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Chitinases are slow-reacting but important enzymes as
they are anticipated to have diverse applications. The role
of a chitin-binding domain (ChBD) in enhancing the
quality of binding is essential information for purposeful
engineering of chitinases. The idea of making hybrid chiti-
nases by fusing a known ChBD to a chitinase, which natur-
ally lacks ChBD is of interest especially for bio-controlling
purposes. Therefore, in the present study, the ChBD of
Serratia marcescens chitinase B was selected and fused to
the fungal chitinase, Trichoderma atroviride Chit42. Both
Chit42 and chemric Chit42 (ChC) showed similar activity
towards colloidal chitin with specificity constants of 0.83
and 1.07 min ', respectively, same optimum temperatures
(40°C), and similar optimum pH (4 and 4.5, respectively).
In the presence of insoluble chitin, ChC showed higher ac-
tivity (70%) and obtained a remarkably higher binding
constant (700 times). Spectroscopic studies indicated that
chimerization of Chit42 caused some structural changes,
which resulted in a reduction of a-helix in ChC structure.
Chemical and thermal stability studies suggested that ChC
had a more stable structure than Chit42. Hill analysis of
the binding data revealed mixed-cooperativity with positive
cooperativity governing at ChC concentrations below 0.5
and above 2 pM in the presence of insoluble chitin. It is
suggested that the addition of the ChBD to Chit42 affords
structural changes which enhance the binding ability of
ChC to insoluble chitin, improving its catalytic efficiency
and increasing its thermal and chemical stability.

Keywords  chitin-binding domain; chimeric chitinase;
kinetic; binding; structure
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Introduction

Chitin, the second most abundant biopolymer in nature, is a
linear homopolymer of N-acetylglucosamine (GIlcNAc)
which is a principal structural component in the cell walls of
fungi, insect exoskeleton, and the shells of crustaceans [1]. It

is degraded by chitinases which are widely distributed in
viruses, bacteria, fungi, plants, and animals. A great deal of
interest in chitinases has been generated because of their
applications in the biocontrol of plant pathogenic fungi
[2,3], production of chito-oligosaccharides [4], and mycoly-
tic enzyme preparation [5].

To increase tolerance to diseases caused by biotrophic
and necrotrophic fungal pathogens, the overexpression of
chitinases from a wide range of donor organisms has been
examined in a variety of plant species. However, chitinase-
derived resistance is rarely high enough to be pursued in
commercial sectors [3,6]. In addition, chitinases originating
from mycoparasitic biocontrol agents have proven to be
more effective for enhancing fungal disease resistance in
transgenic plants; most notably Trichoderma sp. with their
ability to exhibit higher anti-fungal activity than plant chiti-
nases have proven to be more effective for enhancing fungal
disease resistance in transgenic plants [7,8].

Fungal chitinases are members of glycosyl hydrolases,
which mostly belong to the GH18 family [4]. A few of them
contain a chitin-binding domain (ChBD), which facilitates
efficient degradation of insoluble chitin [9—12]. Increasing
interest in this feature and other physiochemical properties
of chitinases has been stimulated by the possible involve-
ment of these enzymes in the biocontrol of chitinous pests
and invaders [13].

Chit42 is an endochitinase from Trichoderma atroviride
PTCC 5220 that is expected to play a key role in biocontrol
activities against plant pathogens [12]. This enzyme carries
no ChBD naturally, but some hybrid chitinases with stronger
chitin-binding capacity have been produced by fusing either
a ChBD, from Nicotiana tabacum, or a cellulose-binding
domain (CeBD), from the cellobiohydrolase II gene of
T. reesei, to a similar Chit42 chitinase from 7. harzianum.
The chimeric chitinases produced in recombinant bacteria
have higher hydrolytic activity than the native chitinases on
chitin-rich fungal cell walls. However, the hybrid chitinases
are very unstable and tend to lose the substrate-binding
domain [14]. Similarly, Limon et al. [15] has demonstrated
the positive impact of adding a CeBD on increasing the
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hydrolytic activity of 7. harzianum Chit42 towards insoluble
substrate such as chitin-rich fungal cell walls.

The current literature on this subject fails to provide a de-
finitive explanation of the effect of different ChBD(s) on the
physicochemical properties of chitinases such as Chit42. In
the present study, to shed a light on this subject, a different
ChBD from a Serratia marcescens chitinase B was selected
and fused to the fungal chitinase, 7. atroviride Chit42.
The catalytic domain of S. marcescens chitinase B showed
high structural similarity to that of Chit42 T. atroviride.
Investigations were carried out to analyze the physico-
chemical activities of the new chimeric chitinase (ChC).

