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ABSTRACT: We report the construction of a functional chimera from approximately 50% bacterial (cytosolic)
cytochrome P450cam and 50% mammalian (membrane-bound) cytochrome P450 2C9. The chimeric
protein shows a reduced CO-difference spectrum absorption at 446 nm, and circular dichroism spectra
indicate that the protein is globular. The protein is soluble and catalyzes the oxidation of 4-chlorotoluene
using molecular oxygen and reducing equivalents from bacterial putidaredoxin and putidaredoxin reductase.
This chimera provides a novel method for addressing structure-function issues and may prove useful in
the design of oxidants for benign and stereospecific synthesis, as well as catalysts for bioremediation of
polluted areas. Furthermore, these results provide the first evidence that bacterial P450 enzymes and
mammalian P450 enzymes are likely to share a common tertiary structure.

The cytochrome P450 enzyme family is responsible for
the metabolism of a large number of drugs and environmental
pollutants in mammals. If we could predict the rates and
regioselectivities of metabolism of these xenobiotics, we
could predict the half-life of most drugs and the potential
for bioactivation of new drugs and assess the risk associated
with environmental pollution (1). Furthermore, an increased
understanding of the binding features and mechanistic details
of this important class of enzymes can be used to design
oxidants for benign and stereospecific synthesis, as well as
catalysts for bioremediation of polluted areas (2).
To date, no three-dimensional structure of a mammalian

P450 enzyme is available, despite the use of special expres-
sion vectors (3, 4) and peptitergents to improve solubility
(5). In contrast, the crystal structures of a number of cyto-
solic bacterial P450s have been determined. These include
P450cam, P450BM3, P450terp, and P450eryF (6-11). Since
no detailed structural information has been obtained for a
mammalian P450 enzyme, all attempts to determine the effect
of enzyme-substrate interactions have used the crystal
structures from the soluble bacterial P450 enzymes (12).
While homology models can be constructed for the membrane-
bound mammalian enzymes on the basis of bacterial en-
zymes, the very low sequence identities (<20%) mean that
any resulting model has low resolution (13). Despite these
constraints, homology models can be constructed that suc-
cessfully explain the results of site-directed mutagenesis
experiments (14). However, no information to date directly

supports the hypothesis that mammalian and bacterial
enzymes are structurally related.
We chose to construct a chimera, P450BFG, that contained

a portion of cytochrome P450 2C9 (see Figure 1) since this
isoform of P450 is abundant in human liver and plays an
important role in drug metabolism (15, 16). We have already
reported an active-site model of P450 2C9 based on ligand
binding to this enzyme (17). Furthermore, the successful
construction of a chimera from a bacterial and a mammalian
source would help to validate the use of bacterial structures
in constructing homology models of mammalian P450
enzymes.

