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Abstract

Human cytochrome P450 1A1 (CYP1A1l) and human NADPH-cytochrome P450 reductase were expressed and purified from
Spodoptera frugiperda insect cells. A reconstituted enzymatically active system metabolized polyunsaturated fatty acids such as
arachidonic (AA) and eicosapentaenoic acid (EPA). CYP1A1l was an AA hydroxylase which oxidizes this substrate at a rate of
650 = 10 pmol/min/nmol CYP1A1, with over 90% of metabolites accounted for by hydroxylation products and with 19-OH-AA as major
product. Epoxyeicosatrienoic acid (EET), mainly 14,15-EET, accounted for about 7% of total metabolites. Unlike rat CYP1A1, the human
enzyme exhibited no 20-OH-AA as product. In contrast, with EPA as substrate CYP1A1 was mainly an epoxygenase, oxidizing with over
68% of total metabolites EPA to 17(R),18(S)-epoxyeicosatetraenoic acid (17(R),18(S)-EETeTr). 19-OH-EPA accounted for about 31% of
total metabolites. Significantly, the 17,18-olefinic bond of EPA was epoxidized to 17(R),18(S)-EETeTr with nearly absolute regio- and
stereoselectivity. Molecular modeling analyses provided rationale for high efficiency of AA hydroxylation at C,9 and its gradual decrease
down to Cy4, as well as for the limited EPA 17(S),18(R) epoxidation due to unfavorable enzyme—substrate interactions. The absence of ®-
hydroxylation for both substrates is not due to steric factors, but probably a consequence of different reactivities of @ and (m — 1) carbons
for hydrogen abstraction. It is suggested that the capacity of human CYP1A1 to metabolize AA and EPA and its inducibility by polycyclic
aromatic hydrocarbons may affect the production of physiologically active metabolites, in particular, in the cardiovascular system and
other extrahepatic tissues including lung.
© 2004 Elsevier Inc. All rights reserved.
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of a series of regio- and stereoisomeric EETs and hydro-
xyeicosatetraenoic acids (midchain HETEs and 16- through
20-OH-AA) [1]. Several of these CYP-derived eicosanoids
have potent biological activities and are increasingly recog-
nized to play important roles in the regulation of vascular
tone and of renal, pulmonary, and cardiac function
(reviewed in [2-6]). Human CYP isoforms acting primarily
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as AA epoxygenases include CYP1A2, CYP2CS8, CYP2C9
and CYP2J2 [7-9]. Some of these EET-generating CYP
isoforms additionally yield midchain HETEs by bisallylic
hydroxylations [10]. In contrast, CYP4A11, CYP4F2 and
CYP4F3 act as AA o-hydroxylases and produce 20-OH-AA
(20-HETE) in human liver and kidney [11-13].

EPA (20:5, N — 3), another polyunsaturated fatty acid,
shares with AA (20:4, N — 6) the same number of carbon
atoms but contains an additional double bond between C 4
and C;g. Thus, EPA is an (o — 3) polyunsaturated fatty
acid whereas AA is of the (o — 6) type. EPA may serve as
an alternative substrate in CYP-dependent epoxygenation
and hydroxylation reactions as shown with rat hepatic and
renal microsomes [14]. However, specific CYP isoforms
involved in EPA metabolism have not been identified till
date, and the biological activities of the metabolites are
only partially known. Recent studies demonstrated that
EPA epoxides share and even exceed the ability of AA
epoxides to stimulate calcium-activated potassium (BK)
channels in vascular smooth muscle cells [15], to activate
cardiac ATP-sensitive potassium channels [16] and to
mediate vasodilation [17]. CYP epoxygenase metabolites
of docosahexaenoic acid, another major (® — 3) type fatty
acid, were shown potent dilators of coronary arterioles and
importantly more potent than EETs in activating BK
channels [18].

CYP1ALl is one of the key enzymes in the metabolism
and activation of procarcinogenic xenobiotics such as
polycyclic aromatic hydrocarbons and other environmental
pollutants [19-22]. CYP1AI is constitutively expressed
and/or highly inducible by ligands of the aryl hydrocarbon
receptor in the lung, gastro-intestinal tract, placenta, brain,
and in vascular endothelial and smooth muscle cells [23—
27]. Whereas its role in xenobiotics metabolism is widely
recognized, at present it is discussed that human CYP1A1
might also have important—partially unknown—endogen-
ous ligands. Particularly, steroids and retinoids have been
reported to be endogenous substrates [28-30]. To our
knowledge, there are no reports showing the ability of
the human CYP1A1 to metabolize polyunsaturated fatty
acids such as AA and EPA. However, AA metabolism was
detected with several other members of the CYP1A sub-
family, e.g. purified rabbit and rat CYP1A1 as well as rat
CYP1A2 [31,32]. Human CYP1A2 and chicken CYP1A5
act predominantly as AA epoxygenases [7,33]. Moreover,
studies in rodent, chicken and fish models revealed species-
specific alterations in microsomal AA metabolism in
response to treatments with polycyclic aromatic hydro-
carbons acting as CYP1A inducers, consistent with the
ability of various CYP1A enzymes to metabolize AA; note
that another member of CYP1 family, CYP1BI1, is also
inducible and may contribute to the metabolism of fatty
acids [32,34,35].

