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Degradation of fatty acids having cis-double bonds on even-numbered carbons requires the presence of auxiliary enzymes
in addition to the enzymes of the core B-oxidation cycle. Two alternative pathways have been described to degrade these
fatty acids. One pathway involves the participation of the enzymes 2,4-dienoyl-coenzyme A (CoA) reductase and A>-A>-
enoyl-CoA isomerase, whereas the second involves the epimerization of R-3-hydroxyacyl-CoA via a 3-hydroxyacyl-CoA
epimerase or the action of two stereo-specific enoyl-CoA hydratases. Although degradation of these fatty acids in bacteria
and mammalian peroxisomes was shown to involve mainly the reductase-isomerase pathway, previous analysis of the
relative activity of the enoyl-CoA hydratase II (also called R-3-hydroxyacyl-CoA hydro-lyase) and 2,4-dienoyl-CoA reduc-
tase in plants indicated that degradation occurred mainly through the epimerase pathway. We have examined the
implication of both pathways in transgenic Arabidopsis expressing the polyhydroxyalkanoate synthase from Pseudomonas
aeruginosa in peroxisomes and producing polyhydroxyalkanoate from the 3-hydroxyacyl-CoA intermediates of the
B-oxidation cycle. Analysis of the polyhydroxyalkanoate synthesized in plants grown in media containing cis-10-
heptadecenoic or cis-10-pentadecenoic acids revealed a significant contribution of both the reductase-isomerase and
epimerase pathways to the degradation of these fatty acids.

Degradation of fatty acids is mediated by the
B-oxidation cycle (Kunau et al., 1995). In mammalian
cells both mitochondria and peroxisomes possess the
enzymes of the p-oxidation cycle, whereas most
fungi, including Candida tropicalis and Saccharomyces
cerevisiae, have only a peroxisomal B-oxidation path-
way. Although it is well established that peroxisomes
are also the main site of fatty acid degradation in
plants (Gerhardt, 1993; Kindl, 1993), there are studies
suggesting the presence of some of the B-oxidation
enzymes in mitochondria (Dieuaide et al., 1993; Ger-
hardt et al., 1995; Bode et al., 1999).

Degradation of saturated fatty acids by the core -
oxidation pathway requires the presence of four en-
zyme activities (Fig. 1). The first enzyme is either in
the mitochondria an acyl-coenzyme A (CoA) dehydro-
genase or in the peroxisomes an acyl-CoA oxidase, both
enzymes converting acyl-CoAs to trans-2-enoyl-CoAs.
The enzyme 2-enoyl-CoA hydratase I then hydrates the
trans-2-enoyl-CoA to the S-isomer of 3-hydroxyacyl-
CoA, which is subsequently converted to 3-ketoacyl-
CoA by the S-3-hydroxyacyl-CoA dehydrogenase.
The last enzyme, 3-ketothiolase, completes the cycle
by cleaving 3-ketoacyl-CoA to generate acetyl-CoA
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and acyl-CoA. The core B-oxidation enzymes are not
capable of completely degrading unsaturated fatty
acids with cis double bonds at an even-numbered
carbon since hydration of cis-2-enoyl-CoA by the
2-enoyl-CoA hydratase I generates the R-isomer of
3-hydroxyacyl-CoA, which is not a substrate for the
S-3-hydroxyacyl-CoA dehydrogenase. Additional en-
zymes have thus been described, which contribute to
B-oxidation to avoid this metabolic block created by
unsaturated bonds (Hiltunen et al., 1996). Two path-
ways have been proposed for the degradation of fatty
acids having cis-double bonds at even-numbered car-
bons (Fig. 2; Schulz and Kunau, 1987). In one pathway,
the unsaturated fatty acid is degraded by the core
B-oxidation cycle to trans-2,cis-4-enoyl-CoA, which is
subsequently reduced to trans-3-enoyl-CoA by the 2,4-
dienoyl-CoA reductase. The trans-3-enoyl-CoA is then
converted to trans-2-enoyl-CoA by the enzyme A®-A*-
enoyl-CoA isomerase before returning to the core
B-oxidation cycle (Fig. 2). In an alternative pathway,
the unsaturated fatty acid is degraded by the core
B-oxidation enzymes to R-3-hydroxyacyl-CoA, which
is then epimerized to S-3-hydroxyacyl-CoA before re-
joining the B-oxidation cycle. Epimerization can be
achieved either directly by a 3-hydroxyacyl-CoA epim-
erase or indirectly by the combined action of a 2-en-
oyl-CoA hydratase II (also called R-3-hydroxyacyl-
CoA hydro-lyase), converting R-3-hydroxyacyl-CoA to
2-trans-enoyl-CoA, and the 2-enoyl-CoA hydratase I,
converting 2-trans-enoyl-CoA to 5-3-hydroxyacyl-CoA
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Figure 1. Core B-oxidation cycle and synthesis
of medium chain length-polyhydroxyalkanoate
(MCL-PHA) in transgenic plants. Enzymatic re-
actions involved in the core -oxidation cycle
are indicated by solid lines. Reactions involved
in the synthesis of R-3-hydroxyacyl-CoA are
shown by dashed lines and the synthesis of
MCL-PHAs through the expression of the P.
aeruginosa PHA synthase is shown by a white
arrow.

acetyl-CoA

3-ketoacyl-CoA

(Fig. 2; Engeland and Kindl, 1991; Gerhardt 1992; Kind],
1993).

