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ABSTRACT

Seeds of broad bean (Vicia faba L.) contain a hydroperoxide-
dependent fatty acid epoxygenase. Hydrogen peroxide served as
an effective oxygen donor in the epoxygenase reaction. Fifteen
unsaturated fatty acids were incubated with V. faba epoxygenase
in the presence of hydrogen peroxide and the epoxy fatty acids
produced were identified. Examination of the substrate specificity
of the epoxygenase using a series of monounsaturated fatty acids
demonstrated that (Z)-fatty acids were rapidly epoxidized into the
corresponding cis-epoxy acids, whereas (E)-fatty acids were con-
verted into their trans-epoxides at a very slow rate. In the series of
(Z)-monoenoic acids, the double bond position as well as the chain
length influenced the rate of epoxidation. The best substrates were
found to be palmitoleic, oleic, and myristoleic acids. Steric analysis
showed that most of the epoxy acids produced from monounsatu-
rated fatty acids as well as from linoleic and a-linolenic acids had
mainly the (R),(S) configuration. Exceptions were C18 acids having
the epoxide group located at C-12/13, in which cases the (S),(R)
enantiomers dominated. 13(S)-Hydroxy-9(Z),1 1(E)-octadecadi-
enoic acid incubated with epoxygenase afforded the epoxy alcohol
9(S),10(R)-epoxy-13(S)-hydroxy-1 1(E)-octadecenoic acid as the
major product. Smaller amounts of the diastereomeric epoxy al-
cohol 9(R),1O(S)-epoxy-13(S)-hydroxy-1 1(E)-octadecenoic acid as
well as the a,,O-epoxy alcohol 11(R),12(R)-epoxy-13(S)-hydroxy-
9(Z)-octadecenoic acid were also obtained. The soluble fraction of
homogenate of V. faba seeds contained an epoxide hydrolase
activity that catalyzed the conversion of cis-9,10-epoxyoctadeca-
noic acid into threo-9,10-dihydroxyoctadecanoic acid.

A hydroperoxide-dependent fatty acid epoxygenase in
broad bean (Vicia faba L.) was recently discovered (13). In
the presence of added hydroperoxides such as 13(S)-HPOD2
and cumene hydroperoxide, this enzyme catalyzed epoxida-
tion of oleic acid into cis-9,10-epoxyoctadecanoic acid. Stud-
ies with 1802-labeled 13(S)-HPOD showed that the reaction
consisted of a direct transfer of hydroperoxide oxygen to the
Z double bond of the substrate to provide the cis-epoxide
function of the product (13). An active co6-lipoxygenase was
present in the membrane preparation of V. faba used as source

1 This work was supported by the Swedish Medical Research
Council (project No. 03X-05170) and by the Swedish Society of
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2Abbreviations: 13(S)-HPOD, 13(S)-hydroperoxy-9(Z),11(E)-oc-
tadecadienoic acid; ETYA, 5,8,11,14-eicosatetraynoic acid; 13(S)-
HOD, 13(S)-hydroxy-9(Z),1 1(E)-octadecadienoic acid; Me3Si,
trimethylsilyl.

of epoxygenase. Therefore, incubation of linoleic acid with
the enzyme preparation resulted in the formation of epoxi-
dized derivatives also in the absence of added hydroperoxide.
In the major pathway of linoleic acid metabolism, part of the
linoleic acid was converted into 13(S)-HPOD by action of the
lipoxygenase. The epoxygenase catalyzed subsequent transfer
of hydroperoxide oxygen from 13(S)-HPOD to another part
of linoleic acid, i.e. the reaction:

13(S)-HPOD + linoleic acid -* 13(S)-HOD
+ 9,10- and 12,13-epoxyoctadecenoic acids

Another pathway consisted of formation of 9,10-epoxy-
13(S)-hydroxy-ll(E)-octadecenoic acid. This epoxy alcohol
was formed from 13(S)-HPOD, partly by intramolecular
epoxidation, and partly by an intermolecular epoxidation
according to the reaction:

13(S)-HPOD + 13(S)-HOD -> 13(S)-HOD
+ 9,10-epoxy-13(S)-hydroxy-ll(E)-octadecenoic acid

The present paper reports further studies of the V. faba
epoxygenase with the emphasis on the substrate specificity
and stereospecificity of the enzyme.

