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The third chitinase gene (chiC) of Serratia marcescens 2170,

specifying chitinases C1 and C2, was identified. Chitinase C1

lacks a signal sequence and consists of a catalytic domain

belonging to glycoside hydrolase family 18, a fibronectin type

III-like domain (Fn3 domain) and a C-terminal chitin-binding

domain (ChBD). Chitinase C2 corresponds to the catalytic do-

main of C1 and is probably generated by proteolytic removal

of the Fn3 and ChBDs. The loss of the C-terminal portion

reduced the hydrolytic activity towards powdered chitin and

regenerated chitin, but not towards colloidal chitin and glycol

chitin, illustrating the importance of the ChBD for the efficient

hydrolysis of crystalline chitin. Phylogenetic analysis showed

INTRODUCTION

Chitinases (EC 3.2.1.14) hydrolyse the β-1,4-linkages in chitin,

the second most abundant biopolymer in nature next to cellulose.

The chitinases so far sequenced are classified into two different

families based on the amino acid sequence similarity of their

catalytic domains. These form families 18 and 19 in the family

classification system of glycoside hydrolases [1]. Family 18

contains chitinases from bacteria, fungi, viruses and animals, and

some plant chitinases. On the other hand, family 19 contains

only plant chitinases and the recently identified Streptomyces

griseus chitinase C [2]. The chitinases of the two different families

do not share amino acid sequence similarity, have completely

different three-dimensional (3D) structures [3–5] and molecular

mechanisms, and are therefore likely to have evolved from

different ancestors.

Bacterial chitinases generally consist of multiple functional

domains, such as chitin-binding domains (ChBDs) and fibro-

nectin type III-like domains (Fn3 domains), linked to the catalytic

domain. The importance of the ChBD in the degradation of

insoluble chitin has been demonstrated for some bacterial

chitinases [6–9]. Many bacteria, including Bacillus circulans,

Strep. li�idans, Aeromonas sp. and Serratia marcescens have been

shown to producemultiple chitinases fromdifferent genes [10–14],

and the efficient degradation of chitin is assumed to be achieved

by the combined action of the multiple chitinases.

Ser. marcescens is an efficient biological degrader of chitin and

one of the most extensively studied chitinolytic bacteria. The

chiA and chiB genes, encoding chitinases A and B of four

different strains of Ser. marcescens, QMB1466 [13,14], BJL200

[15,16], KCTC2172 [17] and 2170 [18], have been cloned and

sequenced. Nucleotide and deduced amino acid sequences of the

chiA and chiB genes of these strains are very similar to each

Abbreviations used: ABC, ATP-binding cassette ; ChBD, chitin-binding domain; Fn3 domain, fibronectin type III-like domain; HCA, hydrophobic
cluster analysis ; LB medium, Luria–Bertani medium; MALDI–TOF-MS, matrix-assisted laser desorption ionization–time-of-flight MS; 3D, three-
dimensional ; NBRF, National Biomedical Research Foundation.
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that bacterial family 18 chitinases can be clustered in three

subfamilies which have diverged at an early stage of bacterial

chitinase evolution. Ser. marcescens chitinase C1 is found in one

subfamily, whereas chitinases A and B of the same bacterium

belong to another subfamily. Chitinase C1 is the only Ser.

marcescens chitinase that has an Fn3 domain. The presence of

multiple, divergent, chitinases in a single chitinolytic bacterium is

perhaps necessary for efficient synergistic degradation of chitin.

Keywords: chitin-binding domain, fibronectin type III,

hydrophobic cluster analysis, phylogenetic analysis.

other. The 3D-structure of chitinase A from one of the strains,

QMB1466, has been reported [3]. In addition to the chiA and

chiB genes, the nucleotide sequence encoding the 52 kDa chitinase

gene of Ser. marcescens KCTC2172 has been reported recently

[19]. To initiate a genetic analysis of chitin degradation by

bacteria we have chosen Ser. marcescens 2170 as a model

organism, since this strain produces higher levels of chitinase

activity and is more amenable to genetic analysis than the more

extensively studied strain QMB1466. As shown in our previous

report [18], strain 2170 releases a relatively limited number of

proteins into the culture medium when grown in the presence of

chitin. The proteins detected in the culture supernatant include

four chitinases (A, B, C1 and C2) and a 21 kDa chitin-binding

protein (CBP21) lacking chitinase activity [20]. Chitinases C1

and C2 probably correspond to the chitinolytic proteins of Ser.

marcescens QMB1466 with molecular masses of 48 and 36 kDa

[21], but it is unclear whether these proteins are derived from

their own gene(s) or are proteolytic derivatives of chitinase(s) A

and}or B.

