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Abstract Lipid peroxidation is common to all

biological systems, both appearing in developmen-

tally and environmentally regulated processes.

Products are hydroperoxy polyunsaturated fatty

acids and metabolites derived there from collec-

tively named oxylipins. They may either originate

from chemical oxidation or are synthesized by the

action of various enzymes, such as lipoxygenases.

Cloning of many lipoxygenases and other key

enzymes metabolizing oxylipins revealed new

insights on oxylipin functions, new reactions and

the first hints on enzyme mechanisms. These

aspects are reviewed with respect to metabolism

of fatty acid hydroperoxides by an atypical P450

subfamily: the CYP74. Up to now this protein

family contains three different enzyme activities:

(i) allene oxide synthase leading to the formation

of unstable allene oxides which react to ketol and

cyclopentenone fatty acids, (ii) hydroperoxide

lyase producing hemiacetals decomposing to

aldehydes and x-oxo fatty acids and (iii)

divinyl ether synthase which forms divinyl ethers.

Signalling compounds such as jasmonates, antimi-

crobial and antifungal compounds such as leaf

aldehydes or divinyl ethers, and a plant-specific

blend of volatiles including leaf alcohols are

among their numerous products.
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Abbreviations
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Introduction

Oxylipin is a collective term for oxygenated

metabolites derived from polyunsaturated fatty

acids (PUFAs). Many of them are bioactive

compounds involved in signal and defence reac-

tions in mammals, higher plants and algae (Blée

2002; Pohnert 2005). The initial formation of lipid

hydroperoxides may either occur by autoxidation

or by the action of enzymes, such as lipoxygenase

(LOX), a-dioxygenase or by membrane bound

cytochrome P450 containing monooxygenases

(Brash 1999). In plants the metabolism of PUFAs

via a LOX-catalysed step and the subsequent

reactions are collectively named LOX pathway

(Fig. 1) (Feussner and Wasternack 2002; Gardner

1996). The reaction steps metabolizing LOX-

derived fatty acid hydroperoxides are a branching

point in this metabolic pathway and till now up to

six different secondary enzymatic reactions have

been described for plants. All of these metabolic

routes are named after the first enzymatic

reaction step. Among them the allene oxide

synthase (AOS), fatty acid hydroperoxide lyase

(HPL) and divinyl ether synthase (DES) meta-

bolic routes have been well characterized so far

(Blée 1998; Howe and Schilmiller 2002). Recent

cloning of a large number of cDNAs coding for

enzymes of the three pathways revealed that all of

them belong to one cytochrome P450-containing

enzyme subfamily, named CYP74. In contrast to

common P450 monooxygenases they do not

require molecular oxygen nor NAD(P)H-depen-

dent cytochrome P450-reductase (Noordermeer

et al. 2001). The new carbon–oxygen bonds are

formed by using an acyl hydroperoxide both as

the substrate and the oxygen donor. Another

common feature of the CYP74s, which differen-

tiate this subfamily from the others is their low

affinity to CO (Matsui 1998).

AOS, referred to as hydroperoxide isomerase

or hydroperoxide dehydratase in earlier literature

(Gardner 1991), forms unstable allene oxides

(Fig. 2), which are hydrolysed into a- and c-ketol
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fatty acids or can undergo non-enzymatic cycli-

zation. The allene oxide derived from

(9Z,11E,13S,15Z)-13-hydroperoxy-9,11,15-octade

catrienoic acid (13-HPOTE) may be further

converted to a chiral cyclopentanone derivative

(9S,13S)-12-oxo phytodienoic acid (OPDA) by an

allene oxide cyclase (AOC). Both enzymes have

been characterized as recombinant proteins from

several sources (Wasternack and Hause 2002). In

addition OPDA acid is converted to jasmonic

acid (JA) by several enzymatic steps.

HPL catalyses the oxidative cleavage of the

hydrocarbon backbone of fatty acid hydroperox-

ides. This leads to the formation of short chain

aldehydes and the corresponding x-oxo fatty

acids (Fig. 3). As for AOS recombinant enzymes

are available from numerous sources (Noorder-

meer et al. 2001).

Within the DES pathway divinyl ether fatty

acids are formed (Fig. 4). Up to now this activity

is only known from a few plant species.

