Appl Microbiol Biotechnol (1994) 40:710-716

Applied
«« Microbiology
Biotechnology

© Springer-Verlag 1994

Identification of 4-hydroxyhexanoic acid as a new constituent
of biosynthetic polyhydroxyalkanoic acids from bacteria

Henry E. Valentin', Eun Yeol Lee?, Cha Yong Choi’, Alexander Steinbiichel®

! Institut fiir Mikrobiologie der Georg-August-Universitit Gottingen, Grisebachstrasse 8, D-37077 Gottingen, Germany
2 Department of Chemical Technology, College of Engineering, Seoul National University, Seoul 151-742, Korea

Received: 5 August 1993/Accepted: 1 September 1993

Abstract. Various aerobic Gram-negative bacteria
were analysed for utilizing 4-hydroxyhexanoic acid
(4HHx) as a carbon source for growth and for synthe-
sis of polyhydroxyalkanoic acids (PHA). Although
many wild types grew on 4HHx, only recombinant
strains of the PHA-negative mutants Pseudomonas pu-
tida GPpl04 and Alcaligenes eutrophus PHB ~4, which
harboured plasmid pHP1014:: E156 with the PHA-bio-
synthesis genes of Thiocapsa pfennigii, incorporated
4HHx up to a molar fraction of 47 or 1.4%, respective-
ly, into PHA if the cells were cultivated in the presence
of 4HHx as sole carbon source and under nitrogen
starvation. A terpolyester consisting of 3-hydroxybu-
tyric acid (3HB), 3-hydroxyhexanoic acid (3HHx) and
4HHx was synthesized, as revealed by gas chromato-
graphic analysis of the accumulated polyester and as
confirmed by nuclear magnetic resonance spectroscop-
ic analysis of the isolated polyester. 4HHx was also de-
tected in PHA accumulated by Rhodococcus ruber if
4HHx was used as a carbon source. However, it oc-
curred at a molar fraction of maximally 1.3 mol% only
beside 3HB, 3-hydroxyvaleric acid and 3HHx.

Introduction

Many bacteria accumulate polyhydroxyalkanoic acids
(PHA) as carbon and energy storage compounds or
synthesize these polyesters as a sink for reducing equi-
valents (Anderson and Dawes 1990; Steinbiichel
1991a). More than 40 different constituents of these
biodegradable thermoplastics and elastomers have
been detected. This includes straigth-chain saturated 3-
hydroxyalkanoic acids with three to twelve carbon
atoms, unsaturated 3-hydroxyalkanoic acids with five
to fourteen carbon atoms and one or two double bonds
as well as 3-hydroxyalkanoic acids with branched, halo-
genated or aromatic side chains (for review: see Stein-
biichel 1991 a, b). PHA synthases, which represent the
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key enzyme of PHA biosynthesis, have been investi-
gated in detail at a molecular level (Steinbiichel et al.
1992 and references cited therein). Mainly physiologi-
cal studies indicated the occurrence of two types of
PHA synthases, which are distinguished with respect to
their substrate specificity (Steinbiichel et al. 1992). The
majority of PHA-accumulating bacteria possess a
PHAGgc; synthase, which incorporates preferably 3-hy-
droxyalkanoic acids of short chain length with three to
five carbon atoms. Some bacteria that possess a
PHAGsqp, synthase can, in addition to 3-hydroxyalkano-
ic acid, also incorporate 4-hydroxybutyric acid (4HB)
(Kunioka et al. 1988), 4-hydroxyvaleric acid (4HV)
(Valentin et al. 1992) and 5-hydroxyvaleric acid (Doi
et al. 1987) into PHA. Molecular analysis revealed two
different classes -of this type, which are distinguished
by their structure (Steinbiichel et al. 1992). Only pseu-
domonads belonging to the rRNA homology group I
possess PHAy 1. synthases, which preferably incorpo-
rate 3-hydroxyalkanoic acids of medium chain length
with six or more carbon atoms. The latter do not or
only at a marginal level incorporate 3-hydroxybutyric
acid (3HB) into PHA; some of them can obviously also
incorporate 3-hydroxyvaleric acid (3HV) (Gross et al.
1989; Preusting et al. 1990).

