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Abstract Dendrolimus kikuchii Matsumura nucleopoly-
hedrovirus (DkNPV) is a novel nucleopolyhedrovirus
strain that has exhibited high potential as biological control
agent against D. kikuchii. In this work, a 1755-bp DkChi
gene with sequence homology to a chitinase gene was
cloned from the genomic DNA of DkNPV using a DNA
fragment library. The DkChi gene, encoding 558 residues
protein with a predicted mass of 61.6 kDa, was expressed
at high levels in Escherichia coli and purified by affinity
chromatography. We confirmed that the prepared protein
was the DkChi protein by mass spectrometry analysis.
Enzyme activity analysis showed that DkChi had both
endo- and exo-chitinase activities. Interestingly, the DkChi
protein displayed a strong insecticidal activity against
Spodoptera exigua, Hyphantria cunea, Helicoverpa armi-
gera and Lymantria dispar. The results suggest that DkChi
is a good candidate protein for significantly contributing to
pest control.
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Introduction

In insects, chitin is the major polysaccharide present in
the insect cuticle, gut lining or peritrophic matrix, sali-
vary gland, trachea, eggshells and muscle attachment
points [1]. Chitinases catalyze the degradation of chitin,
usually through hydrolysis of the B-1,4-linkage of the
N-acetylglucosamine polymer of chitin to disrupt cuticle
and gut physiology in many insect species [2]. Moreover,
chitinases also play important roles in morphogenesis and
cell division of organisms and inhibiting the growth of
fungal mycelium in plants [3]. Chitinases, which have
received close attention because of their potential appli-
cation as bioinsecticides, are thought to be more envi-
ronment-friendly than chemical pesticides in transgenic
plants and biological control agents. Therefore, many
chitinases have been isolated from natural sources such as
animals, plants and bacteria. Based on their different
amino acid sequences, molecular structures and hydro-
lytic mechanisms, chitinases are classified into two cat-
egories: family 18, using the mechanism of substrate-
assisted catalysis, and family 19, demonstrating acid
catalysis [3, 4]. Most of the prokaryotic and eukaryotic
chitinases belong to family 18, whereas chitinases of
higher plants and some Gram-positive bacteria are
grouped in family 19 [2]. These two families use three
primary mechanisms for degrading the chitin chain. En-
dochitinases cleave chitin randomly at internal sites [5],
exochitinases cleave off chitobiose (GIcNAc), or chito-
triose (GIcNAc); from the reducing or non-reducing end
of the chitin microfibril [6] and N-acetylglucosaminidas-
es, the third class of chitinolytic enzymes, release
monomers of GlcNAc [7-9].

Many baculovirus chitinases belong to glycosyl hydro-
lase family 18 [10]. These enzymes retain high endo- and
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exo-chitinase activities between pH 3.0 and 10.0 and even
higher alkaline conditions [11, 12]. Chitinases encoded by
members of the family Baculoviridae are localized within
the endoplasmic reticulum (ER) of infected cells because
of the presence of a carboxy-terminal ER retention motif
[13—15]. This motif is probably involved in hindering the
secretion of chitinase and redistribution of chitinase within
the cell during virus infection [11]. Deletion and mutation
of the Autographa californica multicapsid nucleopolyhe-
drovirus (AcMNPV) chitinase KDEL motif resulted in the
release of chitinase into the extracellular space and pro-
moted the liquefaction of the host insect [14, 15]. A new
recombinant AcMNPV with KDEL-deficient chitinase
enhanced the insecticidal activity against Trichoplusia ni
larvae and reduced the lethal dose and time until death
associated with infection [15].

Baculovirus chitinases are believed to be responsible for
the final liquefaction of infected host larvae [11, 12] and
are used as a new tool for insect control. For example,
treatment with the ChiA protein from AcMNPV resulted in
100 % mortality for Bombyx mori larvae and a significant
increase in the number and size of perforations of the
peritrophic membrane (PM) [16]. The deletion of chiA
from B. mori nucleopolyhedrovirus (BmNPV) evidently
delays cell lysis, with clear haemolymph and less degra-
dation of the body in silkworm larvae [17]. Furthermore,
chitinase and V-cathepsin, a cysteine protease involved in
the degradation of the proteinaceous components of
cadavers together promote the liquefaction of the host after
death [18, 19]. Deletion of the chiA or cathepsin gene of
AcMNPV has been shown to abolish the liquefaction
process [12, 20].

