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Degradation of poly(3-hydroxybutyrate) (PHB) by the thiolytic activity of the PHB depolymerase PhaZ1 from Ralstonia eutro-
pha H16 was analyzed in the presence of different phasins. An Escherichia coli strain was constructed that harbored the genes for
PHB synthesis (phaCAB), the phasin PhaP1, and the PHB depolymerase PhaZ1. PHB was isolated in the native form (nPHB)
from this recombinant E. coli strain, and the in vitro degradation of the polyester was examined. Degradation resulted in the
formation of the expected 3-hydroxybutyryl coenzyme A (3HB-CoA) and in the formation of a second product, which occurred
in significantly higher concentrations than 3HB-CoA. This second product was identified by liquid chromatography mass spec-
trometry (LC-MS) as crotonyl-CoA. Replacement of PhaP1 by PhaP2 or PhaP4 resulted in a lower degradation rate, whereas the
absence of the phasins prevented the degradation of nPHB by the PHB depolymerase PhaZ1 almost completely. In addition, the
in vitro degradation of nPHB granules isolated from R. eutropha H16 (wild type) and from the R. eutropha �phaP1 and
�phaP1-4 deletion mutants was examined. In contrast to the results obtained with nPHB granules isolated from E. coli, degra-
dation of nPHB granules isolated from the wild type of R. eutropha yielded high concentrations of 3HB-CoA and low concentra-
tions of crotonyl-CoA. The degradation of nPHB granules isolated from the �phaP1 and �phaP1-4 deletion mutants of R. eu-
tropha was significantly reduced in comparison to that of nPHB granules isolated from wild-type R. eutropha. Stereochemical
analyses of 3HB-CoA revealed that the (R) stereoisomer was collected after degradation of granules isolated from E. coli, whereas
the (S) stereoisomer was collected after degradation of granules isolated from R. eutropha. Based on these results, a newly ob-
served mechanism in the degradation pathway for PHB in R. eutropha is proposed which is connected by crotonyl-CoA to the
�-oxidation cycle. According to this model, the NADPH-dependent synthesis of PHB with (R)-3HB-CoA as the intermediate and
the PHB degradation yielding (S)-3HB-CoA, which is further converted in an NAD-dependent reaction, are separated.

Poly(3-hydroxybutyrate) (PHB) is a short-carbon-chain-
length polyester belonging to the bacterial polyhydroxyal-

kanoates (PHAs), which are formed by a wide range of Bacteria
and Archaea and comprise a large variety of constituents (1–3).
PHAs are stored as granules in the cytoplasm when one nutrient is
limited and a carbon source is provided in excess. They serve as
carbon and energy storage compounds and are degraded if no
carbon source is available and if the limiting element is provided
again (4). Due to their thermoplastic properties and biodegrad-
ability, PHAs are of great interest for industry (5–7).

The model organism for PHB metabolism is the Gram-nega-
tive facultative chemolithoautotrophic bacterium Ralstonia eutro-
pha H16, which was isolated in 1961 (8–10). About 50 years of
research unraveled many aspects of the synthesis and composition
of PHB. Three enzymes catalyze the formation of PHB in R. eu-
tropha H16: a �-ketothiolase (PhaA), an acetoacetyl coenzyme
A (acetoacetyl-CoA) reductase (PhaB), and the PHA synthase
(PhaC). The genes of these enzymes are located in an operon and
are constitutively expressed (11–13). PHB granules are insoluble
and coated with phospholipids and proteins. The first protein
besides PhaC that was found to be attached to the granule surface
was the phasin PhaP1 (originally called PhaP before homologous
genes of phaP1 were found) (14). This small protein provides the
majority of the protein layer. Later on, six other phasins (PhaP2 to
PhaP7) were detected, and all of them were detected at the surface
of PHB granules during in vivo or in vitro binding studies. How-
ever, the amount of PhaP1 at the surface of PHB granules is by far

the largest in comparison to the amounts of other phasins (15–
17). The phasins coat the PHB granules, but a catalytic function
remains unknown so far. R. eutropha possesses seven different
PHB depolymerases (PhaZ1 to PhaZ7) and two oligomer hydro-
lases (PhaY1 and PhaY2) for the intracellular degradation of PHB
(18–21). The binding of PhaZ1 to the granule surface was shown
in vivo (22).

Whereas the degradation process of extracellular PHB depoly-
merases is well understood, the elucidation of the reaction mech-
anism of the intracellular PHB depolymerases is still in progress.
PHB granules are sensitive to chemical and physical stress,
whereby the protein layer is destroyed and the native granules
become partially crystalline (23, 24). Granules consisting of crys-
talline PHB are persistent to degradation by intracellular PHB
depolymerases but are sensitive to extracellular PHB depoly-
merases. Only methods exclusively including centrifugation steps
employing glycerol or sucrose gradients for the isolation of PHB
provide conditions to obtain native granules (nPHB). As a result,
enzyme assays performed in the past did often not reflect the nat-
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ural degradation of nPHB by intracellular PHB depolymerases
(25). To simulate natural conditions, such enzymes that are in-
volved in the degradation process have to be attached to the sur-
face of the granules during cell growth and PHB accumulation.

The first degradation assays carried out with such isolated
nPHB granules revealed the release of 3-hydroxybutyrate (3HB)
in a hydrolytic reaction, although only small amounts could be
detected (47). In contradiction to that study, the same laboratory
revealed in 2007 a thiolytic activity of the PHB depolymerase
PhaZ1. nPHB granules isolated from R. eutropha were not hydro-
lyzed by PHB depolymerase PhaZ1 to 3HB but degraded to 3-hy-
droxybutyryl coenzyme A (3HB-CoA) (22). It was assumed that
the previously observed release of 3HB in degradation assays was
not related to a specific PHB depolymerase activity. Moreover,
degradation to 3HB would not be energetically feasible, because a
simultaneous synthesis and mobilization of PHB (26, 27) would
constantly require the activation of released 3HB to 3HB-CoA in
an energy-consuming reaction. Based on the results of these stud-
ies, the authors proposed an alternative PHB metabolic pathway
for R. eutropha in which the degradation represents the reverse
reaction of the synthesis, with (R)-3HB-CoA being released.

In past years, many efforts were made to enhance the produc-
tion of PHAs in different microorganisms by metabolic engineer-
ing to provide more 3-hydroxyacyl–CoA precursors derived from
the �-oxidation cycle (28–31). In bacterial �-oxidation, fatty acids
are successively shortened by two carbon atoms during each cycle,
with acetyl-CoA being released and with one molecule of NAD
and FAD being reduced. First, an acyl-CoA synthetase activates
the fatty acid by the addition of CoA, and the resulting acyl-CoA is
oxidized to enoyl-CoA by an acyl-CoA dehydrogenase. The addi-
tion of H2O to the double bond by an enoyl-CoA hydratase leads
to the formation of 3-(S)-hydroxyacyl–CoA, which is further ox-
idized to ketoacyl-CoA by a 3-hydroxyacyl–CoA dehydrogenase.
In the last step, acetyl-CoA is released by a 3-ketoacyl–CoA thio-
lase, yielding a truncated acyl-CoA molecule that reenters the cy-
cle without the need for further activation (32). The metabolic
engineering often targets the conversion of enoyl-CoA to 3-(R)-
hydroxyacyl–CoA by heterologous expression of (R)-specific
enoyl-CoA hydratases to provide an excess of precursors for PHA
synthesis (28, 30).

