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Abstract The acyl—acyl carrier protein (ACP) thioester-
ase cDNA from the plant Umbellularia californica was
functionally expressed in various recombinant Escheri-
chia coli strains in order to establish a new metabolic
route toward medium-chain-length polyhydroxyalkano-
ate (PHAy ) biosynthesis from non-related carbon
sources. Coexpression of the PHA synthase genes from
Ralstonia eutropha and Pseudomonas aeruginosa, or on-
ly the PHA synthase gene from P. aeruginosa, respec-
tively, showed PHA, . accumulation when the type |1
PHA synthase from P. aeruginosa was produced. Both
wild-type E. coli and various fad mutants were investi-
gated; and only when the B-oxidation pathway was im-
paired PHA,,c. accumulation from gluconate was ob-
served, contributing to about 6% of cellular dry weight.
Thus coexpression of type Il PHA synthase gene with
cDNA encoding the medium-chain acyl-ACP thioester-
ase from U. californica established a new PHA,;_bio-
synthesis pathway, connecting fatty acid de novo biosyn-
thesis with fatty acid -oxidation, using a non-related
carbon source.

Introduction

The composition of the energy storage compound poly-
hydroxyalkanoate (PHA) depends on the PHA synthases,
the carbon source and the metabolic routes involved
(Madison and Huisman 1999; Rehm and Steinbiichel
1999). Various metabolic pathways have been described
for the biosynthesis of PHA,_ (composed of medium-
chain-length 3-hydroxy fatty acids ranging over 6-14
carbon atoms). The fatty acid de novo biosynthesisis the
main route during growth on carbon sources, like gluco-
nate, acetate or ethanol, which are metabolized to acetyl-
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CoA (Huijberts et al. 1994; Rehm et al. 1998). The trans-
acylase PhaG from Pseudomonas putida, which cata-
lyses the transfer of the (R)-3-hydroxydecanoyl moiety
from the ACP thioester to CoA (Rehm et al. 1998) has
been identified and characterized. Thus, PhaG directly
links fatty acid de novo biosynthesis with PHA biosyn-
thesis. This metabolic pathway was recently established
in the non-PHA-accumulating bacterium, P. fragi, which
functionally expresses the phaCl gene from P. aerugi-
nosa and the phaG gene from P. putida (Fiedler et al.
2000). phaG genes have also been identified in two other
Pseudomonas species, which indicates that the pathway
represents a general principle (Hoffmann et al. 2000a, b).
Recombinant PHA, ¢, synthesis was first obtained in re-
combinant Escherichia coli, when B-oxidation mutants
LS1298 (fadB) or RS3097 (fadR) expressing PHA syn-
thase genes from P. aeruginosa were applied. This indi-
cated that the B-oxidation pathway in E. coli provides
precursors for PHA,,c. Synthesis (Langenbach et a.
1997; Qi et a. 1997, 1998). The substrate for PHA ¢,
synthases (type I1) is (R)-3-hydroxyacyl-CoA in pseudo-
monads; and this was confirmed when purified PHA,,c
synthases from P. aeruginosa exhibited in vitro enzyme
activity with (R)-3-hydroxydecanoyl-CoA as substrate
(Qi et al. 2000).

Coexpression of the cytosolic thioesterase | gene
tesA, which encodes an acyl-CoA thioesterase, with a
PHA synthase encoding gene in E. coli (fadB, fadR)
causes synthesis of PHA mainly composed of 3-
hydroxyoctanoate, using gluconate as carbon source
(Klinke et al. 1999). These data suggest that both the fat-
ty acid de novo synthesis and the (-oxidation pathway
are involved. However, only a low accumulation (up to
2.3% of cellular dry weight; CDW) was obtained. Inter-
estingly, tesA has a strong preference for acyl-CoA thio-
esters (>12 carbon atoms, preferring C16 and C18),
which makes this enzyme less favourable for the release
of free fatty acids from the acyl-ACP intermediates of
fatty acid de novo biosynthesis (Spencer et a. 1978). In
this study for the first time, we used an acyl-ACP thioes-
terase which strongly prefers the lauroyl-ACP thioester
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instead of the corresponding CoA thioester, in order to
efficiently establish a new metabolic link between
PHA\ . synthesis and fatty acid de novo biosynthesis
(Davies and Pollard 1994).

