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Abstract

A DNA fragment carrying the gene encoding poly(3-hydroxybutyrate) (P(3HB)) depolymerase was cloned from the genomic DNA of
Marinobactersp. DNA sequencing analysis revealed thatMeginobactersp. P(3HB) depolymerase gene is composed of 1734 bp and
encodes 578 amino acids with a molecular mass of 61,757 Da. A sequence homology search showed that the deduced protein contains the
signal peptide, catalytic domain (CD), cadherin-type linker domain (LD), and two substrate-binding domain (SBD). The fusion proteins of
glutathioneS-transferase (GST) with the CD showed the hydrolytic activity for denatured P(3HB) (dP(3HB)), P(3HB) emulsion (eP(3HB))
andp-nitrophenylbutyrate. On the other hand, the fusion proteins lacking the SBD showed much lower hydrolytic activity for dP(3HB)
compared to the proteins containing both CD and SBD. In addition, binding tests revealed that the SBDs are specifically bound not to
eP(3HB) but dP(3HB). These suggest that the SBDs play a crucial role in the enzymatic hydrolysis of dP(3HB) that is a solid substrate.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ester bond, a substrate binding domain (SBD) to attach the
enzyme to the surface of the polyester, and a linker domain
Poly(3-hydroxybutyrate) (P(3HB)) is a kind of aliphatic (LD), which exists between CD and SBD,11,12] These
polyester that is synthesized as a carbon reserve in thefunctional domains cooperate to degrade dP(3HB) with a
cell of various bacteri§l,2]. P(3HB) exists as amorphous highly organized crystalline regiofiL3,14] On the other
granules (native P(3HB); nP(3HB)) in the cells, while hand, Jendrossek et 49,10] reported a new type of ex-
it is transformed into a semi-crystalline state (denatured tracellular P(3HB) depolymerase (Phaz7) which does not

P(3HB); dP(3HB)) after being extracting from the cg]. degrade dP(3HB) but amorphous P(3HB), such as atactic
P(3HB) has also received much attention as a thermoplas-P(3HB), native or artificial granules of P(3HB)5]. In con-
tic with biodegradable and biocompatible propertié®]. trast to conventional extracellular P(3HB) depolymerases,

In various natural environments, dP(3HB) is degraded into PhaZ7 did not have a domain structure and showed se-

3HB monomer and its oligomers by extracellular P(3HB) quence homology with LipA and LipB dBacillus subtilis

depolymerases from P(3HB)-degrading microorganisms lipase.

[5-10]. All of the cloned extracellular P(3HB) depoly- Previously, the P(3HB)-degrading bacterilutarinobac-

merases found so far have been composed of three functer sp. NK-1 was isolated from the marine benthic region

tional domains: that is, catalytic domain (CD) to cut the of Sagami bay in Japafil6]. This strain is a moderate
halophilic bacterium that secretes a large amount of P(3HB)
depolymerse (Phag,,) into the growth medium in the
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inhibited by diisopropyl fluorophosphate and phenylmethyl-
sulfonyl fluoride, which were typical of serine hydrolase
inhibitors. The N-terminal and internal amino acid se-
guences showed sequence homologies with thostseti-
domonas stutzefPhazy,;. This paper reports the cloning
and sequencing of the gene encoding PhaZ(phaZysp).
Furthermore, by using the recombinant expression of the
Phazy,, as glutathioneStransferase fusion proteins, the
relation between the domain structure and its role were
investigated.

2. Materials and methods
2.1. Preparation of polymer sample
The P(3HB) granules were a gift from Monsanto (St.

Louis, MO). To remove impurities, they were washed with
distilled water, acetone and hexane. The purified gran-
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Fig. 1. Domain structures of wild-type PhgZ, and GST fusion proteins.
C, catalytic domain; L, linker domain; SBDI, substrate-binding domain
I; SBDII, substrate-binding domain Il; GST, glutathioBdransferase.

ules were used as denatured P(3HB) substrate (dP(3HB)). ) . .

method of Horowitz and Sandef&7].

