
TECHNICAL

1445

Fatty Acid Allene Oxides'
Mats Hamberg
Department of Physiological ~ l s t r y , Karollnska Institutor, S-I04 01 Stockholm, Sweden

The history of allene oxides in organic chemistry is short.
It goes back t o 1968, when Camp and Greene were able
t o isolate and characterize an allene oxide which they ob-
ta ined b y monoepoxidation of 1,3-di-t-butylallene with m-
chloroperbenzoic acid (1). Since then a large number of
allene oxides have been prepared by organic synthesis,
mainly by monoepoxidation of allenes, but also b y
elimination reactions carr ied out with suitably substi-
t u t e d epoxide derivatives. Allene oxide is a very unusual
molecule, containing the s t ruc tu ra l features of a n epox-
ide, a double b e n d , and a n enol ether. Because of the con-
siderable r ing strain, allene oxides are highly reactive. A n
interesting reaction is conversion into cyclopropanones,
which may occur e i the rdirectly o r via the oxyallyl zwit-
terion. Another reaction which is typical for allene oxides
is a t t ack b y nucleophiles, resulting in the formation of
a-substituted ketones (2,3).

Formation of the allene oxide structure by an enzymatic
reaction was discovered in 1987 (4). The present p a p e r
reviews our work on fa t ty acid allene oxides, including
recen t studies o f t h e mechan i sm of biosynthesis of the
p lan t cyclopentenone, 12-oxo-10,15(Z}-phytodienoic acid.

236 nm_ On the basis of those results an allene oxide struc-
ture was established fo r the unstable compound, i.e.,
12,13(S)-epoxy-9(Z},ll-octadecadienoic acid (12,13(S)-
EOD) (4). As seen in Figure 1, two dis t inc t steps are in-
volved in the n e t isomerization of 13(S)-HPOD into a-
ketol , i.e., an enzyme-catalyzed conversion of the hydro-
peroxide into fa t ty acid al lene oxide, followed b y spon-
taneous hydrolysis of t h e la t te r into a-ketol. Because t h e
enzyme-catalyzed reaction is formally a dehydration, it
was suggested t h a t the enzyme earl ier referred t o as
"hydroperoxide isomerase" be renamed "hydroperoxide
dehydrase" (4). In a recen t study, Brash and coworkers
described isolation o f the methyl e s t e r of 12,13(S}-EOD
(7). This work allowed NMR-spectrometric analysis of the
allene oxide and thus confirmed our s t ruc tu ra l work.

The substrate specificity of hydroperoxide dehydrase
from corn was recently examined. In addition t o 13(S)-
HPOD, the following fa t ty acid hydroperoxides served
as substrates and were converted into allene oxides: 9(S}-
hydroperoxy-10(E},12(Z)-octadecadienoic acid (derived
from linoleic acid), 13(S}-hydroperoxy-9(Z},ll(E),15(Z)-
octadecatrienoic acid (derived from a-linolenic acid), 9(S}-

BIOSYNTHESIS OF FATTY ACID ALLENE OXIDES

In 1966 Zimmerman reported the presence in flax~eed of
a "hydroperoxide isomerase" t h a t ca ta lyzed t h e conver-
sion of 13(S}-hydroperoxy-9(Z),ll(E)-octadecadienoic acid
(13(S}-HPOD) and 9(S}-hydroperoxy-10(E),12(Z}-octadeca-
dienoic acid into a-ketol derivatives, i.e., 12-oxo-13-hy-
droxy-9(Z)-~tadecenoic acid and 10-oxo-9-hydroxy-12(Z}-
octadecenoic acid, respectively (5}. Gardner described a
similar type of transformation in corn germ, and also iden-
tiffed y-ketol derivatives in t h e reaction product (6).

