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Cytochrome P450 monooxygenases (P450s) are known to oxidize hydrocarbons, albeit with limited substrate specificity across
classes of these compounds. Here we report a P450 monooxygenase (CYP63A2) from the model ligninolytic white rot fungus
Phanerochaete chrysosporium that was found to possess a broad oxidizing capability toward structurally diverse hydrocarbons
belonging to mutagenic/carcinogenic fused-ring higher-molecular-weight polycyclic aromatic hydrocarbons (HMW-PAHs),
endocrine-disrupting long-chain alkylphenols (APs), and crude oil aliphatic hydrocarbon n-alkanes. A homology-based three-
dimensional (3D) model revealed the presence of an extraordinarily large active-site cavity in CYP63A2 compared to the mam-
malian PAH-oxidizing (CYP3A4, CYP1A2, and CYP1B1) and bacterial aliphatic-hydrocarbon-oxidizing (CYP101D and
CYP102A1) P450s. This structural feature in conjunction with ligand docking simulations suggested potential versatility of the
enzyme. Experimental characterization using recombinantly expressed CYP63A2 revealed its ability to oxidize HMW-PAHs of
various ring sizes, including 4 rings (pyrene and fluoranthene), 5 rings [benzo(a)pyrene], and 6 rings [benzo(ghi)perylene], with
the highest enzymatic activity being toward the 5-ring PAH followed by the 4-ring and 6-ring PAHs, in that order. Recombinant
CYP63A2 activity yielded monohydroxylated PAH metabolites. The enzyme was found to also act as an alkane �-hydroxylase
that oxidized n-alkanes with various chain lengths (C9 to C12 and C15 to C19), as well as alkyl side chains (C3 to C9) in alkylphe-
nols (APs). CYP63A2 showed preferential oxidation of long-chain APs and alkanes. To our knowledge, this is the first P450 iden-
tified from any of the biological kingdoms that possesses such broad substrate specificity toward structurally diverse xenobiotics
(PAHs, APs, and alkanes), making it a potent enzyme biocatalyst candidate to handle mixed pollution (e.g., crude oil spills).

Environmental chemicals such as fused-ring polycyclic aro-
matic hydrocarbons (PAHs) and long-chain alkylphenols

(APs) pose a serious threat to human health, as these chemicals are
highly mutagenic/carcinogenic (1, 2) and exhibit endocrine-dis-
rupting (ED) activity (3), respectively. As the genotoxicity of
PAHs increases with the number of aromatic rings in the mole-
cule, high-molecular-weight PAHs (HMW-PAHs; �4 aromatic
rings) are a particular human health concern because of their car-
cinogenic potential. Both HMW-PAHs and APs are generated via
anthropogenic and industrial activities and are highly persistent in
the environment (3, 4). The hydrophobic nature (low solubility in
water) and extended conjugated aromatic structures make these
chemicals recalcitrant to biodegradation due to poor bioavailabil-
ity and high chemical stability (3, 4) and cause their bioaccumu-
lation in the food chain (5, 6). Aliphatic hydrocarbons, particu-
larly alkanes, occur concomitantly with PAHs in crude oils, and
their biodegradability decreases with the increase in their carbon
chain lengths (because of the resulting hydrophobic nature).
Hence, the biodegrading microorganisms in natural pollution
scenarios, such as crude oil spills, may preferably require enzy-
matic capability to metabolize and/or thrive on this major oil
fraction (alkanes) in addition to degrading more recalcitrant
PAHs (7).