EXPERIMENTAL PROCEDURES

Construction of an Expression Plasmid for P450BFG and
Wild-Type P450cam.The homology model of P450BFG
was produced with the program Modeler (18) and used the
coordinates of P450cam, P450BM3, and P450eryF. We
selected the position for fusion on the basis of the resulting
homology model. The constuct of the expression plasmid
is shown in Figure 2. Subcloning was performed in
Epicurian Coli XL1-Blue MR supercompetent cells (Strat-
agene, La Jolla, CA). All modifications were introduced by
PCR mutagenesis. Templates for PCR were pretreated with
the alkaline-denaturing method (19), and then site-directed
mutagenesis was performed with the ExSite PCR-Based Site-
Directed Mutagenesis Kit (Stratagene). As shown in Figure
2, first, theNcoI restriction site was introduced in P450cam
by primer 1 and 2 (amino acids 216-218) and P450 2C9
by primer 3 and 4 (amino acids 256-258). The starting
position of the H-helix of P450 2C9 is aspartic acid 264.
After digestion ofXhoI (P450cam) orEcoRI (P450 2C9),
each plasmid was blunt-ended and then digested byNcoI.
The fragments of P450cam and P450 2C9 were ligated after
the digestion byNcoI-XhoI or EcoRI. The ligated plasmid
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contained P450cam, including the pBluescript vector, from
the amino terminus to the G-helix (residues 1-216) and P450
2C9 from the H-helix to the carboxyl terminus (methionine
257 to the C terminus). In addition, the sequence at the
junction (Ala-Met-Asp) was returned to the original sequence
(Gly-Met-Asn) of P450cam and P450 2C9 by site-directed
mutagenesis with primers 5 and 6. A (His)6 affinity tag
coding sequence was inserted at the 3′ terminus of P450 2C9
cDNA by primers 7 and 8. The sequences of primers are as
follows: primer 1, CCATGGACGCTATCAGCATCGT-
TGCCAAC; primer 2, CCGGCTTCTGCCTGCGTTGCTC-
GA; primer 3, CCATGGACAACCCTCAGGACTTTAT-
TGAT; primer 4, CCATTGATTCTTGGTGTTCTTTTACT;
primer 5, GCATGAACAACCCTCAGGACTTTATTGA;
primer 6, CCGGCTTCTGCCTGCGTTGCTCG; primer 7,
CATCACCATCACCATCACTGAAGAAGAGCAG-
ATGGCCTGGC; and primer 8, GACAGGAATGAAGCA-
CAGCTGGTA. A (His)6 affinity tag coding sequence was
inserted at the 3′ terminus of P450cam cDNA.
Expression of the Fusion Protein.A single ampicillin-

resistant colony of DH5R cells transformed with the plasmid
DNA described above was cultured overnight at 37°C in
Luria-Bertani medium containing ampicillin (100µg mL-1).
A 0.5 mL aliquot was used to inoculate 50 mL of Terrific
broth (TB)1 and the mixture cultured for 8 h at 37°C. This
25 mL aliquot was used to inoculate 500 mL of TB at 30
°C. Incubation at 30°C was continued for 48 h. The TB
was supplemented with ampicillin (100µg mL-1), 0.5%
glucose, 1 mMδ-aminolevulinic acid (δ-ALA, only for the
500 mL culture), vitamins (1% w/w, Basal Medium Eagle
Vitamin Solution, Gibco BRL, Grand Island, NY), and trace
elements [2 mM MgSO4‚7H2O, 0.1 mM CaCl2, FeSO4 (1.0
and 10.0µM for the 50 and 500 mL cultures, respectively),

and a metal solution (50µM H3BO4, 0.2µM CoCl2‚6H2O,
1 µM CuSO4‚5H2O, 1 µM MnCl2‚4H2O, 1 nM Na2MoO4,
and 2µM ZnCl2)]. The cells were harvested by centrifuga-
tion at 5000g and 4°C for 10 min. The pellet was stored at
-80 °C before being used.
Expression of the Wild-Type P450cam.A methodology

similar to that of the fusion protein was used except for the
culture temperature and the concentration ofδ-ALA. The
small scale culture at 37°C for 8 h was followed by the
incubation at 37°C for 21 h. The concentration ofδ-ALA
was 0.12 mM.
Purification and Analyses of the Expressed Chimeric and

Wild-Type P450 Proteins.The suspension buffer for the
bacterial pellet must contain 50µM d-camphor. The super-
natant was applied to a Ni-NTA agarose column (Qiagen
Inc., Chatsworth, CA). The column was eluted with 10
column volumes of buffer A [50 mM sodium phosphate (pH
7.8) containing 300 mM NaCl, 50µM d-camphor, 5 mM
2-mercaptoethanol, and 5% (v/v) glycerol] and eluted with
buffer A containing 80 mM imidazole. The red-colored
fractions were collected and dialyzed overnight at 4°C
against 2 L of buffer B [10 mM potassium phosphate (pH
7.2) containing 0.1 mM DTT, 0.1 mM EDTA, 50 mM
d-camphor, and 5% (v/v) glycerol]. The sample was applied
to a hydroxylapatite column (Bio-Rad Laboratories, Hercules,
CA) equilibrated with buffer B and then eluted with a linear
gradient of 10 to 300 mM potassium phosphate buffer (pH
7.2). The fractions with a strong red color were collected,
and the protein purity (20) and P450 specific content were
analyzed (21).
Circular Dichroism Experiments.Purified P450BFG and

