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A tryptophan side chain was introduced into subsite +1 of
family GH-18 (class V) chitinases from Nicotiana tabacum
and Arabidopsis thaliana (NtChiV and AtChiC, respective-
ly) by the mutation of a glycine residue to tryptophan
(G74W-NtChiV and G75W-AtChiC). The specific activity
toward glycol chitin of the two mutant enzymes was 70–
71% of that of the wild type. Using chitin oligosacchar-
ides, (GlcNAc)n (n = 4, 5 and 6), as the substrates, we
found the transglycosylation reaction to be significantly
enhanced in G74W-NtChiV and G75W-AtChiC when
compared with the corresponding wild-type enzymes. The
introduced tryptophan side chain might protect the oxazo-
linium ion intermediate from attack by a nucleophilic
water molecule. The enhancement of transglycosylation
activity was much more distinct in G75W-AtChiC than
in G74W-NtChiV. Nuclear magnetic resonance titration
experiments using the inactive double mutants, E115Q/
G74W-NtChiV and E116Q/G75W-AtChiC revealed that
the association constant of (GlcNAc)5 was considerably
larger for the latter. Amino acid substitutions at the ac-
ceptor binding site might have resulted in the larger asso-
ciation constant for G75W-AtChiC, giving rise to the
higher transglycosylation activity of G75W-AtChiC.
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Introduction

Chitinases (EC 3.2.1.14) hydrolyze β-1,4-glycosidic linkages
of chitin, an insoluble β-1,4-linked homopolymer of N-
acetylglucosamine (GlcNAc) residues. The enzymes are
divided into families GH-18 and GH-19 according to the clas-
sification of the CAZy database (Henrissat and Davies 1997).
The GH-19 chitinases consist of two α-rich domains (Hart
et al. 1995; Huet et al. 2008; Ubhayasekera et al. 2009),
whereas the GH-18 chitinases consist of a main (α/β)8 barrel
domain and an additional functional domain, such as an inser-
tion domain, a chitin-binding domain or both (Perrakis et al.
1994; Terwisscha van Scheltinga et al. 1994; Fusetti et al.
2002). The GH-19 enzymes catalyze a hydrolytic reaction with
anomer inversion (Brameld and Goddard 1998; Sasaki et al.
2003), whereas in GH-18 chitinases, the catalytic reaction takes
place with anomer retention (Terwischa van Scheltinga et al.
1995; Tews et al. 1997; Brameld et al. 1998; van Aalten et al.
2001; Sasaki et al. 2002). Several GH-18 chitinases are known
to catalyze not only the hydrolysis but also a transglycosylation
reaction resulting in products with a chain length longer than
that of the initial substrate (Fukamizo et al. 2001; Aguilera
et al. 2003; Taira et al. 2010). The transglycosylation reaction
can be employed for production of useful chitin oligosacchar-
ides with, for example, antitumor properties (Wang et al.
2007), the ability to control of cell growth (Semino and
Allende 2000; Snaar-Jagalska et al. 2003), antioxidant effects
(Ngoa et al. 2008) and the capacity to trigger defense systems
in plants (Kaku et al. 2006; Miya et al. 2007).
Enhancement of the transglycosylation activity of chitinoly-

tic enzymes has been attempted by several investigators and
accomplished with partial success. Chemical modification of
Trp62 and Asp101 of a hen egg white lysozyme impaired the
binding of sugars at subsites −4, −3 and −2 and enhanced
transglycosylation activity (Fukamizo et al. 1989). Aronson
et al. (2006) reported the enhancement of transglycosylation
activity by mutating a tryptophan residue located at subsite −3
(Trp167) of family GH-18 Serratia marcescens chitinase A
(SmChiA). These strategies are based on the relative enhance-
ment of acceptor binding to the positively numbered subsites
by lowering the ability to bind to the negatively numbered sub-
sites. An opposite strategy, introduction of the tryptophan side
chain into the positively numbered subsites, might enhance the
transglycosylation activity. However, there are no earlier
reports on introducing the tryptophan side chain for enhancing†These two authors contributed equally to this work.
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the transglycosylation activity. Recently, Zakariassen et al.
(2011) reported another strategy for enhancing the transglyco-
sylation activity of SmChiA and SmChiB; that is, the mutated
SmChiA and SmChiB, in which the aspartic acid in the
middle of the catalytic triad (the DXDXE motif) of both
enzymes was mutated to asparagine, exhibited strong transgly-
cosylation activity. Similar effects were also observed in
Bacillus circulans chitinase A and Trichoderma harzanum
Chit42 (Martinez et al. 2012). The mutation of the middle
aspartic acid in the DXDXE motif might alter the electrostatic
conditions in the catalytic cleft leading to an increased prob-
ability of nucleophilic attack by a sugar acceptor molecule.
Plant chitinases have been classified into at least six

classes, classes I, II, III, IV, V and VI, according to the amino
acid sequences (Neuhaus et al. 1996). Classes I, II and IV
correspond to family GH-19 and classes III and V to family
GH-18. We recently reported the crystal structure of family
GH-18 (class V) chitinases from Nicotiana tabacum and
Arabidopsis thaliana (NtChiV and AtChiC, respectively;
Ohnuma et al. 2011a; 2011b), whose amino acid sequences
are similar to each other (57%). As shown in Figure 1A, C
and E, the enzymes exhibit an (α/β)8 fold (cyan) with an

insertion domain (magenta) as in the case of SmChiB, except
that the plant enzymes do not have a chitin-binding domain
(orange). Glu115 and Glu116 are the catalytic acids of the in-
dividual plant enzymes, respectively (Figure 1D and F). Two
or three subsites have been recognized at both sides of the
catalytic center (−2, −1, +1, +2 and +3; Figure 1B, D and F).
NtChiV and AtChiC hydrolyze the chitin polysaccharide
through a non-processive manner (Ohnuma et al. 2011a). The
amounts of transglycosylation products obtained from the
oligosaccharide substrates, (GlcNAc)n, were negligible in the
reactions catalyzed by the plant enzymes. Horn et al. (2006)
reported that Trp97 of SmChiB plays an important role in the
processive action of the enzyme (Figure 1B). In NtChiV and
AtChiC, the amino acid residue corresponding to Trp97 of
SmChiB is substituted with glycine (Gly74 in NtChiV and
Gly75 in AtChiC; Figure 1D and F). Thus, we tried to induce
the processive action in NtChiV and AtChiC by mutating the
glycine residue to tryptophan (G74W-NtChiV and G74W-
AtChiC). However, no experimental data indicating the pro-
cessivity of the mutant enzymes have not been obtained yet.
Instead, the mutant enzymes were found to exhibit enhanced
transglycosylation activity. We report here a new strategy for

