Identification of chitin binding proteins and characterization
of two chitinase isoforms from Vibrio alginolyticus 283
Wipa Suginta *

School of Biochemistry, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand
Received 18 September 2006; received in revised form 21 December 2006; accepted 3 January 2007

Abstract

This study reports the isolation of chitin binding proteins secreted from a highly chitinase producing bacterium, Vibrio alginolyticus strain
283. Tryptic peptide mass analysis by HPLC-ESI/MS identified four proteins that bound specifically to chitin. Submission of mass fingerprinting
data for database search identified the 90, 65, and 47 kDa proteins as chitinases. On the other hand, the 38 kDa protein was compatible with a
sugar-inducible porin. The 90 and 65 kDa proteins, later designated Chi-90 and Chi-65 respectively, were further co-purified using Sephacryl
200 HR gel filtration chromatography and their enzymatic properties relatively studied. Kinetically, Chi-65 displayed 2.3 folds greater catalytic
efficiency (k../Ky) towards pNP-diNAG than Chi-90. Investigation of the chitinase activity as a function of pH revealed that both enzymes worked
best at pH of 6.5. At this pH, Chi-65 revealed almost seven folds higher activity than Chi-90. The similarity in peptide mass fingerprinting data,
together with the equivalence of the optimal pH value and the resemblance in their hydrolytic patterns towards soluble chitooligosaccharides and

insoluble chitin suggested that Chi-65 may be derived from the Chi-90 precursor.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Chitin, a linear B-1,4-linked homopolymer of N-acetyl-
glucosamine (GIcNAc or G1), is one of the three most abun-
dant polysaccharides in nature, in addition to cellulose and
starch. Chitin is found naturally in the shells of crustaceans,
such as crab, shrimp and lobster, as well as in the exoskeleton
of marine zoo-plankton, including coral and jellyfish. Insects,
such as butterflies and ladybugs, have chitin in their wings
and the cell walls of yeast, mushrooms and other fungi also
contain this natural polymer. In oceans, insoluble chitin is an
important nutrient source for maintaining the ecosystem in the
marine environment. Although 10'! metric tonnes are produced
annually in the aquatic biosphere alone, there is no substan-
tial accumulation of chitin in ocean sediments [1]. This is
because a bioconversion process is naturally driven by chiti-
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nolytic marine bacteria, especially Vibrio species [2,3]. These
bacteria utilize chitinous materials very efficiently by convert-
ing them into organic compounds that then can be used as
nitrogen and carbon sources. The enzymes that directly per-
form chitin degradation are located extracellularly, in the cell
envelope, the periplasmic space, the inner membrane and the
cytoplasm of the marine bacteria. They can be divided into
two major groups, which are the chitinases (EC 3.2.1.14) and
the [3-N-acetylglucosaminidases (GlcNAcases; EC 3.2.1.30).
Chitinases hydrolyze chitin to soluble oligosaccharides, mainly
N,N -diacetylchitobiose (G2), which is further hydrolyzed to G1
by GlcNAcases. The short-chain hydrolytic products, both G1
and G2, are then taken up by the bacterial cells initially through
an outer membrane protein (chitoporin) [4], followed by spe-
cific cytoplasmic membrane transporters [5—7]. The catabolic
cascade of chitin utilization by marine bacteria has been sug-
gested to comprise a large number of genes and proteins [8]
and is controlled by complex signal transduction systems [4]
that influence important steps such as: (1) chitin sensing, (2)
substrate attachment, (3) chitin degradation into oligosaccharide
fragments, (4) transport of the chitooligosaccharides, mainly G2,
to the cytoplasm, and (5) catabolism of the transport products to
fructoses-phosphate, acetate and NH3.


dx.doi.org/10.1016/j.enzmictec.2007.01.006
mailto:wipa@sut.ac.th
dx.doi.org/10.1016/j.enzmictec.2007.01.006

+Model
EMT-7562; No.of Pages9

2 W. Suginta / Enzyme and Microbial Technology xxx (2007) xxx—xxx

Chitin and its derivatives have many properties that make
them very attractive for applications in food and nutrition
technology, cosmetics, biomedicine, agriculture as well as envi-
ronmental ecology [9]. Antibacterial, anti-fungal and anti-viral
activities, together with their highly biocompatible quality, make
the chitin derivatives particularly useful for biomedical applica-
tions, such as wound healings, cartilage tissue engineering, drug
delivery, and nerve generation [10—13]. Chitin’s biodegradable
and anti-fungal properties are also useful for environmental and
agricultural uses [14—-16]. Chitooligosaccharides, which are the
sugar intermediates released during chitin hydrolysis, also are
pharmaceutically important. For example, G1 is known as an
effective anti-inflammatory agent [17] or glucosamine acts as
an anti-tumor drug [18].