Substrate specificity of CYP74s

Because of the regiospecificity of LOX, (9S)- and

(13S)-hydroperoxides of linoleic and linolenic

acids are formed which serve as substrate for

the downstream enzymes in plants. Therefore

CYP74 can be distinguished into 9- or 13-hydro-

peroxide specific and unspecific enzymes. The

AOS from flax was the first member of the

CYP74 family to be cloned (Song et al. 1993b).

Therefore, AOS are grouped as CYP74A (Fig. 5).

Within this subfamily all enzymes are specific

for (13S)-hydroperoxides as substrates and thus

are named 13-AOS. In contrast, enzymes from

barley and rice show no substrate specificity for

either (9S)-hydroperoxides or (13S)-hydroperox-

ides, respectively, and are therefore called 9/13-

AOS. The first member of this group was isolated

from barley leaves (Maucher et al. 2000). cDNAs

coding for 9-AOS have been isolated from

tomato and potato (Itoh et al. 2002; Stumpe et al.

2006b). 9/13- as well as 9-AOS have been grouped

into the subfamily CYP74C due to their sequence

similarity against each other. This subfamily

contains also HPLs accepting either (9S)- or

(13S)-hydroperoxides as substrates (Matsui et al.

2000b) and a specific 9-HPL recently character-

ized from almond (Mita et al. 2005).

HPL having a preference for (13S)-hydroper-

oxides form the CYP74B subfamily. For the 13-

HPLs from A. thaliana and tomato it has been

shown that they also accept hydroperoxides

derived from C20 PUFAs and act with the (9S)-

hydroperoxide from c-linolenic acid as 9-HPLs

(Kandzia et al. 2003; Matsui et al. 2000a).

Although the enzymes (AOS and HPL) from

the moss Physcomitrella patens do not group into
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these subfamilies (Fig. 5), it has been shown for

PpHPL that it falls into the class of 9/13-HPLs

(Stumpe et al. 2006a). In case of AOS it is very

likely that the enzyme has a broad substrate

specificity as well due to the high diversity of

PUFAs found in this moss (Dembitsky 1993).

So far substrate specificity of most DES was only

analysed using protein extracts of different plant

organs. In potato and tomato a 9-hydroperoxide

specific DES activity was described (Galliard and

Phillips 1972). These results were supported by the

characterization of the recombinant DES from

these both plants (Itoh and Howe 2001; Stumpe

et al. 2001). They prefer (9S,10E,12Z)-9-hydro-

peroxy-10,12-octadecadienoic acid (9-HPODE)

whereas 13-hydroperoxides are only poor sub-

strates. These enzymes were grouped into the

CYP74D subfamily (Fig. 5). In leaves of Ranun-

culus plants and garlic bulbs, DES were found that

use preferentially 13-hydroperoxides. In some

algae, divinyl ether derived from x6-hydroperox-

ides of C18 and C20 fatty acids could be isolated

(Gerwick 1994). So, one can assume that there are

also DES with yet not described substrate speci-

ficities.

Analyses using artificial and different natural

substrates indicate that the position of the hydro-

peroxide group in relation to the methyl end and

not to the carboxyl end of the fatty acid is an

important factor of the substrate specificity.

Nevertheless the carboxy group plays also a role

since methylation reduces often the activity, to

some extend N-acyl(ethanol)amines are better

substrates (Kandzia et al. 2003; Shrestha et al.
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2002). Taken together it seems that free fatty acid

derivatives and N-acyl(ethanol)amines are the

preferred substrates of CYP74-enzymes (van der

Stelt et al. 2000), but LOX-derived fatty acid

hydroperoxides esterified to glycerolipids have

been discussed as substrates as well (Stelmach

et al. 2001). An influence of the pH is also

discussed in respect to the amount of carboxylate

anion in relation to non-dissociated carboxyl

group.

Further metabolism of CYP74 products

HPLs are key enzymes in the production of

PUFA-derived volatiles (Gill and Valivety 1997a,

b) (Fig. 3). Hydroperoxy PUFAs may be cleaved

by HPL directly leading to short chain (3Z)-

aldehydes which are transformed to (2E)-alde-

hydes via an enal isomerase or by mild acid

catalysed isomerization (Noordermeer et al.