Dendrolimus kikuchii Matsumura nucleopolyhedrovirus
(DKNPV) is a new virus strain recently isolated from dead
D. kikuchii larvae in Mile County, Yunnan Province,
China [21]. The virus exhibited higher virulence against
the larvae of D. kikuchii than D. Kikuchii Matsumura
nuclear polyhedrosis virus (DKMNPV) previously isolated
by Yang et al. [21, 22]. Although DKNPV showed
insecticidal activity only against D. kikuchii, the insecti-
cidal genes from the DKNPV genome have huge potential
in biocontrol and transgenic engineering against other
insects.

In this paper, we report the isolation and characteriza-
tion of an insecticidal protein, DkChi, from DkNPV. We
also show the expression of the DkChi gene in Escherichia
coli and demonstrate its insecticidal activity against Spo-
doptera exigua, Hyphantria cunea, Helicoverpa armigera
and Lymantria dispar. The results suggest that the DkChi
has significant potential for use as a new tool for pest
control.
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Materials and methods
Viruses

The DKNPV was provided by the Research Centre of
Forest Insect Virus, Chinese Academy of Forestry. Virus
occlusion bodies (OBs) were purified by centrifugation in a
40-60 % (w/w) sucrose gradient of at 10,000g for 30 min
at room temperature. The bands containing the virus were
collected and washed with sterile water and then centri-
fuged three times at 12,000 rpm for 30 min at 4 °C.

Purification of viral DNA

Purified DKNPV was suspended in a buffer containing 0.1
M Na,COs;, 0.15 M NaCl and 0.05 M EDTA, pH 10.8, and
incubated at 37 °C for 1 h to dissolve the polyhedron
matrix. The pH of the suspension was adjusted to 7.0 with
0.1 M HCI, 0.5 % (w/v) SDS and proteinase K (50 mg/L)
were then added successively, and digestion was carried
out at 55 °C for 3 h. The solution was extracted with
phenol-chloroform-isoamyl alcohol (25:24:1) and chloro-
form, respectively. DNA was precipitated with two vol-
umes ethanol at —20 °C for 2 h, and pelleted by
centrifugation at 12,000 rpm for 10 min. The precipitate
was dissolved in TE buffer (pH 8.0) and stored at —20 °C.

Preparation of a DNA library

A DNA fragment library of DKNPV was constructed by
shotgun cloning. Purified genomic DNA was sheared by
ultrasonication into fragments with an average size of
1200 bp. The ends of each random fragment were repaired
using T4 DNA polymerase (Klenow) according to the
manufacturer’s protocols. Viral DNA fragments were then
cloned into pUCI19. Ligation products were introduced into
E. coli XL1-Blue competent cells (Stratagene) by trans-
formation. Recombinants were picked randomly. DNA
templates for sequencing were further prepared using
QIAprep Turbo Kits (QIAGEN) on a QIAGEN BioRobot
9600. Positive clones were sequenced at the Beijing
Genomics Institute in China.

Sequence and phylogenetic analysis

The predicted amino acid sequence was determined using the
DNAMAN tool. Sequence features, such as signal peptide,
pl and molecular mass were evaluated using protein analysis
tools (http://expasy.org/tools). The conserved domains and
motifs were deduced using PredictProtein. Chitinase
sequences were selected from NCBI. The mature protein
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sequences were aligned with Cluster X version 2.0, and gaps
were removed from the alignments. The phylogenetic tree of
those alignments was constructed by the neighbor-joining
method using the MEGA 4 program, and bootstrap values
from 1000 replicates are indicated at the branches.