In the present study, we addressed the question whether
human CYP1A1 with known expression and inducibility in
the vasculature is able to metabolize AA and EPA. To this

end, human CYP1A1l and human P450 reductase were
heterologously expressed in Sf9 insect cells, purified and
reconstituted into the microsomal membrane of Sf9 control
microsomes to yield an enzymatically active system. The
results show that human CYP1Al towards AA exhibits
mainly hydroxylase activity with distinct differences in
regioselectivity compared to rat CYP1A1. Towards EPA as
substrate it is an epoxygenase with a remarkable high
degree of regio- and stereochemical selectivity in favor
of the formation of 17(R),18(S)-EETeTr, a novel vasoactive
metabolite. Molecular modeling of CYP1Al-fatty acid
interactions was then used to rationalize the observed
regio- and stereospecificity of AA and EPA oxidation by
human CYPIAI.

2. Materials and methods
2.1. Materials

AA and EPA were purchased from Cayman Chemical.
[1-'*C]JAA (56 mCi/mmol) was from Amersham Pharma-
cia Biotech and [1-'*C]EPA (55.6 mCi/mmol) from NEN
Life Science. All other chemicals were obtained in the
purest commercially available form.

Reference compounds for HPLC analysis: EETs were
purchased from Cayman Chemical. 19-OH- and 20-OH-
EPA were generated enzymatically by NADPH-dependent
oxygenation of [1-"*C]EPA with rat kidney microsomes,
the regioisomeric mixture was collected from RP-HPLC,
and both isomers separated by subsequent NP-HPLC as
described [15]. 19-OH- and 20-OH-AA were generated
analogously. Regioisomeric EPA epoxides were synthe-
sized chemically followed by subsequent RP-HPLC to
separate and collect the 17,18-EETeTr. The identity of
the 17,18-EETeTr was confirmed by hydrolysis and sub-
sequent GC-MS analysis as described [15]. A mixture of
both enantiomers of 17,18-EETeTr’s was also produced
using CYP4A1 microsomes and used as standard in coelu-
tion chiral-phase HPLC runs. Recombinant baculovirus for
the CYP4A1 expression was kindly provided by Dr. M.L.
Schwartzman. Recombinant human cytochrome bs was
purchased from Oxford Biomedical Research. Bacterial
CYP102 was a gift of Dr. R. Schmid.

2.2. Expression and purification of human CYPIAI and
human P450 reductase

The modified CYP1A1 cDNA was constructed pre-
viously [30]. The enzyme was expressed in Sf9 insect
cells as C-terminal His-tag protein and purified by Ni-
affinity chromatography as described [30]. Human P450
reductase was expressed in Sf9 cells and purified as
described [36]. Recombinant baculovirus for expression
of P450 reductase in Sf9 cells was kindly provided by Dr.
F.J. Gonzalez. Sf9 control microsomes were prepared from
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Sf9 cells not transfected with any baculovirus as described
for the recombinant baculovirus-infected cells [37].

CYP content was measured by sodium dithionite
reduced-CO minus reduced difference spectroscopy
[38]. Protein concentration was determined by Coomassie
Plus protein assay (Pierce). P450 reductase concentration
was determined spectrally using an extinction coefficient
of 21.2mM 'em™! (at 455 nm) [36]; P450 reductase
activity was determined from the rate of cytochrome c
reduction [39].

2.3. Arachidonic and eicosapentaenoic acid assay

In standard AA assays, purified human CYP1Al was
combined with purified human P450 reductase and Sf9
control microsomes; mixtures contained 2.5 pM CYP1AI,
6.25 pM reductase and 20 mg/mL microsomes in 10 pL.
buffer (50 mM Tris—HCI, pH 7.5, 100 mM NaCl) and were
incubated for 10 min on ice (‘reconstituted CYP1A1+
reductase microsomes’). The volume was adjusted with
buffer to 490 pL followed by addition of 4.5 nmol [1-
14C]AA plus the corresponding amount of “cold” AA in
5 pL of 100 mM Tris—HCI, pH 8.0 to give 20—100 pM final
substrate concentration (total volume 500 puL). After pre-
incubation for 3 min at 37°, reactions were started by the
addition of 5 pL. of NADPH (100 mM) and carried out for
15 min at 37°. After quenching the reactions with 25 L of
citric acid (0.4 M), products and residual substrate were
extracted twice with ethyl acetate using 2.5 mL aliquots.
Solvent was evaporated under a stream of nitrogen, products
were reconstituted in ethanol and analyzed by HPLC.

EPA assays were carried out as described above for AA
using however 3.75 nmol [1-'*C]EPA (corresponding to
4.63 x 10° dpm) plus the corresponding amount of ““cold”
EPA in 5 pL of 100 mM Tris—HCI, pH 8.0, buffer in a total
final volume of 250 pL giving final substrate concentra-
tions of 15-92 uM.

2.4. HPLC and product characterization

A HPLC system (LC-10Avp, Shimadzu) equipped with a
radioactivity detector (LB509, Berthold) and the following
columns was used: Nucleosil 100-5C18HD (250 mm x
4 mm) for RP-HPLC, Nucleosil 100-5 (250 mm X 4 mm)
for NP-HPLC (both from Macherey-Nagel) and a Chiralcel
OB (250 mm x 4.6 mm) for chiral HPLC (from Daicel).
RP-HPLC was performed with a linear gradient of acetoni-
trile/water/acetic acid (50:50:0.1, v/v/v) to acetonitrile/
acetic acid (100:0.1, v/v) over 40 min at a flow rate of
1 mL/min. The hydroxylation products, 19/20-OH-AA
eluted between 14.5 and 15.75 min and 19/20-OH-EPA
eluted between 12.5 and 15 min, respectively, from the
RP-HPLC column. The fractions from several separa-
tions were combined and resolved further by NP-HPLC
using a linear gradient from hexane/2-propanol/acetic
acid (99:1:0.1, v/v/v) to hexane/2-propanol/acetic acid

(98.3:1.7:0.1, v/v/v) over 40 min at a flow rate of 1 mL/
min. Fractions containing 16/17/18-OH-AA were collected
as batches from the RP-HPLC column between 15.75 and
17.5 and separated by NP-HPLC as described [32].

