAACGAAGGCTGGCGTGTC -3’
D304N

reverse 5'- GACACGCCAGCCTTCGTTGTCAGTGAGATGC -3’

forward 5'- GCATCTCACTGACGCGGAAGGCTGGCGTGTC -3’
D304A

reverse 5'- GACACGCCAGCCTTCCGCGTCAGTGAGATGC -3/

forward 5'- GAAATTGATGTACCTGGTGCGTGCCGCGCCGCAATTAAG -3/
H373A

reverse 5'- CTTAATTGCGGCGCGGCACGCACCAGGTACATCAATTTC -3'

forward 5'- GTTCACATTGGCGCGAACGAAGTGCCTAACGGC -3'
D437N

reverse 5'- GCCGTTAGGCACTTCGTTCGCGCCAATGTGAAC -3’

forward 5'- GTTCACATTGGCGCGGCGGAAGTGCCTAACGGC -3
D437A

reverse 5'- GCCGTTAGGCACTTCCGCCGCGCCAATGTGAAC -3/

forward 5'- GTTCACATTGGCGCGGACCAGGTGCCTAACGGCGTGTG -3’
E438Q

reverse 5'- CACACGCCGTTAGGCACCTGGTCCGCGCCAATGTGAAC -3'

forward 5'- CATTGGCGCGGACGATGTGCCTAACGGCGTG -3’
E438D

reverse 5'- CACGCCGTTAGGCACATCGTCCGCGCCAATG -3

forward 5'- CACATTGGCGCGGACGCGGTGCCTAACGGCGTGTG -3/
E438A

reverse 5'- CACACGCCGTTAGGCACCGCGTCCGCGCCAATGTG -3/

forward 5'- CAAACTACTTATTTGGCGATGACCCAAGACTACGC -3’
D532A

reverse 5'- GCGTAGTCTTGGGTCATCGCCAAATAAGTAGTTTG -3’

forward 5'- CCGCTCTATGGTGCGCGATCATCAACAACCC -3'
ES84A

reverse 5'- GGGTTGTTGATGATCGCGCACCATAGAGCGG -3’

2 Sequences underlined indicate the mutated codons.



47

The mutants D303A, D304A, D437N, D437A, E438Q, E438D, E438A, D532A
and E584A of the VhGIcNAcase were made using the QuickChange Site-Directed
Mutagenesis Kit (Stratagene, California, USA), following the Manufacturer’s
instruction. The PCR reaction mix and PCR conditions used for site-directed
mutagenesis are shown in Table 2.2 and Table 2.3, respectively. After gene
amplification, the PCR products were verified by agarose gel electrophoresis. The
mutated DNA was treated with Dpnl for 1 hour at 37°C and then transformed into E.
coli XL1-Blue competent cells. Afterwards, the transformed cells were spread on LB-
agar containing 100 pg/mL ampicillin. The mutated plasmids obtained from positive
clones were extracted using QuickClean II Plasmid Miniprep Kits (GenScript,
Piscataway, New Jersey, USA) and the correct insertion of the mutated sequences was
verified by automated DNA sequencing in both directions from First BASE
Laboratories Sdn Bhd, Seri Kembangan, Malaysia. The DNA sequencing
chromatograms were displayed using the program Chromas Lite, Technelysium Pty
Ltd, South Brisbane, Australia and the nucleotide sequence analyses were obtained

from the DNASTAR package (DNASTAR, Inc., Madison, USA).
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Table 2.2 The PCR reaction used for site-directed mutagenesis

Reagent Volume (pL)
DNA template (50 ng/uL) 1.0
Pfu DNA polymerase (2.5 U/uL) 1.0
10X reaction buffer 2.5
Oligonucleotide forward primer (10 uM) 2.5
Oligonucleotide reverse primer (10 pM) 2.5
dNTP mix (2 mM) 2.5
Milli-Q water 13
Total volume 25

Table 2.3 The PCR running conditions used for site-directed mutagenesis

PCR step Cycle Temperature Time
Hot start 1 98°C 5 sec
Denaturing start 1 98°C 3 min
Denaturing 98°C 30 sec
Annealing 30 55°C 1 min
Extension 65°C 12 min
Final extension 1 65°C 10 min

2.6 Expression and purification of VhGIcNAcase and its mutants

In this study, the expression and purification of recombinant wild-type
VhGIcNAcase and its mutants were optimized in order to improve the yield and the
purity of the proteins for crystallization purposes. The recombinant wild-type
VhGIcNAcase was expressed in E. coli M15 (pREP) cells as a 652-amino acid
polypeptide, including the C-terminal (His)s sequence (Suginta et al., 2010).
Expression of all GIcNAcase variants was based on the protocol described previously

(Meekrathok et al., 2015). Briefly, the transformed cells harbouring the recombinant
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pQE-60/GIcNAcase plasmid were grown at 37°C in Terrific Broth (TB) containing
100 pg/mL ampicillin and 25 pg/mL kanamycin until the cell density reached an ODeoo
of 0.6. The cell culture was cooled to 20°C, before isopropyl thio-f-D-galactoside
(IPTG) was added to a final concentration of 0.4 mM for GIcNAcase expression. Cell
growth was continued at 20°C for an additional 18 hours, and cells were harvested by
centrifugation at 4,500 rpm for 30 min. The bacterial pellet was resuspended in lysis
buffer (20 mM Tris-HCI buffer, pH 8.0, 150 mM NaCl, 1 mM phenylmethylsulphonyl
fluoride (PMSF), 5% (v/v) glycerol and 1 mg/mL lysozyme and 1 mg/mL DNase 1),
and then lysed on ice using a Sonopuls ultrasonic homogenizer with a 6-mm diameter
probe (50% duty cycle; amplitude setting, 30%; total time, 30 s, 6-8 times). Unbroken
cells and cell debris were removed by centrifugation at 13,000 rpm for 1 hour. The
supernatant containing VhGIcNAcase was immediately applied to a polypyrine column
packed with 5 mL of TALON® Superflow™ metal affinity resin (Clontech
Laboratories, Inc., USA) operated at 4°C with gravity-dependent flow. The column was
washed with 8 column volumes (cv) of equilibration buffer (20 mM Tris-HCI buffer,
pH 8.0), followed by 7 cv of the equilibration buffer containing 10 mM imidazole. The
protein was then eluted with 250 mM imidazole in the same buffer. Eluted fractions of
10 mL were collected and 15 pL of each fraction was further analyzed by 12% SDS-
PAGE, according to the method of Laemmli (Laemmli, 1970), to confirm the purity of
the protein. Fractions with GIcNAcase activity were pooled, exchanged into 20 mM
Tris-HCI buffer pH 8.0 containing 150 mM NaCl buffer, and subjected to several
rounds of centrifugation in Vivaspin-20 ultrafiltration membrane concentrators (10 kDa
molecular-weight cutoff, Vivascience AG, Hannover, Germany) for complete removal

of imidazole. For structural characterization, the GIcNAcases were further purified on
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a HiPrep 16/60 Sephacryl S-200 prepacked column (Amersham Bioscience,
Piscataway, NJ, USA) connected to an AKTAprime purification system (Amersham
Bioscience, Piscataway, New Jersey, USA.) The chromatography column was operated
at a flow rate of 0.2 mL/min, and 1.4 mL fractions were collected. Note that, the running
buffer for the wild-type protein was low-salt equilibration buffer (20 mM Tris-HCI
buffer pH 8.0 containing 30 mM NaCl and 1 mM TCEP) to avoid interference by salt
in the crystallization trials. However, some of the wild-type protein appeared as an
aggregation peak in the gel-filtration profile. VhGIcNAcase-containing fractions were
pooled and concentrated in the equilibration buffer (20 mM Tris-HCI buffer, pH 8.0,
containing 150 mM NacCl) using the same type of Vivaspin membrane concentrator and
then the purity was judged by 12% SDS-PAGE. Protein aggregation after purification
was evaluated using native PAGE according to a protocol described elsewhere (Arndt
et al., 2012). The final concentration of VhGIcNAcase was determined by the Azgo
(Edelhoch, 1967; Gill and von Hippel, 1989; Pace et al., 1995) and BCA (bicinchoninic
acid) assay (Smith et al., 1985) (Novagen® BCA protein assay kit, EMD Chemicals
Inc., San Diego, CA, USA) using a standard calibration curve constructed from BSA
(0-250 pg/ml). The freshly prepared protein was aliquoted and flash-frozen in liquid

nitrogen and stored at -80°C until used.
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2.7 Investigation of protein state by size-exclusion chromatography

The molecular mass (MW) of wild-type VhGIcNAcase in solution was
investigated using size-exclusion chromatography. The well-defined globular protein
standards ranging from 349 to 669,000 Da (GE healthcare, USA and Sigma-Aldrich
Pte Ltd., Singapore) were employed for making a calibration curve of the HiPrep 26/60
Sephacryl S-300 prepacked columns (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). The protein standards used in this experiment were Ng-DNP-L-lysine
hydrochloride (349 Da), ribonuclease A (13,700 Da), ovalbumin (43,000 Da), bovine
serum albumin (66,000 Da), aldolase (158,000 Da), ferritin (440,000 Da) and
thyroglobulin (669,000 Da). The blue dextran 2000 was used to determine the void
fraction in the column. Each standard protein including VhGIcNAcase (0.5-3 pg) was
mixed with Ne-DNP-L-lysine hydrochloride that acts as a control in equilibration buffer
containing 20 mM Tris-HCI buffer, pH 8.0, containing 150 mM NaCl and then loaded
to the HiPrep 26/60 Sephacryl S-300 prepacked columns connected with the
AKTAprime system using the same equilibration buffer as a running buffer. The
process was set up with a flow rate of 2.0 mL/minand 5.1 mL fractions were collected
and assayed for GIcNAcase activity. The gel-phase distribution coefficient (Kq) was
calculated from the equation: Kq = (Ve - Vo)/Vs where Ve is elution volume, V, is void
volume (determined using Blue Dextran), and Vs is volume of stationary phase. The
estimated molecular mass of VhGIcNAcase was determined from the calibration curve
(plot of Kq versus log MW) once its Kq value is calculated from the measured elution

volume.
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2.8 GIcNAcase activity assay

GlIcNAcase activity was determined by a colorimetric assay using pNP-GIcNAc
(Sigma-Aldrich Pte Ltd., St. Louis, MO, USA) as substrate. The reaction mixture in a
96-well microtiter plate contained an optimal amount of VhGIlcNAcase (0.1 pg for WT
and 5-30 pg for mutants), S00 uM pNP-GIcNAc and 100 mM phosphate buffer, pH 7.0
in a total volume of 200 pL. The assay was carried out at 37°C with constant agitation
in an Eppendorf ThermoMixer® comfort (Eppendorf AG, Hamburg, Germany), and
was terminated by adding 100 pL of 3 M Na>COz to each well after 10 min. The
concentration of p-nitrophenol (pNP) released was determined at 405 nm in a Biochrom
Anthos MultiRead 400 Microplate Reader (Biochrom, Cambridge, UK). The molar
quantity of the liberated pNP was calculated from a calibration curve of pNP standard
varying from 0 to 20 nmol. The hydrolytic activity of the enzyme was expressed as the

quantity of pNP (nmol) produced in 1 min at 37°C.

2.9 Determination of the pH optima of VhGIcNACase WT and D437A

mutant

To determine the activity/pH profile, the specific activity of VhGIcNAcase WT
and D437A mutant was determined in a discontinuous assay. The reaction mixture
contained 0.05 pg VhGIcNAcase or 5 pg D437A, 500 uM pNP-GIcNAc, and
Mcllvaine’s sodium phosphate-citric acid buffer, pH 3.0-9.0 (Mcllvaine, 1921) at
different pH values ranging from 3.0 to 9.0, in a total volume of 200 pL. The reaction

was carried out as described for the GIcNAcase activity assay.
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2.10 Chemical rescue assay of VhGIcNAcase and its mutants

Sodium azide and sodium formate were initially tested for their ability to rescue
the enzymic activity of VhGIcNAcase inactive mutants. A 200-pL assay mixture,
prepared in a 96-well microtiter plate, contained 500 puM pNP-GIcNAc, 5 pg of
enzyme, 1 M sodium azide or formate, and 100 mM sodium phosphate buffer, pH 7.0.
The reaction mixture was incubated at 37°C for 10 min with constant agitation, and the
reaction was terminated by the addition of 100 pL 3 M Na>COa. The reaction of wild-
type VhGIcNAcase was carried out as described for mutants, but with 0.1 pg of the
enzyme in the assay.

To determine the effect of concentration on the rescue activity, the reaction was
incubated with different concentrations of azide or formate for a longer time. A 200-uL
assay mixture contained 500 uM pNP-GIcNAc, 0.2 pg of mutants and 0.1-2.0 M
sodium azide or formate in 100 mM sodium phosphate buffer, pH 7.0. The reaction was
allowed to proceed at 37°C for 60 min, and then terminated by the addition of 100 pL

of 3 M NaCOs. The amount of pNP released was calculated as described above.

2.11 Time-course and kinetics of sodium formate effects on the activity

of VhGIcNAcase D437A mutant

Chemical rescue of the D437A inactive mutant by sodium formate was further
observed at different times of incubation. A 200-pL assay mixture contained 500 uM
pPNP-GIcNACc, 0.2 pg of the mutant D437A and 0.1-2.0 M sodium formate in 100 mM
sodium phosphate, pH 7.0. The reaction mixture was incubated at 37°C for times of 0,

2.5, 5, 10, 30, and 60 min. For kinetic experiments, a 200-uL reaction mixture,
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containing 0-500 uM pNP-GIcNAc, 5 pg of the mutant D437A, 0.1-2.0 M sodium
formate and 100 mM sodium phosphate buffer, pH 7.0, was incubated for 10 min at
37°C and the reaction terminated with 100 pL of 3 M Na,COs. The amount of pNP
formed during the reaction was estimated as described previously. The Kkinetic
parameters (apparent Km, apparent Kest and apparent keat/Km) were determined by non-
linear regression function available in GraphPad Prism v.5.0 (GraphPad Software Inc.,

San Diego, CA).

2.12 Steady-state kinetics of VhGIcNAcase and its mutants

Kinetic studies of wild-type VhGIcNAcase and its mutants were carried out by
colorimetric assay in a microtiter plate reader as described above, with substrate
concentrations varying from 0-500 uM. Briefly, a 200-uL reaction mixture containing
0-500 uM pNP-GIcNAc, prepared in 100 mM sodium phosphate buffer, pH 7.0 and
0.1-30 ug enzyme, was incubated at 37°C with constant shaking for 10 min. The
enzymic reactions were then terminated with 100 pL of 3 M Na2COgz. The amount of
the reaction products was measured at 405 nm, then converted to molar quantities using
a standard curve of pNP (0-20 nmol) as described previously. The kinetic parameters
(Km, keat and keat/Km ) were determined from triplicate assays of data by the nonlinear
regression function of the GraphPad Prism software v.5.0 (GraphPad Software Inc.,

San Diego, CA).
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2.13 Determination of three-dimensional structures of VhGIcNAcases

2.13.1 Crystallization of VhGIcNACase WT and the D437A mutant

Initial crystallization screening of wild-type VhGIcNAcase was
performed at 20°C using commercially available screens from Qiagen, Hilden,
Germany: the sparse-matrix screens the JCSG Core Suites I, Il, 11l and 1V, the Classics
and Classics Il Suites and the PACT Suite and the grid screens the PEGs Suite and the
Anions Suite. The screens were set up in 96-well CrystalQuick plates (Greiner Bio-
One, Frickenhausen, Germany) using a Mosquito Crystallization robot (TTP Labtech,
Melbourn, England) with the sitting-drop method. The purified enzyme was centrifuged
at 13,000 rpm for 5 min and 0.1 uL of the freshly prepared wild-type protein at 10
mg/mL in equilibration buffer consisting of 20 mM Tris-HCI pH 8.0, 30 mM NaCl was
then pipetted into 0.1 uL of each precipitant in the crystallization screens. Small plate-
shaped crystals of wild-type GIcNAcase were observed within 1 day in condition F10
from the PACT Suite (20% (w/v) PEG 3350, 0.1 M Bis-Tris propane pH 6.5, 0.2 M
sodium/potassium phosphate) and small crystals also appeared within 3 days in
condition C6 of the Anions Suite (0.1 M sodium acetate pH 4.6, 1.2 M sodium
malonate). Crystals obtained from both conditions were further optimized by the
hanging-drop vapour-diffusion technique using different concentrations of two
precipitants: (i) 17-22% (w/v) PEG 3350, 0.1-0.2 M Bis-Tris propane pH 6.5, 0.1-0.2
M sodium/potassium phosphate and (ii) 0.1-0.2 M sodium acetate pH 4.6, 0.7-1.8 M
sodium malonate as shown in Figure 2.1. In each drop, 1.5 uL. GIcNAcase solution was
mixed with 1.5 uL of each precipitant and then equilibrated over 1.0 mL of the
respective precipitant in a 24-well Linbro tissue-culture plate. The wild-type crystals in

0.1 M sodium acetate pH 4.6, 1.4 M sodium malonate were transferred into drops
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consisting of 2 pL cryoprotectant solution (0.1 M sodium acetate pH 4.6, 2.9 M sodium

malonate). The substrate complex of GIcNAcase was obtained by soaking the wild-type

crystals with the natural substrate (GIcNAcz; 10 mM) in the corresponding mother

liquor at 20°C for 5, 10, 15 and 30 min. Afterwards, the soaked crystals were immersed

for a few seconds in a cryoprotectant consisting of the mother liquor with 2.9 M sodium

malonate and 10 mM GIcNAc: before flash-cooling in liquid nitrogen for further

storage.
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Figure 2.1 Optimization of crystallization conditions of wild-type VhGIcNAcase. Grid

screen of variable concentration of the conditions F10 from the PACT Suite (A) and C6

from the Anions Suite (B).
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For crystallization of the GlcNAcase D437A mutant, 0.1 pL protein
solution (18 mg/mL in 20 mM Tris-HCI buffer pH 8.0 containing 150 mM NaCl and 1
mM TCEP) was pipetted into 0.1 uL of each precipitant using the same set of crystal
screens as described above. Small plate-shaped crystals (form 1) were obtained within
3 days in condition G7 from the PACT Suite 9 (20% (w/v) PEG 3350, 0.1 M Bis-Tris
pH 7.5, 0.2 M sodium acetate), condition D9 from the PEGs Suite (25% (w/v) PEG
6000, 0.1 MTris-HCI pH 8.5) and condition H1 from the PEGs Suite (20% (w/v) PEG
3350, 0.2 M potassium sodium tartrate). Three-dimensional rod-shaped crystals (form
I1) were also obtained within 14 days of incubation in condition C12 from the Anions
Suite (0.1 M MES pH 6.5, 1.2 M sodium malonate) at 20°C. The D437A crystals from
condition G7 of the PACT Suite were further optimized by the hanging-drop vapour
diffusion method in a 24-well Linbro tissue-culture plate as described for the wild-type
enzyme. A 1.5 pL droplet of the D437A mutant was mixed with 1.5 pL of precipitants
at various concentrations (17-22% (w/v) PEG 3350, 0.1 M Bis-Tris pH 7.5, 0.1-0.2 M
sodium acetate) and then equilibrated over 1.0 mL of the respective precipitant. After
the D437A crystals had been immersed in a cryoprotectant solution consisting of
mother liquor supplemented with 25% (v/v) glycerol, they were rapidly transferred to

liquid nitrogen and stored.
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Figure 2.2 Optimization of crystallization condition of the mutant D437A of
VhGIcNAcase. Grid screen of variable concentration of the condition G7 from the

PACT Suite.

2.13.2 Data collection and processing

For in-house crystal testing and the collection of preliminary data sets,
crystals were mounted in nylon loops (Hampton Research, Aliso Viejo, California,
USA) on a goniometer and data were collected on a Bruker MICROSTAR or Rigaku
MicroMax-007 HF rotating-anode generator with a copper anode as the X-ray source.
X-ray diffraction data were collected from high-quality crystals using a Pilatus 6M
detector on beamline PX-II at the Swiss Light Source (SLS), Paul Scherrer Institute,
Villigen, Switzerland. All X-ray images were recorded using 0.25 A oscillations at
-173°C and a wavelength of 1.0 A with crystal-to-detector distances of 381, 350, 440
and 500 mm for the wild type, the wild type complexed with GIcNAc, the D437A
mutant form | and the D437A mutant form II, respectively. Data indexing was carried
out using iMosflm (Battye et al., 2011) from the CCP4 suite. The data were further
processed using XDS (Kabsch, 2010). The protein content of the asymmetric unit was

estimated by calculating the Matthews coefficient (Matthews, 1968), while the solvent
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content was calculated based on two subunits of protein, each with six attached histidine
residues. The maximum resolution for each data set was determined by using the
average ratio of measured intensity to its standard deviation (I/c(1)) that was more than
2-fold in the outer shell. The global quality indicator to measure the spread of individual
intensity measurements around the average value for the group of equivalent reflections
iS the Rmerge (Rhodes, 2000), which is defined as:

Rmerge = [ZnkiZi |li(hKI) - (1(hKD)|1/[ ZhaZili(hkl)] (2.1)
where lj is the intensity for the ith measurement of an equivalent reflection with indices

hkl.

2.13.3 Structural determination and refinement

Molecular replacement was employed to obtain phase information using
the program PHASER (McCoy et al., 2007) from the CCP4 suite using the structure of
S-hexosaminidase from Arthrobacter aurescens (PDB code: 3RCN; 35% identical to
GIcNAcase from V. harveyi; Midwest Center for Structural Genomics, unpublished
work) as a search model. Afterwards, the final model of wild-type VhGIcNAcase was
used as a template to obtain the phases of all data sets of the VhGIcNAcase-substrate
complex and the mutant D437A. After obtaining initial phases from the search model,
the COOT program (Emsley and Cowtan, 2004) was used to manually rebuild the
model structure. The electron density maps (Fo-Fc and 2F.-Fc maps) were calculated
from the observed structure-factor amplitudes (|[Fobs|) and the calculated structure factor
amplitudes (|Fcarc|), where each |Fobs| is derived from the measured reflection intensity
and each |Fcac| is the amplitude of the corresponding structure factor calculated from

the current model (Rhodes, 2000). A new model rebuilding was carried out based on
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those two maps which were recalculated for each cycle of rebuilding and further rounds
of structural refinement with the program REFMACS available in the CCP4 suit
(Collaborative Computational Project, 1994; Murshudov et al., 1997). The resultant
electron density map showed the disagreement regions between the search model and
the new structure, which was determined through rebuilding and refinement processes
that were continued until the correlation between the model and the diffraction data was
maximized. The agreement between the crystallographic model and the experimental

X-ray diffraction data was measured by Reactor Which is defined as:

B Z||Fobs| —|Fcalc||
R Z| Fobs| (22)

where a similar quality criterion, Reree Was calculated from 5% of the reflections selected
randomly and omitted from the refinement process.

During the model rebuilding process, the electron density of the second
half of GIcNAc2 molecule could not be found in the structure. The molecular topology
of the GIcNAc was then taken from the protein data bank (PDB code: 3GH5) and
modeled into the corresponding 2F.-Fc and Fo-Fc maps. The geometry of each final
model was verified by PROCHECK (Laskowski et al., 1993) and MolProbity (Chen et
al., 2010). The refined structures of the three enzyme forms were compared within the
program Superpose and direct contacts determined in the program Contact (CCP4
suite). A two-dimensional diagram of ligand-protein interactions from 3D coordinates
was automatically visualized using the program LigPlot+ (Laskowski and Swindells,
2011) and the graphical structures and electron density maps were generated and

displayed by PyMOL (www.pymol.org).
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2.14 pKa calculation of GH18 chitinases

2.14.1 Selection and preparation of X-ray structures

Structures used in this study were selected using the CAZy database
(http://www.cazy.org) and the Protein Data Bank (PDB; Berman et al. 2000). All
specific PDB files used in this study were: one structure from P. furiosus chitinase A
(PDB code: 2DSK); one structure from Arthrobacter sp. chitinase B (PDB code:
1KFW); one structure from B. circulans WL-12 chitinase Al (PDB code: 1ITX); nine
structures from S. marcescens chitinase B (PDB codes: 1E15, 1E6N, 1E6P, 1E6R,
1E6Z, 1GOI, 1HOG, 10GG, 1UR9); eleven structures from S. marcescens chitinase A
(PDB codes: 1CTN, 1EDQ, 1EHN, 1EIB, 1FFQ, 1FFR, 1K9T, 1NH6, 1RD6, 1X6L,
1X6N); one structure from S. coelicolor chitinase A (PDB code: 3EBV); four structures
from V. harveyi chitinase A (PDB codes: 3B8S, 3B9A, 3B9D, 3B9E); fourteen
structures from A. fumigatus chitinase B1 (PDB codes: 1W9P, 1W9U, 1W9V, 2A3A,
2A3B, 2A3C, 2A3E, 2IUZ, 3CH9, 3CHC, 3CHD, 3CHE, 3CHF, 1WNO); four
structures from C. immitis chitinase 1 (PDB codes: 1D2K, 1LL4, 1LL6, 1LL7); seven
structures from H. brasiliensis hevamine A (PDB codes: 1HVQ, 1KQY, 1KQZ, 1KRO,
1KR1, 1LLO, 2HVM); ten structures from human chitotriosidase (PDB codes: 1GUV,
1HKI, 1HKJ, 1HKK, 1HKM, 1LG1, 1LG2, 1LQO0, IWAW, 1WB0); two structures
from human AMCase (PDB codes: 3FXY, 3FY1); one structure from P. platycephala
endochitinase (PDB code: 2GSJ) and four structures from S. cerevisiae chitinase 1
(PDB codes: 2UY2, 2UY3, 2UY4, 2UY5). All 70 PDB files from the protein database
are either apo structures, or holo structures with and without mutations. The PDB files
were first regularized using WHAT IF (Vriend, 1990) to rebuild missing atoms and

correct nomenclature problems. All crystallographic water molecules were deleted
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before carrying out pKa calculations, and all ions were removed. ‘apo-generated’
structures were also constructed by removing ligands and ions from the holo forms.
Holo structures included the charges and radii for ligands calculated using PRODRG

server (Schuttelkopf and van Aalten, 2004).

2.14.2 pKa calculations

Poisson-Boltzmann equation (PBE)-based pKa calculation methods
compute the effect of transferring a titratable group from water to its position in the
protein (Yang et al. 1993). The protein titratable groups used in the pKa calculation
were the N-terminus, Asp, Glu, Tyr, Cys, Lys, Arg, His, and C-terminus. The estimated
pKa value of the residue in water is called the model pKa and is determined by
interpolating the pKa values of compounds that resemble amino acid side chains. The
model pKa values used in this study were described by Nielsen and Vriend, 2001. The
pKa value of a titratable group in the protein is then computed by adding the desolvation
energy with non-titratable and the interaction energy with titratable groups. Once the
pH dependence of these energies is known, the fractional charge is calculated by
evaluating the Boltzmann sum for every titratable group at each pH value of interest

using the equation 2.3 below:

_E
e kT

Pi-——=" (2:3)

5
Ze kT
j=1
where pi is the fractional charge on group i, Ei is the energy of state i, E;j is the energy
of state j, and the sum is over all protonation states in the protein. A protein consisting

of N titratable groups can exist in 2N protonation states. The methods used for
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calculating the pH dependence of the energy for each protonation state can be described

using equation 2.4 below:

E, =D 7 IN(LO)KT (pH — pK, )+ 2D 77,EG, }) (2.4)

i=1 i=1 j=1
where Ey is the energy of protonation state i at a given pH, N is the number of active-
site residues considered, vyi is 1 if group i is charged and O if neutral, and E(i,j) is the
electrostatic interaction energy between groups i and j. The ionization of a single
titratable group in the absence of all other titratable groups is described by the first term.
The second term describes interactions between titratable groups and it is assumed that
the energy of any protonation state of the protein can be tabulated by the pairwise
interaction energies between two titratable groups.

Standard pKa. calculations (pKa calculations where all groups are
included) of the whole protein were carried out using the WHAT IF pKa calculation
package (WIpKa) as described previously (Nielsen and Vriend, 2001). WIpKa employs
a global hydrogen-bond network optimization procedure (Hooft et al., 1996) to arrive
at the best structural configuration for every protonation state evaluated during the
course of the pKa calculation. All parameters were set as described previously (Nielsen
and Vriend, 2001), except that a single dielectric constant of 8 was used for the protein.
The OPLS force field (Jorgensen and Tirado-Rives, 1988) was used as a source of
charges and radii. The WHAT IF pKa calculation uses Delphi Il (Nicholls and Honig,
1991) to solve the linearized form of the PBE to obtain the electrostatic energies.
Desolvation energies, background interaction energies and charged-charged interaction

energies were fully calculated for all titratable groups in the protein.
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2.14.3 Prediction of pH profiles

A plot of the pH-dependent protonation state populations for a
hypothetical three acidic active-site residues (D1, D2 and E) was obtained by evaluation
of the partition function or fractional charge using the pKaTool program (Nielsen, 2007,
http://enzyme.ucd.ie/ Science/pKa/pKaTool). The titration curves for each titratable
group were constructed by adding the population of the protonation states that have a
specific group in its charged state. For a case of three active-site residues (D1, D2 and
E), there are eight (2°) possible protonation states. The fractional charge of a specific
residue (D1, D2 or E) is the sum of the populations of the protonation states when the
specific residue is charged at a given pH value. The titration curves were produced from
the fractional charge plotted as a function of pH and displayed in pKaTool. The
calculated pKa of three active-site residues (D1, D2 and E) were employed in order to
predict the pH activity profile of the chitinases. These D1-D>-E groups must be in a
specific protonation state to provide the proton or charges required in catalytic
mechanism. Several possible protonation states were investigated in pKaTool. Here,
the catalytically competent protonation state (CCPS) of the D1, D2, and E in chitinases
was supposed to be charged, neutral and neutral, respectively. The experimental pH
profiles for family 18 chitinases used in comparison with the computational pH profiles
were listed as follows: S. marcescens chitinase B (van Aalten et al., 2001); S.
marcescens chitinase A (Zees et al., 2009); V. harveyi chitinase A (Suginta and Sritho,
2012); S. cerevisiae chitinase 1 (Hurtado-Guerrero and van Aalten, 2007); human
chitotriosidase (Boot et al., 2005); human AMCase (Chou et al., 2006) and H.

brasiliensis hevamine A (Bokma et al., 2002). In cases where the graphical data were
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available, data points at a given pH were digitized using g3data

(http://www.frantz.fi/software/g3data.php).



CHAPTER 111

RESULTS

PART I

PROBING THE CATALYTIC RESIDUES OF VhGIcNAcase BY

CHEMICAL RESCUE

3.1 Sequence analysis and homology modelling

We previously reported cloning and recombinant expression of the gene
encoding GH20 p-N-acetylglucosaminidase from V. harveyi (Suginta et al., 2010).
The enzyme, known as VhGIcNAcase (formerly VhNag2), exhibited exolytic activity,
degrading chitin oligosaccharides from the non-reducing end in a sequential manner,
with GIcNAc monomer as the final product. Since the crystal structure of VhGIcNAcase
is undetermined, we first gained preliminary information on structural identity of
VhGIcNAcase by carrying out sequence alignment of VhGIcNAcase with other GH20
GIcNAcases of known structure. The results showed that the highest sequence identity
of VhGIcNAcase was with Serratia marcescens chitobiase (SmCHB), with 24%
identity (Tews et al, 1996), followed by Streptomyces plicatus f-N-
acetylhexosaminidase (SpHex) with 21% identity (Mark et al., 2001), human

S-hexosaminidase A (HsHexA) (Lemieux et al., 2006) and human S-hexosaminidase B
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(HsHexB) (Mark et al., 2003) with 17% identity, while the lowest was with
Paenibacillus sp. f-hexosaminidase (PsHex1T) which had 13% identity (Sumida et al.,
2009). Structure-based alignment of VhGIcNAcase and SmCHB (Figure 3.1A)
indicated two separate conserved segments on the surface of the (B/a)s TIM barrel
domain of the two enzymes. For VhGIcNAcase, the preceding segment comprises the
acidic pair Asp303-Asp304, located at the end of loop2 (L2), which links strand 2 and
helix o2 (Figure 3.1A, upper sequence portion). The second pair, Asp437-Glu438, is
present at the start of loop4 (L4) connecting strand 4 and helix a2 (Figure 3.1A, lower
sequence portion). Superimposition of the modelled structure of VhGIcNAcase with the
crystal structure of SMCHB gave an RMSD of 0.651 A for 390 C.. atoms (Figure 3.1B)
and showed both conserved acidic pairs to be part of the GIcNAc-binding pocket. The
Asp437-Glu438 pair were located close to the scissile bond joining -1GIcNAc and
+1GIcNAc, which suggested that these amino acids could play a catalytic role.
Structural alignment of the active site residues (Figure 3.1C) showed that the location
of the Asp303-Asp304 pair is equivalent to that of Asp378-Asp379 in SMCHB, whereas
the Asp437-Glu438 pair corresponded with Asp539-Glu540 (Prag et al., 2000). Based
on the crystal structure and Kinetic data, the Asp539-Glu540 pair had been suggested

to have a catalytic function for SmMCHB (Prag et al., 2000).
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Figure 3.1 Comparison of the modelled structure of VhGIcNAcase with other
GIcNAcases. (A) Multiple sequence alignment of GH20 glycoside hydrolases. The
amino acid sequence of Vibrio harveyi S-N-acetylglucosaminidase, VhGIcNAcase
(SwissProt: DOISEO) was retrieved from the Uniprot database. This sequence was
aligned with those of Serratia marcescens chitobiase, SMCHB (SwissProt: Q54468),
Streptomyces plicatus p-N-acetylhexosaminidase, SpHex (SwissProt: 085361),
Paenibacillus sp. p-hexosaminidase, PsHex1T (SwissProt: D2KW09), human
p-hexosaminidase A (a-chain), HsHexA (SwissProt: P06865) and human
S-hexosaminidase B (f-chain), HsHexB (SwissProt: P07686). The putative amino acid
residues that are important for GIcCNAcase activity are indicated with blue stars. (B)
Surface representation of the active-site pocket of VhGIcNAcase (in blue) docked with

GIcNAc: (in yellow stick) from SmMCHB (PDB code: 1QBB). The solvent-accessible
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surface of D437-E438 is highlighted in pink and the buried surface of D303-D304 is
highlighted in green. (C) Superimposition of both conserved acidic pairs (Asp303-
Asp304 and Asp437-Glu438) of modelled VhGIcNAcase (in magenta stick) with the
crystal structure of SmMCHB (in green stick) in complex with GIcNAc2. N atoms are

shown in blue and O atoms in red.