Construction of bacterial expression plasmids

A truncated sequence of DkChi was amplified by PCR using
primers  (5-AAAAGGATCCTTGCCGGGGACGCCA-
CAAATCGA-3' and 5-AAAAGAGCTCAACGCGCAAC
ACGACCTCAGA-3') to generate BamHI and Sacl restric-
tion sites (underlined) at the 5’end and 3’end. The PCR
mixture included 40 ng DNA, 0.1 pmol forward and reverse
primers, 0.4 mM dNTP, 5 U of Expand High Fidelity Taq
polymerase (Roche), and 1x polymerase buffer (containing
MgCl,) and had a final volume of 50 pL. The reaction con-
ditions for PCR were as follows: 94 °C for 5 min, followed
by 33 cycles of 94 °C for 30 s, 60 °C for 45 s, and 72 °C for
1 min, and a final extension at 72 °C for 10 min. The
resulting DNA fragment was subcloned into the pQE30
vector (Novagen) with 6 xhis-tag gene under the control of
the TS promoter.

Overexpression and purification of the recombinant
protein

The DkChi protein was overexpressed as a fusion protein
with the 6xhis-tag in E. coli strain M15 (Novagen). 1 L
cells were cultured in a rotary shaker at 37 °C until an
ODggo of 0.6 was reached, and the expression of recom-
binant DkChi was induced by addition of 0.2 mM IPTG at
16 °C for 15 h. The cells were harvested by centrifugation,
homogenized in 80 mL buffer A (20 mM Tris-HCI,
150 mM NaCl, 10 mM imidazole, pH 7.5), and sonicated
on ice with a Sonifier (300 W, 3 s/2 s). After centrifuga-
tion, the soluble fraction was applied to an Ni Sepharose 6
Fast Flow (GE Healthcare) column. The column was
equilibrated with buffer A and initially eluted with buffer B
(20 mM Tris-HCI, 150 mM NaCl, 20 mM imidazole, pH
7.5). The adsorbed protein was eluted with buffer C (20
mM Tris-HCI, 150 mM NaCl, and 200 mM imidazole, pH
7.5) and buffer D (20 mM Tris-HCI, 150 mM NaCl, and
500 mM imidazole, pH 7.5), sequentially. The adsorbed
protein fractions were pooled and dialysed against buffer E
(20 mM Tris-HCI pH 7.5) using a 10-kDa Centricon con-
centrator (Millipore). The dialyzed solution was condensed
by freeze drying and loaded onto AKTA FPLC Resource S
column (GE Healthcare, NJ, USA). The chromatography
was equilibrated with buffer E, and adsorbed protein was
eluted in a linear gradient using NaCl from 0 to 0.2 M in
buffer E. Finally, the protein was further purified on an
AKTA FPLC Superdex 75 HR10/30 (GE Healthcare, NJ,

USA) in buffer F (10 mM Tris-HCI, 150 mM NaCl, 2 mM
DTT, pH 7.5). The identification and purity of the samples
were confirmed by SDS-PAGE (12 % gel).

Mass spectrometry analysis

The protein band was removed from the SDS-PAGE gel
with a scalpel, crushed, and destained by washing with
25 mM ammonium bicarbonate containing 50 % acetoni-
trile for 1 h. Then, the gel pieces were shrunk with 100 %
acetonitrile and completely dried before tryptic digestion.
The protein was digested with 25 mM NH4HCO; contain-
ing 0.01 % sequencing-grade trypsin (Promega, Madison,
WI, USA) at 30 °C overnight, and the mixture was then
sonicated for 10 min and centrifuged. The supernatant was
removed, and the peptide fragments were extracted twice
with saturated matrix solution (o-cyano-4-hydroxycin-
namic acid in 60 % acetonitrile and 0.1 % trifluoroacetic
acid). The sample was spotted onto the MALDI target plate
and air-dried before mass spectrometric analysis.

The peptide was identified by MALDI-TOF MS (ReFlex
III, Bruker USA), and mass fingerprint spectra were acquired
and analysed by the National Center of Biomedical Analysis,
Academy of Military Medical Sciences, Beijing, China.

Protein identification was performed using the Mascot
search engine (Matrix science) in the NCBI non-redundant
database, and the monoisotopic, mass accuracy, 0.2 kDa
and missed cleavages values were set to 1.

