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The extracellular polyhydroxybutyrate (PHB) depolymerase gene (phaZPst) of Pseudomonas stutzeri was
cloned and sequenced. phaZPst was composed of 1,728 bp encoding a protein of 576 amino acids. Analyses of
the N-terminal amino acid sequence and the matrix-assisted laser desorption/ionization–time-of-flight
(MALDI-TOF) mass spectrum of the purified enzyme showed that the mature enzyme consisted of 538 amino
acids with a deduced molecular mass of 57,506 Da. Analysis of the deduced amino acid sequence of the protein
revealed a domain structure containing a catalytic domain, putative linker region, and two putative substrate-
binding domains (SBDI and SBDII). The putative linker region was similar to the repeating units of the
cadherin-like domain of chitinase A from Vibrio harveyi and chitinase B from Clostridium paraputrificum. The
binding characteristics of SBDs to poly([R]-3-hydroxybutyrate) [P(3HB)] and chitin granules were charac-
terized by using fusion proteins of SBDs with glutathione S-transferase (GST). These GST fusion proteins with
SBDII and SBDI showed binding activity toward P(3HB) granules but did not bind on chitin granules. It has
been suggested that the SBDs of the depolymerase interact specifically with the surface of P(3HB). In addition,
a kinetic analysis for the enzymatic hydrolysis of 3-hydroxybutyrate oligomers of various sizes has suggested
that the catalytic domain of the enzyme recognizes at least two monomeric units as substrates.

Poly([R]-3-hydroxybutyrate) [P(3HB)] and its copolymers
are synthesized and accumulated intracellularly as a material
for storage of carbon and energy by a wide variety of bacteria
(2, 9, 43). The purified polyesters, which are water-insoluble
and partially crystalline polymers, are hydrolyzed by microbial
extracellular polyhydroxybutyrate (PHB) depolymerases (18).
Extracellular PHB depolymerases are produced by various mi-
croorganisms in natural environments such as soil (8, 16, 19,
31), activated sludge (44), freshwater (34), and seawater (23,
33, 46). A number of PHB depolymerases have been purified
and characterized (16, 23, 33, 42, 44, 46, 50), and some PHB
depolymerase genes have been cloned and analyzed (7, 14, 15,
17, 20, 24, 25, 26, 37, 41). All the PHB depolymerases have a
bifunctional organization composed of a catalytic domain at
the N terminus, substrate-binding domain (SBD) at the C
terminus, and linker region connecting the two domains.

Recently, the structure-function relation of the catalytic or
substrate-binding domains in PHB depolymerases has been
investigated (4, 10, 20, 35). The catalytic domain contains cat-
alytic machinery composed of a catalytic triad (Ser-His-Asp)
(14, 15). The serine is a part of a lipase box pentapeptide
Gly-X-Ser-X-Gly (35), which has been found in all known
serine hydrolases, such as lipases, esterases, and serine pro-
teases (39). Deletion of SBD from Alcaligenes faecalis PHB
depolymerase caused the ablation of hydrolytic activity for
insoluble P(3HB), although the activity toward soluble 3HB
oligomers was retained (35). In addition, our previous study
involving fusion proteins of the SBD of A. faecalis PHB de-
polymerase with glutathione S-transferase (GST) demon-

strated that the SBD moiety is essential for the adsorption of
PHB depolymerase to the surface of P(3HB) granules (40).
These results suggest that the catalytic domains and SBDs
work independently. In contrast, the function of the fibronectin
type III (Fn III) module or threonine (Thr)-rich region, which
have been found in all known PHB depolymerases as linker
regions connecting the catalytic domains and SBDs, remains to
be clarified (7, 15, 18, 35).

In a previous study (46), we isolated a P(3HB)-degrading
bacterium, Pseudomonas stutzeri, from seawater and investi-
gated the biochemical properties of its PHB depolymerase.
That study showed that the depolymerase has a few unique
characteristics: (i) the N-terminal amino acid sequence of the
enzyme was different from those of other PHB depolymerases;
(ii) the enzymatic degradation product of P(3HB) was a mix-
ture of 3HB monomer (major product) and 3HB dimer (minor
product); (iii) the depolymerase showed a lower adsorption
affinity for P(3HB) than did the depolymerases from Comamo-
nas acidovorans (20) and Alcaligenes faecalis (22). Further-
more, the enzyme was purified to electrophoretic homogeneity
in a single step and in good yield (approximately 5 mg/liter of
culture). This will be favorable for the elucidation of the en-
zyme conformation, which will involve crystallization of the
enzyme.

This paper reports the cloning of PHB depolymerase gene
from P. stutzeri and the functional analyses of the SBD.

MATERIALS AND METHODS

Chemicals. P(3HB) was purchased from Polyscience Inc. Chitin was purchased
from Sigma Chemical Co. Other chemicals were purchased from Kanto Chem-
icals (Tokyo, Japan) or Wako Chemicals (Osaka, Japan).

Bacterial strains, plasmids, media, and growth conditions. All bacterial
strains and plasmids used in this study are listed in Table 1. P. stutzeri was grown
in a mineral medium as described previously (46). Escherichia coli was grown at
37°C in Luria-Bertani broth in the presence of ampicillin (50 mg/ml). P. stutzeri
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was deposited in the Japan Culture Collection of Microorganisms (JCM),
Saitama, Japan.

