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Abstract: A poly (3-hydroxybutyrate) (PHB) depolymerase was purified 4,400-fold from the supernatant 
fraction of Ralstonia eutropha cells through fractionation with ammonium sulfate and chromatography 
with Toyopearl DEAE, Q Sepharose, and Toyopearl Ether. The partially purified preparation showed a 
high level of specific activity to hydrolyze amorphous PHB, comparable to PhaZd from R. eutropha. The 
degradation was inhibited by diisopropylphosphate (10 mM) and dithiothreitol (100 mM). Most of the 
degradation products were 3-hydroxybutyrate oligomers.  The properties of the enzyme closely resembled 
those of PhaZd, but some differences were observed. This distinction from PhaZd was discussed. 
Keyword:  poly(3-hydroxybutyrate), PHB, enzyme purification, intracellular PHB depolymerase, 
Ralstonia eutropha H16 
 
 

Introduction 
Poly (3-hydroxybutyrate) (PHB), a homopolymer 
of R(-)-3-hydroxybutyrate (3HB), is a storage 
material produced by a variety of bacteria under 
certain conditions1).  Intracellular PHB, which is 
accumulated in an amorphous state, is degraded 
by several hydrolases for use as a source of 
carbon/energy2).  When PHB-accumulating bac- 
teria die, PHB released into the environment is 
hydrolyzed by microorganisms which secrete 
extracellular PHB depolymerases3).  In the past 
few decades, the potential use of PHB in 
biodegradable polymers/plastics has been studied 
extensively4).  As a result, the extracellular 
metabolism of PHB has been fully clarified in 
many bacteria such as Ralstonia pickettii T1 and 
Paucimonas lemoignei, and some fungi5).  
  The intracellular PHB mobilization system is 
not as well understood as the extracellular PHB 
degradation system.  Some intracellular PHB 
depolymerases have been reported6-11).  The in- 
tracellular PHB depolymerase system was first 
identified in Rhodospirillum rubrum in 19648).  

The system consists of a thermostable activator 
and a thermolabile esterase and it was recently 
reinvestigated6, 7).  The amino acid sequence of 
the intracellular soluble PHB depolymrase in 
Rhodospirillum rubrum (PhaZ1Rru) shows simila- 
rity with extracellular PHB depolymerases in, for 
example, Acidovorax sp. TP47,12).  
  In Ralstonia eutropha H16, four types of 
intracellular PHB depolymerase or 3HB-oligomer 
hydrolase genes have been cloned and some aspects 
of the gene products have been reported9, 13-17).  
PhaZa1 (formerly PhaZ1) exists in PHB inclusion 
bodies and degrades artificial amorphous PHB9,15).  
The existence of some PhaZa1 homologs has also 
been reported in R. eutropha18).  Additionally, 
some enzymes having similar properties to PhaZa1 
have been studied in other bacteria19, 20). PhaZb 
(formerly PhaZ2)14, 16) and PhaZc mainly degrade 
3HB-oligomers and the degradation product is a 
3HB-monomer. PhaZd has been characterized 
recently17). This enzyme showed a high level of specific 
activity for the hydrolysis of amorphous PHB.  
  The existence of an intracellular PHB depoly- 
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merase in the soluble fraction of disrupted cells has 
been suggested in bacteria such as Rhodospirillum 
rubrum 8) and Zoogloea ramigera I-16-M10).  In R. 
eutropha H16, the enzyme has been purified 
partially11, 21).  Although the enzyme has different 
properties from PhaZa1, PhaZb, PhaZc, and PhaZd, 
its participation in the mobilization of PHB remains 
little understood.  To clarify how the mobilization 
system works, it is important to understand the 
function of this enzyme.    
  In this report, a novel intracellular PHB depoly- 
merase was partially purified from the soluble 
fraction of R. eutropha H16 cells.  
 
