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Abstract: [Objective] We isolated bacterial strains with chitin-degrading activity from the digesta of large yellow
croakers (Pseudosciaena crocea) fed with chitin-enriched trash fish, and characterized potential chitinases thereof.
[Methods] Chitin-degrading strains were screened with colloidal chitin agar from the digesta of P. crocea fed with
trash fish. The chitinase gene (chi-X) was cloned and expressed in Escherichia coli, and the enzymatic properties of
the chitinase (CHI-X) were characterized. [Results] A Citrobacter freundii strain with chitin-degrading activity was
isolated. The chitinase gene encodes a protein containing 493 amino acid residues, with a proposed glycoside
hydrolase family-18 catalytic domain. CHI-X could hydrolyze colloidal chitin. The optimal pH for CHI-X was 4.0 at
optimal temperature (60 °C). CHI-X was active over a broad pH range, with around 90% of the activity maintained
after incubation at pH between 3.0 and 11 for 1 h. The enzymatic activity of CHI-X was stimulated by Mn’", Li", and
K, but inhibited by Ag". The enzyme was stable after treatment by proteases and grouper intestinal juice. CHI-X
hydrolyzes colloidal chitin into GlcNAc and (GlcNAc),. Furthermore, an synergic effect was observed between CHI-
X and ChiB565 (a chitinase from Aeromonas veronii B565) on colloidal chitin. [Conclusion] CHI-X from intestinal

bacterium may be potentially used as feed additive enzyme for warm water marine fish.
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Chitin is a polysaccharide composed of B-(1, 4)-
N-acetylglucosamine (GIcNAc) units. It is the second
most abundant biomass next to cellulose, and
represents an important carbon and nitrogen source
for marine organisms'". Chitin is widely distributed
in organisms, mainly as structural components such
as arthropod exoskeletons, mollusk shells, and fungal
cell walls. Most of the chitin that exists in the natural
world has a- or B-chitin crystalline structure” .

Chitinases (EC 3.2.1.14) are enzymes that can
degrade chitin into N-acetylchito-oligosaccharides
(GlcNAc), and GleNAc" ™. Chitinases are widely
distributed in nature across the domains of bacteria,
archaea, and eukarya, while microorganisms,
especially bacteria, represent an important source of
chitinases' . Chitinases are present in the digestive
system of many fish species, particularly crustaceans,
with the physiological function as degrading
chitinous substances as food"* . Most of reported
chitinases from the digestive tracts of fish were

12-15 . ..
127131 "while chitinases

endogenous fish enzymes
produced by microorganisms in the gastrointestinal
tract of fish were also reported”*"”. As examples of
the involvement of microorganisms-originated
chitinases in the nutrition intake of fish, chitinases
produced by bacteria in the gut of Gadusmorhua can
degrade chitin into energy sources'; and chitinase
ChiB565 from Aeromonas veronii B565 improved
the growth and feed conversion of tilapia"".

The large yellow croaker Pseudosciaena crocea
(Richardson, 1846), native to the Yellow and East
China Seas, is a perciform marine and brackish-water
species (Family, Sciaenidae). It is economically
valuable as a major maricultured fish in China™". P.

crocea mainly feed on small fish, shrimps, and crabs,

actamicro@im.ac.cn

which contain high amount of chitinous
substances'””’. Although the gastrointestinal
microbiota of fish have been suggested to be
associated with the chitin digestive processes””, no
studies have investigated chitinases produced by the
gastrointestinal microorganisms in large yellow
croakers. In this research, chitin-degrading bacteria
were screened from the intestinal samples of juvenile
large yellow croaker fed with trash fish. A
Citrobacter freundii strain with chitin-degrading
activity was isolated and a new chitinase gene was
cloned and expressed. The enzymatic property of

chitinase was also characterized.

1 Materials and methods

1.1 Isolation and identification of chitin-degrading

bacteria

The intestinal contents of fish fed with trash-fish
(0.5 g) were homogenized in 500 uL. phosphate
buffered saline (0.01 mol/L, pH 7.4), then serially
diluted to 1071, 107 and 10", One hundred microliters
of three different dilutions were individually spread
onto TSA (Tryptic Soy Agar) and colloidal chitin
(prepared according to Zhang et al. 2014)*" agar.
These cultures were incubated at 28 °C for 48 h.
Colonies were picked and identified by PCR

[27]

amplification and sequencing of the 16S rRNA genes
1.2 Cloning of chi-X

The degenerate primers ChiR (5'-CCAGGC
GCCGTGGARRTCRTANSWCA-3") and ChiF (5'-
CGTGGACATCGACTGGGARTWYCC-3') were
designed with CODEHOP (Consensus-degenerate
hybrid oligo nucleotide primers software,

http://blocks.fhcre.org/codehop.html) according to
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the conserved amino acid sequences of bacterial
chitinases downloaded from NCBI. A fragment of the
chitinase gene was amplified from genomic DNA of
Citrobacter freundii and sequenced. The upstream
and downstream sequences of the chitinase gene
fragment were cloned with fusion primer and nested,
integrated PCR (FPNI-PCR)"”*. Special nested
primers designed by Primer 5.0 are listed in Table 1.
The flanking sequences that most resemble those of
known chitinases and the sequence of the chitinase
gene fragment were assembled in silico by DNAstar

V7.10. The open-reading frame was identified by the

Open Reading Frame Finder tool (http://www.
ncbi.nlm.nih.gov/projects/gorf/), and the assembled
gene is named chi-X. PR. The open reading frame of
chi-X was amplified with primers PF (5'-
CAGCAAATGGGTCGCGGATCCGAATTCATGA
CTAACAGCAAACTGGTAC-3") and PR (5'-
GTGGTGGTGGTGGTGGTGCTCGAGTGCCTTC
GTAATACCTTTAAAATAGAAC-3"), with EcoR 1
or Xho I restriction sites underlined. The PCR
product was cloned into a pEASY-T3 vector to
construct the plasmid chi-X-T3.