Because of the immense economic potential behind chitin
exploitation, many attempts have been made to efficiently con-
vert this insoluble polysaccharide to commercially valuable
products using chitinases as a highly selective bioengineering
tool [17,19]. We previously reported isolation of the chitinase A
gene from V. carchariae [20] and the enzymatic properties of the
gene product (chitinase A) have been studied extensively [21].
Based on a chitinase activity screening of 12 Vibrio species,
Vibrio alginolyticus strain 283 was found to secrete the high-
est level of chitinases with double the activity of V. carchariae
after 3 days of growth [3]. An immunoblotting that displayed
the cross-reactivity of several secreted components with anti-
chitinase A polyclonal antibodies prepared from chitinase A
antigen of V. carchariae strongly suggested that V. alginolyti-
cus 283 accumulated more than one chitinolytic enzymes for
a competent action on chitin. In the present study, we aim at
identifying the important elements that are responsible for the
effectiveness of V. alginolyticus 283 in chitin exploitation. Chitin
binding proteins that are potentially important in chitin con-
sumption were isolated from the bacterium using chitin affinity
chromatography and identified using HPLC-ESI/MS. Two of
the identified proteins were subsequently purified and displayed
significant activity towards pNP-glycoside, chitooligosaccha-
rides and chitin. The kinetic data and the effect of pH on the
chitinase activity are discussed along with TLC analysis that dis-
played the hydrolytic patterns of the isolated enzymes towards
chitin oligosaccharides.

2. Materials
2.1. Bacterial strains and chemicals

The marine bacterium V. alginolyticus strain 283 (LMG4408T) was a gift
from Dr. Peter Robertson, Department of Biological Sciences, Heriot Watt Uni-
versity, Edinburgh, UK. All chemicals and reagents were of analytical grade
and purchased from the following sources: reagents for bacterial media were
from Scharlau Chemie S.A. (Barcelona, Spain); flake chitin (crab shell), chi-
tooligosaccharides and pNP-[GlcNAc], were from Sigma—Aldrich Pte., Ltd.
(Citilink, Warehouse Complex, Singapore); SDS/PAGE chemicals were from
Amersham Pharmacia Biotech Asia Pacific Ltd. (Bangkok, Thailand) and
from Sigma—Aldrich Pte., Ltd.; Sephacryl S200HR resin was from Amersham
Biosciences (Piscataway, NJ, USA); and chemicals and reagents for protein
preparation were from Sigma—Aldrich Pte., Ltd. and from Carlo Erba Reagenti
(Milan, Italy). Aluminum sheets (Silica gel 60F254, 20 cm x 20 cm) for thin-
layer chromatography (TLC) were products of Merck Co. (Berlin, Germany).

3. Methods
3.1. Screening on chitin agar plates

The overnight bacterial culture was stabbed into agar plates prepared from
marine medium 2216E [22] in the presence of 3.0% (w/v) colloidal chitin pre-
pared according to Hsu and Lockwood [23]. The plates were incubated for 3
days at 30°C, and a clear zone around the stab sites showed the presence of
chitinase activity. The plates could be stored after the initial incubation for up
to 4 weeks at 4 °C, during which time the zone became clearer and larger.

3.2. Preparation of chitin binding proteins by chitin affinity
chromatography

An overnight culture (10 mL marine medium, 30 °C) from a single colony of
V. alginolyticus 283 was used to inoculate three flasks, each containing 500 mL
of marine medium with colloidal chitin (2.5%, w/v). After about 72 h of incu-
bation at 30 °C, the cells and chitin were removed by centrifugation (2795 x g,
15 min, 4 °C), and the supernatant (fraction GM, growth medium) was collected.
A further 20 g of colloidal chitin was added to the suspension, stirred at 4 °C
for 60 min, and then centrifuged for 20 min (2795 x g, 4 °C). The sample of
precipitated chitin and bound proteins were combined, and washed by centrifu-
gation with 100 mM sodium carbonate buffer, pH 8.5, until the Agy was less
than 0.1, followed by washing with 100 mM sodium acetate buffer, pH 5.5, until
the Agp was ca. 0. Guanidine HCI (2M, 50 mL) was added and the suspen-
sion stirred at 4 °C for 30 min. Then, the chitin was removed by centrifugation
(2795 x g, 30min, 4 °C) and the guanidine-eluted proteins were dialyzed exten-
sively overnight against 20 mM sodium phosphate buffer, pH 7.0 (fraction CA,
chitin affinity).