In this report we describe the structure of the chiC gene for

chitinases C1 and C2 and show that they are not proteolytic

derivatives of chitinase(s) A and}or B. Chitinase C1 is the only

Ser. marcescens chitinase that has an Fn3 domain, and chitinase

C2 is a derivative of chitinase C1 generated by removal of the

Fn3 domain and the C-terminal ChBD.

EXPERIMENTAL

Bacterial strains, plasmids and culture conditions

Ser. marcescens 2170 [22] was grown at 30 °C in a yeast extract-

supplemented minimal (YEM) medium [23] containing 0.5%

colloidal chitin for chitinase production and was grown in

Luria–Bertani (LB) medium for chromosomal DNA extraction.
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Escherichia coli JM109 carrying pUC119 and its derivatives were

grown at 33 °C for plasmid preparation and at 30 °C for chitinase

production in LB medium containing 100 µg}ml ampicillin.

SDS/PAGE

SDS}PAGE and detection of chitinase activity after renaturation

of enzymes were performed as described previously [24].

CNBr cleavage of chitinases C1 and C2

Chitinases C1 and C2 in the culture supernatant of Ser.

marcescens 2170 were collected by ammonium sulphate precip-

itation (80% saturation) and partially purified by chitin affinity

column chromatography as described previously [20]. The frac-

tions containing both chitinase C1 and C2 were collected and the

two chitinases were separated by SDS}PAGE (10% slab). The

strips of the polyacrylamide gel containing chitinase bands were

cut out and chitinase proteins were extracted from the gel

electrophoretically. Purified chitinase C1 and C2 proteins were

dissolved in 75 µl of 70% formic acid and subjected to CNBr

cleavage by adding 10 µl of CNBr (100 mg in 75 µl of 70%

formic acid) and incubating at 37 °C for 24 h in the dark. After

24 h, CNBr was removed and trapped in NaOH pellets by

repeated freeze-drying of the samples. CNBr-free samples were

then treatedwith SDS sample buffer and analysed by SDS}PAGE

(16.5% slab) using the modification of the discontinuous pro-

cedure of Schagger and von Jagow [25].

N-terminal amino acid sequence analysis

N-terminal amino acid sequence determination of the purified

chitinases, obtained by chitin affinity chromatography, and CNBr

fragments of chitinases were performed as described previously

[10].

DNA extraction, PCR, library construction and screening

Chromosomal DNA of Ser. marcescens 2170 was extracted from

the cells as described by Silhavy et al. [26].

To prepare $#P-labelled probes for Southern hybridization and

colony hybridization, a part of the chiC gene was amplified by

PCR by using a Takara PCR Thermal Cycler MP (Takarashuzo,

Osaka, Japan). The amplified fragments were ligated with HincII-

cut pUC119, and the resulting plasmid, pTCCP12, was main-

tained in E. coli JM109. Inserted fragments were prepared from

pTCCP12 when necessary and labelled with [α-$#P]dCTP using

the Rediprime DNA labelling system (Amersham Pharmacia

Biotech, U.K.) according to the manufacturer’s instructions.

For Southern hybridization, restriction enzyme-digested

chromosomal DNA of Ser. marcescens 2170 was fractionated in a

0.7% agarose gel, transferred onto a nylon membrane (Hybond

N, Amersham) by the capillary method, and hybridized with the
$#P-labelled probe described above.

For library construction, chromosomal DNA of Ser.

marcescens 2170 was digested with SalI and separated on a 0.7%

agarose gel. The gel segment corresponding to the size between

4 and 6 kb was cut out, and DNA fragments in the gel were

recovered by using GENECLEAN II (BIO 101, Inc., Vista, CA,

U.S.A.). The DNA was ligated to SalI-digested pUC119 and

used to transform E. coli JM109 cells. The library was screened

by the colony hybridization technique using the $#P-labelled

probe as described previously [2], except that hybridization and

washing were carried out at 42 °C.

Nucleotide sequence determination and sequence analysis

Various restriction fragments of pTCC1 were subcloned into

pUC119, and the resulting plasmids were sequenced with an

automated laser fluorescence sequencer (Model 4000L, LI-COR,

Lincoln, NE, U.S.A.). Sequencing reactions were done by

using the Thermosequenase fluorescence-labelled primer cycle

sequencing kit with 7-deaza-dGTP (Amersham) with a double-

stranded template according to the supplier’s instructions. The

deduced amino acid sequence was compared with those available

in the translated GenBank, the SWISS-PROT protein sequence

data bank, and the National Biomedical Research Foundation

(NBRF) protein data bank by using the Lipman–Pearson al-

gorithm [27].