Table 1. FP primers (no hair pin structure), universal primers and special nested primers used in FPNI-PCR

Names Primer sequence (5'—3") Primer use References

FP1: GTAATACGACTCACTATAGGGCACGCGTGGT NTCGA STWTS GWGTT 1" step Wang et al. 2011
FP2: GTAATACGACTCACTATAGGGCACGCGTGGT NGTCG ASWGA NAWGAA 1" step Wang et al. 2011
FP3: GTAATACGACTCACTATAGGGCACGCGTGGT WGTGN AGWAN CANAGA 1" step Wang et al. 2011
FP4: GTAATACGACTCACTATAGGGCACGCGTGGT AGWGN AGWAN CAWAGG 1" step Wang et al. 2011
FP5: GTAATACGACTCACTATAGGGCACGCGTGGT NGTAW AASGT NTSCAA 1" step Wang et al. 2011
FP6: GTAATACGACTCACTATAGGGCACGCGTGGT NGACG ASWGA NAWGAC 1" step Wang et al. 2011
FP7: GTAATACGACTCACTATAGGGCACGCGTGGT NGACG ASWGA NAWGAA 1" step Wang et al. 2011
FP8: GTAATACGACTCACTATAGGGCACGCGTGGT GTNCG ASWCA NAWGTT 1" step Wang et al. 2011
FP9: GTAATACGACTCACTATAGGGCACGCGTGGT NCAGC TWSCT NTSCTT 1" step Wang et al. 2011
FSPI1: GTAATACGACTCACTATAGGGC 2" step Wang et al. 2011
FSP2: ACTATAGGGCACGCGTGGT 3" step Wang et al. 2011
PU1 TTTAGCCATAAAGTGGAACG 1" step the present study
PD1 ATGAGCCAGGCGTTCCAC 1" step the present study
PU2 CGGGAATCGGGTGAACAG o™ step the present study
PD2 ACCCGATTCCCGATGTTT o™ step the present study
PU3 GGTGCGTCAGTATCATCGT 3" step the present study
PD3 GATGATACTGACGCACCAAA 3" step the present study

1.3 Structural analysis

The nucleotide sequence of chi-X was translated

by Translate (http://web.expasy.org/translate) in

ExPASy. Amino acid composition analysis was
performed by ProtParam (http://www.expasy.org/cgi-

bin/protparam). The SignalP 4.1 Server (http://www.

http://journals.im.ac.cn/actamicrocn
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cbs.dtu.dk/services/SignalP/) was used to search for
an N-terminal signal peptide™™”’. The structural
domain analysis was performed by Smart
(http://smart.embl-heidelberg.de/). Highly similar
amino acid sequences were identified by Basic Local
Alignment Search Tool (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) and compared with CHI-X by
structure-based sequence alignment using
PROMALS3D (http://prodata.swmed.edu/promals3d/
promals3d.php). CHI-X active-site residues were
found by Pfam (http://pfam.sanger.ac.uk/search). The
three-dimensional structure of CHI-X was modeled
with the SWISS-MODEL Workspace (http://swissmodel.

expasy.org/workspace/)™" .
1.4 Expression of CHI-X in Escherichia coli

Plasmid chi-X-T3 and pET28a (+) vector were
both digested with EcoR I and X#%o 1. The chitinase
gene from chi-X-T3 was inserted into the linearized
pET28a (+) vector with T4 ligation (New England
Biolabs, USA) to construct the expression vector,
which was transformed into E. coli BL21 (DE3)
competent cells (TransGen Biotech, China). Single E.
coli colonies harboring the recombinant expression
vector or pET28a (+) (as a control) were isolated
from Luria-Bertani (LB) agar (100 pg/mL
kanamycin) which was cultured at 37 °C overnight.
Then the colonies were inoculated in LB broth
containing 100 pug/mL kanamycin and cultured at
37 °C. Isopropyl-thio-d-galactopyranoside (final
concentration, 1 mmol/L) was added when ODgqq of
the LB broth reached 0.6, and the culture was further
incubated at 20 °C overnight, followed by harvest of
the cells by centrifugation at 12000 xg for 10 min at
4 °C. The pellets were suspended in 20 mmol/L Tris-
HCI (pH 7.0) and sonicated (work conditions: 200 w
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power, 30 min total working time, each work 5 s and
pause 8 s) by using JY92-1I N Ultrasonic Processor
(BaiDian Tech, China). The lysate was centrifuged at
12000 xg for 10 min at 4 °C, and crude CHI-X was
found in the supernatant upon sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The abundance of CHI-X relative to total
protein in the lysate supernatant was calculated with

Quantity One (Bio-Rad Laboratories, Inc. USA).
1.5 Purification and identification of CHI-X

To purify crude CHI-X, the lysate supernatant
was loaded onto an column containing 2 mL Ni-NTA
agarose (Sample & Assay Technologies, Germany),
which was processed with a linear 20-200 mmol/L
imidazole gradient in 20 mmol/L Tris-HCI (pH 7.6),
500 mmol/L NaCl, 10% (V/V) glycerol. The eluent
containing 200 mmol/L imidazole was collected and
loaded into a dialysis bag with cut-off molecular
weight as 15 kDa. The bag was then putintoa 1 L
beaker full of distilled water for dialysis. The purity
and apparent molecular mass of CHI-X was
determined by SDS-PAGE. The purity of CHI-X was
evaluated by Quantity One software. The identity of
purified CHI-X was verified by Liquid
chromatography-electrospray ionization-tandem mass
spectrometry (LC-ESI-MS/MS).

