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The difference in cleavage patterns was not visible when the
three enzymes were used to hydrolyze colloidal chitin (Fig.
6A—C). Over the first 60 min of incubation, the three enzymes
essentially degraded chitin to G2 as the major product, with
trace amounts of G3. Then, after 18 h, G2 and G1 were
produced as the major end products, with some G3 also being
present in the reaction of the W275G mutant.

The 3D-structure of S. marcescens chitinase A E315L
mutant complexed with hexaNAG revealed that the oligosac-
charide occupied subsites —4 to +2. An almost superimposition
of the substrate binding clefts of Vibrio and Serratia enzymes
(Fig. 2B) led to the assumption that oligosaccharide substrates
would occupy the binding cleft of the Vibrio chitinase A in a
similar manner as it was observed with the Serratia enzyme.
Further investigation of the products released from penta- and
hexaNAG hydrolyses by S. marcescens wild-type chitinase A
demonstrated that both substrates only occupied subsites —2 to
+2 with additional sugars extend beyond the substrate-binding
cleft at the reducing end [22]. Such a four subsite binding mode
seemed to also be the case for B. circulans chitinase Al [27].
Even though the binding mode of the Vibrio enzyme cannot be
specified at this point in time, the shift in the degradation
patterns against chitooligomers upon particular point mutations
gave indication that Trp275 and Trp397 are both important in
the selective binding of soluble substrates.

A mutation of Trp397 to Phe results in an entire change in the
cleavage patterns of the enzyme towards G6 and it can thus be
assumed that Trp397 is involved in defining the primary binding
sites for the incoming sugars so that the G2 and G4 will mainly
be produced from the G6 substrate (Fig. 5A). Mutation of
Trp397 to a less hydrophobic residue (Phe) seemed to loosen the
binding affinity at this subsite. As a result, the incoming
oligosaccharide had more freedom to assemble itself in the
binding cleft, thus permitting various bonds to be exposed to the
cleavage site (Fig. 5C). This finding is in a good agreement with
the previous observations on Serratia and Bacillus chitinases
[22,27]. Based on the —2 to +2 binding mode, Aronson et al.
[22] suggested that the loss of binding affinity of the subsite +2
residue as a result of amino acid replacement (Trp396 to Ala)
shifted the primary binding sites at least one position towards the
non-reducing end.

Mutation of the +1 binding residue (Trp275) to Gly led to a
major change in the hydrolysis of higher M, oligosaccharides
(as seen in Fig. 4B—D and Fig. 5B) by allowing the second and
the third bonds of G6 from the non-reducing end (in the four
subsite binding mode) to be equally accessed, confirming that
Trp275 is involved in the specific binding of GlcNAc units
around the cleavage site.

With colloidal chitin, no significant change in the cleavage
patterns was seen as a result of the specific mutations of Trp275
and Trp397, which suggested that the two residues did not play
the same role as in chitooligosaccharide degradation. According
to “the feeding-sliding theory” suggested by Watanabe’s group
[23,27,34], a chitin polymer would enter the binding cleft
unidirectionally from the non-reducing end rather than enter
randomly like small substrates. Under these conditions, binding
would be more influenced by a cluster of the surface-exposed

amino acid residues that stretch along the N-terminal chitin
binding domain through the substrate binding cleft than by
particular residues.
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Abstract

Background: Vibrio carchariae chitinase A (EC3.2.1.14) is a family-18 glycosyl hydrolase and
comprises three distinct structural domains: i) the amino terminal chitin binding domain (ChBD);
ii) the (c/B)g TIM barrel catalytic domain (CatD); and iii) the o + [ insertion domain. The predicted
tertiary structure of V. carchariae chitinase A has located the residues Ser33 & Trp70 at the end of
ChBD and Trp23| & Tyr245 at the exterior of the catalytic cleft. These residues are surface-
exposed and presumably play an important role in chitin hydrolysis.

Results: Point mutations of the target residues of V. carchariae chitinase A were generated by site-
directed mutagenesis. With respect to their binding activity towards crystalline a-chitin and
colloidal chitin, chitin binding assays demonstrated a considerable decrease for mutants WW70A and
Y245W, and a notable increase for S33W and W23 1A. When the specific hydrolyzing activity was
determined, mutant W23|A displayed reduced hydrolytic activity, whilst Y245W showed
enhanced activity. This suggested that an alteration in the hydrolytic activity was not correlated
with a change in the ability of the enzyme to bind to chitin polymer. A mutation of Trp70 to Ala
caused the most severe loss in both the binding and hydrolytic activities, which suggested that it is
essential for crystalline chitin binding and hydrolysis. Mutations varied neither the specific
hydrolyzing activity against pNP-[GIcNAc],, nor the catalytic efficiency against chitohexaose,
implying that the mutated residues are not important in oligosaccharide hydrolysis.

Conclusion: Our data provide direct evidence that the binding as well as hydrolytic activities of
V. carchariae chitinase A to insoluble chitin are greatly influenced by Trp70 and less influenced by
Ser33. Though Trp231 and Tyr245 are involved in chitin hydrolysis, they do not play a major role
in the binding process of crystalline chitin and the guidance of the chitin chain into the substrate
binding cleft of the enzyme.

Background cell walls and exoskeletons of crustaceans and insects.
Chitin is a homopolysaccharide chain of N-acetylglu-  However, the S-GIcNAc units that generally form intra-
cosamine (GIcNAc or G1) units combined together with  and intermolecular H-bonds make chitin completely
f-1,4 glycosidic linkages. Chitin is one of the most abun-  insoluble in water and its use is thus limited. Several strat-
dant biopolymers found in nature as constituent of fungal  egies have been developed for converting chitin into small
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soluble derivatives, which are more useful for applications
in the fields of medicine, agriculture and industry. Enzy-
matic degradation of chitin using biocatalysts seems to be
the method of choice since the type, quantity and quality
of oligomeric products can be well controlled and the
reaction occurs quickly and completely under mild condi-
tions without generation of environmental pollutants.

Chitinases (EC3.2.1.14) are a diverse group of enzymes
that catalyze the conversion of insoluble chitin to soluble
oligosaccharides. They are found in a wide variety of
organisms including virus, bacteria, fungi, insects, plants
and animals [1-8]. In the carbohydrate active enzymes
(CAZy) database http://www.cazy.org/, carbohydrate
enzymes are first classified as glycosyl hydrolases (GH),
glycosyl transferases (GT), polysaccharide lyases (PL), car-
bohydrate esterases (CE), and carbohydrate binding mod-
ules (CBM), and then further divided into numbered
families with structurally-related catalytic and carbohy-
drate-binding modules. Following this classification, chi-
tinases are commonly listed as family GH-18 and family
GH-19 enzymes. Family-18 chitinases have the catalytic
crevice located at top of the (a/B)s-TIM barrel domain
[9,10], whereas the catalytic domain of family-19 chiti-
nases comprises two lobes, each of which is rich in a-hel-
ical structure [11]. Bacteria such as Serratia marcescens,
Bacillus circulans, Alteromonas sp. and marine Vibrios pro-
duce chitinases to synergistically degrade chitin and use it
as a sole source of energy [1,12-16]. The mechanism of
chitin degradation by bacterial chitinases was mainly
derived from the outcome of structural studies or site-
directed mutagenesis [17-20]. Unlike chitooligosaccha-
rides, chitin polymer has been presumed to unidirection-
ally enter the substrate binding cleft of chitinases under
the guidance of a few surface-exposed residues at the exte-
rior of the substrate binding cleft [21,22]. Those residues
were identified as Trp33, Trp69, Phe232, and Trp245 in S.
marcescens Chi A [18], Ser33, Trp70, Trp232, and Trp245
in Aeromonas caviae Chil [23], and Trp122 and Trp134 in
B. circulans Chi A1 [17]. Structurally, the latter two resi-
dues are located in the equivalent locations of Tyr245 and
Trp231, respectively of V. carchariae chitinase A (Fig. 1 and
ref [17]). We previously isolated chitinase A from a
marine bacterium, Vibrio carchariae [24]. The enzyme was
found to be highly expressed upon induction with chitin
and was active as a monomer of 63 kDa. The DNA frag-
ment encoding the functional chitinase A was subse-
quently cloned into the pQEGO expression vector that was
compatible to be highly expressed in E. coli type strain
M15 [25]. Mutational studies confirmed that the con-
served Glu315 acts as the catalytic residue in the substrate-
assisted mechanism [26,27], whereas the aromatic resi-
dues including Trp168, Tyrl171, Trp275, Trp397 and
Trp570 participated in direct interactions with chitooli-
gosaccharides [28]. In this study, site-directed mutagene-

http://www.biomedcentral.com/1471-2091/9/2

sis was employed in combination with following chitin
binding assays and kinetic analysis to investigate the sig-
nificance of the putative surface-exposed residues Ser33,
Trp70, Trp231 and Tyr245 for the binding and hydrolytic
activities of the Vibrio chitinase A.

Results

Homology modeling and sequence analysis

We previously reported gene isolation and sequence anal-
ysis of V. carchariae chitinase A precursor [25]. Site-
directed mutation of the active site residues showed that
Glu315 plays an essential role in catalysis [26]. On the
other hand, the conserved aromatic residues (Trp168,
Tyrl71, Trp275, Trp397 and Trp570) located within the
substrate binding cleft of the enzyme were found to be
important in binding to chitooligosaccharides [28]. Here,
we have investigated the functional roles of four amino
acid residues (Ser33, Trp70, Trp231 and Tyr245) at the
surface of V. carchariae chitinase A. All of these residues
have been proposed as functionally relevant to binding
and hydrolysis of crystalline chitin [17,18]. Fig. 1 repre-
sents the modeled 3D-structure of V. carchariae chitinase
A that was built based upon the crystal structure of S.
marcescens chitinase A mutant E315L complexed with a
chitohexamer [see Methods]. It can clearly be seen that the
four residues linearly align with each other. Trp70 and
Ser33 are positioned at the end of the N-terminal chitin
binding domain (ChBD), whilst Trp231 and Tyr245 are
found outside the substrate binding cleft where they are
part of the TIM barrel catalytic domain.

When the amino acid sequences of several bacterial chiti-
nases were compared, the V. carchariae chitinase A
(Q9AMP1) exhibited highest sequence identity with chiti-
nase A from V. harveyi HYO1 (A6AUUG) (93%), moderate
identity with chitinase A from S. marcescens (P07254) and
Enteromonas sp. (Q4PZF3) (47%), and low identity with
chitinase Al from B. circulans (22%). Surprisingly,
extremely low sequence identity was observed when V.
carchariae chitinase A was compared with chitinase A from
V. splendidus (A3UMCG) (13%) and V. cholerae (AGACY6)
(11%).

A structure-based alignment of three chitinases, including
V. carchariae chitinase A, S. marcescens chitinase A, and B.
circulans WL-12 chitinase A1 was constructed and is dis-
played in Fig. 2A &2B. Fig. 2A represents an alignment of
the N-terminal ChBDs of the Vibrio and Serratia chitinases
with the C-terminal fragment that covers the ChBD of the
Bacillus chitinase A1 (ChBD,s;). The ChBD 4, consists
of the residues 655 to 699 and deletion of this domain led
to a severe loss in the binding activity to chitin as well as
in the colloidal chitin-hydrolyzing activity, suggesting
that this domain is essential for binding to insoluble chi-
tin of this enzyme [29]. As shown in Fig. 2A, the residues
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The Swiss-Model 3D-structure of V. carchariae chitinase A. A ribbon representation of the 3D-structure of V. carchar-
iae chitinase A was constructed based on the x-ray structure of S. marcescens Chi A E315L mutant as described in the text. The
N-terminal chitin binding domain is presented in cyan, the TIM barrel domain in yellow and the small insertion domain in green.
The coordinates of [GIcNACc], that are modeled in the active site of the Vibrio enzyme are shown as a stick model with N

atoms in blue and O atoms in red. The mutated residues (Ser33, Trp70, Trp23| and Tyr245) and other substrate binding resi-

dues are also presented in stick model (magenta).

Trp656 and Trp687 of the ChBD 4, are well aligned with
Ser33 and Trp70 of V. carchariae chitinase A. However, the
determination of the solution structure of the ChBD 4,
by Ikegami et al. [30] identified only Trp687 as a putative
chitin binding residue, in addition to His681, Thr682,
Pro689, and Pro693.

With respect to the alignment of the catalytic domain (Fig.
2B), Trp231 of the Vibrio chitinase is equivalent to Trp122
and to Phe232 of the Bacillus and Serratia chitinases. For
Tyr245, this residue is replaced by Trp134 and Trp245 in
the B. circulans and S. marcescens sequences, respectively.
The sequence alignment additionally demonstrates the
residues Ser33 and Trp70 within the flexible loops that
join two strands in the chitin binding region. The residues
Trp245 and Tyr231 are found as part of the catalytic (o/
B)s TIM barrel, where Tyr245 is exposed on the loop that

joins helices 2(3) and 2(4) together and Trp231 is the
only residue being found in an a-helix (helix 2(3)).

Expression and purification of chitinase A and mutants

To investigate the binding and hydrolytic activities of V.
carchariae chitinase A, target residues as named above
were mutated by sited-directed mutagenesis. According to
the employed system, the recombinant chitinases were
expressed as the C-terminally (His), tagged fusion protein
(see Methods). After single-step purification using Ni-
NTA agarose affinity chromatography, the yields of the
purified proteins was estimated to be approx. 20 to 25
mg/ml per litre of bacterial culture. As analyzed by SDS-
PAGE, all the mutated proteins displayed a single band of
molecular weight of 63 kDa (data not shown), which is
identical to the molecular weight of the wild-type enzyme.
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Figure 2

A structure-based alignment of V. carchairae chitinase A with S. marcescens chitinase A and B. circulans chiti-
nase Al. A) The N-terminal ChBDs of V. carchariae chitinase A (residues 22—138) and S. marcescens chitinase A (residues 24—
137) were aligned with the C-terminal fragment (residues 648—-699), covering the ChBD of B. circulans WL-12 chitinase Al. B)
An alignment of the catalytic domain of the three bacterial chitinases with residues 160 to 289 of V. carchariae chitinase A being
displayed. The chitinase sequences were retrieved from the Swiss-Prot/TreEMBL protein databases, aligned using "MegAlign" in
the DNASTAR package, and displayed in Genedoc. The secondary structure of V. carchariae chitinase A was predicted from the
PHD method in PredictProtein using S. marcescens as template [see texts]. Conserved residues are shaded in blue, whereas the
residues that are aligned with Ser33, Trp70, Trp231, and Tyr245 of V. carchariae chitinase A are shaded in red. ChiA_Vibca: V.
carchariae chitinase A (Q9AMPI), ChiA_Serma: S. marcescens chitinase A (P07254), and ChiA|_Bacc: B. circulans chitinase Al
(P20533). fstrand is represented by an arrow, a-helix by a cylinder and loop by a straight line.

Effects of mutations on the chitin binding activities of
chitinase A

To minimize hydrolysis, all the binding experiments were
carried out on ice. Bindings of the wild-type chitinase and
mutants to colloidal chitin were initially investigated as a
function of time. After a removal of the enzyme bound to
chitin, decreases in concentration of the unbound enzyme
remaining in the supernatant was monitored discretely at
different time points of 0 to 120 min. Fig. 3 demonstrates
that the binding process took place rapidly and reached
equilibrium within 5 min. The relative binding activity of
each mutant to colloidal chitin is following the order
W231A > 833W > WT=W231F > S33A > Y245W > W70A.