3.2 Mutational design and site-directed mutagenesis

The sequence alignment of VhGIcNAcase with family 20 enzymes previously
showed that the acidic groups were highly conserved in the TIM-barrel catalytic domain
serving for enzyme catalysis. The preliminary structure of VhGIcNAcase in complex
with sugar revealed that the acidic residues such as Asp303, Asp304, Asp437, Glu438,
Asp532 and Glu584 that are completely aligned with Asp191, Aspl92, Asp313,
Glu314, Asp395 and Glu444, respectively, of the SpHex, are located in the active site
pocket and interact with the GIcNAc. Interestingly, His373 is located between these
acidic groups and also highly conserved with other family 20 glycoside hydrolases. The
acidic groups may play an important role in the catalytic mechanism of the enzyme
based on the acid-base catalysis. To investigate a role of these conserved residues for
catalysis in VhGIcNAcase, site-directed mutagenesis was designed for all acidic active-
site residues and a histidine residue. As shown in Figure 3.2, its catalytic domain in
complex with substrate was represented as a ribbon in green and the hydrolysed
GIcNAc was shown as a black ball-and-stick model and all target acidic residues
represented in white stick model, including Asp303, Asp304, His373, Asp437, Glu438,
Asp532 and Glu584 which are around the substrate binding pocket at the top of the

TIM-barrel catalytic domain (Figure 3.2). In VhGIcNAcase, the acidic active-site



70

residues were virtually mutated to alanine or other polar/charged residues as a single
mutation according to the primer design shown in Table 2.1. As seen in Figure 3.2,
His373, Asp532 and Glu584 were only mutated to alanine whereas Asp303, Asp304,
Asp437 was mutated to alanine and asparagine and Glu438 was mutated to alanine,
aspartate and glutamine. Amino acid substitution of VhGIcNAcase generated twelve

mutants changing the size and charge of the suspected catalytic residues.

Figure 3.2 Point mutations of active site residues. (A) Ribbon representation of the 3D
structure of VhGIcNAcase (in green) was shown in complex with GIcNAc (in black
ball-and-stick model with N atoms in blue and O atoms in red). The mutated acidic
residues (Asp303, Asp304, Asp437, Glu438, Asp532 and Glu584) and His373 located
in the active site of VhGIcNAcase are presented in white-stick model. Point mutations

were introduced by site-directed mutagenesis as described in the text.
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After mutational design, site-directed mutagenesis was carried out using the
pQE-60 expression vector harboring the gene encoding full-length VhGIcNAcase as
DNA template (Suginta et al., 2010). The mutants D303N, D303A, D304N, D304A,
H373A, D437N, D437A, E438Q, E438D, E438A, D532A and E584A were
successfully amplified by PCR technique using the mutagenic primers listed in Table
2.1. The expected PCR products (~5.3 kbp) were analyzed by agarose gel
electrophoresis (Figure 3.3). The PCR of the mutated DNA was treated with Dpnl and
then transformed into E. coli XL1-Blue competent cells. The mutated plasmids obtained
from positive clones were extracted and examined the size by single digestion with
BamH1 restriction enzymes (Figure 3.4). The DNA sequencing confirmed that all the

mutants were generated successfully.

(A) (B) (C) (D)
Std 1 Std 1 2 3 4 Std 1 2 3 4 Std 1 2 3 4

Figure 3.3 Identification of the amplified PCR product ~5,300 bp of the VhGIcNAcase
and pQE-60 vector. The PCR products of the VhGIcNAcase mutants were analyzed on
1% (w/v) agarose containing sybergreen. (A) Lane Std: 1 kb DNA marker; lane 1: wild-
type VhGIcNAcase. (B) Lanes 1-4: the mutants D437A, E438A, E438D, E438Q,
respectively. (C) Lanes 1-4: the mutants D437N, H373A, D532A, E584A, respectively.

(D) Lanes 1-4: the mutants D303N, D303A, D304N, D304A, respectively.
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Figure 3.4 Size confirmation of mutagenic plasmids of the VhGIcNAcase/pQE-60

vector by BamHI restriction enzyme digestion. (A) Lane Std: 1 kb DNA marker; lanes
1-4: the mutants D437A, E438A, E438D, E438Q, respectively. (B) Lanes 1-2: the
mutants D437N and H373, respectively. (C) Lanes 1-3: the mutants D532A, E584A
and D303A, respectively. (D) Lanes 1-3: the mutants D303N, D304N, D304A,

respectively.

3.3 Expression and purification of recombinant VhGIcNAcase and its

mutants

After verifying the nucleotide sequences of the mutagenized VhGIcNAcase
cDNAs, protein expression of the E. coli expressed VhGIcNAcase recombinant protein
and its mutants were evaluated. The full-length recombinant VhGIcNAcase and its
mutants were successfully expressed at high levels when induced with IPTG (Figure
3.5A, lane 1), but not in the non-induced control group (Figure 3.5A, lane 2). The final
yields obtained from this expression system were approximately 20 mg of purified
protein per liter of bacterial culture. SDS-PAGE analysis under denaturing conditions
showed a single band of all purified mutants migrating to ~75 kDa showing the

molecular weight corresponded to the wild-type VhGIcNAcase as reported previously
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(Suginta et al., 2010). All GIcNAcase forms expressed as the 652-amino acid fragment
with a C-terminal (His)s-tagged sequence were readily purified using cobalt affinity
chromatography (Figure 3.5B). The 75 kDa protein corresponding to the expected size
of recombinant VhGIcNAcase was detected as a soluble form (Figure 3.5B; lane 1) and
highly expressed in eluted fractions (Figure 3.5B; lanes 5 and 6). GIcNAcase protein
showed a high purity when examined in SDS-PAGE by increasing protein
concentration from 1-20 pg (Figure 3.6). For the other mutants, the final yields obtained
from this expression system were approximately 20 mg of purified protein per liter of
bacterial culture with the exception of D303A and D304A showing less protein

expression of about 2-5 mg. The protein purity of all mutants was shown in Figure 3.7.
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Figure 3.5 SDS-PAGE of the expression and purification of VhGIcNAcases. (A)
Protein expression analysis. Lane Std: protein molecular weight marker; lane 1: whole
cell lysate of non-induced M15 pREP host cells containing VhGIcNAcase/pQE-60;
lanes 2: whole cell lysate of induced M15 pREP host cells containing

VhGIcNAcase/pQE-60 with 0.4 mM IPTG. (B) Protein purification by cobalt affinity

chromatography. Lane Std: protein molecular weight marker; lane 1: supernatant of cell
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lysate after induction; lane 2: flow-through fraction; lane 3: wash fraction without
imidazole; lane 4: wash fraction with 10 mM imidazole; lanes 5-6: eluted fractions

(20 ml for each) with 250 mM imidazole.

kpa Std 1 2 3 4 5

250
150

100
e

50

37

Figure 3.6 The purity of VhGIcNAcase protein in 12% SDS-PAGE by increasing
protein concentration from 1-20 ug. Lane Std: protein molecular weight marker; lanes

1-5: the purified enzyme 1 pg, 2.5 ug, 5 pg, 10 pg and 20 pg, respectively.
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Figure 3.7 SDS-PAGE analysis of VhGIcNAcase and its mutants, after IPTG-induced
expression overnight. The purified enzymes (10 pg) were electrophoresed through a
12% SDS-PAGE gel, which was then stained with Coomassie blue. Lane Std: protein
molecular weight marker; lanes 1-13: wild-type, D303A, D303N, D304A, D404N,

H373A, D437A, D437N, E438A, E438D, E438Q, D532A and E584A, respectively.
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3.4 Effects of the active-site mutation on the specific activity of

VhGIcNAcase

To study the rescue of activity by external nucleophiles, sodium azide and
sodium formate, along with other sodium salts (for the chemical structures of azide and
formate ions, see Figure 3.8), were first tested for their physicochemical effects on the
activity of VhGIcNAcase WT. We recently observed that the enzymic activity of the
unmutated (wild-type) VhGIcNAcase was inhibited by various sodium salts, including
azide, nitrate, formate and chloride (Sirimontree et al., 2015). Here, we confirmed their
inhibitory effects on the WT activity. As shown in Figure 3.9, the specific activity of
VhGIcNAcase WT decreased greatly when sodium azide or sodium nitrate was included
in the assay medium. On the other hand, sodium formate and sodium chloride showed
only moderate effects. For all the ions tested, the degree of inhibition increased with

increasing concentration.

Azide anion (N5) N=—N=—N’
I
Formate anion (HCOO_) /C\
H o}
o)
Nitrate anion (NO5) I|~|l+
itrate anion 3
_o/ \o_
Chloride anion (CI) cl

Figure 3.8 The chemical structures of azide, formate, nitrate and chloride ions used in

this study.
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Figure 3.9 Specific hydrolytic activity of wild-type VAGlcNAcase against pNP-
GIcNAc in the presence of various concentrations of sodium salts in 100 mM sodium
phosphate buffer, pH 7.0. The GIcNAcase assay was carried out as described in the

text.

Point mutations of the selected residues (Asp303, Asp304, Asp 437 and
Glu438) caused a drastic loss of enzymatic activity (Table 3.4, column 2). The activity
of mutants D303A, D304A, D437N was undetectable, while the residual activity of
other mutants, including D303N, D304N, D437A and E438A/Q, was less than 5% of
that of WT VhGIcNAcase (Table 3.4, column 2).

Next we tested two selected compounds, sodium azide and sodium formate, for
their ability to rescue the enzymic activity of the inactive mutants. The results clearly
showed that sodium formate had much less inhibitory effect on the VhGIcNAcase
mutants than on the WT enzyme (Table 3.4, column 3). When 1 M sodium azide was
included in the assay medium the specific activity of the VhGIcNAcase WT was less

than 5% of the original activity, while the residual activity of the mutants was 27-65%
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of the original. On addition of sodium formate (Table 3.4, column 4), relatively less
inhibition, or even enhancement of activity, was also observed with the enzyme
variants. Notably, the specific activity of the D437A mutant was enhanced to 182% of

the activity in the absence this compound.

Table 3.4 Specific activity of wild-type VhGIcNAcase and its mutants against pNP-

GIcNACc in the absence and presence of 1 M sodium salts.

Specific activity (nmol/min/ug)

GlIcNAcase

mutant No sodium salt 1 M NaNs 1 M HCOONa
Wild-type 19.4 +0.22 (100) 0.89 +0.14 (5) 15.4 + 0.29 (80)
D303A n.d. n.d. n.d.
D303N 0.81 + 0.02 (100) 0.31 +0.02 (39) 0.75 +0.01 (93)
D304A n.d. n.d. n.d.
D304N 0.29 + 0.01 (100) 0.10 + 0.01 (35) 0.27 +0.02 (92)
D437A 0.048 + 0.004 (100) 0.013 +0.003 (27)  0.087 + 0.006 (182)
D437N n.d. n.d. n.d.
E438A 0.074 + 0.007 (100) 0.034 +0.003 (46)  0.075 + 0.004 (102)
E438Q 0.089 + 0.005 (100) 0.058 + 0.005 (65)  0.096 + 0.003 (108)

& Numbers in brackets indicate the relative specific activities of VhGIcNAcase and its

variants with each sodium salt, in comparison with VhGIcNAcase without added

sodium salt (set to 100).

n.d: undetectable activity.
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3.5 Effects of sodium formate concentration on the rescued activity of

the D37A mutant

Since only for mutant D437A was the specific activity significantly enhanced
by sodium formate, we examined whether this mutant showed a shift in the activity/pH
curve compared to the WT enzyme. Figure 3.10 shows the similar response of the
activity of the two VhGIcNAcase forms to pH variation. Although mutant D437A had
a slightly broader activity/pH curve than the WT enzyme, the two forms had a similar

optimal pH of around 7.0.
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Figure 3.10 Activity/pH profiles of VhGIcNAcase and its mutant D437A. The specific
activity of VhGIcNAcase (solid line, left y axis) and the mutant D437A (dashed line,
right y axis) was measured at pH = 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 in the Mcllvaine’s
sodium phosphate-citric acid buffer system. pNP-GIcNAc was used as substrate and

the reaction was carried out for 10 min at 37°C.
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Next, we investigated whether the enzyme activity of the VhGIcNAcase D437A
was modified by sodium formate in a concentration-dependent manner. In this set of
experiments, we also included the effect of concentration on the activity of the E438A
mutant, for comparison. Figure 3.11 shows plots of the fractional activity (vivo) of the
enzyme at discrete concentrations of sodium formate. The relative activity of
VhGIcNAcase WT was found to decline in response to increasing concentrations of
sodium formate from 0.1 to 2.0 M. At the highest concentration of sodium formate, the
residual activity of the WT enzyme was reduced to less than half of its original value.
In marked contrast, the relative activity of mutant D437A was elevated with increasing
sodium formate concentration, and at 2.0 M sodium formate was four times the original
activity, while the relative activity of mutant D437N increased slightly (about 1.7-fold)
(Figure 3.11A). However an increase in concentration of sodium formate did not restore

the enzymatic activity of the E438A or E438Q mutants (Figure 3.11B).

(A) (B)
4004 N 4004 o\t i
® D437A . W E438A
3004 v p437N 7 3001 AE438Q ]
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o] o o (o] o o
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Figure 3.11 Effect of sodium formate on pNP-GIcNAc hydrolysis by VhGIcNAcase
and its mutants. Various concentrations of sodium formate (0.0-2.0 M) were added to

the reaction mixture, which contained 500 pM pNP-GIcNAc and 100 mM sodium



80

phosphate buffer, pH 7.0, at 37°C. v/vois fractional activity of the enzyme, i.e. activity
in the presence of sodium formate relative to that in its absence. (A) The D437A (filled
diamonds) and D437N (open inverted triangles) mutants. (B) The mutants E438A
(filled squares) and E438Q (open triangles). The wild-type VAGlcNAcase activity is

shown as open circles in both Figure A and B.

3.6 Steady state kinetics of activation by sodium formate

Time-course experiments were carried to determine the initial rate of reaction.
The product generated in the course of pNP-GIcNAc hydrolysis by the mutant D437A
was monitored at different time points. Figure 3.12A is a plot of pNP release against
time, showing that the initial rate of the reaction with and without sodium formate could
be determined within 10 min. The amount of product formed up to this time was linearly
proportional to the time of incubation (Figure 3.12A, inset). More detailed Kkinetic
experiment was carried out in an attempt to analyse the mutant D437A-catalyzed rates
of hydrolysis. pNP-GIcNAc hydrolysis without and with sodium formate from 0.1-2.0
M were performed to measure the initial rate (vo) of the enzyme within the incubation
period of 10 min. Figure 3.12B shows non-linear increases in the initial reaction rates
for the D437A mutant, with discrete increases in sodium formate concentrations from
0.1 to 2.0 M. These non-linear plots exhibit typical Michaelis-Menten kinetics, where
the apparent maximum rate of reaction (app Vmax) is approached at a concentration of
PNP-GIcNAC above 500 uM. Inverse transformation of the non-linear plots in Figure
3.12B vyields linear Lineweaver-Burk (LB) plots, as shown in Figure 3.12C. Each plot,
representing the relation of 1/vo and 1/[S], allows estimation of the kinetic parameters

of the enzyme in the absence and presence of sodium formate.
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Figure 3.12 Kinetic properties of activation by sodium formate. (A) Time-courses of
reactions of the D437A mutant with and without sodium formate. Reaction mixtures
(200 pL), containing 2 pg of D437A mutant and 500 pM of pNP-GIcNAc without
sodium formate and with 0.1-2.0 M sodium formate and 100 mM sodium phosphate
buffer, pH 7.0, were incubated at 37°C for 0-60 min, and the reaction terminated with
100 puL of 3 M NaxCOzs. Release of pNP, monitored at Asos, was converted to molar
quantities using a calibration curve of pNP (0-20 nmol). The linear part of the reaction
progress was shown as an inset. (B) Initial reaction rates for the mutant D437A of
VhGIcNAcase in the presence of sodium formate were obtained from Michaelis-
Menten plots. Reaction rates were measured using pNP-GIcNAc (0-500 uM) as the

substrate, 5 pug of the mutant D437A of VhGIcNAcase without sodium formate and
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with 0.1-2.0 M sodium formate. (C) Activation by formate anion was evaluated by

means of Lineweaver-Burk plots of initial reaction rates.

Curve fittings from Michaelis-Menten plots were conducted for individual
concentrations of sodium formate (Figure 3.12B), yielding the Kinetic parameters
apparent keat and apparent Km as presented in Table 3.5. At low concentration of
substrate ([S] << Km), the reaction rates are defined as:

Vo = Keat [E][S]/ Km (3.1)
where vg is the initial velocity, ket IS the first-order rate constant, Kn, is the Michaelis
constant and [S] is the concentration of pNP-GIcNAc substrate.

The Kkinetic parameters were extracted from these data by non-linear fitting to
the Michaelis-Menten equation using the Prism v5.0 software (GraphPad Software Inc.,
San Diego, CA). The kinetic data for the mutant D437A in Table 3.5 indicate discrete
increases in apparent values of Km, kcat, and keayKm. The enhancement of the enzymic
activity of VhGIcNAcase on addition of sodium formate is shown in Figure 3.13 as
plots of (app Km)/Km, (app Keat)/Keat, and (app keat/Km)/(kcat/Km), all relative to the values
in the absence of formate (constant/constanto), as a function of formate concentration.
The data analysis indicates a small, concentration-dependent increase in the Kn, value,
reaching 1.3-times the reference value at 2.0 M sodium formate. In contrast, very
significant increases in the constant kca: Were observed, and at 2.0 M sodium formate,
kcat Was 2.5 fold greater than at 0 M. Hence, the ratio kcat/Km Was increased to 1.9-times

the reference ratio, in the presence of 2.0 M sodium formate.



83

Table 3.5 Kinetic parameters for the hydrolytic activity of VhGIcNAcase mutant
D437A in the presence of increasing sodium formate (HCOONa) concentration. The

presented values are Mean = S.D. obtained from experiments carried out in triplicate.

Sodium formate

concentration Km (LM) Keat (1) Keat/Km (s mM1)

(M)

0 390 + 32 (100)*  0.14 + 0.006 (100) 0.36 (100)
0.10 411 +37(105)  0.16 +0.008 (117) 0.40 (111)
0.25 425+29 (109)  0.19 +0.007 (135) 0.44 (124)
0.50 456 +56 (117)  0.22 +0.02 (160) 0.49 (137)
1.00 489 +41 (125)  0.26 + 0.01 (189) 0.54 (151)
1.50 500 +33(130)  0.31+0.01(221) 0.60 (170)
2.00 519 + 38 (133)  0.35+0.02 (251) 0.67 (189)

&Values in brackets represent relative activity compared to that without sodium formate

(set as 100).



84

= 2.5- o -
o
E o)

2.0~ -
é o A
= o a
S 1.5- a -
® o 4 o o
c A 4 o
Q 8 o
o 109 -

0:0- -0:5- -1.0 1.5 2.0
[Sodium formate] (M)

Figure 3.13 Chemical rescue of the D437A mutant by sodium formate. Three kinetic
constant ratios: the apparent first-order rate constants, kcat (Open circles), apparent
Michaelis constants, Km (open squares) and apparent second-order rate constants,

keav’Km (Open triangles), were plotted as a function of sodium formate concentration.
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PART Il

FUNCTIONAL AND STRUCTURAL CHARACTERIZATION OF

VhGIcNAcase

3.7 Functional characterization of VhGIcNAcases

3.7.1 Expression and purification

For crystallization purposes, both wild-type and mutated GIcCNAcases
were highly expressed in E. coli M15 (pREP4) cells as C-terminally Hiss-tagged
polypeptides that could be purified by affinity chromatography. Both GIcNAcases, the
wild type and the D437A mutant, were purified to homogeneity by a two-step protocol
involving TALON metal resin affinity chromatography followed by HiPrep (16/60)
Sephacryl S-200 HR gel-filtration chromatography.

Figure 3.14A shows a chromatographic profile of the elution of the wild-
type protein from a HiPrep 16/60 Sephacryl S-200 prepacked column. The enzyme was
found in two peaks. The first peak, which eluted at the void volume, was shown by
native PAGE to be aggregated protein with a molecular mass that was too large to enter
the gel (Figure 3.14B, lane 1). However the second peak, which eluted at 45-70 ml, was
non-aggregated protein that migrated with an apparent molecular mass of 75 kDa,
corresponding to the molecular mass of the GIcNAcase monomer (Figure 3.14B, lane
2). The pooled fraction of each protein peak was found to migrate similarly under

denaturing conditions on SDS-PAGE (Figure 3.14C), indicating that they were likely
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to contain the same protein. When the GIcNAcase activity was assayed with pNP-

GIcNAC as the substrate, the second peak showed high activity, while no GIcNAcase

activity was detected for the void peak.
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Figure 3.14 Purification of VhGIcNAcase expressed from E. coli M15 cells using a

HiPrep 16/60 Sephacryl S-200 prepacked gel-filtration column. (A) A chromatographic

elution profile of wild-type VhGIcNAcase obtained from an AKTApurifier system. (B)

GIcNAcase-containing fractions obtained from the two peaks were pooled separately

and then loaded onto native PAGE followed by Coomassie Blue staining. (C) The same

protein fractions were analysed by SDS-PAGE. Lane Std, low-molecular-weight
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protein markers (labelled in kDa); lane 1, pooled fractions from the void peak; lane 2,

pooled fractions from the second peak.

3.7.2 Molecular weight determination of VhGIcNAcase

To verify the VhGIcNAcase state in solution, molecular weight of
VhGIcNAcase was determined by size-exclusion chromatography. Under denaturing
conditions, the wild-type VhGIcNAcase showed a single protein band migrating to ~75
kDa. The VhGIcNAcase was previously suggested to be a monomeric enzyme as
suggested by native-PAGE analysis (Meekrathok et al., 2015). The well-defined
globular protein standards ranging from 349 to 669,000 Da were loaded to the HiPrep
26/60 Sephacryl S-300 prepacked column using the Ng.-DNP-L-lysine hydrochloride
(349 Da) as a control for the retention volume of each standard protein. The
chromatographic profile of VhGIcNAcase and standard proteins is shown in Figure
3.15A. The chromatographic profile of VhGIcNAcase was in the vicinity of the
chromatographic profile of bovine serum albumin (BSA) that has the molecular weight
about 66 kDa. The retention volume of each standard protein was then converted to the
gel-phase distribution coefficient (Kq) according to the equation: Kqg = (Ve - Vo)/Vs
described in Materials and Methods for making a calibration curve of standard proteins.
From a plot of Kq versus log MW in Figure 3.15B, the estimated molecular mass of
VhGIcNAcase from size-exclusion chromatography was calculated to be 76.42 kDa,
suggesting a monomeric form of VhGIcNAcase in solution which is in a good
agreement with the theoretical mass from mass spectrometry and SDS-PAGE analysis
showing the protein band migrated to ~75 kDa. In addition, PISA analysis (Krissinel

and Henrick, 2007) predicted no dimer formation in solution, which is consistent with
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the molecular mass of the active enzyme (~75 kDa) obtained from size-exclusion

chromatography.
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Figure 3.15 A chromatographic profile and calibration curve of VhGIcNAcase and
standard proteins by size-exclusion chromatography. (A) The well-defined globular
protein standards ranging from 349 to 669,000 Da were employed for making a
calibration curve of the HiPrep 26/60 Sephacryl S-300 prepacked columns. The protein
standard used as a control is Ne-DNP-L-lysine hydrochloride (349 Da). The protein
standards: 1, thyroglobulin (669 kDa); 2, ferritin (440 kDa); 3, aldolase (158 kDa);
4, bovine serum albumin (66 kDa); 5, ovalbumin (43 kDa); 6, ribonuclease A (13.7
kDa). The blue dextran 2000 was used to determine the void fraction in the column. (B)
The gel-phase distribution coefficient (Kq) was calculated from the equation: Kg =
(Ve - Vo)/Vs where Ve is elution volume, V, is void volume (determined using Blue
Dextran), and Vs is volume of stationary phase. The estimated molecular mass of
VhGIcNAcase was determined from the calibration curve (plot of Kqg versus log MW)

once its Kq value is calculated from the measured elution volume.
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3.8 Crystallization of the wild-type VhGIcNAcase and mutant D437A

3.8.1 Initial screening and optimization

Crystallization trials with the sitting-drop vapour-diffusion method
yielded small crystals from various conditions and initial screening of the crystal quality
with an in-house X-ray diffractometer showed that most conditions did not give X-ray-
quality crystals, with the exception of those obtained from conditions F10 from the
PACT Suite (20% (w/v) PEG 3350, 0.1 M Bis-Tris propane pH 6.5, 0.2 M
sodium/potassium phosphate) and C6 of the Anions Suite (0.1 M sodium acetate pH
4.6, 1.2 M sodium malonate). From condition F10 from the PACT Suite, the crystals
with small-plate clusters (Figure 3.16A), obtained within 1 day at 20°C, whereas only
two 3D-plate crystals (Figure 3.16B) were obtained within 3 days at 20°C in the
condition C6 of the Anions Suite. These crystals could be diffracted to 2.4 A resolution

using the in-house X-ray diffraction system.

(A) (B)

Nl

ez

K f7é"Utnﬂ'

Region 2

L
™ 391298 ym

Figure 3.16 Crystals of ligand-free VhGIcNAcase from initial screenings using sitting

drop technique. The conditions included (A) 20% (w/v) PEG 3350, 0.1 M Bis-Tris
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propane pH 6.5, 0.2 M sodium/potassium phosphate and (B) 0.1 M sodium acetate pH

4.6, 1.2 M sodium malonate.

In a case of inactive mutant D437A, initial screening of the crystal by the
sitting-drop vapour-diffusion method yielded small crystals from various conditions
with lower quality diffraction when monitored with an in-house X-ray diffractometer.
The good-quality crystals were obtained under conditions, including G7 from the PACT
Suite (20% (w/v) PEG 3350, 0.1 M Bis-Tris pH 7.5, 0.2 M sodium acetate) at 20°C
within 3 days (Figure 3.17A); D9 from the PEGs Suite (25% (w/v) PEG 6000, 0.1 M
Tris-HCI pH 8.5) at 20°C within 3 days (Figure 3.17B); H1 from the PEGs Suite (20%
(w/v) PEG 3350, 0.2 M potassium sodium tartrate) at 20°C within 3 days (Figure
3.17C); and C12 from the Anions Suite (0.1 M MES pH 6.5, 1.2 M sodium malonate)
at 20°C within 14 days (figure 3.17D). Small plate-shaped crystals (form 1) were
observed under conditions G7 from the PACT Suite, D9 from the PEGs Suite and H1
from the PEGs Suite while three-dimensional rod-shaped crystals (form II) were
observed under condition C12 from the Anions Suite. The precipitant PEG 3350 and
the salt sodium malonate were found to be appropriate for further optimization of this

protein.
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(A) (B)

(C) (D)

Figure 3.17 Crystals of the inactive mutant D437A of VhGIcNAcase from initial
screenings using sitting drop technique. The conditions included (A) 20% (w/v) PEG
3350, 0.1 M Bis-Tris pH 7.5, 0.2 M sodium acetate (B) 25% (w/v) PEG 6000, 0.1
MTris-HCI pH 8.5 (C) 20% (w/v) PEG 3350, 0.2 M potassium sodium tartrate and (D)

0.1 M MES pH 6.5, 1.2 M sodium malonate.

From all the positive screening conditions, the crystals of wild-type GIcNAcase
grown under the conditions F10 from the PACT Suite and C6 of the Anions Suite were
further optimized by the hanging drop method. For the conditions F10 from the PACT
Suite, the concentrations of PEG 3350 were varied in range of 17-22% (w/v), Bis-Tris
and sodium/potassium phosphate were varied from 0.1-0.2 M in three dimension grid

screen as shown in Figure 3.18. More 3D plate crystals were found within 1 day at 20°C
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in conditions including 17-18% PEG 3350, 0.2 M Bis-Tris, 0.1 M sodium/potassium
phosphate; 20% PEG 3350, 0.1 M Bis-Tris, 0.2 M sodium/potassium phosphate; and
17-20% PEG 3350, 0.2 M Bis-Tris, 0.2 M sodium/potassium phosphate. Although all
crystals were diffracted and gave diffraction patterns similar to that of protein
diffraction pattern, the diffraction was only to low resolution (more than 3A), which
was not enough for collection and processing.

For the conditions C6 of the Anions Suite, the concentrations of sodium
malonate were varied in range of 0.7-1.8 M and sodium acetate were varied from 0.1-
0.2 M in two dimension grid screen as shown in Figure 3.19. More 3D plate crystals
were found within 3 days at 20°C in conditions including 1.2-1.6 M sodium malonate
and 0.1 M sodium acetate and 1.6 M sodium malonate and 0.2 M sodium acetate. The
high-quality crystals of wild-type VhGIcNAcase were the conditions 1.3-1.6 M sodium
malonate and 0.1 M sodium acetate (Figure 3.20), giving the diffraction to 2.4 A

resolution.
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Figure 3.18 Grid screen with variation of PEG 3350, Bis-Tris and sodium/potassium phosphate.
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Figure 3.19 Grid screen with variation of sodium malonate and sodium acetate.
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Figure 3.20 Photographs of wild-type VhGIcNAcase crystals obtained from the
optimization using a variation of sodium malonate and sodium acetate concentrations.
(A) 1.3 M sodium malonate and 0.1 M sodium acetate (B) 1.4 M sodium malonate and
0.1 M sodium acetate (C) 1.5 M sodium malonate and 0.1 M sodium acetate and (D)

1.6 M sodium malonate and 0.1 M sodium acetate.
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From all the positive screening conditions, the crystals of inactive mutant
D437A grown under the conditions G7 from the PACT Suite (20% (w/v) PEG 3350,
0.1 M Bis-Tris pH 7.5, 0.2 M sodium acetate) was further optimized by the hanging
drop method. For the conditions G7 from the PACT Suite, the concentrations of PEG
3350 were varied in range of 17-22% (w/v), Bis-Tris and sodium acetate were varied
from 0.1-0.2 M in three dimension grid screen as shown in Figure 3.21. The crystal of
the mutant D437A was hard to reproduce and less 3D plate crystals were found within
3 days at 20°C in conditions including 20% PEG 3350, 0.1 M Bis-Tris, 0.1 M
sodium/potassium phosphate and 20% PEG 3350, 0.1 M Bis-Tris, 0.2 M sodium

acetate.
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Figure 3.21 Grid screen with variation of PEG 3350, Bis-Tris and sodium acetate.

Sodium acetate (M)

L6



98

In summary, large single crystals of wild-type GIcNAcase appeared as
thick three-dimensional plates with approximate dimensions of 400 x 200 x 20 pm
(Figure 3.22A) after optimization with 0.1 M sodium acetate pH 4.6 and 1.4 M sodium
malonate. In the case of the crystal complex of wild-type VhGIcNAcase, soaking the
wild-type crystal with the GICNAc2 substrate for a short time (5 min) was attempted
but without success. We eventually obtained X-ray diffraction data for the native
enzyme complexed with a single GIcNAc molecule. After further optimization, the
inactive D437A mutant crystals appeared as thick three-dimensional plates in a
condition consisting of 20% (w/v) PEG 3350, 0.1 M Bis-Tris pH 7.5, 0.1 M sodium
acetate. The D437A crystals grew to approximate final dimensions of 500 x 300 x 50

um (Figure 3.22B) in a space group similar to that of the wild-type crystals.

(A)

L i \ ——
200

Figure 3.22 Refined crystals after optimization (A) A crystal of wild-type

VhGIcNAcase, with dimensions of 400 x 200 x 20 um, obtained from a hanging-drop
vapour-diffusion setup using 0.1 M sodium acetate pH 4.6 containing 1.4 M sodium
malonate. (B) A crystal of the D437A mutant (dimensions of 500 x 300 x 50 um)

obtained from a hanging-drop vapour-diffusion setup using 20% (w/v) PEG 3350, 0.1
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M Bis-Tris pH 7.5, 0.1 M sodium acetate. Both crystals were obtained within 3 days of

incubation at 20°C.

3.9 Data collection and processing of the wild-type VhGIcNAcase and

mutant D437A

The final statistics for X-ray data-collection and processing of the
VhGIcNAcase crystal variants are shown in Table 3.6. The refined unit-cell parameters
of the wild-type crystal are a = 90.2, b = 130.7, ¢ = 98.5 A, a = 90°, p = 113° and
vy = 90°. The crystal contains two molecules per asymmetric unit, with an estimated
Matthews coefficient (V) of 3.59 A3 Da. The indexing statistics were compatible
with the monoclinic space group P2:. For the wild-type crystal in complex with
GIcNAc, the unit-cell parameters are a = 91.3, b = 129.6, ¢ = 100.0 A, a = 90°,
B = 114.4° and y = 90°, which are very similar to those of the unliganded wild-type
crystal in the same space group. For the D437A mutant crystal (form 1), the refined
unit-cell parameters are again very similar: a = 89.4, b = 129.3, ¢ = 98.4 A, a = 90°,
B=112.2° and y = 90°. D437A mutant crystals also grew as rod-shaped crystals (form
I) belonging to the tetragonal space group P432:2 (Figure 3.17D), with unit-cell
parameters a = 165.1, b = 165.1, ¢ = 155.2 A, a = 90°, B = 90° and y = 90° and again
with two molecules per asymmetric unit. Figure 3.23 shows representative diffraction
images for both wild-type and monoclinic D437A mutant crystals, which diffracted to

2.4 and 2.6 A, respectively.
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Table 3.6 Data collection and processing statistics.

