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Allene oxide cyclase (AOC; EC 5.3.99.6) catalyzes the cyclization 
of 12,13(S)-epoxy-9(Z),11,15(Z)-octadecatrienoic acid to 12-0x0- 
10,15(Z)-phytodienoic acid, the precursor of jasmonic acid (IA). 
lh is  soluble enzyme was purified 2000-fold from dry corn (Zea 
mays L.) kernels to apparent homogeneity. l h e  dimeric protein has 
a molecular mass of 47 kD. Allene oxide cyclase activity was not 
affected by divalent ions and was not feedback-regulated by its 
product, 1 2-0xo-l0,15(Z)-phytodienoic acid, or by IA. (f)-cis- 
12,13-Epoxy-9(Z)-octadecenoic acid, a substrate analog, strongly 
inhibited the enzyme, with 50% inhibition at 20 p ~ .  Modification 
of the inhibitor, such as methylation of the carboxyl group or a shift 
in the position of the epoxy group, abolished the inhibitory effect, 
indicating that both structural elements and their position are es- 
sentia1 for binding to AOC. Nonsteroidal anti-inflammatory drugs, 
which are often used to interfere with JA biosynthesis, did not 
influence AOC activity. The purified enzyme catalyzed the cycliza- 
tion of 12,13(S)-epoxy-9(Z),11 ,I 5(Z)-octadecatrienoic acid derived 
from linolenic acid, but not that of 12,13(S)-epoxy-9(D,11- 
octadecadienoic acid derived from linoleic acid. 

JA and its volatile methyl ester have been detected in 
numerous plant species (Meyer et al., 1984) and are in- 
volved in many physiological and developmental pro- 
cesses in plants. They promote senescence, inhibit seedling 
growth, delay seed germination, induce tuberization and 
tendril coiling, and mimic stress responses observed after 
wounding and desiccation when applied exogenously to 
plants (Sembdner and Parthier, 1993; Creelman and Mullet, 
1995). Concomitantly with these effects, changes in gene 
expression and protein turnover take place. Among these 
changes are the repression of chloroplast proteins such as 
Rubisco (Reinbothe et al., 1993; Roloff et al., 1994), or the 
induction of vegetative storage proteins (Franceschi and 
Grimes, 1991), late embryogenesis-abundant proteins (Rein- 
bothe et al., 1994), proteinase inhibitors (Farmer and Ryan, 
1990), and various other jasmonate-induced proteins (Weid- 
hase et al., 1987), as well as enzymes involved in the 
metabolism of phenylpropanoids (Kauss et al., 1994) or 
alkaloids (Kutchan, 1993). 
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Severa1 of the effects inducible by JA or methyl jas- 
monate are also observed in osmotically stressed barley 
leaf segments (Lehmann et al., 1995), as well as after 
wounding of tomato leaves (Farmer and Ryan, 1992), elic- 
itation of cell cultures (Gundlach et al., 1992; Nojiri et al., 
1996), and mechanical stimulation of the tactile organs in 
Bryonia dioica Jacq. (Falkenstein et al., 1991). Moreover, 
shortly after plants are exposed to these stimuli and before 
the respective genes are activated, the endogenous JA con- 
centration increases (Gundlach et al., 1992; Weiler et al., 
1993; Doares et al., 199513; Lehmann et al., 1995; Nojiri et al., 
1996), indicating that JA can serve as a signal molecule 
between plant tissues or as a signal transducer within cells 
(Parthier, 1991). 

The biosynthesis of JA takes place via the oxylipin path- 
way (Vick and Zimmerman, 1983; Hamberg and Gardner, 
1992) (Fig. 1). This pathway starts with the LOX-catalyzed 
oxygenation of fatty acids containing a cis-cis pentadiene 
moiety to hydroperoxy fatty acids. The major substrates of 
LOX within plant cells are linoleic and linolenic acids, 
which can be oxidized in either the 9- or the 13-position, 
resulting in 9- or 13-hydroperoxy derivatives, respectively. 
The hydroperoxy compounds can serve as substrates for 
severa1 enzymes. Hydroperoxide lyase cleaves the carbon 
chain at the site of hydroperoxidation, resulting in the 
generation of aldehydes (Gardner, 1991; Shibata et al., 
1995), whereas divinyl ether synthase rearranges the hy- 
droperoxide to form a divinyl ether (Galliard and Phillips, 
1972; Grechkin and Hamberg, 1996). A peroxygenase uti- 
lizes the terminal hydroperoxide oxygen from the hy- 
droperoxides to epoxidize other unsaturated fatty acids, 
which are further hydrolyzed to polyalcohols (Blée and 
Schuber, 1990; Hamberg and Hamberg, 1990). AOS dehy- 
drates the hydroperoxide to form an allene oxide deriva- 
tive (Song and Brash, 1991). 

