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One of the major proteins secreted by Pseudomonas aeruginosa is a 43-kDa protein, which is cleaved by
elastase into smaller fragments, including a 30-kDa and a 23-kDa fragment. The N-terminal 23-kDa fragment
was previously suggested as corresponding to a staphylolytic protease and was designated LasD (S. Park and
D. R. Galloway, Mol. Microbiol. 16:263-270, 1995). However, the sequence of the gene encoding this 43-kDa
protein revealed that the N-terminal half of the protein is homologous to the chitin-binding proteins CHB1 of
Streptomyces olivaceoviridis and CBP21 of Serratia marcescens and to the cellulose-binding protein p40 of Strep-
tomyces halstedii. Furthermore, a short C-terminal fragment shows homology to a part of chitinase A of Vibrio
harveyi. The full-length 43-kDa protein could bind chitin and was thereby protected against the proteolytic ac-
tivity of elastase, whereas the degradation products did not bind chitin. The purified 43-kDa chitin-binding
protein had no staphylolytic activity, and comparison of the enzymatic activities in the extracellular medium
of a wild-type strain and a chitin-binding protein-deficient mutant indicated that the 43-kDa protein supports
neither chitinolytic nor staphylolytic activity. We conclude that the 43-kDa protein, which was found to be
produced by many clinical isolates of P. aeruginosa, is a chitin-binding protein, and we propose to name it CbpD

(chitin-binding protein D).

The opportunistic pathogen Pseudomonas aeruginosa is able
to secrete many proteins, including the exoenzymes S, T, and
U, exotoxin A, lipase, phospholipase C, the proteases alkaline
protease and elastase (LasB), and the staphylolytic proteases
LasA and LasD, into the extracellular medium. Most of these
proteins contribute to the virulence of the bacteria, as they are
associated with epithelial cell and tissue damage or disfunc-
tioning of infected host cells. These proteins are secreted
across the bacterial cell envelope by three entirely different
mechanisms. Exoenzymes S, T, and U are secreted by a type III
secretion system and are actually injected directly into eukary-
otic target cells (12, 51). Alkaline protease is secreted by a type
I secretion machinery (8). The other proteolytic enzymes men-
tioned above and exotoxin A are secreted via the type II se-
cretion pathway, encoded by the xcp genes (for a review, see
reference 11). The major proteolytic enzyme, elastase, is syn-
thesized as a preproenzyme in the cytosol. During or directly
after translocation across the cytoplasmic membrane, the sig-
nal sequence is removed, and the proenzyme is folded in a
process that requires the propeptide as an intramolecular
chaperone (5, 35). After autoproteolytic processing, the pro-
peptide remains noncovalently associated with the mature en-
zyme and inhibits enzymatic activity in the periplasm (27, 34).
The propeptide dissociates from the enzyme only after trans-
location across the outer membrane (6). LasA, a staphylolytic
protease, is synthesized as a preproenzyme of 42 kDa and is
processed into a 21-kDa mature protein by either elastase,
alkaline protease, or a lysine-specific endopeptidase in the
extracellular medium (6, 28).

Elastase is also involved in the extracellular processing of the
43-kDa proform of the LasD protein into a 23-kDa form.
However, in this case, the 23-kDa form corresponds to the
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N-terminal domain and, hence, the putative propeptide is lo-
cated at the C terminus (6). It has been suggested that the
23-kDa LasD protein is functioning as a staphylolytic protease
(38) and that it plays a role in the processing of LasA (39).
However, we demonstrate here that the 43-kDa protein is a
chitin-binding protein.