Values for the outer shell are given in parentheses.

WT

WT-GIcNAC

D437A (form I)

D437A (form I1)

Space group

Unit-cell parameter

A)

P2,

P2,

P2,

P432,2

a, b, c(A) 90.2,130.7,98.5 91.3,129.6,100.0 89.4,129.3,98.4 165.1, 165.1, 155.2

a, B,y (°) 90.0,113.0,90.0  90.0,114.4,90.0  90.0,112.2,90.0 90.0,90.0, 90.0
Resolution range 48.55 - 2.37 46.21 - 2.50 48.43 - 2.60 49.50 - 3.0
(A) (2.43 - 2.37) (2.56 - 2.50) (2.67 - 2.60) (3.08 - 3.0)
Vm (A% Da?) 3.59 3.62 3.53 3.55
Solvent content (%) 65.73 66.03 65.22 65.39
Subunits per AU 2 2 2 2
Total No.

] 577490 342683 436477 569579
reflections
No. of unique
) 84783 72950 63617 43294

reflections
Wavelength (A) 0.99980 0.97889 0.97889 0.97779
Data completeness
) 99.4 (99.1) 99.4 (99.9) 99.8 (99.7) 99.5 (99.5)

0
Redundancy 6.6 (7.1) 4.7 (4.5) 6.9 (7.1) 13.2 (13.9)
Mean (1/o(1)) 9.93 (2.21) 9.71 (3.17) 9.7 (2.18) 12.8 (2.06)
Rimerge (%0) 14.6 (108.7) 11.8(53.3) 12.5(77.5) 21.0(167.1)
CC (1/2) 99.4 (84.1) 99.2 (85.1) 99.3 (86.5) 99.6 (79.0)




101

(A) (B)
24A s G —
1 \ & _ \\
.»/ \ // E i \
\ il / N L /

Figure 3.23 X-ray diffraction images of (A) wild-type VhGIcNAcase in the absence of
GIcNAc2 and (B) the inactive D437A mutant with resolutions of 2.4 and 2.6 A,
respectively. The X-ray data were collected on beamline PX-II at the Swiss Light

Source, Villigen, Switzerland.

3.10 Structural determination of the wild-type VhGIcNAcase and

mutant D437A
3.10.1 Phase determination by molecular replacement
The first data set belonging to wild-type VhGIcNAcase that was
processed to 2.37 A was successfully solved by the molecular replacement with Phaser
(McCoy et al., 2007) from the CCP4 package using the known structure of
S-hexosaminidase from Arthrobacter aurescens (PDB code: 3RCN; 35% identity to
GlcNAcase from V. harveyi; Midwest Center for Structural Genomics, unpublished

work) as a model. The preliminary structure of wild-type VhGIcNAcase was then
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employed to obtain the phases of all the data sets of the mutant D437A and
VhGIcNAcase in complex with N-acetylglucosamine.
3.10.2 Refinements and structural determination

Since the preliminary structural model of the D437A mutant from the
tetragonal crystal form contained exactly the same dimer as the monoclinic crystal form
(RMSD of 0.82 A), but with much weaker diffraction of the crystals, this crystal form
was not further investigated. The crystallographic data and refinement statistics
resulting in the finalized model of the VhGIcNAcase structures were summarized in
Table 3.7. The space group symmetry of all three forms of VhGIcNAcases were
determined as monoclinic P2; with similar unit cell parameters, as summarized in the
Table 3.6. The final model of the wild-type VhGIcNAcase, which was used as a model
of the other data sets, was refined at 2.37 A resolution with an Reactor O 23.4%, Riree Of
26.4% with the R.M.S. deviations of bond length of 0.007 A and bond angle of 1.12°.
The electron density map of the 10,333 protein atoms (639 amino acid residues for one
molecule in the asymmetric unit) showed a good fit with an average B-factor of 49.0
AZ. For a complex structure of VhGIcNAcase with GIcNAc, the final 2F,-Fc map,
contoured at 1.0c, showed a fit of electron density map for GIcNAc (29 ligand atoms)
in subsite -1, with an average B-factor of 42.1 A2, whereas an average B-factor of 685
water molecules was 33.2 A2 This complex structure was refined at 2.50 A resolution
with an Reactor OF 20.8%, Rfree OF 25.2% with the R.M.S. deviations of bond length of
0.009 A and bond angle of 1.20°. The ligand-free form of the D437A mutant, was
refined at 2.60 A resolution with an Ryactor Of 19.9%, Riree 0f 25.0% with the RMSD of
bond length of 0.010 A and bond angle of 1.36°. The electron density map of the D437A

mutant containing 10,294 protein atoms (639 amino acid residues for one molecule in
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the asymmetric unit) showed a clear electron density map at the position of Asp437 that
was mutated to alanine with an average B-factor of 63.2 A% The fitted model was in a
good agreement with the calculated model, with a few residue in the outlier regions of
the Ramachandran plots such as Glu488 (A,B) in wild-type VhGIcNAcase, Ala246 (B)
and Asn548 (A,B) in wild-type VhGIcNAcase in complex with GIcNAc, Glu488 (A,B)

and Asn548 (A,B) in the D437A mutant (Table 3.7 and Figure 3.24)



Table 3.7 Refinement statistics.
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WT WT-GIcNAc  D437A mutant
Refinement

Resolution (A) 2.37 2.50 2.60
Reactor (%0) 23.4 (43.2) 20.8 (29.6) 19.9 (33.2)
Réree (%0) 26.4 (42.6) 25.2 (33.7) 25.0 (36.4)
Number of atoms

Protein 10333 10301 10294

Ligand/ion - 58 -

Water 579 685 393
RMSD

Bond lengths (A) 0.007 0.009 0.010

Bond angles (°) 1.122 1.200 1.364
Average B-factors

Protein 49.0 36.0 63.2

Ligand - 42.7 -

Solvent 44.9 33.2 55.5
Ramachandran plot

Favoured regions (%)  98.05 98.19 97.01

Allowed Region (%) 1.79 1.57 2.68

Outlier regions (%) 0.16 0.24 0.31

Numbers in parentheses are outer shell parameters.
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Figure 3.24 Ramachandran plot for all non-Pro/Gly residues. Plot created using

PHENIX.

3.10.3 The overall structure of VhGIcNAcase

The wild-type and mutated VhGIcNAcases were expressed as the
C-terminal (His)e tagged proteins and there is no disulfide bridge found in
VhGIcNAcase structure. The three-dimensional structure of 642-residue VhGIcNAcase
is composed of three distinct domains: a putative N-terminal carbohydrate-binding
domain of 114 residues, followed by a relatively long linker (33 residues; residues 115-
147) that is tightly bound on the surface of the TIM-barrel catalytic domain and
connects the N-terminal carbohydrate-binding domain and the a+f topology domain
(residues 148-264), and lastly the C-terminal domain with a TIM-barrel fold (residues
265-642) that contains the highly charged active site serving for the enzyme catalysis.
The domain organization of VhGIcNAcase was summarized in Figure 3.25A as the
N-terminal carbohydrate-binding domain (in pink), the linker (in gray), the o+f
topology domain (in skyblue) and the TIM-barrel catalytic domain (in green). The

overall structure of VhGIcNAcase was shown in Figure 3.25B. As seen in Figure 3.25B,
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when rotating the crystal structure of VhGIcNAcase, a sugar molecule found in the
active site was shown in the middle of the TIM barrel fold of the catalytic domain.
The carbohydrate-binding domain belongs to the carbohydrate-binding
module family 2 (CBM2) according to the CAZy database (Lombard et al., 2014). A
search with DALI (http://ekhidna.biocenter.helsinki.fi) (Holm and Sander, 1993)
indeed identifies the CBM2 domains of endoglucanase D of Clostridium cellulovorans
as closest relative (RMSD 1.6-1.7 A over 100 residues, 8% sequence identity, PDB
codes: 3NDZ, 3NDY and 3ICG; unpublished work), followed by the cellulose-binding
CBM2 domain of exo-1,4-5-D-glycanase from Cellulomonas fimi (RMSD 2.0-2.1 A
over 99-100 residues, 9-10% sequence identity, PDB codes 1EXG and 1EXH, CBM2
domain only) (Xu et al., 1995) and the more distantly related CBM domain of
chitobiase which is in a similar location relative to the active site as the CBM2 in our
structures (RMSD 2.5-2.6 A over 113 residues, 10% sequence identity, PDB codes:
1QBB, 1QBA, 1C7T and 1C7S) (Prag et al., 2000; Tews et al., 1996). In the most
similar structure of this subdomain, endoglucanase D from Clostridium cellulovorans
(PDB code 3ICG; unpublished work), the CBM2 domain is attached to the C-terminus
of the catalytic TIM barrel domain and is located far away from the active site. The
sequence identity is only 13.7%, but the r.m.s.d is quite low with 1.71 A over 102
residues, indicating a high structural similarity. The second domain, a+f topology
domain had the most similar topology with the p-Hex from Arthrobacter aurescens
(RMSD 1.5 A over 112 residues, 28% sequence identity, PDB code: 3RCN;
unpublished work), followed by the p-Hex from Bacteroides fragilis (RMSD 1.6 A
over 108 residues, 25% sequence identity, PDB code 4PYS; unpublished work) and

B-Hex from Paenibacillus sp. TS12 (RMSD 2.5 A over 116 residues, 21% sequence



107

identity, PDB code: 3GH7) (Sumida et al., 2009). In the most similar structure of this
subdomain, the o+f topology domain from Arthrobacter aurescens (PDB code:
3RCN), is attached to the C-terminus of the catalytic TIM barrel domain and has the
structural similarity with the o+ topology domain of GIcNAcase from Vibrio harveyi
with the very low RMSD of 1.5 A over 112 residues, indicating a high structural
similarity. The third domain of VhGIcNAcase is the TIM barrel which is one of the
most common protein folds serving for enzyme catalysis. The topology diagram of
VhGIcNAcase was shown in Figure 3.25C, in which the carbohydrate-binding domain
contains of eight B-strands and two small half-helices (here represented as theta). The
second domain is a combination between the two a-helices and nine p-strands called

the a+f topology domain and lastly, the TIM-barrel catalytic domain.
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Figure 3.25 Domain organization and overall structure of VhGIcNAcase. (A) Three
distinct domains of VhGIcNAcase were drawn manually and the order of amino-acid
sequence was labelled sequentially. (B) Overall structure of GH20 VhGIcNAcase
consists of three domains. The N-terminal carbohydrate-binding domain is presented in
dark pink, the a+p domain is presented in skyblue, a linker between the N-terminal
carbohydrate-binding domain (CBD) and the o+ domain is presented in gray and the
TIM-barrel catalytic (Cat) domain is presented in green. The GIcNAc in the active site
located in the middle of the TIM-barrel catalytic domain of VhGIcNAcase is shown as
a black ball-and-stick model with N atoms in blue and O atoms in red. (C) The topology

diagram of VhGIcNAcase was drawn manually based on its 3D structure analyzed in
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PDBSum server. The B-strand, a-helix and loop are represented by yellow arrows,
green cylinders and black lines, respectively. Very short helices are depicted by green
short cylinders labelled ‘n’. The carbohydrate-binding domain (residues 4-114)
contains at most ten f-strands and two short helices. The a+p domain (residues 148-
259) is a combination of nine P-strands and two a-helices. The catalytic domain
(residues 292-633) contains eight B-strands as referred to 1 to B8 and the six main a-
helices connecting the B-strands are referred as al to a8 according to the typical order
of a TIM-barrel domain. The segmented helices or short helices are referred as o', for

instance 02" indicating the short helix within the region of the o2 helix.

3.10.4 Dimer interface of GH20 VhGIcNAcase

As seen in Figure 3.26A, the asymmetric unit in the crystal structure of
VhGIcNAcase contains two identical molecules (RMSD is 0.082 over 566 residues).
The stereo view for the experimental electron density map contoured at 16 for a region
of the VhGIcNAcase in complex with the natural product, GIcNAc shown in Figure
3.10.3A. The GIcNAc: was first soaked with wild-type crystals for 30 min (Meekrathok
et al., 2015). However, the GIcNAc, was then hydrolysed to GICNAc molecules of
which one GIcNAc molecule remained at the active site at the most stable subsite -1,
showing a fit to the 2F,-F¢ density map (Figure 3.26A). This affinity is supported by
the B-factor of GIcCNAC in chain A being low (29.4 A% compared to 36.1 AZ as overall
B factor), indicating high rigidity through strong interactions at the active site. The
hydrolyzed GIcNAc in the active site has the sugar ring conformation as *Ci chair
conformation based on the Cremer-Pople parameter calculator (Cremer and Pople,

1975; Jeffrey and Yates, 1979). Surface representation of a single unit of chain B shows



110

the dimer interface area buried by chain A was determined using the PDBSum server
(Figure 3.26B). The hydrophilic and hydrophobic interface area between two
molecules, mainly contributed by the N-terminal carbohydrate-binding and the catalytic
domain, is around 1800 A? and there are 33 residues involved in the dimer interface.
A close-up stereo image of the dimer interface in the active site pocket of
VhGIcNAcase is shown in Figure 3.26C. The GIcNAc bound to Arg274 is coordinated
by the protein charged groups such as Asp303, Asp437, Glu438, Asp532 and Glu584
(Figure 3.26C). Interestingly, the side chain of Glu438 can be fitted into two
conformations following to the electron density in which one direction rotates away
from the sugar and the other direction rotates to interact with the GIcNAc. This residue,
Glu438 is flexible (B factor is 36.6 A% depending on the presence of sugar.
Additionally, the electron density map of the charged and polar residues that interact
with GIcNAc is shown in Figure 3.26C. The GIcNAc to Arg274 is stabilized and held
in place by charge-charge and polar interactions with Asp271, Asp303, Asp304,
GIlu305 and water molecules. These polar groups are obviously located at the edge of
the binding pocket and accommodate the inner GICNAc. There are three residues,
Glu438, Trp505 and Trp546 from chain A that are affected by the other molecule, chain
B. The exit of the negatively charged catalytic pocket is blocked by Ser14-Asn19 loop
of the N-terminal carbohydrate-binding domain of the neighbor molecule, which has a
hydrophilic, but rather uncharged surface. Especially, the side-chains of GIn16 and
Lys17 of the carbohydrate-binding domain of monomer B push between GIcNAc and
the side chain of Glu438 located at the TIM-barrel catalytic domain of monomer A,
resulting in Glu438 of monomer A being located 7.5A away from the GIcNAc product

(Figure 3.26C).
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Figure 3.26 The dimer interface of GH20 VhGIcNAcase. (A) The overall structure of
GH20 VhGIcNAcase presenting two identical molecules per asymmetric unit. The N-
acetylglucosamine product was found in the active site of each molecule as shown as
black ball-and-stick. (B) Surface representation of a single unit of chain B shows the
dimer interface between the two molecules in the asymmetric unit. Residues involved
in the dimer interface are colored in dark pink, whereas residues not involved in
dimerization are colored gray. The GIcNAc in the active site pocket is colored in yellow
spheres. (C) Stereo image of the dimer interface showing the interactions from the other
molecule B (in gray stick) to molecule A (in green stick). The 2Fo-F electron density
map for a region of the putative active site is contoured at 1 and complete to 2.5 A
resolution. The refined model of VhGIcNAcase in complex with GIcNAc (chain A) is

drawn as sticks with the carbon atoms of the active site residues in green, nitrogen in
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blue and oxygen in red whereas the GIcNACc is drawn as ball-and-stick with the carbon
atoms in black. There are three residues, Glu438, Trp505 and Trp546 from molecule A

that are affected by the other molecule, chain B.

3.10.5 Sugar binding induces conformational changes

In the ligand-free form, a surface of the substrate binding pocket (in
cyan) is shown in Figure 3.27A. The side chain of Glu438, located at loop L4, swings
out from the active site, widening the pocket at subsite -1 whereas the side chain of
Asp437 moves to the acetamido group of the GIcNAc (Figure 3.27A). Upon GIcNAc
binding Asp437 moves toward the acetamido group of GIcNAc, GIn398 and the indole
side chain Trp505 rotates from its original position closer to GICNAc and the side chain
of Glu438 also swings into the binding pocket (Figure 3.27B), resulting in the edge of
the substrate-binding pocket around subsite -1 narrowing to around 1 A. As a result of
sugar binding, the whole CBD (see Figure 3.27C) is slightly tilted and the volume of
the pocket is reduced to the shape of the bound sugar (Figure 3.27B). Superimposition
of the apo-VhGIcNAcase structure on the structure in complex with GIcNAc, gives C,
RMSD for 1,278 residues (two chains) of 0.91 A, respectively (RMSD 0.35 A? over
639 residues/chain A). Figure 3.27C shows the overall structure of VhGIcNAcases in
absence and presence of GIcNAc, with the structural changes observed in the
carbohydrate-binding domain (CBD) and small conformational changes observed in the
loop regions near the surface of the substrate binding pocket. The temperature factors
(B factor) of CBD, L3 and L4 are equal to 37.5, 41.2 and 42.5 A?, respectively. A close-
up investigation of the GIcNAc-binding residues of the apo enzyme (deep salmon)

(Figure 3.27D) in comparison with that of the enzyme in complex with the GIcNAc



113

(green) (Figure 3.27D) reveals substantial movements of loops L3 (blue) (residues 387-
403; RMSD 0.22 A over 17 residues) and L4 (blue) (residues 434-467; RMSD 0.40 A2
over 34 residues) on the surface of subsite -1 (see Figure 3.25C for loop topology). As
compared with the native protein (Figure 3.27A-B), four key residues were found to
move considerably towards the center of the substrate-binding pocket: GIn398 (part of
the middle of loop L3), Asp437 and Glu438 (part of the beginning of loop L4) and

Trp505, which is located at L6 (in between 36 and a6).

Figure 3.27 Conformational changes of VhGIcNAcase structures in the absence and
presence of GICNAc. (A) A surface representation of the sugar-binding pocket (cyan)
of the unliganded form of VhGIcNAcase. (B) A surface representation of the sugar-
binding pocket (cyan) of the VhGIcNAcase/GIcNAc complex, showing local changes

causing the closure of the surface area of the substrate-binding pocket around subsite
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-1, relative to the binding pocket in the apo form of VhGIcNAcase. (C) A line
representation of the structure of ligand-free VhGIcNAcase (deep salmon) was
superimposed on the structure of VhGIcNAcase in complex with GIcNAc (green and
blue), showing the movement upon the GIcNAc binding. (D) A closeup of the GICNAc
binding pocket from (C). Q398 located on loop 3 (L3) and D437-E438 located on loop

4 (L4) move towards the GIcNAc.

3.10.6 Structural comparison of VhGIcNAcase with other bacterial GH20
members
The crystal structure of VhGIcNAcase was compared with the other
bacterial family 20 glycoside hydrolases, many of which have also been solved in
complexed with GIcNAc. A DALI search showed that the VhGIcNAcase structure is
most similar to the crystal structure of S-N-acetylhexosaminidase from Arthrobacter
aurescens (Z-score = 47.8, RMSD 1.8 A over 469 residues, 36% sequence identity,
PDB code: 3RCN), followed by f-N-acetylhexosaminidase from Streptomyces
coelicolor A3(2) (ScHex) (Z-score = 43.9, RMSD 2.1 A over 445 residues, 30%
sequence identity, PDB code 4C4D) (Thi et al., 2014) and f-N-acetylhexosaminidase
from Streptomyces plicatus (SpHex) (Z-score = 43.6, RMSD 2.1 A over 446
residues, 29% sequence identity, PDB code: 1M01) (Williams et al., 2002). However,
there is no functional and structural analysis of Arthrobacter aurescens [-N-
acetylhexosaminidase yet. Therefore, the well-characterized Streptomyces plicatus
p-N-acetylhexosaminidase was selected for further comparative study with
VhGIcNAcase. In addition, chitobiase from Serratia marcescens (SmCHB) also showed

high structural similarity with VhGIcNAcase with the Z-score = 37.4, RMSD 2.4 A
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over 611 residues, 28% sequence identity, PDB code: 1QBA) (Tews et al., 1996) and
was further refined by complexing with the natural substrate, GIcNAc. (PDB code:
1QBB).

The domain organization of GH20 enzymes is different according to
their amino acid sequence, length and arrangement. The crystal structures of
VhGIcNAcase, SpHex and SmCHB are compared in terms of domain organization in
Figure 3.28A. The crystal structure of VhGIcNAcase consists of three domains, as
mentioned previously. The SpHex has two domains comprising of 506 amino acids that
fold into the N-terminal domain (I) called o+ topology domain and the catalytic
domain (1) containing a (p/a)s barrel at the C-terminus (Mark et al., 2001), whereas
the SmMCHB consists of four domains designated as the N-terminal carbohydrate-
binding domain (I), a+f topology domain (II), TIM-barrel catalytic domain (111) and
the C-terminal immunoglobulin-like domain (IV) (Tews et al., 1996). In Figure 3.28B,
the electrostatic surface potential of VhGIcNAcase, SpHex and SmMCHB displayed in
the same orientation with Figure 3.28A was calculated in PyMOL. The sugar-binding
pocket of GH20 proteins is negatively charged, and these acidic groups play an
important role both for proton donation and acceptance in catalysis and substrate
coordination through hydrogen bonds. As expected, the sugar-binding pockets of
SpHex and SmCHB are conserved in charge and size through all three proteins. Here,
SpHex is the most similar to VhGIcNAcase in terms of amino acid sequence and
structural folding. In Figure 3.28C, a topology of the substrate binding pocket of each
bacterial GIcNAcase structure is shown in the same orientation and its substrate
(GIcNAc) of VhGIcNAcase and SpHex were superimposed with the non-reducing

GIcNAc residue of GIcNAc2 from SmCHB. The substrate binding pockets of
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VhGIcNAcase, SpHex and SmCHB have estimated dimensions (width x length x depth)
of .4 Ax 176 Ax122A, 7.7 Ax 103 Ax11.0 Aand 122 Ax 143 A x 19.2 A,
respectively. The active sites of VhGIcNAcase and SmCHB are the tunnel-like
structure, whereas the active site of SpHex is a small and narrow pocket for

accommodating small chitooligosaccharides.

(A)

VhGIcNAcase SpHex SmCHB

#~ ¢ Catdomain
S
R

Figure 3.28 Overview of structural comparison of VhGIcNAcase with other bacterial
GH20 structures. (A) The domain organization of related GH20 enzymes was shown
as cartoon representation. Each figure was kept fixed in the same orientation. (B) The

molecular surface calculated from the crystal structures of VhGIcNAcase, SpHex (PDB
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entry: 1IM01) and SmCHB (PDB entry: 1QBB), are compared by electrostatic surface
potential, calculated in PyMOL. The overall bacterial GH20 structures are neutral
(white surface) whereas the active site of all three structures is more acidic (red surface)
and narrow for accommodating small oligosaccharides. (C) The topologies of the
substrate binding pockets of the GH20 GIcNAcases generated using the PDBSum
server and displayed in PyMOL. Each structure was kept in the same orientation and
its substrate (GIcNAc) of VhGIcNAcase and SpHex were superimposed with GIcNAc>

from SmCHB.

Superimposition of three bacterial GH20 GIcNAcases, VhGIcNAcase,
SpHex (PDB code: 1M01) (Mark et al., 2001) and SmMCHB (PDB code 1QBB) (Tews
et al., 1996) was displayed as a line representation (Figure 3.29A). Only the o+p
topology domain and the TIM-barrel catalytic domain showed conservation for all three
bacterial GIcNAcases. A close up of the sugar-binding residues of VhGIcNAcase,
SpHex and SmCHB is shown in Figure 3.29B. As compared with SpHex (orange stick)
in complex with GIcNAc (pale cyan ball-and-stick) and SmCHB (violet stick) in
complex with GIcNAc: (yellow ball-and-stick) in Figure 3.29B, the active-site residues
of VhGIcNAcase (green stick) with GIcNAc (black ball-and-stick) showed that the
sugar ring of VhGIcNAcase is well aligned with a chair conformation of -1GIcNAc of
SpHex with the exception of the C2-acetamido group and well aligned with the sugar
ring of -1GIcNAc of SmCHB but in a different conformation (Figure 3.29B). At subsite
-1, the GIcNAc ring in VhGIcNAcase adopts the chair conformation whereas the
GIcNAc ring in SmCHB adopts a boat conformation. However, the outer GICNAc from

GIcNAc; of SmMCHB showed a chair conformation at subsite +1.
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There are conformational differences in residues Arg274, His373,
Asp437, Glud38, Trp505, Trp546 and Glu584 as compared to SpHex and SmCHB
(Figure 3.29B). The most significant difference is the position of D437/E438 compared
to the respective amino acids in the homologues, as due to the contact between the two
protein molecules in the asymmetric unit in the crystal of VhGIcNAcase, D437/E438 is
pushed away from the sugar binding pocket. Since the sugar rings of GICNAc were
slightly shifted, the side chain of Asp437 (equivalent to Asp313 in SpHex) is also
slightly displaced towards the acetamido group of GIcNAc to orient the substrate and
stabilize the transition states in the substrate-assisted catalytic mechanism. The side
chains of Glu438 can swing in and out, depending on the substrate as mentioned
previously, while the side chain of Glu314 in SpHex and Glu540 in SmMCHB has only
one conformation around 3.6-3.7 A from the acetamido group of GIcNAc. However, as
the Glu438 side chain of VhGIcNAcase forms a salt bridge with the guanidyl group of
Arg?21 of the other molecule in the protein interface, so the large distance to the GICNAc
is most likely a result of the dimer formation in the crystal and does not represent active
the conformation of the monomer in solution. The local conformation changes of the
indole ring of Trp505 to be oriented perpendicular to Trp361 in SpHex and Trp639 in
SmCHB, which may suggest it can act as a lid residue that controls the entrance of the

substrate due to its flexibility upon substrate binding.
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Figure 3.29 Superimposition of bacterial GH20 GIcNAcases. (A) A line representation
of the structure of ligand-bound VhGIcNAcase (green) complexed with GIcNAc (black)
was superimposed on the structures of SpHex (orange) complexed with GICNACc (cyan)
and SmCHB (violet) complexed with GIcNAc: (yellow). (B) A close up from figure (C)
of the active site residues of VhGIcNAcase (green stick), SpHex (orange stick) and
SmCHB (violet stick) that participate in sugar binding. The GIcNAc substrates of
VhGIcNAcase and SpHex are shown as black and pale cyan ball-and-stick models,

respectively whereas the GIcNAc2 of SMCHB is shown as yellow ball-and-stick model.

3.10.7 Specific interactions of VhGIcNAcase with sugar

The substrate-binding pocket of VhGIcNAcase was investigated using
the complex with GIcNAc. Figure 3.30 shows the stereo image of the amino acid side-
chains and water molecules that form the hydrogen bonding network with the GICNAc
in the active site, located at the middle of the TIM-barrel structure of the catalytic
domain at subsite -1. The hydrolytic product, GICNAc, derived from GIcNAc: and the
DE pair of Asp437-Glu438 are in a position close to the 5-1,4 glycosidic oxygen, which
is the ester bond to be cleaved. One of the water molecules located above the sugar ring

of GIcNAc may be the incoming water that acts as the nucleophile attacking at the
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anomeric center of the cyclic intermediate to produce a product with retained
configuration. The non-reducing GIcNAc is tightly anchored via hydrogen bonds at the
OH3 and OH4 groups of the GIcNAc to Arg274, which is held in place by polar
interactions with Asp271, Asp303, Asp304, Glu305 and water molecules. The terminal
amines of the guanidino group of Arg274 make hydrogen bonds to Asp271 and Asp303,
whereas the imine forms a hydrogen bond with Glu305. The OH4 and OH6 groups of
GIcNAC are stabilized by Glu584 and Asp532, respectively. The carboxyl group of
Asp303 forms hydrogen bonds with Asp304, Arg274 and a water molecule coordinated
with the GIcNAc substrate. The imidazole ring of His373 located between the acidic
groups coordinates via a hydrogen bond with Asp303 and indirectly interacts with the
GIcNAC through a water molecule. The side chain of Asp437 is within 3.1 A of the
acetamido group of the GIcNAc and may play an important role involved in substrate-
assisted mechanism. The side-chain of Glu438 has two conformations, one swinging
toward the GIcNAc while the other conformation rotates away from the GIcNAc,
similar to the apo form presented in the electron density plot. Considering the
conformation rotating toward the GIcNAc, Glu438 faces towards the oxygen atom of
the glycosidic linkage, and may be the catalytic acid-base residue (although due to the
crystal packing the D437-E438 containing loop is pushed away from the GICNACc
binding pocket).

The hydrophobic interactions between GIcNAc and aromatic/
hydrophobic residues in the active site surrounding the subsite -1 were further analyzed
as shown in Figure 3.30B. Five aromatic residues, Trp487, Trp505, Trp546, Trp582
and Tyr530, create the active pocket wall in the active site. Trp582 was found to stack

directly with the plane of the pyranose ring of the GICNAc at subsite -1. The interactions
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of GIcNAcs with the binding residues in the substrate binding pocket of GH20

VhGIcNAcase, SpHex and SmMCHB are summarized in Table 3.8.

(A)

W546

Figure 3.30 Specific interactions within the substrate binding pocket of VhGIcNAcase.
(A) The image of amino acid side-chains (in green stick) and water molecules that form
the hydrogen bonding network with the GIcNAc (in black ball-and-stick) in the active
site. Water molecules are shown as cyan spheres and hydrogen bonds are shown as red
dashed lines. (B) The image of surface representations of the aromatic side chains
involving the hydrophobic interactions with the sugar molecule around the -1GIcNACc.
The protein surface is green with hydrophobic patches shown as white surface and

green stick models of the corresponding residues.



Table 3.8 Summary of the interactions of GIcNAcs with the binding residues in the substrate binding pocket of GH20 VhGIcNAcase,

SpHex and SmMCHB

GHZ20 enzyme
Subsite
VhGIcNAcase SpHex SmCHB
R274, Q398, D437, W487, R162, D313, E314, W344, W361, R349, Q494, D539, E540, W616,
-1 W505, Y530, D532, M533, Y393, D395, M396, W408, W442, W639, Y669, D671, F672,
W546, W582, E584 E444 W685, W737, E739
+1 E314 E540, W685

Normal-and-underlined: hydrogen bonding residues

Bold: hydrophobic interaction residues

44
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3.11 Specific hydrolyzing activity of VhGIcNAcase and its mutants

The specific hydrolyzing activity of VhGIcNAcase was measured with pNP-
GIcNACc as substrate following the previous assay (Suginta et al., 2010). Here, the
relative hydrolytic activity of wild-type VhGIcNAcase and its mutants was assayed
against 125 pM pNP-GIcNAc for 10 min (Figure 3.31). All mutants showed a decrease
in hydrolyzing activity against pNP-GIcNAc. Mutations of the expected catalytic DE
pair, D437-E438 showed a strongly decreased activity as compared to the wild-type
enzyme. The mutant D437N showed the most severe effects on hydrolyzing activity,
having essentially no activity against pNP-GIcNAc (0.02% remaining activity) whereas
the mutant D437A showed a less drastic decrease in hydrolyzing activity (0.21%
remaining activity). With mutation of E438, the mutants E438A, E438D and E438Q
showed decreased activity of about 0.34%, 0.37% and 0.41% of wild-type, respectively.
In contrast, the mutant E584A showed a high remaining activity of 45%. Strikingly, the
DD pair, D303-D304 showed a strongly decreased hydrolyzing activity when this DD
pair was mutated to alanine (0.04% remaining activity). However, mutations to
asparagine revealed that both D303N and D304N still had remaining activity of 3.3%
and 1.3%, respectively. Additionally, the mutant H373A showed a drastic decrease in

hydrolytic activity as compared with the wild-type enzyme.
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Figure 3.31 Specific hydrolyzing activity of VhGIcNAcase and its mutants. The
enzymatic activity was determined as described in Materials and Methods using the
colorimetric assay against 125 uM pNP-GIcNAc at 405 nm. All specific hydrolyzing
activities were normalized to the hydrolytic activity of wild-type VhGIcNAcase, set to
100%. Bar graphs are average values + SD obtained from experiments performed in

triplicate.