The enantiomers of 17,18-EETeTr eluting from the RP-
HPLC column between 17.5 and 20 min were collected in
batches and resolved by chiral HPLC using a linear
gradient from hexane/2-propanol (99.7:0.3, v/v) to hex-
ane/2-propanol (98:2, v/v) at a flow rate of 1 mL/min. Prior
to chiral HPLC, the epoxyeicosatetraenoic acid enantio-
mers were esterified with diazomethane as described [40].

The y-axis of all HPLC chromatograms represents the
response of the radioactive monitor (1 V corresponds to
5 x 10* cpm). Using about 2 x 10° cpm radioactivity (cor-
responding to about 2 nmol substrate), we estimate the
sensitivity for detection of products to be at least 0.2% of
total activity (peak area).

2.5. Molecular modeling

Computer modeling was performed using InsightIl/Dis-
cover software (Accelrys, Inc.) on an SGI Octane work-
station with MIPS R10000 (CPU)/MIPS R10010 (FPU)
processors. The consistent valence force field was employed
for all molecular modeling simulations and the parameters
for heme and ferryl oxygen were as described earlier
[41,42]. The homology model of CYP1A1 was constructed
earlier based on the crystal structure of CYP2C5 [43].

Substrates AA and EPA were constructed using the
Builder module and positioned in the active site of the
homology model, based on the proposed binding orientation
of fatty acids in cytochrome P450 BM-3 [44]. The orienta-
tion of each substrate was then adjusted manually to enable
fatty acid oxidation at various positions leading to observed
products. For both AA and EPA, the individual productive
binding orientations examined were those leading to oxida-
tions at Cy4 through C,y on the hydrocarbon tail of the
substrate. Each of the enzyme—substrate complexes formed
was then optimized by a combination of minimization and
molecular dynamics performed on the substrate and protein
residues within 5 A from the compound. Initially, the com-
plex was minimized using the steepest descent method until
a maximum RMS derivative of 1 kcal/mol/A was achieved.
To assure the correct substrate orientation during the sub-
sequent molecular dynamics simulations, half-harmonic
force restraints were imposed between the ferryl oxygen
and carbon atoms from C;4 to C,q. Each restraint drew a
particular site of oxidation on the substrate into proximity of
the activated heme oxygen as a means to bias the sampling in
the molecular dynamics simulation toward particular, cat-
alytically-relevant enzyme—substrate configurations. Thus,
for hydroxylation reactions, the restraint between the atoms
restricted the maximum interatomic distance to about 5 A to
promote hydrogen abstraction, while in the case of
17(R),18(S) epoxidation of EPA, C;; and C,g were restricted
to a distance of about 3 A to allow for that reaction to occur.
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Each restrained complex underwent 1 ps of molecular
dynamics at 300 K, in vacuo, followed by steepest descent
minimization, as described earlier [45-48]. The energy of
the system and non-bond enzyme-—substrate interaction
energies were calculated for each complex.

To assess the stability of each of the productive substrate
binding orientation, unrestrained molecular dynamics
simulations were performed for 5 ps at 300 K in vacuo,
in which both the substrate and active site residues within
5 A from the substrate were allowed to move [48,49]. The
results were analyzed and plots were generated using the
Analysis module of InsightII.

3. Results
3.1. Expression and reconstitution

Human CYPIA1 was expressed as a spectrally and
functionally active enzyme with the C-terminus extended
by six His residues. The purified protein had a specific CYP
content of 11.2 nmol/mg protein and was electrophoreti-
cally homogenous as observed from SDS-PAGE. Reduced
CO-difference spectroscopy proved the expressed enzyme
to be free of any inactive cytochrome P420 (not shown).
P450 reductase purified to a specific catalytic activity of
18.2 U/mg protein and was electrophoretically homoge-
nous according to SDS-PAGE. Reconstitution of enzy-
matic activity, based on the purified enzymes, CYPIA1
and P450 reductase, was achieved by incubation with Sf9
control microsomes. The control microsomes contained no
CYP as indicated by both the CO difference spectrum and
lack of activity towards several substrates such as ethox-
yresorufin, benzo[a]pyrene, AA and EPA. High catalytic
activity of this reconstituted CYP1A1 system was demon-
strated for EROD, benzo[a]pyrene hydroxylation, and 7,8-
dihydrodiol-benzo[a]pyrene epoxidation establishing the
enzymatic competence of this approach and its utility for
analysis of AA and EPA metabolism (not shown). To
establish conditions for optimal CYP1A1 catalytic activity,
the effect of varying amounts of both P450 reductase and
cytochrome b5 on the AA oxidation reaction was studied.
The results indicated that a 2.5-fold molar excess of P450
reductase over CYP1A1 is sufficient for near optimal
activity of CYP1Al. Inclusion of cytochrome b5 in the
preincubation mixture up to 2-fold molar excess over P450
reductase had no effect on CYP1Al activity supporting
earlier reports on the absence of stimulating effects of
cytochrome b5 on EROD and benzo[a]pyrene hydroxyla-
tion [37,50].

