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ABSTRACT. cDNAs coding for rat P450 2C11 fused to either a bacterial (the NADPH-cytochrome P450
BM3 reductase domain of P450 BM3) or a truncated form of rat NADPH-P450 reductases were expressed
in Escherichia coliand characterized enzymatically. Measurements of NADPH cytochooreductase

activity showed fusion-dependent increases in the rates of cytoclroetkiction by the bacterial or the
mammalian flavoprotein (21 and 48%, respectively, of the rates observed with nonfused enzymes). Neither
the bacterial flavoprotein nor the truncated rat reductase supported arachidonic acid metabolism by P450
2C11. In contrast, fusion of P450 2C11 to either reductase yielded proteins that metabolized arachidonic
acid to products similar to those obtained with reconstituted systems containing P450 2C11 and native rat
P450 reductase. Addition of a 10-fold molar excess of rat P450 reductase markedly increased the rates of
metabolism by both fused and nonfused P450s 2C11. These increases occurred with preservation of the
regioselectivity of arachidonic acid metabolism. The fusion-independent reduction of P450 2C11 by bacterial
P450 BM3 reductase was shown by measurements of NADPH-depengl@ntdimation [73+ 10 and

10 + 1 nmol of HO, formed mirr! (nmol of P450)? for the reconstituted and fused protein systems,
respectively]. These studies demonstrate that (a) a self-sufficient, catalytically active arachidonate
epoxygenase can be constructed by fusing P450 2C11 to mammalian or bacterial P450 reductases and (b)
the P450 BM3 reductase interacts efficiently with mammalian P450 2C11 and catalyzes the reduction of
the heme iron. However, fusion is required for metabolism and product formation.

Cytochrome P450 enzymes (P450ai)e involved in the mechanistic studies of P450 heme/flavin electron transport,
metabolism of a variety of exogenous and endogenouscatalytic turnover, and product formatio8, ). Fused P450/
(steroids, vitamins, fatty acids, plant hormones, etc.) com- reductase constructs have been modeled after P450 BM-3
pounds {—4). Molecular biology has contributed extensively (Cyp102), a soluble enzyme isolated frdacillus mega-
to our understanding of the genetics, molecular, and enzy-terium (10) that contains, in a single 119 kDa polypeptide,
matic properties of these enzymes. Among these advancesa P450 heme domain with its carboxy terminus fused to the
the design and the expression of recombinant proteinsamino terminus of a P450 reductase domdig, (1). P450
containing fused P450 heme and NADPH-P450 reductaseBM3 catalyzes the epoxidation ana-3 hydroxylation of
domains $—7) have provided useful tools for enzymatic and arachidonic acid (AA) 12) and thew-1, w-2, and w-3

hydroxylation of medium and long chain saturated fatty acids
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1 Abbreviations: P450, cytochrome P450; OR, rat liver NADPH- -3 hydroxylase 18).
P450 reductase; ORtr, a truncated form of OR that lacks its membrane  Microsomal P450 catalyzes the in vivo metabolism of AA

insertion peptide; BM3OR, bacterial NADPH-P450 reductase; [2€11 ; ; ; ; ; ; ;
ORY, a protein containing fused P450 2C11 and OR domains.: [2C11 to a series of bioactive eicosanoids, including EETs, DHETS,

ORtr], a protein containing fused P450 2C11 and ORtr domains; and 19-and 20-'(OH)-AAJ(, 19-22). The§e metabolites have
[2C11-BM3OR], a protein containing fused P450 2C11 and BM3OR been shown to influence vascular physiologyl(9—22) and
domains; [2C13-FMN], a protein containing a P450 2C11 fused to  {g pe implicated in the pathophysiology of experimental

the FMN domain of the OR; AA, arachidonic acid; EETis- "
epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; 20-OH- spontaneous and salt-sensitive hypertensi@na-23). How-

AA, 20-hydroxyeicosatetraenoic acid; DLPC, dilauroylphosphatidyl- €ver, a lack of suitable experimental models, i.e., cultured
choline; SDS, sodium dodecy! sulfate; PAGE, polyacrylamide gel cells expressing significant levels of relevant P450 isoforms,
electrophoresis; HPLC, high-pressure liquid chromatography; RP, a5 |imited the application of mechanistic approaches to the
reverse phase; PVDF, poly(vinylidene difluoride); SOD, superoxide . S .
dismutase; aa, amino acid: CHAPS, 3-[(3-cholamidopropyldimethyl- Study of the functional significance of this branch of the AA

ammonio]-1-propanesulfonate. cascade. To overcome some of these limitations, cell
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transfection techniques are being extensively applied to theOR cDNA was modified by PCR to introduce an oligo-
characterization of cDNA-dependent cellular phenoty@ds (  nucleotide coding for a PreSer—Thr linker and to replace
25). As part of our studies of the cellular roles of the P450- the cDNA’s ATG initiation codon with &al site. A Sal —
derived eicosanoids, our goal is to develop self-sufficient Aurll fragment, containing an ATG-minus OR reading frame,
catalytic units consisting of eukaryotic P450 epoxygenaseswas generated by PCR amplification of the OR clone using
fused to P450 reductase, to utilize these constructs for cellthe following primers: (a) a 26-mer sense oligonucleotide
and/or organ transfection, and to characterize cDNA-de- with the italicizedSal site (3-CCGTCGAO GGGGACTCT-
pendent, AA monooxygenase-associated phenotypes. WeECACGAAGA-3') and (b) a 22-mer antisense primer with

report here the design, construction, and biochemical char-the italicizedAurll site and the TAA stop codon (bold) '(5

acterization of self-contained catalytic units consisting of
P450 2C11, the predominant 2C isoform in the rat li\a8§) (

CCTAGGEGATTACAGGGAG CGA-3). The purified PCR
product was sequenced and ligated t8a —Awrll digest

fused to either mammalian or bacterial P450 reductases andf the [2C11-ORtr] in PCWorit. After confirming ligation

capable of AA metabolism in the presence of only NADPH
and oxygen.

MATERIALS AND METHODS
Plasmid and Enzymes UsgaCWori* containing the P450

and cloning integrity, the resulting [2C+DR] plasmid was
used for expression.

Similar approaches were utilized for the construction of
PCWorit expression plasmids containing P450 2C11 fused

to the N-amino terminal of the P450 BM3 reductase [2€11

BM3OR] (31). The 3-end of the BM3OR cDNA was

3A4 ORF fused to a truncated form of P450 reductase (ORW) 4 ified by PCR to incorporate an oligonucleotide coding
by means of a SerThr linker (3A4/ORtr) was a gift of Dr. - ¢, 5 pro-Ser-Arg linker and anAval site and using the
F. P. Guengerich (Department of Biochemistry, Vanderbilt following primers: (a) a 23-mer sense oligonucleotide
University Medical School, Nashville, TN)27, 28). The ¢ qhiaining the italicizedhval site (5-CCCTCGAGTAAA-
pBluescript and pCR2.1 cloning vectors were from Strat- AAGGCAGAAAA-3") and (b) a 20-mer antisense primer

agene (LaJdolla, CA) and InVitrogene (Carlsbad, CA),
respectively. The rat liver NADPH-P450 reductase (OR)
cDNA was a gift of Dr. C. Kasper (McArdle Laboratory,
University of Wisconsin). The P450 BM3 (BM3) cDNA was
a gift of Dr. Julian Peterson (Department of Biochemistry,
Southwestern Medical Center, Dallas, TX). The P450 BM3
reductase domain (BM3OR) was obtained Bgd/Xhd
digestion of the BM3 cDNA (in pIBI) 27), cloned into the
EcaRV andXhd sites of the pET-30b vector (Novagen, WI),
and expressed in BL 2E. coli. Recombinant BM3OR and
OR were affinity-purified using a His-Tag system (Novagen,
WI). The FAD domain of the BM3OR was a gift of Dr.
Julian Peterson.