1.6 Chitinase activity assay

The chitinase activity was measured following
the method described by Zhang et al.””. Colloidal
chitin was used as substrate in CHI-X activity assay.
0.25 mL purified CHI-X was mixed with 0.25 mL of
1% (W/V) substrate in Mcllvaine buffer (0.2 mol/L
Na,HPOy, 0.1 mol/L citric acid) at pH 4.0. The
reaction mixture was incubated at 60 °C for 1 h. At

the end of reaction, the amount of reducing sugars
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released from the substrate was measured by the 3,5-
dinitrosalicylic acid (DNS) assay" . One unit (U) of
chitinase activity was defined as the amount of
enzyme that released 1 pmol/L of reducing sugars
from the substrate per hour. GIcNAc was used as the
carbohydrate standard. Protein concentration was
determined by the Bradford method with bovine
serum albumin as the standard. The specific activity
of CHI-X was calculated as a ratio of the chitinase
activity to the protein concentration of reaction
system. All assays were performed in triplicate. The
K, and V,,,. values were determined using colloidal
chitin as the substrate , and the substrate
concentration was 10, 8, 6, 4, 3 or 2 g/L.. Values for
K., and V,,,, were obtained from a Lineweaver-Burk

plot.
1.7 Characterization of enzymatic property of CHI-X

The optimal pH for CHI-X activity was
determined at 60 °C with pH varied between 2.0 and
12.0. The CHI-X activity at pH 4.0 was considered as
100%. The stability of CHI-X at different pH values
was determined by incubating CHI-X at 60 °C for 1 h
in solutions with pH between 2.0 and 12.0, followed
by assay of CHI-X activity under standard
conditions. The buffers used were 0.2 mol/L glycine-
HCI (pH 2.0), 0.2 mol/L Na,HPQOy,, 0.1 mol/L citric
acid for pH between 3.0 and 8.0; 0.2 mol/L Tris-HCI
for pH between 8.0 and 9.0; and 0.2 mol/L glycine-
NaOH for pH between 9.0 and 10.0. The CHI-X
activity at 0 h was considered as 100%.

The optimal temperature for CHI-X activity was
determined at pH 4.0 with the temperature varied
from 0 °C to 80 °C. The activity of CHI-X at 60 °C
was considered as 100%. The thermal stability of
CHI-X was assessed by assay of CHI-X activity

under standard conditions after incubating CHI-X at

60 °C, 70 °C or 80 °C for 0, 5, 20, 40, 60, 80, 100
and 120 min. The activity of CHI-X at 0 min was
considered as 100%. The effects of metal ions and
chemical reagents on CHI-X activity were
determined by incubating CHI-X and the substrate
with the respective metal ion or chemical reagent at 1
mmol/L and 5 mmol/L under standard conditions.
The activity of CHI-X in the absence of any test
ingredient was considered as 100%.

To evaluate the effects of proteases on CHI-X
activity, CHI-X was firstly incubated with pepsin,
trypsin, or chymotrypsin at 37 °C for 1 h at a ratio of
1: 10 (protease/CHI-X), and the enzymatic activity
was assayed under standard conditions. The pHs
during incubation differed for different proteases,
with the value for trypsin, chymotrypsin and pepsin
as 7.0, 7.0 and 2.0, respectively. The activity of CHI-
X with no exposure to a protease was considered as
100%. The effects of grouper intestinal juice on the
stability of CHI-X was assessed by assay of CHI-X
activity under standard conditions after incubating
CHI-X with grouper intestinal juice at a ratio of 1: 10
(grouper intestinal juice /CHI-X) at 37 °C, pH 7.0 for
0, 30, 60, 90 and 120 min.

The substrate specificity of CHI-X was
determined by using colloidal chitin (according to
Zhang et al. 2014)”, chitin powder (Sigma-Aldrich,
C7170, USA), B-(1,3)-(1,4)-glucan (Sigma-Aldrich,
V900511, USA), sodium carboxymethylcellulose
(Sigma-Aldrich, 419273, USA), or glycol chitosan
(Sigma-Aldrich, G7753, USA) as the substrate under

standard reaction conditions.
1.8 Hydrolysis products of colloidal chitin by
CHI-X

CHI-X and colloidal chitin were incubated

under standard conditions for 0 to 6 h. Instead of

DNS assay, the solutions were boiled for 10 min after

http://journals.im.ac.cn/actamicrocn
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reaction, cooled to room temperature, and centrifuged
at 12000xg at room temperature for 5 min. The
reaction products were analyzed by thin layer
chromatography (TLC) as described previously™".
The products after 6 h of reaction were also subjected
to LC-ESI-MS analysis. Briefly, the supernatants
were deionized through 50 wx8 cation resin and 1x8
anion resin (Dowex, USA) for analysis. The
hydrolysis products were identified by an LC-ESI-
MS 2010 System (Shimadzu Corporation, Japan) in
Analysis and Test Center of Institute of Chemistry,
Chinese Academy of Sciences. Chloroform was used
as the nebulizing gas.
1.9 Combined effect of CHI-X and ChiB565

To test the combined effect of CHI-X and
ChiB5635, a chitinase from Aeromonas veronii B565
with both exo- and endo-chitinase activity™”, 30 U
CHI-X and 30 U ChiB565, single or mixed, was
incubated with 0.1 g of colloidal chitin at 37 °C for
1 h, and the amount of reducing sugars released from

the substrate was measured with DNS assaym].

1.10 Store stability of CHI-X

Purified and dialyzed CHI-X was lyophilized.
The lyophilized powder was stored at —20 °C, 4 °C,
30 °C, or 37 °C for 2 h, 3 d and 28 d. The specific
activities of the lyophilized powders were measured
by the method described above, and the activity of
the powder before storage was considered as 100%.
Store stability of ChiB565 lyophilized powder was

also assessed for comparison.