Materials and methods

Bacterial strains, plasmids and growth of bacteria

The E. coli strains and plasmids used in this study are described
below. E. coli was grown at 37 °C in complex Luria-Bertani (LB)
medium containing 1.5% sodium gluconate and, if required, the
appropriate antibiotic as indicated.

Isolation, analysis and manipulation of DNA

DNA sequences of new plasmid constructs were confirmed by
DNA sequencing, employing the chain termination method and
using the automatic sequencer L1-COR model 4000L (MWG-Bio-
tech, Ebersherg, Germany). All other genetic techniques were per-
formed as described by Sambrook et al. (1989).

Plasmid construction

PCR was employed to amplify a DNA fragment (about 1.3 kb)
which encoded a N terminal LacZ' fusion protein of the acyl-ACP
thioesterase from Umbellularia californica. Plasmid pCGN3823
served as template (Voelker and Davies 1994) and the following
primers were used: 5-CGCGGATCCTCTTGCTACTGCTAC-
TACTAC-3 and 5-CGCGGATCCAAATGACTACTTCGATA-
ACCTTGAC-3'. These tailored primers introduced a BamHI site
at either end of the PCR product, which was subsequently sub-
cloned into the restriction enzyme site BamHI of vector
pBBRIMCS-2. This has been modified by the insertion of atetra-
cycline cassette into the Xbal site (Kovach et al. 1995; Hoffmann
et al. 20004), resulting in plasmid pBHR85. The insert orientation
was analysed by EcoRI digestion and DNA sequencing.

Functional expression of the acyl-ACP thioesterase gene

In vivo thioesterase activity was confirmed by expression of the
thioesterase gene in various metabolic backgrounds favouring the
accumulation of fatty acids (such as E. coli RS3097) in the pres-
ence of either the B-oxidation inhibitor acrylic acid (0.24 mg mi-1)
or the fadB mutant L S1298. Recombinant bacteria harbouring plas-
mid pBHR85 were cultivated in the presence of 1.5% (w/v) sodium
gluconate. Fatty acid accumulation was determined by GC analysis
of lyophilized cells; and thisindicated in vivo thioesterase activity.

Enzymatic thioesterase assay

Recombinant E. coli cells harbouring either vector pPBBR1M CS-2-tet
or pBHR85 were disrupted by French pressin 7 mM KH,PO,—KOH,
pH 8, containing 20% glycerol, 1 mM dithiothreitol and 0.1% Triton
X100. The same buffer was applied for the assay, but it additionally
contained 0.1 mM 5,5'-dithiobis(2-nitrobenzoic acid; DTNB), crude
extract with 0.2 mg mi-L total protein and 0.5 mM lauroyl-CoA as
substrate, which was synthesized as described previousy (Rehm et
a. 1998). The total volume of the reaction mixture was 500 l and
al experiments were performed at 30 °C. Enzyme activity was
spectrophotometrically monitored by an increase of absorption of re-
duced DTNB at 412 nm, exhibiting an extinction coefficient of
13.6 cm? pmol~t (Ellman 1959). Three independent measurements
were performed in order to provide a mean value of enzymatic activ-
ity. The enzyme activitiy of one unit corresponded to the amount of
enzyme required to hydrolyse 1 pmol substrate min-1.

Gas chromatographic analysis of polyester and fatty acidsin cells

PHA and fatty acids in cells were qualitatively and quantitatively
analysed by GC as described previously (Brandl et al 1988).

Results

Construction of plasmid pBHRS85 for stabilized
expression of the acyl-ACP thioesterase gene from
U. californica in recombinant E. coli

Because the multicopy plasmid pCGN3823, which was
previously constructed by Voelker and Davies (1994),
showed a toxic effect on the investigated E. coli strains,
i.e. growth and plasmid stability were strongly impaired,
the coding region of the thioesterase gene from the Cali-
fornian bay plant, U. californica, was subcloned in the
medium copy number vector pBBRIMCS-2-tet. This
vector was compatible with plasmids containing the
ColE1 or p15A origins of replication. Subcloning was
performed as described in detail in Materials and meth-
ods, resulting in plasmid pBHR85. In order to monitor
the functional expression of the thioesterase gene, plas-
mid pBHR85 was transferred into E. coli LS1298 (fadB)
and E. coli RS3097 (fadR; DiRusso 1990; Simon et al.
1980). Cultivation in LB medium containing 1.5% (w/v)
sodium gluconate resulted in the accumulation of laurate
(12:0), contributing to about 4% of the CDW (Fig.1).
Furthermore, strain RS3097 harbouring plasmid
pBHR85 only showed an accumulation of laurate
(C12:0) when the B-oxidation pathway was inhibited by