In our study, we examined the in vitro degradation of nPHB
granules by PHB depolymerase PhaZ1 of R. eutropha and the in-
fluence of the presence of different phasins on the degradation
rate. Although the degradation of nPHB granules isolated from a
recombinant Escherichia coli strain harboring the phaP1 and
phaZ1 genes of R. eutropha was analyzed previously, the degrada-
tion of nPHB granules in the presence of phasins other than PhaP1
was not yet investigated (22). This study aimed to reveal a catalytic
activity or a regulatory influence of the different phasins of R.
eutropha on PHB degradation. During our studies, two degrada-
tion products appeared when nPHB granules were incubated with
CoA. One of these products was the expected 3HB-CoA, and the
other was crotonyl-CoA. A closer look was taken at the degrada-
tion products, their stereoisomeric forms, and their putative role
in the metabolic context of R. eutropha.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. R. eutropha was grown in nutrient broth (NB)
or in mineral salts medium (MSM) with 1% (wt/vol) sodium gluconate

(9) at 30°C for 30 h in 2-liter Erlenmeyer flasks with baffles on a rotary
shaker with an agitation of 120 rpm. To provide conditions permissive for
PHB accumulation, the ammonium chloride concentration was reduced
to 0.05% (wt/vol). E. coli strains were grown in Luria-Bertani medium
(LB) at 37°C (33) or, for PHB accumulation, in ammonium chloride-
reduced MSM containing 1% (wt/vol) glucose at 30°C for 30 h in 2-liter
Erlenmeyer flasks with baffles on a rotary shaker at an agitation of
120 rpm. Expression of heterologous genes was induced by the addition of
200 �M isopropyl-�-D-thiogalactopyranoside (IPTG) in the early expo-
nential growth phase. To maintain the utilized plasmids, antibiotics were
added to the medium at the following concentrations: 100 �g/ml ampi-
cillin and 50 �g/ml kanamycin.

Construction of recombinant E. coli strains. All plasmids and oligo-
nucleotides used in this study are listed in Table 1. Plasmid pBBR1MCS-
2::phaCAB was constructed by digesting the vector pBHR68 with EcoRI
and BamHI to obtain the phaCAB operon of R. eutropha, including the
natural promoter region; the fragment was then ligated into the vector
pBBR1MCS-2. Genes encoding the phasins PhaP1, PhaP2, and PhaP4 and
the PHB depolymerase PhaZ1 were amplified from genomic DNA of R.
eutropha with the oligonucleotides listed in Table 1 and subcloned in
pCR2.1-TOPO (Invitrogen, Darmstadt, Germany) according to the man-
ufacturer’s instructions. For construction of the expression plasmids, the
vector pETDuet-1 was digested with NcoI, and blunt ends were obtained
by a fill-in reaction employing T7 polymerase (Thermo Scientific,
Dreieich, Germany). After inactivation of the T7 polymerase, the vector
was digested with EcoRI, and the phasin genes were inserted in multiple
cloning site 1 (MCS-1) of the vector. phaZ1 was cut with NdeI and KpnI
and ligated with pETDuet-1 (MCS-2) or with those plasmids which al-
ready contained one of the three phasins. The resulting plasmids were
used for the recombinant expression of the phasin and the PHB depoly-
merase genes, expressed as a single gene alone or in different combina-
tions, in E. coli BL21.

Isolation of nPHB. For isolation of native PHB granules (nPHB)
(modified from reference 34), cells from the cultivations permissive for
PHB accumulation were suspended in 50 mM potassium phosphate buf-
fer (pH 7.0) containing 1 mM dithiothreitol (DTT). After four passages
through a French press, the resulting lysate was loaded onto the top of a
glycerol step gradient. To separate the nPHB granules from the cell debris,
the first discontinuous gradient consisted of 4.5 ml each of 90% and 60%
(vol/vol) glycerol solutions. After 1 h of centrifugation at 100,000 � g and
4°C, the interphase was diluted with an equal volume of potassium phos-
phate buffer and was loaded onto the top of a second discontinuous gra-
dient consisting of 87%, 75%, and 55% (vol/vol) glycerol solutions, each
with a volume of 2.5 ml. The resulting interphase between 55% and 75%
(vol/vol) glycerol contained the nPHB granules. If it was necessary to
concentrate the granules, the resulting fraction was diluted again with an
equal volume of buffer and was centrifuged with the first-step gradient. If
necessary, the granule fractions were stored at �20°C.

Degradation of nPHB by thiolysis. The degradation assay to monitor
thiolysis of nPHB granules was done as described elsewhere (22). In brief,
300 �l of nPHB granules (100 to 200 mg/ml) was incubated with 50 mM
potassium phosphate buffer (pH 7.0) containing 1 mM DTT in a total
volume of 600 �l. To start the reaction, 1 mM CoA was added. After
appropriate periods of time, samples were withdrawn and acidified with
0.1 N HCl or with 0.05% (wt/vol) trichloroacetic acid (TCA) in cases in
which LC-MS analysis followed. To prepare the samples for high-perfor-
mance liquid chromatography (HPLC) analysis, they were centrifuged for
10 min at 16,000 � g and filtered with a TITAN syringe filter made of
regenerated cellulose (0.20 �m; Sun Sri, Rockwood, TN).

HPLC and LC-MS analyses. The conditions for the HPLC analyses for
the enzyme assay were modified from those used by Uchino et al. (22). In
brief, samples of 20 �l were injected onto an Eclipse XDB-C18 HPLC
column (5 �m; 4.6 by 150 mm; Agilent Technologies, Böblingen, Ger-
many). The products of the enzyme reaction were eluted by employing a
mixture of 50 mM ammonium acetate buffer at pH 4.7 (solution A) and
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methanol (solution B). A multistep gradient was applied at a flow rate of
0.8 ml/min from 5% (vol/vol) solution B to 50% (vol/vol) solution B
within 25 min, up to 80% (vol/vol) solution B within 5 min (total run
time, 30 min), followed by a decrease of solution B to 5% (vol/vol) within
8 min (total run time, 38 min). During the last 4 min, an isocratic flow of
5% (vol/vol) solution B (total run time, 42 min) was applied to equilibrate
for the next sample injection. Standards for coenzyme A, 3-hydroxybu-
tyryl–CoA (3HB-CoA), and crotonyl-CoA were purchased from Sigma-
Aldrich.