2001). Another way for the formation of such

compounds is an acidic hydrolysis of divinyl

ethers (Caldelari and Farmer 1998; Galliard et al.

1974). All aldehydes can undergo different reac-

tion steps like reduction to alcohols (Noorder-

meer et al. 2001). They may react further with

small organic acids such as acetic acid to the

corresponding esters. Alternatively, the

(3Z)-aldehydes may also be oxidized to 4-hydro-

xy-(2E)-aldehydes via LOX and peroxygenase

reactions (Gardner and Hamberg 1993; Noorder-

meer et al. 2000; Schneider et al. 2001). In addi-

tion short chain alcohols may be directly formed

by certain LOX forms. Recently, the reaction has

been described for a linoleate 13-LOX from

Physcomitrella patens (Senger et al. 2005). The

other cleavage product of both reactions, the x-

oxo fatty acid, can undergo isomerization and

oxidation steps to dicarboxilic acid. By this way,

(9Z)-12-oxo-9-dodecenoic acid derived from

13-hydroperoxides of C18 PUFAs is further

converted into (10E)-12-oxo-10-dodecenoic acid

(traumatin) and (10E)-dodecendioic acid (trau-

matic acid; Fig. 3). Their names derive from the

observation that both substances may be involved

in wound healing processes of plants (Zimmer-

man and Coudron 1979).

The unstable AOS reaction products, allene

oxides, may be non-enzymatically hydrolysed into

a-ketol, c-ketol and cyclopentenone fatty acids

(Fig. 2). This chemical cyclization process is not

restricted to allene oxides harbouring a double

bond in b,c-position to the epoxy group as it was

assumed in former times (Grechkin 1994). Recent

analyses of reaction products of recombinant

AOS from tomato and potato as well as protein

extracts of potato show an additional cyclopente-

none fatty acid as a minor compound in each case

that is derived from the allene oxide of 9-HPODE

(Hamberg 2000; Itoh et al. 2002; Stumpe et al.

2006b). In addition to these non-specific chemical

cyclization reactions an additional enzymatic

cyclization reaction catalysed by AOC has been

described (Hamberg 1988; Zimmerman and Feng

1977). It leads to a chiral cyclopentenone deriv-

ative (Ziegler et al. 1997). In vivo the cyclization

of only two allene oxides that derive from

13-HPOTE and (7Z,9E,11S,13Z)-11-hydroper-

oxy-7,9,13-hexadecatrienoic acid, respectively,

have been described. Their conversion leads to

formation of OPDA and dinor-OPDA, respec-

tively (Weber et al. 1997). Both cyclopentenoic

acids are precursor of the plant hormone JA

(Wasternack and Hause 2002).

The reaction mechanism of enzymes from the

CYP74 family

Information about the reaction mechanism of

CYP74 enzymes is scarce till know. A common

intermediate of the reactions catalysed by all

CYP74 seem to be an epoxyallylic radical and/or

carbocation formed from the acyl hydroperoxide

(Feussner and Wasternack 2002; Grechkin 1998)

(Fig. 6). The reactions catalysed by the different

enzymes metabolizing this reaction intermediate

however are different. HPL catalyse the cleavage

of the carbon backbone after the attack of a

hydroxyl group resulting in a hemiacetal (Grech-

kin and Hamberg 2004). Recently it has been

shown that this hemiacetal is in fact the true

product of the HPL reaction and not only an

enzyme bound intermediate. Because of the high

chemical instability the hemiacetal it is

352 Phytochem Rev (2006) 5:347–357

123



decomposed to an aldehyde and an enol. The

latter one is further converted to a second

aldehyde function (Fig. 6). This mechanism is

also supported by labelling experiments using

[18O2]-13-HPOTE and [18O]-water: The ether

oxygen, as well as the hydroxyl oxygen of the

hemiacetal product, is derived from the hydro-

peroxide group of the substrate, whereas no

incorporation of the water oxygen was observed.

These data also provided evidence for an exclu-

sive homolytic reaction mechanism as it is also

proposed for AOS (Song et al. 1993a). Being in

agreement with the high catalytic activity of the

CYP74 enzymes and the experimental evidence,

it seems likely that all CYP74 enzymes act by a

homolytic cleavage of the hydroperoxy fatty acid

substrate and there is no formation of a carboca-

tion during the reaction cycle.