For the past 4 decades much emphasis has been placed on
characterization of microorganisms and their enzymes for bio-
degradation of persistent environmental chemicals, such as
HMW-PAHs and endocrine-disrupting chemicals (EDCs). Both
the prokaryotes (bacteria) and eukaryotes (fungi and animals)
seem to follow similar mechanisms of initial oxidation of these

chemicals via oxygenases (8, 9). This usually rate-limiting initial
oxidation step in the biodegradation of these chemicals is cata-
lyzed by cytochrome P450 monooxygenases (mainly eukaryotes)
or nonheme iron dioxygenases (mainly prokaryotes). Cyto-
chrome P450 monooxygenases (CYPs/P450s) are heme-thiolate
proteins distributed across biological kingdoms and phyla and are
known to catalyze a wide variety of reactions such as hydroxyla-
tion, epoxidation, dealkylation, sulfoxidation, deamination, des-
ulfuration, dehalogenation, and N-oxide reduction (10).

Fungi, particularly the white rot group of basidiomycete fungi,
are lower eukaryotic microorganisms which have shown an ex-
traordinary capability to oxidize and degrade or mineralize (to
CO2) PAHs and APs via peroxidase- or P450-mediated mecha-
nisms (11, 12). While their peroxidases have been extensively
studied, little is known about the specific fungal P450s involved in
the oxidation of HMW-PAHs and long-chain APs. Isolation and
characterization of these P450s from biodegradative fungi will be
important in efforts to develop improved biocatalysts for efficient
removal of recalcitrant toxicants from the environment.
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Phanerochaete chrysosporium has been the most intensively
studied model white rot basidiomycete for understanding the
mechanisms of degradation of lignin, the most abundant aromatic
polymer on earth (13), and various xenobiotic structures, includ-
ing PAHs and APs (14). Pregenomic studies from our laboratory
led to the first isolation of complete P450 genes, namely, CYP63A1
and CYP63A2 (15) in P. chrysosporium. These genes, though tan-
demly linked, were found to be inducible to different extents, by a
wide range of xenobiotic structures, including aliphatic, aromatic/
polyaromatic, and alkyl-substituted aromatic compounds (16).
Subsequent whole-genome sequencing of P. chrysosporium (17)
revealed the presence of an extraordinarily large contingent of
P450 genes (149 complete P450 genes and 12 pseudogenes) in this
organism (14, 17). Although xenobiotic induction data on several
individual P450s implied their functional potential, experimental
analysis to understand their specific role in catalysis was hampered
due to the difficulty in active heterologous expression of these
enzymes (18, 19). In this direction, we have recently developed a
coexpression strategy that allowed successful active expression of
P. chrysosporium P450s along with their homologous cytochrome
P450 reductase (Pc-CPR) in the yeast Pichia pastoris (20, 21). Us-
ing this coexpression strategy, the current study focused on func-
tional characterization of CYP63A2, one of the first cloned Pc-
P450 enzymes, and unveiled its unusual and versatile catalytic
characteristics. Computational analysis of the modeled three-di-
mensional (3D) structure in conjunction with experimental cata-
lytic analysis showed that CYP63A2 possesses a broad and unique
substrate specificity, oxidizing HMW-PAHs as well as APs and
alkanes of various chain lengths. This study constitutes the first
characterization of a microbial native P450 capable of oxidizing
the recalcitrant HMW-PAHs with up to 6 fused aromatic rings,
APs with various alkyl side chain lengths, including the recalci-
trant (C8 and C9) forms, and long-chain n-alkanes (C9 to C12 and
C15 to C19). Furthermore, this study marks the beginning of sys-
tematic functional characterization of the members in the first
cloned P450 family, CYP63, in the white rot fungus.

MATERIALS AND METHODS
Chemicals. All PAH compounds and related authentic standards [1-hy-
droxypyrene and 3-hydroxybenzo(a) pyrene], the alkylphenols, including
technical grade nonylphenol (tNP), 4-n-nonylphenol (4-n-NP), and 4-n-
octylphenol (4-n-OP), and the n-alkane mixture containing 40 mg/liter
each of the C8 to C20 n-alkanes in hexane were obtained from Sigma-
Aldrich (St. Louis, MO). 4-n-Heptylphenol (4-n-HTP), 4-n-pentylphenol
(4-n-PTP), 4-n-butylphenol (4-n-BP), and 4-n-propylphenol (4-n-PP)
were purchased from Fisher Scientific (Pittsburgh, PA).