In addition to the comparison of the retention times with those of the
standards during HPLC analysis, LC-MS analysis was performed to clearly
identify the resulting products of the enzyme reaction. A Nucleosil RP C18

column (5 �m; Knauer GmbH, Berlin, Germany) was used, and the mul-
tistep gradient of solution A and B was optimized for LC-MS perfor-
mance. The flow rate was reduced to 0.5 ml/min, and the fraction of
solution B, initially 5% (vol/vol), was increased within 45 min to 45%
(vol/vol). To equilibrate the column for the next sample, solution B was
then reduced in 10 min (total run time, 55 min) to 5% (vol/vol), followed
by an isocratic flow for the next 10 min (total run time, 65 min). After
detection of the CoA esters with a photodiode array detector at 259 nm,
the eluate was directly injected to an LXQ Finnigan (Thermo Scientific,
Dreieich, Germany) mass spectrometer. The tuning parameters opti-
mized in advance for CoA were as follows: a capillary temperature of
300°C, a sheath gas flow of 12 liters/h, an auxiliary gas flow of 6 liters/h,

and a sweep gas flow of 1 liter/h. The mass range was set to m/z 50 to 1,000
when run in the scan mode. The collision energy in the MS mode was set
to 30 V (35).

Sample preparation of 3HB-CoA and identification of stereoiso-
mers. To identify the stereoisomeric form of 3HB-CoA, the products of
the degradation assay were separated in an HPLC run, and the resulting
peak fraction of 3HB-CoA was collected. The sample was diluted with 2
vol of 0.01 M HCl and purified by a passage through a Sep-Pak Classic C18

cartridge (Waters, Milford, MA). The cartridge was conditioned with 2.5
ml of 80% (vol/vol) methanol in 0.01 M HCl followed by equilibration
with two washes with 2.5 ml 0.01 M HCl. Loading of the sample and two
washes with 2.5 ml 0.01 M HCl were performed by gravity flow; 3HB-CoA
was eluted with 2.5 ml of 80% (vol/vol) methanol and 0.01 M HCl, dried
at 40°C in a vacuum furnace, and dissolved in 30 �l H2O.

For the identification of the stereoisomers of 3HB-CoA by HPLC,
removal of CoA and linkage to a fluorescent agent were necessary. There-
fore, 3HB-CoA was hydrolyzed by the addition of 30 �l 1 N NaOH and
subsequently neutralized with 1 N HCl. The following steps, including
sample analysis by HPLC, were performed as described elsewhere (36, 37),
with some modifications. A sample of 50 �l after hydrolysis and neutral-
ization was mixed with 150 �l of pure ethanol, 100 �l of 280 mM triph-
enylphosphine (TPP; Sigma-Aldrich, Seelze, Germany) in acetonitrile,
100 �l of 280 mM 2,2=-dipyridyl disulfide (DPDS; Sigma-Aldrich, Seelze,
Germany) in acetonitrile, and 200 �l of 2 mM 4-nitro-7-piperazino-2,1,3-

TABLE 1 Bacterial strains, plasmids, and oligonucleotides

Strain, plasmid, or oligonucleotide Description or sequence
Source, reference,
or location

Strains
R. eutropha H16 Wild type; Gmr DSM 428
R. eutropha Re1052 (�phaP1) phaP1 precise deletion gene replacement strain 44
R. eutropha �phaP1 �phaP2�Km �phaP3

�phaP4 (�phaP1-4)
phaP1 and phaP2 negative; Kmr; phaP3 and phaP4 precise deletion gene

replacement strain
45

E. coli Top10 Cloning strain, F� mcrA �(mrr-hsdRMS-mcrBC) galK rpsL �80lacZ�M15
�lacX74 recA1 araD139 �(ara-leu)7697 galU (Strr) endA1 nupG

Invitrogen

E. coli BL21(DE3) Expression strain, E. coli B, F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) Stratagene

Plasmids
pCR2.1-TOPO Cloning vector; Apr Kmr Invitrogen
pBBR1MCS-2 Broad-host-range vector; Kmr lacPOZ=mobRP4 Invitrogen
pETDuet-1 Expression vector with two MCS, each preceded by a T7 promoter/lac

operator and rbs; ColE1 orilacI Apr

Novagen

pBHR68 pBluescript SK(�) harboring the phaCAB Re operon, including the promoter;
Apr

46

pBBR1MCS-2::phaCAB pBBR1MCS-2 carrying the BamHI-EcoRI fragment of pBHR68 harboring the
phaCAB operon, including the promoter; Kmr

This study

pETDuet-1::phaP1 pETDuet carrying phaP1Re in MCS-1; Apr This study
pETDuet-1::phaP2 pETDuet carrying phaP2Re in MCS-1; Apr This study
pETDuet-1::phaP4 pETDuet carrying phaP4Re in MCS-1; Apr This study
pETDuet-1::phaZ1 pETDuet carrying phaZ1Re in MCS-2; Apr This study
pETDuet-1::phaP1::phaZ1 pETDuet carrying phaP1Re in MCS-1 and phaZ1Re in MCS-2; Apr This study
pETDuet-1::phaP2::phaZ1 pETDuet carrying phaP2Re in MCS-1 and phaZ1 Re in MCS-2; Apr This study
pETDuet-1::phaP4::phaZ1 pETDuet carrying phaP4Re in MCS-1 and phaZ1Re in MCS-2; Apr This study

Oligonucleotides
phaP1_EcoRV 5=-GGAGACCAGCAATGATATCCTCACCCCG-3= 5= region of phaP1
phaP1_EcoRI 5=-CAACGCAGGCAGGAATTCTTATCAGGCAGCCGTCG-3= 3= region of phaP1
phaP2_ScaI 5=-GGAGATGCAAGAGTACTCAGTGGAC-3= 5= region of phaP2
phaP2_EcoRI 5=-AAAAAAGAATTCGGTATAACCGCATGGATGAGGCGGGCCC-3= 3= region of phaP2
phaP4_ScaI 5=-GGAGACGCAAGAGTACTCAGTGG-3= 5= region of phaP4
phaP4_EcoRI 5=-GGCCTCCCAAGAGCCAAAGCCGACGAATTCTTAATT-3= 3= region of phaP4
phaZ1_NdeI 5=-CCAGGCAGAAAAGGCCATATGCTCTACCAATTGC-3= 5= region of phaZ1
phaZ1_KpnI 5=-CCCGCAATCGCGGGCGTTTTCGGTACCTTACCTGGTGGC-3= 3= region of phaZ1
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benzoxadiazole (NBD-PZ; Tokyo Chemical Industry, Tokyo, Japan) in
acetonitrile. After incubation for 4 h at 30°C, the reaction was stopped by
acidification with 60 �l of 0.5% (wt/vol) TCA. To remove the excess of
NBD-PZ, Chromabond PS/DVB cation-exchange cartridges (Macherey-
Nagel, Düren, Germany) were used.