The binding activity of the individual mutants relative to
the one of the wild-type enzyme was further examined
with colloidal chitin and e-chitin polysaccharides at a sin-
gle time point of 60 minutes. In general, the wild-type and
mutant chitinases expressed greater binding activity
towards colloidal chitin. A comparison of the level of
binding of the engineered enzymes to the two substrates
revealed a similar pattern (Fig. 4). For both polysaccha-
rides, W70A and Y245W displayed lower binding activity
than the wild-type enzyme. S33A and W231F showed a
modest increase in binding to crystalline a-chitin and
decreased level of binding to colloidal chitin. Mutants
S33W and W231A, on the other hand, displayed higher
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Figure 3

Time-course of binding of chitinase A and mutant
enzymes to colloidal chitin. Chitinases (I umol in 100
mM sodium acetate buffer, pH 5.5) were incubated with 1.0
mg colloidal chitin at 0°C. Decreases in free enzyme concen-
tration were determined at different time points from 0-30
min by Bradford's method. Each data value was calculated
from triplicate experiments. Symbols: wild-type (black
square); S33A (black upward-pointing triangle); S33W (black
downward-pointing triangle); W70A (black diamond);

W23 IA (black circle); W23 |F (open square); and Y245W
(open triangle).

effectiveness in the binding to both substrates. Of all,
mutant W231A displayed highest binding activity and
W70A exhibited lowest activity. Especially, no detectable
binding to crystalline a-chitin was observed with mutant
W70A.

Adsorption isotherms of chitinase mutants to colloidal
chitin were carried out relative to that of the wild-type
enzyme. Fig. 5 represents a non linear plot of the adsorp-
tion isotherms obtained at a fixed concentration of colloi-
dal chitin but varied concentrations of the enzyme (See
Methods). In comparison to the wild-type enzyme,
mutants S33W and W23 1A exhibited significantly higher
binding activity, whereas mutants W70A, S33A, W231F
and Y245W had a notably decreased binding activity.
When the dissociation binding constants (K) were esti-
mated from the non-linear regression function, it was
found that the K, value of wild-type (0.95 + 0.11 uM) was
slightly larger than the K values of S33W (0.84 + 0.09
uM) and W231F (0.88 + 0.09 uM), but remarkably greater
than the value of W231A (0.26 + 0.03 uM). In contrast,
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significantly higher Kj values than the wild-type value
were observed with S33A (1.50 + 0.11 pM), W70A (2.30
+ 0.25 pM), and Y245W (1.60 + 0.16 uM). These esti-
mated K, values gave a notation of the enzyme's binding
strength in the following order W231A > S33W > W231F
> wild-type > S33A > Y245W > W70A, which is in absolute
accordance with the binding activities determined by the
chitin binding assay (see Fig. 4) and the kinetic data as
described below.

Effects of mutations on the hydrolytic activities of
chitinase A

The effects of mutations on the hydrolytic activity of V.
carchariae chitinase A were further studied by exposing the
wild-type and modified enzymes to pNP-[GlcNAc],, col-
loidal chitin and crystalline a-chitin. The specific hydro-
lyzing activity for the three different substrates was
subsequently determined. From all the mutants, only
W231A displayed a slightly reduced specific hydrolyzing
activity against the pNP substrate (Table 1).

Unlike the pNP-glycoside, strong effects on the hydrolytic
activities were observed with the insoluble polymeric sub-
strates. The hydrolyzing activity against crystalline a-chi-
tin was completely abolished in case of mutants S33A,
W70A and W231A/F but improved for mutants S33W and
Y245W at levels of 166% and 250% of the wild-type activ-
ity, respectively. A similar trend was also seen with colloi-

100
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5 607

£

D 401

=
1hk L
04 " . —_ - .

wT

S33A S33W W70A W231A W231F Y245W

Chitinase A mutants

Figure 4

Binding of chitinase A and mutants to insoluble chi-
tin. The binding assay set as described in the text was incu-
bated with crystalline a-chitin or colloidal chitin for 60 min.

The % binding = |:E§E-Ef:|>< 100; where E, is initial enzyme
t

concentration and E;is the free enzyme concentration after
binding. Closed and open bars represent % binding to colloi-
dal chitin and crystalline a-chitin, respectively. The presented
data are mean values obtained from three independent sets
of the experiment.
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Bound enzyme (pmol/g)

Free enzyme (pM)

Figure 5

Equilibrium adsorption isotherms of wild-type and
mutant chitinases A to colloidal chitin. The reaction
assay (500 pl) contained 1.0 mg chitin and varied concentra-
tions of enzyme from 0 to 7.0 uM. After 60 min of incubation
at 0°C, the reaction mixture was centrifuged and concentra-
tions of E, and E;were determined as described in the text.
Symbols: wild-type (black square); S33A (black upward-point-
ing triangle); S33W (black downward-pointing triangle);
WT70A (black diamond); W23 | A (black circle); W23 |F (open
square); and Y245W (open triangle).

dal chitin. However, for this substrate S33A, W70A and
W231A/F not completely abolished but markedly
decreased hydrolyzing activity, while S33W (119%) and
Y245W (152%) again where the ones that displayed
higher activity than wild-type enzyme. The most severe
loss of the specific hydrolyzing activity towards colloidal
chitin was detected for mutant W70A, which had a substi-
tution of Trp70 to Ala.
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Steady-state kinetics of chitinase A and mutants

The kinetic parameters of the hydrolytic activity of chiti-
nase A and mutants were finally determined with chito-
hexaose and colloidal chitin as substrates. As presented in
Table 2, mutations of the chosen residues led for the
response of enzyme values towards the hexachitooli-
gomer to concomitant decreases in both the K and k_,
values. For all the mutants, however, the overall catalytic
efficiency (k,/K,,) was not much different to the value
observed for the wild-type enzyme. In contrast, the kinetic
properties of the enzyme against colloidal chitin were sig-
nificantly modified by the mutations. The K, values of
S33A (2.07 10! mg ml-'), W70A (2.26 10! mg ml!), and
Y245W (1.82 10! mg ml-!) were higher than the wild-type
K, (1.74 10! mg ml!') whereas S33W (1.58 10! mg ml-!)
and W231A (1.01 10! mg ml-!) had considerably lower
K,, compared to the reference value. Mutations that
caused a large decrease in the enzyme's catalytic activity,
k., were Ser33 to Ala, Trp70 to Ala and Trp231 to Ala/
Phe, whereas mutations of Ser33 to Trp and Tyr245 to Trp
elevated k_,, values instead. The overall catalytic efficiency
(fea/ Ky that was calculated for the hydrolysis of colloidal
chitin was to more or less extent either reduced (for S33A,
W70A, W231A and W231F) or increased (for S33W and
Y245W).

Discussion

This study describes the possible role of Ser33, Trp70,
Trp231, and Tyr245 in chitin binding and hydrolysis.
Point mutations of these residues were introduced by site-
directed mutagenesis and changes in the binding and
hydrolytic activities of the enzyme as a result of the amino
acid substitution were subsequently investigated for vari-
ous substrates. Chitin binding assays (Fig. 3 &4) demon-
strate a decrease in the binding activity of mutants S33A,
W70A and Y245W to various extents. However, the most
severe effect was observed with W70A. A time course study
displayed no binding activity of W70A but retained activ-

Table I: Specific hydrolyzing activity of chitinase A and mutants. The reducing sugar assay was carried out against crystalline and
colloidal chitin. The release of the hydrolytic products was calculated from a standard curve of [GIcNACc],. On the other hand, the

specific hydrolyzing activity against pNP-[GIcNACc], was determined by the colorimetric assay. The release of pNP was estimated from

a standard curve of pNP

Protein Specific hydrolyzing activity (U/umol protein)2

Crystalline chitin Colloidal chitin pNP-[GIcNACc],

Wild-type 0.59 + 0.02(100)® 12.9 + 0.22 (100) 50.5 = 1.13 (100)
S33A nd.=c 8.5 £ 0.50 (66) 58.0 + 1.08 (115)
S33w 1.00 £ 0.08 (166) 153 £0.32(119) 54.0 £ 2.55 (107)
W70A n.d. 43+0.17 (33) 52.8 +2.14 (105)
W23IA n.d. 6.6 £0.26 (51) 45.2 £2.00 (90)
W23IF n.d. 9.2+£0.49 (71) 54.3 £ 2.85 (108)
Y245W 1.49 + 0.09 (250) 19.6 + 0.53 (152) 53.6 = 1.61 (106)

2 One unit of chitinase is defined as the amount of enzyme that releases | umol of [GIcNAc], or | nmol of pNP per min at 37°C.

b Values in parentheses represent relative specific hydrolyzing activities (%).

¢ Non-detectable activity.
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Table 2: Kinetic parameters of substrate hydrolysis by chitinase A wild-type and mutants. A kinetic study was carried out using 0-5%
(wlv) colloidal chitin and 0-500 uM chitohexaose as substrates. After 10 minutes of incubation at 37°C, the amounts of the reaction

products were determined from a standard curve of [GIcNACc],

Chitinase A Chitohexaose Colloidal chitin
variant
Kon(1M) Keac (51) kadKn(E'MY) K (100 mgmbl) kg (5) Kea Koo (1071 51/
mg ml')
Wild-type 218 £22.0 29 1.3 x 103 (100)2 1.74 £ 0.1 1.2 0.7 (100)
S33A 171 +£20.5 2.6 1.5 x 103 (115) 2.07 £ 0.2 0.9 0.4 (57)
S33wW 210+ 154 2.8 1.3 x 103 (100) 1.58 + 0.2 1.4 0.9 (129)
W70A 185 + 22.0 2.5 1.3 x 103 (100) 226 + 0.4 0.4 0.2 (29)
W23IA 189 + 13.2 2.6 1.4 x 103 (108) 1.01 £0.2 0.6 0.6 (86)
W23IF 163 £ 10.3 2.4 1.5 x 103 (115) 1.70 £ 0.2 0.9 0.5 (71)
Y245W 201 £ 13.1 2.6 1.3 x 103 (100) 1.82+£0.2 1.7 0.9 (129)

a Relative catalytic efficiencies (%) are shown in parentheses.

ity of other mutants to colloidal chitin (Fig. 3). This
strongly suggested that Trp70 is the major determinant for
insoluble chitin binding. Sugiyama and colleagues previ-
ously employed the reducing-end labeling technique and
the tilt micro-diffraction method [21,22] to illustrate the
molecular directionality of crystalline S-chitin hydrolysis
by S. marescens chitinase A and B. chitinase chitinase A1. If
the chitin polymer enters the substrate binding cleft of V.
carchariae chitinase A from the reducing end as described
for the Serratia and Bacillus enzymes, Trp70 will likely
serve as a platform for the arrival of a chitin molecule. This
idea is well complimented by the location of the residue
at the end of ChBD. A remarkable loss of the specific
hydrolyzing activity as well as the decrease in the rate of
enzyme turnover (k) that was observed for mutant
W70A is hence explainable by the loss of the binding
strength due to a substitution of Trp to Ala and an associ-
ated change in the hydrophobic interactions. A similar
performance was seen for residue Ser33. Although to a
lesser extent, a mutation of Ser33 to Ala also led to
decreased binding activity, while its mutation to Trp
improved binding activity. This finding provides addi-
tional evidence that binding of the chitin chain to the
ChBD is cooperatively taken place via hydrophobic inter-
actions and influenced by the molecular setting in this
region.

The most striking observations were made with the resi-
due Trp231. As demonstrated by the modeled 3D-struc-
ture (see Fig. 1), the residue Trp231 is placed at the
outermost of the catalytic surface, thereby lying closest to
the non-reducing end of the substrate binding cleft. The
observed drastic improvement (rather than reduction) in
the binding efficiency of mutant W231A could only be
explained as a removal of the side-chain blockage. Hence,
the reduced hydrolyzing activity of mutant W231A was
unlikely influenced by changes in the binding acitivity as

a result of the alanine substitution of Trp231. Apparently,
the same phenomenon was previously recognized in S.
marcescens chitinase A [18], with which a mutation of
Phe232 to Ala seriously diminished the hydroyzing aci-
tivty but left the binding activities to both colloidal chitin
and f-chitin microfibrils unchanged.

When the next residue in line (Tyr245) (see Fig. 1) was
mutated to a bulkier side-chain (Trp), inverse effects
(reduced binding but improved hydrolysis) were
observed. This complimented the idea of the binding bar-
rier around the entrance hall of the catalytic domain by
Trp231 and Tyr245. Similar findings were also recognized
with a cellulose degrading enzyme, Thermobifida fusca
endoglucanase (Cel9A) [31]. With this enzyme, it was
observed that mutations of the surface-exposed cellulose
binding residues Arg557 and Glu559 to Ala (mutant
R557A/E559A) led to a severe loss in the hydrolytic activ-
ity against crystalline cellulose, but a change in the bind-
ing activity was not at all observed. Structurally, the
residues Arg557 and Glu559 are found on the surface of
the cellulose binding module (CBM), closest to the cata-
lytic binding cleft of Cel9A. Therefore, the effects of
Arg557 and Glu559 would be explained in analogy to
those of Trp231 and Tyr245 in V. carchariae chitinase A.

In marked contrast, observations made with the Vibrio
Trp231 mutation were different to the studies of Li et al.
on A. caviae Chi 1 [23] and of Watanabe et al. on B. circu-
lans Chi A1 [17]. Mutations of Trp232 and Trp245 (in A.
cavige Chi 1) or Trp122 and Trp 134 (in B. circulans) to
alanine resulted in a marked loss in both binding and
hydrolyzing acitivities, especially againts crystalline f-chi-
tin. Therefore, the reduced hydrolytic activities were
assumed to be associated with the weaker binding of the
two corresponding residues. Based on their mutational
data, the residues seemed to participate directly in binding
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to crystalline chitin, and subsequently cooperatively
assisting the chitin chain to penetrate through the catalytic
cleft of A. caviae or B. circulans chitinase.

Indeed, the above-mentioned event that took place in the
A. carviae and B. circulans chitinases did not seem to be the
case for the V. carchariae chitinase A due to different
behaviors of Trp231 and Tyr245 found for the Vibrio
enzyme. Our data suggested that a possible action of V.
carchariae chitinase A on insoluble chitin could proceed as
follows: i) Initial binding of a chitin chain to the ChBD.
This process is most influenced by the hydrophobic inter-
action set between the incoming sugar and residue Trp70,
which is located at the doorway of the ChBD; ii) Further
binding of GlcNAc units. However, binding through
Ser33 remains inconclusive, since the mutational results
revealed that Ser33 did not act as a powerful binding res-
idue. Alternatively, this binding step might be made
through a different surface-exposed aromatic residue
located nearby; and iii) Sliding of bound sugar units of the
chitin chain into the substrate binding cleft. Based on the
'slide and bend' mechanism proposed by Watanabe and
others [17,21,32], the sliding process is achieved by coop-
erative interactions with other surface-exposed aromatic
residues located close to the entrance of the substrate
binding cleft. However, our data strongly suggested that
the chitin chain movement most likely takes place via an
interaction with different surface-exposed aromatic resi-
dues other than Tyr245 and Trp231.

When pNP-[GlcNAc], was used as a substrate, hydrolyzing
activities of the mutated enzymes and the wild-type
enzyme were almost indistinguishable. This observation
and the essentially unchanged catalytic efficiency (k.,/
K,,) of all mutants compared to wild-type enzyme clearly
pointed out that Ser33, Trp70, Trp231 and Tyr245 do not
play a major role in the process of hydrolysis of soluble
chitooligosaccharides.