Only the reductase-isomerase pathway occurs in
mammalian mitochondria since this organelle does
not have detectable epimerase activity (Chu and
Schulz, 1985). In contrast, in peroxisomes of mam-
mals and plants, as well as in bacteria, the epimerase
and the reductase-isomerase pathways appear op-
erative (Chu and Schulz, 1985; Yang et al., 1986;
Behrends et al., 1988). Two main approaches have
been used to determine the relative importance of the
two alternative pathways for the degradation of fatty
acids having cis-double bonds at even-numbered car-
bons. Kinetic analysis of the degradation of trans-
2,cis-4-decadienoyl-CoA in rat liver peroxisomes and
Escherichia coli have shown that even-numbered un-
saturated fatty acids are overwhelmingly degraded
by the reductase-isomerase pathway in these organ-
isms (Yang et al., 1986). This conclusion was rein-
forced by genetic studies showing that inactivation of
the gene encoding the 2,4-dienoyl-CoA reductase in
E. coli makes the bacterium unable to grow on
petroselenic acid (C18:1A6c¢is) whereas growth is nor-
mal on acetate or oleic acid (C18:1A9cis; You et al.,
1989). In contrast, comparisons of enzyme activities
present in the cotyledons or isolated peroxisomes of
cucumber seedlings indicated that the pathway via
2,4-dienoyl-CoA reductase was much less effective
than the epimerase pathway in plants (Behrends et
al., 1988; Engeland and Kindl, 1991).

Medium chain length-polyhydroxyalkanoates (MCL-
PHAs) are high-M, polyesters synthesized in a variety
of pseudomonads through the polymerization of
3-hydroxyacyl-CoAs generated by the degradation of
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alkanoic acids by the B-oxidation cycle (Poirier et al.,
1995; Steinbiichel and Filichtenbusch, 1998). These
polyesters have properties of biodegradable plastics
and elastomers and their synthesis in plants is seen as
an attractive alternative to bacterial fermentation for
their large-scale production at low cost (Poirier et al.,
1992, 1995; Poirier, 1999). Synthesis of MCL-PHAs in
plants has been achieved by targeting the bacterial
PHA synthase from Pseudomonas aeruginosa in the per-
oxisomes (Mittendorf et al., 1998). In these transgenic
plants PHA is synthesized from saturated and unsat-
urated 3-hydroxyacyl-CoA intermediates generated
by the B-oxidation of fatty acids (Fig. 1). Since PHA is
made only from the R-isomer of 3-hydroxyacids, it
was hypothesized that either the S-3-hydroxyacyl-
CoA intermediates generated by the B-oxidation cycle
are converted to the R-isomer by a 3-hydroxyacyl-CoA
epimerase or that distinct 2-enoyl-CoA hydratases
convert 2-trans-enoyl-CoA and 2-cis-enoyl-CoA to
R-3-hydroxyacyl-CoAs (Mittendorf et al., 1998; Fig. 1).
It has been further shown that the monomer compo-
sition of MCL-PHAs produced in transgenic plants
grown in liquid cultures can be directly influenced by
the addition of fatty acids to the media, demonstrating
that external free or esterified fatty acids can enter the
B-oxidation cycle and that intermediates are included
into MCL-PHAs (Mittendorf et al., 1999). The mono-
mer composition of MCL-PHA thus reflects both the
nature and quantity of the fatty acids degraded by the
peroxisomal B-oxidation cycle (Mittendorf et al., 1999;
Poirier et al., 1999). In the present study we have
examined the in vivo contribution of the two alterna-
tive pathways for the degradation of fatty acids with
double bonds on even-numbered carbons by analyz-
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ing the monomer composition of MCL-PHA synthe-
sized in plants fed with cis-10-heptadecenoic and cis-
10-pentadecenoic acids.

RESULTS

Synthesis of PHA in Plants Fed with
10-Heptadecenoic Acid

Transgenic plants producing MCL-PHA in their
peroxisomes were grown in liquid media containing
the detergent Tween-80 and various free fatty acids.
Since the amount of odd-chain monomers found in
plant MCL-PHAs synthesized from the endogenous
pool of fatty acids is relatively low, we have added to
the growth media free odd-chain unsaturated fatty
acids to clearly distinguish the odd-chain 3-hydroxy
acid monomers derived from the external free fatty
acids from the even-chain monomers derived from
either the endogenous fatty acids or the fatty acids
conjugated to Tween-80 (70 mol% oleic acid, with the
balance being even-chain fatty acids).

