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A chitinase cDNA clone (CpCHI, 1002 bp) was isolated from papaya fruit, which encoded a 275
amino acid protein containing a 28 amino acid signal peptide in the N-terminal end. The predicted
molecular mass of the mature protein was 26.2 kDa, and its p/ value was 6.32. On the basis of its
amino acid sequence homology with other plant chitinases, it was classified as a class IV chitinase.
An active recombinant CpCHI enzyme was overexpressed in Escherichia coli. The purified recombinant
papaya chitinase showed an optimal reaction temperature at 30 °C and a broad optimal pH ranging
from 5.0 to 9.0. The recombinant enzyme was quite stable, retaining >64% activity for 3 weeks at 30
°C. The spore germination of Alternaria brassicicola could be completely inhibited by a 76 nM level
of recombinant CpCHI. Recombinant CpCHI also showed antibacterial activity in which 50% of E.
coli was inhibited by a 2.5 uM concentration of the enzyme.
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INTRODUCTION the signaling of infection, whereas the vacuolar chitinase
degrades the fungal cell wall to inhibit pathogen grows. (
Chitinases have been demonstrated to be useful in agriculture
for controlling plant pathogen (5).

c On the basis of the amino acid sequence similarity of the
catalytic domains, chitinolytic enzymes have been grouped into
families 18 and 19 of glycosyl hydrolases (6). Family 18
chitinases, using the substrate-assisted catalysis mechanism, lead
the retention of conformation at the anomeric carbon of the

endogenous substrates, chitinases are thought to be involved ijproduct (7); meanwhile, family 19 members, using the acid

the defense system against pathogen attack as a pathogenesigf"t"’?lys'S mechanism, mverg '.[he product into anomeric config-
related (PR) protein3). Among PR proteins, chitinases and uration @). At present, the chitinases of both families are present

p-glucanases hydrolyze chitin afil,3-glucan, which are the in plants ). Chitinases can be divided into three groups on

major components in the cell wall of many phytopathogeneic the bas:slof their _agéivities: e;ochit(ijna?]¢§, endoclhitinases, and
fungi (4). Chitinases, likes-glucanases, contribute to plant \-acetylglucosaminidases-12). Endochitinases cleaye1,4-

defenses due to their ability to degrade the cell wall and inhibit 9/Yc0side linkages randomly within the chain, generating a low

the growth of fungal pathogens. In the early stage of patho- molecular mass of GlcNac, such as chitiotetraose, chitotriose,
genesis, apoplastic chitinases release the elicitor molecule thaf’jlnd d|acetylch|tob|.oseLO). Ir! comparison, exochitinases .specn‘-
activates the defense mechanisms of plants (3). Then the'Ca”y cleave off diacetylchitobiose from the nonreducing end
synthesis and secretion of apoplastic chitinases occur to enhaanf the chitin _cham _11)’ whereasf\l-acetylgl_ucosamnldast_esf
cleave the oligomeric products of endochitinase and chitibio-

* Address correspondence to this author at the Department of Food sidase, generating monomers of GlcNae,(13). Some plant
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Chitin, a linear$-1,4-linked homopolymer oN-acetylp-
glucosamine (GIcNAc), functions as a structural polysaccharide
and is widely distributed in fungal cell walls, the exoskeleton
of arthropods, and the outer shell of crustaceans. Chitinases (E
3.2.1.14), catalyzing the hydrolysis of chitin, occur in viruses,
bacteria, fungi, insects, plants, and animdl}. Chitinolytic
activity can be involved in the nutrition process, morphogenesis,
and old cuticle degradation2). In higher plants without
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1 AAGCAGTGCT AACAACCCAG AGTACGCGGG GCCCACAAGA ACATCCCTTA ATTTCTCCTT
61 CTCCAATCTC CAAAGAGAAA CAAMTGTCGC CAAACAATGT CGCCAAACAA TGCCTTACTC
1 I S P NN & L L
121 CTTTCICTTC CCCTCCTTGT TTCCTTGCTIC ATTTCGGCCA TGCCCAGACC AGTAACGAGC
9 L sLP LLVY SLL I S4&KX PRP VTS
181  CAGAACTGTG GCTGTGCGCC CAACTTATGT TGTAGCAGGT TCGGGTTCTG TGGCCAGGGC
22 QNCG CA4P NLC CSRF GFC GQGF
241  GAGGCGTATT GCGGCGAGGG ATGCCGGGAA GGTCCATGCA ATAAGCCGTC GCCTACTCCT
499 E 4 YC GEG CRE GPCHNK KPS PTP
301  GGCGGCGGCA GTTCACTTGC AGAGATCGTC ACTCCCGATT TCTTCAACGG AATAATTAAT
69 G G G S SL 4 EI V¥ TPDF FHNG I IN
361 CAAGCGGCTG CCGGCTGTGC CGGGAAGAGT TTTTGCTCGC GAGGTGGCTT TCTAGATGCT
89 Q 4 A A GCA GKS FCSR GGF L DA
421  GCTAATTCGT TTCCCGAATT TGGAAAMCTT GGTTCAGTCG ATGATTCTAA GCGTGAGATT