Conclusion

Point mutations of four surface-exposed residues of V. car-
chariae chitinase A and subsequent experiments on chitin
binding and hydrolysis were performed. Trp70, which is
located at the N-terminal end of the chitin binding
domain, was identified as the most crucial residue in col-
loidal and crystalline chitin binding and consequently
their hydrolysis. The residues Trp231 and Tyr245, both
located nearer to the substrate-binding cleft, influenced
chitin hydrolysis but not really insoluble chitin binding.

Methods

Bacterial strains and expression plasmid

Escherichia coli type strain DH50 was used for routine
cloning, subcloning and plasmid preparation. Supercom-
petent E. coli XL1Blue (Stratagene, La Jolla, CA, USA) was
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the host strain for the production of mutagenized DNA.E.
coli type strain M15 (Qiagen, Valencia, CA, USA) and the
PQE 60 expression vector harboring chitinase A gene frag-
ments were used for a high-level expression of recom-
binant chitinases.

A structural based sequence alignment and homology
modeling

The amino acid sequence alignment was constructed by
the program MegAlign using CLUSTAL method algorithm
in the DNASTAR package (Biocompare, Inc., CA, USA)
and displayed in Genedoc [33]. The amino acid sequence
of the V. carchariae chitinase was aligned with five selected
bacterial chitinase sequences available in the Swiss-Prot or
TrEMBL database (see Results). The secondary structure
elements of V. carchariae chitinase A were obtained by the
PHD method available in PredicProtein [34]. The mod-
eled tertiary structure of the Vibrio chitnase was built by
Swiss-Model and displayed by Swiss-Pdb Viewer [35]
using the x-ray structure of S. marcescens chitinase A E315L
mutant complex with hexaNAG (PDB code: 1NH6) as
structure template. The co-ordinates of [GlcNAc], were
modeled into the active site of the Vibrio enzyme and the
target residues were located by superimposing the C,
atoms of 459 residues of V. carchariae chitinase A with the
equivalent residues of S. marcescens E315L complex, using
the program Superpose available in the CCP4 suit [36].
The predicted structure was viewed with Pymol [37].

Mutation design and site-directed mutagenesis
Site-directed mutagenesis was carried out by PCR using
QuickChange site-directed mutagenesis kit (Stratagene).
The pQEG60 plasmid harbouring chitinase A DNA lacking
the residues 598-850 C-terminal fragment was used as
DNA template [25]. The primers (Bio Service Unit, Thai-
land) used for the mutagenesis are summarized in Table
3. The success of newly-generated mutations was con-
firmed by automated DNA sequencing (BSU, Thailand).
The programs used for nucleotide sequence analyses were
obtained from the DNASTAR package (DNASTAR, Inc.,
Madison, USA).

Expression and purification of recombinant wild-type and
mutant chitinases

The pQEG60 expression vector harboring the DNA frag-
ment that encodes wild-type chitinase A were highly
expressed in E. coli M15 cells and the recombinant pro-
teins purified as described elsewhere [28]. Briefly, the cells
were grown at 37°C in Luria Bertani (LB) medium con-
taining 100 pg/ml ampicillin until OD,, reached 0.6, and
then 0.5 mM of isopropyl thio-S-D-galactoside (IPTG)
was added to the cell culture for chitinase production.
After 18 h of induction at 25°C, the cell pellet was col-
lected by centrifugation, re-suspended in 15 ml of lysis
buffer (20 mM Tris-HCI buffer, pH 8.0, containing 150
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Table 3: Primers used for mutagenesis
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Point mutation

Oligonucleotide sequence

Ser33—Ala
Ser33—>Trp
Trp70—Ala
Trp231—>Ala
Trp231—Phe

Tyr245-5Trp

Forward 5'-CGATATGTACGGTGCG?AATAACCTTCAATTTTC-3'
Reverse 5-GAAAATTGAAGGTTATTCGCACCGTACATATCG-3'
Forward 5-CGATATGTACGGTIGGAATAACCTGPCAATTTTC-3'
Reverse 5-GAAAATTGCAGGTTATTCCAACCGTACATATCG-3'
Forward 5-GAAATTTAACCAGGCGAGTGGCACATCTG-3'
Reverse 5-CAGATGTGCCACTCGCCTGGTTAAATTTC-3'
Forward 5'-GTTATCCATGATCCGGCGgcagcttatc-3'

Reverse 5'-GATAAGCTGCCGCCGGATCATGGATAAC-3'
Forward 5'-GGTTATCCATGACCCGTITTGCAGCTTATCAG-3'
Reverse 5-CTGATAAGCTGCAAACGGGTCATGGATAACC-3'
Forward 5'-CAGGTCATGAATGGAGCACGCCAATCAAG-3'
Reverse 5-CTTGATTGGCGTGCTCCATTCATGACCTG-3'

aSequences underlined indicate the mutated codons.

bSequences in bold represent the codon being modified to achieve the T, value as required for QuickChange site-directed mutagenesis.

mM NaCl, 1 mM phenylmethylsulphonyl fluoride
(PMSEF), and 1.0 mg/ml lysozyme), and then lysed on ice
using an Ultrasonic homogenizer. The supernatant
obtained after centrifugation at 12,000 g for 1 h was
instantly subjected to Ni-NTA agarose affinity chromatog-
raphy following the Qiagen's protocol. After SDS-PAGE
analysis [38], the chitinase containing fractions were
pooled and then applied to Vivaspin-20 membrane filtra-
tion (Mr 10 000 cut-off, Vivascience AG, Hannover, Ger-
many) to concentrate the protein and to remove
imidazole. A final concentration of the protein was deter-
mined by Bradford's method [39] using a standard cali-
bration curve constructed from BSA (0-25 pg).

Chitinase activity assays

The colorimetric assay was carried out in a 96-well micro-
titer plate using pNP-[GIcNAc], (Bioactive Co., Ltd., Bang-
kok, Thailand) as substrate. A 100-pl assay mixture,
comprising protein sample (10 pl), 500 uM pNP-(Glc-
NAc),, and 100 mM sodium acetate buffer, pH 5.5, was
incubated at 37° C for 10 min with shaking. After the reac-
tion was terminated by the addition of 1.0 M Na,CO; (50
pl), the amount of p-nitrophenol (pNP) released was
determined by A,,s in a microtiter plate reader (Applied
Biosystems, Foster City, CA, USA). Molar concentrations
of the pNP product were estimated from a calibration
curve of pNP (0-30 nmol). Alternatively, chitinase activity
was measured by a reducing-sugar assay. The reaction
mixture (500 pl), containing 1% (w/v) colloidal chitin
(prepared based on Hsu & Lockwood [40]), 100 mM
sodium acetate buffer, pH 5.5, and 100 pg chitinase A,
was incubated at 37°C in a Thermomixer comfort
(Eppendorf AG, Hamburg, Germany). After 15 min of
incubation, the reaction was terminated by boiling at
100°C for 5 min, and then centrifuged at 5,000 g for 10
min to precipitate the remaining chitin. A 200-ul superna-

tant was then subjected to DMAB assay following Bruce et
al. [41]. The release of the reducing sugars as detected by
Asgs was converted to molar quantity using a standard cal-
ibration curve of [GlcNAc], (0-1.75 pmol). For crystalline
a-chitin, chitinase activity assay was carried out as
described for colloidal chitin with 400 pg of chitinase A
included in the assayed mixture.

Chitin binding assays

Chitin binding assays were carried out at 0°C to minimize
hydrolysis. For time course studies, a reaction mixture
(500 pl), containing 1.0 pmol enzyme, and 1.0 mg of chi-
tin in 20 mM Tris-HCI buffer, pH 8.0, was incubated to a
required time of 0, 1.25, 2.5, 5, 10, 15, 20, 25, and 30
min, and then the supernatant was collected by centrifug-
ing at 12000 g at 4°C for 10 min. Concentration of the
remaining enzyme was determined by Bradford's method,
while concentration of the bound enzyme (E,) was calcu-
lated from the difference between the initial protein con-
centration (E,) and the free protein concentration (Ey)
after binding.

The chitin binding assay was also carried out with crystal-
line chitin and colloidal chitin (Sigma-Aldrich Pte Ltd.,
The Capricorn, Singapore Science Park II, Singapore) as
tested polysaccharides. A reaction (set as above) was incu-
bated for 60 min at 0°C, then the chitin-bound enzyme
was removed by centrifugation, and the concentration of
the free enzyme was determined. For adsorption isotherm
experiments, the reaction assay (also prepared as
described above) containing varied concentrations of pro-
tein from 0 to 7.0 uM was incubated for 60 min. After cen-
trifugation, concentration of free enzyme in the
supernatant was determined. A plot of [E, | vs [E¢] was sub-
sequently constructed and the dissociation binding con-
stants (K;) of wild-type and mutants were estimated using
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a non-linear regression function in the GraphPad Prism
software (GraphPad Software Inc., San Diego, CA).

Steady-state kinetics

Kinetic parameters of the chitinase variants were deter-
mined using chitohexaose or colloidal chitin as substrate.
For chitohexaose, the reaction mixture (200 pl), contain-
ing 0-500 pM (GlcNAc),, and 50 pg enzyme in 100 mM
sodium acetate buffer, pH 5.5, was incubated at 37°C for
10 min. After boiling to 100°C for 3 min, the entire reac-
tion mixture was subjected to DMAB assay as described
earlier. For colloidal chitin, the reaction was carried out
the same way as the reducing-sugar assay, but concentra-
tions of colloidal chitin were varied from 0 to 5.0% (w/v).
The amounts of the reaction products produced from
both substrates were determined from a standard curve of
[GlcNAc], (0-1.75 umol). The kinetic values were evalu-
ated from three independent sets of data using the nonlin-
ear regression function obtained from the GraphPad
Prism software.

Abbreviations

GIcNAc,: f-1-4 linked oligomers of N-acetylglucosamine
residues where n = 1-6; DMAB: p-dimethylaminobenzal-
dehyde; IPTG: Isopropyl thio-#D-galactoside; PMSF: Phe-
nylmethylsulphonylfluoride.
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This research describes four X-ray structures of Vibrio harveyi chitinase A and its catalytically inactive
mutant (E315M) in the presence and absence of substrates. The overall structure of chitinase A is that
of a typical family-18 glycosyl hydrolase comprising three distinct domains: (i) the amino-terminal chi-
tin-binding domain; (ii) the main catalytic («/B)s TIM-barrel domain; and (iii) the small (o + B) insertion
domain. The catalytic cleft of chitinase A has a long, deep groove, which contains six chitooligosaccharide
ring-binding subsites (—4)(—3)(—2)(—1)(+1)(+2). The binding cleft of the ligand-free E315M is partially
blocked by the C-terminal (His)s-tag. Structures of E315M-chitooligosaccharide complexes display a lin-
ear conformation of pentaNAG, but a bent conformation of hexaNAG. Analysis of the final 2F, — F. omit
map of E315M-NAG6 reveals the existence of the linear conformation of the hexaNAG at a lower occu-
pancy with respect to the bent conformation. These crystallographic data provide evidence that the inter-
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acting sugars undergo conformational changes prior to hydrolysis by the wild-type enzyme.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Chitin, a highly stable homopolysaccharide of B (1 — 4)-linked
N-acetyl-p-glucosamine (GIcNAc or NAG)! is widely distributed in
the shells of crustaceans; the cuticles of insects; the shells and skel-
etons of molluscs; and the cell walls of fungi. Chitin degradation is of
considerable interest because the products have potential applica-
tions in the fields of biomedicine, agriculture, nutrition, and biotech-
nology. Chitinases (EC 3.2.1.14) are major enzymes that hydrolyse
chitin into oligosaccharide fragments. These enzymes are found in
organisms that possess chitin as a constituent or that use it as a
nutrient source. Bacteria produce chitinases in order to utilise chitin
as a source of carbon and nitrogen (Bhattacharya et al., 2007; Keyh-
ani and Roseman, 1999). Fungal chitinases play a similar nutritional
role but are additionally involved in fungal development and mor-
phogenesis (Kuranda and Robbins, 1991; Sahai and Manocha,
1993). Plants produce chitinases as a defence mechanism against
pathogenic fungi (Leah et al., 1991). Animal chitinases are involved

* Corresponding author. Fax: +66 44 224185.
E-mail address: wipa@sut.ac.th (W. Suginta).

1 Abbreviations used: GIcNAc or NAGn, B-1-4 linked oligomers of N-acetylglucos-
amine residues where n = 1-6; pNP-[GIcNAc],, p-nitrophynyl-B-p-N,N'-diacetylchito-
bioside; IPTG, isopropyl thio-p-p-galactoside; PMSF, phenylmethylsulphonylfluoride;
ChBD, the amino-terminal chitin-binding domain.

1047-8477($ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jsb.2008.03.008

in dietary uptake processes (Jeuniaux, 1961). Human chitinases are
responsible for hyperresponsiveness and inflammation of the air-
ways of allergic asthma patients (Donnelly and Barnes, 2004; Kaw-
ada et al., 2007).

The carbohydrate active enzyme (CAZy) database (http://
www.cazy.org/) classifies carbohydrate enzymes into functional
families (glycosyl hydrolases, glycosyl transferases, polysaccharide
lyases, carbohydrate esterases, and carbohydrate-binding
modules), which are further subdivided into structurally related
families designated by number. Following this classification,
chitinases are listed as GH family-18 and GH family-19. These
two families show no homology in both structure and mechanism.
The catalytic domain of family-18 chitinases consists of an
(a/B)s-barrel with a deep substrate-binding cleft formed by loops
following the C-termini of the eight parallel B-strands (Fukamizo,
2000; Hollis et al., 2000; Perrakis et al., 1994; Terwisscha van
Scheltinga et al.,, 1996). In contrast, the catalytic domain of
family-19 chitinases comprises two lobes, each of which is rich
in o-helical structure (Hart et al., 1995). Family-18 chitinases are
known to catalyse the hydrolytic reaction through the ‘substrate-
assisted’ or'retaining mechanism’ (Brameld and Goddard, 1998a;
Terwisscha van Scheltinga et al., 1995; Tews et al., 1997), whereas
family 19 chitinases employ the ‘single displacement’ or 'inversion
mechanism’ (Brameld and Goddard, 1998b). The catalytic mecha-
nism of family-18 chitinases involves protonation of the leaving
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group by an absolutely conserved glutamic acid (equivalent to
Glu315 of Serratia marcescens chitinase A), followed by substrate
distortion into a ‘boat’ conformation at subsite —1 and the
stabilisation of an oxazolinium intermediate by the sugar N-acet-
amido group. The resultant bond cleavage yields the retention
of anomeric configuration in the products (Armand et al,
1994; Fukamizo et al., 2001; Honda et al., 2004; Sasaki et al.,
2002).

Chitinases from both families are further divided into exo- and
endochitinases. Exochitinase activity represents a progressive ac-
tion that starts at the non-reducing end of a chitin chain and suc-
cessively releases diacetylchitobiose (NAG2) units, where as,
endochitinase activity involves random cleavage at internal points
within a chitin chain (Robbins et al., 1988). The active sites of fam-
ily-18 endochitinases, such as S. marcescens chitinase A and Hevea
brasiliensis chitinase (hevamine), are groove-like structures with
openings above and at both ends (Brameld and Goddard, 1998a;
Hart et al., 1995). In contrast, the active sites of exochitinases, such
as S. marcescens ChiB, have tunnel-like morphologies (Van Aalten
et al,, 2001).