3.2. Arachidonic acid metabolism, product
identification and distribution

The RP-HPLC separation of AA oxidation products
generated by human CYP1A1 led to major peaks contain-

ing various primary metabolites: 19-/20-hydroxylated AA
eluting with a retention time of 14.8 min, a mixture of 16-/
17-/18-hydroxylated AA eluting in the broad peak (with a
shoulder) immediately after 19-/20-OH-AA with a reten-
tion time around 16.1 min, and AA epoxides eluted with
retention times between 22 and 25 min (Fig. 1A). A
subsequent analysis using authentic standards provided
means to identify the larger peak as 14,15-EET (retention
time: 23.0 min). The smaller peak eluting at 24.2 min
probably represents a small amount of 11,12-EET and/or
8,9-EET as proved by coelution of the corresponding
standards. The product peak at 14.8 min was further ana-
lyzed by NP-HPLC and consisted of solely 19-OH-AA
eluting at 23.3 min (Fig. 1B, upper trace). The products
eluting from RP-HPLC column between 15.75 and
17.5 min were collected and rechromatographed by NP-
HPLC yielding three resolved components (Fig. 1C).
Based on analysis described in detail previously [32], these
metabolites were identified as 17-OH-AA, 18-OH-AA, and
16-OH-AA (retention times: 39.2, 42.6, and 45.0 min,
respectively). The approximate relative distribution of
17-, 18-, and 16-OH-AA was 16, 56, and 28%, respectively.
The minor peak at about 29 min (Fig. 1A, upper trace)
remained unidentified; its area corresponds to less than
10% activity compared with the major peaks of hydro-
xylated products and it was not considered in the analysis
below.

Catalytic rates of purified human CYP1Al-catalyzed
AA metabolism were determined at three different AA
concentrations, namely 20, 50, and 100 uM. The rates
measured at 100 uM were not much higher compared to
those at 50 M demonstrating nearly saturating substrate
level at the highest concentration. Moreover, the analysis
showed that the profile of metabolites remained constant
over that region of substrate concentration. Total rates and
the regioselectivity of purified human CYP1A1-catalyzed
AA metabolism are shown in Table 1. With a total meta-
bolic rate of 650 pmol product/min/nmol of CYPI1A1 and

Table 1
Total rates and product distribution in AA oxidation by human CYP1A1

Rate (pmol/min/nmol Product
CYP1Al) distribution (%)
Total rate 650 + 100 100
20-OH-AA 0 0
19-OH-AA 270 £+ 30 42
18-OH-AA 180 £ 30 28
17-OH-AA 50 +£ 10 8
16-OH-AA 90 + 20 13.8
14,15-EET 40 £ 10 6
Other EET <10 1

CYPI1A1 was incubated with P450 reductase, Sf9 control microsomes,
and AA (final concentration: 50 nM, 250 nM, 200 pg of microsomal
protein/mL, and 100 puM, respectively). Reaction proceeded and products
were extracted and analyzed as described in Section 2. Regiospecificity of
hydroxylation was determined by normal-phase HPLC, respectively as
described in Section 2. The rate values represent means £ SD calculated
from three different experiments.
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Fig. 1. HPLC of AA metabolism by human CYP1A1. (A) Reversed-phase HPLC with the hydroxylation products, 19-/20-OH-AA, eluting at 14.8 min and
16-/17-/18-OH-AA, eluting at 16.1 min, and several EETs between 22 and 25 min. Standard EET compounds eluted at the indicated retention times. (B)
Normal-phase HPLC resolution of the 19-, and 20-OH-AA metabolites. The peak eluting between 14.5 and 15.75 min in RP-HPLC was collected from three
reactions and rechromatographed by NP-HPLC. The lower trace showed the separation of a mixture of reference 19-OH- and 20-OH-AA, eluting at 23.3 and
30.0 min, respectively, proving that the initial peak in RP-HPLC consisted solely of 19-OH-AA. (C) Normal-phase HPLC resolution of the 16-, 17-, and 18-
OH-AA metabolites. The broad peak eluting between 15.75 and 17.5 min in RP-HPLC was collected and rechromatographed by NP-HPLC. Identification of
the three resolved components eluting at 39.2, 42.6, and 45.0 min, respectively, was based on similarity to the NP-HPLC resolution of these metabolites
shown in Fig. 2 in the paper of Falck er al. [32]. The y-axis of all chromatograms represents the response of the radioactive monitor (1 V corresponds to

5 x 10* cpm). For other conditions see Section 2.

more than 90% hydroxylation products, nearly one half of
total CYP1A1 hydroxylase activity is directed to produce
19-OH-AA. No 20-OH-AA product (w-hydroxylation
activity) was identified. The monohydroxylated metabo-

lites 18-, 17-, and 16-OH-AA were formed in an approx-
imate 2:0.6:1 molar ratio (Table 1), comprising 28, 8, and
13.8% of the product profile, respectively. On the other
hand, CYP1ALI is not an efficient AA epoxygenase, with
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Fig. 2. Product profiles in AA metabolism by human and rat CYP1Al.
Data for rat CYP1A1 were taken from Falck ef al. [32]. No product: human
CYP1AL1 exhibited no ®-hydroxylation.

EET formation only accounting for about 7% of total
metabolites. In Fig. 2, a direct comparison of product
profiles in AA metabolism by human and rat CYP1Al
is shown (data for rat CYP1A1 were taken from [32]).