109 4 N SF PEF GXKL GSVD DSE RETI
481  GCTGCGTTTT TCGCTCATGT CACCCATGA& ACTGGACATT TTTGTCACAT CGAAGARATA
1290 4 4 FF AHV THE TGHF CHI EETI
541  AATGGAGCTT CTCATGACTA TTGCGACGAG GGAAACACAC AATACCCTTG TGCACCAGGG
149 N G 4 S HDY CDE GNTQ YPC 4FPG
601  AAGAACTACT TCGGCCGAGG ACCGATTCAG CTAACATGGA ATTACAACTA CGGAGCAGCC
169 K N Y F GRG PIQ LTVW¥UN YHNTY G 44
661 GGTGATGCCT TGAGGCTCAA CTTGTTAGGC TCGCCGGAGA TGGTGGCAAG AGATGCTGCA
189 ¢ D AL RLUN LLG SPEHN V &R DA 4
721 GTTTCCTTCA AGACAGCCTT GTGCTTTTGG ATGAAGAATG TCCGGCCGGT GATCAACCAA
209 |lv s P K T alL ¥WF V¥ X[EXY RPY INQ
781  GGGTTCGGTG CAACCATTCG AGCCATCAAC GGTGCAATAG AGTGCAATGG GGGAAATCCA
220 G F G A& TIZR 41K G4IETCEHEG GNP
841  GGAACTGTTC AGGCTCGTAT TGGTTATTAT AGAGATTATT GTGCTAAATT TGGTGTTGCT
249 ¢ TV Q 4RI GYY RDYC 4#KF GV 4
901  CCTGGTGAAA ATCTCAGTTG TTAATTACTT ATTATGTCTA ATAGTTTCCT ATTTGAGACA
269 P G EN L S C =*

961  AATGAAGCCA AACARAAATA AAATAARATA ATATATTITT TT

Figure 1. Nucleotide and deduced amino acid sequence of a papaya chitinase (CpCHI) gene. The numbers on the left refer to the nucleotide and amino
acid residues. The underlined regions indicate the putative signal sequence predicted by CBS Prediction Servers (http:/ww.cbs.dtu.dk/services/) SignalP-
NN prediction. The boxed region shows the highly conserved motif VSFKTALWFWM, which is located at 209-219 aa.

latex (17,18). Moreover, there were no reports on the gene
cloning, sequencing, and biochemical characterization of the samples according to the Pine Tree meth2@)(The poly(Aj- RNA
papaya chitinase. In this study, we cloned a cDNA encoding Was isolateq from the total RNA with an Olig_otex mRNA Kit (Qiage_n
class IV chitinase from a papaya fruit by PCR-based subtractive Inc., Valencia, CA). The cDNA was synthesized and used for cloning
hybridization. The biochemical analyses showed that recombi-
nant CpCHI has a wide optimal pH value, long-term stability,
and strong antifungal activity. These results suggest that
recombinant CpCHI is potentially useful as a biocontrol agent
that can protect plants against agriculture pathogens.