Analytical procedures of the enzyme. PHB depolymerase was purified as
described previously (13, 46). The molecular mass was determined by matrix-
assisted laser desorption/ionization–time-of-flight mass spectrometry (MALDI-
TOF MS) with sinapinic acid as a matrix. The PHB depolymerase activity was
measured at 650 nm by using P(3HB) granules (33). Polyacrylamide gel electro-
phoresis of the enzyme in the presence of sodium dodecyl sulfate (SDS) was
carried out by the method of Laemmli (27) with a molecular weight calibration
kit (Pharmacia). After electrophoresis, the proteins were stained with Coomassie
brilliant blue R-250 (Kanto Chemical, Tokyo, Japan). Protein concentrations
were determined by the method of Bradford (6) with the protein assay kit II
(Bio-Rad Laboratories, Tokyo, Japan) with bovine serum albumin as the stan-
dard. For immunodetection, Western blotting was used (45). The proteins were
separated by SDS-polyacrylamide gel electrophoresis and transferred electro-
phoretically onto an Immobilon-P transfer membrane (Millipore Corp., Bedford,
Mass.). PHB depolymerases were detected with antiserum raised against P.
stutzeri PHB depolymerase (13), which was recognized by anti-rabbit immuno-
globulin G alkaline phosphatase conjugate (Sigma). The staining was done with
nitroblue tetrazolium (Wako Chemicals, Osaka, Japan) and bromochloroindolyl
phosphate (Wako Chemicals).

N-terminal amino acid sequencing. The purified enzyme (250 mg) was incu-
bated at 50°C for 15 min in 50 ml of 0.4 M ammonium bicarbonate (pH 8.0)
containing 8 M urea and 5 ml of 45 mM dithiothreitol. After 5 ml of 100 mM
iodoacetamide was added to the reaction mixture, the enzyme was treated with
0.2 mg of lysyl endopeptidase (Wako Chemicals) per ml in 100 mM Tris-HCl (pH
9.0) for 24 h at 37°C. The resulting peptides were separated in an SDS-poly-
acrylamide gel and transferred onto an Immobilon-P transfer membrane by
electroblotting. The blotted peptides were cut out from the membrane and
subjected to N-terminal amino acid sequence analysis on an Applied Biosystems
473A protein sequencer.

DNA preparation and manipulation. E. coli was grown aerobically in Luria-
Bertani medium, and the cells were transformed by the calcium chloride proce-
dure (3). Recombinant plasmid DNA was isolated by the method of Birnboim
and Doly (5) or with a Flexi-prep kit (Pharmacia) for sequencing. Restriction
enzymes were purchased from Takara Shuzo (Kyoto, Japan) or Toyobo (Osaka,
Japan), and calf intestinal alkaline phosphatase was purchased from Boehringer
GmbH (Mannheim, Germany). The enzymes were used as specified by the
manufacturers.

Preparation of DNA probe. The N-terminal amino acid sequences of the
mature enzyme and one of the proteolysis polypeptide were determined to be
GQTFSYTSPQQAYSGSRERSYKVYV and AAADRYGFILVAPFI, respec-
tively. To prepare DNA probes for screening a PHB depolymerase gene from the
P. stutzeri genomic DNA, 59 and 39 primers were designed on the basis of the N
terminus of the purified enzyme and the proteolytic polypeptide amino acid
sequence, respectively. The sequences of the primers used were as follows:
N-terminal, 59-GG(A/G/C/T)CA(A/G)AC(A/G/C/T)TT(C/T)(A/T)(G/C)(A/G/
C/T)TA(C/T)AC-39; and proteolysis polypeptide, 59-AT(A/G)AA(A/G/C/T)GG
(A/G/C/T)GC(A/G/C/T)AC(A/G/C/T)A(A/G)(A/T/G)AT(A/G)AA-39. The
PCR mixture contained PCR buffer, deoxynucleoside triphosphate, 100 pmol of
each primer, 1 mg of genomic DNA as template, and 1 U of exTaq as the DNA
polymerase. A DNA thermal cycler (Perkin-Elmer Applied Biosystems, Foster
City, Calif.) was used for amplification of the gene under the following condi-
tions: 5 cycles of denaturation at 94°C for 30 s, annealing at 45°C for 30 s, and
extension at 72°C for 90 s, and subsequently 30 cycles of denaturation at 94°C for
30 s, annealing at 60°C for 30 s, and extension at 72°C for 90 s. The amplified
DNA was purified by chloroform extraction and ethanol precipitation and labeled
with a digoxigenin (DIG) oligonucleotide tailing kit (Boehringer Mannheim).

Identification and cloning of the PHB depolymerase gene. Genomic DNA of
P. stutzeri was digested completely with the restriction endonucleases ApaI,

EcoRI, EcoRV, HincII, HindIII, KpnI, PstI, and SalI and separated by agarose
gel electrophoresis. The DNA was blotted onto a positively charged nylon mem-
brane and hybridized with a DIG-labeled DNA probe. Hybridization was per-
formed at 42°C for 12 h in 50% formamide–53 SSC (13 SSC is 0.15 M NaCl plus
0.015 M sodium citrate)–50 mM sodium phosphate buffer (pH 7.0)–0.1% N-
lauroylsarcosine–7% SDS–2% blocking reagent (Boehringer). The membrane
was washed in 13 SSC–0.1% SDS at 60°C. Positive DNA fragments were sub-
cloned into the pUC 118 vector (47) and then transformed into E. coli DH5a.
Colony hybridization of genomic sublibraries with a DIG-labeled DNA probe
was performed.