3.3. Eicosapentaenoic acid metabolism, product
identification and distribution

Incubations of EPA with purified CYP1Al in the pre-
sence of purified P450 reductase and control microsomes
resulted in NADPH-dependent formation of two main
metabolites with RP-HPLC retention times of 13.3 and
18.8 min, respectively (Fig. 3A, upper trace). Control
microsomes devoid of any P450 were inactive (Fig. 3A,
lower trace). Hydroxylated EPA products eluted with a
retention time of 13.3 min in RP-HPLC. Rechromatogra-
phy and further analysis by NP-HPLC demonstrated that
this peak contained solely 19-OH-EPA (retention time:
20.4 min), with no 20-OH-EPA present (Fig. 3B). CYP1A1
was also able to epoxidize EPA as shown by the presence of
metabolites with a retention time of 18.8 min in RP-HPLC
(Fig. 3A) co-migrating with chemically synthesized 17,18-
EETeTr. Other regioisomeric EPA epoxides migrating with
retention times between 20 and 21 min in RP-HPLC were
not detectable. To analyze the stereoselectivity of EPA
epoxygenation, the products present in this fraction, col-
lected from three RP-HPLC runs, were derivatized to
methylesters and subsequently analyzed by chiral-phase
HPLC (Fig. 3C). Chiral-phase HPLC resulted in only one
peak with a retention time of 22.4 min (Fig. 3C, upper
trace). Subsequent analysis of the enantiomeric
17(R),18(S)- and 17(S),18(R)-EETeTr synthesized by
enzymatic oxidation of EPA by CYP4Al and bacterial
CYP102 [15] provided standards by which the analyte was
identified as the 17(R),18(S)-EETeTr enantiomer (Fig. 3C,
lower traces). The minor peak immediately after 19-OH-
EPA (designated as “X’’ in RP-HPLC, Fig. 3A) remains
unidentified. However, we can exclude any hydroxylated
EPA metabolite as proved by NP-HPLC.

Table 2
Total rates and product distribution in EPA oxidation by human CYP1Al

Rate (pmol/min/nmol Product

CYPI1A1) distribution (%)
Total rate 640 + 100 100
20-OH-EPA 0 0
19-OH-EPA 200 + 20 31
17(R),18(S)-EETeTr 440 + 40 68
17(S),18(R)-EETeTr <10 <1

Other EETeTr Not detected -

CYP1A1 was incubated with P450 reductase, Sf9 control microsomes,
and EPA (final concentration: 50 and 250 nM, 200 pg of microsomal
protein/mL, and 92 pM, respectively). Reaction proceeded and products
were extracted and analyzed as described in Section 2. Regiospecificity of
hydroxylation and absolute configuration of epoxygenation products were
determined by normal-phase and chiral-phase HPLC, respectively, as
described in Section 2. The rate values represent means £+ SD calculated
from three different experiments.

As for AA, catalytic rates of purified human CYP1AI-
catalyzed EPA metabolism also were determined at three
different EPA concentration, namely 15, 53, and 92 uM,
whereby no increase in the rate at 92 uM was observed and
the profile of EPA metabolites did not significantly change
over that region of substrate concentration. As calculated
from the peak areas Table 2 shows data of analysis of the
total rates, the product distribution and the regio- and
enantiomeric composition of the products. The total cat-
alytic rate for EPA metabolism is 640 pmol/min/nmol of
CYP1Al. As for AA, no o-hydroxylation was detected,
instead solely (o — 1)-hydroxylation occurred. The epox-
ygenation product, the 17(R),18(S) enantiomer, as major
metabolite represents 68%, and the hydroxylation meta-
bolite, the 19-OH-EPA, 31% of the total product corre-
sponding to a ratio of epoxygenase and hydroxylase
activities of more than 2:1. As the stereo-analysis of
epoxidation products showed, human CYP1A1 exhibited
a nearly absolute stereo- and regioselectivity of epoxida-
tion in favor of the 17(R),18(S) enantiomer. The relative
amount of the 17(S),18(R) enantiomer, if any, was esti-
mated to be less than 1%.

3.4. Molecular modeling of CYPIAI-fatty
acid complexes

To explain the observed product profiles, fatty acid
substrates were docked in the active site of the CYP1A1
model at different productive binding orientations. Fig. 4
shows AA docked in the active site in an orientation
leading to the major product, 19-OH-AA, and Fig. 5 shows
EPA docked in an orientation allowing for its 17(R),18(S)
epoxidation. Key amino acids which are within 5 A of the
substrate molecule and thus may interact with the sub-
strates are residues 58, 77-81 and 83 of sheet 1, 106—108 of
the B-B' loop, 111 of helix B’, 122 of the B'~C loop, 228 of
helix F, 230 and 234-238 of the F-G loop, 316-321 of
helix I, 382 and 385387 of helix K-sheet 1-4 region, 406
and 408 of sheet 1-3, 455, 497-498 of sheet 4-2. Fatty acid
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Fig. 3. HPLC of EPA metabolism by human CYP1A1. (A) Reversed-phase HPLC. Upper trace: RP-HPLC with the hydroxylation products, 19-/20-OH-EPA,
eluting at 13.3 min and the epoxygenase products, 17,18-EETeTr, eluting at 18.8 min. The lower chromatographic trace shows a control run in which Sf9
control microsomes prepared from uninfected insect cells were used. (B) Normal-phase HPLC resolution of the hydroxylation products. The peak eluting
between 12.5 and 15 min in RP-HPLC was collected from three reactions and rechromatographed by NP-HPLC. The lower trace showed the separation of a
mixture of reference 19-OH- and 20-OH-EPA, eluting at 20.4 and 28.6 min, respectively, proving that the initial peak in RP-HPLC consisted solely of 19-OH-
EPA. (C) Chiral-phase HPLC resolution of the epoxygenase products. The peak eluting between 18 and 19.5 min in RP-HPLC was collected from three
reactions, converted to methylester, and analyzed by chiral-phase HPLC. The middle trace is a chromatogram of a mixture of 17(R),18(S)-EETeTr and
17(S),18(R)-EETeTr synthesized enzymatically by oxidation of EPA by CYP4Al (retention times: 22.4 and 24.4 min, respectively). The lowest trace is a
chromatogram of 17(S),18(R)-EETeTr (retention time: 24.4 min) synthesized enzymatically by oxidation of EPA by bacterial CYP102. Both chromatograms
prove that the epoxygenase product in the RP-HPLC solely consisted of 17(R),18(S)-EETeTr. The insert shows the structure of the optically pure enantiomer