MATERIALS AND METHODS

Plants and Materials. Papaya (Carica papayh. cv. Tainong 2)
fruits were harvested from a local orchard at different development
stages and then were immediately frozen and storee8&t°C until
their use Alternaria brassicicolavas provided by Dr. Jenn-Wen Hung
of the Department of Plant Pathology of the National Chung-Hsing
University. Glycol chitin was prepared through the method of Yamada from subtractive hybridization. The-Bnd of the chitinase gene was
and Imoto with reacetylation using acetic anhydri@i®)( All enzymes
were purchased from Promega (Madison, WI). Chemicals were cDNA from ripe fruit as template and the two primers Cp-chi-R1 and
purchased from Merck (Darmstadt, Germany), whereas oligonucleotide Cap-G (5'AAGCAGTGGTAACAACG CAGAGTACGCGGG). Cp-
primers were purchased from DNAFax (Taipei, Taiwan).

mRNA Preparation. The total RNA was extracted from papaya

the differentially expressed cDNA, in which a PCR-based subtractive
hybridization kit was used (Clontech Lab., Mountain View, CA).
PCR-Based Subtractive Hybridization and CapFinder PCR.
Papaya cDNAs derived from both ripe and immature fruits were used
in subtractive hybridization (Clontech, PCR-Select cDNA subtraction
kit) according to the procedure developed by Wang and Br&i). (
The cDNAs from the immature fruit served as the driver, and those
from the ripe fruits served as the tester. Subtractive hybridization was
intended to enrich cDNAs that are up-regulated in ripe papaya fruit.
The CapFinder PCR method (Clontech) was used to isolate’ #ued5
3' ends of chitinase cDNA, according to the directions provided by the
manufacturer. The Cp-chi-R1 primer GGAATTAGCAGCATCTA-
GAAAGCCACCTCG 3, located at 400—429) was synthesized ac-
cording to the sequence of the partial length of papaya chitinase derived

cloned following the CapFinder PCR technique, using papaya

chi-1 primer (5 ATGCAGAACTGTGGCTGTGCG) and X primer
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Figure 2. Cluster analysis was done using the PROTDIST and NEIGHBOR programs, and statistical evolution used Bootstrap analysis with 100 data
sets. The number shown on the root indicates the bootstrap value, the percentage of replicates supporting that group. The number shown in parentheses
indicates the classification of plant chitinase. The accession numbers of chitinase genes used in polygenetic relationship analysis are as follows: StCHI2,
Solanum tuberosum, AF043248; StCHI1, S. tuberosum, AF043247; PtCHI, Psophocarpus tetragonolobus, AB048531; GmCHI, Glycine max, AF202731,;
StCHI, S. tuberosum, U49969; CmCHI, Cucumis melo, AF241538; OsCHI, Oryza sativa, AB012855; SnCHI1, Sambucus nigra, AF074387; SnCHI3, S.
nigra, AF074385; SnCHI4, S. nigra, AF074386; SnCHI2, S. nigra, AF074388; UdCHI, Urtica dioica, AF059535; VWCHI1, Vitis vinifera, U97521; VWCHI2,
V. vinifera, U97522; AtCHI, Arabidopsis thaliana, Y14590; BvCHI, Beta vulgaris, L25826; SgCHI, Streptomyces griseobrunneus, AY348315; SrCHI,
Streptomyces roseoflavus, AY392156; BcCHI, Bacillus cereus, AF510723; BtCHI, Bos taurus, NP777124; HaCHI, Helicoverpa armigera, AAQ94193;
MmCHI, Mus musculus, XP129391; HgCHI, Heterodera glycines, AF468679; OsCHI2, O. sativa, AF296279; SSCHI, Sphenostylis stenocarpa, AF137070;
CmCHI2, Cucurbita moschata, AF082284.

(5" AAGCAGTGGTAACAACGCAGAGTACT(30)N-1N) were used Subcloning and Sequence Analysis @p-chicDNA. The Cp-chi-1

to amplify the 3-end of papaya chitinase cDNA. One 0.4 kb fragment and Cp-chi-2 primers (ACAACTGAGATTTTCACCAGGAG) were

and one 0.9 kb fragment, obtaining the &nd 3-ends of chitinase, synthesized to amplify the coding region of papaya chitinase. One 0.81
respectively, were amplified by using the PCR technique. The PCR kb fragment was amplified using papaya cDNA from ripe fruit as
amplified fragment was subcloned into the pGEM-T easy vector template by the PCR technique and then was subcloned into the
(Promega) usingescherichia coliDH5a as host. The nucleotide =~ PGEM-T easy vector (Promega) usiigcoli DH5a as host for further
sequence was determined in autosequencing (ABI PRISM BigDye sequence analysis by autosequencing.