3.3. Co-purification of Chi-90 and Chi-65

The dialyzed CA fraction obtained from chitin affinity step was precipitated
overnight by 0-70% saturated ammonium sulfate and collected by centrifu-
gation (16,099 x g, 45-60 min, 4 °C), and then dissolved in 2.0 mL of 20 mM
Tris/HCI buffer, pH 8.0, containing 150 mM NaCl. This solution was applied to
a Sephacryl S200 HR (1.5 cm x 120 cm) column under the same buffer system.
Fractions that gave high A»go peaks were analyzed on SDS/PAGE for purity con-
firmation. The fractions that contained the 90-kDa band were pooled separately
from the fractions that contained the 65-kDa band. These two fractions, later
designated as Chi-90 and Chi-65, respectively, were immediately subjected to
chitinase activity assay and biochemical characterization or stored at —30°C
until used. A final concentration of the protein was determined by Bradford’s
method [24] using a standard calibration curve constructed from BSA (0-25 .g).

3.4. Chitinase activity assay

Chitinase activity was determined in a 96-well microtiter plate and a 100-
L assay mixture contained protein sample (10 nL), 1 mM pNP-(GIcNAc),
(25 L), and 100mM sodium acetate buffer, pH 5.0 (65 wL). The reaction
mixture was incubated at 37 °C for 10 min with constant agitation, then the
enzymatic reaction was terminated by the addition of 50 pnL 1.0M Na,COs.
The amount of p-nitrophenol (pNP) released was determined spectrophotomet-
rically at 405 nm in a microtiter plate reader (Applied Biosystems, Foster City,
CA, USA). The molar concentrations of pNP were calculated from a calibration
curve constructed with pNP concentrations varying from 0 to 30 nmol.

3.5. SDS/PAGE following immunoblotting

Antisera against chitinase A were prepared with the purified chitinase A
isolated from V. carchariae as described previously [3]. The purified pro-
teins (2 ug) were electrophoresed on a 12% SDS/PAGE gel following the
Laemmli system [25], and subsequently transferred onto a nitrocellulose mem-
brane using Trans-Blot® Semi-Dry Cell (Bio-Rad Laboratories Ltd., Bangkok,
Thailand). Immunodetection was carried out using enhanced chemilumines-
cence detection system (ECL, Amersham Pharmacia Biotech Asia Pacific Ltd.,
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Thailand), according to manufacturer’s instructions. The primary antibody was
anti-chitinase A polyclonal antibody (1:2500 dilution) and the secondary anti-
body was anti-rabbit IgG conjugated with horse radish peroxidase (1:5000
dilution).

3.6. Protein identification and peptide mass analysis by
HPLC-ESI/MS

The protein bands from SDS gels (see above) were excised, destained,
reduced, alkylated with iodoacetamide and digested with Promega sequencing-
grade trypsin (Bio-Active Co., Ltd., Bangkok, Thailand) following a standard
protocol [26]. After overnight digestion at 37 °C, the peptides were extracted
and dried in a SpeedVac vacuum centrifuge, and then separated by a Cig column
connected to an Agilent 1100 HPLC using a 0-40% linear gradient of acetron-
itrile containing 0.1% acetic acid, then detected directly by a Thermo Finnigan
LCQ Deca electrospary ionization mass spectrometer (ESI/MS). The obtained
masses (m/z 500-2000) were subjected to “Sequest search” (http:/fields.-
scripps.edu/sequest/index.html) for protein identification.

3.7. N-terminal protein sequence analysis

The purified Chi-90 and Chi-65 were applied on a 12% SDS-PAGE gel,
which was pre-run overnight, then transferred on to BioTrace™ polyvinyli-
dene fluoride (PVDF) membrane (Pall Corporation, Pensacola, FL, USA) for
30-45 min with a constant voltage of 20V using Trans-Blot® Semi-Dry Cell
(Bio-Rad Laboratories Ltd., Bangkok, Thailand). The blotted membrane was
thoroughly washed with deionized water for 5min, and then stained with a
freshly prepared 0.1% Coommassie blue. After destaining with methanol:glacial
acetic acid:water (50:10:40, v/v), the protein bands of interest were excised and
subjected to Edmand degradation reaction for determination of the N-terminal
amino acids using automatic amino acid sequencer (Scientific Equipment Center,
Prince of Songkla University, Songkla, Thailand).

3.8. Kinetic measurements

Kinetic studies of Chi-90 and Chi-65 were performed by colorimetric assay
in a microtiter plate reader (Applied Biosystems, USA). The reaction mixture
(100 L), containing 0-500 uM pNP-(G1cNAc),, dissolved in 100 mM sodium
acetate buffer, pH 5.0, and dH,O, was pre-incubated at 37 °C for 10 min. After
the enzyme (400 ng) was added, the reaction was continued for additional 10 min
at 37°C, and then the reaction was terminated with 50 wL of 1 M Na,COs.
Release of p-nitrophenol (pNP) was monitored at A405, which was subsequently
converted to molar quantities using a calibration curve of pNP (0-30 nmol).
The kinetic values (K, Vimax, and k¢,) were evaluated from three independent
sets of data by a nonlinear regression function in the GraphPad Prism software
(GraphPad Software Inc., San Diego, CA).