Construction of Plasmids Coding for P450 2C11 Fused
to either Rat or Bacterial P450 Reductas&150 3A4 was
removed from a fused P450 3A4450 reductase construct
in pCWori* by Ndd and Sal digestion. After gel purifica-
tion, the linearized plasmid was ligated tbldd —Sal 2C11
fragment obtained by PCR amplification of the rat P450
2C11 cDNA (in pBluescript) using the following primers:

containing the italicizedXbd site (53-TCTAGAGGATCT-
GCTGTCAC-3). After purification and sequence analysis,

the fragment was ligated into &al—Xba digest of the

[2C11-OR] construct in PCWori
To improve bacterial translation and protein expression,

we modified the 5end of the P450 2C11 cDNA by replacing
the cDNA’s ATG initiation codon with the first 41 nucle-

otides of the published sequence for P450 BN33)( The
added sequence contained the ShiDalgarno sequence, the
cDNA initiation codon, and the codons corresponding to the

first eight amino acid residues in P450 BM®. For these

purposes, we synthesized complementary 47-mer oligonucle-
otides containing the italicized start codon and Shine
Dalgarno sequences: (A)'(6BATCCAAGTGAAAGAGG-
GATAACATG ACAATTAAAGAAATGCCTCA G-3) (B)
(5-GTTCACTTTCTCCTATTGTACTGTTAAT TTCTT-
TACGGAGTCCTAG-3). After phosphorylation, the oli-
gonucleotides were annealed by heating the mixture at 90
°C and slowly cooling to room temperature in the presence
of 20 mM Tris-HCI pH 7.5, 2 mM MgdJ, and 50 mM NacCl.

(a) a 30-mer sense oligonucleotide containing the italicized Annealing generated BanH! cohesive end (bold). After

Ndd site as part of the P450 2C11 ATG initiation codon
(5-GGAATTC CATATGSATCCAGTCCTAGTCCT-3 and
(b) a 31-mer antisense primer containing the italicised
site upstream of a TAA stop codon'{BCGCGTCGAGS-
GCAGATGAGAGCT TAGAGAG-3). Prior to ligation, the

gel purification, the double-stranded DNA fragment was
ligated into pCW:2C11/RatORtr previously digested with
BanHI and dephosphorylated. In view of low ligation yields,
after 12 h at 16C the ligation mixture was PCR-amplified

using two primers: (a) a 22-mer sense oligonucleotide (5

PCR product was sequenced to document the fidelity of PCR GATATGQ\AGTGAAAGAGGGATA-3') containing arEcaRV

amplification. The resulting PCWarij in which the 3-end

of P450 2C11 was fused to theénd of the ORtr by means
of a Ser-Thr linker [2C1L-ORtr], was sequenced and
expressed. A modified version of this plasmid, in which the

site (italicized) replacing thBanHlI site of primer (A) and

(b) a 20-mer antisense oligonucleotide reverse complement
to P450 2C11 sequenceé{BAATT CTTAAGACTTGGTT-

3') containing anAflll site (italicized). Gel-purified PCR

FMN domain of the ORtr was removed, was prepared by products were ligated into the pCR2.1 vector and sequenced.

Sal—Bgll digestion of [2C1+ORtr] in PCWorir, followed
by purification, filling with Kleenow polymerase, and

The EcoR/—Aflll fragment was released from pCR2.1
plasmid and ligated into either [2C+DRtr], [2C11-0OR],

circularization. The FMN domain of ORtr was defined as or [2C11-BM3OR] constructs opened BamH! (blunted)
the polypeptide positioned between residues 57 and 245 ofand Aflll digestion.

the published protein sequencoy.

Expression and Purification of Fusion Proteiri3H50. E.

To generate a cDNA coding for a P450 2C11 fused to the coli were transformed with the pCWarivector containing

full-length P450 reductase [2C+DR], the 3-end of the

the [2C11-ORtr], [2C11-OR], or [2C11-BM3OR] inserts
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in the presence of ampicillin. Cells were grown in modified solution of NADPH-P450 reductase (to obtain P450/NADPH-
TB containing thiamin (1 mM), potassium phosphate buffer, P450 reductase molar ratios between 1:1 and 1:20). After
pH 7.7 (100 mM), IPTG (1 mM)¢g-aminolevulinic acid (1 10 min at room temperature, the mixtures were diluted 10-
mM), and a rare salt solutior38). After 48 h at 28C, cells fold by the addition of 50 mM Tris-HCI buffer (pH 7.5)
were harvested by centrifugation (280@2 min, 4°C); lysed containing 0.15 M KCI, 10 mM MgGl 8 mM sodium

in 0.1 M Tris-HCI, pH 7.4, containing 10 mM CHAPS isocitrate, and isocitrate dehydrogenase (0.5 IU/mL) and
(Sigma Chemical Co., MO), 20% glycerol, and 1 mM preincubated 1 min at 38C prior to the addition of a 20
EDTA,; and centrifuged for 10 min at 28§0The resulting mM solution of [14‘C]sodium arachidonate in 0.1 M Tris-
pellets were resuspended in the lysis buffer and utilized to HCI buffer (pH 8.0) (26-50 «Ci/umol; 50—100 uM, final
determine expression levels by CO-difference spectroscopyconcentration)35). Reactions were initiated with NADPH
(39). (2 mM, final concentration).

