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ARTICLE INFO ABSTRACT

Keywords: In this study, the chitinase gene from the marine bacterium Vibrio maritimus was heterologously expressed in
Vibrio maritimus Escherichia coli, purified via affinity chromatography and tested for its insecticidal activity against the storage
Chitinase pest Acanthoscelides obtectus. The recombinant VmChiA protein exhibited a molecular mass of ~60 kDa, with
gic;z;l:szgsccigl;des obtectus optimum activity observed at pH 6.0 and 40 °C. Enzyme kinetic analysis revealed a K, value of 0.042 mM, Viax

of 17.48 pmol min_l, keqr 0f 1.75 min~! and catalytic efficiency of 41.61 mM! min'l, respectively. Furthermore,
a dose of 40 UmL ™! of recombinant VmChiA showed similar efficacy to malathion insecticide against A. obtectus,
with 100 % mortality in both treatments. LCsq and LCqq values of VmChiA were 13.95 U mL ™! and 27.66 U mL™?,
respectively. Furthermore, the three-dimensional structure of the catalytic site of VmChiA was modeled. Mo-
lecular dynamics simulation technique was used to explore and analyze the dynamics and interactions. A salt
bridge (GLU274-ARG296) in the a + p domain was observed as a critical feature facilitating substrate (GlcNAc)y
binding and enzymatic activity. These findings demonstrate that recombinant VmChiA possesses potent insec-
ticidal properties, highlighting its potential as a bio-based, eco-friendly alternative for managing significant
agricultural pests.

Molecular dynamics simulations

altered taste and flavor. Yield losses due to A. obtectus have been re-
ported to range between 48 % and 100 % depending on storage condi-
Beans (Phaseolus vulgaris L.) are one of the legume plants that hold tions [6]. Synthetic  pesticides (phosphine, pyrethroids,

1. Introduction

great importance in human nutrition due to their high content of pro-
tein, carbohydrates, vitamins, minerals and vegetable fibers [1]. Despite
their socioeconomic importance, the production of this crop suffers
great losses due to various diseases and pests [2]. Insect attacks account
for the majority of losses in production and storage [3]. Acanthoscelides
obtectus (Say) (Coleoptera: Chrysomelidae: Bruchine), also known as the
bean seed beetle, is one of the most important and widespread pests
causing significant losses in both wild and cultivated beans [4]. Pest
infestation begins in the fields when females lay eggs on the pods and
then spreads to storage facilities, causing the rapid destruction of bean
seeds [5]. Larvae feeding inside the seeds cause deterioration in seed
quality, poor germination, reduced nutritional and aesthetic value, and
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organophosphates, etc.) are generally used to minimize these losses and
control the pest [7]. However, these pesticides disrupt the ecological
balance, cause toxic effects onhumans and other living organisms, and
lead to the develoment of pesticide resistant pest varieties [8]. These
problems and limitations encourage the development of more sustain-
able and alternative strategies for pest control [9].

Biological control of pests by targeting chitin structures is a non-
toxic, environmentally friendly method that does not promote insect
resistance [10,11]. Indeed, chitin is an important polysaccharide found
in the cuticle that forms the exoskeleton of insects, the peritrophic
matrix (PM) lining the epithelium of the midgut, eggshells and muscle
attachment points [12,13]. This compound is hydrolyzed by the enzyme
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chitinase which is extracted from many prokaryotic and eukaryotic or-
ganisms, and belongs to the family of glycoside hydrolases capable of
hydrolyze p-(1,4) bonds in its structure [14]. Because of this property,
chitinase enzyme is emerging as a potential biopesticide for pest control
in agricultural production [11,15]. In order to optimize the use of chi-
tinase in insect control, there is a strong interest in the cloning and
characterization of the chitinase gene and the development of more
efficient chitinase producing strains [16].

Chitinases (EC 3.2.1.14) break p-(1,4)-glyosidic bonds and degrade
chitin by cleaving (GlcNAc)n longer fragments (n > 1) into monomers
and/or oligomers [17]. Moreover, Chitinases are categorized as glycosyl
hydrolase (GH) families GH18, GH19 and GH20 in the carbohydrate-
active enzymes (CAZy) database [18,19] based on amino acid
sequence and domain structure. GH19 family chitinases are frequently
found in plants, while GH18 family chitinases are commonly found in
almost all organisms [20]. Additionally, the GH18 chitinase family has
been divided into many subgroups based on its definition in the litera-
ture [21]. Mainly, subgroup A contains the a + p insertion site in the
catalytic domain of bacterial chitinase, which is absent in the other
groups, B and C [22]. The a + p insertion site provides an open deep
active binding cleft around the substrate binding site of the enzymes and
enhances the processivity required for efficient degradation of long
chitin oligomers [23,24].

V. maritimus chitinase (VmChiA) protein sequence (UniProtKB:
AOA090T850, GenBank: GAL36101.1) was highly similar (sequence
identity: 82.4 %) to the X-ray cyrstal three-dimensional monomeric
structure of V. harveyi Chitinase A (VhChiA, PDB ID: 3ARR, Resolution:
1.65 108) amino acid sequence [25]. The VhChiA structure consists of 3
domains, a N-terminal chitin-binding domain (between 22 and 138
residues), an («/fB)g TIM-barrel catalytic domain (residues 159-588) and
an o + f insertion domain (residues 461-547) [26]. Similarly, VmChiA
structure has the same domains. Finally, VhChiA is thought to catalyze
substrate hydrolysis by a “slide and bend mechanism”. This mechanism
consists of four steps. Substrate recognition, sliding and bending, bond
cleavage and product release [27].