17(R),18(S)-EETeTr. For other conditions see Section 2.

substrates are stabilized in the active site mainly by
hydrophobic interactions, although the carboxy terminus
is able to form hydrogen bonds with the backbone amide
hydrogens of Gly-79, Ser-80 and Thr-81, and with the

hydroxyl group of Thr-81. Interestingly, this hydrogen
bond network is found for different productive orientations
of AA and EPA, and it persists throughout the 5 ps
molecular dynamics simulations. Thus, it seems that these
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Fig. 4. The active site of the CYP1 A1 homology model with AA (yellow) docked in an orientation leading to its hydroxylation at C;9. Methylene hydrogens
that can be abstracted are shown in green, residues within 5 A from the substrate are in magenta, and heme and ferryl oxygen are red.

Oxoheme

Fig. 5. The active site of the CYP1A1 homology model with EPA (yellow) docked in an orientation leading to its 17(R),18(S) epoxidation. C;7 and C,g are
shown in green, residues within 5 A from the substrate are in magenta, and heme and ferryl oxygen are red.
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function of time. (A) Methylene hydrogens at C,o—ferryl oxygen distance; (B) methylene hydrogens at C;—ferryl oxygen distance. The simulations were

initiated for the substrate bound in the productive binding orientation.

hydrogen bonds play a role in stabilizing the fatty acid
molecule in the active site and ensuring its oxidation at the
hydrocarbon tail of the substrate.

The analysis of various AA complexes revealed that the
enzyme—substrate interaction energies were about
—135 kcal/mol energy when the substrate was docked in
orientations leading to hydroxylations at C;9, C;g and C,7,
and gradually increased for C;¢4 and C;5 to reach
—105 kcal/mol for Cy4. Moreover, molecular dynamics
simulations indicated that the most stable binding orienta-
tion was that leading to oxidation at C,;9, which allowed
C|9 methylene hydrogen atoms to remain within 3 A from
the heme oxygen during the 5 ps simulation (Fig. 6A), thus
promoting substrate hydroxylation. The hydrogen—oxygen
distance was longer for other carbon atoms examined, as
illustrated by the case of C;;, where methylene hydrogens
were at the distance of about 5 A or more from the heme
oxygen (Fig. 6B), thereby hindering substrate hydroxyla-

tion. This may explain higher efficiency of AA hydroxyla-
tion at C;9 compared to lower rates obtained for other
products. A special case concerns the possibility of sub-
strate hydroxylation at C,y. When AA was docked in the
active site in an orientation that would allow for this
reaction, the energy of the complex and enzyme—substrate
interaction energy were similar to that observed for Cjo.
Moreover, the distance between the heme oxygen and
hydrogens at C,y was often close to 3 A throughout the
5 ps molecular dynamics simulation.

The analyses similar to those described above were also
performed for EPA-CYP1A1 complexes. Interestingly,
17(R),18(S) epoxidation was confirmed by docking experi-
ments, which showed that the possibility of 17(S),18(R)
epoxidation was limited by severe steric clashes due to van
der Waals overlaps with active site residues. Overall,
enzyme—substrate interaction energies for the various com-
plexes displayed trends that were analogous to those

10 1C
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Fig. 7. The distance between the ferryl oxygen and hydrogens or carbons at the oxidation site for eicosapentaenoate bound in the active site of CYP1Al
plotted as a function of time. (A) C,g—ferryl oxygen distance; (B) C;;—ferryl oxygen distance; (C) methylene hydrogens at C;s—ferryl oxygen distance.
The simulations were initiated for the substrate bound in the productive binding orientation.
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observed with AA. Thus, the interaction energies of the
EPA-CYP1A1 complexes were lowest, about —280 kcal/
mol, when the substrate was docked in orientations leading
to hydroxylation at Cg or electron abstraction at C,g and
C,7, and increased for other binding orientations to reach
—250 kcal/mol in the case of oxidation at C;4. The results
of 5 ps molecular dynamics simulations (Fig. 7) show that
C,g remains fairly close to the ferryl oxygen, at a distance
of about 4 A, C,7 is farther and methylene hydrogens at C¢
move to a distance of more than 6 A from the oxygen.
Thus, electron abstraction at C,g should be easy, leading to
17(R),18(S) epoxidation. In contrast, oxidation at Cig
would be difficult. In the case of Co, methylene hydrogens
remain within 3 A from the heme oxygen thereby promot-
ing EPA hydroxylation at this carbon, similar to the situa-
tion found for CYP1Al-bound AA. Higher yield of
17(R),18(S) epoxidation compared to 19-hydroxylation
may be due to electronic factors. The results obtained
for C,, were again very similar to those reported in the
case of AA, and may be explained in the same way.