We previously isolated the Chi A gene encoding the 95-kDa chi-
tinase precursor (GenBank Accession No: Q9AMP1) from the gen-
ome of Vibrio carchariae type strain LMG7890. Based on
genotypical and phenotypical features analysed by Pedersen
et al. (1998), V. carchariae has been re-classified as a heterotypic
synonym of Vibrio harveyi. To follow the new systematic taxonomy,
V. carchariae will be referred to as V. harveyi in this and later stud-
ies. V. harveyi (formerly V. carchariae) is a marine bacterium that
secretes high levels of a 63-kDa endochitinase A (Suginta et al.,
2000). This family-18 glycosyl hydrolase shows greatest affinity to-
wards chitohexamer, which suggests the substrate-binding cleft of
this enzyme that comprises an array of six GlcNAc-binding sites
(Suginta et al., 2005), comparable to that of S. marcescens Chi A
and hevamine (Papanikolau et al., 2001; Perrakis et al., 1994; Ter-
wisscha van Scheltinga et al., 1996). The gene that encodes chiti-
nase A without the 253-aa C-terminal proprotein fragment was
subsequently cloned and functionally expressed in Escherichia coli
(Suginta et al., 2004). Substitution of Glu315 to Met/GIn com-
pletely abolished the hydrolysing activity against soluble and
insoluble substrates, confirming that this residue is essential for
catalysis (Suginta et al., 2005).

In this study, we describe the crystal structures of V. harveyi
chitinase A and its catalytically inactive E315M mutant, as well
as the E315M mutant soaked with NAG5 and NAG6. The overall
structures of E315M with and without substrates are almost
identical to the wild-type structure. However, the relative
conformations of NAG5 and NAG6 bound to E315M are very differ-
ent. These static structures provide hints to the conformational
changes in chitooligosaccharide conformation during binding and
hydrolysis, allowing for a catalytic mechanism of the enzyme to
be proposed.

2. Experimental procedures
2.1. Cloning, recombinant expression, and purification

Wild-type chitinase A (amino-acid residues 22-597) and mu-
tant E315M were cloned into the C-terminal (His)s tag pQE60
expression vector, and were highly expressed in E. coli type strain
M15 (Suginta et al., 2004). For protein purification, IPTG-induced
bacterial cells obtained from 1-L culture were collected by
centrifugation and then resuspended in 20 ml of 20 mM Tris-HCl
(pH 8.0) containing 150 mM NaCl, 1 mg ml~! lysozyme, and 1
tablet of cOmplete EDTA-free, Protease Inhibitor Cocktail (Roche
Diagnostics GmbH, Roche Applied Science, Germany). The cells
were lysed on ice using a Misonix Sonicator 3000 (New Highway

Farmingdale, NY, USA) with a 20-mm-diameter probe. After the
removal of cell debris by centrifugation, the supernatant was fil-
tered through a SFCA membrane (0.2 um pore size, Nalgene,
Rochester, NY, USA) prior to application to two HisTrap HP 1-ml
columns connected in series using an AKTAxpress purification
system (Amersham Biosciences, Piscataway, NJ, USA.) and a flow
rate of 2.8 ml min~—!. The columns were washed with 5 mM, fol-
lowed by 20 mM, imidazole before being eluted with 250 mM
imidazole in 20 mM Tris-HCl (pH 8.0), containing 150 mM NacCl.
The protein-containing fractions were collected, concentrated
using Vivaspin-20 membrane concentrator (Mr 10,000 cut-off,
Vivascience AG, Hannover, Germany), and then further purified
by an AKTAxpress system using a HiLoad 16/60 Superdex 200 prep
grade (Amersham Biosciences) with a flow rate of 1.2 ml min~'.
Chitinase-containing fractions were combined, exchanged into
10 mM Tris-HCl (pH 8.0), and concentrated to 10-20 mg ml~!
using the Vivaspin membrane concentrator. All purification steps
were carried out at 277 K. Protein concentrations were determined
by the Coomassie Plus Kit (Pierce, Rockford, IL, USA) using a
standard calibration curve constructed from BSA (0-20 pg).
The purity of chitinase A was verified by SDS-PAGE (Laemmli,
1970). Chitinase activity was determined by colorimetric assay
using pNP-[GIcNAc], as substrate (Suginta et al., 2007) or by the
reducing sugar assay using colloidal chitin as substrate (Bruce
et al., 1995).

2.2. Protein crystallisation

Initial crystallisation trials of the wild-type chitinase A were set
up using a Screenmaker 96+8™ Robot (Innovadyne Technologies,
Inc., Santa Rosa, CA, USA) with sitting drop CrystalQuick™ plates
(Greiner bio-one, Frickenhausen, Germany). For each crystallisa-
tion drop, 20nl of freshly prepared enzyme (20 mgml~!) in
10 mM Tris-HCI (pH 8.0), was added to 20 nl of each precipitating
agent obtained commercially (Crystal Screen HT & SaltRx HT from
Hampton Research, Aliso Viejo, CA, USA, and JBScreen HTS | & II
from Jena Bioscience GmbH, Jena, Germany). Crystal growth opti-
misation with macro seeding was carried out under several
JBScreen HTS II precipitant conditions. Diffraction quality crystals,
dimensions 230 x 100 x 15 pm?, were produced within two days
at 288 K when a protein drop (5 mgml~!) was equilibrated in
1.2M ammonium sulphate and 0.1 M Tris-HCl (pH 8.0). The
E315M crystals were obtained from 20% (w/v) PEG 4000, 0.1 M
ammonium sulphate and 0.1 M Tris-HCI (pH 7.5) and reached final
dimensions of 100 x 30 x 50 um> after 1 week equilibration at
288 K. Prior to soaking experiments, single crystals of E315M
grown under 16% (w/v) PEG 4000, 0.1 M MgCl, in 0.1 M HEPES
(pH 7.0.) were transferred to a cryoprotectant solution containing
mother liquor with 20% (w/v) PEG 4000, and 10% (v/v) glycerol
and 10 mM NAG5 or NAG6. The crystals were then soaked over-
night at 288 K before being mounted directly into a nitrogen cryo-
stream for data collection.

2.3. Data collection, processing, and structure determination

All the X-ray diffraction data were collected by a Rikagu/MSC
FR-E Super Bright equipped with an R-AXIS IV++ imaging plate
detector. Data processing was conducted with the program
MOSFLM (Leslie, 1991) and molecular replacement was employed
to obtain phase information using the program AmoRe from the
CCP4 suite (Navaza, 1994). The E315M data set was solved using
the crystal structure of S. marcescens chitinase A (PDB code
1CTN; 47% identical to V. harveyi chitinase A) as a search model.
Alternate sessions of model rebuilding in O (Jones et al., 1991)
and restrained refinement in REFMAC from the CCP4 suite (Collab-
orative Computational Project Number 4, 1994; Murshudov et al.,
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1997) were continued until the values of the free R-factor
converged. Crystallographic data and refinement statistics of the
chitinase structures are summarised in Table 1.

The final model of E315M was employed as the model for the
subsequent three data sets of E315M+NAG5, E315M+NAG6, and
the wild-type enzyme. Sugar coordinates taken from the protein
databank (PDB code 1NH6) were modelled into the 2F, — F. and
F, — F. maps, and further refined. During the model rebuilding pro-
cess, the non-reducing end unit of NAG5 (—4NAG) showed poor
electron density. Examination of the refined structure of
E315M+NAG6 exhibited ambiguity in the electron density of the
+1 NAG and —1NAG in the 2F, — F. omit map showing partial den-
sity for the NAG5 conformation. The final free R-factors from mod-
elling NAG6, NAG5, or no ligand into the E315M+NAG6 data are
21.0%, 21.4%, and 21.7%, respectively.

Tight non-crystallographic symmetry restraints were initially
employed in refining the wild-type structure but later released as
judged by the free R-factor. The geometry of each final model
was verified by PROCHECK (Laskowski et al., 1993). No residues
lie in the disallowed regions of the Ramachandran plots. Three res-
idues (590, 591, and 592) could not be modelled into the E315M
structures due to their poor electron density. The C-terminal hexa-
histidine tag was clear in the electron density of the ligand-free
E315M but absent from the other structures. The refined structures
of the four enzyme forms were compared within the program
Superpose and direct contacts determined in the program Contact
(CCP4 suite). The structures and electron density maps were cre-
ated and displayed by Pymol (www.pymol.org).

2.4. Fluorescence studies of chitooligosaccharide binding

The interactions of NAG5 and NAG6 with E315M/Q were stud-
ied by fluorescence spectroscopy. The purified proteins (0.25 uM)
were titrated with ligand (0.01-20 puM) in 20 mM Tris-HCl (pH
8.0) and changes in the intrinsic tryptophan fluorescence (Srivast-
ava et al., 2006) were directly monitored on an LS-50 fluorescence
spectrometer (Perkin-Elmer Limited (Instruments & Life Sciences),
Bangkok, Thailand). The measurements were conducted at 25 °C
with an excitation wavelength of 295 nm and emission intensities
collected over 300-450 nm. The excitation and emission slit
widths were kept at 5 nm. Each protein spectrum was corrected
for the buffer spectrum. The fluorescence intensity data were
analysed by non-linear regression function available in GraphPad
Prism version 3.0 (GraphPad Software, California, USA) using
the following single-site-binding equation: where F —Fy=
W F and F, refer to the fluorescence intensity in the presence
and absence of ligand, respectively; F, refers to the maximum
fluorescence signal of the protein-ligand complex; Ly is the initial
ligand concentration and Ky is the equilibrium dissociation
constant.

3. Results and discussion
3.1. The overall structures of V. harveyi chitinase A

The overall structures of the native chitinase A, mutant E315M
with and without substrates are essentially identical and closely

Table 1

Statistics of data and structural refinement

Crystal Wild-type E315M E315M+NAGs E315M+NAGg

Data collection statistics

PDB code 3B8S 3B9E 3B9D 3B9A

Space group P1 P2:2:24 P212:24 P2:2:2,

Unit-cell parameters a=6027 A a=63.96A a=63.51A a=63.70A
b=64.28 A b=83.11 A b=83.08 A b=8332A
c=8352A c=106.98 A c=10559 A C=106.57 A
u=91.74° a=p=y=90° a=p=y=90° a=p=y=90°
p=91.18°
y=112.91°

Resolution range? (A)
Solvent content (%)

24.62-2.11 (2.00)
46.9

24.68-1.79 (1.70)
4485

24.54-1.81 (1.72)
43.70

30-1.90 (1.80)
4455

Unique reflections 73693 (10404) 61563 (7880) 59561(8247) 53131 (7564)
Observed reflections 292719 (41321) 607216 (59894) 406849 (45783) 452556 (63380)
Multiplicity 4.0 (4.0) 9.9 (7.6) 6.8 (5.6) 8.5 (8.4)
Completeness (%) 94.6 (91.9) 97.2 (87.2) 99.2 (95.6) 99.7 (99.0)
(I/sigmal) 19.5 (5.5) 26.9 (4.5) 26.3 (9.9) 26.3 (6.1)
RE—— ) 6.6 (22.8) 7.1 (36.1) 7.1 (12.3) 7.0 (31.2)
Refinement statistics

Reactor (%) 16.8 18.9 18.7 18.1
Rirec(%) 20.5 219 21.5 21.0

No. of amino acid residues 1134 581 567 567

No. of protein atoms 8708 4474 4353 4353

No. of carbohydrate atoms — — 57 85

No. of ordered waters 1091 740 664 690

R.M.S. deviations

Bond length 0.007 0.006 0.006 0.006
Bond angle 0.968 0.932 0.962 0.990
Mean atomic

B values Protein atoms 14.45 15.10 14.24 13.74
Substrate — - 19.82 21.79
Waters 24.46 25.69 24.92 25.42
Overall 16.19 16.60 15.70 15.45

@ Values in parentheses refer to the corresponding values of the highest resolution shell.

b Rumerge = Y _pa>_illi(hkl) — (I(hkl))| /> >"li(hkl) where I; is the intensity for the ith measurement of an equivalent reflection with indices hkl.

Fops|—IF,
¢ Reactor = 22 Foss |- e where F,ps and Fec are the observed and calculated structure-factors.

D~ [Fons|

9 Reree = E‘Fiu calculated from 5% of the reflections selected randomly and omitted from the refinement process.

[Fops|
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Fig. 1. The overall structure of V. harveyi chitinase A (a) The structure of catalytically inactive mutant E315M complexed with NAGe. The N-terminal ChBD domain is in blue,
the catalytic TIM-barrel domain in magenta, and the small insertion domain in green. (b) Surface representation of E315M showing the positions of the regularly spaced,
surface-exposed hydrophobic residues. Y435 marks the reducing end of NAG6 and Y171 marks the non-reducing end. The linear track of hydrophobic residues extending
away from the non-reducing end of NAG6 suggests the binding path for longer chain chitins. (c) A superimposition of wild-type chitinase A with E315M+NAG6. The backbone
structure of the wild-type is depicted in cyan and of E315M+NAGgin magenta. The residues Trp70 and Tyr31 located at the end of the ChBD and other aromatic residues

located at the exterior of the TIM barrel domain (Y245, Trp231, Tyr171) and Tyr435 that marks the reducing end of the catalytic cleft are shown in blue for wild-type and red
for E315M+NAGg. Sugar units are shown as 2F, — F. map and sticks (yellow).
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resemble those of chitinase A from S. marcescens and chitinase-1
from the pathogenic fungus Coccidioides immitis with minor dis-
similarities in loop and helical regions (Perrakis et al., 1994; Hollis
et al., 2000). Fig. 1a represents the structure of the chitinase A
E315M mutant, which comprises three distinct domains, bound
to hexaNAG. The amino-terminal chitin-binding domain (ChBD,
blue) has a B-strand-rich fold formed by residues 22-138. This do-
main is connected to the core domain by a 21 amino-acid linker
peptide (residues 139-159). The catalytic domain (magenta) has
a (a/B)s-TIM barrel fold consisting of eight p-strands (B1-B8) teth-
ered to eight «-helices (A1-A8) by loops and is made up of two
parts, referred to as Cat I (residues 160-460) and Cat II (residues
548-588). The catalytic residue (Glu315) is positioned in the loop
of strand B4, which is part of a DxxDXDxXE conserved motif. The
o + B-fold insertion domain (green) connects strand B7 of Cat I
and helix A7 of Cat Il and is made up of five anti-parallel B-strands
flanked by short o-helices (residues 461-547). This small domain
provides a signature for subfamily A chitinases (Suzuki et al.,
1999), although its function remains to be identified. As observed
in this study, a few residues from this domain contribute to bind-
ing both NAG5 and NAG6 (Fig. 2).

The four structures exhibit three notable common structural
features: (i) Tyr171 is detected in a generously allowed region in
the Ramachandran plot and lines in the substrate-binding pocket;
(ii) three cis peptide bonds are formed between the residues
Gly191-Phe192, Glu315-Phe316, and Trp570-Glu571, all located
at the exterior of the catalytic cleft; and (iii) three internal disulfide
bonds are observed, one of which (Cys116-Cys121) is found at the
end of the ChBD, and two others (Cys196-Cys217 & Cys409-
Cys418) are present on the surface of the substrate-binding cleft.
The existence of the conserved non-proline cis peptide bonds in
the structures of S. marcescens chitinase A, C. immitis chitinase-1
and hevamine has been proposed to achieve essential conforma-
tional constraints (Hollis et al., 2000; Perrakis et al., 1994; Terwiss-
cha van Scheltinga et al., 1996). The three non-proline cis peptide
bonds, the two Cys196-Cys217 and Cys409-Cys418 disulfide
bonds and residue Tyr171 define a general outline of the active site
of the Vibrio chitinase (data not shown).