The 3-hydroxyacyl-CoAs generated by the degrada-
tion of heptadecanoic acid and cis-10-heptadecenoic
acid are shown in Figure 3, A and B. Only the S-isomer
of 3-hydroxyacyl-CoAs is directly generated during
the degradation of heptadecanoic acid by the core
B-oxidation enzymes (Fig. 1). Whereas the degrada-
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Pathways of B-Oxidation of Unsaturated Fatty Acids in Plants

Figure 2. p-Oxidation of fatty acids with cis-
double bonds on even-numbered carbons. The
main branch on the right is referred as the
reductase-isomerase pathway, whereas the main
branch on the left is referred as the epimerase
pathway. In the epimerase pathway, conversion
of 5-3-hydroxyacyl-CoA to R-3-hydroxyacyl-CoA
can be mediated either via a 3-hydroxyacyl-CoA
epimerase or the combined action of the 2-enoyl-
CoA hydratase | and 2-enoyl-CoA hydratase II.

trans-3-enoyl-CoA

43-42 -enoyl-CoA
isomerase

trans-2-enoyl-CoA

core B-oxidation

tion of cis-10-heptadecenoic acid by the reductase-
isomerase pathway also generates directly only the
S-isomer of 3-hydroxyacyl-CoAs, degradation via the
epimerase pathway generates R-3-hydroxynonanoyl-
CoA (H9; all 3-hydroxyacids are designated by the
prefix H; Fig. 3B). The epimerase pathway will also
generate the unique CoA intermediate H11:1A4,
whereas the reductase-isomerase pathway will gen-
erate the CoA intermediate H11. Thus degradation of
cis-10-heptadecenoic acid via the epimerase or reduct-
ase-isomerase pathway could be distinguished by the
relative abundance of either H11 and H11:1A4 mono-
mers, as well as the amount of H9:0 monomer, in
MCL-PHA.

The monomer composition of MCL-PHA purified
from plants grown in media supplemented with only
Tween-80, or with Tween-80 and free fatty acids, is
shown in Table I. As expected, the major changes in
the PHA monomer composition created by the addi-
tion of heptadecanoic acid to Tween-80 is an increase
in the proportion of all odd-chain monomers, rang-
ing from a 50-fold increase of H15 to a 3-fold increase
of H7 (Fig. 3A; Table I). When plants are fed with
cis-10-heptadecenoic acid and Tween-80, two novel
monomers appear in the PHA, namely H15:1 and
H13:1. It is striking that the H11:1 monomer pre-
dicted to be generated by the epimerase pathway is
undetectable in the PHA (Fig. 3B; Table I). Further-
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Figure 3. Spectrum of 3-hydroxyacyl-CoAs generated by the degra-
dation of heptadecanoic acid (A), cis-10-heptadecenoic acid (B), and
cis-10-pentadecenoic acid (C). The PHA synthase from P. aeruginosa
can only incorporate into MCL-PHA 3-hydroxyacyl-CoAs ranging from
six to 16 carbons. The 3-hydroxyacyl-CoAs with less then six carbons
have therefore not been indicated. For the degradation of cis-10-
heptadecenoic acid and cis-10-pentadecenoic acid, the branched
points of the epimerase pathway (E) and the reductase-isomerase
pathway (R-1) are indicated. All 3-hydroxyacyl-CoAs generated by the
B-oxidation of the saturated and unsaturated fatty acids are in the S
configuration, with the exception of R-3-hydroxynonanoyl-CoA and
R-3-hydroxyheptanoyl-CoA (underlined in B and C) generated by the
degradation of cis-10-heptadecenoic acid and cis-10-pentadecenoic
acid, respectively, via the epimerase pathway.

more, the amount of HI1 monomer present in the
PHA of plants fed with cis-10-heptadecenoic acid is
comparable with plants fed with heptadecanoic acid,
whereas the amount of H13 and H15 monomers
remains very low and is comparable with plants
grown in the absence of odd-chain fatty acids. These
results are expected if the degradation of cis-10-
heptadecenoic acid is mainly mediated by the
reductase-isomerase pathway. However, PHA iso-
lated from cultures fed with cis-10-heptadecenoic
acid also show a significant increase in proportion of
the H9 monomer. Whereas the ratio of H7:H9:H11
monomers in plants fed with Tween-80 and heptade-
canoic acid is 1:1.1:0.5, the ratio in plants fed with
Tween-80 and cis-10-heptadecenoic acid is 1: 2.4:0.5.
Such an increase in H9 can be rationalized by the
degradation of cis-10-heptadecenoic acid via the epim-
erase, which generates the R-isomer of 3-hydroxy-
nonanoyl-CoA, which can be used directly by the
PHA synthase for MCL-PHA synthesis. In this con-
text, the absence of the monomer H11:1A4 could be
explained by the inability of the PHA synthase of P.
aeruginosa to use 3-hydroxyacyl-CoA substrates hav-
ing a double bond at the fourth carbon and adjacent to
the hydroxyl group which contributes to the forma-
tion of the ester bond in PHA (see “Discussion”).
Fatty acids having a trans-double bond at the even-
numbered carbon can be degraded completely by the
core B-oxidation enzymes since only trans-2 enoyl-
CoA intermediates would be generated. However,
the reductase-isomerase pathway could still act on
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Table 1. PHA synthesis in transgenic plants fed with odd-chain fatty acids