MATERIALS AND METHODS

Chemicals

Most of the unlabeled fatty acids were purchased from
Nu-Chek-Prep (Elysian, MN). 9(Z)-Dodecenoic acid and
9(E)-dodecenoic acid were prepared as recently described (5).
A mixture of 9(Z)- and 12(Z)-octadecenoic acids (1:1, w/w)
was obtained by semireduction of methyl linoleate with
diimide (4) followed by isolation of the monoenoic ester
fraction by reversed-phase HPLC (column, 300 x 8 mm
Polygosil C18 5,um; solvent system, acetonitrile:water [95:5,
v/v]; effluent volume, 16.4-19.2 mL). The material thus
obtained was subjected to alkaline hydrolysis and the free
acids purified by silicic acid column chromatography. [1-14C]
Oleic, [1-14C]linoleic, and [1-14C]a-linolenic acids were ob-
tained from Amersham, UK, and diluted with the correspond-
ing unlabeled acids to make specimens having the specific
radioactivities indicated: [1-14C]oleic acid, 3.1 kBq/,umol; [1-
14C]linoleic acid, 7.0 kBq/fgmol; and [1-_4C]a-linolenic acid,
15.9 kBq/,umol. 13(S)-HPOD and 13(S)-[1-14C]HPOD (chem-
ical and radiochemical purity, >95%; specific radioactivity,
7.0 kBq/,umol) were prepared as previously described (12).
13(S)-[1-l4C]HOD (purity, >95%; specific radioactivity, 7.0
kBq/,umol) was obtained by reduction of 13(S)-HPOD with
sodium borohydride followed by purification by silicic acid
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column chromatography. [1-14C]cis-9,10-Epoxyoctadecanoic
acid (enantiomeric composition, 82% 9(R),10(S) and 18%
9(S),10(R)) was prepared by incubation of [1-14C]oleic acid
with broad bean (Vicia faba) epoxygenase in the presence of
cumene hydroperoxide (13) followed by purification by silicic
acid column chromatography. (±)-cis-10,11-Epoxynonade-
canoic acid was prepared by epoxidation of methyl 10(Z)-
nonadecenoate (100 mg) with m-chloroperbenzoic acid (110
mg) in chloroform (25 mL) at 220C for 2 h followed by
saponification and purification by silicic acid column chro-
matography. An aliquot was esterified by treatment with
diazomethane and analyzed by GC-MS. The C value was
20.55 (reference, methyl (±)-cis-9,10-epoxyoctadecanoate, C-
19.55), and the mass spectrum showed prominent ions at m/
z 326 (M), 295 (M-31; loss of OCH3), 213 (M-113; loss of
(CH2)7-CH3), 201 (HO+ - CH-(CH2)8-COOCH3), 185
([(CH2)9-COOCH3]+), 169 (201-32; loss of CH30H), and 155
(M-171; loss of (CH2)8-COOCH3) (cf. ref. 7). Methyl (±)-cis-
9,10-epoxytetradecanoate, methyl (±)-cis-9,10-epoxyhexa-
decanoate, methyl (±)-cis-6,7-epoxyoctadecanoate, methyl
(±)-trans-6,7-epoxyoctadecanoate, methyl (±)-cis-9,10-epox-
yoctadecanoate, methyl (±)-trans-9,10-epoxyoctadecanoate,
methyl (±)-cis-11,12-epoxyoctadecanoate, methyl (±)-trans-
11,12-epoxyoctadecanoate, methyl (±)-cis-12,13-epoxyocta-
decanoate, methyl (±)-cis-8,9-epoxyeicosanoate, and methyl
(±)-cis-11,12-epoxyeicosanoate were prepared in the same
way by epoxidation of the corresponding monounsaturated
esters followed by purification by TLC. Methyl (±)-cis-9,10-
epoxy-12(Z)-octadecenoate and methyl (±)-cis-12,13-epoxy-
9(Z)-octadecenoate were prepared by epoxidation of methyl
linoleate using 1.1 equivalents of m-chloroperbenzoic acid
followed by separation of the regioisomers by TLC (11).
Similar treatment of methyl a-linolenate afforded methyl
(±)-cis-12,13-epoxy-9(Z),15(Z)-octadecadienoate plus a mix-
ture of methyl (±)-cis-9,10-epoxy-12(Z),15(Z)-octa-
decadienoate and methyl (±)-cis-15,16-epoxy-9(Z),12(Z)-
octadecadienoate. The epoxy alcohols methyl 9(S),10(R)-
epoxy-13(S)-hydroxy-l l(E)-octadecenoate and 9(R),10(S)-
epoxy-13(S)-hydroxy-1 1(E)-octadecenoate were obtained
by incubation of 13(S)-HPOD with V. faba epoxygenase (13)
followed by separation of the diastereomers by TLC as
recently described (10). Methyl 1 1(R),12(R)-epoxy-13(S)-hy-
droxy-9(Z)-octadecenoate and methyl 11(S),12(S)-epoxy-
13(S)-hydroxy-9(Z)-octadecenoate were prepared by inter-
molecular epoxidation of the methyl ester of 13(S)-HPOD in
the presence of vanadium oxyacetylacetonate in hexane (9).
Cumene hydroperoxide and sodium periodate were pur-
chased from Sigma.

Enzyme Preparation and Incubation

Seeds of V. faba L., var Hangdown (Weibull Tradgard AB,
Landskrona, Sweden) were ground in an electric coffee mill
and the powder (20 g) was homogenized in 0.1 M potassium
phosphate buffer, pH 6.7 (200 mL) at 0°C with a Polytron.
The homogenate was filtered through cheesecloth and cen-
trifuged at 9,300g for 15 min. The supernatant was further
centrifuged at 269,000g for 1 h to provide a high-speed
supernatant fraction (10 mg protein/mL) and a high-speed
particle fraction. The particle fraction was resuspended in

buffer and resedimented by centrifugation at 269,000g for 1
h. Suspensions of the washed particle fraction in buffer (2.5
mg protein/mL) were preincubated for 5 min at 220C with
50 uM ETYA. Fatty acid substrate (100-300 gM) was added
and the reaction was initiated by addition of either hydrogen
peroxide (0.5-10 mM) or an organic hydroperoxide (200-600
/iM). After stirring for 15 s to 10 min at 220C, 5 volumes of
methanol were added and the mixture was acidified to pH 3
to 4 and extracted with diethyl ether. The isolated material
was treated with diazomethane and subsequently subjected
to TLC using the solvent systems indicated. Recovery of
radioactivity following incubation of 14C-labeled substrates
was about 95%.

Chemical Methods

Catalytic hydrogenation was performed by stirring the
sample (0.01-5 mg) with 25 mg of 5% palladium on calcium
carbonate (E. Merck, Darmstadt, Germany) in 3 mL of meth-
anol under hydrogen gas for 1 h. This procedure resulted in
a much lower extent of hydrogenolysis of allylic alcohols
compared with that observed using procedures utilizing more
active catalysts such as platinum oxide and palladium on
carbon. Hydrolysis of epoxyesters into diols was carried out
by treatment with 70% perchloric acid (0.15 mL) in dime-
thoxyethane (0.5 mL) and water (0.5 mL) at 220C for 1 h.
Alternatively, epoxyesters were converted into diols by treat-
ment with formic acid (1 mL) at 220C for 2 h followed by
saponification of the hydroxy formate esters. Determination
of the absolute configuration of epoxyesters was performed
using a method previously described (6). Regio- and stereo-
chemical analysis of trihydroxyoctadecenoic acids derived
from epoxy alcohols was carried out as recently described
(10).

Chromatographic and Instrumental Methods

TLC was carried out with precoated plates (kieselgel 60,
0.25 mm) from E. Merck. Radioactivity on TLC plates was
determined with a Berthold Dunnschichtscanner II interfaced
with a Macintosh SE/30 PC. GLC was performed with a
Hewlett-Packard model 5890 gas chromatograph equipped
with a methyl silicone capillary column (length, 25 m; film
thickness, 0.33 gm). Helium at a flow rate of 25 cm/s was
used as the carrier gas. Peak areas were calculated using a
Hewlett-Packard model 3396A integrator. GC-MS was car-
ried out with a Hewlett-Packard model 5970B mass selective
detector connected to a Hewlett-Packard model 5890 gas
chromatograph. Radioactivity was measured with a Packard
Tri-Carb model 4450 liquid scintillation counter.