Recently, evidence for a PHA synthase was ob-
tained, the substrate specificity of which deviated from
those mentioned above. When a PHA-negative mutant
of Pseudomonas putida, which harboured a plasmid
with the PHA-biosynthesis genes of Thiocapsa pfenni-
gii, was cultivated on octanoic acid, a polyester was ac-
cumulated that consisted of almost equimolar amounts
of 3HB and 3-hydroxyhexanoic (3HHx) plus small
amounts of 3-hydroxyoctanoic acid (3HO) (Lieberge-
sell et al. 1993). Under different conditions this PHA
synthase also conferred the capability to synthesize
PHA consisting of 4HB to the PHA-negative mutant
PHB ~4 of Alcaligenes eutrophus. This PHA synthase
was therefore a promising candidate for the biosynthe-
sis of polyesters that contain 4-hydroxyhexanoic acid
(4HHX) as a consituent, a hitherto no-mentioned con-
stituent of biosynthetic polyesters.



Materials and methods

Bacterial strains. A. eutrophus H16 (DSM 428), A. eutrophus
PHB ~4 (PHA -negative mutant of H16, DSM 41), P. oleovorans
(ATCC 29347), P. putida GPpl104 (PHA-negative mutant of P.
putida KT2442, Huisman et al. 1991), Rhodococcus ruber
(NCIMB 40126) and the strains listed in Table 1 were used in this
tstudy. In addition, plasmid pHP1014::E156, which harbours
PHA-biosynthesis genes of T. pfennigii (Liebergesell et al. 1993),
was used.

Cuitivation of bacteria and media. All bacteria were cultivated in
the mineral salts medium (MSM) described by Schlegel et al.
(1961). Filter-sterilized carbon sources were added as indicated in
the text. Solidified media contained 1.5% (w/v) agar.

The ability to accumulate PHA was investigated in two differ-
ent types of experiments. In one-stage fed-batch cultivation ex-
periments the cells were grown in MSM, wich contained only
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0.05% (w/v) ammonium chloride as a nitrogen source in order to
promote PHA accumulation. 4-HHx was used as a carbon source
for growth and PHA accumulation and was obtained from the
corresponding lactones by alkaline saponification (Valentin et al.
1992). These cultures were inoculated with approximately 6% (v/
v) of an overnight nutrient broth culture. In two-stage batch or
fed-batch cultivation experiments, the cells were first grown in
nutrient broth at a concentration of 0.8% (w/v). After 15 h culti-
vation the cells were harvested under axenic conditions and
transferred to the same volume of MSM, which contained no ni-
trogen source and which was supplemented with 0.5% (w/v) of
the carbon source indicated in the text. All cultivation experi-
ments were done at 30°C under aerobic conditions on a rotary
shaker with approximately 300 strokes per min and in erlenmeyer
flasks containing not more than 20% (v/v) medium.

Isolation of PHA. PHA were isolated from lyophilized cells by
extraction with chloroform in a Soxhlet apparatus. The polyester

Table 1. Utilization of 4-hydroxyhexanoic acid (4HHX) as a carbon source for growth and polyhydroxyalkanoic acid (PHA) biosynthesis

by Gram-negative bacteria

Growth

PHA content Composition of PHA (mol%)

Bacterial strain Source or reference

Alcaligenes eutrophus H16 DSM 428 +++

A. eutrophus PHB ~4 DSM 541 +++
PHB ~4 (pHP1014::E156) This study +++

A. eutrophus N9A DSM 518 +++

A. eutrophus TF93 DSM 531 +++

A. eutrophus JMP222 Don and Pemperton (1981) + + +

Chromobacterium violacewn DSM 30191 —

Pseudomonas oleovorans ATCC 29347 +

P. oleovorans DSM 1045, ATCC 8062 + +

P. putida XT2440

P. putida DSM 291 +
Pseudomonas sp. A33 Schirmer et al. (1993) +++
P. geruginosa PAO1 DSM 1707 - ++
P. putida GPp104 Huisman et al. (1991) + +
GPp104 (pHP1014::E156) This study ++