PHA Monomer Composition®
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these fatty acids since the 2,4-dienoyl-CoA reduc-
tase can also convert trans-2,trans-4-dienoyl-CoA to
trans-3-enoyl-CoA (Dommes and Kunau, 1984;
Behrends et al., 1988). Thus the degradation of
trans-10-heptadecenoic acid via the reductase-
isomerase pathway is expected to generate a similar
range of 3-hydroxyacid monomers into PHA as the
degradation of cis-10-heptadecenoic acid, including
the distinctive H11 monomer. In a similar manner,
degradation of trans-10-heptadecenoic acid via the
core B-oxidation cycle is expected to generate a
range of 3-hydroxyacid monomers into PHA com-
parable to the degradation of cis-10-heptadecenoic
acid via the epimerase pathway, with the notable
exception that the 3-hydroxynonanoyl-CoA gener-
ated by the degradation of trans-10-heptadecenoic is
in the S-configuration, whereas it is in the R-configur-
ation for cis-10-heptadecenoic acid. Results shown in
Table I show that feeding plants with Tween-80 and
trans-10-heptadecenoic acid leads to the appearance in
PHA of the odd-chain unsaturated monomers H15:1
and H13:1, as well as an increase in H11, whereas the
H13 and H15 monomers remain low at levels similar
to plants fed only with Tween-80. These results indi-
cate that degradation of trans-10-heptadecenoic acid is
also mediated by the reductase-isomerase pathway.
No H11:1 monomer is detected in PHA isolated from
plants fed with trans-10-heptadecenoic acid. How-
ever, in contrast to experiments conducted with cis-
10-heptadecenoic acid, feeding with the trans isomer
does not lead to a significant elevation of the propor-
tion of H9 compared with H7 and H11, the ratio
H7:H9:H11 being 1:1.2:0.7. Although these data do not
directly indicate whether some fraction of the trans-
10-heptadecenoic acid is also degraded by the path-
way comprising only the core B-oxidation enzymes,
the specific elevation of H9 monomer in PHA isolated
from plants fed with the cis isomer and not the trans
isomer of 10-heptadecenoic acid supports the hypoth-
esis that a significant proportion of the cis unsaturated
fatty acids are degraded via the epimerase pathway.

Synthesis of PHA in Plants Fed with
10-Pentadecenoic Acid

To confirm the degradation of unsaturated fatty ac-
ids via both the epimerase and reductase-isomerase
pathway in plants, the PHA monomers generated by
the degradation of pentadecenoic acid was examined.
As shown in Figure 3C, degradation of cis-10-
pentadecenoic acid via the reductase-isomerase path-
way would generate the H9 intermediate, whereas
degradation via the epimerase would generate the
H9:1A4 intermediate. Furthermore, degradation via
the epimerase pathway would also lead to the direct
synthesis of the R-isomer 3-hydroxyheptanoyl-CoA,
whereas all other 3-hydroxyacyl-CoAs would be gen-
erated as S-isomers. PHA from plants fed with either
trans-10-pentadecenoic acid or cis-10-pentadecenoic
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acid contain the odd-chain unsaturated monomers
H15:1, H13:1, and H11:1 (Table I). There is also a 2- to
4.5-fold increase in the H9 monomer compared with
plants fed only Tween-80 whereas H11, H13, and
H15 are as low as in the Tween-80 control plants.
These data are again consistent with the degradation
of both cis- and trans-10-pentadecenoic acid via the
reductase-isomerase pathway. Despite the absence of
the monomer H9:1A4 in PHA isolated from plants
fed with either trans- or cis-10-pentadecenoic acid,
the degradation of a portion of the cis unsaturated
fatty acid via the epimerase pathway is indicated by
the increased in the proportion of the H7 monomer,
as shown by the H7:H9 ratio of 1:0.3 for plants fed
with cis-10-pentadecenoic acid compared with 1:1.1
for plants fed with either trans-10-pentadecenoic acid
or pentadecanoic acid.