Enzymatic activity of DkChi produced in E. coli

Enzyme activity of the recombinant DkChi protein was
quantified as described previously [5, 16] using 4-methyl-
umbelliferyl B-D-N,N’ diacetilchitobioside [4MU-(GluN-
AC),] and  4-methylumbelliferyl — B-D-N, N'.N”
triacetilchitotrioside [4MU-(GIuNAC)3] substrates for
estimating exo-chitinase and endo-chitinase activities,
respectively. For each standard assay, 20 pL of Mcllva-
ine’s buffer (0.1 M citric acid, 0.2 M dibasic sodium
phosphate, pH 5.0) and 5 pL of the appropriate substrate
were mixed, and different amounts of protein were added
to each tube. After incubation at 30 °C for 30 min, the
reaction was terminated by adding 120 pL of 1 M glycine/
NaOH buffer, pH 10.6, for 5 min. Fluorescence was
detected using a Fluoroskan fluorimeter (Thermo) with
excitation at 360 nm and emission at 460 nm. All experi-
ments were repeated three times.

Insect bioassays
S. exigua, H. cunea, H. armigera and L. dispar were pro-

vided by the Research Centre of Forest Insect Virus, Chi-
nese Academy of Forestry. Larvae were fed on an artificial
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Fig. 1 Nucleotide sequence of the DkChi gene and the predicted» agctatggtgacttaataagacattttacaATGTTGCACTCTTTGCTTTTTGTAGCCGOG
amino acid sequence of its encoded protein. Capital letters and small M L HS LLFUVYAA 10
letters indicate coding regions and non-coding regions, respectively. 61  TGCGCGGTTACGATTTGTOGCGCGTTGCCGGGGACGCCACAAATCGAGTGGGGCGAGLGE
Nucleotides are numbered on the left, and amino acids on the right.*, CAVTICRALPGTPGQTIEWG GTET R 30
termination codon. The signal peptide is underlined. The typical 121 AACTACGCCCTGGTCAAAGTCGACGGCGAGGGAACGTCGTACGAGAATCTGATCACGGTG
chitinase 18 glycohydrolase motif is indicated by double underlining. NYALVEVDGEGTSYENLTITV 50
The consensus Prosite motif is shaded and in bold type. An 181  CACCCGAGOGTGCACATACCGCTGCAGTGGAACGTGTACAACGGGCGCAGCGGCGACTTG
endoplasmic reticulum targeting sequence is shown in bold. The HPSVHIPLQWNYYNGRSGDL 70
putative motif for late transcription initiation is shaded 241 GCCTACGTGTTCTTTGACGATOGGCAGGTGTGGAAGGGGGACGCTGCCGCCAAGAAGGCC
AYVFFDDRAQVWEGDAAAEKEKA A 9
301  GTGATCCCGTTCGATCGCAGCGGGCATTTCAGCGCGACGGTGAAGCTGTGCGACGACGAC
diet and reared at 26 =1 °C, and 60-70 % relative VIPFDRSGHFSATYKLCDDD 110
humidity, with a 14:10 h light:dark photoperiod. The 361 G?GTE.CAiTc25nicG::CGiﬁG’iGnE4\.-\TL‘AQJ\G1CGicc::cnincﬁcc?ccfttarl‘ll‘c -
insecticidal activity assay in vivo and determination of )1 ooeeTaeCeTACGAGTOO600AGAACANCAAGACEANCATCAGGCECGCGEACARA
50 % lethal concentration (LCsy) were performed as DPLPYEWAENNEKANTIRRADEK 150
described previously [23] and partly modified. Briefly, a 481  ACGGTGGCCGCTTACTTTGTCOAGTGGGGAGTGTACGGCCGCAACTTTCCCGTGAACCGG