These epoxides are prone to hydrolysis and decay into a- 
and 7-ketols with a half-life of 25 s in aqueous media. In the 

Abbreviations: AOC, allene oxide cyclase; AOS, allene oxide 
synthase; 12,13-EOT, 12,13(S)-epoxy-9(Z),11,15(Z)-octadecatrienoic 
acid; 13-HPOD, 13(S)-hydroperoxy-9(Z),ll(E)-octadecadienoic acid; 
13-HPOT, 13(S)-hydroperoxy-9(Z),ll(E),15(Z)-octadecatrienoic acid; 
JA, jasmonic acid; a-ketol, 12-oxo-13-hydroxy-9(Z),l5(Z)-octadeca- 
dienoic acid; y-ketol, 12-oxo-9-hydroxy-l0(E),l5(Z)-octadecadienoic 
acid; LOX, lipoxygenase; 12-oxo-PDA, 12-oxo-10,15(Z)-phytodienoic 
acid; tetcyclacis, 5-(4-chlorophenyl)-3,4,5,1O-pentaazatetracyclo 
[5.4.102,6.08~"]-dodeca-3,9-diene. 
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Figure 1. Oxylipin pathway with emphasis on JA biosynthesis. 

case of 12,13-EOT, which is produced from 13-HPOT, spon- 
taneous degradation not only results in the formation of 
ketols but also in cyclopentanones, i.e. racemic 12-0x0-PDA 
(Crombie and Morgan, 1988; Hamberg, 1989). In contrast to 
the chemical rearrangement, 12,13-EOT is cyclized to ste- 
reochemically pure 12-0x0-PDA by AOC. The ring double 
bond is then reduced in an NADPH-dependent reaction by 
12-0x0-PDA reductase, and thereafter the side chain with 
the carboxyl group is shortened by three rounds of 
P-oxidation to yield JA. 

With the exception of LOX, which has been purified and 
cloned from severa1 plant species and the properties of 
which are fairly well known (Siedow, 1991), little is 
known about the other enzymes. AOS has been cloned 
from flax, guayule, and Arabidopsis (Song et al., 1993; 
Pan et al., 1995; Laudert et al., 1996), and 12-0x0-PDA 
reductase activity has been partially characterized from 
corn (Zea mays L.) (Vick and Zimmerman, 1986). The 
enzyme involved in the P-oxidation steps is as yet un- 
known. 

In the early days of LOX pathway research, the conver- 
sion of 13-HPOT to 12-0x0-PDA was believed to be the 
result of one enzyme, which was called hydroperoxide 
cyclase (Vick and Zimmerman, 1981). In 1990 Hamberg and 
Fahlstadius showed that corn seed membranes containing 
AOS were able to convert 13-HPOT to a- and y-ketols and 
12-0x0-PDA via an unstable intermediate, 12,13-EOT. The 
soluble fraction of the corn homogenate did not metabolize 
13-HPOT, but incubation of 13-HPOT with corn mem- 
branes together with the soluble fraction resulted in a large 
increase in the amount of 12-0x0-PDA compared with in- 
cubation with membranes alone. Furthermore, they 
showed that the 12-0x0-PDA generated by the addition of 

supernatant was highly enriched in the 9(S),13(S) configu- 
ration in contrast to that produced by the membranes, 
which consisted of a 1:l mixture of the 9(S),13(S) and 
9(R),13(R) stereoisomers. This indicated the presence of an 
enzyme activity in the supernatant, which specifically gen- 
erated the 9(S),13(S)-12-oxo-PDA enantiomer. This enzyme 
was named AOC. These results also showed that the gen- 
eration of 12-0x0-PDA from 13-HPOT occurs via two en- 
zymes; AOS (also called hydroperoxide dehydratase, EC 
4.2.1.92) is associated with membranes, whereas AOC (EC 
5.3.99.6) is soluble (Hamberg and Fahlstadius, 1990). The 
present paper describes the purification of AOC as one 
important step in the elucidation of the JA biosynthetic 
pathway. 

MATERIALS A N D  METHODS 

Chemicals 

Linoleic and linolenic acids were obtained from Nu- 
Chek Prep (Elysian, MN) and [l-14C]linoleic and 
[l-14C]linolenic acid were purchased from DuPont NEN. 
13(S)-HPOD and 13(S)-HPOT were prepared by incubation 
of the respective fatty acids with soybean LOX (Sigma) 
(Hamberg and Gotthammar, 1973). (?)-cis-12,13-Epoxy- 
9(Z)-octadecenoic acid and (?)-cis-9,10-epoxy-12(Z)-octa- 
decenoic acid were prepared by epoxidation of methyl 
linoleate with m-chloroperbenzoic acid (Hamberg and 
Fahlstadius, 1990). JA was obtained by alkaline hydrolysis 
of methyl jasmonate (Firmenich, Geneva, Switzerland). 12- 
Oxo-10,15(Z)-phytodienoic acid was kindly provided by 
Dr. Rainer Atzorn (from our laboratory). 
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Enzyme Purification 