Materials and Methods

Bacterial strains, plasmids, and media

Escherichia coli BL21 (DE3) and DH5« (Invitrogen, Grand
Island, USA) were used. Serratia marcescens (PTCC 1607)
was obtained from Persian Type Collection Culture (Tehran,
Iran). Bacteria were grown in Luria Bertani medium at 37°C.
pUC19 vector (Novagen, Darmstadt, Germany) was used for
routine cloning and pET-26b(+) (Novagen) was used as an
expression vector. All chemicals and antibiotics were pur-
chased from Merck (Darmstadt, Germany), unless otherwise
stated. DNA modifying enzymes were obtained from Roche
Biochemical and Fermentase (Waltham, USA).

Design and construction of hybrid chitinase

Molecular biology methods such as polymerase chain reac-
tion (PCR), agarose gel electrophoresis, competent cells
preparation, plasmid isolation, restriction digestion, ligation,
and transformation were performed as outlined by
Sambrook et al. [16]. To add 6 x His-tag encoding region to
the 3’-end of ¢cDNA for the purification of Chit42, the
1278 bp cDNA Chit42 (accession number DQ132792.1)
was PCR-amplified by using primers chS5 (5'-ggaagacaaca
tgtctectgtaactgecaaacg-3') and CDP42 (5'-cgetcgaggttgagace
gcttcgg-3") with Pfu DNA polymerase. The amplicon with
deletion of stop codon was cloned into the Ncol and Xhol
sites of pET 26b(+) to yield pETSMI.

To create a chimeric gene containing linker-ChBD-6 x
His-tag at the C-terminal end of Chit42 cDNA, the fragment
containing Chit42 cDNA (F1 fragment) was amplified using
primers chS5 and R42 (5'-gtcgtcgtagtegttgagaccgcttegg
atgtt-3’). This fragment contained the coding sequence of
the mature protein of Chit42 (1278 bp) without its signal
peptide. The second fragment containing linker and ChBD
(F2 fragment) of chitinase B (accession number X15208)
was amplified using the genomic DNA of S. marcescens
as template and Fchbd2 (5'cgaagcggtctcaacgactacgacgacag
ccage3’) and Rchbd2 (5'cgetegagegecaggeggeccac3’) as
primers. This fragment contained 33 bp as linker and 189 bp
as ChBD [17].
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Each PCR mixture (50 pl) contained a DNA template
(14 pg), dNTP (25 mM), primer (400 nM), Pfu DNA poly-
merase (1.25 U), and MgSO,4 (1.5 mM). For each set of
primers, the PCR program consisted of 30 repetitive cycles
with a strand separation step at 94°C for 1 min, an annealing
step at 58°C for 1 min, and an elongation step at 72°C for
1 min. Fragments F1 and F2 were purified by using a PCR
product purification kit (Roche, Homburg, Germany) and
fused together in the second PCR step. R42 and Fchbd2
primers contained a 12-nt long 5’-extension complementary
to the end of the adjacent fragment of the hybrid gene that
was necessary to fuse different fragments together.

For overlap extension PCR (SOEing PCR), equimolar
amounts of each fragment were mixed in the absence of add-
itional primers by using ANTP (50 mM), Pfu DNA polymer-
ase (2.5 U), and MgSO, (1.5 mM) according to a previous
report [18].

The PCR program consisted of seven repetitive cycles
was carried out with a denaturation step (94°C, 1 min), an
annealing step (52°C, 1 min), and an elongation step (72°C,
1.5 min). The fusion product was subsequently amplified by
using primers chS5 and Rchbd2 in 50 pl of PCR mixture
containing DNA template (14 pg), dNTP (25 mM), primer
(400 nM), Pfu DNA polymerase (1.25U), and MgSO,
(1.5 mM). A similar PCR program was employed here again
with the exception that the annealing temperature was set to
60°C. The chimeric gene was purified and cloned into
pET26b(+) with Ncol and Xhol sites to yield pETCSM2.
The nucleotide sequence of the chimeric gene was verified
by DNA sequencing. The chimeric construct was then trans-
ferred to E. coli BL21(DE3).

Expression and purification of Chit42

and hybrid protein

The expression of both chit42 and the hybrid gene that had
been subcloned into pET26b(+) was under the control of
T7 promoter. The optimal condition of IPTG, 1 mM, and in-
cubation at 28°C for 16 h were employed for the protein ex-
pression. The expression resulted in corresponding proteins
carrying 6 x His-tag at the C-terminal. 6 x His-tag was added
to the C-terminal of both proteins to facilitate their purification
[19]. Accordingly, the recombinant proteins were purified by
using Nickel—nitrilotriacetic acid (Ni—NTA) resin under
native conditions. Briefly, cell pellet (50 ml) was resuspended
in 5 ml of lysis buffer containing 50 mM NaH,PO,, pH 8.0,
300 mM NaCl, and 10 mM imidazole. The suspension was
then sonicated 15 times at 30 s on/45 s off, 70 W. The result-
ant was centrifuged at 8000 rpm for 20 min. The supernatant
was separated and loaded on a 1-cm high Ni—-NTA affinity
column. The column was washed with lysis buffer containing
40 mM imidazole and the bound protein was eluted with a
similar buffer containing 250 mM imidazole. The purification
procedure was carried out at 4°C and the purified hybrid
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protein, R42, was subjected to 12% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE). The pl of
Chit42 or ChC was determined by the isoelectric focusing
method introduced in our previous work [20].