Production and purification of chitinases C1 and C2

E. coli JM109 cells harbouring plasmid pTCC2 carrying the

cloned chiC gene were grown in LB medium supplemented with

100 µg}ml ampicillin and 0.4 mM isopropyl β--thiogalactoside

for 24 h. Cells were collected by centrifugation and disrupted by

sonication. After removing unbroken cells and debris, proteins

were collected by ammonium sulphate precipitation (60% satd.).

Precipitated proteins were dissolved in a small volume of 2 mM

sodium phosphate buffer (pH 6.0) and subjected to chitin affinity

column chromatography as described previously [20]. Fractions

containing chitinases C1 and C2 were collected and further

purified by Sephadex G-75 gel-filtration chromatography.

Enzyme and protein assay

Chitinase activity was measured by a modification of the Schales’

procedure [28] with colloidal chitin as the assay substrate. One

unit of chitinase activity was defined as the amount of enzyme

that produces 1 µmol of reducing sugar per min. Protein con-

centration was measured by the method of Lowry et al. [29] using

BSA as the standard. The chitin-binding assay was performed in

a mixture containing 4 mg of binding-assay substrates, 1 M

NaCl and various concentrations of chitinase in 20 mM sodium

phosphate buffer (pH 6.0). After incubation for 1 h on ice with

stirring every 15 min, the mixture was centrifuged and the amount

of unadsorbed chitinase in the supernatant was determined. The

amount of adsorbed protein was estimated by subtracting the

amount of unadsorbed protein from the total protein added to

the tube.

MS

The mass spectrometric analysis of chitinases was done using a

Voyager Elite matrix-assisted laser desorption ionization–time-

of-flight (MALDI–TOF) mass spectrometer (PerSeptive Bio-

systems, Framingham, MA, U.S.A.).

Chemicals

Colloidal chitin and glycol chitin were prepared from powdered

chitin purchased from Funakoshi Chemical Co. (Tokyo, Japan)

following the methods described by Jeuniaux [30] and Yamada

and Imoto [31] respectively. Chitin EX (powdered prawn-shell

chitin) used in chitin affinity column chromatography and

chitosan 8B (approx. 80% deacetylated) were purchased from

Funakoshi Chemical Co. (Tokyo, Japan). Regenerated chitin for

the chitin-binding assay was prepared from chitosan 8B by the

method of Molano et al. [32]. Restriction enzymes and modi-

fication enzymes were purchased from Takarashuzo (Osaka,
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Japan), Toyobo Biochemicals (Osaka, Japan) and New England

Biolabs (Beverly, MA, U.S.A.).

RESULTS AND DISCUSSION

N-terminal and internal amino acid sequences of chitinases C1
and C2

Chitinases C1 and C2, as well as chitinases A and B and the

chitin-binding protein CBP21, were detected in the culture

supernatant of Ser. marcescens 2170 grown in the presence of

chitin as described previously [18]. The molecular masses of

chitinases C1 and C2 were estimated to be 48 kDa and 36 kDa

respectively from SDS}PAGE analysis. The two chitinases both

exhibited multiple peaks in each cycle of N-terminal amino acid

sequence determination, and the amino acid residues detected in

each cycle were identical for the two chitinases [18]. Thus we

inferred that chitinases C1 and C2 both contain two or more

polypeptides, and that C2 was derived from C1 by loss of its C-

terminal portion.

Owing to the complexity of the N-terminal amino acid

sequences, internal amino acid sequences were determined by

analysing N-terminal amino acid sequences of CNBr fragments

of chitinases C1 and C2. The CNBr fragments, derived from

either chitinase C1 or C2, were separated by SDS}PAGE and

their N-terminal amino acid sequences were determined by

automated Edman degradation after blotting the separated CNBr

fragments onto a PVDF membrane. Three major polypeptides

(4, 8 and 20 kDa, as estimated by SDS}PAGE analysis) were

obtained by CNBr cleavage of purified chitinase C1, and two

major fragments (5 and 8 kDa) were obtained from purified

chitinase C2. The N-terminal amino acid sequence analysis of

these polypeptides revealed that the 8 kDa fragments from the

two chitinases had the same N-terminal amino acid sequence

except for one unidentified amino acid residue (Figure 1),

supporting the idea that chitinase C2 is a derivative of C1.

Based on the N-terminal amino acid sequences of 8 kDa and

20 kDa polypeptides from chitinase C1, four degenerate PCR

primers were designed. A pair of the primers allowed us to

amplify a 0.5 kb DNA fragment when chromosomal DNA of Ser.

marcescens 2170 was used as a template. The nucleotide sequence

of the amplified fragment was determined and the deduced

amino acid sequence was compared with those of the chiA and

Figure 1 N-terminal amino acid sequences of peptide fragments, obtained
by CNBr cleavage of chitinases C1 and C2, and degenerate synthetic
oligonucleotide primers

X represents unidentified amino acid residues.