DNA sequencing and sequence analysis. A series of deletion fragments
were generated and subcloned into pUC118. Nucleotide sequence was deter-
mined on an Applied Biosystems 310 DNA sequencer with the Taq dye
terminator cycle sequencing kit (Perkin-Elmer Applied Biosystems). The
DNA and deduced amino acid sequences were analyzed by using the se-
quence analysis program GENETYX (Software Development Co., Tokyo,
Japan). Database searches were performed with the program BLAST via
GenomeNet www server.

Construction, production, and purification of GST fusion proteins. As shown
in Fig. 1A, DNA fragments encoding the SBDI (I), SBDII (II), SBDI plus
SBDII, and catalytic domain (C) plus linker region (L) were obtained by PCR
amplification from plasmid pCS401 carrying the phaZPst gene. A BamHI restric-
tion site (boldface) was introduced at the 59 end of oligonucleotide primer 1
(59-CGGGATCCGGCAGCGGCCAGGCCTTCACCTG-39), primer 3 (59-ATG
TTGGATCCGTCTACGATCCCAACGCCCCGGTGGAAACCT-39), and
primer 5 (59-CGGGATCCGGGCAAACCTTCTCCTACACCT-39), and a SalI
restriction site (boldface) and stop codon (underlined) were introduced at the 59
end of oligonucleotide primer 2 (59-GCGTCGACTCAGTTGCTGCAGCGTCC
GGCCTG-39), primer 4 (59-CGGTCGACTTAGCCGCAAGCGGCGGGCCGC
TGCGCG-39), and primer 6 (59-CGGTCGACTTAGGTTTCCACCGGGGCGT
TGGGA-39). The PCR products including BamHI and SalI restriction sites
prepared from the primer combinations 1 plus 2, 3 plus 4, 3 plus 2, and 5 plus 2
were ligated into the BamHI- and SalI-digested pGEX-4T-1 (Pharmacia), yield-
ing pGSDI, pGSDII, pGSDII-I, and pGCL, respectively. Plasmids pGSDI,
pGSDII, pGSDII-I, and pGCL encode the SBDI, SBDII, SBDI plus SBDII, and
catalytic domain plus linker region with GST (Fig. 1B), respectively. Correct
insertions of these genes were verified by DNA sequencing for both strands. To
express the GST fusion protein, these chimeric plasmids were transformed into
E. coli DH5a. The production and purification of GST fusion proteins were
performed as described previously (20, 41), and the resulting proteins are shown
in Fig. 1C.

Binding assay. P(3HB) and chitin granules were used as the adsorbents for the
binding assay. P(3HB) granules were purified by washing with distilled water,
acetone, and hexane. The granules were dried in vacuo at room temperature.
Chitin granules were purified by washing with distilled water. P(3HB) and chitin
granules (400 mg) were suspended in 1.0 ml of 0.05 M Tris-HCl buffer (pH 7.5)
and preincubated at 37°C for 5 min. After preincubation, a solution of a given
amount (1 to 50 mg) of fusion protein was added. The reaction mixture was
incubated at 37°C for 10 min and then centrifuged in a Eppendorf F 45-30-11
rotor at 10,000 3 g for 1 min. The amount of protein in the supernatant was
determined by the Bradford method (6) with bovine serum albumin as the
standard. The amount of enzyme bound to polymer granules was calculated from
the values of soluble and added enzyme.

Enzymatic hydrolyses of (R)-3HB oligomers and their derivatives. Methyl
(R)-3-hydroxybutanoate [H(3HB)M] was supplied by Kaneka Chemical Indus-
tries. (3R)-3-{[(39R)-39-hydroxybutanoyl]oxy}butanoic acid [H(3HB)2H] was
supplied by Takasago International Corp. Syntheses of methyl (3R)-3-{[(39R)-
39-hydroxybutanoyl]oxy}butanoate [H(3HB)2M], methyl (3R)-3-{[(39R)-39-(meth-
oxy)butanoyl]oxy}butanoate [M(3HB)2M], methyl (3R)-3-{[(39R)-39-{[(30R)-
30-{[(309R)-309-hydroxybutanoyl]oxy}butanoyl]oxy}butanoate [H(3HB)3M]

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source or
reference(s)

Strains
E. coli DH5a supE44 DlacU169(f80 lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 Toyobo
P. stutzeri JCM 10168 5 YM1006 Growth on P(3HB) 13, 46