A11 steps were performed at 4°C. Dry corn (Zea mays L. cv 
Boss, RAGT Saaten, Herford, Germany) seeds (600 g) were 
ground in a coffee mil1 and the resulting powder was 
defatted with n-hexane. After drying, the hexane-extracted 
powder was homogenized in 50 mM potassium phosphate 
buffer, pH 7 (1:5, w/v)  (Ultra-Turrax homogenizer, Janke & 
Kunkel, Staufen, Germany). The homogenate was passed 
through cheesecloth and centrifuged at 10,OOOg for 10 min. 
The supernatant was recentrifuged at 100,OOOg for 65 min 
to separate the membrane fraction from the soluble pro- 
teins, and AOC activity was precipitated from the 100,OOOg 
supernatant by the addition of cold acetone between 45 and 
70% saturation. The acetone pellets were dissolved in 20 
mM Tris-HCI, pH 7.5, containing 750 mM ammonium sul- 
fate, and subjected to ultrafiltration through a membrane 
(XM 50, Amicon, Witten, Germany) with a molecular cutoff 
of 50 kD. 

The concentrate was brought to 1 M ammonium sulfate, 
divided into two portions, and applied to an Octyl- 
Sepharose CL-4B column (70 X 26 mm; Pharmacia) equil- 
ibrated in 20 mM Tris-HC1, pH 7.5, 1 M ammonium sulfate, 
and 5% (v/v)  ethanol. AOC activity was eluted from the 
column with a decreasing 150-mL linear gradient of 1 to O 
M ammonium sulfate in 20 mM Tris-HC1, pH 7.5, 5% (v/v) 
ethanol at a flow rate of 2 mL min-l. Active fractions from 
both runs were combined and the buffer was exchanged to 
20 mM potassium phosphate, pH 6.5, by ultrafiltration 
through a membrane (XM 50). The concentrate was loaded 
at a flow rate of 0.3 mL min-' on a hydroxyapatite column 
(52 X 7 mm; CHT 2-1, Bio-Rad), which was equilibrated in 
20 mM potassium phosphate, pH 6.5. Bound proteins were 
eluted at a flow rate of 1 mL min-l by a linear increase in 
phosphate concentration up to 0.3 M in a volume of 30 mL. 

Active fractions were pooled, brought to 1 M ammonium 
sulfate, and separated on a Phenyl-Superose 5 / 5  column 
(50 x 5 mm; Pharmacia) at a flow rate of 0.5 mL min-l. The 
column was equilibrated in 20 mM Tris-HC1, pH 7.5, 1 M 

ammonium sulfate. AOC activity was eluted with a 25-mL 
linear gradient from 1 to O M ammonium sulfate in 20 mM 
Tris-HCI, pH 7.5. Fractions containing enzyme activity 
were combined, diluted with 20 mM Tris-HC1, pH 7.5, to 
decrease the ionic strength, and injected on a Mono-Q HR 
5 / 5 column (50 X 5 mm; Pharmacia) equilibrated in 20 mM 
Tris-HC1, pH 7.5. The column was washed thoroughly with 
equilibration buffer and AOC activity was eluted by a 
linear gradient of O to 0.3 M potassium chloride in 20 mM 
Tris-HCI, pH 7.5, over 15 mL. Active fractions were stored 
at -70°C. 

Enzyme Assays 

AOC activity was determined as described by Hamberg 
and Fahlstadius (1990) with some minor modifications. The 
reaction mixture included the 100,OOOg pellet of the corn 
homogenate with an AOS activity of about 7 nkat resus- 
pended in 50 mM Tris-HC1, pH 7.5, and the solution to be 
tested for AOC activity in a final volume of 625 pL. The 
reaction was initiated by the addition of [1-14C]13(S)-HPOT 

(0.7 mCi mmo1-l) in 2.6 pL of ethanol to a final substrate 
concentration of 40 p ~ .  After 10 min the assay was termi- 
nated by the addition of 625 pL of methanol, and the 
solution was acidified to pH 3 with 2 N HCI and extracted 
with 4 mL of diethyl ether. The organic phase was evapo- 
rated and the reaction products were taken up in acetoni- 
tri1e:water:acetic acid (55:45:0.02, v / v / v )  and separated 
isocratically with the same mixture of solvents by HPLC 
(Jasco, Gross Zimmern, Germany) using a C18 column (5 
p ~ ,  200 X 4.6 mm; Eurospher 100, Knauer, Berlin, Ger- 
many) at a flow rate of 1 mL min-l. Quantitation of 
a-ketols, y-ketols, and 12-0x0-PDA was performed by scin- 
tillation counting, and the AOC activity was calculated 
using the equation: 

- 0.17 12-0xo-PDA 
total 

12-oxo-PDA 
a-ketol 
12-oxo-PDA 

1 a-ketol J 
where total means a11 of the radioactivity seen in the chro- 
matogram and X is the amount of 13-HPOT (in nanomoles) 
added to the enzyme assay. 