100-HL volume of each of five appropriate doses of DKChi T ¥ A A X F Y EE 6N X6 RN E RGN R
A . R . . . 541 GTGCCCCTGCCCAACCTGTCGCACCTGCTGTACGGATTCGTGCCGATATGCOGCGGAGAG
protein solution (concentration in ng) dissolved in elution VPLPHNLSHLLYGFVPICGEG GE 19
buffer were applied to the surface of artificial diet in each 601 GGCATCAACGATGCGCTGAAMACGATTCCGGGCAGCTTTGACGCTTTGCAGCGGTCGTGE
2-cm” well (Sterilin plates). Control diet was added with G L N DA Lk 00 1B G As B D A LQ RS 6 210
elution buffer F only. After the plates were dried, third- 661 AAL.[.[.{rL{.LT,L(,(,ALIILMA{,I(,(,LAII.'\L.'\L{,ALA'JLil:{r{rLL{.L(,L](.U\!\M(.LU(, ‘
. 7 ; KGRADFEKVYALHDTIWAALGEKTP 230
instar larvae were divided into groups of 20 larvae (3 per 721 CAAAAGAGOGTGTCCGCGTGGAGCGAGCCGTACAAGGGCAACTTCOGCCAGCTAATGGCE
well) and used in the experiments. Mortality was monitored QKSVSAWSEPYEKGNTFGRQLMA 250
daily after 5 days, and LCs, values were estimated by 781 GCCAAACTCGCCAATCCACACCTAAAAGTTTTACCCTCCATCGGOGGCTGGACCCTGTCG
Probit analysis [24] AKLANPHLEKYLPSTIGGWTLS 270
y : 841  GACCCGTTCTTTTTTATGCACGACGCAACGAAGCGCGCCACGTTCGTCGAGTCGGTGCGC
DPFFFMHDATEKRATFVESVR 290
901 GAGTTTTTGCAGGTGTGGAAGTTTTTCGACGGAGTCGACGTCGACTGGGAGTTTCCCGGC
Results EFLQVW¥KFEDGVYVDVDWETFTFPG 310
961  GGCAAGGGOGCCAACCCGCTGCTCGGCGACGCGACCCGCGATTCGCTGACGTACGTGTCG
G KGANPLLGDATRDSLTTYVS 330
Characterization of DkChi 1021 TTGATGCGCGAGCTACGCGCCATGCTCGACGAGCTGCAGACGCGCACCAATAGAACGTAC
LMRELPRAMLDELG QTRTNERTY 350
The target DNA was obtained from the DNA fragment 1081 GAACTGACGAGCGCCATCAGCGCCGGCTACGATAAAATCAACGCGGTCGACTACACGACC
. . . ELTSAISAGYDEKTINAVYDTYTT 370
library of DkNPV, named DkChi, GenBank accession no. 1141 GCGCACGCCTTTTTGGACAAAATATTCCTCATGACCTACGATTTTAAGGGCGCGTGGTCC
JN680874 (Fig. 1). The CkChn134 gene was 1755 bp long AHAFLDEKTIFLMTYDFTEKTG GATWS 39
and contained an open reading frame (ORF) of 1674 bp, 1201 AACACCGACCTGGGCCACCAGACGCCGATCTACGOGCCCGCCTGGAATCCCAACGAGCTG
encoding a 558-residue protein with a theoretical molecular 1261 1'iCAlL‘G{D‘U‘;T‘i‘rgt;{'Fr,;m;rr‘];(‘t‘ml"t'ri(‘e\:(‘c]:r‘t‘:\;{'r{'i(‘(‘?r‘i'zc‘ci(winn'i;(' "
mass of 61.68 kDa, pl 5.7. The deduced protein has the T oAbV ALY K ELE K ;J"R YRS H K1 450
typical features of signal peptide at 1-18 aa. A consensus 1321 ATCCTCGGTGTGGOGATGTACGGCCRCGGCTEGACCGOCGTGGCEGCCCC0G00GGTTCG
baculovirus late transcription initiation motif, ATAAG, [L6VAMYGRGWTGVAAPAGS 450

1381 AGCCCACCGTTCTTGGGCTCGGCCACGGGTCCCGTCAAAGGCACCTGGGAGAACGGAGTC
SPPFLGSATGPVYEKGTWENTG GV 470
GTCGACTATCGCCAGATCGCCGGCGACATGCACAAATACAAGTATACGTTCGACACAGCC

was found 16 bp upstream from the putative translation
start codon ATG. The typical poly(A) signal, AATAAA 1441

was not present downstream of the chitinase ORF. The VDYRQIAGDMHEKYEKYTEFDTA 49
enzyme contained a predicted polycystic kldney (PKD]) 1501 GCCGAGGCGGCCTATGTGTACGACGCGGGTGCAGGCGATCTGATCACGTTCGACAGCGTG