Asinother family-18 chitinase 3D-structures (Fusetti et al.,2002;
Hollis et al., 2000; Matsumoto et al., 1999; Perrakis et al., 1994;
Terwisscha van Scheltinga et al., 1994; Van Aalten et al., 2000), the
catalytic domain of V. harveyi chitinase A is an (a/p)s-TIM barrel
fold. The structure of E315M+NAG6 complex reveals the substrate-
binding cleft as a long, deep groove with estimated dimensions of
33 A(long) x 14 A(deep) x 13 A (wide), which contains six-binding
subsites (—4)(—3)(—2)(—1)(+1)(+2), Fig. 1b and 2c. 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 sites. Similar subsites have been identified for S. marcescens chiti-
nase A (Aronson et al., 2003; Papanikolau et al., 2001). In contrast,
NAGS5 occupies only four subsites (—3)(—2)(+1)(+2) of the binding
cleft of E315M (Fig. 2a).

Four aromatic residues (Tyr31 & Trp70 from ChBD and Trp231 &
Tyr245 at the edge of the non-reducing end of the substrate-bind-
ing sites) appear to line up in positions suitable for binding to long-
er chain chitins (Fig. 1b). Point mutations of these surface-exposed
residues to Gly or Ala resulted in a notable decrease in the binding
activity of S. marcescens Chi A, B. circulans Chi A1, and Aeromnas
caviae Chil towards crystalline chitin (Li et al., 2005; Watanabe
et al., 2001; Uchiyama et al., 2001). Our recent report further con-
firmed that Trp70 acts as the most crucial-binding residue for
insoluble chitin, but had no effect on soluble chitooligosaccharides
(Pantoom et al., 2008).

Superimposition of the four structures gives R.M.S. deviations
in C* positions of 0.63-0.77 A for the 567 residues. Variation in
the wild-type and the E315M+NAG6 structures is apparent as a

5 R463
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Fig. 2. Specific interactions within the substrate-binding cleft of E315M Interac-
tions of (a) NAGs and (b) NAGe. Hydrogen bonds are shown as dashed lines (.. ..).
The binding residues are depicted as ball-and-stick with the sugar residues in a
stick model. Carbon atoms of the binding residues in the catalytic domain are co-
loured orange for NAGs and magenta in NAGe. Green represents carbon in the small
insertion domain and orange-yellow for sulphur. Sugar is coloured yellow for car-
bon; blue for nitrogen; and red for oxygen (c) The 2F, — F. OMIT electron density in
the substrate-binding cleft of E315M, contoured at 1.0 ¢. NAG5 (green) and NAG6
(yellow) are modelled into the density. NAG6 fits well into the density, however,
residual unexplained density suggests a partial occupancy of the NAG5 conforma-
tion. (For interpretation of color mentioned in this figure the reader is referred to
the web version of the article.)

slight variation in the angle between the ChBD and the catalytic
domain (Fig. 1c). The catalytic domains of the two structures
superimpose well but leave their ChBDs offset, resulting in a rela-
tive displacement of C*-Trp70 (the critical chitin-binding residue)
of 1.46 A and the C*-Tyr31 of 2.03 A. This tilt suggests some innate
flexibility between the two domains and may be involved in the
sliding mechanism (as proposed by Watanabe et al., 2003) of a chi-
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tin polymer and in the bending process of long-chain
chitooligomers.

Two additional residues (Tyr171 and Tyr435) are found at the
edges of the catalytic cleft (Fig. 1b). Tyr171 appears to mark the
non-reducing end of the hexasaccharide chain. Whereas, Trp435
marks the reducing end of the both the penta- and hexasaccharide
chains (Fig. 2). Tyr435 located at the end of the +2 site seems to
provide a partial barrier that may favour the ending of both sugar
chains. However, inspection of the electron density map of the
reducing-end subsites displays adequate space for the incoming
oligomer to move beyond the +2 site, allowing various glycosidic
bonds to approach the cleavage site. This explains how V. harveyi
chitinase A hydrolyses a polymeric substrate in an endo manner
at the same time favouring smaller substrates, such as hexaNAG
(Suginta et al., 2005).

3.2. Specific interactions within the substrate-binding cleft of E315M

Fig. 3 depicts the relative positioning of the studied oligosaccha-
rides inside the substrate-binding cleft of E315M. Four discernible
sugar units of NAG5 (the GlcNAc residues in green) are bound to
subsites —3, -2, +1, and +2, leaving the —1 site lying empty.
NAG5 makes a number of interactions, either via hydrogen bonds
(Fig. 2a) or via hydrophobic interactions, with residues in the sub-
strate-binding cleft of E315M. As summarised in Table 2, five res-
idues (Trp275, Lys370, Asp392, Trp397, and Tyr435) are directly
involved in binding to +2NAG, whilst four residues (Trp275,
Glu315 — Met, Asp392, and Arg463) contribute in binding to
+INAG and another five residues (Phe192, Gly274, Trp275,
Glu498, and Trp570) to —2NAG. Specific interactions with
—3NAG are made by Trp168, Argl73, Val205, Thr276, Trp497,
and Glu498. The final non-reducing sugar of NAG5 could not be
modelled into subsite —4 due to its poor electron density, probably
reflecting a weak interaction in this conformation.

In relation to NAG5, NAG6 displays a more extensive set of
interactions around the cleavage site extending to the reducing-
end subsites (sites —1, +1, and +2) with its six sugar rings are en-
tirely engaged with all the binding sites of E315M (the GIcNAc res-
idues in yellow, Fig. 2b and 3a and b). Table 2 lists seven and six
residues that participate in binding to +2NAG and +1NAG, respec-
tively. These residues include all the residues that bind to NAGS5,
complemented by two extra (hydrophobic) interactions at each
subsite (Phe316 and Gly367 at +2 site and Phe316 and Met389 at
+1 site).

The mode of binding at the —1 site of E315M is particularly dis-
tinctive, since NAG6 interacts with twelve residues within this site,
but there are no interactions with NAG5. To investigate further
which conformation favours hydrolysis, the distances between
the glycosidic oxygen and the OE1 atom of the y-carboxyl side
chain of catalytic Glu315 were estimated through superposition
onto the wild-type structure. This distance is 2.98 A for NAG6.
The strained conformation of —1NAG combined with the twist of

>

Fig. 3. A structural comparison of NAGs and NAGg in the catalytic cleft of E315M.
(a) Superposition of E315M+NAG5 onto E315M+NAG6. Both sugars are shown along
with interacting residues at the catalytic site. Only one protein chain is shown for
clarity. (b) A 180° rotation of (a). Hydrogen bonds are shown as dashed lines (...).
The eight B-strands are defined as A1 (residues 160-165); A2 (residues 455-460);
A3 (residues 566-571); B (residues186-192); C (residues 384-389); D1 (residues
267-273); D2 (residues 308-313) and D3 (residues 358-366). Carbon atoms of the
labeled amino acids are coloured purple for strands A1, A2, and A3; Blue for strand
B; deep salmon for strand C; pale cyan for strands D1, D2, and D3. The binding
residues are depicted as ball-and-stick models and orange-yellow for sulphur. An
arrow indicates the cleavage site. NRE and RE represent non-reducing end and
reducing end, respectively. (c) The 2F, — F. map of the His600 residue calculated
from the final refined model and contoured at 1.0 ¢. Atoms in the histidine residue
are labeled pink for carbon; blue for nitrogen and red for oxygen.
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Table 2

A summary of the interactions between NAGs and NAGg and the binding residues in the substrate-binding site of E315M

Binding subsites E315M-binding residues®

pentaNAG hexaNAG
+2 Trp275°, Lys370, Asp392, Trp397, Tyrd35 Trp275, Phe316, Gly367, Lys370, Asp392, Trp397, Tyr435
+1 Trp275, Glu315 - Met, Asp392, Arg463 Trp275, Glu315 — Met, Phe316, Met389, Asp392, Arg463
-1 Not observable Tyr164, Phe192, Trp275, Asp313, Glu315 — Met, Ala363, Met389, Tyr391, Asp392, Tyr461, Arg463,
Trp570
-2 Phe192, Gly274, Trp275, Glu498,Trp570 Phe192, Trp275, Thr276, Trp570, Glu571
-3 Trp168, Argl73, Val205, Thr276, Trp497, Trp168, Argl73, Thr276, Trp497
Glu498
-4 Not observable Tyr171, Argl73, Trp497

2 Direct contacts of each NAG with its adjacent residues were estimated, with the residues exhibiting a contact distance of <4 A being considered as binding residues.

b Residues in bold are shared between E315+NAGs and E315+NAGg.

the bonds between —1NAG and +1NAG in the structure of NAG6
appear to present the scissile bond of NAG6 to the catalytic residue.
However, the longer distance for NAG5 (5.06 A) indicates that the
position of the scissile linkage is too far away from Glu315 for
hydrolysis to occur (see Fig. 3b), hence, a non-productive (non-
hydrolysable) conformation is adopted by this sugar.

Fewer residues are engaged in coordination at the non-reducing
end of NAG6 (four for —3NAG and three for —4 NAG) (Table 2). The
larger number of contacts in the reducing-end binding sites prob-
ably reflects stronger interactions which may be of particular
importance in defining the primary-binding sites for the incoming
chitooligomer. Point mutations of Trp275 (binds to —1 and +1
NAG) and Trp397 (binds to +2 NAG), which caused a complete
change in the cleavage patterns of the enzyme towards various chi-
toligosaccharides (Suginta et al., 2007), confirmed the binding-
selectivity role of the reducing-end residues.

Most of the contacts for both NAG5 (orange, Fig. 2a) and
NAG6 (magenta, Fig. 2b) involve the amino acid residues located
within the catalytic domain. However, residues that belong to
the o+ B insertion domain also contact the substrates (Glu498,
Tyr461, Arg463, and Trp497, green, Fig. 2a and b). Partial contri-
bution of this domain to substrate binding was also noticeable in
the complex of S. marcescens E315Q+NAGS8 as described by Papa-
nikolau et al. (2001).

Examination of the final structure of ligand-free E315M re-
vealed that the catalytic cleft of the substrate-free enzyme is par-
tially occupied by the six histidine affinity tag. These histidine
residues are attached to the C-terminal end of a neighbouring chi-
tinase molecule within the crystal and mimic the structure of the
sugar rings. His600 particularly resembles —1NAG and makes most
contact with the residues that bind to —1 NAG in the complex
E315M+NAGS6 (Fig. 3c).

3.3. Comparison of chitooligosaccharide-binding modes

The structures of the E315M complexes exhibited different con-
formations of NAG5 and NAG6. In addition to subsites —1 and +4
being unoccupied, the four sugar rings of NAG5 in the
E315M+NAG5 complex do not fully lie on top of their correspond-
ing sites in NAG6, with —2NAG and +1NAG (the sugar rings occu-
pying the —2 and +1 subsites, respectively) being particularly
displaced (Fig. 3a and b). As a result, the sugar oligomer may be ex-
pected to be interacting in a suboptimal manner. The glycosidic
bond that joins —3NAG and —2NAG is twisted, causing the plane
of —3NAG to lie perpendicular to the planes of the remaining sug-
ars (Fig. 2a). Yet, the sugar chain maintains a linear form with no
conversion of the chair configuration of any of the sugar residues.
This linear confirmation may represent the initial step of binding,
and therefore, it is referred to as the ‘recognition’ conformation.

A different substrate conformation is witnessed in the
E315M+NAG6 complex. The 2F, — F. omit map (Fig. 2c) shows a

full span of NAG6 through the —4 to +2 subsites and a twist of
the glycosidic bond between —1NAG and +1NAG (rather than be-
tween —3NAG and —2NAG as observed for NAG5) (Fig. 2b). As a re-
sult, the planes of the reducing-end disaccharide (+1NAG and
+2NAG) are rotated by 90 degrees from the original plane. Addi-
tionally, the NAG6 units assume a ‘bent’ conformation due to geo-
metric constraints at the —1 site causing the sugar (—1NAG) unit to
be pulled down by 4.45 A. This bending event probably takes place
as an outcome of the sliding of the sugar chain towards the immo-
bilized reducing-end subsites, enabling the non-reducing-end unit
to interact at subsite —4. This process most likely occurs through
swapping hydrogen bonds to allow the orientations of the sugars
to be maintained while introducing the kink into the backbone
(compare Fig 2a to b). For much longer oligosaccharides the flexi-
bility of ChBD with respect to the catalytic domain may aid this
sliding mechanism, as illustrated in Fig. 1c.

The binding characteristics of E315M to NAG5 and NAG6 were
studied by the fluorescence spectroscopy. Excitation at 295 nm
produced ligand-dependent changes in fluorescence intensity at
the maximum emission wavelength of 338 nm. The wavelength
of this maximum was not altered by the presence of NAG5 or
NAGS6. The fluorescence intensities were found to be substrate con-
centration dependent and saturable, which typically represents li-
gand binding to the proteins (Fig. 4a). The fluorescence intensity
data were fitted reasonably well into the single-site-binding model
of a non-linear regression function (Fig. 4b). The estimated Ky val-
ues of mutant E315M and E315Q against NAG5 (0.72 + 0.24 and
0.76 £ 0.23 uM) and NAG6 (0.09 £0.01 and 0.10 £0.01 uM) are
found to be indistinguishable. This provides evidence that the dif-
ferent conformations of NAG5 and NAG6 detected in the active site
of E315M (Fig. 2a and b) were not structural artifact due to in-
creased hydrophobicity arising from the methionine substitution
of Glu315. The Ky values of E315M/Q against NAG5 are estimated
to be eight times higher than the values against NAG6. These val-
ues are a reflection of the fewer interactions of the linear NAGS5,
which we suggest represents the recognition conformation of an
oligosaccharide. Sliding and bending of the oligosaccharide into
the NAG6 conformation would result in an increase in the number
of interactions and is consistent with a slower off rate contributing
to an overall higher affinity.

3.4. Proposed catalytic mechanism

Inspection of the final 2F, — F. omit map of E315M+NAG6
shows good density throughout the NAG6 chain. However, there
remains unexplained density unaccounted for by the NAG6 model.
Comparison with the NAG5 structure suggests a lower occupancy
conformation of the NAG6 in which the sugar follows the path of
the NAGS5 sugar (see Fig. 2c). Hence, NAG6 appears to adopt two
conformations in binding to the mutant E315M, the major form
being bent and the minor form linear.
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Fig.4. Protein-ligand binding studies by fluorescence spectroscopy. (a) Effects of NAGg on the intrinsic fluorescence of E315M. Increased amounts of NAGg were added t0 0.25 uM
ofthe purified proteinin 20 mM Tris—HCI (pH 8.0). The emission spectra were collected from 300-450 nm upon excitation of 295 nm. (b) The binding curves determined for NAG5
and NAG6 binding to mutants E315Q and E315M. Relative fluorescence intensity data (F — F,) at 338 nm were fitted to a single-binding site model (see texts).

The distortion of —1NAG into a boat conformation and the twist of
the scissile bond were predicted using molecular dynamics
simulations (Brameld and Goddard, 1998a) and were verified by
the crystal structures of S. marcescens chitobiase, hevamine, or S.
marcescens ChiA (Aronson et al., 2003; Papanikolau et al., 2001;
Terwisscha van Scheltinga et al.,, 1994; Tews et al., 1996; Tews
et al, 1997). However, the partial density of the linear
conformation in the electron density of NAG6 in E315M+NAGS6 is
the first crystallographic evidence for the occurrence of a recognition
conformation that proceeds through a directed structural change to
the catalytic conformation. Taking all the data obtained in this study
together, V. harveyi chitinase A is presumed to catalyse the substrate
hydrolysis following the ‘slide and bend mechanism’ as previously
suggested for a long chain substrate (Watanabe et al., 2003). The
proposed mechanism has four steps as shown in Fig. 5.