Synthesis of PHA in Pseudomonas putida Grown on
Heptadecenoic Acid and Pentadecenoic Acid

Studies using purified B-oxidation enzymes from
E. coli and Pseudomonas fragii have shown that the
intermediate trans-2,cis-4-decadienoyl-CoA is effi-
ciently degraded only via the reductase-isomerase
pathway, whereas degradation via the epimerase
pathway represents at best only a minor pathway
(Yang et al., 1986, Imamura et al., 1990). We have
therefore compared the monomer composition of
PHA synthesized in P. putida grown on the same
fatty acids with that used in the plant feeding exper-
iments (Table II).

The range of PHA monomers found in P. putida
grown on Tween-80 with or without fatty acid is
considerably simpler than for plants. This is ex-
plained by the fact that in bacteria almost all PHA
monomers are derived from the degradation of ex-
ogenous fatty acids, whereas in plant PHA a signifi-
cant proportion of monomers are derived from the
degradation of endogenous fatty acids of the reserve
triacylglycerides. Growth of bacteria in Tween-80
alone leads to the synthesis of PHA incorporating
mostly the degradation intermediates of oleic acid
comprised between six and 14 carbons, namely
H14:1, H12, H10, H8, and H6 (Table II). Odd-chain
monomers represent only a small fraction of the PHA
monomers (=2 mol%) and are probably derived from
the a-oxidation of some medium-chain fatty acids.
When P. putida is fed with Tween-80 and heptade-
canoic acid, there is a major increase in all odd-chain
monomers, but clearly some even-chain monomers
are still derived from the oleic acid esterified to
Tween-80.

The monomer composition of PHA synthesized
from both cis- and trans-unsaturated fatty acids
shows that the reductase-isomerase is involved in
their degradation. This is seen by the increase in the
H11 monomer in PHA from bacteria fed with either
cis- or trans-10-heptadecenoic acid and the increase
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Table 1. PHA synthesis in P. putida KT2442 fed with odd-chain fatty acids

PHA Monomer Composition®

Medium
H6 H7 H8 H9:1 H9 H10 H11:1 H11 H12 H13:1 H13 H14:1 H14 H15:1 H15
mol%

T-80 9.2 0.9 32 nd 0.8 30 nd 0.3 12 nd 0.03 13 0.7 nd nd
T-80 + C17 2.8 20 13 nd 31 11 nd 10 3.7 nd 4.3 2.7 0.2 nd 1.3
T-80 + C17:1c 4.0 18 18 nd 25 14 nd 6.7 4.8 5.3 0.02 3.7 0.2 0.7 nd
T-80 + C17:1t 1.3 25 6.1 nd 38 3.7 nd 12 1.0 11 0.02 0.7 0.06 0.8 nd
T-80 + C15:1c 4.0 17 17 nd 23 14 7.3 0.3 5.2 5.7 0.02 4.1 0.2 1.6 nd
T-80 + C15:1t 3.3 18 13 nd 26 12 11 0.5 4.3 5.7 0.03 3.4 0.2 1.5 nd

2 Data are the mean of three measurements. st are not indicated for simplification of the table, but are less than 14% and 20% of the mean
values for odd-chain and even-chain monomers, respectively. nd, Not detected.

in H9 monomer in PHA from bacteria fed with either
cis-or trans-10-pentadecenoic acid (Table II). It is also
clear that as in the plant feeding experiments, bacte-
rial PHA made from the degradation of both isomers
of either heptadecenoic acid or pentadecenoic acid do
not contain detectable levels of the H11:1 or H9:1
monomers, respectively. However, in contrast with
plant PHA, there is no significant increase in the H9
monomer in bacteria fed with cis-10-heptadecenoic
acid compared with trans-10-heptadecenoic acid or
heptadecanoic acid, the ratios between the monomers
H7:H9:H11 remaining relatively stable at 1:1.4 to 1.5:
0.4 to 0.5. In a similar manner, there is no increase in the
H7 monomer in bacteria fed with cis-10-pentadecenoic
acid compared with trans-10-pentadecenoic acid or
pentadecanoic acid. Together, these data indicate that
the epimerase pathway contributes substantially less to
the degradation of fatty acids with cis-unsaturated
bonds at even-numbered carbons in P. putida compared
with plants.

DISCUSSION

Complete degradation of fatty acids having cis
double bonds at even-numbered carbons requires the
participation of auxiliary enzymes acting in concert
with the four enzyme activities of the core
B-oxidation cycle. This is because hydration of the
cis-2-enoyl-CoA intermediate, instead of the usual
trans-2-enoyl-CoA, by the 2-enoyl-CoA hydratase I
generates the R-isomer of 3-hydroxyacyl-CoA,
which cannot be converted to 3-ketoacyl-CoA by the
5-3-hydroxyacyl-CoA dehydrogenase of the core
B-oxidation cycle. According to the original path-
way proposed by Stoffel and Caesar (1965), a
3-hydroxyacyl-CoA epimerase is involved in con-
verting R-3-hydroxyacyl-CoA to the corresponding
S-isomer, which can then re-enter the B-oxidation
cycle.