2.2. Bacterial strains, plasmids, media and growth
conditions

Escherichia coliXL1-Blue MRF andE. coli DH5« were
used as host strains of the vectdescoli XLOLR was used
as the host strain of in vivo excisioi&. coli was grown at
37°C in a Luria—Bertani (LB) broth in the presence of ampi-
cillin (50 pg/ml). Marinobacter sp. NK-1 (JCM 10458),
which is a source of the genomic DNA and the P(3HB) de-
polymerase, was grown at 3G. ZAP Express lambda phage
(Stratagene) was used to constridarinobacter sp. ge-
nomic sublibrary inE. coli XL1-Blue MRF. pMSPSS that
is a derivative of pUC18 contains 2.9 kbp farinobacter
sp. genomic DNA fragments digested Bynd as an insert.

2.3. Preparation of DNA probe

A DNA probe for screening a P(3HB) depolymerase gene
of Marinobactersp. was prepared by means of PCR using
the total length of thephazZp;, gene as the templa{é1l].
The PCR product was purified by ethanol precipitation and
labeled with DIG-High Prime kit (Boehringer Mannheim).

2.4. DNA sequence analysis

proteins

DNA fragments encoding various types of glutathione
Stransferase (GST) fusion proteins were obtained by poly-
merase chain reaction (PCR) amplification from plasmid
pSSMSP carrying thehaZzysp gene. ABanHl restriction
site (boldface) was introduced at theehd of the oligonu-
cleotide primer gst5 (STCTGCTGGATCCGGGCAGAC-
CGACT-3), primer NLBam (3>CGCTGGATCCCGGG-
ATGGTCCTGAT-3) and primer gst3 (6GCTGGATCCG-
TGTATGACCCGAAAGCCC-3), and primer gstl (5TAT-
TCCGGATCCGGCGTTCCGGATGAT-3 and anEcoR
restriction site (boldface) and stop codon (underlined) were
introduced at the "send of the oligonucleotide primer CD-
CEco (B-AGGGAATTCTTAGTCATGAGCGGCGAAAA-
A-3), primer gst6 (5GCCGTTG@GAATTCTTAGGTC-
TCTACAGGGGC-3), primer gst4 (5CGGGAATTCTTA
GCAGGCAGAGGGTTCCTG-3 and primer gst2 (5CG-
CCTGGAATTCTTATGGAC ACTGACCGGC-3. The
PCR products includingBanHl and EcoR restriction
sites prepared from the primer combinations gstgst2,
gst5+ gst4, gst5+ gst6, gst5+ CDCEco, NLBam+- gst6,
NLBam + gst4, NLBam+ gst2, gst3+ gst4 gstl+ gst2
and gstl4 gst2 were ligated into th8anH| and EcoR
digested pGEX-4T-1 (Pharmacia), yielding pCLSBDI-
ISBDI, pCLSBDII, pCL, pC, pL, pLSBDIISBDI, pLS-
BDIl, pSBDIl, pSBDI and pSBDIISBDI, respectively.
These plasmids encode the catalyti€) + linker (L)

Nucleotide sequence was determined by the dideoxy-chaindomains+ SBDIl + SBDI, C+ L + SBDII, C + L, C,
termination method with a Shimadzu DSQ 1000 sequencerL, L + SBDII + SBDI, L + SBDII, SBDII, SBDI and
(Shimadzu). The DNA and deduced amino acid sequencesSBDIl + SBDI with a GST Fig. 1), respectively. The

were analyzed using the sequence analysis program GENE<correct insertions of these genes were verified by DNA
TYX (Software Development Co., Tokyo, Japan). Data base sequencing for both strands. To express the GST fusion
searches were performed using the program BLAST via the protein, these chimeric plasmids were transformed into
NCBI site. E. coli DH5a. The production and purification of GST
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Table 1
Specific activities of GST fusion proteins for three kinds of substrates
Fusion proteins Molecular mass Specific activities for:

PNPE (U/mg) dP(3HBY (U/mg) eP(3HBY (U/mg)
Wild-type (CLSBDIISBDI) 58207 8.2+ 0.8 16.7+ 1.0 0.03+ 0.01
GST-C 61316 12t 01 0.60+ 0.1 0.11+ 0.01
GST-CL 70638 4.4 04 24+ 0.2 0.18+ 0.01
GST-CLSBDII 77221 4.9+ 0.4 5.0+ 0.5 0.24+ 0.01
GST-CLSBDIISBDI 84553 3.8 04 10.6+ 1.0 0.14+ 0.01
GST 27897 0.0 0.0 0.0

All assays were performed in triplicate.
2The molecular masses were calculated on the basis of amino acid sequences.
b PNPB, p-nitrophenylbutyrate.
¢dP(3HB), denatured poly(3-hydroxybutyrate).
deP(3HB), poly(3-hydroxybutyrate) emulsified by Plysurf.

fusion proteins were performed as described previously 2.8. Nucleotide sequence accession number
[12].

