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Abstract A gene encoding an alkaline (pI of 8.67)
chitinase was cloned and sequenced from Chromobacte-
rium sp. strain C-61. The gene was composed of 1,611
nucleotides and encoded a signal sequence of 26 N-terminal
amino acids and a mature protein of 510 amino acids. Two
chitinases of 54 and 52 kDa from both recombinant
Escherichia coli and C-61 were detected on SDS-PAGE.
Maximum chitinase activity was obtained in the culture
supernatant of recombinant E. coli when cultivated in TB
medium for 6 days at 37°C and was about fourfold higher
than that from C-61. Chi54 from the culture supernatants
could be purified by a single step based on isoelectric point.
The purified Chi54 had about twofold higher binding
affinity to chitin than to cellulose. The chi54 encoded a
protein that included a type 3 chitin-binding domain
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belonging to group A and a family 18 catalytic domain
belonging to subfamily A. In the catalytic domain, mutation
of perfectly conserved residues and highly conserved
residues resulted in loss of nearly all activity, while
mutation of nonconserved residues resulted in enzymes
that retained activity. In this process, a mutant (T218S) was
obtained that had about 133% of the activity of the wild
type, based on comparison of K, values.

Keywords Chitinase - Site-directed mutagenesis -
Enzyme purification - Enzyme enhancement

Introduction

Chitinases (EC 3.2.1.14) hydrolyze the (3-1,4-linkage of
chitin, which is one of the most abundant natural polymers.
Chitin is a major structural component of many arthropods
and fungal cell walls (Flach et al. 1992). Most organisms
produce chitinases including viruses, eubacteriales, archae-
bacteriales, fungi, and insects, as well as plants and
vertebrates. Some enzymes may be useful in the control
of agricultural pests, including enzymes with antifungal
activity (Broadway et al. 1995; Chernin et al. 1995;
Kobayashi et al. 2002; Lorito et al. 1993). Others with
activity at alkaline pH values may degrade the peritrophic
membranes that line insect guts. This affects insect
digestion and is directly inhibitory to insect growth and
development (Broadway et al. 1998) and may also increase
susceptibility of insects to gut-active insecticides including
the endotoxins from Bacillus thuringiensis (Ding et al.
1998) or baculoviruses (Shapiro et al. 1987). Such enzymes
may be used directly in pest control strategies, or native or
transgenic microbes that secrete potent enzyme mixtures
can be employed as biocontrol agents (Fang et al. 2005). In
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addition, single or multiple genes may be expressed in
plants, resulting in the control of diseases or herbivorous
insects (Bolar et al. 2001; Ding et al. 1998).

We were interested in the discovery of chitinases that
would possess activity against multiple plant pests. In
earlier research, we isolated several chitinolytic bacteria
from soil and identified the organisms with the greatest
ability to solubilize chitin and that possessed strong
biocontrol activity against plant pathogenic fungi. The
bacterium with the highest chitinase production and
biocontrol ability was identified as Chromobacterium sp.
strain C-61 (Park et al. 1995a). A major chitinase from the
bacterium had a molecular weight of 54 kDa and a pI of 8.7
and played an important role in the biocontrol of plant
pathogenic fungi (Park et al. 1995b,c). The chitinase was
also stable in alkali pHs and so is likely to provide a
significant tool for control of insect pests of plants.

Numerous chitinase genes have been cloned from a variety
of organisms. There have been numerous attempts at the
classification of enzymes based on sequence similarities.
Chitinases are contained in families 18 and 19 of glycosyl
hydrolases (Henrissat and Davies 1997) and most bacterial
chitinases, except for chitinases of Strepfomyces spp. and
actinobacteria (Kawase et al. 2004), belong to family 18 and
contain a catalytic domain plus, in most cases, a chitin-
binding domain (http://smart.embl-heidelberg.de). Chitin-
binding domains of bacterial chitinases were primarily of
type 3 (Henrissat 1999), which has been further subdivided
(Hashimoto et al. 2000).

In this study, a gene encoding a major chitinase (Chi54)
from Chromobacterium sp. strain C-61 was cloned. More-
over, the various domains that provide functionality were
identified and site-directed mutagenesis was used to identify
essential functional amino acids within the catalytic domains.
This provided a basis for improvements in activity, and one
mutant indeed possessed higher activity than the original
strain. In addition, methods for rapid production of the
modified or functional pure proteins were identified.

Materials and methods
Bacterial strains, plasmids, and culture conditions

Chromobacterium sp. strain C-61 was grown in nutrient
broth (NB, Difco, Detroit) containing 50 pg/ml of
ampicillin at 28°C. Escherichia coli XL1-Blue MRF’
(Stratagene, La Jolla, CA) was used for the construction
of the ZAP express library amplification of phage clones
and the expression of the pBK phagemids. E. coli strains
were grown at 37°C on Luria—Bertani (LB) medium
(Sambrook et al. 1989) supplemented with 50 pg/ml of
kanamycin where necessary and with 0.2% maltose and
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10 mM MgSO, for the propagation of lambda phages.
Strain C-61 is deposited in the Korean Agricultural Culture
Collection (National Institute of Agricultural Biotechnolo-
gy, Suwon, Republic of Korea, http://wdcm.nig.ac.jp/
CCINFO/CCINFO.xml?806) as accession KACC 91199P.

Construction of a genomic library and screening
of chitinase-producing clones

Chromosomal DNA of Chromobacterium sp. strain C-61
was partially digested with Sau3Al and ligated into the
BamHI site of the ZAP Expression vector (Stratagene). The
ligation mixtures were packaged into phage particles using
Gigapack III Gold packaging extract (Stratagene) and then
amplified in . coli XL1-Blue MRF’ cells. The phages were
plated and transferred to nitrocellulose membranes soaked
with 10 mM isopropyl-f3-D-thiogalactopyranoside (IPTG)
to induce the lac promoter. The nitrocellulose membranes
were hybridized with the anti-chitinase sera using picoBlue
Immunoscreening Kit (Stratagene). Polyclonal antibodies
were produced in female mice by immunization with 75 pg
of purified chitinase (A & PEP, Chungnam, South Korea).
Specificity and titer of the antibodies were evaluated by dot
blot test and agar-double diffusion test. Phages of hybrid-
ized plaques were cultured in LB broth containing E. coli
and the culture solutions were tested for chitinase activity
by release of 4-methylumbelliferyl-f3-D-N,N'-diacetylchito-
bioside [designated 4-MU-(GIcNAc), hereafter] (Sigma, St.
Louis, MO). The chitinase-producing phages were incubat-
ed with the Exassist helper phages and E. coli XL1-Blue
MREF” cells to excise the pBK-CMYV phagemid vector from
the ZAP Express vector. The excised phagemids containing
the cloned insert were use to transfect £. coli XLOLR,
which prevents replication of the helper phage genome and
lambda DNA contamination. Colonies were selected that
cleared colloidal chitin on 1/2 strength LB medium.