Assay of Fatty Acid Epoxidation

The ability of the V. faba epoxygenase to catalyze conver-
sion of various monounsaturated fatty acids into their corre-
sponding epoxide derivatives was determined by stirring the
fatty acid (300 lM) with enzyme preparation (2 mL; prein-
cubated for 5 min with 50 uM ETYA) at 220C. The reaction
was initiated by addition of hydrogen peroxide (5 mM) and
quenched after 30 s by addition of methanol (10 mL) con-
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taining (±)-cis-10,11-epoxynonadecanoic acid (126 ,ug). The
esterified product was subjected to catalytic hydrogenation
to convert the methyl ester of ETYA, which interfered with
the gas-liquid chromatographic determination of epoxyesters,
to methyl eicosanoate. The product was subjected to TLC
(solvent system, ethyl acetate:hexane [1:9, v/v]) and the zone
of epoxyesters was visualized by spraying with 2',7'-dichlo-
rofluorescein and viewing under UV. Material was eluted
from the silica gel with diethyl ether and analyzed by GLC.
The amount of epoxy acid formed from the fatty acid incu-
bated was calculated from the peak areas of the chromato-
gram and from the amount of added epoxynonadecanoate.
Because the reaction progress was essentially linear during
the first 30 s of incubation (Fig. 1B), the results were expressed
as the initial rate of formation of epoxy acid (nmol/s mg
protein).

In another set of experiments, mixtures of a monounsatu-
rated fatty acid (150 ,Mm) and oleic acid (150 ,UM) were stirred
with the enzyme preparation for 30 s at 220C in the presence
of 5 mm hydrogen peroxide. The epoxyester fraction was
isolated by TLC as described above and the ratio between
the amounts of the two epoxyesters was determined by GLC.

RESULTS

Epoxidation of Oleic Acid

Incubation of [1-14C]oleic acid (300 ,M) with the enzyme
preparation in the presence of either 13(S)-HPOD (400 lAM)
or cumene hydroperoxide (600 UM) resulted in the formation
of a single oxygenated product of oleic acid, i.e. cis-9,10-
epoxyoctadecanoic acid (cf. ref. 13). In addition, hydrogen
peroxide efficiently supported the epoxidation. Figure 1
shows the hydrogen peroxide dependency and the time-
course of the epoxidation of oleic acid. As seen, the percent-
age conversion of oleic acid at 30 s of incubation increased
almost linearly when the hydrogen peroxide concentration
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Figure 2. Inactivation of V. faba epoxygenase by hydrogen perox-
ide. The enzyme preparation was preincubated at 22°C for times
indicated with 5 mm hydrogen peroxide and subsequently stirred
with [1- 4C]oleic acid (300 Mm) for 30 s. The percentage conversion
(A, linear scale; B, log scale) into cis-9,10-epoxyoctadecanoic acid
was determined by radio-TLC.

was increased from 0.5 to 10 mm (Fig. 1A). The epoxidation
reaction was rapid. Thus, conversion of the added oleic acid
was complete within 5 min of incubation using 5 mm hydro-
gen peroxide (Fig. 1B). The conversion was abolished when
heat-inactivated (950C, 10 min) enzyme preparation was
used. Likewise, no conversion of [1-14C]oleic acid was detect-
able in the presence of 0.5 to 10 mm hydrogen peroxide when
enzyme was omitted.
The epoxygenase was readily inactivated by hydrogen

peroxide when substrate was not present. As seen in Figure
2, the time needed to inactivate half of the enzyme activity
using 5 mM hydrogen peroxide was about 13 s. Similar
inactivation of epoxygenase in the presence of 13(S)-HPOD
has been observed (13). The time course (Fig. 1B) that showed
appreciable epoxidation during the period 1 to 5 min, coupled
with the very low epoxygenase activity during this time
period measured in the absence of substrate (Fig. 2), sug-
gested that the fatty acid substrate protected the enzyme
against inactivation.
Sodium periodate, an agent that has previously been

shown to efficiently support cytochrome P-450-catalyzed
hydroxylation of a number of steroids (14), did not serve as
oxygen donor in the V. faba system when used in concentra-
tions of 1 to 10 m,.

9,10-Epoxyoctadecanoate biosynthesized from oleic acid in
the presence of either hydrogen peroxide, 13(S)-HPOD, or
cumene hydroperoxide was subjected to steric analysis. In
each case, the epoxy acid was mainly due to the 9(R),10(S)
enantiomer, i.e. 81% 9(R),10(S) and 19% 9(S),10(R) (oxygen
donor, 5 mm hydrogen peroxide); 80% 9(R),10(S) and 20%
9(S),10(R) (400 uM 13(S)-HPOD); and 82% 9(R),10(S) and
18% 9(S),10(R) (600 ,UM cumene hydroperoxide).

Figure 1. Percentage conversion of [1-'4C]oleic acid (300 AM) into
cis-9,10-epoxyoctadecanoic acid in the presence of V. faba epoxy-
genase as a function of increasing concentration of hydrogen per-
oxide (A; time of incubation, 30 s) and time (B; concentration of
hydrogen peroxide, 5 mM).

Monounsaturated Fatty Acids as Substrates for
Epoxygenase

A series of monounsaturated fatty acids with chain lengths
from 12 to 20 carbons and varying double bond positions
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Table I. Epoxidation of Monounsaturated Fatty Acids by V. faba Epoxygenase

C Value Initial Rate of Relative Rate
Fatty Acid ~~~~~Product ofIntaRteobFatty Acid Product Product Epoxidation' of Epoxidationb

9(Z)-Dodecenoic acid cis-9,10-Epoxydodecanoic acid N.D.c N.D. N.D.
9(E)-Dodecenoic acid 0 (0) N.D.
9(Z)-Tetradecenoic acid cis-9,10-Epoxytetradecanoic acid 15.67 1.66 ± 0.10 (102) 87
9(Z)-Hexadecenoic acid cis-9,10-Epoxyhexadecanoic acid 17.58 1.90 ± 0.07 (117) 122
6(Z)-Octadecenoic acid cis-6,7-Epoxyoctadecanoic acid 19.53 0.54 ± 0.06 (33) N.D.
6(E)-Octadecenoic acid trans-6,7-Epoxyoctadecanoic acid 19.37 0.04 ± 0.006 (2) 1
9(Z)-Octadecenoic acid cis-9,10-Epoxyoctadecanoic acid 19.55 1.62 ± 0.06 (100) 100
9(E)-Octadecenoic acid trans-9,10-Epoxyoctadecanoic acid 19.42 0.06 ± 0.002 (4) 2
1 1(Z)-Octadecenoic acid cis-1 1,12-Epoxyoctadecanoic acid 19.59 1.43 ± 0.05 (88) N.D.
1 1(E)-Octadecenoic acid trans-1 1,12-Epoxyoctadecanoic acid 19.44 0.04 ± 0.006 (2) 1
1 2(Z)-Octadecenoic acid cis-12,1 3-Epoxyoctadecanoic acid 19.61 N.D. N.D.
8(Z)-Eicosenoic acid cis-8,9-Epoxyeicosanoic acid 21.53 0.67 ± 0.06 (41) 29
1 1(Z)-Eicosenoic acid cis-1 1,12-Epoxyeicosanoic acid 21.55 0.81 ± 0.05 (50) 36