Epimerization of R-3-hydroxyacyl-CoA to the
S-isomer has been shown to involve several mech-
anisms. In mammalian peroxisomes, epimerization
of 3-hydroxyacyl-CoA was shown to occur by the
combined action of two stereospecific hydratases:
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the classic 2-enoyl-CoA hydratase I of the core
B-oxidation complex, converting trans-2-enoyl-CoA
to S-3-hydroxyacyl-CoA, and a novel 2-enoyl-CoA
hydratase II converting trans-2-enoyl-CoA to R-3-
hydroxyacyl-CoA (Hiltunen et al., 1989). Since these
two reactions are reversible, epimerization of R-3-
hydroxyacyl-CoA would be mediated by the reverse
reaction of the 2-enoyl-CoA hydratase II with the
forward reaction of the 2-enoyl-CoA hydratase I (Fig.
2). In E. coli and plants, epimerase activity is found
associated with the multifunctional protein (MFP), a
polypeptide possessing 2-enoyl-CoA hydratase I,
S-3-hydroxyacyl-CoA dehydrogenase, A®-A*-enoyl-
CoA isomerase, and 3-hydroxyacyl-CoA epimerase
activities (Preisig-Miiller et al.,, 1994; Yang et al,,
1995). Mutagenesis experiments with the E. coli MFP
indicated that a single amino acid was involved in
the dehydration of both R- and S-3-hydroxyacyl-CoA
to trans-2-enoyl-CoA, thereby indicating that epimer-
ization occurs also via a dehydration-hydration reac-
tion (Yang et al., 1995). In contrast, mutagenesis ex-
periments with the plant MFP has shown that
epimerization is independent of the hydratase activ-
ity and does not require the removal of water, im-
plying that the plant enzyme is a true epimerase
(Preisig-Miiller et al., 1994). In addition, plants also
appear to have monofunctional 2-enoyl-CoA hy-
dratase II enzymes (also named R-3-hydroxyacyl-
CoA hydro-lyase), thus indicating that epimerization
could also occur in plants by the combined action of
two stereospecific hydratases like in mammalian per-
oxisomes (Engeland and Kindl, 1991).

Although 3-hydroxyacyl-CoA epimerase activity
has been detected in peroxisomes of mammals and
plants, as well as in bacteria, no significant epimerase
activity has been found associated with mammalian
mitochondria, although this organelle can degrade
fatty acids having cis-double bonds at even num-
bered carbons (Chu and Schulz, 1985). Kunau and
Dommes (1978) have described the enzyme 2,4-
dienogl—CoA reductase, which in combination with
the A’-A%-enyol-CoA isomerase, could sequentially
convert the intermediate trans-2,cis-4-dienoyl-CoA to
trans-3-enyol-CoA and trans-2-enoyl-CoA, and thus
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avoid a block in the B-oxidation cycle without the
need of an epimerase (Fig. 2). 2,4-Dienoyl-CoA re-
ductase and A*-A%-enyol-CoA isomerase are found in
mammalian mitochondria, peroxisomes of mammals,
plants, and fungi, as well as in bacteria (Hiltunen et
al., 1996). Thus in mammalian mitochondria, only the
reductase-isomerase pathway seems to be operative
for the degradation of fatty acids with cis-double
bonds on even-numbered carbons, whereas both
reductase-isomerase and epimerase pathways could
contribute to the degradation of these fatty acids in
peroxisomes and bacteria.

Estimation of the degradation of the intermediate
trans-2,cis-4-dienoyl-CoA through the epimerase and
reductase-isomerase pathways indicated that for E.
coli and rat liver peroxisomes, only approximately
2% to 3% of the intermediate was metabolized
through the epimerase pathway (Yang et al., 1986).
The preponderance of the reductase-isomerase path-
way in bacteria was also shown by the poor deg-
radation of petroselenic (C18:1A6c¢is) in an E. coli
mutant deficient in the enzyme 2,4-dienoyl-CoA re-
ductase (You et al., 1989), as well as the monomer
composition of MCL-PHA synthesized in P. putida
fed with linoleic acid (de Waard et al., 1993). Further-
more, the reconstituted S-oxidation complex from P.
fragi could not completely degrade linoleic acid (C18:
2A9cis, 12cis) unless 2,4-dienoyl-CoA reductase was
added (Imamura et al., 1990). In contrast to these
experiments in bacteria and mammalian peroxi-
somes, Engeland and Kindl (1991) have shown that
in purified glyoxysomes or crude extracts of cotyle-
dons of cucumber seedlings, the ratio of 2-enoyl-CoA
hydratase II to 2,4-dienoyl-CoA reductase activity
was 100:1. The activity of the 2,4-dienoyl-CoA reduc-
tase was also low compared with all other enzymes
participating in B-oxidation and was thus regarded
as rate-limiting (Engeland and Kindl, 1991). To-
gether, these data suggested that in contrast to mam-
malian peroxisomes and bacteria, plant peroxisomes
degrade fatty acids with cis-double bonds on even-
numbered carbons mainly by the epimerase pathway
and that the reductase-isomerase pathway partici-
pates little, if any, to their degradation. It is, however,
unclear whether measurements of in vitro enzyme
activities adequately reflect the flux through path-
ways in a cellular environment where numerous sub-
strates must compete for similar enzymes and where
micro-environment or substrate channeling may
occur.