DES catalyses also a cleavage of the carbon

backbone. Here the intermediate is stabilized by

deprotonation leading to the formation of divinyl

ether. This step is stereospecific (Hamberg 2005).

While DES of potato and garlic eliminate the pro-

R-hydrogen resulting in a trans double bond, DES

of Clematis vitalba and Ranunculus acis eliminate

the pro-S-hydrogen resulting in a cis double bond

in the product divinyl ether (Fig. 4).

Such a deprotonation occurs also during the

AOS reaction to stabilize the initial epoxy allylic

radical/cation. Here differences in the stereospe-

cific deprotonation reaction by AOS are assumed

as well which might explain differences in half life

times of formed allene oxides and ratios of the

R/S enantiomers of a-ketols after hydrolysis of

allene oxides (Tijet and Brash 2002).

Occurrence and intracellular localization
of CYP74s

Whereas HPL and AOS are widespread in plant

species (mono- and dicotyledons as well as
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bryophytes like Physcomitrella patens), DES

seem to be restricted to some algae and the

genera Solanum, Ranunculus, as well as Allium

(Fig. 5).

Numerous reports describe the activity of

CYP74 enzymes in green tissues, often in chlo-

roplasts. This localization seems to be likely

because many cDNAs coding for CYP74 enzymes

harbour at least a putative plastidic transit pep-

tide. This is supported by immunocytochemical

analysis e.g. in barley, potato and tomato leaves

(Hause et al. 2003; Maucher et al. 2000; Stumpe

et al. 2006b), by transient expression analysis of

9/13-HPL from P. patens in moss protoplasts

(Stumpe et al. 2006a) and by in vitro import

assays for 13-AOS and 13-HPL from tomato

(Froehlich et al. 2001) as well as for three HPLs

from rice (Chehab et al. 2006). For tomato it was

shown that the 13-AOS is bound to the inner

envelope and the 13-HPL to the outer envelope

of plastids.

Analysing the transcription of AOS in Arabid-

opsis thaliana using promoter-GUS constructs,

the GUS activity was observed in veins of young

leaves and in matured pollen grains. In later

stages the whole leaf was stained (Kubigsteltig

et al. 1999). In tomato AOS protein was mainly

detected in sieve elements (Hause et al. 2003).

Nevertheless, CYP74 activity is also found in non-

green tissues like fruits, seeds, seedlings, tubers

and roots (Gardner 1991). Analysing the subcel-

lular localization of StAOS3, which occurs mainly

in non-green tissues, revealed targeting to the

outer side of the envelope of plastids like amy-

loplasts or proplastids in such organs (Stumpe

et al. 2006b). Another AOS was found to be the

major protein of rubber particle in guayule (Pan

et al. 1995) and recently there was a 9-HPL from

almond characterized, which was targeted to lipid

bodies (Mita et al. 2005). In general the picture

emerges that the 13-LOX- and 9-LOX pathway

may be separated within in the cell by the

envelope membranes of the plastid: CYP74

enzymes that metabolize 13-LOX-derived fatty

acid hydroperoxides seem to be localized at inner

plastidial membranes whereby CYP74 enzymes

that metabolize 9-LOX-derived fatty acid hydro-

peroxides seem to be localized either at the outer

surface of the plastid (Feussner and Wasternack

2002; Howe and Schilmiller 2002) or even at

extraplastidial membranes like it has been

described for almond seeds or cucumber seedlings

(Mita et al. 2005; Weichert et al. 2002). However,

this model does neither explain the function nor

the localization of the AOS from guayule. There-

fore, further analysis of the intracellular distribu-

tion of other LOX pathway enzymes in this tissue

is needed as well as a more detailed analysis of

the biochemical properties of this AOS is neces-

sary to explain its function in rubber particles.

