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Abstract. A polyhydroxyoalkanoate depolymerase was partially purified from 

Esherichia coli cells harboring the PHA depolymerase gene (phaZ) of 

Pseudomonas oleovorans. The partially purified enzyme was characterized. The 

poly(3-hydroxyoctanoate)-hydrolytic activity of PhaZ was determined by an 

analysis of the reaction product with gas-liquid chromatography. The full enzyme 

activity of PhaZ required 0.05 to 0.2 ionic strength. The optimal pH for 

poly(3-hydroxyoctanoate)- degrading activity was around 10-11. The activity was 

inhibited by various surfactants including Triton X-100 and Tween 20, but not by 

diisopropyl fluorophosphate or phenylmethylsulfonyl fluoride.  The main product 

of the enzymic degradation of poly(3-hydroxyoctanoate) was 3-hydroxyoctanoic 

acid. An immunological analysis of PhaZ in P. oleovorans grown in various media 

revealed PhaZ to be constitutionally expressed under the conditions examined. 

 

Keywords: polyhydroxyalkanoate (PHA), protein expression, Pseudomonas 
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Introduction 

 

  Polyhydroxyalkanoates (PHAs), bacterial polyesters, are a group of storage 

materials used as sources of carbon and energy (Anderson and Dawes, 1990). One 

of the most abundant PHAs is poly(3-hydroxybutyrate) (PHB), a homopolymer of 

D-(−)-3-hydroxybutyrate. Other types of PHAs with longer side chains of 6-14 
carbons (medium-chain-length PHAs, mcl-PHAs) are found in pseudomonads and 

related gram-negative bacteria (de Smet et al., 1983, Timm and Steinbüchel, 1990, 

Matsusaki et al., 1998). Mcl-PHA production is considered a general and almost 

exclusive feature of pseudomonads belonging to rRNA-DNA homology group I 

(Huisman et al., 1989, Timm and Steinbüchel, 1994) 

  The most attractive feature of PHAs is their biodegradation to CO2 and H2O. 

PHA-degrading bacteria (aerobic and anaerobic) and fungi are widely distributed 

and have been isolated from various ecosystems, such as soil, activated sludge, lake 

water, sea water, estuarine sediment, and anaerobic sewage sludge (Schirmer et al., 

1993). PHA depolymerases (PhaZs) are classified into extracellular and 

intracellular types. More than 20 genes have been identified for extracellular PHA 

depolymerases (Jendrossek and Handrick, 2002), however, the intracellular 

mobilization of PHA is not well understood (Saito and Kobayashi, 2002, Uchino et 

al., 2007).  

  Pseudomonas oleovorans produce mainly poly(3-hydroxyoctanoate) (PHO) when 

grown on n-octane or octanoate as a source of carbon and energy (Madison and 

Huisman, 1999). The PHA biosynthetic genes in P. oleovorans were cloned by 

Huisman et al. (1991) who revealed the presence of two PHA polymerase genes 

(phaC1 and phaC2) and one PhaZ gene between the two polymerase genes. The 

function of PhaZ was verified by complementation with phaZ in a mutant. The 

degradation of PHO in isolated PHO inclusion bodies produced by P. oleovorans 

was observed when the cells were incubated in an alkaline buffer and the 

degradation was inhibited by the presence of Triton X-100 or phenylmethylsulfonyl 

fluoride (PMSF) (Foster et al., 1994). Efforts to detect and isolate PhaZ from PHO 

inclusion bodies revealed a protein of 32 kDa with PHO depolymerase activity  
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(Stuart et al., 1996). However, the biochemical properties of PhaZ from P. 

oleovorans are unclear, though de Eugenio et al. (2006) have reported the 

biochemical properties of the product of phaZ in Pseudomonas putida KT2442. 

  In this study, we partially purified PhaZ from Esherichia coli harboring the phaZ 

of P. oleovorans, examined its biochemical properties, and compared the results 

with those for PhaZ purified from P. putida KT2442. 

   

Methods and Materials 

 

Bacterial strains, plasmids, and culture 

  The bacterial strains and plasmids used in this study are listed in Table 1. All E. 

coli strains were grown in Luria-Bertani (LB) medium or LB agar plates containing 

1.5% (v/w) agar and appropriate antibiotics at the following concentrations: 

ampicillin (50 µg/ml), chloramphenicol (34 µg/ml), and tetracycline (10 µg/ml).  E. 

coli BLR(DE3)pLysS was used as the host for the recombinant plasmid carrying 

phaZ. P. oleovorans was grown in nutrient broth (NB) medium at 30°C except 

when various carbon sources were used for its growth, in which case a synthetic 

medium (E medium) (Brandl et al., 1988) was employed.  