Fig. 1. Crystal structures of SmChiB (A), NtChiV (C) and AtChiC (E). A (α/β)8 barrel domain (cyan), an insertion domain (magenta) and chitin-binding domain
(orange). Stereo view of the substrate-binding cleft of SmChiB (B), NtChiV (D) and AtChiC (F). For SmChiB, the structure is in a complex with (GlcNAc)5
(PDB code, 1e6n) (van Aalten et al. 2001). Since the complex structure was obtained only for SmChiB, the complex structures for NtChiV and AtChiC were
obtained by docking simulation using the conformation of the bound (GlcNAc)5 in the SmChiB complex and the structure of free NtChiV (PDB code, 3alf )
(Ohnuma et al. 2011a) and free AtChiC (PDB code, 3aqu) (Ohnuma et al. 2011b), respectively, by the method reported in the previous paper (Ohnuma et al.
2011b). The stick representations colored green are the catalytic acids (Glu144, Glu115 and Glu116) for individual enzymes. The (GlcNAc)5 molecules located
in the binding cleft are indicated in cyan. The aromatic side chains involved in the oligosaccharide binding are colored deep blue.
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enhancing transglycosylation; that is, the introduction of a
tryptophan side chain into subsite +1.

Results
Enzyme production
The mutated enzymes (G74W-NtChiV and G75W-AtChiC)
were successfully expressed in the E. coli expression system as
in the case of the wild-type enzyme (NtChiV and AtChiC;
Ohnuma et al. 2011a; 2011b). The glycine mutations to trypto-
phan did not significantly affect the expression level of the pro-
teins. After purification of the enzymes, the individual proteins
exhibited a single band on sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS–PAGE; Supplementary Fig. S1).
CD spectra of the mutant enzymes were almost identical to that of
the wild type (Supplementary Fig. S2), indicating that the individ-
ual mutations do not significantly affect the global conformation
of the enzyme.

Enzymatic activity toward glycol chitin
The glycine mutations to tryptophan did not strictly impair
the enzymatic activity in either case. The specific activity
of G74W-NtChiV (5.30 μM/min/mg) was reduced to 70% of
that of NtChiV (7.53 μM/min/mg), and the specific activity of
G75W-AtChiC (13.2 μM/min/mg) to 71% of that of AtChiC
(18.4 μM/min/mg).

Enzymatic activity toward chitin oligosaccharides (GlcNAc)n
First, we tested NtChiVand G74W-NtChiV using (GlcNAc)4 as
the substrate. The results are shown in Figure 2A and B. NtChiV
produced only (GlcNAc)2, indicating a simple hydrolysis of
(GlcNAc)4 into (GlcNAc)2 + (GlcNAc)2 (Figure 2A). A similar
profile was obtained when G74W-NtChiV was used instead of
NtChiV (Figure 2B). However, a small but a significant

amount of (GlcNAc)3 was detected in the later stage of the re-
action catalyzed by G74W-NtChiV. GlcNAc was not detected
at all in the entire course of the reaction. (GlcNAc)3 production
from the substrate (GlcNAc)4 without the production of
GlcNAc was interpreted previously as a transglycosylation re-
action (Taira et al. 2010); that is, (GlcNAc)4 was cleaved into a
(GlcNAc)2 oxazolinium ion intermediate [(GlcNAc)2*] and
(GlcNAc)2, then the glycosyl donor (GlcNAc)2* was trans-
ferred to the acceptor (GlcNAc)4 producing (GlcNAc)6, which
was further decomposed into (GlcNAc)3 + (GlcNAc)3. Next,
we tested AtChiC and G75W-AtChiC with respect to the mode
of action toward (GlcNAc)4. As shown in Figure 2C and D,
(GlcNAc)3 production was enhanced considerably by the
G75W mutation. The enhancement is much more intensive
than that in NtChiV. A small amount of (GlcNAc)6 was also
detected in the early stage of the reaction catalyzed by
G75W-AtChiC. When the enzymatic reaction was conducted
with a much higher substrate concentration (80 mM) for 2 h,
we observed clearly the precipitate in the reaction mixture of
G75W-AtChiC, but not in the mixture of AtChiC (Figure 3A).
The precipitate was isolated from the reaction mixture, dis-
solved with a larger volume of distilled water (300 μL) and
employed for matrix-assisted laser-desorption ionization-time-
of-flight MS (MALDI-TOF MS) analysis. The result is shown
in Figure 3B. A considerable amount of the transglycosylation
product (GlcNAc)6 was produced and precipitated because of
its lower solubility. A smaller amount of (GlcNAc)8 was also
produced by the transglycosylation reaction.
The substrates (GlcNAc)5 and (GlcNAc)6 were tested only for

AtChiC and G75W-AtChiC. The results are shown in
Figure 4A–D. The profiles of the time-courses for AtChiC
(Figure 4A and B) were completely different from those for
G75W-AtChiC (Figure 4C and D). AtChiC appears to act
toward the substrates with simple hydrolysis; that is, (GlcNAc)5

Fig. 2. Time-courses of (GlcNAc)4 hydrolysis catalyzed by NtChiV (A), G74W-NtChiV (B), AtChiC (C) and G75W-AtChiC (D). The enzymatic reactions were
conducted in 20 mM sodium acetate buffer pH 5.0 at 40°C. Concentrations used for the reactions were 0.32 μM for NtChiV, 0.16 μM for AtChiC and 6.8 mM
for (GlcNAc)4. The substrate and product concentrations at a given reaction time were determined by gel-filtration HPLC using a column of TSK-GEL
G2000PW (Tosoh). Squares, (GlcNAc)2; triangles, (GlcNAc)3; diamonds, (GlcNAc)4; filled circles, (GlcNAc)6. Lines were obtained by roughly following the
experimental data points. Figure 2C is cited from Ohnuma et al. (2011b).