Western blot analysis

Purified protein from SDS—PAGE was transferred to a poly-
vinylidene difluoride (PVDF) membrane (Roche) by using
transfer buffer containing 39 mM glycine, 48 mM Tris-base,
0.037% SDS, and 20% methanol with Bio-Rad Mini Protean
IT System (Bio-Rad, Hercules, USA). The PVDF membrane
was incubated in blocking buffer containing 3% skim milk
powder for 2 h and then incubated with mice anti-His-tag I1gG
(1:1000) in PBS-T (PBS containing 0.05% Tween 20) with
gentle shaking for 3 h at 37°C. The membrane was washed
with PBS-T three times and detection was carried out by
using 4-chloronaphthol. Chromogenic reaction was stopped
by rinsing the membrane twice with distilled water.

Enzyme assay

Chitinase assay was carried out as described by Bruce et al.
[21] with some modifications. Briefly, four tubes were set up
for each purified enzyme. Each tube contained purified
enzyme (80 g in 200 wl volume) and substrate (200 pl).
Crab-shell chitin (practical grade; Sigma-Aldrich, St Louis,
USA) and its colloidal were used as substrate. The substrate
solution was made by dissolving 3.8 mg of colloidal chitin
in 1 ml of Mcllvaine citrate phosphate buffer at pH 5. The
tube A of each set was boiled for 10 min to destroy enzyme
activity before incubating all tubes at 37°C for 1 h. After in-
cubation, all tubes were boiled for 10 min. To assay, 0.1 ml
of 0.8 M potassium tetraborate was added to 0.4 ml of each
sample (tubes A—D). The resulting mixtures were boiled for
3 min then cooled to room temperature and mixed with 3 ml
of p-dimethylaminobenzaldehyde reagent (DMAB). The
mixtures were maintained at room temperature for 20 min
before subjecting to the absorbance reading at 544 nm. The
reagent was made by dissolving 10 g DMAB in a mixture
containing 12.5ml of 10 N HC1 and 87.5 ml of glacial
acetic acid. The reagent was stored at 2°C and diluted 1: 10
with glacial acetic acid before use. Tube A was used as
blank. Calibration curve obtained by reading the absorbance
at 544 nm of final reaction products of commercial GIcNAc
with DMAB under the above conditions. The amount of
commercial GlcNAc was 0, 1.6, 1.9, 3.1, 3.9, 6.25, 7.8,
12.5, 15.6, 25, 31.25, 40, 50, 62.5, 70, 80, and 90 g per
0.5 ml of Mcllvaine buffer, pH 5, respectively. All the spec-
trophotometric measurements were carried out by using an
Analytik Jena spectrophotometer (Bioline SPECORD 210;
Jena, Germany). Production of 1 pwmol of colorful product
per hour was considered as one unit of activity. Colloidal
chitin was obtained from an acidic treatment of crab-shell
chitin according to the previously described procedure [22].

Velocity curves and inhibition studies

Using the method mentioned above, velocity curves for
Chit42 and ChC were obtained by measuring the enzymatic
reaction rate of a constant concentration of each enzyme
(87 g per 0.5 ml of reaction mixture) in the presence of
various amounts of colloidal chitin (0.1, 0.5, 1, 1.5, 2, and
3 mg/ml) at 37°C in citrate buffer (0.2 M, pH 5). Similarly,
the inhibition studies were carried out in the presence of
a constant amount of each enzyme and various amount of
colloidal chitin (0.5, 1.5, and 3 mg/ml) with caffeine as
inhibitor (0, 1, 2, 3.5, and 5 mM). All kinetics data reported
in this work were based on the averages of at least three
tests.

Ph and temperature optima and thermal stability

The pH optimum of the purified enzymes was determined
after incubating each enzyme with colloidal chitin in various
pH buffers containing sodium citrate (pH 3.0—5.0), sodium
acetate (pH 5.0-6.0), sodium phosphate (pH 6.0-8.0),
glycine—NaOH (pH 8.0—10.0), and sodium phosphate
(pH 10.0-11.0).

Temperature optimum was determined by performing
standard assay in the presence of colloidal chitin at tempera-
tures ranging from 20 to 80°C. The thermal stability was
also determined by incubating the enzymes for 1 h at tem-
peratures ranging from 20 to 80°C in sodium acetate buffer
(50 mM, pH 5) and then measuring the remaining activity at
37°C.