DNA sequencing and analysis

DNA sequencing was performed on an Applied Bio-
systems Automated 3730 DNA Analyzer with Big Dye
Terminator chemistry and AmpliTaq-FS DNA Polymer-
ase at the Cornell Biotechnology Resource Center
(http://www.brc.cornell.edu/brcinfo/index.php?f=1). Ho-
mology searches in GenBank were carried out in Pro-
tein—protein BLAST (blastp) at NCBI (http://www.ncbi.
nlm.nih.gov/BLAST/). The predicted molecular weight
and pl value of the chitinase were calculated using
Compute pl/Mw (http://us.expasy.org/tools/pi_tool.html).
The predicted signal sequence was identified with
SignalP (http://www.cbs.dtu.dk/services/SignalP). The
predicted domains were located with the SMART program
(http://smart.embl-heidelberg.de).
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Subcloning of an open reading frame (ORF) containing
a chitinase gene

One insert in pBK-CMV consisted of 3,787 bp that
included 3,690 bp from strain C-61 and 97 bp of vector
DNA. An ORF of the chitinase gene was located in 1—
1,787 bp and an Apal site was located at 1,846 bp and
another at 3,744 bp (vector DNA region) within the
recombinant plasmid. DNA of about 6.3 kb containing
pBK-CMYV (about 4.5 kb) and the chitinase gene (1,846 bp)
was extracted using agarase (Roche, Mannheim, Germany)
from gels. After digestion with Apal, the extracted DNAs
were ligated and transformed into E. coli XL1-Blue MRF’.
Transformants expressing the enzyme were identified by
formation of clearing zones on chitin agar plates, thereby
selecting for the DNA segment that contained the gene.

Site-directed mutagenesis of Chi54

Site-specific mutations were conducted using QuikChange
site-directed mutagenesis kit (Stratagene). The oligonucle-
otide primers used for mutagenesis are shown in Table 1.
The vectors containing chi54 were PCR-amplified using

Pfu DNA polymerase according to the manufacturer’s
protocol. The product was then treated with Dpnl endonu-
clease, specific for methylated and hemimethylated DNA to
digest the C-61 DNA template. The vector DNA carrying
the desired mutations was transformed and proliferated in
E. coli XL1-Blue supercompetent cells. The candidate
clones were selected by size of clearing zone on 1/2 LB
plates containing colloidal chitin. The mutant clones were
confirmed by sequencing of the inserted DNA.

Production of Chi54 and mutated Chi54

The chitinolytic ability of strain C-61 and E. coli carrying a
chi54 or mutated chi54 was first compared by sizes of halos
on 1/2 strength LB medium containing 0.1% colloidal
chitin after 5 days incubation at 30 or 37°C. To determine
the optimum culture conditions of recombinant E. coli on
chitinase production, growth of a single colony was
initiated by shaking overnight and 500 pl was inoculated
into 50 ml LB or Terrific Broth (TB) (Sambrook et al.
1989) containing kanamycin in a 250 ml flask. The culture
was incubated with shaking at 37°C until ODg, reached
0.6 (about 5-6 h culture). Subsequently, 500 ul of 100 mM

Table 1 Primers used for site-
directed mutagenesis of the
nucleotides encoding the cata-

Mutated Sites

Primer®

Iytic sites of Chi54 Regions ~ Amino acid change
B3 S213E°
G215E
G216E
T218S
34 1270L
1270V
D271W
E273W
37 N401V
*Underlined codons indicate G403E
the nucleotide changes made
using the QuikChange site-di- B8 G492E
rected mutagenesis kit and
confirmed by sequencing.
°The change in amino acid V493M
is indicated by the number—
letter combinations and the W496E
region indicates the strand
of the catalytic domain S497E

in which the mutation was
made, see Figs. 4 and 7.

Forward 5'-CTGAAAGTGCTGATTGAACTGGGCGGCTGGACC-3'
Reverse 5'-GGTCCAGCCGCCCAGTTCAATCAGCACTTTCAG-3'

Forward 5-CTGATTTCGCTGGAAGGCTGGACCTGGTCGAAG-3'
Reverse 5'-CTTCGACCAGGTCCAGCCTTCCAGCGAAATCAG-3’

Forward 5'-CTGATTTCGCTGGGCGAATGGACCTGGTCGAAG-3'
Reverse 5'-CTTCGACCAGGTCCATTCGCCCAGCGAAATCAG-3'

Forward 5'-GGCGGCTGGAGCTGGTCGAAG-3’

Reverse 5'-CTTCGACCAGCTCCAGCCGCC-3'

Forward 5'-GGCATCGACCTGGACTGGGAATAC-3'

Reverse 5'-GTATTCCCAGTCCAGGTCGATGCC-3'

Forward 5'-GGCATCGACGTCGACTGGGAATAC-3'

Reverse 5'-GTATTCCCAGTCGA CGTCGATGCC-3'

Forward 5'-CATCGACATCT GGTGGGAATACC-3'

Reverse 5'-GGTATTCCCACCAGATGTCGATG-3'

Forward 5'-GACATCGACTGGTGGTACCCGGGCGGC-3'

Reverse 5'-GCCGCCCGGGTACCACCAGTCGATGTC-3'

Forward 5'-GACCAAGCTGGTCGTGGGCATC-3'

Reverse 5'-GATGCCCACGA CCAGCTTGGTC-3'

Forward 5'-GCTGAACGTGGAAATCCCGTTCT-3’

Reverse 5'-AGAACGGGATTTCCACGTTCAGC-3’

Forward 5'-CAACAGCTGGGCGAAGTGTTCAGCTGG-3'

Reverse 5'-CCAGCTGAACACTTCGCCCAGCTGTTG-3’

Forward 5'-CTGGGCGGGATGTTCAGCTGGTC-3’

Reverse 5'-GACCAGCTGAACATCCCGCCCAG-3'

Forward 5'-GGTGTTCAGCGAATCCTTGGATG-3’

Reverse 5'-CATCCAAGGATTCGCTGAACACC-3'

Forward 5'-GTTCAGCTGGGA GTTGGATGGCGA-3'

Reverse 5'-TCGCCATCCAACTCCCAGCTGAAC-3'
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IPTG was added or not added to the culture broth and
culture was continued. At various times, the ODgqo of the
culture broth was measured to determine cell growth and
chitinase activity was determined with the culture superna-
tant. The chitinase activities of the wild-type and mutants
were compared with culture supernatant and cytoplasmic
extracts. Their cytoplasmic extracts were obtained from
cells cultured in TB at 37°C for 1 day as described in the
pET system manual (Novagen, Darmstadt, Germany), and
culture supernatants were obtained after 5 days incubation
at 37°C in 1/2 LB containing colloidal chitin.

Purification of Chi54 and mutated Chi54

The chitinases were purified from culture supernatant of E.
coli strains grown for 4 days at 37°C in 1/2 LB containing
colloidal chitin. The culture supernatants (300 ml) were
precipitated with solid ammonium sulfate, dissolved in 6 ml
of 20 mM sodium acetate buffer (pH 6.0) and desalted by
dialysis. The proteins were mixed with 1.2 ml of 40%
ampholytes (pH 3-10) and with 10.8 ml of deionized water.
The samples were loaded in a Mini Rotofor chamber (Bio-
Rad, Hercules, California) and run at 12 W constant power
for 4 h with 0.1 M H;PO, at the anode and 0.1 M NaOH at
the cathode. After harvesting, the fractions containing
chitinases were pooled and dialyzed, and then analyzed
by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). The protein concentration was mea-
sured with a protein assay kit (Bio-Rad) with bovine serum
albumin as a standard.