Plasmids
pUC118 Ampr, lacZ 47
pGEX 4T-1 Ampr, tac promoter, GST fusion vector Pharmacia
pGSDI The putative SBDI gene in pGEX 4T-1 This study
pGSDII The putative SBDII gene in pGEX 4T-1 This study
pGSDII-I The putative SBDI and SBDII genes in pGEX 4T-1 This study
pGCL The putative catalytic domain and linker region genes in pGEX 4T-1 This study
pCS401 4.0-kbp SalI fragment carrying phaZpst in pUC118 This study
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and methyl (3R)-3-{[(39R)-39-{[(30R)-30-{[(309R)-309-hydroxybutanoyl]oxy}bu-
tanoyl]oxy}butanoyl]oxy}butanoate [H(3HB)4M] were performed as described
elsewhere (28). Enzymatic hydrolysis of the 3HB oligomers (5 mM) by the
purified PHB depolymerase (4 mg) from P. stutzeri was carried out at 37°C in 1
ml of 100 mM potassium phosphate buffer (pH 7.4). The hydrolytic products
after enzymatic hydrolysis were analyzed with a Shimadzu LC-9A high-perfor-
mance liquid chromatography (HPLC) system with a gradient controller and an
SPD-10A UV spectrophotometric detector (1). The stainless steel column (250
by 4 mm) containing LiChrospher RP-8 (5 mm) was used at 40°C. Sample
solutions after the enzymatic hydrolysis were acidified to pH 2.5 with HCl
solution, and 50-ml samples were injected into the column. The gradient of
distilled water (pH 2.5, adjusted by the addition of HCl solution) to acetonitrile
was carried out for 40 min with a pump speed of 1.0 ml/min. In this method,
(R)-3-hydroxybutanoic acid [H(3HB)H], H(3HB)M, (R)-3-(methoxy)butanoic
acid [M(3HB)H], H(3HB)2H, H(3HB)2M, (3R)-3-{[(39R)-39-(methoxy)butanoyl]
oxy}butanoic acid [M(3HB)2H], M(3HB)2M, the trimeric ester of (R)-3-hydroxy-
butanoic acid [H(3HB)3H], H(3HB)3M, the tetrameric ester of (R)-3-hydroxy-
butanoic acid [H(3HB)4H], and H(3HB)4M were detected at 210 nm and eluted
at 5.2, 10.4, 10.6, 12.3, 15.5, 15.7, 19.7, 16.3, 19.5, 19.2, and 22.3 min, respectively.

Nucleotide sequence accession number. The DDBJ accession no. for the
P. stutzeri PHB depolymerase gene is AB012225.

RESULTS

Amino acid sequences of PHB depolymerase and prepara-
tion of DNA probe. PHB depolymerase purified from P. stutzeri
was digested with lysyl endopeptidase, resulting in the forma-
tion of two major peptides (PSA and PSB). The N-terminal
amino acid sequences of PSA and PSB were determined as
ASDTGCSPYHQNDYGCRHIA and AAADRYGFILVAP
FI, respectively. In addition, the N-terminal amino acid se-
quence of mature enzyme had been determined as GQTFSYT
SPQQAYSGSRERSYKVYV (13). To amplify a PHB depoly-
merase gene by PCR, the primers were designed on the basis
of the N-terminal amino acid sequence of mature enzyme and
PSB. PCR with the primers resulted in a PCR product of
approximately 200 bp length, and the nucleotide sequence of
this product was determined. We concluded that the 200-bp
fragment was a part of the PHB depolymerase gene, since the

FIG. 1. (A) Restriction map of pCS401 containing the phaZPst gene. The coding region is represented by solid arrows. Thin lines and black segments correspond
to cloned DNA fragment and plasmid DNA, respectively, and amplified DNA fragments encoding the respective domains. (B) Domain structures of GST and GST
fusion proteins of its derivatives. (C) SDS-PAGE of purified samples (1.0 mg each) from GST and GST fusion proteins. Lanes: 1, GST; 2, GST-SBDI; 3, GST-SBDII;
4, GST-SBDII-I; 5, GST-C-L. Molecular mass standards were run in lane M; sizes are shown to the left. S, signal peptide; C, catalytic domain; L, linker region.
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N-terminal amino acid sequences of mature enzyme and PSB
were found in the amino acid sequence deduced from the
nucleotide sequence of this PCR product. Therefore, the PCR
product was labeled and used as a probe.

Cloning of the PHB depolymerase gene (phaZPst) of P.
stutzeri. Southern blots of genomic DNA of P. stutzeri digested
with various restriction enzymes were hybridized with the
DIG-labeled PCR product. A 4.0-kbp SalI fragment was found
to hybridize to the probe. Then, we constructed a genomic
sublibrary with the 4.0-kbp SalI fragment in the pUC118 vec-
tor in E. coli DH5a. The positive recombinant clones were
screened from the genomic sublibrary by colony hybridization
with the same probe. Of 2,000 colonies, 2 hybridized to the
probe. Restriction analysis revealed that two positive clones
had the same 4.0-kb SalI fragment. The inserted fragments in
the two clones were oriented in the opposite direction, and the
clones were referred to as pCS401 and pCS402, respectively.
The culture supernatants from E. coli DH5a carrying pCS401
or pCS402 exhibited the ability to hydrolyze P(3HB) granules.
In addition, the gene products were confirmed by using West-
ern blotting and had the same molecular mass as the native
enzyme (data not shown). These results suggest that a phaZPst
promoter was located within the insert and that the phaZPst
gene product performed functional expression and secretion of
PHB depolymerase in E. coli.

Nucleotide sequence and deduced amino acid sequence. The
DNA sequence of the 2.4-kbp SphI-BalI region of the 4.0-kbp
SalI fragment was analyzed. As a result, an open reading frame
of 1,728 bp was assigned to phaZPst (Fig. 1A). The putative
initiation codon ATG at nucleotide 1 was preceded at a spac-
ing of 7 bp by a potential ribosome-binding sequence at nu-
cleotides 213 to 28 (59-ACGGAG-39), and the sequences at
nucleotides 2139 to 2134 (59-TTGAAA-39) and at nucleo-
tides 2125 to 2120 (59-TGGCAT-39) with 18-bp spacing
showed some homology to the 235 and 210 E. coli s70-like
promoter sequences (Fig. 2).