Molecular dynamics (MD) simulations are a computer simulation
method that models the motion and interactions of molecules at the
atomic level. The MD method is used to understand and analyze the
dynamics of molecules [28]. Many MD studies of the chitinase enzyme
have been performed and reported [29-32]. Previously, in the study by
Segura-Cabrera et al. [29], the three-dimensional structure of the
OvCHT1 (chitinase of Onchocerca volvulus) enzyme was predicted and
closantel binding site was investigated in comparison with human chi-
tinases [29]. Using molecular dynamics simulations and free energy
calculations, the specific binding characteristics of closantel to OvCHT1
were determined (Arg35, Trp70, Asn295, Thr300) [29]. In a study,
Jitonnom et al. [33] investigated the reaction mechanism in Serratia
marcescens Chitinase B (SmChiB) enzyme. Based on the results, the
neutral form of Aspl42 was found to electrostatically stabilize the
oxazolinium ion intermediate formed during the reaction and this form
was preferred for the reaction. Furthermore, Tyr214 was shown to play a
critical role for the reaction, especially in the deglycosylation step [33].
In another study by Khan et al. [30], structural analyses and molecular
docking studies showed that the amino acid Glul76 is critical for
enzyme activity. The three-dimensional structure of the enzyme (Ther-
momyces lanuginosus SSBP chitinase II) was predicted by homology
modeling and ab initio methods and reported to have a TIM-barrel
structure [30]. In another study, Khan et al. [32] determined the opti-
mum activity and stability conditions of Chitinase I enzyme from Ther-
momyces lanuginosus SSBP. Simulations showed that the enzyme
maintained its structural stability in the temperature range of 300-375
K. Furthermore, pH-dependent molecular dynamics simulations showed
that the enzyme retained its characteristic TIM-barrel structure at low
pH values [32]. The objective of the aforementioned investigation,
whether pertaining to various chitinase subgroups or to the chitinase
enzyme of different organisms, is to understand the relationships and
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dynamics of chitinase structure.

Recombinant protein production in Escherichia coli is widely
employed due to its high yield, rapid growth, low production costs
compared to eukaryotic systems, and short production timelines [34],
despite disadvantages such as contaminating endotoxins, foldind prob-
lems, and the lack of eukaryotic post-translational modifications [35]. In
this study, the chitinase gene from V. maritimus was cloned and
expressed heterologously in E. coli. The protein sequence (UniProtKB:
AO0A090T850) of the V. maritimus chitinase (VmChiA) was obtained from
the UniProt database [36]. However, the three-dimensional structure of
VmChiA obtained from experimental studies, according to the amino
acid sequence in UniProtKB: AOA090T850, was unavailable in UniProt
and similar protein structure databases. Therefore, in silico methods
were used to model the three-dimensional monomeric structure of the
VmChiA catalytic domain based on the amino acid sequence. The
structural differences, interactions and dynamics of VmChiA structure
were investigated in the docked and undocked of (GlcNAc), by molec-
ular dynamics simulations method over 100 ns. Moreover the in-
teractions of VmChiA with (GlcNAc); at the ligand binding site were also
investigated. In addition, the biochemical properties of purified VmChiA
and its activity against A. obtectus were evaluated.

2. Material and Method
2.1. Gene cloning, heterologous expression, and purification

The chitinase gene from V. maritimus (UniProt accession number:
AOA090T850, NCBI GenBank: BBMT01000009.1) was analyzed and
synthesized using synthetic gene technology (Gene Universal, USA). The
putative V. maritimus chitinase gene (vmcht), encoding a protein of 586
amino acids, was codon-optimized and cloned into the pET28a(+)
plasmid at the Ndel and Xhol restriction sites. The pET28a(+)-vmcht
plasmid was subsequently transformed into CaCly-competent E. coli
BL21 cells [37]. Transformants were selected on LB-agar plates sup-
plemented with kanamycin (50 mg mL™1). For the expression of the
vmcht gene, a single colony was inoculated into liquid LB medium
containing kanamycin and incubated overnight at 37 °C, shaking at 5
RCF. The following day, 1 mL of the culture was transferred into 250 mL
of fresh LB-kanamycin medium and incubated at 30 °C, shaking at 5
RCF. Upon reaching an ODgoo of 0.45-0.55, isopropyl p-D-1-thio-
galactopyranoside (IPTG) was added to a final concentration of 1 mM to
induce gene expression, and the culture was incubated for an additional
5h.

Following the expression process, the cell pellets obtained by
centrifugation at 2632 RCF for 10 min at 4 °C were resuspended in lysis
buffer (pH 8.0; 5 mM imidazole, 500 mM NaCl, and 20 mM sodium
phosphate) at a ratio of 4 mL per gram of pellet, and subsequently placed
on ice. Lysozyme was added to the cell suspension to a final concen-
tration of 1 mg mL~, and the mixture was incubated on ice for 30 min.
Post-incubation, the cells were subjected to sonication on ice with a
cycle of 20 s on and 10 s off for a total duration of 4 min. The resulting
homogenate was centrifuged at 10528 RCF for 1 h at 4 °C to remove
cellular debris. The VmChiA proteins, which feature a C-terminal 6xHis-
tag, were purified from the cell lysate using HisTrap FF (5 mL) columns
via immobilized metal affinity chromatography (IMAC) on an AKTA
Prime Plus Purification system. The system was initially washed with 5
column volumes of 20 % ethanol followed by ultra-pure water. The
column was equilibrated with 5 column volumes of binding buffer (pH
7.4; 20 mM imidazole) at a flow rate of 5 mL/min. Subsequently, the
protein sample, filtered through a 0.45 pm filter, was loaded onto the
column. Unbound proteins were washed away using 5 column volumes
of the binding buffer. Unbound proteins were washed out with binding
buffer, and VmChiA was eluted using a buffer containing 400 mM
imidazole. Eluted fractions were analyzed using SDS-PAGE (12 %), and
fractions containing VmChiA were pooled. To mitigate the inhibitory
effects of phosphate present in the elution buffer, a buffer exchange was
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performed using 20 mM citrate buffer (pH 6.0) and a 30 kDa MWCO
ultrafiltration device (Amicon® Ultra-15 Merck) at 4 °C. Protein con-
centration was determined using a PierceTM BCA Protein Assay Kit
(Thermo Fisher Scientific).