Transgenic plants expressing the PHA synthase
from the bacterium P. aeruginosa in peroxisomes syn-
thesize MCL-PHA derived from the polymerization
of a broad range of 3-hydroxyacyl-CoA intermediates
of B-oxidation (Mittendorf et al., 1998). It has been
previously shown that the monomer composition of
the MCL-PHA in plants can be directly influenced by
the nature of the fatty acids being degraded by
B-oxidation. For example, plants grown in media
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containing odd-chain or branched-chain fatty acids
produce PHA containing an increased proportion of
odd-chain and branched-chain 3-hydroxyacid mono-
mers, respectively (Mittendorf et al., 1999). Thus the
composition of plant PHA can be used as a tool to
analyze how fatty acids are degraded in plants. In
this study we have used these transgenic plants to
analyze how fatty acids having a double bond at an
even-numbered carbon are degraded.

Degradation via the reductase-isomerase pathway
of cis- and trans-10-heptadecenoic acid, as well as cis-
and trans-10-pentadecenoic acid, in plants and bac-
teria is clearly shown by the abundance of the H11
and H9 monomers in PHAs, respectively. Direct ev-
idence for degradation of unsaturated fatty acids via
the epimerase pathway would have been provided
by the presence of the H11:1A4 monomer in PHA
derived from cis-10-heptadecenoic acid and of the
H9:1A4 monomer in PHA derived from cis-10-
pentadecenoic acid. However, these monomers are
not detectable in the respective PHA samples either
in plants or bacteria. Nevertheless, indirect evidence
for the presence of the epimerase pathway in plants
is provided by the increase in the proportion of
the H9 monomer in PHA derived from «cis-10-
heptadecenoic acid relative to PHA derived from
trans-10-heptadecenoic acid, as well as the increase in
the proportion of the H7 monomer in PHA derived
from cis-10-pentadecenoic acid relative to PHA de-
rived from trans-10-pentadecenoic acid. It is rea-
soned that these monomers are increased because
their respective 3-hydroxyacyl-CoA are generated di-
rectly as the R-isomer by the epimerase pathway, and
thus can be used by the PHA synthase without the
need of epimerization. The reason for the absence of
the H11:1A4 monomer in PHA derived from cis-10-
heptadecenoic acid and of the H9:1A4 monomer in
PHA derived from cis-10-pentadecenoic acid despite
the activity of the epimerase pathway is likely due to
the inefficiency of the PHA synthase from P. aerugi-
nosa to use 3-hydroxyacyl-CoAs having a double
bond on the fourth carbon and near the hydroxyl
group participating in the formation of the ester
bond. The absence of the monomer H10:2A4cis, 7cis
in PHA derived from linolenic acid (C18:3A9cis,
12cis, 15cis) has been noted previously and reinforces
this hypothesis (Mittendorf et al., 1998, 1999). It is
also possible that the absence of the H11:1A4 and H9:
1A4 monomers in PHAs may be due to the inability of
the plant enzymes to epimerize S-3-hydroxyacyl-CoAs
having a double bond on the fourth carbon.

Analysis of the PHA monomer composition from
plants grown in the various unsaturated fatty acids
does not allow for the precise calculation of the rel-
ative flux of fatty acids degraded via the reductase-
isomerase and the epimerase pathways. This is in
part because the PHA synthase must compete with
several other enzymes for the 3-hydroxyacyl-CoAs,
including 2-enoyl-CoA hydratase I and S-3-hydroxy-
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acyl-CoA dehydrogenase, and that affinities of all
these enzymes for the various saturated and unsat-
urated 3-hydroxyacyl-CoAs are not known. Never-
theless, the shifts in PHA monomer composition be-
tween the various fatty acids are sufficiently large to
conclude that the flux of fatty acids toward the
reductase-isomerase pathway is quite substantial.
For example, levels of the H11 monomer in PHA are
in the same range whether the plants were grown in
heptadecanoic acid, or cis- or trans-heptadecenoic
acid, whereas the monomer H13 is 10 times lower in
plants grown in cis- or trans-heptadecenoic acid com-
pared with plants grown in heptadecanoic acid. Such
monomer composition would not be expected if the
reductase-isomerase was a minor pathway.