After equilibration with 200 �l eluting solution, the cartridges were
loaded with 600 �l reaction mixture and centrifuged in 15-ml tubes at 100 �
g for 1 min. Without the tube being exchanged, 300 �l of eluting solution was
added to the cartridges, and the centrifugation step was repeated. This eluate
was subsequently used for the identification of stereoisomers. A Shimadzu
HPLC system (Shimadzu, Duisburg, Germany), equipped with Nucleocel
DELTA-RP S (5 �m, 250 mm in length; Macherey-Nagel, Düren, Germany),
was used for the identification of the stereoisomers. Samples of 2 �l were
injected into the column, an isocratic flow rate of acetonitrile-water (40/60,
vol/vol) at 0.3 ml/min and 17°C for 70 min was performed, and the fluores-
cent detection occurred at 532 nm using an excitation wavelength of 485 nm.
(R)-3HB and (S)-3HB (Sigma-Aldrich, Seelze, Germany) were used as stan-
dards and processed like the collected 3HB-CoA, starting from the evapora-
tion step in the 40°C vacuum furnace.

RESULTS
Degradation of nPHB granules by heterologously expressed
PHB depolymerase PhaZ1 of R. eutropha in E. coli. An enzyme
assay was performed to analyze the influence of the PHB depoly-
merase PhaZ1 of R. eutropha on PHB degradation in the presence
of different phasins of this bacterium. For this, phasin genes
phaP1, phaP2, or phaP4 and the PHB depolymerase gene phaZ1
were heterologously expressed in an E. coli BL21(DE3) strain har-
boring additionally the phaCAB operon of R. eutropha to allow
PHB synthesis. Granules were isolated in the native form as de-
scribed in Materials and Methods, and thiolysis of the polyester
was started by the addition of CoA. The first assay was performed
with nPHB granules in the presence of phasin PhaP1 and PHB
depolymerase PhaZ1. After 90 min of incubation, the HPLC anal-
ysis was performed as described by Uchino et al. (22) without
modification. The assay revealed the presence of three products
(Fig. 1). The first peak corresponded to CoA, which was con-
sumed during the thiolysis reaction. The compound of the second,
minor peak was identified as 3HB-CoA, as expected for the deg-
radation of PHB. In addition, crotonyl-CoA was identified as a
compound of the third, major peak according to its retention time
and the spectrum of a standard.

To confirm the identity of crotonyl-CoA, it was also analyzed
by LC-MS. The full MS (MS 1) showed a parental ion with an m/z
836, which corresponded to the expected mass of crotonyl-CoA.
Fragmentation of this ion (MS 2) led to two main daughter ions
(m/z 329 and 428), thereby confirming the identity of crotonyl-
CoA. Chromatograms and the chemical structure of the fragmen-
tation products are shown in Fig. 2. In the study by Uchino et al.
(22), the occurrence of crotonyl-CoA was not described. The
comparison of the chromatogram in Fig. 2 to the chromatograms
shown by Uchino et al. (22) revealed a shift of the retention time
for CoA and 3HB-CoA of about 6 min. When the observed shift is
conferred to the retention time of crotonyl-CoA obtained in this
study, it should occur at about 32 min in the chromatogram of the
previous study. However, all provided chromatograms termi-
nated after 26 min of total run time. The putatively formed crot-
onyl-CoA may therefore have been missed. For further experi-
ments of this study, the method for separation of the CoA esters
was modified as described in Materials and Methods in order to
ensure that all putatively occurring products could be monitored.

Crotonyl-CoA is an intermediate of the �-oxidation pathway
and is formed from 3HB-CoA by enoyl-CoA hydratases. During
the isolation process, small amounts of soluble enzymes may re-
main as impurities in the native granule fraction and may affect
the range of compounds formed. To fully exclude this artifact, the
following controls were made by starting the reaction by the ad-
dition of CoA or a racemic mixture of 3HB-CoA: reaction mixture
(i) without any granule fraction, (ii) with granules lacking phasin
and PHB depolymerase, or (iii) with granules and with phasin
PhaP1 but lacking PHB depolymerase (Table 2). The control re-
action without granule fraction (i) showed no spontaneous de-
composition of CoA or (R/S)-3HB-CoA (Table 2, experiment 1).
In reactions with granules lacking phasin and PHB depolymerase
(ii), CoA did not induce any degradation of PHB (Table 2, exper-
iment 2). Addition of CoA to reactions with granule-bound PhaP1
but lacking PHB depolymerase (iii) did also not cause any degra-
dation of PHB. On the other hand, (R/S)-3HB-CoA as the starting
reagent led to increasing concentrations of CoA, with a concom-
itant decrease of the concentration of 3HB-CoA and no other CoA
ester appearing (Table 2, experiment 3). Such a change of the
concentration of 3HB-CoA and the appearance of CoA was not
observed in experiment 1 without granules. In control reaction
(iii) [Table 2, experiment 3; induction with (R/S)-3HB-CoA], the
availability of 3HB-CoA most likely induced PHB synthesis by the
PHB synthase PhaC, which is also attached to the granule surface.
3HB-CoA is used for the elongation of the polyester chain, with
CoA being released. If enoyl-CoA hydratases were present in the
granule fraction, they could not convert the provided (R/S)-3HB-
CoA; otherwise, crotonyl-CoA should have been monitored.
Therefore, the crotonyl-CoA formed during the degradation as-
says of nPHB in the presence of phasin PhaP1 and PHB depoly-
merase PhaZ1 should not originate from the enzymatic conver-
sion of 3HB-CoA by enoyl-CoA hydratases.

When phaZ1 but no phasin gene was expressed during PHB ac-
cumulation, and when these granules were used for the enzyme assay,
the concentration of crotonyl-CoA was only slightly above the detec-
tion limit (Table 2, experiment 4). Only in those reactions in which
PhaP1 and PhaZ1 were present in the granule fraction were a signif-
icant reduction of CoA and simultaneous formation of 3HB-CoA
and crotonyl-CoA observed (Table 2, experiment 5). Within 90 min,
the concentration of CoA decreased from the provided 1.00 mM to

FIG 1 HPLC analysis of the degradation products formed during enzyme
assay with nPHB granules incubated with 1 mM CoA. nPHB granules were
accumulated in E. coli during simultaneous expression of phaP1 and phaZ1
and were isolated and subjected to degradation assay as described in Materials
and Methods. The obtained supernatant was filtered after 30 min of incuba-
tion, and 20 �l was analyzed by HPLC. Peaks were identified by comparison
with standards, as indicated.
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0.20 mM, and the concentrations of 3HB-CoA and crotonyl-CoA
increased from initially 0.00 mM to 0.08 and 0.82 mM, respectively.
When the reactions, which led to degradation of PHB granules, were
induced by (R/S)-3HB-CoA, HPLC analysis also revealed formation
of crotonyl-CoA. Control reaction (iii), with phasin PhaP1 but lack-
ing PHB depolymerase, indicated no enoyl-CoA hydratase activity
but probably pointed to the PHB synthesis reaction, releasing CoA.
This CoA could then in turn be used to induce the degradation of
PHB. In these reactions, the concentration of crotonyl-CoA was
lower than in those reaction mixtures containing the same granule
fractions that were started with CoA as the inductor.