Binding assays

To evaluate the binding activity, 1 mg of dried and ground
crab-shell chitin was incubated with different concentrations
of each enzyme (0.25—4 pM) in 1 ml of 30 mM phosphate
buffer, pH 6.0, on a gel shaker of 450 rpm for 1 h at 4°C.
After incubation, the mixtures were centrifuged at
13 000 rpm for 10 min at 4°C. To obtain the concentration
of non-bound protein, extinction coefficient at 280 nm for
Chit42 and ChC was 95400 and 90400 M~ '-cm™ !, re-
spectively. Therefore, the amount of non-bound protein was
determined by reading the absorbance of each solution at
280 nm. The protein content of each solution was double-
checked by the Bradford method.

Protein denaturation studies

Denaturation curves of Chit42 and ChC in the presence
of dodecyl trimethylammonium bromide (DTAB) were
obtained by measuring the absorbance changes at 280 nm of
each protein solution containing 0.3 mg/ml enzyme in a
1-cm cuvette thermostated at 20 + 0.1°C. All measurements
were carried out after enzyme solution and DTAB had been
incubated for over 5 min and the absorbance was not chan-
ging. The standard Gibbs free energy of denaturation (AG®),
as a criterion of conformational stability of a protein, was
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determined according to the theory thoroughly described in
our previous work [23].

Circular dichroism

Experiments were performed with a Jasco J-700 spectropho-
tometer (JASCO, Easton, USA). The results were expressed
as ellipticity (6) (deg- cm”-dmol~'). The spectrophotom-
eter was equipped with a temperature programmer for con-
trolling the rate of temperature change. The scan rate was
2 K/min in melting experiments. The data were smoothed
by applying the Jasco J-700 software including a fast
Fourier-transform noise reduction routine, which allowed for
enhancement of most of the noisy spectra without distorting
the shapes of their peaks. Far-UV studies were performed
for both enzymes of 0.1 mg/ml, while near-UV experiments
were performed with 2 mg/ml of two enzymes. All the fluor-
escence measurements were carried out on a Cary Eclipse
fluorescence spectrophotometer (Varian, Manasquan, USA)
at room temperature.

Results

Construction of Chit42 and chimeric chitinase

To prepare ChC, Chit42 of T. atroviride was first made
according to the previously reported procedure [12]. ChBD
was made by using specific primers and amplified from the
genomic DNA of S. marcescens. SOEing PCR analysis
showed that ChBD was inserted to the C-terminal of Chit42
[Fig. 1, Fig. 2(A)].

The molecular weight of Chit42 and ChBD was about 42
and 12 kD, respectively, a band close to 54 kD was expected
to be seen on SDS—PAGE gel [Fig. 2(B)]. Western blot
assay confirmed the right expression of both proteins
[Fig. 2(C)]. The pl value was determined to be 3.66 and
3.95 for ChC and Chit42, respectively, by isoelectric focus-
ing assay. The lower pl value of ChC could be ascribed to
the existence of four more aspartic acid residues in the new
construct (Fig. 1).

Kinetics of chitinase activity

Figure 4 showed the calibration curve which was obtained
from the reaction of various concentrations of commercial
GlcNAc with Ehrlich’s reagent. The extinction coefficient of
final colorful product was 12 100 M 'em™' at 544 nm
(Fig. 4). The velocity curves of both Chit42 and ChC were
showed in Fig. 5. The kinetic parameters was summarized in
Table 2 extracted from double-reciprocal analysis of the
kinetic data.

Inhibition studies were carried out by using caffeine as the
inhibitor. An ICs, value was determined to be ~4 mM for
both Chit42 and ChC [Fig. 6(A)] at a constant concentration
of substrate. Kinetic studies on the inhibition of Chit42 and
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A MLGFLGKSVALLAALQATLTSASPVSTNDVSVEKRASGYANAVYF
TNWGIYGRNFQPQDLVASDITHVIYSFMNFQADGTVVSGDAYAD
YQKHYSDDSWNDVGNNAYGCVKQLFKLKKANRNLKVMLSIGGW
TWSTNFPSAASTDANRKNFAKTAITFMKDWGFDGIDVDWEYPAD
DTQATNMILLLKEIRSQLDAYAAQYAPGYHFLLSIAAPAGPEHYSA
LHMADLGQVLDYVNLMAYDYAG SWSSYSGHDANLFANPSNPNS
SPYNTDQAIKAYING GVPASKIVLGMPIYGRSFESTNGIGQTYSGI
GSGSWENGIWDYKVLPKAGATVQYDSVAQAYYSYDSSSKELISF
DTPDMVSKKVSYLKNLGLGGSMFWEASADKT GSDSLIGTSHRAL

GSLDSTQNLLSYPNSQYDNIRSGLNDY

- o—

Chit42 His-tag

B DDSQLDMGTGLRYTGVGPGNLPIMTARPAYVPGTTYVQGALVSYQGYV
WOTKWGYITSAPGSDSAWLKVGRLA
Linker (24 aa)+ChBD (48 aa)
— e —
Chita2 His-tag

Figure 1 Scheme of gene construction for ChC (A) That part of
pETSM1 which contains Chit42 amino acid sequences and 6 x His-tag.
Capital letters shows the aromatic amino acids. (B) That part of pETCSM2
which contains ChBD and 6 x His-tag. Capital letters shows aspartic acid
and tryptophan residues.