Terminator Cycle Sequencing Ready Reaction kits, Perkin-Elmer Co., Recombinant DNA Preparation and Transformation. For sub-
Fremont, CA) with an ABI PRIZM 377 DNA sequencer. cloning into the expression vector pET-28%)( full-length chitinase
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cDNA was used as template. Two primers, Cp-chi-NG&EAATTC- A

CATATGCAGAACTGTGGCTGTGCG) and Cp-chi-C (22CGCTC- wa M1 2 3 4 c 1 2 3 4
GAGACAACTGAGATTTTCACCAGGAG) containindNdd and Xhd 90 r—*
restriction enzyme sites (underlined), respectively, were used to amplify 70

the papaya chitinase cDNA and encode the mature protein. A 0.75 kb 55 LA
DNA fragment amplified by the PCR technique was digested Wkl 45 - -

andXhol and ligated to pET-20bX) (pretreated witiNdel andXhol)
from Novagen (Darmstadt, Germany). The recombinant plasmid was
transformed intcE. coli Tunner (DE3) for protein expression. -

Culture and Enzyme Extraction. The transformedt. coli cells were 25
grown at 37°C in a Luria—Bertani (LB) medium containing 100g
mL~ ampicillin until Ao reached 0.6. The culture was incubated at
37 °C for another 5 h at 150 rpm, after which 0.5 mM isopropyl- Figure 3. Coomassie blue stained and active staining of recombinant
thiogalactopyranoside (IPTG) was added. The bacterial cell and the CpCHI. Each protein (different purified fraction by affinity chromatography
insoluble cell debris for inclusion body purification were washed with  using Ni-NTA resin) was subjected to SDS-PAGE or native-PAGE with
the BugBuster reagent (Novagen) and were harvested by centrifugation20 L of protein sample loaded into each well: (A) Coomassie Brilliant
as described _in tr_]e manual. The fina_l pellet of inclusion bodies was Bye stained gel (12% SDS-PAGE); (B) chitinase activity staining (12%
resuspended in binding buffer (5 mM imidazole, 0.5 M NaCl, 20 MM native-PAGE with 0.1% glycol chitin; the assay was performed as described
Tris-HCI, pH 7.9, and 6 M urea). The CpCHI protein, which contains jer \aterials and Methods). M, protein marker; the numbers indicate
6X. His tag at the N terminus, was purified with N"NTA agarose - e molecular weight on the left; C, crude extract of Bacillus circulans
(Qiagen QlAexpress). Briefly, the supernatant was applied to the Ni- " " ) )
NTA resin column. After washing with a buffer (60 mM imidazole, WL-12 chitinase as pgsmve cgntrol, 1, §qpernataqt of cel] extract; 2,. pellgt
0.5 M NaCl, 20 mM Tris-HCI, pH 7.9, and 6 M urea), CpCHI was  ©Of cell extract; 3, eluting fraction of purified protein by Ni-NTA; 4, dialysis
recovered by an elution buffer (1 M imidazole, 0.5 M NaCl, 20 mm  sample of 3.
Tris-HCI, pH 7.9, and 6 M urea). Finally, the purified CpCHI was
dialyzed in a TE buffer (L0 mM Tris-HCI, 1 mM EDTA, pH 7.5) for  chitin in 100uL of 100 mM phosphate buffer (pH 6.0) at 3C for 1
further activity assay. h. The highest activity was calculated as relative activity (RA) 100%.

Gel Activity Stain of Chitinase. For the gel activity staining, 20 HPLC Analysis of Chitin Hydrolysis by CpCHI. Chitin hydrolysis
uL of recombinant CpCHI was mixed with gel loading buffer without ~Was carried out in a 100 mM phosphate buffer, pH 6, afG0with
B-mercaptoethanol and was electrophoresed in 12% native polyacry-Shaking. The concentrations of chitinase and glycol chitin suspension
lamide gel containing 0.1% glycol—chitin, according to the method of Were 5ug mL™ and 1%, respectively. The reactions were quenched
Trudel and Asselin2). After electrophoresis, the gel was washed with  With 10% (v/v) acetic acid. Following a centrifugation at’6, the
100 mM sodium acetate, pH 5.0, containing 1% Triton X-100 and 1% Supernatant containing chitooligosaccharide products formed after 5
skimmed milk at 37°C for 1=2 h and then was stained with 0.01% Min was immediately injected into a 4.6 mm i.d. 250 mm length