3.9. Effects of pH on chitnase activity

The hydrolytic activity of Chi-90 and Chi-65 towards pNP-[GIcNAc], was
investigated at a broad pH range from 3.0 to 10.0. To maintain the buffer-
ing capacity at a particular pH, different buffer systems were used as follows:
100 mM potassium phosphate buffer for pHs 3.0 and 4.0; 100 mM sodium acetate
buffer for pHs 4.5, 5.0, and 5.5; 100 mM MES buffer for pH 6.0; 100 mM sodium
phosphate buffer for pHs 6.5 and 7.0; 100 mM Tris/HCI for pHs 8.0 and 9.0;
and 100 mM CAPS buffer for pH 10.0. Each reaction was carried out under the
same conditions as described for the standard chitinase assay. Release of pNP
was quantified using the same standard curve.

3.10. Product analysis by thin-layer chromatography

Hydrolysis of chitooligosaccharides (G2-G6) by Chi-90 and Chi-65 was
carried out in a 20-pL reaction mixture, containing 100 mM sodium acetate
buffer, pH 5.0, 2.5 mM substrate and 200 ng purified enzyme. The reaction was
incubated at 37 °C with shaking for 0, 2.5, 5, 10, 30, 60 min and overnight,
and then terminated by boiling for 5 min. For product analysis, 5 uL of each

reaction mixture was applied slowly to a silica TLC plate (5.0cm x 6.0 cm),
and then chromatographed twice (30 min each) in a mobile phase containing
n-butanol:methanol: 30% ammonia solution:H,O (10:8:4:2) (v/v), followed by
spraying with aniline—diphenylamine reagent and baking at 120 °C for 5-10 min
[27]. The TLC analysis of the hydrolytic products generated from colloidal chitin
was carried out as described for chitooligosaccharide hydrolysis with a single
time point of 60 min.

4. Results

4.1. Isolation of chitin binding proteins and chitinase
expression

We previously reported expression levels of chitinases from
twelve strains of marine Vibrios [3]. It was found that V. algi-
nolyticus strain 283 secreted highest level of chitin hydrolyzing
enzymes to the growth medium containing chitin. When the
crude enzymes were prepared by this bacterium, a number
of proteins were found to cross-react with anti chitinase A
polyclonal antibodies prepared from chitinase A antigen of
V. carchariae. In the present study, we employed chitin affin-
ity chromatography to obtain chitin binding proteins that may
potentially involve in chitin degradation and chitin uptake of
this bacterium. Fig. 1A shows the clear zones that appeared
around four stabbed sites of the V. alginolyticus 283 after a
prolonged storage of the chitin plate for 4 weeks at 4 °C. The
result re-confirmed the production of the chitinolytic enzymes
by V. alginolyticus 283. After the bacterium was grown in chitin-
containing broth for 72h at 30°C, the growth medium was
collected and applied batch-wise to chitin resin. As seen on
SDS/PAGE (Fig. 1B), four major chitin binding proteins specif-
ically eluted from chitin resin by 2 M guanidine HCI.

The tryptic peptides of these proteins prepared as men-
tioned in Methods were resolved on a Cg column and analyzed
by electrospray MS. The peptide mass data obtained from
HPLC-MS was subjected for the NCBI non-redundant protein
database search. The Sequest search results showed that four
peptides from the 90-kDa and from 47-kDa bands, and three
peptides from the 65-kDa band were identical to a chitinase
from V. parahaemolyticus RIMD 2210633 (accession number
28899910) (Table 1). In contrast, two tryptic peptides of the 38-
kDa band were compatible with a maltose-inducible porin from
Aeromonas salmonicida (accession number 398211).

4.2. Purification of Chi-90 and Chi-65

An attempt was made to purify all the chitin binding proteins
using various types of chromatography, however with partial
success. We could not obtain the 47 and 38 kDa proteins for fur-
ther functional characterization. However, when Sephacryl S200
HR gel filtration was used, plotting the Agp values of individual
fractions versus the fraction number revealed two peaks with the
earlier peak having maximum absorbance at fraction 37 and the
latter peak at fraction 46 (Fig. 2A). Fractions 36-38 were pooled
as pool 1 (P1), while fractions 45—47 were pooled as pool 2 (P2).
With SDS-PAGE analysis, P1 gave a single band of 90 kDa and
P2 of 65kDa (Fig. 2B) and according to their resultant masses
the corresponding proteins were designated as Chi-90 and
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Fig. 1. Identification of chitin binding proteins from V. alginolyticus 283. (A) Expression of chitin hydrolyzing enzymes from V. alginolyticus 283. Numbers indicate
stab sites of the bacterium grown on a chitin agar plate. After overnight incubation at 30 °C, the development of the clear zones was observed at day 30 at 4°C. (B)
SDS/PAGE analysis of chitin binding proteins. The growth medium prepared from a 1.50-L culture of V. alginolyticus 383 was stirred in a beaker with colloidal
chitin for 60 min at 4 °C. After washing, chitin binding proteins (CA fraction) were eluted with 2 M guanidine HCl, dialyzed thoroughly, and then analyzed on a 12%
SDS/PAGE.