 

Construction of an expression vector harboring phaZ and purification of PhaZ 

from E. coli 

  Standard DNA techniques were used (Sambrook and Russel, 2001). The 

nucleotide sequence of phaZ of P. oleovorans determined by Huisman et al. (1991) 

was used to synthesize a pair of primers for PCR to clone phaZ: forward primer 

(5’-TTTTTTTTTTCATAGCCGCAACCCTACATC-3’) and reverse primer 

(5’-TTTTTTTTTCTCGAGTTACCCGCCCGAAGC-3’) (for PhaZ) or 

(5’-TTTTTTTCTCGAGCCCGAAGCCG-3’) (for histidine-tagged PhaZ).  The 

PCR product was inserted into the corresponding sites of pET23b. The resulting 

plasmids were designated pET-phaZ and pET-phaZhis, respectively. 

  BLR(DE3)pLysS was transformed with each of the newly constructed plasmids. 

The transformed cells were grown in LB medium in the presence of ampicillin, 

chloramphenicol, and tetracycline at 37°C.  Gene expression was induced by the  
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addition of isopropyl-β-D-thiogalactoside (IPTG) at a final concentration of 0.5 

mM. All subsequent procedures were carried out at 4°C or below.  
  Active PhaZ was prepared from the E. coli harboring pET-phaZ as follows. 

Bacterial cells were harvested by centrifugation and the cells (4 g, wet weight) were 

suspended in 80 ml of 20 mM Tris-HCl (pH 9.0) containing 5% (v/v) glycerol 

(buffer A). The cells were sonicated and centrifuged. The supernatant was added 

(NH4)2SO4 (final concentration, 26 g/l), and applied to a phenyl-Toyopearl (Tosoh, 

Tokyo, Japan) column (2.5 x 5 cm) equilibrated with buffer A containing 

(NH4)2SO4 (26 g/l). The enzyme was eluted with buffer A. The eluted fractions 

with high specific activity were pooled and stored at 4°C. 
  An inactivated but pure PhaZ for raising an antibody was prepared as follows. The 

crude extract derived from BLR(DE3)pLysS harboring pET-phaZhis was denatured 

with 6 M guanidine hydrochloride at 37°C for 1 h. The denatured sample was 

applied to a Ni-chelating column (1 ml, GE Healthcare, Piscataway, USA) 

equilibrated with 20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M NaCl 

and 6 M guanidine hydrochloride (buffer B). The column was washed with buffer B 

until the OD280 nm was zero. Histidine-tagged PhaZ was eluted with buffer B 

containing 500 mM imidazole.  

 

Preparation of the PHO suspension 

  PHO was prepared as described previously (Fuller et al., 1992). To produce the 

PHO suspension, PHO dissolved in acetone was added to ice-cold water gradually 

with stirring. The acetone in the suspension was removed with a rotary evaporator. 

 

Assay of PhaZ activity  

   [Gas-liquid chromatography] PhaZ activity was assayed by measuring the 

amount of solubilized product obtained from PHO in the reaction mixture with a 

gas chromatograph (Brandl et al., 1988). The reaction mixture (1 ml) contained 100 

mM NaCl, 0.8 mg of the PHO suspension, 50 mM Tris-HCl (pH 9.0), and enzyme. 

The reaction was performed at 30°C for 15 min and insoluble PHO was removed by 
centrifugation (15,000 x g, 60 min). Five hundred microliters of the supernatant 

fraction was transferred to a screw-capped test tube (10 x 1.5 cm) and lyophilized.  
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The lyophilized samples were methylated with H2SO4-methanol (acid-catalyzed 

methanolysis) and the resulting methyl esters were analyzed with a gas 

chromatograph, GC-14A (Shimadzu, Tokyo, Japan), equipped with a capillary 

column coated with 5% phenylmethylpolysiloxan (30 m × 0.25 mm; J & W 

Scientific) using helium (6 kg/cm2 ) as a carrier gas. The temperatures of the 

injector and detector were 230 and 275°C, respectively. The following temperature 

program was used: 60°C for 1 min; temperature ramp of 10°C per 10 min; 250°C 

for 5 min. One unit of PhaZ activity was defined as that solubilizing 1 μg of PHO 

per min at 30°C. 
  [pH-stat] PhaZ activity was assayed by determining of the rate of consumption of 