The DDBJ accession no. f@hazysp is ABO79799.
2.6. Binding assay

dP(3HB) and eP(3HB) were used as the adsorbent.3. Results
Four hundred micrograms of polymer substrates were sus-
pended in 1.0ml of 50mM Tris—HCI buffer at pH 7.5 3.1. Cloning of the phag,, gene from Marinobacter sp.
and pre-incubated at 3T for 5min. After preincubation,
10ng of fusion protein was added. The reaction mixture  Southern blots of genomic DNA ofMarinobacter
was incubated at 37 for 10 min and then centrifuged ina sp. digested with various restriction enzymes were hy-
TOMY rotor at 10,000« g for 1 min. The amount of protein  bridized with the DIG-labeled PCR product. An 8.0 kbp
in the supernatant was determined by the Bradford methodEcoR—-EcoR fragment was hybridized to the probe. The
[18] or BCA method[19], using bovine serum albumin fragment was ligated into the ZAP Express vector, and a
as the standard. The amount of enzyme bound to polymergenomic sublibrary was constructed E coli XL1-Blue
granules was calculated from the values of soluble and MRF. The positive recombinant clones were screened from
added enzyme. The adsorption of GST-SBDI, GST-SBDII, the genomic sublibrary by plague hybridization with the
and GST-SBDISBDII on the surface of dP(3HB) at°& same probe. The positive recombinant clones were changed
could be expressed by the Langmuir adsorption equationinto pBK-CMV plasmids byin vivo excision. Endonuclease
as described previousl{14,20] Based on the equation, mapping analysis revealed that all positive clones had the
the adsorption equilibrium constanK)( which indicate same 8.0 kbjfzcoR—EcoR fragment. Recombinant plasmid
the binding affinity between the protein and substrate, was pPSSMSP containing a 2.9 kiffma-Sma fragment, which
determined. All assays were performed in triplicate. Exper- is a derivative of the 8.0 kbfgcoR—EcoR fragment con-
imental data with errors that represent the range of resultsferred the clear zone formation ability on the recombinant

obtained were shown ifiable 2 strains. However, the deletion derivatives of pSSMSP did
not give the recombinant strains clear zone formation ability.
2.7. Enzyme assay As a result, the insertion sequence of pSSMSP contained a

full-length phaZy sp structural gene. Therefore, sequencing

The activities of P(3HB) depolymerase on dP(3HB) and analysis was performed for th®ma-Sma fragment. In
eP(3HB) were assayed by measuring a decrease in turbidityaddition, the gene products were confirmed using Western
at 650 nm and 37C. One unit of the enzyme was defined as blotting. These results suggest thaiphazysp promoter
the amount of enzyme required to decrease the valdgdof was located within the insert and that tpbazysp gene
by 1 per minute. The activity of P(3HB) depolymerase on product performed functional expression and secretion of
p-nitrophenyl butyrate (PNPB) was assayed by measuring P(3HB) depolymerase i&. coli.
the increase in absorption at 400 nm ancd@70ne unit of
the enzyme was defined as the amount of enzyme required3.2. Nucleotide sequence of the phgZ gene
to increase the value df4op by 1 per minute. All assays
were performed in triplicate. Experimental data with errors  The ORF of phazysp consists of 1737 bp encoding a
that represent the range of results obtained were shown inprotein of 578 amino acids with a predicted molecular
Table 1 mass of 61,757Da. The deduced amino acid sequence
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Fig. 2. Nucleotide sequence of tihaZysp gene and deduced amino acid sequence of the gene product. A putative ribosome-binding (Shine-Dalgarno
[S/D]) site and the—35 and—10 regions of a possible promoter sequence is boxed. Amino acid sequences confirmed by Edman degradation are broken
underlined. A putative signal peptide is hatched boxed, a putative catalytic domain is closed boxed, a putative linker domain is open boxeyeand putat
SBDs are shaded.

of Phazy,, showed a significant homology with those Marinobactersp., suggesting that 32 amino acid polypep-

of Phazp, (65.9%) [11] and Pseudomonasp. GM101 tide is a signal peptide.