. - . AEAAYYVYDAGAGDTLTITFDSV 510

domain at aa 45-125 and a characteristic endoplasmic _ e e . o7
. ) ; 1561 GACTCGGTGTCCGCCAAGGTGAAGTATATGGACGAACACAATTTGGGCGOCGTCTTCOCC

reticulum targeting sequence, REEL, at the C-terminus. DSVSAKVYEKYMDEHNTLG GG GVTFA 530
Analysis of the DkChi functional motif revealed a con- 1621 TGGGAAATAGACGCAGACAACGGAGATTTGCTCAACGCCATGAATACGAAATCTGAGGTC

served family 18 glycohydrolase motif (SIGGWT) and the PELRADNGD L LN A NN TR e B 90
. . L 1681 GTGTTGCGCGTTCGTGAGGAGTTGTAAtagg taagtgtgegtgtyt teateageagegge

consensus Prosite motif (FDGIDIDWE) containing the VLRV EREEL % stagtataeRtaty eascry -

critical glutamate residue, which acts as a proton donor in 1741 gecgeggtittgatt

the catalytic domain. Furthermore, the conserved aromatic
residues of DkChi that are involved in the chitin-feeding
mechanism and substrate binding were located on the  the immunoglobulin-like fold, Trp224, Trp237 and Tyr162,
surface of the protein at positions similar to those in  leading into the catalytic cleft, and Trpl59, Typ531,
SmChiA from S. marcescens and other chitinases [25, 26].  Trp277, Tyr411 and Trp389, forming the catalytic binding
These aromatic residues included Trp-27 and Trp-60 along  site. Additionally, after analyzing the deduced amino acid
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sequence of DkChi by BLAST in NCBI, we found that
DkChi shared a high degree of sequence identity with
family 18 chitinases from H. cunea NPV (70 %), Orgyia
pseudotsugata MNPV (70 %) and A. californica NPV
(69 %). Phylogenetic analysis of baculovirus chitinases
showed that DkChi was grouped with HCNPV, OpMNPV,
BmNPV and AcMNPV (Fig. S1). This suggests that they
may have similar features and functions.

Expression and purification of the DkChi protein

In order to analyze the biological activity of DkChi, the protein
was expressed in E. coli with a N-terminal 6xHis-tag. The
recombinant protein was obtained in the major soluble fraction
after induction at 16 °C with 0.2 mM IPTG (Fig. 2, lane 2).
The recombinant His-tagged DkChi was purified using Ni*"
affinity chromatography (Fig. 2, lane 5). Subsequently, the
eluted fractions were collected and further fractionated on a
cation exchange chromatography column (Fig. 3a). Finally,
the partially purified concentrated protein was further purified
by gel-filtration chromatography (Fig. 3b).

MALDI-TOF mass spectrometry analysis of the DkChi
protein

The purified protein was identified by MALDI-TOF-MS on
the basis of peptide mass fingerprinting, following in-gel
digestion with trypsin. The peptide mass fingerprinting data
were matched with the theoretical peptide masses of all

Fig. 2 SDS-PAGE analysis for expression and Ni**-affinity chro-
matography of the DkChi protein. Lane 1, the insoluble fraction of
induced cells after sonication; lane 2, the soluble fraction of induced
cells after sonication; lane M, molecular mass markers (from the top
down, 94.0, 66.2, 43.0, 31.0, and 20.0 kDa); lane 4, culture pellet
(uninduced); lane 5, culture pellet (induced with 0.2 mM IPTG at
16 °C). Lane 6, purified DkChi protein eluted with 20 mM Tris, 150
mM NaCl, 500 mM imidazole, pH 7.5

300
250
200
150

0.D.(280mAU)
("1/10w) [DEN

100
50

Elution Vol(mL)