NaOH necessary to maintain pH of 9.0 using a pH-stat apparatus (AUT-501, TOA 

Electronics Ltd., Tokyo, Japan). The reaction mixture (25 ml) contained 100 mM 

NaCl, 20 mg of PHO, and enzyme. The reaction temperature was 30°C and 20 mM 

NaOH was used for titration. The reaction vessel was enveloped in N2 gas to repress 

acidification of the reaction mixture by solublization of CO2 in the air. NaOH 

consumption was recorded for 10 min before enzyme was added to confirm that no 

endogenous NaOH consumption occurred and then the increase in NaOH 

consumption was measured every 5 min for 120 min after the addition of enzyme. 

  [Turbidity] The reaction mixture (1 ml) contained 50 mM Tris-HCl (pH 9.0), 100 

mM NaCl and the PHO suspension (final turbidity of mixture was about 1 OD at 

660 nm). After addition of enzyme, the decrease in OD at 660 nm was followed. 

[Esterase activity] Para-nitorophenylalkanoate (PNPA) esterase activity in PhaZ 

was assayed photometrically. The reaction mixture (1 ml) contained 10 µl of 5 mM 

PNPAs in dimethyl sulfoxide, 20 mM Tris-HCl (pH 9.0) and enzyme. One unit of 

PNPA esterase activity was defined as the hydrolysis of 1 µmol of PNPA per min at 

30°C. The extinction coefficient, ε, for the p-nitrophenylate ion at pH 9 was 

assumed to be 16.8 mM-1 cm-1.  

 

Immunological methods 

  One milliliter of purified PhaZ (1 mg/ml) and 1 ml of Freund’s complete adjuvant 

(Wako Pure Chemical Industries, Osaka, Japan) were mixed well and injected into a 

rabbit hypodermically. Two weeks later, an additional 0.5 mg of antigen was  
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injected as a booster. One week after the second injection, blood was taken. The 

blood was centrifuged after incubation at room temperature for 1 h. The supernatant 

was used as the antiserum against PhaZ. 

Immunoblot analysis (Western analysis) was performed according to the method 

described by Towbin et al. (1979).  The immunocomplex was visualized using nitro 

blue tetrazolium (SIGMA-ALDRICH, MO, USA) and 

5-bromo-4-chloro-3-indolyl-phosphate. 

 

Other analytical methods  

  Protein concentrations were measured by the method of Lowry et al. (1951) using 

bovine serum albumin as a standard. Proteins were separated by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1971). Gels 

were stained with Coomassie brilliant blue R-250.  

 

Chemicals 

  P-nitorophenyl (PNP)-acetate and PNP-butyrate were from NAKALAI TESQUE 

(Kyoto, Japan). PNP-octanoate was from Lancaster Synthesis Ltd. (Lancaster, 

U.K.). The other chemicals were from Wako Pure Chemical Industries (Osaka, 

Japan), unless otherwise indicated. 

 

 

Results  

Cloning and overexpression of the phaZ from P. oleovorans 

  To purify PhaZ, a histidine-tagged form was cloned and expressed in E. coli 

BLR(DE3)pLysS harboring pET-phaZhis. When the sonication buffer containing 

300 mM NaCl was used according to the manufacturer’s instruction, most of 

expressed PhaZ-His6 was found in the precipitate (Figure 1C, lane 2). When NaCl 

was omitted from the sonication buffer, a considerable amount of PhaZ-His6 was 

found in the supernatant (Figure 1C, lane 3). Therefore, E. coli BLR(DE3)pLysS 

harboring pET-phaZhis was disrupted in the sonication buffer without salt. Since 

PhaZ tagged with histidines at the C- or N-terminus was not retained by the Ni- or 

Co-chelating column (data not shown), it was purified from crude extract denatured  
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with 6 M guanidine hydrochloride (Figure 1A, lane 3). The purified PhaZ having 6 

His residues at the C-terminus was stained with the anti-PhaZ serum (Figure 1B, 

lane 3) and had a molecular mass of 33 kDa which was consistent with that of PhaZ 

deduced from its amino acid sequence (31.4 kDa plus the mass of 6 histidine 

residues). The N-terminal amino acid sequence was determined as N-PQPYI, 

which corresponded to the N-terminus deduced by nucleotide sequencing except 

for the 1st methionine. The purified PhaZ was inactive and used for raising an 

antiserum. 

