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Alteromonas sp. strain O-7 secretes several proteins in response to chitin induction. We have found that one
of these proteins, designated AprlV, is a novel chitin-binding protease involved in chitinolytic activity. The gene
encoding AprlV (aprlV) was cloned in Escherichia coli. DNA sequencing analysis revealed that the open reading
frame of aprlV encoded a protein of 547 amino acids with a calculated molecular mass of 57,104 Da. AprlV is
a modular enzyme consisting of five domains: the signal sequence, the N-terminal proregion, the family A
subtilase region, the polycystic kidney disease domain (PkdD), and the chitin-binding domain type 3 (ChtBD3).
Expression plasmids coding for PkdD or both PkdD and ChtBD (PkdD-ChtBD) were constructed. The
PkdD-ChtBD but not PkdD exhibited strong binding to a-chitin and B-chitin. Western and Northern analyses
demonstrated that aprlV was induced in the presence of N-acetylglucosamine, N-acetylchitobiose, or chitin.
Native AprIV was purified to homogeneity from Alteromonas sp. strain O-7 and characterized. The molecular
mass of mature AprIV was estimated to be 44 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. The optimum pH and temperature of AprIV were pH 11.5 and 35°C, respectively, and even at 10°C the
enzyme showed 25% of the maximum activity. Pretreatment of native chitin with AprIV significantly promoted

chitinase activity.

Chitin, an insoluble linear -1,4-linked polymer of N-acetyl-
glucosamine (GlcNAc), is an abundant organic compound in
nature. This polysaccharide is found in the cell walls of fungi
and the cuticles of insects and crustacea (11). Since carbon and
nitrogen are generally limited in the marine environment,
chitin is a particularly important nutrient source for marine
organisms (7). Chitinolytic marine bacteria play a crucial role
in the recycling of chitinous materials, such as zooplankton
(42). To degrade chitin, chitinolytic bacteria produce two
classes of enzymes: chitinases (EC 3.2.1.14) and B-N-acetylglu-
cosaminidases (GlcNAcases; EC 3.2.1.30). Chitinases hydro-
lyze chitin to soluble oligosaccharides, mainly chitobiose,
which are hydrolyzed to GlcNAc by GlcNAcases. The degra-
dation products, mainly GlcNAc, are then taken up and used
by cells as carbon and nitrogen source.

Alteromonas sp. strain O-7 was isolated at the Sagami Bay of
Japan as an efficient producer of chitinolytic enzymes (29). We
have been studying the chitinolytic system of the strain to
clarify the roles of individual enzymes in chitin degradation,
the relationship between structure and function, and the reg-
ulation of gene expression. We have already shown that the
chitinolytic system of the strain consists of at least four chiti-
nases (Chi85, ChiA, ChiB, and ChiC), three B-N-acetylglu-
cosaminidases (GlcNAcase A, GlcNAcase B, and GIcNAcase
C), chitinase-like enzyme (ChiD), and chitin-binding protein
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(Cbpl). These genes have been cloned and sequenced, and the
role of each protein in chitin degradation has been clarified
(31-33, 35, 37).

In crustacean cuticles, chitin is tightly associated with pro-
teins, inorganic salts, such as calcium carbonate, and lipids,
including pigments (24). Thus, both chitinases and proteases
could be necessary for efficient degradation of crustacean cu-
ticles in the natural environment. However, there is no report
on proteases involved in chitin degradation by marine bacteria
despite the extensive literature of microbial proteases. Re-
cently, we found a novel serine protease that was expressed
selectively by Alteromonas sp. strain O-7 in the presence of
chitin. In this study, we report the cloning, sequence, and
analysis of the gene coding for the chitin-binding protease
(AprIV). Furthermore, the purification and characterization of
the enzyme from the native strain are described.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Alteromonas sp. strain O-7
was cultured at 27°C in Bacto Marine Broth 2216 (Difco). E. coli IM109 and
BL21(DE3) were grown at 37°C on Luria-Bertani medium supplemented with
appropriate antibiotics for the selection of transformants and for the production
of recombinant protein, respectively. Plasmids pUC18 and pUC19 were used as
cloning vectors. Plasmid pGEX-6P-1 (Amersham Pharmacia Biotech) was used
as the expression vector.