Table 1
Chitin binding proteins identified by HPLC-ESI/MS

Band number (#) Monoisotopic Charge, Z Peptide sequence Identified protein Accession number
mass (MH+)
1.90kDa 1404.68 3 R. TTGELITFDDHR. S Chitinase from Vibrio 28899910
parahaemolyticus RIMD 2210633
1724.81 2 K.GSTAQGVWEDGVIDYK .G
2148.98 2 K. WWTQGDDPSKSGEWGVWK .E
2186.97 2 K.FYDGVDIDWEFPGGGGAAADK .G
2.65kDa 1561.77 2 K. SFPQAGHEYSTPIK .G Chitinase from V. 28899910
parahaemolyticus RIMD 2210633
1404.68 2 R. TTGELITFDDHR .S
1724.81 2 K.GSTAQGVWEDGVIDYK .G
3.47kDa 1561.77 2 K.SFPQAGHEYSTPIK .G Chitinase from V. 28899910
parahaemolyticus RIMD 2210633
1404.68 2 R. TTGELITFDDHR .S
1516.75 2 R.TYELTSAIGVGYDK .I
1724.81 2 K.GSTAQGVWEDGVIDYK .G
4.38kDa 1345.66 2 K. TVLQYGTEGYSK.T Maltose-inducible porin from 398211
Aeromonas salmonicida
864.47 2 K. VSFAWVR.T

Peptide fragments from gel bands 1-4 (see Fig. 1b) were identified by exact mass analysis using HPLC-ESI/MS and by database searching. Monoisotopic masses
of the identified bands gave highest scores in the FASTA search.

(A) 0.5 (B) (C)
P1 kDa 2 1 2
0.4 v
1 F2 96 — '
<§ 0.3 —
0.2 66 — -—
0.1 45 —
0.0 T T
0 10 20 30 40 50 60 70 80 90 100

Fraction number

Fig. 2. Purification of two chitinase isoforms. (A) A plot of Agp vs. fraction number obtained from Sephacryl S200 HR chromatogrpahy. Fractions 36-38 were
pooled as pool 1 (P1), while fractions 45-47 were pooled as pool 2 (P2). (B) P1 and P2 were electrophoresed on a 12% SDS/PAGE gel, and stained with Coommassie
blue. (C) Immunoblotting of P1 and P2 using anti-chitinase A polyclonal antibodies and anti-IgG conjugated with horse radish peroxidase as primary and secondary
antibodies, respectively. Lane 1: 10 wL of P1; lane 2: 10 wL of P2.
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Table 2
Purification of the 90 and 65 kDa chitinases from V. alginolyticus 283

Purification step Total protein (mg) Total activity (U)*

Specific activity (Umg~") Fold purification Activity recovery (%)

Growth medium (GM) 2054.0 142.76
Chitin affinity (CA) 29.5 5.40
Sephacryl 200 (S200)
Pooled 90 kDa fractions (P1) 1.05 0.68
Pooled 65 kDa fractions (P2) 1.45 1.47

0.07 - 100
0.18 2.6 3.8
0.65 9.3 0.48
1.01 14.4 1.03

V. alginolyticus 283 was grown in a 1.5-L marine medium, containing 3% (w/v) colloidal chitin at 30 °C. After 72 h of incubation, the growth medium was collected
and applied batch-wise to chitin resin. The chitin affinity fraction (CA) was ammonium sulfate precipitated, then further purified by gel filtration using Sephacryl
S200-HR column. Fractions containing a single protein band of 90 kDa were pooled as P1 and fractions containing a single protein band of 65 kDa were pooled as

P2.

2 One unit is defined as 1 wmol of pNP released from pNP-[GlcNAc], per minute at 30 °C.

Chi-65. The molecular weights of Chi-90 and Chi-65 as deter-
mined on SDS/PAGE were equivalent to the ones determined
by gel filtration, indicating that both proteins are monomeric
proteins.

Additional analysis using immunological technique revealed
a strong cross-reactivity of Chi-90 and Chi-65 with anti-
chitinase A polyclonal antibodies prepared from V. carchariae
chitinase A antigen (Fig. 2C). This verified that the purified
proteins were indeed chitinase homologues.

Table 2 represents the purification of Chi-90 and Chi-65 using
chitin affinity chromatography, followed by Sephacryl S200
HR gel filtration. Based on the applied protocol, the specific
hydrolyzing activity of the purified proteins was increased, giv-
ing 9.3- and 14.4-fold purification for Chi-90 and Chi-65 after
gel filtration step. The final yield obtained from a 1500-mL cul-
ture was 1.05 mg of highly purified Chi-90 and 1.45 mg of highly
purified Chi-65.