Enhancement of transglycosylation activity of a GH-18 chitinase

83

 at M
cM

aster U
niversity L

ibrary on July 1, 2015
http://glycob.oxfordjournals.org/

D
ow

nloaded from
 

http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cws125/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cws125/-/DC1
http://glycob.oxfordjournals.org/


was converted into (GlcNAc)2 + (GlcNAc)3, and (GlcNAc)6
into (GlcNAc)2 + (GlcNAc)4 and less frequently (GlcNAc)3 +
(GlcNAc)3. For G75W-AtChiC, however, the amount of
(GlcNAc)2 produced was suppressed in both cases (Figure 4C
and D), probably due to consumption as a glycosyl donor for
transglycosylation. Instead, (GlcNAc)7 was produced from
(GlcNAc)5 and (GlcNAc)8 from (GlcNAc)6. The production of
(GlcNAc)8 from (GlcNAc)6 was confirmed by MALDI-TOF
MS, as shown in Figure 4E. The time-course of Figure 4C could
be explained as follows; (GlcNAc)6 bound to subsites −2, −1,
+1, +2, +3 and +4, is at first split into (GlcNAc)2 + (GlcNAc)4
and the product (GlcNAc)2 acting as a donor substrate is trans-
ferred to the acceptor (GlcNAc)6 producing the product
(GlcNAc)8. Thus, the preferred binding mode of (GlcNAc)6 to
G75W-AtChiC appears to be identical to that of the wild type
(Ohnuma et al. 2011b). All of these results clearly indicated that
the mutation of Gly75 to tryptophan enhances the transglycosy-
lation reaction without changing the substrate-binding mode.
However, the transglycosylation products appear to be immedi-
ately hydrolyzed again into the oligosaccharides with a lower
degree of polymerization in the reaction catalyzed by
G75W-AtChiC.

Binding experiments using nuclear magnetic resonance
To rationalize the difference in transglycosylation activity
between G74W-NtChiV and G75W-AtChiC, we conducted
(GlcNAc)5-binding experiments using inactive double mutants,
E115Q/G74W-NtChiV and E116Q/G75W-AtChiC, by means

of nuclear magnetic resonance (NMR) spectroscopy. As shown
in Figure 5A, the 1H-15N heteronuclear single-quantum co-
herence (HSQC) spectra of E115Q-NtChiV and E115Q/
G74W-NtChiV were almost identical, indicating that the
G74W mutation did not affect significantly the conformation
of the enzyme. Closer examination of the spectra revealed an
additional HSQC resonance (designated by a broken arrow) in
the tryptophan indole region of the E115Q/G74W spectrum
(bottom). This resonance could be assigned to the Trp74 side-
chain NH. When the (GlcNAc)5 solution was titrated into the
E115Q/G74W-NtChiV solution, the Trp74 side-chain reson-
ance shifted upon the addition of (GlcNAc)5 (Figure 5B).
Based on the chemical shift change of the Trp74 resonance, the
association constant was calculated to be 1.13 × 103M−1, and
the free energy change of binding, −4.2 kcal/mol (Figure 7). In
the control experiment using E115Q-NtChiV, the addition of
(GlcNAc)5 did not cause any changes in the spectrum.
Similar experiments were conducted using E116Q-AtChiC

and E116Q/G75W-AtChiC. The spectra exhibited almost
identical profiles, as shown in Figure 6A, indicating again no
significant change in the conformation of the enzyme. In the
spectrum of E116Q/G75W-AtChiC (bottom), an additional
tryptophan side-chain resonance (designated by a broken
arrow) was assigned to the side-chain NH resonance of
Trp75. The intensity of the Trp75 resonance decreased grad-
ually upon the addition of (GlcNAc)5 with slightly changing
its chemical shift, and the resonance completely disappeared
when the molar ratio of the enzyme:(GlcNAc)5 was 1:25
(Figure 6B). The association constant obtained from the

Fig. 3. (A) Reaction mixture obtained by 2 h incubation of 80 mM (GlcNAc)4 with the AtChiC enzymes. Left, obtained with the wild-type AtChiC. Right,
obtained with G75W-AtChiC. Other reaction conditions were the same as in Figure 2. (B) MALDI-TOF MS of the precipitate produced by G75W-AtChiC.
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change in the Trp75 side-chain NH resonance was 6.12 × 103

M−1, and the free energy change of binding was calculated to
be −5.2 kcal/mol (Figure 7). For E116Q-AtChiC, no signifi-
cant change was observed in the spectrum upon the addition
of (GlcNAc)5.

Discussion

Chitin oligosaccharides, (GlcNAc)n, are now drawing atten-
tion because of their potential biological functions (Semino
and Allende 2000; Snaar-Jagalska et al. 2003; Kaku et al.
2006; Miya et al. 2007; Wang et al. 2007; Ngoa et al. 2008).
Although (GlcNAc)n have been produced by acid or enzymat-
ic hydrolysis of chitin (Rupley 1964; Berkeley et al. 1972;

Woo and Park 2003), enzymatic synthesis (transglycosylation)
using GH-18 chitinases seems to be much more advantageous
than hydrolysis for controlling the polymerization degree of
(GlcNAc)n. The transglycosylation activity of the chitinases
has been successfully enhanced by site-directed mutagenesis
(Aronson et al. 2006; Zakariassen et al. 2011; Martinez et al.
2012). We reported here an alternative strategy for producing
a mutant chitinase possessing higher transglycosylation activ-
ity from plant family GH-18 (class V) chitinases.
As described in Introduction, plant family GH-18 chitinases

are subdivided into classes III and V (Melchers et al. 1994).
The enzymes employed in this study, NtChiV and AtChiC,
belong to class V. The mutation target, glycine residue (Gly74
in NtChiV and Gly75 in AtChiC), is conserved in most class
V chitinases, which are likely non-processive enzyme with