Fatty acids (300 AM) were stirred at 22'C for 30 s with enzyme preparation (2.5 mg/mL protein; preincubated for 5 min with 50 AM ETYA)
and hydrogen peroxide (5 mM). Methanol (5 volumes) containing (±)-cis-10,1 1-epoxynonadecanoic acid internal standard (126 Mg) was added
and the epoxyester fraction isolated by TLC was analyzed by GLC. Results are mean ± SD found in three experiments. Numbers within
parentheses indicate rate relative to that of 9(Z)-octadecenoic acid. b Fatty acids (150 MM) plus 9(Z)-octadecenoic acid (150 AM) were
stirred at 22'C for 30 s with enzyme preparation (2.5 mg/mL protein; preincubated for 5 min with 50 Mm ETYA) and hydrogen peroxide (5
mM). Methanol (5 volumes) was added and the epoxyester fraction isolated by TLC was analyzed by GLC. Results are mean of two
experiments. C ND, Not determined.

and configurations (Table I) were incubated for 30 s with the
V. faba epoxygenase in the presence of 5 mm hydrogen
peroxide. The resulting epoxy acids were isolated as their
methyl esters and their identities ascertained by GLC and
GC-MS analysis. Authentic epoxyesters prepared by chemical
epoxidation were used as references. The identities of the
enzymically produced epoxyesters were further proved by
mass-spectrometric analysis of the Me3Si derivatives of the
corresponding dihydroxyesters obtained following perchloric
acid-catalyzed hydrolysis (cf. ref. 13). The initial rate of
production of epoxy acids was determined by GLC using
(±)-cis-10,11-epoxynonadecanoic acid as internal standard.
As seen in Table I, 9(Z)-hexadecenoic acid served as the best
substrate followed by 9(Z)-tetradecenoic, 9(Z)-octadecenoic,
1 1(Z)-octadecenoic, 1 1(Z)-eicosenoic, 8(Z)-eicosenoic, and
6(Z)-octadecenoic acids. The trans fatty acids 9(E)-, 1l(E)-,
and 6(E)-octadecenoic acids were converted at a very slow
rate to provide the corresponding trans epoxide derivatives.
In the case of 9(E)-dodecenoic acid, no conversion (<1%)
could be detected.

Results of experiments in which mixtures of a monounsat-

urated fatty acid and oleic acid (both 150 Mm) were incubated
are also shown in Table I. As seen, the ranking order of
effective substrates found using this assay was essentially the
same as that found in the single substrate incubations.
The absolute configurations of epoxyesters obtained fol-

lowing incubation of a number of (Z)-monoenoic acids are

given in Table II. As seen, the majority of the fatty acids
examined yielded epoxide derivatives that had mainly the
(R),(S) configuration. 12(Z)-Octadecenoic acids produced an

epoxide that was mainly due to the (S),(R) enantiomer,
whereas 11(Z)-octadecenoic acid produced an epoxide that
was nearly racemic.

Linoleic Acid as Substrate for Epoxygenase

[1-14C]Linoleic acid (300 uM) was stirred at 220C for 1 and
10 min with enzyme preparation (5 mL, 12.5 mg protein;
preincubated for 5 min with 50 ,M ETYA) and hydrogen
peroxide (5 mM). The esterified product was analyzed by
radio-TLC. Four compounds, i.e. methyl 9,10:12,13-diepox-
yoctadecanoate (compound A, RF = 0.13-0.17), methyl cis-

Table II. Enantiomeric Composition of Epoxy Acids Formed from Z-Monoenoic Acids
Substrate Product Enantiomeric Composition

9(Z)-Dodecenoic acid cis-9,1 0-Epoxydodecanoic acid 94% 9(R),1 0(S); 6% 9(S),1 0(R)
9(Z)-Tetradecenoic acid cis-9,10-Epoxytetradecanoic acid 55% 9(R),10(S); 45% 9(S),10(R)
9(Z)-Hexadecenoic acid cis-9,1 0-Epoxyhexadecanoic acid 71% 9(R),1 0(S); 29% 9(S),1 0(R)
6(Z)-Octadecenoic acid cis-6,7-Epoxyoctadecanoic acid 66% 6(R),7(S); 34% 6(S),7(R)
9(Z)-Octadecenoic acid cis-9,10-Epoxyoctadecanoic acid 81% 9(R),10(S); 19% 9(S),10(R)
1 1 (Z)-Octadecenoic acid cis-1 1,1 2-Epoxyoctadecanoic acid 53% 1 1 (S),1 2(R); 47% 1 1 (R),1 2(S)
12(Z)-Octadecenoic acid cis-12,13-Epoxyoctadecanoic acid 64% 12(S),13(R); 36% 12(R),13(S)
8(Z)-Eicosenoic acid cis-8,9-Epoxyeicosanoic acid 59% 8(R),9(S); 41% 8(S),9(R)
1 1(Z)-Eicosenoic acid cis-1 1,12-Epoxyeicosanoic acid 61% 1 1(R),12(S); 39% 1 1(S),12(R)

Plant Physiol. Vol. 99, 1992990
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Figure 3. Thin-layer radiochromatograms of esterified products ob-
tained following incubation of [1-'4C]linoleic acid (300 AM) with
V. faba epoxygenase and hydrogen peroxide for 1 min (A) and 10
min (B). Peak A, Methyl 9,10:12,13-diepoxyoctadecanoate; peak B,
methyl cis-9,10-epoxy-12(Z)-octadecenoate; peak C, methyl cis-
12,13-epoxy-9(Z)-octadecenoate; peak D, methyl linoleate. Solvent
system, ethyl acetate:hexane (1:9, v/v).