Coexpression of CYP63A2 and its homologous redox partner in P.
pastoris. In order to assess the oxidation capability of CYP63A2 toward
PAHs and APs, two P. pastoris clones generated in our laboratory by
transforming with a binary vector construct containing Pc-CYP63A2 and
Pc-CPR (named PC2) (21) and empty vector pPICZB (named PP C) (20)
were used. Media and growth conditions for culturing P. pastoris were as
described in the Pichia expression manual supplied by the manufacturer
(Invitrogen, Life Technologies, USA).

Coexpression of CYP63A2 and its homologous redox partner Pc-CPR
in recombinant P. pastoris clones was assessed using microsomes prepared
as described previously (21). Briefly, the test clone (PC2 or PP C) was
cultured in buffered minimal glycerol (BMG) medium till it reached an
absorbance (A600) of 2.0. Pelleted cells were resuspended in buffered min-
imal (BM) medium (21 ml) supplemented with aminolevulinic acid (2
mM) and methanol (0.5% [vol/vol]). Following incubation at 30°C for 24
h (220 rpm), the cells were pelleted and resuspended in a lysis buffer

containing 50 mM potassium phosphate buffer, pH 7.4, 20% glycerol, 1
mM phenylmethylsulfonyl fluoride (PMSF), and a protease inhibitor
cocktail (Sigma; catalog no. P-8465). Cells were lysed by vortexing with an
equal volume of acid-washed glass beads using 10 cycles of alternate puls-
ing and cooling for 30 s each. The cell lysate was centrifuged at 5,000 � g
for 10 min at 4°C to remove cell debris. The resulting supernatant was
centrifuged (20,000 � g for 30 min at 4°C) to pellet the mitochondria. The
refined supernatant was collected and recentrifuged at 100,000 � g for 3 h
to isolate microsomes. The pellet (microsomes) was resuspended in the
lysis buffer and aliquoted and stored at �80°C until used for analyzing the
expression levels. P450 and CPR expression levels in microsomes were
determined on the basis of the reduced CO difference spectrum and NA-
DPH-dependent cytochrome c reducing activity, respectively, as de-
scribed elsewhere (22). In addition, expression of the CPR and P450 pro-
teins in the microsomes was analyzed by SDS-PAGE and Western blotting
using anti-His antibodies.

Heterologous expression of CYP63A2 in Escherichia coli. In order to
assess the oxidation capability of CYP63A2 toward alkanes, it was heter-
ologously expressed in E. coli. Briefly, the CYP63A2 cDNA, truncated at
the 5= end by 255 nucleotides (encoding 85 amino acids) for optimal
expression, was cloned in the pCWOri vector (kindly provided by M. J.
Paine, Liverpool School of Tropical Medicine, Liverpool, United King-
dom). The expressing E. coli clone was induced with IPTG (isopropyl-�-
D-thiogalactopyranoside) as described elsewhere (23). The induced cells
were resuspended in 100 mM Tris-HCl buffer containing 20% glycerol, 5
mM dithiothreitol (DTT), and 1 mM PMSF and lysed using a sonicator.
Cell debris was removed by centrifugation (3,000 � g for 5 min), and the
resulting crude cell extract was used for analyzing the CYP63A2 expres-
sion via detection of a characteristic P450 reduced CO difference spec-
trum (22).