Fig. 4. Time-courses of the reactions catalyzed by AtChiC (A and B) and G75W-AtChiC (C and D). Substrates were 4.6 mM (GlcNAc)6 (A and C) and 5.8 mM
(GlcNAc)5 (B and D). Other reaction conditions and analytical conditions were the same as in Figure 2. Squares, (GlcNAc)2; triangles, (GlcNAc)3; diamonds,
(GlcNAc)4; crosses, (GlcNAc)5; filled circles, (GlcNAc)6; open circles in (C), (GlcNAc)8; open circles in (D), (GlcNAc)7. Lines were obtained by roughly
following the experimental data points. Figure 4A and B is cited from Ohnuma et al. (2011b). (E) MALDI-TOF MS of the reaction products from the substrate
(GlcNAc)6 by G75W-AtChiC. Reaction conditions were the same as in Figure 4C.
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low intrinsic transglycosylation activity. On the other hand,
human chitotriosidase having a similar fold to those of class
V chitinases has a tryptophan residue at the glycine position
(Fusetti et al. 2002) and is known to hydrolyze chitin

processively (Eide et al. 2012) and to catalyze transglycosyla-
tion reaction (Aguilera et al. 2003). Thus, it is reasonable to
expect that the Gly→ Trp mutation of plant class V chitinases
confers processivity on the chitin hydrolysis and enhances the

Fig. 5 (A) 1H-15N-HSQC spectra of E115Q-NtChiV (top) and E115Q/G74W-NtChiV (bottom). NMR samples contained 0.4 mM 15N-labeled protein in 50 mM
sodium acetate buffer, pH 5.0 (90% H2O/10% D2O). The spectra were acquired at 300 K using a Bruker AV500 spectrometer. An additional resonance
designated by a broken arrow was found in the tryptophan indole NH region and assigned to the Trp74 side chain. (B) Change in the Trp74 indole NH signal
upon the addition of (GlcNAc)5. The boxed region of the HSQC spectrum (bottom of Figure 5A) was enlarged for individual profiles. The numerals in the
upper-left corner of the individual spectra indicate the molar ratio of the enzyme to (GlcNAc)5.

Fig. 6. (A) 1H-15N-HSQC spectra of E116Q-AtChiC (top) and E116Q/G75W-AtChiC (bottom). Experimental conditions were the same as in Figure 5. An
additional resonance designated by a broken arrow was found in the tryptophan indole NH region and assigned to the Trp75 side chain. (B) Change in the Trp75
indole NH signal upon the addition of (GlcNAc)5. The boxed region of the HSQC spectrum (bottom of Figure 6A) was enlarged for individual profiles. The
numerals listed in the upper-left corner of the individual spectra indicate the molar ratio of the enzyme to (GlcNAc)5.
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transglycosylation activity. However, we failed to observe pro-
cessivity in the reactions catalyzed by the mutant enzymes.
Instead, positive data were obtained in the AtChiC enzyme
with respect to the transglycosylation reaction.
As shown in Figures 2D and 4C and D, transglycosylation

activity was considerably enhanced by the G75W mutation of
AtChiC, whereas the activity decrease in G75W-AtChiC was
not so much; the activity toward glycol chitin was 71% and
that toward (GlcNAc)6 was 72% of that of the wild-type
enzyme. In the X-ray crystal structure of AtChiC (Ohnuma
et al. 2011b) enough space appears to exist at the Gly75 site for
accommodating a tryptophan side chain without affecting the
local conformation. In addition, as deduced from the crystal
structure of SmChiB, the introduced tryptophan side chain
would be involved in the +1 sugar interaction, but located
outside the binding cleft (Figure 1B). This situation would
have resulted in only moderate loss of the enzymatic activity
(71–72%) after the G75W mutation. In fact, the enzymatic pro-
ducts obtained by the glycosyl transfer catalyzed by
G75W-AtChiC appear to be immediately decomposed to the
final products with lower degree of polymerization, as
described in Results. Further accumulation of the transglycosy-
lation products might be possible by lowering the enzymatic
activity through an additional mutation.
Hurtado-Guerrero et al. (2009) reported the structure of a

family GH-72 β-1,3-glucano-transglycosylase and proposed a
molecular mechanism that controls the balance between hy-
drolysis and transglycosylation. They found that the hydrolyt-
ic products remain associated with the enzyme, with an
occlusion of the catalytic base (“base occlusion”). This situ-
ation protects the newly formed enzyme-oligosaccharide inter-
mediate from nucleophilic attack by a water molecule,
resulting in a high efficiency of transglycosylation. In the
family GH-18 enzymes employed in this study, hydrolytic re-
action takes place through a substrate-assisted mechanism, in
which the catalytic residue Glu (DXDXE) can serve as both
acid and base (van Aalten et al. 2001). The enzymatic hy-
drolysis is completed with a nucleophilic attack by a water
molecule on the oxazolinium ion intermediate stabilized by
the middle Asp residue (DXDXE). In the mutated enzymes
employed in this study, the tryptophan side chain introduced
into subsite +1 is likely to repel the water molecule,

preventing the nucleophilic attack on the oxazolinium ion
intermediate. Thus, the first requirement for efficient glycosyl
transfer to the acceptor molecule is to control the nucleophilic
attack by a water molecule on the intermediate state.
In this study, NtChiV was also tested with respect to en-