2.2. Measuring enzyme activity

The dinitrosalicylic acid (DNS) method was used to determine chi-
tinase activity. An enzyme solution (500 pL) was mixed with a substrate
solution (20 mM citrate buffer (pH 6.0) containing 2 % colloidal chitin
(500 pL)) were incubated at 37 °C for 30 min. DNS reagent (750 pL) was
then added and boiled in a water bath for 10 min. The chitinase activity
was measured at 540 nm. One unit of chitinase activity was expressed as
the amount of enzyme forming 1 pmol N-Acetylglucosamine per minute
under the specified conditions [12].

2.3. Biochemical characterization of VmChiA

2.3.1. Effect of pH and temperature on VmChiA activity

The effect of pH on activity was determined at different pH ranging
from 2.0 to 11.0. different buffers were used. The enzyme solution was
incubated with substrates of different pH values (acetate buffer (pH
2-3), citrate buffer (pH 4-6), Tris-HCI buffer (pH 7-9), sodium car-
bonate buffer (pH 10-11)) containing 2 % colloial chitin for 30 min at
37 °C and enzyme activity was determined by DNS method. The effect of
temperature on activity was determined by measuring the amount of
reducing sugar formed after incubating the enzyme solution with the
substrate containing 2 % colloidal chitin (20 mM citrate buffer (pH 6) at
different temperatures (10 °C-90 °C) for 30 min [12]. To measure the
thermal stability of chitinase, the enzyme was incubated at 40 °C for 48
h and the relative activity was determined. pH stability was determined
by measuring the relative activity over 48 h in 20 mM citrate buffer (pH
6.0) at 4 °C.

2.3.2. Determination of kinetic parameters of VmChiA

The kinetic parameters of purified VmChiA (Michaelis Menten con-
stant (K;;) (mM) and maximal velocity (Vi) (pmol min’l)) were
calculated using colloidal chitin as substrate. The effect of substrate
concentration on activity was determined by incubating the substrate
containing varying concentrations of colloidal chitin with a constant
concentration of chitinase at 40 °C for 30 min. Activity was measured in
triplicate and kinetic constants were calculated by Lineweaver Burk
plot. The turnover number (k.0 (1) and catalytic efficiency (2) were
determined using the following Egs. [38].

keqe (min™") = Ve / [E] (¢
Where [E] is the enzyme concentration (mg).

Catalytic efficiency (mM ' min™") = koo /Kn @

2.4. Determination of efficacy against A. obtectus

Adult A. obtectus individuals were obtained from the Faculty of
Agriculture, Atatiirk University, Department of Plant Protection. The
enzyme was diluted to concentrations 10 UmL ™!, 20 UmL ™}, 30 UmL ™!
and 40 U mL™! using a 20 mM citrate buffer (pH 6.0). Four different
enzyme doses, water (control) and malathion (200 mL/100 m?) were
sprayed into 250 cm® glass jars containing 60 g of beans. The treatment
was performed in three replicates for each dose. Then 10 insects were
placed in each jar. The jars were labeled and placed in the laboratory (25
+1°C-60 % + 5 %). The experiment was carried out in triplicate.
Observations were made every 24 h for 7 days and insect mortality was
recorded. Corrected mortality rates were calculated using Abbott for-
mula [39].
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2.5. Homology modeling, docking and molecular dynamics simulations

2.5.1. Homology modeling

The protein sequence of the V. maritimus chitinase (VmChiA) (Uni-
ProtKB: AOA0O90T850) was retrieved from the UniProt database [36].
The three-dimensional structure of target protein using the SWISS-
MODEL application, which employs a known crystal structure as a
template [40]. The 3ARR [25] PDB (Protein Data Bank) [41] structure
was used as a template to obtain the homology structure of VmChiA.
Here, SWISS-MODEL [40] and the integrated application ProMod3
(Version 3.4.1) [42] were used to predict the 3D homology structure of
VmChiA catalytic domain based on the protein sequence. Global and
local model evaluation (GMQE, QMEANDisCo and QMEAN Z-score)
[43,44] scores and Ramachandran plot analysis [45] were performed to
ensure that the homology model obtained was physically possible and
acceptable for the protein structure.

2.5.2. Docking

First, the three-dimensional structure of N-acetylglucosamine
(GlcNAc), was drawn and the SMILES code (CC(=0)NC10C(CO)C(0O)C
(0)C10C10C(CO)C(O)C(O)CINC(C) = 0O) was defined. Subsequent to
obtaining a homology model of VmChiA and three-dimensional of
(GlcNAc), ligand structure, the (GlcNAc), ligand was docked into the
ligand binding domain of VmChiA structure via the Chimera [46] and
Autodock Vina [47,48] applications. Afterwards, PLIP application was
used to analyze the protein-ligand interaction profile [49].

2.5.3. Molecular dynamics simulations

CHARMM-GUI application was used to prepare molecular dynamics
(MD) simulations scripts [50,51]. In MD simulations, the pH of the
system was set to 6.0 and the temperature was set to 313.15 K (40 °C).
For the protonation state, ASP57 is labeled with ASPP and GLU61 with
GLUP patches. Furthermore, a disulfide bond was set up between the
residues Cys155-Cys164. A 10 A thick rectangular TIP3P water box was
used to immerse all structures with K and Cl~ (Neutralized: KCl 0.15
mol L71). In the system, ions were placed by Monte-Carlo method.
CHARMM36m force field was selected. NVT (Canonical) ensemble
(temperature 313.15 K, particle numbers 67,762, and volume 729,000
A3 parameters fixed) was selected for the equilibration phase and NPT
(Isothermal-Isobaric) ensemble (temperature 313.15 K, particle
numbers 677,759, and pressure 1 atm parameters fixed) was set during
the simulation.