MATERIALS AND METHODS

Bacterial strains, growth conditions, plasmids, and DNA manipulations. Bac-
terial strains and plasmids used in this study are listed in Table 1. Plasmid
isolation and DNA manipulations were performed according to standard proce-
dures (33). Genomic DNA of P. aeruginosa was isolated as described (7). The
lasD gene—now called chpD—was amplified by PCR with Sacll-digested
genomic DNA of strain PAO25 as a template. The PCR was carried out in the
presence of 7% dimethyl sulfoxide with Goldstar polymerase (Eurogentec, Se-
raing, Belgium) according to the manufacturer’s protocol. The primers (Gibco
BRL) used were D1 (5'-CGCCGCCTGGAAGAGTTC-3'), which contains an
internal Earl site (underlined) and D2 (5'-CAGGCTCTGGTGGACGATG-3'),
which hybridize 374 bp upstream of the ATG start codon and 213 bp downstream
of the TAA stop codon, respectively. Thirty amplification cycles of 1 min at 95°C
for denaturation, 1 min at 51°C for primer annealing, and 2.5 min at 72°C for
DNA synthesis were used. After the last cycle, DNA synthesis was prolonged for
10 min at 72°C. To remove 3’ overhanging ends generated by Goldstar polymer-
ase, the PCR product was restricted with Earl and Sphl (within the amplified
DNA), was made blunt with Klenow polymerase, and was ligated into HinclI-
linearized pUCI109, resulting in plasmid pJF29. To inactivate chpD, pJF29 was
digested with Sall, resulting in the excision of an internal fragment of 57 bp,
which was substituted by the kanamycin resistance cassette of pBSL99, creating
pJF30. A chromosomal chpD mutant was constructed via insertional inactivation
by using the special cloning vector pKNG101 (25), which requires the pir gene
product for replication. For this purpose, an EcoRI/Sphl fragment of pJF30,
carrying the cbpD gene with the inserted kanamycin resistance cassette was made
blunt with T4 DNA polymerase and was cloned into the Smal site of pKNG101.
The resulting plasmid, pJF31, was maintained in strain CC118(\pir). Plasmid
pJF31 was introduced into PAO25 by triparental mating by using the conjugative
helper plasmid pRK2013 as described (25). Single crossover transconjugants
were selected on King’s B medium (KB) (29) containing streptomycin, kanamy-
cin, and nalidixic acid. These transconjugants were restreaked on KB plates
containing nalidixic acid, kanamycin, and 5% (wt/vol) sucrose and were incu-
bated overnight once at 37°C and once at room temperature, in order to select
double crossover mutants. The chpD mutation of the isolated mutant PAN17 was
confirmed by PCR with primers D1 and a primer internal in the kanamycin
resistance cassette (5'-GCCCTGAGTGCTTGCGGCA-3'), which yielded the
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics®

Source or reference

E. coli strains

DH5a F~ A(lacZYA-algF)U169 thi-1 hsdR17 gyrA96 recAl endAl supE44 relAl phoA &80 dlacZAM15 20
CC118(\pir) A(ara-lew) araD AlacZ74 galE galK phoA20 thi-1 rpsE rpoB argE(Am) recAl, \pir 21
P. aeruginosa strains
7NSK2 Wild type 22
PAK Wild type 4
PAO1 Wild type 23
PAO25 PAOL1 leu arg 18
PAN1 PAO25 xcpQ::Gm* 3
PANS PAO2S lasB::Km" aprE 6
PAN9 PAO25 xcpQ::Gm" lasB::Km" aprE::Hg" 6
PAN10 PAO2S5 lasB::Km" 6
PAN17 PAO25 cbpD::Km* This study
PAN101-124 Clinical isolates of P. aeruginosa This study
P. fluorescens strains
WCS374 Wild type 16
WCS417 Wild type 31
En401 Wild type 48
RS111 Wild type 48
P. putida WCS358 Wild type 16
S. aureus Wild type Laboratory strain
Plasmids
pBSL99 Amp®R, Km®, kanamycin-resistance cassette 1
pKNG101 Sm~, oriR6K, mobRK2, sacBR 25
pMMB67EH Amp®, RSF replicon (IncQ), fac promoter 14
pRK2013 Km®, Tra*, Mob™ 10
pUC18 Amp®, ColE1, $p80dlacZ, lac promoter 35
pUC19 Amp®, ColE1, ¢80dlacZ, lac promoter 52
pJF29 Amp®, cbpD gene in pUC19 opposite orientation relative to Plac This study
pJF30 Amp®, Km® kanamycin-resistance cassette insertion in chpD of pJF29 This study
pJF31 KmR®, Sm®, chpD::Km" in pJF30 in pKNG101 This study
pJF38 Amp®, cbpD gene in pMMB67EH This study

“ Abbreviations: Amp, ampicillin; Gm, gentamycin; Hg, mercury; Km, kanamycin; Sm, streptomycin.

expected 1,310-bp fragment in the case of the chpD mutant and no fragment in
the case of the wild-type strain (data not shown).