hancement of transglycosylation by introducing a tryptophan
side chain into subsite +1. However, the transglycosylation ac-
tivity of G74W-NtChiV was not as distinct as that of
G75W-AtChiC (Figure 2B and D). To further examine the dif-
ference between G74W-NtChiV and G75W-AtChiC, NMR ti-
tration experiments were conducted using (GlcNAc)5 and
15N-labeled double mutants, E115Q/G74W-NtChiV and
E116Q/G75W-AtChiC. The side-chain resonance of the intro-
duced tryptophan was successfully assigned by comparison
between the 1H-15N-HSQC spectra of the double-mutant
enzyme and the corresponding single mutant (Figures 5A and
6A). However, the binding free energy changes calculated
based on the changes in the HSQC resonance of the intro-
duced tryptophan side chain (−4.2� −5.2 kcal/mol) were con-
siderably lower than those obtained by isothermal titration
calorimetry (ITC) for GH-19 and GH-18 chitinases (−7.9
kcal/mol, Norberg et al. 2011; −8.3 kcal/mol, Ohnuma et al.
2011c), probably due to a synergistic effect of the double
mutations. Unfortunately, we failed to obtain the binding data
supporting the NMR results presented here by other methods,
such as ITC and fluorescence. Nevertheless, the values of the
association constants differed considerably between E116Q/
G75W-AtChiC (6.12 × 103 M−1) and E115Q/G74W-NtChiV
(1.13 × 103 M−1), as described in Results. This might be due
to the amino acid substitutions in the acceptor binding site. In
fact, as shown in Figure 1F, Tyr162 and Tyr163 of AtChiC
were found to be involved in sugar residue binding at subsites
+2 and +3 (Ohnuma et al. 2011b). However, these two tyro-
sines are substituted with valine and asparagine, respectively,
in NtChiV (Figure 1D). This situation would have resulted in
the higher affinity of AtChiC for the transglycosylation ac-
ceptor, bringing about the increased transglycosylation activity
of G75W-AtChiC relative to G74W-NtChiV.
In the titration experiments using NMR spectroscopy, the

resonance of the introduced tryptophan side chain was most
responsive in both cases (E115Q/G74W-NtChiV and E116Q/
G75W-AtChiC). However, the mode of signal response in
E115Q/G74W-NtChiV is different from that in E116Q/G75W-
AtChiC (Figures 5B and 6B). The resonance of tryptophan
side chain shifted without a change in intensity in E115Q/
G74W-NtChiV, but in E116Q/G75W-AtChiC, the signal in-
tensity was reduced gradually, eventually fading away with
only a slight change in the chemical shift. The binding of
(GlcNAc)5 to E116Q/G75W-AtChiC with higher affinity
might have affected more strongly the state of the tryptophan
side chain, resulting in the intensive broadening of the reson-
ance. It is evident that the state of the introduced tryptophan
residue of G74W-NtChiV differs from that of G75W-AtChiC
in the (GlcNAc)5-bound state of the enzymes. This situation
might also contribute partly to the difference in transglycosyla-
tion activity between G74W-NtChiVand G75W-AtChiC.
In conclusion, the introduction of a tryptophan side chain

into subsite +1 of AtChiC enhances the transglycosylation ac-
tivity. The enhancement might be due to protection of the

Fig. 7. Titration curves of (GlcNAc)5 into E115Q/G74W-NtChiV (filled
squares) and E116Q/G75W-AtChiC (filled circles). Experimental data points
were obtained from Figures 5B and 6B.
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oxazolinium ion intermediate from nucleophilic attack by a
water molecule and also due to higher affinity for the
acceptor-binding site of the enzyme.

Materials and methods
Materials
Chitin oligosaccharides [(GlcNAc)n, n = 1–6] were purchased
from Seikagaku Kogyo Co. (Tokyo, Japan). Glycol chitin was
synthesized by the method of Yamada and Imoto (1981).
Escherichia coli Tuner(DE3) pLacI cells and the expression
vector pETBlue-1 were obtained from Novagen (Madison,
WI), SP-Sepharose and Sephacryl S-100 HR from GE
Healthcare (Tokyo, Japan) and a TSK-GEL G2000PW
column from Tosoh (Tokyo, Japan). All other reagents were
of analytic grade.

Expression and purification of recombinant enzymes
The expression plasmids for pET-Blue1-NtChiV and pET11a-
AtChiC were constructed as described previously (Ohnuma
et al. 2011a; 2011b). Site-directed mutagenesis was conducted
by the method of Wang and Malcolm (1999) using a
QuickChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA). The nomenclature of the mutants and oligonucleo-
tide primers used for mutagenesis are shown in
Supplementary Table S1. The double-mutant genes were pro-
duced using the single-mutant gene (G→W) as a template
and a primer containing an additional mutation (E→Q). The
wild-type enzymes (NtChiV and AtChiC) and the mutated
enzymes (G74W-NtChiV and G75W-AtChiC) were produced
in E. coli cells and purified by a SP-Sepharose column fol-
lowed by a gel-filtration on Sephacryl S-100, according to the
methods described previously (Ohnuma et al. 2011a; 2011b).
The proteins (E115Q-NtChiV, E115Q/G74W-NtChiV, E116Q-
AtChiC and E116Q/G75W-AtChiC) employed for NMR spec-
troscopy were obtained with the same expression system using
an M9 minimal medium containing 15N-NH4Cl (0.5 g/L).

Chitinase activity
Chitinase activity was assayed colorimetrically using glycol-
chitin as the substrate. Ten microliters of the enzyme solution
was added to 500 µL of 0.4% (w/v) glycol chitin in a 50 mM
sodium acetate buffer, pH 5.0. After incubation of the reaction
mixture at 37°C for 15 min, the reducing sugar concentration
of the reaction mixture was determined based on the decrease
in absorbance at 420 nm (ΔA420nm) using the ferri–ferrocyan-
ide reagent by the method of Imoto and Yagishita (1971). The
values of ΔA420nm were converted into molar concentrations
using the standard curve obtained by GlcNAc. One unit of en-
zymatic activity was defined as the amount of enzyme releas-
ing 1 µmol of GlcNAc per min at 37°C.