Enzyme activity assays

Activity of the enzyme was assayed against 4-MU-
(GleNAc),, colloidal chitin or crystal chitin (Sigma,
C8908). Assays for 4-MU-(GIcNAc), were conducted in
100 pl of a mixture containing 0.1 mM substrate and
enzyme in 100 mM KH,PO,+NaOH buffer (pH 7.0). After
incubation for 10 min at 37°C, the reaction was stopped by
addition of 0.1 ml of 0.2 M Na,CO3 and measured with an
excitation at 360 nm and an emission at 440 nm on a
BioTek FLx800 (BioTek, Vermont, USA). One unit of
chitinase activity was expressed as micromoles of liberated
4-methylumbelliferone per min. Assays for determination
of kinetic constants were conducted at concentrations of 4-
MU-(GIeNAc), ranging from 2.5 to 100 uM. The initial
rate of hydrolysis was determined for each assay. K, and
K., were calculated from an average of three experiments
by the Michaelis—Menten equation.

Colloidal chitin was prepared from native chitin (Sigma,
C9213) (Jeuniaux 1966). Assays for colloidal chitin and
native chitin were reacted in a mixture (1.0 ml) containing
0.5% (w/v) substrates and enzyme in 100 mM KH,PO,+

@ Springer

NaOH buffer (pH 7.0). After incubation for 30 min at 37°C,
the reaction was stopped by boiling for 5 min. A mixture
containing 200 pl supernatant solution after centrifugation
and 260 pl color reagent solution (0.05% potassium
ferricyanide in 0.5 M Na,COj3;) was boiled for 15 min.
The reaction mixtures (100 pl) were transferred to a 96-
well microtiter plate and measured at 420 nm on a BioTek
pQuant (BioTek). One unit of chitinase activity against
colloidal chitin and native chitin was expressed as micro-
moles of liberated N-acetylglucosamine per min per mg of
purified chitinase.

Polysaccharide binding assay

Qualitative evaluation of binding capacity was conducted
with cytoplasmic extracts of recombinant E. coli by a
modification of the procedures described in Simpson et al.
(Simpson et al. 2000). Protein (100 pg) of cytoplasmic
extracts was incubated with 50 mg of purified chitin
(Sigma) or Avicel PH-101 (Fluka [from Sigma]) in 20 mM
Tris—HCI buffer pH 7.5 in a total volume of 400 pl. After
1 h on ice with gentle mixing, supernatants and pellets were
separated by centrifugation. The pellets were washed two
times with 20 mM Tris—HCI buffer (pH 7.5), and then the
bound protein was eluted by boiling for 10 min in 100 pl of
10% (w/v) SDS. The samples (20 pl) were subjected to
SDS-PAGE. Quantitative evaluation of binding capacity
was conducted with purified enzymes. The reaction mix-
tures (400 pl) containing 50 ug of protein and 12.5 mg of
polysaccharides in 20 mM Tris-HCI buffer (pH 7.5) were
incubated for 1 h on ice with gentle mixing. After
centrifugation, protein concentration in the supernatant was
measured with a protein assay kit (Bio-Rad).

Detection of chitinolytic enzymes after gel electrophoresis

Discontinuous SDS-PAGE was performed by the method of
Laemmli (1970) in 10% polyacrylamide gels. Samples were
mixed with an equal volume of 30% (w/v) sucrose, 5.0%
(w/v) SDS in 250 mM Tris—HCI (pH 6.8) and 0.02% (w/v)
bromophenol blue without 2-mercaptoethanol. After elec-
trophoresis, the enzymes were reactivated by removing
SDS using the casein—-EDTA procedure (McGrew and
Green 1990), and their activities were detected on the gels
by using 4-MU-(GIcNAc), (Tronsmo and Harman 1993).
The chitinolytic bands of E. coli strains expressing chi54
or mutated chi54 genes were compared by the method of
Trudel and Asselin (1989) because it is more sensitive than
the methylumbelliferyl assays. In this case, SDS-PAGE was
conducted on gels containing 0.01% glycol chitin. The gel
was incubated at 37°C for 3 h with slow shaking in 100 mM
sodium acetate buffer, pH 5.0, containing 1% (w/v) Triton
X-100 and then stained with 0.01% (w/v) Calcofluor White
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M2R (Sigma, F6259) in 500 mM Tris—HCI, pH 8.9, for
5 min. After destaining by soaking for at least 1 h at room
temperature in distilled water, lytic zones were observed
under the UV-transilluminator. Proteins separated by SDS-
PAGE were stained with silver nitrate and their molecular
weights were determined by comparison with Silver Stain
SDS-PAGE standards, low range (Bio-Rad).

Results
Cloning of a chitinase gene and overexpression in E. coli

Two clones from the recombinant phage library hybridized to
antiserum were prepared against chitinase purified from
Chromobacterium and secreted chitinase (methylumbellifer-
one assay). These were amplified, converted into phagemids
(pBK-CMV), and transfected into E. coli XLOLR. The
recombinant strains formed clearing zones on media con-
taining colloidal chitin. The smaller insert DNA consisted of
3,690 nucleotides, which contained three ORFs. The plasmid
from pBK-CMV containing an ORF of the chitinase gene
(1,846 bps) was transformed into E. coli XL1-Blue MRF’
(Stratagene). The chitinase gene was named chi54 and the
protein it encodes was designated Chi54.

The nucleotide sequence of chi54 and its deduced amino
acid sequence are available as GenBank accession
AY263367. The potential ribosome-binding sequence, 5'-
AGGAGG-3', began 11 nt upstream of the start codon (ATG).
An inverted repeat 5-CCGCCGGGCATGCCCGGCGG-3'
began 26 nt downstream of the terminal codon (TAA). The
OREF consists of 1,611 nucleotides encoding 536 amino acids.
A putative signal sequence of 26 amino acids was present with
a predicted cleavage site after A26. The deduced mature
protein (510 aa) was calculated to have a molecular weight of
55,102 Da and pl value of 8.67.

The E. coli harboring chi54 (strain Chi54-0) formed a
larger clearing zone than that of strain C-61 after 5 days
growth at 37°C (Fig. 1a). However, at 30°C the sizes of the
clearing zones from strain Chi54-0 or strain C-61 were
similar (Fig. 1b). The culture supernatant of strain Chi54-0
showed two chitinases with molecular weights of about 54
and 52 kDa after SDS-PAGE. These were very similar to
some of the chitinases produced by strain C-61 (Fig. 1c).

To compare the level of chitinase production from strain
C-61 and strain Chi54-0, the conditions for their maximal
production were investigated. Chitinase production and the
cell growth of strain Chi54-0 were much better in TB
medium than in LB medium (Fig. 2). Maximum chitinase
levels were obtained after 5 days of cultivation in LB
medium and 6 days of cultivation in TB medium (Fig. 2b).
The cell density decreased after 8 days of cultivation in LB
medium, but continuously increased through 10 days of

Fig. 1 Chitinolytic ability of Chromobacterium sp. strain C-61 (1)
and recombinant E. coli (2) on 1/2 LB plates containing colloidal
chitin (a, b) and their chitinolytic proteins after SDS-PAGE (c). a was
incubated at 37°C and b was incubated at 30°C for 5 days

cultivation in TB medium (Fig. 2a). The addition of IPTG
resulted in slightly increased chitinase production in both
TB and LB medium (Fig. 2b). In a previous study (Park et
al. 1995b), the highest levels of chitinase production from
strain C-61 was in minimal medium containing colloidal
chitin and the greatest level of enzyme activity was
obtained after 4 days of cultivation at 28°C. The chitinase
activities of culture supernatants obtained from these
optimized conditions were 11.9 U/ml in strain Chi54-0
and 3.0 U/ml in strain C-61. This result indicates that strain
Chi54-0 can produce about fourfold more chitinase than
strain C-61 under optimal growth conditions for the two
organisms.