Figure 2 Nucleotide sequence of the chiC gene of Ser. marcescens 2170
and deduced amino acid sequence of the gene product

A possible Shine–Dalgarno sequence and ®35/®10 hexamers of the possible promoter are

doubly underlined and underlined with a dotted line respectively. The amino acid sequence

region matching the N-terminal amino acid sequence determined for chitinases C1 and C2 is

boxed. The N-terminal amino acid sequences of the CNBr fragments of chitinase C1 are shaded

and those of C2 are underlined. Arrows indicate the inverted repeat. The asterisk marks the stop

codon, i.e. the end of the coding region.

Figure 3 Alignment of the C-terminal domain of chitinase C1 with other
chitinases, endoglucanase of Bacillus sp. and protease C of Strep. griseus

A black background indicates amino acid residues identical with those of chitinase C1. Asterisks

indicate conserved aromatic residues. Abbreviations of enzyme sources are given in Table 1.
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Table 1 Abbreviations of enzyme sources with accession numbers for either GenBank, SWISS-PROT or NBRF

Abbreviation Organism and enzyme Accession number

Acav A Aeromonas caviae chitinase A U09139

Aero II Aeromonas sp. No. 10S-24 chitinase II D31818

Aero 1 Aeromonas sp. No. 10S-24 chitinase ORF1 D63139

Aero 2 Aeromonas sp. No. 10S-24 chitinase ORF2 D63139

Alte A Alteromonas sp. O-7 chitinase A D13762

Alte C Alteromonas sp. O-7 chitinase C AB004557

Bcir A1 Bacillus circulans WL-12 chitinase A1 M57601

Bcir C Bacillus circulans WL-12 chitinase C D89568

Bcir D Bacillus circulans WL-12 chitinase D1 D10594

Blic Bacillus licheniformis TP chitinase U71214

Bsub Bacillus subtilis chitinase AF069131

Cpar B Clostridium paraputrificum chitinase B AB001874

Eagg Enterobacter agglomerans chitinase (Chia-Entag) U59304

Ente A Enterobacter sp. G-1 chitinase A U35121

Eame Ewingella americana chitinase X90562

Jliv 69 Janthinobacterium lividum chitinase 69 U07025

Kzop Kurthia zopfii chitinase D63702

Smar A Serratia marcescens 2170 chitinase A AB015996

Smar B Serratia marcescens 2170 chitinase B AB015997

Smar C Serratia marcescens 2170 chitinase C1 This study

Smal A Stenotrophomonas maltophilia chitinase A AF014950

Sery Streptomyces erythraeus chitinase P14529

Sgri PC Streptomyces griseus protease C L29018

Sliv B Streptomyces lividans chitinase B D84193

Sliv C Streptomyces lividans chitinase C D12647

Sliv A Streptomyces lividans 66 chitinase A D13775

Soli 01 Streptomyces olivaceoviridis exo-chitinase 01 X71080

Spli 63 Streptomyces plicatus chtinase 63 M82804

Sthe Streptomyces thermoviolaceus OPC-520 chitinase D14536

Vhar A Vibrio harveyi chitinase A U81496

Afae PHB Alcaligenes faecalis poly(3-hydroxybutyrate) depolymerase J04223

Baci EA Bacillus sp. strain N-4 endoglucanase A P06566

Baci EB Bacillus sp. strain N-4 endoglucanase B P06565

CbhA Cellulomonas fimi cellobiohydrolase A L25809

CbhB Cellulomonas fimi cellobiohydrolase B L38827

CenD Cellulomonas fimi endo-1,4-β-D-glucanase (CenD) L02544

Ppic PHB Peudomonas pickettii poly(3-hydroxybutyrate) depolymerase D25315

AmyA180 Unclassified alkalophilic Gram-positive bacteria DSM 5853 exo-maltopentaohydrolase (amylase) X53373

chiB genes of this bacterium. Although some local similarities

were observed, no identical region was found with either chitinase

A or B, clearly indicating that chitinase C1, and C2, are not

derivatives of either chitinase A or B and, therefore, are derived

from an unidentified chitinase gene.