Materials and Methods 
Bacterial culture 
R. eutropha H16 was cultured in a mineral medium 
(0.27% [wt/vol] KH2PO4, 0.99% [wt/vol] Na2HPO4・

12 H2O, 0.02% [wt/vol]  MgSO4・7 H2O, 0.1% 
[vol/vol]  mineral solution [0.1 M HCl, 119 mg/l 
CoCl2, 9.7 g/l FeCl3・6H2O, 7.8 g/l CaCl2, 118 mg/l 
NiCl2 ・ 6H2O, 62 mg/l CrCl3 ・ 6H2O, 156 mg/l 
CuSO4・5H2O]) containing 2% (wt/vol) fructose and 
0.1% (wt/vol) ammonium sulfate at 30ºC with 
shaking22). To preserve R. eutropha H16, cells were 
grown in a nutrient (N)-rich medium (1% [wt/vol] 
yeast extract, 1% [wt/vol] polypeptone, 0.5% [wt/vol] 
beef extract, and 0.5% [wt/vol] ammonium sulfate) 
at 30ºC and then stocked at -80ºC, mixing in 
glycerol (final concentration, 25% [vol/vol]). 
 
Enzyme assays 
PHB depolymerase activity and 3HB-oligomer 
hydrolase activity were assayed by measuring the 
amount of 3HB released during the reaction. The 
reaction mixture (50 µl) was composed of 100 mM 
Tris-HCl (pH 8.0), artificial amorphous PHB 
granules (0.5 mg/ml), and enzyme.  The reaction 
was started by adding substrate at 30ºC, and 
stopped (30 min) by adding 6 M HCl to pH 2. The 
reaction mixture was then centrifuged. The 
supernatant was used treated with for 3HB 
-oligomer hydrolase (1.0 U [3HB-dimer-hydro- 
lyzing activity] of PhaZbReu or PhaZcReu) for 10 
min before the quantification of 3HB. The amount 
of 3HB was measured from the increase in A340 nm 

by an enzymatic method using R(-)-3HB dehy- 
drogenase and hydrazine hydrate 23).  

Preparation of substrates 
Artificial amorphous PHB granules were prepar- 
ed using the method described by Horowiz and 
Sanders24) as follows.  The PHB isolated from R. 
eutropha H16 cells was dissolved in chloroform, 
and 0.05% (wt/vol) sodium deoxycholate was 
added. The mixture was sonicated (20 kHz, 100 
W) for 2 min.  The emulsion was heated to 
remove the chloroform and dialyzed for 24 h 
against 0.01% (wt/vol) sodium deoxycholate at 
room temperature.  The linear 3HB-dimer and 
trimer were synthesized and then purified by 
HPLC. The linear 3HB-tetramer and pentamer were 
purified from the digest of artificial amorphous PHB 
granules with PhaZ7 of Paucimonas lemoignei 25) as 
described by Sugiyama et al.26).  The chemically 
synthesized cyclic 3HB- oligomers were donated by 
D. Seebach of ETH, Switzerland27). 
 
Partial purification of intracellular PHB 
depolymerase from the soluble fraction in R. 
eutropha H16 
Fifty five grams of R. eutrtopha H16 cells 
cultured in a mineral medium containing 2% 
(wt/vol) fructose and 0.1% (wt/vol) ammonium 
sulfate for 72 h was suspended in 50 mM Tris-HCl 
buffer (pH 7.5). The cells were sonicated twice on 
ice for 4 min (20 kHz, 50 W) and centrifuged at 
10,000 x g for 30 min.  The supernatant (“soluble 
fraction”), crude extract (250 ml), was fractionated 
with ammonium sulfate (0 to 35% saturation). The 
pellet was resuspended in 50 mM Tris-HCl (pH 
7.5) buffer and dialyzed overnight against 20 mM 
Tris-HCl (pH 8.5) containing 20% (vol/vol) glycerol 
(buffer A). The dialyzed fraction was applied to a 
TOYOPEARL DEAE-650M (Tosoh, Japan) column 
(2.5 x 24 cm) and the column was washed with 
buffer A. PHB depolymerase activity was eluted 
with a linear gradient of NaCl (total volume, 1000 
ml; 0 to 0.4 M) in buffer A.  The eluted fraction 
was dialyzed against 20 mM Tris-HCl (pH 7.5) 
containing 20% (wt/vol) glycerol (buffer B) 
overnight and applied to a Q Sepharose FF 
(Amersham) column (2.5 x 5 cm). The column was 
washed with buffer B, and then PHB depoly- 
merase activity was eluted with a linear gradient 
of NaCl (total volume, 180 ml; 0 to 0.34 M) in 
buffer B. To the eluted fraction was added 
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(NH4)2SO4 (final concentration, 1.7 M) and the 
mixture was applied to a TOYOPEARL Ether- 650M 
column (1.5 x 6 cm) equilibrated with buffer A 
containing 1.7 M (NH4)2SO4.  The column was 
washed with buffer A and PHB depolymerase activity 
was eluted with a linear gradient of (NH4)2SO4 (total 
volume, 60 ml; 1.7 to 0 M) in buffer A. The eluted 
enzyme was dialyzed overnight against 20 mM 
Tris-HCl (pH 8.0) containing 50% glycerol. 
 