For the isolation of the membrane fraction, cells expressing E. colimembrane fractions, containing expressed recom-
the different P450 2C11 constructs were collected by binant proteins, were suspended in 50 mM Tris-HCI buffer
centrifugation, and the cell pellets were suspended in TSE (pH 7.5) containing 0.15 M KCI, 10 mM Mggl 8 mM
buffer (50 mM Tris-acetate, pH 7.6, containing 250 mM sodium isocitrate, and isocitrate dehydrogenase (0.5 IU/mL)
sucrose and 0.25 mM EDTA). A solution of freshly prepared to a final concentration of 1 mg of protein/mL. After 1 min
lysozyme was added (0.25 mg/mL, final concentration), and at 35 °C, [1-**Clarachidonic acid (2650 uCi/umol; 50—
the mixture was then gently shaked &t@ for 30—45 min. 100 uM final concentration) was added, and the reactions
After centrifugation (2806 for 12 min at 4°C), the resulting were initiated by the addition of NADPH (1 mM, final
spheroplasts were suspended in 0.1 M NaPi buffer, pH 7.4, concentration) and continued at 35 under constant mixing.
containing 20% glycerol, 0.1 mM EDTA, 0.1 mM DTT, 1  Aliquots of the reaction mixture were withdrawn at different
mM PMSF, 0.1ug/mL leupeptin, and 0.04 U/mL aprotinin,  time points, and the organic soluble products were extracted
and disrupted by sonication at 4C. After a 10-min into acidified ethyl ether and resolved and quantified by RP-
centrifugation at 400§ the supernatants were centrifuged HPLC with on-line liquid scintillation counting (Flo-ong
at 10000@ for 1 h. The resulting membrane pellets were Counter; Radiomatic Instruments, Tampa, F&%)(
suspended in 10 mM Tris-HCI buffer (pH 7.5) containing Other Methods.Polyclonal antibodies against purified
0.25 M sucrose and used for either protein purification or recombinant P450 2C11 were raised in female White New
enzymatic characterization. Zealand rabbits3p) and purified by affinity chromatography

For protein purification, the membrane fractions were on a Protein G Superose HR 10/2 column (Pharmacia
suspended in 10 mM Tris-HCI buffer (pH 7.5) containing Biotech AB, Uppsala, Sweden). After (NJ4SO, precipita-
0.25 M sucrose and solubilized by the dropwise addition of tion and dialysis against 20 vol of 20 mM sodium phosphate
10% sodium cholate (w/v) (Sigma Chemical Co., MO) to buffer (pH 7.0) 86), samples of anti-2C11 rabbit IgG were
obtain a final concentration of 1%. After a 426 h loaded (at 1 mL/min) onto the affinity column, and the
incubation at 4°C, insoluble proteins were removed by column then was washed for 10 min with 20 mM sodium
centrifugation (1 h, 1400@), the P450 and sodium cholate phosphate buffer (pH 7.0). The anti-2C11 antibodies were
concentrations of the high-speed supernatant were adjustealuted with a linear buffer gradient from initially 100% 20
to 1uM and 0.4%, respectively, and the resulting suspension mM sodium phosphate buffer (pH 7.0) to 100% 100 mM
was immediately loaded onto an octyl-sepharose 4B (Phar-glycine (pH 2.7) over 20 min at 1 mL/min. Antigen
macia Biotech AB, Uppsala, Sweden) columnx8.0 cm). antibody reactions were detected using a SuperSignal
Extensive column washing was followed by elution of bound Substrate Western Blotting kit (Pierce, Rockford, IL) and
recombinant P450s in the presence of 0.4% (v/v) Emulgen the manufacturer’s instructions. Densitometric analyses were
911 (Kao Chemical Co., Tokyo, Japan). After dialysis versus done by using a Raiser camera and Alpha Imager 950
10 mM sodium phosphate buffer (pH 7.5) containing 20% software package. Protein concentrations were determined
(v/v) glycerol, 0.2% (w/v) sodium cholate, 0.1 mM DTT, using the Bio-Rad Protein Assay reagent (Bio-Rad Labora-
and EDTA (buffer A) (16 h, 100 vol), recombinant fusion tories). Cytochrome P450 concentrations were determined
proteins were loaded onto a hydroxylapatite (Bio-Rad according to Omura and Sat84). NADPH-cytochromec
Laboratories, Richmond, CA) column (2 12 cm) equili- reductase activities were measured at °Z5in 50 mM
brated with buffer A. The column was washed with 10 vol potassium phosphate buffer (pH 7.7) containing /44
of the equilibrating buffer, and the bound P450s were then bovine heart cytochrome and 0.1 mM EDTA. Reactions
eluted in the presence of 0.3 M sodium phosphate (pH 7.4) were initiated by the addition of NADPH (50 mM, final
in buffer A and dialyzed [vs 100 vol of 10 mM sodium concentration), and the reduction of cytochromewas
phosphate buffer (pH 7.4) containing 20% glycerol and 0.2% monitored at 550 nm. Hydrogen peroxide was determined
(v/v) sodium cholate]. The specific contents of the purified as described3{). Briefly, recombinant enzymes (0/M),
proteins were 10, 4, 6, and 5 nmol of P450s 2C11 per mg of suspended in 50 mM Tris-HCI buffer (pH 7.5) containing

protein, respectively, for P450s 2C11, [2C1QRtr], [2C11- 0.15 M KClI, 10 mM MgC}, 8 mM sodium isocitrate, and
BM3OR], and [2C1+FMN]. isocitrate dehydrogenase (0.5 IU/mL) were incubated at 35
Enzymatic Actiities, Product Characterizationincuba- °C with constant mixing and in the absence or the presence
tions were performed exactly as previously descrit&s). ( of AA (100 uM, final concentration) and NADPH. Aliquots
Briefly, purified recombinant P450 2C11, [2C1DRitr], of the incubation mixtures were withdrawn at different points

[2C11-0OR], and [2C1+BM3OR] (10-40 pmol) were in time and, after the addition of TCA, Fe(NH(SQy),, and
mixed with a solution of dilauroylphosphatidylcholine (2 mg/ KSCN, the HO.,-dependent formation of Fe(SCNyas
mL; 5—25 uL) and, when needed, G-30 uL of a 20 uM measured at 480 nnB87).
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Table 1: Expression Levels of Recombinant P450 2C11 Constructs A 1 2 3 4 5 6
in E. coli 103— -
77— -
cell suspensions membrane fraction -
recombinant enzymes (nmol/Ly? (nmol/mg) 48—
2C11 206+ 52 6.9
[2CLL OR] 2311 undetectabl B 1 zads 670
— + undetectable
[2C11-BM3OR] 163+ 27 2.8 o0 dtaaded
[2C11-FMN] 211+ 25 1.8

- Ficure 1: Immunoelectrophoresis characterization of the purified
®Values are averages calculated from at least three different (o ombinant forms of P450 2C11. Purified P450s 2C11 [2€11

experimentst SE. ORYr], [2C11-OR], [2C11-BM3OR], a modified [2C1+BM3OR]
protein containing six additional aa residues in the P4BBI3OR
RESULTS AND DISCUSSION linker (29), and [2C11FMN] (lanes 1-6, respectively; 1 pmol of

P450 each) (A) or samples of purified [2C10R] (lanes 14,
. . . . respectively; 5, 10, 20, and 4@ of protein each) and of [2CH1
Expression of 2C11 Fusion Proteins in E. colihe ORU] (lanes 58, respectively: 5, 10, 20, and 4@y of protein

characterization of wild type and modified P450 isoforms containing 1.2, 2.4, 4.8, and 9.6 pmol of P450 2C11 each) (B) were
requires access to quantities of recombinant protein that aresubmitted to SDSPAGE (100x 60 x 1 mm, 10% acrylamide
sufficient for purification and enzymatic studies. Because 9€! slabs). After transfer to PVDF membranes, the blots were