Yeast whole-cell oxidation assays. For whole-cell oxidation of PAHs
and APs (tNP and linear APs with alkyl chains ranging from C3 to C9), a
single colony from each of the recombinant P. pastoris clones (PC2 and PP
C) was cultured in BMG medium until the absorbance (A600) reached 2.0.
Cells were pelleted and resuspended in BM medium (21 ml) containing
aminolevulinic acid (2 mM). The cell suspension was subdivided equally
(7 ml each) into three conical flasks. Each flask was spiked with the test
xenobiotic compound dissolved in methanol. All compounds were tested
at a 20-ppm final concentration, and the concentration of the vehicle
(methanol), which was also the carbon source in the medium, did not
exceed 0.5% (vol/vol). An uninoculated control meant for estimation of
the initial level of the compound and for assessing the degree of any abiotic
degradation was prepared using the same medium and run alongside the
test flasks. All treatments were performed in triplicate. The cultures were
incubated (30°C, 250 rpm) for 24 h. Subsequently, 5-ml culture aliquots
were removed aseptically and extracted (3 times) with an equal volume of
methylene chloride. The solvent extracts were dried on anhydrous sodium
sulfate and resuspended in acetonitrile (ACN) or methanol. Simultane-
ously, after incubation, 1 ml of the culture was centrifuged and the cell
pellet was dried to estimate dry biomass weight, as described elsewhere
(20).

In vitro reconstituted P450 enzyme reaction-based oxidation assay.
CYP63A2 oxidation activity toward alkanes was tested in an in vitro re-
constituted P450 enzyme reaction. The reaction mixture (1 ml) contained
100 mM Tris-HCl buffer, 200 mM NAPDH, 0.001% alkane mixture, and
the enzymes. Equal volumes of the E. coli cell extract containing CYP63A2
enzyme (prepared as described above) and a cell extract containing ho-
mologous P450 reductase (Pc-CPR) prepared from a recombinant E. coli
clone generated in our previous study (19) were mixed and used as the
source of enzymes. The reaction mixture was incubated at room temper-
ature for 1 h under constant shaking. The completed reaction mixtures
and the no-enzyme controls (prepared by incubating alkanes with the
control host E. coli cell extracts) were extracted with methylene chloride (3
times). The pooled extract from an individual reaction was evaporated to
dryness and resuspended in a final volume of 1 ml using methylene chlo-
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ride, and the resulting extract was used for gas chromatography-mass
spectrometry (GC-MS) analysis of parent alkanes. For reliable identifica-
tion of the oxidation products and the position of hydroxylation in the
products, methylene chloride extracts were derivatized using N,O-bis(t-
rimethylsilyl)trifluoroacetamide (BSTFA) (catalog no. 33027; Sigma-Al-
drich). Briefly, each reaction extract residue was resuspended in 100 �l of
the same solvent. An equal volume of BSTFA (100 �l) was added, and the
vial was tightly sealed and incubated at 65°C for 20 min. The resulting
derivatized samples were analyzed by GC-MS.

Analytical methods. (i) HPLC. The oxidation status of the PAHs [py-
rene, phenanthrene, benzo(a)pyrene] and AP compounds (tNP and lin-
ear APs with alkyl chains ranging from C3 to C9) was analyzed using
high-pressure liquid chromatography (HPLC). The analysis was done on
Prostar 210/215 HPLC system (Varian, Inc.) equipped with a C18 reverse-
phase column (4.6 mm by 250 mm) and a UV detector. The separation
was achieved using a 20-min linear gradient of acetonitrile in water [60%
to 100% acetonitrile for fluorene, anthracene, acenaphthene, phenan-
threne, benzo(a)pyrene, and benzo(ghi)perylene and 70% to 100% for
pyrene and fluoranthene] as the mobile phase at a flow rate of 2 ml/min.
HPLC separation of APs was achieved using a 20-min linear gradient of
ACN in water (50% to 100% for tNP, 4-n-NP, and 4-n-OP) and a 25-min
linear gradient of ACN in water (50% to 90% for 4-n-HTP, 50% to 80%
for 4-n-PTP, 50% to 60% for 4-n-BP and 4-n-PP) at a flow rate of 2
ml/min. PAHs and their metabolites were detected at 254 nm, whereas
APs and their metabolites were detected at 277 nm. These compounds
were quantified based on corresponding standard curves generated using
their defined concentrations.