Cloning and nucleotide sequence of the gene encoding chitinase
C1

The 0.5 kb amplified fragment was radiolabelled and used as a

hybridization probe for cloning of the gene specifying chitinase

C1 (and C2). Southern hybridization experiments with chromo-

somal DNA of strain 2170 were carried out and a strong signal

at the position around 5 kb was observed when chromosomal

DNA was digested with SalI. Thus, SalI-digested fragments with

sizes between 4 and 6 kb were prepared, ligated with SalI-cut

pUC119 and transformed into E. coli JM109 cells. Colony

hybridization of the transformant colonies was carried out with

the same radiolabelled probe, and one positive clone was detected

among 800 transformant colonies. The positive clone contained

a plasmid (designated pTCC1) with a 4.5 kb inserted fragment

and the nucleotide sequence of a 2.9 kb region was determined.

As shown in Figure 2, one open reading frame of 1440

nucleotides, starting from an ATG initiation codon, was identi-

fied in the sequenced region. The translated polypeptide is 480

amino acids long with a calculated size of 51.7 kDa, slightly

larger than the size of chitinase C1 (48 kDa) estimated by

SDS}PAGE. The internal amino acid sequences determined

using five CNBr fragments perfectly matched the sequences of

the corresponding regions of the deduced polypeptide. Four out

of five CNBr fragments were generated by cleavages at the C-

terminus side of tryptophan but not at methionine residues. The

reason for such frequent cleavage at tryptophan is unclear,

although cleavage at tryptophan has been reported with other

proteins [33]. Multiple peaks were observed in each cycle of the

N-terminal amino acid sequence determination of chitinases C1

and C2 as described above. This can be explained by the presence

of four polypeptides starting from Ala-9, Val-10, Ala-11 and

Ala-12 in each chitinase preparation. The N-terminal region of

the deduced polypeptide, which is absent from chitinases C1 and

C2, does not have the typical features of a signal sequence.

The results described above indicate that both chitinases C1

and C2 are products of the cloned gene, which was designated

chiC. Recently, Gal et al. [19] reported the nucleotide sequence of

the gene encoding 52 kDa chitinase from Ser. marcescens

KCTC2172. The 52 kDa chitinase gene of strain KCTC2172 is

apparently the counterpart of the chiC gene of strain 2170, since
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Figure 4 Alignment of the Fn3 domain of chitinase C1 with those of other bacterial enzymes

A black background indicates amino acid residues identical with those of chitinase C1. Abbreviations of enzyme sources are given in Table 1.

the coding regions of the two chitinase genes match 99.2% in

nucleotide sequence and 95% in amino acid sequence.

Multidomain structure of chitinase C1

Comparing the deduced amino acid sequence with entries in the

protein data banks readily identified the domains constituting

chitinase C1. A large N-terminal region exhibited extensive

similarity to the catalytic domains of several bacterial chitinases

such as Vibrio har�eyi chitinase A, Strep. li�idans chitinases A

and B and B. circulans chitinase D1. Thus, this region was

considered to be the catalytic domain. The catalytic domain of

chitinase C1 did not show apparent similarity with those of the

other chitinases found in this bacterium (chitinases A and B),

except for the conserved segments which are observed in all

family 18 chitinases [18]. One of the conserved segments has been

shown to contain the residue directly involved in the catalytic

mechanism [3,34], which corresponds to Glu-141 of the deduced

chitinase C1 polypeptide.

As shown in Figure 3, the C-terminal region of the deduced

polypeptide exhibited significant similarity to the ChBDs and

putative ChBDs of various bacterial chitinases. (Abbreviations

of enzyme sources with accession numbers are listed in Table 1.)

Similarities were found not only with chitinases but also with the

C-terminal regions of Bacillus sp. endoglucanases and S. griseus

proteinase C. The C-terminal region of chitinases A1 of B.

circulans WL-12 was shown to be the ChBD and was also

important for efficient hydrolysis of insoluble chitin [9]. Therefore

it is highly probable that the C-terminal region is the ChBD of

chitinase C1. Tyr and Trp residues are well conserved in the

alignment shown in Figure 3, suggesting the involvement of the

side-chains of these aromatic residues in chitin binding by analogy

with the situation in the cellulose-binding domains of cellulases

[35].

The region between the catalytic domain and the ChBD was

found to display sequence similarity to Fn3 domains, as shown

in Figure 4. The bacterial Fn3 domain was first identified in

chitinase A1 of B. circulans WL-12 [36] and was later found in

many bacterial enzymes such as chitinases, cellulases, amylases

and poly(3-hydroxybutyrate) depolymerases [37]. Among bac-

terial enzymes degrading insoluble substrates, the Fn3 domains

have been most frequently found in chitinases. The function of

Fn3 domains is not clear yet, although a structural role to

maintain an optimal distance and orientation between the

catalytic domain and the ChBD for maximum chitinase activity

has been suggested [9]. The frequent occurrence of this domain

in chitinases may have a special importance for the degradation

of the insoluble and crystalline polysaccharide chitin.