Laurate (%, wiw, of CDW)

Recombinant E. coli strains

Fig. 1 Acyl-ACP thioesterase-mediated accumulation of laurate.
Recombinant Escherichia coli was cultivated in LB medium con-
taining 1.5% (w/v) gluconate, 1 mM isopropy! thiogalactose and
either (for plasmids pBHR71/pBHR77) pBluescript SK- 75 pg am-
picillin ml-1 or (for plasmid pBHR85) either 50 pg kanamycine
mi-1 or 12.5 g tetracycline mi-1. Cultivations were performed at
37 °Cfor 48 h. * Medium also contained 0.24 mg acrylic acid mil-1
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Fig. 2 Acyl-ACP thioesterase-mediated metabolic route of medi-
um-chain-length polyhydroxyalkanoate (PHA,c ) synthesis from
acetyl-CoA

acrylic acid (Thijsse 1964; Qi et al. 1998; Figs. 1, 2).
Acrylic acid did not affect the growth of recombinant
E. coli RS3097 when cultivated in LB medium plus glu-
conate. When wild-type E. coli IM109 harbouring plas-
mid pBHR85 was employed, laurate accumulation was
much lower (Fig. 1). Functional expression of the thioes-
terase gene was aso confirmed by determining the enzy-
matic activity in crude extracts of E. coli harbouring
either pBBRIMCS-2-tet or pBHR85 only. Plasmid

D-(-)-3-Hydroxyacyl-ACP

pBHR85 mediated the production of medium-chain-
length acyl-ACP thioesterase, which exhibited an enzy-
matic activity of about 15 U mg! protein, employing
lauroyl-CoA as substrate. This corresponded to an en-
zyme activity toward lauroyl-ACP of 1,500 U mg-1, con-
sidering the preference toward the respective ACP thio-
ester (Davies and Pollard 1994).

PHA biosynthesis mediated by plant acyl-ACP
thioesterase in recombinant E. coli

In order to evaluate whether acyl-ACP thioesterase links
fatty acid de novo biosynthesis with PHA,, biosynthe-
sis, the PHA synthase genes from P. aeruginosa and R.
eutropha were introduced into the respective recombi-
nant E. coli fad mutants. Only the type Il PHA synthase
gene phaCl from P. aeruginosa in plasmid pBHR71 in
either E. coli LS1298 or E. coli RS3097 did not show
PHA accumulation when the cells were grown in LB
medium with sodium gluconate as non-related carbon
source (Langenbach et al. 1997; Qi et a. 1998). Howev-
er, when fatty acids were provided as carbon source,
these recombinant E. coli fad mutants accumulated
PHA oL as shown previously (Langenbach et al. 1997,
Qi et a. 1998). Furthermore, we introduced plasmid
pBHR77, which contained the phaCl gene from P. ae-
ruginosa and collinearly the entire PHB operon from R.
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Table 1 Accumulation of polyhydroxyalkanoate (PHA) in recom-
binant Escherichia coli strains. Cells of recombinant strains of E.
coli were cultivated in LB medium containing 1.5% (w/v) gluco-
nate, 1 mM isopropyl thiogalactose and either (for plasmids
pBHR71/pBHR77) 75 pg ampicillin mi=1 or (for plasmid
pBHRS85) either 50 pg kanamycine mi-1 or 12.5 g tetracycline
mi-1, Strain RS3097 (fadR) was cultivated in the presence of
0.24 mg acrylic acid ml-L. This fadR mutation resulted in the con-
stitutive expression of the fadBA operon. Strain LS1298 carried a
fadB mutation, which resulted in the loss of detectable activities of
B-oxidation enzymes. Cultivations were performed at 37 °C for
48 h. 3HB 3-Hydroxybutyrate, 3HD 3-hydroxydecanoate, CDW
cellular dry weight, nd not detectable