Binding affinity of Chi54 to polysaccharides

Binding of Chi54 to chitin and cellulose (Avicel) was first
identified by SDS-PAGE. The Chi54 bound to both chitin
and cellulose, but its binding affinity was greater on chitin
than on cellulose (Fig. 3a). This was further examined with
purified enzymes. The Chi54 had about twofold higher
binding affinity to chitin than to cellulose (Fig. 3b).

Domain structures of Chi54

The mature protein was predicted to have a chitin-binding
domain type 3 (ChtBD3, aa 30 to 74), a segment of low
compositional complexity (aa 80 to 103), a family 18
catalytic domain (CatD, aa 104 to 501) and another
segment of low compositional complexity (aa 518 to
533), as determined using the SMART program (http://
smart.embl-heidelberg.de/) (Fig. 4). The ChtBD3s of Chi54
and other bacterial chitinases in the CHROMA format of
SMART program were further aligned on the basis of
sequence alignments of Brun et al. (1997), Ikegami et al.
(2000), and Hashimoto et al. (2000). The ChtBD3s were

@ Springer


http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/

796 Appl Microbiol Biotechnol (2007) 74:791-804
a b
25 12
£
= =10
S 20t =
=]
= E* B
-'E‘ 15 F -la’ fi
[ L
1]
- a 4
=L
S g 2
-
0h 0

o 2 3 o4 & 6 7 B 9 10
Culture days

Fig. 2 Cell growth (a) and extracellular chitinase activity (b) of
recombinant E. coli. Cells were grown in LB and TB media at 37°C
with shaking, and the IPTG was added to cultures with ODg0=0.6. At
various time points after adding the IPTG, the cell density was
measured by determining the ODgoo. The activity in the culture
supernatants was measured with 4-MU-(GIcNAc), in 100 mM
KH,PO4+NaOH buffer (pH 7.0) for 10 min at 37°C as described in

classified into group A with a stWWst motif (s stands for
small and t for turn-like residue (Brun et al. (1997)) and
group B without the motif, but all of them possessed four
aromatic residues, W(Y), Y, W(Y) and W(Y), and an amino
residue, P, as conserved residues. The ChtBD3 of Chi54
was contained in group A. Of the members in the group A,
CBDggz possessed a DWAGGQ loop, but lacked an
aromatic residue (Y) conserved in all other ChtBD3s
analyzed. Chitinase B from Serratia marcescens and a
few other chitinases had a single aromatic residue (W) in
the position of the stWWst motif (Fig. 5).

Fig. 3 Polysaccharide-binding a
capacities. a Qualitative binding
of crude Chi54. Lane 1, proteins
from cytoplasm; lanes 2 and 3,
proteins unbound and bound,
respectively, in chitin; lanes 4
and 5; proteins unbound and
bound, respectively, in cellulose
(Avicel). b Quantitative binding
of purified Chi54. The purified
protein (50 pg) was incubated
with 12.5 mg of chitin or cellu- -
lose for 1 h on ice. The amount

of protein in the supernatant !
(unbound protein) is shown

'y 2

as
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the Materials and methods section. The activity (U/ml culture
supernatant) was expressed as micromoles of liberated 4-methylum-
belliferone per minute. Each value represents the mean of three
separate determinations. Symbols: open circles (0),-IPTG in LB; filled
circles (8),+IPTG in LB; open squares (0),-IPTG in TB; filled squares
(m;),+IPTG in TB

A segment of low compositional complexity (aa 80 to
103) that was located between a ChtBD and a CatD region of
Chi54 was a proline-rich region (TPGGGDPGPGPGTG
VPPEPTPTVG) (Fig. 4). This region was considered to play
a role as linker because repeats of proline and hydroxyamino
acids (residues 98 to 101) have been reported as linker regions
between discrete functional domains in a number of poly-
saccharidases (Gilkes et al. 1991). The amino acid residues 518
to 533 (AAAAKKKAAAKTSAAS) of Chi54 (Fig. 4) did not
match other bacterial chitinases but was similar to basic proteins
when examined with short, nearly exact matches in BLAST.
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vy A DGK CGMV TR AIENSGNSGIDGGDA AW ADY Q K S F G A 176

595 atgagtcggtggacggcaaggccgatagctggagcgacccgetgegeggcaacttcaatcagetgegcaagectgaagetggecaateectegetgaaag
N E S v D G K A D S W S D P L RGN F N QL R KL K L A N P s L K 209

694 tgctgatttcgctgggcggctggacctggtcgaagaatttcggcaagttcecgeccgeccaccgacgectggecgcaagaccatggtggegtectgecategate
v . T 8§ .6 G W T W S KN F G XK F A A TDAGI RI KT MV A S C I D 242

793 tgtacctgaaaggcaatctgccggtgggcgagaacgccggcggcgeccggcgecggccaagggagtgttcgacggcategacatcgactgggaatacecgg
L Yy L K 6N L PV GENA ASGSG G AGA AAIZ KSGV F D G I D I b W E Y P 275

892 gcggcggcggcecctgceccgagcaatagegtggatcccaacgacaagcagaacttcaccttgetgatggeggagttecegecagecagetggacgegetgaccyg
G 6 G GG L P S NS VD PNDI KOQNVF T L L MAUEFR S QL DALT 308

991 cgcagaacaagcgccgctactacctgaccgecggcecgatcggeteccggegtecgacaagatccgecagaccgagecggeccaagtacgeggectacatggact
A Q N K R R Y ¥ L %™ A A T G S G V D K I R Q T E P A K Y A A Y M D 341

1090 ggatcaatgtgatgacctacgacttcaacggcggctgggacgcaaaagggccgaccaacttccagtccaatctgttecgegateccggeecgetecggtga
w I W v.¥ T Y D F N G G W DA K G P TN F Q S N L F R D P A A P V 374

1189 ccggagatcgcgtttactacaatgtggacgactcgatccagaccttggtcaaggccggegtgecccaagaccaagetgaacgtgggecateccecgttetatyg
T 6 bR VY Yy NV DD s I Q TL V KAGV P KTZ K LNV 6 I P F Y 407

1288 gacgcggctgggccggcgtggeggectggacccaagggcgatggettgtaccaggtggeccaccggegecgggcaaaggcacttacgaagecggcattgagg
G R G WA GV AAG P KGDGUL Y Q VAT GAGI KGT Y E A G I E 440

1387 actacaaagtgctgaaaacccgctccgeccaagcagtttgtgcacccagtgagcaagecagetgtggacttacgacggcaacgagttctggagetatgacyg
DYy K v . K T RS A KOQF VvV HU?P VS K QL WT Y DG NE F W S Y D 473

1486 accctgccaccatccgcaccaagctggactatgtgecgtcaacaacagectgggecggggtgttcagetggtecttggatggecgacgacgecccagggetect
p p A T I RTEK L DY VRO OOQUL G GV F S W S L D G D DA Q G S 506

1585 tgctgaagaccaccagcgaagtgcgtcaggatgccgecgeggecaagaagaaggcggcggccaagaccteggecgeategeecgectgaagtaagecggea
L L. X T T SsS E V R Q b A A A A KK KA A AI KT S A A S P L K * 536

1684 gccgctatagagacgccgccgggcsggcccggcggtttttgtttaagagtgtgtttacgatttcgctcttgctcgtgagatcgtaaacaggttcttaca

L |
1783 acagcacgcgttcgatgcccccgtcacgecgettgectccacgtactgettcaaccaatccgggeccagtacatgecttggecgattteccaccacaatgtagt