To be able to express chpD from a plasmid in P. aeruginosa, the cbpD gene was
excised from pJF29 with EcoRI and HindIII and was recloned in the broad-host-
range vector pMMB67EH under control of the tac promoter, resulting in pJF38.

Unless stated otherwise, all strains were grown in Luria-Bertani (LB) broth at
37°C. The antibiotic concentrations used for selection and for maintenance of
plasmids were 100 pg of ampicillin per ml, 25 pg of kanamycin per ml, and 100
wg of streptomycin per ml for Escherichia coli and 20 p.g of kanamycin per ml and
20 pg of nalidixic acid per ml for P. aeruginosa.

Computer programs. Sequence analysis was performed with DNasis V2.1
(Hitachi Software Engineering Co., Ltd.). Database searches were performed
with the BLAST 2.0 service from the National Centre for Biotechnology Infor-
mation World Wide Web server. Amino acid sequence alignments were carried
out with AlignPlus version 3.0 (Scientific & Educational Software) and were
optimized by hand.

Polysaccharide-binding assay. Colloidal chitin was prepared from crab shell
chitin (Sigma) as described (43). The chitin was freeze-dried and suspended in
water to a concentration of 60 mg/ml. The suspension was homogenized by
ultrasonication and was sterilized for 15 min at 120°C. Colloidal chitin was used
at a final concentration of 0.15% (wt/vol) in binding assays. Cell-free superna-
tants were prepared by centrifugation of 1.5 ml of culture for 3 min at 4,000 X
g followed by 3 in at 20,000 X g. Chitin was added to the supernatant, followed
by incubation at room temperature for 30 min. Chitin was bound proteins was
pelleted by centrifugation at 20,000 X g for 2 min and was washed with a phys-
iological salt solution. Unbound proteins in the cell-free supernatant were pre-
cipitated with 5% (wt/vol) trichloroacetic acid. Binding of proteins in the cell-
free culture supernatant to Avicel (Fluka), lichenan (Sigma), and xylan (Sigma)
was examined similarly.

Alternatively, the binding of proteins to chitin was studied during growth.
After overnight growth in 0.15% (wt/vol) chitin-containing medium, the cultures

were transferred to 15-ml tubes. The chitin was precipitated by gravity, and the
cell suspension was decanted. The chitin with bound proteins was washed several
times with physiological salt solution, until it was cell free. The chitin-bound
proteins were released by boiling for 10 min in sample buffer (30), which contains
10% (wt/vol) B-mercaptoethanol and 2% (wt/vol) sodium dodecyl sulfate (SDS),
prior to electrophoresis on an SDS-11% polyacrylamide gel (32).

Purification of CbpD. Fifteen milligrams of colloidal chitin were added to 250
ml of cell-free culture supernatant of an overnight-grown culture of PAN10
(lasB) or PANS (lasB aprE). The suspension was incubated with agitation for 30
to 60 min at room temperature. The colloidal chitin was collected by centrifu-
gation (10 min, 6,000 X g), was washed twice with 0.9% NaCl solution, and was
incubated for 5 min in 250 ul of 0.05 M HCI. After pelleting the chitin by
centrifugation, the clear supernatant was transferred directly into a tube con-
taining 500 pl of 0.1 M Tris-HCI, pH 8.0. The CbpD protein released from chitin
(about 50%) was in the native conformation, since it could rebind chitin (data
not shown). The purified protein was used to raise a polyclonal rabbit antiserum
and was used in the staphylolytic assay.

Chitinolytic and staphylolytic assays. Chitinase activity was detected by
streaking colonies on an LB plate containing 0.05% (wt/vol) colloidal chitin. The
plates were incubated at 37°C until halos were visible around the colonies. A
colorimetric chitinase assay was adapted from that described by Wirth and Wolf
(50). Carboxymethyl-chitin-Remazol brilliant violet aqueous solution (Blue Sub-
strates, Gottingen, Germany) (250 pl, 2 mg/ml) was added to a mixture of 250 pl
of cell-free supernatant and 250 pl of 0.1 M sodium acetate, pH 5.2. After 1 h of
incubation at 37°C, the reaction was terminated by the addition of 250 pl of 1 M
HCI. The reaction tubes were cooled on ice for 10 min and were centrifuged for
10 min at 20,000 X g. The absorbance of the supernatant was measured at 550
nm.