4. Discussion

In the current study we first time applied ‘reconstituted
CYP1A1 + reductase microsomes’ to produce catalytically
active CYP1AL instead of the coexpression approach used
in previous studies (e.g. [15,51]). While each approach for
the reconstitution of enzymatic activity in CYP systems has
unique advantages and disadvantages, the use of purified
enzymes and natural control microsomes provides a broad
range of flexibility. With respect to metabolic studies, this
approach shares advantages of coexpression methods such
as production of high levels of enzymatically active CYP
enzymes in the natural microsomal membrane, the ability to
control the CYP-to-P450 reductase ratio, and the ability to
incorporate several CYP enzymes with P450 reductase
(and/or cytochrome bs) to study electron transfer and pro-
tein—protein interaction of the monooxygenase enzymes in
their natural membrane environment. However, the avail-
ability of purified enzymes provides additionally the ability
to perform structural and physicochemical experiments
such as spectral binding studies to assess binding of sub-
strates to CYP1A1 and to analyze effects of the membrane
on enzymatic activity by incorporation of the purified
enzymes into (artificial) lipid bilayers [52].

The present study shows for the first time that human
CYPI1A1 accepts both AA and EPA as substrates and
efficiently converts these polyunsaturated fatty acids to
specific sets of oxygenated metabolites. With AA, human
CYP1Al acts mainly as (o — N) hydroxylase (N = 1-4)
and produces a metabolite pattern distinct from that
reported for purified rat CYP1Al [32]. As shown in
Fig. 2, both enzymes produce 19-OH-AA as the major
metabolite and EET formation (mainly 14,15-EET)
accounts only for approximately 7% of total products.

The most striking difference in the regioselectivity of
AA hydroxylation was the absence of any ®-hydroxylation
by the human enzyme. A further species difference was
noted comparing the relative amounts of 16-, 17-, and 18-
OH metabolites which were produced in a molar ratio of
about 1:0.6:2 by human CYP1Al, whereas a 1:2:2 ratio
was reported for rat CYP1A1 [32]. Moreover, it is inter-
esting to note that the AA metabolite profile produced by
human CYPI1AI1 is clearly different from that reported for
human CYP1A2 which acts primarily as an AA epoxy-
genase and forms 11,12-EET as major product [7].

The total activity of EPA oxidation by human CYP1A1
was comparable with that of AA metabolism. However,
with EPA an epoxygenation reaction dominated which was
almost completely directed towards the 17,18-double bond
which distinguishes EPA from AA. Hydroxylation yielded
preferentially 19-OH-EPA and as with AA, human
CYP1A1 did not attack the terminal methyl group. Surpris-
ingly, epoxygenation of the 17,18-double bond occurred not
only with high regioselectivity but also with an almost
absolute stereoselectivity in favor of producing the R,S-
enantiomer. For comparison, a typical fatty acid o-hydro-
xylase (rat CYP4Al), produced 17(R),18(S)-EETeTr as a
minor product in addition to 20- and 19-OH-EPA and we
found that the 17(R),18(S)- and 17(S),18(R)-enantiomers
represented 64 and 36% of the total epoxygenation product
[15]. Moreover, according to preliminary results, also well-
known AA epoxygenases such as CYP2C8 and CYP2J2 do
not display the high enantioselectivity of human CYP1A1
when epoxygenating EPA.? Modeling simulations with the
human CYP1A1 homology model indicated that this might
be due to unfavorable enzyme—substrate interactions when
EPA is bound in a productive binding orientation leading to
the S,R-enantiomeric product. Likewise, steric effects were
apparently responsible for preferred oxidation of secobar-
bital at its si face by CYP2B1 [45].

As AA and EPA belong to different classes of fatty acids
(AAisa (o — 6) type fatty acid, whereas EPA is of (o — 3)
type), they behave differently in their metabolism by
CYP1A1l. Whereas CYP1Al towards AA is mainly a
hydroxylase, it acts primarily as epoxygenase towards
EPA as substrate. This property is not limited to CYP1A1,
but it is shared by other CYP isoforms, too, e.g. this was also
found true for CYP2E1 which hydroxylates AA but epox-
ygenates linoleic acid, another (o — 3) type fatty acid
[53,54]. Additionally, CYP102 also exhibited this property
as it is mainly an ®-hydroxylase for AA and a highly
specific epoxygenase for EPA. Moreover, with eicosatrie-
noic acid as substrate, another (o — 6) type fatty acid,
CYP102 is again a pure hydroxylase [40]. One may spec-
ulate that possibly more such examples will be found in
future studies. In structural terms, for both fatty acids tested
here with CYP1A1, AA and EPA, the preferred sites for
catalyzed oxygen insertion were the (o — 1) and (® — 2)

2W.-H. Schunck, unpublished work.
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carbon atoms. It is therefore likely that both fatty acids
occupy more or less similar spatial coordinates in the
enzyme active site. Indeed our modeling provides evidence
for lowest interaction energies of the fatty acid-CYP1Al
complexes when the substrates were docked in orientations
leading to hydroxylation at C;g or electron abstraction at
C,g and C;5. As discussed above, the reason is probably a
hydrogen-bond network at the carboxy terminus bringing
fatty acids of Cyo-type in a position where the preferred sites
for reactivity were the (o — 1) and (@ — 2) carbon atoms.

There are some interesting parallels comparing the
catalytic specificities of human CYP1A1 and bacterial
CYP102. CYP102 shares with human CYP1A1 the exclu-
sion of fatty acid m-hydroxylation and the regioselectivity
in EPA epoxygenation. Moreover, CYP102 also displays
an almost absolute stereoselectivity in the epoxygenation
of EPA to 17,18-EETeTr. However, in contrast to human
CYP1A1 which produces the 17(R),18(S)-enantiomer,
CYP102 produces exclusively the 17(S),18(R)-enantiomer.
Both, the 17(R),18(S) and the 17(S),18(R) enantiomer,
were generated by CYP1A1l and CYP102, respectively,
with more than 99% optical purity.