The mechan i smof t h e s e transformations was clarified
by a number of experimental approaches (4). In one s e t
of experiments 13(S)-HPOD was st i r red with a prepara-
tion of the corn enzyme a t 0°C. Aliquots were removed
10, 30, 60 and 90 sec, and 5 rain af te r addition of substrate
and were then t rea ted with 20 vol of methanol. Analysis
by thin-layer chromatography revealed t rans ien t ap-
pearance of a t rapp ing product, which was identified as
12-oxo-13-methoxy-9(Z)-octadecenoic acid. This finding in-
d ica ted the existence o f an unstable intermediate in t h e
conversion of 13(S}-HPOD into a-ketol. Fur the r ex-
periments showed t h a t the unstable compound: 1) re ta in-
e d one of the hydroperoxide oxygens and re ta ined the
hydrogens a t C-9, C-10, and C-13, b u t lost the hydrogen
a t C-12 dur ing its formation from 13(S}-HPOD; 2) h a d a
half-life in aqueous medium of a b o u t 33 sec (0°C, p H 7.4);
3) reac ted with wate r to produce 12-oxo-13-hydroxy-
9(Z}-octadecenoic acid (a-ketol), and with methano l t o
produce 12-oxo-13-methoxy-9(Z)-octadecenoic acid; and
4) displayed a n ultraviolet absorption band with ~m~ =

1presented a t the 1989 A O C S A n n u a l Meeting a s the acceptance
a d d r e s s for the Supelco A O C S Research A w a r d .
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FIG. 1 . Mechanism of f o r m a t i o n of a-keto l der ivat ives f r o m f a t t y
acid hydroperoxides. 1 , 12,13(S)-epoxy-9~Z),11-octadecadienoic acid
(allene oxide); 2 , 12-ox-o-13-hydroxy-9(Z)-octadecenoic acid (a-ketol);
3, 12-oxo-13-me~aoxy-9tZ~oct~moic acid (trapping product formed
~rom 1 in methanol).
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hydroperoxy-6(Z},10(E),12(Z)-octadecatrienoic acid (de-
r ived from ),-linolenic acid), 15(S}-hydroperoxy-ll(Z},
13(E), 17(Z)-eicosatrienoic acid (derived from bis-homo-a-
linolenic acid), 15(S)-hydroperoxy-5(Z},8(Z},11(Z),13{E)-
eicosatetraenoic acid (derived from arachidonic acid), and
15(S)-hydroperoxy-5(Z},8(Z), 1 I(Z), 13(E), 17{Z)-eicosapenta-
enoic acid (derived from eicosapentaenoic acid).

NONENZYMATIC CONVERSIONS
OF FATTY ACID ALLENE OXIDES

Nonenzymatic conversions of the allene oxide 12,13(S)-
EOD are summarized in Figure 2. As mentioned above,
12,13(S}-EOD (1) underwent rapid hydrolysis in aqueous
medium into the a-ketol derivative 12-oxo-13-hydroxy-
9(Z)-octadecenoic acid (2). Steric analysis showed t h a t t h e
a-keto l had largely t h e R configuration a t C-13 (13(R)/
13(S), 72:28) (4). Thus, formation of a-ketols from allene
oxides apparently occurred by an SN2 type of displace-
ment a t the sa tu r a t ed epoxide carbon (resulting in inver-
sion of the configuration), as well as b y an SN1 type reac-
tion involving t h e oxypentadienyl zwitterion (resulting
in racemization). In addition to the a-ketol derivative,
small amounts of the isomeric ),-ketol (3; formed via the
oxypentadienyl zwitterion) were also formed by hydroly-
sis of allene oxide.

Treatment of 12,13(S)-EOD with sod ium borohydride
in methano l yielded 12-hydroxy-9-octadecenoic acid (5 in
Fig. 2). When reduction was accomplished with sod ium
borodeuteride, two atoms of deuter iumwere incorporated
in the hydroxy acid (at C-12 and C-13), whereas t rea tment
of 12,13(S)-EOD generated from 13(S)-[9,10,12,13-2H4] -
HPOD with sod ium borohydride led t o the formation of
12-hydroxy-9-octadecenoic acid containing three atoms
o f deuter ium Cat C-9, C-10, and C-13). Thus, reduction of
t h e allene oxide b y sod ium borohydride occurred by ad-
di t ion of hydride a t C-13, opening and ketonization of the
allene oxide structure, and reduction o f the 12-oxo group
by addition of hydride a t C-12.