3.12 Kinetic parameters of VhGIcNAcase and its mutants

The initial velocities of VhGIcNAcase and its mutants were measured for kinetic
experiments. The Kkinetic parameters of the hydrolytic activity of wild-type
VhGIcNAcase and its mutants were analyzed based on Michaelis-Menten kinetics. As
shown in Table 3.9, all mutants except E438 lost the enzymatic activity against pNP-
GIcNAc, which is reflected by the keat/Km. Mutations of the expected catalytic DE pair,
D437-E438, showed a strongly decreased activity as compared with the wild-type

enzyme. Mutations of D437 increase the Km against pNP-GIcNAc about 4.2-fold and
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3.7-fold for the mutants D437A and D437N, respectively. The mutant D437A had very
low Keat, yielding the very low Kea/Km of 0.36 st mM whereas the mutant D437N had
high Km and the lowest ke, yielding the lowest Keat/Km of 0.04 st mM- towards pNP-
GIcNAc. The reduction in catalytic activity of the mutants D437A and D437N are the
result of the changed charge of the amino acid, which results in the destabilization of
reaction intermediates in the transition states. Mutations of E438 also showed that the
mutants E438A, E438D and E438Q had a slightly increased Kn (correlating to a
decreased binding affinity) but strongly decreased hydrolyzing activity against pNP-
GIcNAc. The relative keat/Km values of E438A, E438D and E438Q were 0.28%, 0.30%
and 0.35%, respectively. Together with its 3D structure and presence next to the
cleavage site, this suggests that E438 is important as the catalytic residue. On the other
hand, the mutant E584A showed an overall catalytic activity of 32% that of wild-type,
suggesting that this residue is not essential for enzyme catalysis. Surprisingly,
mutations of the DD pair showed decreased activity to various extents. The mutants
D303A and D304A had a drastically decreased hydrolyzing activity (non-detectable
activity). However, mutations to asparagine revealed that both D303N and D304N still

had remaining activity that is reflected by kcat/Km 0f 1.8% and 0.75%, respectively.
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Table 3.9 Kinetic parameters of wild-type and mutants of VhGIcNAcase.

L Bty
Wild-type 92+6 28.3+0.6 306 (100)°
D303A n.d.c n.d. n.d.

D303N 325+ 30 1.8+0.08 5.45 (1.78)
D304A n.d. n.d. n.d.

D304N 236 + 11 0.54+0.01 2.30 (0.75)
H373A 341 + 36 0.039 + 0.002 0.11 (0.04)
D437A 390 + 32 0.14 + 0.006 0.36 (0.12)
D437N 339 + 47 0.015 +0.001 0.04 (0.01)
E438A 128 + 16 0.11 +0.005 0.87 (0.28)
E438D 138 +13 0.13 £ 0.004 0.91 (0.30)
E438Q 120 £ 13 0.13 + 0.005 1.08 (0.35)
D532A 153+9 1.6+ 0.03 10.2 (3.32)
E584A 178 + 20 175+0.7 98.1 (32.0)

The hydrolysis of pNP-GIcNACc at varying concentrations of 25-500 uM was
carried out with 0.1 pg VhGIcNAcase in 100 mM sodium phosphate buffer, pH 7.0 at
37°C for 10 min, and the reaction was then terminated with 100 ul of 3 M Na>COs3 and
measured at A4os. Release of pNP was converted to molar quantities using a calibration

curve of pNP (0-20 nmol). The kinetic values (Km, Keat and Keat/Km) were determined by


http://www.sciencedirect.com/science/article/pii/S0304416507000773#tblfn7
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nonlinear regression using GraphPad Prism software (GraphPad Software Inc., San
Diego, CA).

& Kinetic assays were performed with pNP-GIcNAc as described in Materials and
methods. Results are average of three independent experiments.

b Numbers in brackets reveal relative kea/Km values of the generated mutants by
comparing with the wild-type value (set to 100).

¢ Non-detectable activity.

3.13 Substrate specificity analysis

A DALI search of the protein structure showed that the topology of
VhGIcNAcase closely matches with other s-N-acetylhexosanidases. Interestingly, this
includes a homologue of VhGIcNAcase, Streptococcus pneumoniae exo-B-N-acetyl-
glucosaminidase (StrH) (RMSD 2.8 A over 286 residues, 16% sequence identity, PDB
code: 2YLA) (PluviGIcNAce et al., 2011) that is involved in the complete degradation
of N-linked glycans of its human host (King, 2010). The presence of this enzyme
enables degradation of a component of the extracellular matrix and facilitates invasion
of the host tissue by the pathogenic bacterium. However, the VhGIcNAcase cannot
hydrolyze a broader range of substrates such as N-linked glycans or gangliosides
(Suginta et al., 2010). Therefore, the crystal structure of VhGIcNAcase was compared
with the StrH in complex with the branched glycan N-acetyl-D-glucosamine -1,2-D-
mannose a-1,3 (N-acetyl-D-glucosamine f-1,2-D-mannose  a-1,6(N-acetyl-D-
glucosamine p-1,4))-D-mannose f-1,4-N-acetyl-D-glucosamine (NGA2B) (Figure
3.32A) for the inspection of substrate specificity. The TIM-barrel catalytic domains of

VhGIcNAcase and StrH (PDB code: 2YLA) were superimposed as shown in Figure
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3.32B. The long loops of VhGIcNAcase (in green and black) connecting B2 to a2 (L2;
residues 315-343), B3 to a3 (L3; residues 386-406) and B7 to B8 (L7; residues 525-551)
are significantly different with the loops of StrH (light pink and purple) that has the
loops connecting residues 681-712 (L2"), residues 754-774 (L3") and residues 898-914
(L7"), respectively (Figure 3.32B). Loop L3 has the highest thermal motion with B
factor around 40.6 A?, followed by loops L2 and L7 that have B factor approximately
34.3 and 26.9 A?, respectively. Overhanging loops L2, L3 and L7 of VhGIcNAcase (in
black wire) protrude into the active site of StrH complexed with NGA2B, causing the
substrate-binding region to be narrower (Figure 3.32B). In particular, Trp546 and
Ala547 located on loop 7 (L7) in VhGIcNAcase clash with the NGA2B substrate of

StrH (Figure 3.32C).

(A)

GIcNAcB1-2Mana

6
GlcNAcB1-4Manp1-4GIcNAcB1-4GIcNAc
3

GlcNAcB1-2Mana1

Figure 3.32 Comparison of substrate specificity based on the 3D structures. (A)
Chemical structure of NGA2B. (B) A line representation of VhGIcNAcase (green and

black) was superimposed with the StrH (pale pink and purple) showing the different
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orientations of the three overhanging loops as depicted in L2, L3 and L7 for
VhGIcNAcase and L2', L3" and L7" for StrH, respectively. The GIcNAc in the active
site of VhGIcNAcase is represented by a black ball-and -stick model whereas the
NGAZ2B in the active site of StrH is represented by a white ball-and -stick model. (C)
Superposition of VhGIcNAcase (green surface) complexed with GIcNAc (black ball-
and-stick) and StrH complexed with NGA2B (white ball-and-stick) showed a steric
clash to the NGA2B due to the presence of W546 and A547 on loop 7 (L7) of
VhGIcNAcase. The presence of loops (black loops in VhGIcNAcase) protruding into

the active site make the substrate-binding region narrower in VhGIcNAcase.
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PART Il

pKa CALCULATIONS OF GH18 CHITINASES

3.14 Sequence analysis and the catalytic residue of chitinases

For the purpose of this study, we have used 14 different chitinases for which we
were able to retrieve X-ray structures, namely: P. furiosus chitinase (PfChiA);
Arthrobacter sp. chitinase B (ArChiB); B. circulans WL-12 chitinase A1 (BcChiAl);
S. marcescens chitinase B (SmChiB); S. marcescens chitinase A, (SmChiA);
S. coelicolor chitinase A (ScChiA); V. harveyi chitinase A, (VhChiA); A. fumigatus
chitinase B1 (AfChiB1); C. immitis chitinase (CiChil); H. brasiliensis hevamine A
(HbChi); H. sapiens chitotriosidase (HsChitl); H. sapiens acidic mammalian chitinase
(HsAMCase); P. platycephala endochitinase (PpChi) and S. cerevisiae chitinase 1
(ScChil). First we carried out multiple sequence alignment of the chosen chitinases
(Figure 3.14.1A). The alignment showed that the V. harveyi chitinase A (VhChiA)
sequence (Suginta et al., 2000) is closest to the full sequence of S. marcescens chitinase
A (SmChiA, 36% similarity) (Jones et al., 1986), followed by B. circulans WL-12
chitinase Al (BcChiAl, 16% similarity) (Watanabe et al., 1990), Arthrobacter sp.
chitinase B (ArChiB, 15% similarity) (Lonhienne et al., 2001), A. fumigatus chitinase
Bl (AfChiB1, 15% similarity) (Jaques et al., 2003) and S. marcescens chitinase B
(SmChiB, 14% similarity) (Brurberg et al., 1995). As shown in Figure 3.33A, the
multiple sequence alignment of family 18 chitinases showed a completely conserved

DxDXxE sequence motif that has been suggested to play a concerted role in the catalysis
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of chitinases (Lu et al., 2002; Terwisscha van Scheltinga et al., 1994). For example, the
acidic groups of Asp311-Asp313-Glu315 in VhChiA are completely aligned with the
Asp311-Asp313-Glu315 in SmChiA. The DxDXE sequence motif that spans strand p4
of the TIM barrel will be referred here as D1, D2 and E (Figure 3.33B). The residue ‘E’
located on the flexible loop after strand 4 is the catalytic proton donor to the glycosidic
oxygen between the subsite -1 and +1 of GIcNAcs for a bond cleavage (red arrow,
Figure 3.33B). Chitinase A from the marine bacterium Vibrio harveyi, has a long and
deep catalytic cleft lined with surface-exposed aromatic residues (blue surface), which
is responsible for binding to chitooligosaccharides as shown in a complex of VhChiA
and chitohexaose (Figure 3.33C). Among three active-site acidic residues, D311 is
buried, whereas the D313 and E315 are solvent accessible (red). Residues Y391 and

D392 (pink) have also been suggested to be involved in catalysis.
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(C)

Figure 3.33 Overview of family 18 chitinases. (A) Multiple sequence alignment of
glycoside hydrolases in family 18. The amino acid sequences of fourteen chitinases
used in this study were taken from the uniprot database. The secondary structure of
Vibrio harveyi chitinase A, VhChiA (SwissProt: QQAMP1) was aligned with the amino
acid sequences of P. furiosus chitinase A, PfChiA (SwissProt: Q8U1H5); Arthrobacter
sp. chitinase B, ArChiB (SwissProt: Q9REI6); B. circulans WL-12 chitinase Al,
BcChiAl (SwissProt: P20533); S. marcescens chitinase B, SmChiB (SwissProt:
Q54276); S. marcescens chitinase A, SmChiA (SwissProt: P07254); S. coelicolor
chitinase A, ScChiA (SwissProt: Q9Z9M9); V. harveyi chitinase A, VhChiA
(SwissProt: Q9AMP1); A. fumigatus chitinase B1, AfChiB1 (SwissProt: Q873X9);
C. immitis chitinase, CiChil (SwissProt: POCB51); H. brasiliensis hevamine A, HbChi
(SwissProt: P23472); H. sapiens chitotriosidase, HsChitl (SwissProt: Q13231);

H. sapiens acidic mammalian chitinase, HsAMCase (SwissProt: Q9BZP6);
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P. platycephala endochitinase, PpChi (SwissProt: A6ZJJ1) and S. cerevisiae chitinase
1, ScChil (SwissProt: P29029). The completely conserved amino acid residues that are
crucial for chitinase activity are indicated with blue stars. (B) Ribbon representation of
family 18 chitinase A from Vibrio harveyi showing the positions of three active-site
acidic residues Asp (D1), Asp (D2) and Glu (E) (in white ball-and-stick model) in the
DxDxE motif of the strand 4 of the TIM-barrel structure. Only the B-strands (in purple)
of the TIM-barrel structure are shown for clarity and here are defined as B1 (residues
160-166); P2 (residues 187-193); 4 (residues 309-313); B6 (residues 385-389); B7
(residues 454-459) and B8 (residues 566-570). The lemon stick of GICNACg is shown
along with the catalytic TIM-barrel domain labeled as non-reducing end (NRE) and
reducing end (RE). A red arrow indicates the cleavage site. (C) Surface representation
of the catalytic cleft of chitinase A from Vibrio harveyi. The long track of surface-
exposed hydrophobic residues responsible for binding with GIcNAce is shown as blue
surface. The three active-site acidic residues D311, D313 and E315 are shown as red
surface whereas the Y391 and D392 that are expected to be involved in catalysis are

shown as pink surface.

3.15 pKa calculations of the active-site residues

All family 18 chitinases contain the DXDXE sequence motif that positions three
carboxylates, D1, D2 and E in close proximity in an almost linear arrangement. The pKa
values of D1, D, and E were successfully calculated for 75 structures of family 18
chitinases. The final dataset contained calculations for 24 apo structures, 46 apo-
generated structures and 5 structures that contained either an inhibitor or a substrate-

like molecule. The calculated pKa values (in red sphere) of three acidic residues D1, D
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and E were pKa(D1) < 2.0, pKa(D2) in between 8.0-13.0 and pKa (E) in the range from
6.0 to 9.0 (Figure 3.34). The differences in calculated pKa values of the apo and apo-
generated structures are statistically insignificant according to the post hoc tests
(Duncan) in ANOVA analysis and show the average of the calculated pKa values of Dy,
D2and Eas 1.5+ 0.8, 9.7 £ 1.0, 7.0 £ 0.2 for the apo structures and 0.9 £ 0.5, 12.9 £
0.8, 7.6 = 0.2 for the apo-generated structures, respectively (Figure 3.34). For the
calculation of chitinases with ligand, the calculated pKa values of D1, D2 and E are

foundtobe 0.8 £ 0.6, 12.4 + 1.1, 6.4 £ 0.3, respectively (Figure 3.34).
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Figure 3.34 Contribution of pKa values of acidic active-site residues, D1, D> and E
plotted in three dimensions. Except for a few outliers, the pKa values of the three active

site carboxyls are found to be pKa (D1) < 2.0, pKa (D2) in between 8.0-13.0 and the pKa

of E is found to lie in the range from 6.0 to 9.0.
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The conformations of the three acidic residues, D1, D> and E of family 18
chitinases were visualised and details of their pKa predictions are given in Table 3.10.
As seen in Table 3.10, the conformation of D: is completely in the “up’ position,
whereas the conformation of E is almost in the ‘down’ position in both free and bound
enzymes. Interestingly, the conformation of D2 is in the ‘up’ or ‘down’ position
depending on the presence of ligand. Namely, in the ligand-free enzyme (without
mutation), a 59% majority of D is in the ‘down’ position, interacting with D1, which
is completely in the ‘up’ position. In 82% of cases, the calculated pKaVvalues of D1 are
less than 0, whereas the calculated pKavalues of D2 and E are found to be 10.2 and 6.9,
respectively. However, in the enzyme-ligand complex (without mutation), in 68% of
cases D, moves into the ‘up’ position and interacts with either a substrate or an inhibitor
and the glutamate, E. The D1 is completely in the “up’ position for all structures in
which the calculated pKavalues of D is found to be less than 0. In six structures, the
D: could not be determined due to a strong interaction with D> (fluctuation titration
curve overlapping between D; and D). Whatever the position of D>, the pKa values of
D are still less than 0 while the average pKa values of D2 and E are found to be 12.2
and 7.3, respectively.

In addition, mutations of D1 or D> in the free forms of chitinases increase the
acidicity of the adjacent aspartate residue (Table 3.10), i.e., the mutation D140N
(equivalent to D1) in SmChiB showed a downward shift in the pKa value of D142
(equivalent to D2) by 3.9 pH units while the mutation D169N (equivalent to D) in
CiChil showed a downward shift in the pKa value of D167 (equivalent to D1) by 5.6

pH units.
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The pKavalues of Dy, D2 and E calculated from the structures complexed with
the natural substrates or inhibitors (holo structure) were further compared to its ligand-
free structures (apo and apo-generated structures) as shown in Table 3.11. The
conformations of D1, D, and E in five chitinases are found to be completely ‘up’, ‘up’
and ‘down’ upon ligand binding. In the absence of ligand, most calculated pKa values
of Dy are less than 0, however, the calculated pKa values of D; are increased in the
presence of the natural substrates as shown in hevamine A in complex with GIcNAcs
(PDB code: 1HVQ) and chitotriosidase in complex with GIcNAcz (PDB code: 1LG1).
The calculated pKavalues of D2 for all five structures are still higher than D1 and showed
average values of 13.1 + 0.8, 13.7 £ 1.2 and 12.4 + 1.1 for the apo, apo-generated and
holo structures, respectively. Interestingly, there are statistically significant differences
on post hoc tests (Duncan) in ANOVA analysis in the calculated pKa values of E
between the apo-generated and holo structures of chitinases. As shown in Table 3.11,
bacterial chitinases (SmChiA and SmChiB) showed a decrease in the pKa values of E
when they are bound with the ligand and the D> changes its original rotation from D1
to E (see 1E15 vs 1E6R and 1CTN vs 1FFQ in Table 3.15.2). All calculated pKavalues
of E in the holo structures (bound enzyme) showed a decrease by 0.7-2.8 pH units as

compared with the pKavalues in the apo-generated structure (free enzyme) (Table 3.11).



Table 3.10 Conformation and the pKa values calculated from the apo and apo-generated structures of three acidic residues in the DxDXE

motif of GH18 chitinases.

. Res. . . Conformation pKa .

Protein Source PDBID A) Mutation(s) Ligand D1 D2 £ D1 D2 E Residue number
Chitinase A P. furiosus 2DSK 150 - - up up down <0.0% 9.9 6.0 D522, D524, E526
Chitinase B Arthrobacter sp. 1IKFW 174 - - up down down <0.0 15.6 8.2 D188, D190, E192
Chitinase Al B. circulans 11TX 110 - - up down down n.d. n.d. 8.7 D200, D202, E204
Chitinase B S. marcescens 1E15 190 - - up down down <0.0 15.1 7.1 D140, D142, E144

1E6N 225 E144Q GlcNACcs up up - <0.0 6.9 -

1E6P 1.70 El44Q - up down - n.d. n.d. -

1E6R 250 - Allosamidin up up down <0.0 13.4 7.4

1E6Z 199 - Qxazolln'lum 18 up up/down down 14.0 <0.0 8.1

intermediate

1GOl 145 D140N - - up down - 11.2 8.3

1HOG 200 - Argadin up down down <0.0 12.0 6.9

10GG 197 DI142N Allosamidin up - down <0.0 - 7.2

1UR9 1.80 D142N HM508 up - down <0.0 - 7.1
Chitinase A S. marcescens 1CTN 230 - - up down down <0.0 14.3 7.5 D311, D313, E315

1EDQ 15 - - up up/down down n.d. n.d. 7.4

1EHN 190 E315Q GlcNACcg up down - n.d. n.d. -

1EIB 1.80 D313A GIcNACcg up - down <0.0 - 6.1

1FFQ 190 - Allosamidin up up down <0.0 15.6 8.6

1FFR 1.80  Y390F GlcNAcs up up down <00 15.6 8.7

1K9T 1.80 D391A GIcNACc, up up down <0.0 15.2 7.6

1INH6 2.05 E315L GlcNACcs up down - <0.0 14.3 -

1RD6 260 WI167A - up up down  <0.0 4.9 9.4

1X6L 1.90 WI167A - up up down <0.0 8.4 7.7

1X6N 200 WI67A Allosamidin up up down <0.0 17.7 8.4
Chitinase A S. coelicolor 3EBV 150 - - up up down <0.0 4.9 7.1 D117,D119, E121
Chitinase A V. harveyi 3B8S 200 - - up down down  <0.0 16.0 8.4 D311, D313, E315

3B9A 180 E315M GlcNAcs up down - <0.0 16.7 -

3B9D 172 E315M GlcNAcs up down - n.d. n.d. -

3B9E 170 E315M - up down - n.d. n.d. -

LET



Table 3.10 Conformation and the pKa values calculated from the apo and apo-generated structures of three acidic residues in the DxDXE

motif of GH18 chitinases (Continued).

Protein Source PDBID T;S) Mutation(s) Ligand D1 ConfDogmatlon E DL FE)K; E Residue number
Chitinase B1 A. fumigatus 1W9P 170 - - up up down <0.0 9.1 6.0 D173, D175, E177

1Wou 185 - Argadin up down down 15.6 <0.0 7.0

1wov 2,00 - Argifin up up down <0.0 13.6 7.6

2A3A 210 - Theophylline up down down <0.0 15.0 6.6

2A3B 190 - Caffeine up down down n.d. n.d. 7.9

2A3C 207 - Pentoxifylline up down down n.d. n.d. 8.4

2A3E 195 - Allosamidin up up down <0.0 11.9 10.2

21Uz 195 - C2-Dicaffeine up down down n.d. n.d. 7.4

3CH9 220 - Dimethylguanylurea up up/down down <0.0 13.1 7.7

3CHC 190 - Monopeptide up up down <0.0 13.7 7.3

3CHD 200 - Dipeptide up up down <0.0 14.5 7.1

3CHE 205 - Tripeptide up up down <0.0 14.2 7.5

3CHF 195 - Tetrapeptide up up down <0.0 15.0 7.5

IWNO 210 - - up down down 12.7 0.9 6.7 D135, D137, E139
Chitinase 1 C. immitis 1D2K 220 - - up down down 6.1 7.8 6.6 D167, D169, E171

1LL4 280 - Allosamidin up up down 0.5 7.9 5.9

1LL6 280 DI169N - up = down 0.5 - 6.5

1LL7 200 E171Q - up down - 8.3 <0.0 -
Hevamine A H. brasiliensis 1HVQ 220 - GlcNAc; up up down <0.0 9.3 6.6 D123, D125, E127

1KQY 1.92 5152;?/&27'6‘/ GlcNACcs up - - <0.0 - -

1Kz 192 DIAEIZIAL g, up 1 - <00 - -

1KRO 1.92 D125A/Y183F GIcNACc, up - down <0.0 - 5.2

1KR1 2.00 DI125A/E127A GlcNAc, up - - <0.0 - -

1LLO 18 - Allosamidin up up down <0.0 12.0 7.2

2HVM 180 - - up up down <0.0 11.9 6.6

8T



Table 3.10 Conformation and the pKa values calculated from the apo and apo-generated structures of three acidic residues in the DxDxE
motif of GH18 chitinases (Continued).

Protein Source PDBID T;S) Mutation(s) Ligand D1 ConfDoZrmatlon E DL FE)K; E Residue number
Chitotriosidase ~ H. sapiens 1GUvV 235 - - up down down <0.0 9.6 5.6 D136, D138, E140
1HKI 255 - Glucoallosamidin B up up down 2.6 14.7 8.0
1HKJ 260 - Methylallosamidin up up down 14 13.1 9.0
IHKK 185 - Allosamidin up up down <0.0 13.8 8.4
IHKM 255 - Demethylallosamidin up up down <0.0 13.8 9.0
1LG1 278 - GlcNAc, up up down 0.5 13.7 8.7
1LG2 210 - Ethylene glycol up down down 1.0 > 20.0° 7.6
1LQO0 220 - - up down down 0.9 10.8 6.2
IWAW 175 - Argadin up down down <0.0 18.9 7.0
1WBO0 165 - Argifin up up down <0.0 16.5 9.1
AMCase H. sapiens 3FXY 200 - - up down down <0.0 13.4 6.4 D136, D138, E140
3FY1 170 - Methylallosamidin up up down <0.0 16.5 9.1
Endochitinase P. platycephala 2GSJ 173 - - up up down <0.0 9.8 5.6 D123, D125, E127
Chitinase 1 S. cerevisiae 2UY2 160 - - up up down <0.0 10.7 5.4 D153, D155, E157
2UY3 190 - 8-Chlorotheophylline up up down <0.0 11.6 7.7
2UY4 175 - Acetazolamide up up down 14 9.3 6.7
2UY5 160 - Kinetin up up down <0.0 8.1 5.3

2 Residue is always deprotonated.
b n.d., not determined due to D1 and D2 interacting strongly (interaction energy ~20.0 kT/e)

¢ Residue is always protonated.

6ET



Table 3.11 Conformation and the pKa values calculated from the holo structures of three acidic residues in the DxDXE motif of family 18

chitinases and comparison with its apo and apo-generated structures.

. Res. . Conformation pKa
Protein Source PDBID Type Ligand Remark
A D1 D2 E D1 D2 E

Chitinase B S. marcescens  1E15 190 Apo - up down down <0.0 15.1 7.1 D140, D142, E144
1E6R 250  Apo-generated - up up down <0.0 13.4 7.4
1E6R 250 Holo Allosamidin up up down <0.0 10.3 6.2

Chitinase A S. marcescens 1CTN 230 Apo - up down down <0.0 14.3 7.5 D311, D313, E315
1FFQ 1.90 Apo-generated - up up down <0.0 15.6 8.6
1FFQ 1.90 Holo Allosamidin up up down <0.0 16.0 5.8

Hevamine A H. brasiliensis  2HVM 180 Apo - up up down <0.0 119 6.6 D123, D125, E127
1HVQ 220  Apo-generated - up up down <0.0 9.3 6.6
1HVQ 220 Holo GlcNACc; up up down 0.7 12.2 5.8

Chitotriosidase ~ H. sapiens 1LQ0 220 Apo - up down down 0.9 10.8 6.2 D136, D138, E140
1LG1 2.78  Apo-generated - up up down 0.5 13.7 8.7
1LG1 2.78 Holo GlcNAc, up up down 33 10.3 7.4

AMCase H. sapiens 3FXY 2.00 Apo - up down down <0.0 134 6.4 D136, D138, E140
3FY1 1.70  Apo-generated - up up down <0.0 16.5 9.1
3FY1 1.70  Holo Methylallosamidin up up down <0.0 134 7.0

orT
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3.16 Predicting the pH-activity profiles

Due to a close proximity of the three carboxylates in the DxDXE motif sequence
that is completely conserved in family 18 chitinases, the pH-dependence of catalytic
activity is hypothesized to be dependent on the protonation state called the catalytically
competent protonation state (CCPS) of all three residues, D1, D> and E. The calculated
titration curves used in determining the pKa values of D1, D2 and E in ligand-free
structures for each chitinase were of good quality with the exception of VhChiA
showing fluctuations in the curves for D1 and D> (Figure 3.35).

For the chitinases used here we find that the Di, D2 and E cluster behaves
autonomously and only small perturbations in the titration curves and protonation state
populations are observed when more active site groups are treated explicitly in Equation
2.4. Specifically, it is hypothesized that D1 is required to be negatively charged whereas
D2 and E are required to be neutral for chitinases to be active. The computational pH
profiles of family 18 chitinases were then predicted simply by extracting the pH
dependence of the population of the identified CCPS and comparing these to
experimentally measured pH-activity profiles of chitinases as follows: chitinase B from
S. marcescens (SmChiB), chitinase A from S. marcescens (SmChiA), chitinase A from
V. harveyi (VhChiA), chitinase 1 from S. cerevisiae (ScChil), human chitotriosidase
and human AMCase, respectively (Figure 3.36A-F). As shown in Figure 3.36A-F, the
computational pH-activity profiles (green curves) are compared with the
experimentally measured pH-activity profiles (green circles) that are scaled to unity.
The green curve is the population in the catalytically competent protonation state
normalized when the catalytic D1-D»-E triad was modelled with Asp (D1) charged, Asp

(D2) neutral, and Glu (E) neutral.
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Figure 3.35 The quality of the titration curves from apo structures (A-F) used in determining the pKa values.
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Figure 3.36 The computational pH-activity profiles of family 18 chitinases using the ligand-free structures. As seen in Figure 3.36A-F, the
computational pH-activity profiles (green curve) of six chitinases are compared with the experimentally measured pH-activity profiles
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3.16.1 Computational pH-profiles of the apo structures
3.16.1.1 Chitinase B from Serratia marcescens (SmChiB)

The experimentally measured kca-pH profile of SmChiB was
determined using an assay with 4-methylumbelliferyl 5-D-N, N'-diacetylchitobioside
(4MU-GIcNAc2) and showed a bell-shaped profile with an optimum pH around 6-7
(van Aalten et al., 2001). The calculated pKa values of D140, D142 and E144 were
found to be less than 0, 15.1 and 7.1, respectively (Figure 3.35A). The Asp140 is
suggested to be deprotonated whereas the Aspl42 and Glul44 are suggested to be
protonated. SmChiB has a computational pH-activity profile with much more inverse
sigmoid shape. For a hypothetical three-group system of D140, D142 and E144, the
protonation state populations in the pH range 3-5 are pH-independent, showing a
maximum population around 0.98. The protonation state populations are pH dependent
in the pH range 6-10 showing a decrease in population to zero at pH 9 (Figure 3.36A).
The basic limb of an experimentally measured pH-activity profile (green circles) of
SmChiB is in a good agreement with a computational pH-activity profile (green line).
The basic side of the curve with a pKa 0of 7.5+ 0.1 and 7.0 £ 0.1 from experimental and
computational profiles can be rationalized by the ionization of Glul44 for which the
predicted pKa value was in this range. However, the pKa that represents the ionization
of the residue on the acidic side of the curve could not be determined accurately, since

the shoulder seen between pH 3 and 5 indicates a residue that is always deprotonated.
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3.16.1.2 Chitinase A from Serratia marcescens (SmChiA)

The experimentally measured kea-pH profile of SmChiA was
determined using an assay with 4-methylumbelliferyl p-D-N, N’, N"-
triacetylchitotrioside (4MU-GIcNAcs) and showed a bell-shaped profile with an
optimum pH at 6.5 (Zees et al., 2009). The calculated pKa values of D311, D313 and
E315 were found to be less than 0, 14.3 and 7.5, respectively (Figure 3.35B). The
Asp311 is suggested to be deprotonated whereas the Asp313 and Glu315 are suggested
to be protonated. SmChiB has a computational pH-activity profile which has much more
inverse sigmoid shape. For a hypothetical three-group system of D311, D313 and E315,
the protonation state populations in the pH range 3-5 are pH-independent, showing a
maximum population around 0.98 whereas the protonation state populations are pH
dependent in the pH range 6-10 showing a decrease in population to zero at pH 9 (Figure
3.36B). The basic limb of an experimentally measured pH-activity profile (green
circles) of SmChiB showed a shift upward as compared with the computational pH-
activity profile (green line). This pKa can be interpreted simply as a result of the
ionization of the residue on the basic side of the curve with a pKa of 7.5+ 0.1 and 7.3
+ 0.1 from experimental and computational profiles that correspond to the calculated
pKa of Glu315. However, the pKa which represents the ionization of the residue on the
acidic side of the curve could not be determined accurately, since the shoulder seen

between pH 3 and 5 indicates a residue that is always deprotonated.
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3.16.1.3 Chitinase A from Vibrio harveyi (VhChiA)

The experimentally measured Keat/Km-pH profile of VhChiA
was determined using an assay with 4-nitrophenyl N, N’-diacetyl-4-D-chitobioside
(PNP-GIcNAC?) and showed a bell-shaped profile with an optimum pH at around 5-6
(Suginta and Sritho, 2012). The calculated pKa values of D311, D313 and E315 were
found to be less than 0, 16.0 and 8.4, respectively (Figure 3.35C). The Asp311 is
suggested to be deprotonated whereas the Asp313 and Glu315 are suggested to be
protonated. VhChiA has a computational pH-activity profile with inverse sigmoid
shape. For a hypothetical three-group system of D311, D313 and E315, the protonation
state populations at pH range 3-10 are pH dependent with a decrease in population from
a maximum population around 0.98 at pH 3 to zero at pH 10 (Figure 3.36C). The basic
limb of an experimentally measured pH-activity profile (green circles) of VhChiA
showed a good agreement with a computational pH-activity profile (green line). This
pKa can be interpreted simply as a result of the ionization of a residue on the basic side
of the curve with a pKa of 7.8 + 0.1 and 8.0 + 0.1 from experimental and computational
profiles that correspond to the calculated pKa of Glu315. However, the pKa which
represents the ionization of the residue on the acidic side of the curve could not be
determined accurately, since the shoulder seen between pH 3 and 6 indicates a residue

that is always deprotonated.
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3.16.1.4 Chitinase 1 from Saccharomyces cerevisiae (ScChil)

The experimentally measured Keat/ Km-pH profile of ScChil was
determined using an assay with 4-methylumbelliferyl p-D-N, N, N"-
triacetylchitotrioside (4MU-GIcNAcs) and showed a bell-shaped profile with an
optimum pH at around 2.6 (Hurtado-Guerrero and van Aalten, 2007). The calculated
pKa values of D153, D155 and E157 were found to be less than 0, 10.7 and 5.4,
respectively (Figure 3.35D). The Asp153 is suggested to be deprotonated whereas the
Asp155 and Glul57 are suggested to be protonated. ScChil has a computational pH-
activity profile with a much more inverse sigmoid shape. For a hypothetical three-group
system of D153, D155 and E157, the protonation state populations at pH range 1-3 are
pH dependent with an increase in population from 0.90 to a maximum population
around 0.98 at pH 3 and then decreased to zero at pH 7 (Figure 3.36D). The basic limb
of an experimentally measured pH-activity profile (green circles) of ScChil showed a
downward shift as compared with the computational pH-activity profile (green line).
This pKa can be interpreted simply as a result of the ionization of a residue on the basic
side of the curve with a pKs of 4.2 + 0.1 and 5.0 £ 0.1 from experimental and
computational profiles that correspond to the calculated pKa of Glul57. However, the
pKa which represents the ionization of the residue on the acidic side of the curve, could
not be determined accurately, since the shoulder seen between pH 1 and 3 indicates a

residue that is always deprotonated.
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3.16.1.5 Chitotriosidase from human

The experimentally measured Kkea-pH profile of human
chitotriosidase was determined using an assay with 4-methylumbelliferyl -D-N, N’,
N"-triacetylchitotrioside (4MU-GIcNAcs3) and showed a bell-shaped profile with an
optimum pH that was relatively broad and peaks around pH 6 (Boot et al., 2005). The
calculated pKa values of D136, D138 and E140 were found to be 0.9, 10.8 and 6.2,
respectively (Figure 3.35E). The Asp136 is suggested to be deprotonated whereas the
Aspl38 and Glul40 are suggested to be protonated. Human chitotriosidase has a
computational pH-activity profile which is approximately bell-shaped. For a
hypothetical three-group system of D136, D138 and E140, the protonation state
populations at pH range 2-5 are pH dependent with an increase in populations from
0.80 to a maximum population around 0.98 at pH 5 and then decreased to zero at pH 8
(Figure 3.36E). The basic limb of an experimentally measured pH-activity profile
(green circles) of human chitotriosidase showed an upward shift as compared with the
computational pH-activity profile (green line). This pKa can be interpreted simply as a
result of the ionization of a residue on the basic side of the curve with a pKa of 7.2 +
0.1 and 6.3 £ 0.1 from experimental and computational profiles that correspond to the
calculated pKa of Glu140. However, the pKa that represents the ionization of the residue
on the acidic side of the curve could not be determined accurately, since the shoulder

seen between pH 2 and 5 indicates a residue that is always deprotonated.
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3.16.1.6 AMCase from human

The experimentally measured Kcat/Km-pH profile of human
AMCase was determined using an assay with 4-methylumbelliferyl p-D-N, N'-
diacetylchitobioside (4MU-GIcNAc,) and showed a bell-shaped profile with an
optimum pH around 4-5 (Chou et al., 2006). The calculated pKa values of D136, D138
and E140 were found to be less than 0, 13.4 and 6.4, respectively (Figure 3.35F). The
Aspl36 is suggested to be deprotonated whereas the Asp138 and Glu140 are suggested
to be protonated. Human AMCase has a computational pH-activity profile with a more
inverse sigmoid shape. For a hypothetical three-group system of D136, D138 and E140,
the protonation state populations at pH range 1-4 are pH independent, showing a
maximum population around 1.0 whereas the protonation state populations are pH
dependent at pH range 5-8 showing a decrease in population to zero at pH 8 (Figure
3.36F). The basic limb of an experimentally measured pH-activity profile (green
circles) of human AMCase is in a good agreement with the computational pH-activity
profile (green line). This pKa can be interpreted simply as a result of the ionization of
the residue on the basic side of the curve with a pKa of 6.3 £ 0.1 and 6.2 £ 0.1 from
experimental and computational profiles that correspond to the calculated pKa of
Glu140. However, the pKa which represents the ionization of the residue on the acidic
side of the curve, could not be determined accurately, since the shoulder seen between

pH 1 and 4 indicates a residue that is always deprotonated.
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3.16.2 Computational pH-profiles for holo structures
3.16.2.1 Chitotriosidase from human

The experimentally measured Kkea-pH profile of human
chitotriosidase was determined using an assay with 4-methylumbelliferyl -D-N, N’,
N"-triacetylchitotrioside (4MU-GIcNAcs3) and showed a bell-shaped profile with an
optimum pH that was relatively broad and peaks around pH 6 (Boot et al., 2005). The
calculated pKa values of D136, D138 and E140 were found to be 3.3, 10.3 and 7.4,
respectively (Figure 3.37A). The Asp136 is suggested to be deprotonated whereas the
Asp138 and Glu140 are suggested to be protonated. Human chitotriosidase in complex
with chitobiose (GIcNAc2) has a computational pH-activity profile which is
approximately bell-shaped with an optimum pH around 5-6. For a hypothetical three-
group system of D136, D138 and E140, the protonation state populations are pH
dependent. In the pH range 1-5, populations rapidly increased from 0.46 to a maximum
population around 0.99 at pH 5.5 and then rapidly decreased to zero at pH 9 (Figure
3.38A). The acidic limb of an experimentally measured pH-activity profile (green
circles) of human chitotriosidase showed an upward shift compared to the
computational pH-activity profile (green line). This pKa can be interpreted simply as a
result of the ionization of a residue on the acidic side of the curve with a pKa of 3.6 +
0.1 and 1.8 £ 0.1 from experimental and computational profiles that are close to the
calculated pKa of Asp136. The basic limb of an experimentally measured pH-activity
profile (green circles) of human chitotriosidase showed an upward shift using the
computational pH-activity profile (green line) and this pKa can be interpreted simply as

a result of the ionization of a residue on the basic side of the curve with a pKa of 7.3 +
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0.1 and 6.9 £ 0.1 from experimental and computational profiles that are close to the

calculated pKa of Glu140.