AOS activity was measured by the conversion of 13- 
HPOT to a- and y-ketol and 12-0x0-PDA. The reaction 
mixture contained the resuspended corn membranes in 50 
mM Tris-HC1, pH 7.5, in a total volume of 200 pL. The 
reaction was initiated by the addition of [1-14C]13(S)-HPOT 
(0.7 mCi mmo1-l) to a final concentration of 45 p ~ .  The 
assay was terminated by reducing the hydroperoxy fatty 
acid to the hydroxide with 0.5 M SnCI, in acetone (100 pL). 
The reaction products were extracted with diethyl ether 
and separated and quantified by HPLC under the condi- 
tions described for the AOC assay. Substances tested for 
their effect on AOC and AOS activity were added to the 
enzyme assay as a 10 mM aqueous or ethanolic solution. 

Electrophoresis 

Enzyme purity was assessed by SDS-PAGE using 12% 
separating gels according to the procedure of Laemmli 
(1970). 

Protein Determination 

The protein content was determined by the Coomassie 
blue dye-binding technique described by Bradford (1976). 

Estimation of the Native Molecular Mass 

After hydrophobic-interaction chromatography on Oc- 
tyl-Sepharose CL 48, the fractions enriched in AOC activity 
were concentrated over an ultrafiltration membrane (XM 
50) and loaded onto a Superdex column (60 X 16 mm; TM 
75 Hi-Load, Pharmacia) equilibrated with 20 mM Tris-HCI, 
pH 7.5, 50 mM potassium chloride. Size-exclusion chroma- 
tography was carried out at a flow rate of 0.5 mL min-'. 
The column was calibrated using BSA (67 kD), ovalbumin 
(45 kD), and a-chymotrypsinogen (25 kD). 
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Table 1. Purification of AOC from dry corn seeds 

Typical data for 600 g of starting material. 

Step 
Total 

Protein 
Total 

Activity 
Specific Activity Purification Yield 

100,OOOg Supernatant 
Acetone precipitation 
Octyl-Sepharose 
Hydroxyapatite 
Phenyl-Superose 
Mono-Q 

mg 

1372 
178 

12.3 
1 .O5 
0.095 
0.020 

nmol 
PDA 

16,098 
10,450 
8,200 
2,133 
1,110 

498 

mo1 PDA mg- -fold 

11.7 1 
58.5 5 

666 56 
2,032 173 

1 1,684 998 
24,900 21 28 

% 

1 O0 
65 
50 
13 
6.8 
3.1 

Determination of the pl 

The pI of AOC was determined by preparative IEF 
within a pH range of 3 to 10 using a Rotofor chamber 
(Bio-Rad) following the directions of the manufacturer. 

RESULTS 

Enzyme Assay 

AOC activity was measured by incubation of 13-HPOT 
with membranes containing AOS activity and simulta- 
neous addition of the extracts to be tested for AOC activity. 
The inclusion of AOS in the enzyme assay is necessary to 
circumvent the problems imposed by the instability of the 
substrate for AOC, which is now provided during the 
course of the test by the conversion of 13-HPOT to 12,13- 
EOT. In the absence of AOC, chemical hydrolysis of this 
compound occurs and a- and y-ketols and 12-0x0-PDA are 
formed (Fig. 1). In the presence of AOC, the allene oxide is 
converted solely to 12-0x0-PDA. Since the chemical and the 
enzymatic reaction yield the same product, one has to 
discriminate between the 12-0x0-PDA derived from the 
chemical and the enzymatic cyclization. This can be done 
by chiral analysis of 12-0x0-PDA. The chemical cyclization 
always gives an enantiomeric mixture of 50% (RIR) -  and 
50% (S / S)-12-oxo-PDA, whereas the enzymatically derived 
product possesses only the S /  S configuration (Hamberg 
and Fahlstadius 1990). Therefore, one can calculate the 
amount of 12-0x0-PDA that is enzymatically formed by 
AOC by estimating the amount of 12-0x0-PDA in the S / S  

I A  y - ketol 
u) 

o n. 

0.00 10.00 min 

Figure 2. Radiochromatograms of the products formed after incuba- 
tion of [1-'4C11 3(S)-HPOT with corn membranes containing AOS 
and a proteinase-digested AOC preparation (A) and [ I  -l4C11 3(.S- 
HPOT with corn membranes containing AOS and active AOC (B). 

configuration in addition to the 50% observed after chem- 
ical hydrolysis. 