The encoded polypeptide is a preprotein of 576 amino acids
with a predicted molecular mass of 61,746 Da. The N-terminal
amino acid sequences determined for the mature PHB depoly-
merase (PhaZPst) secreted by P. stutzeri and its proteolytic
fragments (PSA and PSB) derived from lysyl endopeptidase
digestion existed in the gene product (Fig. 2). In addition,
amino acid residues 39 to 63 of the deduced gene product were
identical to the N-terminal amino acid sequence determined
for the mature PHB depolymerase secreted by P. stutzeri, sug-
gesting that 38-amino-acid polypeptide is signal peptide. The
molecular mass deduced for the mature PHB depolymerase of
P. stutzeri was 57,506 Da, which was in good agreement with
the value determined by MALDI-TOF MS (57,456 Da).

The deduced amino acid sequence of the depolymerase ex-
hibited a low level of homology to those of other PHB depoly-
merases (below 10%), while relatively high degrees of similar-
ities were found in the regions surrounding putative active sites
and the SBD at the C terminus. The N-terminal catalytic do-
main contained conserved amino acids of the catalytic triad
(Ser163, Asp240, and His289) and oxyanion hole (His78),
which functions as an active center in many known serine
hydrolases (39), and the lipase box, which functions as an
active center (Ser163) at the center of the domain. The amino
acid sequence of the catalytic domain showed sequence ho-
mology to those of A. faecalis T1 PhaZAfa (level of identity,
21.3%) (37), A. faecalis AE122 PhaZAfaAE (14.3%) (24), R.
pickettii PhaZRpi (20.9%) (26), P. lemoignei PhaZ1Ple (24.4%)
(17), P. lemoignei PhaZ2Ple (25.1%) (7), P. lemoignei PhaZ3Ple
(28.4%) (7), P. lemoignei PhaZ4Ple (21.6%) (15), and P. lemo-
ignei PhaZ5Ple (22.2%) (15).

A fibronectin type III module or a threonine-rich region
identified as putative linker region of other PHB depolymer-
ases was not found in the PHB depolymerase from P. stutzeri.
As shown in Fig. 3A, the sequence of amino acids 332 to 454
in the PHB depolymerase from P. stutzeri had significant ho-
mology to reiterated sequences from Vibrio harveyi chitinase A
(level of identity, 38.1 and 36.1%) (accession no. U81496) and
Clostridium paraputrificum chitinase B (35.9 and 32.4%) (32),
which has been referred to as cadherin-like domain (32).

In addition, two amino acid sequences at the C-terminal
region of the enzyme showed sequence homology to the SBDs
identified in some PHB depolymerases, as shown in Fig. 3B.
These regions, which are separated by 13 amino acids, were
designated SBDI (amino acids 527 to 576) and SBDII (amino
acids 455 to 514), respectively. As listed in Table 2, the amino
acid sequences of SBDI and SBDII showed 12.2 to 40.4% and
11.9 to 20.3% identity to SBDs of other PHB depolymerases,
respectively. The amino acid sequence of SBDI showed 14.3%
identity to that of SBDII.

Function of SBDs. To investigate the binding characteristics
of the two SBDs, we constructed fusion proteins of GST with
several polypeptides of the PHB depolymerase of P. stutzeri
(Fig. 1B) and performed the adsorption test on polymer gran-
ules of P(3HB) and chitin. As shown in Fig. 1C, four fusion
proteins, GST-SBDI, GST-SBDII, GST-SBDII-I, and GST-
C-L were purified to electrophoretic homogeneity, and the
molecular masses of the fusion proteins were consistent with
the values calculated from their sequences; 27,897 for GST,
33,007 for GST-SBDI, 34,130 for GST-SBDII, 40,809 for GST-
SBDII-I, and 70,422 for GST-C-L (Fig. 1C). Table 3 shows the
binding specificities of GST and four GST fusion proteins (10
mg of protein per ml) for P(3HB) and chitin granules. Three
GST fusion proteins with SBDs (i.e., GST-SBDI, GST-SBDII,
and GST-SBDII-I) adsorbed to P(3HB). On the other hand,
GST itself and the GST fusion protein lacking SBDs (i.e.,
GST-C-L) were not able to adsorb to P(3HB) granules. None
of the GST fusion proteins used in this study adsorbed to chitin
granules. These results clearly indicate that SBDI and SBDII
are the domains responsible for binding of enzyme on the
surface of P(3HB) granules.

The kinetics of the adsorption of three fusion proteins, GST-
SBDI, GST-SBDII, and GST-SBDII-I, to P(3HB) granules
were investigated at 37°C. Figure 4 shows the relationship
between the amount of adsorbed protein (Ead) and the equi-
librium concentration of protein ([E]e) in the presence of three
fusion proteins at 37°C. The adsorption of fusion proteins on
the surface of P(3HB) granules could be expressed by the
Langmuir adsorption equation:

Ead 5 EmaxS K@E#e

1 1 K@E#e
D

with @E# 5 Ead 1 @E#e

where Emax and K are the maximum amount of protein bound
on P(3HB) granules and the adsorption equilibrium constant
of the protein, respectively, and [E] is the concentration of
protein added. The values of K and Emax for adsorption of GST
fusion proteins to P(3HB) granules were determined from the
data in Fig. 4 and are listed in Table 4. Both values of K and
Emax decreased in the following order: GST-SBDII-I . GST-
SBDI . GST-SBDII.