P450cam wild type were dialyzed for 3 h at 4°C against 1
L of 52.6 mM potassium phosphate (pH 7.0) containing 263
mM KCl and 106µM dithiothreitol. The dialyzed samples
were used for circular dichroism experiments. Details of
the experimental procedure are described elsewhere (22).
Construction, Expression, and Purification of Putidare-

doxin (Pt) and Putidaredoxin Reductase (PtR).TheNdeI
restriction site was introduced at the site of the initiation
codon of the Pt or PtR plasmids (23) by PCR mutagenesis.
After digestion of Pt bySmaI and digestion of PtR byMluI
followed by blunt ending, each plasmid was digested by
NdeI, and gel-purified DNA was cloned into the pET-15
expression vector (Novagene, Madison, WI) after diges-
tion by XhoI and blunt ending and digestion byNdeI.
Escherichia colistrain BL21 (DE3) (Novagene) was trans-
formed with pETPt or pETPtR. After Ni-NTA column
chromatography, each expressed protein was further purified
by DE 52 using the method described by Gunsalus and
Wagner (24).
Assay of the Oxidation of 4-Chlorotoluene and Isotope

Effect Measurements.Purified P450BFG, P450cam wild
type, Pt, and PtR were each dialyzed for 3-6 h at 4 °C
against 1 L of 50 mM potassium phosphate (pH 7.4)
containing 200 mM KCl and 106µM dithiothreitol before
being used. The assays were carried out at 37°C for 20
min in a 1 mL reaction mixture in 50 mM potassium
phosphate (pH 7.4) containing 200 mM KCl. The reaction
mixtures contained 0.5 mM 4-chlorotoluene and 1.5µM
wild-type P450cam or 0.1-0.4µM P450BFG and 3µM Pt,
1.5 µM PtR, and 0.3 mM NADH (25). P450 2C9 was
obtained with the HepG2 vaccinia expression system de-

1 Abbreviations: TB, Terrific broth;δ-ALA, δ-aminolevulinic acid;
Pt, putidaredoxin; PtR, putidaredoxin reductase; SRS, substrate recogni-
tion site; CYP, cytochrome P450.

FIGURE 1: Model of the P450BFG structure. The yellow region is
from P450cam, and the red region is from P450 2C9. The heme is
shown in green. The white region is the site chosen for fusion of
the bacterial and mammalian sequences.
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scribed previously (26). The 4-chlorobenzyl alcohol me-
tabolite was detected by gas chromatography-mass spec-
trometry (27). Details of the isotope effect measurements
and experimental design were as described previously (28).

RESULTS AND DISCUSSION

Design and Construction of the P450cam-P450 2C9
Chimera. Our attempts to make a soluble chimeric construct
were based on a homology model of P450 2C9 (13). The
resulting homology model shown in Figure 1 suggested that
replacing all amino acids prior to the random coil between
the G- and H-helix [using the P450cam structural nomen-
clature (7)] with bacterial amino acids should provide a
soluble bacterial-mammalian chimera. This coil was chosen
on the basis of the hypothesis that the amino terminus and
possibly the distal face of the protein (comprised of amino
acids prior to the coil) were involved in membrane interac-
tions. Since the sequence alignments are based on very low
sequence identity, we chose an area for fusion with no
secondary structure to increase our chances of producing a
folded protein.