Calcoflour white M2R (Sigma) in 0.5 M Tris-HCI, pH 8.9, for3.0 Asahipak NH2P-50 4E column. The column was connected to an
min. It was then exposed under UV light. Agilent Technologies 1100 series HPLC system under the control of a

Thermo Finnigan LCQ DECA electrospray mass spectrometer. The
mass-to-charge ratioan(z) of the expected oligosaccharides were
selected as follows: Glc-NAc, 221.9; (GIcNAcK25.5; (GIcNAc),
627.6; (GIcNACc), 830.8; (GIcNAc), 1034.0; (GIcNAcy, 1237.2; and
(GIcNAc),, 1440.0.

Antifungal Activity Assay. Alternaria brassicicola, isolated from
a cabbage, causes black spot disease in a wide rar@rasgicacrops.
The fungus was cultured in potato dextrose agar (Difco) for 2 weeks.
After sporulation, the spores of the pathogen were suspended in water
using a concentration of tGpores mtt The fungal spore stock
(approximately 500 spores) was cultured in water or TE buffer (10
mM Tris-HCI, pH 7.5, 1 mM EDTA) as control, with or without the
purified CpCHI (38 or 76 nM) at 24C in total darkness for 12 h. The

Spectrophotometer Assay of Chitinase Activity Chitinase activity
was determined by the reducing end grobpacetaminoglucose
produced from glycol chitin. The reducing end group produced was
measured colorimetrically at 420 nm with 2Q@. of potassium
ferricyanide [KFe(CN)] reagent according to Boller's methodq).

In a typical reaction, 0.3ug of purified enzyme and 2% (w/v)
glycolchitin were incubated in 100L of 100 mM phosphate buffer
(pH 6.0) at 3C°C for 1 h. Reduced sugar levels were determined relative
to N-acetyl-3p-glucosamine standards of-@50 ug mL~t. One unit

of chitinase activity is defined as the amount of enzyme producing 1
umol of reducing sugar per minute at 3C. Substrate and enzyme
blanks were also prepared in which the enzyme or substrate was

ICnOCrLrJ:Catfg f;\?t&eaa?;;f:g;ﬂ;i g}:ﬁiuarggol\,ls (I;rﬁiseg f absorbency were inhibition of spore germination was examined under a light microscope
. . L . » at 200x amplification (24), and the percentage of germination was

To determine the optimal pH of the chitiolytic activity, the purified g0 jated from 10 different observations. All experiments were

CpCHI was investigated within different pH levels{30) at 30°C conducted three times.

for 1 h using glycol chitin (2%) as the substrate. Acetate buffer (100 Antibacterial Activity Assay. E. coli ED2566 ancE. coli AD494

mM) was used for pH 35, phosphate buffer (100 mM) for pH, were used for the inhibitory activity assay. THecoli strain was grown

Tris-HCI buffer (100 mM) for pH _8’ and 100 mM glycireNaOH at 37°C in an LB medium with shaking at 225 rpm overnight. The

_buffer fpr pH 9 a_n'd 10._The Optlmal temperature was assayed by next day, a 10@L overnight culture was added to 10 mL of fresh LB

incubating the purified chitinase in 100 mM phosphate buffer (pH 6.0) o qium with CpCHIin 1, 1.5, 2, 2.5, or@M final concentration for

at different temperatures (£®0 °C) for 1 h using 2% glycol chitin as further culture at 37C with shaking. A 30QuL TE buffer (10 mM

the substrate. o _ _ Tris-HCI, pH 7.5, 1 mM EDTA) was added to 10 mL of LB medium
To determine the pH stability, chitinase was preincubated with as control. Growth was monitored in terms of changes in absorbance
different buffers as described above, without the substrate &t 306r at 600 nm.