As described above, fa t ty acid allene oxides were un-
stable in hydroxylic solvents such as wate r and methanol.
As would be expected, s tabi l i ty was great ly enhanced in
non-hydroxylic, water-miscible solvents such as aceto-
nitrile and tetrahydrofuran. Thus, the half-life of 12,13(S)-
EOD in acetonitrile/potassium phosphate buf fe r p H 7.4
(20:1, v/v} a t 0°C was 7.4 rain, as compared t o 33 sec in
buf fe r (8). Interestingly, degradation of aUene oxide in
aqueous acetonitrile did not resul t in t h e formation of a-
ke to l b u t in two unique macrolactones, 12-oxo-9(Z}-
octadecen-11-olide and 12-oxo-9(Z}-octadecen- 13-olide (8;
6 and 7 in Fig. 2). The la t te r lactone was subjected to
steric analysis and f o u n d to be essentially racemic (ratio
between R and S enantiomers, 53:47). Therefore, it seemed
likely that macrolactone formation from 12,13(S)-EOD oc-
curred by way of the oxypentadienyl zwitterion, in which
there is no asymmetry . Formation of macrolactones re-
qui red t h a t the carboxylg r o u p of the allene oxideexis ted
in the form of t h e nucleophilic carboxylate anion. Thus,
when allene oxide was allowed to decompose in acidified
acetonitrile solution, formation of macrolactones was in-
hibited. Instead, slow formation o f a-ketol (2) and ),-ketol
(3), as well as a number of unidentified products, was
observed.

The fa t ty acid allene oxides were stabilized in the pres-
ence of vertebrate se rum alb , mlns (9). Thus, the aqueous
half-lives a t 0°C of 12,13(S)-EOD in t h e presence of
15 mg/ml of bovine, human , and equine se rum albumins
were 14.1 + 1.8, 11.6 _+ 1.2, and 4.8 +_ 0.5 mln, respec-
tively, as compared to 33 sec in the absence o f a lb , min.
This stabilization was probably due to b ind ing of allene
oxide t o hydrophobic s i tes of the albumin molecule,
resulting in protection from hydrolysis in the aqueous
phase. In the course of these studies we found t h a t
degradation of 12,13(S)-EOD in t h e presence of bovine
se rum alb ,mln led t o the formation of a novel cyclo-
pentenone derivative, i.e., 3-oxo-2-pentyl-cyclopent-4-en-1-
octanoic acid (9; 8a and 8b in Fig. 2). Steric analysis
demonstrated t h a t t h e relat ive configuration of the side
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FIG. 2. Nonenzymat i c react ions of the f a t t y a c i d a l l ene ox ide 12,13~S)-epoxy-9(Z),11-octa-
decadieno ic a c i d (_1).
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chains attached to the cyclopentenone ring was trans, and
t h a t the compound was largely racemic (ratio between 8a
[9(R),13(S)] and 8b [9(S),13(R)], 58:42).

MECHANISM OF THE BIOSYNTHESIS
OF 12-OXOPHYTODIENOIC ACID

Conversion of a-linolenic acid into a cyclopentenone
derivative, 12-oxo-10,15(Z)-phytodienoic acid (12-oxo-
PDA), was reported by Zimmerman and Feng in 1978 (10).
The init ial step of the conversion consisted of lipoxy-
genase-catalyzed oxygenation o f a-linolenic acid into
13(S}-hydroperoxy-9(Z), 11 (E), 15(Z)-octadecatrienoic acid
(13(S)-HPOT). A "hydroperoxide cyclase" enzyme was
postulated for the conversion of the hydroperoxide into
cyclopentenone. Vick and Zimmerman (11) la te r reported
t h a t 12-oxo-PDA serves as the precursor of 7-iso-jasmonic
acid, a C-12 cyclopentanone derivative which has been
isolated from a large number of p lan ts and has growth-
regulating effects (12).

The fact t h a t a cyclopentenone derivative could be
formed from the aUene oxide 12,13(S}-EOD in a nonen-
zymatic reaction {bovinese rum alb~lmin) (9), coupled with
the fact t h a t incubation o f 13(S}-HPOT with corn hydro-
peroxide dehydrase afforded 12-oxo-PDA (9,13), sug-
gested t h a t 12,13(S)-epoxy-9(Z}, 11,15(Z)-octadecatrienoic
acid (12,13(S}-EOT; the aUene oxide generated from 13(S)-
HPOT) served as the immediate precursor of 12-oxo-PDA.
Recent experiments , e.g., showing t rans ien t appearance
of 12,13(S)-EOT parallelling the synthesis of 12-oxo-PDA,
have verified the correctness of this hypothesis {14). I n
t h a t work, aUene oxide 12,13(S)-EOT was generated by
incubation of 13(S}-HPOT with the 105,000 × g particle
fraction o f homogenate of corn (the subcellular f ract ion
containing the major part of the hydroperoxide dehydrase
act iv i ty in corn). Interestingly, incubation with the par-
ticle fraction resuspended in buf fe r resulted in formation
o f only m o d e s t amounts of 12-oxo-PDA, (ratio 12-oxo-
PDA/a-ketol, 0.14:1, irrespective of the concentration of
13(S}-HPOT used for generation of allene oxide), whereas