Since chiral analysis is a rather laborious and time- 
consuming procedure, it is not very convenient for enzyme 
purification, and therefore determination of the ratio of 
12-0x0-PDA to a-ketol was chosen to calculate AOC activ- 
ity. The chemical hydrolysis of 12,13-EOT always gives a 
constant ratio of 0.17 (12-0x0-PDA to a-ketol) (Fig. 2A). 
However, the presence of AOC in the test mixture results in 
an increase in the amount of 12-0x0-PDA and, therefore, in 
a changed ratio of 12-0x0-PDA to a-ketol in favor of 12- 
0x0-PDA (Fig. 2B). The amount of 12-0x0-PDA exceeding 
the ratio of 0.17 is the 12-0x0-PDA that is enzymatically 
formed by AOC. An estimate of the total enzymic 12-0x0- 
PDA product can be made by determining the proportion 
of 12-0x0-PDA to a11 of the products formed and calculat- 
ing the AOC activity by the equation: 1 (I2-oxo-PDA) - 0.17 

a-ketol 12-0xo-PDA 
12-0xo-PDA total 

1 a-ketol 

where X is the amount of 13-HPOT (in nanomoles) added 
to the reaction mixture. The result of this calculation is the 
amount of 12-0x0-PDA enzymatically formed, which is 
also expressed in nanomoles. 

The generation of 12-0x0-PDA by the nonenzymatic re- 
action, and the competition of the enzyme reaction with the 
chemical hydrolysis of the substrate make this enzyme 
assay rather insensitive. For example, by reducing the 
amount of enzyme added to the test shown in Figure 2B to 
20%, the activity can no longer be detected. Therefore, a 
rather high amount of enzyme is necessary to follow the 
activity during enzyme purification, and a tissue with a 
rather high AOC content is essential as starting material. 
We decided to start with dry corn seeds for purification of 
AOC, since this tissue contains the highest AOC activity 
examined so far (Hamberg and Fahlstadius, 1990). 

Enzyme Purification 

AOC could be enriched about 2000-fold with a recovery 
of 3% (Table I). The most efficient steps during this puri- 
fication were chromatography on resins based on hydro- 
phobic interactions. Octyl-Sepharose, from which this pro- 
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tein can be eluted only with the addition of 5% ethanol in
all buffers, led to a 10-fold enrichment and 70% recovery
with respect to the former step. Similar results could be
achieved by Phenyl-Superose. The importance of the
Phenyl-Superose column for purification of AOC is illus-
trated in the protein pattern on SDS-PAGE (Fig. 3A). Al-
most all impurities were removed by this step, which is
similar to results obtained by affinity chromatography.

Chromatographic media based on ionic interaction
proved less valuable due to the elution of AOC in rather
broad peaks on both hydroxyapatite and anion-exchange
chromatography, thereby decreasing the purification and
recoveries. Nevertheless, both columns were indispensable
to obtain the highly purified protein shown in Figure 3A.
To identify this protein as AOC we applied the activity
profile obtained by Mono-Q on SDS-PAGE. As Figure 3B

* / ^* /
////t

v & •& $ ^*
kD

sae

28-

28

iti
Figure 3. A, Twelve percent SDS-PAGE of the single purification
steps of AOC. With the exception of the crude extract all lanes
contain the same amount of AOC activity. The amount of protein
applied to the gel was 36, 36, 12, 2, and 2 ^g/lane (from left to right).
B, Top, elution pattern of AOC from Mono-Q column; bottom, 12%
SDS-PAGE of the fractions obtained by chromatography on Mono-Q
exhibiting AOC activity. The amount of protein applied in each lane
corresponds to the AOC activity seen in the top. A protein weight
marker was applied on the left and right side of each gel; the
molecular mass range is indicated on the left. In both gels the
proteins were detected by Coomassie blue stain (CBB G-250, Serva,
Heidelberg, Germany).

0.6

0.4

0.2

4.0 4.2 4.4 4.6 4.8 5.0
Ig molecular weight

Figure 4. Determination of the molecular mass of AOC by size-
exclusion chromatography. A fraction 50-fold enriched in AOC ac-
tivity obtained after chromatography on Octyl-Sepharose was sub-
jected to gel filtration on Superdex TM 75 (Pharmacia) at a flow rate
of 0.5 ml min"'. The column was equilibrated with
a-chymotrypsinogen A (CH, 25 kD), ovalbumin (OA 45 kD), and
BSA (67 kD). The elution time of AOC is indicated by an arrow.

illustrates, there is only one prominent protein band at 20
kD, which corresponded in intensity to the activity of the
respective fractions. This was also the only protein that we
always observed during our efforts to improve the purifi-
cation scheme using other chromatographic techniques
such as gel filtration or IEF (data not shown), which caused
very high losses in total activity. However, we could de-
termine the native molecular mass by size-exclusion chro-
matography on Superdex TM 75 (Fig. 4). A native molec-
ular mass of 47 kD was calculated. Compared with the
migration distance on SDS-PAGE, gel filtration indicated a
dimeric structure for AOC. The dimerization is not due to
disulfide bridges, since omission of reducing agents during
electrophoresis resulted in the same electrophoretic mobil-
ity (data not shown).