9,10-epoxy-12(Z)-octadecenoate (compound B, RF = 0.40),
methyl cis-12,13-epoxy-9(Z)-octadecenoate (compound C, RF
= 0.45), and methyl linoleate (compound D, corresponding
to linoleic acid remaining unconverted) were observed (Fig.
3). Compounds B and C, the cis-monoepoxide derivatives of
methyl linoleate, were identified by GC-MS as described in
detail (13). Furthermore, catalytic hydrogenation followed by
perchloric acid-catalyzed hydrolysis performed on com-

pounds B and C provided methyl threo-9,10-dihydroxyocta-
decanoate and methyl threo-12,13-dihydroxyoctadecanoate,
respectively (13). Compound A, the diepoxide derivative of
methyl linoleate, separated into two diastereomers upon GLC
analysis (ratio, approximately 1:1; C values, 20.83 and 21.12).
The mass spectra of the two diastereomers were virtually
identical and showed prominent ions at m/z 308 (M-18; loss
of H2O), 277 (M-(18 + 31); loss of H20 plus .OCH3), 187
(HO+ = CH-(CH2)7-COOCH3), and 155 (187-32; loss of

CH30H). Further support for the presence in compound A
of epoxide groups at C-9,10 and C-12,13 was provided by
the finding that compound A (100 ug) upon treatment with
formic acid followed by saponification and reesterification
yielded methyl 9,10,12,13-tetrahydroxyoctadecanoate.
Analysis of the Me3Si derivative by GC-MS showed the
presence of two diastereomers (ratio, approximately 1:1; C-
23.99 and 24.06), the mass spectra of which were identical
to those of authentic material (13).
As seen in Figure 3, incubation of linoleic acid for either 1

or 10 min led to the formation of monoepoxyoctadecenoates
as the main products (yields at 1 and 10 min, 57 and 69%,
respectively; ratio methyl 9,10-epoxyoctadecenoate to methyl
12,13-epoxyoctadecenoate, 55:45). In contrast, the diepoxy-
octadecanoate was obtained in low yield (3%) at 1 min
incubation and in a higher yield (26%) following incubation
for 10 min. Apparently, linoleic acid underwent a rapid
epoxidation at the A9 and A12 double bonds to produce
monoepoxide derivatives. These compounds were slowly fur-
ther epoxidized into the diepoxyoctadecanoate.

Steric analysis showed that the methyl cis-9,10-epoxy-
12(Z)-octadecenoate (compound B) obtained from linoleic
acid following a 1-min incubation with epoxygenase and
hydrogen peroxide was due to 83% of the 9(R),10(S) enan-

tiomer and that the methyl cis-12,13-epoxyoctadecenoate
(compound C) was due to 64% of the 12(S),13(R) enantiomer
(Table III). These enantiomeric compositions were similar to
those found for 9,10- and 12,13-epoxyoctadecenoates pro-

duced from linoleic acid with 13(S)-HPOD as the oxygen

donor (13). Steric analysis of the two epoxides produced from
linoleic acid in a 10-min incubation showed a slight increase
in optical purity, i.e. cis-9,10-epoxyoctadecenoate, 87%
9(R),10(S) enantiomer, and cis-12,13-epoxyoctadecenoate,
72% 12(S),13(R) enantiomer (Table III). Thus, it appeared
that there was a preference in the utilization of 9(S),10(R)-
epoxy-12(Z)-ocadecenoic acid and 12(R),13(S)-epoxy-9(Z)-
octadecenoic acid compared with their corresponding enan-

tiomers in the second epoxidation reaction.

a-Linolenic Acid as Substrate for Epoxygenase

Analysis of the product obtained following incubation of
[1-'4C]a-linolenic acid (300 Mm) with enzyme preparation and
hydrogen peroxide (5 mM) at 220C for 1 min showed the
presence of methyl diepoxyoctadecenoates (6%, RF = 0.12-

Table Mll. Enantiomeric Composition of Monoepoxy Acids Formed from Linoleic and a-Linolenic Acids

Substrate Incubation Product Enantiomeric CompositionTime

Linoleic acid 1 min cis-9,10-Epoxy-12(Z)-octadecenoic acid 83% 9(R),10(S); 17% 9(S),10(R)
cis-12,13-Epoxy-9(Z)-octadecenoic acid 64% 12(S),13(R); 36% 12(R),13(S)

Linoleic acid 10 min cis-9,10-Epoxy-12(Z)-octadecenoic acid 87% 9(R),10(S); 13% 9(S),10(R)
cis-12,13-Epoxy-9(Z)-octadecenoic acid 72% 12(S), 13(R); 28% 12(R),1 3(S)

a-Linolenic acid 1 min cis-9,10-Epoxy-12(Z),15(Z)-octadecadienoic acid 73% 9(R),10(S); 27% 9(S),10(R)
cis-1 2,1 3-Epoxy-9(Z),1 5(Z)-octadecadienoic acid 73% 1 2(S),1 3(R); 27% 1 2(R),1 3(S)
cis-1 5,1 6-Epoxy-9(Z),1 2(Z)-octadecadienoic acid 69% 1 5(R),1 6(S); 31% 1 5(S),1 6(R)

a-Linolenic acid 10 min cis-9,10-Epoxy-12(Z),15(Z)-octadecadienoic acid 80% 9(R),10(S); 20% 9(S),10(R)
cis-12,13-Epoxy-9(Z),15(Z)-octadecadienoic acid 80% 12(S), 13(R); 20% 12(R),1 3(S)
cis-15,16-Epoxy-9(Z),12(Z)-octadecadienoic acid 68% 15(R),1 6(S); 32% 15(S), 16(R)
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0.16), methyl cis-9,10-epoxy-12(Z),15(Z)-octadecadienoate
plus methyl cis-15,16-epoxy-9(Z),12(Z)-octadecadienoate
(48% and 5%, respectively, RF = 0.38-0.39), and methyl cis-
12,13-epoxy-9(Z),15(Z)-octadecadienoate (29%, RF = 0.45).
Similar incubation of a-linolenic acid carried out for 10 min
led to the formation of the same products, although the yield
of diepoxyoctadecenoates was higher (26%).

Identification of the monoepoxyoctadecadienoates was
made by GC-MS using the authentic compounds as refer-
ences. The cis-9,10- and cis-15,16-epoxyoctadecadienoates
cochromatographed upon TLC and GLC analysis. Determi-
nation of the individual isomers was carried out by GLC
following catalytic hydrogenation into cis-9,10- and cis-
15,16-octadecanoates (C values, 19.55 and 19.78, respec-
tively). Further proof for the identity and percentage amounts
of the monoepoxyoctadecadienoates was obtained by
GC-MS analysis of the Me3Si derivatives of the diol esters
obtained following catalytic hydrogenation and perchloric
acid-catalyzed hydrolysis, i.e. methyl threo-9,10-dihydroxy-
octadecanoate (C-21.25), methyl threo-12,13-dihydroxyocta-
decanoate (C-21.48), and methyl threo-15,16-dihydroxyocta-
decanoate (C-22.38).