4.3. Steady state kinetics and the effect of pH on Chi-90
and Chi-65 activities

When pNP-[GIcNAc], was the substrate, Chi-90 displayed
a specific activity of 0.69 nmol pNP min~—! pg™! protein. This
value was 4.2 times less than the specific activity of Chi-65
(2.91 nmol pNP min~! wg~! protein). The kinetic parameters of
Chi-90 and Chi-65 were further investigated at varied concen-
trations of pNP-[GIcNAc],. A comparison of data revealed that
Chi-90 displayed higher affinity of binding to the pNP glycoside
than Chi-65 by having a two times lower K, value (0.34 mM)
compared to that of Chi-65 (0.67 mM) (Table 3). In contrast,

Table 3
Kinetic parameters of the hydrolytic activity of Chi-90 and Chi-65 towards
PNP-[GIcNAc]; substrate

Enzyme K (mM) keat (571) keat/Km (571 Mil)
Chi-90 0.34 + 0.07 1.65 £ 0.19 4.81 x 103
Chi-65 0.67 £ 0.06 741 + 047 1.11 x 10*

The 100-p.L reaction mixture contained 0-500 uM pNP-(G1cNAc),, 100 mM
sodium acetate buffer, pH 5.0 and 400 ng enzyme. The reaction was carried out
for 10 min at 37 °C, and then terminated with 50 wL of 1 M Na;CO3. Release
of pNP was monitored at A405, which was converted to molar quantities using
a pNP calibration curve. The kinetic values were estimated from three separate
data sets using a nonlinear regression function in the GraphPad Prism software.

Chi-65 exposed a 4.5 times higher rate of catalysis (k¢q¢) than the
one obtained with Chi-90. Thus, the overall catalytic efficiency
(keat/ K1) of Chi-65 was about 2.3 times of that of Chi-90.

The effects of pH on the hydrolytic activity of Chi-90 and
Chi-65 were examined within a broad pH range from pH 3.0
to 10 (data not shown). It was observed that both enzymes
displayed an increase in their activity when the pH of the reac-
tion mixture was raised. At pH 6.5 the maximum of enzyme
activities was reached and activities began to decline gradually
upon further increase of the pH of the reaction buffers. At opti-
mum pH, Chi-65 was considerably 6.7 times more active than
Chi-90.

4.4. Product analysis of the hydrolytic activity of Chi-90
and Chi-65 using TLC

To assess the ability and efficiency of the isolated enzymes to
degrade their natural substrates, the hydrolytic products formed
in the course of their action on chitin and chitooligosaccharide
were analyzed via TLC. Up to 60 min of incubation, there were
no hydrolytic products detected in reaction mixtures containing
G2 and Chi-90 or Chi-65 (not shown). This strongly indicated
that G2 was not a substrate of both enzymes. Fig. 3A and B
are the TLC patterns showing the reaction intermediates formed
from G3 as a function of time. It can be seen that even at 60 min
of incubation, Chi-90 did not hydrolyze G3 at all, whereas G2
produced by Chi-65 appeared already at 30 min of reaction. G1
and G2 were more clearly seen at 60 min in the reactions per-
formed with Chi-65. Although at different rates, both enzymes
obviously hydrolyzed G4 (Fig. 3C and D) and again G2 was the
end product with products of hydrolysis detected at 10 min of
reaction incubation for Chi-90 but as early as 2.5 min for Chi-65.
At 60 min, Chi-65 almost completely processed its substrates,
whilst substantial amounts of G4 still remained in the reaction
of Chi-90 at this point in time. Similar findings were observed
when G6 was the substrate (Fig. 3E and F), where the reaction
intermediates (mainly G2, G3, and G4) were detected again ear-
lier in the case of Chi-65. At an hour of incubation, the reaction
containing Chi-65 was complete, while the reaction by Chi-90
was still ongoing.

The hydrolytic activity of Chi-90 and Chi-65 was also
assessed using chitin as the substrate. Fig. 4 displays the
hydrolytic products formed at a single time point (60 min).
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Fig. 3. Time course of chitiooligosaccharide hydrolysis of Chi-90 and Chi-65 as analyzed by TLC. A reaction mixture, containing 200 ng chitinase and 2.5 mM
substrate in 100 mM sodium acetate buffer, pH 5.0, was incubated at 37 °C for varied times (0, 2.5, 5, 10, 30 and 60 min). After boiling, the reaction solution (5 wL)
was analyzed on TLC and sugar products detected with aniline-diphenylamine reagent. (A and B) Hydrolysis of G3 by Chi-90 and Chi-65, (C) and (D) hydrolysis
of G4 by Chi-90 and Chi-65, (E and F) hydrolysis of G6 by Chi-90 and Chi-65, respectively. Lane std, a standard mix of G1-G6; lanes 1-6, incubation times of 0,
2.5,5, 10, 30, and 60 min.
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std 1 2

Fig. 4. TLC analysis of chitin hydrolysis by Chi-90 and Chi-65. A reaction mix-
ture, containing 200 ng chitinase and 20 mg colloidal chitin in 100 mM sodium
acetate buffer, pH5.0, was incubated at 37 °C for 60 min. After boiling, the
reaction solution (5 pL) was analyzed on TLC and sugar products detected
with aniline—diphenylamine reagent. Lane std: a standard mix of G1-G6; 1,
hydrolytic products obtained from Chi-90; lane 2: hydrolytic products obtained
from Chi-65.

