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Background: Tyrosine-liganded hemoproteins typically are hydroperoxidases. They do not oxygenate their substrates.
Results: In the presence of an oxygen donor, tyrosine-liganded allene oxide synthase stereospecifically oxygenated polyunsat-
urated fatty acids.
Conclusion: A catalase-related enzyme can act as a monooxygenase.
Significance: A catalase hemoprotein, with tyrosine as the proximal heme ligand, can exhibit monooxygenase activity, a
property usually associated with a cysteinate heme ligand, as in cytochromes P450.

The ability of hemoproteins to catalyze epoxidation or
hydroxylation reactions is usually associated with a cysteine as
the proximal ligand to the heme, as in cytochromeP450 or nitric
oxide synthase. Catalase-related allene oxide synthase (cAOS)
from the coralPlexaurahomomalla, like catalase itself, has tyro-
sine as the proximal heme ligand. Its natural reaction is to con-
vert 8R-hydroperoxy-eicosatetraenoic acid (8R-HPETE) to an
allene epoxide, a reaction activated by the ferric heme, forming
product via the FeIV–OH intermediate, Compound II. Here we
oxidized cAOS toCompound I (FeV�O) using the oxygen donor
iodosylbenzene and investigated the catalytic competence of
the enzyme. 8R-hydroxyeicosatetraenoic acid (8R-HETE), the
hydroxy analog of the natural substrate, normally unreactive
with cAOS, was thereby epoxidized stereospecifically on the
9,10 double bond to form 8R-hydroxy-9R,10R-trans-epoxy-ei-
cosa-5Z,11Z,14Z-trienoic acid as the predominant product; the
turnoverwas 1/s using 100�M iodosylbenzene.The enantiomer,
8S-HETE, was epoxidized stereospecifically, although with less
regiospecificity, and was hydroxylated on the 13- and 16-car-
bons. Arachidonic acid was converted to two major products,
8R-HETEand8R,9S-eicosatrienoic acid (8R,9S-EET), plus other
chiral monoepoxides and bis-allylic 10S-HETE. Linoleic acid
was epoxidized, whereas stearic acid was not metabolized. We
conclude that when cAOS is charged with an oxygen donor, it
can act as a stereospecific monooxygenase. Our results indicate
that in the tyrosine-liganded cAOS, a catalase-related hemopro-
tein in which a polyunsaturated fatty acid can enter the active
site, the enzyme has the potential to mimic the activities of
typical P450 epoxygenases and some capabilities of P450
hydroxylases.

The distinctive hydroxylase and epoxygenase capabilities of
the cytochrome P450s and other heme-thiolate monooxyge-
nases are generally considered to be a special attribute con-
ferred partly by unique properties of cysteine as the proximal
ligand to the heme (e.g.Refs.1 and 2). Catalase hemoproteins, by
contrast, have a tyrosine as the proximal heme ligand, and none
are monooxygenases (3). Their prototypical activity is the
breakdown of hydrogen peroxide, and they also exhibit a weak
peroxidatic activity with very small molecule substrates, for
example the oxidation of ethanol to acetaldehyde; reactionwith
larger substrates is precluded by the restricted access to the
active site heme (4). Catalase-related allene oxide synthase
(cAOS)2 from the coral Plexaura homomalla is atypical among
the tyrosine-liganded hemoproteins in that its natural substrate
is a long chain fatty acid hydroperoxide (5). It converts 8R-hy-
droperoxy-eicosatetraenoic acid (8R-HPETE) to an allene
epoxide, an intermediate in cyclopentenone biosynthesis (Fig.
1A) (6). Its mechanism is directly analogous to the unconven-
tional cytochrome P450 enzymes that metabolize fatty acid
hydroperoxides, for example, CYP74A, an AOS in plants, and
thromboxane synthase (CYP5) and prostacyclin synthase
(CYP8A) in mammals (7). Instead of utilizing molecular oxy-
gen, these enzymes react with the oxygens in their specific fatty
acid peroxide substrates.
The catalytic cycle of conventional cytochrome P450s is usu-

