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Allene oxides are reactive epoxides biosynthesized from fatty
acid hydroperoxides by specialized cytochrome P450s or by cat-
alase-related hemoproteins. Here we cloned, expressed, and
characterized a gene encoding a lipoxygenase-catalase/peroxi-
dase fusion protein from Acaryochloris marina. We identified
novel allene oxide synthase (AOS) activity and a by-product that
provides evidence of the reaction mechanism. The fatty acids
18.4w3 and 18.3w3 are oxygenated to the 12R-hydroperoxide by
the lipoxygenase domain and converted to the corresponding
12R,13-epoxy allene oxide by the catalase-related domain. Lin-
oleic acid is oxygenated to its 9R-hydroperoxide and then,
surprisingly, converted ~70% to an epoxyalcohol identified
spectroscopically and by chemical synthesis as 9R,10S-epoxy-
13S-hydroxyoctadeca-11E-enoic acid and only ~30% to the
9R,10-epoxy allene oxide. Experiments using oxygen-18-labeled
9R-hydroperoxide substrate and enzyme incubations con-
ducted in H,'®0 indicated that ~72% of the oxygen in the
epoxyalcohol 13S-hydroxyl arises from water, a finding that
points to an ionic intermediate (epoxy allylic carbocation) dur-
ing catalysis. AOS and epoxyalcohol synthase activities are
mechanistically related, with a reacting intermediate undergo-
ing a net hydrogen abstraction or hydroxylation, respectively.
The existence of epoxy allylic carbocations in fatty acid trans-
formations is widely implicated although for AOS reactions,
without direct experimental support. Our findings place
together in strong association the reactions of allene oxide syn-
thesis and an ionic reaction intermediate in the AOS-catalyzed
transformation.

A diverse spectrum of signaling molecules is biosynthesized
in nature from polyunsaturated fatty acids, their peroxides, and
further transformations of the fatty acid peroxides. The perox-
ides are formed by two classes of dioxygenase enzyme. The
hemoprotein dioxygenases include prostaglandin H synthase
(cyclooxygenase) in animals (1), a-dioxygenase in plants (2),
and several linoleate dioxygenases in fungi (3-5). The non-
heme iron lipoxygenases are even more widespread, being
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almost ubiquitous among organisms that contain polyunsatu-
rated fatty acids (6 — 8). Although further biosynthetic transfor-
mation is sometimes accomplished by an additional catalytic
activity of the initiating dioxygenase (e.g. leukotriene A, syn-
thase (9) or aldehyde-synthesizing hydroperoxide cleaving
activity (10) among the LOX? enzymes), commonly another
distinct enzyme is used to rearrange or otherwise modify the
reactive fatty acid peroxide intermediate. Two hemoprotein
types are found that have become specialized for this biosyn-
thetic role: cytochrome P450s and catalase-related enzymes.

The fatty acid peroxide-metabolizing P450s are by far the
better known and include CYP5 (thromboxane synthase) and
CYP8A (prostacyclin synthase) in animals (11), and the entire
family of CYP74 in plants (12). The individual CYP74 enzymes
include allene oxide synthase (AOS), one of which catalyzes a
key step in cyclopentenone synthesis in the jasmonate pathway,
hydroperoxide lyase, divinyl ether synthase, and epoxyalcohol
synthase (12, 13). The catalase-related enzymes are distinctive
in that they have been found naturally as a fusion protein with
the LOX enzyme that forms their hydroperoxide substrate (14).
The known activities include AOS in Plexaura homomalla and
other marine corals (with a different specificity for fatty acid
hydroperoxide compared with the plant P450 AOS) (15, 16),
and the unique bicyclobutane synthase and other allylic
epoxide synthase activities of the enzyme in the cyanobacte-
rium Anabaena PCC-7120 (17, 18). Currently we are trying to
understand the scope of the reactions catalyzed by this catalase-
related family of enzymes. Our objectives are to help under-
stand the structure-function relationships in the reactions with
peroxides, to provide new insights on the mechanism of these
hemoprotein-catalyzed transformations, as well as, by reflec-
tion, to give a different perspective on the parent hemoprotein,
the hydrogen peroxide-metabolizing true catalase.

The underlying chemistry of the fatty acid hydroperoxide
transformations by the specialized P450 and catalase-related
hemoproteins can be written as purely free radical in character,
or ionic, or with facets of both (19-22). Reaction is generally
considered to be initiated by homolytic cleavage of the peroxide

2 The abbreviations used are: LOX, lipoxygenase; AOS, allene oxide synthase;
cAOS, catalase-related allene oxide synthase; H(P)ODE, hydro(pero)xy-
octadecadienoic acid; H(P)OTrE, hydro(pero)xyoctadecatrienoic acid;
H(P)ETE, hydro(pero)xyeicosatetraenoic acid; mCPBA, meta-chloroperoxy-
benzoic acid; RP-HPLC, reversed-phase high pressure liquid chromatogra-
phy; SP-HPLC, straight-phase HPLC; GC-MS, gas chromatography mass
spectrometry; LC-MS, liquid chromatography-mass spectrometry.
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FIGURE 1. Hemoprotein-catalyzed transformation of fatty acid hydroper-
oxides via diverging routes. A radical pathway can lead to aldehydes (left
side) and an ionic pathway via a putative carbocation intermediate to allene
oxides (right side).

O-0 bond (see Fig. 1). While subsequent reactions can be con-
strued as following a radical pathway to product (e.g in the
hydroperoxide lyase reaction (19)), others are considered to
involve an electron transfer step, giving a carbocation interme-
diate in the penultimate steps to product (22) (Fig. 1). The
underlying grounds for these mechanisms are more a subject of
debate and of comparison to other chemistry than of defining
evidence on the reactions in question. The results reported here
add a measure of experimental support for ionic events in the
peroxide transformation by a catalase-related hemoprotein.
Recently genome sequencing was completed on the cya-
nobacterium Acaryochloris marina (23). A. marina is a focus of
attention owing to its harboring a light-harvesting complex
containing the unusual chlorophyll d, considered a bridge in the
evolutionary development of photosynthetic mechanisms (24,
25). BLAST searches of the A. marina genome reveal three
individual LOX sequences and additionally, the presence of
DNA encoding a putative fusion protein of lipoxygenase and
catalase-related hemoprotein, the topic of this report. We find
an unexpected by-product in the reaction with one particular
fatty acid (C18.2w6); the partial incorporation of '*O from
water in a newly formed hydroxyl group has implications
related to the mechanism of hydroperoxide transformation.
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EXPERIMENTAL PROCEDURES

Materials—Fatty acids were purchased from NuChek Prep
Inc. (Elysian, MN). Standards of racemic HPODEs, HODEs,
HPOTrEs, HOTrEs, HPETEs, and HETEs were prepared by
vitamin E-controlled autoxidation (26). Chiral hydroperoxides
were prepared enzymatically using the A. marina LOX domain
for conversion of linoleic acid to 9R-HPODE, a-linolenic acid to
12R-HPOTE, and arachidonic acid to 11R-HPETE. Labeled water
H,"'®0, nominally with =95% oxygen-18, was purchased 25 years
ago from the Monsanto Research Corp. (Miamisburg, OH).