Nucleotide sequence determination. Nucleotide sequencing was carried out by
the dideoxy chain termination method by using the DYEnamic ET terminator
cycle sequencing premix kit (Amersham Pharmacia Biotech) on a DNA se-
quencer (ABI Prism 310 Genetic Analyzer; Applied Biosystems). Sequence data
were analyzed by using GENETYX-WIN program (Software Development Co.,
Ltd.).
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N-terminal amino acid sequence of AprIV. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was done by the method of Laemmli
(15). Alteromonas sp. strain O-7 was cultured at 27°C in Bacto Marine Broth 2216
containing 0.2% powdered chitin from crab shell (Nacalai Tesque, Kyoto, Japan)
until the optical density at 600 nm reached 1.5. The culture supernatant was
collected by centrifugation (24,650 X g for 5 min at 4°C), and 0.1 volume of 20%
trichloroacetic acid was added to the supernatant. After centrifugation (24,650 X
g for 5 min at 4°C), the pellet was dissolved in SDS-PAGE sample buffer.
Proteins were separated by SDS-PAGE and transferred to Sequi-Blot PVDF-
Membrane (Bio-Rad Laboratories) with Trans-Blot SD semidry electrophoretic
transfer cell (Bio-Rad Laboratories). The chitin-induced protein band corre-
sponding to AprlV was directly sequenced by using an ABI Procise 491 HT
protein sequencer (Applied Biosystems) that was connected to an on-line phe-
nylthiohydantoin (PTH) derivative analyzer.

Cloning of the aprlV gene. Alteromonas sp. strain O-7 total DNA was digested
with various restriction enzymes and electrophoresed on a 1.0% agarose gel. The
fragments in the range of 1.0 to 2.0 kb were excised from the gel and purified with
GenElute gel purification kit (Sigma). These fragments were self-ligated and
used as a template DNAs. The degenerate inverse primers [aprN, 5'-AT(A/G)
CC(A/G)TA(A/T)GG(A/G/T)GT(A/G/T)GTTTC(A/T)GC-3'; aprC, 5'-CAAG
C(A/T)AA(C/T)CAAGG(C/T)(A/T)(C/G)(A/T)GATGG-3'] were synthesized
based on the N-terminal amino acid sequence of AprIV. PCR amplification was
performed by KOD-Plus-DNA polymerase (Toyobo, Osaka, Japan) for 30 cycles
consisting of 94°C for 15 s, 53°C for 30 s, and 68°C for 2 min. The 1.5-kb product
was amplified by using the Sphl digested template and phosphorylated by T4
polynucleotide kinase (Toyobo). The phosphorylated fragment was digested with
Sphl. The resulting 1.0-kb (pSpX10) and 0.5-kb (pXSp05) fragments were cloned
into Smal and Sphl sites of pUC19. However, analyses of the entire nucleotide
sequences of the inserted DNAs indicated that the 3’ downstream region of
aprlV gene was missing. To clone the 3’downstream region of aprll gene,
Southern hybridization was performed with 1.0-kb (pSpX10) or 0.5-kb (pXSp05)
fragment as a probe. The probes were labeled with alkaline phosphatase accord-
ing to the manufacturer’s instructions (AlkPhos DIRECT; Amersham Pharmacia
Biotech). Both probes hybridized with the same 4.5-kb chromosomal fragment
digested with EcoRV. The DNA fragments corresponding to 4.5-kb were excised
from the gel and purified with a GenElute gel purification kit. These were ligated
into the dephosphorylated Smal site, and the recombinant plasmids were intro-
duced into competent E. coli JM109. The library was screened by colony hybrid-
ization with the labeled probes as described previously (34).

Northern blot and primer extension analysis. Northern blot and primer ex-
tension analyses were performed as described previously (36). The amount of
transcript of aprl}’ was measured by Image Gauge version 3.45 (Fuji Film, Tokyo,
Japan). Then, 10 pg of RNA was used to map the 5’ end of the aprl} transcript.
Reverse transcription was initiated from the fluorescein isothiocyanate (FITC)-
labeled primer complementary to the 5" end of the aprlV’ coding region.