Analysis of the methyl diepoxyoctadecenoate fraction by
GLC showed three isomers (C-20.82, C-21.03, and C-21.09),
the mass spectra of which showed ions at inter alia m/z 295
(M-29; loss of *C2H5), 277 (M-(29 + 18); loss of *C2H5 plus
H20), 187 (HO+ = CH-(CH2)7-COOCH3), and 155 (187-32;
loss of CH30H). Treatment of material present in the diepox-
yoctadecenoate fraction with formic acid followed by sodium
hydroxide and reesterification yielded a mixture of regio- and
diastereomeric methyl tetrahydroxyoctadecenoates. This ma-
terial was not examined in detail; however, analysis of the
Me3Si derivatives by GC-MS showed the presence mainly of
diastereomers of methyl 9,10,12,13-tetrahydroxy-15-octa-
decenoate (ions inter alia at m/z 387 [M-(171 + 90); loss
of .CH(OSiMe3)-CH2-CH = CH-C2H5 plus Me3SiOH] and
m/z 361 [Me3SiO+ = CH-CH(OSiMe3)-(CH2)7-COOCH3]).
Smaller amounts of diastereomers of methyl 9,10,15,16-tet-
rahydroxy-12-octadecenoate were also observed (ions inter
alia at m/z 427 [M-(131 + 90); loss of .CH(OSiMe3) - C2H5
plus Me3SiOH] and m/z 361 [Me3SiO+ = CH-CH(OSiMe3)-
(CH2)7-COOCH3]).

Results of steric analyses of monoepoxyoctadecadienoates
produced from a-linolenic acid upon incubation for 1 min
with epoxygenase are given in Table III. In line with the
results found with linoleic acid, the 9,10-epoxyoctadecadi-
enoate was mainly due to the 9(R),10(S) enantiomer and the
12,13-epoxyoctadecadienoate was mainly the 12(S),13(R) en-
antiomer. Furthermore, extending the time of incubation of
a-linolenic acid from 1 to 10 min resulted in the formation
of 9,10- and 12,13-epoxyoctadecadienoates with a slightly
higher optical purity, whereas that of the 15,16-epoxyocta-
decadienoate remained unchanged (Table III). Thus, as found
with linoleic acid, there was a preference in the utilization of
the 9(S),10(R)- and 12(R),13(S)-monoepoxides compared
with their corresponding enantiomers in the second step of
epoxidation that produced diepoxides.

13(S)-HOD as Substrate for Epoxygenase
13(S)-[1-'4C]HOD (300 gM) was stirred with enzyme prep-

aration (10 mL, 25 mg protein) and hydrogen peroxide (5

mM) for 10 min at 220C. The aqueous phase was acidified to
pH 4 and rapidly extracted with two volumes of diethyl
ether. As seen in Figure 4, analysis of the esterified product
by radio-TLC (solvent, ethyl acetate: hexane [3:7, v/v])
showed the presence of the methyl ester of 13(S)-HOD (26%,
RF = 0.67) as well as two more polar compounds, Compound
A (66%, RF = 0.40) and compound B (4%, RF = 0.52). The
last mentioned compound cochromatographed with the a,:-
epoxy alcohol methyl l l(R),12(R)-epoxy-13(S)-hydroxy-
9(Z)-octadecenoate prepared by vanadium oxyacetylaceton-
ate-catalyzed epoxidation of the methyl ester of 13(S)-HPOD
(9). Furthermore, the mass spectrum recorded on the Me3Si
derivative of compound B was identical to that of the chem-
ically prepared epoxy alcohol. Final proof for the identity of
compound B with methyl 1 1(R),12(R)-epoxy-13(S)-hydroxy-
9(Z)-octadecenoate (Fig. 5) was provided by an experiment
in which compound B (200 ,ug in 0.5 mL methanol) was
hydrolyzed by treatment with 50 mL acidified water (pH 3)
at 220C for 5 min (cf. refs. 9 and 10). This treatment yielded
isomeric trihydroxyoctadecenoates, which were, as expected
(9), mainly due to a 1:1 mixture of methyl 9(R),12(S),13(S)-
and 9(S),12(S),13(S)-trihydroxy-10(E)-octadecenoates.
Compound A obtained following incubation of 13(S)-HOD

separated into two compounds, compounds Al (RF = 0.44,
87%) and A2 (RF = 0.48, 13%), when subjected to TLC using
ethyl acetate:toluene (3:7, v/v), as the solvent system (refer-
ences, methyl 9(S),10(R)-epoxy-13(S)-hydroxy-l l(E)-octa-
decenoate [RF = 0.44] and methyl 9(R),10(S)-epoxy-13(S)-
hydroxy-ll(E)-octadecenoate [RF = 0.48]). The mass spectra
of the Me3Si derivatives of compounds Al and A2 were
identical with those of the Me3Si derivatives of the 9(S),10(R)-
and 9(R),10(S)-epoxy alcohols, respectively (13). Oxidative
ozonolysis performed on the (-)-menthoxycarbonyl deriva-
tives (8) of compounds Al and A2 yielded the (-)-menthox-

5000
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Figure 4. Thin layer radiochromatogram of esterified product ob-
tained following incubation of 13(S)-[1-14C]HOD (300 ,M) with V.
faba epoxygenase and hydrogen peroxide for 10 min. A, Mixture
of methyl 9(S),10(R)-epoxy-13(S)-hydroxy-1 (E)-octadecenoate
and methyl 9(R),10(S)-epoxy-13(S)-hydroxy- 1 (E)-octadecenoate
(ratio, 87:13); B, methyl 11(R),12(R)-epoxy-1 3(S)-hydroxy-9(Z)-oc-
tadecenoate. Solvent system, ethyl acetate:hexane (3:7, v/v).
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Figure 5. Structures of epoxy alcohols formed by enzymic epoxi-
dation of 13(S)-HOD. RI = (CH2)7-COOH; R2 = (CH2)4-CH3.

ycarbonyl derivatives of 2(S)-hydroxyheptanoic acid, thus
localizing the double bond to the A" position and showing
that the configuration at C-13 of both compounds was (S).
Further proof for the identities of compounds Al and A2 with
methyl 9(S),10(R)-epoxy-13(S)-hydroxy-1 1(E)-octadecen-
oate and methyl 9(R),10(S)-epoxy-13(S)-hydroxy-ll(E)-oc-
tadecenoate, respectively (Fig. 5), came from steric analysis
of trihydroxyoctadecenoates obtained following acid-cata-
lyzed hydrolysis as described in detail (10). As expected (10),
hydrolysis of compound Al afforded four isomeric trihy-
droxyoctadecenoates of which methyl 9(S),10(S),13(S)-tri-
hydroxy-11(E)-octadecenoate was the major one (61% of
total trihydroxyoctadecenoates). Similarly, the major trihy-
droxyester obtained from compound A2 was identified as

methyl 9(R),10(R),13(S)-trihydroxy- 1(E)-octadecenoate.