Cloning, Expression, and Purification of the Full-length Pro-
tein of A. marina—Genomic DNA from A. marina
MBIC11017 was a kind gift from Dr. Robert E. Blankenship
of Washington University in St. Louis. cDNA encoding the
full-length fusion protein, designated as a hypothetical pro-
tein (ABW27596 of 805 amino acids) was cloned by PCR.
Forward and reverse primers in PCR reaction contained Ndel
and Xhol restriction sites, and an N-terminal (His), tag was
engineered for the full-length construct. The sequence of the
forward primer was 5'-TCCATATGCATCACCATCACCAT-
CACGATAGTCGTGATCCGCGC-3' and that of the reverse
primer was 5'-GACTCGAGTTAGATATTGGTGCTCATC-
ATAAG-3'. The correct PCR product was subsequently cut
with Ndel and Xhol restriction enzymes and inserted into the
same sites of the expression vector pET17b. DNA sequencing
confirmed the identity to the published sequence in Gen-
Bank™ (accession number CP000828.1, gene AM1-2589 and
protein ABW27596) and at CyanoBase. A cDNA encoding only
the N-terminal (catalase-related) domain was similarly pre-
pared using the upstream primer 5'-TCCATATGGATAGTC-
GTGATCCGCGC-3' together with the downstream primer
5'-GACTCGAGTTAGTGATGGTGATGCACTAGGCTGG-
AGCTAGGAGT-3', including a His, tag. Expression of the
N-terminal and full-length domains in Escherichia coli
BL21(DE3) cells (Novagen) was accomplished with methods
described previously (27). The LOX domain required a lower
temperature for expression, 14 °C instead of 28 °C, and use of
2X YT (16 g Tryptone, 10 g yeast extract, and 5 g NaCl in a final
volume of 1 L, adjusted to pH 7.0 using NaOH) medium, to be
described in detail elsewhere. Purification of the His-tagged
full-length protein and N-terminal domain followed the proto-
col of Imai et al. (28) and Boutaud et al. (27) with some modi-
fications, as described recently (29). The frozen pellet from a
50-ml bacterial culture was resuspended in 10 ml of BugBuster®
protein extraction reagent (Novagen) by sonication and
homogenized using glass Dounce homogenizer (Wheaton).
The 16,000 X gsupernatant was loaded onto a nickel-nitrilotri-
acetic acid column (0.5-ml bed volume, Qiagen) equilibrated
with 50 mMm potassium phosphate buffer, pH 7.2, 500 mm NaCl
at 0.5 ml/min. The column was then washed with the equilibra-
tion buffer, and the nonspecific bound proteins were eluted
with 50 mMm potassium phosphate buffer, pH 7.2, 1 m NaCl, 70
mM glycine. A final wash was performed by 50 mm potassium
phosphate buffer, pH 7.2, 500 mm NaCl, 20 mMm imidazole.
The His tag protein was then eluted with 50 mMm potassium
phosphate buffer, pH 7.2, 500 mm NaCl, 250 mm imidazole.
The full-length fusion protein was dark green in color. Frac-
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tions containing the most protein as judged by SDS-PAGE were
pooled and dialyzed overnight against 50 mm Tris buffer, pH
7.5, 500 mm NaCl, 20% glycerol, aliquoted and frozen at —80 °C
for later use.

Incubation, Extraction, and HPLC Product Analysis—Small
scale incubations were performed at room temperature in 1 ml
of 50 mm Tris, pH 7.5, 150 mm NaCl using the fatty acids
C18.4w3, C18.3w3, C20.4w6, or C18.2w6 (10-30 ng) added in 5
wl of ethanol. Incubations with fatty acid hydroperoxides were
conducted in a 1-ml quartz cuvette, and the rate of reaction was
monitored by repetitive scanning from 350 to 200 nm using a
Lambda-35 spectrophotometer (PerkinElmer Life Sciences).
Larger scale incubations were conducted in 50 ml of oxygen-
ated buffer with an appropriate amount of A. marina full-
length enzyme and 10 mg of fatty acid substrate. Reaction was
complete within 5 min, whereupon the samples were acidified
to pH 6 with 1 N HCI and extracted using a 1-ml Oasis HLB
cartridge (Waters) or 1-g size for the larger incubations.

Products were analyzed initially by RP-HPLC using a C18
Waters Symmetry 5-um column (0.46 X 25 cm) at a flow rate of
1 ml/min with methanol/water/acetic acid (70/30/0.01, by vol-
ume). Peaks were monitored using an Agilent 1100 diode array
detector. To detect radiolabeled products, a Packard A-100 Flo-
One Radiomatic liquid scintillation detector was connected to
the Agilent 1100 diode array detector. For larger scale samples,
a semi-preparative 5-um Beckman ODS column (10 mm X 25
cm) was used for the separation of incubation products; the
major peaks were collected and extracted from the solvent with
dichloromethane, taken to dryness under a stream of nitrogen,
and stored in methanol at —20 °C. The major products col-
lected from RP-HPLC were further purified as the methyl esters
by SP-HPLC using a Beckman 5-um Ultrasphere silica column
(25 X 0.46 cm, or 25 X 1 cm for milligram quantities of product)
with a solvent system of hexane/isopropanol (100:1.5, v/v).

Synthesis of Allene Oxide from C18.3w3—Reaction of the A.
marina enzyme with 12R-HPOTTE was conducted at 0 °C with
the substrate initially in ice-cold hexane (10 ml and 100 um) and
layered over the A. marina enzyme (0.8 nmol) in 200 ul of
phosphate buffer, pH 7. The reaction was initiated by vigorous
vortex mixing of the two phases, which was continued for 2
min; then the test tube was placed back on ice. The hexane
phase was scanned from 200-350 nm in UV using a
PerkinElmer Lambda-35 spectrophotometer. The combined
hexane phases were evaporated to a small volume (~2 ml) by
using a vigorous stream of nitrogen. The sample was then
treated with ethanol (20 ul) and ethereal diazomethane for 30 s
at 0 °C and then rapidly evaporated to dryness and stored in
hexane at —80 °C until further analysis. The sample was puri-
fied as described previously for an allene oxide derived from
13S-HPOTTYE using a 4.5- X 0.46-cm silica column operated at
—15°C using a solvent system of hexane/diethyl ether (100:1,
v/v) run at a flow rate of 3 ml/min (30).

Liquid Chromatography-Mass Spectrometry—LC-MS was
performed using an LTQ ion-trap instrument (Thermo-
Finnigan) monitoring negative ions. A Waters Symmetry C18
column (2.1 X 150 mm) was used and eluted with CH;CN/
H,0/HAc (55/45/0.01, v/v) at 0.2 ml/min. In some cases, sam-
ples were run on a Waters Acquity HSS T3 1.8 wm ultra-pres-
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sure liquid chromatography column (2.1 X 100 mm) eluted
with a programmed gradient from solvent A (methanol/water/
ammonium acetate of 5/95/10 mm, v/v/concentration) to B
(methanol/water/ammonium acetate = 95/5/10 mm, v/v/con-
centration) at 0.3 ml/min. Isocratic runs were also performed
with the solvent system of CH,CN/H,O/NH,Ac (35/65/10 mm,
v/v/concentration) at a flow rate of 0.2 ml/min using the same
column.