3 h. Then 2% glycol chitin was added as substrate for residual activity Computational Methods Used To Analyze the Sequencéfter
assay. The temperature stability was assayed by preincubating theaytosequencing, the amino acid sequence was predicted by using GCG
purified chitinase in 100 mM phosphate buffer (pH 6.0) at different software (Genetics Computer Group, Madison, WI). SignalP 3.0 server
temperatures (10—9CC) for 1, 2, 3, 7, 14, 21, or 28 days at 30, 37, or  (http://www.cbs.dtu.dk/services/SignalP/) predicts the presence and
50 °C without the substrate, and then 2% glycol chitin was added as |ocation of signal peptide cleavage sites in amino acid sequeBBgs (
substrate for residual activity assay. The amino acid sequences were compared with those deposited in the
To assay the effect of metals and other factors on chitinase activity, database using BLAST (http://www.ncbi.nim.nih.gov/BLAST/). For
the enzyme (0.3ug as protein) was incubated with a 10 mM sequence phylogeny, a majority-rule consensus tree was built using
concentration of different metals and inhibitors and 2% (w/v) glycol the PROTDIST and NEIGHBOR programs, whereas the statistical
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Figure 4. Effects of pH and temperature on the chitinase activity of CoCHI.
(A) To measure the optimal temperature, the chitinase activity was carried
out at various temperatures for 1 h at pH 6.0. (B) The following buffer
systems were used: 100 mM acetate buffer (pH 3.0-5.0), 100 mM
phosphate buffer (pH 6.0-7.0), 100 mM Tris-HCI buffer (pH 8.0), and
100 mM glycine—NaOH buffer (pH 9.0-10.0). The reaction mixture was
incubated at 30 °C for 1 h. Chitinase activity was determined by
spectrophtometric assay as described under Materials and Methods. All
of the results were averaged from three independent experiments, and
the standard deviations are shown.
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Figure 5. Effects of pH on the stability of CpCHI. The purified recombinant
CpCHI was incubated at 30 °C from pH 3.0 to 10.0 (pH 3.0-5.0, 100
mM acetate buffer; pH 6.0-7.0, 100 mM phosphate buffer; pH 8.0, 100
mM Tris-HCI buffer; pH 9.0-10.0, 100 mM glycine—NaOH buffer) for 3 h,
and its residual activity was assayed at a typical condition (30 °C for 1
h at pH 6.0). Chitinase activity was determined by spectrophtometric assay
as described under Materials and Methods. The results were averaged
from three independent experiments, and the standard deviations are
shown.

papaya fruit. Its full-length cDNA gene was cloned using
subtractive hybridization and the CapFinder PCR technique.
CpCHI was 1002 bp in length and contained an open reading
frame of 825 bp Figure 1). According to CBS Prediction
Servers (http://www.cbs.dtu.dk/services/) SignalP-NN predic-
tion, CpCHI contains a 28 amino acid signal peptide in the
N-terminal end. Therefore, the predicated molecular mass of a
mature CpCHI was 26.2 kDa, with an isoelectric point of 6.32.

As compared to the amino acid sequences deposited in
the database by using BLAST (http://www.ncbi.nlm.nih.gov/
BLAST/), CpCHI is most similar toArabidopsis thaliana
chitinase (Y14590), with 63% identity and 78% similarity.

A phylogenetic tree was constructed from the deduced amino
acid sequences of CpCHI with chitinases from other species in
the database using the PROTDIST and NEIGHBOR programs
of the Phylip software. CpCHI belongs to the same subgroup

evolution used Bootstrap analysis with 100 data sets. The species andyith other class IV chitinases, that is, BvCHI, AtCHI, VvCHI1,
accession numbers of the amino acid sequences used to construct thgnd \VWwCHI2 (Figure 2).

tree form of the NCBI database (http://www.ncbi.nim.nih.gov/) are

described in the caption dfigure 2.

RESULTS

Purification and Characterization of Recombinant Cp-
CHI. To characterize the papaya chitinase, we subcloned the
coding region of the predicted mature protein, CpCHI, into pET-
20b(+). CpCHI was expressed B coli Tunner (DE3) with

Fruit ripening is a regulated development process that is the induction of IPTG, but the protein formed the inclusion body.