The VmChiA enzyme complex simulation studies were designed as
two simulations and named Prot (apoenzyme) and Prot-Lig (holoen-
zyme, with the (GlcNAc),). SwissParam application was used to deter-
mine the parameters of the (GlcNAc), ligand compatible with the
CHARMM36m force field. For the VmChiA simulations, an equilibration
and 100 ns MD simulation were performed [52,53]. At first, the system
was relaxed through a single-phase energy minimization performed over
10,000 steps. The minimized system was subsequently heated from 0 to
313.15 K during 0.25 ns, applying positional restraints of 1 kcal/(mol
A2) on the protein backbone and ligand. The 100 ns simulation was
performed without any restraints. The NAMD application [54,55] was
used to perform the MD simulations. The VMD application was used for
distance, root mean square deviation (RMSD), root mean square fluc-
tuation (RMSF) calculations, identify the salt bridges and visualization
[56].

2.6. Statistical analysis

All statistical analyses were performed using the SPSS 20.0 and
Origin Pro 9.1 softwares. Adjusted mortality rates were calculated ac-
cording to the formula described by Abbott [39]. Lethal concentration
(LCs0 and LCgp), lethal time (LTsg and LTgp) and 95 % confidence in-
tervals were determined by probit analysis. Pest mortality data were
analyzed using analysis of variance and differences between means were
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determined using the HSD Tukey multiple comparison test. The data
obtained were considered statistically significant at P < 0.05 and the
results were expressed as mean values + standard deviation (£SD).

3. Results
3.1. Production of VmChiA enzyme

The SDS-PAGE profile of VmChiA throughout the purification steps is
shown in Fig. 1. A distinct protein band corresponding to approximately
60 kDa was observed, indicating the presence of the target enzyme. As
detailed in Table 1, the crude cell-free extract initially contained 14.1
mg of total protein with a total activity of 607.0 U, resulting in a specific
activity of 43.1 Umg ™. Following Ni?*-NTA affinity chromatography, a
substantial reduction in total protein content (to 0.8 mg) was accom-
panied by a notable increase in specific activity (306.8 U mg™1), cor-
responding to a 7.1-fold purification and 40.4 % activity yield.
Subsequent ultrafiltration further concentrated the enzyme preparation,
yielding 0.6 mg of protein with a final specific activity of 320.2 U mg™*
and a slight increase in purification fold (7.4), albeit with a reduced
overall yield of 31.6 %. These results collectively demonstrate the effi-
ciency of the purification protocol in isolating highly active VmChiA
with minimal contaminating proteins, as also supported by the SDS-
PAGE analysis. The amount of purified protein and its retained activity
were sufficient for subsequent biochemical and kinetic characterization
studies.

kDa M 1 2 3

250

150

100

75

50

Fig. 1. The SDS-PAGE (12 %) profile of purified VmChiA. Lane M represents
the protein molecular weight marker. Lane 1 shows the purified VmChiA pro-
tein (~60 kDa) eluted from the Ni-NTA affinity column. Lane 2 corresponds to
the washing fraction collected after the binding step, indicating the removal of
non-specifically bound proteins. Lane 3 represents the flow-through fraction,
which contains proteins that did not bind to the Ni-NTA resin during the
loading step.
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3.2. Biochemical characterization of VmChiA

3.2.1. Optimum pH and temperature of VmChiA

The activity of VmChiA was measured at different pH conditions and
the maximum activity was expressed as 100 % (Fig. 2A). VmChiA
showed its maximum activity against colloidal chitin in citrate buffer at
pH 6.0 and retained >75 % of its relative activity at pH 5. Moreover, the
enzyme was stable over a wide pH range (pH 3.0-10.0) and the relative
activity was close to 40 %. The pH stability of chitinase is shown in
Fig. 2B. After incubation in citrate buffer at pH 6.0 for 48 h, chitinase
retained 70 % of its activity at 4 h, 63 % at 8 h, 56 % at 24 h and 45 % at
48 h and showed stability at pH 6. The activity of VmChiA was measured
at temperatures ranging from 10 to 90 °C, and the maximum activity
was expressed as 100 %. As the reaction temperature increased, the
activity of VmChiA increased and reached a maximum at 40 °C. The
enzyme retained >80 % of its relative activity at 50 °C. However, be-
tween 60 and 90 °C its relative activity decreased to <40 % (Fig. 2C).
Fig. 2D shows the stability of chitinase at 40 °C. Chitinase retained 79 %
of its activity at 4 h, 71 % at 8 h, 60 % at 24 h and 48 % at 48 h at 40 °C.
These results showed that chitinase was stable at 40 °C.

3.2.2. Kinetic parameters of VmChiA

K, and Vjqy of the VmChiA were determined as 0.042 mM and 17.48
pmol min~? by using the Lineweaver-Burk Plot (Fig. 3). The kg and
catalytic efficiency of the enzyme were determined as 1.75 min~?,
41.61 mM~! min~! respectively.