L . - : . incubated, first, with a polyclonal antibody raised against purified
of their inherent simplicity, low cost, and short time required recombinant P450 2C11, and second, with a peroxidase-coupled

from cloning to expression, bacterial expression systems areanij_rabit IgG. The sample’s chemioluminescense was detected
now widely utilized for the expression of mammalian P450 using a Super Signal kit and Kodak X-ray film. P450 2C11 contents
(38—40). However, as recognized early on, the expression were estimated by densitometric analysis. See Materials and
of most mammalian P450 requires extensive modifications Meghl‘?t‘?'s forff”r”;e.r det"’}"s- |Sh°""”. are tthe (';e'a(}"’e electrophoretic
to the protein N-terminal amino acid sequen88<40). In moDiilies of protein molecuiar weight standards.

most cases, these modifications are designed to replace the st 16 amino acids40), instead of the 8 residues utilized
protein’s first 8-25 amino acids and to add a bacterial  this work.

ribosome recognition site to the cDNAQ). Nevertheless,  Tq obviate alternate, non-P450 OR-catalyzed pathways of
the nature and the extent of these modifications remain p450 2C11 reduction4q), the expressed proteins were
mostly empirical and nearly P450 isoform-specific. For the sojupilized and purified as described in Materials and
E. coli expression of P450 2C11 cDNA constructs, we \ethods. SDSPAGE analysis of the purified enzymes
employed a strategy similar to that described in 46f  jngicated that they were obtained with overall purities of 80,
Briefly, the cDNA ATG initiation codon was removed and g0, 80, and 40% for P450s 2C11, [2G1QRtr], [2C11-
replaced by a sequence coding for the P450 BM3 translationBMgoR], and [2C1:+FMN], respectively (not shown).
initiator consensus (Shiredalgarno), its ATG initiation  jmmunoelectrophoresis using polyclonal anti-2C11 antibod-
codon, and the sequence coding for the protein’s first eight jog @36) showed that all purified enzymes contained an anti-
aminO aCidS. The thUS m0d|f|ed P450 2C11 cDNA was then 2C11 inmunoreactive protein band with average MWs
cloned into the pCWori vector and expressed in DHE.  ¢orresponding to those predicted from the individual cDNA-
coli. As shown in Table 1, and with the exception of the rans|ated protein sequences (58, 128, 135, 122, and 80 kDa
[2C11-OR] construct, all cDNAs were expressed at a high for p450s 2C11, [2CH1ORt], [2C11-OR], [2C11-
level (between 163 and 211 nmol of PA50 protein/L of BMm3OR], and [2C1EFMN], respectively) (Figure 1A).
culture). For the [2C11OR] protein, the presence of the |ncluded in Figure 1A (lane 5) are the inmunoreactive
OR membrane insertion peptide markedly reduced the nrgperties of a modified [2CHBM3OR] protein with a
capacity of thek. coli to biosynthesize the corresponding  p450-BM30OR linker containing six additional residues
fused protein (Table 1). Thus, for example, as compared {0 (jje—pro—Leu—Gly—Gly—lle) (29). Low expression levels
the construct containing a truncated OR sequence ([2C11 and the unstable nature of the [2GI1QR] protein made its
ORr]), this hydrophobic peptide, positioned between the fyrther purification and spectral quantification impractical.
hemoprotein and the flavoprotein domains, reduced overall o an alternative, we compared by Western blot analysis

expression levels by-8-fold (Table 1). the anti 2C11-immunoreactivity of this protein with that of
Lysozyme digestion of cDNA expressiig coli, followed the [2C11-ORtr] enzyme and estimated its P450 2C11
by sonication and high-speed centrifugation (10580 specific content by densitometric analysis (Figure 1B). It was

min), showed that, with the exception of the [2CIQR] calculated that the P450 2C11 content in the [2EDR]
where low expression levels precluded accurate spectrophoimembrane fractions isolated after lysozyme digestion, soni-
tometric detection, all recombinant proteins were recovered cation, and high-speed centrifugation corresponded to ap-
associated with the membrane fractions isolated by high- proximately one-fifth of that obtained with the [2C1DRitr]
speed centrifugation (Table 1). These results differ from those cDNA expression (Figure 1B).

obtained with P450s 2E1 and 2B4, in which approximately — The absolute spectrum of recombinant [2€TRtr] and

73 and 80% of the corresponding recombinant proteins wereof [2C11-BM3OR] were similar with Sorety-, andS-bands
recovered in the cell cytosoldQ). The reported higher at 414, 570, and 537 nm, respectively. A broad absorption
solubility of the recombinant P450s 2E1 and 2B4 is likely band centered at around 480 nm was indicative of the spectral
due to differences in the extent of modifications introduced contributions of the fused OR FMN and FAD prosthetic
into their N-amino terminals, i.e., the replacement of the groups. Reduction with sodium dithionite resulted in the
proteins first 20 N-terminal amino acids with the P450 BM3 attenuation and displacement of the Soret band to 416 nm
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Table 2: Rates of CytochromeReduction by Recombinant EETs AA
Enzymes
cytochromec reduced 05 A HETEs
enzyme system — SOD + SOD "8 ﬂ h N (2C11-BM30R]

OR 2925+ 120 2878+ 64 ;‘ 0 -

2C11+ OR 2270+ 100 2147+ 94 5 10 -

[2C11-ORtr] 4316+ 102 4091+ 143

BM3OR 3140+ 102 3354+ 185

2C11+ BM3OR 1879+ 49 1623+ 98 05 -

[2C11-BM3OR] 3808+ 120 2979+ 162

[2C11-FMN] + OR 2027+ 149 1925+ 132 ] Ll 2C11 + OR

a1n nmol of cytochromec reduced min* (nmol of flavoproteiny* 0 i . — . .
at 25°C. Values are the averages calculated from at least three different o 10 20 30 40

experimentst SE. RETENTION TIME (min)

and the replacement of the- and 8-bands for a broad Ficure 2: Chromatographic resolution of the AA metabolites

absorption band centered at around 542 nm. The addition 0fgenerated by P450 2C11 reconstituted with rat P450 reductase or
’ fused to a bacterial P450 reductase. Reaction mixtures containing