TErE

i‘? b

Figure 2 Identification of expressed proteins (A) PCR products
including fragment F2 (225 bp), fragment F1 (1278 bp), and ChC obtained
from overlap extension PCR (1497 bp). M, mixed ladder (kb). (B) SDS—
PAGE of the expressed proteins and purified hybrid chitinase with 6 x
His-tag. 1, products before column chromatography; 2, flow-through; 3,
washed proteins; 4, purified ChC after elution; M, protein marker (kDa).
(C) Western blot analysis of Chit42 and ChC using anti 6x His-tag
antibodies. 1, ChC; 2, Chit42; M, protein marker (kDa).

ChC at various concentrations of colloidal chitin were illu-
strated in Fig. 6(B,C).

Structural studies

In the present work, SWISS-MODEL server was used for
protein structure prediction based on homology modeling.
Results showed that Chit42 and ChC shared sequence simi-
larity with template by 73% and 65%, respectively (data not
shown). Figure 7 showed the predicted structures for these
enzymes obtained from protein structure homology model-
ing. To evaluate the predicted structure, the solutions with
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Figure 3 Calibration curve for measuring the final products of the reactions of known amounts of commercial GluNAc with Ehrlich’s reagent

under different circumstances.
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y = 0.0121x + 0.002
R2 = 0.9896
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Figure 4 Proposed mechanism and chemical structure of the final
product of the assaying method [25] employed in this study.

equal concentrations of Chit42 and ChC were subjected to
fluorescence, near-UV, and far-UV circular dichroism (CD)
spectroscopic examinations. Results of these studies are
shown in Fig. 8.

Binding studies

Chitinase activity proceeded very slowly at temperature
below 4°C. Considering a steady state for chitinase reaction,
it has been assumed that the majority of chitinase molecules
is at a state of binding equilibrium at this temperature [15].
Using this condition, the binding of Chit42 and ChC to in-
soluble chitin was studied. Data were illustrated in Fig. 9.

Ph, temperature profiles, and stability

Figure 10(A,B) showed the optimal pH and temperature for
both Chit42 and ChC with colloidal chitin as a substrate.
Thermal and chemical stability assays showed that ChC had
a higher structural and functional stability [Fig. 10(C,D)]
and this chimeric enzyme maintained ~30% of its original

activity at temperature >50°C and could tolerate a higher
concentration of DTAB, 2 mM, before denaturing.

Discussion

To establish a better understanding of the mechanism by
which ChBD influences the bio-physicochemical features of a
chimeric chitinase, ChBD of a soil bacterium, S. marcescens,
was selected to be associated with Chit42 which was obtained
from the biocontrol fungi, 7. atroviride. Fig. 2(B,C) showed
successful preparation of both Chit42 and the chimeric
chitinase.

In order to investigate the influence of the addition of
ChBD to a chitinase on its binding, it was necessary to
compare the enzymatic activities of Chit42 and ChC in the
presence of the natural substrate. Therefore, natural crab-
shell chitin and its colloidal form were used as substrate.
Since the average molecular weight of these substrate is not
known, it would be useless to compare the Apparent K,
(KmApp) values obtained in this work with those of soluble
substrate such as (GlcNAc)4 [24] which has known molecu-
lar weight. Moreover, the results of kinetic and binding
studies will help to understand how physicochemical fea-
tures of Chit42 change after the addition of ChBD.

Chitinase activity was first assayed using a spectrophoto-
metric method by Morgan and Elson in 1933 and has been
developed by others in later work [25,26]. The method was
designed to measure the formation of a chromophoric sub-
stance with Ap,,«(S) at 544 and 585 nm, which is produced
from the reaction of the cyclic intermediate of GIcNAc with
Ehrlich’s reagent, DMAB, as showed in Fig. 3, in acidic pH
[26]. The method has some important advantages. It is based
on measuring the products of enzymatic hydrolysis of
chitins. Insoluble and colloidal chitin can be easily separated
from reaction medium. The released GIcNAcs, dimer or
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Figure 5 Velocity curves of Chit42 (A) and ChC (B) obtained in the presence of colloidal chitin Inset graphs are Lineweaver—Burk plots of the
corresponding Kinetic data [S] shows the concentration of the employed chitinase.