ally represented by the circular route in Fig. 1B (e.g. Refs. 1 and
2). After the ferric enzyme (FeIII) binds substrate (RH), the first
two-thirds of the cycle involves oxygen activation, during
which nothing happens to RH. After O2 is split and H2O is
eliminated, the active form of the heme, Compound I, initiates
reaction with RH by a hydrogen abstraction. This forms Com-
pound II and a substrate radical, which instantly react, forming
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hydroxylated or epoxidized product by oxygen rebound and
returning the enzyme to the ferric form. Pointedly, the same
chemical transformation can be catalyzed without the need for
O2 and the reducing equivalents fromNADPH; this is achieved
using the “peroxide shunt pathway” in which a peroxide co-
substrate or other oxygen donor is used to form Compound I,
after which the usual reactions take place (Fig. 1B). Distinct
from these pathways, as thewritings of Ullrichmake clear (8), is
the route taken by the fatty acid peroxide-metabolizing P450s,
(CYP5, CYP8A,CYP74) and by cAOS.Here the ferric enzyme is
the active species of the hemoprotein; it initiates the transfor-
mation and produces, directly, Compound II and a substrate
intermediate (Fig. 1B) (7, 9). These two react instantly, com-
pleting the transformation. So, in this case, Compound I is
never formed.
The objectives of thework reported herewere to examine the

consequences of forming Compound I in cAOS and to deter-
mine whether cAOS could thus become a hydroxylase or

epoxygenase. We used iodosylbenzene (PhIO) as an oxygen
donor to activate the peroxide shunt pathway to Compound I.
PhIO has been used commonly for this purpose in P450
research (10, 11) and was the reagent used by Ullrich and co-
workers (12) to demonstrate that the peroxide-metabolizing
P450, thromboxane synthase (CYP5), is capable of hydroxylat-
ing a substrate analog. Herein we demonstrate that cAOS
exhibits a robust regio- and stereospecific monooxygenase
activity in the presence of iodosylbenzene, thus revealing a pre-
viously unrecognized catalytic potential of a tyrosine-liganded
hemoprotein.

EXPERIMENTAL PROCEDURES

Materials—Arachidonic acid was purchased from Nu-Chek
Prep Inc. (Elysian,MN). Iodosylbenzene (PhIO)was kindly pro-
vided by Dr. F. Peter Guengerich, who prepared it from iodoso-
benzene diacetate (13). cAOS was prepared by expression in
Escherichia coli, as described (14). 8R-HETE was synthesized
using the P. homomalla 8R-lipoxygenase domain from the
cAOS-lipoxygenase fusion protein, expressed in E. coli (14).
Also, both 8R-HETE and 8S-HETE were prepared by vitamin
E-controlled autoxidation of methyl arachidonate (15),
SP-HPLC separation of the HETE isomers, chiral column sep-
aration of the 8-HETE enantiomers (16), and alkaline hydroly-
sis of the methyl esters to yield the free acids, which were repu-
rified by SP-HPLC prior to use.
Incubations with Iodosylbenzene—A fresh working solution

of PhIO in MeOH (0.1 M) was prepared daily and kept on ice
prior to dilution into the enzyme reaction. Incubations were
conducted in pH 7.5 Tris or HEPES buffer containing 150 mM

NaCl at room temperature. Typically, 8-HETE or arachidonic
acidwas added to 1–20ml of buffer fromethanol solutions (5 or
10 mg/ml) to achieve a final concentration of 50 �M. cAOS was
diluted 100-fold from stock solutions to achieve 1–2 �M final
concentration. After 3 min at room temperature, samples were
placed on ice, and any remaining PhIO was eliminated by the
addition of �5 mg/ml sodium bisulfite (17). Samples were
applied, without adjusting the pH, to a preconditioned C18
extraction cartridge (Waters, Oasis, 100 mg, or 0.5 g of Bond-
Elut C18 for 10–20-ml volumes), and after washing with water,
the fatty acid derivatives were eluted with MeOH and stored at
�20 °C prior to HPLC analysis.
Chemical Epoxidation Using mCPBA—8R-HETE or arachi-

donic acid in dichloromethane (1 mg/ml) were reacted with a
2-fold molar excess of mCPBA for 30 min on ice. The dichlo-
romethane was then washed twice with 0.1 M NaHCO3, twice
withwater and then taken to dryness and dissolved inmethanol
prior to HPLC analysis. Some of the epoxy products from
8R-HETE free acid proved difficult to retrieve from the RP-
HPLC column solvent without undergoing partial hydrolysis,
and therefore the initial reactions were conducted on 8R-HETE
methyl ester. RP-HPLCwas then conductedwithout acetic acid
in the running solvent (MeOH/H2O, 80:20 v/v), which helped
considerably in the recovery of intact epoxides.
HPLCAnalyses—Typically, aliquots of the extracts were ana-

lyzed initially by RP-HPLC using a Waters Symmetry C18 col-
umn (25 � 0.46 cm) with a solvent of MeOH/H2O/HAc in the
proportions 80/20/0.01, or 75/25/0.01 by volume for free acids