Hydrolysis of 3HB oligomers by PHB depolymerase from
P. stutzeri. Six types of 3HB oligomer derivatives from mono-
mer to tetramer were prepared, and the enzymatic hydrolyses
were studied in the presence of PHB depolymerase from
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FIG. 2. Nucleotide sequences of the phaZPst gene and deduced amino acid sequence of the gene product. A putative ribosome-binding (Shine-Dalgarno [S/D]) site
is boxed, and the 235 and 210 regions of a possible promoter sequence are indicated by double underlines. Amino acids confirmed by Edman degradation are
underlined, and the processing site of the depolymerase precursor is marked by a vertical arrow. The orientation of transcription and a putative termination signal of
transcription are indicated by arrows. A putative linker region is boxed, and a putative SBD is shaded.
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P. stutzeri. The composition of the hydrolytic product was mea-
sured by HPLC analysis during the enzymatic hydrolysis of
3HB oligomers at 37°C in 0.1 M potassium phosphate buffer
(pH 7.4). Figure 5 shows the results of the time course exper-
iment for enzymatic hydrolysis of 3HB oligomers (5 mM) by
PHB depolymerase from P. stutzeri (4 mg/ml). When the meth-
yl ester of 3HB monomer [H(3HB)M] was used as a substrate
for hydrolysis by the enzyme, the hydrolytic product was not
detected during the 5-h reaction (Fig. 5A). Three types of 3HB
dimer derivatives were tested. When H(3HB)2H was used as
substrate, the 3HB monomer [H(3HB)H] was generated as a
hydrolytic product (Fig. 5B). On the other hand, enzymatic
hydrolysis of H(3HB)2M yielded a mixture of H(3HB)H,

FIG. 3. (A) Alignment of the putative linker region of PHB depolymerase from P. stutzeri (PhaZPst) with reiterated cadherin-like domains of V. harveyi chitinase
A (Vh ChiA) and Clostridium paraputrificum chitinase B (Cp ChiB). Identical amino acids are shown on a black background, and amino acids which are conserved in
at least three of the five sequences are shaded in grey. (B) Alignment of the putative SBD of the PHB depolymerase with those of other proteins. The sequences of
the PHB depolymerases from PhaZPst, A. faecalis T1 (PhaZAfaT1), A. faecalis AE122 (PhaZAfaAE122), R. pickettii (PhaZRpi), Comamonas sp. (PhaZCsp), C. testosteroni
(PhaZCte), C. acidovorans (PhaZCac), S. exfoliatus (PhaZSex), and P. lemoignei (PhaZ1Ple, PhaZ2Ple, PhaZ3Ple, PhaZ4Ple, PhaZ5Ple) are shown. Identical amino acids are
shown against a black background, and amino acids which are conserved in at least 7 of the 12 sequences are shaded in grey; all sequences are numbered from Met-1
of the peptide.

TABLE 2. The amino acid sequence homologies among
SBDs of PHB depolymerases

Enzyme

Level of identity (%) to:

P. stutzeri
PhaZPst
SBDI

P. stutzeri
PhaZPst
SBDII

P. stutzeri PhaZPst SBDI 100 14.3
P. stutzeri PhaZPst SBDII 14.3 100
A. faecalis PhaZAfaAE122 PHV 12.2 13.6
A. faecalis PhaZAfaAE122 PHB 18.4 23.7
A. faecalis PhaZAfa 40.4 15.3
R. pickettii PhaZRpi 35.3 15.3
P. lemoignei PhaZ1Ple 22.4 6.8
P. lemoignei PhaZ2Ple 35.3 11.9
P. lemoignei PhaZ3Ple 37.3 27.1
P. lemoignei PhaZ4Ple 24.5 20.3
P. lemoignei PhaZ5Ple 35.3 15.3
Comamonas sp. strain PhaZCsp 31.4 11.9
C. testosteroni PhaZCte 33.3 11.9
C. acidovorans PhaZCac 35.5 15.3
S. exfoliatus PhaZSex 39.2 11.9

TABLE 3. Binding specificities of GST fusion proteins for
P(3HB) and chitin granules at 37°C