Immunoblot analysis 
Samples were subjected to immunoblotting 
according to standard procedures using a rabbit 
antiserum against PhaZd as primary antiserum 
and alkaline phosphatase-conjugated goat anti- 
rabbit IgG (SIGMA-ALDRICH, MO, U.S.A.) as 
secondary antibody. The immunocomplex was 
visualized using nitroblue tetrazolium and 5- 
bromo-4-chloro-3-indolylphosphate p-toluidine.  
 
Other analytical methods  
The amount of PHB was quantified as crotonic acid by 
HPLC as described by Karr et al.28) Protein 
concentrations were measured by the method of Lowry 
et al.29) with bovine serum albumin as the standard. 
The purity and size of proteins were estimated by 
sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis (PAGE) as described by Laemmli30).  
Proteins on the gel were stained with a Silver Stain II 
kit (Wako, Osaka, Japan).  
 
Results 
Partial purification of soluble PHB depolymerase 
from R. eutropha H16  
R. eutropha H16 cells were cultivated in minimum 
salt medium containing 2% (wt/vol) fructose (carbon 
source) and 0.1% (wt/vol) ammonium sulfate 
(nitrogen source) (PHB-accumulating conditions).  
Both the PHB content of cells and PHB 
depolymerase activity in the soluble fraction 
reached a maximum after 72 h (Fig. 1).  The solu- 
ble fraction obtained from cells cultivated for 72 h 
was used as the starting material for purification. 
The crude extract was fractionated with (NH4)2SO4 
(0 to 35% saturation) and dissolved in 50 mM 
Tris-HCl (pH 7.5) buffer.  Compared to the crude 
extract, the total activity in the ammonium sulfate 
fraction was increased 1.6-fold (Table 1). The ammonium 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
sulfate fraction was purified using a TOYOPEARL 
DEAE-650M (anion exchanger) column, a Q Sepharose 
FF (anion exchanger) column, and a TOYOPEARL 
Ether-650M (hydrophobic resin) column in sequence.  
In the TOYOPEARL DEAE- 650M column and Q 
Sepharose FF column (Fig. 2), PHB depolymerase 
activity was eluted in about 0.15 M NaCl. In a 
TOYOPEARL Ether-650M column (Fig. 3A), the 
activity was eluted near 0.25 M NaCl. In step 
using TOYOPEARL Ether-650M, the activity of 
PHB depolymerase incresed more than 10-fold 
compared to that in the Q Sepharose FF step. 
However, no fractions from TOYOPEARL 
Ether-650M showed a single homogeneous band 
on SDS-PAGE when visualized with silver stain 
(Fig. 3B).  The enzyme was partially purified 
4,400-fold with 59% yield (Table 1). An increase of 
the total activity 
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Fig. 1.  PHB depolymerase activity ( ● )in the
soluble fraction (crude extract) and PHB content
(○,wt/wt) of the cells of R. eutropha H16 grown in
PHB-accumulating conditions. The 100% value for
PHB depolymerase activity was 0.019 μmole/min/mg.