affected by hormones and environmental factors. The ripe fruit After dissolution in the binding buffer (5 mM imidazole, 0.5
changes significantly in terms of its firmness, pigmentation, M NaCl, 20 mM Tris-HCI, pH 7.9, and 6 M urea), it was
flavor, nutrients, and increased susceptibility to pathogens. Many subjected to an Ni-NTA HiBind Resin (Qiagen QlAexpress)
genes are involved in metabolism processes including pigmentcolumn for CpCHI purification. The purified CpCHI was
biosynthesis, cell wall degradation, carbohydrate metabolism, estimated to be 26 kDa by SDS-PAGE as a major b&iglite
protein degradation, lipid metabolism, nucleic acid metabolism, 3A). After dialysis, the recombinant protein showed chitinase
ethylene biosynthesis, and pathogen defense. The identificationactivity using the gel activity assay with glycol chitin as substrate
of ripening-regulatory genes can be applied to the manipulation (Figure 3B). Then its specific activity was determined as 12.1
of fruit ripening, which affects the fruit's quality and shelf life.  units mg* by spectrophtometric assay. The optimal conditions
In our previous study, we isolated over 400 cDNAs up-regulated for the enzyme activity of recombinant CpCHI were ®and
in ripe papaya fruit by subtractive hybridization (Chen et al., pH 6.0 Figure 4), whereas the enzyme appears to have broad
unpublished data). Among them, chitinase was thought to be pH optima between pH 5.0 and 9.Bidure 4B). The purified
involved in the defense system and was isolated for further enzyme lost 45 and 49% of its activity at 7€ and pH 3.0,
cloning and characterization in this study. respectively. The determination of pH stability of recombinant
Cloning, Sequencing, and Identification of PapayapCHI CpCHI indicated that the enzyme was stable between pH 5.0
cDNA. ChitinaseCpCHI cDNA was first isolated from the  and 9.0 with at least 90% activity-igure 5). For application
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Figure 6. Effects of temperature on the stability of CpCHI. The purified
recombinant CpCHI was incubated at various temperatures for different
storage times, and its residual activity was assayed at a typical condition
(30 °C for 1 h at pH 6.0). Chitinase activity was determined by
spectrophtometric assay as described under Materials and Methods. The
results were averaged from three independent experiments, and the
standard deviations are shown.

Table 1. Effect of Various Reagents and Cations on the Chitinase
Activity of CpCHI

relative activity (%) relative activity (%)
none 100 ZnS04 38.0+3.6
EDTA 93.3+31 MnCl, 353+31
KCl 923%15 HgCl, 0
AgNO; 83.7+25 FeCls 70.7+31
CuSO4 40.0£7.2

4To assay the effect of metals and EDTA on chitinase activity, 0.3 ug of
recombinant CpCHI was preincubated with 10 mM EDTA, KCl, FeCls, MnCl,, ZnSQq,
AgNO3, CuSO4, and HgCl, at 30 °C in 100 mM phosphate buffer, pH 6.0, with 2%
(whv) glycol chitin. After 30 min, the remaining chitinase activity was measured
under the standard condition using the spectrophotometric assay as described
under Materials and Methods. The results were averaged from three independent
experiments, and the standard deviations are shown.

as a biocontrol agent, the stability of recombinant CpCHI during
long-term storage was analyzed. The purified recombinant
CpCHI was stable for long-term storage. It retaire@0% of

its activity for 3 weeks at 30C and>50% of its activity for 3
weeks at 37C (Figure 6).

To identify the hydrolyzed products of papaya chitinase,
glycol chitin was incubated with chitinase in a 100 mM
phosphate buffer, pH 6, at 3@ with shaking for different
reaction times. The results showed that within 0.8 arh of
reaction, the hydrolytic product (GlcNAgwas accumulated
(Figure 7). Moreover, the hydrolytic product was turned into
(GIcNAC);, (GIcNAc),, and (GIcNAc) afte a 2 h reaction
(Figure 7). Finally, the hydrolytic products were (GICNAcC)
and (GIcNAc) Figure 7). This suggests that CpCHI is a novel
type of chitinase which has an initially exochitinase activity
that yields (GIcNAc), and then when the (GIcNAg)is
accumulated, the (GIcNAg)s further cleaved into (GIcNAg)
and (GIcNAc). This is different from other exochitinases or
endochitinases, which produced (GlcNAopecifically or a
series of (GIcNAc), (GIcNAc), or (GIcNAc), respectively
(21).