As with the Mono-Q column, we observed a broad and
asymmetric activity peak using preparative IEF at pH val-
ues from 5.5 to 6.5 (data not shown), which may indicate
the existence of one or more isoforms of AOC with differ-
ing pi values.

Properties of AOC

The design of the enzyme assay also requires some ad-
ditional considerations when characterizing AOC. Since
the first enzyme in the reaction, AOS, provides the sub-
strate, any altered reaction condition also affected the turn-
over rate of this enzyme. This could lead to different sub-
strate supplies to AOC, which would result in a changed
concentration of 12,13-EOT. For example, under the condi-
tions described in "Materials and Methods" 13-HPOT is
converted within 5 s to the AOC substrate 12,13-EOT,
which chemically hydrolyzes within about 4 min. This
means that AOC has less than 4 min to carry out its
catalytic activity. Inhibition of AOS would slow down the
generation of the allene oxide, thereby increasing the time
until all of the substrate is hydrolyzed and prolonging the
time for AOC to act on the allene oxide. The result is an
increase of the 12-oxo-PDA to a-ketol ratio and an apparent
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Figure 5. lnfluence of oxylipins on AOC activity. The enzyme assay 
was preincubated for 5 min with the indicated compounds before the 
reaction was initiated by the addition of [1-’4C113(S)-HPOT. O, 
12-0x0-PDA; O, JA; Y, (t)-cis-l2,13-epoxy-9(~-octadecenoic acid; 
O, methyl (~~-cis-12,13-epoxy-9(~-octadecenoate; and W, (?)-tis- 
9,l O-epoxy-I 2(Z)-octadecenoic acid. 

higher AOC activity. Stimulation of AOS activity would 
have the reverse effect. 

This effect was most evident in estimating the pH opti- 
mum for AOC. The activity was highest around pH 7. 
Acidic conditions of about pH 4 to 5 also showed a distinct 
increase in AOC activity, which might be explained by the 
low activity of AOS at this pH (data not shown). 

Divalent ions such as calcium, magnesium, and zinc 
were tested for their effect on AOC. None of them showed 
any significant effect on AOC activity up to a concentration 
of 1 miv (data not shown). 

To evaluate whether the enzyme is feedback-regulated, 
AOC was incubated with 12-oxo-PDA, the immediate 
product, and with JA, the end product of this branch of the 
oxylipin pathway (Fig. 5). Neither compound influenced 
enzyme activity when added at concentrations up to 500 
PM. However, another oxygenated fatty acid, (+-)-cis-12,13- 
epoxy-9(Z)-octadecenoic acid, which is derived from the 
peroxygenase branch of the oxylipin pathway, exhibited a 
strong inhibitory effect. This compound reduced the AOC 
activity by 50% at a concentration of 20 piv. This inhibition 
could be alleviated by increasing the 13-HPOT concentra- 
tion, indicating a competitive inhibition. Methylation of the 
free carboxy group abolished the inhibitory effect of (?)- 
cis-12,13-epoxy-9(Z)-octadecenoic acid. The positional iso- 
mer (~)-cis-9,10-epoxy-12(Z)-octadecenoic acid showed no 
influence on AOC activity up to 100 WM. Neither the diva- 
lent ions nor the oxylipins affected AOS activity. 

In severa1 systems endogenous JA accumulation after 
stress was prevented by the addition of different com- 
pounds to the plants, e.g. ibuprofen, induprofen, mefe- 
namic acid, n-propyl gallate, phenylbutazone, tetcyclacis, 
ursolic acid, salicylic acid, and aspirin (Pefía-Cortés et al., 
1993; Wasternack, 1994; Wasternack et al., 1994; Doares et 
al., 1995a). In our experiments the addition of these sub- 
stances at 100 PM or 1 mM did not result in any significant 
inhibitory effect on AOC activity (data not shown). Aspirin 
and tetcyclacis stimulated AOC activity by 50 and 30%, 
respectively, at a concentration of 1 WM. Tetcyclacis also 
inhibited AOS activity about 50% at a concentration of 100 
PM (data not shown). 