(ii) LC-ESI/MS. Hydroxylated metabolites of PAHs and APs gener-
ated by the action of CYP63A2 were analyzed by liquid chromatography-
electrospray ionization/mass spectrometry (LC-ESI/MS) using the LTQ-
Orbitrap coupled with a surveyor MS Pump Plus (Thermo Finnigan) as
described in our previous studies (20, 24). The solvent system comprised
water and methanol, with 10 mM ammonium acetate included in both
solvents. The LC gradient for PAH metabolites was as follows: pyrene and
benzo(a)pyrene metabolites, 65% methanol for 2 min, 65 to 100% meth-
anol in 25 min, followed by a hold at 100% methanol for 3 min; fluoran-
thene and benzo(ghi)perylene metabolites, 65% methanol for 5 min, 65 to
100% methanol in 50 min, followed by a hold at 100% methanol for 5
min. The LC gradient for AP metabolites was as follows: 50% methanol
for 5 min, 45-min linear gradient of methanol in water (50% to 90%),
followed by a hold at 100% methanol for 6 min and 50% methanol for 4
min. Full-scan mass spectra (m/z 100 to 500 [for PAHs] and m/z 50 to 500
[for APs]) were acquired at a resolution of 30,000 (full width at half-
maximum intensity [FWHM]) throughout the chromatographic runs.
The results were analyzed, and extracted ion chromatograms were con-
structed with XCalibur (Thermo). Experimental masses of metabolites
were obtained by averaging 25 scans across the full width at the half max-
imum of the peak.

(iii) GC-MS. The alkane oxidation rate and oxidation products were
analyzed by GC-MS. Analysis was performed using an Agilent 7890A GC/
5975C MSD, equipped with an Rxi-5sil MS (Restek Corp.) column (30 m
in length with a 0.25-mm inside diameter [ID] and 0.25-�m film). The

injector was run in splitless mode at 275°C, with a 1-�l sample injection.
The carrier gas (helium) flow rate was set to 1 ml/min. The GC oven was
programmed at 60°C initially with a 1-min hold and then ramped to
300°C at 10°C/min; this was followed by a hold for 3 min. The MS detector
was set to scan over the m/z range of 40 to 400, with an emission current set
to 35 �A and electron energy set to �70 eV. The MS source was set to
230°C, and the quadrupole was set to 150°C.

Alkanes were verified using retention time and MS matching to the
stock solution of the C8 to C20 alkane mixture, coupled with National
Institute of Standards and Technology (NIST) MS library verification.
Alcohol metabolites, in the form of trimethylsilyl (TMS) derivatives, were
verified using the NIST MS library, with mass spectra of TMS ethers of
primary alcohols downloaded from NIST standard reference database
number 69 (available at http://webbook.nist.gov/chemistry/).

The GC-MS profiles of CYP63A2 reaction extracts were compared
with those of the control reaction extracts. Rates of oxidation of different
alkanes by CYP63A2 were expressed as percentages of oxidation of the
alkanes compared to that for the control reaction. Control reactions
showed the same amount of alkanes as the buffer control. The P450-
specific metabolites were identified based on the mass spectral fragmen-
tation profile and the GC-MS NIST library.

Homology modeling and ligand docking simulations. 3D models of
CYP63A2 were obtained using the Phyre server (25). Structure annotation
and comparative structure analysis were performed using POLY-
VIEW-2D (26). Docking simulations of the substrates were conducted
with AutoDock 4 (27). Analysis of ligand docking results was performed
using POLYVIEW-MM (28). Volumes and surface areas of the cavities
were calculated with CASTp (29) using a 1.4-Å probe. The final 3D model
of CYP63A2 and active-site cavities were rendered using PyMol (http:
//www.pymol.org/).