Physiological significance of CYP74 products

OPDA and JA are the major metabolites of the

AOS pathway. They act as phytohormones that

are involved in plant responses to stress and

developmental processes. Arabidopsis mutants

lacking both compounds have a reduced resis-

tance to pathogens and herbivores. These

mutants are also male sterile. These phenotypes

can be rescued by the application of methyl

jasmonate. For a more detailed discussion on the

function of OPDA and jasmonates the reader is

referred to other more specific reviews on this

topic appearing recently (Berger 2002; Blée 2002;

Rosahl and Feussner 2005; Schilmiller and Howe

2005; Wasternack and Hause 2002). Knowledge

about the function of ketol fatty acids, the non-

enzymatic products of the AOS pathway, is

scarce. The analysis of extracts of Lemna

pauciostata has yielded some hints for the phys-

iological relevance of these compounds. Stress

induces the production of the a-ketol derived

from (9S,10E,12Z,15Z)-9-hydroperoxy-10,12,15-

octade catrienoic acid (9-HPOTE) which reacts

with norepinephrine to produce a flowering

inducing compound (Yamaguchi et al. 2001).

The a-ketol has also been linked to flower

induction in Pharbitis nil (Suzuki et al. 2003).

The products of the HPL pathway, namely

aldehydes, alcohols and esters, are compounds of

the so-called ‘‘green odor’’ of plants. For exam-

ple, the aroma of (3Z)-hexenal is known from

fresh cut grass or tea and (3Z)-nonenal is typical

for the aroma of cucumber fruits (Hatanaka

1996). In vitro aldehydes show also an antimicro-

bial effect so that the physiological function is
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often addressed to plant defence against microbes

(Noordermeer et al. 2001). Also discussed is that

these compounds are a part of the volatile

mixture that attract predator upon herbivore

attack (Arimura et al. 2005). In transgenic potato

plants lacking an HPL transcript, an increase in

aphid performance was observed (Vancanneyt

et al. 2001). In addition aldehydes seem to act

also as signal compounds to induce transcripts of

several defence related genes (Bate and Roth-

stein 1998; Kishimoto et al. 2006a, b) and it will

be interesting to see whether the comparison of

the Arabidopsis ecotypes Columbia and Lands-

berg will result in further details since Columbia

is a natural HPL mutant (Duan et al. 2005).

Moreover the HPL reaction seems to be an

important metabolic pathway in algal defence

reactions (Pohnert 2005).

Divinyl ethers may be inhibitors of LOXs and

may play a role as phytoalexins since they reduce

cytospore germination and mycelia growth of

Phytophthora infestans in vitro (Grechkin 1995).

These compounds seemed to have also a function

in defence in plants. The amounts of divinyl ether

as well as the transcript of DES increase in potato

upon infection with P. infestans and Pseudomonas

syringae (Stumpe et al. 2001; Weber et al. 1999).

Plants with increased tolerance against the infec-

tion show a stronger accumulation of divinyl

ether. Further analyses of transgenic plants are

necessary to understand the function of these

compounds. A recent study describes the effect of

oxylipins for the first time on a large number of

different plant pathogens by testing a large

number of different substances (Prost et al. 2005).

PUFA oxidation is implicated in plant devel-

opment and in responding to abiotic and biotic

stresses. The past decade has seen a remarkable

increase in our understanding in the involvement

of the LOX pathway reactions and their physio-

logical significance. The number and structural as

well as functional diversity of LOX pathway

enzymes enables the plant to appropriately

respond to environmental challenges and not

only to metabolize its lipids, but to use them as

versatile signal molecules by introducing numer-

ous new functionalities in these important

biomolecules. The AOS-derived jasmonates and

their octadecanoid precursors were the first

oxylipins identified that have an assigned

messenger function. In addition this knowledge

is not only further increased by accumulating data

on the molecular diversity of CYP74 enzymes as

major catalysts of the LOX pathway, but the

generation of CYP74 mutants, as well as ongoing

overexpression and inactivation of genes encod-

ing CYP74 enzymes or efforts to crystallize the

purified enzymes, is expected to broaden our

understanding of the biochemistry as well as on

the physiological role of CYP74-derived metab-

olites in plant development and stress adaptation.
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Stumpe M, Göbel C, Demchenko K, Hoffmann M,
Klosgen RB, Pawlowski K, Feussner I (2006b) Iden-
tification of an allene oxide synthase (CYP74C) that
leads to formation of a-ketols from 9-hydroperoxides
of linoleic and linolenic acid in below-ground organs
of potato. Plant J 47:883–896
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