Protein measurement
Protein concentrations were determined by reading absorbance
at 280 nm, using an extinction coefficients, 84,340 (NtChiV),
89,840 (G74W-NtChiV), 87,780 (AtChiC) and 93,280
(G75W-AtChiC) M−1 cm−1, calculated from the equation pro-
posed by Pace et al. (1995).

Electrophoresis
SDS–PAGE was carried out by the method of Laemmli (1970)
using a 15% acrylamide gel. Proteins on the gel were stained
with Coomassie Brilliant Blue R250. The molecular mass was
measured in the presence of 2-mercaptoethanol.

CD spectroscopy
The protein solution was dialyzed against 20 mM sodium
acetate buffer pH 5.0, and far UV CD spectra were recorded
using a Jasco J-720 spectropolarimeter (cell length 0.1 cm) at
20°C. The protein concentration was 4 μM.

High-performance liquid chromatography-based
determination of the reaction time-course
The reaction products from the chitinase-catalyzed hydrolysis
of (GlcNAc)n (n = 4, 5 or 6) were quantitatively determined
by gel filtration high-performance liquid chromatography
(HPLC) according to the method of Fukamizo et al. (2001).
The reaction mixture (100 μL) containing enzyme (0.32 μM
for NtChiV and 0.16 μM for AtChiC) and substrate [6.8 mM
for (GlcNAc)4, 5.8 mM for (GlcNAc)5 and 4.6 mM for
(GlcNAc)6] in 20 mM sodium acetate buffer, pH 5.0, was
incubated at 40°C. To completely terminate the enzymatic re-
action at a given incubation time, a portion of the reaction
mixture was mixed with an equal volume of 0.1 M NaOH so-
lution and immediately frozen in liquid nitrogen. The resultant
solution was applied to a gel filtration column of TSK-GEL
G2000PW (Tosoh) and eluted with distilled water at a flow
rate of 0.3 mL/min. Oligosaccharides were detected by meas-
uring ultraviolet absorption at 220 nm. Peak areas obtained
for individual oligosaccharides were converted to molar con-
centrations, which were then plotted against reaction time to
obtain the reaction time-course.

MALDI-TOF MS of the enzymatic products
Products obtained from the enzymatic reaction were identified
by MALDI-TOF MS. Reaction conditions were the same as
in HPLC determination described in subsection HPLC-based
determination of the reaction time-course in the Materials
and methods section. A portion (1 μL) of the reaction mixture
was mixed with an equal volume of 2,5-dihydroxy benzoic
acid (20 mg/mL in CH3CN:water, 80:20, v:v). After addition
of 0.1 μL of 0.1% trifluoroacetic acid, the mixture was placed
onto a plate in a MALDI micro MX (Waters Corporation,
Milford, MA) and then dried. Mass spectra were obtained in
positive-ion reflection mode. (GlcNAc)n (n = 1–6) were used
as standard m/z.

Binding experiments using NMR spectroscopy
The binding experiments were conducted using catalytic
acid-deficient mutants, E115Q/G74W-NtChiV and E116Q/
G75W-AtChiC, to avoid hydrolytic effects. The uniformly
15N-labeled proteins were produced and purified as described
in subsection Expression and purification of recombinant
enzymes in the Materials and methods. NMR samples con-
tained 0.4 mM protein in 50 mM sodium acetate buffer, pH 5.0
(90% H2O/10% D2O).

1H-15N-HSQC spectra were acquired at
300 K using a Bruker AV500 spectrometer controlled with
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TopSpin 3.0 software and equipped with a triple-resonance
pulsed-field-gradient cryoprobe head. The Trp74 indole NH
resonance of E115Q/G74W-NtChiV was assigned by compari-
son between the 1H-15N-HSQC spectra of E115Q-NtChiV and
E115Q/G74W-NtChiV. Similarly, the Trp75 indole NH reson-
ance of E116Q/G75W-AtChiC was assigned by comparison
between the spectra of E116Q-AtChiC and E116Q/
G75W-AtChiC. When (GlcNAc)5 was titrated into the
15N-labeled E115Q/G74W-NtChiV solution, the Trp74 indole
NH signal gradually shifted without a change in signal inten-
sity. The chemical shift changes induced by the oligosacchar-
ide binding (Δδ) were calculated by the equation,

Dd¼ DNH2 þ DN2=25

2

� �1=2

ð1Þ

where ΔNH and ΔN represent the observed shifts along the
1H-axis and 15N-axis, respectively. The relative Δδ values (δ/
δmax) were plotted against the free oligosaccharide concentra-
tion to obtain the experimental titration curve, which was ana-
lyzed by the following equation,

Dd

Ddmax
¼ ½S�free

½S�free þ 1=Kassoc
ð2Þ

The free oligosaccharide concentrations [S]free was obtained by
subtracting the bound oligosaccharide concentration [ES] from
the total oligosaccharide concentration [S]total. The association
constant Kassoc was calculated from the experimental data by a
non-linear curve fitting procedure. In the case of E116Q/
G75W-AtChiC, the intensity of the Trp75 indole proton reson-
ance gradually decreased as the (GlcNAc)5 concentration
increased, and then faded away. Thus, the relative decrease in
signal intensity [(Ifree − Iobs)/Ifree] was plotted against the free
oligosaccharide concentration, and the association constant,
Kassoc, was calculated using the equation,

Ifree � Iobs
Ifree

¼ ½S�free
½S�free þ 1=Kassoc

ð3Þ

Supplementary data

Supplementary data for this article is available online at http://
glycob.oxfordjournals.org/.
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AtChiC, a GH-18 (class V) chitinase from Arabidopsis thaliana;
GlcNAc, 2-acetamido-2-deoxy-D-glucopyranose; (GlcNAc)n,
β-1,4-linked oligosaccharide of GlcNAc with a polymerization
degree of n; HPLC, high-performance liquid chromatography;
HSQC, heteronuclear single-quantum coherence; MALDI-
TOF MS, matrix-assisted laser-desorption ionization-time-of-
flight MS; NMR, nuclear magnetic resonance; NtChiV, a
GH-18 (class V) chitinase from Nicotiana tabacum; SDS–
PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis.