AOC was also incubated with 13-HPOD to test whether 
the enzyme could catalyze ring formation from allene ox- 
ides derived from linoleic acid, which lacks the 15(Z) dou- 
ble bond of linolenic acid. In the absence of AOC we 
observed the conversion of 13-HPOD to a- and y-ketols, 
which are derived from the chemical hydrolysis of the 
intermediate 12,13(S)-epoxy-9(Z),1l-octadecadienoic acid 
(Fig. 6A). When we performed the same test in the presence 
of highly purified AOC, no difference in the chromatogram 
was detectable, indicating that no cyclization occurred with 
linoleic acid derivatives (Fig. 6B). 

DI SCUSSION 

AOC was purified to near homogeneity, as shown by 
Coomassie blue-stained SDS-PAGE, in which it migrated 
as a protein of 20 kD. Comparison of these data with the 
native molecular mass obtained by gel filtration, which 
gave a size of about 47 kD, indicates a dimeric structure for 
AOC. Whether it is a homo- or heterodimer awaits further 
analysis. 

One of the interesting properties of AOC we observed 
during purification was its high affinity to hydrophobic- 
interaction chromatography matrices. For instance, the en- 
zyme activity could only be eluted from octyl-Sepharose by 
inclusion of 5% ethanol to all of the buffers. Elution of the 
protein from Phenyl-Superose was dependent on salt-free 
buffers. The precipitation of AOC at a rather high acetone 
concentration of 45 to 70% also reveals a high hydropho- 
bicity of this protein (Scopes, 1994). Since most of the other 
proteins of the 100,OOOg supernatant precipitated between 
20 and 40% acetone saturation, this step already led to a 
5-fold purification and was therefore superior to ammo- 
nium sulfate precipitation, which gave lower enrichment 
and higher losses of activity. 

AOC was purified from the supernatant after ultracen- 
trifugation at 100,OOOg. Sínce the homogenization buffer 
did not contain any salt, all peripheral and integral mem- 
brane proteins should sediment (Scopes, 1994). This im- 
plies that AOC is a soluble protein, although the precise 
cellular localization of this enzyme was not determined. 
Other enzymes of the oxylipin pathway, such as LOX, 
peroxygenase, and AOS, were shown to reside in the outer 
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Figure 6. Radiochromatograms of the products formed after incuba- 
tion of [1-14C]1 3(S)-HPOD with corn membranes containing AOS in 
the absence (A) or presence (B) of highly purified AOC. 
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chloroplast envelope (Blée and Joyard, 1996). Since 12,13- 
EOT, the product of AOS and the substrate for AOC, has a 
half-life of only 25 s in vitro at O"C, it would be reasonable 
to assume that both enzymes should be located in close 
proximity. This would reduce the diffusion time for 12,13- 
EOT from AOS to AOC and thereby diminish its chemical 
hydrolysis and favor the enzymatic conversion to 12-0x0- 
PDA. Although soluble in vitro, AOC, because of its hy- 
drophobicity, may be loosely attached to membranes in 
vivo. 

AOC activity was strongly inhibited by (?)-cis-12,13- 
epoxy-9(Z)-octadecenoic acid. The high similarity to the 
natural substrate suggests a competitive inhibition. This 
suggestion is further supported by the reversal of inhibi- 
tion at higher substrate concentrations. Methylation of the 
carboxyl group of the inhibitor completely abolished the 
inhibition. This may be the reason why we did not succeed 
in purification of AOC by affinity chromatography, where 
the inhibitor was coupled to the resin via the carboxy 
group. The positional isomer (?)-cis-9,10-epoxy-l2(Z)- 
octadecenoic acid did not affect AOC activity. Therefore, 
we conclude that the free carboxyl group of (?)-cis-12,13- 
epoxy-9(Z)-octadecenoic acid, as well as the location of the 
epoxy group in the 12,13-position, is essential for binding 
to AOC. The high degree of similarity between the inhibi- 
tor and the natural substrate suggests that both structural 
elements are essential for binding of the substrate to AOC. 

In various systems accumulation of endogenous JA is 
observed after stress. One hour after wounding of tomato 
plants the JA content is elevated about 5-fold (Conconi et 
al., 1996). In barley leaf segments floated on 1 M sorbitol, 
the endogenous JA content starts to increase after 2 to 4 h 
and proceeds up to 10-fold (Lehmann et al., 1995). These 
observations support a role for JA as a signal molecule in 
plants. There is strong evidence that the increase in JA 
proceeds via de novo synthesis, as shown by the applica- 
tion of inhibitors of JA biosynthesis (Peíía-Cortés et al., 
1993; Wasternack, 1994). 