Phasins PhaP2 and PhaP4 were also used in addition to PhaP1
for the degradation assay in combination with PHB depolymerase
PhaZ1. After 90 min of incubation, the concentration of CoA
decreased from the provided 1.00 mM to 0.56 mM, and the con-
centration of crotonyl-CoA increased from initially 0.00 mM to
0.40 mM. 3HB-CoA could not be detected in concentrations
higher than 0.03 mM. Despite the considerably lower degradation
rate (Table 2, experiments 6 and 7), the replacement of PhaP1 by
PhaP2 or PhaP4 did not influence the nPHB degradation by PHB
depolymerase PhaZ1 and the formation of the main degradation
product crotonyl-CoA.
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coli during simultaneous expression of phaP1 and phaZ1 and were isolated and incubated with 1 mM CoA. The reaction was stopped by acidification, and 10 �l
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Degradation of nPHB granules isolated from R. eutropha
(wild type) or from the R. eutropha �phaP1 and R. eutropha
�phaP1-4 deletion mutants. Enzyme assays were also performed
with granules from the wild type or the single and quadruple pha-
sin mutants (�phaP1 and �phaP1-4 mutants) of R. eutropha to
explore the degradation process and to identify the resulting prod-
ucts in the original PHB-producing strain.

HPLC analysis of the enzyme products obtained with nPHB
granules isolated from the wild type of R. eutropha revealed in-
creasing concentrations of 3HB-CoA (from 0.00 mM to 0.21 mM)
and crotonyl-CoA (from 0.00 mM to 0.06 mM) after 90 min of
incubation, as also observed for granules isolated from E. coli.
During the degradation of granules isolated from R. eutropha,
3HB-CoA occurred as the main degradation product, whereas
crotonyl-CoA was detected only in low concentrations (Table 3,
experiment 1). In addition, enzyme assays with CoA as the induc-
tor using granules from R. eutropha mutants lacking phaP1 or
even phasin genes phaP1 to phaP4 (R. eutropha �phaP1or
�phaP1-4 mutants, respectively) were also performed. In both
cases, the absence of a single phasin gene (phaP1) or of four phasin
genes (phaP1 to phaP4) reduced the degradation of nPHB dra-
matically to rates which were almost below the detection limit of
the assay. The concentrations of 3HB-CoA and crotonyl-CoA in-
creased within 90 min from 0.00 mM to 0.06 mM and 0.03 mM,
respectively. However, in contrast to the observations obtained
with granules isolated from recombinant E. coli, reactions in

which (R/S)-3HB-CoA instead of CoA was provided yielded
higher concentrations of crotonyl-CoA (from 0.00 mM up to 0.16
mM) than CoA-induced reactions (Table 3, experiments 1 to 3).

Analysis of the chirality of the nPHB degradation product
3HB-CoA. Control reactions comparable to those performed with
nPHB granules isolated from E. coli are not feasible for nPHB
granules isolated from R. eutropha. It is known that R. eutropha
possesses the genes for seven phasins and also seven PHB depoly-
merases (15–18, 20, 21). To obtain nPHB granules isolated from
R. eutropha without those enzymes, a multideletion mutant of R.
eutropha would be necessary. Even if such a mutant was available,
it could not be excluded that a putative, so-far-unknown phasin or
PHB depolymerase would affect the control reaction. Hence, we
can only assume that the shift of the main degradation product
from crotonyl-CoA (in the case of E. coli) to 3HB-CoA (in the case
of R. eutropha) derived from a further conversion of the product
by enoyl-CoA hydratases. R. eutropha possesses several enoyl-CoA
hydratases (13, 15) which possibly catalyze the conversion of cro-
tonyl-CoA to (S)-3HB-CoA. Hence, a chiral analysis of 3HB-CoA
obtained from enzyme assays with nPHB granules isolated from E.
coli and from R. eutropha was necessary to determine the stereoi-
someric form.

Granules isolated from E. coli with heterologously expressed
phaP1 and phaZ1 and from the wild-type cells of R. eutropha were
employed in enzyme assays performed as described above. The
reaction mixture was incubated for 2 h and stopped with HCl.

TABLE 2 Assay of in vitro degradation of nPHB granules isolated from E. colia

Condition Detected substance

Amt �SD (mM) by time in min after addition of 1 mM of:

CoA 3HB-CoA

5 10 30 60 90 30 90

1. Negative control,b no nPHB CoA 0.93 0.93 1.03 1.08 1.05 	0.02 	0.02
3HB-CoA 	0.02 	0.02 	0.02 	0.02 	0.02 1.00 1.02
Crot-CoA 	0.02 	0.02 	0.02 	0.02 	0.02 	0.02 	0.02

2. E. coli (phaCAB) nPHB CoA 0.88 � 0.15 1.03 � 0.30 1.03 � 0.25 1.08 � 0.31 1.29 � 0.35 ND ND
3HB-CoA 	0.02 	0.02 	0.02 	0.02 	0.02 ND ND
Crot-CoA 	0.02 	0.02 	0.02 	0.02 	0.02 ND ND

3. E. coli (phaCAB phaP1) nPHB CoA 0.82 � 0.07 0.84 � 0.15 0.95 � 0.21 1.07 � 0.27 1.11 � 0.42 0.57b 0.66b

3HB-CoA 	0.02 	0.02 	0.02 	0.02 	0.02 0.49b 0.43b

Crot-CoA 	0.02 	0.02 	0.02 	0.02 	0.02 	0.02 	0.02

4. E. coli (phaCAB phaZ1) nPHB CoA 0.80 � 0.08 0.81 � 0.10 0.81 � 0.11 0.80 � 0.14 0.77 � 0.15 0.29 � 0.05 0.33 � 0.05
3HB-CoA 	0.02 	0.02 	0.02 	0.02 	0.02 0.72 � 0.03 0.52 � 0.05
Crot-CoA 	0.02 	0.02 	0.02 0.03 � 0.04 0.03 � 0.04 	0.02 	0.02

5. E. coli (phaCAB phaP1 phaZ1) nPHB CoA 0.63 � 0.06 0.48 � 0.04 0.27 � 0.03 0.20 � 0.04 0.20 � 0.02 0.32 � 0.02 0.24 � 0.02
3HB-CoA 	0.02 0.03 � 0.03 0.06 � 0.00 0.07 � 0.00 0.08 � 0.00 0.37 � 0.07 0.31 � 0.07
Crot-CoA 0.22 � 0.02 0.54 � 0.00 0.85 � 0.08 0.78 � 0.20 0.82 � 0.06 0.26 � 0.10 0.44 � 0.12