FIGURE 1. Allene oxide synthase and its relationship to the catalytic cycle
of cytochrome P450s. A, cAOS catalyzes transformation of its natural sub-
strate 8R-HPETE to an allene oxide, which can subsequently rearrange to a
cyclopentenone. B, the circular route represents the conventional monooxy-
genase pathway, involving molecular oxygen and NADPH and leading to
Compound I, which initiates reaction with substrate. The peroxide shunt
pathway uses an oxygen donor, [O], to form Compound I and bypass the need
for O2 and NADPH. In fatty acid peroxide-metabolizing enzymes (CYP 5, 8A,
74, and cAOS), the ferric enzyme initiates reaction and forms Compound II
directly. Por�� represents a radical cation on the heme porphyrin ring.
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and 80/20 (MeOH:H2O) for methyl esters. We used a flow rate
of 1 ml/min and on-line UV detection (Agilent 1100 series
diode array detector) with wavelengths set at 205, 220, 235, and
270 nm.Quantities of 0.5–1mg of total fatty acidswere injected
for collection of products. Further analysis and purificationwas
achieved by SP-HPLC using a Beckman Ultrasphere 5-�m sil-
ica column or a Thomson Instrument Co. Advantage 5-�m
silica column (25� 0.46 cm)with a solvent of hexane/isopropyl
alcohol/glacial acetic acid (100/5/0.02 for free acids and 100/2
for methyl esters). Although the products were not enantio-
meric, a Diacel Chiralpak AD chiral column (25 � 0.46 cm)
gave excellent separation and purification of the diastereomers;
a solvent system of hexane/ethanol/methanol (100:5:5, by vol-
ume) was used for epoxyalcohol methyl esters, giving retention
volumes of 10–30ml for different isomers. In attempts to better
resolve themixture of products obtained using chemical epoxi-
dation with mCPBA, we investigated the use of acetonitrile/
water solvent on RP-HPLC (CH3CN/H2O/HAc, 60:40:0.01, by
volume). We note that the products 1 and 2 described under
“Results” elute in the opposite order in the acetonitrile solvent,
i.e. 2 before 1.
UV Spectroscopy—HETEs were quantified by UV spectros-

copy from the conjugated diene (� � 25,000 M�1 cm�1). Rates
of reaction of 8-HETE with cAOS � PhIO were estimated by
monitoring the disappearance of the conjugated diene chro-
mophore at 235 or 250 nm versus time. The high absorbance of
PhIO at 235 nm limited the useable range of PhIO concentra-
tions at this wavelength, and therefore inmost experiments, the
wavelength was set at 250 nm, where 8-HETE gives about half
of its maximal absorbance, and the total absorbance remained
below 2 absorbance units. 8R-HETE (50 �M) and cAOS (1 �M)
were added to 1 ml of buffer, pH 7.5, in a UV cuvette in a
PerkinElmer Life Sciences Lambda-35 spectrophotometer at
room temperature, and absorbance was recorded versus time.
At 10 s, reaction was initiated by the addition of PhIO (10 �l of
a 100-fold higher PhIO concentration inMeOH), and the initial
rate of reaction was recorded.
Some caveats in the accuracy of this assay included that the

addition of PhIO alone to buffer resulted in slow absorbance
changes over time, although the rates were at least an order of
magnitude slower than following 8R-HETE addition and were
insignificant over the initial�10 s of reaction of 8R-HETE. This
effect was most evident using Tris buffer, which appeared to
react with PhIO, thenHEPES, and least using phosphate buffer,
which showed real, although minor (�10%) absorbance
changes over 30 min. Whether these rates increase upon reac-
tion with substrate are unknown, although it seems possible.
Reassuringly, use of arachidonic acid as substrate in place of
8R-HETE resulted in absorbance increases at 235 nm, in accord
with some of its products having a conjugated diene chro-
mophore, whereas 8S-HETE gave relatively weak absorbance
decreases, compatible with many of its products retaining the
conjugated diene.
GC-MS Analysis—GC-MS analysis of the methyl ester trim-

ethylsilyl derivatives was carried out in the positive ion electron
impact mode (70 eV) using a ThermoFinnigan DSQmass 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.
Many of the hydroxy-epoxy products characterized under