3.16.2.2 Hevamine A from Hevea brasilliensis (HbChi)

The experimentally measured kea-pH profile of HbChi was
determined using an assay with chitopentaose (GICNAcs) and showed a bell-shaped
profile with an optimum pH at pH 2-3 with no activity remaining at pH 8 and above
(Bokma et al., 2002). The calculated pKa values of D123, D125 and E127 were found
to be 0.7, 12.2 and 5.8, respectively (Figure 3.37B). The Asp123 is suggested to be
deprotonated whereas the Aspl25 and Glul27 are suggested to be protonated.
Hevamine A in complex with chitotriose (GIcNAcs3) has a computational pH-activity
profile which is approximately bell-shaped with an optimum pH around 2-4. For a
hypothetical three-group system of D123, D125 and E127, the protonation state
populations are pH dependent. At pH range 1-3, populations rapidly increased from
0.26 to a maximum population around 0.99 at pH 3 and then decreased to zero at pH 8
(Figure 3.38B). The acidic limb of an experimentally measured pH-activity profile
(green circles) of HbChi showed a good agreement with the computed pH-activity
profile (green line). This pKa can be interpreted simply as a result of the ionization of a
residue on the acidic side of the curve with a pKas of 1.0 + 0.1 from only the
computational profile, that is close to the calculated pKa of Asp123 whereas the pKa
from an experimentally measured kea-pH profile cannot be determined since the
enzyme activity at pH below 2 was not measured. The basic limb of an experimentally
measured pH-activity profile (green circles) of HbChi showed a good agreement with

the computational pH-activity profile (green line) and this pKa can be interpreted simply
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as a result of the ionization of a residue on the basic side of the curve with a pKj of 5.2
+ 0.1 and 5.4 £ 0.1 from experimental and computational profiles that are close to the

calculated pKa of Glul127.
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Figure 3.37 The quality of the titration curves from the holo structures (A-B) used in

determining the pKa values.
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Figure 3.38 The computational pH-activity profiles of family 18 chitinases using the
complex structures with the natural substrates. The computational pH-activity profiles
of human chitotriosidase complexed with chitobiose (A) and hevamine A complexed
with chitotriose (B) are shown in a pH range from 0-9. The computational pH-activity
profiles (green curve) are compared with the experimentally measured pH-activity
profiles (green circles) that are scaled to the same unit. The green curve is the pink
curve (the population of the CCPS) normalized when the catalytic D1-D»-E triad was
modelled with D charged, D2 neutral and E neutral. The populations of the various

protonation states are also shown as mentioned above.
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3.17 pKa comparison between bacterial and human chitinases

pKavalues of the active-site residues in an enzyme are important for the catalytic
mechanisms, enzyme activity, pH-dependent conformational changes and protein
stability. Therefore comparison of pKa values of chitinases used here is important
having in mind that they differ in their structures and functions. The pH-activity profile
of family 18 chitinases has a broad pH-range from 2-9 and is determined by the pKa
values of its acidic active-site residues. In bacterial chitinases, VhChiA showed a Kcat-
pH profile with a broad optimum pH around 5-9 whereas SmChiB showed a Kcat-pH
profile with an optimum pH around 6-7. The difference in the optimum pH profiles may
stem from the different pKa values of active site residues, D1, D2 and E in both bacterial
enzymes. Namely, the calculated pKa values of D311, D313 and E315 of VhChiA are
found to be less than 0, 16.0 and 8.4, respectively, whereas the calculated pKa values of
D140, D142 and E144 of SmChiB are found to be less than 0, 15.1 and 7.1, respectively
(Figure 3.39A). The pKa of D1 (D311 in VhChiA and D140 in SmChiB) cannot be
distinguished between both bacterial chitinases since its pKa is found to be less than 0.
The pKa of D2 (D313 in VhChiA and D142 in SmChiB) is different by only 0.9 pH units
whereas the pKa of E (E315 in VhChiA and E144 in SmChiB) is different by about 1.3
pH units. In comparison with human AMCase, VhChiA showed a Kea/Km-pH profile
with an optimum pH around 5-6 whereas human AMCase showed a kcat/Km-pH profile
with an optimum pH around 4-5. The pKa of D: (D311 in VhChiA and D136 in
HsAMCase) cannot be distinguished between bacterial and human chitinases since its
pKa is found to be less than 0. The pK, of D2 (D313 in VhChiA and D138 in HSAMCase)
is different by about 2.6 pH units whereas the pKa of E (E315 in VhChiA and E140 in

HsAMCase) is different by about 2.0 pH units (Figure 3.39B).
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Interestingly, the active site topologies between chitinases are not the same. The
crystal structure of VhChiA was compared with the crystal structures of SmChiB and
HsAMCase. A DALI pairwise comparison (Hasegawa and Holm, 2009) showed that
the crystal structure of the catalytic domain of VhChiA (PDB code: 3B8S) has a fold
similar to the crystal structure of the catalytic domain of SmChiB (PDB code: 1E15)
with Z-score = 37.7, RMSD 2.3 A over 352 residues and 30% sequence identity,
whereas the crystal structure of the catalytic domain of VhChiA (PDB code: 3B8S) has
a fold similar to the crystal structure of the catalytic domain of HsChiB (PDB code:
3FXY) with Z-score = 44.4, RMSD 1.8 A over 348 residues and 28% sequence identity.
A DALI alignment suggests that VhChiA has a fold more similar to HSAMCase than to
SmChiB.

A close up of the sugar-binding pocket of VhChiA, SmChiB and HsAMCase is
shown in (Figure 3.39C-D). Even though the three chitinases have a conserved sugar-
binding pocket for longer chitooligosaccharides, some differences in substrate-binding
features between VhChiA and other two homologues were observed. As compared with
SmChiB (pink stick), the active-site residues of VhChiA (gray stick) with GICNACce
(yellow stick) showed that the sugar rings of GICNACcs from subsite -4 to +2 are in the
chair conformation with the exception of the distortion of -1 GICNAc into a boat
conformation and the twist of the scissile bond at subsite -1 and +1 before the bond
cleavage. The active site residues, D311, D313 and E315 of VhChiA are well aligned
with the active site residues, D140, D142, E144 of SmChiB and there are some shifts
in residues Y391, D392, W275, W397 and R463 of VhChiA as compared to the
equivalent residues in SmChiB (Figure 3.39C). The most significant difference is in the

position of W168 in VhChiA (equivalent to P14 in SmChiB). The presence of W168
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instead of P14 and other aromatic residues in the substrate-binding cleft may increase
the pKa of the Di-D,-E system. In comparison with human AMCase, the active site
residues D311, D313 and E315 of VhChiA are well aligned with the active site residues,
D136, D138, E140 of human AMCase and there are some shifts in residues Y391,
D392, W168, W275, W397, R463 and W570 of VhChiA as compared to the equivalent
residues in human AMCase (Figure 3.39D). The most significant difference is the
presence of R145 and H208 in human AMCase, which are equivalent to G320 and F387
in VhChiA, respectively. The presence of the basic residues R145 and H208 in the
substrate-binding cleft may decrease the pKa of the D1-D»-E system, resulting a lowered

pH optimum.
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Figure 3.39 A comparison of bacterial and human chitinases. The calculated active-site

pKa values D1, D2 and E of VhChiA were compared with the calculated active-site pKa

values D1, D2 and E of SmChiB (A) and HsSAMCase (B). Superimposition of the active

site residues of VhChiA (PDB code: 3B8S) in gray stick with SmChiB (PDB code:

1E15) in dark pink stick (C) and HsAMCase (PDB code: 3FXY) in blue stick (D) that

participate in sugar binding is shown. The substrate, GICNAcs was taken from the

crystal structure of VhChiA in complex with GIcNAcs (PDB code: 3B9A) and displayed

as yellow stick.



CHAPTER IV

DISCUSSION

4.1 Chitin degradation pathway of Vibrio harveyi

Chitin turnover in the marine biosphere depends upon the activities of marine
Vibrios (Jeuniaux and Voss-Foucart, 1991; Zobell and Rittenberg, 1938). The chitin
catabolic cascade of the Vibrios has been demonstrated to incorporate a large number
of genes and enzymes, which are orchestrated in a complex signal transduction pathway
(Figure 4.1) (Bassler et al., 1991; Jeuniaux and Voss-Foucart, 1991; Keyhani
and Roseman, 1999; Li and Roseman, 2004; Park et al., 2000; Yu et al., 1991; Zobell
and Rittenberg, 1938). We previously identified and characterized three biological
components of the chitin catabolic pathway that are essential for chitin degradation and
chitin uptake by V. harveyi. Chitinase A (so-called VhChiA) is an endolytic enzyme
responsible for the breakdown of insoluble chitin chains into small, soluble
chitooligosaccharides (Suginta et al., 2004; Suginta et al., 2005), while chitoporin (so-
called VhChiP), a sugar-specific porin located in the outer membrane of the bacterium,
is responsible for chitooligosaccharide uptake (Suginta, Chumjan, Mahendran, Janning
et al., 2013; Suginta, Chumjan, Mahendran, Schulte et al., 2013). The last component
is f-N-acetylglucosaminidase (known as VhGIcNAcase), an exolytic enzyme capable
of degrading the transported chitooligosaccharides to GIcNAc monomers, which then

act as signalling molecules that regulate the downstream cascade of the chitin catabolic
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pathway, through the activation of the chitin sensor (ChiS) (Hunt et al., 2008; Keyhani

and Roseman, 1999).
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Figure 4.1 Model of the chitin degradation cascade of the marine bacterium Vibrio

harveyi (modified from Li and Roseman, 2004; Suginta et al., 2013).
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4.2 Probing the catalytic residues of VhGIcNAcases by chemical rescue

VhGIcNAcase, a novel member of the GH20 GIcNAcase family, contains four
GIcNACc binding subsites (-1), (+1), (+2) and (+3), and exhibits its greatest activity with
chitotetraose (Suginta et al., 2010). Amino acid sequence comparison with other
GlcNAcases and our 3D-structure, modelled on the known 3D structure of SmMCHB
(Figure 3.1A-C), suggested that two invariant acidic side-chain pairs, Asp303-Asp304
and Asp437-Glu438, could be important for catalysis. Both acidic pairs lie in close
proximity to the cleavage site (-1 subsite) and have equal opportunity to act as the
catalytic couple. In this study, we performed site-directed mutagenesis, followed by
chemical rescue assay to identify the catalytic couple. In the first set of experiments,
we observed that point mutations of four invariant acid residues (Asp303, Asp304,
Asp437 and Glu438) caused a drastic loss of the enzymic activity of VhGIcNAcase
toward a synthetic substrate, pNP-GIcNAc. Notably, mutations of Asp437 to Ala
(mutant D437A) and Glu438 to Ala (mutant E438A) abolished the activity almost
completely, confirming that these acidic residues play important roles in chitin
degradation.

In the next experiment, we observed that among various sodium salts, sodium
azide greatly inhibited the activity of VhGIcNAcase WT, but sodium formate produced
only weak inhibition (Figure 3.9). Such observations were consistent with our previous
report that sodium azide acted as a potent competitive inhibitor of VhGIcNAcase
(Sirimontree et al., 2015). Both azide and formate ions, the forms of sodium azide and
sodium formate, respectively, that exist in buffered solution, are strong nucleophiles
(Comfort et al., 2007; Zechel and Withers, 2001). Therefore, their ability to rescue

enzymic activity of inactive mutants through nucleophilic effect has been employed to
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elucidate the catalytic mechanism of several retaining glycoside hydrolases (Cobucci-
Ponzano et al., 2003; Paal et al., 2004; Shallom et al., 2002; Vallmitjana et al., 2001;
Viladot et al., 1998). In our study, their inhibitory effects on the mutant forms of
VhGIcNAcase were significantly less than on WT, suggesting that the inactivating
effects of the active-site mutations were partially eliminated when azide or formate was
included in the assay reaction. Formate ion seemed to act as the more potent
nucleophile, as we observed its greater chemical rescue effect on the mutants D437A
and E438A/Q, as compared to azide ion; the enzymic activity of the mutant D437A was
even enhanced by formate, but not by azide. The less effective chemical rescue
produced by azide ion may result from its linear geometry, which allows only a poor fit
into the catalytic pocket of VhGIcNAcase. In contrast formate ion, which has trigonal
planar geometry, may accurately mimic the carboxylate side chain of Asp437 (Figure
3.8). Therefore, the activity loss due to the interruption of the catalytic cycle, caused by
loss of the natural nucleophile upon replacement of Asp437 with Ala, could be re-
established in the presence of this small exogenous nucleophile.

Lineweaver Burk plots of 1/vo vs. 1/[s] at different formate concentrations
(Figure 3.12C) yielded linear lines that intersect above the x-axis, agreeing with the
mixed-type mode of binding. The results suggested that formate ion could interact with
both unliganded D437A (E™") and ligand-bound D437A (E™'S), but the enhanced
activity would occur only when formate ion bound to the enzyme-substrate complex.
Figure 4.2 shows the proposed mechanism, in which formate ion increases the rate of
pNP-glycoside hydrolysis by replacing the substituted side-chain of Asp437 in the
catalytic pocket of the D437A-substrate complex. The restoration of the enzyme

activity observed with the mutant D437A suggested a crucial role for Asp437 as the
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catalytic nucleophile in both the glycosylation and deglycosylation steps of the
substrate-assisted mechanism proposed for GH20 GIcNAcases (Williams et al., 2002).

The absence of any shift in the optimal pH in the pH-activity profiles of the
VhGIcNAcase WT and the D437A mutant suggested that D437 did not facilitate bond
cleavage by lowering the pKa value of its catalytic partner Glu438. This is a major
difference in the catalytic role of Asp437 in VhGIcNAcase from Asp313 in SpHex. In
the case of SpHex, the D313A mutant was shown to increase the optimal pH value from
5.0 to 7.5, the pH/activity data suggesting a significant contribution to bond cleavage
by Asp313 (Williams et al., 2002).

When compared with SpHex (Williams et al., 2002), the effects of formate ion
on the VhGIcNAcase inactive mutant showed completely different mechanistic details
from the effects of azide ion on the SpHex inactive mutant. As clearly illustrated in
Figure 4.2A, formate ion acts as an alternative nucleophile to Asp437. In our study, the
planar geometry of formate ion optimally replaced the missing -BCOQO" side chain of
D437A. In our proposed mechanism, formate ion (HCOO") accepts a proton from the
-NH of the C2-acetamido group of the oxazolinium intermediate that is generated in
course of the scissile-bond cleavage by the acid catalyst Glu438. Such a covalent bond
formation would aid the stabilization of the oxazolinium intermediate in the
glycosylation step. In addition, the nucleophilic attack by formate ion would help to
orient the positively-charged C1 of the reaction intermediate, so as to react with the
neighbouring water molecule in the subsequent deglycosylation step, leading to
hydrolysis and retaining the configuration of the GICNAc product. The diagram shown

in Figure 4.2A clearly emphasizes the role of Asp437 as a catalytic nucleophile, through
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the rescue function of formate ion, to stabilize the reaction intermediate at glycosylation
and deglycosylation steps of the enzyme-substrate complex.

In marked contrast, azide ion rescued the GIcNAcase activity of SpHex inactive
mutant (D313A) by acting as an alternative nucleophile to water (not to Asp313). As
shown in Figure 4.2B, azide ion does not mimic the nucleophilic role of Asp313, but
the result of the nucleophilic attack by azide ion was to open the oxazolinium ion
intermediate mainly in the deglycosylation step. This proposed mechanism was
supported by the kinetic analysis, which showed a much greater increase in the first-
order rate constant ratio (apparent Kcat)/kcat (16-fold) than in the second-order rate
constant ratio (apparent Kcat/Km)/(Keat/Km) (5-fold). With VhGIcNAcase, formate-
mediated chemical rescue produced similar increases in (apparent Keat)/Keat, and
(apparent Keat/Km)/(keat/Km) (2.5- and 1.9-fold respectively). Such analysis suggested
that the exogenous nucleophile restored the activity of the D437A mutant by
accelerating both rates of deglycosylation (as reflected by the apparent kcat) and
glycosylation (as reflected by the apparent kca/Km). It is noteworthy that the rescue
effect observed for our inactive VhGIcNAcase was not dramatic, and this may reflect
the reactivity of the leaving group on the tested substrate. pNP-GIcNAc contains a poor
leaving group, so is much less susceptible to enzymic hydrolysis than 2,4-DNPGIcNAc
and 3,5-DNPGIcNAc, which contain strong leaving groups. Similar results were
reported by Vallmitjana et al., 2001. They observed only a 3 fold enhancement of Keat
when pNP-GIcNAc was used as the substrate for the g-glucosidase assay of the
nucleophilic inactive mutant E178A, while 188 fold kca: enhancement was observed
when 2,4-DNPGIcNAc was the substrate. This would explain the modest 2.5 fold

increase in keat for VhGIcNAcase inactive mutant with pNP-GICNAc as substrate,
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compared to SpHex, which showed a 16 fold increase in kcat with 3,5-DNPGIcNAC

substrate (Williams et al., 2002).
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Figure 4.2 Proposed mechanism of nucleophile-mediated chemical rescue with the

inactive mutant of GH20 GIcNAcases. (A) Proposed mechanism of formate-mediated

chemical rescue with the VhGIcNAcase D437A mutant. Formate ion is involved in both

glycosylation and deglycosylation steps by providing charge stabilization of transition

states that flank the oxazolinium ion. (B) Proposed mechanism of azide-mediated

chemical rescue with the SpHex D313A mutant. The azide ion acts in the

deglycosylation step by opening the oxazolinium ion intermediate (Williams et al.,

2002). Hydroxyl groups and C6 have been omitted for clarity.
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4.3 Expression, purification and molecular weight determination of

VhGIcNAcases

The gene encoding VhGIcNAcase was cloned in the pQE-60 expression vector
and all of the mutants were generated using the full-length VhGIcNAcase cDNA as a
template (Suginta et al., 2010). Both wild-type and mutated GICNAcases were
expressed in E. coli M15 (pREP) cells as C-terminally Hiss-tagged polypeptides that
could be readily purified by cobalt affinity chromatography. For crystallization
purposes, the wild type VhGIcNAcases was further purified using low-salt equilibration
buffer (20 mM Tris-HCI buffer pH 8.0 containing 30 mM NaCl and 1 mM TCEP) by
HiPrep (16/60) Sephacryl S-200 HR gel-filtration chromatography for getting a high
purity and avoiding salt crystals. A chromatographic profile of the wild-type
VhGIcNAcases obtained from gel filtration showed that the enzyme was found in two
peaks (Figure 3.14A). As confirmed by native PAGE, the first peak was supposed to be
aggregated protein with a molecular mass that was too large to enter the gel (Figure
3.14B, lane 1), while the second peak was non-aggregated protein that migrated with
an apparent molecular mass of 75 kDa (Figure 3.14B, lane 2), corresponding to the
monomeric form of VhGIcNAcase. In addition, the molecular mass of VhGIcNAcase
calculated from a protein standard curve taken from size-exclusion chromatography
was found to be 76.42 kDa (Figure 3.15B), confirming a monomeric form of
VhGIcNAcase in solution. PISA analysis (Krissinel and Henrick, 2007) predicted no
dimer formation in solution through this interface, which is consistent with the
molecular mass of the active enzyme (~75 kDa) obtained from size-exclusion

chromatography. The chromatographic profile of the D437A mutant was similar to that
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of the wild-type enzyme, but the void peak was not seen, since the higher salt

concentration helped to improve the protein solubility.

4.4 Crystallization and structure determination of VhGIcNAcases

Conditions for VhGIcNAcase crystallization were initially screened using the
sitting-drop vapour-diffusion method and further optimized by the hanging-drop
vapour-diffusion method. After optimization in various conditions, good-quality
crystals of the wild-type enzyme were obtained from the condition: 0.1 M sodium
acetate pH 4.6, 1.4 M sodium malonate (Figure 3.22A), which diffracted to 2.4 A
resolution. The crystals of wild-type VhGIcNAcase grown under this condition were
soaked with the GICNAc: substrate for a short time (5 min) but without success. We
also tried soaking the crystals of the native enzyme with the natural substrate GICNAC:
for various times, but we could not obtain X-ray diffraction data for the GIcNAcase-
GIcNAc2 complex because the substrate was degraded by the active enzyme. As the
dimers formed in the crystals block some part of the active site, especially the +1
subsite, there would be insufficient space for accommodation of a larger ligand like
GIcNACc. Finally, the native enzyme complexed with a single GIcNAc molecule at -1
subsite was obtained under this condition. For the D437A mutant, the good-quality
crystals were obtained from the condition: 20% (w/v) PEG 3350, 0.1 M Bis-Tris pH
7.5, 0.2 M sodium acetate (Figure 3.22B). We failed to obtain the inactive mutant
D437A complexed with GIcNAc: either by both soaking or by co-crystallization,
probably because substitution of the Asp437 residue with Ala affects not only the
catalytic activity but also the affinity of the enzyme for its substrate. Both wild-type

VhGIcNAcase and the D437A mutant crystals appeared as thick three-dimensional
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plates and had a similar monoclinic space group P21 in which the refined unit-cell
parameters of the wild-type crystal are a = 90.2, b = 130.7, c = 98.5 A, a = 90°, B =
113° and y = 90°. The D437A mutant crystals also grew under the condition: 0.1 M
MES pH 6.5 and 1.2 M sodium malonate as rod-shaped crystals belonging to the
tetragonal space group P432:2 (Figure 3.17D), with unit-cell parameters a = 165.1, b =
165.1, ¢ = 155.2 A (Table 3.6). This difference could be explained by the crystal
packing from different conditions used for growing crystals. The final statistics for the
refinement of three forms of wild-type VhGIcNAcase, wild-type VhGIcNAcase in
complex with GIcNAc and the D437A mutant were completed with Ractor Values of
23.4%, 20.8% and 19.9%, respectively and Ryree Values of 26.4%, 25.2% and 25.0%,
respectively (Table 3.7), indicating that all the structures were well refined.

The three-dimensional structure of GH20 VhGIcNAcase consists of three
distinct domains (Figure 3.25). The first N-terminal domain of VhGIcNAcase belongs
to the carbohydrate-binding domain (CBD) in which the topology is very similar to the
chitin-binding domain of chitinase A from the same species (Songsiriritthigul et al.,
2008). The second domain of VhGIcNAcase has the most similar topology with the o+p
topology domain of other GH20 p-hexosaminidases (Mark et al., 2001; Tews et al.,
1996) but the function of this domain is still unknown. Third, the major (B/a)s TIM-
barrel fold serves for the enzyme catalysis. However, the positions of a5 and a7 of the
(B/a)s-barrel structure of VhGIcNAcase are missing and there is an extra helix at the
end of a8. A similar structure is also found in human HexB (Mark et al., 2003) and
seems the common structural feature with other family 20 glycoside hydrolases.

Although there are two molecules per asymmetric unit in the crystal structures

of VhGIcNAcase, the estimated molecular mass of VhGIcNAcase from size-exclusion
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chromatography was calculated to be 76.42 kDa, suggesting a monomeric form of
VhGIcNAcase in solution. Therefore, the two molecules per asymmetric unit seen in
the crystal structures are a structural artifact.

The crystal structure of VhGIcNAcase in complex with the natural substrate
showed that the GIcNAc> was hydrolyzed by the wild-type crystals to GIcNAc
molecules (Meekrathok et al., 2015) of which one GIcNAc molecule remained at the
active site (Figure 3.25B). The hydrolytic product, GIcNAc was found at the most stable
subsite -1 and its conformation is similar to the other sugar conformations found in
S-hexosaminidase from Paenibacillus sp. TS12 (Hex1T; PDB code: 3GH5) (Sumida et
al., 2009) and from Streptomyces plicatus (SpHex; PDB code: 1M01) (Williams et al.,
2002).

The dimer interface was found in the active site pocket of VhGIcNAcase (Figure
3.26B-C). Interestingly, the side chain of Glu438 assumes two conformations (B factor
is 36.6 A?) depending on the binding with sugar. In the absence of sugar, the side chain
of Glu438 rotated away from the active site. However, in the presence of sugar, the side
chain of Glu438 rotated to the active site (Figure 3.26C). A similar conformational
change of the catalytic residue was also found in the insect -N-acetylhexosaminidase
(OfHex1). The crystal structures of wild-type OfHex1 and OfHex1 in complex with
TMG-chitotriomycin and PUGNAC revealed the obvious conformational changes of
the catalytic residue Glu368 (equivalent to Glu438 in VhGIcNAcase) (Liu, Zhang, Liu,
Chen et al., 2011; Liu, Zhang, Liu, Wu et al., 2011). In the absence of ligand, the side-
chain of Glu368 rotated away from the active site. In contrast, the side chain of Glu368
rotated toward the active site in the presence of TMG-chitotriomycin and PUGNAC. In

VhGIcNAcase, the polar groups are obviously located at the edge of the binding pocket
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and accommodate the inner GIcNAc for specific interactions. The exit of the negatively
charged catalytic pocket is blocked by Serl4-Asnl9 loop of the N-terminal
carbohydrate-binding domain of the neighbor molecule, which has a hydrophilic, but
rather uncharged surface, resulting in Glu438 of monomer A being located 7.4 A far
from the sugar.

In the absence of GICNAC, the catalytic Glu438 located at loop L4, widens the
pocket around the subsite -1 whereas the side chain of Asp437 moves to the acetamido
group of the GIcNAc (Figure 3.27A). Upon GIcNAc binding, the side chain of Glu438
also swings into the binding pocket, Asp437 moves toward the acetamido group of
GIcNAc, GIn398 and the indole side chain Trp505 rotates from its original position
closer to GIcNAc (Figure 3.27B), resulting in the edge of the substrate-binding pocket
around subsite -1 is more narrow around 1 A. This reflects conformational changes that
are induced upon sugar binding. The flexibility of Glu438 enables the bond cleavage of
chitooligosacharide bound between subsites -1 and +1 while the movement of Asp437
may help the enzyme to stabilize the transition state via interaction with acetamido

group of the substrate through substrate-assisted mechanism efficiency.

45 Comparison of VhGIcNAcases with other chitinases and

GIcNAcases

Apparently, the active site topologies of GIcNAcases and chitinases are not the
same. Most chitinases have an endolytic mode of action, containing a long and deep
binding groove for randomly binding with a very long chitooligosaccharide chain along
the substrate binding cleft (Perrakis et al., 1994; Songsiriritthigul et al., 2008). On the

other hand, most GIcNAcases are exolytic enzymes that digest the f-1,4-glycosidic
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bonds from the non-reducing end in N-acetylglucosamine oligomers (mainly dimers)
to N-acetylglucosamine (monomer). The active site of GIcNAcases is a small pocket in
the (B/a)s-barrel which is suitable for the recognition of smaller oligosaccharides or a
saccharide non-reducing extremity (Mark et al., 2001; Tews et al., 1996). This might
indicate that this enzyme group prefers smaller oligosaccharides.

GH20 enzymes have the property to hydrolyze a broad range of substrates,
including A(1-4), A(1-3), A(1-2) and p(1-6) glycosidic linkages as well as glycolipids,
glycoproteins or sulfated glycoconjugates (Conzelmann et al., 1978; Hechtman, 1977;
Intra et al., 2008; Jiang et al., 2011; Manuel et al., 2007; Mark et al., 1998; Sumida et
al., 2009). However, the VhGIcNAcase cannot hydrolyse substrates such as N-linked
glycans or gangliosides (Suginta et al.,, 2010). The substrate specificity of
VhGIcNAcase was compared with that of a homologue of VhGIcNAcase, Streptococcus
pneumoniae exo-f-N-acetylglucosaminidase (StrH) (Pluvinage et al., 2011), which is
involved in the complete degradation of N-linked glycans of its human host (King,
2010), facilitating this pathogenic bacterium to invade host tissue. A comparison of the
crystal structure of VhGIcNAcase with the StrH in complex with NGA2B reveals that
overhanging loops L2, L3 and L7 of VhGIcNAcase protrude to the active site of StrH
complexed with NGA2B, causing the substrate-binding region to be more narrow,
particularly, loop L7 in VhGIcNAcase clashing the NGA2B of StrH (Figure 3.32B-C).
This study confirmed that VhGIcNAcase cannot hydrolyse branched substrates like
glycans, unlike in the case of StrH.

The crystal structure of VhGIcNAcase was further compared with other GH20
GIcNAcases, many of which were also complexed with GIcNAc. The domain

organization of GH20 is different according to their amino acid sequence, length and
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arrangement. The crystal structures of VhGIcNAcase, SpHex and SmCHB are compared
in term of domain organization (Figure 3.28A). VhGIcNAcase is composed of three
domains as mentioned previously whereas of the other GH20 enzymes, the SpHex has
two domains comprising of 506 amino acids that are folded into the N-terminal domain
(I), called o+p topology domain, and the catalytic domain (II) containing a (B/a)s barrel
at the C-terminus (Mark et al., 2001). In marked contrast, SmMCHB is composed of four
domains designated as the N-terminal carbohydrate-binding domain (I), a+f topology
domain (Il), TIM-barrel catalytic domain (I11) and the C-terminal immunoglobulin-like
domain (IV) (Tews et al., 1996). The absence of N-terminal carbohydrate-binding
domain (1) and the C-terminal immunoglobulin-like domain (IV) opens up a large
groove that leads directly to a solvent-exposed active site at the C-terminal end of the
TIM barrel catalytic domain in SpHex. In GH20 GIcNAcases, the acidic groups found
in the sugar-binding pocket play an important role in proton donor/acceptor in catalysis
and substrate coordination through hydrogen bonds. The active sites of VhGIcNAcase
and the other two homologues are different. The sugar rings of VhGIcNAcase are well
aligned with the chair conformation of -1GIcNAc of SpHex and with the sugar ring of
-1GIcNAc of SmMCHB but in different conformations (Figure 3.29). Namely, at subsite
-1, the GIcNAc ring in VhGIcNAcase adopts the chair conformation whereas the
GIcNACc ring of SMCHB adopts the boat conformation, with the torsion angles of the
C. backbone that makes it susceptible to cleavage in active GIcNAcases, as found in
the GH20 enzymes (Liu, Zhang, Liu, Wu et al., 2011; Tews et al., 1996). However, the
outer GIcNAc from GIcNAc. showed a chair conformation at subsite +1. There are
conformational changes in residues Arg274, His373, Asp437, Glu438, Trp505, Trp546

and Glu584 as compared to SpHex and SmCHB (Figure 3.29). The most significant
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difference is the position of D437/E438 compared to the respective amino acids in the
homologues, as due to the dimer contact in the crystal of VhGIcNAcase D437/E438 is
pushed away from the sugar-binding pocket. However, as the Glu438 side chain of
VhGIcNAcase forms a salt bridge with the guanidyl group of Arg2l of the other
molecule in the dimer interface, the large distance to the GICNAc is most likely a result
of the dimer formed in the crystal and does not represent active the conformation of the
monomer in solution. The dimer formation most likely causes the structural
rearrangement of the loop next to D437/E438 causing their positions to be further from
GIcNACc than in SmMCHB (1QBB) and SpHex (1MO01). The presence of the charged
residues of H373, D303, R275 and E584 causes the active site to be very tight and
seems to block the entrance of the sugar beyond to subsite -2. The active site pocket
was found to be more open at +1 subsite and the presence of GICNAC at subsite +1 in
SmCHB suggests that Trp546 in VhGIcNAcase may play a role in stacking interactions

with the incoming sugar at subsite +1.