6. E. coli (phaCAB phaP2 phaZ1) nPHB CoA 0.79 � 0.08 0.75 � 0.10 0.63 � 0.08 0.56 � 0.13 0.50 � 0.06 0.32 � 0.00 0.28 � 0.00
3HB-CoA 	0.02 	0.02 0.03 � 0.03 0.03 � 0.03 0.03 � 0.03 0.46 � 0.03 0.38 � 0.01
Crot-CoA 0.08 � 0.08 0.13 � 0.10 0.30 � 0.06 0.40 � 0.06 0.37 � 0.05 0.06 � 0.06 0.08 � 0.08

7. E. coli (phaCAB phaP4 phaZ1) nPHB CoA 0.91 � 0.02 0.92 � 0.00 0.76 � 0.02 0.58 � 0.00 0.52 � 0.00 0.36 � 0.02 0.37 � 0.04
3HB-CoA 	0.02 	0.02 0.03 � 0.03 0.03 � 0.03 0.03 � 0.03 0.54 � 0.02 0.48 � 0.00
Crot-CoA 0.15 � 0.00 0.19 � 0.00 0.40 � 0.03 0.35 � 0.13 0.40 � 0.18 	0.02 0.12 � 0.03

a Degradation assays were performed as described in Materials and Methods. The amounts of coenzyme A (CoA), 3-hydroxybutyryl–CoA (3HB-CoA) and crotonyl-CoA (Crot-
CoA) were calculated from HPLC peak areas. The values represent the averages from up to 4 assay repetitions and are presented in mM. ND, not determined.
b Single determination.
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During separation of the CoA ester by HPLC, 3HB-CoA was col-
lected and prepared for the identification of the stereoisomers as
described in Materials and Methods. The analysis of the stereoiso-
mers revealed the (R) stereoisomer for all collected fractions of
3HB-CoA from enzyme assays with granules isolated from E. coli
(Fig. 3A), whereas the resulting 3HB-CoA collected after degrada-
tion of granules isolated from R. eutropha consisted mainly of the
(S) stereoisomer (Fig. 3B). In the case of 3HB-CoA collected from
degradation reactions with nPHB granules isolated from R. eutro-
pha, also a little peak corresponding to (R)-3HB-CoA was de-
tected. The precise amount of (R)-3HB-CoA could not be deter-
mined due to the separation limits of the used HPLC system, but
the observed content of (R)-3HB-CoA was in all cases less than 5%
in comparison to that of the (S) stereoisomer.

The above-mentioned enoyl-CoA hydratases are possibly re-
sponsible for the conversion of crotonyl-CoA to (S)-3HB-CoA in
R. eutropha. To determine if enzymes, which were present in the
soluble part of the granule fraction of R. eutropha, are able to
catalyze this reaction, another enzyme test was performed. Gran-
ules isolated from E. coli with heterologously expressed phaP1 and
phaZ1 were used in addition to 120 �l of the soluble fraction of
granules isolated from R. eutropha. After 2 h of incubation, HPLC
analysis of this reaction mixture showed a reduced concentration
of crotonyl-CoA and an increased concentration of 3HB-CoA in
comparison to the assay without the addition of the soluble gran-
ule fraction from R. eutropha (data not shown).

The identification of the stereoisomers of 3HB-CoA collected
from reactions with or without the addition of the soluble granule
fraction of R. eutropha is shown in Fig. 3C. A clear shift from
(R)-3HB-CoA to (S)-3HB-CoA was observed. Thus, the soluble
part of the granule fraction isolated from R. eutropha contained
enzymes, which catalyzed the reaction from crotonyl-CoA to (S)-
3HB-CoA and which were presumably absent or nonfunctional in
the granule fractions isolated from E. coli.

DISCUSSION

In past years, the in vivo and in vitro degradation of PHB by intra-
cellular PHB depolymerases was investigated by several laborato-
ries (18, 25–27, 38). Recently, a study showed that the degradation
of nPHB granules by PHB depolymerase PhaZ1 of R. eutropha led
to increasing concentrations of 3HB-CoA after the start of the

reaction by the addition of CoA (22). Thiolysis of PHB fits well
with the model of continuous accumulation and degradation of
PHB during cell growth by overcoming the problem of permanent
required activation of 3HB monomers with CoA in an energy-
consuming reaction (26, 27). Hence, the observed mobilization of
PHB no longer represents an energetically futile cycle. However,
several aspects remain to be elucidated. Uchino et al. (22) suggest
a putative metabolic pathway for PHB in which the polyester is
degraded to (R)-3HB-CoA and further to acetyl-CoA via aceto-
acetyl-CoA in the reverse direction and by the same enzymes of
the synthesis pathway. The regulation of the mobilization on de-
mand regarding the environmental conditions remains unclear,
especially when the degradation represents the reverse reaction of
the synthesis and when the degradation products are identical to
the synthesis products. Furthermore, experiments in which differ-
ent cofactors were added to the reaction mixture monitored a
reprocessing of 3HB-CoA to acetyl-CoA when NAD was added
but not, as expected for the reverse reaction, when NADP was
added as a cofactor (22).

In conclusion of the results of this study, we postulate a differ-
ent degradation pathway for PHB in R. eutropha, which is directly
connected to the �-oxidation pathway (Fig. 4). The degradation of
PHB by the intracellular PHB depolymerase PhaZ1 leads to (R)-
3HB-CoA, which is probably not released (Fig. 4, square brackets)
but is directly converted by the PHB depolymerase to crotonyl-
CoA. Crotonyl-CoA represents the linkage between the degrada-
tion of PHB and the �-oxidation pathway. It is converted by the
addition of H2O by an enoyl-CoA hydratase to (S)-3HB-CoA,
which is further converted to acetoacetyl-CoA by a 3-hydroxy-
acyl–CoA dehydrogenase in an NAD-dependent reaction. Aceto-
acetyl-CoA is then cleaved by a 3-ketoacyl–CoA thiolase to two
molecules of acetyl-CoA, which could enter the central metabo-
lism in terms of limited availability of a carbon source.