Worsey and Williams (1975) + +

Type (% of CDW) 3HB 3HHx 4HHx 3HO 3HD
A 78.5 98.8 1.2 — — —
B 76.3 994 0.6 — e —
A nd — — e — —
B nd — — — — —
A 68.9 98.7 13 — — —
B 48.9 96.7 1.7 1.6 — —
A 65.8 98.9 1.1 — — —
B 66.2 99.2 0.8 — — —
A 67.2 97.8 22 — - —
B nd — — — — —
A 58.4 99.6 0.4 — — —
B 65.7 1000 — — — —
A nd — — — — —
B nd — — — — —
A nd — — e — e
B Traces — — — — Traces
A 18.6 924 76 — — —
B nd — — — — e
A 253 — 41.8  Traces 104 478
B 29.8 — — Traces 25.6 744
A nd — — — — e
B nd — — — — —
A 15.8 02 90.8 Traces 6.5 2.5
B 25.7 03 753 — 8.8 15.6
A 4.7 — 410 — 93 497
B 8.6 ) — 622 Traces 10.7 27.1
A nd — — — — —
B nd — — — — —
A 1.0 — 100.0 — — —
B 26.7 29.0 399 311 — —

Colony growth was monitored on mineral salts medium (MSM)
agar plates containing 0.2% (w/v) 4HHx as sole carbon source.
The plates were inoculated from cell material that was obtained
from nutrient broth agar plates then suspended in 0.9% (w/v) so-
dium chloride. Type A (one-stage fed-batch experiment): cells
were grown in batch cultures in MSM containing 0.05% (w/v)
ammonium chloride as the nitrogen source and 0.2% (w/v) 4HHx
as carbon source. After 24 h (strains of A. eutrophus) or 48 h
(Pseudomonas sp.) of cultivation an additional portion of 0.5%
(w/v) 4HHx was fed. Cells were harvested after 48 h (strains of A.
eutrophus) or 72 h (Pseudomonas sp.). Type B (two-stage fed-
batch experiment): cells were harvested from an overnight cul-

ture in nutrient broth medium, washed and transferred to MSM
containing no nitrogen source and 0.5% {(w/v) 4HHx as carbon
source. Cells were fed with an additional portion of 0.5% (wiv)
4HHx after 24 h incubation at 30°C and were harvested after 48 h
of incubation. Symbols: + + +, good growth; + +, medium
growth; 4, poor growth; %, very poor growth; —, no growth.
Abbreviations: ATCC, American Type Culture Collection; DSM,
Deutsche Sammlung von Mikroorganismen und Zellkulturen;
3HB, 3-hydroxybutyric acid; 3HHx, 3-hydroxyhexanoic acid;
3HO, 3-hydroxyoctanoic acid; 3HD, 3-hydroxydecanoic acid; nd,
not done; CDW, cellular dry weight
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was precipitated from the chloroform solution by addition of 10
vol. ethanol, and the precipitate was subsequently separated from
the solvent by filtration. Remaining solvents were removed by
exposure of the polyester to a stream of air.

Quantitative and qualitative analysis of PHA polyester. For quan-
titative determination of PHA, 3-5 mg of lyophilized cell materi-
al or isolated polyester was subjected to methanolysis in the pres-
ence of 15% (v/v) sulphuric acid, and the hydroxyacyl methyles-
ters were analysed by gas chromatography (GC) as described in
detail by Brandl et al. (1988) and Timm et al. (1990).

Nuclear magnetic resonance (NMR) spectroscopic analysis. The
'H- and *C-NMR spectra were recorded on a Varian (Palo Alto,
Calif., USA) VXR-500 S or Varian VXR-200 spectrometer. The
200-MHz 'H-NMR spectra were recorded at 50°C from a CDCl;
solution of the polyesters (15 mg/ml) using 30 degree pulses,
3.752 s repetition time, 4,000 Hz spectral width, 32 K data points
and 48 accumulations. The 125-MHz *C-NMR spectra were re-
corded at 50°C in a CDClj; solution of the polyesters (50 mg/ml)
using Waltz-decoupling, 25 degree pulses, 1.193 s repetition time,
25,000 Hz spectral width, 64 K data points and 10,000 accumula-
tions. The CH-Cosy spectrum was observed at 50°C on a Varian
VXR 500 S spectrometer with 9,400 Hz spectral width for the 'H
dimension and 2,500 Hz spectral width for the *C dimension us-
ing the QUICKCH pulse sequence (Reynolds et al. 1985). 'H-
NMR chemical shifts were referred to CHCl; (§=7.25 ppm), *C-
NMR chemical shifts to CDCl; (6="77.00 ppm).

Chemicals. All lactones were obtained. from Aldrich (Steinheim,

Germany), 4HB from Fluka (Buchs, Switzerland) and most other-

chemicals from Merck (Darmstadt, Germany).