Derivatization and GC-MS Analysis—Methyl esters were
prepared using ethereal diazomethane in methanol. Catalytic
hydrogenations were performed in 100 ul of ethanol using ~1
mg of palladium and bubbling with hydrogen for 2 min at room
temperature. The hydrogenated products were recovered by
the addition of water and extraction with ethyl acetate.
Methoxime derivatives were prepared by treatment with 5 ul of
methoxylamine hydrochloride in pyridine (10 mg/ml) over-
night at room temperature. Trimethylsilyl ether were prepared
using bis(trimethylsilyl)trifluoracetamide (10 ul) at room tem-
perature for 2 h or overnight. Subsequently, the reagents were
evaporated under a stream of nitrogen, and the samples were
dissolved in hexane for GC-MS. Analysis of the methyl ester
trimethylsilyl derivatives or the further methoxime derivatives
of the products were carried out in the positive ion electron
impact mode (70 eV) using a ThermoFinnigan DSQ mass spec-
trometer. The initial temperature was set for 150 °C, held for 1
min, and then increased to 300 °C at 20 °C/min increment and
held at 300 °C for 3 min.

NMR Analysis—"H NMR and "H,"H-COSY NMR spectra
were recorded on a Bruker DXR 500- or 600-MHz spectrome-
ter at 298 K. Analysis of the allene oxide methyl ester from
C18.3w3 was conducted at 253 K in d-hexane (with ppm values
normalized to the hexane peak at 1.30). Other ppm values are
reported relative to residual non-deuterated solvent (6 = 7.16
ppm for C;Hy).

80, Oxygenation in the Synthesis of Labeled 9R-HPODE—
The '®0, labeled 9R-HPODE was prepared using Anabaena
9R-LOX (31) reacted with C18.2w6 in pH 7.5 Tris buffer under
an atmosphere of '*0,. The '*0, oxygenation product, labeled
9R-HPODE, was purified and quantified by UV spectroscopy
(€ = 23,000 (32)). The '®0O content was measured by negative
ion electrospray LC-MS as shown under “Results.”

Incubation Reaction in '30O-labeled Water (H,'°0)—The
incubation buffer for H,'®O experiments was prepared by addi-
tion of 150 ul H,'*O (=95% oxygen-18) to 50 ul of 200 mm Tris,
600 mMm NaCl, pH 7.5, to generate a buffer containing 50 mm
Tris, 150 mm NaCl, pH 7.5. The incubation reactions were con-
ducted in this 50 mm Tris buffer containing the 72% H,'*O or
using *#0,-labeled 9R-HPODE in regular Tris buffer. Control
reactions were performed in parallel using 9R-HPODE in reg-
ular Tris buffer.

Analysis of the 13-Hydroxyl Stereoconfiguration in the Lino-
leic Acid-derived Epoxyalcohol Product of the A. marina
Enzyme—Authentic 13S-HODE or 13RS-HODE methyl esters
were epoxidized using equimolar mCPBA in dichloromethane
at 0 °C for 30 min. The epoxidation products were separated by
RP-HPLC with methanol/water (85/15, by volume) at a flow
rate of 1 ml/min. The peak co-chromatographing with the
enzymatic epoxyalcohol product described under “Results” was
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collected and further separated by SP-HPLC using hexane/iso-
propanol (100/1, by volume) at 2 ml/min, again collecting the
peak that co-chromatographed with the enzymatic product.
The enantiomers of the epoxide originating from 13RS-HODE
were well resolved using a Chiralpak AD column (25 X 0.46 cm)
with a solvent of hexane/ethanol (100/5, by volume). Chro-
matograms from the chiral column are given in the supplemen-
tal materials. The first-eluting peak co-chromatographed with
the enzymatic product and was confirmed to have an identical
NMR spectrum.

Analysis of the Epoxide Stereoconfiguration in the Linoleic
Acid-derived Epoxyalcohol Product of the A. marina Enzyme—
This was achieved in five steps as follows: (i) Synthesis of 9,10-
epoxy-12Z-octadecenoic acid (supplemental Scheme 1): Lino-
leic acid (50 mg) was epoxidized using equimolar mCPBA in
dichloromethane on ice for 30 min. The sample was washed
with 0.1 M NaHCO; and water, dried, and stored in methanol.
Although the two major products, the 12,13- and 9,10-cis-ep-
oxides separate on RP-HPLC (eluting in that order; e.g. Ref. 33),
SP-HPLC using the solvent system hexane/isopropanol/glacial
acetic acid (100/1/0.1, by volume) gave the same order of elu-
tion and a more satisfactory separation (34). (ii) Isolation of the
cis-9,10-epoxide enantiomers: the chemically synthesized 9,10-
epoxy-12Z-octadecenoic acid enantiomers were resolved using
a Chiralpak AD column with a solvent system of hexane/meth-
anol/glacial acetic acid (100/2/0.05, by volume) giving retention
times of 24.7 and 30.3 min. (The peaks eluted earlier when
=100-pug amounts were chromatographed and with tailing,
thus limiting the amounts that could be purified per injection).
A semi-preparative Chiralpak AD column (25 X 1 cm) was used
to prepare milligram quantities. (iii) The absolute stereochem-
istries were assigned after chemical transformation to 9-HODE
(methyl ester acetate derivative) following procedures reported
for conversion of epoxyeicosatrienoic acids to HETEs with
minor modifications (35). Each 9,10-epoxide enantiomer (4
mg) as the methyl ester was dissolved in tetrahydrofuran (500
wl), ice-cold acetic acid (1 ml) was added, saturated aqueous
potassium iodide (200 wl) was then added to the mixture, and
the reaction was stirred in the dark for 16 h at room tempera-
ture to prepare a mixture of the 9-hydroxy-10-iodo- and
9-iodo-10-hydroxy derivatives. Following evaporation to dry-
ness and extraction three times with Et,O, the combined
organic extracts were washed with H,O, 5% Na,SO,,
5%NaHCO,, and brine. The organic layer was dried under
nitrogen, dissolved in dichloromethane (500 ul), pyridine and
acetic anhydride (300 ul, 2:1, v/v) were added, and the mixture
was allowed to react overnight at room temperature. The
resulting iodo-acetates were taken to dryness, redissolved in
Et,0, and washed with H,0, 5% NaHCO,, and brine. The sam-
ples were taken to dryness, redissolved in dry benzene (800 ul),
and treated with 5 equivalents of 1,8-diazabicyclo[5,4,0]lundec-
7-ene (10 pl). After overnight reaction, the mixture of 9-HODE
methyl ester acetates was washed with concentrated CuSO,
solution (to remove the 1,8-diazabicyclo[5,4,0lundec-7-ene),
and the organic layer was dried under nitrogen, and redissolved
in ethanol. The 9-HODE methyl ester acetate samples were
purified by SP-HPLC with a solvent system of hexane/isopro-
panol (100/0.5, by volume). The chemically derived 9-HODE
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ester acetates were chromatographed on a Chiralpak AD col-
umn using a solvent system of hexane/methanol (100/1, by vol-
ume) run at 1 ml/min. Authentic standards prepared directly
from 9R-HODE and 9RS-HODE were also run on the same
system to assign the stereoconfiguration, with the 9S enanti-
omer eluting first at 4.4 min and the 9R at 5.0 min. In this way it
was shown that of the two 9,10-epoxides resolved earlier on the
chiral column, the first-eluting enantiomer was converted to
9S-HODE and thus was itself 95,10R-epoxy-12Z-octadecenoic
acid, and the second peak, which gave 9R-HODE, was 9R,10S-
epoxy-12Z-octadecenoic acid. (iv) Each epoxide enantiomer (2
mg of the methyl ester) was reacted with singlet oxygen using
methylene blue as sensitizer (1 ml of a 0.6 mg/15 ml methanol
solution) and a strong source of visible light at 0 °C for 2 days. At
this stage, ~50% was converted to a more polar product on
TLC. The samples were taken to dryness, redissolved in ethyl
acetate (5 ml), and passed through the Bond-Elut silica car-
tridge (1 g) to remove the methylene blue. After esterification
with diazomethane and treatment with a 1.5-fold excess of tri-
phenylphosphine to reduce hydroperoxides, each sample was
resolved into two major 9,10-epoxy-13-hydroxy diastereomers
by SP-HPLC using a Beckman Ultrasphere silica column (25 X
1 cm) with a solvent system of hexane/isopropanol (100/2, by
volume, 4 ml/min, retention times of 13.7 and 14.5 min). The
first eluting diastereomer from each original chiral epoxide co-
chromatographed with the natural product. These enantiomers
were collected separately for further comparison with the enzy-
matic product and structural confirmation by NMR. (v) To dis-
tinguish between the two chemically synthesized enantiomeric
9,10-epoxy-13-hydroxy products that matched the natural
product on SP-HPLC, they were compared with the enzymatic
product by chiral column analysis using a Chiralpak AD col-
umn with a solvent system of hexane/ethanol (100/5, by vol-
ume) at flow rate of 1 ml/min. The two chemically synthesized
enantiomers resolved at retention times of 14.5 and 16.5 min,
and the first-eluting enantiomer, the one derived from the
9R,10S-epoxide, co-chromatographed with the enzymatic
product.