Table 1. Partial purification of a intracellular PHB
depolymerase from the soluble fraction of R. eutropha
 
 Total Total Specific Yield
 protein activity activity (%)
 (mg) (U) (U/mg) 
Crude extract 810 15 0.019 100 
Ammonium 
sulfate 680 24 0.035 160 
DEAE-650M 97 5.7 0.058 38  
Q-Sepharose FF 6.4 0.76 0.12 5 
Ether-650M 0.11 8.8 83 59 
 
The enzyme was purified from a 4.4-liter culture (55 g
of wet cells). Artificial amorphous PHB was used as a
substrate. 
U = μmol/min 
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after ammonium sulfate fractionation or the use of 
TOYOPEARL Ether-650M was observed.  When 
the partially purified enzyme was mixed with crude 
extract, the PHB-hydrolyzing activity was partially 
inhibited (data not shown). 
 
Properties of the partially purified PHB depolymerase 
Table 2. shows the substrate specificity of the 
final preparation in the TOYOPEARL Ether- 
650M step. No 3HB-oligomer hydrolase activity 
was detected in the final preparation. The specific 
activity toward artificial amorphous PHB of the 
partially purified enzyme was much stronger 
than that of any other intracellular PHB 
depolymerase or 3HB-oligomer hydrolase in R. 
eutropha H16 reported except for PhaZd whose 
specific activity is 11013-15, 17). This enzyme, like 
other intracellular PHB depolymerases, did not 
degrade semicrystalline PHB. The release of 3HB 
from cyclic 3HB-oligomers or linear 3HB- oligomers 
by the enzyme was not detected. 
  Figure 4. shows the time course of the 
degradation of amorphous PHB by the partially 
purified enzyme.  Most of the products were 
3HB-oligomers.  Even when the reaction time was 
lengthened, little 3HB was detected.  
  The effect of various reagents on the PHB 
depolymerase activity of the partially purified 
enzyme was examined (Table 3). The activity to 
degrade PHB was almost completely inhibited by 
diisopropylfluorophosphate (DFP) at 10 mM, but not 
by 10 mM of phenylmethane sulfonylfluoride 
(PMSF). 1,4-Dithiothreitol (DTT) (100 mM), by 
EDTA, but the purified soluble PHB EDTA (10 mM), 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
or Triton X-100 (1%) did not completely inhibit 
the activity, while 0.005% Triton X-100 seemed to 
activate the enzyme.   
The pH optimum of this enzyme was 8.5 in 
Tris-HCl. During storage at 4 ºC, the enzyme lost  
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Fig. 2. Q Sepharose FF column chromatography.
Artificial amorphous PHB granules were used as a
substrate. Fractions 7-10 (total 40 ml) were collected.
Solid circle, activity; open circle, protein. 

Fig. 3. Toyopearl Ether-650M column chromatography
(A) and SDS-polyacrylamide gel electrophoresis of
fractions at various steps in the purification process
(B).  A. Artificial amorphous PHB granules were
used as a substrate. Fractions 11-17 (35 ml) under a
bar were collected as a final preparation.  B. Proteins
were visualized by silver staining. Lanes 1, Toyopearl
DEAE-650 fraction (5.3 mg); 2, Q Sepharose FF
fraction (1.6 mg); 3, Toyopearl Ether-650M fraction 10
(0.2 mg); 4, fraction 11 (0.08 mg); 5, fraction 12 (0.02
mg); 6, fraction 13 (0.02 mg); 7, fraction 14 (0.02 mg);
8, fraction 15; 9, fraction 16 (0.02 mg); 10, fraction 17
(0.02 mg); M, molecular makers. 
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Table 2. Substrate specificity of the partially purified 
PHB depolymerase 
 
Substrate                           3HB released 
                                   (μmol/min/mg)
artificial amorphous PHB granules 83 
semicrystalline PHB granules 0 
linear 3HB-oligomersa 0 
cyclic 3HB-oligomersb 0 
a; linear 3HB-dimer, -trimer, -tetramer, -pentamer 
b; cyclic 3HB-trimer, -pentamer 
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60% activity within 24 h.  For long-term storage, 
freezing at -20ºC was required.  
 