3.3. Efficacy of VmChiA against A. obtectus

When the efficacy of recombinant VmChiA was tested against
A. obtectus, it was observed that the impact on mortality was highly
significant (F = 55.3, df = 5, p = 0.00). Mortality rates varied signifi-
cantly, ranging from 33.3 % to 100 % (P < 0.05) by the end of the 10th
day (Table 2). The highest efficacy was observed with the commercial
insecticide malathion and the 40 U mL™! VmChiA dose, both resulting in
100 % mortality, followed by 30 U mL ™! with 96.7 % mortality. While
the difference between these three treatments was statistically insig-
nificant (P > 0.05), the difference between them and 10 U mL’l, 20U
mL ! and control was significant (P < 0.05). The dose of 20 U mL™*
reached a mortality rate of 60 % and the lowest VmChiA dose of 10 U
mL ™! reached a mortality rate of 33.3 % compared to the control at the
end of day 10. The difference between the two doses and the control was
significant (P < 0.05). Probit analysis (Finney’s method) was used to
estimate the lethal doses and durations that caused 50 % and 90 % of the
population to die. The probit mortality regression data (LCs¢ and LCq)
are presented in Table 3 along with other estimated probit parameters.
The lethal concentrations (LCso and LCyg) of VmChiA against A. obtectus
were 13.95 U mL™! (11.29-16.28) and 27.66 U mL™' (23.13-36.87),
respectively (Table 3). Moreover, the dose-dependent lethal times (LTsq
and LTgg) were 3.4 d (2.9-3.8) and 7.5 d (6.6-9.1) for 40 U mL’l, 4.6
d (4.0-5.2)and 11.3d (9.4-15.2) for 30 U mL_l, and 8.4 d (7.0-10.8) for
20 U mL™}, respectively (Table 4). Since 90 % mortality rate could not
be reached at 20 U mL’l, LTgg value was not determined, and since both
mortality rates (50 % and 90 %) could not be reached at 10 U mL~}, LTso
and LTy, values were not determined.

3.4. Insilico analysis

The homology modeling results of the VmChiA catalytic domain
(Fig. 4) showed a GMQE score of 0.55, a QMEANDisCo Global value of
0.90 £ 0.05, and a sequence identity of 82.40 %. The QMEAN value was
calculated as 1.58, and Ramachandran analysis revealed that 97 % of the
residues were located in favored regions, with 100 % in allowed regions
and no outliers (Fig. S1). During MD simulations, RMSD values ranged
between 2 and 3.5 A for the Prot simulation, while the Prot-Lig simu-
lation exhibited a more stable structure with fluctuations around 2 A.
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Table 1
VmChiA purification process.

International Journal of Biological Macromolecules 313 (2025) 144285

Purification steps Volume (mL) Total Protein (mg)

Total Activity (U)

Specific Activity (U mg™1) Purification (Fold) Activity Yield (%)

Cell free extract 10.0 14.1 607.0 43.1 1.0 100
Ni?*-NTA purification 4.8 0.8 245.4 306.8 7.1 40.4
Ultrafiltration 2.4 0.6 192.1 320.2 7.4 31.6
A B
100 1004
K 9 ] - pH6
g z
Z 607 ]
:E 1 :E 50
TR g
= = ]
g 204 & ]
o4+—¥r—7——7— 0+
0 2 4 6 8 10 12 0 20 40 60
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C D
100 100
S 80- S
z iy z ]
Z 60 s ]
< ] 2 50
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g 207 g ]
0 —r 0~
0 20 40 60 80 100 0 20 40 60
Temperature (°C) Time (h)

Fig. 2. Effect of pH (A, B) and temperature (C, D) on the activity and stability of recombinant VmChiA.

The average RMSD values were 2.69 A and 2.27 A for Prot and Prot-Lig
simulations, respectively (Fig. S2). RMSF analysis indicated local
mobility in Gly67 and neighboring amino acids for the Prot-Lig simu-
lation after the ligand (GlcNAc), exited the binding pocket, whereas
Asp172 and neighboring residues showed significant motion in the Prot
simulation (Fig. S3). Salt bridge analysis revealed that the Glu274-
Arg296 salt bridge remained intact in the Prot simulation but was dis-
rupted after ~10 ns in the Prot-Lig simulation, suggesting structural
rearrangement (Fig. 5-6). Key interactions between Trp21 and Trp143
residues of VmChiA and the (GIcNAc), ligand were observed as the
ligand exited the binding pocket.

4. Discussion
Vibrio species, commonly found in oceans and seas, are natural

chitin degraders and often produce large amounts of chitinolytic en-
zymes to hydrolyze hard chitin [57,58]. Therefore, in the present study,

the chitinase gene of a chitinolytic strain V. maritimus was expressed in
E. coli and purified. Some biochemical properties of purified VmChiA
and its activity against A. obtectus, an important agricultural pest, were
tested. The recombinant VmChiA (320.2 U mg’l) exhibited a higher
specific activity than many chitinases available in the literature, such as
Chi4733 (175.5 U mgfl), Chi540 (1345 U mgfl) Chi4668 (39.5 U
mg 1), VhChit2 (36.5 U mg™?), SaChiB (28.4 U mg ™), VhChit6 (20.8 U
mg 1), rCHI-2 (19.0 U mg™ 1), Ce0303 (6.41 U mg 1), MaChil (1.78 U
mg’l) and CaChiT (0.2 U mg’l) [58-63]. The molecular mass of
VmChiA was determined to be ~60 kDa and was similar to Vibrio chi-
tinases such as VhChit6 (60 kDa), Chi4668 (61.15 kDa), Chil557 (61
kDa), Chi2497 (62.24 kDa) and VhChiA (63 kDa) [57,58,62,64].

To date, most of the chitinases available in the literature have been
reported to show optimum activity at an acidic or near-neutral pH and
generally in the range of 40-60 °C [10,65,66]. However, the optimum
pH and temperature of chitinases often vary even within the same spe-
cies. For most Vibrio-derived chitinases, the optimum temperature has
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Fig. 3. Lineweaver-Burk plot of VmChiA versus collodial chitin concentration.

Table 2
Insecticidal activity of recombinant VmChiA against A. obtectus adults.

Chitinase Dose (U mL™!) Mortality Rate (%) + SD*

Water (Control) 0.0 + 0.0¢
10 33.3 +15.3¢
20 60.0 + 17.3"
30 96.7 + 5.8%
40 100.0 + 0.0%
Malathion 100.0 + 0.0?

" Letters indicate differences between groups (Tukey’s HSD test, P < 0.05),
SD: Standard deviation.

Table 3
Lethal concentrations (LCso and LCqg) of VmChiA against A. obtectus after 10
days of exposure.

LCso (UmL™Y) (95%  LCo (UmL™Y) (95%  x2 daf p
CL) CL) value
13. 27.