Fig. 4 Nucleotide and deduced amino acid sequence of chi54. The
putative ribosome-binding site (aggagg) is boxed. The deduced amino
acid sequence is given below the nucleotide sequence. The signal
peptide cleavage site is shown by an arrow (1). The putative ChtBD3

Mutational analysis of conserved or nonconserved residues
in CatDs of Chi54

The CatDs of Chi54 and other bacterial chitinases were first
classified as subfamily A or B (Suzuki et al. 1999)
(CHROMA format of the SMART program), and then
further aligned as proposed by van Aalten et al. (2000).
Chi54 has a CatD of a typical subfamily A. These have
been divided into three subfamilies; subfamily A with an
o+ insertion domain between (37 and (38 and subfamilies
B and C without it (Suzuki et al. 1999). Subfamilies A and
B can be easily distinguished by the length of the amino
acid residues between (37 and 38 as shown in Figs. 4 and 6.
The location of 3 strands are shown in Fig. 4. CatDs of
subfamily A were found in chitinases from viruses, bacteria,
fungi, insects, crustaceans, nematodes, entamoeba, and
plants. Perfectly or highly conserved residues were ob-
served around each 3 strand in spite of diverse overall
sequences in the genes.

is boxed and the (3-strands of the catalytic domain are in bold and
underlined. The inverted repeat sequence is indicated by facing
arrows

In this study, six perfectly conserved residues, two highly
conserved residues and five nonconserved residues in 33, 34,
(37, and 38 regions were mutated to other amino acid residues.
The nonconserved residues modified were T218 of 33, 1270
of 4, N401 of 37, and V493 and S497 of 38. As the position
of T218 had T, Y, S, A, N, G, R, or I in other naturally
occurring chitinases, it was replaced with S (T218S). The 1270
consisting of 1, L, V, M, or F was replaced with L (I270L) or V
(I1270V). Similar processes were used for other mutations, i.e.,
N401V, V493M, and S497E (Fig. 7).

Cytoplasmic extracts from each of the mutant strains were
analyzed by SDS-PAGE. Silver nitrate-stained gels showed
that a protein of 54 kDa, which is identical to the chitinolytic
enzymes produced by strain C-61, is produced in the wild
type and 12 of the mutants. Strains expressing mutants of
perfectly conserved residues (G216E, D271E, E273W,
G403E, G492E, and W496E) and highly conserved residues
(S213E and G215E) were unable to clear colloidal chitin on
1/2 LB agar plates or in overlays of proteins separated on
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Group A
0. 30 G-GDYALYAN-KTRA-—-—--———Kj|ji§i ———--ONNChz ———— GAD-QWGH{EER 74
1 29 NA-GDYATFNG—KTQRA------ QUi -—--QCGERz-—-- GSS-QWGAIQER 73
2-1 45 SS-NAVVSHQS-VNMSA--———-HQpi ————ONNWRz———— GSD-PWGH{TSQ 89
2-2 831 TG-GAVVAHAG-S SMKA————— -~ — - -QGE g ———— GSG-AANMIGSP 875
3. 786 NG-GDIVVYNG-ETHRC-—-—--Huiji-—--QCE Tz -—-— GSS-EWGAIEKI 830
4 84 INQ-GDVVEYNG-KIYRV———-———-IpqQpi———-0S-Pp3———— G---SDDY{ELV 125
5-2 151 SA-GATVSYAG-T =STSSGGAGTGKHITSQ 200
6-2 128 TG-GQKVTYAG-RI =——-NAG---EGQH{KDI 173
7 776 VG-GDRVIHNS-NVFEA--———-HQpi ———-QGEMHz———— G---TADWY KAV 818
8-1 770 INT-NDKVSHKQ-L =——SR----TADQUKLV 813
8-2 817 ING-GDVTSHNG-R: =————G-—--KAAWVDQ 859
9 27 TG-GDAVTYQS-A =AQNSN---TYDWL QAN 73
10-1 28 VG-SDKVQKTN-T SVTHFG---QWDA{0IV 74
11-1 511 VE-GDQVSHDG-AT] :-GTTG---EWGYJKKA 556
10-2 278 SA-GQLVQONKN-QKMRC---DIA i-—--G-—--VGSYKEA 325
11-2 675 EA-GDIVVGNDNGLMECKPWPYT 5——--GD---SLY{ONA 725
12. 47 LS-GTTLQKGG-V. ---NQD --—-A---GAPYMTNL 92
13. 32 NA-GNKLVYQG-RILMOA-—-TTSENT---PPTHRg-—-————— SCGYWIODP 77
14. 453 HAQ-GALVSYQG-YVOT——-—-HuGY--—-TTSHz——-- G---SDSAILKV 495
15. 10 YPMIVSK DWAGGQPTHNEA-GQSIVYKG-NLMTA--————] -—--GSDSS---A1TQVGS
p4 p1 p2 3
Group B B1 5
16. 653 vsH----- QVN--T —TAGQLVTYNG KT CL----- OLO 699
5-1 52 CVHY------ OEG--GTMN-AGTVVTYLG-GNMTAL--——-— SAG 100
6-1 35 AARFU-----—-— AEG--NT}-TANSLASYQS-TNMKAL-——-—— CLT- 83
17. 31 AAQ----- OAG--TAMKQ-GDLVTYLN-KDMECI—-—-~ UKYV 77
18. 436 FPt--—---- REN--QAMRV-DDGVTYEG-LRMLCL--—-~ RPL 482
19. 433  APHQf------ ONN--HSP4-KAGDVVSYKG-KKMTCI—-——-— QLI 479

Fig. 5 Sequence alignment of the putative ChtBD3 of Chi54 and other
bacterial chitinases. The sequences were aligned on the basis of
CBDggz (row 15) and ChtBDcpiai(row 16). The black backgrounds
are amino acids well conserved in each group. The numbers at the left
and right of each sequence represent the first and last residue positions
in the chitinase, respectively. The -1 and -2 in the same numbers
indicate the first and second ChtBD3 in the chitinase. Row: 0, Chi54
(Q5MYT4) of Chromobacterium sp.; 1, probable chitinase (Q7NQAO0)
from C. violaceum; 2, ChitiA (Q9RMBS) of Arthrobacter sp.; 3, ChiB
(050076) of Clostridium paraputrificum; 4, Pk-chiA (QOUWR?7) of
Pyrococcus kodakaraensis; 5, Chi 69 (Q48373) of Jathinobacterium

SDS-PAGE. Conversely, proteins mutated at nonconserved
sites (T218S, 1270L, 1270V, N401V, V493M, and S497E)
were chitinolytic but had varying levels of activity, compared
with the wild type enzyme (Chi54) (Fig. 5). These plate
assays were confirmed with quantitative assays; for
mutation of the conserved residues, the relative activity
was 0.04% for G216E, 0.09% for D271W, 0.01% for
E273W, 0.16% for G403E, 0.18% for G492E, and 0.75%
for W496E as compared to Chi54. The mutation of highly
conserved residues S213E and G215E also showed low
chitinase activity (0.13% and 0.05%) respectively, as
compared with Chi54. Conversely, the activity of mutants
of nonconserved residues ranged from 173% for T218S,
97% for N401V, 58% for 1270V, 80% for 1270L, 48% for
V493M, and 30% for S497E relative to Chi54 (Fig. 8). The
chitinase activities of the culture supernatants showed
similar trends to that of the cytoplasmic extracts indicating
that variations of chitinolytic ability in the mutants are not
due to a defect in secretion.