Figure 5 Binding activity of chitinases C1 and C2 to various chitin samples

Solid lines, chitinase C1 ; broken lines, chitinase C2 ; (D), regenerated chitin ; (_), powdered

chitin ; (+), colloidal chitin.

Table 2 Hydrolytic activity of chitinases C1 and C2 toward colloidal chitin,
glycol chitin, regenerated chitin and powdered chitin

Chitinase activity (units/µmol)

Substrate Chitinase C1 Chitinase C2

Colloidal chitin 153 160

Glycol chitin 289 264

Regenerated chitin 64.8 24.7

Powdered chitin 6.83 2.69

Chitinases C1 and C2 produced in E. coli

To verify the presence, the extent and the role of the putative

ChBD in chitinase C1, chitinases C1 and C2 were produced in E.

coli carrying the cloned chiC gene and purified. Since only a small

amount of chitinase C1 was produced in E. coli JM109

harbouring the originally isolated plasmid pTCC1, we

constructed plasmid pTCC2, which lacks the upstream region

containing the probable ribosome-binding site and places the

gene expression under the control of the lac promoter. Chitinase

activitywas mainly recovered in the cytoplasmic fraction (approx.
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Figure 6 Alignment of the sequences corresponding to the major part of the catalytic domains of family 18 bacterial chitinases

The sequences shown here correspond to the regions extending from the first to sixth β-strands in the (α/β)8-barrel fold of the catalytic domain of each chitinase. Overbars indicate sequence segments corresponding to the β-strands predicted by HCA. The

alignment was made by using the CLUSTAL W program [45] and manually edited by using HCA. Identical amino acids around the β-strands are indicated by a black background. The abbreviations of enzyme sources are given in Table 1.
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Figure 7 Relationships among family 18 bacterial chitinases

The unrooted phylogenetic tree was calculated for 29 chitinases based on the alignment shown

in Figure 6 using the neighbour-joining method [43] implemented in the program CLUSTAL W

[45] and drawn using the program TreeView. Numbers at branch points indicate bootstrap

analysis values obtained using 1000 resampled data sets. The horizontal scale bar corresponds

to 0.1 amino acid change per position. The abbreviations of enzyme sources are given in

Table 1.

90%), as expected from the absence of a typical signal sequence

at the N-terminus. The cytoplasmic fraction contained two

chitinase molecules with sizes corresponding to chitinases C1 and

C2. The N-terminal amino acid sequences of the chitinases

corresponding to chitinases C1 and C2 were identical

(STNNIINAVA) and matched the sequence starting from Ser-2

of the deduced polypeptide (see Figure 2). Therefore we con-

sidered the chitinases produced in E. coli to be essentially

identical with chitinases C1 and C2, although they have a

few additional amino acids at the N-terminus and may have a few

amino acid differences at the C-terminus. Chitinases C1 and C2

extracted from E. coli cells were purified by chitin affinity column

chromatography followed by gel-filtration chromatography. A

total of 6.77 mg of purified chitinase C1 and 0.98 mg of purified

chitinase C2 were obtained from a 1 litre culture of E. coli JM109

harbouring pTCC2. The molecular mass of chitinase C2 was

determined to be 36048 Da, as measured by MALDI–TOF-MS.

This value coincided with the calculated molecular mass of the

deduced polypeptide from Ser-2 to Gln-328, which corresponds

to the catalytic domain of chitinase C1. Therefore it was

confirmed that chitinase C2 is a derivative of C1, generated by

loss of the Fn3 domain and the ChBD, and therefore corresponds

to the catalytic domain of chitinase C1.

ChitinaseC1does not have a signal sequence andwas recovered

in the cytoplasmic fraction when expressed in E. coli. Similar

results were obtained with chitinase B of this bacterium, which

also lacks a signal sequence at its N-terminus [18]. On the other

hand, chitinase A has a signal sequence and therefore the

excretion paths of chitinase C1 and B must be different from that

of chitinase A, although the production of these chitinases seems

to be regulated in a similar manner [20]. The sec-independent

secretion of extracellular enzymes of Ser. marcescens has been

shown for a metalloprotease [38] and a lipase [39], which are

secreted by the ATP-binding cassette (ABC) protein-mediated

exporter. The proteins excreted through the ABC pathway are

known to contain a Gly-rich sequence that is repeated 4–36 times

at the C-terminus [39,40]. However, chitinases C1 and B do not

possess this type of secretion signal at their C-termini.