Alkali Isomerization of the C18.3w3-derived Cyclopente-
none—The cyclopentenone ester of C18.3w3 was treated with
0.1 M methanolic KOH solution for 30 min at room tempera-
ture. After extraction with dichloromethane (and re-esterifica-
tion with diazomethane to ensure it was still 100% methyl
ester), it was compared with an untreated sample on SP-HPLC
and RP-HPLC with the solvent system of hexane/isopropanol
(100/1.5, by volume) or methanol/H,O (85/15, by volume),
respectively.

RESULTS

Cloning, Expression, and Purification of the Mini-catalase/
Lipoxygenase Fusion Protein—BLAST searches using the cata-
lase-related allene oxide synthase domain of Plexaura homo-
malla identified a good match (E value, 3e-30; 29% amino acid
identity) on the main chromosome of A. marina MBIC11017, a
hypothetical protein of 805 amino acids designated as
ABW27596. The polypeptide consisted of an N-terminal cata-
lase-related sequence and C-terminal lipoxygenase (and an
alignment with related fusion proteins is given in supplemental
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Fig. S1). The full-length cDNA was cloned from A. marina
genomic DNA with an N-terminal His tag encoded in the
upstream PCR primer. Separate constructs were also prepared
of the N-terminal catalase-related domain and the C-terminal
lipoxygenase. After insertion into the expression vector
pET17b the proteins were expressed in Escherichia coli
BL21(DE3) and subsequently purified by nickel-nitrilotriacetic
acid affinity chromatography. The full-length fusion protein
was recovered with a yield of ~110 mg of the green-colored
protein per liter of bacterial culture. The UV-visible spectrum
exhibited a typical hemoprotein absorbance with the main
Soret band at 405 nm. SDS-PAGE showed a major band at the
predicted molecular mass of 92 kDa with a purity of ~90%
(supplemental Fig. S2). Expression of the catalase-related
domain by itself (amino acids 1-351) gave strong expression of
the protein but with low (<10%) incorporation of heme (data
not shown). Nearly all the experiments described below used
the full-length protein, although we confirmed that the N-ter-
minal construct exhibited the same activity in metabolism of
fatty acid hydroperoxides.

Activity of the A. marina LOX and Hemoprotein Domains—
In results to be reported in detail elsewhere, the LOX domain of
the A. marina fusion protein was found to oxygenate steari-
donicacid (C18.4w3, the most prominent polyunsaturated fatty
acid in A. marina) to its 12R-hydroperoxide, to similarly metab-
olize a-linolenic acid to 12R-HPOTTE, while the two w6 fatty
acids tested, linoleic acid and arachidonic acid, were converted
to 9R-HPODE and 11R-HPETE, respectively. These hydroper-
oxides were not further converted by the LOX-only domain,
whereas they were rapidly metabolized by the full-length pro-
tein containing the hemoprotein domain and similarly by the
hemoprotein-only construct. Three of the hydroperoxide sub-
strates were prepared, and their rates of metabolism by the
full-length A. marina fusion protein were monitored by disap-
pearance of the conjugated diene chromophore at 235 nm. The
turnover rates calculated from the rate of decrease of absorb-
ance at 235 nm were 669 * 24 s~ ! for 12R-HPOTTE, 562 + 61
s~ ! for 9R-HPODE, and 671 = 32 s~ ! (mean * S.E.) for 11R-
HPETE at 60 um substrate concentrations, respectively.

Stable End-products from C18.3w3 and C18.40»3—RP-HPLC
analysis of the products from C18.3w3 or C18.4w3 revealed
three prominent peaks with a characteristic profile in the UV
(Fig. 2, peaks 1-3). In the case of C18.3w3, we established that a
similar profile is obtained starting with the fatty acid or purified
12R-HPOTTE. The first-eluting a-linolenic acid product, the
minor of the three, was identified from its UV spectrum (an
enone chromophore with A, at 225 nm in RP-HPLC solvent),
LC-MS (M-H ion at m/z 309 in the negative ion mode, corre-
sponding to a molecular weight of 310), and by GC-MS of the
methyl ester TMS ether and methyl ester TMS ether
methoxime derivatives (with and without hydrogenation) as
the <y-ketol, 13-keto-16-hydroxyoctadeca-9,14-dienoic acid
(supplemental materials). The second and third products were
identified using the same methods and also using "H NMR. The
second and most abundant product, which only displays end-
absorbance in the UV (no distinct chromophore above 205
nm), was identified as the a-ketol 12-hydroxy-13-ketoocta-
deca-9,15-dienoic acid (supplemental Table 1). The last main
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FIGURE 2. RP-HPLC analyses of products from the reaction of the
A. marina fusion protein with C18.3w3 (A) and C18.4w3 (B). A Waters Sym-
metry C18 column (25 X 0.46 cm) was eluted with a solvent system of meth-
anol/water/acetic acid in the proportions 70/30/0.01 (v/v), at a flow rate of 1
ml/min, and with UV detection at 205 and 235 nm. (For clarity, the 205 nm
recording is offset from zero.) The peaks labeled 7, 2, and 3 in each chromat-
ogram were identified as the corresponding y-ketol, a-ketol, and cyclopen-
tenone, respectively (see main text).

product has a distinctive enone chromophore (A, at 223 nm
in RP-HPLC solvent) and was identified by GC-MS and NMR as
the cyclopentenone formed by bridging the carbon chain
between C12 and C16 (supplemental Table 2). The cyclopen-
tenone has the cis arrangement of the two side chains and is
racemic (supplemental Fig. S3). The corresponding three prod-
ucts from stearidonic acid were identified from their HPLC
elution characteristics, UV spectra and by GC-MS as the direct
analogues of the three a-linolenate products, i.e. y-ketol (13-
keto-16-hydroxy), the major a-ketol (12-hydroxy-13-keto),
and cyclopentenone (supplemental materials).