2 Results and Analysis

2.1 Isolation and identification of chitin-degrading
bacteria

We attempted to isolate bacteria with chitin-
degrading ability from the intestinal samples of

juvenile large yellow croaker fed with trash fish,
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which comprised anchovies and some chitin-rich
crustaceans. Finally, a strain with chitin-degradation
function was isolated from the intestinal content of
fish fed with trash fish. The strain was confirmed as
Citrobacter freundii by 16S rRNA sequence
alignment, with over 99% identity with Citrobacter
freundii strain P10159 (CP012544.1). The strain was
deposited in the China General Microbiological
Culture Collection Center (Beijing, China)
(Accession No: CGMCC7536).

2.2 Sequence analysis of CHI-X

A 428 bp fragment of chitinase gene was
amplified from genomic DNA of the Citrobacter
freundii strain. Flanking sequences of the fragment
were amplified by FPNI-PCR. The retrieved full
sequence of the gene was 1482 bp. The ORF of chi-X
encodes a protein with 493 residues. ProtParam
analysis showed that the molecular mass of and pl of
CHI-X were 54650.9 and 5.03, respectively. The
enzyme was estimated to be stable and hydrophilic,
as indicated by the instability index and grand
average of hydropathicity score (21.070 and —0.365,
respectively). BLAST analysis showed that the
deduced CHI-X sequence was most similar to the
hypothetical protein of Citrobacter freundii
(WP_019078334.1), with 100% sequence identity at
amino acid level and 99% sequence identity at
nucleotide level. The nucleotide sequence of chi-X
was deposited into the GenBank database under the
accession number KC290945.

No N-terminal signal peptide was found by
SignalP 4.1 in the deduced CHI-X sequence. Smart
analysis indicated that CHI-X has a glycoside
hydrolase family-18 catalytic domain (Glyco_18)
formed by residues between 51 and 460. A multiple

sequence alignment indicated that CHI-X contains
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S. marcescens 129 YKQNSGKVVGSYFVEWGVYGR—————————————— NETVDKIPAQNLTH-—LLYGF IPICGGNG INDSLKE IEGSFQALQ
(A) Y. entomophaga 58  VGDKTKPKLSAYITDWCQYDARLDGGGSKEEERGRGEDLATLMQNPATYDRLITSFLGTCGDIGNXSKKVQEVWDGWNAQ

D. purpureum 44 TYEKNDFKVFGYYTDWCQYDGRLDGLV————EPGRGRDLMNINPKAYDK——IT1 GIVGDKGDKRF I TEKAAKDE

C. sakazakii 46 YKA/\\KPKVI (;Y\ TDWbQYD(;R[ QGDDS P/\‘\R(JR(JYD[ AKVSPTAYDK-—IVFGFI (le(JDK(J[ KQ\'TII NAARQT——~

C. freundii 45 SQYDGRLDGDFA—P SRGVDLALLDPFAYDK——ITLC S IVGD NNAAVD

P. pallidum 44 lYVK\[)l‘KVH;Y\ IDWSQY])(,RI DGMTD—| I’!\QA(.R(:YI)I AKVDPHAYDK——1V1 (;l—V(x ] L (1[)K(1FKQQQ1 lK’\/\SI)

B. xenovorans 71 GYKPNDTKVFGYYTDWSQYDGRYDGDFA-DDSCGRG IDLMLLDAKAYDK——LVLGFAGI IGDKGEKQNT I\IRA/\TDI'***

Consensus aa: .bp.s.. Vo tY@r-Wt. Ys.RLDG. .. ... p. GRs/s /.. Isspshs+. . /1/GFis1/GspG. pp. . bp. . tp. b,

g S s i |

S. marcescens 193 ——RSCQGREDFKVS ITHDPI \I\LQKAQKGV ——TAWDDP ——NFGQLMALKQAHPDLKIL S

V. entomophaga 138  APSLGLPQIGXGHIVPLDPYGDLGTARNVGLPPESADTS | KKAHAMGHKLD! >

D. purpureum 115 — *\IKKDNFPTFTDGWGDV SYRNVGEN( —TLGGLRKLKEKNS

C. sakazakii DFQSYENCGHTT GLRDLQQK. KQQ(JHILVLSWS
C. freundii 19 —QRTQWQPTEVDAWGDVASYRNCGEFAGW 3 —~VLGGLRDVQKKNPNLHLSMS
P. pallidum 11 - GITTPWAPTI—TDSWGDVLSYRI\CGETGWVS\IDVQA\ NQKM— —VLGGLRKLKDANPDLRLSFS
B. xenovorans 145 - ~GRKKDEATFVDAWGDVASYRNC SWVSNDYQALFHQET— ;————VLGGLRKLKTKNPDLVLSFS
Consensus aa:  ........ ppp. psQ//Ds@ts I. pippsshssbstss.b. Al p. .o PG ... s.b.. /p...sL. 1..S
Iﬁ X! — T D —
S. marcescens 249  IGGWTLSDPFEF ’G(;KG/\\P\ILGSI ’QDGETYVLI \H\l LRAMLDQLS
Y. entomophaga 218 IGGWSLSSY SDKDGENY N
D. purpureum 178  IGGWTMSQA! 7 'V ) B B Y GPEDPQNE 1G
C. sakazakii 187 I(‘(‘WTMQ\I(‘F SKT NAE *PH(‘.I’I:I)(}\’\ I \I MKKQLNAAG
C. freundii 182 MSQAFHEMAKDPHKRAIL I l* SAPG YDDTDAPNFAALIKDVKAALNKIN
P. pallidum 1 ’S/\/\(-ll[’(-!\TYl)[)b[)/\]’NY/\LL KELKAKLVSIS