Purification and properties of Chi54 and its mutated
proteins

To determine specific activity of the 54-kDa protein, the
chitinases of the wild type and six mutants were purified

@ Springer

lividum;, 6, Chi67 (QIRCGS) of Doohwaniella chitinasigens; 7, ChiA
(P32823) of Alteromonas sp.; 8, Chi92 (Q9F9Q8) of Aeromonas
hydrophila; 9, ChiC (050590) of Alteromonas sp.; 10, ChiA
(Q9ZFP7) of Vibrio cholerae; 11, ChiA (P96168) of V. harveyi; 12,
ChiA (030678) of Xanthomonas maltophilia; 13, ChiA (Q9Z493) of
Xanthomonas sp.; 14, ChiB (P11797) of Serratia marcescens; 15,
CelZ (P07103) of Dickeya chrysanthemi; 16, ChiAl (P20533) of
Bacillus circulans; 17, ChiD (P27050) of B. circulans; 18, ChiC
(QOI1HS5) of Pseudomonas aeruginosa; 19, ChiC (Q9WXD3) of
S. marcescens

(Fig. 9). The purification, based on isoelectric point, was
conducted in a Rotofor cell. The SDS-PAGE results show
that the culture supernatants of recombinant E. coli and
acidic fractions contain various proteins, while alkali
fractions 19-20 contain only Chi54, including the typical
active product of 52 kDa which is always observed
whenever the gene is expressed in C-61 or E. coli
(Fig. 9a). The relative amount of the 52-kDa protein could
be altered by cultural conditions; for example, it was
relatively less abundant early in the cultural cycle, which
suggests that it arose from secondary proteolysis of the
secreted 54-kDa protein.

The kinetic parameters of the purified chitinases were
determined with 4-MU-(GIcNAc), (Table 2). The K,
values of the mutant enzymes were slightly changed, as
would be expected as the binding domains were not altered
(Table 2). However, K.,; was substantially altered by the
changes in the catalytic domains (Table 2). Mutant T218S
had higher specific activities than Chi54 against synthetic
methylumbelliferyl and chitin substrates, based on total
relative activity (Table 3). With the purified enzymes, this
mutant had 138, 157, and 147% of the activity of the native
Chi54 against the synthetic substrate, colloidal chitin, and
native chitin, respectively, which is in agreement with the
increase in activity measured with nonpurified culture



Appl Microbiol Biotechnol (2007) 74:791-804

799

Subfamily A

. 536 104RHVGSHM 136FLNYAGNV 209KVLIS
540 105RHVGSM 137FLNYMAGNV 210KVLIS
. 880 181QRVI¢1FTSWR 212HINYAAHI 274KTLVS
. 831 S50LRNVM 8 1HLNFAMDF
L1215 175YRVIVMYISWG 203HVNYARLDL
. 700 298KRVIQMFTQWG 330HINYARGNV
665 246REVGI 278FINYAAGNT
633 221RQVGSM 253FLNYAAGNI 328SPMIS
. 820 158RVTGAM 186HILY@JIPI 265KILPS
. 865 158KVVGAM 186HILY@JTPI 267KILPS
10. 629 261KVKLG1FTNWG 293HINYAAGNV 354KVLWS
11. 563 158KVVG 186HLLY@JIPI 267KILPS

WWTOUTWN - O

266DG
267DG
328SG
177DF
284DG
460DGII®
417DG
383DG
306DG
308DG
396DG
308DG
147DG

12. 491 70HINYJJALI

13. 482 33KRIVQMFAEWN 63HINYAAKI 156DG

14. 430 183FKIVAMFPSWQ 206HINYSLLP 285DGVIE

15. 499 SKAVIGYYFIPT 46HINFSBLDI 89RIMFSI|EWYY 137DGVDIDWE:
p1 p2 p3

Subfamily B
16. 311 27GGIAIYWGGNG

S53YYNIARLNK 146

17. 524 190KWLIGYWHNFD 117VINVYJAEP 258KVLIS 296
18. 846 522HRLIGYWHNFV 550VIDIAEMAEN 600VEVLSIe 637
19. 729 35GVVVGYWQNWC 69IVNVIMKV 114SVLLAI[E 150
388

155

136

134

390

390

61VINVRJGET 101KVVLSI[EEONG 138

20. 596 283HALVGYWHNFT 321NGAVYJTVD 351KVVLS

21. 492 43KVLVGYWHNWK 79VINVYEMKT 119SVLIA

22. 483 27KILMGEFWHNWP 63VVAVAAMKG 100AVLISIfE
23. 480 25KILMGFWHNWA 61VVAVAEMKG
24. 571 281HAVTGYWQNFN 208IIAVAADA 353KVIIS
25. 610 277HALVGYLHASF 305VIDLABGEP 353KVLIS

26. 360 34KLLVGYWHNED

Fig. 6 Sequence alignment of the putative catalytic domain of Chi54
and family 18 chitinases. The sequences were aligned on the basis of
the strands 1 - 38 of ChiB from S. marcescens (row 15), in which
bold letters in boxes indicate the -1 subsites and bold letters with
italics indicate the +1 subsites. The black backgrounds are amino
acids well conserved in each subfamily. The numbers next to the
row numbers represent total amino acids of the protein. The num-
bers at the left of each sequence represent the residue positions in
the protein. Row: 0, Chi54 (Q5MYT4) of Chromobacterium sp.; 1
probable chitinase (Q7NQAO) from C. violaceum; 2, ChitiA
(Q9RMBS) of Arthrobacter sp.; 3, ChiB (050076) of C. para-
putrificum; 4, Pk-chiA (QOUWR?7) of P kodakaraensis; 5, ChiA
(030678) of X. maltophilia; 6, Chi 69 (Q48373) of J. lividum; 7,

supernatants (Fig. 9). Mutant N401V was similar in activity
relative to Chi54. On the other hand, mutants 1270V, 1270L,
V493M, and S497E had lower activity than the native
enzyme in all tests performed.

Discussion

The sequence of chi54 had 81% identity to GI1:34499695
from C. violaceum. C. violaceum and C61 have 93%
identity in the 16S ribosomal region, suggesting that it is
similar to, but not congruent with, C. violaceum (Park et al.
2005). However, chi54 was less than 51% identical to other
chitinases examined. Of the chitinases with a ChtBD and a
CatD, the smallest protein was chitinase C (430aa) from
Alteromonas sp., but it has a deletion in the (38 region.
Chitinase B (499aa) from Serratia marcescens had a
ChtBD and a CatD but did not have a signal sequence.
Some chitinases larger than Chi54 had more than one
ChtBD and/or other domains in addition to a CatD. An
archeonbacterial chitinase was reported to have three
ChtBDs and two CatDs (Tanaka et al. 1999, 2001).