 In the crude extract of E. coli BLR(DE3)pLysS harboring pET-phaZ, a protein 

band corresponding to ~30 kDa was overexpressed and this protein was stained by 

the PhaZ antiserum (Figure 1A, lane 2 and 1B, lane 2). No protein of about 30 kDa 

from E. coli BLR(DE3)pLysS harboring pET23b was stained by the antiserum 

(Figure 1B, lane 1). These results indicated that the protein of about 30 kDa 

overexpressed by E. coli BLR(DE3)pLysS harboring pET-phaZ was PhaZ.  

 

Assay of PhaZ activity 

Three methods of assaying PhaZ activity, using turbidity, pH-stat, and gas-liquid 

chromatography were compared (Figure 2). The photometrical method is based on 

a decrease of turbidity in the PHO suspension due to hydrolysis of PHO (Figure 

2A). It is a simple procedure, but the turbidity of the PHO suspension was not stable. 

PhaZ required an ionic strength of at least 0.05 for full activity as described later, 

but the turbidity at 660 nm of PHO in the assay mixture increased about 2 fold 

within 5 min in the presence of salt (Figure 2A) and the increase was dependent on 

the concentration of salt (data not shown).  

  The pH-stat method is based on measurements of the amount of acid released from 

PHO during hydrolysis. Although reliable, it required large amounts of enzyme and 

substrate and involved a lag in time (Figure 2B).  

  Gas-liquid chromatography method (Figure 2C) detected water-soluble products 

obtained from PHO by enzymatic hydrolysis. Although the products had to be 

methylated before the analysis, the method had relatively high sensitivity and 

needed small amounts of enzyme and substrate like the turbidity method. Therefore, 

gas-liquid chromatography method was adopted for the assay of PhaZ activity. 
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Purification of active PhaZ from E. coli harboring pET-phaZ  

  The active PhaZ was purified from the recombinant E. coli harboring pET-phaZ 

using phenyl-Toyopearl. PhaZ activity was eluted by a low ionic strength buffer in 

one peak from the hydrophobic adsorbent column. Figure 3 indicates patterns of 

SDS-PAGE for each fraction. The protein band of PhaZ at about 30 kDa was found 

in the crude extract (Figure 3A, lane 1), but not detected in the flow-through 

fraction (Figure 3A, lane 2). The eluted fraction from phenyl-Toyopearl revealed a 

main band with some minor bands (Figure 3A, lane 3). The purified protein was 

stained with the antiserum against PhaZ (Figure 3B, lane 3). PNP-octanoate 

esterase activity was found both in the flow-through fraction and the eluted fraction. 

Table 2 summarizes the purification. The purified preparation seemed to contain 

some impurities. Unfortunately, further purification did not succeed, because PhaZ 

so strongly bound to DEAE-Toyopearl (anion exchanger), CM-Toyopearl (cation 

exchanger), butyl-Toyopearl (hydrophobic interaction) and hydroxylapatite 

columns that the activity could not be eluted in under any conditions tried. 

Although ammonium sulfate was efficient of precipitating phaZ and removing 

other proteins, the resolved protein had no PhaZ activity (data not shown). The 

discrepancy in yields of PNP-octanoate esterase and PHA depolymerase activity is 

due to the presence of unspecific esterase activity in E. coli. The enzymic properties 

of the partially purified PhaZ were examined as follows. 

 

Substrate specificity of PhaZ 

  The substrate specificity of PhaZ was examined (Table 3). PhaZ hydrolyzed PHO 

and poly(3-hydroxyheptanoate) (PHHp) at a similar rate and 

poly(3-hydroxyhexanoate-co-octanoate) (HHx; 75%, HO, 25%) at one tenth of the 

rate obtained for PHO. The native PHO granules (inclusions) were hydrolyzed 

slightly by the enzyme. Artificial amorphous PHB did not act as a substrate for 

PhaZ. PhaZ exhibited esterase activity and hydrolyzed PNP-esters (from acetate to 

octanoate) at a similar rate. These esterase activities may be due to impurities in the 

purified preparation. However, the PNP-octanoate esterase activity is probably 

intrinsic to PhaZ in P. oleovorans as shown later (Figure 5). 
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Effect of ionic strength on enzymatic activity 

  Figure 4A indicates that PhaZ required an ionic strength of more than ~0.05 for 

full activity. The activity was slightly inhibited at an ionic strength higher than 0.5. 