References

Aguilera B, Ghauharali-van der Vlugt K, Helmond MT, Out JM,
Donker-Koopman WE, Groener JE, Boot RG, Renkema GH, van der
Marel GA, van Boom JH, et al. 2003. Transglycosidase activity of chito-
triosidase: Improved enzymatic assay for the human macrophage chitinase.
J Biol Chem. 278:40911–40916.

Aronson NNJR, Halloran BA, Alexeyev MF, Zhou XE, Wang Y, Meehan EJ,
Chen L. 2006. Mutation of a conserved tryptophan in the chitin-binding
cleft of Serratia marcescens chitinase A enhances transglycosylation.
Biosci Biotechnol Biochem. 70:243–251.

Berkeley RC, Brewer SJ, Ortiz JM. 1972. Preparation of 2-acetamido-
2-deoxy-β-D-glucose oligosaccharides from acid hydrolyzates of chitin by elec-
trolytic desalting and exclusion chromatography. Anal Biochem. 46:687–690.

Brameld KA, Goddard WA, 3rd. 1998. The role of enzyme distortion in the
single displacement mechanism of family 19 chitinases. Proc Natl Acad
Sci USA. 95:4276–4281.

Brameld KA, Shrader WD, Imperiali B, Goddard WA, 3rd. 1998. Substrate
assistance in the mechanism of family 18 chitinases: Theoretical studies of
potential intermediates and inhibitors. J Mol Biol. 280:913–923.

Eide KB, Norberg AL, Heggset EB, Lindbom AR, Vårum KM, Eijsink VG,
Sørlie M. 2012. Human chitotriosidase-catalyzed hydrolysis of chitosan.
Biochemistry. 51:487–495.

Fukamizo T, Goto S, Torikata T, Araki T. 1989. Enhancement of transglycosy-
lation activity of lysozyme by chemical modification. Agric Biol Chem.
53:2641–2651.

Fukamizo T, Sasaki C, Schelp E, Bortone K, Robertus JD. 2001. Kinetic
properties of chitinase-1 from the fungal pathogen Coccidioides immitis.
Biochemistry. 40:2448–2454.

Fusetti F, von Moeller H, Houston D, Rozeboom HJ, Dijkstra BW, Boot RG,
Aerts JM, van Aalten DM. 2002. Structure of human chitotriosidase.
Implications for specific inhibitor design and function of mammalian
chitinase-like lectins. J Biol Chem. 277:25537–25544.

Hart PJ, Pfluger HD, Monzingo AF, Hollis T, Robertus JD. 1995. The refined
crystal structure of an endochitinase from Hordeum vulgare L. seeds at 1.8
A resolution. J Mol Biol. 248:402–413.

Henrissat B, Davies G. 1997. Structural and sequence-based classification of
glycoside hydrolases. Curr Opin Struct Biol. 7:637–644.

Horn SJ, Sikorski P, Cederkvist JB, Vaaje-Kolstad G, Sørlie M, Synstad B,
Vriend G, Vårum KM, Eijsink VG. 2006. Costs and benefits of processiv-
ity in enzymatic degradation of recalcitrant polysaccharides. Proc Natl
Acad Sci USA. 103:18089–18094.

Huet J, Rucktooa P, Clantin B, Azarkan M, Looze Y, Villeret V, Wintjens R.
2008. X-ray structure of papaya chitinase reveals the substrate binding mode
of glycosyl hydrolase family 19 chitinases. Biochemistry. 47:8283–8291.

Hurtado-Guerrero R, Schüttelkopf AW, Mouyna I, Ibrahim AF, Shepherd S,
Fontaine T, Latgé JP, van Aalten DM. 2009. Molecular mechanisms of
yeast cell wall glucan remodeling. J Biol Chem. 284:8461–8469.

Imoto T, Yagishita K. 1971. A simple activity measurement for lysozyme.
Agric Biol Chem. 35:1154–1156.

Kaku H, Nishizawa Y, Ishii-Minami N, Akimoto-Tomiyama C, Dohmae N,
Takio K, Minami E, Shibuya N. 2006. Plant cells recognize chitin frag-
ments for defense signaling through a plasma membrane receptor. Proc
Natl Acad Sci USA. 103:11086–11191.

Laemmli UK. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature. 227:680–685.

Enhancement of transglycosylation activity of a GH-18 chitinase

89

 at M
cM

aster U
niversity L

ibrary on July 1, 2015
http://glycob.oxfordjournals.org/

D
ow

nloaded from
 

http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cws125/-/DC1
http://glycob.oxfordjournals.org/
http://glycob.oxfordjournals.org/
http://glycob.oxfordjournals.org/
http://glycob.oxfordjournals.org/
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cws125/-/DC1
http://glycob.oxfordjournals.org/


Martinez EA, Boer H, Koivula A, Samain E, Driguez H, Armand S, Cottaz
S. 2012. Engineering chitinases for the synthesis of chitin oligosaccharides:
Catalytic amino acid mutations convert the GH-18 family glycoside hydro-
lases into transglycosylases. J Mol Catal B, Enzymatic. 74:89–96.

Melchers LS, Apotheker-de Groot M, van der Knaap JA, Ponstein AS,
Sela-Buurlage MB, Bol JF, Cornelissen BJ, van den Elzen PJ, Linthorst
HJ. 1994. A new class of tobacco chitinases homologous to bacterial exo-
chitinases displays antifungal activity. Plant J. 5:469–480.

Miya A, Albert P, Shinya T, Desaki Y, Ichimura K, Shirasu K, Narusaka Y,
Kawakami N, Kaku H, Shibuya N. 2007. CERK1, a LysM receptor kinase,
is essential for chitin elicitor signaling in Arabidopsis. Proc Natl Acad Sci
USA. 104:19613–19618.

Neuhaus JM, Fritig B, Linthorst HJM, Meins F, Mikkelsen JD, Ryals J. 1996.
A revised nomenclature for chitinase genes. Plant Mol Biol Rep.
14:102–104.