=

300

0.D.(280mAU)

0 5 10 15 20
Volume (mL)

Fig. 3 Purification of the DkChi protein from E. coli. a The DkChi
protein was purified by cation exchange chromatography on an FPLC-
Resource S column. b The DkChi protein was purified by gel-
filtration chromatography on FPLC-Superdex 75 HR10/30 column.
The purity was checked by SDS-PAGE analysis after each purifica-
tion procedure

proteins from viruses in the NCBI database, using Mascot.
A representative spectrum of trypsin-digested protein is
shown in Fig. 4, and only JN680874 protein from DKNPV
was obtained as a result, with a score of 123. This dem-
onstrated that the purified DkChi protein is the IN680874
protein from DKNPV.

Enzyme activity analysis of DkChi

In order to test the DkChi exo- and endo-chitinase activi-
ties, we measured the enzyme activity of DkChi using
4-MU-(GIcNAC), and 4-MU-(GIcNAC); substrates,
respectively. As shown in Fig. 5, both exo- and endo-chi-
tinase activities increased with the DkChi protein concen-
tration up to 4.7-fold and 3.7-fold, respectively, over their
lowest levels,. These data indicate that the DkChi enzyme
produced in E. coli was active and exhibited its native exo-
and endo-chitinolytic activities.

In vivo assays on larvae

The DkChi protein showed a strong insecticidal activity
against S. exigua, H. cunea, H. armigera and L. dispar. The
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Fig. 4 Identification of the S
purified DkChi protein based on
its MALDI-TOF peptide mass Matched peptides shown in Bold Red:
ﬁngerprint (PMF). The PMF MLHSLLEVAACAVTICRALPGTPOIEWGERNYALVKVDGEGTSY ENLITVHPSVHIPLOWN
Iysi de fi VYNGRSGDLAYVFFDDROVWKGDAAAKKAVIPFDRSGHFSATVKLCDDDGCSRSDAVR
ana ySlS was made from IKVADTDGGHLDPLPY EWAENNKANIRRADKTVAAY FVEWGVYGRNFPYNRVPLPNLS
fragments of DkChi protein 4 4 HLLYGFVPICGGEGINDALK TIPGSFDALQRSCKGRADFEVALHDIWAALQKPOKSVS AW
derived th h . SEPYKGNFGOLMAAKLANPHLKVLPSIGGWTLSDFFLEMUDATKRATFVESVREFLOV
erived t roug [I'ypSll'l 8 WKFFDGVDVDWEFPGGKGANPLLGDATRDSLTY VSLMRELRAMLDELOTRTNRTY
digestion. The sequence i ELTSAISAGYDKINAVDY TTAHAFLDKIFLMTY DFKGAWSNTDLGHOTPIYAPAWNPNELY
f th f . g TADVAVKELFKORVPSHKILGVAMY GRGWTGVAAPAGESPPFLGSATGIVKGTWENG
coverage of these fragments 1s ! VVDY ROIAGDMHKYKY TEDTAAEAAY VY DAGAGDLITFDSVDSVSAKVKY MDEHNLG
shown in bold red type GVFAWEIDADNGDLLNAMNTESEVVLRVREEL
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LCsp (50 % lethal concentration) values for the larvae were
192.4, 3053, 378.9 and 431.7 ng/lcm? respectively
(Table 1).