In this study, we determined the so-far-unknown PHB degra-
dation product crotonyl-CoA. The spontaneous or enzyme-in-
duced conversion of provided (R/S)-3HB-CoA could be excluded
by control reactions with granules isolated from E. coli lacking
PHB depolymerase PhaZ1. Thus, only PhaZ1 and no other en-
zyme present in the granule fraction seems to be capable of con-
verting 3HB-CoA to crotonyl-CoA. As mentioned before, the
thiolytic activity of PHB depolymerase PhaZ1 of R. eutropha was

TABLE 3 Assay of in vitro degradation of nPHB granules isolated from R. eutrophaa

Condition
Detected
substance

Amt �SD (mM) by time in min after addition of 1 mM of:

CoA 3HB-CoA

5 10 30 60 90 30 90

1. H16 nPHB CoA 0.84 � 0.12 0.87 � 0.06 0.79 � 0.06 0.68 � 0.13 0.66 � 0.06 0.53 � 0.14 0.49 � 0.11
3HB-CoA 0.03 � 0.03 0.08 � 0.05 0.14 � 0.04 0.20 � 0.06 0.21 � 0.05 0.45 � 0.12 0.40 � 0.13
Crot-CoA 	0.02 0.04 � 0.02 0.05 � 0.02 0.06 � 0.02 0.06 � 0.02 0.11 � 0.05 0.11 � 0.05

2. H16 �phaP1 nPHB CoA ND 0.87 � 0.12 0.88 � 0.12 0.89 � 0.10 0.89 � 0.10 0.60 � 0.05 0.52 � 0.11
3HB-CoA ND 	0.02 	0.02 0.02 � 0.02 0.02 � 0.02 0.50 � 0.04 0.43 � 0.02
Crot-CoA ND 	0.02 	0.02 	0.02 	0.02 0.16 � 0.01 0.16 � 0.01

3. H16 �phaP1 �phaP2 �Km
�phaP3 �phaP4 nPHB

CoA 0.74 � 0.11 0.69 � 0.15 0.70 � 0.09 0.67 � 0.10 0.63 � 0.11 0.49 � 0.03 0.40 � 0.08
3HB-CoA 	0.02 	0.02 0.04 � 0.01 0.05 � 0.02 0.06 � 0.02 0.52 � 0.01 0.43 � 0.00
Crot-CoA 	0.02 	0.02 	0.02 0.03 � 0.02 0.03 � 0.02 0.17 � 0.00 0.16 � 0.00

a Degradation assays were performed as described in Materials and Methods. The amounts of coenzyme A (CoA), 3-hydroxybutyryl–CoA (3HB-CoA), and crotonyl-CoA (Crot-
CoA) were calculated from HPLC peak areas. The values represent the averages from up to 4 assay repetitions and are presented in mM. ND, not determined.
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already shown in 2007, but no occurrence of crotonyl-CoA after
incubation of nPHB granules with CoA was described (22). The
comparison of the HPLC chromatograms of our study here and
those of the former study suggests a putative retention time of
about 32 min for crotonyl-CoA, which was not monitored any-
more in the analyses by Uchino et al. (22). Although the method of
the HPLC analyses comprises a total run time of 39 min, the end of
detection is not specified in the manuscript. If the detection ended
after 26 min (as shown in the figures of the HPLC chromato-

grams), the putatively occurred peak of crotonyl-CoA may have
been missed.

Naturally, crotonyl-CoA is found, inter alia, in the butanoate
pathway of bacteria as an intermediate during the conversion of
(R)-3HB-CoA to (S)-3HB-CoA. Indeed, in this current study,
both stereoisomers of 3HB-CoA collected during HPLC analyses
were identified. The (R) stereoisomer of 3HB-CoA was obtained
when the PHB depolymerase PhaZ1 degraded nPHB granules iso-
lated from E. coli, while the (S) stereoisomer of 3HB-CoA was
obtained when nPHB granules were degraded that were isolated
from R. eutropha (Fig. 3A and B). In the enzyme assay performed
with native granules isolated from E. coli, 3HB-CoA always ap-
peared in low concentrations, whereas up to 90% of the product
consisted of crotonyl-CoA (Table 2, experiment 5). Reprocessing
of crotonyl-CoA to (S)-3HB-CoA, as it was observed in experi-
ments with granules isolated from R. eutropha, requires enzymatic
activity of enoyl-CoA hydratases. E. coli possesses the genes for
these hydratases, but these are expressed only during growth on
long-chain fatty acids with 14 or more carbon atoms, like oleic or
palmitic acid (39). In addition, the presence of glucose, as in this
study, inhibits the expression of fatty acid degradation genes (4,
39, 40). We tried to induce the enoyl-CoA hydratases in E. coli
during cell growth by using MSM without glucose and with 0.1%
(wt/vol) oleate as the carbon source. Although sufficient cell mass
could be obtained, the accumulated PHB reached only up to 4%
(wt/wt) of cell dry weight, which is much too low for isolation of
nPHB granules and the subsequent degradation assay (data not
shown). Thus, we did not further proceed with this approach.

R. eutropha possesses several enoyl-CoA hydratases, which are
also induced during growth on fatty acids but are probably not
strictly repressed during growth on gluconate (13, 21). A hint of
the presence of these enoyl-CoA hydratases in the granule frac-
tions is given by the results of the degradation assays with nPHB
granules isolated from the single and the quadruple mutant of R.
eutropha (the �phaP1 and �phaP1-4 mutants). In these reactions,
CoA induced almost no degradation of nPHB granules, and there-
fore only very low concentrations of crotonyl-CoA were detected
after 90 min of incubation (0.03 mM; Table 3, experiment 3). On
the other hand, higher concentrations of crotonyl-CoA (up to
0.17 mM) were obtained after 90 min, after the reactions were
started by the addition of (R/S)-3HB-CoA instead of CoA (Table
3, experiments 2 and 3). Thus, the conversion of 3HB-CoA to
crotonyl-CoA was most probably catalyzed by an enoyl-CoA hy-
dratase that was present in the soluble fraction of the granules
instead of the PHB depolymerases of R. eutropha. Furthermore,
the addition of the soluble granule fraction isolated from R. eutro-
pha to granule fractions of E. coli resulted in higher concentrations
of 3HB-CoA during PHB degradation than without the addition
thereof (data not shown). Chiral HPLC analysis identified the col-
lected 3HB-CoA of this reaction as the (S) stereoisomer. There-
fore, the soluble fraction of granules isolated from R. eutropha
must have contained enzymes possessing the catalytic function to
convert crotonyl-CoA to (S)-3HB-CoA. Although no 3-hydroxy-
butyryl–CoA epimerases are described for R. eutropha H16 so far,
their existence cannot be fully excluded. These enzymes catalyze
the conversion of (R)-3HB-CoA to (S)-3HB-CoA and vice versa.
If these enzymes were present and active in the used granule frac-
tions, the monitored (S)-3HB-CoA could derive from the conver-
sion of (R)-3HB-CoA instead of crotonyl-CoA after degradation
of nPHB by the PHB depolymerase. This would mean, in turn,

FIG 3 Chiral analyses of the degradation product 3HB-CoA. The obtained 3HB-
CoA from the degradation assays performed with nPHB granules isolated from E.
coli (A) or R. eutropha (B) were prepared for stereoisomeric identification as de-
scribed in Materials and Methods. Samples of 2 �l after removal of CoA and
linkage to the fluorescent dye NBD-PZ were analyzed by chiral HPLC. Standards
of (R)-3HB and (S)-3HB are shown with dashed lines, and the relevant peaks are
indicated with R and S, respectively. The solid and the dotted lines represent two
samples of isolated 3HB-CoA after the degradation assay. The peak at 59 min
resulted from unlinked NBD-PZ. (C) 3HB-CoA obtained from the assay with
nPHB granules isolated from E. coli and degraded in the absence (solid line) or
presence (dotted line) of a soluble fraction derived from nPHB granules of R.
eutropha. The peak at 54 min resulted from unlinked NBD-PZ.
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that the PHB depolymerase may not be responsible for the forma-
tion of crotonyl-CoA. These considerations are not supported by
the findings of the experiments with granules isolated from E. coli.
Enzymes involved in the �-oxidation of E. coli (including enoyl-
CoA hydratases and 3-hydroxybutyryl–CoA epimerases) are
strictly repressed during growth on glucose. Hence, the observed
crotonyl-CoA must originate from the activity of the PHB depoly-
merase PhaZ1.