“Results” gave multiple peaks on GC analysis, and hydrogena-
tion was often associated with marked hydrogenolysis, giving a
diol and other breakdown products (cf. supplement to Ref. 18).
For these products, their identification relied on LC-MS to
establish themolecularweight andNMR for structural analysis.
LC-MS Analysis—The molecular weights of the reaction

products of 8-HETE and arachidonic acid were established
from the M-H anions measured by negative ion electrospray
LC-MS using a ThermoFinnigan TSQ Quantum instrument.
NMR Analysis—1H NMR and 1H,1H COSY NMR spectra

were recorded on a Bruker 600-MHz spectrometer at 298 K.
The parts/million values are reported relative to residual non-
deuterated solvent (� � 7.16 ppm for C6D6, 7.26 ppm for
CDCl3). Spectral simulations were run using ACD/Labs
software.

RESULTS

Reactions of cAOS � Iodosylbenzene with 8R-HETE—Native
cAOS is remarkably specific in its allene oxide synthase activity
with fatty acid hydroperoxides, showing a strong preference for
its natural substrate, 8R-HPETE (14). The native enzyme is
completely unreactive with polyunsaturated fatty acids or their
hydroxylated analogs. Obviously, 8R-HPETE must fit well into
the active site and, accordingly, we selected its hydroxy analog,
8R-HETE, as an initial substrate to test the catalytic activity of
cAOS oxidized with PhIO as the oxygen donor.
Incubation of cAOS (1�M), 8R-HETE (100�M) and equimo-

lar PhIO (100 �M) in pH 7.5 buffer for 3 min at room tempera-
ture led to the disappearance ofmost of the 8R-HETE substrate
and formation of a remarkably selective product profile. Upon
RP-HPLC analysis, the profile was dominated by two closely
eluting peaks at about 12 min, present in a ratio of 10:1, and
designated as 1 and 2 (Fig. 2A). The 12-min retention time in
this isocratic RP-HPLC system is less polar than a dihydroxy
derivative, more compatible with an epoxidation of 8R-HETE.
Furthermore, the 235-nm chromophore of the HETE substrate
was lost in 1 and 2, consistent with an epoxidation in the
9E,11Z-conjugated diene. LC-MS analysis indicated that the
two products weighed 16 atomic mass units more than
8-HETE, compatible with the addition of an atom of oxygen.
The structures and stereochemistry of 1 and 2were established
by comparison with the products of chemically epoxidized
8R-HETE as described in the next subsection. In control exper-
iments, no products were formed upon incubation of 8R-HETE
with PhIO in the absence of cAOS enzyme.
Chemical Epoxidation of 8R-HETE, Identification of 1 and 2—

For comparison with the enzymatic reaction and to produce
larger quantities of products for analysis, 8R-HETE was treated
with the chemical epoxidizing agent mCPBA in dichlorometh-
ane. In addition to a series of slightlymore polar derivatives, this
gave the same two products 1 and 2, except in 1:3 abundance
(Fig. 2B). On SP-HPLC, the peaks were fully resolved, eluting in
the same order, 1 followed by 2 (supplemental Fig. S1). The 1H
NMR and COSY spectra allowed assignment of the structures
and stereochemistry, showing that products 1 and 2 are,
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respectively, the erythro and threo diastereomers of 8R-hy-
droxy-9,10-trans-epoxy-eicosa-5Z,11Z,14Z-trienoate (Figs. 2C
and 3, with NMR data listed in the supplemental material). The
chemical shifts of C9 and C10 and their coupling constant
(J9,10 � 2 Hz) indicated that both diastereomers are 9,10-trans-
epoxides (19). The erythro/threo stereochemistry at C8/C9
could be assigned based on precedents for epoxyalcohols that
are trans-epoxides (20): (i) the erythro diastereomer is less polar
than threo on SP-HPLC (product 1 is less polar than 2), (ii) the
geminal hydroxy proton in the erythro diastereomer is the far-
ther downfield (H8 is at 3.59 in 1, at 3.405 in 2), and (iii) the
erythro diastereomer has a smaller coupling constant to the
vicinal epoxide proton (J8,9 � 3.2 Hz in 1, 4.0 Hz in 2). In fact
the appearance of the H9 signal in the threo diastereomer
(product2, Fig. 3)matches that of the analogous signal in 13,14-
trans-epoxy-threo-15S-hydroxy-eicosatrienoate (illustrated in
Ref. 21); both appear as a doublet of doublets with four equally
spaced signals (in contrast to the erythro diastereomer, product
1, Fig. 3). Furthermore, the more prominent threo product
using mCPBA conforms with chemical precedent (22). Thus,
with the reasonable assumption that the configuration of the
8R-hydroxy is retained in the products (and the coupling con-
stants support the double bonds as cis), 1 has the structure
8R-hydroxy-9R,10R-epoxy-eicosa-5Z,11Z,14Z-trienoic acid,
and product 2 is the 8R,9S,10S diastereomer. The identity of the
cAOS products 1 and 2with their chemically epoxidized coun-
terparts was established by their indistinguishable UV spectra
and mass spectra, their co-chromatography on RP-HPLC (Fig.
2) and SP-HPLC (supplemental Fig. S1), and in the case of the
major cAOS product 1, by its identical NMR spectrum to the
mCPBA product 1 (supplemental Fig. S2).