The effect of salt seemed not to depend on ionic species, because a similar effect 

was observed with both NaCl and MgCl2. The PNP-octanoate esterase activity in 

PhaZ, however, was not influenced by ionic strength (Figure 4B). Therefore NaCl 

was added to the standard assay mixture at 0.1 M (see Methods and Materials).  

 

Optimal pH 

PhaZ exhibited activity in the alkaline range (pH 8-11), and decomposed PHO 

slightly at a pH of less than 7. Because PHO was not chemically decomposed at any 

pH tested (pH 6-11), the activity under alkaline conditions was due to PhaZ. 

Optimal activity was assumed to occur at pH 10-11. Due to the instability of PhaZ 

at high pH, a Tris-HCl buffer of pH 9.0 was used in the assay system.    

 

Effect of various reagents on enzymatic activity 

  The effect of various reagents on the enzymatic activity was determined (Table 4). 

PhaZ was strongly inhibited by ionic or non-ionic surfactants (SDS, Triton X-100, 

and Tween 20). Notably, 0.01% SDS completely inhibited the activity. PMSF and 

diisopropyl fluorophosphates (DFP), inhibitors of hydrolases containing a serine 

residue at the active site, did not inhibit the enzyme. Dithiothreitol (DTT), a 

reducing agent, which inhibits most extracellular PHB depolymerases (Saito et al., 

1989), did not inhibit the enzyme either. Two organic solvents, isopropanol and 

propanol inhibited the activity considerably; 1 and 5 mM octanoate caused 55 and 

92% inhibition, respectively, probably through coagulation of the protein.        

 

Effect of temperature on enzymatic activity 

PhaZ was active over a wide range of temperature (10-60°C), and its activity 

reached a maximum at 50-60°C. As for thermal stability, the PHO-hydrolyzing as 

well as PNP-octanoate esterase activity was stable at less than 30°C, decreased 

rapidly at more than 30°C, and was lost completely at 60°C (Figure 5). However, 

PNP-butyrate, PNP-propionate, and PNP-acetate esterase activities in the final  
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enzyme preparation were relatively stable till 60°C. 

   The optimal temperature for enzymatic activity was 50-60°C, but at these 

temperatures PhaZ was not stable. Therefore, PhaZ was assayed at 30°C.   

 

Products of the enzymatic degradation of PHO  

  The product of PHO’s degradation by PhaZ was methylated with H2SO4-methanol 

or diazomethane and analyzed by gas-liquid chromatography. Figure 6 shows a 

chromatogram of the methylated products obtained by acid-catalyzed methanolysis 

(A) and by diazomethane treatment (B). The peak at 11 min (peak 2) was derived 

from a 3-hydroxyoctanoate monomer (methyl 3-hydroxyoctanoate). The minor 

peaks with retention times of more than 11 min could not be identified, however, 

they were not derived from 3HO-oligomers, because, in a similar analysis of 

3-hydroxybutyrate (3HB), the retention time of the 3HB-dimer methylester was 

about 3 times longer than that of the 3HB-monomer. Since no peak was observed 

till the retention time of 60 min in (B) (data not shown), it was concluded that the 

major product of PHO’s degradation was the 3HO-monomer. 

 

Effect of culture conditions on accumulation of PHA, growth, and expression of 

phaZ 

  To examine how expression of phaZ in regulated, P. oleovorans was grown in 

minimum salt medium containing various sources of carbon. P. oleovorans cells 

grew in E medium containing fatty acids (propionate, hexanoate, heptanoate, 

octanoate, or olive oil), aldonic acid (glucose), or NB as a sole carbon source. 

Figure 7A indicates the bacterial growth in E medium containing octanoate, the 

accumulation of PHO and the decrease of octanoate in the culture. PHA 

accumulated with the growth of the bacteria whereas the amount of octanoate in the 

culture supernatant decreased. The amount of PHO reached a maximum in 50 h and 

decreased subsequently to on seventh of the maximum in 150 h. The level of PhaZ 

in whole cells analyzed immunologically indicated that PhaZ was expressed during 

the cell growth (Figure 7B). On the other hand, P. oleovorans did not grow in E 

medium containing an aliphatic dicarboxylic acid (adipic acid) or disaccharide 

(sucrose). P. oleovorans grew in the presence of long-chain fatty acids such as  
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hexanoate and heptanoate, and accumulated PHA. No PHA accumulated when a 

short chain fatty acid (propionate) or other source of carbon (gluconate, NB) was 

used. A Western blot analysis of whole cell extracts indicated that phaZ was 

constitutively expressed in P. oleovorans grown with any carbon source used (data 

not shown). 