Phazy, (65.7%, accession no. AF293347). The ORFX

was located at 202 bp upstream of the translational start 0f3.3. Domain structure of Phag,

phazysp. The deduced amino acid sequence encoded by the

ORFX showed significant sequence homology with those Computer analysis revealed that the deduced protein con-

of B. subtilisketoacyl reductase (accession no._B#F0259) tains four discrete domains: that is, catalytic, linker and two

andHaemophilus influenza@-ketoacyl-acyl carrier protein  substrate-binding domain (SBDFi¢). 2. The amino acid

reductase (fabG) (NR38325). sequence of the catalytic domain (CD) showed sequence
The N-terminal amino acid sequences determined for homology with those oP. stutzeriPhaz,, (level of iden-

the mature P(3HB) depolymerase (Phag) secreted by tity, 71.9%)[11], Pseudomonasp. Phaz,, (71.7%, acces-

Marinobactersp. (GQTDSYTLPQQAYNQSRARDYKVY- sion no. AAG00611)Streptomyces hygroscopicB$3HB)

VPDDLT) and its proteolytic fragments (DPVACQDX- depolymerase (34.9%]21] and P. lemoignei PhaZ%,,

NASNLSHSMAGRXY) in our previous studjl6] existed (26.5%) [10]. The CD contained conserved amino acids

in the deduced amino acid sequené&ggy( 2). In addition, of the catalytic triad Seg7, Asprzs and Higgs together

amino acid residues 33-63 of the deduced gene productwith the surrounding conserved sequences, which func-

were identical to the N-terminal amino acid sequence de- tions as an active center in many known serine hydrolases

termined for the mature P(3HB) depolymerase secreted by[9,22]. The Sefs; was also one of the amino acid residues
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comprising a lipase box-like sequence (GxSxG). Together
with the previous results of an inhibition teft6], these
suggest that Phag, belongs to a serine hydrolase class.
The amino acid sequence of linker domain (LD) exhib-
ited significant homology with cadherin-like type linker,
which was observed in the linker region of some P(3HB)
depolymerases or chitinases, such as those of Phaz
(67.5%), the reiterated region wfbrio harveyiChitinase A
(48.2, 40.0%)[23] and Clostridium paraputrificumChiti-
nase B (43.0, 33.7%)24]. At the C-terminal region of

the deduced protein, two SBDs existed. These regions sepgst

ological Macromolecules 33 (2003) 221-226 225

Table 2
Binding specificities of fusion proteins

Fusion proteins Molecular  Amount of protein bound fo
mass dP(3HBF (wg)  eP(3HBY
(r9)
GST-L 35650 0.0 0.0
GST-LSBDII 42233 141+ 0.1 0.0
GST-LSBDIISBDI 49565 1.46+ 0.1 0.0
GST-SBDII 34011 1.45+ 0.1 0.0
GST-SBDI 33574 1.86t 0.1 0.0
GST-SBDIISBDI 41344 1.7Gt 0.1 0.0
27897 0.0 0.0

arated by a spacing of 20 amino acids were designated
to SBDI (amino acids 529-578) and SBDII (amino acids

n.d.: not determined. All assays were performed in triplicate.
2The molecular masses were calculated on the basis of amino acid

450-508), respectively. These SBDs had the conservedsequences.

motif sequence observed in all SBDs: that is, sxXxHxxA-
GRa.

3.4. Functional analyses of PhgZ,

Ten kinds of Phag;, derivatives were constructed as
GST fusion proteins to investigate the relation between do-
main structure and functior{g. 1). Molecular masses of
the fusion proteins purified frof. coliwere consistent with

b10pg of fusion proteins were used in each assay.
¢dP(3HB), denatured P(3HB).
deP(3HB), P(3HB) emulsified by Plysurf.

4. Discussion

This paper describes the cloning and expression of
Phazy,, and the functional analysis of the domain us-

those calculated based on the amino acid sequences (datang GST fusion proteins. The P(3HB) depolymerase gene

not shown).