4.6 Kinetics of wild-type VhGIcNAcase and its mutants

The main binding features in the active site of GH20 GIcNAcases are polar and
charged residues, which form the hydrogen bonding network with the sugar as well as
aromatic residues that bind with the GIcNAc ring through hydrophobic interactions
(Figure 3.30). Within the active site, the amino acid side-chains and water molecules
form the hydrogen bonding network with the GIcNAc, located in the middle of the
TIM-barrel structure of catalytic domain at subsite -1. Considering the conformation
rotating to the GIcNAc, Glu438 faces the oxygen atom of the glycosidic linkage, and

may be the catalytic acid-base residue (although due to the crystal packing the D437-
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E438 containing loop is pressed away from the GIcNAc binding pocket). The side chain
of Asp437 is within 3.1 A of the acetamido group of the GIcNAc and may facilitate the
substrate-assisted retaining mechanism. The hydrolytic product, GICNAc, derived from
GIcNAC:2 and the position of the DE pair of Asp437-Glu438 are in a position around
the £-1,4 glycosidic oxygen which is the ester bond being cleaved. The hydrophobic
interactions between GICNAc and aromatic/ hydrophobic residues in the active site
surrounding the subsite -1 create the hydrophobic pocket wall in the active site. Trp582
was found to stack directly with the plane of the pyranose ring of the GICNAc at subsite
-1, and the interactions between the aromatic © electrons and polarized hydrogens of
the sugar ring are expected to contribute to the binding with sugar. All aromatic residues
are completely conserved with other GH20 enzymes and play an important role in
substrate binding (Mark et al., 2003; Mark et al., 2001).

Based on the sequence alignment of VhGIcNAcase with other GH20
GIcNAcases, the acidic groups were highly conserved in the TIM-barrel catalytic
domain serving for enzyme catalysis. The crystal structure of VhGIcCNAcase in complex
with GIcNAc revealed that the acidic residues such as Asp303, Asp304, Asp437,
Glu438, Asp532 and Glu584 that are completely aligned with Aspl191, Aspl92,
Asp313, Glu314, Asp395 and Glu444, respectively, of the SpHex, are located in the
active site pocket and interact with the GIcNAc. Interestingly, His373 is located
between these acidic groups and also highly conserved with other GH20 GIcNAcases.
The specific hydrolyzing activity and kinetics of VhGIcNAcase and its mutants D303A,
D304A, D437N, D437A, E438Q, E438D, E438A, D532A and E584A were measured
with pNP-GIcNACc as substrate using the previously described assay (Suginta et al.,

2010). All mutants showed a decrease in hydrolyzing activity against pNP-GICNAc
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(Figure 3.31). Mutations of the expected catalytic DE pair, D437-E438 showed a
strongly decreased hydrolyzing activity as compared to the wild-type enzyme. Kinetics
of wild-type VhGIcNAcase and its mutants showed that all mutants except E438 lost
the binding affinity and enzymatic activity against pNP-GIcNAc which are reflected by
the Km and kea/Km, respectively (Table 3.9). Mutations of the expected catalytic DE
pair, D437-E438 showed a strongly decreased activity as compared with the wild-type
enzyme. Mutants of D437 increase Km against pNP-GIcNAc about 4.2-fold and 3.7-
fold for the mutants D437A and D437N, respectively. The mutant D437A had very low
Keat, yielding the very low Kea/Km of 0.36 s mM™ whereas the mutant D437N had high
Km and the lowest Keat, yielding the lowest Kea/Km of 0.04 st mM™ towards pNP-
GIcNAc. The reductions in the keat/Km values for these mutants are mainly reflected by
the decrease in the kcat values. The replacement with either Ala or Asn in the side chain
of Asp437 may have effects on the transition state stabilization. The reduction in
catalytic activity of the mutants D437A and D437N are a result of the changed charge
of the amino acid, which results in the destabilization of reaction intermediates in the
transition states. Mutations of E438 also showed that the mutants E438A, E438D and
E438Q showed a slightly increased Km (correlating to a decreased binding affinity) but
strongly decreased hydrolyzing activity against pNP-GICNAc. The relative Kcat/Km
values of E438A, E438D, E438Q were 0.28%, 0.30% and 0.35%, respectively. This
finding provided supporting evidence that the presence of E438 around the cleavage
site is important as the catalytic residue. Additionally, it was previously reported that
changing a pair of Asp313-Glu314 in SpHex (Mark et al., 1998; Williams et al., 2002)
and Asp539-Glu540 in SmCHB (Prag et al., 2000), which are the catalytic pair for both

GIcNAcases (equivalent to Asp437-Glu438 in VhGIcNAcase), showed a severely
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decreased enzymatic activity as compared with the wild-type enzyme. For example, in
wild-type SMCHB, the kcat/Km Value was reported to be 1.3 x 10" s mM. The mutant
D539A in SmMCHB had very low ke, yielding the very low kea/Km of 8.0 x 10% s
mM-(0.06% remaining activity) and the mutant E540A also had very low Kca, yielding
the low Keat/Km of 4.2 x 10° st mM (3.23% remaining activity) towards pNP-GICNAC
(Prag et al., 2000). In human, the catalytic pair of Asp354-Glu355 in HexB also showed
a strongly decreased activity after mutation (Hou et al., 2001). On the other hand, the
mutant E584A of VhGIcNAcase showed an overall catalytic activity of 32%, suggesting
that this residue is not crucial for enzyme catalysis. The most striking observations were
made with mutations of the DD pair, showing decreased activity to various extents. The
mutants D303A and D304A had a drastically decreased hydrolyzing activity (non-
detectable activity). However, mutations to asparagine revealed that both D303N and
D304N still had remaining activity that is reflected by kea/Km of 1.8% and 0.75%,
respectively. The difference in residual activity is a consequence of the amino-acid
substitutions with different properties. As seen in Figure 3.30A, the GIcNAc is tightly
anchored via hydrogen bonds at the OH3 and OH4 groups of the GIcNAc to Arg274
which is held in place by polar interactions with Asp271, Asp303, Asp304, Glu305 and
water molecules in which the terminal amino groups of Arg274 make hydrogen bonds
to Asp271 and Asp303. The carboxyl group of Asp303 also makes hydrogen bonds
with Asp304, Arg274 and a water molecule coordinated with the GIcNAc substrate and
the salt bridge most often arises from the anionic carboxylate of Asp or Glu (D271,
D303, D304, E305 and E584) and the cationic guanidinium of Arg274. Mutations to
Ala completely abolished the hydrogen bonding network, polar and electrostatic

intereactions whereas mutations to Asn may maintain the polar interactions to various
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extents. The acidic pair, Asp303-Asp304 is suggested to play a concerted role with the
other charged/polar residues in the active-site pocket for holding the Arg274 in place
by polar interaction and hydrogen bonding. Additionally, mutation of H373 showed a
drastic decrease in overall catalytic efficiency (kca/Km) as compared with the wild-type
enzyme. H373 is located between the acidic groups of D303, D304 and D437, and
deprotonates D437, thereby increasing its potential to stabilize the substrate-mediated
transition state. Removing the imidazole ring by H373A mutation prevents stabilization
of D437 and proton subtraction as well as an indirect interaction with the GIcNAc
through a water molecule. The mutation studies indicate that E438-D437 are the
catalytic residues, while the D303-D304 and E584 are involved in substrate
coordination, and reduce binding upon charge inversion or removal.

Taken together with data obtained from the chemical rescue assay, kinetics and
complex structures, VhGIcNAcases supports the proposal of a substrate-assisted
mechanism of GH20 GIcNAcases, requiring the catalytic pair Asp437-Glu438 for
catalysis. The f-(1,4)-glycosidic oxygen of the GICNAc is protonated by the catalytic
E438 in VhGIcNAcase which acts as a general acid to facilitate departure of the leaving
group, leading to a bond cleavage (Figure 4.3). Subsequently, the primary nucleophile
which is the C2-acetamido group of the GIcCNAc moiety forms a positively charged
oxazolinium ion intermediate during the transition states. The deprotonated D437 in
VhGIcNAcase plays a critical role in orienting the C2-acetamido group and stabilizing
the transition states, while the deprotonated E438 in VhGIcNAcase, which acts as a
general base, aids attack of a water molecule at the anomeric carbon to hydrolyse the

reaction intermediate, yielding the product complex with the retained g-configuration.
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Figure 4.3 Proposed catalytic mechanism of GH20 VhGIcNAcase.

4.7 Common determinants of pKa calculations of GH18 chitinases

Family 18 chitinases contain a completely conserved DxDXE sequence motif.
The first Asp (D) is located in the TIM-barrel core at strand 4 and rather far from the
catalytic proton donor, glutamic acid (E) with the average distance between D1 and E
around 8.3 £ 0.1 A, which is too far for making a hydrogen bond between the D; and E
whereas the distances between the catalytic proton donor, glutamic acid (E) and the
oxygen in the scissile glycosidic bond range from 2.6-3.6 A. Mutational studies of the
DxDxE sequence motif were previously reported and suggested that the active-site
acidic residues are crucial for the catalytic function of chitinases. Similar findings were
also generated by mutations of the residues D1, D2 or E, forming inactive enzymes, for
example, D140A/N, D142A, E144A/Q in SmChiB (equivalent to D;, D> and E,
respectively) (Synstad et al., 2004), D313A/N and E315M/Q in VhChiA (equivalent to
D> and E, respectively) (Suginta et al., 2005; Suginta and Sritho, 2012) and residues
D313A and E315Q in SmChiA (equivalent to D> and E, respectively) (Papanikolau et
al., 2001). Additionally, the adjacent residues, tyrosine and aspartate (equivalent to

Y214 and D215 in SmChiB) are highly conserved in chitinases and proposed to help in
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catalysis. Mutation of Y214F in SmChiB showed a reduced activity by two orders of
magnitude whereas a mutation of D215 showed a decrease in activity to different
extents, namely, a greatly reduced activity of 1 x 10*-fold was displayed in D215A but
4.2% remaining activity was found in D215N (Synstad et al., 2004).

The pKa values of three acidic residues D1, D2 and E for 76 structures of 14
various chitinases were successfully calculated (Table 3.10 and 3.11) using the WIipKa
used for pKa calculation of active-site residues in other glycoside hydrolases (Joshi et
al., 2001; Nielsen and McCammon, 2003a) and can give accurate and useful
information (Nielsen and Vriend, 2001; Nielsen and McCammon, 2003a; Nielsen and
McCammon, 2003b).

An investigation of the conformation changes of three acidic residues, D1, D>
and E in family 18 chitinases revealed that the conformation of Dy is completely in the
‘up’ position whereas the conformation of E is almost in the ‘down’ position in both
free and bound enzymes (Table 3.10). The conformation of D> is in the ‘up’ or ‘down’
position depending on the ligand binding (Table 3.10). In the absence of ligand, the
distance between D1 (‘up’ position) and D2 (‘down’ position) for chitinases is found be
in a range 2.5-2.6 A, and these findings suggests that the D1 and D2 make a hydrogen
bond with each other. This aspect is found in family 18 chitinases such as ChiB from
Arthrobacter sp., ChiAl from B. circulans WL-12, ChiB and ChiA from S. marcescens,
ChiA from V. harveyi, Chil from C. immitis, chitotriosidase and AMCase from human.
In most chitinases, the calculated pKavalues of D are less than O whereas the pKavalues
of D, are on average around 11.3. The pKa calculations of D1 and D> strongly support
the proposal that the D:-D- pair in chitinases holds exactly one negative charge over

the whole accessible pH range, contributing to the destabilization of the buried negative
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charge on the D1. The calculated pKa (E) in all chitinase forms varied from 6.0 to 9.0,
indicating that this glutamate residue is protonated at pH values where the enzyme is in
the active form. A contribution of the calculated pKa values of three acidic residues Dy,
D> and E (Figure 3.34) for every chitinase form with some outliers, suggests that the
pKa values in the active sites of chitinases are quite consistent and the data presented
here provide a general picture of the active-site pKa in chitinases.

However, some D, residues do not move to the “up’ position in the presence of
ligand (Table 3.10). Ligands that are not fully occupied in the binding cleft, especially
at subsite -1, may not induce the conformation change of D». This aspect is supported
by the crystal structures of AfChiB1 in complex with the inhibitors, i.e., the D2 is in the
‘down’ when it bound with theophylline (PDB code: 2A3A), caffeine (PDB code:
2A3B) and pentoxifylline (PDB code: 2A3C). In contrast, the D, is in the ‘up’
conformation for making a hydrogen bond with the reaction intermediate analog,
allosamidin (Rao et al., 2005).

In six structures, D1 and D> showed calculated non-HH titration curves with
fluctuations, resulting in an inaccurate pKa value. This aspect is not uncommon in
detecting functional sites in proteins since the inter-atomic distance between Dy and D2
may be too short and have strong electrostatic interaction energies, which are typically
found in enzyme active sites. In a related study, the key residues with such perturbed
curves occur in the active site (Ondrechen et al., 2001) and many of these key residues
are charged residues that are located in unfavorable electrostatic interaction energy
environments (Elcock, 2001). Interestingly, the conformation of D- is also occupied
either in the ‘down’ or ‘up’ position (Table 3.10). In a high-resolution crystal structure

of SmChiA without ligand (PDB code: 1EDQ), the side chain of Asp142 (equivalent to
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D) has two conformations. Due to the very short distance (2.3 A) between D1 and Dy,
the pKa values of D1 and D2 could not be calculated due to a strong electrostatic
interaction between D1 and D2 as mentioned previously, but the pKa of E is still around
7.4 as usual.

The pKavalues of Dy, D2 and E calculated from the structures complexed with
the natural substrates or inhibitors (holo structure) were further investigated in details
and compared to the ligand-free structures (apo and apo-generated structures) as shown
in Table 3.11. The conformations of Di, D2 and E in five chitinases are found
completely to be “up’, ‘up’ and ‘down’ upon ligand binding. Most bound chitinases
show that a rotation of Asp (D2) towards Glu (E) is more favourable as this brings the
change closer to the solvent, allowing charge dispersion through sharing a proton with
glutamate. The conformation of the Aspl42 from SmChiB and the Asp313 from
SmChiA (equivalent to D) is found to be in the ‘down’ position in the apo enzyme as
mentioned previously (Table 3.10) but the conformation of D, is changed to the ‘up’
position in the complex with allosamidin (van Aalten et al., 2001; Papanikolau et al.,
2003) which is similar to what was found in chitotriosidase in complex with the
substrate, GICNAc, (Fusetti et al., 2002). Crystal structures of SmChiA-Y390F in
complex with GIcNAcs (Papanikolau et al., 2001) and SmChiB-E144Q in complex with
GIcNACs (van Aalten et al., 2001) showed that there is no space for D> to rotate back
and forth when the substrate is bound. The results obtained from this investigation
indicated that the rotation of D2 towards the substrate may happen concomitantly with
ligand-binding and substrate-distortion (Synstad et al., 2004). In the absence of ligand,
most calculated pKavalues of D1 are less than 0, however, the calculated pKa values of

D are increased in the presence of the natural substrates as shown in hevamine A in
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complex with GIcNAc3z (PDB code: 1HVQ) (Terwisscha van Scheltinga et al., 1994)
and chitotriosidase in complex with GIcNAc, (PDB code: 1LG1) (Fusetti et al., 2002),
suggesting that the charges and radii of ligands affect the pKa values of Di. The
calculated pKa values of D> for all five structures are still higher than D1 and showed
average values around 13.1 £ 0.8, 13.7 £ 1.2 and 12.4 + 1.1 for the apo, apo-generated
and holo structures, respectively. D> is located between Dy and E in which the mutual
electrostatic repulsion between the carboxylate groups may elevate the pKa values. In
bacterial chitinases (SmChiA and SmChiB) bound with the ligand, the D> side chain
detaches from D: and rotates to form a hydrogen bond with the side chain of Glu (E),
resulting in a decrease of the calculated pKa (E) (see 1E15 vs 1E6R and 1CTN vs 1FFQ
in Table 3.10). It is plausible that the protonated D, close to the protonated E (2.5 A in
SmChiA and 2.7 A in SmChiB for D, and E) increases the acidity of the proton or lowers
the pKa value on the protonated E that acts as the catalytic proton donor, leading to
powerful assistance of leaving group departure and pulls electrons from the protonated
E towards the developing positive charge that will become the oxazolinium ion
intermediate during catalysis. In addition, a large decrease in all calculated pKa values
of E between the holo structures (bound enzyme) and the apo-generated structure (free
enzyme) (Table 3.11), suggests that the ligand also helps to lower the pKavalues of the
catalytic acid E, facilitating bond cleavage.

pKa calculations by the theoritical program (WIpKa) do not apply to the real
situation during catalysis such as when the partial charges are formed, and with covalent
bonds being formed and broken in the transition states. Structural details such as
resolution and protein structure check scores should be considered (Table 3.10 and

3.11) and very low resolution structures should be avoided since different structures
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can give different results in the quality of the calculated pKa values, especially in the

active site (Nielsen and McCammon, 2003b).

4.8 Computational pH activity profiles of GH18 chitinases

The computational pH-activity profiles of family 18 chitinases were predicted
based on three acidic active-site residues (D1, D2 and E) that are in close proximity and
completely conserved in family 18 chitinases (Figure 3.33A-B). These D1-D»-E groups
must be in a specific protonation state to provide the proton or charges required in
catalytic mechanism and in this study, the catalytically competent protonation state
(CCPS) of the D1-D»-E of chitinases was supposed to be charged, neutral and neutral,
respectively. This hypothesis has been supported by inspecting the crystal structures in
complex with their natural substrates and the reaction intermediate analogues and
kinetics by site-directed mutagenesis also give an insight into the catalytic mechanism
(Terwisscha van Scheltinga et al., 1994; Papanikolau et al., 2001; van Aalten et al.,
2001 Bokma et al., 2002; Bortone et al., 2002; Suginta and Sritho, 2012).

The computational pH-profiles predicted based on the calculations of D1, D>
and E in apo enzymes (Figure 3.36) are equivalent to the kcat/Km-pH profiles. However,
the experimentally measured pH profiles available in previous work exist as both
Keat/ Km-pH profiles (Chou et al., 2006; Hurtado-Guerrero and van Aalten, 2007; Suginta
and Sritho, 2012) and kcat-pH profiles (van Aalten et al., 2001; Boot et al., 2005; Zees
et al., 2009). The basic limb of computational pH profiles (equivalent to Kcat/Km-pH
profiles) of VhChiA and human AMCase showed a good agreement with their
experimentally measured kcat/Km-pH profiles and the pKa from the experimental and

computational profiles are most likely to be the calculated pKa of Glu (E). The acidic
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limb of the computational pH profiles from VhChiA, ScChi and human AMCase could
not be determined accurately (Figure 3.36) since the residue on the acidic side of the
curve is always deprotonated and most likely to be the charged form of Dy, showing its
pKa less than zero. Unlike with VhChiA and human AMCase, the computational pH
profiles of ScChil show an upward shift around 1 pH unit as compared with its
experimentally measured kcat/Km-pH profile. In the other case, the computational pH-
profiles (equivalent to Kea/Km-pH profiles) of SmChiB, SmChiA and human
chitotriosidase showed a downward shift as compared with the experimentally
measured Keat-pH profiles. This is not uncommon for a comparison of Keat/Km- and Kcat-
pH profiles in which the pKa calculation with charge and radii of neutral substrates are
most likely to increase the pKa of Glu (E).

Unlike the computational pH-profiles predicted using apo enzymes, the
computational pH-profiles predicted based on the calculations of D1, D2 and E in holo
enzymes (Figure 3.38) are equivalent to the keat-pH profiles in which the apparent pKa
values reflect to the pKa values in the enzyme-substrate complex (Kyte, 1995). The
basic limb of computational pH profiles of human chitotriosidase complexed with
chitobiose and hevamine A complexed with chitotriose shows a good agreement with
their experimentally measured kca-pH profiles and its pKa from the experimental and
computational profiles are most likely to be the calculated pKa of Glu (E) whereas the
acidic limb and the pKa shows the ionization of the residue that are close to the
calculated pKa of Ds.

The mutational effects on the active site residues, D1, D2 or E to the pH activity
profile were previously reported. In SmChiB, the D140N mutant (equivalent to D)

displayed an acidic shift in the pH profile, indicating that the D140N mutation lowers
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the pKa of key catalytic residues (Synstad et al., 2004). Mutations of D313A/N in
VhChiA showed that the pH optimum for the D313 mutants (equivalent to D2) was
shifted upward by 0.8 pH units, indicating that the ionization of D313 influences the
protein environment around the cleavage site (Suginta and Sritho, 2012). These strongly
support the pKa calculations (Table 3.11) that D> helps to lower the pKa of the catalytic
residue Glu (E). The D2 is likely to play a role in pulling electrons from E towards the
developing positive charge that will become the oxazolinium ion intermediate during
catalysis, as discussed previously. Replacement by a less polarizable asparagine of D>
would reduce the ability for electron withdrawal.

The pH profiles from the calculations with substrate show a great improvement
in producing a more bell-shaped profile as compared with the profiles calculated
without the substrate. The difference in pH profiles can be caused by strong interactions
and mobility in the D1-D»-E system involved with several interacting groups. The pKa
calculations with the natural substrate are close to the real situation for the chitinase
activity assay against the chromogenic or fluorescent substrates. However, the
differences can be listed as follows: chitinase assays were carried out with different
substrates, buffers and pH that are not similar to the free energy-based pKa calculation.
In general, any pKa calculation will be more accurate if the pH used for solving the
crystal is closest to the pKa value that one is interested in. Such a complex of the human
chitotriosidase with GIcNAc, was obtained by soaking the crystals in GICNAcs with
CAPS buffer pH 10.6 to prevent acid-catalyzed hydrolysis of the substrate (Fusetti et
al., 2002) even though the pH optimum of the enzyme is around pH 6 (Boot et al.,
2005). However, the accuracy of the predictions and analyses using a pKa calculation

will always depend on the intrinsic pKa values and the site-site interaction energy
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matrix, which are highly dependent on the protein structure, force field, pKa calculation

parameter set up and procedures used in the pKa calculation.

4.9 Comparison of pKa values between bacterial and human chitinases

Chitinases from different sources have a broad range of pH optima, which are
determined by the pKa values of the titratable groups in the active site. In comparison
within bacterial chitinases, the kca-pH profiles of VhChiA and SmChiB are different,
namely VhChiA has a broad optimum pH around 5-9 while SmChiB has an optimum
pH around 6-7. The difference in the optimum pH profiles is from the calculated pKa
values of D, and E in VhChiA showing an increase as compared with SmChiB (Figure
3.39A). VhChiA is an endochitinase which cleaves the chitin chain randomly at internal
sites (Suginta et al., 2004) and has a groove-like structure (Songsiriritthigul et al., 2008)
whereas SmChiB is an exochitinase which hydrolyses the chitin chain from the non-
reducing end and successively releases diacetylchitobiose (GICNACc2) units and has a
tunnel-like structure (van Aalten et al., 2001). Although VhChiA and SmChiB have
different modes of chitin degradation and domain organization, the pKa calculation of
the active site residues D1, D2 and E do not show statistically different pKa values,
suggesting that the mode of enzyme action and 3D structure do not apply in the pKa
system. As compared with the human AMCase with its optimum Kea/Km-pH profile
around pH 4-5 (Chou et al., 2006), the pKa of D1 (D311 in VhChiA and D136 in
HsAMCase) cannot be distinguished but the pKa values of D2 and E of HSAMCase
showed a decrease of about 2.6 and 2.0 pH units, respectively as compared with
VhChiA (Figure 3.39B). A decrease in the pKa values of active site residues results in

the downward shift in its pH optimum to 4-5.
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In most chitinases, the active site clefts are lined with aromatic amino acids that
play an important role for substrate binding (van Aalten et al., 2000; Uchiyama et al.,
2001; Suginta et al., 2007; Songsiriritthigul et al., 2008). In VhChiA, the presence of
W168 instead of P14 in SmChiB and other aromatic residues line in the substrate-
binding cleft (Figure 3.39C) may increase the pKa of the D1-D2-E system. In human
AMCase, the presence of the basic residues R145 and H208 (equivalent to G320 and
F387 in VhChiA) in the substrate-binding cleft of human AMCase (Figure 3.39D) may
decrease the pKa of the D1-D»-E system, causing the pH optimum of human AMCase
to be lower than VhChiA. The surrounding environment of a titratable group plays an
important role in determining the pKa value of that residue. Environmental effects on

the pKa of titratable residues are summarized in Figure 4.4.
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Taken together, the pKa calculations of the active site residues and pH-profile
prediction lead to a proposed catalytic mechanism of family18 chitinases in general
(Figure 4.5). First: Pre-priming (Figure 4.5A), the enzyme is in the free form and the
acidic pair, D1 and D2 share a proton together with a distance around 2.5-2.6 A since
most pKavalues of D; are less than 0 whereas the pKavalues of D, are on average around
11.3. Second: Binding of substrate (Figure 4.5B), the side chain of D> abstracts a proton
from D; and rotates to form a hydrogen bond with the C2-acetamido group of the
GIcNAC at subsite -1. This can be seen in Table 3.10 and 3.11 showing the rotation of
D2 upon the ligand binding. Third: On formation of oxazolinium ion intermediate
(Figure 4.5C), the pyranose ring of -1GIcNAc is distorted to a boat or skewed boat
conformation. The side chain of D2 rotates toward the side chain of E and stabilizes the
reaction intermediate by forming two hydrogen bonds with the NH- of the C2-
acetamido group and with the carboxyl group of E. The glycosidic bond is then cleaved
by the nucleophilic attack of the carbonyl oxygen of the C2-acetamido group on C1,
with protonation of the glycosidic oxygen by E. Fourth: During hydrolysis of the
oxazolinium ion intermediate (Figure 4.5D), the nucleophilic attack from the activated
water molecule leads to the protonation of E and rotation back of the side chain of D>

to its original conformation where it shares a proton with D;.
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CHAPTER V

CONCLUSION

This research describes the functional and structural characterization of GH20
S-N-acetylglucosaminidase (GlcNAcase) from Vibrio harveyi and pKa calculations of
GHA18 chitinases. The studies are divided into three parts. The first part is focused on
the investigation of the catalytic residues of VhGIcNAcase by chemical rescue. All
mutants D303A, D303N, D304A, D304N, H373A, D4A37A, D437N, E438A, E438D,
E438Q, D532A and E584A of the VhGIcNAcase were successfully cloned with correct
sequence using the site-directed mutagenesis method. Each mutant was successfully
expressed in E. coli M15 (pREP) cells as a 652-amino acid polypeptide, including the
C-terminal (His)s sequence. In this study, we have demonstrated that an exogenous
nucleophile (formate ion) selectively enhances the enzymatic activity of an inactive
mutant VhGIcNAcase, D437A, in a concentration-dependent manner. However, the
activity of other active-site mutants (D303A/N, D304A/N, and E438A/Q) was not
significantly affected by the addition of this strong nucleophile. The rescued activity of
the D437A mutant suggests that Asp437 is the catalytic nucleophile, while its invariant
acidic partner Glu438 likely acts as a catalytic proton-donating residue. This
experimental evidence confirms that the residues Asp437 and Glu438, located in the
middle of the substrate-binding cleft in the modelled structure of GH20 VhGIcNAcase,
act as the catalytic pair in the catalytic cycle of chitooligosaccharide hydrolysis by this

enzyme.
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The second part provides the enzyme kinetics and structural insights into the
catalytic mechanism and binding of substrate to VhGIcNAcase, which plays an
important role in the chitin degradation process by hydrolyzing chitin fragments to N-
acetylglucosamine (GIcNAc) monomers. Three crystal structures of VhGIcNAcase, a
catalytically inactive mutant D437A and the wild type, in the absence and presence of
N-acetylglucosamine (GIcNACc), were solved. The VhGIcNAcase structure contains the
carbohydrate-binding domain, the o+f topology domain and the major (B/a)s TIM
barrel catalytic domain which is similar to other GH20 GIcNAcases. Size-exclusion
chromatography showed that VhGIcNAcase is a monomeric enzyme with a MW of 75
kDa in solution. Enzyme kinetic analysis of the mutants in the active site suggests that
the catalytic DE pair, Asp437 and Glu438 may play an important role in the enzyme
catalysis. Superimposition of the crystal structures of ligand-free and ligand-bound
VhGIcNAcase suggests that binding of the GIcNAc induces local conformational
changes around the sugar-binding pocket that promotes the sugar-enzyme interactions
for substrate hydrolysis. The crystal structure of VhGIcNAcase in complex with
GIcNACc shows that the interaction with the sugar is mainly through a hydrogen bonding
network as well as hydrophobic interactions. The presence of loops L7 (residues 525-
551) seems to obstruct the binding pocket to larger substrates that contain branches. As
a result, the active site of VhGIcNAcase is a small pocket or crater that is suitable for
the recognition of smaller oligosaccharides at the non-reducing extremity.

The third part involved a calculation of the active site pKa values of the GH18
chitinases and confirmation of the catalytic mechanism based on the pKa calculation as
well as prediction the pH-activity profiles of chitinases. Family 18 chitinases contain a

completely conserved DxDXE sequence motif that plays a crucial role in catalysis. The
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conformation changes and pKa values of the active-site residues, D1, D2 and E studied
here are able to give us a general picture of the catalytic mechanism of GH18 chitinases.
We found that D1 is completely in the “up’ position whereas the catalytic proton donor
E is mainly in the ‘down’ position. D> is found in two conformations depending on the
bound ligand. The calculated pKavalues of D; are less than 0 whereas the pKa values of
D2 have an average value around 11.3. The calculations of D1 and D> strongly suggest
that the D;-D> pair in chitinases holds exactly one negative charge over the whole
accessible pH range contributing to the destabilization of the buried negative charge on
the Di. The calculated pKa values of E in all the chitinases varied from 6.0 to 9.0,
indicating that this glutamate residue is protonated at pH values where the enzyme is in
the active form. The D, orients the C2-acetamido group of the -1GIcNAc and helps to
lower the pKa of the catalytic acid E, facilitating a bond cleavage. The computational
pH-profiles suggest that D1-D»-E must be charged, neutral and neutral, respectively, for
most chitinases to be active. The acidic and basic limbs of the computational pH profile
are most likely to be determined by the D1 and E, respectively. Taken together, the
calculated active-site pKa values and computational pH-profiles give us a general

picture for the catalytic mechanism of GH18 chitinases.
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APPENDIX A

STANDARD CURVES

1. Stand curve of BSA by BCA method
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APPENDIX B

COMMON pK. VALUE

Table S1 Model pKa values used in this study

Residue type Model pKa value
Arginine 13.0
Aspartic acid 4.0
Cysteine 8.7
C-terminus 3.8
Glutamic acid 4.4
Histidine 6.3
Lysine 104
N-terminus 8.0

Tyrosine 9.6
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Vibrio harveyi B-N-acetylglucosaminidase (VAGIcNAcase) is a new member of
the GH20 glycoside hydrolase family responsible for the complete degradation
of chitin fragments, with N-acetylglucosamine (GIcNAc) monomers as the final
products. In this study, the crystallization and preliminary crystallographic data
of wild-type ViAGIcNAcase and its catalytically inactive mutant D437A in the
absence and the presence of substrate are reported. Crystals of wild-type
VhGleNAcase were grown in 0.1 M sodium acetate pH 4.6, 1.4 M sodium
malonate, while crystals of the D437A mutant were obtained in 0.1 M bis-tris pH
7.5,0.1 M sodium acetate, 20% PEG 3350. X-ray data from the wild-type and the
mutant crystals were collected at a synchrotron-radiation light source and were
complete to a resolution of 2.5 A.All crystals were composed of the same type
of dimer, with the substrate N,N'-diacetylglucosamine (GIcNAc, or diNAG)
used for soaking was cleaved by the active enzyme, leaving only a single GIcNAc
molecule bound to the protein.