t h e corresponding incubation carr ied out in the presence
o f 105,000 × g supernatant led t o pronounced st imula-
tion of 12-oxo-PDA formation. This enhancement of
12-oxo-PDA formation was highest a t low substrate con-
centrations and declined when h ighe r concentrations o f
substrate were used (e.g., ra t ios 12-oxo-PDA/a-ketol a t
3 and 150 ~ 13(S)-HPOT, 2.88:1 and 0.46:1, respec-
tively). These resul t s suggested t h a t , in the absence o f
105,000 × g supernatant, formation of 12-oxo-PDA oc-
curred by nonenzymatic, chemical cyclization o f the allene
oxide, whereas 12-oxo-PDA formation observed in the
presence o f 105,000 × g supernatant occurred mainly b y
ac t ion of a saturable act iv i ty t h a t selectively cata lyzed
formation of 12-oxo-PDA at t h e expense of a-ketol. Fur-
t h e r evidence for formation of 12-oxo-PDA b y both en-
zymatic and nonenzymatic routes was provided by steric
analysis u s i n g a recently developed method (13). I t
was found t h a t 12-oxo-PDA formed in t h e absence o f
105,000 × g supernatant was racemic, irrespective of the
substrate concentration used (14,15). On the o t h e r hand,
12-oxo-PDA produced in the presence of supernatant was
enriched with respect t o t h e 9(S),13(S) enantiomer. This
enrichment was dependent upon the substrate concentra-
tion. Fo rexample, 12-oxo-PDA was 96% and 76% optical-
ly pure when formed from aUene oxide generated from 3
and 150 ~ 13(S)-HPOT, respectively.

The soluble enzyme act iv i ty cata lyzing t h e formation
o f 9(S),13(S}-12-oxo-PDA from allene oxide was named
"al lene oxide cyclase" (14, Fig . 3). As expected, the en-
zyme act iv i ty was heat labile, destroyed b y proteolytic
digestion, and saturable with re spec t t o substrate. The
act iv i ty was precipitated by ammoniun:l su l fa te a t
30-55% sa tu ra t ion and migrated as a protein with a
molecular weight of a b o u t 45,000 upon gel fi l trat ion (14).
Fur the r support fo r allene oxide cyclase be ing a specific
enzyme came from experiments with (_+)-c/s-12,13-epoxy-
9(Z)-octadecenoic acid and (+_)-cis-12,13-epoxy-9(Z),15(Z)-
octadecadienoic acid. These epoxy acids, in which t h e
epoxide group is loca ted in t h e same position as in t h e
aUene oxide substrate, inhibited formation of 12-oxo-

Hydroperoxide Altene oxide

13(,S)-HPOT 12,13 (S_)-EOT 12-Oxo-PDA (9(~),13 (~11

l Spontaneous

~ COOH

o~-Keto[

12-Oxo-PDA ( r~cemic )

FIG. 3. F o r m a t i o n of 9~S},13(S)-12-oxo-PDA from 13(S-HPOT by sequent ia l act ions of
hydroperoxide dehydrase and al lene ox ide cyc lase . A l s o shown i s the competing nonen-
z y m a t i c c o n v e r s i o n of a l l ene ox ide 12,13(S)-EOT into a-keto l and r a c e m i c 1 2 - o x o - P D A .
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FIG. 4. Inhibition of a l l e n e oxide c y c l a s e b y e p o x y a c i d s . Suspensions of 105,000 X g
particle fraction (source of hydroperoxide dehydrase) in 105,000 X g supernatant (source
of allene oxide cyclase) of corn homogenate were stirred at 0°C with epoxy acids {0-80
WM)for 1 min. I:~-'I-HPOT (11 ~M)was added and the mixture stirred for an additional
10 rain at 0°. The amounts of enzymatically formed 12-oxo-PDA were calculated follow-
ing thin-layer radiochromatography as described by Hamberg (14). Inhlhttors: - • - • - • -,
(+__)-c/s-12,13-epexy-9t~-octadeceneic acid; - 0 - 0 - 0 - , (___)-c/s-9,10-epoxy-12(Z)-octadecenoic
acid; -&-&--A-, (±)-c/s-12,13-epoxy-9~Z),l~decadienoic acid. R = (CH2iT-COOH.