82 V(;(;WTMSLAI HEMAANATYRTNF lN(;l/\l)lI T
IGGWTMSEAFHW

B. xenovorans 208 VVAESARRKTL INSTLDLFKRFPMEGA >AAEGNDGNTYSDADTPNFQALVRELRQAFDGAR
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S. marcescens 328 VETGRKYELTSAISAGKDKID-KVAYNVAQNSMDHIFLMSYDFYGAFDLKNLGHQTALN-APAWKP———DTAYTTVNGVN
Y. entomophaga 298 SNRXETSTACSGVXAXLKKSNIDQLVANG LD\ITYI MSYDFFGTIWADY IGHHTNLY QPKDP QELFDL 1D

D. purpureum 258 DDVKISI /\’\/\(JV | EKTKVANIPLLMQAGVSY INIMTYDYFGTPWAESLAHHTNI
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Consensus aa: MLhs.bG /. ..p/hIGHA. YtRs/A. s/p..p.s..bsshs...........ss.sp/bs. i/mY.p/..
—/

S. marcescens 465 —SGEWQYTYDATAEAPYVEKPS F(J])] | TFDDARSVQAKGKYVLDKQLGGLFSWE IDADNGD | | V\\\1\ \%l GNSAGV-—Q—
Y. entomophaga 443 GKNGFVLMTDTNADADFLFSEAKGHF ISLDTPRTVKQKGEYAAKNKLGGVESWSGDQDCGL. YVADSNQ]“T
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C. freundii 404 ~RNNFIVYTDEVADADF! LY\IPQSKVI ‘MSLDTPRTVKAKAEYVKSRGLGGLFTWTADLDRGPLVNAAREGLGCEMTR-—QT
P. pallidum 402 ~RNGFTLYTDEVADADYLYSSSSQMFLSIDTPRTVKDKAEYVKSKGLGGMFETWT IDQDRGLLVNAAREGLGCTVKSKL
B. xenovorans 432 —INGYDVYTDETADADYLYSKDSKLFISVDTPRTVKAKGEYARQRGLAGLETWTIDMDGGVLVNAAREGLGNEITK——QT
Consensus aa: . ps. @ hh/D. hA-As @] @p. po. . hho/DssRoVpsKtpY /. pp. LGG /FFoWp/D. D. G. /Nt /p. tLG. p/. ... p

§ — = > —/

(B)

Figure 1. Structure of CHI-X. A: comparison of CHI-X from C. freundii with other similar sequences from six
species indicated at the beginning of the alignment. Representative sequences have magenta names and they are
colored according to predicted secondary structures (red: alpha-helix, blue: beta-strand). Consensus predicted
secondary structure symbols: alpha-helix, cylinder; beta-strand, arrows. Conserved amino acids are in bold and
uppercase letters. Consensus amino acid symbols: aliphatic (I, V, L), 1; aromatic (Y, H, W, F), @; hydrophobic (W, F,
Y,M,L,I, V, A, C, T, H), h; alcohol (S, T), o; polar residues (D, E, H, K, N, Q, R, S, T), p; tiny (A, G, C, S), t; small
(A, G,C,S,V,N, D, T, P), s; bulky residues (E, F, I, K, L, M, Q, R, W, Y), b; positively charged (K, R, H), +;
negatively charged (D, E), —; charged (D, E, K, R, H), c. The conserved sequence motif DXDXE of GH18 chitinases
is boxed. Arrows point to predicted active sites (Asp224, Glu226 and Tyr299) of CHI-X. B: the predicted three-
dimensional structure of the protein CHI-X based on the template 4 dwsD (1.80 A). In the picture, the purple, red and
blue balls represent Tyr299, Glu226 and Asp224, respectively.
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the conserved DXDXE motif (Figure 1-A) which is
typical for chitinases in the glycoside hydrolase
family 18", The structure of CHI-X was predicted
with SWISS-MODEL using ChiA from Serratia
marcescens (PDB code:1EDQ_A; 1.55-A resolution;
predicted Glyco 18 domain: residues from 135 to
521) and Chi2 from Yersinia entomophaga (PDB
code: 4DWS_D; 1.80—A resolution; predicted
Glyco 18 domain: residues from 64 to 500) as the
templates, and two nearly identical models were
obtained™*". The sequences of CHI-X and ChiA are
quite different (21.77% identity). The critical
catalytic residues in ChiA include Glu315 (the proton
donor), the adjacent Asp313, and Tyr390 at the
opposite position of Glu315"°', while the
corresponding CHI-X residues are Asp224, Glu226,
and Tyr299. Notably, Glu226 was also predicted as a
residue in the active site of CHI-X by Pfam. The
sequence identity of CHI-X and Chi2 was 37.26%.
The predicted three-dimensional structure of CHI-X
with Chi2 used as the template is illustrated in Figure
1-B. The positions of Asp224, Glu226, and Tyr299
were highlighted.
2.3 Expression and purification of CHI-X

After fifteen hours incubation at 20 °C, cells
harboring the CHI-X expression plasmid yielded
a prominent SDS-PAGE band at 54 kDa, which
corresponded well with the theoretical mass (54650
Da) (Figure 2-A). The maximum yield of CHI-X
was 52.81% of total protein in the lysate supernatant.
CHI-X was purified from the cell lysate by Ni’ -
affinity chromatography. The yield was 15.6 mg
CHI-X/L culture, with the purity as high as 98.7%
(Figure 2-B). LC-MS/MS analysis of the purified

actamicro@im.ac.cn

enzyme showed that 31% of the predicted CHI-X
sequence was covered by identified peptides,

indicating that the isolated protein was CHI-X.