Discussion

In this paper, DkChi (JN680874) from Dendrolimus kiku-
chii nucleopolyhedrovirus was characterized. Based on the
alignment with HcNPV and other NPVs, several functional
consensus motifs identified in baculovirus chitinase genes
were found in the deduced DkChi full-length sequence. It
contained an N-terminal secretion signal that was cleaved
upon translation and a C-terminal ER-retention sequence
(Fig. 1) that is probably involved in retaining the enzyme
inside the cell. ER-retention sequences have also been
identified in the chitinases of B. mori NPV [27], AcNPV
[14, 15] and HaSNPV [10]. Because of the ER retention
motif (KDEL), chitinase of AcMNPV was localized in the
ER during infection, and deletion of the KDEL motif
resulted in earlier secretion into the medium from infected
cells [14, 15]. Furthermore, the two major domains, a
PKDI1 domain and a catalytic domain indicative of the
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family 18 glycohydrolase, which were deduced from the
DKkChi sequence are similar to the known structures present
in SmchiA [28]. The PKD1 domain, which forms an
immunoglobulin-like fold, is involved in carbohydrate
splitting and guiding the substrate into the catalytic groove
[29, 30]. The catalytic domain forms a deep substrate-
binding cleft [25, 26]. In addition, conserved tryptophan
residues along the PKDI fold and other aromatic residues
in the catalytic domain have been found on the surface of
SmChiA and other chitinases [25, 26]. The conserved
residues of SmChiA, included Trp69 and Trp33 in the
N-terminal domain and Trp245 in the catalytic domain,
which play a vital role in chitin binding, and Phe-232
guides the chitin chain into the catalytic cleft [25]. Young
et al. [26] reported that ORF110 from Epiphyas postvittana
nucleopolyhedrovirus (EppoNPV) has conserved residues
Trp223, Trp236 and Tyr161 leading into the catalytic cleft
and Trp158, Trp529, Trp266, Tyr410 and Trp388 forming
the catalytic binding site. Analogously, DkChi has Trp-27
and Trp-60 in the corresponding positions along the
immunoglobulin-like fold, and Trp224, Trp237 and Tyr162
may also aid in feeding the insoluble chitin chain into the
catalytic pocket and thus to the active site, and Trp159,
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Fig. 5 Enzymatic assay of DkChi purified from E. coli cells.
Increasing amounts of the recombinant ChiA were incubated either
with 4-MU-(GlcNAc), to detect exo-chitinase activity (a) or with
4-MU-(GIcNAc); to detect endo-chitinase activity (b). Results are
expressed as means £+ SE (n = 3)

Table 1 Insecticidal activities of the DkChi protein

Insect species LCso (ng/cmz)] Fl 95min-max’ Slope
Spodoptera exigua 192.4 68.3-587.7 2.5
Hyphantria cunea 305.3 98.6-578.8 2.3
Helicoverp armigera  378.9 74.1-543.2 34
Lymantria dispar 431.7 114.2-846.5 1.9

! L.Csp, 50 % lethal concentration

2 Fl 95min-max, 95 % confidence limit

Typ531, Trp277, Tyr41l and Trp389 probably form
hydrophobic interactions with hydrophobic faces of the
alternating glucosamine units of chitin, thus producing the
binding sites.

To investigate its biological activity, the truncated
DkChi gene lacking the N-terminal signal peptide sequence
and C-terminal ER-retention sequence (REEL) was
expressed in E. coli. A small amount of the recombinant

DkChi protein was stored in inclusion bodies, and large
amount was in soluble cytosolic components (Fig. 2). In
order to avoid the multi-step renaturing processes required
to recover the enzyme activity, the recombinant protein
was efficiently purified in its native form and further
identified by SDS-PAGE and MALDI-TOF MS (Figs. 3,
4). The DkChi protein showed both exo- and endo-chiti-
nase activities using 4-MU-(GIcNAc), and 4-MU-(Glc-
NAc)s;, respectively, as substrate, (Fig.5). This is
consistent with previous reports showing that baculovirus
chitinases have both exo- and endo-chitinases activities
[11, 12, 16].

The DkChi of DKNPV displayed an obvious insecticidal
activity agianst S. exigua, H. cunea, H. armigera and
L. dispar (Table 1). This indicates that DkChi has great
potential for use in pest control. Previous studies have
demonstrated the role of baculovirus chitinase. Rao et al.
reported that ChiA of AcMNPV resulted in a decrease in
larval body weight (LW) of B. mori at a dose of 0.56 pg/g
LW and 100 % mortality at a dose of 1 pg/g LW [16].
ChiA from BmNPV could aid in degrading the chitinous
PM lining the B. mori larval midgut [17]. Whether the
insecticidal mechanism of DkChi is due to the damage of
PM needs to be investigated further.

In summary, in this work, we have identified a new
chitinase from DkKNPV as a candidate protein capable of
protecting crops and forests against insect pests.
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