1. Introduction

Chitin is a p-14-linked N-acetylglucosamine (GlcNAc)
polymer and is one of the most abundant biopolymers in
nature. Chitin serves as a major component of fungal cell walls
and also of the exoskceletons of crustaceans and insects and the
microfilaria sheaths of parasitic nematodes, molluscs, protozoa
and other marine organisms (Armand er al., 1994; Yuli ef al.,
2004). In marine ecosystems, chitin biomaterials are initially
hydrolyzed to short-chain oligosaccharides by chitinases,
hydrolytic enzymes that are sccreted mainly by marine
bacteria such as Vibrio sp. (Ohishi et al., 1996; Suginta er al.,
2000; Kadokura et al., 2007). V. harveyi is a Gram-negative
marine bacterium that has been reported to express high
levels of chitinases and GleNAcases in order to efficiently
utilize chitin biomaterials as its sole source of energy (Suginta
et al., 2000). The bacterium is both a primary and an oppor-
tunistic pathogen of marine animals, triggering a lethal disease
called luminous vibriosis (Austin & Zhang, 2006), which
affects marine fish and prawn farming operations worldwide
(Liuxy et al., 1996; Actis et al., 2011). In the chitin-degradation
pathway of V. harveyi, chitinases initially degrade chitin to
small chitooligosaccharide fragments, which are further
transported across the bacterial cell wall through the chito-
oligosaccharide-uptake channel, which is known as chitoporin
(Keyhani et al., 2000; Li & Roseman, 2004; Suginta, Chumjan,
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Mahendran, Janning et al., 2013; Suginta, Chumjan, Mahen-
dran, Schulte er al., 2013). In the periplasm, GlcNAcases (EC
3.2.1.52) degrade chitin oligosaccharides to GlcNAc¢ mono-
mers, which are transported across the inner membrane by a
specific ABC transporter into the cytoplasm and are then
further metabolized to metabolic intermediates that can
readily be converted to carbon and nitrogen sources for cells.
In bacteria, GlcNAcases act as biocatalysts during the natural
recycling of chitin biomaterials. However, the human homo-
logues of bacterial GlcNAcases, known as HexA and HexB,
are clinically important since they are critically involved in the
degradation of glycosphingolipids, which are deposited in the
form of gangliosides GM1, GM2 and GM3 on the plasma
membranes of nerve cells. Mutations of these enzymes lead to
the accumulation of GM2 gangliosides, which results in fatal
diseases such as Tay-Sachs disecase and Sandhoff disease
(Myerowitz, 1997).

In the Carbohydrate-Active Enzymes (CAZy) database
(hutp:/iwww.cazy.org/), GlcNAcases are classilied as glycoside
hydrolases of family 3 (GH3) or family 20 (GH20), which
differ from each other in their sequences and their mechan-
isms of enzyme action (Henrissat & Bairoch, 1993; Henrissat
& Davies, 1997; Lombard et al., 2014). GH3 GlcNAcases
catalyze the release of terminal 2-acctamido-2-deoxy-p-D-
glycopyranoside from various glycoconjugates (Drouillard et
al., 1997) using the covalent a-glycosidic enzyme intermediate
mechanism (Vocadlo & Withers, 2005). In contrast, GH20
GlcNAcases typically hydrolyze chitin fragments employing a
substrate-assisted mechanism, in which the carbonyl O atom
of the C, N-acetyl moiety takes part in cleavage of the scissile
bond, yielding an oxazolinium ion as the reaction intermediate
(Mark et al., 2001, 2003; Lemieux et al., 2006; Langley et al.,
2008).

In terms of structural studies, the crystal structure of
Serratia marcescens chitobiase (SmChiB) was the first GH20
GlcNAcase structure to be solved (in a complex with diNAG:
Tews et al., 1996; Prag et al., 2000). To date, a few other GH20
structures have been reported, including those of Strepto-
myces plicatus B-Hex (Williams er al, 2002), human HexB
(Mark et al., 2003; Maier et al., 2003), human HexA (Lemicux
et al., 2006), Streptococcus gordonii GenA (Langley et al.,
2008), Paenibacillus sp. TS12 -Hex (Sumida et al., 2009) and
S. pneumoniae R6 pB-Hex (Jiang er al., 2011). All GH20
hexosaminidases have a structural feature in common: a
central catalytic (S/a)y TIM-barrel domain with a substrate-
binding pocket located within the (Bla)g TIM barrel.

In a previous study, we isolated two GH20 GlcNAcase
genes encoding two GIcNAcase isoforms, VANagl and
VihNag2, from the genome of V. harveyi strain 650 (Suginta et
al., 2010). Both genes were cloned in the pQE60 expression
vector and were expressed at high levels in Escherichia coli
MI15 (pREP) host cells. ViNagl was inactive and had a
molecular mass of about 93 kDa. VANAg2 had a molecular
mass of 75kDa and was catalytically active, with a pH
optimum of 7.0. VhNag2 is an exolytic enzyme that sequen-
tially hydrolyzes chitin oligosaccharides, releasing GleNAc as
the end product. Kinetic studies of the hydrolysis of the

natural glycosides showed that chitotetraose was the best
substrate of VANag2 (Suginta et al., 2010). In the present
study, we report the expression, purification and crystallization
trials of VANag2 (hereafter referred to as VAGIcNAcase) in
the absence and presence of the substrate N,N'-diacetyl-
glucosamine (GlcNAc, or diNAG). Based on a literature
review and multiple sequence alignment, the Asp437-Glu438
residues are equivalent to the catalytic pair Asp539-Glu540 in
SmChiB (Tews et al., 1996) and Asp313-Glu314 in S. plicatus
B-Hex (Williams et al, 2002). Therefore, it is presumed that
both residues are important in substrate-assisted catalysis and
that Asp437 may play the same role as Asp539 in SmChiB and
Asp313 in B-Hex. Accordingly, we mutated this residue and
the corresponding mutant D437A was expressed, purified and
crystallized in an attempt to obtain an inactive protein that
might still interact with the substrate diNAG, in order to
obtain detailed information on the protein-sugar interactions.

2. Materials and methods
2.1. Cloning, expression and purification

The ftull-length GlcNAcase cDNA (accession No.
HM175716) was isolated {rom the genome of V. harveyi by the
PCR technique, and the gene encoding ViGIcNAcase (amino
acids 5-642, lacking the signal peptide) was then cloned into
the pQEG60 expression vector (Qiagen, Valencia, California,
USA). generating a [our-amino-acid (MGGS) cloning artelact
at the N-terminus as described previously (Suginta et al.,
2010). The recombinant protein was shown to be expressed at
a high level in E. coli M15 (pREP4) cells as a C-terminally
Hisg-tagged polypeptide (Suginta et al., 2010). The D437A
mutant of the GlcNAcase was generated in this study using
the QuikChange Site-Directed Mutagenesis Kit (Stratagene,
California, USA) according to the manufacturer’s protocols,
using the full-length GlcNAcase ¢cDNA as template. The
mutagenic forward and reverse primers were 5-GTTCA-
CATTGGCGCGGCGGAAGTGCCTGTGCCTAACGGC-3'
and 5-GCCGTTAGGCACTTCCGCCGCGCCAATGTGA-
AC-3', respectively. The underlined sequences represent the
mutated codon. After gene amplification, the mutated DNA
was treated with Dpnl and then transformed into E. coli XL1-
Blue competent cells. The mutated plasmids were extracted
using QuickClean II Plasmid Miniprep Kits (GenSecript,
Piscataway, New Jersey, USA) and the mutated sequence was
verificd by automated sequencing (First Base Laboratories
Sdn Bhd, Selangor Darul Ehsan, Malaysia).

In this study, the expression and purification of recombinant
wild-type VAGIcNAcase and the D437A mutant were opti-
mized in order to improve the yield and the purity of the
proteins for crystallization purposes. Cells harbouring the
recombinant pQE60/GlcNAcase plasmid were grown at 310 K
in Terrific Broth (TB) medium containing 100 pg ml " ampi-
cillin and 25 pg ml™" kanamycin until the ODggy of the cell
culture reached 0.6. GIcNAcase expression was induced by the
addition of isopropyl B-p-1-thiogalactopyranoside (IPTG) to
a final concentration of 0.4 mM and cell growth continued at
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293 K for 18 h. The cell pellet was then collected by centri-
fugation and resuspended in lysis buffer [20 mM Tris—HCl
pH 8.0 containing 150 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 5%(v/v) glycerol and 1 mg ml~" lysozyme].
The resuspended cells were then lysed on ice using a Sonopuls
ultrasonic homogenizer with a 6 mm diameter probe (50%
duty cycle; amplitude setting 30%: total time 30 s; 6-8 pulses).

For purification, freshly prepared crude lysate obtained
after homogenization was centrifuged at 12 000g for 1 h at
277 K and then applied onto a TALON metal-affinity resin
(1.0 x 10 cm; Clontech, USA). Affinity chromatography was
carried out at 277 K under gravity-dependent flow following
the manufacturer’s instructions (http://www.clontech.com).
The column was washed thoroughly with equilibration buffer
(20 mM Tris-HCI buffer pH 8.0 containing 150 mM NaCl)
followed by 10mM imidazole in equilibration buffer;
GlcNAcase was eluted with 250 mM imidazole in equilibration
buffer and three eluted fractions (10 ml each) were collected.
Alter the purity of the proteins had been analyzed by SDS-
PAGE, the GlcNAcase-containing fractions were pooled,
concentrated using a Vivaspin 20 ultrafiltration membrane
concentrator (10 kDa molecular-weight cutoff; Vivascience
AG, Hannover, Germany) and then further purified on a
HiPrep 16/60 Sephacryl $-200 prepacked column connected to
an AKTAprime purification system (Amersham Bioscience,
Piscataway, New Jersey, USA). For the wild-type protein, the
running buffer was low-salt equilibration buffer (20 mM Tris—
HCI buffer pH 8.0 containing 30 mM NaCl and | mM TCEP).
The wild-type protein was prepared in low-salt equilibration
buffer to avoid interference by salt in the crystallization trials.
However, some of the wild-type protein appeared as an
aggregation peak in the gel-filtration profile. Purification of
the D437A mutant at a low salt concentration showed
complete aggregation of the protein. Therefore, the solubility
of the mutated protein was improved by increasing the salt
concentration to 150 mM in the same equilibration buffer as
used previously (Suginta et al., 2010). The chromatography
column was operated at a flow rate of 0.2 ml min ", and 1.4 ml
fractions were collected and assayed for GlcNAcase activity
using a colorimetric assay with pNP-GlcNAc as the substrate.
The D437A mutant had only 1-2% of the activity of the wild
type (data not shown). GlcNAcase-containing fractions were
pooled and concentrated using the same type of Vivaspin
membrane concentrator. Protein concentrations were initially
determined by measuring the absorption at 280 nm (Edel-
hoch, 1967; Gill & von Hippel, 1989; Pace et al., 1995) and then
by the method of Bradford (1976) using a standard calibration
curve constructed with BSA. The purity and the molecular
mass of the enzyme monomer were determined by SDS-
PAGE (Laemmli, 1970). Protein aggregation after purification
was cvaluated using native PAGE according to a protocol
described elsewhere (Arndt et al., 2012).

2.2. Protein crystallization

Initial crystallization screening of wild-type ViGIcNAcase
was performed at 293 K using commercially available screens

from Qiagen, Hilden, Germany: the sparse-matrix screens the
JCSG Core Suites I, 11, III and 1V, the Classics and Classics 11
Suites and the PACT Suite and the grid screens the PEGs
Suite and the Anions Suite. The screens were set up in 96-well
CrystalQuick plates (Greiner Bio-One, Frickenhausen,
Germany) using a Mosquito Crystallization robot (TTP
Labtech, Melbourn, England) with the sitting-drop method.
The purified enzyme was centrifuged at 13 000g [or 5 min and
0.1 pl of the freshly prepared wild-type protein at 10 mg ml™"
in equilibration buffer consisting of 20 mM Tris—-HCI pH 8.0,
30 mM NaCl was then pipetted into 0.1 pl of each precipitant
in the crystallization screens. Small plate-shaped crystals of
wild-type GlcNAcase were observed within 1 d in condition
F10 from the PACT Suite [20% (w/v) PEG 3350, 0.1 M bis-tris
propane pH 6.5, 0.2 M sodium/potassium phosphate] and
small crystals also appeared within 3d in condition C6 of
the Anions Suite (0.1 M sodium acetate pH 4.6, 1.2 M sodium
malonate). Crystals obtained from both conditions were
further optimized by the hanging-drop vapour-dilfusion
technique using different concentrations of two precipitants:
(i) 17-22%(w/v) PEG 3350, 0.1-0.2 M bis-tris propane pH 6.5,
0.1-0.2 M sodium/potassium phosphate and (ii) 0.1-02 M
sodium acetate pH 4.6, 0.7-1.8 M sodium malonate. In each
drop, 1.5 pl GleNAcase solution was mixed with 1.5 il of each
precipitant and then equilibrated over 1.0 ml of the respective
precipitant in a 24-well Linbro tissue-culture plate. The wild-
type crystals in 0.1 M sodium acetate pH 4.6, 1.4 M sodium
malonate were transferred into drops consisting of 2 ul cryo-
protectant solution (0.1 M sodium acetate pH 4.6, 29 M
sodium malonate). The substrate complex of GlcNAcase was
obtained by soaking the wild-type crystals with the natural
substrate (diNAG:; 10 mM) in the corresponding mother
liquor at 293 K for 5, 10, 15 and 30 min. Afterwards, the
soaked crystals were immersed for a few seconds into a
cryoprotectant consisting of the mother liquor with 2.9 M
sodium malonate and 10 mM diNAG before flash-cooling in
liquid nitrogen for further storage.

For crystallization of the GleNAcase D437A mutant, 0.1 pl
protein solution (18 mg mI~! in 20 mM Tris-HCI buffer pH 8.0
containing 150 mM NaCl and 1 mM TCEP) was pipetted into
0.1 pl of each precipitant using the same set of crystal screens
as described above. Small plate-shaped crystals (form I) were
obtained within 3d in condition G7 from the PACT Suite
[20%(w/v) PEG 3350, 0.1 M bis-tris pH 7.5, 0.2 M sodium
acetate], condition D9 from the PEGs Suite [25%(w/v) PEG
6000, 0.1 M Tris—-HC1 pH 8.5] and condition H1 from the PEGs
Suite [20% (w/v) PEG 3350, 0.2 M potassium sodium tartrate].
Three-dimensional rod-shaped crystals (form II) were also
obtained within 14 d of incubation in condition C12 from the
Anions Suite (0.1 M MES pH 6.5, 1.2 M sodium malonate) at
293 K. The D437A crystals from condition G7 of The PACT
Suite were further optimized by the hanging-drop vapour-
diffusion method in a 24-well Linbro tissue-culture plate as
described for the wild-type enzyme. A 1.5 pl droplet of the
D437A mutant was mixed with 1.5 pl of precipitants at various
concentrations [17-22%(w/v) PEG 3350, 0.1 M bis-tris pH 7.5,
0.1-0.2 M sodium acetate] and then equilibrated over 1.0 ml of
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Table 1
Data-collection and processing statistics.

Values in parentheses are for the outer shell.

Wild type.
Wild type GleNAc complex
Space group P2, P2,
Unit-cell parameters
a,b.c(A) 90.2, 130.7, 98.5 91.3, 129.6, 100.0
@ By () 90.0, 113.0, 90.0 90.0, 114.4, 90.0
Resolution range (A) 48.55-2.43 (2.43-2.37) 46.21-2.50 (2.56-2.50)
Vu (A*Dat) 359 3.62
Solvent content (%) 65.73 66.03
Subunits per asymmetric unit 2 2
Total No. of reflections 577490 342683
No. of unique reflections 84783 72950
Wavelength (A) 0.99980 0.97889
Data completeness (%) 99.4 (99.1) 99.4 (99.9)
Multiplicity 6.6 (7.1) 4.7 (4.5)
Mean {lio(l)) 9.93 (2.21) 9.71 (3.17)
Ruerge T (%) 14.6 (108.7) 11.8 (53.3)
CCypn 99.4 (84.1) 99.2 (85.1)

D437A mutant
(form 1)

P,

89.4.129.3. 984

90.0. 112.2. 90.0
48.43-2.60 (2.67-2.60)
353

6522

2

436477
63617
0.97889
99.8 (99.7)
6.9 (7.1)
9.7 (2.18)
125 (77.5)
99.3 (86.5)

D437A mutant
(form II)

Pa22

165.1. 165.1, 1552
90.0, 90.0, 90.0
49.50-3.00 (3.08-3.00)
355

65.39

2

569579

43204

097779

99.5 (99.5)

132 (13.9)

12.8 (2.06)

210 (167.1)

99.6 (79.0)

T Rucrse = Dpar 2 (KT — (IRKD)| /Y-y D=, 1 (hKD). where I(hki) is the intensity for the ith measurement of an equivalent reflection with indices ikl

the respective precipitant. After the D437A crystals had been
immersed in a cryoprotectant solution consisting of mother
liquor supplemented with 25%(v/v) glycerol, they were
rapidly transferred to liquid nitrogen and stored.

2.3. Data collection and processing

For in-house crystal testing and the collection of preli-
minary data sets, crystals were mounted in nylon loops
(Hampton Research, Aliso Viejo, California, USA) on a
goniometer and data were collected on a Bruker MICRO-
STAR or Rigaku MicroMax-007 HF rotating-anode generator
with a copper anode as the X-ray source. X-ray diffraction
data were collected from high-quality crystals using a Pilatus
6M detector on beamline PX-II at the Swiss Light Source
(SLS), Paul Scherrer Institute, Villigen, Switzerland. All X-ray
images were recorded using 0.25 A oscillations at 100 K and a
wavelength of 1.0 A with crystal-to-detector distances of 381,
350, 440 and 500 mm for the wild type, the wild type
complexed with GlcNAc, the D437A mutant form I and the
D437A mutant form II, respectively. Data indexing was
carried out using iMosflm (Battye et al., 2011) [rom the CCP4
suite (Winn et al., 2011). The data were further processed
using XDS (Kabsch, 2010). The protein content of the asym-
metric unit was estimated by calculating the Matthews coef-
ficient (Matthews, 1968), while the solvent content was
calculated based on two subunits of protein, cach with six
attached histidine residues.

3. Results and discussion

The gene encoding VAGIcNAcase was cloned in the pQE60
expression vector and the D437A mutant was generated
using the full-length ViGIcNAcase cDNA as a template as
described above. Both wild-type and mutated GlcNAcases
were expressed in E. coli M15 (pREP4) cells as C-terminally

Hisg-tagged polypeptides that could be purified by affinity
chromatography. Both GlcNAcases, the wild type and the
D437A mutant, were purified to homogeneity by a two-step
protocol involving TALON metal resin affinity chromato-
graphy followed by HiPrep (16/60) Sephacryl S-200 HR
gelfiltration chromatography. The final yield of the purified
enzymes was approximately 20 mg protein per litre of
bacterial culture. Fig. 1(a) shows a chromatographic profile of
the elution of the wild-type protein from a HiPrep 16/60
Sephacryl S-200 prepacked column. The enzyme was found in
two peaks. The first peak, which eluted at the void volume, was
shown by native PAGE to be aggregated protein with a
molecular mass that was too large to enter the gel (Fig. 15,
lane 1). However the second peak, which cluted at 45-70 ml,
was non-aggregated protein that migrated with an apparent
molecular mass of 75 kDa, corresponding to the molecular
mass of the GleNAcase monomer (Fig. 1, lane 2). The pooled
fraction of each protein peak was found to migrate similarly
under denaturing conditions on SDS-PAGE (Fig. 1¢), indi-
cating that they were likely to contain the same protein. When
the GlcNAcase activity was assayed with pNP-GIcNAc as the
substrate, the second peak showed high activity, while no
GlcNAcase activity was detected for the void peak. The
chromatographic profile of the D437A mutant was similar to
that of the wild-type enzyme, but the void peak was not seen,
since the higher salt concentration helped to improve the
protein solubility (data not shown).

Crystallization trials with the sitting-drop vapour-diffusion
method yielded small crystals from various conditions and
initial screening of the crystal quality with an in-house X-ray
diffractometer showed that most conditions did not give
X-ray-quality crystals, with the exception of those obtained
from condition C6 of The Anions Suite (0.1 M sodium acetate
pH 4.6, 1.2 M sodium malonate), which diffracted to 2.4 A
resolution. Therefore, crystals of wild-type GlcNAcase grown
under this condition were further optimized. Small single
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crystals of wild-type GlcNAcase were finally observed from
0.1 M sodium acetate pH 4.6, 1.3-1.6 M sodium malonate.
After optimization, large single crystals of wild-type
GlcNAcase appeared as thick three-dimensional plates with
approximate dimensions of 400 x 200 x 20 um (Fig. 2a). In
the case of the crystal complex of wild-type VAGIcNAcase,
soaking the wild-type crystal with the diNAG substrate for a
short time (5 min) was attempted but without success. We also
tried soaking the crystals of the native enzyme with the natural
substrate diNAG for various times, but we could not obtain
X-ray diffraction data for the GlcNAcase-diNAG complex
because the substrate was degraded by the active enzyme. We
cventually obtained X-ray diffraction data for the native
enzyme complexed with a single GlcNAc molecule. Fig. 3
shows that the degradation product GlcNAc fitted with full

800 =
GleNAcase
5 600 4
<
E
3
% 400 Void peak
=]
5
3
< 200 4
0 T T T T ——
0 20 40 60 80 100
Elution volume (ml)
(a)
Std 1 2 Sud 1 2
C — m
175
175 130
130 g
95 95
70 el ]
70
62 62
51 51 P
42 42 Ve
29 29 s
22 ey 22, 0%
(b) (]
Figure 1

Purification of ViGIcNAcase expressed from E. coli M15 cells using a
HiPrep 16/60 Sephacryl S-200 prepacked gel-filtration column. Chroma-
tography was performed under a low salt concentration, as described
in the text. (a) A chromatographic elution profile of wild-type
VhGlcNAcase obtained from an AKTApurifier system. (b) GleNAcase-
containing fractions obtained from the two peaks were pooled separately
and then loaded onto native PAGE followed by Coomassie Blue staining.
(¢) The same protein [ractions were analysed by SDS-PAGE. Lane Std,
low-molecular-weight protein markers (labelled in kDa); lane 1, pooled
fractions from the void peak: lane 2, pooled fractions from the second
peak.

occupancy into the well defined electron density found in the
active site of VAGIcNAcase. In the crystallization of the
D437A mutant, small plate-shaped crystals (form I) were
obtained during optimization of condition G7 from the PACT
screen with a reservoir solution consisting of 20%(w/v) PEG
3350, 0.1 M bis-tris pH 7.5, 0.2 M sodium acetate. After further
optimization, the D437A mutant crystals appeared as thick
three-dimensional plates in a condition consisting of 20% (w/v)
PEG 3350, 0.1 M bis-tris pH 7.5, 0.1 M sodium acetate. The
DA437A crystals grew to approximate final dimensions of 500 x
300 x 50 pm (Fig. 2b) in a space group similar to that of the
wild-type crystals.

The final statistics for X-ray data-collection and processing
of the GlcNAcase crystal variants are shown in Table 1.
The refined unit-cell parameters of the wild-type crystal are

200 pm

Figure 2

(a) A crystal of wild-type VAGIcNA case, with dimensions of 400 x 200 x
20 pm, obtained from a hanging-drop vapour-diffusion setup using 0.1 M
sodium acetate pH 4.6 ining 1.4 M sodium mal . (b) A crystal of
the D437A mutant (dimensions of 500 x 300 x 50 pm) obtained from a
hanging-drop vapour-diffusion setup using 20%(w/v) PEG 3350, 0.1 M
bis-tris pH 7.5. 0.1 M sodium acetate. Both crystals were obtained within
3 d of incubation at 293 K.
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a=90.2,b=130.7, c = 98.5 f\, B =113°. The crystal contains
two molecules per asymmetric unit, with an estimated
Matthews coelficient (Vy;) of 3.59 A’ Da™'. The indexing
statistics were compatible with the monoclinic space groups
P2 or P2;. Molecular replacement yielded an unambiguous
solution in space group P2;. For the wild-type crystal in
complex with GlcNAc, the unit-cell parameters are a = 91.3,
b =129.6, ¢ = 100.00 ;\, B = 114.4°, which are very similar to
those of the unliganded wild-type crystal in the same space
group. For the D437A mutant crystal, the refined unit-cell
parameters are again very similar: @ = 894, b = 1293,
c=984 A, f=112.2°. D437A mutant crystals also grew as rod-
shaped crystals (form II) belonging to the tetragonal space
group P4;2,2 (Fig. 4), with unit-cell parameters a = 165.1,
b = 165.1, ¢ = 1552 A and again with two molecules per
asymmetric unit. Since the preliminary structural model of the
D437A mutant from the tetragonal crystal form contained
exactly the same dimer as the monoclinic crystal form (r.m.s.d.
of 0.82 A), but with much weaker diflraction of the crystals,
this crystal form was not further investigated. Fig. 5 shows

Figure 3

The electron-density map fitted with a GleNA¢ molecule after the wild-
type VAGIcNAcase crystals had been soaked with the substrate diNAG
for 30 min. The structure is presented at 2.5 A resolution and is contoured
at the 1o level.

500 pm

Figure 4

Crystals of the D437A mutant belonging to the tetragonal space group
P452,2. Crystals grew as thin rod-shaped crystals within 14 d of incubation
in condition C12 from The Anions Suite (0.1 M MES pH 6.5, 12 M
sodium malonate) at 293 K.

representative diffraction images for both wild-type and
monoclinic D437A mutant crystals, which diffracted to 2.4 and
26 A, respectively.

For molecular-replacement (MR) calculations, Phaser
(McCoy et al., 2007) from the CCP4 package was employed to
obtain an initial solution of the structure of VAGIcNAcase.
The crystal structure of B-hexc inidase from Arthrob

(%)

Figure 5

X-ray diffraction images of (a) wild-type VAGIcNAcase in the absence of
diNAG and (b) the inactive D437A mutant with resolutions of 2.4 and
2.6 A, respectively. The X-ray data were collected on beamline PX-IT at
the Swiss Light Source, Villigen, Switzerland.

6 of 7  Meekrathok et al. + GH20 B-N-acetylglucosaminidase

Acta Cryst. (2015). F71

231



research communications

aurescens (PDB entry 3rcn; 35% identity to GlceNAcase from
V. harveyi; Midwest Center for Structural Genomics, unpub-
lished work), which lacks the N-terminal carbohydrate-
binding domain, was used as a search model. After ten cycles
of refinement, the Ry,.. values for the wild type, the wild type
in complex with GleNAc, the D437A mutant (form I) and the
D437A mutant (form II) were 25.8, 242, 25.0 and 23.4%,
respectively.

The preliminary crystallographic data suggested the
presence of two protein molecules in the asymmetric unit, with
a hydrophilic interface area between two molecules contrib-
uted mainly by the N-terminal carbohydrate-binding and
catalytic domains, with a surface arca of about 1800 A2 PISA
analysis (Krissinel & Henrick, 2007) predicted no dimer
formation in solution through this interface, which is consis-
tent with the molecular mass of the active enzyme (~75 kDa)
obtained from size-exclusion chromatography (Fig. 1). Initial
structural refinements showed a well defined electron-density
map corresponding to a single GleNAc molecule in the active
site of each wild-type enzyme molecule, indicating that the
substrate diNAG was hydrolyzed during the soaking process.
We failed to obtain the inactive mutant D437A complexed
with diNAG either by both soaking or by co-crystallization,
probably because substitution of the Asp437 residue with Ala
affects not only the catalytic activity but also the affinity of the
enzyme for its substrate. Further refinement to obtain final
models of the three GlcNAcase structures is in progress.
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Abstract

Background

Vibrio harveyi GH20 B-N-acetylglucosaminidase (VhGIcNAcase) is a chitinolytic enzyme
responsible for the successive degradation of chitin fragments to GIcNAc monomers, acti-
vating the onset of the chitin catabolic cascade in marine Vibrios.

Methods

Two invariant acidic pairs (Asp303-Asp304 and Asp437-Glu438) of VhGIcNAcase were
mutated using a site-directed mutagenesis strategy. The effects of these mutations were
examined and the catalytic roles of these active-site residues were elucidated using a
chemical rescue approach. Enhancement of the enzymic activity of the VhGIcNAcase
mutants was evaluated by a colorimetric assay using pNP-GIcNAc as substrate.

Results

Substitution of Asp303, Asp304, Asp437 or Glu438 with Ala/Asn/Gin produced a dramatic
loss of the GlcNAcase activity. However, the activity of the inactive D437A mutant was
recovered in the presence of sodium formate. Our kinetic data suggest that formate ion
plays a nucleophilic role by mimicking the B-COOside chain of Asp437, thereby stabilizing
the reaction intermediate during both the glycosylation and the deglycosylation steps.

Conclusions

Chemical rescue of the inactive D437A mutant of VhGIcNAcase by an added nucleophile
helped to identify Asp437 as the catalytic nucleophile/base, and hence its acidic partner
Glu438 as the catalytic proton donor/acceptor.

General Significance

Identification of the catalytic nucleophile of VhGIcNAcases supports the proposal of a sub-
strate-assisted mechanism of GH20 GlcNAcases, requiring the catalytic pair Asp437-
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Glu438 for catalysis. The results suggest the mechanistic basis of the participation of 8-N-
acetylglucosaminidase in the chitin catabolic pathway of marine Vibrios.

Introduction

Vibrio harveyi is a bioluminescent marine bacterium that utilizes chitin biomaterials, which
are abundantly available in the aquatic environment, as its sole source of energy. The initial
step of chitin breakdown by Vibrios involves the synergistic action of various chitin-related
proteins [1-3]. Lytic polysaccharide monooxygenase, a copper-dependent enzyme, attacks
recalcitrant chitin polysaccharides [4,5], while endochitinases hydrolyse long chitin chains to
chitin oligosaccharides, which are then transported through the bacterial cell wall by chito-
porin or ChiP [6-8]. In the periplasm, these chitin fragments are degraded by exo -N-acetyl-
glucosaminidases (GlcNAcases) and the resultant GIcNAc monomers are transported
through the inner membrane by the GIcNAc-PTS transporter and finally metabolized in the
cytoplasm, finally acting as sources of carbon and nitrogen [9]. Based on CAZy (Carbohy-
drate-Active enZYmes Database; http://www.cazy.org), bacterial GlcNAcases belong to either
glycoside hydrolase family 3 (GH3), family 20 (GH20) or family 84 (GH84). In general,
GlcNAcases from all families break the -1,4-glycosidic linkage next to the non-reducing end
of GlcNAc-containing oligosaccharides, generating GIcNAc units as the end product [10,11].
However, GH3 GlcNAcases differ in their amino acid sequence identity and mode of action
from those in the GH20 and GH84 families [12,13]. GH3 GlcNAcases catalyse the hydrolytic
reaction through a standard ‘retaining’ mechanism involving a covalent glycosyl-enzyme
intermediate [14,15], while GH20 and GH84 GlcNAcases hydrolyse chitooligosaccharides
through a ‘substrate-assisted’ mechanism involving the transient formation of an oxazolinium
ion intermediate [16-18].

A “chemical rescue’ approach has been employed to identify the catalytic mechanism of sev-
eral glycoside hydrolases. The effects of exogenous anions, such as azide or formate, can pro-
vide direct evidence identifying the catalytic acid/base residues in retaining glycoside
hydrolases. Following mutation of the acid-base residue or the nucleophilic residue, hydrolytic
activity of the mutants can be rescued by the addition of an exogenous nucleophile, such as
azide ion, resulting in the formation of products with the o or B configuration. An example is a
study on Bacillus 1,3-1,4-B-D-glucan 4-glucanohydrolases [19]. Sodium azide was shown to
rescue the glucanase activity, but with a different mechanism, when either the nucleophilic
(Glu134) or the catalytic acid/base (Glu138) residues were mutated to Ala. E138A yielded a -
glycosyl azide product, arising from nucleophilic attack of azide on the glycosyl-enzyme inter-
mediate, thus proving the role Glu138 as the catalytic acid-base residue. In contrast, azide reac-
tivated the E134A mutant through a single inverting displacement to give the a-glycosyl azide
product, consistent with Glul34 being the catalytic nucleophile.

In the substrate-assisted mechanism of GH20 enzymes, chemical rescue helps to directly
identify the catalytic nucleophile in the catalytic pair (typically the invariant Asp-Glu couple)
in the enzyme’s active site. The Asp residue normally acts as the catalytic base/nucleophile,
while the glutamic acid acts as the catalytic proton donor/acceptor [20,21]. Examples of
enzymes studied by use of this approach include Streptomyces plicatus GH20 hexoxaminidase
(SpHex) [21], Arthrobactor protophormiae GH85 endo-f-N-acetylglucosaminidase (Endo A)
[22], Streptomyces sp. GH1 S-glucosidase [23], Paenibacillus sp. TS12 GH3 glucosylceramini-
dase [24], Cellulomonas fimi GH10 exoglucanase/xylanase [25], Bacillus licheniformis GH16
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1,3-1,4-B-glucanase [19], Sulfolobus solfataricus GH29 a-L-fucosidase [26] and Geobacillus
stearothermophilus T-6 GH51 a-L-arabinofuranosidase [27]. In the case of GH20 GlcNAcases,
rescue of the activity of SpHex from Streptomyces plicatus [21] has been demonstrated. SpHex
catalyses the hydrolysis of N-acetyl-3-hexosaminides. Point mutation of Asp313 of SpHex to
Ala or Asn (mutants D313A or D313N) almost abolished the enzyme’s hydrolytic activity, but
the catalytic activity of the mutant D313 A was significantly increased with the inclusion of
sodium azide in the assay medium.

We previously cloned, expressed and characterized a novel member of the GH20 GIcNA-
case family, from the marine bacterium V. harveyi (so-called VhGIcNAcase) [9]. Based on
amino acid sequence alignment with other GIcNAcases, the catalytic pair of VAGIcNAcase was
predicted to be Asp437-Glu438. We have now employed the chemical rescue approach to iden-
tify the functional roles of Asp437 as the catalytic nucleophile and Glu438 as the catalytic acidic
residue of VhGIcNAcase.