VmChiA 3.95 766 580 2  0.055

(11.29-16.28) (23.13-36.87)

LCso: The concentration that causes the death of 50 % of insects after treatment,
LCoo: The concentration that causes the death of 90 % of insects after treatment,
CL: confidence limits, y* Chi-square, df: degrees of freedom.

Table 4

Effect of VmChiA doses on the lifespan of A. obtectus adults.
VmChiA Dose (U LTso (d) (95 % LTgo (d) (95 % Xz df p
mL™) CL) CL) value
10 ND* ND* - - -
20 8.4 (7.0-10.8) ND* 1.25 8 0.996
30 4.6 (4.0-5.2) 11.3 (9.4-15.2) 10.63 7 0.156
40 3.4 (2.9-3.8) 7.543 (6.6-9.1) 9.35 8 0.313

* ND (not determined) indicates that values could not be calculated because
mortality was <50 % or 90 %, LTsq: 50 % of insects dead after treatment, LTgo:
90 % of insects dead after treatment, CL: confidence limits, y* Chi-square, df:
degrees of freedom.

been reported to be 45-55 °C and the optimum pH in the range of
6.0-8.0 [64]. The purified VmChiA exhibited a similar optimal pH
profile as Vibrio sp. 98CJ11027 [67], V. rotiferianus [64], V. harveyi [64]
and V. harveyi WXL538 [62] chitinases, reaching maximum activity in
slightly acidic conditions (pH 6.0). The optimum temperature (40 °C) of
the recombinant VmChiA was lower than that of previously described
Vibrio chitinases (Chil557 (45-50 °C) Chi4668 (~50 °C), VhChit2
(50 °C) and VhChit6 (50 °C), while it was in agreement with Streptomyces
mutabilis IMAS, S. griseoinacarnatus RB7AG, Aeromonas sp. CQNU6-2,
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Fig. 4. Structure of the catalytic domain of VmChiA. Salt bridge-associated
residues (GLU274-ARG296gp) in the o + p domain (pink) is shown in green.
The ligand (GlcNAc), is shown in cyan.
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L

Fig. 5. A frame from the Prot-Lig simulation showing the longest distance of
the disengaged salt bridge between residues Glu274 and Arg296 at 82 ns
(18.52 A). The green licorine and line represent Prot, the pink licorine and line
represent Prot-Lig simulations. The red licorine points represent oxygen atoms
and the blue ones represent nitrogen atoms.
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Fig. 6. Plot of the distance change of the salt bridge between residues GLU274
and ARG296 during 100 ns.

Chitinibacter tainanensis CTO1 ve Bacillus cereus NK91 [58,62,64,68-72].
The kinetic parameters of chitinase against different substrates have
been evaluated in the literature [73,74]. In the present study, colloidal
chitin was used as substrate and various studies are given in Table 5 as
an example. The low K, value (0.042 mM) exhibited by VmChiA
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Table 5
Some biochemical and kinetic properties of chitinases isolated from different sources.
Enzyme source Used substrate Optimum Kinetic parameters Molecular weight Specific activity (U Reference
conditions (kDa) mg’l)
pH °C  Kn Vinax

Vibrio maritimus Colloidal 6 40 0.042 mM 17.48 pmol min~! 60 320.2 This study
chitin

Streptomces chilikensis Colloidal 7 60 0,02 mM 3184 mol min ! 10,5 60.53 [75]
chitin

Paenibacillus sp. Colloidal 45 50  4.28mgmL’ 14.29 pg min ! mL~! 30 0.85 [76]
chitin

Penicillium oxalicum k10 Colloidal 55 40 12,56 mgmL ! 1.05 pM min~! mg~! 45 162.1 [771
chitin

Thermomyces lanuginosus Colloidal 6.5 50 212.3uM 352.8 pmol min "’ 18 88.64 [78]
chitin

Bacillus cereus Colloidal 70 40 0,07 mgmL~! 76,9 pmol min~? 43.7 8.52 [79]
chitin

Stenotrophomonas Colloidal 7.0 50 1.6419 mg 16.129U mg ! 52 5.81 [80]

maltophilia chitin mL~!

Aeromonas media CZW001 Colloidal 8.0 55 5.26 mg mL ! 6.9Umg ! 40 10.37 [81]
chitin

Chaetomium globosum W7 Colloidal 50 45 3.18 mg ml ~* 8.05 pmol min~! mg~? 60 5.21 [82]
chitin

Chitinilyticum aquatile CSC-1 Colloidal 6.0 45 1.159 mg mL~* 10.37 pM min ' mg — ! 47 3.48 [83]
chitin

towards colloidal chitin reflects the high affinity of the enzyme for its
substrate. Furthermore, kinetic analyses performed under optimum
conditions indicate that VmChiA has a good potential for the biodegra-
dation of chitin. Suryawanshi and Eswari [78] determined K;; and Vg
values as 212.3 pM and 352.8 pmol min "}, respectively. Thakur et al.
[79] found K, and Vg values as 0.07 mg mL~! and 76.9 pmol min},
respectively, and Du et al. [76] found them as 4.28 mg mL ! and 14.29
ug min~! mL7L.

Chitinase enzymes are widely used in various industries such as
medicine (anti-inflammatory drugs, ulcerative colitis, anticancer and
anti-tumour, contact lenses, artificial skin and surgical sutures, etc.)
[84,85], food (improving fruit and vegetable processing processes and
fermentation conditions) [86], cosmetics (skin renewal products and
hair care applications) [87] and biotechnology (genetic engineering
applications and protein production) [88]. The versatile industrial ap-
plications of this enzyme have great potential for the development of
sustainable production processes. Recombinant VmChiA exhibited bet-
ter biochemical properties compared to many microbial-derived chiti-
nases available in the literature considering its thermal stability, pH
stability and specific activity [76,80,89].