A single chimera was constructed to have the P450cam
primary sequence from the amino terminus to the G-helix
(residues 1-216) and the P450 2C9 primary sequence
from before the putative H-helix to the carboxyl terminus
(methionine 257 to the C terminus) (Figures 1 and 2).
According to the nomenclature of Gotoh (29), the active site
would be composed of SRS (substrate recognition site) 1-3
from P450cam and SRS 4-6 from P450 2C9. A (His)6

affinity tag coding sequence was inserted at the 3′ terminus
of the P450 2C9 cDNA to allow protein purification by
affinity chromatography (30, 31). The chimera was ex-
pressed inE. coli with the pBluescript vector.

Expression of P450 Proteins and Solubility.A typical
preparation of chimera yielded around 200 nmol/L, while
the expression levels of the wild-type P450cam were 600-
1000 nmol/L under similar conditions. After treatment
with lysozyme and sonication of the cell pellet, the cell
lysate was centrifuged at 105000g and the supernatant
was found to contain all the P450. This protein was puri-
fied with a Ni-NTA agarose column followed by a hydroxy-
lapatite column. The fact that the resulting enzyme is
soluble, while mammalian enzymes with the amino terminus
removed are not, indicates that other regions near the amino
terminus may also be important for membrane interactions
(32-35).
Identification and Spectra Studies.The purified P450BFG

showed one major and one minor band on SDS-polyacryl-
amide gel electrophoresis (Figure 3). The major band
showed an approximate molecular mass of 51 kDa as judged
by SDS-polyacrylamide gel electrophoresis, consistent with
the molecular mass expected from the component segments
(Figure 3). Similarly, two bands are observed for wild-type
P450cam prepared with a (His)6 tag coding sequence. The
minor lower-molecular mass band is at present unidentified.
In the presence of imidazole, the absolute spectrum of the
wild-type P450cam showed a maximum peak at 417 nm,
which indicates that the heme is predominantly in the low-

FIGURE 2: Construction of a fused plasmid of P450cam and P450 2C9.
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spin state. The spin state of the chimera was mainly high-
spin in the presence of imidazole, with a maximum absor-
bance at 393 nm (data not shown).
The purified P450BFG showed a reduced CO-difference

spectrum at 446 nm (Figure 4) characteristic of a functional
P450 protein. The specific content of P450BFG was 6.4
nmol/mg of protein. For P450 enzymes, the presence of a
CO-difference spectrum is taken as evidence that the protein
is folded and has incorporated heme. However, since a CO-
difference spectrum is only an indirect measure of whether
the chimeric protein has folded, we performed circular
dichroism studies to explore the secondary structure of
P450BFG. The spectrum of the chimera showed a typical
helical structure (data not shown), and the secondary structure
predicted on the basis of these studies is presented in Table
1. Thus, the circular dichroism studies confirm that the
chimera is folded. While the secondary structural features
are similar to those expected for a P450 protein, they are
not identical to those of P450cam.

The fact that the two proteins can be fused and fold to
give a functional protein provides evidence that the bacterial
P450cam and the mammalian P450 2C9 may share common
tertiary structure. However, an alternate explanation is that
the bacterial and mammalian enzymes do not share a
common tertiary structure but, when combined to form a
chimera, can fold to form a functional protein with a novel
structure. This explanation could certainly be possible if the
proteins were constructed from multiple domains and we
were fusing these different domains. However, this seems
unlikely, as neither the crystal structures of P450cam nor
those of other bacterial proteins show any evidence that
multiple domains exist. In each case, the entire sequence
surrounds the heme, and residues from near the beginning
of the amino terminus to near the end of the carboxyl
terminus are important in heme binding or substrate binding.

Catalytic ActiVity and Electronic Features of the ActiVe
Oxygen.Next, the ability of the fusion protein to oxidize a
P450 substrate was determined. The bacterial and mam-
malian enzymes both require an electron-transfer protein(s)
to reduce molecular oxygen prior to formation of an active
monooxygen species (23, 36). However, the bacterial and
mammalian enzymes use different, unrelated electron-transfer
systems. For these experiments, we purified Pt and PtR after
subcloning each cDNA into a pET vector with theT7lac
promoter and a (His)6 tag coding sequence. We found that
this bacterial electron-transfer system could support the
oxidation of 4-chlorotoluene to 4-chlorobenzyl alcohol by
P450BFG. Thus, the fusion protein can function as an active
P450 enzyme (Table 1). In fact, P450BFG showed slightly
higher activity toward this substrate than P450cam. Experi-
ments to determine if the mammalian P450 reductase can
support the same oxidation with P450BFG are underway.