Step 1. Substrate recognition: A linear form of chitooligosaccha-
ride enters the substrate-binding cleft and its reducing
end (dark filled circle) is primarily recognised by the +2
binding residues, such as Trp275, Asp392, Trp397, and
Tyr435 (Table 2).

Step 2. Sliding and bending: The sugar chain slides forward towards
the reducing end distorting the chain especially in —1 NAG
(green filled circle) and causing it to bend and take up a
transient strained (boat) conformation. The increase in
protein-sugar contacts in this conformation particularly
in binding at the non-reducing end —4 site and at the
catalytic site may drive this conformational change. Longer
chitooligosaccharides may be aided in this movement by
the flexibility in the ChBD relative to the catalytic domain.

Step 3. Bond cleavage: The twist of the scissile bond, together
with the bending of —1NAG, renders the linking glycosidic
oxygen accessible to the catalytic residue Glu315 for
cleavage. The stereoselective attack of the reaction inter-
mediate (oxazolinium ion) by a neighbouring water leads
to a retention of configuration of the anomeric product
(Papanikolau et al., 2001; Terwisscha van Scheltinga
et al,, 1994; Tews et al., 1997).

Step 4. Product release: The cleaved components have lower bind-
ing energy, permitting the oligosaccharide (mainly NAG2,
dark-and blue- filled circles) at the product side to diffuse
away.

Steps
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Fig. 5. The proposed catalytic mechanism of V. carchariae chitinase A. GIcNAc units
are shown as filled, coloured circles. The reducing-end sugar is in black. Broken
lines joining sugar rings represent free glycosidic bonds, solid lines depict constr-
ained bonds. Curved dashed lines detail the binding subsites on the protein. Arrows
signify the sliding of the sugar chain to allow the binding of the non-reducing end
sugars (—4NAG) and for the green GIcNAc unit to adopt a boat conformation. (For
interpretation of color mentioned in this figure the reader is referred to the web
version of the article.)

4. Conclusions

This paper describes four crystal structures of V. harveyi
chitinases A that have been solved to maximum resolution of
2.0-1.7 A. The overall structure of chitinase A comprises three do-
mains, which closely resembles chitinase A from S. marcescens. The
structure of the ligand-free inactive mutant E315M displays block-
age of the substrate-binding cleft by the C-terminal His6 residues
from a second molecule. The structures of E315M bound to
NAG5 and NAG6 provide key evidence that the interacting sugar
undergoes conformational change to facilitate hydrolysis. Taking
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all the data together, we propose that the V. harveyi chitinase A
catalyses the hydrolytic reaction through a “slide and bend”
mechanism.
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Abstract High-performance liquid chromatography mass
spectrometry (HPLC MS) was employed to assess the
binding behaviors of various substrates to Vibrio harveyi
chitinase A. Quantitative analysis revealed that hexaNAG
preferred subsites —2 to +2 over subsites —3 to +2 and
pentaNAG only required subsites —2 to +2, while subsites
—4 to +2 were not used at all by both substrates. The results
suggested that binding of the chitooligosaccharides to the
enzyme essentially occurred in compulsory fashion. The
symmetrical binding mode (-2 to +2) was favored
presumably to allow the natural form of sugars to be
utilized effectively. Crystalline o chitin was initially
hydrolyzed into a diverse ensemble of chitin oligomers,
providing a clear sign of random attacks that took place
within chitin chains. However, the progressive degradation
was shown to occur in greater extent at later time to
complete hydrolysis. The effect of the reducing-end
residues were also investigated by means of HPLC MS.
Substitutions of Trp275 to Gly and Trp397 to Phe
significantly shifted the anomer selectivity of the enzyme
toward {3 substrates. The Trp275 mutation modulated the
kinetic property of the enzyme by decreasing the catalytic
constant (k¢,) and the substrate specificity (k./K,) toward
all substrates by five- to tenfold. In contrast, the Trp397
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mutation weakened the binding strength at subsite (+2),
thereby speeding up the rate of the enzymatic cleavage
toward soluble substrates but slowing down the rate of the
progressive degradation toward insoluble chitin.

Keywords Chitin - Substrate binding mode - HPLC MS -
Vibrio harveyi - Family-18 chitinase - Active-site mutation

Abbreviations
NAG, [3-1-4 linked oligomers of N-acetylglucos-
amine residues where n=1-6

DNS Dinitrosalicylic acid

IPTG Isopropyl thio-f3-D-galactoside

PMSF Phenylmethylsulfonylfluoride

HPLC ESI- High-performance liquid chromatography

MS electrospray mass spectrometry
ChBD Chitin-binding domain

Introduction

Chitin is a homopolymer composed of 3-(1,4)-linked N-
acetylglucosamine (GlcNAc or NAG) units and is mainly
found as a structural component of fungal cell walls and
exoskeletons of crustaceans and insects. A complete
degradation of chitin requires chitinases (EC 3.2.1.14)
and N-acetyl-p-glucosaminidases (EC 3.2.1.52). Chiti-
nases are found in various organisms, and their physio-
logical functions are dependent on the structural roles of
chitin substrates existing in different species. Degradation
of chitin by marine bacteria [1, 2] is crucial for maintain-
ing the ecosystem in the marine environment [3]. In
insects, chitinases are essential in the molting process and
may also affect gut physiology through their involvement
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in peritrophic membrane turnover [4]. Plants produce
chitinases as part of their defense mechanism against
distinct pathogens [5, 6], whereas fungal chitinases
participate in a number of morphogenetic processes,
including spore germination, side-branch formation, dif-
ferentiation into spores, and autolysis [7]. Human chiti-
nases are involved in asthma and inflammatory conditions,
but the endogenous substrate(s) and the pathogenic
mechanism is not yet known [8—10].

Different bacteria seem to secrete different forms of
chitinases [2, 11-17]. For example, Serratia marcescens
produces three chitinases: ChiA, ChiB, and ChiC for a
synergistic degradation of chitin [18, 19], whereas Vibrio
harveyi (formerly Vibrio carchariae) mainly expresses
chitinase A [2]. In the CAZy database (http://www.cazy.
org), V. harveyi chitinase A is classified as a member of
family-18 glycosyl hydrolases, comprising a ({3/x)g-barrel
catalytic domain with a deep substrate-binding cleft and is
known to catalyze the hydrolytic reaction through the
‘substrate-assisted’ or ‘retaining mechanism’ [20-26]. Most
recently, the crystal structures of V. harveyi chitinase and its
mutant E315M complexed with NAGs and NAG, were
reported at 1.8-2.1 A resolutions [27]. The structures
revealed that chitooligosaccharides most likely interact with
the multiple subsites of the enzyme using a linear
conformation. Subsequently, the sugar chain develops a
‘kink’ conformation to facilitate bond cleavage. Such a
movement is presumed to proceed via the ‘slide and bend’
mechanism [27]. The sliding motion of a chitooligomer
resembles the feeding mechanism proposed by Watanabe
and co-workers [28] for long-chain chitin. Either sliding or
feeding, the process could be achieved only when a
chitinase exhibits high processivity toward its substrates.
The processivity has been described previously for other
polysaccharide degrading enzymes, such as Chi A from S.
marcescens [19, 28-30], cellobiohydrolases Cel6A from
Humicola insolens [31], and Cel7A from Trichoderma
reesei [32].

Insoluble substrates have been proposed to enter the
active site of chitinases by the feeding mechanism and
chitin oligomers by a random mechanism [28, 33]. Such a
hypothesis probably holds true for most of the cases.
However, a major point of concern remains the random
cleavage of a chitin polymer by an endo action of chitinase
A. We previously verified that V. harveyi chitinase A
initially degraded insoluble chitins into NAG,_4 [20, 34].
Indeed, the production of the chitin oligomers other than
NAG, cannot be explained as an outcome of the feeding
mechanism. This is because the sliding following progres-
sive degradation of chitin will only give rise to a single
species of the product (NAG). In this study, we employed
quantitative HPLC-MS as a direct and sensitive tool to
investigate the binding behaviors of three different sub-
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strates. Together with kinetic analysis, we also demonstrat-
ed that point mutation of the reducing-end binding residues
(Trp275 and Trp397) affected the substrate specificity of
the tested substrates and significantly altered the anomer
selectivity of V. harveyi chitinase A. This enzyme belongs
to family-18 chitinases, which are potential drug targets for
the treatment of allergic asthma.

Experimental
Bacterial strains and chemicals

The pQE 60 expression vector harboring the DNA
fragment that encodes chitinase A (amino acid residues
22-597, without the 598-850 C-terminal fragment) and
Escherichia coli type strain M15 (Qiagen, Valencia, CA,
USA) were used for a high-level expression of recombinant
chitinases. Chitooligosaccharides were obtained from Sei-
kagaku Corporation (Bioactive Co., Ltd., Bangkok, Thai-
land). Flake chitin from crab shells was the product of
Sigma-Aldrich Pte Ltd. (The Capricorn, Singapore Science
Park II, Singapore). Other chemicals and reagents (analyt-
ical grade) were obtained from the following sources:
reagents for bacterial media (Scharlau Chemie S.A.,
Barcelona, Spain.); all chemicals for protein preparation
(Sigma-Aldrich Pte Ltd., Singapore and Carlo Erba
Reagenti SpA, Limito, Italy); and reagents for HPLC-MS
measurements (J.T. Baker, Deventer, Holland and LGC
Promochem GmbH, Wesel, Germany). Milli-Q water was
used for preparations of reaction buffers and for HPLC MS
measurements.

Instrumentation

HPLC was operated on a 150x2.1 mm 5 pum Hyper-
carb®column (ThermoQuest, Thermo Electron Corporation,
San Jose, CA, USA) connected to an Agilent Technologies
1100 series HPLC system (Agilent Technologies, Wald-
bronn, Germany) under the control of a Thermo Finnigan
LTQ electrospray mass spectrometer. The proprietary
program Xcalibur (Thermo Finnigan, Thermo Electron
Corporation, San Jose, CA, USA) was used to control and
calibrate HPLC ESI/MS. For partial hydrolysis of colloidal
chitin, the electrospray MS was conducted under a positive
full scan mode with a range of the mass/charge ratio (m/z)
of 200-1,400. Later, the HPLC MS was run under the
single ion monitoring mode for improvement of signal/
noise ratios. The selected masses for detection were m/z
424.5 for NAG,, m/z 627.5 for NAG3, m/z 830.3 for NAGy,
m/z 1034.16 for NAGs, and m/z 1236.3 for NAGg. The UV
signals were detected by a diode array detector between 200
and 400 nm.
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Site directed mutagenesis

Point mutations were introduced to the wild-type chitinase
A DNA that was previously cloned into the pQE60
expression vector by polymerase chain reaction (PCR)
technique [20], using the QuickChange Site-Directed
Mutagenesis Kit. Mutations of Trp275 to Gly and Trp397
to Phe (so as to create mutants W275G and W397F,
respectively) were generated using oligonucleotides syn-
thesized from BioServiceUnit (BSU) (Bangkok, Thailand)
The forward oligonucleotide sequence used for mutagenesis
of Trp275 to Gly is 5'-CATCTATCGGTGGTGGAA-
CACTTTCTGAC-3’ and the reverse sequence is 5-GTCA-
GAAAGTGTTCCACCACCGATAGATG-3'. For
mutagenesis of Trp397 to Phe, the forward sequence is 5'-
GACTTCTACGGCGGCTTCAACAACGTTCC-3' and the
reverse sequence is 5'-GGAACGTTGTTGAAGCCGCCG-
TAGAAGTC-3'. Sequences underlined represent the mu-
tated codons. The success of point mutations was
confirmed by automated DNA sequencing (BSU,
Thailand).

Recombinant expression and purification

The wild-type chitinase A with a C-terminal hexahistidine
sequence was highly expressed in E. coli M15 cells [20].
Chitinase A mutants W275G and W397F were obtained by
PCR-based site directed mutagenesis as described by
Suginta et al. [35]. For recombinant expression and
purification, the freshly transformed cells were grown at
37 °C in 500 mL of Luria—Bertani medium containing
100 ug~mL_] ampicillin until ODgq reached 0.6. Then, the
chitinase production was induced by the addition of
0.5 mM IPTG at 25 °C for 18 h. The cell pellet was
harvested by centrifugation, re-suspended in 40 mL of lysis
buffer (20 mM Tris/HCI buffer, pH 8.0, containing 150 mM
NaCl, 1 mM PMSF, and 1 mg'mL™" lysozyme), and then
lysed on ice using a Sonopuls Ultrasonic homogenizer with
a 6-mm-diameter probe. The supernatant obtained after
centrifugation at 12,000xg, 45 min was applied to a Ni-
NTA agarose affinity column (1.0x10 cm) (Qiagen GmbH,
Hilden, Germany), washed thoroughly with 5 mM imidaz-
ole, then eluted with 250 mM imidazole in 20 mM Tris/HC1
buffer, pH 8.0. An eluted fraction (10 mL) was subjected to
several rounds of membrane centrifugation using Vivaspin-
20 ultrafiltration membrane concentrators (M, 10,000 cut-
off, Vivascience AG, Hannover, Germany) for a complete
removal of imidazole and for concentrating the proteins.
Protein purity was verified on sodium dodecyl sulfate
polyacrylamide gel electrophoresis as described by
Laemmli [36]. A final concentration of the protein was
determined by Bradford’s method [37] using a standard
calibration curve of bovine serum albumin (0-25 pg). The

freshly prepared proteins were subjected to functional
characterization or stored at —30 °C.

Partial hydrolysis of chitooligosaccharides by V. harveyi
chitinase A

Partial hydrolysis of chitooligosaccharides by wild-type
was carried out in a 50-pL reaction mixture, containing
0.1 M ammonium acetate buffer, pH 7.0, 500 uM substrate,
and 100 ng purified enzyme. To minimize isomerization of
the anomeric products, the reaction was performed on ice
(0 °C) for 3 min, and then a 10-uL aliquot was transferred
to a 200-uL sample vial and immediately subjected to
HPLC MS analysis. The sample tray was kept at 4 °C, and
the column was operated at 10 °C. A constant flow rate of
0.4 mL'min~' was applied with a run time set to 15 min
using a 5-70% gradient of acetonitrile, containing 0.1%
formic acid. The 3/« ratios were calculated from the peak
areas of the corresponding products using the program
Xcalibur and applying an MS Genesis algorithm for peak
detection.

Time courses of chitin hydrolysis

Time-course experiments were carried out on ice in a 100-
puL reaction mixture, containing 0.1 M ammonium acetate
buffer, pH 7.0, 10% (w/v) crystalline « chitin, and 50 ng
purified enzyme. Aliquots of 10 pL were taken at 0, 3, 7,
20, 30, 60, and 180 min and analyzed immediately by
HPLC MS as described for chitin oligosaccharides. The
peak areas, which represent total ion counts of the
hydrolytic products, were quantified using the program
Xcalibur applying a MS Avalon algorithm for peak
detection. Standard calibration curves of NAG moieties
were constructed separately from a mixture of oligosaccha-
ride containing 0.2-500 uM of NAG;_g. These data points
yielded a linear curve of each standard sugar with the R
values of 0.9995-1.0, thus allowing molar concentrations
of chitooligosacharides to be determined with confidence.
For the determination of {3/ contents of the chitooligo-
saccharide products, the reaction mixture, containing
250 ng purified enzyme in 0.1 M ammonium acetate
buffer, pH 7.0, was incubated with 500 uM NAGs or
NAGg. Aliquots of a 100-uL reaction mixture were taken at
specified times and analyzed immediately by HPLC MS.
Amounts of  and « anomers of the hydrolytic products
were derived from the corresponding peak areas using the
standard calibration curves constructed as mentioned above.