 

Discussion 

  This is the second biochemical characterization of a PhaZ in pseudomonads, after 

the enzyme from Pseudomonas putida KT2442 (de Eugenio et al., 2006). Since the 

similarity of these two enzymes is very high (96% identity in amino acid sequence), 

they must have similar properties. Our PhaZ was purified from E. coli expressing 

the phaZ gene from P. oleovorans. We first tried to purify the histidine-tagged PhaZ 

by an affinity column, but failed. Therefore, purification of the native PhaZ from E. 

coli harboring pET-phaZ was attempted. This proved difficult and only 

chromatography with phenyl-Toyopearl worked well. PhaZ was partially purified 

but further purification failed. PhaZ in P. putida was purified from E. coli 

expressing histidine-tagged PhaZ with a Nickel-column (de Eugenio et al., 2006). 

NaCl (300 mM) was added to the cell lysis buffer, and probably made PhaZ 

insoluble, judged by our results (Figure 1C). Therefore only a small amount of the 

purified enzyme was obtained, although the yield was not mentioned in the report. 

  de Eugenio et al. (2006) needed a very sensitive assay to measure PhaZ activity in 

P. putida and quantified the radioactivity released from 14C-labeled PHO. In the 

present study, it was found that gas-liquid chromatography provided adequate 

sensitivity and reproducibility, if an appropriate amount of enzyme was used. 

Gas-liquid chromatography is much easier to conduct than the radioisotope assay 

method used by de Eugenio et al.     

 The purified PhaZ hydrolyzed PHO and PHHp but not PHB (Table 3). It also 

decomposed native PHO granules at low speed but de Eugenio reported that the 

PhaZ from P. putida decomposed native PHO granules as well as artificial PHA.  It 

is not easy to compare the absolute activity to artificial PHA, because enzyme 

activity toward artificial PHA is heavily dependent on the physical state of the 

polymer substrate. As for the hydrolysis of PHB, extra- and intracellular PHB  
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depolymerases are widely distributed in bacteria and the primary structure is 

completely different between PHB depolymerases and PHA depolymerases found 

in pseudomonads (Huisman et al., 1991). It is reasonable that PhaZ in P. oleovorans 

hydrolyzes only medium-chain-length PHAs. 

  The purified preparation contained PNP-acetate, propionate, and butyrate esterase 

activities besides PNP-octanoate esterase activity (Table 3).  These activities may 

be due to impurities in the preparation. However, the PNP-octanoate esterase 

activity is probably intrinsic to PhaZ in P. oleovorans, because it decreased in 

parallel with the PHO-hydrolyzing activity in PhaZ at high temperature and the 

other PNP-alkanoates esterase activities remained relatively stable (Figure 5). de 

Eugenio et al. (2006) reported that no PNP-alkanoate esterase activity was found in 

the PhaZ from P. putida. This apparent lack of activity may be due to too small an 

amount of enzyme used in the assay.  

  Some ionic strength was needed for full activity of PhaZ in PHO hydrolysis 

(Figure 4). The requirement of salt for PHO hydrolysis has also been reported for 

PhaZ in P. putida.  Since PNP-octanoate esterase activity was not affected by ionic 

strength (Figure 4), the activation of PHO hydrolysis is probably due to an increase 

of the hydrophobic affinity of PHO to the enzyme in the presence of salt.   

  Inhibition of polymer-degrading activity of PhaZ with various detergents is also 

widely recognized in PHB depolymerises (Saito and Kobayashi, 2002). Detergents 

probably interfere with the hydrophobic interaction between the substrate polymer 

and the enzyme. 

  PMSF or DFP did not inhibit the enzymatic activity (Table 4), although there is a 

typical lipase box sequence (GX1SX2G) in PhaZ.  PhaZ from P. putida was 

inhibited by 10 mM PMSF. Moreover, the auto-degradation of isolated PHO 

inclusion bodies in P. oleovorans was inhibited with PMSF (Foster et al. 1994). We 

do not know the reason for the ineffectiveness of PMSF or DFP against PhaZ in this 

study. 