Staphylolytic activity was determined as previously described (38) with a few
adaptations. Staphylococcus aureus cells were resuspended in 25 mM diethanol-
amine buffer, pH 9.3, and were heat killed by incubation for 10 min at 100°C. The
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LasD E——— ————— - pLT] 20 39
pdo HARG LLVS BTAVFAT GL 0G 50
CHB1 *——-RTRTKG AAAVGEAT TG -S5G 44
cep21 M---NKTERE ML--SLGlS AAMFGY--Sf§ O 41
LasD FLE--——— 1IN CKA wN : !@ IOAWVE 84
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CBP21 ———m———mm- ——m—mmmmeo KLQLNTQCGS VQYEPQSVEG LKGFPE@NGPA 71
Lasp [REONE-- - - NERESR ATAPDASGEF OfvyRiAsh 129
040 KIBSSFTAG DRSP AINISIOIIEREY  HL TAGRTIQV KHSNW- B 148
CHB1 |BERI S—A TSFA DSPR TPSGGARPTE RVFTTGGO RWQF" 124
cBP21 HIA——-—S A dfsT-FfELD NLRT--GHY - g WL 114
LasD F I RS TTSVKL RMN-- 175
p40 PGS— ETVTNPPQTG SPEDGGHYY 197
CHBL TVPYGGQ RPPQTFTLSH 168
CBP21 OQFNDGGA IPAAQVTHQ- 158
LasD PWQA 221
p40 S 224
CHB1 Q SELS EHYVLAMMT VHDTGNRNRSN ®S——myTE-— - ————————— 208
CBP21 -[eNN ADRS —————————— 198
LasD QQDL RLFIi AQGRDAQRESY LTLEIOGANGA KOWPLALAQK 271
pdo I SGST -B PTPTPTDPE GCMI-VYRVT NYQSGGFQ-- 276
LasD VNODETLENI GVLDAYGAVS PVASSQDNQV YVRREGYRFQ BDIELEVE 321
pd0  -GFTEVEQMN ---——- HSTT ARDGWAVKWT PGAGENKVS-S GALTTES 326
LasD GEQPGGDGKV DFIBMPOGLQQ YDA DGKRYQCKPY PYSGWCKGWD 371
pd0  DGAVT---VR SL SIPP DGSFIRYTFlg- -FTATS--TG MJL----- PV 366
LasD LYYAPGKGMA WQDAWTLL 389
p40  GSIGCUNP-- ——-————— 376
B

LasD 342 Y VRGA BGKRYQCKPY PNSGECKEW- DLYYARE-x8 MAw 382
Chia 514 Wl YVEG BOVS----- H DGATm\/AY TRGEE)ZETTE E-j 550

FIG. 1. Alignment of the amino acid sequence of the putative LasD with (A) CHB1 of S. olivaceoviridis (accession no. X78535), CBP21 of S. marcescens (accession
no. AB015998), and p40 of S. halstedii (accession no. U51222) and (B) a C-terminal part of ChiA of V. harveyi (U81496), which is a chitin-binding domain. Amino acids
identical to LasD are boxed, the arrowhead indicates amino acid residue +1 of LasD. The amino acid sequence of the putative LasD is deduced from the nucleotide
sequence released by the Pseudomonas Genome Project. After sequencing the putative lasD gene, we found a 1-bp difference, resulting in the replacement of amino

acid residue Gln 305 by Arg.

cells were diluted with the same buffer to a turbidity of 3.0 to 4.0 at 595 nm.
Cell-free culture supernatants of P. aeruginosa strains were incubated with the
S. aureus cell suspension at a 1:1 ratio, and the turbidity was determined at 595
nm over a period of 3 h at 30-min intervals. Purified CbpD was added to fresh LB
and was incubated with the S. aureus cell suspension.

Fungal-growth-inhibition assay. Spots of 5 pl from overnight cultures of
P. aeruginosa were inoculated on a KB plate supplemented with 200 pM FeCl;.
After 2 days of incubation at 30°C, a plug of either Rhizoctonia solani or Fusar-
ium oxisporum was inoculated at the center of the plate. The plates were incu-
bated at room temperature, and inhibition of fungal growth around the bacteria
was monitored for 1 week.