Isolation and Identification of a Novel Allene Oxide—By
precedent, the three stable end-products from C18.3w3 (or
C18.4w3) are formed by hydrolysis or cyclization of an unstable
allene epoxide (e.g. Ref. 36). Using methods we have developed
for the biosynthesis, isolation, and HPLC of highly unstable
epoxides, we prepared the intermediate by incubation and
simultaneous extraction of 12R-HPOTTE with the full-length
fusion protein at 0°C and HPLC-purified the methyl ester
derivative at subzero temperature (—15 °C, Fig. 3A4). The allene
oxide has a characteristic smooth and enone-like UV chro-
mophore with A, at 236.5 nm (Fig. 3B). The '"H NMR spec-
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Mechanism of Catalase-related Allene Oxide Synthase

were converted solely to the corre-

sponding allene oxide, giving the typ-
ical profile on RP-HPLC of vy-ketol,
a-ketol, and cyclopentenone (supple-
mental Fig. S4). Surprisingly, there-
fore, reaction of linoleic acid or its
oxygenation product 9R-HPODE led
to a distinctly different pattern of
products on RP-HPLC. Although
the expected stable end-products
from an allene oxide were present,

Amax 236.5 nm

Allene Oxide

A Silica column B
4.5x0.46 cm
1.0 Solvent: 1.0
hexane/ether
Flow rate 3 ml/min
0.5 Temperature: 051
minus 15°C
L 0 |
0 200
T T T T T
0 1.0 2.0

Retention time (min)

H2

no proton at C13,
H14 is a doublet

H14 H10

H15 | ol 116

T
250
Wavelength, nm

Hexane _|

the chromatogram was dominated
by a single new peak with strong
absorbance at 205 nm in the UV
(Fig. 5). LC-MS analysis indicated
that the new product and the second-
most prominent peak, the a-ketol
formed by allene oxide hydrolysis,
had the same molecular weight of
312. In the case of the secondary
product, its structure was confirmed
by 'H NMR and GC-MS as the a-ke-
tol, 9-hydroxy-10-ketooctadec-12Z-
enoic acid (supplemental Table 3).
The corresponding +y-ketol and
cyclopentenone were also identified
by GC-MS as minor peaks on the
RP-HPLC chromatogram (cf. Fig. 5,
and data not shown).

Identification of the Major Prod-
uct from C18.2w6—"H NMR analy-
sis outlined a structure of cis-9,
10-epoxy-13-hydroxy-octadeca-11E-

300

H18

~

H4-7

WL

T T
6.0 55 5.0
/el [z i 3

rmHF
J T
o - ailoiled

FIGURE 3. Isolation and characterization of the unstable allene oxide. A, SP-HPLC profile of the allene oxide
methyl ester from 12R-hydroperoxy-linolenic acid chromatographed on a silica column (4.5 X 0.46 cm) with
the solvent hexane/ether (100/1, v/v) at a flow rate of 3 ml/min. All procedures were performed at —15 °C. B, UV
spectrum of the allene oxide showing the maximum absorbance at 236.5 nm. C, "H NMR spectrum of the allene

oxide methyl ester recorded at —20 °Cin d-hexane.

trum, recorded at —20 °C in d-hexane (Fig. 3C), resembles that
of the allene oxide formed from 13S-HPOTTE in the jasmonate
biosynthetic pathway (30). There are signals from five protons
in the olefinic region, notably including a doublet at H14 cou-
pling only to H15, with no proton at C13. H12 appears as a
triplet at 3.49 ppm and the two H11 protons, with different
chemical shifts due to the chiral center at C12, are located at
2.57 and 2.45 ppm. The NMR spectral data (Table 1) establish
the structure as the novel allene oxide as 12,13-epoxyoctadeca-
97,13,15Z-trienoic acid. The hemoprotein domain of the A.
marina enzyme functions as an allene oxide synthase, and
hydrolysis and cyclization of the epoxide account for formation
of the three stable end-products formed from 12R-hydroper-
oxy-linolenic acid (Fig. 4).

A Distinctive Product Profile from C18.2w6—Reaction of the
full-length A. marina protein with two w6 fatty acids was ana-
lyzed. Arachidonic acid and its oxygenation product 11R-HPETE
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T
4.5 4.0 3.5 3.0 25 2.0

enoic acid (Table 2). The complete
stereochemistry of this epoxyalco-
hol was established by a series of
chemical transformations to the
natural product. The 13-hydroxyl
configuration was determined via
epoxidation of 13S-HODE and
13RS-HODE using mCPBA to a
mixture of epoxyalcohols; by successive RP-, SP-, and chiral
column-HPLC and final NMR analysis, it was shown that only a
13S-hydroxy-derived epoxyalcohol matched the enzymatic
product (supplemental Fig. S5). To determine the epoxide ste-
reochemistry, initially we epoxidized linoleic acid, isolated the
9,10-cis epoxide by SP-HPLC, and resolved the enantiomers
by chiral column chromatography; the absolute stereochem-
istry of the enantiomeric 9R,10S- and 9S,10R-epoxyocta-
deca-12Z-enoates was established by chemical transforma-
tion to 9-HODE (35), followed by chiral column analysis of
the product (37). Then, the two 9,10-cis-epoxides of known
configuration were oxidized with singlet oxygen, reduced to
the corresponding hydroxy derivatives, and compared with
the natural product on HPLC. Only an epoxyalcohol derived
from the 9R,10S-epoxide matched the enzymatic product,
and again its identity was confirmed by NMR. Thus, the
complete stereochemistry of the main A. marina product

T T
1.5 1.0 ppm
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Mechanism of Catalase-related Allene Oxide Synthase

TABLE 1

"H NMR chemical shifts of the methyl ester of the novel allene oxide (12,13-epoxyoctadeca-92,13,15Z-trienoic acid)

The NMR spectrum was acquired at —20 °C in d-hexane solvent.

Chemical shift Multiplicity Assignment, coupling constant
5.88 t H15,J15’14=J15,16= 11 Hz
5.72 d H14, J14,15: 11.6 Hz
5.56 dt H9, J9,10= 10.7 HZ, Jg’g =7.6 Hz
5.42 dt HlO, J10,9: 10.7 HZ, J10,11: 7.6 Hz
5.18 dt H16, J16,15: 10.6 HZ, J16,17:7.4 Hz
3.56 S -OCH;
3.49 t H12, J12,1]=5.6 Hz
257 m Hlla
2.45 m H11b
2.24 t H2,J,;=7.4 Hz
2.18 quintet HS8
2.09 quartet H17
1.63 m H3
1.41-1.32 m H4, HS, H6
1.03 t H18,J18,17=7.6 Hz
6 LOX
mz — . /Cooi 1207 mCe’?fbgﬁ)t?as new
i Lino1I¢23nic A::?d H90 12pHpOTIE 1 product 205 nm
C18.3w3 ﬂ AOS 80
(Stearidonic C18.403)
Non-enzymic COOH mAU
Hydrolysis Allene
m = Oxide 40—
Ket/ 333.?25.5?"’
= \ 0 10 20 30 40
o] OH

Cyclopentenone
1-Ketol (racemic)

FIGURE 4. Transformation of a-linolenic acid by the A. marina fusion pro-
tein. The same reactions occur with stearidonic acid (C18.4w3), which has one
additional cis double bond at A6 (shown as a dotted bond on the structure of
a-linolenate). The allene oxide is unstable and rapidly undergoes non-enzy-
matic hydrolysis or cyclization.

from C18.2w6 was proven to be 9R,10S-epoxy-13S-hy-
droxyoctadeca-11E-enoic acid (Fig. 6).