It has been recognized that both enzymes hydrolyzed chitin
polymer, also giving G2 as the major product. G3 was clearly
found as an additional intermediate in the reaction of Chi-65
with chitin, while much less signal was seen in the reaction of
Chi-90.

5. Discussion

Marine Vibrios are thought to play a pivotal role in the
bioconversion of chitin, which is produced in a multi-million
tonne quantity in the marine biosphere. The bacteria degrade
chitin into small oligosaccharides, which can be metabolized
and further used as a sole source of nitrogen and carbon. It
has been suggested that chitin hydrolysis by these bacteria is
a sequence of complex processes and engages a large number
of chitin related genes [1]. A recent study by Meibom et al. [8]
using DNA microarray technique identified 360 genes that were
involved in regulating the growth of V. cholerae on chitin or
chitin derivatives. We previously screened for chitinase activ-
ity from 12 species of Vibrios and found that, upon induction
by chitin, V. alginolyticus strain 283 expressed highest levels of
chitinases into the growth medium [3]. The cross-reactivity of
a protein cluster produced by this bacterium with anti-chitinase
A antibodies prepared from V. carchariae chitinase A antigen
suggested that the bacterium secreted several chitin-degrading
enzymes during growth in order to utilize the polymeric substrate

most efficiently. In this study, we employed HPLC-MS to iden-
tify four proteins that specifically bound to chitin (see Fig. 1B
and Table 1). It is noticeable that two of the identified pep-
tides (TTGELITFDDHR and GSTAQGVWEDGVIDYK) were
identical among the proteins of 90, 65 and 47 kDa, all unam-
biguously compatible with a database-search chitinase of V.
parahaemolyticus. Like chitinases 52 and 35 kDa from Serra-
tia marcescens KCTC2172 [28], these three proteins might be
products of a single chitinase gene, which was later generated
differentially during post-proteolytic modifications. Alterna-
tively, they may be originated from different chitinase genes with
overlapping open reading frames as described for Alteromonas
sp. strain O-7 [29]. Employing the same proteomic tool, we also
identified the smallest protein (38 kDa) to be a sugar-inducible
porin. Although, to our best knowledge, only chitoporin from
V. furnissii was isolated and preliminarily characterized [30],
the basic function of this porin has been proposed to act as a
specific channel allowing chitin-degradation products (mainly
Gl and G2) to be transported into the bacterial cell for fur-
ther metabolization. Although porins are proteins located in the
outer membrane of Gram-negative bacteria, a prolonged period
of cell growth (72 h) could possibly lead to the release of bro-
ken membranes of death/damaged cells to the growth medium.
If the identified porin of V. alginolyticus 283, by all means,
involved in chitooligosaccharide transport, the protein would
be undoubtedly expected to form certain types of interactions
with the GIcNAc moieties. Under such circumstances, it would
explain the detection of the sugar-inducible porins, as part of the
membrane components, in the chitin affinity fraction.

We have made attempts, with only partial success, to obtain
all the chitin binding proteins. After various types of chromatog-
raphy were tested, only Chi-90 and Chi-65 were co-purified
when Sephacryl S200 HR gel filtration was used after chitin
affinity chromatography. Although chitin affinity was shown to
be the powerful isolating step, it appeared to bind so tightly to the
proteins that the subsequent eluting step employing mild con-
ditions was proved unsuccessful. We previously employed the
chitin affinity technique to purify V. carchariae chitinase using
several eluting conditions and eventually found that the proteins
could only be eluted effectively from the resin with guanidine
HCI [3] with 2 M tested to be optimal to yield highest activity.
In this study, we applied the same condition as for the V. car-
chariae enzyme. However, it was found that only 3.8% activity
was recovered after the removal of the guanidine HCl using dial-
ysis technique. The relatively low yield reflects the instability
of the enzyme under the condition of the guanidine HCI elution.
After Sephacryl S-200 HR purification, two proteins, namely
Chi-90 and Chi-65, have been identified in fractions that gave
high A»go peaks (P1 and P2 in Fig. 2A and B) and they were found
to be immunologically related, as judged by strongly interact-
ing with anti-chitinase A polyclonal antibodies of V. carchariae
chitinase A (Fig. 2C).