The idea of using chitinases as bioagents in agricultural production
stems from the fact that chitin is a structural component in the
exoskeleton, trachea and peritrophic matrix of insects and is absent in
higher organisms. Moreover, the special potential of chitinases for pest
inhibition without disrupting the ecosystem has made them a safe and
effective strategy for the development of new pesticides [16]. The
insecticidal activity of VmChiA was evaluated against A. obtectus, the
major pest of stored beans. The recombinant enzyme resulted in 100 %
mortality in A. obtectus adults, with mortality increasing in parallel as
the dose of chitinase increased. When the 40 U mL ™! dose of VmChiA
was compared with the commonly used chemical insecticide (mala-
thion), there was no difference in mortality, with both treatments
reaching 100 % mortality. Malathion reached 100 % mortality within a
few hours after treatment, while VmChiA (40 U mL™!) reached 99 %
mortality in a longer period of 7 days. Although malathion shows the
desired effect in a much shorter time, considering its negative effects
[90,91], VmChiA, which has a longer duration of efficacy, can be a good
alternative to chemical insecticides because it is environmentally
friendly and has no toxic effects on humans.

The lethal effect of VmChiA on insects is likely to result from damage
to the peritrophic membrane lining the midgut epithelium and the
cuticle through contact after feeding on the chitinase-treated diet.

Indeed, this has been proven by histological observations made in pre-
vious studies [80,92,93]. Numerous studies have also highlighted the
efficacy of chitinase and chitinase-producing microorganisms against
agricultural pests [15,94]. For example, ChiA-Si40 was tested against
adults and larvae of Sitophilus granarius and a dose of 25 pg mL™! was
reported to cause 100 % mortality after 1 h of exposure [92]. Chitinase
immobilized on ZnO nanoparticle was tested against S. zeamais and 6
mg L~! caused 100 % mortality in insects [12]. Similarly, the chitinase
ChiB was evaluated against Spodoptera frugiperda and high mortality
rates, impaired development and reduced larval population were
observed [16]. In addition, as a result of the 5-day treatment of Lep-
tinotarsa decemlineata with chitinase, it was determined that the heads
and legs of the insects were detached and the tight structure of the
hexagonal cells on the elytra surface was disrupted [80]. Again, oral
administration of Trichoderma asperellum chitinase to Bombyx mori
larvae negatively affected their survival and development [93]. In
addition, Tawfiq et al. [95] tested the insecticidal activity of chitinase
immobilized on cobalt metal-organic framework on T. castaneum and
reported that the mortality rate at the end of the fourth day was 100 %
for immobilized chitinase and 25 % for free chitinase. When the results
obtained were compared with the literature results, it was determined
that similar insecticidal effects were observed even if the source of
chitinase and the insects treated were changed. These findings highlight
chitinases isolated from different microbial sources in the biological
control of pests and emphasize the utility of chitinases as an effective
strategy in agricultural production to reduce the use of hazardous
pesticides.

VmChiA can be integrated into broader biocontrol strategies by
combining it with other bioactive agents or microbial consortia target-
ing multiple pest species. Chitinases have shown synergistic effects
when used in combination with entomopathogenic fungi, B. thur-
ingiensis toxins or other microbial pesticides, increasing overall pest
suppression [93,96,97]. In addition, its use in combination with other
control methods can reduce the development of resistance in insects.

VmChiA catalytic domain homology modeling results based on the
3ARR [25], template are shown in Table 6. The GMQE (Global Model
Quality Estimate) value estimates the overall quality of the model and
assumes a value between 0 and 1 [98]. A GMQE score of 0.55 was ob-
tained during modeling. QMEANDisCo Global value of 0.90 + 0.05
mentioned that the overall quality of the model is high [44]. A sequence
identity of 82.40 % indicated that the model is based on a correct
template structure and is generally reliable. In homology modeling, a
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Table 6
VmChiA catalytic domain homology modeling results based on the 3ARR
template.

Template  Seq Oligo Seq GMQE QMEANDisCo
identity state Similarity Score Score + SD*
3ARR 82.40 % monomer 0.58 0.55 0.90 + 0.05

" SD: Standard deviation.

sequence identity above 30 % generally provides acceptable model
quality [99,100]. The QMEAN value of 1.58 indicates that the overall
quality of the model is above average (QMEAN Z-Scores: 1.58, Cp (C-
beta): 1.53, All Atom: —0.70, Solvation: —0.35, and Torsion: 1.49)
[101]. The Ramachandran plot analysis showed that 97 % of the resi-
dues in the model are located in the favored regions and 100 % in the
allowed region in Fig. S1. In addition, no outliers were observed in the
Ramachandran plot analysis [45]. The structure of the VmChiA catalytic
domain obtained from the Swiss-Model application [40] has a very high
structural quality. Especially the results of QMEAN and Ramachandran
analysis showed that the overall structural integrity of the model is
strong.

The MD simulations were designed as two simulations, named Prot
and Prot-Lig, with the pH of the system set to 6.0 and the temperature set
to 313.15 K (40 °C). It has been previously reported that temperature
and pH values are suitable conditions to initiate MD simulations.
Moreover, it has been demonstrated that the TIM-barrel structure is
retained at these conditions [32]. The structure of the catalytic domain
of VmChiA was modeled with the Swiss-Model application [40] and
visualized with the VMD application [56] and is shown in Fig. 4. RMSD
analysis was performed to evaluate how much the VmChiA catalytic
domain deviates from the initial reference structure (0 ns) and to eval-
uate the stability during the simulations. RMSD values for protein Ca
atoms were observed during 100 ns simulations. Prot (Green) typically
fluctuated in the range of 2-3.5 A throughout the simulation (Fig. S2).
Moreover, Prot-Lig (Red) showed a more stable structure and was
frequently observed to fluctuate around 2 A. Prot-Lig simulation can be
considered to have a more stable structure with lower RMSD values than
Prot simulation. Similarly, in previous studies, the RMSD of OvCHT1
was observed to be around 2 A during 10 ns of simulation [29]. In the
present study, the average RMSD values of protein Ca atoms were
observed 2.69 A and 2.27 A for Prot and Prot-Lig simulations, respec-
tively (Fig. S2). In the Prot-Lig simulation, after the ligand exits the
binding pocket at 50.ns, the RMSD is lower than in the Prot simulation,
suggesting that the main structure of the protein remains stable and that
the exit of the ligand unlead to a major change in the global structure of
the protein.