RESULTS
Structural characteristics and substrate-binding potential of
CYP63A2. A 3D model of CYP63A2 was built using the Phyre
server (25). Three top-ranking homology models of CYP63A2
based on the CYP3A4, CYP102A1 (BM3), and CYP1A2 structural
templates (Protein Data Bank [PDB] identifiers 1tqn, 2ij2, and
2hi4, respectively) were evaluated by the following model asses-
sors: DFire (30), QMEAN (31), and Verify3D (32). As can be seen
from Table 1, DFire favors the model based on the 1tqnA tem-
plate, whereas QMEAN ranks the 2ij2A-based model top.
Verify3D was unable to distinguish the evaluated models. The
1tqnA-based model encompasses more residues of CYP63A2,
while keeping the same level of sequence identity, than the 2ij2A-
based model. Considering the quality of the model, level of se-
quence homology, taxonomy distance to the template, and
CYP63A2 sequence coverage by the model, the CYP3A4 (1tqn)-
based model was selected for further analysis reported in this
work.

Pairwise structure alignment of selected P450s (known to oxi-

TABLE 1 Comparison of the top-ranked 3D models of CYP63A2 generated by Phyre

Templatea

Sequence
identity (%)b Lengthc DFire resultd QMEAN6 scoree Avg Verify3D score � SD

1tqnA CYP3A4 22 495 �629.46 0.484 0.33 � 0.21
2ij2A CYP102A1 (BM3) 23 479 �607.73 0.606 0.31 � 0.22
2hi4A CYP1A2 18 471 �607.73 0.518 0.33 � 0.18
a Template used for 3D modeling (PDB identifier and chain label).
b Sequence identity between CYP63A2 and the template used.
c Number of CYP63A2 amino acids modeled.
d DFire pseudoenergy (lower values signify a better model).
e QMEAN6 composite score (higher values signify a better model).
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dize PAHs and with crystal structures available) to the CYP63A2
model was conducted using the DaliLite server (33). Figure 1 pro-
vides a summary of the structural data, including major secondary
structure elements (�-helices and �-strands) and substrate recog-
nition sites (SRS), mapped into the corresponding sequences.
Residues within conserved structural regions (CSR) are high-
lighted gray. Residues highlighted yellow appear in the active-site
cavity found using CASTp (29) with the 1.4-Å probe. Residues
found in contact with heme in the corresponding crystal structure

are highlighted green. Table 2 presents a comparison of the
CYP63A2 model with other P450s used in Fig. 1. In these compar-
isons, CYP63A2 turned out to be the largest protein in terms of
sequence length and the one possessing the largest active-site cav-
ity (Fig. 2). Ligand docking simulations conducted for selected
substrates using AutoDock 4 (27) showed that the estimated bind-
ing affinities in terms of inhibition constant for benzo(a)pyrene
and benzo(ghi)perylene were at the nanomolar level (653.99 nM
and 620.41 nM, respectively), whereas for pyrene, nonylphenol,

FIG 1 Structural alignment of the CYP63A2 3D model with P450s CYP3A4 (1tqnA), CYP102A1 (1bu7A), CYP1A2 (2hi4A), CYP1B1 (3pm0A), and CYP101D
(2cppA) using DaliLite (33). Residues in lowercase indicate insertions relative to CYP63A2. Overall boundaries of secondary structure (SS) states indicated above
the sequences are based on the CYP3A4 (1tqnA) structure. Substrate recognition sites (SRS) are labeled under the sequences. Residues highlighted gray share the
same SS state (�-helix or �-strand) across all aligned proteins. Residues highlighted yellow appear in the active-site cavity found using CASTp (29). Residues
highlighted green were found in contact with heme using POLYVIEW-2D (26). In case of overlap, yellow supersedes gray and green supersedes yellow.