  The constitutive expression of PhaZ was demonstrated by an immunological 

analysis (Figure 7). It is surprising that PhaZ is expressed even in cells producing 

no PHO. The physiological meaning of the constitutive expression of PhaZ in P. 

oleovorans is unknown. phaC1 in P. oleovorans was regulated by the carbon  
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source; phaC1 was expressed efficiently in the presence of octanoate while its 

expression was repressed by gluconate (Prieto et al., 1999). The expression of PhaZ 

and PhaC1 may be regulated differently.  
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Tables and Figures 

 

 

Table 1. Bacterial strains and plasmids  
Strain or plasmid Description Source or reference 

E. coli 
JM109   

 
BLR (DE3)/pLysS  

 
 
P. oleovorans  
 
Plasmids 
pET23b 
pET-phaZ 

 
pET-phaZhis 

 

 
recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 
(lac-proAB)/F’ [traD36 proAB+ lacIq  lacZΔM15]  
F- ompT hsdSB(rB

- mB
-) gal dcm Δ(srl-recA)306::Tn10 

(Tcr)(DE3)/pLysS (Cmr) 
 
Wild type                   
 
 
Expression vector; Ampｒ 

pET23b carrying amplified NdeI-XhoI fragment  
containing phaZ 
pET23b carrying amplified NdeI-XhoI fragment  
containing C-terminal His-Tagged phaZ 

 
      Takara 
 
      Novagen 
 
 
      ATCC 29347 
 
 
      Novagen 
      This study 
 
      This study 

Ampr, ampicillin resistant; Cmr, chloramphenicol resistant; Tcr, tetracycline resistant 
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Table 2. Purification of PhaZ from recombinant E. coli harboring pET-phaZ 

 
 

 

 

Table 3. Substrate specificity of PhaZ 

 
Substrate Activity (U) 

Artificial granules 
   aPHO (100%) 
   aP(HHx-co-HO) (HHx;75%, HO,25%) 
   aPHHp (100%) 

 
3.0 

         0.40 
2.6 

Native granule 
   b PHO (100%) 

 
0.15 

Artificial granule 
   b PHB (100%) 

 
d − 

PNP-alkanoate 
   cPNP-Acetate 
   cPNP-Propionate 
   cPNP-Butyrate 
   cPNP-Octanoate 

 
1.5×10-3 

1.6×10-3 
1.3×10-3 
1.6×10-3 

 
aTen micrograms of PhaZ was used.  
b The reaction was performed for 60 min with 200 µg of PhaZ. 
c Forty micrograms of PhaZ was used. 
dnot detectable. 

 

                            PNP-Octanoate esterase     PHA depolymerase 
                                           Specific     Total         Specific    Total  
   Fraction              Total protein         activity     activity        activity    activity 

                          (mg)             (U/mg)      (U)          (U/mg)      (U)  

Crude                 44               0.048       2.1             95       4200    

Phenyl-Toyopearl             3.4             0.10        0.34           470       1600 
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      Table 4. Effect of various inhibitors upon PhaZ 
Chemicals Concentrations Inhibition (%) 

   Triton X-100 
Tween 20 

 
SDS 

aDTT 
 

bPMSF 
 

  Isopropanol 
 

1-propanol 
 

cDFP 
 
 

Octanoate 
 

    0.1% (v/v) 
    0.1% (v/v) 

     0.05% (v/v) 
     0.01% (w/v) 

1 mM 
        10 mM 

1 mM 
        10 mM 
         1% (v/v) 
        10% (v/v) 
         1% (v/v) 
        10% (v/v) 

1 μM 
        10 μM 
       100 μM 

1 mM 
5 mM 

 40 
100 
100 
100 
  0 
  0 
  0 
  0 
 59 
100 
 59 
100 
  0 
  0 
  0 
 55 
 92 

 

 

 

Each inhibitor was added to the assay solution without substrate and the solution was 

preincubated for 15 min at room temperature. After 15 min of incubation, the substrate was 

added to the solution; the final concentration of inhibitor was 80% that of the preincubation 

solution. Ten micrograms of PhaZ (5.1 U ) was used.  