CO to a solution of reduced [2CXDRu] or [2C11- either a combination of P450 2C11 and OR (002 each, final
BM3OR] leads to the rapid development of a strong concentration) (bottom frame) or, alternatively, the [2€11
absorption band at 450 nm, with shoulders at 422 and 563BM3O0R] fusion protein (0.1M, final concentration) (top frame)
nm, indicative of the formation of the CO-bound complex Were incubated at 35C for 15 min and in the presence of DLPC
of reduced [2C14ORM] or [2C11-BM3OR]. Experiments Egggggg%?ngngyitgﬂe;%“gcf‘]ggmf‘z'g'rl?c'i\}l’jr'ﬁg'f'1%% %?.PH'
in which CO was added to the cuvette prior to reduction Reactions were terminated by the addition of acidified ethyl ether,
showed that, for both proteins, heme reduction was rapid and the organic soluble products were extracted and resolved by
and completed within the first few seconds of dithionite RP-HPLC as described in Materials and Methods. Shown are the
addition 34). radiochromatograms derived from incubation mixtures containing
Cytochrome ¢ Reductiofo characterize the integrity of 4 and 20 nmol of P450 2C11 and [2C4BM3OR], respectively.
NADPH/FAD/FMN electron transfer and to investigate Metabolism of Arachidonic Acid.o evaluate and compare
whether protein steric factors affected cytochramneductase  the enzymatic activities of the fused proteins to that of
interactions, we determined the cytochromereductase nonfused P450 2C11, we first reconstituted the AA mo-
activity of the fused proteins for comparison to that of OR nooxygenase activity of purified P450 2C11 in the presence
and BM3OR. As shown in Table 2, the addition of purified of DLPC, NADPH, and variable P450/reductase molar ratios
P450 2C11 had only a minor effect on the rates of (42). Incubation of recombinant P450 2C11 with an equimo-
cytochromec reduction catalyzed by the mammalian and lar concentration of OR and AA (70100 uM, final
bacterial oxido reductases. These results show that theconcentration) resulted in the NADPH- and time-dependent
presence of purified P450 2C11 does not alter the rates offormation of metabolites with the chromatographic properties
FAD/FMN/cytochromec electron transfer. On the other of mixtures of authentic 14,15-, 11,12-, 8,9-, and 5,6-EETs
hand, and as compared with the corresponding purified (35, 36) (Figure 2). Approximately 27% of the total P450
enzymes, fusion of the flavoproteins’ amino-end to P450 2C11 AA oxidation products eluted with HPLC retention
2C11 carboxyl-end increased the cytochromeeductase  times similar to those of mixtures of HETES, including 12-
activity of both the mammalian and the bacterial oxido and 15-HETE, and are yet to be fully characterized (Figure
reductases (40 and 21% increase in activity for the [2€11 2). Catalytic activity was P450- and OR-dependent and
ORtr] and [2C11+BM3OR] fusion proteins, respectively) required the presence of 150 mM KCI for optimal turnover.
(Table 2). With the exception of the [2CEBM3OR] As with other P450 AA monooxygenases ¢3), turnover
protein, the P450 2C11 rate effects were, for the most part, rates increased almost linearly with increasing OR and
SOD-insensitive (Table 2) suggesting direct deracceptor, reached a maximum at a molar ratio of OR to P450 2C11 of
protein/protein, electron transfer and not a bulk solvent O approximately 10 (Table 3). Those OR-dependent rate effects
mediated process. While the mechanisms and/or the pathsndicate that during the catalysis of AA oxidation, electron
of electron transfer from the OR prosthetic groups to the transfer and heme reduction are rate limiting. While the
heme of cytochrome are not understood, the observed P450 truncated form of the OR, the ORtr, was unable to support
2C11 fusion-dependent increases in flavoprotein turnover metabolism by purified recombinant P450 2C¥4,(45),
suggest that fused P450 heme/cytochranfeme interac- its fusion to the carboxyl-terminal of P450 2C11 yielded a
tions may be responsible for these augmented rates ofself-sufficient catalyst that metabolized AA at approximately
NADPH/cytochrome electron transport. However, clotrima- one-fourth the rate of the reconstituted system but requiring
zole (between 1 and&M), a strong cytochrome P450 heme only air and NADPH for full activity (Table 3). As with
ligand and potent inhibitor, had no effect on the rates of purified P450 2C11, metabolism by the [2C1Q@Rtr] protein
cytochromec reduction by the fused proteins (not shown). was also stimulated by the addition of a 10-fold molar excess
As with P450 2C11, the presence of the bacterial FMN of purified P450 OR (22-fold over the rates in the absence
domain fused to the carboxyl-end of P450 2C11 had no of exogenously added OR; Table 3). These results are similar
effects on the rate of cytochronwreduction by the OR  to data obtained with several nonfused P450 isofod@s (
(Table 2). Finally, highly variable, preparation-dependent and indicate that (a) the presence of an ORtr molecule
rates of cytochrome reduction were observed with. coli connected to the P450 2C11 carboxy-terminal does not
membranes containing recombinant [2€TIR] proteins. preclude catalytically productive interactions with additional
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Table 3: Rates of Arachidonic Acid Metabolism by the 2C11
Recombinant Enzymes

Table 4: Regioselectivity of AA Epoxidation by the Recombinant
2C11 Enzymes

recombinant type of added added reaction (% distribution)

protein system reductase reductase:P450 rate$ epoxygenase 8.9- and
2C11 reconst OR 11 3.7+ 0.7 enzyme system activity>  14,15-EET 11,12-EET 5,6-EET
2C11 reconst OR 10:1 34b51.2 2C11+ OR 73 40 38 22
2C11 reconst BM3OR 1:1 ND [2C11-ORtr] 70 44 35 21
2C11 reconst BM3OR 10:1 ND [2C11-OR] 73 44 11 15
[2C11-ORt]  fused  none 11 1.80.2 [2C11-BM3OR] 64 38 31 31
[2C11-ORtr]  fused OR 10:1 22222 [2C11-FMN] + OR 67 46 33 21
[2C11-BM3OR] fused  none 11 0.2 0.02 aValues calculated from a representative experiment. Approximately
[2C11-BM3OR] fused BM3OR 10:1 6.8 1.0

30% of the reaction products generated from AA by the different
enzyme systems eluted with RP-HPLC retention times similar to those
[1-14C]AA (70—1004M) and in the presence of NADPH (1 mM) and ~ ©f HETE mixtures and remain uncharacterizé&poxygenase is the
DLPC (50-100ug/mL) as indicated in Materials and Methods and in ~ activity of P450 2C11 that leads to formation of EETs. Epoxygenase
ref 35. Initial reaction rates were calculated from the liner portion of ~activity is expressed as percent of the total organic soluble products.
plots of product formation versus incubation time. Values are the
averages calculated from at least three different experimen8e.

b Reconstituteds In nmol mirr* (nmol of P450). ¢ ND, not detectable.

aEnzymes (0.050.2 uM P450) were incubated (at 3%C) with

6 7

OR molecules and (b) the existence of multiple electron
pathways and/or P450 [2C1DRtr][-OR molecular interac-
tions leading to productive electron flow from the flavopro-
tein to the P450 heme iron.

As shown in Table 3, the P450 BM3 flavoprotein domain
(BM3OR) (29), even when added in a 10-fold molar excess,
was unable to support AA oxidation by purified P450 2C11
(Table 3). On the other hand, fusion of the BM3OR N-amino o
terminal to the carboxyl-end of P450 2C11 yielded a protein . ~ . .