Construction of expression plasmids. The expression plasmid, pGstPkd
DChtBD, coding for PkdD and ChtBD (PkdD-ChtBD) of AprIV, was con-
structed as follows. Two oligonucleotide primers (pkdDF, 5'-AAGCGGCGGT
TGAATTCCTAACAAATAATG-3'; chtBDR, 5'-GACTAATTTGTACTCGA
GACATTGCGCGAC-3") were synthesized, which were modified to contain
EcoRI and Xhol recognition sites to facilitate cloning in frame into the gluta-
thione S-transferase (GST) fusion protein expression vector pGEX-6P-1 (Am-
ersham Pharmacia Biotech). PCR was performed with the plasmid pAP45 as a
template for 30 cycles consisting of 94°C for 15 s, 57°C for 30 s, and 68°C for 1
min. The amplified DNA was digested by EcoRI and Xhol, and the resulting
fragment (424 bp) was inserted into the corresponding sites of pGEX-6P-1. The
expression plasmids, pGstPkdD and pGstChtBD, coding for PkdD and ChtBD,
respectively, were constructed in the same manner as pGstPkdDChtBD, with
four primers: pkdDF, pkdDR (5'-TAGTTGCACTCCACTCGAGGATACCAT
TAC-3'), chtBDF (5'-GGGAATTTGGTGAATTCGCAACAAGTTCAC-3'),
and chtBDR. The nucleotide sequences of the PCR fragments were confirmed by
DNA sequencing.

Purification of the recombinant proteins. E. coli BL21(DE3) cells harboring
pGstPkdDChtBD, pGstPkdD, and pGstChtBD were induced with 0.1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) at the mid-exponential growth phase and
further incubated for 1.5 h at 37°C. Cells were harvested by centrifugation and
washed and resuspended with phosphate-buffered saline. The cells were dis-
rupted by sonication, and the lysate was centrifuged at 10,000 X g for 10 min. The
GST fusion proteins (GST-PkdD-ChtBD and GST-PkdD), except for GST-
ChtBD, were purified from the supernatant by affinity chromatography with
glutathione-Sepharose 4B (Amersham Pharmacia Biotech). The purified fusion
proteins were treated with PreScission protease (Amersham Pharmacia Biotech)
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for 12 h at 4°C to obtain PkdD-ChtBD and PkdD. The N-terminal amino acid
sequences of PkdD-ChtBD and PkdD were confirmed by protein sequencing.

Western blotting and immunodetection. As described for the determination of
N-terminal amino acid sequence, proteins from the culture supernatant were
separated by SDS-PAGE and transferred to Sequi-Blot PVDF-Membrane. The
membrane was incubated for 1 h at room temperature with anti-PkdD-ChtBD
polyclonal mouse antiserum diluted to 1:2,000 in phosphate-buffered saline con-
taining 2.0% skim milk (Difco). Bound antibody was detected as described
previously (36). The amount of production of AprIV was measured by Image
Gauge version 3.45.

Purification of AprIV. Alteromonas sp. strain O-7 was cultured in Bacto Ma-
rine Broth 2216 containing 0.2% powdered chitin from crab shell (Nacalai
Tesque) until the optical density at 600 nm reached 1.5. The supernatant was
dialyzed against 50 mM Tris-HCI buffer (pH 8.0) and applied to a DEAE-
Toyopearl column (3.0 by 15 cm; Tosoh, Tokyo, Japan). Active fractions in the
flowthrough were collected, and ammonium sulfate was added to the fraction
until the final concentration reached 1.3 M. The fraction was applied to a
phenyl-Toyopearl 650 M column (1.0 by 20 cm; Tosoh) equilibrated with 50 mM
Tris-HCI buffer (pH 8.0) containing 1.3 M ammonium sulfate. Two active frac-
tions corresponding to native AprIV and proteolytic AprIV (AprIVAC) were
eluted at concentrations of ca. 0.6 and 0.1 M ammonium sulfate, respectively.

Enzyme assay. Protease activity and properties of AprIV were examined as
described previously (28). Chitinase activity was measured as described else-
where (31).

Effects of AprIV and AprIVAC on chitinase activity. The cuticles of prawn
shell (Penacoida) were stripped off and dried at 50°C for 24 h. The cuticles were
crushed into powder in a mixer and filtered with no. 48 mesh (lidaseisakusho,
Osaka, Japan). The crude powdered chitin (10 mg) was washed twice with 1 ml
of 50 mM Tris-HCl buffer (pH 8.0) and centrifuged. The pellets were suspended
with 100 wl of the same buffer containing 5 mU of purified AprIV or AprIVAC
and incubated at 27°C for 1 h. The reaction mixtures were then centrifuged, and
the removed proteins from the chitin were assayed by the method of Bradford
with bovine serum albumin as a standard (2). The chitin was suspended with 1 ml
of the buffer containing 1 mM phenylmethylsulfonyl fluoride and kept at room
temperature for 30 min. The suspension was centrifuged and then resuspended
with 400 pl of the buffer containing 0.5 pg of purified chitinase (Chi85) from the
strain. The reaction mixture was incubated at 50°C for 6 h. Samples were taken
at 1-h intervals. The reaction was terminated by cooling the mixture on ice,
followed by centrifugation at 24,650 X g for 5 min. Reducing sugar in the
supernatant was measured by a modification of Schales’s procedure (23). The
deproteinized chitin was prepared according to the method of Hackman (10).
The effects of AprIV and AprIVAC on chitinase activity were also examined by
using the deproteinized chitin as a substrate.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this study are in the DDBJ, EMBL, and GenBank nucleotide sequence
databases under accession no. AB071535.