To examine if the electronic nature of the active oxygen
is perturbed in P450BFG, we determined the magnitude of
the intramolecular deuterium kinetic isotope effect for the
hydroxylation of 4-chlorotoluene and compared it with the
isotope effects for the same reaction catalyzed by P450cam
and P450 2C9. The resulting isotope effects (Table 1) are
essentially the same for each enzyme, indicating that the
reactivity of the active oxygen is likely to be the same for
each enzyme. While the isotope effects indicate that the
active oxygen reactivities are the same, it is possible that
this agreement is fortuitous. To confirm that the proteins
have the same reactivities, we will determine the isotope

FIGURE 3: SDS-polyacrylamide gel electrophoresis of P450BFG
expressed inE. coli. Lanes 1 and 2 show the fusion protein, and
lanes 3 and 4 show wild-type P450cam: lane 1, 105000g-
centrifuged supernatant (3µg of protein); lane 2, eluate from a
hydroxylapatite column (1.5µg of protein); lane 3, 105000g-
centrifuged supernatant (3µg of protein); lane 4, eluate from a
hydroxylapatite column (2.2µg of protein); and lane 5, molecular
mass markers. The gel was stained with Coomassie Brilliant Blue
R250.

FIGURE 4: CO-reduced difference spectrum of P450BFG with an
absorbance maximum at 446 nm. The preparation used corresponds
to that from lane 2 in Figure 3.

Table 1: Comparison of the Structural Properties and Activities of
the Fusion Protein with Bacterial P450cam and Expressed Human
P450 2C9

R-helix (%)a â-sheet (%)a
product
formation KIEb

P450BFG 35.5 5.4 0.167c 5.8
P450cam 28.8 18.0 0.078c 6.5
P450 2C9 ndd ndd 0.158e 6.2
a The results from circular dichroism experiments. Repeated experi-

ments showed similar results.b Intramolecular kinetic isotope effect
for 4-chlorotoluene-R-2H2. cNanomoles of 4-chlorobenzyl alcohol per
minute per nanomole of P450.d Value not determined.eNanomoles
per minute milligram of protein from microsomal fractions of expressed
CYP 2C9. Each of the values for product formation and isotope effects
is the mean of two or three separate experiments performed on different
days.
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effect profiles for each enzyme (37). This work is currently
underway.
Potential Application of the Chimeric Construct.This

approach to the construction of chimeras could have a
number of applications. (1) From other homology models
of mammalian P450 enzymes, it is apparent that this method
may prove to be an interesting method for constructing sol-
uble P450 enzymes with mammalian active-site character-
istics. These enzymes should be more adaptable to uses in
bioremediation than the more restrictive bacterial enzymes
and easier to work with than the membrane-bound mam-
malian enzymes. (2) Since the enzyme is soluble, it could
provide a method for obtaining structural information. In
particular, it should be amenable to X-ray crystallography.
(3) If structural information can be obtained, chimeric en-
zymes could play an important role in the design of enzymes
for selective oxidation reactions in the synthesis of organic
compounds. (4) Selectively replacing amino acid segments
in the amino terminus with the mammalian amino acids may
prove to be a valuable method for determining important
membrane association sites. (5) Since the enzyme is part
mammalian and part bacterial, it can be used to determine
the features that confer specific interactions with the different
reductase systems.
In conclusion, the observation that a chimera of P450 2C9

and P450cam, which have less than 15% primary sequence
identity, can still fold provides evidence for a conserved
three-dimensional structure between P450cam and the CYP2
family.
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