Immunological analysis of the partially purified 
enzyme 
To examine whether the partially purified soluble 
PHB depolymerase contains PhaZd which is a 
novel intracellular PHB depolymerase present in 
both cytosol and PHB inclusion bodies17), the final 
preparation obtained in the TOYOPEARL 
Ether-650M step was analyzed by SDS-PAGE and 
stained immunologically using antibody against 
PhaZd. Even when the sample was concentrated 
50-fold (containing about 2.5 µg of protein) or 
100-fold (containing about 5 µg of protein), no 
significant band was detected (data not shown).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Discussion 
The intracellular PHB depolymerase partially 
purified from the soluble fraction of R. eutropha 
H16 in this study has several properties different 
from those of known intracellular PHB 
depolymerases or 3HB-oligomer hydrolases, 
PhaZa1, PhaZb, PhaZc, and PhaZd. The strong 
specific PHB-hydrolyzing activity is a particularly 
remarkable feature. The products of degradation 
were mainly 3HB-oligomers when artificial 
amorphous PHB granules were used as a 
substrate. Since only a very small amount of 
3HB-monomer was detected in the products 
obtained from amorphous PHB granules, this 
enzyme hydrolyzes PHB in an endo-type fashion.  
The partially purified enzyme was strongly 
inhibited by DFP, suggesting that the active 
center is serine. The enzyme probably has a 
“lipase box (G-X-S*-X-G)” which is the active 
center common to PhaZb, PhaZc and other PHB 
depolymerases except for PhaZa1. Activation by 
Triton X-100 at low concentrations has been 
reported for the extracellular PHB depolymerase 
of some bacteria such as Acidovorax sp. TP412). 
The peak of activity was not singular in the 
column chromatography, suggesting that several 
depolymerases might be contained in the soluble 
fraction.   
  These properties are very similar to those of 
PhaZd17). Sucrose density gradient centrifugation 
revealed that PhaZd was distributed nearly 
equally in the cytosolic fraction and the PHB 
inclusion bodies17).  Although these two enzymes 
had similar properties, they differed in how they 
were affected by reagents: PhaZd was activated  
depolymerase was partially inhibited. PhaZd was 
inhibited by DTT completely at 1 mM, but the 
purified soluble PHB depolymerase was not 
inhibited at that concentration of DTT at all.  
High concentrations of DTT (10 mM and more) 
partially inhibited the purified soluble PHB 
depolymerase (Table 3).  It is possible that the 
partially purified sample was a mixture of PhaZd 
and some other PHB depolymerase(s) not 
inhibited by DTT.  Immunostaining of the final 
preparation from the TOYOPEARL Ether-650M 
step using antiserum against PhaZd revealed no 
significant band.  The partially purified PHB 

Fig. 4. Degradation products of artificial amorphous
PHB granules. 0.15 mg of the partially purified PHB
depolymerase was used. Reaction conditions were as
described in Materials and Methods except for the
reaction time. Open circle, 3HB-monomer; solid
circle, 3HB-oligomer. 

Table 3. Effect of various reagents on the partially
purified PHB depolymerase 

Reagents          Concentration         Activity
                                       (%) 

DFP      1 63 
(mM) 10 8 
PMSF 1 99 
(mM) 10 100 
DTT 1 100 
(mM) 10 86 
 100 11 
EDTA 1 59 
(mM) 10 77 
TritonX-100 0.005 136 
(%,wt/vol) 0.05 62 
 1 56 
DFP, diisopropylfluorophosphate; PMSF, phenylmethane
sulfonylfluoride; DTT, 1,4-dithiothreitol. 0.02 μg of the 
partially purified enzyme was used. Artificial amorphous
PHB was used as a substrate. 
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depolymerase from the soluble fraction contains a 
different intracellular PHB depolymerase from 
PhaZd, although a minute amount of PhaZd 
seems to be included.  The PHB depolymerase 
contained in the preparation purified from the 
soluble fraction may be an unique enzymes 
different from PhaZd.  To clarify this, further 
purification is needed. 
  The increase in total activity after fractionation 
with ammonium sulfate or chromatography with 
TOYOPEARL Ether-650M suggests the existence of 
some inhibitor(s) in the soluble fraction (Table 1).   
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