The secreted chitinase in both recombinant E. coli and
wild type strain C-61 contained proteins of 54 and 52 kDa.
The molecular size calculated from the deduced amino acid

316YLTARIGS @ 399KLN
317vLTAdIGS M 400KIN
475RIN
) 317KIV
K 417KIT
Y9 585KLN
¥ 558KLL
519KIV
451KLV
NP 436KIV
518KLL
436KVV
My 267KLY
288KIN
) 380KTV
284KIVMGVPHEGR
e 7
202DYVW 239KIF ARPE
379TLLHESHEgY 4350TA ASQQ
711DILH y| 7660VA SGPS
217DWINHS -j4Y 272KLVEfe IESSID
462DLIHS R4y 5190VA SGPS
222DFINHO YNy 278KFV SNND
203DFTAH YRy 263RLA SNVD
201DFIA N 257KFV SNND
450TVVNMS YRy 4940VG ASTR
481TLLH N 5370QVA ASTQ
220TYTHSHpgY 2760VM AAPA
Chi67 (Q9RCGS) of D. chitinasigens; 8, ChiA (P32823) of

Alteromonas sp.; 9, Chi92 (Q9F9Q8) of A. hydrophila; 10, Chitinase
C (QI9L8GO) of Streptomyces peucetius; 11, ChiA (P07254) of S.
marcescens; 12, Chitinase C (P94289) of B. circulans; 13, ChiA
(Q59326) of Clostridium thermocellum; 14, ChiC (050590) of
Alteromonas sp.; 15, ChiB (P11797) of S. marcescens; 16, Hevamine-
A (P23472) of Hevea brasiliensis; 17, ChiD (P27050) of B. circulans;
18, ChiA (Q9ZFP7) of V. cholerae; 19, ChiA (P96168) of V. harveyi;
20, ChiA (Q9Z493) of Xanthomonas sp.; 21, ChiA (Q9CE95) of
Lactococcus lactis; 22, ChiC (Q9I1HS) of P. aeruginosa; 23, ChiC
(QO9WXD3) of S. marcescens; 24, ChiA (Q59924) of Streptomyces
lividans; 25, ChiB (Q9S5K1) of S. coelicolor; 26, Chi36 (Q93QD3) of
B. cereus

sequence of the mature protein was 55,102 Da. These data
suggest that the secreted enzymes from both E. coli and C-
61 were proteolytically cleaved during processing to give
the two molecular weights. Multiple chitinases from single
genes have been detected in other systems. For example, a
35-kDa chitinase from S.marcescens was obtained by
cleavage of a 52-kDa chitinase (Gal et al. 1998) and a 56-
kDa chitinase from Janthinobacterium lividum was derived
from a 69-kDa chitinase (Gleave et al. 1995). The 59-kDa
chitinase from Streptomyces olivaceoviridis was proteolyt-
ically processed to a 47-kDa truncated chitinase lacking the
chitin-binding domain (Blaak and Schrempf 1995).

The pl value of 8.67 that was predicted from the deduced
amino composition was consistent with the measured pl of
8.7 by isoelectrofocusing in the previous experiments (Park
et al. 2005). We calculated that the portable chitinase gene
from C. violaceum ATCC 12472 had a pl value of 8.69. An
alkaline pl in this range was not found with the other
bacterial chitinases in searches of gene databases or the
published literature. Segments of AAAAKKKAAAKTAAS
in Chi54 and AAAAAAAKAKAAKK in the portable
chitinase gene of C. violaceum ATCC 12472 were present
at the C-terminal region. Such segments were observed in
other basic proteins but were not observed in other
chitinases. If these sequences were excluded from calcula-
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Organism TrEMBL No
Bacteria 1.P11797 89 136
2.P07254 267 307
3.P20533 156 196
4.P32823 265 305
5.050076 136 176
6.059326 115 155
7.030678 404 459
8.048373 360 416
9.P97034 267 307
10.043919 267 307
11.048494 156 196
12.Q9wWx42 275 315
13.Q9RMB8 274 327
14.Q9RCG5 328 382
15.Q9L5D5 266 307
16.Q9L3E8 171 230
17.Q9KED7 151 191
18.Q9EY44 303 345
19.096WR7 243 283
20.050590 242 284
Archaea 1.Q9HR84 251 291
2.Q9UWR7 243 283
Fungi 1.P32470 123 163
2.P54196 122 162
3.P48827 123 163
4.043111 124 164
5.059928 124 164
6.092270 105 145
7.Q9HEQ7 207 247
8.Q9HEQ6 95 143
Virus 1.P41684 257 297
2.010621 266 306
3.091465 265 305
4.Q9YMQ7 259 299
5.Q09WFU7 268 308
Nematoda 1.011174 130 169
2.P29030 99 140
3.025615 98 139
Insecta 1.P36362 97 138
2.017411 95 136
3.Q9W5U3 214 256
4.P91731 98 KFMVAVEEWAE 139
5.001935 109 KVLLAIfEleWNE 150
6.023737 96 KIMVAEEWNA 137
7.097403 101 KVLVSMEEWNE 142
8.Q9GV44 98 KFTVAJCleWAE 139
9.09GV05 98 KFMVAEEWAE 139
Entamoeba 1.P90546 220 KVLASIfEleWNF 266
2.P90547 226 QVLASI[EIEWNF 272
Crustacea 1.Q9Y0D4 116 KTNIAEEWAE 157
Plant 1.043576 91 KTFLSIPNEGRA 132
2.081862 91 KTLLSI[e[eGIA 132
Bacterium 0.Q5MYT4 209 KVLISLGGWTW 265

E EE S

Fig. 7 Target amino acid residues of Chi54 for site-directed mutagen-
esis. Conserved (black background) and nonconserved (grey back-
ground) amino acid residues in family 18 chitinases with CatD of

tion of pl values, the remainder of the protein was
calculated to have a pl of 7.71 for Chi54 and 6.37 for a
C. violaceum chitinase which suggests that this sequence is
responsible for the basic pl of Chi54.

Chi54 bound tightly to chitin but less well to cellulose. It
had a ChtBD of type 3 (ChtBD3); the ChtBD3s are usually
contained in bacterial chitinases (Henrissat 1999). ChiBD3s
with a stWWst motif have been subclassified as Group A
and without the motif as Group B (Hashimoto et al. 2000;
Ikegami et al. 2000). The ChtBD3 of Chi54 contains a
typical stWWst motif. However, Chi54 lacks the DWAGGQ
loop found in CBDc¢gs (formerly known as CBDggz). This
loop appears to be important for binding affinity to cellulose,
as CBDggz has about ten times higher binding affinity to
cellulose than to chitin (Simpson and Barras 1999), while
ones without this region bind less tightly to cellulose. For
example, chitinase C from Alteromonas sp. strain O-7 bound
to both chitin and cellulose, but affinities for the substrates
were about equal, in contrast to enzymes with the loop
(Tsujibo et al. 1998). Chitinase B from Clostridium
paraputrificum showed significant affinity for cellulose
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subfamily A. The sequences were aligned on the basis of the strands
31-38 of ChiB from S. marcescens (P11797). The numbers at the left
of each sequence represent the residue positions in the protein

(Morimoto et al. 1997) even though these lack the
DWAGGQ loop. However, like Chi54, they do contain the
stWWst motif that may also be involved in binding to both
substrates. Larger chitinases had generally one or more
ChtBDs and/or other domains in addition to a CatD. From
this analysis, it is clear that small changes in the chitin-
binding domains of these enzymes may rather dramatically
change the binding, and potentially the functionality, of
chitinases. Experiments are underway to elucidate the
structure—function relationships within these chitin-binding
domains.