Results
Growth on 4HHx

At the beginning we examined a variety of aerobic
Gram-negative bacteria for their capability to use
4HHx as a sole carbon source for growth. As is ob-
vious from Table 1, all strains of A. eutrophus and the
species of the genus Pseudomonas were able to grow
on mineral agar plates that contained 4HIHx at a con-
centration of 0.2% as sole carbon source. Only P. oleo-
vorans ATCC 29347, P. putida DSM 291 and Chromo-
bacterium violaceum failed to grow. All strains listed in
Table 1 were not able to utilize the corresponding lac-
tone, i.e., 4-caprolactone, if it was provided at a con-
centration of 0.2% in MSM agar plates, as a carbon
source for growth.

PHA accumulated by a recombinant strain of P.
putida from 4HHx as revealed by GC analysis

When lyophilized material of whole cells of P. putida
GPpl104 (pHP1014::E156), which were cultivated in
two-stage batch cultures in mineral salts medium with-
out nitrogen and with 0.5% (w/v) 4HHXx as carbon
source, were subjected to methanolysis, and when the
products were analysed by the standard GC method,
not only 3HB and 3HHx methyl ester (retention times
7.45 and 10.55 min, respectively) occurred as deriva-
tives. In addition, two major peaks exhibiting retention

Poly (3HB-co-3HHx-co-4HHx)

3HB 3HHx 4HHx

Fig. 1. Structural formula of poly(3-hydroxybutyric acid-co-3-hy-
droxyhexanoic acid-co-4-hydroxyhexanoic acid) [poly3HB-co-
3HHXx-co-4HHX] co-polyester

times of 6.76 min and 11.81 min occurred. Since 4HHx
subjected to methanolysis gave peaks with identical re-
tention times, and since 4-caprolactone directly in-
jected onto the column gave a peak with a retention
time of 11.79 min, it was concluded that the peaks at
6.76 min and 11.81 min represented the 4HHx methyl
ester and 4-caprolactone, respectively. This indicated
that 4HHx is a constituent of the PHA synthesized by
the recombinant P. putida strain from 4HHx (Fig. 1).

Analysis of the polyester isolated from cells of
recombinant P. putida and A. eutrophus

In order to confirm the composition of the polyester
accumulated by the recombinant strain of P. putida, we
isolated the polyester from the cells. From three 200-
ml cultures of P. putida GPpl104 (pHP1014::E156) in
MSM with 0.5% 4HHx as carbon source, we obtained
230 mg lyophilized cells. Chloroform extraction of the
latter followed by ethanol precipitation gave 58.5 mg
PHA, which according to the GC analysis had almost
the same composition as that obtained from the analy-
sis of whole cells. P. putida GPp104 (pHP1014::E156)
was also grown in 101 MSM containing 0.05% (w/v)
ammonium chloride as the nitrogen source and 0.2%
octanoic acid as a carbon source at the growth phase
and 0.5% (w/v) 4HHx as carbon source in the stationa-
ry phase when the nitrogen source was exhausted. Un-
der these conditions, the cells accumulated a terpolyes-
ter of 3HB, 3HHx and 4HHx with an increased molar
fraction of 4HHx (approximately 47 mol%).

A terpolyester of 3HB, 3HHx and 4HHx could be
also  obtained with A. eutrophus PHB 4
(pHP1014::E156) if this recombinant strain was grown
in 101 MSM that contained 0.05% (w/v) ammonium
chloride as the nitrogen source and 0.35% (w/v) sodi-
um gluconate in the exponential growth phase, and if
0.5% (w/v) 4HHx was added in the stationary phase
after the nitrogen source was exhausted. From 38.6 g
lyophilized cells we isolated 10.5g poly(3HB-co-
3HHx-co-4HHx), which contained 3HB as the main
constituent (97.1 mol%) and 3HHx and 4HHx as mi-
nor constituents (1.5 or 1.4 mol%, respectively). Al-
though many efforts were made, the molar fraction of
4HHx could not be increased.
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Fig. 2. "*C-Nuclear magnetic resonance spectrum of poly(3HB-
co-3HHx-co-4HHx). The spectrum was recorded from the po-
lyester isolated from cells of Pseudomonas putida GPpl04

NMR spectroscopic analysis of
poly(3HB-co-3HHx-co-4HHx)