Nucleotide sequence accession number. The nucleotide sequence of chpD has
been submitted to GenBank under accession no. AF196565.

RESULTS

Homology of the putative staphylolytic enzyme LasD to
chitin- and cellulose-binding proteins. The N-terminal 10
amino acid residues of the 23-kDa mature form of LasD and

the 43-kDa proform of the protein have been shown to be
identical (6). This N-terminal sequence, HGSMETPPSR, was
used as a probe to search for the complete amino acid se-
quence of LasD in the almost-completed genome bank of P.
aeruginosa. A single protein with an exact match, consisting of
389 amino acid residues, was found. This protein has a putative
signal peptide of 25 amino acid residues followed by a 364-
residue large domain, of which the first 10 amino acids exactly
matched the probe sequence (Fig. 1A). The N-terminal 15-
amino-acid sequence of LasD determined by Park and Gallo-
way (38) was found to be identical to the first 15 residues of the
364-residue large domain.

The full-length amino acid sequence of this open reading
frame was used to screen databases for related proteins, re-
sulting in the identification of three proteins with significant
homology to the N-terminal part of LasD, i.e., p40 of Strepto-
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FIG. 2. Characterization of polysaccharide-binding proteins in P. aeruginosa
culture supernatants. Extracellular proteins of lasB mutant PAN10 were incu-
bated with various polysaccharides, and proteins bound to Avicel (lane 1), col-
loidal chitin (lane 2), lichenan (lane 3), or xylan (lane 4) were analyzed by
SDS-PAGE. Molecular mass marker proteins (in kDa) are shown at the right.

myces halstedii (15), CHB1 of Streptomyces olivaceoviridis
(45), and CBP21 of Serratia marcescens (46) (Fig. 1A). p40
is a cellulose-binding protein of 40 kDa, whereas CHB1 and
CBP21 are both chitin-binding proteins of approximately 20
kDa with high affinities for a- and B-chitin, respectively. Nei-
ther of these proteins has a clear hydrolytic activity (45, 46).
The extreme C terminus shows homology to the chitin-binding
domain of chitinase A (ChiA) of Vibrio harveyi (47) (Fig. 1B),
especially with respect to the position of aromatic residues,
which are considered to be important for polysaccharide bind-
ing (45, 47).

Putative LasD is a chitin-binding protein. Since the putative
LasD is homologous to polysaccharide-binding proteins rather
than to proteases, we decided to test whether the protein can
actually bind polysaccharides. Cell-free culture supernatants of
the wild-type strain PAO25 and of the lasB mutant strain
PAN10, which has been shown to be defective in the putative
processing of the 43-kDa form of supposed LasD (6), were
incubated with crystalline cellulose (Avicel), colloidal chitin,
xylan, or lichenan. The 43-kDa form in the supernatant of
PANI10 was found to bind specifically to colloidal chitin and
not to any of the other substrates tested (Fig. 2). In the super-
natant of strain PAO25, small amounts of the chitin-binding
43-kDa form were occasionally detected, depending on the
growth incubation period (results not shown), but no chitin-
binding 23-kDa form was observed. Since the putative LasD
protein is homologous to polysaccharide-binding proteins and
could indeed bind the chitin polysaccharide, we propose to
rename the putative LasD chitin-binding protein D (CbpD).

To study the fate of the 43-kDa form in wild-type culture
supernatants, antibodies were raised against the chitin-binding
protein. An immunoblot of PAO25 culture supernatant re-
vealed a variety of degradation products of CbpD (Fig. 3, lane
2). The major degradation product had an apparent molecular
mass of 30 kDa, and one of the minor degradation products
migrated at the position of 23 kDa. Apparently, neither of
these degradation products bound chitin (Fig. 3, lane 4). After
prolonged growth (>24 h) of PAO25, no full-length CbpD or
degradation products could be detected on immunoblots (data
not shown), indicating that CbpD is not only processed, but is
eventually totally degraded by elastase.