Turnover (min~")

that metabolized AA at a rate approximately one-fifth of that
of the [2C11ORtr] enzyme (Figure 2, Table 3). As with
2C11 and [2C1%1ORitr], the presence of a 10-fold molar
excess of purified OR, but not BM3OR, markedly increased

0 0.1 0.2
Cyp P450 (uM)

Ficure 3: P450 concentration-dependent changes in the rates of
AA metabolism by a reconstituted system containing P450 2C11

the catalytic turnover of the [2CHIBM3OR] protein (Table  and OR. Equimolar mixtures of P450 2C11 and OR were incubated
3). To the best of our knowledge, this is the first demonstra- at the indicated P450 2C11 concentrations in the presence of DLPC

tion of catalytically productive electron transfer between the g%ﬁ ”E'l-g)‘ONQPng‘ (210 IT(I:\?/)' n?gl)'\flg\rDspnﬂi_;egtegg’@ﬁg?osdﬁ:ttesmy
heme Iron of a ”_‘amma“a” P450 and a soluble flavoprotein were extractgd, ’resolved, an/fj quantified as described in Materials
of bacterial origin such as the BM3OR. Furthermore, the 5n4 Methods.
demonstrated inability of the purified BM3OR to support
catalytic turnover by P450 2C11 suggests that this lack of and should increase exponentially with increasing enzyme
activity is either caused by limited productive interactions concentrations. As a control, we first reconstituted the AA
between these proteins or electronic and/or mechanisticmonooxygenase in the presence of increasing equimolar
reasons. In this regard, P450 2C11 fused to the FMN domainconcentrations of purified P450 2C11 and OR. At enzyme
of the BM3OR was also unable to support AA metabolism concentrations below 100 nM, increasing P450 and OR
in the presence of OR or BM3OR (not shown). Importantly, concentrations resulted in exponential increases in catalytic
regardless of the nature and/or concentration of the proximalactivity (Figure 3). On the other hand, at P450 and OR
electron donor to the heme iron, for example, the fused ORtr concentrations above 100 nM, second-order kinetics was
or BM3OR flavoproteins or, alternatively, the purified OR, rapidly lost (Figure 3), indicating that at high reaction rates
the regiochemistry of AA oxidation by these enzymes was turnover becomes increasingly P450R collision-indepen-
similar and under the control of P450 2C136) (Table 4). dent and limited by (a) redox transfer rates, (b) AA
Published results have also demonstrated that the fusion ofavailability, or (c) rates of product formation and release. In
P450 and OR does not result in significant changes in the presence of NADPH, the specific rates of AA metabolism
catalytic efficiency or product chemistr#§, 47). by either the [2C1%ORtr] or the [2C11+BM3OR] proteins

To characterize the contribution of intramolecular and were protein concentration-dependent (Figures 4 and 5),
intermolecular electron transfer processes to catalytic activity, indicating that electron transfer between the fused flavopro-
we studied the kinetics of AA oxidation by the fused teins and P450 2C11 occurred by combinations of intra- and
hemoprotein systems, incubated in the presence of excesintermolecular pathways. Thus, for example, over a 8- and
NADPH and AA @0). The rationale for these studies was 3-fold range of enzyme concentrations, AA oxidation
that, as previously shown with a bovine P450 17A fused (expressed in nmol of product formed/nmol of P450) by the
protein ), an intramolecular electron transfer process should [2C11-ORtr] and [2C1+BM3OR] proteins increased by
result in turnover numbers that are enzyme concentration-nearly 9- and 5-fold, respectively (Figures 4 and 5). On the
independent while, on the other hand, during intermolecular basis of the above, we concluded that, at difference with
transfers, enzyme turnover is protein concentration-dependenbovine P450 17A fused to ORt6), the [2C11ORtr] and
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FIGURE 6: Schematic representation of the catalytic cycle followed
by P450 2C11 fusion proteins during the metabolism of AA. For

Cyp P450 (kM) simplicity, a single resonance form is shown for the heme-iron
FIGURE 4. P450 concentration-dependent changes in the rates ofoxygen complexes describeidke, the heme iron of fusion proteins;
AA metabolism by the purified P450 [2C+DRtr] protein. P450  AA*Fe, the AA-bound form of fused P450 2CTe* O, , the
[2C11—-ORtr] was incubated at the indicated P450 2C11 concentra- oxy complex of fused P450 2C11Fe**O,2~, the peroxy complex
tions with [144C]AA (100 uM; 20—50 uCi/umol) in the presence  of fused P450 2C1%Fe'O, the oxo complex of fused P450 2C11;
of NADPH (1 mM) and an NADPH-regenerating system for 10 fp, nonfused flavoprotein.

min at 35°C. Products were extracted, resolved, and quantified as ;
described in Materials and Methods. NADPH/O, _electron flow catalyzed by r_econst|tuted and
fused protein systems, we measured their rates of NADPH-

dependent kD, formation. The capacity of several P450

isoforms to catalyze the NADPH-dependent formation of
1.0

0 0.1 0.2

05

H,0, has been demonstrate).(As indicated in Figure 6,
H,O, can be generated as the result of either the direct
enzyme-catalyzed two-electron reduction afd@ from the
dismutation of P450-generated superoxide anion" (O
Regardless of the mechanism, the P450-catalyzed, NADPH-
dependent reduction of Oto H,O, (NADPH oxidase
reaction) diverts electrons from substrate oxidation (mo-
nooxygenase reaction) and changes the stoichiometry of
NADPH oxidation, Q utilization, and substrate oxidation.
During earlier measurements, we observed the presence
in the AA substrate of (NE.Fe(SQ)./KSCN reactive
substances. The concentration of these reactive substances
was variable, NADPH-independent, and associated with the

Ficure 5: P450 concentration-dependent changes in the rates of _ ;
AA metabolism by the purified P450 [2CEBM3OR] protein. AA substrate batch. To control for substrate-associated

P450 [2C11BM3OR] was incubated at the indicated P450 2c11 hydroperoxides, all measurements were carried out in the
concentrations with [F4CJAA (100 uM; 50 uCilumol) in the presence and the absence of catalase. Only catalase-sensitive

presence of NADPH (1 mM) and an NADPH-regenerating system H,0, levels are reported here. Initial rates of®4 formation
for 10 min at 35°C. Products were extracted, resolved, and ere obtained within the first 2 min of incubation since, for
quantified as described in Materials and Methods. all the recombinant proteins, the linearity between incubation
2C22/BM3OR proteins catalyze flavitheme iron electron  time and product formation was lost rapidly thereafter. As
transfer via a combination of inter- and intramolecular it has been shown for several reconstituted systeBhs (
pathways §) and that the relative contribution of these purified recombinant P450 2C11 reconstituted in the presence
pathways to overall catalytic turnover is enzyme concentra- of an equimolar concentration of OR catalyzed the rapid,
tion-dependent. NADPH-dependent reduction of molecular oxygen @bl

The capacity of the [2CTH2BM3O0R] enzyme to increase  (Table 5). Furthermore, #D, formation by the reconstituted
its catalytic activity in response to increasing concentrations P450 2C11 system was increased by the addition of AA (100
of OR (Table 3), but not BM3OR (not shown), supports the uM, final concentration) and more so by the presence of a
idea that while there may be multiple P450R pathways 10-fold molar excess of OR (Table 5). We believe that these
for intermolecular electron transfer, intramolecular transfer rate increases are due to, on one hand, substrate-binding
in fused P450 2C11/reductase enzymes occurs throughoutnduced changes in the heme iron redox poten#8] 60)
unique, fusion-dependent, P450-reductase interactions. Reand, on the other hand, to OR-dependent mass action-induced
cent studies have indicated that the size of the linker changes in P4500R interactions. Comparison of the data
connecting the heme and the flavoprotein domains of P450in Tables 3 and 5 shows that in the presence of AA, OR-
BM3 is an important determinant of overall catalytic turnover dependent increases in®; formation are accompanied by