Epoxide Hydrolase in V. faba Seeds

Incubation of [1-'4C]cis-9,10-epoxyoctadecanoic acid (150
MM) with the 269,000g supematant fraction of homogenate
of V. faba resulted in the formation of a more polar com-

pound. As seen in Figure 6, the reaction was complete within
30 min. Heat treatment of the supematant fraction abolished
the conversion. Analysis of the methyl ester-Me3Si derivative
of the polar compound by GLC showed a C value of 21.25
(references, Me3Si derivatives of methyl erythro- and threo-
9,10-dihydroxyoctadecanoates, C-21.48 and C-21.25, respec-

tively). The mass spectrum, which showed prominent ions at
m/z 443 (M-31, loss of OCH3), 332 (M-142, rearrangement
followed by elimination of OHC-(CH2)7-CH3), 259 (Me3SiO+
= CH-(CH2)7-COOCH3), 215 (Me3SiO+ = CH-(CH2)7-CH3),
and 155 (OHC-(CH2)7-C aO+) was identical to that of the
Me3Si derivative of authentic methyl threo-9,10-dihydroxy-
octadecanoate.

It was conceivable that one of the enantiomers of cis-9,10-
epoxyoctadecanoic acid was preferentially utilized in the
enzymic conversion into threo-9,10-dihydroxyoctadecanoic
acid. To investigate this possibility, cis-9,10-epoxyoctadeca-

noic acid (ratio 9(R),10(S) to (9S),10(R) enantiomers, 82:18)
was incubated for 10 min with the high-speed supernatant
fraction (conversion, 42%) and the nonconverted epoxy acid
reisolated. Steric analysis carried out on this material showed
an enantiomeric composition of 9(R),10(S):9(S),10(R) =
71:29, demonstrating that the rate of hydrolysis of the
9(R),10(S) enantiomer was considerably higher than that of
the 9(S),10(R) enantiomer.

DISCUSSION

Biosynthesis of a plant epoxy fatty acid in a cell-free system
was first demonstrated by Croteau and Kolattukudy (3).
These workers demonstrated that 18-hydroxyoleic acid was
converted into 18-hydroxy-cis-9,10-epoxyoctadecanoic acid
when incubated with a particulate preparation from spinach.
The facts that NADPH and molecular oxygen were required
and that the reaction was inhibited by carbon monoxide
indicated that the epoxygenase was a cytochrome P-450
protein. Furthermore, the reaction had an absolute require-
ment for ATP and CoA, suggesting that 18-hydroxyoleoyl-
CoA was the actual substrate. In a more recent study, Salaun
et al. (22) demonstrated epoxidation of 9(Z)- and 9(E)-dode-
cenoic acids into cis- and trans-epoxydodecanoic acids, re-
spectively, in the presence of a microsomal cytochrome P-
450 from Jerusalem artichoke. A cytochrome P-450-inde-
pendent pathway for plant epoxy acid biosynthesis was
recently discovered by Hamberg and Hamberg (13) and by
Blee and Schuber (1). This reaction, which was catalyzed by
an epoxygenase present in the microsomal fraction of ho-
mogenate of seeds of V. faba (13) and by a partially purified
peroxygenase obtained from microsomes of soybean seed-
lings (1), consisted of epoxidation of unsaturated fatty acids
by a hydroperoxide-dependent mechanism. The V. faba epox-
ygenase and the soybean peroxygenase had many features

100-

80

60

40

0

20

0 10 20 30 4'0 5'0 60

Time (min)

Figure 6. Percentage conversion of [1-14C]cis-9,1 0-epoxyoctade-
canoic acid into threo-9,10-dihydroxyoctadecanoic acid by V. faba
epoxide hydrolase. *, 150 $M epoxyoctadecanoic acid; 0, 450 Mm
epoxyoctadecanoic acid; *, 150 ,uM epoxyoctadecanoic acid and
heat-treated enzyme.
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in common, including the hydroperoxide dependency, the
mechanism of epoxidation involving a direct transfer of oxy-
gen from hydroperoxide to substrate, and the lack of inhibi-
tion by antioxidants and cytochrome P-450 inhibitors.
Hydrogen peroxide is a normal constituent of plant cells.

Organelles that produce hydrogen peroxide include chloro-
plasts, mitochondria, microsomes, and peroxisomes. It has
been estimated that the steady-state concentration of hydro-
gen peroxide in leaf cells is in the range 0.1 to 1 mm (21, 23).
In the present study, we have found that hydrogen peroxide
can serve as an effective oxygen donor in the V. faba epoxy-
genase reaction (Fig. 1). The product isolated following in-
cubation of oleic acid with epoxygenase in the presence of
hydrogen peroxide was identical with that previously ob-
tained following incubation of oleic acid in the presence of
13(S)-HPOD and cumene hydroperoxide (13), i.e. cis-9,10-
epoxyoctadecanoic acid. The stereoisomeric composition of
the epoxide was found to be 80 to 82% of the 9(R),10(S)
enantiomer and 18 to 20% of the 9(S),10(R) enantiomer,
irrespective of the use of an organic hydroperoxide or hydro-
gen peroxide as the oxygen donor. Examination of the spec-
ificity of the V. faba epoxygenase in catalyzing hydrogen
peroxide-supported epoxidation of a number of monounsat-
urated fatty acids showed that the rate of epoxidation was
affected by the double bond position as well as by the chain
length of the substrate (Table I). (E)-Fatty acids were poor
substrates for the epoxygenase and produced a low yield of
the corresponding trans-epoxy acids. Steric analysis of cis-
epoxy fatty acids produced by epoxidation of a series of (Z)-
monounsaturated fatty acids revealed a preponderance for
the (R),(S) epoxides in most cases (Table II). Exceptions were
cis-11,12-epoxyoctadecanoate, which was close to racemic,
and cis-12,13-epoxyoctadecanoate, which was mainly due
to the (S),(R) enantiomer. The highest optical purity was
recorded for cis-9,10-epoxydodecanoic acid, i.e.
9(R),10(S):9(S),10(R), 94:6. This optical purity was higher
than that determined for the same compound biosynthesized
by cytochrome P-450-catalyzed epoxidation of 9(Z)-do-
decenoic acid, i.e. 9(R),10(S):9(S),10(R), 78:22 (5).