Origin of the 13S-Hydroxyl in the Linoleate-derived Epoxy-
alcohol—["®0,]9R-HPODE with 84% incorporation of 2'%0 in
the hydroperoxy group (Fig. 7, A and B) was synthesized using
Anabaena 9R-1OX under an atmosphere of '*0, and aliquots
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Retention time, min

FIGURE 5. RP-HPLC analyses of products from the reaction of the
A. marinafusion protein with C18.2w6.RP-HPLC conditions are the same as
in Fig. 2. The peaks labeled 7, 2, and 3 were identified as a linoleic acid-derived
y-ketol, a-ketol, and cyclopentenone, respectively. The major product, elut-
ingat ~17.5minand labeled “new product” showed strong absorbance at 205
nm and was identified as an epoxyalcohol (see main text).

used as substrate for the A. marina enzyme. LC-MS analysis of
the products indicated a marked loss of the '*O-labeled oxy-
gens in transformation to the epoxyalcohol (Fig. 7C): on nor-
malizing the substrate 2'%0 content to 100%, only 27.5% of the
epoxyalcohol molecules (27% and 28% in two separate experi-
ments) retained both of the original hydroperoxide oxygens.

JOURNAL OF BIOLOGICAL CHEMISTRY 22093



Mechanism of Catalase-related Allene Oxide Synthase

TABLE 2

"H NMR chemical shifts of the methyl ester of the epoxyalcohol (9,10cis-epoxy-13-hydroxy-octadeca-11E-enoic acid)

The spectrum was acquired at room temperature in d,-benzene.

@) 11
:\C 9 10 RQJI2Z BN
H3;CO o y OH

Chemical shift Multiplicity Assignment, coupling constant
5.81 dd le, J11,12: 15.5 HZ, J12,13=5.9 Hz
5.59 dd Hll, J11’12: 15.4 HZ, .]10,11:7.4 Hz
3.90 m HI13,
3.36 S OCH;
3.25 dd HlO, ..]1()’11:7.2 HZ, J9’10:4.3 Hz
2.86 dt H9, J9,10= 4.7 HZ, Jg,gz 5.8 HZ,
2.10 t H2, J2.3 =7.4 Hz
1.54 m H3
152 m H8a
1.41-1.32 m H4, H5, H6, H7, H8b, H14, HI5
1.25 m H17
1.04 d -OH (on C13), Ji30n=4.5 Hz
0.88 t H18, J18,17=7.1 Hz

I N N Y 2 S N
HO,-C 9 12
Linoleic Acid

9R-HPODE

HOzC/\/\/\/\W/\:/\/\/
Allene Oxide ©
and

HOZCW
o OH
9R,10S5,13S5-
Epoxyalcohol

FIGURE 6. Transformation of linoleic acid by the A. marina fusion
protein.

The allene oxide hydrolysis product, the a-ketol, was ana-
lyzed in the same LC-MS runs, and as expected it showed
complete loss of one of the original hydroperoxy oxygens
(data not shown). Actually, the retention of label in the a-ke-
tol was measured as less than one "®0 label due to exchange
of the oxygen in the 10-ketone during sample work-up, a
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A B C D E
unlabeled 9180180H EpOH from EpOH from a-Ketol from
or product

p substrate 9R-HPODE (72% H,180)  (72% H,180)

311 315 313 313 313

311
311
315

"|' '||||I 'l. | ", '|!

310 315 310 315 310 315 310 315 310 315

FIGURE 7. Mass spectrometric analysis of oxygen-18 retention or incor-
poration in epoxyalcohols from '80-labeled 9R-HPODE substrate or
H,"®0. Partial mass spectral recordings of the prominent M-H ion of unla-
beled 9R-HPODE, epoxyalcohol, or a-ketol (A), '®O-labeled 9R-HPODE sub-
strate (B), epoxyalcohol (EpOH) from '®0-labeled 9R-HPODE substrate (C),
epoxyalcohol from '80-labeled water (72% H,'80 in the reaction buffer) (D),
and a-ketol from '0-labeled water (72% H,'?0 in the reaction buffer (E).

phenomenon reported in the first account of **O labeling of
an a-ketol from a fatty acid hydroperoxide (38). The loss of
label was particularly obvious when the a-ketol was pre-
purified by HPLC prior to LC-MS analysis. We also con-
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firmed that pre-purification had no effect on the label meas-
ured in the epoxyalcohol.

To account for the incorporation of the missing hydroperoxy
oxygen in the epoxyalcohol, we also analyzed the products from
incubations of unlabeled 9R-HPODE and A. marina enzyme in
buffer containing 72% H,'®0. These experiments showed a
measured 52% incorporation of one '*0O from water in the
epoxyalcohol (Fig. 7D), which, when normalized to 100%
H,'®0, corresponds to 72% incorporation of **0,. By compar-
ison, the a-ketol, which is expected to incorporate 100% of one
'80 from water in the 9-hydroxyl during hydrolysis of its allene
oxide precursor (and this 9-hydroxy oxygen is non-exchange-
able), gave a measured content of 66% (Fig. 7E), which when
normalized to 100% H,'®*0O corresponds to 92% '°O,
incorporation.

Epoxyalcohol from the ['*0,]9R-HPODE and H,'®O exper-
iments was analyzed by GC-MS to locate the position of the '*0O
labels. Catalytic hydrogenation converts the 9,10-epoxy-13-hy-
droxy epoxyalcohol partly to the 9,13-dihydroxy hydrogenoly-
sis product (cf Ref 39), which gives prominent ions for the 9-
and 13-hydroxyls when analyzed as the trimethylsilyl deriva-
tive. The results showed that the original hydroperoxy oxygen
was fully retained at C9 and that oxygen from water (~70%) is
incorporated at C13 (data not shown).

Incubation pH and *30 Incorporation in the Epoxyalcohol—
As considered more fully under “Discussion,” one explanation
for the appearance of oxygen from water in the epoxyalcohol is
exchange of the heme ferryl oxygen with the solvent. This proc-
ess can be pH-dependent due to involvement of an ionizable
distal heme histidine in the exchange (40 —43). To examine the
possibility of a pH dependence in the oxygen incorporations
with the A. marina enzyme, in a first experiment we incubated
['®0,]9R-HPODE with enzyme at pH 5.0, 7.5, and 9.5 while
monitoring the transformation by UV spectroscopy (repetitive
scanning at 200-300 nm to observe disappearance of the con-
jugated diene chromophore). In the three incubations the
incorporation of two hydroperoxy oxygens in the epoxyalcohol
product (normalized to 100% 2'®0 content of the substrate)
was 32, 27, and 29%, respectively, essentially showing no effect
of pH. As the enzyme reaction worked well at the higher pH and
because the pK, of the distal heme His reported for catalase and
peroxidases is around pH 8.5-9.0 (40, 42), in a second experi-
ment we extended the incubation range up to pH 11. At pH 11
the enzyme maintained a reaction rate of ~21% compared with
pH 7.5 (and ~43% at pH 10). LC-MS analysis of the epoxyalco-
hol formed from [*#0,]9R-HPODE showed similar *#0 reten-
tions at pH 7.5, 10, and 11 (31, 33, and 36%, respectively, again
normalized to 100% 220 content of the substrate).