mCPBA also epoxidized the other double bonds in
8R-HETE. The 14,15-epoxy, 11,12-epoxy, and 5,6-epoxy deriv-
atives were characterized (Fig. 2B, products a1,2, b1,2, and c1,2,
with NMR data listed in the supplemental material). Very

FIGURE 2. RP-HPLC analysis of products formed from 8R-HETE by cAOS/
PhIO (A) and mCPBA (B). A, cAOS (1 �M), 8R-HETE (100 �M), and PhIO (100
�M) were reacted for 5 min in pH 7.5 Tris buffer and extracted using a C18
cartridge, and an aliquot was analyzed using a Waters Symmetry column
(25 � 0.46 cm), a solvent of MeOH/H2O/HAc (80/20/0.01 by volume), and a
flow rate of 1 ml/min, with on-line UV detection (Agilent 1100 series diode
array detector) at 205 and 235 nm. The UV traces are at the same sensitivity
and offset for clarity. mAU, milliabsorbance units. B, 8R-HETE (1 mg/ml) was
reacted with an equivalent of mCPBA in dichloromethane for 30 min at 0 °C
and extracted, and an aliquot was analyzed by RP-HPLC with UV detection as
above. Larger quantities were isolated, further purified by SP-HPLC or using a
Chiralpak AD chiral column, and characterized by NMR (with NMR data in the
supplemental material, including products a1,2, b1,2, and c1,2). C, products
formed from 8R-HETE by cAOS/PhIO.

FIGURE 3. Partial 1H NMR spectra of products 1 and 2, 8R-hydroxy-9,10-
epoxy-20:3 diastereomers. The inset (right side) on each spectrum shows an
expanded view of H9. The 2-Hz coupling for J9,10 establishes the trans-epox-
ide configuration in both 1 and 2. The more downfield chemical shift of H8 in
1 and the 3.4- and 4.0-Hz couplings for J8,9 support the erythro and threo
assignments for 1 and 2, respectively (see main text) (20).
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minor products of the enzymatic reaction with 8R-HETE, in
addition to the 8R,9S,10S threo diastereomer, were thus identi-
fied as single diastereomers of 8R-hydroxy-14,15-epoxide and
8R-hydroxy-11,12-epoxide (Fig. 2, A and C, peaks a and b,
respectively).
Rates of Reactionwith 8R-HETE—Because themain products

1 and 2 have lost the conjugated diene chromophore, the rate of
reaction of 8R-HETE with cAOS and PhIO could be estimated
from the loss of absorbance at 235 nm versus time. With 50 �M

8R-HETE and 1 �M cAOS in the cuvette, the reaction rate was
linearly dependent on the concentration of PhIO in the range
0–250 �M, with initial turnover rates of 0.98/s (� 0.11 S.E., n�
5) per 100 �M PhIO (Fig. 4).
Reactions of cAOS � Iodosylbenzene with 8S-HETE—For

comparison with the specificity of reaction with 8R-HETE, we
also tested the enantiomer, 8S-HETE, as substrate. Although
there was less regiospecificity as compared with 8R-HETE, the
oxygenations were stereospecific, forming single diastereo-
meric products (Fig. 5, with RP-HPLC chromatogram (supple-
mental Fig. S3) andNMR andGC-MS data in the supplemental
material). Also, of particular interest mechanistically, hydroxy-
lationwas a prominent transformation,mainly on the bis-allylic