To monitor the putatively involved enoyl-CoA hydratases, a
protein profile of purified PHB granules via SDS-PAGE was per-
formed. In the case of PHB granules isolated from R. eutropha
H16, minor copurified bands that have molecular weights similar
to those of enoyl-CoA hydratases were obtained. In the protein
profile of granules isolated from E. coli, the respective protein
bands were missing (data not shown). However, matrix-assisted
laser desorption ionization–time of flight (MALDI-TOF) analysis
failed to unambiguously identify enoyl-CoA hydratases.

Transcriptome analyses of former studies revealed that tran-
scripts of enoyl-CoA hydratases occur during all investigated
growth conditions: (i) growth on fructose with a nitrogen source,
(ii) growth on fructose lacking a nitrogen source, (iii) growth on
PHB (lacking an external carbon source) with a nitrogen source

(41, 42). An upregulation of the expression of an enoyl-CoA hy-
dratase (H16_A3311; log2 expression value of 3.1) in the late sta-
tionary phase under conditions permissive for PHB accumulation
was shown in the study by Peplinski et al. (41). As PHB is most
likely continuously accumulated and degraded during cell growth
(26, 27), enoyl-CoA hydratases may already be required in the late
stationary growth phase. Further utilization of PHB was not ana-
lyzed in this study. The study by Brigham et al. (42) showed that
two enoyl-CoA hydratases were slightly upregulated (H16_B0382
and H16_B0657; log2 expression values of 1.2 and 1.3, respec-
tively) during growth on PHB in comparison to growth on fruc-
tose (with a nitrogen source). However, no considerable upregu-
lation of the expression of an enoyl-CoA hydratase could be
confirmed during the conversion from conditions permissive for
PHB accumulation to conditions permissive for PHB degrada-
tion.

Due to the fact that we observed only very low concentrations
of (R)-3HB-CoA but significantly higher concentrations of (S)-
3HB-CoA, we suppose that the (R) stereoisomer of 3HB-CoA is
not released during PHB degradation. The detected amounts of
(R)-3HB-CoA are presumably a consequence of the interruption
of the degradation process by acidification of the reaction mix-

FIG 4 Model of PHB synthesis and degradation in R. eutropha. PHB is synthesized by the condensation of two molecules of acetyl-CoA to acetoacetyl-CoA by
a �-ketothiolase (PhaA) (1) and reduction by acetoacetyl-CoA reductase (PhaB) (2) in an NADPH-dependent reaction from acetoacetyl-CoA to (R)–3-
hydroxybutyryl–CoA. The PHA synthase (PhaC) (3) incorporates the monomers to poly(R)–3-hydroxybutyrate. PHB is degraded to crotonyl-CoA via (R)–3-
hydroxybutyryl–CoA in a thiolytic reaction by intracellular PHB depolymerases (PhaZ) (4), probably without release of the intermediate (square brackets).
Crotonyl-CoA combines the degradation of PHB with �-oxidation, where a double bond is added to an acyl-CoA by an acyl-CoA dehydrogenase (FadE) (5), and
an enoyl-CoA is formed. Enoyl-CoA is stereospecifically converted to (S)–3-hydroxyacyl–CoA by an enoyl-CoA hydratase (multifunctional FadB) (6), and
3-ketoacyl–CoA is formed in an NAD-dependent reaction by a 3-hydroxyacyl–CoA dehydrogenase (multifunctional enzyme FadB) (7). A 3-ketoacyl–CoA
thiolase (FadA) (8) cleaves the ketoacyl-CoA, and one molecule of acetyl-CoA is formed, yielding a truncated acyl-CoA. The �-oxidation cycle starts again with
the addition of a double bond to the truncated acyl-CoA.
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ture, and therefore a release of the intermediate occurred. Our
model is also in accordance with the interesting results of former
studies in which the formation of acetyl-CoA during thiolysis of
nPHB granules was strongly enhanced after the addition of NAD
instead of NADP (22).

Initially, the aim of this study was to unravel a catalytic activity
or a regulatory influence of the different phasins of R. eutropha on
the degradation of PHB. As shown before, the highest in vitro
degradation rate of the PHB depolymerase PhaZ1 was achieved in
the presence of PhaP1 (22). Replacements of the phasin PhaP1 by
PhaP2 or PhaP4 resulted in slightly reduced degradation rates of
nPHB granules by PHB depolymerase PhaZ1. This fits with pre-
vious results where the lack of PhaP1 caused a reduced degrada-
tion of nPHB in R. eutropha (22). Furthermore, the obtained con-
centrations of 3HB-CoA and crotonyl-CoA in the enzyme assay in
the presence of PhaP2 were almost equal to those in the presence
of PhaP4. The lack of all phasins considerably reduced the degra-
dation of nPHB by PhaZ1, but degradation was not fully pre-
vented. Thus, under the conditions used in this study, the degra-
dation of nPHB granules by PHB depolymerase PhaZ1 is most
likely not strictly regulated or even inhibited in the presence of
phasin PhaP2 or PhaP4 compared to PHB degradation in the pres-
ence of PhaP1. The catalytic activity of the seven so-far-known
phasins and their putative regulatory influence on PHB degrada-
tion remain unknown. Although this issue could not be eluci-
dated, the experiments of this study revealed the formation of
crotonyl-CoA and both stereoisomers of 3HB-CoA during PHB
degradation, depending on which microorganism, E. coli or R.
eutropha, was applied. These results led us to adapt the degrada-
tion pathway of PHB in R. eutropha.

The proposed alternative pathway for the degradation of PHB
in R. eutropha (Fig. 4) provides the opportunity of simultaneous
synthesis and degradation of PHB without the loss of energy. In
addition, due to the stereoselectivity of the synthesis and degrada-
tion reaction and due to the requirement of different cofactors for
these two reactions, the regulation of the PHB metabolism might
be controlled in the cell by varying the ratio of NAD to NADPH.
Further work is necessary to fully understand the regulation
mechanism and the involved key metabolites, like CoA and acetyl-
CoA, which were already determined to influence the PHB me-
tabolism in vitro (22, 43).
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