Dissolved in a,c 1-propanol, b isopropanol.  
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Figure 6. 
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Figure 7. 
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Legends for figures 

 

Figure 1. Cloning and overexpression of phaZ from P. oleovorans. A. SDS-PAGE: 

lane 1, E. coli BLR(DE3)pLysS harboring the pET23b supernatant (10 μg); lane 2, 

E. coli BLR(DE3)pLysS harboring the pET-phaZ supernatant (10 μg); lane 3, 

purified histidine-tagged PhaZ from E. coli BLR(DE3)pLysS harboring the 

pET-phaZhis (2 μg). B. Western blot analysis with PhaZ antiserum: lane 1, E. coli 

BLR(DE3)pLysS harboring the pET23b supernatant (2 μg); lane 2, E. coli 

BLR(DE3)pLysS harboring the pET2-phaZ supernatant (2 μg); lane 3, purified 

histidine-tagged PhaZ from E. coli BLR(DE3)pLysS harboring pET-phaZhis (1 μg). 

C. Effect of NaCl (300 mM) in the sonication buffer on the amount of 

Histidine-tagged PhaZ in the supernatant prepared from E. coli BLR(DE3)pLysS 

harboring pET23-phaZhis: lane 1, supernatant (NaCl was added); lane 2, 

precipitate (NaCl was added); lane 3, supernatant (NaCl was not added); lane 4, 

precipitate (NaCl was not added). Each lane contained 10 μg of protein. 

 

 

Figure 2. Assays of the PHA depolymerase activity of the crude extract of E. coli 

harboring pET-phaZ using various methods. A. photometric method (circle: 

reaction solution containing PhaZ. triangle: reaction solution without PhaZ.). B. 

pH-stat method. C. gas-liquid chromatography.  

 

 

Figure 3. Denaturing SDS-PAGE of various fractions from phenyl-Toyopearl 

chromatography. The separated proteins were stained by CBB (A) and the 

antiserum against PhaZ (B). (A): lane 1; crude extract (10 μg), lane 2; flow-through 

fraction (5 μg), lane 3; eluted fraction (5 μg). (B): lane 1; crude extract (2 μg), lane 

2; flow-through fraction (2 μg), lane 3; eluted fraction (2 μg). 

 

 

Figure 4. Ionic strength-dependence of the PHO depolymerase activity or  
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PNP-octanoate esterase activity of PhaZ. (A); Solubilized PHO was measured by a 

gas chromatograph at various ionic strengths. PhaZ (13 μg) was used. NaCl: open 

circle and MgCl2: closed circle. A 100% value indicates 3.8 U. (B); PNP-octanoate  

esterase activity was measured at various ionic strengths. PhaZ (80 μg) was used. A 

100% value indicates 37 mU. Each value is the average of three determinations. 

 

 

Figure 5. Effect of temperature on PHO depolymerase activity and esterase activity 

in the partially purified preparation. After the enzyme was treated at each 

temperature for 15 min, a standard assay was conducted were using 10 μg of PhaZ 

for depolymerase activity and 30 μg for esterase activity for various substrates. 

Symbols: solid triangle, PHO; solid circle, PNP-octanoate; open circle, 

PNP-propionate; solid square, PNP-butyrate; open square, PNP-acetate.  A 100% 

value for PHO depolymerase activity, PNP-octanoate esterase activity, 

PNP-propionate esterase activity, PNP-butyrate esterase activity and PNP-acetate 

esterase activity indicates 2.2 U, 5.8 mU, 3.0 mU, 4.7 mU, and 5.4 mU, 

respectively. 

 

 

Figure 6. Identificatrion of reaction products by gas-liquid chromatography. (A), 

chromatograph of the methylated product prepared by acid-catalyzed methanolysis. 

Peak 1, the internal standard methyl benzoate; Peak 2, methyl 3-hydroxyoctanoate. 

(B), chromatograph of the methylated product prepared by diazomethane. Peak 1, 

the internal standard, methyl benzoate; Peak 2, methyl 3-hydroxyoctanoate.  

 

 

Figure 7. Time course of changes in PHO and PhaZ levels in P. oleovorans grown 

on octanoate. (A), PHO content in P. oleovorans cultured in the presence of 30 mM 

sodium octanoate. Closed circle, PHO content [% (w/w), dry cell weight]; open 

circle, octanoate concentration in the culture supernatant (mM); solid triangle, cell 

concentration (OD660 nm). (B), Western blotting of PhaZ detected with antiserum 

against PhaZ. Each lane contained 25 μg of whole cell extract. 
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