The role of the C-terminal portion of chitinase C1

To examine whether the C-terminal domain of chitinase C1

really acts as a ChBD, the binding activity of chitinase C1 to

different types of chitin was measured and compared with that of

chitinase C2, the catalytic domain of chitinase C1 (Figure 5).

Chitinase C1 bound to regenerated chitin and colloidal chitin

better than to powdered chitin (chitin EX). Chitinase C1 exhibited

much higher binding activity than chitinase C2 with respect to all

substrates tested. The level of binding of chitinase C2 to

regenerated chitin and powdered chitin was approx. 40% of that

of chitinase C1, and was 70% of the level of binding to colloidal

chitin. Therefore it is clear that the C-terminal portion of chitinase

C1 is important for the chitin-binding activity of chitinase C1,

although the participation of the Fn3 domain in binding could

not be evaluated in this experiment. It is notable that chitinase

C2 itself has some binding activity with respect to chitinous

substrates, especially colloidal chitin, although the activity is not

high. Differences in binding activities between chitinases C1 and

C2 were more marked for regenerated chitin and powdered

chitin than for colloidal chitin.

To clarify whether the differences in chitin-binding activity

affect the hydrolytic activity of the two chitinases, the activity of

chitinases C1 and C2 against various chitinous substrates was

determined. Chitinases C1 and C2 were incubated with various

substrates at 37 °C for 10 min and the amount of reducing sugar

generated was measured. As shown in Table 2, no differences

were observed between the activities of chitinases C1 and C2

against glycol chitin and colloidal chitin. 4-Methylumbelliferyl-

(GlcNAc)
#
and 4-methylumbelliferyl-(GlcNAc)

$
were also hydro-

lysed with similar efficiency (results not shown). On the other

hand, the hydrolytic activity of chitinase C2 against powdered

chitin and regenerated chitin was less than half of that of

chitinase C1. These results indicate that the C-terminal portion

of chitinase C1 does not affect the hydrolysis of soluble and

amorphous substrates but is important for efficient hydrolysis of

crystalline substrates.

We previously demonstrated that the C-terminal ChBD of

chitinase A1 of B. circulans WL-12 was important for efficient

hydrolysis of insoluble chitin, including not only regenerated and

powdered chitin but also colloidal chitin. In this case, the

catalytic domain did not show significant binding activity with

respect to colloidal chitin. Therefore, the equal efficiencies of

hydrolysis of colloidal chitin by chitinases C1 and C2 of Ser.

marcescens 2170 may reflect strong affinity to colloidal chitin of

the catalytic domain itself. Similar results have been reported by

Morimoto et al. [7] with chitinase B of Clostridium paraputrificum.

Deletion of the ChBD from chitinase B of C. paraputrificum did

not affect the enzyme activity toward colloidal chitin, and the

catalytic domain itself exhibited strong affinity for colloidal

chitin.

Relation of chitinase C1 to other bacterial chitinases

The catalytic domain of chitinase C1 exhibited extensive

sequence similarity with several bacterial chitinases, but only

limited similarity with chitinases A and B of Ser. marcescens 2170.

Based on the amino acid sequence similarity, we previously
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Figure 8 HCA plot of the regions between the seventh and eighth β-strands of the catalytic (β/α)8-barrel domain of subfamily A and subfamily B chitinases

Ser. marcescens chitinase A and B. circulans chitinase A1 are shown as examples of subfamily A, and Ser. marcescens chitinase C1 and B. circulans chitinase D1 are shown as examples of

subfamily B. Vertical lines indicate the proposed correspondences between sequences. The grey area indicates the regions corresponding to the inserted domain. Proline, glycine, serine and threonine

are represented by s, U, , and * respectively.

proposed that the catalytic domains of bacterial chitinases could

be divided into three groups, i.e. groups A, B and C [34]. This

subdivision was made several years ago with the limited number

of chitinase sequences available at that time by a pairwise

comparison of sequences. For a better understanding of the

relation of chitinase C1 to chitinases A and B of this bacterium

and to other bacterial chitinases, a more systematic analysis

using increased numbers of sequences was performed.

To compare amino acid sequences of all bacterial family 18

chitinases, we first attempted to align the amino acid sequences

of the entire catalytic domains available from protein data banks

and from the literature. However, due to the extensive diversity

of the amino acid sequences of some chitinases, alignment by

conventional methodswas found to be impractical. Therefore, the

sequence segments corresponding to the β-strands in the catalytic

domain of each chitinase were first delineated by hydrophobic

cluster analysis (HCA) [41,42] by comparison with the 3D-

structure of the catalytic domain of chitinase A of Ser. marcescens

QMB1466 [3]. This chitinase consists of three domains: an all-β

N-terminal domain, a catalytic (β}α)8-barrel domain and a small

αβ-fold domain (third domain). Then, an alignment was made

using subsequences corresponding to the regions extending from

the first to the sixth β-strand in a manner such that each of the

respective β-strands was aligned, as shown in Figure 6. The other

regions of the catalytic domains of these chitinases were not

included because the extensive divergence in these regions would

reduce the reliability of the alignment. In particular, the region

corresponding to the sequences between the seventh and eighth

β-strands sometimes (but not always) contains a large insertion

corresponding to the small αβ-fold region of chitinase A from

Ser. marcescens QMB1466 inserted in the (β}α)8-barrel [3].