Since the 43-kDa form of CbpD binds chitin, we considered
the possibility that this form could be protected from the pro-
teolytic activity of elastase by chitin. To test this possibility,
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FIG. 3. Immunoblot containing culture supernatant proteins of the cbpD
mutant strain PAN17 (lanes 1 and 3) and PAO25 (lanes 2 and 4), incubated with
antibodies directed against the 43-kDa chitin-binding protein. Strains were
grown overnight in LB. Equal amounts of cell-free supernatant proteins (lanes 1
and 2) and chitin-bound proteins (lanes 3 and 4) were loaded. In this experiment,
a background band was observed in the supernatant of both strains with a
mobility slightly lower than that of CbpD on SDS-PAGE. Molecular mass mark-
ers (in kDa) are indicated at the right.

strain PAO25 was grown for 20 h in the presence or absence of
colloidal chitin. Subsequently, the proteins in the supernatant
of both cultures and the chitin-bound proteins were analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE) (Fig. 4).
The supernatant of the strain grown in the absence of chitin
did not contain the 43-kDa chitin-binding protein (lane 1). In
contrast, in the colloidal chitin-supplemented culture, the 43-
kDa form of CbpD was present in large amounts as a chitin-
bound protein (lane 3). Apparently, by binding chitin, the
43-kDa form of the CbpD protein is protected from proteolytic
activity of elastase.

Possible functions of CbpD. To gain further insight into the
possible function of CbpD, the cbpD mutant strain PAN17 was
constructed. This mutant did not produce the 43-kDa chitin-
binding protein (Fig. 5, lane 5), a defect that was comple-
mented by introduction of the chbpD-containing plasmid pJF38
(results not shown). This result demonstrates that the dis-
rupted gene indeed encodes the 43-kDa chitin-binding protein.
To test whether the chitin-binding protein plays a role in the
hydrolysis of colloidal chitin, the wild-type strain PAO25 and
PANI17 were streaked on an LB plate containing colloidal

94—
68 —
40—
- ey LB
25.7—
G —
1 2 3

FIG. 4. Cultures of PAO25 were grown for 20 h in the absence (lane 1) or
presence (lanes 2 and 3) of colloidal chitin. Cell-free supernatants were directly
analyzed by SDS-PAGE (lane 1) or after separation of the proteins that had not
(lane 2) or had (lane 3) bound to chitin. Molecular mass markers (in kDa) are
shown on the left.
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FIG. 5. Culture supernatant protein profiles of wild-type P. aeruginosa
PAO25 (lane 1), xcpQ mutant PAN1 (lane 2), aprE lasB mutant PANS (lane 3),
lasB aprE xcpQ mutant PAN9 (lane 4), and cbpD mutant PAN17 (lane 5)
analyzed by SDS-PAGE. The positions of CbpD, the unprocessed LasA (pro-
LasA), elastase (LasB), and LasA are indicated at the left, and molecular mass
standard proteins (in kDa; lane 6) are indicated at the right.

chitin. After 5 days, a halo was formed by the wild-type strain,
indicating the presence of a chitinolytic enzyme (results not
shown). However, the cbpD mutant formed a halo of similar
size, indicating that CbpD is not responsible for the observed
chitinolytic activity. The supernatants of both strains were also
subjected to a colorimetric assay by using the soluble substrate
CM-chitin-RBV, but no difference in chitinolytic activity was
observed (data not shown). The results of these assays are in
agreement with the fact that CbpD shows homology only with
polysaccharide-binding proteins and with the chitin-binding
domain of a chitinase, but not with the catalytic domain of
chitin-hydrolyzing enzymes.

Proteins consisting of only chitin-binding domains but with-
out chitinolytic activity can still inhibit fungal growth (2, 35,
40). Strain PAO25 was able to inhibit the growth of R. solani
and F. oxysporum in a plate assay (Fig. 6). However, the
c¢bpD mutant PAN17 inhibited the growth of these fungi to a
similar extent.

Park and Galloway (38) have purified a 23-kDa protein with
the same N-terminal sequence as the chitin-binding protein,
but this enzyme showed staphylolytic activity. The pH optimum
of this enzyme was reported to be 9.3 (38). To test whether the
chitin-binding 43-kDa protein has staphylolytic activity, 100 pg
of purified CbpD was incubated with S. aureus cells. After 3 h
of incubation, no significant decrease in optical density was
observed (Fig. 7). Even incubation times up to 22 h did not
reveal any significant staphylolytic activity for the purified
CbpD.