0.3 A

0.2

Turnover (min™")

0 0.5 1.5

Cyp P450 {uM)

(31, 48); however, varying the length of this linker from 4

to 6 residues3l, 48) had no effect on the AA monooxy-

genase activity of the [2CHIBM3OR] enzyme (not shown).
H.O, Formation.To investigate the degree of P450 2C11

significant increases in rates of AA metabolism. In the
presence of AA and a 10-fold molar excess of OR, P450
2C11 doubles its AA monooxygenase catalytic efficiency,
as indicated by a significant decrease in thgOWAA

monooxygenase coupling and the characteristics of themetabolite ratio (Table 5). We propose that this results from
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Table 5: Rates of OR-Dependeni®} Formation by Recombinant generatior_1 at nearly double the rate of the mammalian
P450 Proteirss flavoprotein ¢-1.8-fold faster) (Tables 5 and 6). As with the

OR, the rates of KD, formation were increased by the

enzyme system 2C1t OR [2C11-ORitr] "
ORIPA50 molar ratio 1 o1 i1 01 addition of AA and a 10-molar excess of BM3OR (Table
. . : i 6), reflecting AA-dependent changes in P450 redox potential
minus AA 40+9  142+6 46+2 64x4 and BM30OR mass action kinetic effects. The observation
plus AA 55+9 19748  45+£6  77E2 that a reconstituted system composed of P450 2C11 and P450
H20./AA metabolites 15 6 45 3 BM3OR actively catalyzes the NADPH-dependent reduction

2 Enzymes were incubated with NADPH in the presence or in the of O, to H,O,, but not AA oxidation, indicates that the
:‘Abstﬁ”ge Cg /t*AI exactly ,?_5 d(gfc“bed 't” tT_ab'e d2 ta”d,M?gef”a'S i“d bacterial flavoprotein supports the one-electron reduction of

ethoas. Catalase-sensitve concentrations, determined 1rom al _
least three different experiments, are given as nmol gd,Hormed substrate-free or bound P450 ZC]_']' but not that of the oxy
(nmol of P450)* min~* at 35°C and are the averages SE. complex of ferrous P450 2C11 (Figure &1. The above
interpretation implies that the BM3OR-supported P450 2C11-
dependent formation of #D, results from the one-electron
reduction of @ and Q- dismutation $1).

Fusion of the BM3OR to P450 2C11 markedly reduced

Table 6: Rates of BM3OR-Dependeni® Formation by
Recombinant P450 Proteis

enzyme system 2CI+ BMSOR  [2C11-BM3OR] the rate of P450 2C11-dependensQd formation by the
BM3OR/P450 molar ratio: ~ 1:1 10:1 1:1 101 [2C11-BM3OR] protein incubated in either the presence
minus AA 73+10 131+2 10+1 100+5 or the absence of AA (Table 6). As illustrated in Table 3,
plus AA 142413 147+6 13+1 183+9 only after fusion was the BM3OR capable of supporting AA
H,O./AA metabolites NA NA 65 915 metabolism, albeit at rates lower that those of the [2€11

aEnzymes were incubated with NADPH in the presence or in the ORtr] enzyme. A comparison of the molar ratio between the
absence of AA exactly as described in Tables 2 and 5 and in Materials H,O, formed and the extent of AA metabolism (the®4/
e s G s e hen o gy A2l shovs ha he 2CHOR] and 2C1LE-BUSOR)
atleas merent expenments, v it proteins metabolize AA with similar catalytic efficiencies
E:;Tg:ogri;ﬁg min™" at 35°C and are the averages SE.NA, (Tables 5 and 6). The addition of a 10-fold molar excess of
BM3OR to the [2C11+BM3OR] protein resulted in a greatly
i , i stimulated rate of kD, formation (10-fold increase; Table
an OR concentration-dependent increase in electron transfe%), an effect that was further augmented by the inclusion of
to the one-electron reduced form of substratg and oxygen-a (100 uM, final concentration) (Table 6). Finally, and at
bound P450 2C11 (the AA*FeO,""complex; Figure 6). difference with the OR (Table 3), the addition of exogenous

As compared with the reconstituted system, fusion to the BM30OR to incubates containing [2C+BM30R] and AA
ORtr did not significantly change the rate of® generation  did not alter the rates of AA metabolism by the [2G11
by P450 2C11 (Table 5). Furthermore, NADPH-dependent BM3OR] protein but led to high rates of 8, formation
peroxide generation by the [2CTDRtr] enzyme was  and alow catalytic efficiency (Table 6). Taken together, these
substrate-independent and substantially less affected by thesxperiments showed that (a) fusion reduces the rate at which
presence of exogenously added OR (Table 5). Again, the BM3OR transfers the first electron to the heme iron of
comparison of the data in Tables 3 and 5 indicated that (a) substrate-bound or substrate-free P450 2C11 (Figure 6).
fusion does not improve the catalytic efficiency of P450 2C11 However, fusion is required for the BM3OR-catalyzed
for AA metabolism, that is, the [2CHORtr] protein diverts  transfer of the second electron to the AA-bound oxy-P450
an important part of the NADPH-supplied electron tg0x complex, oxygen activation, and metabolism; (b) as with the
as revealed by high 4D, molar ratios (Table 5); (b) the lack  reconstituted system, exogenously added (nonfused) BM3OR
of a substrate effect on the rates of04 formation suggests  actively catalyzes the one-electron reduction of the [2€11
that most of the peroxide formed is derived from the one- BM30OR] heme iron and kD, formation via superoxide
electron reduction of P450 and the dismutation of the'O  dismutation; and (c) through unique conformational and/or
released from the P450 2C11 oxy compl&i)((Fe*0,, changes in redox properties, fusion of the N-terminal of
Figure 6); and (c) the marked increase in the efficiency of BM3OR to the carboxyl-end of P450 2C11 opens a catalyti-
the AA monooxygenase observed after the addition of a 10- cally productive pathway of electron flow to the P450. This
fold molar excess of OR to the [2CTDRtr] protein (Table  presumably intramolecular pathway of electron transfer is
5) suggests that the exogenously added OR facilitates thenot functional when the purified BM3OR is incubated with
donation of the second electron to the substrate-bound oxy-either the P450 2C11 or the [2CBM3OR] proteins.
P450 complex, (AA*F& O,"~; Figure 6), the required step The mechanisms of 4, formation by these proteins, that
for the subsequent generation of the iron-bound oxidant js, p450 2C11-dependent one- or two-electron reduction of
species (AA*FEO, Figure 6). O, (to either @~ or O~ ) remain to be established:;

As discussed, the P450 2C11 AA monooxygenase could however, a one-electron reduction;”Omediated pathway
not be reconstituted in the presence of a 1:1 or a 10:1 molarfor the P450-catalyzed formation o%8, has been proposed
excess of the bacterial flavoprotein reductase, the BM3OR. (51). Nevertheless, regardless of the nature of the immediate
However, under similar conditions, the BM3OR was an H,O, precursor, the observed high levels of NADPH oxidase
effective P450 2C11 reductase and actively support€@b,H  activity support the idea that, for all the three enzyme systems
formation by this enzyme in an AA and BM3OR concentra- studied, reduction of the oxy-P450 compleXl) and/or
tion-dependent fashion (Table 6). When reconstituted with oxygen insertion into the substrate carbon template are the
the BM3OR in a 1:1 molar ratio, P450 2C11 catalyze®H rate-limiting steps during AA monooxygenation. Additional
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Table 7: Effects of Catalase and SOD in Arachidonic Acid
Epoxidation by Recombinant [2CTDRtr?