In spite of the extensive diversity of some chitinases, several

amino acids in the segments corresponding to β-strands were

very well conserved in this alignment. Short conserved regions of

family 18 chitinases containing SXGG and DXDXE are located

at the ends of the third and fourth β-strands respectively. A
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Figure 9 Domain organization of chitinases of S. marcescens 2170

phylogenetic tree was then constructed (Figure 7) from this

alignment using the neighbour-joining method [43]. Bacterial

chitinases are clearly separated into three major subfamilies A, B

and C, suggesting divergence at a relatively early stage of bacterial

chitinase evolution. Chitinase C1 is found in subfamily B, whereas

chitinases A and B are both in subfamily A, showing that Ser.

marcescens 2170 contains two types of highly divergent chitinases.

A similar situation is observed with several other chitinolytic

bacteria, including B. circulans WL-12 [10], Strep. li�idans [11]

and Aeromonas sp. [12], which also possess chitinases belonging

to different subfamilies.

HCA analysis of the other regions of the catalytic domains

revealed the presence of a third domain in all subfamily A

chitinases, corresponding to the insertion of an αβ-fold region

between the seventh and eighth β-strands of the (β}α)8-barrel

observed in the 3D-structure of chitinase A from Ser. marcescens

QMB1466 [3]. On the other hand, none of the chitinases in

subfamilies B and C have this insertion. Therefore the presence

or absence of the αβ-fold insertion domain appears to be

subfamily specific. Examples of HCA plots of subfamilies A and

B chitinases are shown in Figure 8. A deep substrate-binding

cleft is located at the top of the catalytic (β}α)8-barrel domain of

chitinase A, and the αβ-fold insertion domain forms a wall on

one side of the cleft, making the cleft deeper. Therefore, although

no 3D-structure is available for chitinases from subfamilies B or

C, one can easily imagine that the substrate-binding cleft of

chitinases from subfamilies B and C is not as deep as that

of chitinases from subfamily A.

The domain organization of chitinases C1 and C2 is sum-

marized together with those of chitinases A and B of this

bacterium (Ser. marcescens 2170) in Figure 9. Chitinase A of this

strain probably displays a 3D-structure identical with that

determined for chitinase A of strain QMB1466 [3], as the two

enzymes display 95.4% amino acid identity. Chitinase B was

suggested to consist of a catalytic domain and a C-terminal

ChBD; this putative ChBD displays significant sequence simi-

larity to well-characterized as well as putative ChBDs of other

chitinases (Figure 4). Chitinase C1 is the only Ser. marcescens

chitinase having an Fn3 domain and a catalytic domain from

subfamilyB. The reasonwhy this bacteriumand other chitinolytic

bacteria produce mutiple chitinases is unknown. Brurberg et al.

[44] reported that chitinase A of Ser. marcescens BJL200 has a

higher specific activity towards chitin than chitinase B, and a

synergistic effect on chitin degradation was observed upon

combining the two enzymes. Our recent results show that a

combination of three chitinases of strain 2170 greatly enhanced

the hydrolytic activity with respect to powdered chitin (K.

Suzuki, N. Sugawara, M. Suzuki, N. Nikaidou and T. Watanabe,

unpublished work). Similar results were also observed with

chitinases of B. circulans WL-12 (T. Mizutani and T. Watanabe,

unpublished work). These observations suggest that multiple

chitinases with different properties are necessary for an efficient

synergistic hydrolysis of chitinous substrates, a situation anal-

ogous to that encountered in the degradation of cellulose by

cellulases. In addition to the synergistic effects on a particular

substrate, different chitinases may also be beneficial for the

digestion of various types of chitin characterized by different

degrees of acetylation, crystallinity, crystalline form, etc.

The multiplicity of chitinase genes appears to be a widespread

phenomenon, as is the co-production of chitinases belonging to

different subfamilies in chitinolytic bacteria. Detailed analysis of

the enzymic properties, individual roles and 3D-structures of

individual chitinases and their synergism in binary or tertiary

mixtures should shed light on the significance of the presence of

multiple chitinases in chitinolytic bacteria.
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