To test whether the CbpD protein or the breakdown prod-

CbpDr-

CbpD-

FIG. 6. Plugs of R. solani (A) or F. oxysporum (B) were placed on a KB plate
on which cultures of strain PAO25 (wt) and the chitin-binding-protein-deficient
strain PAN17 (CbpD™) were spotted. Inhibition of fungal growth around the
bacterial spots was recorded after 1 week.
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FIG. 7. Staphylolytic activity of purified CbpD and culture supernatants of
various P. aeruginosa strains (indicated in the inset), measured by the decline in
optical density of S. aureus cells. LB medium is used as negative control.

ucts in the culture supernatant contribute to the total staph-
ylolytic activity of the cells, supernatant fractions of several
P. aeruginosa strains were tested for their staphylolytic activi-
ties. The staphylolytic activity in the supernatant fraction of the
cbpD mutant was similar to that of the wild-type strain (Fig. 7),
demonstrating that the chitin-binding protein does not contrib-
ute to the staphylolytic activity. Significant activity was de-
tected in the supernatant of the lasB aprE mutant strain PANS,
albeit much less than in the wild-type strain (Fig. 7). Since in
this mutant strain the inactive 41-kDa proform of LasA accu-
mulates (6) (Fig. 5, lane 3), the observed activity might be
derived from another staphylolytic protease. The presence of
another staphylolytic enzyme is consistent with the report of
Park and Galloway (38), but this putative enzyme is not the
chitin-binding protein. This second staphylolytic enzyme is se-
creted via the type II secretion pathway, since no staphylolytic
activity at all was observed in the supernatant of lasB aprE
xcpQ triple-mutant strain PAN9 or xcpQ mutant strain PAN1
(Fig. 7), both of which are deficient in the secretion of proteins
via the type II pathway (Fig. 5, lanes 2 and 4). Alternatively, the
staphylolytic activity observed in the supernatant of strain
PANS might be due to limited processing of proLasA.

On the basis of experiments with purified protein, Park and
Galloway (39) also suggested that the 23-kDa form of LasD is
involved in the processing of proLasA. However, we did not
observe the accumulation of the 41-kDa proform of LasA
protein in the supernatant of the chbpD mutant strain PAN17
(Fig. 5, lane 5), consistent with our recent observation that
elastase and alkaline protease are responsible for the process-
ing of proLasA into the 21-kDa form (6) (Fig. 5, lane 3).

Distribution of chitin-binding proteins among pseudomo-
nads. Elastase, which is secreted via the type II secretion path-
way, is a virulence factor widely distributed among clinical
isolates of P. aeruginosa (19). To gain insight into the distribu-
tion of CbpD among pseudomonads, several Pseudomonas
strains were grown in the presence of chitin, and the chitin-
bound proteins were analyzed by SDS-PAGE. At least 17 out
of 23 clinical isolates of P. aeruginosa tested, as well as the
laboratory strains PAK and PAO1, produced a 43-kDa protein
that bound chitin (results not shown). With one exception, the
secretion of the chitin-binding protein was accompanied by the
secretion of elastase. No chitin-binding protein was detected in
the cases of the plant-growth-promoting P. aeruginosa TNSK2,
four strains of Pseudomonas fluorescens, and a Pseudomonas
putida strain (results not shown).
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DISCUSSION

One of the major proteins secreted by P. aeruginosa is a
43-kDa protein, which is secreted via the type II secretion
pathway (6). The N-terminal 10 amino acids of this protein
were reported to be identical to those of the 23-kDa staphylo-
lytic protease LasD (6, 38). In this paper, we show that the
secreted 43-kDa protein consists of two domains, which both
show homology to polysaccharide-binding proteins, and that
the full-length mature protein is a chitin-binding protein. This
form can be detected in large amounts in the cell-free super-
natant of a P. aeruginosa lasB mutant strain. Elastase digests
this protein in the supernatant of the wild-type strain, resulting
in the appearance of several fragments, including a 30-kDa and
a 23-kDa form. Since these fragments do not bind colloidal
chitin, the intact 43-kDa protein is probably the functional
form, which is degraded rather than processed by elastase. This
degradation process probably does not take place under nat-
ural conditions, since the binding of the 43-kDa protein to its
substrate, chitin, protects it from proteolysis.