Substrate
Amt (mg) of bound proteina

GST GST-SBDI GST-SBDII GST-SBDII-I GST-C-L

P(3HB) 0 3.8 1.3 8.1 0
Chitin 0 0 0 0 0

a 10 mg of a protein and 400 mg of polymer granules were used in each assay.
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H(3HB)M, and H(3HB)2H at almost identical rates in the
initial stage of the reaction, followed by a slow hydrolysis of
the H(3HB)2H (Fig. 5C). In addition, enzymatic hydrolysis of
M(3HB)2M yielded a mixture of M(3HB)H, H(3HB)M, and
M(3HB)2H as hydrolysates in the initial stage of the reaction,
followed by the formation of H(3HB)H from M(3HB)2H
(Fig. 5D). The 3HB dimer derivatives of H(3HB)2M and
M(3HB)2M were completely hydrolyzed within 2 h. In con-
trast, the rate of enzymatic hydrolysis for the 3HB trimer
derivative of H(3HB)3M was greater by 2 orders of magni-
tude than the rates for the 3HB dimer derivatives, and the
H(3HB)3M trimer was completely hydrolyzed within 1 min
to yield the mixture of H(3HB)H, H(3HB)M, H(3HB)2H,
H(3HB)2M, and H(3HB)3H (Fig. 5E). As shown in Fig. 5, the
3HB tetramer derivative [H(3HB)4M] was also hydrolyzed rap-
idly within 1 min to yield the mixture of H(3HB)H, H(3HB)M,
H(3HB)2H, H(3HB)2M, H(3HB)3H, and H(3HB)3M as hy-
drolysates (Fig. 5F).

The frequencies of bond cleavage and the rates of enzymatic
hydrolysis of these oligomers were determined at the initial
stage of reaction (Fig. 5). The bond cleavage of H(3HB)2M
took place at same rate for the first and second ester bonds
from the hydroxy terminus, while the hydrolysis of M(3HB)2H
occurred at the first ester bond from the methoxy terminus
at a high frequency. The rates of enzymatic hydrolysis of
H(3HB)2H, H(3HB)2M, and M(3HB)2M were 0.7 6 0.1, 4.6 6
0.4, and 3.8 6 0.6 mol h21, respectively. Thus, the rates of
H(3HB)2M and M(3HB)2M hydrolysis were about six times
higher than that of H(3HB)2H. These results suggest that the
rate of enzymatic hydrolysis is influenced by the presence of
methyl ester and that the enzyme recognizes at least two mo-
nomeric units of the substrate. On the other hand, the bond
cleavage of H(3HB)3M also occurred at all ester bonds. The
initial bond cleavage of H(3HB)4M could not be evaluated due
to further hydrolysis of the hydrolysates. The rates of hydroly-
sis of H(3HB)3M and H(3HB)4M were 598 6 17 and 1,180 6
115 mM h21, respectively.

DISCUSSION

This paper has reported the cloning and sequence analysis of
the gene (phaZPst) for an extracellular PHB depolymerase of
P. stutzeri YM1006 and the relationship between the primary
structure and the function of the enzyme. phaZPst encodes a

polypeptide composed of 576 amino acids, and the amino acid
sequence shows a low homology (below 10%) to those of other
known PHB depolymerases. However, several consensus re-
gions that occur in amino acid sequences of other known de-
polymerases were found in the sequence of the depolymerase.
On the basis of the consensus regions, we have concluded that
the PHB depolymerase of P. stutzeri consists of an N-terminal
signal peptide, a catalytic domain, a cadherin-like domain as
linker region, and two SBDs at the C terminal (Fig. 3). The
N-terminal 38 amino acid residues showed characteristics typ-
ical of signal peptides, which are composed of a positively
charged region (amino acids 1 to 5), a hydrophobic region
(amino acids 6 to 33), and a signal peptidase recognition site
(Val35-X-Ala37). The N-terminal amino acid sequence of
cloned enzyme was identical to that of the mature enzyme
produced by P. stutzeri. In addition, the molecular mass de-
duced for the mature PHB depolymerase of P. stutzeri was
almost identical to that determined by MALDI-TOF MS.
These results indicate that the signal peptide of P. stutzeri PHB
depolymerase functions correctly in E. coli.

The sequence consisting of the next 320 amino acid residues
showed a sequence similarity to the catalytic domain of PHB
depolymerases which have a lipase box in the center of the
domain (level of identity, 28.4 to 14.3%). In a previous report
(46), we demonstrated that the P. stutzeri PHB depolymerase
yielded 3-hydroxybutyric acid as a major product (approxi-
mately 97%) with a small portion (approximately 3%) of 3HB
dimer during the enzymatic hydrolysis of P(3HB) film. In con-
trast, the PHB depolymerases from C. acidovorans (20), C.
testosteroni (19), and A. faecalis (22) hydrolyzed the P(3HB)
film to yield 3HB dimer as a major product. This suggests that
the substrate recognition by the active site of P. stutzeri PHB
depolymerase may be different from that of other depoly-
merases. Therefore, to investigate the function of the catalytic
domain of P. stutzeri PHB depolymerase, we performed kinetic
analysis of enzymatic hydrolysis by using several different types
of water-soluble oligomers of 3HB as substrates. The methyl
ester of 3HB monomer [H(3HB)M] was not hydrolyzed by the
enzyme, while the methyl ester of 3HB dimer [H(3HB)2M] was
hydrolyzed to yield a mixture of H(3HB)H, H(3HB)M, and
H(3HB)2H as the hydrolysates, suggesting that the active site
of the catalytic domain recognizes at least two monomeric
units as substrates for the hydrolysis of ester bonds in a 3HB
sequence. For the 3HB dimer derivatives used, the rate of
enzymatic hydrolysis decreased in the following order:
M(3HB)2M 5 H(3HB)2M . H(3HB)2H (Fig. 5), indicating
that the presence of a hydroxy terminus and a carboxy terminus
is not essential for the enzymatic hydrolysis of 3HB dimers.
The hydrolysis rate of the 3HB trimer H(3HB)3M was 2 orders
of magnitude higher than the hydrolysis rates of the 3HB
dimer derivatives and was almost the same as the rate for 3HB
tetramer H(3HB)4M, suggesting that the active site of the
catalytic domain prefers to bind three 3HB units for the hy-
drolysis of a 3HB sequence.