13-carbon, with a minor allylic 16-hydroxylation (Fig. 5, sup-
plemental Figs. S3–S6).
Reactions of cAOS � Iodosylbenzene with Arachidonic Acid—

Having identified specific oxygenation products with 8-hy-
droxy analogs, we then tested the parent, achiral substrate,
arachidonic acid. The cAOS charged with PhIO catalyzed
regiospecific and stereospecific oxygenation. Twomajor chi-
ral products were formed: 8R,9S-epoxyeicosatrienoic acid
(8R,9S-EET) and 8R-HETE (Fig. 6, A and B), in 98 and 96%
enantiomeric excess, respectively. Much of the 8R-HETE
was further epoxidized to the erythro epoxyalcohol diaste-
reomer, 8R-hydroxy-9R,10R-trans-epoxy-eicosa-5Z,11Z,14Z-
trienoate; this is identical to product 1 of the 8R-HETE incuba-
tions, and as arachidonate has no 9,10 double bond, it can
only be formed as a secondary oxygenation product from
8R-HETE.
Other products from arachidonic acid included the single

EET enantiomer, 5R,6S-EET and 14,15-EET (76% 14R,15S)
(Fig. 6C, supplemental Figs. S7 and S8). 11,12-EET was absent
(its retention time ismarked in Fig. 6Awith a black dot). Besides
8R-HETE, there was prominent formation of specifically
10-HETE (83% 10S) (Fig. 6C, supplemental Fig. S9). Although
reaction rate could not be determined using the UV assay, the
extent of metabolism in the 5-min incubation was similar to
that of 8R-HETE and 8S-HETE.
Reactions of cAOS� Iodosylbenzenewith Stearic and Linoleic

Acids—So far, the results reveal epoxidation and hydroxylation
reactions by cAOS within the double bond system of eicosatet-
raenoates. To examine the possibility of hydroxylating a plain
alkane, cAOS/PhIO was tested with [14C]stearic acid, using
[14C]linoleic acid as a control. In side-by-side incubations, lino-
leate (18:2) was extensively oxygenated, whereas the stearate
(18:0) was recovered unchanged, Fig. 7.

FIGURE 4. Rate of reaction of 8R-HETE with cAOS and effect of iodosylben-
zene concentration. Reaction was monitored by UV spectroscopy as
decrease in 8-HETE absorbance versus time. A, representative traces showing,
at 10 s, the addition of PhIO at the indicated concentrations (�M) to 50 �M

8R-HETE and 1 �M cAOS in 50 mM phosphate buffer, pH 7.5. B, rates of absor-
bance decrease at 250 nm versus PhIO concentration (conc.) in a representa-
tive experiment in which 2– 6 recordings were averaged at each PhIO concen-
tration. Use of the 250-nm wavelength (to reduce absorbance due to PhIO) is
explained under “Experimental Procedures.” The rate of 8R-HETE transforma-
tion in this experiment was 0.7 s�1 per 100 �M PhIO and averaged 1 s�1 in five
experiments. mAU, milliabsorbance units.

FIGURE 5. Products formed from 8S-HETE by cAOS/PhIO. The supplemen-
tal material provides a typical RP-HPLC chromatogram (supplemental Fig. S3)
together with NMR, GC-MS, and chiral analyses of the products (supplemen-
tal Figs. S4 –S6).
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DISCUSSION

Monooxygenase Activity—The catalytic capabilities of cAOS,
with a tyrosine as the proximal heme ligand (5), are quite
remarkable in a number of respects. In its natural activity,
cAOS catalyzes the same chemistry as the allene oxide syn-
thases of the cytochrome P450 family CYP74 (6, 7) and analo-
gous reactions to thromboxane and prostacyclin synthases
(CYP5, CYP8A) (23). Here we show that when chargedwith the
single oxygen donor iodosylbenzene, cAOS mimics the
monooxygenase activities of many of the cytochrome P450
epoxygenases and hydroxylases (24, 25). The cAOS/PhIO
enzyme catalyzed 8R-HETE synthesis, as well as bis-allylic and
allylic hydroxylation and epoxidation of double bonds. Usually,
the catalytic activities of the cytochromeP450s are considered a
unique attribute of the cysteinyl proximal heme ligand (1).
Obviously, we have uncovered a mimic of some of these activ-
ities in the tyrosine-liganded cAOS.
Stereochemistry of the Oxygenations—Equally remarkable to

the monooxygenase capability of cAOS is the regiospecificity
and stereoselectivity of the iodosylbenzene-supported reac-
tions. With 8R-HETE and arachidonic acid as substrates, the
oxygenation specificity was clearly related to the natural reac-
tion with arachidonate 8R-HPETE (Fig. 8). 8R-HPETE must
bind so that the heme iron can interact with and cleave the