Incubation of linoleic acid with V. faba epoxygenase for 1
min in the presence of hydrogen peroxide produced a mixture
mainly consisting of cis-9,10-epoxy-12(Z)-octadecenoic acid
and cis-12,13-epoxy-9(Z)-octadecenoic acid (Fig. 3A). The
enantiomeric compositions of the two monoepoxides were
essentially the same as those previously reported in the case
of the 13(S)-HPOD-supported epoxidation of linoleic acid
(13), i.e. the major enantiomers were 9(R),10(S)- and
12(S),13(R)-epoxyoctadecenoates (Table III). Incubation of
linoleic acid for a 10-min period led to further epoxidation of
the monoepoxides into 9,10:12,13-diepoxyoctadecanoate
(Fig. 3B). Interestingly, in this second step of epoxidation the
9(S),10(R)- and 12(R),13(S)-epoxyoctadecenoic acids were
epoxidized at a higher rate compared with their correspond-
ing enantiomers as judged by steric analysis of the remaining
monoepoxyoctadecenoates (Table III).

Also, a-linolenic acid was rapidly converted into epoxy
acids in the presence of V. faba epoxygenase and hydrogen
peroxide. The monoepoxyoctadecadienoic acids were due to
cis-9,10-epoxy-12(Z),15(Z)-octadecadienoic acid (mainly
9(R),O1(S)), cis-12,13-epoxy-9(Z),15(Z)-octadecadienoic acid

(mainly 12(S),13(R)), and cis-15,16-epoxy-9(Z),12(Z)-octa-
decadienoic acid (mainly 15(R),16(S)) (Table III). As with
linoleic acid, incubation for 10 min resulted in further epox-
idation of the monoepoxy acids. The structures of the result-
ing diepoxyoctadecenoates were not studied in detail; how-
ever, mass spectrometric analysis of the tetrahydroxyoctade-
cenoates obtained following hydrolysis indicated that the
diepoxyoctadecenoate fraction was mainly due to 9,10:12,13-
diepoxy-15(Z)-octadecenoate plus a smaller amount of
9,10:15,16-diepoxy-12(Z)-octadecenoate. The cis-9,10- and
cis-12,13-epoxyoctadecadienoates-but not the cis-15,16-
epoxyoctadecadienoate-isolated following incubation of a-
linolenic acid for a 10-min period were enriched with respect
to the 9(R),10(S) and 12(S),13(R) enantiomers, respectively
(Table III). Thus, as was the case with linoleic acid, there
appeared to be a preference in epoxidizing the 9(S),10(R)-
and 12(R),13(S)-monoepoxy acids.
Comparison of available data on the specificities of V. faba

epoxygenase and soybean peroxygenase reveals a few im-
portant differences. Thus, in contrast to V. faba epoxygenase
(Table I), soybean peroxygenase catalyzed epoxidation of
regioisomeric (Z)-octadecenoic acids at the same rate (1).
Also, in variance with the V. faba enzyme (Table I), the rates
of epoxidation of 9(Z)-hexadecenoic and 9(Z)-tetradecenoic
acids by the peroxygenase were markedly slower than that
of 9(Z)-octadecenoic acid (1). Another notable difference
between the two enzymes was the stereochemistry of cis-
12,13-epoxy-9(Z)-octadecenoic acid biosynthesized from lin-
oleic acid. V. faba epoxygenase produced mainly the
12(S),13(R)-epoxide (28% enantiomeric excess) (13, present
work), whereas soybean peroxygenase produced mainly the
12(R),13(S)-epoxide (39% enantiomeric excess) (2).
Two diastereomeric epoxy alcohols, i.e. 9(S),10(R)-epoxy-

13(S)-hydroxy-ll(E)-octadecenoic acid and 9(R),10(S)-
epoxy-13(S)-hydroxy-ll(E)-octadecenoic acid (ratio, 91:9),
were previously isolated following incubation of 13(S)-
HPOD with V. faba epoxygenase (10, 13). Detailed studies
using 1802-labeled 13(S)-HPOD showed that two pathways
were responsible for this conversion, i.e. intramolecular epox-
idation of the A9 double bond by the distal hydroperoxide
oxygen of 13(S)-HPOD, as well as an intermolecular reaction
in which the A9 double bond of 13(S)-HOD was epoxidized
by hydroperoxide oxygen of 13(S)-HPOD. In the present
study, incubation of 13(S)-HOD with epoxygenase and hy-
drogen peroxide led to the formation of the above-mentioned
epoxy alcohols (ratio 9(S),10(R)- to 9(R),10(S)-epoxides,
87:13). In addition, a minor epoxy alcohol identified as
11(R),12(R)-epoxy-13(S)-hydroxy-9(Z)-octadecenoic acid
was obtained (Fig. 5). The preponderance of the two diaster-
eomeric 9,10-epoxy alcohols over the 11,12-epoxy alcohol
was probably explained by the large rate difference in the
epoxidation of (Z) versus (E) double bonds (cf. Table I).

Further studies are needed to assess the biological role of
the hydroperoxide-dependent epoxygenase pathway in plant
tissue. In this context, it should be mentioned that Kato et al.
has isolated an array of oxygenated fatty acids from rice plant
in response to plant pathogens (15, 17). A number of these
compounds exert potent antifungal effects (18). Such com-
pounds include 9,10- and 12,13-epoxyoctadecenoic acids as
well as 9,10-, 12,13-, and 15,16-epoxyoctadecadienoic acids.
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Trihydroxyoctadecenoic and trihydroxyoctadecadienoic acids
constitute another series of antifungal compounds isolated
from rice in rice blast disease (16) and from tubers of taro
inoculated with black root fungus (19). The hydroperoxide-
dependent epoxygenase pathway offers a mechanism for
biosynthesis of such plant defensive substances. For example,
the five above-mentioned monoepoxyoctadecenoic and mon-
oepoxyoctadecadienoic acids are products of linoleic and a-

linolenic acid epoxidation (Table III). Furthermore, isomeric
trihydroxyoctadecenoic and trihydroxyoctadecadienoic acid
are produced by hydrolysis of allylic epoxy alcohols (10),
which are in turn formed by epoxidation of hydroxy acids
(Fig. 5) or by intramolecular epoxidation of fatty acid hydro-
peroxides (13). Recently, Ohta et al. (20) reported that rice
seeds contain a lipid-hydroperoxide-decomposing activity
that catalyzed the conversion of 9-hydroperoxy-10,12-octa-
decadienoic acid into a mixture of 9-hydroxy-10,12-octade-
cadienoic acid and 9,12,13-trihydroxy-10-octadecenoic acid,
both having an antifungal effect. This hydroperoxide-decom-
posing activity may well be a hydroperoxide-dependent
epoxygenase similar to the V. faba epoxygenase and the
soybean peroxygenase.
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