Strain/plasmid PHA content PHA composition,

of thecells, as% (w/w)

as % (w/w)

of CDW 3HB 3HD
JM109/pBHR77 + pBHR85  75.0 100 nd
JM109/pBHR71 + pBHR85 nd nd nd
JM109/pBHR77 76.0 100 nd
JM109/pBHR71 nd nd nd
JIM109/pBluescriptSK- nd nd nd
LS1298/pBHR77 + pBHR85 72.5 924 7.6
LS1298/pBHR71 + pPBHR85 3.2 nd 100
L S1298/pBHR77 53.0 100 nd
L S1298/pBHR71 nd nd nd
L S1298/pBluescriptSK- nd nd nd
RS3097/pBHR77 + pBHR85 63.4 94.6 5.4
RS3097/pBHR71 + pBHR85 3.4 nd 100
RS3097/pBHR77 50.0 100 nd
RS3097/pBHR71 nd nd nd
RS3097/pBluescriptSK- nd nd nd

eutropha into recombinant E. coli (Antonio et al. 2000).
Plasmid pBHR77 mediated strong polyhydroxybutyrate
(PHB) accumulation (contributing to > 50% of CDW in
al tested recombinant E. coli strains) when gluconate
was provided as carbon source. However, no PHA,c.
accumulation was observed (Antonio et al. 2000). When
fatty acids were provided as carbon source, a blend of
PHB and PHA,, was accumulated (Table 1).

To enable PHA,,c synthesis from gluconate in re-
combinant E. coli strains, we introduced the plasmid
pBHR85, which functionally expressed the acyl-ACP
thioesterase gene (cCDNA) from the plant U. californica
(Fig. 1), in addition to pBHR71 and pBHR77, respec-
tively, into the respective recombinant E. coli strain. The
transfer of plasmid pBHRS85 into E. coli IM109 (wild
type) harbouring either plasmid pBHR71 or pBHR77 did
not result in PHA,,c. accumulation (Table 1). However,
when we applied the recombinant E. coli fadB mutant
LS1298 or the fadR mutant RS3097 (in the presence of
acrylic acid) harbouring either plasmid pBHR71 or
pBHR77 in addition to plasmid pBHR85, PHA -, accu-
mulation contributing to a significant fraction of the
CDW was obtained (Table 1). Recombinant strains of E.
coli LS1298 and RS3097, which harboured pBHR77
plus pBHRS85, aso accumulated poly(3-hydroxybu-
tyrate) (Table 1). Laurate accumulation contributing to
about 4% of the CDW in E. coli harbouring pBHR85 as
shown above (Fig. 1) was abolished when the PHA syn-
thase of P. aeruginosa encoded by pBHR71 or pBHR77

was co-expressed with the acyl-ACP thioesterase gene,
resulting in PHA . synthesis. Since growth of recom-
binant E. coli harbouring plasmid pBHR85 in M9 medi-
um was strongly impaired, al cultivations were per-
formed in LB medium plus gluconate as carbon source.

Discussion

In the present study, we could clearly demonstrate that
the acyl-ACP thioesterase from U. californica produced
in E. coli mutants, impaired in fatty acid -oxidation,
mediated accumulation of laurate (Fig. 1). Furthermore,
in the presence of the type Il PHA synthase from P.
aeruginosa, these fatty acids were channeled via truncat-
ed fatty acid B-oxidation into PHA,c. (Fig. 2). Thus a
PHA,,c. biosynthetic pathway from non-related carbon
sources was established, releasing fatty acids from ACP
intermediates of the fatty acid de novo biosynthesis by
the activity of acyl-ACP thioesterase. These were then
activated to CoA thioesters, employing a truncated fatty
acid B-oxidation pathway (Langenbach et al. 1997; Qi et
al. 1998). The (R)-3-hydroxyacyl-CoA thioesters, which
were derived from fatty acid 3-oxidation, served then as
substrate for the PHA synthase. However, only a rather
weak accumulation of PHA,,c (contributing to about
6% of CDW) was obtained (Table 1). This is about
three-fold higher than the accumulation produced by the
application of the cytosolic acyl-CoA thioesterase TesA
from E. coli (Klinke et a. 1999).

Acyl-ACP thioesterase releases free fatty acids from
the intermediates of fatty acid de novo biosynthesis and
thus strongly interferes with a central pathway of the
bacterial metabolism. This is confirmed by the impaired
growth of E. coli expressing the acyl-ACP thioesterase
gene in M9 medium plus gluconate as carbon source.
However, this study shows that acyl-ACP thioesterase
serves as a tool to provide a precursor for PHA,q. syn-
thesis from non-related carbon sources, although the
PHA\,c. content of the respective recombinant E. coli
cellswas rather low.
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