FIG. 4. Adsorption isotherms for the GST-SBD fusion proteins on P(3HB)
granules. Symbols: E, GST-SBDI; F, GST-SBDII; Œ, GST-SBDI-II.

TABLE 4. Adsorption equilibrium constant, K, of GST fusion
proteins and maximum amount, Emax, of the proteins

bound on the surfaces of P(3HB) granules at 37°C

Protein K (ml/mg) Emax
(mg/mg of granule)

GST-SBDI 0.26 6 0.02 15.3 6 1.0
GST-SBDII 0.07 6 0.01 11.4 6 1.0
GST-SBDII-I 0.4 6 0.04 26.8 6 2.0
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A homology search of the deduced amino acid sequence of
P. stutzeri PHB depolymerase with respect to those of other
PHB depolymerases has suggested that the depolymerase has
two SBDs. Several His, Ala, Arg, and Cys residues, which are
conserved in the SBDs of other PHB depolymerases, were also
present in two SBDs of P. stutzeri PHB depolymerase (Fig. 3B).
To clarify the function of two SBDs, we have constructed four
types of GST fusion proteins (Fig. 1). GST itself and the GST
fusion protein without SBDs (GST-C-L) did not adsorb to the
surface of P(3HB) or chitin granules. The three other fu-
sion proteins, containing SBDs (GST-SBDI, GST-SBDII, and
GST-SBDII-I), did not adsorb to chitin granules but bound to
the surface of P(3HB) granules. This result indicates that each
SBD moiety confers a binding activity to the surface of P(3HB)
on P. stutzeri PHB depolymerase. Besides the SBDs of P.
stutzeri PHB depolymerase, it has been suggested that xylanase
A of Clostridium stercoraarium (38) and PHB depolymerase of
A. faecalis AE122 (24) have two SBDs. For those enzymes,
however, the logical reason to have two SBDs remains to be
clarified. The values of the adsorption equilibrium constant K
at 37°C for adsorption of both GST-SBDI (K 5 0.26 6 0.02
ml/mg) and GST-SBDII (K 5 0.07 6 0.01 ml/mg) to P(3HB)
granules were lower than those for GST fusion proteins with
other SBDs of PHB depolymerases from C. acidovorans
YM1609 (K 5 1.0 6 0.1 ml/mg), C. testosteroni YM1004 (K 5
1.1 6 0.1 ml/mg), and A. faecalis T1 (K 5 0.8 6 0.1 ml/mg) (21).
On the other hand, the affinities of SBDs for P(3HB) granules
increased in the following order: GST-SBDII , GST-SBDI ,
GST-SBDII-I, suggesting that the binding of two domains

SBDI and SBDII on the surface of P(3HB) takes place coop-
eratively. Here, we speculate that P. stutzeri PHB depolymer-
ase has two SBDs due to a weak substrate-binding affinity of
each SBD.

The sequence consisting of 97 amino acid residues present
between the catalytic domain and SBDs showed a compara-
tively high similarity to the cadherin-like domain found in
chitinases from V. harveyi (level of identity, 36.1 to 38.1%), and
Clostridium paraputrificum (32.4 to 35.9%) (32). Cadherins are
known to be one type of membrane protein of animal cells
responsible for the cell adhesion (30, 36), as well as fibronec-
tins. It is of interest that the cell membrane proteins such as
cadherins and fibronectins have been found in a linker region
of insoluble bacterial polymer hydrolases such as PHB depoly-
merases (14, 15, 20, 25, 37, 41), cellulases (11), and chitinases
(48, 49). However, the function of the chitinase cadherin-like
domain remains unclear. In this study, the fusion protein GST-
C-L containing catalytic and cadherin-like domains did not
bind to P(3HB), indicating that the cadherin-like domain of
the enzyme is not involved in substrate binding of the enzyme.
Similarly, it has been found that the cadherin-like domain of
Clostridium paraputrificum chitinase also does not have affinity
for chitin (32). These results suggest that this domain may play
a structural role in maintaining an optimal distance between
the catalytic domain and SBDs. The cadherin-like domains
seem to be spread by horizontal transfer among insoluble bac-
terial polymer hydrolases as linking domain, as well as a fi-
bronectin type III domain (12, 29).

FIG. 5. Relative amounts of the products generated at 37°C during the hydrolysis of 5 mM H(3HB)M (A), H(3HB)2H (B), H(3HB)2M (C), M(3HB)2M (D),
H(3HB)3M (E), and H(3HB)4M (F) by P. stutzeri PHB depolymerase (4 mg/ml) and frequency of bond cleavage and velocity of oligomer degradation during the initial
action of the depolymerase. H(3HB)H (E), H(3HB)M (F), M(3HB)H ( ), M(3HB)2H (‚), H(3HB)2M (Œ), M(3HB)2M (ƒ), M(3HB)2H (�), H(3HB)3M (h),
H(3HB)3M (■), and H(3HB)4M (v) were analyzed by HPLC. The broken lines indicate ester bonds hydrolyzed by the enzyme, and the numbers represent frequencies
of enzyme attack.
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