RESULTS

Cloning and nucleotide sequence of aprlV. Alteromonas sp.
strain O-7 was cultured in the presence of chitin, and extracel-
lular proteins were separated by SDS-PAGE. The N-terminal
amino acid sequence (AETTPYGINMVQANQVSDGY) of a
44-kDa chitin-induced protein was determined. The BLAST
search program revealed that the protein, designated AprlV, is
homologous to enzymes belonging to subtilase family of mi-
crobial serine proteases (26). Thus, to isolate the gene encod-
ing AprlV, degenerate inverse primers (aprN and aprC) were
synthesized based on the N-terminal amino acid sequence. The
amplified DNA was ca. 1.5 kb, and the nucleotide sequences of
the Sphl digests (pSpX10 and pXSp05 [Fig. 1]) were analyzed.
However, the PCR product appeared to lack the 3’ down-
stream region of the aprll” gene. To obtain the full-length
gene, colony hybridization was performed by using a 1.0-kb
DNA fragment of pSpX10 or a 0.5-kp DNA fragment of
pXSp05 as a probe. Among 1,200 transformants, one positive
clone (pAP45) which hybridized to both probes was isolated by
colony hybridization. The clone was analyzed by restriction
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FIG. 1. Restriction map of pAP45 and domain structure of AprIV. (A) Restriction map of pAP45. Arrow indicates the ORF and the direction
of transcription. aprlV, the gene encoding serine protease. (B) Diagram of domain structure of AprIV: signal peptide, m; N-terminal proregion,

& protease region, [J; PkdD, &; ChtBD, &.

endonuclease digestion and found to contain a 4.5-kb insert
with the full-length aprlV gene (Fig. 1).

The nucleotide sequence of the Sphl-PstI fragment (2.8 kb)
from pAP45 was determined. The open reading frame (ORF)
has an ATG start codon at position 657, which is preceded by
a possible ribosome-binding site (AGGTG) at a distance of
four nucleotides. An inverted repeat, which was composed of
an 8-bp stem and a loop of five bases, was located 17 bp
downstream of the aprl}’ gene terminal codon (TAA). The
aprlV gene encodes a protein of 547 amino acids with a calcu-
lated molecular mass of 57,104 Da. The first 29 amino acids of
the ORF encode a typical signal peptide sequence composed
of an N-terminal positively charged amino acid followed by a
hydrophobic region and a signal peptidase cleavage site, which
fits the “—3, —1” rule of von Heijne (38). The N-terminal
amino acid sequence of AprlV coincided precisely with the
sequence starting from alanine 127 of the deduced polypep-
tide. These results suggest that the N-terminal sequence of
AprlV (residues Asp30-Leul26) is a proregion, as is commonly
found in the subtilase family (22).

BLAST search analysis of the deduced amino acid sequence
of AprlV revealed that the gene encoded a modular enzyme

consisting of five domains: a signal sequence (29 amino acids),
an N-terminal proregion (97 amino acids), a protease region
(289 amino acids), PkdD (75 amino acids), and ChtBD (57
amino acids). The protease region (residues Ala127-Ala404) of
AprlV is classified into family A subtilases (26). Most family A
subtilases are produced by the genus Bacillus. In gram-negative
bacteria, it was reported that SapSh from psychrotrophic She-
wanella sp. strain Ac10 (13) and VapT from alkaliphilic Vibrio
metschnikovii strain RH530 (14) belong to this family and that,
unlike Bacillus proteases, approximately 150 amino acid resi-
dues are inserted between the active site residues His and Ser
of these enzymes. However, this insertion sequence was miss-
ing in AprIV. PkdD, which was first identified in human poly-
cystin-1 (6), is also found in bacterial collagenases (16), pro-
teases (19), cellulases (1), and chitinases (21). This domain has
a B-sandwich fold, and the sequence, WDFGDG, is highly
conserved in the domain (4). Residues 416 to 490 of AprlV
showed similar sequence with PkdD, with the conserved
sequence at residues 445 to 450. The PkdD of AprlV showed
sequence similarity with those of lysyl endopeptidase (AP1)
from Achromobacter Iyticus (56.4% identity) (20), xanthomona-
pepsin from Xanthomonas campestris (48.7% identity) (19),