TABLE 2 Comparative analysis of the homology-based 3D structure of CYP63A2 and the 3D crystal structures of selected cytochrome P450s

Property

Value for:

CYP63A2 CYP3A4 (1tqn) CYP1A2 (2hi4) CYP1B1 (3pm0) CYP101D (2cpp) CYP102A1 (1bu7)

La 601/495 503/468 515/480 543/459 415/405 472/455
Sb (Å2) 3,254 2,363 1,288 1,177 1,138 2,609
Vc (Å3) 4,719 3,275 1,613 1,519 1,496 4,065
a Sequence length of the protein. The first number represents total length, and the second indicates the number of amino acids in the corresponding crystal structure (or model for
CYP63A2). In case of the fused P450 CYP102A1, length refers to the cytochrome P450 part only.
b Surface area of the active-site cavity.
c Volume of the active-site cavity.

A Catalytically Versatile Fungal P450 Monooxygenase

April 2013 Volume 79 Number 8 aem.asm.org 2695

http://aem.asm.org


and n-nonane, they were in the micromolar range (6.72 �M, 3.93
�M, and 620.71 �M, respectively).

Expression analysis of CYP63A2 and Pc-CPR in P. pastoris.
The P. pastoris clone expressing CYP63A2, its homologous reduc-
tase partner Pc-CPR (designated the PC2 clone), and a control P.
pastoris transformant carrying the empty vector pPICZB (desig-
nated the PP C clone), the last two generated in our recent efforts
to investigate the comparative role of P450 redox proteins (21),
were utilized in this study to investigate the catalytic properties of
CYP63A2.

Before proceeding to check the CYP63A2 substrate specificity,
heterologous expression levels of the cloned P450 and the redox
protein Pc-CPR were analyzed in the microsomal fractions pre-
pared from the recombinant P. pastoris clone PC2. Microsomes
from the PP C culture were used as a negative control. SDS-PAGE
analysis of the microsomal preparations showed a clear band co-
inciding with the Pc-CPR protein compared to the control micro-
somes (Fig. 3A). Western blot analysis using anti-His antibody
showed expression of full-length CYP63A2 (Fig. 3B). A typical
P450 reduced CO difference spectrum was observed in the micro-
somal fractions prepared from PC2, whereas no such spectrum
was observed in the microsomes prepared from PP C cells
(Fig. 3C). This indicated that the cloned CYP63A2 was ex-
pressed in an active form. The expressed CYP63A2 showed a
maximum absorption peak (Soret peak) at 448 nm. PC2 mi-
crosomes showed a P450 content of 60 pmol/mg microsomal
protein (Fig. 3E) and a higher level of CPR activity (1,616
nmol/min/mg) than the PP C microsomes, which showed neg-
ligible native host CPR activity (Fig. 3D).

Substrate specificity and catalytic activity of CYP63A2 to-
ward xenobiotics. Whole-cell oxidation assays using PC2 and PP
C clones were carried out to assess catalytic activity and specificity.
The data on CYP63A2 activity toward different xenobiotic com-
pounds, including PAHs with different ring sizes (3 to 6 rings),
APs with various alkyl chain lengths (ranging from C3 to C9),
technical grade nonylphenol (tNP) containing a mixture of nonyl-
phenol p isomers (mixture of compounds with branched side
chain), and n-alkanes with various chain lengths (C9 to C12 and
C15 to C19) are shown in Table 3.

(i) Oxidation of PAHs. PC2 oxidized HMW-PAHs ranging
from 4 to 6 rings (Table 3); the activity varied with the ring size
(Table 3). Among the tested 4- to 6-ring HMW-PAHs, PC2
showed higher levels of oxidation of benzo(a)pyrene (35.7 �
2.3%) than of benzo(ghi)perylene (18.5% � 3.7%). In addition,
the oxidation levels of pyrene (21.0% � 3.6%) and fluoranthene
(24.5% � 4.7%) were close to those for benzo(ghi)perylene (Table 3).
No oxidation activity in the empty-vector-containing yeast cells
(negative control) suggested that the host yeast native P450s did
not contribute to the PAH oxidation activity and that the activity
was exclusively due to the recombinantly expressed CYP63A2.