TLC analysis of the hydrolytic activity of Chi-90 and Chi-65
clearly revealed that G2 was not a substrate for both enzymes.
This was not surprising since G2 is generally formed as the end
product of the action of endochitinases. As expected, G3 was
a poor substrate for Chi-65 and was not hydrolyzed at all by
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were proved by the differences in their kinetic values (Kp, kcat,
and kca/Km) as shown in Table 3 and the influence of pH on their
chitinase activity. Both enzyme displayed their maximal activity
atpH 6.5 (see Fig. 3), however, different pH values that gave half
maximal activity (pHs 4.2 and 8.5 for Chi-90 and pHs 3.5 and
7.6 for Chi-65) indicated that the two proteins possessed differ-
ent ionizing groups that may be important for enzyme catalysis.
Or, the two proteins may possess the relevant ionizing groups,
but located in dissimilar hydrophobic environments in the cat-
alytic cleft. At this point of study, it was not possible to judge
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Fig. 5. A proposed action of Chi-90 and Chi-65 on chitooligosaccharides.
Arrows indicate sites of cleavage. Thickness of the arrows represents the level
of the product formation as observed by TLC.

the less active Chi-90. Previous reports on the 3D-structures of
hevamine chitinase and S. marcescens chitinase A clearly sug-
gested that the catalytic pocket of the enzymes comprised an
array of at least six binding subsites [31,32]. If this would be
also the case for Chi-90 and Chi-65, the binding affinity of the
enzymes with G3 should not be strong because a full occupancy
of binding would be only satisfied by six sugar moieties. The
kinetic data of the highly related homologue, V. carchariae chiti-
nase A, also suggested the higher affinity of binding with higher
molecular weight substrates [21]. With a qualitative method of
detection like TLC, we also observed that at equivalent time
point of reaction, i.e. at 60 min, both enzymes showed a more
complete degradation with longer chain substrates with the rate
of degradation following the tendency G6 > G4 > G3 (see Fig. 3).
In addition, a various range of oligomeric products were detected
in the reaction of Chi-90 or Chi-65 with G6. For example, G2,
G3, G4 and G5 were the reaction intermediates, indicating the
endo characteristic of both chitinases, in which the enzymes will
act randomly on internal sites of the glycosidic bonds. A pro-
posed action of the two enzymes towards chitooligosaccharides
is schematically presented in Fig. 5.

The endo activity of the two enzymes was also observed when
colloidal chitin was a substrate. G2 and G3 were detected even
when the reaction was incubated for time as long as 60 min.

When subjected to N-terminal amino acid sequence determi-
nation, data from definite 20 rounds of the Edman degradation
could be interpreted with confidence for the Chi-65 polypeptide.
The N-terminal sequence of this protein was A-P-Q-A-P-S-1-D-
M-Y-T-S-N-N-L-Q-F-V-A-I. When this sequence was subjected
to BLAST search, it showed highest sequence identity with the
N-terminal sequences of a chitinase gene product of V. algi-
nolyticus 12G01 (accession number Q1V7B6), a chiK gene
product of Vibrio sp. (accession number Q32Y72), and chiti-
nase A precursor of V. carchariae (harveyi) (accession number
Q9AMP1). The latter sequence was a single chitinase isolated
previously in our laboratory [20]. Under the same experimental
conditions, only the first two amino acids from the N-terminus
of Chi-90 were ambiguously identified as glutamine (Q) and
glycine (G). Because of the retardation of the higher-M; protein
on SDS-PAGE gel, it was not possible to elute the protein band
out of the gel, thus giving a low yield of the intact protein to be
further analyzed. The non-similar properties of the two enzymes

whether the proteins were the products of the same gene or sep-
arate genes. However, taking into account that identical peptides
were found for Chi-90 and Chi-65 and that the pH for optimum
activity of the two were the same and the similar patterns of sub-
strate hydrolysis, it is likely that Chi-65 may be derived from
Chi-90 as a precursor. Following the cellular events of prote-
olytic cleavages and translational modifications, a more active
chitinase (Chi-65) was created. It has been suspected that the
47 kDa chitinase, which was also identified in this study, could
also have been created by a similar procedure. The rationale for
the generation of several chitinases from a single gene would be
making most efficient use of the surrounding chitin components
with the least demand of cellular energy of the bacterial cells.

6. Conclusions

In this study, we employed HPLC-ESI/MS to identify four
promising proteins that may extracellularly be involved in chitin
utilization of the highly chitinase-producing bacterium, V. algi-
nolyticus 283. Two proteins, identified as chitinases Chi-90 and
Chi-65, were further purified and characterized. Partial identity
of their peptide sequences, an identical pH optimum as well as
similar hydrolytic patterns suggested that Chi-65 may be the
proteolytic, active form of Chi-90 precursor.
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