Table 1 lists the specific activities of those fusion
proteins for three types of substrates, together with the
calculated molecular mass of wild-type and fusion pro-
teins. Four proteins containing the CD, except for GST-C,
exhibited substrate specificities similar to one another
for PNPB, which is a water-soluble substrate. This sug-

(phazy sp) encoded a polypeptide (Phgd,) composed of
578 amino acids. Phag, adopted three functional do-
mains structure Kig. 2. The N-terminal 32 amino acid
residues showed typical characteristics of signal peptides,
which are composed of a positively charged region
R11), a hydrophobic region {b to P>g) and a signal se-
guence cleavage site §4H31A32]). The N-terminal amino

gests that the water-soluble substrate was degraded onlyacid sequence of the cloned enzyme was identical to that of

by the function of the CD, independent of the pres-
ence of the SBDs. However, GST-C lacking LD showed
lower activity for PNPB compared to the other proteins.
On the other hand, three enzymes with all domains of
CD, LD and SBD hydrolyzed dP(3HB) 2—7 times faster
than GST-CL with the CD lacking SBD. Furthermore,
GST-C had a four times lower activity for dP(3HB)
than GST-CL. Five proteins with the CD showed sub-
strate specificities similar to one another for eP(3HB),
which is an amorphous and water-insoluble substrate, in-
dependent of the presence of the SBD, indicating that
eP(3HB) was hydrolyzed only by the function of the
CD.

Table 2lists the binding specificity of six fusion proteins
and GST against dP(3HB) and eP(3HB). Five GST fusion
proteins containing SBD were bound to dP(3HB) with the
crystalline part. However, the proteins without SBD, that is,
GST and GST-L, showed no binding activities to dP(3HB).
All proteins used in this study were not bound to eP(3HB),
which is amorphous fluid.

Kinetic analysis revealed that the adsorption equi-
librium constant K) of GST-SDBI, GST-SBDIl and
GST-SBDIISBDI to dP(3HB) were determined agd 0.1,
0.28+ 0.1 and 057 + 0.1 ml/p.g, respectively.

the mature enzyme produced Marinobactersp., indicat-
ing that the signal peptide functions i coli.

At the C terminus of Phayg;, there are two SBDs that
show sequence homology to other bacterial SBDs. A bind-
ing test revealed that the binding affinitiek (= 0.37 +
0.09 mijng) to dP(3HB) of two SBDs are much smaller
than those (D £ 0.1 ml/.g) [14] of other P(3HB) depoly-
merases that have only one SBD. On the other hand{the
values of SBDs of Phag,, are similar to those of SBDs
of PhaZp,; which has two SBD$11]. Thus, Phag,, has
two SBDs to compensate for the weak binding affinity of
each SBD.

Previous studies have shown that several bacterial SBDs
were specifically bound to solid polyester granules such
as P(3HB), P(3HP), and PLM.1,14] These results imply
that there are some specific interactions between conserved
amino acid residues in the SBD and common chemical struc-
ture existed in the polyester, such as carbonyl grid4j.

On the other hand, whole molecule of PigZshowed little
binding activity for amorphous P(3HB), suggesting that the
SBD may need the rigidity for adsorbent in addition to the
distinctively chemical structure in the polyest¢2§,26] In
this study, to make clear the contribution of PlgZ SBDs
in the enzymatic hydrolysis of P(3HB), the binding and hy-
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drolysis tests using several fusion proteins and two types fusion proteins, the functions of each domain were investi-
of P(3HB) substrates with different states, that is, dP(3HB) gated. It was found that the SBDs need the rigid part to bind
and eP(3HB) were performed. As a result, both SBDI and to the substrate, while it does not recognize an eP(3HB) that
SBDII of Phazy;, did not recognize eP(3HB) but dP(3HB) s a fluid substrate as adsorbent. It was concluded that SBDs
as adsorbentTable 2, although the chemical structure of contribute to an enhancement of the hydrolysis of the solid
eP(3HB) is identical to that of dP(3HB). This appears to be substrate by the CD. In addition, the cadherine-type LD of
caused by the difference in the state of substrates. Accord-Phazy,, may be engaged in the maintaining the catalyti-
ingly, it is assumed that the rigid part in the adsorbent is cally active conformation of the CD.
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