As discussed above, neither human CYP1Al nor
CYP102 hydroxylate fatty acids at the -position, in
contrast to the rat CYP1Al. In the case of CYP102, this
may be due to the presence of Phe at position 87 in the
active site, which blocks the w-terminus of fatty acid
substrates from approaching the heme thereby preventing
o-hydroxylation [40,44]. Thus, steric effects would govern
the regiospecificity of fatty acid oxidation by this enzyme.
In the case of human CYP1A1, which contains Ser-122 at
the equivalent position, modeling studies indicated that,
based on sterics, ®m-hydroxylation of AA and EPA at C,q is
as likely as highly efficient 19-hydroxylation, contrary to
experimental results. This discrepancy may be explained
by the demands of reaction energetics, since the energy
barrier for the hydrogen abstraction at 1° carbon is higher
than that at the 2° carbon. Recent studies [55] indicate that
such energetic differences may be used to explain the
regiospecificity of CYP-mediated reactions. In the case
of the rat CYP1A1, which is able to hydroxylate AA at the
o-terminus, Ser-122 of the human enzyme is replaced with
the Thr in the active site. Based on the sequence alignment,
there are also other amino acid differences in the active
site, which may alter its architecture and, consequently,
enzyme—substrate interactions. Overall, both reactivity and
steric effects would play a role in governing the regios-
pecificity of substrate oxidation.

It is interesting to compare binding of fatty acids in the
active site of CYP1A1 to that of resorufin and benzo[a]-
pyrene reported previously [43,48]. All substrates interact
with the set of the same residues, although additional
amino acids may interact with AA and EPA due to their
larger size. These additional residues are mainly located in
the substrate access channel, in the region of sheets 1-1 and
1-2, B-B’ loop and F-G loop. Moreover, while resorufin

and benzo[a]pyrene are stabilized in the active site of
CYP1A1 primarily by hydrophobic interactions [43], fatty
acids are additionally stabilized at their carboxy termini by
a fairly stable hydrogen bond network at the mouth of the
substrate access channel. Such hydrogen bonds/ion pairs
with the substrate carboxylate were reported for palmito-
leic acid bound in the active site of CYP102 [44]. The
substrate access channel residues that contributed to that
hydrogen bond were Arg-47 and Tyr-51, which are equiva-
lent to Thr-81 and Val-85 of CYPIAI, respectively, with
Thr-81 involved in the formation of an analogous hydrogen
bond network in CYP1A1. Thus, there seems to be a
striking similarity between CYP1A1 and CYP102 in the
mechanism of fatty acid binding and metabolism.

The capacity of aryl hydrocarbon-inducible CYP1A
enzymes to metabolize AA and EPA may have physiolo-
gical and toxicological consequences as first proposed by
Rifkind et al. [34]. The main products of human CYPIA1
catalyzed AA hydroxylation (19-OH-AA) and EPA epox-
ygenation (17(R),18(S)-EETeTr) may influence the regula-
tion of vascular tone as shown in animal models. 19-OH-
AA was found to induce vasodilation in rabbit isolated
perfused kidneys [56]. EPA epoxides, including 17,18-
EETeTr, were reported to induce vasodilation in canine
and porcine coronary microvessels [17]. In rat cerebral
artery vascular smooth muscle cells, we observed a high
degree of regio- and stereoselectivity comparing the effect
of different EPA epoxides on BK channel activity and
identified the 17(R),18(S)-EETeTr as the most effective
compound [15]. Recently, also epoxides of docosahexae-
noic acid (DHA; 22:6, N — 3) were shown to dilate porcine
coronary arterioles and to activate BK channels over 1000
times more potent than observed for epoxide metabolites
derived from AA [18]. Thus, it would be interesting to test
whether CYP1A1 accepts docosahexaenoic acid as sub-
strate, too. Taken together, these results indicate that the
CYP-dependent metabolism of EPA and DHA is a source
of physiologically active compounds which may contribute
to the beneficial cardiovascular effects attributed to diets
rich in these (o — 3) polyunsaturated fatty acids such as
fish oil. Interestingly, [-naphthoflavone treatment
enhanced AA-induced vasorelaxation and bradykinin-
induced formation of the endothelium-derived hyperpolar-
izing factor (EDHF) in several vascular beds [57-59].
However, recent studies clearly identified a -naphthofla-
vone-inducible CYP2C as EDHF synthase in coronary
arteries [60,61]. Thus, other CYP isoforms may dominate
AA and EPA metabolism and the relative importance of
CYP1A1 for the conversion of these polyunsaturated fatty
acids to biologically active metabolites in the vasculature
and other tissues remains to be established.

One further aspect is associated with the finding that
17(R),18(S)-EETeTr was reported to be metabolized to
novel prostaglandins [62,63]. Therefore, biosynthesis of
17,18-epoxyprostaglandins in cells in which CYP1A1 is
constitutively expressed and/or inducible should be con-
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sidered to be affected by the CYP1A1-derived 17(R),18(S)-
EETeTr when its biological effects are investigated.
Taken together, the present study demonstrates that AA
and EPA can be efficiently metabolized by human CYP1AL.
Remarkable features of these enzymatic activities of human
CYP1AL are (i) a clear preference for the hydroxylation of
AA and EPA in (o — 1) position, (ii) the absence of any
hydroxylation of the terminal methyl groups of both sub-
strates, and (iii) a nearly absolute regio- and stereoselectiv-
ity of EPA epoxygenation to 17(R),18(S)-EETeTr.
Moreover, the capacity of human CYP1Al to metabolize
AA and EPA raises the possibility that its induction by
polycyclic aromatic hydrocarbons may modulate or inter-
fere with the production of physiologically active metabo-
lites, in particular, in the cardiovascular system and the lung.
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