How JA biosynthesis is regulated on the enzymatic leve1 
remains an open question. AOC is situated downstream of 
LOX and AOS in the biosynthesis of JA. In contrast to the 
former enzymes, the products of which can be metabolized 
by a variety of chemicals and enzymes, the product of the 
AOC reaction ultimately leads to JA (Hamberg, 1993). 
Therefore, AOC might be a candidate for regulation of JA 
biosynthesis. Neither 12-0x0-PDA nor JA, both products of 
this enzyme and pathway, respectively, altered AOC activ- 
ity up to a concentration of 500 FM. This rules out feedback 
regulation. Calcium and magnesium had no effect on AOC 
activity up to 1 mM, suggesting that AOC is not regulated 
by divalent cations. The same was found for AOS activity, 
which we always tested to exclude the possibility of a 
change in AOC activity caused by an alteration in AOS 
activity. 

Severa1 inhibitors have been reported to prevent JA ac- 
cumulation after stress (Peíía-Cortés et al., 1993; Waster- 
nack, 1994; Wasternack et al., 1994; Doares et al., 1995a). 
Most of these substances were shown to inhibit fatty acid 
signaling in mammalian systems by inhibition of cycloox- 

ygenase, the key enzyme in the formation of prostaglan- 
dins, prostacyclins, or thromboxanes (Smith and Marnett, 
1991). But for most of these inhibitors the mode and the 
place of action in plants are not known. Except for tetcy- 
clacis and aspirin none of these compounds had any effect 
on AOC or AOS. Tetcyclacis and aspirin seemed to stimu- 
late AOC activity. In the case of tetcyclacis the stimulating 
effect can be explained by the inhibition of AOS (data not 
shown), which would result in a delayed supply of sub- 
strate for AOC. This increases the time for AOC to bind and 
metabolize its substrate, resulting in an apparently higher 
AOC activity. 

A strong inhibitor of AOC was the substrate analog 
(~)-cis-12,13-epoxy-9(Z)-octadecenoic acid. This com- 
pound can be synthesized in vivo by the peroxygenase 
branch of the oxylipin pathway (Blée and Schuber, 1990; 
Hamberg and Hamberg, 1990). This branch uses the hy- 
droperoxide generated by LOX to epoxidize another unsat- 
urated fatty acid molecule. The inhibition of AOC by the 
product of another branch within the same pathway raises 
the possibility that the different branches of the oxylipin 
pathway can influence each other. Therefore, one might 
speculate that JA biosynthesis can also be regulated by a 
change in the carbon flow through the oxylipin pathway. 

When we incubated the highly purified enzyme with 
13-HPOD instead of 13-HPOT, we could not detect any 
cyclization product. Therefore, the double bond at position 
15 is essential for the cyclization. Grechkin (1994) proposed 
a mechanism for the chemical cyclization whereby the 
15(Z) double bond facilitates the opening of the oxirane 
ring of the allene oxide. The resulting C-13 carbocation is 
stabilized by the r-electrons of the 15(Z) double bond, and 
the cyclization is accomplished by ring closure involving 
the carbanion at C-9 and the carbocation at C-13. This 
mechanism could also apply to the enzymatic cyclization. 

Recently, Blechert et al. (1995) reported the identification 
of 15,16-dihydro-12-oxo-phytodienoic acid and proposed a 
biosynthetic route for dihydroJA starting with linoleic acid. 
This would include the hydroperoxidation of linoleic acid 
to 13-HPOD and its dehydration to the allene oxide 
12,13(S)-epoxy-9(Z),1l-octadecadienoic acid, followed by 
cyclization of this compound to 15,16-dihydro-12-oxo- 
PDA. It is well known that LOX and AOS make use of 
linoleic and linolenic acid derivatives (Siedow, 1991; Song 
and Brash, 1991; Pan et al., 1995; Laudert et al., 1996). 
However, according to our results with highly purified 
AOC from corn kernels, the allene oxide derived from 
13(S)-HPOD is not converted enzymatically to 15,16- 
dihydro-12-0x0-PDA. This is corroborated by other studies 
using crude extracts from the same tissue or from other 
sources such as potato tubers, cotton seedlings, and flax 
seed (Vick et al., 1980; Vick and Zimmerman, 1981; Ham- 
berg and Fahlstadius, 1990). Although formation of 15,16- 
dihydro-12-0x0-PDA by chemical or enzymatic cyclization 
of the allene oxide derived from 13(S)-HPOD does not 
occur, or occurs to a very low extent, it is noteworthy that 
the allene oxide can be cyclized in the presence of albumins 
from severa1 species (Hamberg and Hughes, 1988). In con- 
trast to 12-oxo-PDA, the cyclopentanone produced in this 
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way was  found to  have the trans relationship between its 
two side chains attached to C-9 and C-13. 

The presented results give us the basis for further work 
on the cloning a n d  expression of AOC from corn kernels, 
which may be a valuable tool to  elucidate the biosynthesis 
a n d  regulation of JA accumulation. 
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