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Abstract—Epoxide hydrolase (EC 3.3.2.3) activity was measured with cis-9,10-epoxystearic acid as the substrate. The
activity was determined in homogenates (600 g supernatants) prepared from seeds after two days of germination. The
species analysed were Arabidopsis thaliana, Brassica napus, Euphorbia lagascae, Glycine max, Linum usitatissimum,
Nicotiana tabacum, Pisum sativum, Ricinus communis, Sinapis alba, Vicia faba and Vicia sativa. Fatty acid epoxide
hydrolase activity was present in all species, which could be divided into two groups with low or high activity. The
highest specific activity was found in G. max and P. sativum, while the highest total activity was observed in the former.
Our findings indicate that fatty acid epoxide hydrolase may be a ubiquitous enzyme in plant seeds.

INTRODUCTION

Plant seeds store large amounts of proteins, lipids and
carbohydrates to enable germination and subsequent dev-
elopment into a mature plant. In oil-storage seeds, large
amounts of fatty acids in the form of triacylglycerols are
used as a source of energy and biosynthetic intermediates.
The composition of fatty acids is unique to each type of
seed with large variations in chain length and degree of
unsaturation, although a certain variation within the
same species is common [1].

Epoxy fatty acids are common storage lipids in seeds of
certain species. At the extreme end are members of the
Asteraceae, which have been reported to have over 70%
of the lipids in the form of the epoxy fatty acids in the seed
[2]. Vicinal dihydroxy fatty acids are also abundant in
some species, e.g. from the Asteraceae with 25% of the
fatty acids in the form of diols [2]. The high levels of these
fatty acid epoxides or diols indicate that certain enzymes
are highly active, while other enzymes are absent or have
very low activity causing an accumulation of different
metabolites. The function and the metabolism of epoxy
fatty acids in plants have received little attention. In
animal cells though, several enzymes involved in the
metabolism of epoxy fatty acids have been characterized.
Cytochrome P-450 and epoxide hydrolase seem to be key
enzymes in the formation and the breakdown of epoxy
fatty acids, respectively [3]. In plants, several enzymes
with the ability of forming fatty acid epoxides have been

*Author to whom correspondence should be addressed.

31

found but much less is known about the further metabol-
ism of fatty acid epoxides [4]. An interesting function of
epoxy- and dihydroxylinoleic acid in rice is the discovery
of their fungicidal properties towards Pyricularia oryzae
[5].

We are interested in the function and metabolism of
fatty acid epoxides, as well as the properties of the
enzymes involved in their metabolism in plants. In order
to analyse the presence and the relative activity of fatty
acid epoxide hydrolase in different plants, we have ana-
lysed seeds from 11 species both from oil-storage species
and from species with low contents of seed oil.

RESULTS AND DISCUSSION

Seeds were germinated for two days to stimulate the
differentiation processes, including the glyoxysomal
pathways regarding f-oxidation of fatty acids and the
glyoxylate cycle [6]. An earlier analysis of fatty acid
epoxide hydrolase activity in Ricinus communis endo-
sperm showed high activity during the initial nine days of
germination analysed, with a maximum around day two
(Meijer et al., manuscript in preparation). The seeds were
therefore germinated for two days before analysis in order
to minimize the risk of low activity being overlooked.
Enzyme activity was found in all tissues examined (end-
osperm, cotyledons, hypocotyl and root) from R. com-
munis seeds, although with different specific activities. No
endogenous inhibitors seemed to be present, since mixing
tissues gave an additive effect. In the present investiga-
tion, the whole seed was analysed due to the extensive
labour involved with microdissection of small seeds.
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Fatty acid epoxide hydrolase activity was found in the
600 g supernatant from all species examined. The product
had the same relative migration on TLC as synthetic
threo-9,10-dihydroxystearic acid. No other products were
observed during the incubations. Boiled preparations of
the 600 g supernatants had an activity that was lower or
in the same range as the buffer blank indicating that the
reaction is catalysed by an enzyme in all species.