AprlV 502 EWSATKFYNT--GDRVSFKGFEYRATYWSQG---ASPEIYSNVWTKV 543
ApChiA 772 AWSAGTVYNT--NDKVSHKQLVW QG---NEPSRTADQWKLV 813
Endol 39 EWQSDTIYTG--GDQVQYNGSAY! YWTON---NDPEQFS—--YAVV 78
Cbp1 435 AWNSTTTYVA--GDRVTHQQKVY QG---EEPGA-SDVWKAI 475
ChiA 778 TWDRSTVYVG--GDRVIHNSNVF' QG---EEPGT-ADVWKAV 818
ChiC 29 QWQSQQVYTG--GDAVTYQSAKYT) ON--—-QONPAQNSNTYDVW 70
ChiD 35 EWSQSSAYNG--GAQVQKSQQAF A————-DPVTHSGQWDDW 75
ChiD 995 NLPQGTHAAQ--GDLIVEGNAVY K-—--QPSV-SGDYTKA 1034
Cel5 380 DWAGGQPTHNEAGQSIVYKGNLY S———-VPG-SDSSWTQV 422
SmChiB 455 AYVPGTTYAQ--GALVSYQGYVWQTKWGYI|T---SAPGSDSA-WLKV 495

FIG. 2. Comparison of the amino acid sequence of ChtBD of AprIV with those of other proteins. ApChiA, Aeromonas punctata chitinase A;
Endol, Vibrio furnissii chitodextrinase; Cbpl, ChiA, ChiC, and ChiD, chitin-binding protein, chitinase A, chitinase C, and chitinase-like enzyme
from Alteromonas sp. strain O-7, respectively; CelS, Erwinia chrysanthemi cellulase; SmChiB, Serratia marcescens chitinase B. The stWWst motif,
where “s” and “t” represent small residues and turn-like residues, respectively, is shown by a shadowed box. Residues that are identical are

indicated by bold letters.
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FIG. 3. Northern blot analysis of the aprll’ transcript. Lanes: 1,
control; 2 and 3, 0.5 and 1.0% GIcNAc, respectively; 4 and 5, 0.5 and
1.0% N-acetylchitobiose, respectively; 6, 0.5% glycol chitin; 7, 0.5%
powdered chitin; 8, 1.0% skim milk. (A) Formaldehyde-agarose gel
electrophoresis of the total RNA (1.2 pg) from the strain; (B) North-
ern blot analysis. The HindIII-Sphl fragment (0.8 kb) from pAP45 was
used as a probe.

collagenase (ColH) from Clostridium histolyticum (38.5% iden-
tity) (16), and human polycystin (34.6% identity) (5). As shown
in Fig. 2, the C-terminal domain (residues from 500 to 543
amino acids) showed sequence homology with type 3 ChtBD
(ChtBD3), as classified by the NCBI conserved domain data-
base (CDD, http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd
.shtml). The ChtBD of AprIV had similarities with those of
chitinase from Aeromonas punctata (42.9% identity) (27), chi-
todextrinase from Vibrio furnissii (35.7% identity) (12), cellu-
lase from Erwinia chrysanthemi (23.8%) (9), and chitinase from
Serratia marcescens (23.8% identity) (41).

Northern blot analysis. To confirm whether the expression
of aprlV was induced by chitin and related compounds, North-
ern blot analysis was performed. Alteromonas sp. strain O-7
was cultured in Bacto Marine Broth containing either GIcNAc,
N-acetylchitobiose, powdered chitin, or skim milk. The RNA
transcript of aprll” was induced by 8.6-, 11.5-, and 14.3-fold in
the presence of 1.0% N-acetylchitobiose, 0.5% powdered
chitin, and 1.0% GlcNAc, respectively. However, GIcNAc and
N-acetylchitobiose did not influence the expression of aprll at
the concentration of 0.5%. On the other hand, skim milk,
which is often used to induce microbial proteases, did not
induce the transcript (Fig. 3). These results indicate that chitin
or GlcNAc induces AprIV production in Alteromonas sp. strain
O-7.