To verify the previous results obtained by GC analysis,
the isolated poly(3HB-co-3HHx-co-4HHX) terpolyes-
ter was subjected to NMR spectroscopy analysis. Fig-
ure 2 shows the 125 MHz *C-NMR spectrum of the
polymer isolated from cells of a two-stage fed-batch
culture of P. putida GPpl104 (pHP104::E165), which
was incubated for 48 h in nitrogen-free MSM and fed
twice with 0.5% 4HHx. All signals are split into several
peaks, indicating a statistically random sequence distri-
bution of the different monomers, as already reported
for other co- and terpolymers (Doi et al. 1986; Bluhm
et al. 1986; Valentin et al. 1992). The split of signals is
clearly demonstrated by the stretch of the *C spec-
trum from 168.0 to 173.5 ppm including the signals of
the carbonyl carbons (insert in Fig. 2). Since the consti-
tuents of the polymer occurred at almost equimolar
concentrations (28 mol% 3HB, 40 mol% 3HHx plus
32 mol% 4HHx as determined by "H-NMR spectro-
scopic analysis), and since almost all *C-signals are
split into several peaks, the ranges of the chemical
shifts are reported in Table 2.

The *C resonances of 3HB (C-1, C-2, C-3, and C-4)
and 3HHx (C-5, C-6, C-7, C-8, C-9 and C-10) were as-
signed by data comparison with previous reports (Doi
et al. 1986; Gross et al. 1989). The remaining signals
(C-11, C-12, C-13, C-14, C-15 and C-16) belonged to

(pHP1014::E156) cultivated with 4HHx as sole carbon source.
The numbers refer to those in Fig. 1. The spectrum ranging from
168.0 ppm to 173.5 ppm was spread and is shown as an insert

Table 2. Chemical shift data from the C-NMR spectra of
poly(3HB-co-3HHx-co-4HHX)

Repeating Carbon Chemical shifts {in ppm]
unit atom From To
3HB 1 169.05 169.89
2 40.84 40.91
3 67.32 67.78
4 19.70 19.83
3HHx 5 169.05 169.89
6 39.18 39.41
7 70.34 70.77
8 35.96 36.12
9 18.30 18.34
10 13.73
4HHx 11 171.91 172.61
12 30.46 30.50
13 28.61 28.86
14 74.66 74.95
15 26.80 26.95
16 9.38 9.42

4HHx: the C signals of C-11, C-14 and C-16 were
confirmed by an attached proton test spectrum (Patt
and Shoolery 1982). To distinguish the **C resonances
of C-12, C-13 and C-15 signals, a CH-Cosy spectrum
was recorded (Fig. 3). The 'H resonances of the CH-
Cosy spectrum were also assigned by data comparism
with Doi et al. 1986 (3HB) and Gross et al. 1989
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Fig. 3. CH-Cosy spectrum of poly(3HB-co-3HHx-co-4HHx). The »*C data are shown on the x-axis (F2), and 'H data are shown on the
y-axis (F1). The spectrum was recorded from the same polyester shown in Fig. 2

(3HHXx). The 'H-NMR signals of 14-CH as well as of
12-CH, and 13-CH, of 4HHx were in close relation to
the corresponding signals of 4HV in poly(3HB-co-
3HV-co-4HV) (Valentin et al. 1992). The chemical
shifts of 'H-NMR signals from 12- and 13-methylene
groups were also closely related to the corresponding
signals of 4HB in poly(3HB-co-4HB) (Doi et al
1988).

PHA accumulated by R. ruber from 4HHx

R. ruber was another suitable candidate for incorpora-
tion of 4HHx into PHA since this Gram-positive bacte-
rium accumulated a copolyester of 3HB, 3HV and
3HHx from hexanoic acid or from 2-hexenoic acid as
carbon sources, and since it accumulated a copolyester
of 3HB, 3HV and 4HB from 1,4-butanediol or 4HB as

Table 3. Accumulation of PHA by Rhodococcus ruber from 4HHx

carbon sources (Haywood et al. 1991). When this
Gram-positive bacterium was cultivated for 96 h in a
one-stage fed-batch experiment (four times 0.2%
4HHX) or in a two-stage fed-batch experiment (0.8%
nutrient broth in the first stage, four times 0.2%, v/v,
4HHZx in the second stage), a complex copolyester was
accumulated that contained, in addition to 3HB, 3HV
and 3HHx, also small amounts of 4HHx (Table 3) as
revealed by GC analysis of whole cells as well as of the
isolated polyester.