When the epoxide hydrolase activities of the seeds were
compared, two groups were distinguished, with Vicia
faba, Vicia sativa, Pisum sativum and Glycine max having
comparatively high specific activities (Fig. 1A). In con-
trast, the other seeds examined had approximately 10-
fold, or even lower, specific activities. Some caution is
warranted when comparing the different seeds, however,
since cells from different sources may differ in their
susceptibility to disruption during homogenization in the
mortar. When some of the different homogenates from
species with low and high activities were mixed and
assayed for fatty acid epoxide hydrolase activity, the
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Fig. 1. Fatty acid epoxide hydrolase activity in seed homogena-
tes after two days of germination. Activities were measured as
described in the Experimental and specific activity (A) and total
activity (B) are shown as mean + s.d. of measurements per-
formed from two or three different preparations. Ps (Pisum
sativum), Vs (Vicia sativa), Vf (Vicia faba), Gm (Glycine max), El
(Euphorbia lagascae), Bn (Brassica napus), At (Arabidopsis thal-
iana), Rc (Ricinus communis), Nt (Nicotiana tabacum), Sa (Sinapis

alba) and Lu (Linum usitatissimum).

results were additive. Thus, the low activity in some
samples does not seem to be due to the presence of
endogenous inhibitors.

When the fatty acid epoxide hydrolase activity was
expressed per g of seed, a similar pattern of relative
differences between the seeds was observed (Fig. 1B). In
the case of Arabidopsis thaliana, Brassica napus and
Nicotiana tabacum, the seed coat is included in the weight.
Accordingly, these values expressed per g of seed are
lower in comparison with the other species. Relatively
low fatty acid epoxide hydrolase activity was found in
seeds with low or high levels of oil. Relatively high
enzyme activity was found in the four plants of the
Fabaceae, where G. max has a relatively high oil level in
contrast to the other three species analysed. No simple
correlation between fatty acid epoxide hydrolase activity
of the seeds and their oil content could thus be made. If
high fatty acid epoxide hydrolase activity is a general
property of the Fabaceae, the physiological aspects need
to be established as well.

Earlier reports of fatty acid epoxide hydrolase in plants
have investigated the activity in the cytosolic fraction of
V. faba [7] and G. max [8]. Our value for the specific
activity of G. max fatty acid epoxide hydrolase activity was
stmilar to the reported value of 3.4 nmolmin~' and mg
protein for the 100000 g supernatant [8]. In our case, a
600 g supernatant was used, which means that the protein
content will be higher than in the high-speed supernatant
and, accordingly, the final specific activity would be
somewhat lower in our case.

The hydration of epoxy fatty acids may serve different
purposes. One important function would be to produce
diols with antipathogenic properties [5]. Such formation
would presumably be activated by elicitors through a
signal transduction pathway [9]. Another important
function would simply be to bypass blocks introduced in
the B-oxidation spiral by the epoxy group in fatty acids.
In this case, a-oxidation may also be needed for complete
f-oxidation of the fatty acid [10, 11]. The presence of
fatty acid epoxide hydrolase activity in all seeds analysed
indicates that the enzyme participates in important basic
functions of the cells and may be a ubiquitous enzyme in
plant seeds. We will further investigate to see if several
forms of fatty acid epoxide hydrolase are present and
determine the subcellular localization of the enzyme(s).

EXPERIMENTAL

Chemicals. Methyl 9,10-epoxystearate, oleic acid,
benzamidine hydrochloride, BSA, dithiothreitol, phenyl-
methylsulphonyl fluoride (Sigma); 3-chloroperoxyben-
zoic acid, sodium azide (Merck); Trasylol (aprotinin)
{Bayer); [1-1*C]-oleic acid (1.96 GBq (mmol ~!) (Amer-
sham) were purchased from the sources indicated. Radio-
actively labelled and unlabelled oleic acid were meth-
ylated in acidic methanol before oxidation with 3-chloro-
peroxybenzoic acid to form methyl [1-'*C]-cis-9,10-
epoxy stearate and methyl-cis-9,10-epoxy stearate. The
corresponding diols were synthesized in dimethoxyeth-
ane-MeOH-perchloric acid (10:10:3) at room temp.



Fatty acid epoxide hydrolases in seeds 33

during 2 hr. The methylated products were demethylated
in 6% NaOH in 80% MeOH overnight. The products
were purified by extraction and, if needed, by TLC.