The reported N-terminal sequence identity between the 23-
kDa staphylolytic enzyme LasD and the 43-kDa chitin-binding
protein could be explained by assuming (i) that there are two
proteins secreted by P. aeruginosa with exactly the same N-
terminal 15 amino acid residues, (ii) a degradation product of
the chitin-binding protein shows staphylolytic activity, or (iii)
the isolated staphylolytic enzyme was contaminated with the
23-kDa degradation product of the chitin-binding protein. The
first option is probably not correct, since the virtually com-
pleted P. aeruginosa gene bank revealed only one perfect
match with the N-terminal sequence of the chitin-binding pro-
tein. The second option is unlikely as well, since the N-terminal
domain shows the highest sequence similarity to polysaccha-
ride-binding proteins and is therefore probably involved in this
function. Furthermore, this N-terminal domain shows no ho-
mology to proteases, and the staphylolytic activity in the su-
pernatant of the chitin-binding-protein-deficient strain was
identical to that of the wild-type strain. Therefore, we conclude
that the third option is the only reasonable one, and that the
N terminus of the isolated LasD protein (38) was probably
blocked for protein sequencing, thus yielding the sequence
only of the contaminant present in the protein preparation. We
showed that the purified 43-kDa protein bound chitin and did
not have staphylolytic activity. Hence we propose to name the
new protein CbpD (chitin-binding protein D) and preserve
LasD for the 23-kDa staphylolytic protease with a pH optimum
of 9.3, as described by Park and Galloway (38). The existence
of a second staphylolytic enzyme was suggested by the pres-
ence of staphylolytic activity in the culture supernatant of a
lasB aprE double-mutant strain, which is defective in the pro-
cessing of proLasA in the staphylolytic enzyme LasA. In a
homology search in the P. aeruginosa genome bank, we found
two new genes coding for proteins with homology to the staph-
ylolytic proteins LasA and lysostaphin of Staphylococcus simu-
lans (42) (data not shown). In mutual comparisons, the simi-
larity between the various proteins was rather low (15 to 22%
identical residues), but it was very high in the region in which
the active site of LasA has been localized (17). One of these
open reading frames could encode the second staphylolytic
enzyme. However, it should be noted that no residual staph-
ylolytic activity has been reported to be present in the culture
supernatant of a lasA mutant (26). Therefore, the residual
activity detected in the supernatant of the lasB aprE mutant
could be the result of elastase- and alkaline protease-indepen-
dent processing of proLasA, rather than the result of a second
staphylolytic enzyme.
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As described for the chitin-binding proteins CHB1 and
CBP21 (45, 46), no chitinolytic activity could be detected for
CbpD. Therefore, the physiological function of this major se-
creted protein of P. aeruginosa is not clear. The production of
the type II secretion system of P. aeruginosa, by which CbpD is
secreted, is under control of a quorum-sensing system, which
indicates that CbpD is only needed under high-density condi-
tions, such as in biofilms and during pathogenesis.

A search for CbpD in different Pseudomonas spp. demon-
strated that it is present in many clinical isolates of P. aerugi-
nosa and not in the soil pseudomonads tested. These data
suggest a role for CbpD in pathogenicity, e.g., as an adhesin,
mediating colonization of eukaryotic cells. The CbpD protein
is secreted by the Xcp machinery into the extracellular me-
dium, a property not directly expected of an adhesin. However,
a proportion of the molecules might stick to the outer mem-
brane of the bacteria and mediate attachment to chitin-con-
taining substrates. Bordetella pertussis and Vibrio cholerae have
been shown to secrete hemagglutinins, which are involved in
the adherence of bacteria to epithelial cells. The filamentous
hemagglutinin of B. pertussis and pertussis toxin contain car-
bohydrate recognition domains critical for binding to glycocon-
jugates on cell membranes (41, 49). One of the hemagglutinins
of V. cholerae has been reported to be specific for N-acetyl-p-
glucosamine, the monomeric subunit of chitin, and mediates
binding of the bacterial cells to rabbit intestinal epithelial cells
(44). Furthermore, it has been shown that Klebsiella pneu-
moniae is internalized efficiently by cultured human epithelial
cells, presumably via an N-glycosylated receptor containing
N-acetyl-glucosamine residues (13). Speculatively, a glycosylat-
ed epithelial cell surface molecule might exist as receptor for
CbpD.
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