4HHx as a carbon source for PHA biosynthesis in
other bacteria

We also investigated some other bacteria for their ca-
pability to incorporate 4HHx into PHA. However, no
srain mentioned in Table 1 except the recombinant

PHA content

Composition of accumulated PHA (mol%)

Type of experiment (% of CDW) 3HB 3HV 3HHx 4HHx
A 412 50.2 15.1 334 1.3
58.8 18.1 219 1.2

B 428

Type A and type B experiment represented one or two-stage fed-
batch fermentation experiments done on a 500-mi scale in 2-] er-
lenmeyer flasks. Cells were cultivated for 96 h, and 4HHx was

provided at portions of 0.2% (w/v) at the beginning and after 24,
48 and 72 h cultivation at 30°C: 3HV, 3-hydroxyvaleric acid; for
other abbreviations see legend of Table 1



strains mentioned above accumulated PHA containing
4HHx in either one-stage cultivation experiments or in
two-stage cultivation experiments as revealed by GC
analysis. Trace amounts of 4HHx, which were close to
the limit of detection (0.1 mol% ), were detected in the
cell material of some pseudomonads (Table 1). Where-
as all wild types of pseudomonads except P. oleovorans
DSM 1045 synthesized PHA, which consisted mainly
of 3-hydroxyalkanoic acids of medium chain length, all
strains of A. eutrophus and P. oleovorans DSM 1045
synthesized a copolyester consisting of 3HB as the
main constituent and of 3HHx as a minor constituent,
from 4HHx.

Discussion

GC and NMR-spectroscopic analysis had revealed the
presence of 4HHx as a hitherto unknown constituent
of the bacterial storage compound PHA. Polyesters
containing this new constituent were only synthesized
and accumulated if the cells were cultivated in the
presence of 4HHXx as carbon source; these polyesters
were not synthesized from non-related carbon sources.
The capability to incorporate 4HHx into PHA was re-
stricted to recombinant strains of P. putida and A. eu-
trophus harbouring the PHA-synthase gene from 7.
pfennigii and to R. ruber. However, the latter bacteri-
um incorporated 4HHx only as a minor fraction, al-
though it utilized 4HHx readily as a carbon source for
PHA synthesis as indicated by the large amounts of
PHA that accumulated in the cells and consisted main-
ly of 3HB, 3HV and 3HHx. All other bacteria investi-
gated in this study did not incorporate 4HHx into
PHA. We did not analyse recombinant strains of A. eu-
trophus or P. putida, which harbour the R. ruber PHA-
biosynthesis genes, for their capability to confer syn-
thesis of PHA containing 4HHx as a constituent, since
the PHA synthase of this Gram-positive bacterium was
only very weakly experessed in other bacteria most
probably due to the rare translational start codon TTG
of the PHA-synthase structural gene (Pieper and
Steinbiichel 1992).

After having demonstrated synthesis of PHA con-
sisting of 3HB, 3HHx and 3HO from octanoic acid by a
recombinant strain of the PHA-negative mutant
GPpl04 of P. putida harbouring the PHA-synthase
gene of T. pfennigii (Liebergesell et al. 1993), for a sec-
ond time indirect evidence was obtained that the PHA
synthase of 7. pfennigii exhibits a rather unusual sub-
strate specificity. As revealed by the composition of
PHA accumulated by cells of the recombinant strains
in this and in the previous study, this enzyme seems to
accept readily 3-hydroxyhexanoyl-coenzyme A (CoA)
and 4-hydroxyhexanoyl-CoA as substrates in addition
to 3-hydroxybutyryl-CoA and 3-hydroxyvaleryl-CoA,
which are preferably used as substrates by PHAgc
synthases of other bacteria. It will be interesting to
know how unrestricted the substrate specificity of the
PHA synthase of T. pfennigii really is and whether the
enzyme allows the incorporation of additional different
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constituents. Fermentation studies will be done in or-
der to increase the yield and amount of the new po-
lyesters and to investigate some of their physical prop-
erties and their biodegradability. This and the previous
study (Liebergesell et al. 1993) also clearly demon-
strate that the physiological background, i.e. the capa-
bility of a bacterium to provide hydroxyacyl CoA
thioesters as substrates for the PHA synthase, is very
important in order to demonstrate the unspecificity of
a given synthase. The unspecificity of the 7. pfennigii
PHA synthase only became obvious after expression in
A. eutrophus or P. putida (Liebergesell et al. 1993, this
study) but was not obvious from the studies done with
T. pfennigii itself (Liebergesell et al. 1991).
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