Table 1 Enzyme activity and specific activity of Chit42 and ChC in the
presence of insoluble chitin

Table 2 Enzyme activity and specific activity of Chit42 and ChC in the
presence of a constant amount of colloidal chitin (3.8 mg - 1

Chit42 Chimeric chitinase Chit42 Chimeric chitinase
Activity (U/ml) 14+03 24+0.1 Activity (U/ml) 7.76 + 0.6 10.0 £ 0.7
Specific activity (U/mg) 4407 6.87 +0.2 Specific activity (U/mg) 227+ 1.6 2857+22
Means within column are significantly different (P > 0.05). All the Double reciprocal method
enzymatic reactions were carried out in the presence of a constant amount KnApp (M) . . 0.62 0.27
of enzyme (86 pg) and insoluble chitin (1 mg/ml) in citrate buffer (0.2 M, Vinax (wmol 1"~ - min™ *) 2.11 1
pH 5) at 37°C. A unit of enzyme is equal to production of 1 wM/min of the Specificity constant (min 1) 0.83 1.07

colorful product illustrated in Fig. 3.

larger, are hydrolyzed further under boiling conditions in al-
kaline medium and are turned into a heterocyclic compound
(Fig. 3, structure I). The final product of GlcNAc with
DMAB has a characteristic UV—visible spectrum, which
can be employed for assaying purposes [26].

Comparing the results in Tables 1 and 2, the chitinase re-
action was expectedly slower when insoluble chitin was
used as substrate. These results were similar to the data
reported by Shubakov and Kucheryavykh [27], who have
observed chitinolytic activity ranging from 0.2 to 4.2 U/mg
for different filamentous fungi in the presence of colloidal
chitin. Kim and Ji reported a specificity constant of 0.91 for
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Means within column are significantly different (P > 0.05). Kinetic
parameters are extracted from the analyses of the velocity curves illustrated
in Fig. 5 using two different methods. All enzymatic reactions were carried
out in the presence of a constant amount of enzyme (86 pg) in citrate buffer
(0.2 M, pH5)at37°C.

Streptomyces griseus chitinase in the presence of insoluble
chitin [28]. However, from the activity point of view, both
Chit42 and ChC seemed to be more efficient than S. griseus
chitinase.

Data from Table 1 revealed that ChC was more active
than Chit42 by ~70% towards insoluble chitin. This differ-
ence decreased to only 28% in the presence of colloidal sub-
strate (Table 2), which suggested that the association of
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Figure 6 Enzymatic activity of Chit42 and ChiC (A) Relative activity of Chit42 (filled square), and ChC (filled triangle) in the presence of 3 mg/ml of
colloidal chitin and various amounts of caffeine. Dixon plots of the kinetic results of inhibition of Chit42 (B) and ChC (C) in the presence of 0.5 (filled
rhombus), 1.5 (filled circle), and 3 (filled triangle) mg/ml of colloidal chitin and various amounts of caffeine. All the enzymatic reactions were carried out in

citrate buffer (0.2 M, pH 5) at 37°C.

Active site

Chita2

Figure 7 Predicted structures for Chit42 (A) and ChC (B) by
SWISS-MODEL server using the homology modeling method.

ChBD to Chit42 increased the selectivity of the enzyme
towards the insoluble substrate. Limon et al. [15] added a
ChBD, which was obtained from N. tabacum, to Chit42 and
observed an activity increase of ~36% in presence of insol-
uble chitin. But Fan et al. [13] constructed a chimeric chiti-
nase from the silkworm ChBD and Beauveria bassiana
chitinase, which showed a 5.5-fold increase in enzymatic ac-
tivity in the presence of powdered chitin. Data in Table 2
also suggested a 2-fold increase in the affinity of ChC with

colloidal substrate even though Chit42 and ChC both
showed similar specificity constants with colloidal chitin. It
has been understood that the addition of a ChBD to a chiti-
nase does not remarkably improve its enzymatic activity
towards soluble chitin. Data reported by Limon et al. [15]
indicated a decrease in hybrid chitinase activity in the pres-
ence of soluble chitin. Fan et al. [13] reported, at most, a
2-fold specificity constant for the chimeric enzyme in the
presence of soluble chitin.

The deviation from linearity observed in the double-
reciprocal analysis of ChC kinetic data [Fig. 5(B)] was im-
portant to be noted. Since the double-reciprocal method of
Lineweaver—Burk has been criticized for an imbalanced
weighing of data collected at lower concentrations of substrate
[29], the kinetic data were also analyzed by Eadie—Hofstee
method. Although the obtained K, App values of Chit42 and
ChC were similar (0.66 and 0.33 M) to those resulted from
Lineweaver—Burk method, marked differences in linearity
were unveiled. Eadie—Hofstee analysis showed 65% linearity
for ChC kinetic data, while 96% for Chit42 (data not shown).
Deviations from linearity in Eadie—Hofstee analysis were
considered as a strong indication of non-Michaelis—Menten
behavior of an enzyme [30]. Considering these results, it was
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understood that the addition of ChBD to Chit42 obviously
increased the complexity of its kinetics. It is noteworthy to
mention that Bade and Stinson [31] had obtained a sigmoidal
velocity curve for the tobacco hornworm chitinase. To find a
better view about the kinetics natures of Chit42 and its
chimera, the inhibition of both enzymes was studied using
colloidal chitin as substrate with caffeine as inhibitor. It has
been shown that methylxanthine derivatives, such as caffeine,
are able to inhibit chitinase [32].