Ngoa DN, Kimb MM, Kim SK. 2008. Chitin oligosaccharides inhibit oxida-
tive stress in live cells. Carbohydr Polymers. 74:228–234.

Norberg AL, Dybvik AI, Zakariassen H, Mormann M, Peter-Katalinić J,
Eijsink VG, Sørlie M. 2011. Substrate positioning in chitinase A, a proces-
sive chito-biohydrolase from Serratia marcescens. FEBS Lett. 585:
2339–2344.

Ohnuma T, Numata T, Osawa T, Mizuhara M, Lampela O, Juffer AH, Skriver
K, Fukamizo T. 2011b. A class V chitinase from Arabidopsis thaliana:
Gene responses, enzymatic properties, and crystallographic analysis.
Planta. 234:123–137.

Ohnuma T, Numata T, Osawa T, Mizuhara M, Vårum KM, Fukamizo T.
2011a. Crystal structure and mode of action of a class V chitinase from
Nicotiana tabacum. Plant Mol Biol. 75:291–304.

Ohnuma T, Sørlie M, Fukuda T, Kawamoto N, Taira T, Fukamizo T. 2011c.
Chitin oligosaccharide binding to a family GH19 chitinase from the moss
Bryum coronatum. FEBS J. 278:3991–4001.

Pace CN, Vajdos F, Fee L, Grimsley G, Gray T. 1995. How to measure and
predict the molar absorption coefficient of a protein. Protein Sci.
4:2411–2423.

Perrakis A, Tews I, Dauter Z, Oppenheim AB, Chet I, Wilson KS, Vorgias
CE. 1994. Crystal structure of a bacterial chitinase at 2.3 A resolution.
Structure. 2:1169–1180.

Rupley JA. 1964. The hydrolysis of chitin by concentrated hydrochloric acid,
and the preparation of low-molecular-weight substrates for lysozyme.
Biochim Biophys Acta. 83:245–255.

Sasaki C, Itoh Y, Takehara H, Kuhara S, Fukamizo T. 2003. Family 19
chitinase from rice (Oryza sativa L.): substrate-binding subsites demon-
strated by kinetic and molecular modeling studies. Plant Mol Biol.
52:43–52.

Sasaki C, Yokoyama A, Itoh Y, Hashimoto M, Watanabe T, Fukamizo T.
2002. Comparative study of the reaction mechanism of family 18 chitinases
from plants and microbes. J Biochem. 131:557–564.

Semino CE, Allende ML. 2000. Chitin oligosaccharides as candidate pattern-
ing agents in zebrafish embryogenesis. Int J Dev Biol. 44:183–193.

Snaar-Jagalska BE, Krens SF, Robina I, Wang LX, Spaink HP. 2003. Specific
activation of ERK pathways by chitin oligosaccharides in embryonic zebra-
fish cell lines. Glycobiology. 13:725–732.

Taira T, Fujiwara M, Dennhart N, Hayashi H, Onaga S, Ohnuma T, Letzel T,
Sakuda S, Fukamizo T. 2010. Transglycosylation reaction catalyzed by a
class V chitinase from cycad, Cycas revoluta: A study involving site-
directed mutagenesis, HPLC, and real-time ESI-MS. Biochim Biophys
Acta. 1804:668–675.

Terwisscha van Scheltinga AC, Armand S, Kalk KH, Isogai A, Henrissat B,
Dijkstra BW. 1995. Stereochemistry of chitin hydrolysis by a plant chiti-
nase/lysozyme and X-ray structure of a complex with allosamidin:
Evidence for substrate assisted catalysis. Biochemistry. 34:15619–15623.

Terwisscha van Scheltinga AC, Kalk KH, Beintema JJ, Dijkstra BW. 1994.
Crystal structures of hevamine, a plant defence protein with chitinase and
lysozyme activity, and its complex with an inhibitor. Structure.
2:1181–1189.

Tews I, Terwisscha van Scheltinga AC, Perrakis A, Wilson KS, Dijkstra BW.
1997. Substrate-assisted catalysis unifies two families of chitinolytic
enzymes. J Am Chem Soc. 119:7954–7959.

Ubhayasekera W, Rawat R, Ho SW, Wiweger M, Von Arnold S, Chye ML,
Mowbray SL. 2009. The first crystal structures of a family 19 class IV chit-
inase: the enzyme from Norway spruce. Plant Mol Biol. 71:277–289.

van Aalten DM, Komander D, Synstad B, Gåseidnes S, Peter MG, Eijsink
VG. 2001. Structural insights into the catalytic mechanism of a family 18
exo-chitinase. Proc Natl Acad Sci USA. 98:8979–8984.

Wang W, Malcolm BA. 1999. Two-stage PCR protocol allowing introduction
of multiple mutations, deletions and insertions using QuikChange site-
directed mutagenesis. Biotechniques. 26:680–682.

Wang Z, Zheng L, Yang S, Niu R, Chu E, Lin X. 2007.
N-acetylchitooligosaccharide is a potent angiogenic inhibitor both in vivo
and in vitro. Biochem Biophys Res Commun. 357:26–31.

Woo CJ, Park HD. 2003. An extracellular Bacillus sp. chitinase for the pro-
duction of chitotriose as a major chitinolytic product. Biotechnol Lett.
25:409–412.

Yamada H, Imoto T. 1981. A convenient synthesis of glycolchitin, a substrate
of lysozyme. Carbohydr Res. 92:160–162.

Zakariassen H, Hansen MC, Jøranli M, Eijsink VG, Sørlie M. 2011. Mutational
effects on transglycosylating activity of family 18 chitinases and construction
of a hypertransglycosylating mutant. Biochemistry. 50:5693–5703.

N Umemoto et al.

90

 at M
cM

aster U
niversity L

ibrary on July 1, 2015
http://glycob.oxfordjournals.org/

D
ow

nloaded from
 

http://glycob.oxfordjournals.org/