(A) (B)
kDa kDa 1

54 kDa~

PAGE gel of pET28a (+) and recombinant plasmid
expressed from E. coli BL21 (DE3). M: protein
molecular-mass markers; lane 1: cell extract of E.
coli BL21 (DE3) harboring an empty pET28a (+);
lane 2: cell extract of E. coli BL21 (DE3) harboring
recombinant plasmid. B: SDS-PAGE gel of purified
CHI-X. M: protein molecular-mass markers; lane 1:
purified CHI-X liquid.

2.4 Chitinase activity of CHI-X

The chitinase activity of CHI-X was 137.7 U/mg
toward colloidal chitin. The K, and V,,,, values of
CHI-X toward colloidal chitin at pH 4.0 and 60 °C
are 6.24 mg/mL and 2.49 pmol/min, respectively.

2.5 Effect of pH and temperature on the activity
of CHI-X

CHI-X exhibited similar activity profiles at
different pH values for the two substrates. In both
cases, the optimal pH of CHI-X was 4.0. CHI-X
maintained more than 60% of its activity in the pH
range of 3.0 to 8.0 for colloidal chitin at 60 °C
(Figure 3-A). The pH stability of CHI-X was
measured by the maintenance of activity after
incubation at different pH, and higher maintenance of
activity over a broad pH range was observed when
colloidal chitin was used as the substrate, with over
90% of the activity maintained after incubation at pH

from 3.0 to 11.0 (Figure 3-B).
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The optimal temperature for CHI-X on colloidal
chitin is 60 °C. 24.5%—-39.8% of the activity was
observed between 30-40 °C, which was the
temperature range for tropical marine fish (Figure 3-C).
Similarly, thermal stability of CHI-X was measured
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by the maintenance of activity after incubation at
different temperatures. 66.4% of the activity was
maintained after incubation of CHI-X at 60 °C for 2 h in
colloidal chitin assay. CHI-X rapidly lost its activity
at temperatures higher than 60 °C (Figure 3-D).
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Figure 3. The enzymatic properties of CHI-X with colloidal chitin. A: Effect of pH on CHI-X activity at 60 °C. B:
Effect of pH on the stability of CHI-X at 60 °C. C: Effect of temperature on CHI-X activity at pH 4.0. D: Effect of

temperature on the stability of CHI-X.

2.6 Effects of metal ions, proteases and grouper

intestinal juice on the activity of CHI-X

The effects of various metal ions and chemicals
on CHI-X activity were shown in Table 2. Mn®"
significantly activated CHI-X activity while Ag” and
SDS greatly inhibited CHI-X. CHI-X retained more
than 90% of its activity after incubation with
proteases with colloidal chitin as the substrate (Figure
4). The effect of grouper intestinal juice on the

activity of CHI-X was measured by the maintenance

of activity after incubation with grouper intestinal
juice. 70.4% of the activity was maintained after
incubation of CHI-X with grouper intestinal juice at
37 °C for 2 h in colloidal chitin assay (Figure 5).

2.7 Substrate specificity of CHI-X

As indicated above, CHI-X may hydrolyze
colloidal chitin. However, CHI-X exhibited no
activity toward chitin powder, glycol chitosan, j3-
(1,3)-(1,4)-glucan, and sodium carboxymethy-

Icellulose, indicating a narrow substrate spectrum.

http://journals.im.ac.cn/actamicrocn
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Table 2. Effects of metal ions and chemicals on CHI-X activity using colloidal chitin substrates

Relative activity/%

Relative activity/%

Chemical Chemicals
1 mmol/L 5 mmol/L 1 mmol/L 5 mmol/Laa
None 100.00 100.00 Co*" 95.14+8.20 129.90+7.40
K 131.64+2.70 111.77£7.30 Ca¥ 80.81+9.30 119.93+£9.70
Na’ 84.50+5.80 119.39+6.80 NiZ 134.29+3.90 91.73£8.10
Li’ 137.14+3.40 104.78+6.60 Mn*" 123.00+£9.90 174.57+£7.30
Ag+ 3.58+2.20 4.59+2.70 cr’ 97.77+0.80 74.47+6.20
Pb* 79.12+4.10 43.86+3.00 Fe* 117.70+£3.80 54.86+6.20
Mgﬁ 80.42+5.70 112.61+£8.40 EDTA 87.29+3.80 91.01£7.70
7n> 116.83+2.60 97.64+2.70 SDS 81.83+1.60 3.59+1.90
cu*’ 120.75+2.80 105.15+£5.10
120
100 f = |
- 5100 ——
2 80
80 F 2 -
N 4 60
> 2
zo0r Y
2 2 20
2 a0
& 0
o) 0 20 40 60 80 100 120 140
= 20 ¢ t/min
Figure 5. The effect of grouper intestinal juice on the
0 , , \ \ stability of CHI-X on colloidal chitin.
F & & &
O@Q Q&Q @Q ESI-MS. The theoretical molecular mass of GIcNAc
Q'\ _ .
B3 with CI from chloroform is 256.21 Da, and that of
Proteases

Figure 4. The effects of different proteases on catalytic
activity of CHI-X on colloidal chitin. Values are
expressed in mean+SEM.