Result of the kinetics of inhibition indicated similar affin-
ity of both enzymes for caffeine. Although Rao et al. [33]
used a soluble substrate, 4-methylumbelliferyl-B-p-N,N -
diacetylchitobiose, in their study on the inhibition of a
bacterial chitinase, they obtained an ICsq value of 0.5 mM
for caffeine. Considering the result of the present work, it
could be concluded that caffeine is a moderate inhibitor for
chitinases.

The Dixon analyses did not follow linearity over the
examined range of inhibitor concentration. Consequently, to
obtain linear trends, it was necessary to drop out some of the
data illustrated in Fig. 6(B,C). In contrast to the results
reported by Rao et al., the mode of inhibition for both
Chit42 and ChC was dependent on the concentration of both
caffeine and substrate. Although these Dixon plots were not
suitable for extracting the inhibition parameters, they clearly

disclosed the complex nature of Chit42 and ChC kinetics.
For instance, studying the inhibition of Chit42 at concentra-
tions of caffeine up to 4 mM resulted in a Dixon plot
showing a kind of uncompetitive mode of inhibition
[Fig. 6(B)]. But increasing the inhibitor concentration
beyond 5 mM tended to change the mode to mixed inhib-
ition (data not shown). In a similar way, as illustrated in
Fig. 6(C), inhibition at higher concentrations of substrate
produced results which exhibited a competitive mode in a
Dixon plot where results obtained at lower concentrations of
substrate tended to form a mixed-inhibition graph. These
observations disclosed the non-Michaelis—Menten nature of
the chitinase activities of both Chit42 and the hybrid chiti-
nase which is normally interpreted in terms of allostery and
cooperativity [30]. However, in the case of chitinase, the as-
sumption of one enzyme and one substrate may be invalid
[34]. Both Chit42 and ChC are monomer proteins but react
with a substrate that can be considered as a macromolecule
by itself. The observed complexity in the kinetics of these
enzymes might in part be due to the complexity of the
binding processes prior to the enzymatic reaction.

Before analyzing the results of binding studies, it is instruct-
ive to survey for structural changes of Chit42 after ChBD add-
ition. Crystal structures of only two fungal chitinases are
available [35,36]. The structure model revealed that the fungal

Acta Biochim Biophys Sin (2013) | Volume 45 | Issue 10 | Page 853

9T0Z ‘T aunc uo 1s8nb Aq /B1o'sfeulnolpioxosqge//:dny woly pspeojumod


http://abbs.oxfordjournals.org/

New chimeric chitinase with high binding ability

chitinase was an eight-stranded (3/a-barrel. The chitinase struc-
ture consisted of eight parallel B-strands that form the barrel
core surrounded by eight a-helices connected to the barrel,
suggesting that the barrel structure of chitinases formed a
groove on the enzyme’s surface. This groove is considered as
the active center which binds sugar units of chitin, possibly
(GIcNACc)6 moieties, which are subsequently cleaved [37].

The predicted structure of ChC [Fig. 7(B)] hardly sug-
gested significant changes in the tertiary structure of Chit42
[Fig. 7(A)] after ChBD addition. But this prediction did not
seem to be consistent with the results of the spectroscopic
studies. A lower intensity in the fluorescence spectrum of
ChC [Fig. 8(A)] suggested that tryptophan residues had
been quenched to some extent in ChC. Differences in the ter-
tiary structures of Chit42 and ChC became more evident in
the corresponding near-CD spectra shown in Fig. 8(B). The
outstanding data changed over the range of 260—290 nm
indicated structural changes, which made aromatic residues
more exposed in ChC. The changes at 260 nm were even
more interesting as the added ChBD carried no phenylalan-
ine residue. Far-CD spectra of Chit42 and ChC revealed the
depth of the structural changes. The spectra illustrated in
Fig. 8(C) revealed a remarkable reduction of a-helix content
in the secondary structure of ChC (39.2%), when compared
with that of Chit42 (81.7%).

Spectroscopic results were not in agreement with what
was predicted. Structural prediction result suggested that the
added ChBD stood apart from the body of Chit42, while
spectroscopic evidence indicated a strong interaction
between the added ChBD and Chit42 structure. Assumingly,
this interaction brought about a kind of structural change
which affected mainly the a-helices moieties, but not the
core of the structure where the catalytic hydrolysis is
assumed to occur [34,35]. This could explain the similar
catalytic efficiencies of both Chit42 and ChC when colloidal
chitin was used as substrate.