A precise determination of the flux toward the
epimerase pathway is made difficult because we do
not know the in vivo kinetics of the conversion be-
tween the R- and S-isomers of 3-hydroxyacyl-CoAs,
an important factor considering that the PHA syn-
thase accepts only the R-isomers. Comparison of the
PHA monomer composition in plants and bacteria
nevertheless clearly indicates that the proportion of
unsaturated fatty acids degraded via the epimerase
pathway is larger in plants compared with bacteria.

The apparent discrepancy between the present
study and the results of Engeland and Kindl (1991),
which suggest a minor involvement of the reductase-
isomerase pathway, could be explained by the differ-
ent methodologies used. For example, it may be pos-
sible that the 2-enoyl-CoA hydratase II activity
detected in cucumber cotyledons may be more in-
volved in sterol metabolism and degradation of
branched-chain fatty acids then in the degradation of
straight-chain fatty acid, as reported for a similar en-
zyme in mammals (Dieuaide-Noubhani et al., 1997;
Qin et al., 1997). The high ratio between 2-enoyl-CoA
hydratase II activity and 2,4-dienoyl-CoA reductase
activity detected in cucumber cotyledons (Engeland
and Kindl, 1991) may thus have provided a distorted
view of the relative importance of the epimerase path-
way versus the reductase-isomerase pathway in the
degradation of straight-chain unsaturated fatty acids.
Because PHA is synthesized in living cells and in an
intact subcellular environment, it provides a valuable
alternative view of the metabolic pathways participat-
ing in fatty acid degradation.

MATERIALS AND METHODS
Bacterial Strain and Plant Material

Pseudomonas putida KT2442 (Bagdasarian et al., 1981) was
grown in shake flasks at 28°C. For synthesis of MCL-PHAs,
P. putida was first grown overnight in Luria broth, cells
were washed in water, and resuspended at a dilution of
1:20 in one-half-strength E2 medium (Lageveen et al., 1988)
containing a final concentration of 0.1% (w/v) free fatty
acids, 0.4% (v/v) ethanol, and 1.5% (w/v) Tween-80. Cells
were harvested after 18 h and washed consecutively with
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water, 50% (v/v) ethanol, and methanol before being ana-
lyzed for PHA. The fatty acids used were heptadecanoic
acid, cis-10-pentadecenoic acid, trans-10-pentadecenoic acid,
cis-10-heptadecenoic acid, and trans-10-heptadecenoic acid
(Nu-Check-Prep, Elysian, MN).

Transgenic Arabidopsis line 3.3 expressing the P. aerugi-
nosa PhaCl synthase in the peroxisomes has been previ-
ously described (Mittendorf et al., 1998). Axenic plants
were grown under constant agitation (100 rpm) for 7 d in
liquid media containing one-half-strength Murashige and
Skoog salts and 1% (w/v) Suc, and then grown for an
additional 7 d in the same media supplemented with a final
concentration of 0.02% (w/v) free fatty acids, 0.08% (v/v)
ethanol, and 1% (w/v) Tween-80. The plant material was
harvested, rinsed with water, lyophilized, and frozen until
used for PHA extraction.

PHA Extraction and Analysis

Extraction of PHA from plant material and analysis by
gas-chromatography and mass spectrometry (GC-MS) was
done essentially as previously described (Mittendorf et al.,
1998). Dried frozen plant material was ground in a mortar
and extracted with methanol in a Soxhlet apparatus for
24 h followed by PHA extraction with chloroform for 24 h.
The PHA-containing chloroform was concentrated using a
Rotovapor and filtered over glass wool to remove residual
solid particles. PHA was precipitated by the addition of 10
volumes of cold methanol and subsequently purified by
two cycles of chloroform solubilization and methanol pre-
cipitation. PHA dissolved in chloroform was transesteri-
fied by acid methanolysis (Huijberts et al., 1992). In some
experiments trimethylsilyl derivatization of methyl esters
of 3-hydroxyacids was accomplished by the addition of 50
uwL of N-methyl-N-(trimethylsilyl)-2,2,2-trifluoroacetamide
to 1 mL of the sample and the mixture heated at 80°C for 10
min. The sample was subsequently dried under a nitrogen
flux to evaporate the unreacted N-methyl-N-(trimethylsilyl)-
2,2,2-trifluoroacetamide and resuspended in chloroform.
The esterified PHA monomers were analyzed by GC-MS
using a gas chromatograph (5890, HP-5MS column, Hewlett-
Packard, Palo Alto, CA) coupled to a 5972 mass spectrome-
ter (Hewlett-Packard). Identification of monomers present
in plant PHA was facilitated by the use of commercial
standards and purified bacterial PHAs for which the mono-
mer composition was determined by GC-MS as well as
heteronuclear NMR (obtained from G. Eggink, ATO-DLO,
Wageningen, The Netherlands).
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