(A)
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8
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Functions of PkdD and ChtBD. Judging from the deduced
amino acid sequence of AprlV, mature AprlV is a putative
chitin-binding protease consisting of three discrete domains.
To examine the function of PkdD and ChtBD, expression
plasmids, coding for PkdD-ChtBD, PkdD or ChtBD were con-
structed by using the GST fusion protein expression vector
pGEX-6P-1 as described in Materials and Methods (Fig. 1).
The GST-ChtBD protein accumulated in the cells as an inclu-
sion body. Then, the protein pellet was solubilized in 6 M
guanidine hydrochloride and dialyzed against a series of buff-
ers with stepwise decreases in the urea concentration (50 mM
Tris-HCI buffer [pH 7.0] containing 6, 4, 2, and 0 M urea).
However, the GST-ChtBD aggregated again during dialysis.
Therefore, we could not purify the protein. On the other hand,
GST-PkdD-ChtBD and GST-PkdD were purified from the
supernatants of the cells by affinity chromatography with glu-
tathione-Sepharose 4B, and these fusion proteins were treated
by PreScission protease to obtain PkdD-ChtBD and PkdD.
Each of the purified proteins (5 pg) was mixed with 5 mg of
a-chitin, B-chitin, chitosan, cellulose, or Avicel. The binding
assay mixtures were incubated on ice for 30 min, and then the
pellets were directly dissolved with SDS-PAGE sample buffer.
The amount of binding protein was measured by Image Gauge
(data not shown). The PkdD-ChtBD of AprlIV exhibited strong
binding activity to a-chitin (80%) and B-chitin (70%) but weak
affinity for chitosan (8%), cellulose (18%), and Avicel (16%).
PkdD showed no binding to any polysaccharides tested. These
results indicate that ChtBD of AprIV contributes to the bind-
ing to a-chitin and B-chitin.

Purification of AprIV and AprIVAC. Before we began the
purification of AprIV, we investigated the optimum conditions
for AprlV production. Alteromonas sp. strain O-7 was cultured
in Bacto Marine Broth containing GlcNAc, N-acetylchitobiose,
glycol chitin, or powdered chitin, and then the production
levels of AprlV in culture supernatants were analyzed by West-
ern blotting with anti-PkdD-ChtBD polyclonal mouse anti-
serum (Fig. 4). AprIV production increased by 3.4-, 5.8-, and
6.5-fold in the presence of 1.0% N-acetylchitobiose, 0.2% pow-
dered chitin, and 1.0% GlcNAc, respectively, compared to that
of no addition. Thus, the strain was cultured in the medium
containing 1.0% GIcNAc, and AprlV was purified by succes-

(B)
M123 4567 89

FIG. 4. Western blot analysis of AprIV. (A) Coomassie blue staining. Lanes: M, prestained molecular weight marker; 1, control; 2 and 3, 0.5
and 1.0% GlcNAc, respectively; 4 and 5, 0.5 and 1.0% N-acetylchitobiose, respectively; 6, 0.5% glycol chitin; 7, 8, and 9, 0.2, 0.5, and 1.0%
powdered chitin, respectively. The arrow indicates AprIV protein. (B) Western blot analysis.
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FIG. 5. SDS-PAGE of AprlV and AprIVAC. Lanes: M, marker
proteins; 1, AprlV; 2, AprIVAC.

sive column chromatographies on DEAE-Toyopearl 650 M
and phenyl-Toyopearl 650 M. The enzyme was purified ca.
4.4-fold with a yield of 1.8%. The yield of the enzyme was very
low because the strain secreted several proteases into the me-
dium. Two active fractions were obtained from phenyl-Toyo-
pearl 650 M column chromatography. The molecular masses of
these proteases estimated by SDS-PAGE were 44 and 40 kDa
(Fig. 5), and the N-terminal amino acid sequences (AETTPYG
INM) were identical. These results indicate that the 40-kDa
AprlV (AprIVAC) is produced by partial proteolysis of mature
AprlV.

Characterization of AprIV. The enzymatic characterization
of the purified AprIV was investigated. The optimum pH and
temperature were pH 11.5 and 35°C, respectively, when casein
was used as a substrate (Fig. 6). The optimum temperature of
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AprlV was much lower than that of other family A subtilases,
and even at 10°C the enzyme showed 25% of the maximum
activity, indicating that AprlV is a cold-adapted enzyme like
SapSh from psychrotrophic Shewanella sp. strain Ac10 (13).
The activity of AprIV was inhibited by 1 mM PMSF and 1 mM
EDTA and was stabilized by the addition of 1 mM Ca?*. Thus,
AprlV is a chelator-sensitive and cold-adapted alkaline serine
protease. AprIVAC showed almost the same enzymatic prop-
erties as mature AprIV except for binding to chitin (data not
shown).