Similar pH and temperature optima [Fig. 10(A,B)] for
both Chit42 and ChC might be considered as additional evi-
dence for the assumption that the added ChBD did not affect
the core structure of Chit42 where the active site resided.

From an empirical point of view, the binding of chitinase
molecules to the surface of insoluble chitin could be
regarded as another example of adsorption phenomena.
Despite the fact that the adsorption of protein molecules
onto the solid surfaces is too complex to be treated by the
well-known isotherm adsorption equations usually used for
interpretation of small molecules adsorption [38], it could
still be informative to examine the isothermal binding data
of proteins in the known equilibrium adsorption models. For
instance, the binding data of neither Chit42 nor ChC fit the
Dubinin—Radushkevich model. When the same binding
data of Chit42 were analyzed in Langmuir model, a correl-
ation coefficient of 0.95 was obtained. Similar data have

Acta Biochim Biophys Sin (2013) | Volume 45 | Issue 10 | Page 854

been obtained for the Candida albicans chitinase in previous
literature [39]. However, in the present study, the binding
data of ChC showed obvious deviation from linearity (+* =
0.48). Interestingly, this difference did not decrease when
the data were analyzed by Freundlich equation (1).

Inge = (1/n)Ce + InKg (1)

C. shows the concentration (mg/l or M) of solute remaining
in solution at equilibrium and ¢, is the amount (mol or mg)
of solute adsorbed per gram of the adsorbent at equilibrium.

Analysis of binding data of Chit42 by the Freundlich
equation yielded a straight line indicating a good fit of iso-
therm model to experimental data [Fig. 9(A)], but similar
analysis for ChC binding data failed to produce a straight
line (R? = 0.51). In contrast to Langmuir model, which is
based on the assumption of a homogeneous surface contain-
ing independent sites for monolayer binding, Freundlich
model has the ability to adopt the heterogeneous surface ad-
sorption data [40]. Since both Chit42 and chimeric chitinase
were proteins of almost similar sizes, the obvious difference
in the linearity might indicate a remarkable difference
between the conformational changes of Chit42 and ChC
upon binding to the insoluble chitin surface. It was assumed
that the joining of ChDB to Chit42 made it a softer protein
so that it underwent larger conformational changes. The
entropy gain of these structural changes improves the un-
favorable condition of binding of chitinase to the surface of
insoluble chitin [41,42].

The binding data were also analyzed by the Hill equation
(2), which is known for its applicability in the interpretation
of data of cooperative binding [43].

Ln¢ = nIn[S] — InK (2)

Fractional saturation (¢) was defined as the amount of
bound protein to each mg of chitin, S shows the concentra-
tion of the employed protein, and K is the binding constant.
As expected, the binding data of Chit42 showed a better
fit to the Hill equation [Fig. 9(B)], when compared with the
binding data of ChC [Fig. 9(C)]. The lower correlation con-
stant of the Hill plot of ChC was due to the change in the
slope at the middle of plot. Such an observation is normally
considered as a sign of change in the mode of cooperativity
[29]. These results help to understand the deviations
observed in the Dixon plots. Under these circumstances, the
slope of the fitted line [Fig. 9(C)], did not reflect the true
nature of cooperativity during binding. To circumvent this
problem, it has been suggested to obtain the slope of differ-
ent parts of the plot separately illustrated in Fig. 9(D). Slope
analysis in Fig. 9(D) suggested that binding followed a posi-
tive cooperativity at concentrations <0.5 uM ChC, then
obeyed a negative mode in a range of 0.5—2 wM, and finally
returned to positive cooperativity with a steeper slope at
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concentrations above 2 wM. In contrast, Chit42 showed a
negative cooperativity over the entire range of concentrations
examined [Fig. 9(B)]. The effect of positive cooperativity
was clearly seen in the magnitude of the binding constants
extracted from the equations shown in Fig. 9(B,C). These
data suggested that the chimeric binding constant was ~700
times larger than that for Chit42.

In conclusion, addition of the ChBD of S. marcescens
chitinase B to Chit42 was assumingly accompanied by some
structural changes. As a result of these structural changes,
the binding ability of ChC to insoluble chitin was remark-
ably enhanced. Its catalytic efficiency was improved and its
thermal and chemical stability were increased. Analysis of
the kinetic data collected in the presence or absence of an in-
hibitor revealed deviation from the Michaelis—Menten
model. The observed non-linearity was assumed to be due to
the complex nature of the binding step. Hill analysis of the
binding results suggested that the special tertiary structure of
ChC boosted its binding to insoluble chitin through a posi-
tive cooperativity mechanism. Findings of this research shed
a light on the role of a ChBD in bi-functional chitinases and
pave the way for designing chitinases with higher efficiency.
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