FIGURE 6. Products formed from arachidonic acid by cAOS/PhIO. A, RP-
HPLC analysis of an aliquot using a Thomson Instrument Co. TLC-Advantage
ODS column (25 � 0.46 cm), a solvent of MeOH/H2O/HAc (80/20/0.01 by

volume), and a flow rate of 1 ml/min, with on-line UV detection (Agilent 1100
series diode array detector) at 205 and 235 nm. The black dot at �21 min
marks the expected retention time of 11,12-EET (not present). mAU, milliab-
sorbance units. B, chiral analysis of 8,9-EET (left panels) and 8-HETE (right pan-
els) formed by cAOS/PhIO from arachidonic acid. 8,9-EET was analyzed as the
free acid using a Chiralpak AD column (25 � 0.46 cm) and a solvent of hexane/
methanol/glacial acetic acid (100:2:0.05) at a flow rate of 1 ml/min with UV
detection at 205 nm. 8-HETE was analyzed as the methyl ester using the same
conditions except with a solvent of hexane/methanol (100:2, v/v) with UV
detection at 235 nm. C, structures of the products. The supplemental material
illustrates chiral analysis of 5,6-EET (supplemental Fig. S7), 14,15-EET (supple-
mental Fig. S8), and 10-HETE (supplemental Fig. S9).

FIGURE 7. RP-HPLC analysis of the reactions of linoleic acid (left) and ste-
aric acid (right) with cAOS/PhIO. The 14C-labeled fatty acids (50 �M) were
reacted with cAOS (2 �M) and PhIO (50 �M) for 15 min at room temperature
and extracted, and aliquots were analyzed by RP-HPLC (Waters Symmetry
column, 25 � 0.46 cm) with on-line UV and radioactive detection. A solvent
system of MeOH/H2O/HAc was used in the proportions 90:10:0.01 for linoleic
acid and 95:5:0.01 for stearic acid. The main peak from linoleic acid was
detected at 205 nm in the UV (no 235 nm absorbance) and was identified as a
3:1 mixture of 12,13- to 9,10-linoleate monoepoxides by separation on
SP-HPLC.
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8R-hydroperoxyl. In the monooxygenase activity, typically one
expects a suprafacial relationship between the initiating hydro-
gen abstraction and the oxygen rebound giving the epoxide or
hydroxy product (11, 26). One can deduce, therefore, that the
binding of 8R-HETE and arachidonic acid must be in the same
orientation as 8R-HPETE. This is in accord with the specific
erythro 9R,10R epoxidation of the 9,10-trans double bond of
8R-HETE, the corresponding threo epoxidation as one of the
products of 8S-HETE, and the formation of 8R,8S-EET and
8R-HETE from arachidonic acid (Fig. 8).
The less abundant EET products from arachidonic acid were

also stereospecifically epoxidized on the same face of the mol-
ecule, forming 5R,6S-EET and 14R,15S-EET (Fig. 6). The odd
one out in this respect is the 10-HETE, which was �80% 10S,
representing mainly hydroxylation on the opposite face of the
substrate. One might surmise that when arachidonic acid is
bound in the active site such that the ferryl heme abstracts the
10R hydrogen, the resulting products, both formed via suprafa-
cial oxygen rebound, are 8R,8S-EET and 8R-HETE. Only a
small fraction of the overall complement of products is
hydroxylated at C-10 on the same face of the molecule (20% of

the total 10-HETE, 10R-HETE). Perhaps the 80% of the
10-HETE that is 10S is formed as a primary product from the
small fraction of the reacting substrate undergoing 10S hydro-
gen abstraction.
Using 8S-HETE as substrate, there was a mixture of prod-

ucts, although each appeared to be the result of a stereospecific
oxygenation. Asmentioned above, epoxidation of the 9,10 dou-
ble bond gave the threo epoxyalcohol (8S-hydroxy-9R,10R-ep-
oxy), which represents oxygenation on the same face of the
molecule as occurs with 8R-HETE (Figs. 5 and 8). The oxygen-
ation at C-13 is also on the same face, a 13R hydroxylation (Fig.
5, supplemental Fig. S5). We did not determine the absolute
configuration of all of the other products, but each was a single
diastereomer as apparent from further HPLC purification and
from NMR. The bis-allylic hydroxylation at the 13 or 16 posi-
tions (and at the 10-carbon using arachidonic acid as substrate)
is typical of theNADPH-dependent oxygenation of arachidonic
acid by liver microsomes and recombinant cytochrome P450s
(25, 27).
Rates of Reaction—The initial rate of reaction we observed