Effects of AprIV and AprIVAC on chitinase activity. We
investigated the effects of AprIV and AprIVAC on chitin deg-
radation. Since commercially available chitin was treated with
NaOH to remove proteins, deproteinized chitin was not used
as a substrate of AprIV (data not shown). Thus, we prepared
native chitin from the exoskeleton of prawn. AprlV signifi-
cantly removed proteins from native chitin in comparison with
AprIVAC (Fig. 7A). When chitin pretreated with or without
AprlV was used as substrate, Chi85, the major chitinase of
Alteromonas sp. strain O-7, hydrolyzed AprIV-treated chitin
more effectively than intact chitin (Fig. 7B). On the other hand,
when AprIVAC-treated chitin was used as substrate, the stim-
ulation of chitinase activity partly reduced. These results indi-
cate that ChtBD of AprIV plays an important role in targeting
the enzyme to the substrate by increasing its local concentra-
tion on chitin-linked proteins. Furthermore, when deprotein-
ized chitin from the exoskeleton of prawn was used as sub-
strate, AprIV showed no effect on chitinase activity (Fig. 7C).

Primer extension analysis. Primer extension analysis was
carried out to determine the transcriptional start point and to
locate the promoter of aprlV. The analysis determined the
transcriptional start point to be the C that was 27 bp upstream
from the initiation codon (Fig. 8). TTGACA (positions —35 to
—30) and TTTAGT (positions —12 to —7) with a 17-bp space
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FIG. 6. Effects of pH and temperature on protease activity of AprIV. (A) The following buffer systems were used: 50 mM acetate buffer (pH
6.0), 50 mM Tris-HCI buffer (pH 7.0 to 9.0), and 50 mM glycine-NaOH buffer (pH 10.0 to 13.0). The reaction mixtures were incubated at 35°C
for 30 min. The amount enzyme was 13.6 U. (B) The reaction was carried out at the various temperatures for 30 min at pH 11.5 (50 mM

glycine-NaOH buffer). The amount of enzyme was 13.6 U.
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FIG. 7. Particitation of AprlV and AprIVAC in chitin degradation. (A) Protease activities of AprIV and AprIVAC were measured with the
substrates native chitin (open bar) and deproteinized chitin (solid bar). Control experiments were carried out without enzyme. (B and C) The
effects of AprIV and AprIVAC on chitinase activity were examined by using native chitin (B) or deproteinized chitin (C). Symbols: @, Chi85; A,
Chi85 plus AprIVAC; m, Chi85 plus AprIV. Aliquots were taken at the indicated times and centrifuged, and chitinase activity was measured. The
value after incubation for 6 h with AprIV and Chi85 was taken as 100%. Data from three independent experiments are shown; standard deviations

are indicated by vertical lines.

similar to the consensus sequence typical of prokaryotic pro-
moters seem to be the promoter of apriV.

DISCUSSION

Alteromonas sp. strain O-7 secretes four serine proteases and
three metalloproteases (17). Of these, the genes for three
serine proteases (Aprl, Aprll, and Aprlll) and two metallo-
proteases (Mprl and Mprll) have been cloned and sequenced,
and the relationship between structure and function of these
enzymes has been investigated (17, 30, 34). Furthermore, we
found that the aprll gene was regulated by Fur protein, which

(A) (B)

plays an essential role in the iron acquisition system (36). In
the present study, we clarified that the fourth serine protease,
designated AprlIV, is a novel chitin-binding protease involved
in chitinolytic activity. The aprlV gene encoded a modular
novel chitin-binding protease (AprIV) composed of a signal
peptide, an N-terminal proregion, a family A subtilase region,
PkdD, and type 3 ChtBD. Recently, ChtBDs have been clas-
sified into types 1, 2, and 3 in the NCBI conserved domain
database. Types 1, 2, and 3 consist of ChtBDs from fungi and
plants, viruses and insects, and bacteria, respectively. The
ChtBD of AprlV is 57 amino acid residues long and exhibits
homology with ChtBDs classified into type 3. Sequence align-
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FIG. 8. Determination of the transcription start site of aprlV. (A) Primer extension and nucleotide sequencing were performed with the same
FITC-labeled primer. The nucleotide sequence around the transcription start site is shown in lanes A, C, G, and T. The transcriptional start site
is shown by an arrow (lane P). (B) Nucleotide sequence of the 5" upstream regions of aprlV. The deduced amino acid sequence of AprIV is shown
below the nucleotide sequence. The transcriptional start site is indicated by “+1.” The position of FITC-labeled primer is shown below the
nucleotide sequence by an arrow. The putative —35 and —10 regions are shown by boxes. The conserved sequences are shown by shadowed boxes.