F a t t y ~cld Hydroperoxide ALtene oxide CycLizatlon
Spontaneoui Enzymatic

LlnoLolc acid 13(~)- HPOO /~=:~R / . - - - -
Arachidonlc acid 15(~)-HPETE

Llnole=c acid 9(~)-HPOO

~'-LInotenic acid 9(.~)-HPOT ¢=6 ~ ~ "1"

~ -Ll~¢l~ic acid 13(~)-HPOTG,3 V~ " ' ~ / "
Sis-homo-¢-IInotenlc acid 15(~]-HPET ~3
E I c ~ a e o o l c acid 15(S)-HPEP

÷ ÷

FIG. 5. Spontaneous and enzymatic cyclization of allene oxides prepared from various
fatty acid hydroperoxides. Allene oxides were generated by stirring the fatty acid
hydroperoxides (10-150 ~ at 0°C with the 105,000 X g particle fraction of corn
homogenate (source of hydroperoxide dehydrase), remmpended in either buffer or in 105,000
X g supernatant (source of allene oxide cyclase). Product composition and steric Rnalysis
of cyclopentenones were carried out as described by Hamberg (13,14).

PDA. On the o t h e r hand, (+__)-cis-9,10-epoxy-12(Z)~acta-
decenoic acid, in which the epoxide g r o u p is not located
in the correct position, gave only insignificant inhibition
(Fig. 4). Additionally, allene ox ide cyclase displayed
substrate specificity. A n u m b e r of aUene oxides were
generated by incubation of fat ty acid hydroperoxides with
dehydrase. As seen in F i g u r e 5, spontaneous cyclization
into cyclopentenones required the presence of a double

bond/~,r t o the epoxide {16). Enzyme-catalyzed cycliza-
tion was only observed with allene oxides h a v i n g the
epoxide group in the o~6,7position and the fl,y double bond
in the co3 position. Enzymatic formation of cyclopente-
nones of the 12-oxo-PDA type thus seem t o be restricted
t o allene oxides derived from the o~3 series of polyun-
saturated fat ty acids.

The configuration of enzymatically formed 12-oxo-PDA
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-12 leaves and pota to tubers. High activity was also noted
in lettuce, eggplant fruit , jerusalem artichoke tubers,
alfalfa seedlings and in cucxtmber. Low or insignificant

-10 activity was found in seedlings of barley and w h e a t and
in yellow onion. We are presently investigating the possi-
ble existence of the hydroperoxide dehydrase-allene ox-

-8 ide cyclase pathway in mammalian tissue. The occurrence
of such a pathway in mammals would be of grea t interest,
because it would provide a m e a n s for biosynthesis of

-6 prostaglandin-like compounds by an aspirin-insensitive,
non-cyclooxygenase route.

-4

FIG. 6. Distribution of allene oxide cyclase activity in plant tissues.
13(S)-HPOT (27 wM) w a s incubated at 0°C for 15 sec with a suspen-
sion in buffer of the 106,000 × g particle fraction of earn homogenat~
Three ml of the 9300 X g supernatant obtained from t h e different
plant homogenates were added, and t h e mixture stirred at 0°C for
10 mira The amounts of enzymatically formed 12-oxo-PDA were
calculated following thin layer radiochromatography (14).

(9(S),13(S)) corresponds t o the confiTlration of its metabo-
iite in plant tissue, 7-iso-jasmonic acicL Therefore, it seems
likely that 7-iso-jasmonic acid is formed from a-linolenic
acid by sequential actions of ¢o6-1ipoxygenase, hydro-
peroxide dehydrase, and allene oxide cyclase, followed by
A10 reductase and t h r e e s teps of/~-oxidatiom

A n u m b e r of plants have recently been screened for the
presence of allene ox ide cyclase. As shown in F i g u r e 6,
the highest activity (expressed in nmol of enzymatically
formed 12-oxo-PDA per g of tissue) was found in spinach
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