(% distribution)

Helvig and Capdevila

binding and one-electron reduction of the heme iron of P450
BM3 result in significant changes in protein conformation
(15, 52—-54). These changes included a partial closing of

the substrate access channgf)(and a movement of the

conditions ep;é(g'\%te)ﬂase 1A15.EET  1112-EET 58”3:5‘2? substrate oxygen acceptor carbon atom toward the enzyme's
heme iron center5Q). These studies indicate the possibility
frogtcr)otl) gg 2‘31 g? gé that electron transfer within the BM3GRP450 BM3
+ CAT 70 47 34 19 complex may be controlled by a combination of redox and
SOD+ CAT 65 45 37 18 conformational factors and that the role of these factors may

2S0D and catalase (5 U/mL, final concentrations) were added to differ during the first and second electron donation steps. It
the incubates prior to the addition of AA and NADPH. Values shown is of interest that fusion is required for electron transfer to
are from one representative experiment. Approximately 30% of the P450 2C11 by the BM3OR only after the one-electron
total reaction products eluted with RP-HPLC retention times similar yaqyction of the iron and that it is not required to facilitate
to those of HETE mixtures and remain uncharacteri?d&thoxygenase - . . .
is the activity of P450 2C11 that leads to formation of EETs. The productlve redox interactions between o'[,herW'se Incompat-
epoxygenase activity is expressed as percent of the total organic solubldble membrane-bound and soluble proteins.
products. In summary, these studies utilized P450 2C11 fusion

constructs to characterize the enzymology of electron transfer

supporting evidence for the above was provided by the fact and AA catalytic turnover between the major 2C isoform in
that for all the enzymes studied, the addition of a 10-molar rat liver and the P450 oxido reductases of mammalian and
excess of purified OR led to an increased catalytic efficiency, bacterial origin. They indicate the potential for multiple and
as determined by decreasedQ4AA metabolite molar distinct interactions between P450 and its flavoprotein
ratios. oxidoreductase that result in productive catalytic turnover.

Figure 6 integrates the above ideas into our current We have also documented, for the first time, the capacity of
understanding of the P450 catalytic cycle. AA binding to the bacterial BM3OR to interact with a mammalian P450
fused or nonfused P450 2C11 is followed by rapid heme isoform in a redox productive fashion to (a) actively support
iron reduction and oxygen binding to generate the oxy-P450 the NADPH-dependent reduction of the heme iron of P450
complex (AA*FeT0Oy ") (51). At this point, the oxy-P450  2C11 and of molecular oxygen and the generation gdH
complex partitions between release of Cand AA bound and (b) reconstitute, in a fusion-dependent fashion, the AA
enzyme or its enzymatic reduction to the peroxy-P450 monooxygenase activity of P450 2C11 to products that are
complex (AA*Fe&T0,%7) (Figure 6). As indicated above, the structurally identical to those generated by its mammalian
high rates of HO, formation by these P450 2C11 proteins counterpart. These results raise the interesting possibility that
indicate that reduction of the AA*F&O,~ complex is the the pathways of electron flow from NADPH to P450 2C11
rate limiting step for AA oxygenation. We believe that the are multiple and determined by unique P4%DR molecular
principal effect of an excess OR is to increase catalytic interactions. These interactions appear to be highly dependent
turnover by electron transfer to the oxy-complex. This on the redox status of the two P450/substrate/oxygen electron
reductive step is likely to follow a molecular path distinct acceptor complexes that are generated during the enzyme’s
from that utilized by the fused flavoproteins during the catalytic cycle.
donation of the first electron. Finally, and as with most  Finally, the data also demonstrate the feasibility of
P450s, protonation and oxygenxygen bond excision leads  designing and constructing 2C AA epoxygenases in which
to the release of §D, product and the resting enzyme (Figure catalytic turnover is only NADPH- and lipid-dependent.
6). Published data have demonstrated that this type of an

High rates of HO, generation catalyzed by the fused and approach can also be successfully applied to the rat P450
nonfused recombinant proteins raised the possibility of a 4A isoforms for the generation of self-sufficient AdVw-1
P450-active site independent oxidation of AA by reactive hydroxylasesq). We have recently engineered P450 BM3
oxygen species. To investigate the roles that high levels ofto function as a regio- and enantioselective 4GR)-
H.O, could play in the oxygenation of AA and the chemistry epoxygenase and utilized it for studies of the role of this
of its products, we incubated the [2C2ORtr] protein with epoxygenase in cell physiolog$%). However, the soluble
AA and NADPH in the presence or absence of SOD, nature and the narrow catalytic versatility of this bacterial
catalase, or a mixture of SOD and catalase. Product extractiorenzyme limit its usefulness as a general tool for cell
and analysis demonstrated that these enzymes had ndransfection studies. We expect that the approach documented
significant effects on either the turnover rate or the chemistry here will permit the extension of these studies to include
of the reaction products (Table 7), confirming that AA additional self-contained epoxygenases of mammalian origin.
metabolism requires a P450-active site controlled delivery
of the reactive oxygen species.

Our results show that the overall AA MONOOXygenase 1 \akita, K., Falck, J. R., and Capdevila, J. H. (1998)SEB
activities of the fused proteins more or less mimic those of J. 10, 1456-1463.
the reconstituted system composed of P450 2C11, OR, and 2. Kagawa, N., and Waterman, M. R. (1995) @ytochrome
DLPC. A unique exception is that of the BM3OR, in which P454011£%52f‘1115w§6ﬁE%B;?gggm’ilsetfxv\é'&md|an0, P.O., Ed)
the baptenal reductase actively catalyzes the one—electrpn 3?:?] O.K. P,ortale, A A. and Miller, W. L. (L99T)NA Cell
reduction of the substrate-free or bound heme iron but is Biol. 16, 1499-1507.
unable to support AA metabolism by P450 2C11. Crystal-

L 4 4. Li, J., Nagpal, P., Vitart, V., McMorris, T. C., and Chory, J.
lographic and NMR studies have suggested that substrate  (1996)Science 272398-401.
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