DISCUSSION

Characteristics of the A. marina Protein Sequence—The pri-
mary structure of the A. marina catalase-related domain has
the closest overall homology to that of Anabaena PCC 7120
(~30% amino acid identity) (see alignment in supplemental Fig.
S1), although the two exhibit different catalytic activities (cf.
Refs. 17, 18). The percent identity is relatively low (20-25%) to
P. homomalla and other coral AOS even though their reactions
are more closely related. At the position of the distal heme
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His-39, A. marina has the sequence RATH. This is similar to all
the fatty acid hydroperoxide-metabolizing catalase-related
enzymes characterized to date in having a Thr immediately
before the distal His, and contrasts with the typical Val of true
catalases (44). The Thr has been shown to support efficient
catalytic activity while preventing any reaction with hydrogen
peroxide (possibly by hydrogen bonding with an imidazole
nitrogen of the His and consequently holding it in an unpro-
ductive orientation for catalatic reaction) (44). According to the
alignment (supplemental Fig. S1), the A. marina enzyme sub-
stitutes Ser (Ser-120) for the distal heme Asn typical of catalases
and the coral AOS. Around the proximal heme ligand, Tyr-334,
A. marina exhibits the typical signature sequence of catalases
(RxxxYxxxxxxR). This is the same in catalase and its structural
relatives, except Anabaena, which based on alignments lacks
the first Arg and has a His replacing the Tyr as the proximal
heme ligand (17). Perhaps related to this, like the true catalases
the A. marina and coral enzymes are dark green in color,
whereas the Anabaena enzyme appears straw-colored or
brownish.

Main Products of the A. Marina Fusion Protein—In transfor-
mations that probably mimic the natural pathway in A. marina,
the LOX domain of the fusion protein oxygenates stearidonic
acid (and similarly a-linolenic acid) with a unique specificity
forming the 12R-hydroperoxide, and then the AOS activity of
the catalase-related domain converts this to a novel 12R,13-
epoxy allene oxide (Fig. 4). The relative abundance of C18.4w3
in A. marina and its transformation to a single product by the
AOS/LOX is supportive of the primary importance of this route
of metabolism. By analogy to the jasmonate pathway in plants
(8), the C18.4 allene oxide may be the metabolic precursor of a
lipid signaling molecule in A. marina, or alternatively, by anal-
ogy to unstable mediators of mammalian systems (thrombox-
ane A,, and prostacyclin) (45), it might also function in that role
itself.

The jasmonate pathway in plants is associated with an allene
oxide cyclase that is specific for the 13S-hydroperoxide of a-lin-
olenic acid (46, 47). In marine invertebrates expressing a cata-
lase-related AOS, it is inferred that the pathway leads to cyclo-
pentenone-derived products (e.g. clavulones and punaglandins
(48,49)), although an enzymatic allene oxide cyclization has yet
to be identified. The same applies to the allene oxide biosynthe-
sis we describe here in A. marina. Just as the plant CYP74 AOS
and the cAOS are unrelated hemoproteins (that specifically
metabolize S and R configuration hydroperoxides, respec-
tively), so the putative cyclase could also be quite distinct in
structure and not identifiable based on protein homology. Lipi-
domic analyses on these cyanobacteria may establish the exist-
ence of allene oxide-derived products and help direct future
enzymological studies.

A Mechanistically Significant By-product—Considering that
the two C18 w3 fatty acids and arachidonic acid (and 11R-HPETE)
are transformed cleanly to allene oxides, it was surprising to find
that linoleic acid and its 9R-hydroperoxide yield the allene oxide as
a relatively minor product. The major end-product from linoleic
acid is the epoxyalcohol 9R,10S-epoxy-13S-hydroxyoctadec-11E-
enoic acid. This single isomer is unusual among fatty acid
hydroperoxide-derived epoxyalcohols in being a cis epoxide.
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FIGURE 8. Three potential mechanisms explaining the appearance of oxy-
gen from water in the 13-hydroxyl of the linoleic acid-derived epoxyal-
cohol. A, exchange of the ferryl heme oxygen with water prior to oxygen
rebound. B, formation of the 13-hydroxyl via two routes, direct oxygen
rebound of the ferryl oxygen, and reaction of water with a carbocation inter-
mediate. C, water reacts with a carbocation intermediate, and the water
derives partly from release of the ferryl oxygen, and partially from H,O in the
enzyme active site.

Although the specific transformation of hydroperoxy fatty acids to
cis-epoxy products has been described before (by plant peroxyge-
nase enzymes (50) and by a hydroperoxide isomerase from the
fungus Saprolegnia parasitica (51)), these mechanisms involve
oxygen transfer and epoxidation of a cis double bond. Recently a
P450 CYP74-catalyzed transformation of 13S-hydroperoxylino-
leic acid to an 11-hydroxy-12,13-cis-epoxyalcohol was reported
(13), which is more akin to our findings. In both cases the cis
epoxide forms from the carbon bearing the hydroperoxide moiety.
Unexpectedly, we found that the 13-hydroxyl in the 9R-HPODE-
derived epoxyalcohol derives only partly (~30%) from the distal
oxygen of the hydroperoxide group; 70% arises by incorporation of
oxygen from water. We consider it significant that this stereo-
chemically pure epoxyalcohol is formed partly by incorporating
oxygen from water as it provides strong evidence of an ionic inter-
mediate in the reaction of enzyme with hydroperoxide. As to the
mechanism of exchange, three potential explanations (illustrated
diagrammatically in Fig. 8) are considered in the following discus-
sion: (i) the heme ferryl oxygen exchanges with water prior to oxy-
gen rebound, (ii) hydroxylation with water occurs in parallel to
oxygen rebound, and (iii) the ferryl oxygen is released whereupon
it mixes with water, which reacts to give the hydroxyl at C13.
Discussion of Ferryl Heme Oxygen Exchange—The first possi-
bility is that solely oxygen from the heme accounts for the forma-
tion of the single specific epoxyalcohol and that this ferryl heme
oxygen partly exchanges with water prior to rebound (Fig. 84).
Such an exchange contrasts with evidence on P450 transforma-
tions that the heme ferryl oxygen does not exchange (52). (There is
an exceptional and not directly relevant P450-catalyzed exchange
of the oxygen in the oxygen donor iodosobenzene with solvent,
producing an activated ferryl heme with oxygen from water, but
this reaction occurs in the absence of substrate (52—55).) To the
best of our knowledge, the only reported example of ferryl oxygen
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exchange in P450 catalysis is the 8% incorporation of *%0 from
H,'®0 in the cumene hydroperoxide-dependent hydroxylation of
cyclohexane by rabbit P450; ,, (CYP2B4) (56); in the same study,
no exchange was seen using NADPH and the reductase with
molecular oxygen. Cumene hydroperoxide will oxidize the P450
heme to Compound I (Fe*** = O), at which point the by-product
cumyl alcohol has to get out of the way (if not out of the active site)
to permit interaction of the cyclohexane substrate with the ferryl
oxygen. And only after hydrogen abstraction from cyclohexane
will the resulting Compound II be formed that is equivalent to the
ferryl oxygen in AOS catalysis. So, with the added involvement of
Compound I and the lack of immediate access of the cyclohexane,
there is more opportunity for exchange of a ferryl oxygen in the
cumene hydroperoxide-activated monooxygenase system.