for cAOS metabolism of 8R-HETE was linear with the oxygen
donor concentration, and the �1/s value using 100 �M PhIO is
about 2 orders of magnitude higher than reported for conven-
tional P450 arachidonate monooxygenases using NADPH (e.g.
Refs. 24, 28, and 29). On the other hand, the rates we observed
are about 2 orders of magnitude below the rates achieved by
bacterial P450BM3 (CYP102A1) inmetabolism of fatty acid sub-
strates (30). Arguably, BM3 attains its exceptional rates due to
the efficient coupling with its fusion partner, the reductase that
supplies the electrons from NADPH, whereas for mammalian
P450s, the coupling with reductase may be rate-limiting in
NADPH-supported oxygenations. When the NADPH require-
ment for conventional P450s is bypassed by substitution with
PhIO as an oxygen donor, the rates usually increase consider-
ably (cf. Refs, 31 and 32).
The Potential Scope of Hydroxylation Activity—The cAOS/

PhIO enzyme did not react with the alkane chain of stearic acid.
This apparent limitation should be further explored in direct
comparison with P450 epoxygenases and hydroxylases that
normally react within the arachidonate double bonds or with
CYP5, CYP8A, or CYP74 enzymes charged with iodosylben-
zene. Alkane hydroxylation is considered the tour-de-force
reaction of the thiolate-liganded heme monooxygenases (33).
Nonetheless, one might question whether all cytochrome
P450s have the innate ability to hydroxylate plain alkanes. Also,
tied to this, do all P450s have an extra catalytic capability as
compared with the tyrosine-liganded cAOS?
In earlier work, the fact that the product profile of P450s can

be selectively altered by active site mutations led to the sugges-
tion that different catalytic species (e.g. Fe–OOH versus Com-
pound I, Fe�O) were responsible for distinct P450 reactions
(34). More recently, the balance of evidence supports the con-
cept that Compound I is the only effective oxidant in typical
P450 reactions (35, 36), and rather that the chemistry of the
enzyme is modulated by the active site structure on the distal
side of the heme (an alternative interpretation of the earlier
studies (34, 37)). Added to this is the evidence that the ability to
catalyze P450-type chemistry does not require a thiolate as the

FIGURE 8. Stereochemistry of the cAOS-PhIO products in relation to bio-
synthesis of allene oxide. Top, partial structures illustrating conversion of
8R-HPETE to allene oxide. Bottom, transformations of 8R-HETE, 8S-HETE, and
arachidonic acid to chiral epoxy and hydroxy products. R1 � HO2C(CH2)4CH �
CH, and R2 � CH2CH � CH(CH2)4CH3.
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proximal heme ligand. For example, histidine-liganded myo-
globin treated with cumene hydroperoxide under anaerobic
conditions can catalyze the bis-allylic hydroxylation and epoxi-
dation of linoleic acid; the resulting products are racemic,
although the individual reactions involve suprafacial hydrogen
abstraction and hydroxylation typical of a P450-type mecha-
nism (38). Also, a myoglobin mutant has been designed that
catalyzes a single turnover hydroxylation of an active site tryp-
tophan (39), which the authors interpret as a P450-like oxygen-
ation by the histidine-liganded myoglobin. Mutation of the
proximal heme histidine in myoglobin to cysteine (P450-like)
or tyrosine (catalase-like) had fairly minor effects on catalysis
and certainly did not confer themutant enzymeswith the prop-
erties typical of a P450 or catalase (40). Also, a switch of the
cysteine ligand of P450CAM or CYP119 with selenocysteine
allowed most of the native P450 enzyme chemistry to be
retained (41, 42).
Our results tend to support the developing concept that a

thiolate proximal heme ligand is not required for cytochrome
P450-like catalytic activity. Multiple cAOS-related enzymes
have been identified, the normal reactions of which include the
transformation of fatty acid hydroperoxides to allylic epoxides
(43), including one with a bicyclobutane carbon chain (44).
There may, therefore, be new catalytic possibilities in the reac-
tions of these enzymes when treated with an oxidant that forms
Compound I.
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