2.8 Cleavage patterns of CHI-X toward colloidal
chitin and the additive activity with ChiB565

TLC showed that GIcNAc, started to be detected
after 15 min, and maintained as the only detectable
product through 6 h of reaction (Figure 6), indicating
that CHI-X is an exo-chitinase. The result of LC-ESI-
MS analysis is shown in Figure 7. The peak at m/z =

35 represents chloroform, the electrospray reagent for

actamicro@im.ac.cn

(GleNAc), is 459.4 Da, which correspond to the
major mass spectrometric peaks at m/z = 256.0 and
459.2, respectively (Figure 7). Therefore, the major
hydrolysis products of CHI-X after 6 h of incubation
were GlcNAc and (GIcNAc),. Collectively, the TLC
and LC-ESI-MS results indicated that CHI-X is an
exo-chitinase possessing both chitobiosidase and [-
N-acetylglucosaminidase activities™™. Moreover, an
additive effect was observed between CHI-X and
ChiB565, a wide substrate spectrum enzyme with
both exo- and endo-chitinase activity, on colloidal
chitin) (Table 3).
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Figure 6. TLC of hydrolysis products of colloidal
chitin by CHI-X. The reaction mixture (1 mL)
containing 2.5 mg of colloidal chitin in PBS buffer was
incubated with 66 U CHI-X at 60 °C for 0, 15, 30 min,
1,2,3 or 6 h. 10 pL of reaction mixture or 8 pL of
standard chitin oligosaccharides (containing 1 mg/mL
of each oligosaccharide) were chromatographed on a
silica gel plate (Dieselgel 60: Merck Co., Berlin,
Germany) for TLC analysis. Lane S, standard chitin
oligosaccharides from GlcNAc (top) to GIcNAc5 (bottom).

Figure 7. ESI-MS analysis of hydrolysis products of
colloidal chitin by CHI-X. The reaction mixture (1 mL)
containing 5 mg of colloidal chitin in PBS buffer was
incubated with 44 U CHI-X at 60 °C for 6 h.

2.9 Stability of CHI-X during storage

The stability during storage is an important
parameter for enzyme additives. Lyophilized CHI-X
retained more than 50% of the original activity after
storage at —20, 4, 30, 37 °C for 28 days, which is
similar to ChiB565 (Figure 8).

Table 3. The additive effects of CHI-X and ChiB565 in degrading colloidal chitin *

Treatment Enzymes Substrates The production of reducing sugar (umol)
1 CHI-X 30U Colloidal chitin 0.1 g 11.01£0.23"
2 ChiB565 30U Colloidal chitin 0.1 g 15.03+£0.41°
3 CHI-X 30U and ChiB565 30U  Colloidal chitin 0.1 g 26.06+0.25°

SAll reactions were incubated at 37 °C, pH 7.0 for 1 hour. Different superscripts indicated statistically significant differences (P<0.05).

150 ¢ —32h
E3d
b 0Im 28 d
§100-IIIIIIII S b b D
z 2, =
g = b b b
g E a a a a a
3 50 f =
(] —
E =
O 1 L) L ] 1 L) 1 L] U L] ) ] 1 U 1 1 1 1 L] U ] T
-20 4 3037-20 4 3037 -204 3037-204 3037 -20 4 3037-20 4 3037
ChiX ChiB565 ChiX ChiB565 ChiX ChiB565
T/°C

Figure 8. The storage stability of chitinases CHI-X and ChiB565 determined with colloidal chitin. Values are
expressed in mean+=SEM; different letters mean significantly difference (P<0.05).
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Table 4. Comparison of properties of CHI-X with other exo-chitinases reported
Names Sources Molecular Optimal pH Optimal Thermal Metallic ions  Substrate References
mass/kDa pH stability = temperature/ stability/ and chemicals specificity
°C °C
CHI-X Citrobacter 54.0 4.0 3.0-11.0 60 <60 Mn’'1, Ag'l colloidal chitin Present
freundii shrimp-shell study
chitin
Chi36 Bacillus 36.0 6.5 65 4-MU (GIcNAc), Aroraetal.
thuringiensis 2003
HD-1
Chitinase  Penicillium 64.0 7.0 40 Hg™', zn™", K, colloidal Patil et al.
ochrochloron NH,'| chitin>N, N'- 2013
MTCC 517 diacetylchitobiose>
p-nitrophenyl
N-acetyl-p-D-
glucosaminide>
glycol chitin>
glycol chitosan>
chitosan
Chitinase ~ Trichoderma  24.0 4.0 60 50 Mn”", Zn™1 4-MU (GIcNAc), Sharma et
saturnisporum al.
2012
Chitinase ~ Aeromonas 34.0 6.0 5.0-8.0 30-50 50 7’ colloidal chitin Jeong et al.
sp. GJ-18 2012
HsChiAlp Halobacterium 66.5 7.3 6.0-85 40 2545 Mgﬂ, Ca”, p-NP-(GIcNAc)3, Garcia-
salinarum K1 Mn™| p-NP-(GlcNAc), Fraga
CECT 395 crystalline chitin, etal. 2013
colloidal chitin
ChiA Bacillus 66.0 6.0 60 <60 colloidal chitin Songsiriritt
licheniformis higul
etal. 2010
A. fumigatus Aspergillus 46.0 5.0 4.0-8.0 60 <45 Hg™, Pb™, glycol chitin> Xia et al.
chitinase  fumigatus Ag', Fe™ partially 2001
YJ-407 an’*’ Zni+ ! deacetylated
chitosan>
colloidal chitin
ChiB565 Aeromonas 110.0 5.0 4.5-9.0 50 <50 Cu”,Mn™, colloidal chitin>  Zhang et al.
veronii B565 SDS| shrimp-shell 2013
chitin>
powdered
chitin> B-1,
3-1, 4-glucan

1 signifies that metal ions or chemicals increase the enzymatic activity; | signifies that metal ions or chemicals decrease the enzymatic

activity.