The inverted repeat sequences are indicated by convergent arrows.
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ment of ChtBD of AprIV with those of type 3 revealed a
consensus sequence (AKWWTQ) that is well conserved in
bacterial ChtBDs. Brun et al. demonstrated that the consensus
sequence of cellulase was essential for the cellulose-binding
domain—cellulose interaction based on the three-dimensional
structure (3). Two Trp residues in the consensus sequence of
AprIV might be involved in the stacking against the pyranose
rings of GIcNAc residue in chitin. A number of serine pro-
teases have been reported but, to date, there are only two
examples of a chitin-binding protease. Streptomyces griseus pro-
tease C is a chymotrypsin-like serine protease (25), and the
carboxy-terminal domain shares extensive homology with
ChtBDs of Bacillus circulans chitinases Al and D (39, 40).
However, the carbohydrate-binding capabilities and its activity
in the degradation of chitin-linked proteins have not been
examined experimentally. Furthermore, ChtBD of Streptomy-
ces griseus protease C does not have the highly conserved
sequence of type 3 ChtBD. A modular chitin-binding protease
(Sp22D) from the malaria vector, Anopheles gambiae, consists
of two ChtBDs, mucin-like repeats, a tandem array of low-
density lipoprotein receptor-like domains, a scavenger recep-
tor cystein rich domain, and a trypsin-like domain (8). It was
proposed that Sp22D might serve as sentinel to detect exposed
chitin and then trigger appropriate physiological or develop-
mental responses based on domain organization (5). AprlV
clearly differs from these two chitin-binding proteases in both
structure and function, that is, the protease region of AprlIV is
classified in the subtilisin family, and ChtBD of AprIV pos-
sesses the highly conserved sequence found in ChtBD type3
(Fig. 2). Furthermore, we demonstrated that ChtBD of AprIV
selectively adsorbed chitin and that chitinase activity was sig-
nificantly promoted by the pretreatment of native chitin with
AprIV. Removal of proteins in the surface cuticles by AprIV
appears to facilitate the approach between chitinase and chitin
molecules.

Native AprIV was purified to homogeneity by conventional
chromatographic techniques. Its optimum temperature was
35°C, much lower than that of family A subtilases except for
protease (SapSh) from psychrophilic Shewanella sp. strain
Acl0, whose optimum temperature was 45°C (13). In general,
the psychrophilic enzymes exhibit high thermal lability. After
incubation of AprIV at 30°C for 30 min, the enzyme lost 67%
of its activity.

The results of Northern and Western analyses demonstrated
that the synthesis of AprIV is induced in the presence of chitin,
N-acetylchitobiose, or GIcNAc. However, the induction rate
determined by Northern blotting was different from that de-
termined by Western blotting, although the order of the in-
ducer specificity was identical. This seems to be due to the
binding to chitin and/or proteolytic degradation of AprIV.
Chitinases of the strain are also induced in the presence of
chitin, N-acetylchitobiose, or GIcNAc. These results suggest
that the expression of AprIV and chitinases involved in chitin
degradation system of Alteromonas sp. strain O-7 might be
coordinately controlled by the same regulatory protein. The
nucleotide sequence upstream of the aprllV gene was then
aligned with those of the chitinase genes. The alignment re-
vealed the conserved 8-bp sequence, 5'-ACAACATG-3’
(shown in Fig. 8), found in these genes, except in ChiD, where
only a 5-bp portion was identical to the conserved sequence.
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These sequences were located at —16, —23, —11, and —23 bp
upstream of the ATG initiation codons of aprlV, chiA, chiC,
and chiD genes, respectively. In addition, an inverted repeat
motif, which overlapped with the conserved sequence of these
genes, was found. The inverted repeat of chid consists of
TACA-N_-TGTA, and the motif is similar to that of aprI}” and
chiC. However, one side of the inverted repeat is missing in
chiD. Although microbial chitinolytic enzymes and the related
proteins are usually substrate inducible, the regulatory gene
remains to be identified. Ni and Westpheling demonstrated
that chitinase genes of Streptomyces share a similar pair of
direct repeat sequences in the promoter region, which have
been suggested to be involved in chitin induction (18). The
promoter region that includes the direct repeat sequences was
shown to interact with a sequence-specific DNA-binding factor
by electromobility shift assay. It is under investigation whether
the inverted motif of aprlV, chiA, chic, and chiD is the cis-
acting sequence which regulates the expression of genes in
chitinolytic system of Alteromonas sp. strain O-7.
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