A major portion of this research dealt with the
elucidation of the structure—function relationships in the
catalytic domain (CatD) of Chi54. Alignments of family 18
chitinases have been described (van Aalten et al. 2000; Lu
et al. 2002; Papanikolau et al. 2001; Suginta et al. 2005;
Synstad et al. 2004; Thomas et al. 2000). Recently, the
family 18 chitinases were suggested to subdivide into two
functional subgroups; the chitinase group and the hevamine
group (Bokma et al. 2002). Residue F of 32, GG of 33,
DxDxE of 34, A of 35, Y of 36, G of 37, and GxxxW of
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Fig. 8 Comparison of E. coli
strains harboring a chi54 and its
mutated chi54. a Chitinolytic
abilities of the strains grown for
5 days at 37°C on 1/2 LB plates
containing colloidal chitin. b
Chitinase activities of cytoplas-
mic fractions of cells cultured
for 1 day in TB broth and
culture supernatants cultured for
5 days in 1/2 LB containing
colloidal chitin. ¢ Silver staining
after SDS-PAGE with cytoplas-
mic fractions. d Chitinolytic
zymography after SDS-PAGE
with cytoplasmic fractions.
Numbers 1-15 indicate Chi54,
S213E, G215E, G216E, T218S,
1270V, 1270L, D271W, E273W,
N401V, G403E, G492E,
V493M, S497E, and W496E,
respectively

38 were conserved in both subfamilies A and B. However,
the other conserved residues were different from subfamily
A and subfamily B; for example, MxYD of (36 region in
subfamily A consisted of QxYN in subfamily B. Of a total
of ten residues reported as the —1 subsites in the ChiB from
S. marcescens (van Aalten et al. 2000), nine residues (Y of
B1, F of 2, G of 33, D of 4, A of 35, MxY of 36, Y of
37, and W of 38) were conserved in subfamily A, but only
one residue (M of 38) was conserved in subfamily B. On
the other hand, Y of 31, M of 36, and Y of 37 were not
conserved in subfamily B. As the CatD of ChiB belongs to
subfamily A, the —1 subsites may be in better agreement
with the residues conserved in subfamily A than in
subfamily B. From these observations, we suggest that
sequence alignment of the family 18 CatD must be
compared with members of the same subfamily, because
some conserved residues are different from subfamily A
and subfamily B.
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Several residues of chitinases including G216 of (33,
D271 and E273 of 34, G403 of 37, and G492 and W496 of
38 are identical in all chitinases examined. Mutational
insertion of alternative amino acids at any of these sites
resulted in a loss of almost all activity, which demonstrates
that they are essential for enzyme function. For example,
substitution of E for G215 resulted in almost total loss of
activity, as also was the case with G216. These results are
similar to those from studies with Chi85 from Alteromonas
sp. in which G251P and G251V mutants had very low
activity. In the 34 region, mutational analysis of the DxDxE
motif, which is perfectly conserved, has been conducted in
several chitinases. In this study, substitution at any of these
sites (D271W or E273W) resulted in greatly reduced or
total elimination of activity. In the A. caviae chitinase,
nearly all activity was lost by the mutation from aspartate to
glutamate (D313E) but considerable activity remained after
the mutation to asparagine (D313N) (Lin et al. 1999).

Fig. 9 One-step purification of
Chi54 and its mutated chitin-
ases. a Silver staining after
SDS-PAGE with culture super-
natant of recombinant E. coli
(lane 0) and samples obtained in
each fraction of the Rotofor cell
(lanes 6-20). b Silver staining
after SDS-PAGE with samples
obtained in fractions 18-20,
where lanes 1-7 indicate pro-
teins of Chi54, T218S, 1270V,
1270L, N401V, V493M, and
S497E, respectively, and M
indicates the molecular weight

6 | 11 12 13 14 15 16 17 18 19 20

1 2 3 4 5 6 7 M
97 s
b 66
TeSeSee.
44
35 -

marker
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Table 2 Kinetic parameters of Chi54 and its mutated chitinases
measured with 4-MU-(GIcNAc), as the substrate

Enzyme K (UM) Ko (ST KoK Relative %
Kcat/Km
Chi54 36+£3.2 1842.0 0.49+0.05 100
T218S 34+7.7 24£1.3 0.70+0.07 143£10
270V 35+£2.0 9+0.5 0.27+0.02 55+4
1270L 36+£2.9 13+1.3 0.35+0.02 71+10
N401V 42429 20+1.8 0.47+0.08 98+19
V493M 36+2.4 9+0.7 0.23+0.04 48+7
S497E 35425 7+0.7 0.19+0.04 40+7

Numbers followed by =+ represent the averages and standard deviations
measured over three experiments.

Conversely, Alteromonas sp. Chi85 lost nearly all activity
in the mutation to asparagine (D290N) but retained con-
siderable activity in the mutation to glutamate (D290E)
(Tsujibo et al. 1993). Further, mutation of the homologous
E273 by substitution with aspartic acid, glutamine, alanine,
or glycine in other studies (Lin et al. 1999; Lu et al. 2002;
Papanikolau et al. 2001; Synstad et al. 2004; Thomas et al.
2000; Tsujibo et al. 1993; Watanabe et al. 1993) led to
inactivation. Finally, in this study, mutation within the 37 and
38 region—G403E, G492E, or W496E—resulted in loss of
almost all activity. In a similar study, mutation W496A of
chitinase Al from Bacillus circulans WL-12 resulted in a
loss of almost all activity (Watanabe et al. 2003).

However, at other sites, amino acids are imperfectly
conserved and in this study, substitution for several of these
was less detrimental than substitution of the fully conserved
amino acids. In the (33 region, S213 or its homologue
contains serine in most chitinases, but in most insect
chitinases, the residue was alanine. Chi54 contains serine
in this site, its substitution by alanine somewhat reduced
activity (data not shown), but a mutation to the acidic
amino acid glutamate greatly reduced activity. In other
studies, mutation of S213 to alanine retained considerable

Table 3 Relative activity (%) of Chi54 and its mutated chitinases
measured with various substrates

Enzyme 4-MU-(GIcNAc), Colloidal chitin Crystal chitin
Chi54 100 100 100

T218S 138+11.2 157+20.5 147+15.8
270V 52453 49+6.0 67+7.1
1270L 67+3.5 69+5.7 74+6.2
N401V 98+11.6 102+14.2 100+11.3
V493M 49+4.3 48+5.2 65+6.2
S497E 39+2.5 42+5.8 59+5.8

Numbers followed by =+ represent the averages and standard deviations
measured over three experiments.

@ Springer

activities in B. circulans WL-12 ChiAl (Watanabe et al.
1993) and Serratia marcescens ChiB (Synstad et al. 2004),
but nearly all activity was lost in Alteromonas sp. Chi85
(Tsujibo et al. 1993). Of six mutants, one mutant (T218S)
had higher activity than Chi54, and another mutant
(N401V) retained similar activity, while four mutants
(I270L, 1270V, V493M, S497E) showed lower activity.
These indicate that the nonconserved residues are less
critical for catalysis, although variation of chitinase activity
occurs by their mutation.

One mutant, T218S, is of practical interest as this
modified protein had higher activity against synthetic
substrates and soluble and insoluble chitin than Chi54, with
the level of activity being 170% of the native Chi54. This
increase in activity is expected to provide substantially
improved biocontrol and capabilities in industrial processes
described in the introduction to this paper. This is in contrast
to a mutant of chitinase Al from Bacillus circulans WL-12,
where activity against synthetic substrates was reported to
increase by point mutation, but activity against colloidal
chitin and crystal chitin decreased (Hashimoto et al. 2000).

This study also indicates very practical methods for
further improvement of the activities of this enzyme for
various uses. The substantial increase observed by the
mutation T218S clearly is only the starting point for further
improvements that are possible.

In addition, this study provides a simple method for
producing pure chitinase by single step purification after
production in E. coli. Taken together, the potential for
producing mutant chitinases with improved activity or
alterations of binding sites for particular applications, plus
simple production and purification processes, is of substan-
tial potential value.
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