EDTA and cations were tested with respect to a possible
inhibitory or stimulating effect on chitinase activitydble 1).
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Figure 7. HPLC analysis of the hydrolytic products of glycol chitin by
CpCHI at different reaction times. The enzyme reaction was conducted
in a 100 mM phosphate buffer, pH 6.0, at 30 °C for 0, 0.5, 1, 2, or 3 h.

K*, Ag™, Fe, and EDTA were found to slightly reduce CpCHI
activity by 7.67, 16.33, 29.33, and 6.67% at the concentration
of 10 mM, respectively. Some divalent metal ions reduced
CpCHI activity by 64.7, 62.0, and 60% in the presence of 10
mM Mn2*, Zn?*, and C@*. Ten millimolar Hg* was found to
inhibit the chitiolytic activity of CpCHI completely.

Antifungal Activity of CpCHI. Alternaria brassicicola
which was isolated from cabbage, is considered to be a
necrotrophic or death-causing plant pathogenic fungus and has
been shown to secrete numerous toxic secondary metabolites
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Figure 8. Spore germination inhibition assay. The inhibition of Alternaria brassicicola spore germination was observed under a light microscope at 200x
amplification after the spores were cultured at 24 °C for 24 h in the following solutions: (A) H,O; (B) TE buffer (10 mM Tris-HCI, pH 7.5, 1 mM EDTA);

(C) 38 nM CpCHI in TE buffer; (D) 76 nM CpCHI in TE buffer.
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Figure 9. Antibacterial activity of recombinant CpCHI toward (A) Escherichia coli ED2566 and (B) E. coli AD494. The inhibition of bacterial growth was
monitored from the changes in absorbance at 600 nm after the 100x diluted overnight culture of E. coli was incubated with CpCHI at different concentrations
(1, 15,2, 2.5, or 3 uM) at 37 °C. TE buffer was added as the control. The results were averaged from three independent experiments, and the standard
deviations are shown.

and proteins that cause cell death via induction of apoptosis in type of chitinase with distinct hydrolytic reaction and antifungal
plants or by directly damaging cells. Spore germination was activity. On the basis of the amino acid sequence phylogeny
significantly inhibited Figure 8) by 50 and 98%, respectively, analysis, CpCHI was classified as a class IV chitindsgu(re
after incubation with 38 and 76 nM recombinant CpCHI at 24 2). The hydrolytic products of endochitinases were mixed with
°C for 24 h. (GIcNACc),, (GIcNAc)s, (GIcNAc),, and that of exochitinases
Antibacterial Activity of CpCHI. Recombinant CpCHI s (GIcNAc), (26). Unlike the reported chitinases, the final
could also suppress the growthBf coli ED2566 ancE. coli hydrolytic products of CpCHI were (GlcNAgand (GIcNAc).
AD494. As shown inFigure 9, the 1Go values of E. coli However, at a shorter reaction time, glycol chitin was specif-
ED2566 ancE. coli AD494 were about 2.aM CpCHI. ically cleaved by CpCHI into (GIcNAg) Therefore, we assume
that CpCHI is a novel type of chitinase which has an initially
DISCUSSION exochitinase activity that yields (GIcNAg)and then when
Characterization of Purified Recombinant CpCHI. The (GIcNAc); accumulates, (GlcNAg)would further cleave into
present work clearly showed that recombinant CpCHlI is a novel (GIcNAc), and (GIcNAc). The novel cleavage patterns of
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recombinant CpCHI might indicate that the structures of the 30 °C. The spore germination oA. brassicicolacould be
active site or substrate binding motif are different from those completely inhibited by 76 nM recombinant CpCHI. Moreover,
of other types of chitinase. Thus, the relationship between recombinant CpCHI showed antibacterial activity in which 50%
hydrolytic mechanism and the three-dimensional structure of of E. coli was inhibited by a 2.5«M concentration of the

CpCHI requires further investigation. enzyme. In the future, the antifungal activity of CpCHI will be
CpCHI showed broad pH optima and good stability. Several investigated using fungus from other plants, including fruit
chitinases have broad pH optima, such as pH-Z.5 of fungus, for the application of CpCHI as a biofungicide.

chitinase fronBacillus cereug28), pH 5.6-8.0 forAeromonas
hydrophilaH-2330 (29), and pH 7.5—9.0 fdacillus BG-11 ACKNOWLEDGMENT

(30). The pH optima for other plant chitinases reported were
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