Assays. Fatty acid epoxide hydrolase activity was
measured essentially as described in ref. [8] with some
modifications. The routine assay was performed in du-
plicate in 0.1 M K-Pi (pH 7) at 30°. The substrate concn
was kept at 100 uM and contained ca 50000 dpm per
incubation. The fatty acid epoxide was dissolved in EtOH
with a final concn of 2% solvent in the assay. Buffer blank
or boiled enzyme control were always included in the
assays. The incubations were terminated by the addition
of MeCN and analysed by TLC on silica gel (LK5DF,
Whatman) using Et,0-n-hexane-HOAc (14:6:0.1). Pla-
tes were dried and the pattern analysed after overnight
exposure by a phosphor imager and densitometry per-
formed using ImageQuant software. Protein content was
determined as described in ref. [12].

Prepn of subcellular frs. Seeds from Arabidopsis thal-
iana (mouse ear cress) (kind gift of Gunvor Sandman,
Dept of Molecular Genetics), Brassica napus (oil-seed
rape) and Sinapis alba (white mustard) (kind gift of Anders
Falk, Dept of Cell Research), Euphorbia lagascae (kind
gift of Sten Stymne, Dept of Plant Physiology), Glycine
max (soybean) and Vicia sativa (Svalof AB, Malmd,
Sweden), Nicotiana tabacum (tobacco) (kind gift of Kjell
Stalberg, Dept of Cell Research), Ricinus communis zanzi-
bariensis (castor bean) (Euro-Tec AB, Stockholm, Swe-
den), Pisum sativum (pea), Vicia faba (broad bean) and
Linum usitatissimum (flax) (Svalof Weibull AB, Hammen-
hog, Sweden) were disinfected by immersion in 0.2% licin
over night. Seeds were then rinsed with sterile H,O and
germinated in MS-2 medium at 25° in darkness for 2 days.
Seeds were then rinsed in sterile H,O and the seed coats
removed (except for A4. thaliana, B. napus and N. tabacum).
All tissues present were used for subcellular fractionation.
Material from several seeds was used in the experiments
in order to compensate for biological variation. Seeds
were kept on ice, weighed and chopped with a scalpel

before grinding in a chilled mortar in homogenization
buffer (0.25 M sucrose, 100 mM Tris—HCI (pH 7.4), 1 mM
EDTA, 1 mM MgCl,, 0.1% EtOH, 10U ml™! trasylol,
1 mM benzamidine hydrochloride and 1 mM phenyl-
methylsulphonyl fluoride). The slurry was diluted to 10%
homogenate and filtrated through Miracloth. The res-
ulting homogenate was centrifuged at 600 g,, for 5 min.
All frs prepd were flushed with N, or Ar and stored at
— 80° if not analysed at once.

Acknowledgements—This study was supported by grants
from the Swedish Research Council for Forestry and
Agriculture.

REFERENCES

1. Trelease, R. N. and Doman, D. C. (1984) in Seed
Physiology, Germination and Reserve Mobilization
(Murray, D. R, ed.), Vol. I. Academic Press, Sydney.

2. Badami, R. C. and Patil, K. B. (1981) Prog. Lipid Res.
19, 119.

3. Meijer, J. and DePierre, J. W. (1988) Chem.-Biol.
Interact. 64, 207.

4. Hamberg, M. (1993) J. Lipid Mediators 6, 375.

5. Kato, T., Yamaguchi, Y., Uyehara, T., Yokoyama, T.,
Namai, T. and Yamanaka, S. (1983) Naturwissen-
schaften 70, 200.

6. Huang, A. Y. H., Trelease, R. and Moore, Jr, T. S.
(1983) Plant Peroxisomes. Academic Press, New
York.

7. Hamberg, M. and Fahlstadius, P. (1992) Plant Phys-
iol. 99, 987.

8. Blée, E. and Schuber, F. (1982) Biochem. J. 282, 711.

9. Felle, H. H. (1993) Prog. Botany 54, 254.

10. Gerbling, H. and Gerhardt, B. (1991) Bot. Acta 104,
233.

11. Kindl, H. (1992) Biochemie 75, 225.

12. Peterson, G. L. (1977) Analyt. Biochem. 83, 346.