Although not generally seen with P450s, oxygen exchange is a
recognized phenomenon in some other hemoproteins, including
horseradish peroxidase, cytochrome ¢ peroxidase, lactoperoxi-
dase, myeloperoxidase, and bovine liver catalase (40-42, 57, 58).
As these enzymes are not oxygenases, the ferryl oxygen does not
appear in the product, and therefore the exchange is observed
spectroscopically, using resonance Raman. Compound I is gener-
ated chemically and is sufficiently stable to allow spectral record-
ing over several minutes. It is in this long lasting species that
exchange occurs. Definite rates of exchange are not given.
Although it is usually assumed to be fast, in some cases it is implied
to occur within a few minutes. The exchange is pH-sensitive and is
linked to ionization of the distal heme His; it is curtailed at 1-2 pH
units above the His pK,, reported at 8.5—8.8 for Compound II of
horseradish peroxidase (40, 42). In our study, O incorporation
into the epoxyalcohol was unaffected by pH within the range 5-11.
Besides the issue of ferryl oxygen exchange, this is remarkable,
because it suggests that the distal heme His (with a likely pK,
within the pH range 5-9) is not ionizing during catalysis or that its
ionization is impervious to external pH.

We can measure the turnover rate of the A. marina hemopro-
tein at ~600 per second (readily observed as disappearance of the
conjugated diene chromophore of the hydroperoxide substrate).
This rate encompasses all phases of the substrate-enzyme interac-
tion, namely, encountering and binding the substrate, catalysis,
and product release. Consider also that the ferryl heme is not pres-
ent until the peroxyl oxygens are cleaved, at which point it exists as
a Compound II, poised for oxygen rebound or electron transfer,
either of which returns the heme to the ferric state. In typical P450
reactions the oxygen rebound step can be very fast indeed, in the
order of 10°-10'° s ™" (59), although the delocalized fatty acid rad-
ical or carbocation intermediates in our system could tolerate lon-
ger lifetimes. (Nonetheless, contrast this evanescent existence with
the long lasting Compound II used for spectral measurements of
exchange.) We are uncertain as to how fast a ferryl oxygen could
equilibrate with water in the active site, but if it occurred here it
would need to be able to out-compete the rate of oxygen rebound,
which seems unlikely.

Two Routes to the Linoleate Epoxyalcohol?—The next possi-
bility is that the linoleate epoxyalcohol is formed both by oxygen
rebound and by reaction with solvent, giving the same product
(Fig. 8B). We would argue against this possibility on the grounds
that the formation of the one specific epoxyalcohol, when there is
the potential for multiple isomers, argues for strict enzymatic con-
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trol. By this scheme the enzyme needs to accomplish solely 13S-
hydroxylation both via radical and carbocation pathways, and it is
difficult to accept that one single specific epoxyalcohol isomer is
formed with the hydroxyl oxygen coming through two different
mechanisms.

Exchange Occurs After Release of Ferryl Oxygen—The third
explanation avoids the dilemma of two separate routes to the one
product and can also account for the exchange. If the ferryl oxygen
is released, returning the enzyme to the resting ferric state, the free
OH" could be partly exchangeable with solvent and yet amenable
to an enzyme-directed reaction with the fatty acid intermediate
(Fig. 8C). By this mechanism, there is no doubt that the OH™
reacts with an ionic species of intermediate. Reaction with this
“free” OH™ begs the question as to how the enzyme controls the
stereochemistry of the hydroxylation. Presumably the ferric heme
can bind a water molecule, and perhaps the active site His-39 and
Ser-120 (the substitute in A. marina for the usual distal heme Asn)
may also play a role.

Implications for the Mechanism of Allene Oxide Synthesis—
As noted in the introduction, the mechanism of the specific
fatty acid hydroperoxide transformations catalyzed by the
CYP74 hemoproteins has been considered for many years and
has been presented as proceeding via a radical or carbocation
pathway, or by incorporating elements of both (11, 20, 60). The
same issues pertain to the catalase-related enzymes, especially
in relation to AOS activity, which is common to both classes of
hemoprotein. The consensus is that reaction is initiated by a
homolytic cleavage of the hydroperoxide (Fig. 9). Cyclization of
the resulting alkoxyl radical gives an epoxyallylic carbon radi-
cal. At this stage, the required loss of a hydrogen atom (H-) to
give the allene oxide raises a red flag. In most cases some type of
proton-coupled electron transfer process is considered more
feasible than an actual hydrogen abstraction (61). So it is pro-
posed that completion of the allene oxide synthase reaction
proceeds via transfer of an electron from the carbon, forming a
carbocation intermediate, with loss of a proton yielding the
final product (11). Part of the argument in support of this line of
reasoning is based on feasibility as determined by theory and
part by chemical precedent (21), yet with the current state of
knowledge this leaves unresolved issues on both counts.
Accordingly, we consider it significant that we have identified a
specific product formed with a clearly demonstrable ionic com-
ponent to the mechanism, namely the major epoxyalcohol
product from linoleic acid.

Both the CYP74 AOS and the cAOS catalyze a dehydrase reac-
tion on the fatty acid hydroperoxide, and therefore both classes of
hemoprotein produce water as OH™ and H™ in consecutive steps
of the catalytic cycle. Also, note that when using their natural sub-
strates, water does not intercept a reacting intermediate and an
allene oxide is the sole product with both classes of hemoprotein.
We had argued before that the appearance of epoxyalcohols in
association with allene oxide synthesis by a purified CYP74
enzyme is evidence of a close parallel in the mechanism of their
production (60). (A parallel can be made with conventional P450s,
which typically hydroxylate their substrate yet a few can also cata-
lyze desaturation (62— 67).) The fatty acid epoxyalcohols were pro-
duced previously when flaxseed AOS (CYP74A1) was presented
with unnatural hydroxy-hydroperoxy fatty acid substrates (60). It
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FIGURE 9. Radical and ionic pathways to allene oxide and epoxyalcohol.
After homolytic hydroperoxide cleavage and formation of the epoxyallylic
radical (top), the subsequent diverging transformations can be represented
as radical reactions (blue), or as ionic via a carbocation intermediate (red). The
incorporation of oxygen from water in the epoxyalcohol product supports
the existence of the carbocation, the intermediate that best accounts for the
chemistry of allene oxide synthesis (22).

appeared that these unnatural substrates upset the enzy-
matic control and allowed “oxygen rebound” instead of the
usual hydrogen atom abstraction. Indeed, we found com-
plete retention of the hydroperoxide oxygens in these
CYP74A1-derived epoxyalcohols. Although the association
of allene oxide and epoxyalcohol synthesis remains valid,
what the previous evidence does not provide is a link to any
ionic reactions in the course of, or parallel with, allene oxide
synthesis. Here the evidence is different in several ways. The
substrate is a natural fatty acid, only one pure epoxyalcohol
derivative is formed, it is solely a cis epoxide, and, most sig-
nificantly, it arises largely via a final ionic pathway incorpo-
rating OH from water in the 13S-hydroxyl. As it can reason-
ably be assumed that oxygen from water reacted with an
intermediate carbocation in the enzyme active site, the find-
ings present an intimate link between AOS synthesis and an
ionic reaction intermediate. We can at least conclude that it
is likely that the ferryl heme releases the bound OH as a fatty
acid carbocation intermediate is formed, and that the fatty
acid carbocation is hydroxylated by OH™ partially equili-
brated with water molecule(s) in the active site. In addition,
in relation to AOS activity per se, for the first time ionic
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events can be detected in parallel with synthesis of the allene
epoxide.
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