Steady-state kinetics

Kinetic measurements were determined in a microtiter plate
using NAGs, NAGg, and colloidal chitin as substrates. A
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reaction mixture (100 puL), containing 0—-500 uM substrate
and chitinase (50 ug wild type, 250 pg W275G, or 0.4 ug
W397F) in 0.1 M sodium acetate buffer, pH 5.5 was
incubated at 37 °C for 15 min. After boiling to 100 °C for
3 min, the entire reaction mixture was subjected to the
reducing sugar assay using dinitrosalicylic acid (DNS)
reagent as described by Miller [38]. For colloidal chitin, the
reaction was carried out the same way as the reducing-sugar
assay, but concentrations of colloidal chitin was varied from
0% to 5% (w/v) and amount of enzyme was used at 150 ug
wild type, 700 pg W275G, or 200 pg W397F. The amounts
of the reaction products were determined from a standard
curve of NAG, (0-500 nmol). The kinetic values were
evaluated from three independent sets of data using the
nonlinear regression function available in GraphPad Prism
version 5.0 (GraphPad Software Inc., San Diego, CA).

Results

Structural evidence of hexaNAG in the catalytic cleft of V.
harveyi chitinase A

We recently described four crystal structures of V. harveyi
chitinase A and its catalytically inactive mutant E315M in
complex with chitooligosaccharides (PDB codes 3BSS,
3B9A, 3B90, and 3B9E) [27]. Figure la is a surface
representation of the catalytic domain of the mutant
E315M, displaying six units of NAG (yellow) being
embedded inside a long, deep-binding groove and interact
specifically with various aromatic residues that stretch
along the elongated cleft of the enzyme. Figure 1b
represents a stick model underlying specific interactions
between Tyr171 and -4NAG, Trp168 and —3 NAG, Trp275
and Trp570 and —1 to +1NAG, and Trp397 and Tyr435
with +2NAG. It is clear that the hydrophobic faces of the
residues Trp275 and Trp397 stack against the heterocyclic
rings of the reducing-end sugar units (+1 NAG and
+2NAG; blue, Fig. la, b). We previously suggested that
both residues are important for the primary interaction with
soluble substrates [35]. We shall discuss later, in this study,
that Trp275 and Trp397 are also crucial for the progressive
degradation of insoluble chitin.

The structure in Fig. 1b also displays the cleavage site
that is located between sites —1 and +1 (red arrow).
Following the retaining mechanism, further cleavage would
be expected to yield only PNAG, and BNAG,. The
released NAG, had two fates. It may diffuse into the
reaction mixture and then rebind or it may slide forward to
accommodate the next cleavage if remained attached to the
active site. On the other hand, NAG, would dissociate from
the product side (+1 and +2) and serves as the end product
of hydrolysis.
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Fig. 1 The active site of V. harveyi chitinase A mutant E315M bound
to hexaNAG. a A surface representation of hexaNAG that fully
occupied subsites —4 to +2 within the substrate binding cleft of the
enzyme. The sugar rings of NAGg are shown in sticks. b A stick
model of the binding cleft of chitinase A mutant E315M complexed
with NAGg. N atoms are shown in blue and O atoms in red. C atoms
are in marine blue for the amino acid residues and in yellow for the
sugar residues. The cleavage site is indicated by an arrow, and Trp275
and Trp397 are represented in blue. The structure of E315M+NAGg
complex is obtained from the PDB data base (PDB code, 3B9A) [24]
and displayed by the program PyMol (http://www.pymol.org/)

Investigation of the binding modes of soluble substrates

We employed quantitative HPLC MS to establish the
binding modes of three substrates. Pursuing the idea of
Uchiyama et al. [28] that chitooligosaccharides randomly
enter the catalytic cleft of chitinase A, it is presumed that
binding of the incoming sugar chain may begin at variable
sites to allow various glycosidic bonds to be accessible to
the cleavage site located between sites —1 to +1. Figure 2a
and b represent three possibilities where soluble substrates
could interact with the multiple binding subsites of the
enzyme. For a NAGs substrate, the binding may begin at
site —4 and end at site +1, leading to a complete formation
of PNAG,4+BNAG (Fig. 2a, bottom trace). Alternatively,
the sugar chain may bind to subsites —3 to +2, subsequently
generating PNAG;+NAG,; (Fig. 2a, middle trace) or only
four units of NAGs bind to subsites —2 to +2, leaving the
reducing-end NAG unbound at the exterior of the substrate
binding cleft. As a result, BNAG, and either equilibrium
ratio of 3/aNAG; are expected (Fig. 2a, top trace).
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Fig. 2 Three possible models of chitin oligosaccharide bindings to the
multiple binding subsites of V. harveyi chitinase A. Hydrolysis of a
NAGs, b NAGg, and ¢ crystalline o chitin. NAG unit with 3
configuration is shown in black circle, and NAG residue with « or 3
configuration with an equilibrium ratio is shown in gray circle. Types
of the reducing-end anomers are predicted based on the retaining
mechanism as suggested for family-18 chitinases

With respect to a NAGg substrate, it could interact with
subsites (—4 to +2). This binding mode is seen in the
structure of E315M+NAGg, as shown in Fig. 1. The
binding leads to a full occupancy of the six binding sites by
chitohexaose (Fig. 2b, bottom trace). Subsequent bond
cleavage results in the formation of PNAG4+[BNAG,,
where BNAG:, is released from the reducing-end subsites
+1 to +2. A different binding event takes place when five
units of NAGg bind to positions (-3 to +2) (Fig. 2b, middle
trace), leaving the reducing-end NAG lying empty beyond
the substrate binding cleft. As a result, a single cleavage of
NAGg leads to the formation of two NAG3;, one of which
(the non-reducing end NAG3;) initially adopts (3 configura-
tion, while the other NAG; possesses either 3 or o
configuration. A third version of binding is that four units
of NAG¢ symmetrically interact with subsites (=2 to +2),
thereby letting the reducing-end NAG, remain unbound
(Fig. 2b, top trace). This (—2 to +2) binding mode releases
BNAG, from subsites (—2 and —1), whereas 3 or xNAGy is
formed from the reducing-end side.

Assuming that the feeding mechanism is applicable, the
binding characteristic of polymeric substrate is then
depicted as Fig. 2c. After cleavage, a chitin chain remains
attached to the active site before subsequently sliding
forward toward the product side (+1 and +2), thereby
allowing NAG, to be generated at a time. To investigate the
preferred binding subsites of V. harveyi chitinase A, NAGs
and NAGg (as a representative of soluble chitin) were
partially hydrolyzed by the enzyme and the reaction
mixtures analyzed immediately by HPLC MS. Partial

hydrolysis of the two substrates was carried out at 0 °C to
stabilize the 3 and « isomers of initial products. For the
assignment of the HPLC elution of o« and (3 anomers
acquired by our system, we referred to a separation profile
of chitooligosaccharides obtained by reverse-phase HPLC
and 'H-NMR [39]. Figure 3 represents an HPLC MS
separation of chitin intermediates derived from partial
hydrolysis of NAGg. The 3 and o forms of an individual
sugar were eluted at different retention times as a doublet.
The preceding peak of the doublet is identified as [3 and the
following peak o. Further mass detection by ESI-MS
assigned m/z values of the two isomers of the same sugar
to be identical. For instance, m/z 424.5 was seen for
BaNAG,, 627.5 for BaNAG;, 830.3 for FaNAG,, and
1,236.5 for P&aNAGg (Fig. 3). Peak areas representing
total ion counts of the corresponding oligomers were
simply converted to molar concentrations using the stan-
dard calibration curves of NAG_g.

From Fig. 3, V. harveyi chitinase A degraded NAGg,
yielding PNAG,+3NAG; as major isomers. This action
was observed as early as 3 min. On the other hand, FNAG,
and aNAG, were detected in comparable amounts, and
NAG and NAG; were not observed at all (Fig. 3). With
NAGs hydrolysis, two predominant products (BNAG,
+aNAG;) were captured during the initial time (data not
shown). No other product was seen. The preferred binding
modes of the enzyme toward NAGs and NAGg were
determined by comparing {3 content to o content of the
same product (Table 1). The 3 contents of NAG,, NAG;,
and NAG, obtained from NAGg hydrolysis were estimated
as 90%, 65%, and 46%, respectively (Table 1, wild type).
Such values do not at all fit with the 3/« ratios calculated
by a single binding mode as presented in Fig. 2b.
Apparently, the values agree well with the values (data in

BNAGS aNAGE
S

PNAG4 aNAG4
BNAG3 \I |
i BNAG‘Z__-“ miz=1237.24
m laNAG.
o o 80 / aNAG2 m/z=831.13
> C
=0 60
b = N
% € 40 / m/z=628.13
2 2
L m/z= 425.05
0

2 3 4 5 6 T 8 9
Retention time (min)

Fig. 3 An HPLC MS profile of the initial products obtained from
partial hydrolysis of NAG6 by wild-type chitinase A. The hydrolytic
reaction (50 pL) was carried out on ice to minimize the rate of
mutarotation. After 3 min, aliquots of 10 pL of the reaction mixture
were subjected to HPLC MS analysis
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Table 1 Quantitative HPLC MS analysis of partial hydrolysis of chitooligosaccharides

Substrate Enzyme {3 content of initial products
NAG, NAG, NAG; NAG, NAG:; NAGg
pentaNAG (NAGS) Wild-type nd.? 90+4.1(100)° 42+2.3(42) n.d. - -
W275G n.d. 93+3.3 68+9.2 n.d. - -
W397F 81+6.0 69+1.6 98+1.2 96+1.5 - -
hexaNAG (NAG6) Wild type n.d. 90+2.2(100)° 65+3.0(71) 46+3.7(48) - -
W275G n.d. 92+4.9 63+0.7 79+2.8 - -
W397F n.s. 66+3.1 95+9.5 91+8.4 96+1.8 -
Crystalline o chitin Wild type n.d. 87+1.5(100)° 50+1.3(n.d.) 42+1.0(n.d) 37+0.9(n.d.) 46+4.5(n.d.)
W275G n.d. 88+1.2 48+2.2 56+3.2 49+5.8 50+3.7
W397F n.s. 88+2.1 46+1.2 57+3.4 5714 51+£2.0

A reaction mixture (50 pL), containing chitin substrates and chitinase A in 0.1 M ammonium acetate buffer, pH 7.0, was incubated on ice and
then analyzed by HPLC ESI/MS after 3 min. The 3 contents were deduced from the peak areas of the corresponding products.

“n.d. represents product is not detectable

®The values in brackets are the expected values from the —2 to —2 binding mode for NAGS hydrolysis

 The values in brackets are the expected values from a combination of the =3 to +2 and —2 to +2 modes for NAG6 hydrolysis

91.s. represents non-separable between p and « anomer. The initial § contents were estimated from three independent sets of the experiment

¢ The value is predicted from the progressive degradation of insoluble chitin

brackets, Table 1) derived from a combination of the —2 to
+2 and —3 to +2 binding modes (top and middle traces,
Fig. 2b). For NAGs hydrolysis, the 3 contents of NAG,
and NAG; products were predicted as 90% and 42%. These
values are consistent with a single —2 to +2 binding mode
(top trace, Fig. 2a). When the hydrolytic reactions were
performed at equilibrium (25 °C, overnight), the predom-
inating form of all the sugars was o The equilibrium f3
contents were calculated as 48% for NAG,, 42% for NAGs,
41% for NAGy, 39% for NAGs, and 43% for NAGg (data
not shown).

Substrate binding preference toward crystalline o chitin

The substrate binding mode of natural substrate was further
investigated. Figure 4a represents a time course of the
hydrolytic products generated from crystalline o chitin
hydrolysis by the wild-type chitinase. Similar to previous
findings [20, 34], NAG¢ was degraded by V. harveyi
chitinase A, yielding NAG, major products. Other inter-
mediates (NAGsz_¢) were also detected in the reaction
mixture as early as 3 min although in much lower
concentrations. The major isomer of NAG, products was
found to be (3, while other products gave equilibrium ratios
of o/ (Table 2). NAG, was released at least sevenfold
greater than the other products over the entire range of
reaction times (Fig. 4a), indicating that the enzymatic
cleavage preferably took place at the second bond from
the chain ends. Nevertheless, the peaks corresponding to
NAG;_¢ that were detected in the reaction mixture
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simultaneously with NAG, verified the existence of a
random attack occurring at internal points of a chitin chain.

The cleavage feature of a long-chain chitin was further
elucidated. The values shown in Fig. 4b represent the
cleavage ratios of NAG, to NAG;—NAGyg. These values
were compared when the reaction was carried out at initial
time (3 min) and at equilibrium (180 min). In all cases, the
cleavage ratios NAG, to other sugars were found to
increase when the reactions reached equilibrium. For
NAG,/NAG;, the ratio was enhanced by 1.5 times, for
NAG,/NAG, by nine times, for NAG,/NAGs5 by five times,
and for NAG,/NAGq4 by six times. The lower cleavage
ratios obtained at 3 min inferred that the internal attack
proceeded at an early stage of reaction. The increased ratios
represent the progressive action that took place at later time
(i.e., at equilibrium).

Effects of point mutations on substrate bindings

Our recent data displayed a significant change in the
cleavage patterns of NAG4,—NAG¢ hydrolysis when
Trp275 was mutated to Gly and Trp397 to Phe. The 3D
structure of chitinase A mutant E315M bound to NAGg has
located Trp275 at the main subsites —1, and +1, and Trp397
at subsite +2 (Fig. 1a, b, blue). Alterations of the cleavage
pattern as a result of Trp275 and Trp397 mutations
provided a hint that both residues are important in defining
the primary binding of soluble substrates [35]. In this study,
we explored further how Trp275 and Trp397 influenced the
binding selectivity of the enzyme. When incubated briefly,
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Fig. 4 Partial hydrolysis of crystalline « chitin by the wild-type
chitinase A. a Time course of chitin hydrolysis. The hydrolytic
reactions were carried out at on ice (0 °C) from 0 to 180 min and were
analyzed immediately by HPLC MS. Molar concentrations of the
hydrolytic products were estimated using the standard curves of
NAG, 4. b The cleavage ratios of NAG,/NAG; ¢ were calculated
based on the molar concentration of each corresponding sugar. The
reaction products generated during 0—10 min are indicated as an inset.
Open circle dimers, open square trimers, open triangle tetramers;
filled circle pentamers, filled square and hexamers

the mutant W275G was found to degrade NAGs into NAG,
+NAG; with the value of BNAG, (93%) indistinguishable
to the one formed by the wild-type enzyme (90%) (Table 1).
However, the [3 content of NAG; (68%) produced by the
mutated enzyme significantly increased when compared
with the same product produced by the wild-type enzyme
(42%). With mutant W397F, the initial products of NAGs
hydrolysis by W397F were more varied from NAG to
NAG,. The major form of all the products produced by
W397F was 3 with observed values of 81% for BNAG,
69% for BNAG,, 98% for BPNAG;, and 96% PNAG,
(Table 1).