Additionally, in the time range 0-100 ns, RMSF analysis was per-
formed to study the average positional deviation of VmChiA catalytic
domain atoms and protein dynamics. The RMSF values were analyzed in
two different ways: for the first 50 ns (Fig. S3A), meaning until the
moment when the ligand (GIcNAc); exits the binding pocket in the Prot-
Lig simulation, and for the RMSF values of the all simulations (Fig. S3B).
A significant peak was observed in the first 50 ns and 100 ns, especially
at residue Gly67 and neighboring amino acids for the Prot-Lig simula-
tion. However, for the Prot 100 ns simulation, only residue Asp172 and
neighboring amino acids showed a significant peak. The local move-
ments of Gly67 residue and neighboring amino acids, the amino acids in
the binding pocket of the (GIcNAc); ligand were observed. However, the
motion of Aspl72 residue was noticed as a loop movement and this
region was observed to approach the o + § domain. Nevertheless, this
motion was unobserved in the Prot-Lig simulation. Furthermore, salt
bridges in the VmChiA catalytic domain were investigated to correlate
the structural changes observed in the RMSD and RMSF analyses.

The Salt Bridges plugin of the VMD application [56] was utilized to
define salt bridges in the structure by searching for ion pairs with an
oxygen-nitrogen distance within 3.2 A and measuring their distances. In
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100 ns simulations, 36 salt bridges were detected for the Prot simulation
and 39 for the Prot-Lig simulation. In particular, the distance of the salt
bridge between Glu274 and Arg296 in the o + p domain of VmChiA
structure was significantly different between the two simulations
(Fig. 5). The GLu274-Arg296 salt bridge was intact in the Prot simula-
tion, whereas in the Prot-Lig simulation, the bridge was observed to be
no longer intact after ~10 ns (Fig. 6). The dramatic decreases in the
distance of the Glu274-Arg296 salt bridge in the Prot-Lig simulation,
especially after the ligand exits from the binding pocket, suggests that
the protein is in a process of structural rearrangement to recover the
distance of the Glu274-Arg296 salt bridge (Fig. 6).

Many studies have reported key amino acids in the binding pocket of
the family 18 chitinases [20,23,25,27]. For instance, Trp275 and Trp397
residues of VhChiA structure (PDB: 3ARR) were reported to be impor-
tant for the binding of inhibitors in terms of hydrophobic interactions
[25]. Likewise, the role of Trp residues in the structure of chitinase B has
also been determined [102]. However, the major difference between
ChiA and ChiB is considered to be the structure of the loops that form a
‘roof’ over the active zone [23]. In the current study, the interaction
between VmChiA and (GlcNAc)2 ligand was analyzed by PLIP applica-
tion [49] with frames every ten nanoseconds until the ligand exits the
binding pocket (Table 7). When the VmChiA structure was super-
imposed with the other ChiA (PDB: 1CTN) structure [103], Trp275
corresponds to Trp21 in VmChiA. Moreover, when it compared to a ChiB
(PDB: 1E15) structure [102], residue Trp220 overlaps with Trp143. In
addition, in the ChiA (PDB: 3ARR) structure [25], the template the
catalytic domain of the VmChiA structure, Trp397 superimposed Trp143
in VmChiA. Table 7 shows the interactions of the VmChiA structure with
Trp21 and Trpl43 as the ligand (GlcNAc), exits the ligand binding
pocket.

5. Conclusions

The chitinase gene of V. maritimus was successfully cloned and
expressed in E. coli BL21. VmChiA, which was found to be mesophilic
(40 °C) and acidic (pH 6.0), exhibited good insecticidal activity against
A. obtectus, indicating that it could be a potential biocontrol candidate
for reducing crop losses due to insect pests in sustainable agriculture. To
enhance the long-term applicability of VmChiA in agricultural settings,
its stability can be improved by various biotechnological strategies.
Immobilization of VmChiA on biocompatible supports (e.g., chitosan
beads, silica matrices) or encapsulation in biodegradable polymers (e.g.,
alginate, polyvinyl alcohol) can provide protection against environ-
mental stressors and thus extend its functional life in storage applica-
tions. Further studies and observations are needed to better understand
the inhibition mechanism of chitinase on pests and to reveal its efficacy
on different pests. The Prot-Lig simulation showed that the protein was
in the process of a structural rearrangement to restore the distance of the
Glu274-Arg296 salt bridge. However, this rearrangement was hardly
occurred. This process was suggested to contribute to the o + § domain
of VmChiA providing an open, deep active binding cleft around the
substrate binding site of the enzymes. Further structural studies are
needed to clarify the role of the Glu274-Arg296 salt bridge in the ‘slide
and bend’ mechanism.

Table 7
Time-dependent variation of hydrophobic interactions and hydrogen bonds
while the (GlcNAc), exits the binding pocket.

Time Hydrophobic Interactions Hydrogen Bonds

0 ns* ASP 138 TRP 21, TYR 62, GLN 66, LYS 116

10 ns TRP 143, ASP 245 ASP 138, ARG 209, GLU 244

20 ns TRP 143 LYS 116, ASP 138, GLY 142, ARG 209

30 ns ASP 138, TRP 143, ASP 245
40 ns TYR 140

GLY 142, ARG 209, ASP 245
ASP 115, ASN 144, LYS 177, TYR 181

" First frame after equilibration process.
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