Materials and Methods
Bacterial strains and chemicals

Escherichia coli type strain DH5a was used for cloning, subcloning and plasmid preparation.
Supercompetent E. coli XL1Blue (Stratagene, La Jolla, CA, USA) was the host strain for the pro-
duction of mutagenized plasmid. E. coli strain M15 (pREP) host cells (Qiagen, Valencia, CA,
USA) and the recombinant plasmid of pQE 60 vector containing GlcNAcase gene fragments
were used for high-level expression of recombinant enzyme. Chemicals and reagents used for
protein expression, purification and characterization of VhGIcNAcase were of analytical grade
unless otherwise stated. A QuickChange Site-Directed Mutagenesis Kit including Pfu Turbo
DNA polymerase was purchased from Stratagene. Restriction enzymes and DNA modifying
enzymes were the products of New England Biolabs, Inc. (Beverly, MA, USA). All other chemi-
cals and reagents were obtained from the following sources: reagents for bacterial media
(Scharlau Chemie S.A., Barcelona, Spain); p-nitrophenol (pNP) and p-nitrophenyl-N-acetyl-
glucosaminide (pNP-GlcNAc) were purchased from Sigma-Aldrich (St. Louis, MO, USA);
sodium azide was purchased from LabChem Inc. (Zelienople, PA, USA); sodium nitrate,
sodium formate and sodium chloride were purchased from Carlo Erba (Rodano, Milano,
Italy).

Amino acid sequence analysis and homology modeling

The amino acid sequence of the matured VhGlcNAcase was submitted to Swiss-Model
(http://swissmodel.expasy.org/) for tertiary structure prediction using the crystal structure of
S. marcescens chitobiase (PDB entry: 1QBA) as a structural template. To obtain detailed infor-
mation about the enzyme’s active site, the modelled structure of VhAGIcNAcase was superim-
posed on the 3D structure of S. marcescens chitobiase (SmCHB) docked with diNAG
coordinates. The annotated structures were edited and displayed in PyMOL (www.pymol.
org). The structure-based alignment was generated by aligning the amino acid sequence of
VhGlcNAcase with five GH20 GlcNAcases with known 3D-structures, including S. marces-
cens chitobiase, SmCHB (PDB code: 1QBA); Streptomyces plicatus f-N-acetylhexosaminidase,
SpHex (PDB code: 1HP4); Paenibacillus sp. f-hexosaminidase, PsHex1T (PDB code: 3GH4);
human S-hexosaminidase A (a-chain), HsHexA (PDB code: 2GJX) and human -hexosamini-
dase B (B-chain), HsHexB (PDB code: INOU). The amino acid sequence alignment was car-
ried out in ClustalW, and the structure-based alignment was further generated using the
program ESPript, v3.0 [28].
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Site-directed mutagenesis

The pQE 60 expression vector harboring the full length VhGIcNAcase cDNA [9] was used as
DNA template. Site-directed mutagenesis was carried out using the QuickChange Site-Directed
Mutagenesis Kit (Stratagene), following the Manufacturer’s instruction. The mutagenic prim-
ers were synthesized by commercial sources (BioDesign Co., Ltd Bangkok, Thailand and Bio
Basic Canada Inc., Ontario, Canada) and the oligonucleotide sequences of these primers are
listed in Table 1. Eight single mutants, namely D303A, D303N, D304A, D304N, D437A,
D437N, E438A and E438Q, were generated and the success of the designed mutations was veri-
fied by automated DNA sequencing (First BASE Laboratories Sdn Bhd, Selangor Darul Ehsan,
Malaysia).

Protein expression and purification

The recombinant wild-type VAGIcNAcase was expressed in E. coli M15 (pREP) cells as a
652-amino acid polypeptide, including the C-terminal (His)s sequence [9]. Expression of all
GlcNAcase variants was based on the protocol described previously by Suginta et al. [9].
Briefly, the transformed cells were grown at 37°C in Terrific Broth (TB) containing 100 ug mL"
" ampicillin and 25 pg mL™" kanamycin until the cell density reached an ODgg of 0.6. The cell
culture was cooled to 20°C, before isopropyl thio-B-D-galactoside (IPTG) was added to a final
concentration of 0.4 mM for GlcNAcase expression. Cell growth was continued at 20°C for an
additional 18 h, and cells were harvested by centrifugation at 4,500 xg for 30 min. The bacterial
pellet was re-suspended in lysis buffer (20 mM Tris-HCI buffer, pH 8.0, 150 mM NaCl, 1 mM
phenylmethylsulphonyl fluoride (PMSF), 5% (v/v) glycerol and 1 mg mL™ lysozyme, and then
lysed on ice using a Sonopuls ultrasonic homogenizer with a 6-mm diameter probe (50% duty
cycle; amplitude setting, 30%; total time, 30 s, 6-8 times). Unbroken cells and cell debris were
removed by centrifugation at 12,000 xg for 1 h. The supernatant containing VhGIcNAcase was
immediately applied to a polypyrene column packed with 5 mL of TALON ® Superflow™ metal
affinity resin (Clontech Laboratories, Inc., USA) operated at 4°C with gravity-dependent flow.
The column was washed with 8 column volumes (cv) of equilibration buffer (20 mM Tris-HCl
buffer, pH 8.0 containing 150 mM NaCl), followed by 7 cv of the equilibration buffer contain-
ing 10 mM imidazole. The protein was then eluted with 250 mM imidazole in the same buffer.
Eluted fractions of 10 mL were collected and 15 L of each fraction was analyzed by 12%
SDS-PAGE, according to the method of Laemmli [29], to confirm the purity of the protein.
Fractions with GlcNAcase activity were pooled and subjected to several rounds of centrifuga-
tion in Vivaspin-20 ultrafiltration membrane concentrators (10 kDa molecular-weight cut-off,
Vivascience AG, Hannover, Germany) for complete removal of imidazole. The final concentra-
tion of the protein was determined by the BCA method [30]. The freshly prepared protein was
either immediately used for functional characterization or stored at -80°C until used.

GlcNAcase activity assay

GleNAcase activity was determined by a colorimetric assay using pNP-GIcNAc as substrate.
The reaction mixture in a 96-well microtiter plate contained an optimal amount of VAGIcNA-
case (0.1 pg for WT and 5 pg for mutants), 500 uM pNP-GlcNAc and 100 mM phosphate
buffer, pH 7.0 in a total volume of 200 pL. When sodium formate was added, the final pH in
the reaction mixture was found to be 7.0 + 0.3. The assay was carried out at 37°C with constant
agitation in an Eppendorf ThermoMixer™ Comfort (Eppendorf AG, Hamburg, Germany),
and was terminated by adding 100 pL of 3 M Na,COj; to each well after 10 min. The concentra-
tion of p-nitrophenol (pNP) released was determined at 405 nm in a Biochrom Anthos Multi-
Read 400 Microplate Reader (Biochrom, Cambridge, UK). The molar quantity of the liberated
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Table 1. Primers used for site-directed mutagenesis.

Mutation Oligonucleotide sequence®
D303A forward 5'- CATTGGCATCTCACTGCGGATGAAGGCTGGCGTE -3
reverse 5'~ CACGCCAGCCTTCATCCGCAGTGAGATGCCAATG -3/
D303N forward 5~ CATTGGCATCTCACTAACGATGAAGGCTGGCGTE -3’
reverse 5'- CACGCCAGCCTTCATCGTTAGTGAGATGCCAATG -3/
D304A forward 5~ GCATCTCACTGACGCGGAAGGCTGGCGTGTC ~3'
reverse 5'- GACACGCCAGCCTTCCGCGTCAGTGAGATGC -3
D304N forward 5'- GCATCTCACTGACAACGAAGGCTGGCGTGTC -3
reverse 5'- GACACGCCAGCCTTCGTTGTCAGTGAGATGC -3
D437A forward 5'- GTTCACATTGGCGCGGCGGAAGTGCCTAACGGE -3
reverse 5'- GCCGTTAGGCACTTCCGCCGCGCCARTGTGAAC -3/
D437N forward 5'~ GTTCACATTGGCGCGAACGAAGTGCCTAACGGE -3
reverse 5'- GCCGTTAGGCACTTCGTTCGCGCCAATGTGAAC -3/
E438A forward 5~ CACATTGGCGCGCGACGCGGTGCCTAACGGCGTGTG ~3'
reverse 5'- CACACGCCGTTAGGCACCGCGTCCGCGCCAATGTG -3
E438Q forward 5'- GTTCACATTGGCGCGGACCAGGTCCCTAACGGCETGTG -3

reverse 5'- CACACGCCGTTAGGCACCTGGTCCGCGCCAATGTGARC -3/

2 Sequences underlined indicate mutated codons.

doi:10.1371/journal.pone.0149228.1001

PNP was calculated from a calibration curve with pNP concentration varied from 0 to 20 nmol.
The hydrolytic activity of the enzyme was expressed as the quantity of pNP (nmol) produced
in 1 min at 37°C.

Determination of the pH optima of VhGIcNAcase WT and D437A mutant

To obtain the activity/pH profiles, the specific activity of VAGIcNAcase WT and D437A
mutant was determined in a discontinuous assay. The reaction mixture contained 0.05 pg
VhGlcNAcase or 5 ug D437A, 500 uM pNP-GlcNAc, and Mcllvaine’s sodium phosphate-citric
acid buffer, pH 3.0-9.0 [31] at different pH values ranging from 3.0 to 9.0, in a total volume of
200 puL. The reaction was carried out as described for the GIcNAcase activity assay.

Chemical rescue assay

Sodium azide and sodium formate were initially tested for their ability to rescue the enzymic
activity of inactive VAGIcNAcase mutants. A 200-pL assay mixture, prepared in a 96-well
microtiter plate, contained 500 M pNP-GIcNAc, 5 pg of enzyme, 1 M sodium azide or formate
and 100 mM sodium phosphate buffer, pH 7.0. The reaction mixture was incubated at 37°C for
10 min with constant agitation, and the reaction was terminated by the addition of 100 uL of 3
M Na,COj. The reaction of wild-type VhAGIcN Acase was carried out as described for mutants,
but with 0.1 pg of the enzyme in the assay.

To determine the effect of concentrations on the rescued activity, the reaction mixture was
incubated with different concentrations of azide or formate for a longer time. A 200-uL assay
mixture contained 500 uM pNP-GIcNAG, 0.2 pg of mutants and 0.1-2.0 M sodium azide or for-
mate in 100 mM sodium phosphate buffer, pH 7.0. The reaction was allowed to proceed at
37°C for 60 min, and then terminated by the addition of 100 uL of 3 M Na,COj;. The amount
of pNP released was calculated as described above.
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Time-course and kinetics of sodium formate effects on the activity of
VhGIcNAcase D437A mutant

Chemical rescue of the inactive D437A mutant by sodium formate was further observed at dif-
ferent times of incubation. A 200-uL assay mixture contained 500 uM pNP-GIcNAc, 0.2 pg of
the mutant D437A and 0.1-2.0 M sodium formate in 100 mM sodium phosphate, pH 7.0. The
reaction mixture was incubated at 37°C for times of 0, 2.5, 5, 10, 30, and 60 min. For kinetic
experiments, a 200-pL reaction mixture, containing 0-500 pM pNP-GlcNAc, 5 pg of the
mutant D437A, 0.1-2.0 M sodium formate and 100 mM sodium phosphate buffer, pH 7.0, was
incubated for 10 min at 37°C and the reaction terminated with 100 pL of 3 M Na,CO;. The
amount of the pNP formed during the reaction was estimated as described previously. The
kinetic parameters (apparent K,,,, apparent k¢, and apparent ke, /Ky,) were determined with a
non-linear regression function available in GraphPad Prism v.5.0 (GraphPad Software Inc.,
San Diego, CA).

Results
Sequence analysis and homology modeling

We previously reported cloning and recombinant expression of the gene encoding GH20 j3-N-
acetylglucosaminidase from the marine bacterium V. harveyi [9]. The enzyme, known as
VhGlcNAcase (formerly VhiNag2), exhibited exolytic activity, degrading chitin oligosaccha-
rides from the non-reducing end in a sequential manner, with GIcNAc monomer as the final
product. Since the crystal structure of VAGlcNAcase is undetermined, we first gained prelimi-
nary information on the structural identity of VAGIcNAcase by aligning its sequence with
those of other GH20 GlcNAcases of known structure. The results showed that the highest
sequence identity of VAGIcNAcase was with Serratia marcescens chitobiase (SmCHB), with
24% identity [32], followed by Streptomyces plicatus f-N-acetylhexosaminidase (SpHex) with
21% identity [17], human S-hexosaminidase A (HsHexA) [33] and human S-hexosaminidase
B (HsHexB) [10] with 17% identity, while the lowest was with Paenibacillus sp. B-hexosamini-
dase (PsHex1T) which had 13% identity [34]. Structure-based alignment of VhGlcNAcase and
SmCHB (Fig 1A) indicated two separate conserved segments on the surface of the (B/o)s TIM
barrel domain of the two enzymes. For VhAGIcNAcase, the preceding segment comprises the
acidic pair Asp303-Asp304, located at the end of loop2 (L2), which links strand B2 and helix
o2 (Fig 1A, upper sequence portion). The second pair, Asp437-Glu438, is present at the start of
loop4 (L4) connecting strand B4 and helix a4 (Fig 1A, lower sequence portion). Superimposi-
tion of the modelled structure of VAGIcNAcase with the crystal structure of SmCHB gave an R.
M.S.D. of 0.651 A for 390 C,, atoms (Fig 1B) and showed both conserved acidic pairs to be part
of the GlcNAc-binding pocket. The Asp437-Glu438 pair was located close to the scissile bond
joining -1GleNAc and +1GlcNAc, which suggested that these amino acids could play a cata-
Iytic role. Structural alignment of the active site residues (Fig 1C) showed that the location of
the Asp303-Asp304 pair is equivalent to that of Asp378-Asp379 in SmCHB, whereas the
Asp437-Glu438 pair corresponded with Asp539-Glu540 [35]. Based on the crystal structure
and kinetic data, the Asp539-Glu540 pair had been suggested to have a catalytic function for
SmCHB [35].

Effects of the active-site mutation on the specific activity of
VhGlcNAcase

Point mutations of the selected residues (Asp303, Asp304, Asp 437 and Glu438) caused a dras-
tic loss of enzymatic activity (Table 2, column 2). The activity of mutants D303A, D304A and
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VhGleNAcase
VhGlcNAcase
SmCHB

Fig 1. Comparison of the modelled structure of A with other GIcNA (A) Multiple
sequence alignment of GH20 glycoside hydrolases. The amino acid sequence of Vibrio harveyi 8-N-
acetylglucosaminidase, VhGlcNAcase (SwissProt: DIISEO) was retrieved from the Uniprot database. This
sequence was aligned with those of Serratia marcescens chitobiase, SmMCHB (SwissProt: Q54468),
Streptomyces plicatus B-N-acetylhexosaminidase, SpHex (SwissProt: 085361), Paenibacillus sp. 8-
hexosaminidase, PsHex1T (SwissProt: D2KWO09), human B-hexosaminidase A (a-chain), HsHexA
(SwissProt: P06865) and human p-hexosaminidase B (B-chain), HsHexB (SwissProt: P07686). The putative
amino acid residues that are important for GicNAcase activity are indicated with blue stars. (B) Surface
representation of the active-site pocket of VhGlcNAcase (in blue) docked with GIcCNAC (in yellow stick) from
SmCHB (PDB entry: 1QBB). The solvent-accessible surface of D437-E438 is highlighted in pink and the
buried surface of D303-D304 is highlighted in green. (C) Superimposition of both conserved acidic pairs
(Asp303-Asp304 and Asp437-Glu438) of modelled VhGlcNAcase (in magenta stick) with the crystal structure
of SmCHB (in green stick) in complex with GIcNAc,. N atoms are shown in blue and O atoms in red.

doi:10.1371/journal.pone.0149228.g001

Table 2. Specific activity of wild-type VhGIcNAcase and its mutants with pNP-GIcNAc as sut intheab and p! of 1 M sodi
salts. The presented values are Mean + S.D. obtained from experiments carried out in triplicate.
GlcNAcase mutant Specific activity (hnmol/min/ug)

No sodium salt 1 M NaN3 1 M HCOONa
Wild-type 19.4 + 0.22 (100)° 0.89+0.14 (5) 15.4 +0.29 (80)
D303A n.d. nd. n.d.
D303N 0.81 +0.02 (100) 0.31 +0.02 (39) 0.75 +0.01 (93)
D304A n.d. nd. n.d.
D304N 0.29 +0.01 (100) 0.10 + 0.01 (35) 0.27 £0.02 (92)
D437A 0.05 £ 0.01 (100) 0.01+0.01 (27) 0.09 +0.01 (182)
D437N n.d. n.d. n.d.
E438A 0.07 +0.01 (100) 0.03 £ 0.01 (46) 0.08 +0.01 (102)
E438Q 0.09 £ 0.01 (100) 0.06 £ 0.01 (65) 0.10 £0.01 (108)

2 Numbers in brackets indicate the relative specific activities of VhGIcNAcase and its variants with each sodium salt, in comparison with VhGIcNAcase
without added sodium salt (set to 100).
n.d: undetectable activity.

doi:10.1371/journal.pone.0149228.1002
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D437N was undetectable, while the residual activity of other mutants, including D303N,
D304N, D437A and E438A/Q, was less than 5% of that of WT VAGIcNAcase (Table 2, column
2). To study the rescue of activity by external nucleophiles, sodium azide and sodium formate,
along with other sodium salts (for the chemical structures of azide and formate ions, see Fig A
in S1 File), were first tested for their physicochemical effects on the activity of VAGIcNAcase
WT. We recently observed that the enzymic activity of the unmutated (wild-type) VAGIcNA-
case was inhibited by various sodium salts, including azide, nitrate, formate and chloride [36].
Here, we confirmed their inhibitory effects on the WT activity. As shown in Fig B in S1 File,
the specific activity of VhGIcNAcase WT decreased greatly when sodium azide or sodium
nitrate was included in the assay medium. On the other hand, sodium formate and sodium
chloride showed only moderate effects. For all the ions tested, the degree of inhibition increased
with increasing concentration.

Next we tested two selected compounds, sodium azide and sodium formate, for their ability
to rescue the enzymic activity of the inactive mutants. The results clearly showed that sodium
formate had much less inhibitory effect on the VAGIcNAcase mutants than on the W'T enzyme
(Table 2, column 3). When 1 M sodium azide was included in the assay medium the specific
activity of the VhAGIcNAcase WT was less than 5% of the original activity, while the residual
activity of the mutants was 27-65% of the original. On addition of sodium formate (Table 2,
column 4), relatively less inhibition, or even enhancement of activity, was also observed with
the enzyme variants. Notably, the specific activity of the D437A mutant was enhanced to 182%
of the basal activity in the presence this compound.

Effects of sodium formate concentration on the rescued activity of the
D437A mutant

Since only for mutant D437A was the specific activity significantly enhanced by sodium for-
mate, we examined whether this mutant showed a shift in the activity/pH curve compared to
the WT enzyme. Fig 2 shows the similar response of the activity of the two VhGIcNAcase
forms to pH variation. Although mutant D437A had a slightly broader activity/pH curve than
the WT enzyme, the two forms had a similar optimal pH of around 7.0. Next, we investigated
whether the enzyme activity of the VAGIcNAcase D437A was modified by sodium formate in a
concentration-dependent manner. In this set of experiments, we also included the effect of con-
centration on the activity of the E438A mutant, for comparison. Fig 3 shows plots of the frac-
tional activity (v;vp) of the enzyme at discrete concentrations of sodium formate. The relative
activity of VhGIcNAcase WT was found to decline in response to increasing concentrations of
sodium formate from 0.1 to 2.0 M; at the highest concentration, the residual activity of the WT
enzyme was reduced to less than half of its original value. In marked contrast, the relative activ-
ity of mutant D437A was elevated with increasing sodium formate concentration, and at 2.0 M
sodium formate was four times the original activity, while the relative activity of mutant
D437N increased slightly (about 1.7-fold) (Fig 3A). However an increase in concentration of
sodium formate did not restore the enzymatic activity of the E438A or E438Q mutants (Fig
3B). When the same set of enzyme variants was tested with sodium azide, decreases in the frac-
tional activity were observed (data not shown).

Steady state kinetics of activation by sodium formate

In order to determine the initial rate of reaction, the product generated in the course of
PNP-GlcNAc hydrolysis by the mutant D437A was monitored at different time points. Fig 4A
is a plot of pNP release against time, showing that the initial rate of the reaction with and with-
out sodium formate could be determined within 10 min, the amount of product formed up to
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Fig 2. Activity/pH profiles of VhGIcNAcase and its mutant D437A. The specific activity of VhGIcNAcase (solid line, left y axis) and the mutant D437A
(dashed line, right y axis) was measured at pH = 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0 in the Mcllvaine's sodium phosphate-citric acid buffer system.
PNP-GIcNAc was used as substrate and the reaction was carried out for 10 min at 37°C.

doi:10.1371/journal.pone.0149228.9002

this time being directly proportional to the time of incubation (Fig 4A, inset). Fig 4B shows
non-linear increases in the initial reaction rates for the D437A mutant with increasing sub-
strate concentration, and discrete increases in sodium formate concentrations from 0.1 to 2.0
M. These plots exhibit typical Michaelis-Menten kinetics, where the apparent maximum rate
of reaction (app Vi) is approached at concentrations of pNP-GIcNAc above 500 pM. Inverse
transformation of the non-linear plots in Fig 4B yields linear Lineweaver-Burk (LB) plots, as
shown in Fig 4C. Each plot, representing the relation of 1/v, and 1/[S], allows estimation of the
kinetic parameters of the enzyme in the absence and presence of sodium formate. The kinetic
data for the mutant D437A in Table 3 indicate discrete increases in apparent values of Ky, kcai»
and Kgy/Kpp. The enhancement of the enzymic activity of VAGIcNAcase on addition of sodium
formate is shown in Fig 5 as plots of (app K.,)/Kpy, (app Kcap)/kcar» and (app ke Kin)/ (kcat/kim)s
all relative to the values in the absence of formate (constant/constant,), as a function of formate
concentration. The data analysis indicates a small, concentration-dependent increase in the K,
value, reaching 1.3-times the reference value at 2.0 M sodium formate. In contrast, very signifi-
cant increases in the constant k., were observed, and at 2.0 M sodium formate, k., was 2.5
fold greater than at 0 M. Hence, the ratio k/K, ration was increased to 1.9-times the refer-
ence ratio, in the presence of 2.0 M sodium formate.
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Fig 3. Effect of sodium formate on pNP-GIcNAc hydrolysis by Acase and its Various concentrations of sodium formate (0.0-2.0 M)

were added to the reaction mixture, which contained 500 uM pNP-GlcNAc and 100 mM sodium phosphate buffer, pH 7.0, at 37°C. v/v, is the fractional
activity of the enzyme, i.e. activity in the presence of sodium formate relative to that in its absence. (A) The D437A (filled diamonds) and D437N (open
inverted triangles) mutants. (B) The mutants E438A (filled squares) and E438Q (open triangles). The wild-type VhGIcNAcase (open circles) are shown in
both AandB.

doi:10.1371/journal.pone.0149228.9003

Discussion

Chitin turnover in the marine biosphere depends upon the activities of marine Vibrios [37,38].
The chitin catabolic cascade of the Vibrios has been demonstrated to involve a large number of
genes and enzymes, which are orchestrated in a complex signal transduction pathway [2,3,37-
41]. We previously identified and characterized three biological components of the chitin cata-
bolic pathway that are essential for chitin degradation and chitin uptake by V. harveyi. Chiti-
nase A (so-called ViAChiA) is an endolytic enzyme responsible for the breakdown of insoluble
chitin chains into small, soluble chitooligosaccharides [8,42], while chitoporin (so-called
VhChiP), a sugar-specific porin located in the outer membrane of the bacterium, is responsible
for chitooligosaccharide uptake [6,7]. The last component is #-N-acetylglucosaminidase
(known as VhGIcNAcase or formerly VhNag2), an exolytic enzyme capable of degrading the
transported chitooligosaccharides to GIENAc monomers, which then act as signalling mole-
cules that regulate the downstream cascade of the chitin catabolic pathway, through the activa-
tion of the chitin sensor (ChiS) [40,43]. VAGIcNAcase, a member of the GH20 GlcN Acase
family, contains four GlcNAc binding subsites (-1), (+1), (+2) and (+3), and exhibits its great-
est activity with chitotetraose [9]. Amino acid sequence comparison with other GlcNAcases
and our 3D-structure, modelled on the known 3D structure of SmCHB (Fig 1A, 1B and 1C),
suggested that two invariant acidic side-chain pairs, Asp303-Asp304 and Asp437-Glu438,
could be important for catalysis. Both acidic pairs lie in close proximity to the cleavage site (-1
subsite) and have equal opportunity to act as the catalytic couple. In this study, we performed
site-directed mutagenesis, followed by a chemical rescue assay, to identify the catalytic couple.
In the first set of experiments, we observed that point mutations of four invariant acidic resi-
dues (Asp303, Asp304, Asp437 and Glu438) caused a drastic loss of the enzymic activity of
VhGlcNAcase toward a synthetic substrate, pNP-GlcNAc. Notably, mutations of Asp437 to
Ala (mutant D437A) and of Glu438 to Ala (mutant E438A) abolished the activity almost
completely, confirming that these acidic residues play important roles in chitin degradation.
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doi:10.1371/journal. pone.0149228.9004

Table 3. Kinetic parameters for the hydrolytic activity of VAGIcNAcase mutant D437A, in the p of i ing sodium formate (HCOONa)

concentration. The presented values are Mean + S.D. obtained from experiments carried out in triplicate.
dium formate ation (M) K (UM) Keat (87) KeatlKm (87" mM™")

0 K4 390+ 32 (1007 "0.14+0.01 (100) 0.36 (100)

0.10 411 + 37 (105) 0.16£0.01 (117) 0.40 (111)

0.25 425 +29 (109) 0.19 +0.007 (135) 0.44 (124)

0.50 456 + 56 (117) 0.22 +0.02 (160) 0.49 (137)

1.00 489 + 41 (125) 0.26 + 0.01 (189) 0.54 (151)

1.50 509 + 33 (130) 0.31£0.01 (221) 0.60 (170)

2.00 519 + 38 (133) 0.35+0.02 (251) 0.67 (189)

@ Values in brackets represent relative activity compared to that without sodium formate (set as 100)

doi:10.1371/journal.pone.0149228.003
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Fig 5. Chemical recue of the D437 A mutant by sodium formate. Three kinetic constant ratios: the apparent first-order rate constants, k.4 (open circles),
apparent Michaelis constants, Knm (open squares) and apparent second-order rate constants, kc/Km (open triangles), were plotted as a function of sodium
formate concentration.

doi:10.1371/journal.pone.0149228.9005

In the next experiment, we observed that among various sodium salts, sodium azide greatly
inhibited the activity of VhAGIcNAcase WT, but sodium formate produced only weak inhibition
(Fig B in S1 File). Such observations were consistent with our previous report that sodium
azide acted as a potent competitive inhibitor of VhGIcNAcase [36]. Both azide and formate
ions, the forms of sodium azide and sodium formate, respectively, that exist in buffered solu-
tion, are strong nucleophiles [44,45]. Therefore, their ability to rescue enzymic activity of inac-
tive mutants through nucleophilic effect has been employed to elucidate the catalytic
mechanism of several retaining glycoside hydrolases [19,23-27]. In our study, their inhibitory
effects on the mutant forms of VAGIcNAcase were significantly less than on WT, suggesting
that the inactivating effects of the active-site mutations were partially eliminated when azide or
formate was included in the assayed reaction. Formate ion appeared to act as the more potent

nucleophile, as we observed its greater chemical rescue effect on the mutants D437A and

PLOS ONE | DOI:10.1371/journal.pone.0149228 February 12,2016 12/17
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E438A/Q, as compared to that of azide ion; the enzymic activity of the mutant D437 A was
even enhanced by formate, but not by azide. The less effective chemical rescue produced by
azide ion may result from its linear geometry, which allows only a poor fit into the catalytic
pocket of VhGIcNAcase. In contrast formate ion, which has trigonal planar geometry, may
accurately mimic the carboxylate side chain of Asp437 (Fig A in S1 File). Therefore, the activity
loss due to the interruption of the catalytic cycle, caused by loss of the natural nucleophile
upon replacement of Asp437 with Ala, could be re-established in the presence of this small
exogenous nucleophile.

Lineweaver Burk plots of 1/v, vs. 1/[s] at different formate concentrations (Fig 4C) yielded
lines that intersect above the x-axis, agreeing with the mix-type mode of binding. The results
suggested that formate ion could interact with both unliganded D437A (E™") and ligand-
bound D437A (E™™S), but the enhanced activity would occur only when formate ion bound to
the enzyme-substrate complex. Fig 6 shows the proposed mechanism, in which formate ion
increases the rate of pNP-glycoside hydrolysis by replacing the substituted side-chain of
Asp437 in the catalytic pocket of the D437 A-substrate complex. The restoration of the enzyme
activity observed with the mutant D437A suggested a crucial role for Asp437 as the catalytic
nucleophile in both the glycosylation and deglycosylation steps of the substrate-assisted mech-
anism proposed for GH20 GlcNAcases [21].

The absence of any shift in the optimal pH in the pH-activity profiles of the VAGIcNAcase
WT and the D437A mutant suggested that D437 did not facilitate bond cleavage by lowering
the pK, value of its catalytic partner Glu438. This is a major difference in the catalytic role of
Asp437 in VhGlcNAcase from Asp313 in SpHEX. In the case of SpHEX, the D313A mutant
was shown to have its optimal pH value increased from 5.0 to 7.5, the pH/activity data suggest-
ing a significant contribution to bond cleavage by Asp313 [21].

When compared with SpHEX [21], we propose that the effects of formate ion on the
VhGlcNAcase inactive mutant are mechanistically different from the effects of azide ion on the
SpHEX inactive mutant. As shown in Fig 6A, formate ion acts as a nucleophilic substitute for
Asp437 in the VAGIcN Acase D437A mutant, the planar formate ion (HCOO') optimally filling
the volume occupied in WT VAGIcNAcase by the B-COO" side chain. Formate then accepts a
proton from the -NH of the C2-acetamido group of the oxazolinium intermediate that is gener-
ated in course of the scissile-bond cleavage by the acid catalyst Glu438. Such covalent bond for-
mation aids the stabilization of the oxazolinium intermediate in the glycosylation step, and
also helps to orient the positively charged C1 of the reaction intermediate, so as to react with
the neighbouring water molecule in the subsequent deglycosylation step. Our data show that
formate-mediated chemical rescue produced similar increases in (apparent ke, )/kcap, and
(apparent ke, /Kpp)/(kea/k) (2.5- and 1.9-fold respectively), supporting the catalytic role of
Asp437 in both glycosylation and deglycosylation steps in the enzyme-substrate complex. In
marked contrast, azide ion rescued the GlcNAcase activity of SpHEX inactive mutant (D313A)
by acting as an alternative nucleophile to water (not to Asp313), generation a B-glycosyl azide
product. As shown in Fig 6B, azide ion does not mimic the nucleophilic role of Asp313, but the
result of the nucleophilic attack by azide ion is to open the oxazolinium ion intermediate dur-
ing the deglycosylation step. This proposed mechanism was revealed by the kinetic analysis,
which showed a much greater increase in the first-order rate constant ratio (apparent kcy)/kcar
(16-fold) than in the second-order rate constant ratio (apparent ke, /Kp)/(Kea/K) (5-fold). In
VhGlcN Acase such analysis suggested that the exogenous nucleophile restored the activity of
the D437A mutant by accelerating both the rate of deglycosylation (as reflected by the apparent
kear) and of glycosylation (as reflected by the apparent k.,/K,). It is noteworthy that the rescue
effect observed for our inactive VAGIcNAcase was not dramatic, and this may reflect the reac-
tivity of the leaving group on the tested substrate. pPNPGIcNAc contains a poor leaving group,
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doi:10.1371/journal.pone.0149228.9006

so is much less susceptible to enzymic hydrolysis than 2,4DNPGIcN Ac and 3,5DNPGIcNAc,
which contain strong leaving groups. Similar results were reported by Vallmitjana etal. [23].
They observed only a 3 fold enhancement of k., when pNPG was used as the substrate for the
B-glucosidase assay of the nucleophilic inactive mutant E178A, while 188 fold k., enhance-
ment was observed when 2,4DNPG was the substrate. This would explain the modest 2.5 fold
increase in k., for VhGIcNAcase inactive mutant with pNPGIcNAc as substrate, compared to
SpHEX, which showed a 16 fold increase in k,, with 3,5DNPGIcNAc substrate [21].

Conclusions

In this study, we have demonstrated that an exogenous nucleophile (formate ion) selectively
enhances the enzymatic activity of an inactive mutant VhGlcNAcase, D437A, in a concentra-
tion-dependent manner. However, the activity of other active-site mutants (D303A/N, D304A/
N, and E438A/Q) was not significantly affected by the addition of this strong nucleophile. The
rescued activity of the D437A mutant suggests that Asp437 is the catalytic nucleophile, while
its invariant acidic partner Glu438 likely acts as a catalytic proton-donating residue. This
experimental evidence confirms that the residues Asp437 and Glu438, located in the middle of
the substrate-binding cleft in the modelled structure of GH20 VhGlcNAcase, act as the catalytic
pair in the catalytic cycle of chitooligosaccharide hydrolysis by this enzyme.

PLOS ONE | DOI:10.1371/journal.pone.0149228 February 12,2016 14/17
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Supporting Information

S1 File. The chemical structures of azide and formate ions used in this study (Fig A) and
specific hydrolytic activity of wild-type VhGIcNAcase against pNP-GIcNAGg, in the presence
of various concentrations of sodium salts (Fig B).
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