Partial hydrolysis of NAG¢ by mutant W275G generated
three product species (NAG,+NAG3;+NAGy), all having f3
major isomer. The percentages of BNAG; (92%) and
BNAG; (63%) were not similar to the wild-type value
(Table 1). However, PNAG, formed by W275G (79%) was
significantly greater than BNAG, formed by wild type
(46%). Similarly, NAG¢ hydrolysis by mutant W397F
released a full range of reaction intermediates (NAG—

NAGs). The 3 contents for NAG, (66%), NAG; (95%),
and NAG, (91%) were found to be different from that
obtained from the non-mutated enzyme (Table 1).

Effects of point mutations on the kinetic properties

The steady-state kinetics of the hydrolytic activity of wild-
type chitinase A and mutants W275G and W397F were
investigated by using the DNS reducing-sugar assay (see
“Experimental”). Table 2 represents the kinetic values of
the three chitinase variants against NAGs, NAGg, and
crystalline chitin. With NAGs hydrolysis, the K, of W275G
(315 uM) was only slightly decreased, but the K, of W397F
(476 uM) was 1.25-fold elevated from the K, of wild type
(380 uM). Similar results were observed with NAGg
hydrolysis, where the K, of W275G (238 uM) was twofold
lower, whereas the K, of W397F (460 uM) was 2.6-fold
greater than the K, of wild type (174 uM).

Mutations of Trp275 and Trp397exhibited a more severe
effect on the catalytic constant (k) of the enzyme. With
the NAGs substrate, the ke, of W275G (0.04 sfl) was
fivefold lower than that of wild type (0.21 s '). In contrast,
the key of W397F (2.1 s ') was tenfold higher. Similar
results were seen with the NAGg substrate by which
W275G (0.06 s ') showed a threefold decrease, but
W397F displayed a 16-fold increase in the k., compared
to that of wild type (0.19 s ).

Both mutations gave a different outcome on insoluble
substrate. The K, of W275G (25 mg mL™") and W397F
(19 mg mL ") toward colloidal chitin were higher than that
of wild type (12 mg mL™"). Both mutants displayed a 0.3—
0.5-fold loss in the k.. The k./K, values of W275G
toward all substrates were decreased five times toward
NAGs and NAGg but ten times toward the crystalline
chitin. In contrast, the k.,/K,, values of W397F toward the
short-chain substrates were increased by six- to eightfold
but a fivefold decrease toward the long-chain chitin.

Effects of point mutations on the anomer selectivity

The effects of Trp275 and Trp397 mutations on the anomer
selectivity of the oligosaccharide hydrolysis were further
investigated. Determination of substrate decrease at differ-
ent time points revealed that the wild-type enzyme
degraded both 3 and « anomers at equal rates (Fig. 5a).
However, the initial rate of the depletion of BNAGs by
W275G (Fig. 5a) occurred about 1.4 times faster than the
rate of a’NAG5 depletion. At 155 min of incubation, only
half of «’NAGs, but all of BNAGs, was degraded. BPNAG;
was also utilized by mutant W397F at a significantly higher
rate than «NAGs; however, the anomer consumption varied
linearly over time of incubation (Fig. 5b). At the end of
reaction, a substantial amount of xNAGs (> 50%) and only
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Colloidal chitin

hexaNAG

pentaNAG

Table 2 Kinetic parameters of V. harveyi wild-type chitinase A and mutants

Chitinase A variants

@ Springer

kcat/Km (SA] (mg mLAI)Al)

kcal (SA 1)

K (mg mL‘l)

keat 87 kealKen (s M) K (MM) keat (57 keadKen (s M)

Kin (1M)

83x107% (1)

0.10 (1)

12414 (1)
25+3.7 (2.1)
1940.1 (1.6)

11x107% (1)
2.5%x107% (0.2)

5.5x107* (1) 174423 (1) 0.19 (1)

021 (1)

380449 (1)

Wild type
W275G
W397F

8.0x107* (0.1)

0.02 (0.2)
0.03 (0.3)

0.06 (0.3)
3.0 (16)

23817 (1.4)

1.3x107% (0.2)
443107 (8)

0.04 (0.2)

315+110 (0.8)
476=11 (1.3)

16x1074 (0.2)

65%107* (6)

460+53 (2.6)

2.1 (10)

Kinetic measurements of the hydrolytic activity of wild-type chitinase A and mutants W275G and W397F were carried out using 0-500 uM pentaNAG, hexaNAG and colloidal chitin as

substrates. After 15 min of incubation at 37 °C, the amounts of the reaction products were determined by DNS assay using a standard curve constructed from NAG,
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Fig. 5 Time-course of substrate consumption by chitinase A.
Hydrolysis of NAGs by a wild type, b mutant W275G, and ¢ mutant
W397F. The hydrolytic reactions carried out at on ice (0 °C) from 0 to
155 min were analyzed by HPLC ESI/MS as described in texts. Rate
of 3 anomer consumption is presented by a black line and rate of 3
anomer consumption by a broken line

a small amount of BNAGs (< 20%) remained in the
reaction mixture.

With the NAGg substrate, similar patterns were observed
(data not shown). The wild-type enzyme displayed no
preferable selection toward a particular anomer of NAGg.
However, the initial rates of PNAG¢ degradation by both
mutants were only slightly higher than that of aNAGg
consumption. At the final stage of reaction, most of RNAG;
and PNAGg (>80%) was used up.

Discussion

The 3D structures of the catalytically inactive mutant
E315M complexed with NAGs and NAGg suggested that
V. harveyi chitinase A most likely catalyzed chitin
degradation through the ‘slide and bend’ mechanism [27].
From the mechanistic point of view, the sliding process can
only be achieved by an enzyme with high processivity.
Eijsink and colleagues reported previously that ChiA,
ChiB, and ChiC from S. marcescens possessed different
degrees of processivity [19, 29, 30]. ChiA was tested to be
more processive than ChiB, whereas ChiC is a non-
processive enzyme. The processive property explains how
an enzyme processes it substrates. However, the mechanism
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of how each substrate initially interacts with the enzyme
depends entirely on the size of its substrate. Chitin
oligomers are predicted to bind to the substrate-binding
cleft by a random fashion. It implies that the sugar oligomer
has freedom to bind to variable sites as far as the successful
cleavage is concerned. In this study, three models are
proposed for the productive binding of the soluble
substrates (Fig. 1). NAGs may interact either with subsites
(-4 to +1), (-3 to +2), or (-2 to +2) (Fig. 2a). Likewise,
NAGg may bind to subsites (—4 to +2), (=3 to +2), or (2 to
+2) (Fig. 2b).

HPLC MS analysis of NAG¢ hydrolysis by wild-type
chitinase gave rise to three species of reaction products
(NAG3; 34). This happens only when the glycosidic cleav-
age takes place at least at two distinct locations. The
presence of NAG; in the reaction mixture (Table 1)
suggested that the enzymatic cleavage occurred in the
middle of the chitin hexamer. When initial isomers of the
degradation products were trapped at very low temperature
(0 °C) for a short period of time (3 min), the estimated
BNAG; (65%) agreed best to that of NAG; expected from
the (—3 to +2) binding mode (71%) (the value in brackets,
Table 1). Two other products (NAG, and NAG,) could
otherwise come from the interactions at subsites —4 to +2 or
—2 to +2. However, the measured percentages of PNAG,
(90%) and PBNAG, (46%) were in conflict with the
calculated values for the (—4 to +2) binding mode (100%
for both NAG, and BNAG,). Instead, the obtained values
agreed well with the 100% BNAG, and 48% PNAG, as
calculated for the (—2 and +2) binding mode (Fig. 2b). This
experimental outcome suggests binding of the chitin
hexamer to either subsites —3 to +2 or —2 to +2, which
emphasizes a dynamic process of interaction between an
active enzyme and the substrate, and is in contrast with the
occupation of the oligomer as observed in the static
complex of the inactive enzyme (Fig. la, b). Previous
quantitative HPLC MS analysis estimated the yield of
NAGs; to be 4 nmol when NAGg was incubated with native
chitinase A for 5 min. This yield was half of NAG,+NAG,
yields (~8 nmol) obtained from the same reaction [34], and
it indicated that NAGyg favors the (—2 to +2) mode over the
(-3 to +2) mode.

Limited hydrolysis of NAGs yielded only two products
(NAG,+NAGj3;), meaning that the bond cleavage took place
only at a single site either at positions —3 to +2 or -2 to +2
(see Fig. 2A). However, the observed percentages of
BNAG; (90%) and BNAG; (42%) agreed more to that of
BNAG; (100%) and BNAG; (42%) predicted for the (-2 to
+2) binding mode. In contrast, 100% BNAG, and 100%
BNAG; would be expected from the (-3 to +2) binding
mode. No detection of NAG and NAG, in the reaction
mixture implied that the (=4 to +1) mode was completely
ignored by this substrate (see Table 1).

The binding characteristics of S. marcescens Chi A [40]
and Coccidioides immitis chitinase-1 (CiX1) [41] were
previously investigated by means of typical HPLC systems.
Hydrolysis of NAGg by SmChiA that yielded 99% BNAGs,,
71% PNAG; and 48% PBNAG, and hydrolysis of NAGs
that yielded 100% BNAG, and 55% BNAG; represents the
equivalent binding events as observed in this study. In
CiX1, formations of o/BNAG, (9/1) and o/BPNAG4 (5/2)
from NAG6 hydrolysis supports the (-2 to +2) binding
mode. Sasaki et al. [42] performed a comparative study of
the reaction mechanism of rice and bacterial enzymes and
concluded that microbial chitinases favors the (—2)(—1)(+1)
(+2)(+3)(+4) subsites, while plant chitinases prefers the
4)(-3)(=2)(=1)(+1)(+2) subsites. Binding of a chitoo-
ligomer to (—2) to (+4) sites would be comparable to the
—2 to +2 binding mode described for V. harveyi chitinase A.

With partial hydrolysis of insoluble chitin, NAG,
observed as the primary product during the course of
reaction (from 0 to 180 min) was mostly derived from the
progressive degradation of the second bond from a chain
end of chitin polymer. Imai et al. [33] demonstrated
previously that the degradation of (3 chitin microfibrils
took place from the reducing end of the sugar chain.
However, other products (NAGj3_¢) that were observed in
the reaction mixture, even as early as 3 min, and the
equilibrium ratios of NAGs_¢ products obtained from a
long-chain chitin hydrolysis (Table 1) were an indication of
internal attacks that took place at variable positions within
the chitin chain. This interpretation is further supported by
the small cleavage ratios of NAG,/NAG;_¢ intermediates.
A dramatic increase in the ratios at later time of reaction is
presumably achieved quite productively with the progres-
sive action via the feeding and sliding mechanism.

The anomer analysis revealed no selectivity of the wild-
type chitinase A in utilization of « or 3 substrates (Fig. 5a).
No selectivity of binding by all means leaves the enzyme a
lot more freedom to efficiently take up the (3 or « substrates
that are present in the reaction equilibrium. This idea is well
complimented by binding of NAGs to subsites (—2 to +2)
and NAGg to subsites (—3 to +2) or (—2 to +2) as seen in
Fig. 2a and b. For the structural point of view, V. harveyi
chitinase A is shown to comprise a substrate binding cleft
with a long, deep groove structure (Fig. 1). The reducing
end of the binding groove is shown to be open, giving
adequate space for the incoming sugar chain to move
beyond the +2 site. As a consequence, various glycosidic
bonds are accessible to the cleavage site. The open-end
active site certainly fits the binding preference of NAGs;
and NAGg and the endo action of the enzyme toward chitin
polymers.

We previously reported that the residues Trp275 and
Trp397 positioned at subsites (—1, +1, and +2 sites) are
particularly essential for defining the primary binding of
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soluble chitooligosaccharides and Trp70 located at the N-
terminal end of the ChBD is crucial for insoluble chitin
degradation [35, 43]. In this study, the effects of mutations
on the kinetic properties of the enzyme were evaluated. It
was found that mutations of Trp275 and Trp397 to Gly and
Phe, respectively, significantly changed the substrate
specificity and the anomer selectivity of the enzyme. The
structure of mutant E315M bound to NAG¢ showed that
Trp275 could interact strongly with —INAG and +INAG
[27]. Mutation of this residue was found to affect the
kinetic properties involving the catalytic center by decreas-
ing the k., and the k., /K., toward NAGs; and NAGg by a
magnitude of 5 (Table 2). In addition, the mutation
significantly increased the apparent rate of (3 consumption
as shown in Fig. 5a. The event may be explained as a shift
of the sugar chain toward the non-reducing end in the
search for other available binding sites to compensate for
the loss of interactions. The observed yields of RPNAG,
(93%) and PNAG; (68%) obtained from the cleavage of
NAG; by W275G (Table 1) agrees well with the predicted
yields of BNAG, (100%) and PNAG; (42-100%) of the
model shown in Fig. 6a. A single move of the sugar chain
toward the non-reducing end is predicted as further
movement would likely be blocked by high affinity of
binding between the reducing end of NAGs and Trp397 at
subsite +2.

Different situations were observed with mutant W397F.
Mutation of Trp397 to Phe led to an increase in the kcy
toward NAGs and NAGg by 10- and16-fold, giving rise to
an increase in the k.,/K,, by a magnitude of 8 and 16,
respectively. Trp397 is a crucial binding residue located at
subsite +2, and it determines the primary binding of
chitooligosaccharide substrates. A phenylalanine substitu-

tion appeared to weaken the binding strength of this subsite,
enabling the sugar chain to move more freely and allowing
various glycosidic bonds to be exposed to the cleavage
sites. A full range of reaction intermediates seen in the
reaction mixture of W397F (Table 1) supports the above
assumption. Hydrolysis of NAGs by W397F, yielding 81%
BNAG, 69% PNAG,, 98% PBNAG;, and 96% PNAGy
products agreed well with the yields proposed in Fig. 6b.

The residues Trp275 and Trp397 are found to be
important for insoluble chitin hydrolysis, since the muta-
tions showed a remarkable decrease in the k., value of the
enzyme. The structure in Fig. 1 shows that both residues are
located in a perfect position to be responsible for the
feeding process by pulling the chitin chain toward the
reducing end subsites, thereby permitting the next proc-
essive hydrolysis to occur (see Fig. 6¢). A significant
reduction of the k., and the k.,/K,, values toward colloidal
chitin (Table 2) seems to support the proposed roles of both
residues (Table 2). Similar effects were also reported with
ChiAl from B. circulans, where mutations of Trpl64
(equivalent to Trp275) and Trp285 (equivalent to Trp397)
drastically reduced the hydrolytic activity of their enzymes
toward colloidal chitin by 40-50% [44].

In conclusion, we employed quantitative HPLC MS to
determine the binding modes of a family-18 chitinase from
V. harveyi toward three substrates. Neither a random nor a
progressive binding was entirely employed for a complete
hydrolysis of the tested substrates. Nevertheless, soluble
chitins seem to favor the —2 to +2 binding, but insoluble
chitin preferred the progressive binding. Mutations of
Trp275 and Trp397 were found to affect the anomer
selectivity and the substrate specificity toward soluble
substrates. The evaluation of the kinetic data suggested

Fig. 6 Plausible effects of point
mutation on the substrate bind-
ing preference and the anomer
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that Trp275 and Trp397 are likely involved in the feeding
process that facilitates a degradation of chitin polymer in a
progressive manner. Ultimately, understanding of the
binding mechanism of family-18 chitinases to their sub-
strates may aid the drug-screening program to obtain
effective inhibitors that act as therapeutic candidates for
successful treatment of allergic asthma.
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