3 Discussion

In this study, we attempted to isolate chitin-
degrading bacteria from the intestinal samples of
trash-fish fed croakers, and the isolated strain with
chitin-degradation activity consisted with our
expectation. The cleavage patterns of chitinases
varied among different enzymes. Chitinase from
Aspergillus fumigatus YJ-407 has both endo- and

7]

exo-hydrolytic activities”””'; a chitinase from

Streptomyces olivaceoviridis generates chitobiose
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from colloidal chitin*'; ChiB and Chisb, from
Clostridium parapurtificum and Bacillus sp.
DAU101 respectively, both produce GIcNAc and
GIeNAc2"**". ChiB565 hydrolyzed colloidal chitin
to (GlcNAc),, (GlcNACc);, and (GlcNAc),, indicating
both exo- and endo-chitinase activity™™”. In our study,
GIcNAc and (GIcNAc), units were identified as the
major CHI-X hydrolysis product, suggesting that
CHI-X possesses exo-chitinase activity. Consistent
with the activity result, the predicted CHI-X active
site appears to be similar to that of ChiA, which is
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also an exo-chitinase. Additive effect was observed
between CHI-X and ChiB565, probably due to a
simultaneous attacking of different regions of the
substrate by the two chitinases.

Chitinases from different microorganisms have
varied enzymatic properties. The enzymatic
properties of CHI-X and those of other exo-chitinases
are summarized in Table 4. In comparison with most
of the other chitinases listed in Table 4, CHI-X has
higher optimal temperature (60 °C) and lower
optimal pH value (4.0). Also, CHI-X is characteristic
with stability over a broader pH range (3.0—11.0). For
ion effects, CHI-X activity is enhanced by Mn”",
which is similar to ChiB565 and the chitinase from
Trichodermas aturnisporum””*". In contrast, the
chitinases from Halobacterium salinarum CECT 395
and Aspergillus fumigatusYJ-407 are both inhibited
by Mn®" P**!. On the other hand, CHI-X is strongly
inhibited by Ag’, similar with the chitinase from 4.
fumigates. CHI-X showed narrow substrate profile,
as it only hydrolyzes colloidal chitin. In contrast,
some other exo-chitinases exhibited wide substrate
spectrum, such as the chitinase from Penicillium
ochrochloron MTCC 517" HsChiAlp of
Halobacterium salinarum CECT 395" and
ChiB565 of Aeromonas veronii B565"" (Table 4).

The thermal stability of CHI-X is not desirable
as a potential feed additive, because feeds are
usually processed by pelleting, which involves
treatment at 80 °C for a few seconds'*”’. In future,
the specific amino acids can be substituted to
improve thermal stability of CHI-X by referring to
other high thermal stability isoenzymes. The
modified CHI-X would hopefully maintain activity
after the pelleting treatment.

In present study, a novel chitinase named CHI-X

was obtained from a Citrobacter strian isolated in the
intestines of large yellow croaker juveniles. The
enzyme hydrolyzes colloidal chitin, with stability
over a broad pH spectra (3.0-11.0). The enzyme may
be adapted to an acidic environment, a temperature
range appropriate for warm-water marine fish culture
(30—40 °C), and is resistant to proteases. These
properties suggest that CHI-X would adapt well to
the environment of marine fish stomachs/intestines
and can be developed as a potential feed additive

enzyme for warm water marine fish.
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7B AR B FEfT R ERSMNILT REBRIFIE 247
VE, BB, X, BES, B, AR, &7, XEF, AERT

VTR SR B, fRd HTT 361005
o E RO R BRI ST T, AR R E YRR E AR, JbaD 100081

E: [ B ] WEMEE & LT Bk K8 a7 18 2 BAT LT B i DI Re i TRIAR I 43 B8 488 By L
TG, [Tk ] RIHBAILT BV s fn A 40 i R e (i il rh LT oA vl o X3 JL T BBl L ]
chi-XHAT T eI RIAATF IR RE . XTCHI-XMBgA M BT T T30 [ 45258 ] WM Zufa i Kk fa
B N2 o3 B VR JLT B i D Re i) o RAT R IR AT 187, FLrb i JL T o il 22 PN 2y 11> 75 4934~
BEMRENE N, Hh s — KR8 b, CHI-XXH AL T Bt HA 7 Phee. ok
pHAE L4331 /&4.0F160 °C,  CHI-XEATRSR M pHAREME, TEpH 3.0-1 105 EIE B 1 MR 90% 24
FITEPE, Mn®, Li FIK A CHI-XBG , Ag X CHI-XA IMHIVEH . CHI-X X85 14 B 147 5101738 N 25
YA BRI BTNYE . CHI-X P A LT i A N- £ A A0 B I FIN- L RS A e — R Ik, R & —
ANILT BN, 5, CHI-XFIS—ANJLT BilEChis65 B BEE oAy . [ 4518 ] 408 A i i
FCHI-XReAR I3 N /K 2R Al 3058, v LAAVE AR /K 7K 37256 fa 2 DR I H

K JLT D, 2 RATRERIAT I, KEf

(KX T 4. RBxm)

ESWH: WA ST EHIFE T2 3535 H (201305022-6); 5 RHE 4% -0115481(2012BAD25B02, 2013BAD10B01-2-3); b
FITBARA M Ml F AR AA R (SCGWZI20121104-4) s Hh E AL BFF e SEABHIT L 55 2% W57 96 L0 H (2013ZL043) 5 g\ 2k
BHIFBE T LA 55 9% % 1(2013ywi-s1-4)

BIS{EE. LA, Fax: +86-592-2186397, E-mail: chunxai@xmu.edu.cn; JEERM|, Tel: +86-10-82106073, Fax: + 86-10-
82106054, E-mail: zhouzhigang03@caas.cn

"HEE—1EEH.

UiS HEA: 2015-09-10; 1&[EBEA: 2015-12-05; MR BEE: 2015-12-11

actamicro@im.ac.cn