Initial HPLC screening of the reaction extracts for the metab-
olite peak(s) and subsequent LC-ESI/MS analyses allowed identi-
fication of the metabolites (see Fig. S1 in the supplemental mate-
rial) for pyrene and benzo(a)pyrene. An inspection of the
extracted ion chromatograms of the possible hydroxylated metab-
olites indicated that the patterns were in agreement with those
observed in the HPLC UV profile. Both reaction extracts showed a
single monohydroxylated metabolite peak each (see Fig. S1A in
the supplemental material). The retention times and monoiso-
topic masses of these metabolites (see Fig. S1B in the supplemental
material) matched those of 1-hydroxypyrene and 3-hydroxyben-
zo(a)pyrene, respectively (Table 4). In the case of fluoranthene
and benzo(ghi)perylene, the hydroxylated metabolite(s) could not
be conclusively identified by LC-ESI/MS because of lack of com-
mercially available standards.

(ii) Oxidation of APs. HPLC analysis of the AP reaction ex-
tracts prepared from PC2 cultures showed substantial oxidation

FIG 2 Active-site cavities of selected cytochrome P450s. Cavity identification
and the image rendering were performed using PyMol. Cavities are rendered as
semitransparent gray surfaces. Heme is shown using the stick representation.
Iron is rendered as a red sphere. Second and third rows are results of rotation
of 90 degrees around x and y axes, respectively, from the initial projection in
the first row. Resolved protein structures were taken from PDB, whereas
CYP63A2 was modeled using Phyre (see Results for details).

FIG 3 Recombinant coexpression and activity analysis for CYP63A2 and the
homologous P450 reductase (Pc-CPR) partner in P. pastoris. The expressed
recombinant enzymes were assessed in yeast microsomes. (A) SDS-PAGE
analysis of the microsomal protein preparations from PP C (lane 2) and PC2
(lane 3) clones. Lane 1 indicates protein molecular weight markers. (B) West-
ern blot analysis of CYP63A2 protein using anti-His antibody. (C) Character-
istic reduced CO difference spectra for the microsomes prepared form PP C
and PC2 clones. (D) Cytochrome P450 oxidoreductase (CPR) activity. The
differences in CPR activities in microsomes between the recombinant clones
(PP C and PC2) were statistically significant (P � 0.05). (E) P450 enzyme
concentrations derived from reduced CO difference spectra.
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(43.3% � 3.4%) of tNP (Table 3), whereas no change in tNP levels
was observed for the negative control (PP C), compared to the
uninoculated control. Analysis of the regioselectivity of CYP63A2
toward tNP was difficult, as tNP contains a mixture of �100 p
isomers (34), which generated an array of oxidized metabolites
showing overlapping separation peaks and variable hydroxylation
patterns. Hence, individual linear AP compounds (analytical
grade) were employed to determine the CYP63A2 substrate spec-
ificity and regioselectivity. APs with alkyl chain lengths ranging
from C3 to C9 were used (Table 3). As shown in Table 3, PC2 cells
expressing CYP63A2 oxidized all tested APs, albeit to various ex-
tents. The C4 to C9 alkyl chain length APs were oxidized to a
greater extent (85 to 97%) than the C3 alkyl chain length AP (4-
n-propylphenol [4-n-PP]) (60.1% � 5.6%) (Table 3). Differences
in oxidation rates among the C4 to C9 APs were not statistically
significant (Table 3).

HPLC screening of the reaction extracts for the individual lin-
ear AP congeners showed a single metabolite peak compared to

the negative control (Fig. 4A). The metabolite peaks observed in
PC2 AP extracts showed the same retention times (Fig. 4A) as
those observed for the corresponding AP aldehydes in our preced-
ing study (24). In order to confirm the aldehyde identity of the
metabolites, representative PC2 AP extracts (4-n-nonylphenol [4-
n-NP] and 4-n-octylphenol [4-n-OP]) were subjected to LC-
ESI/MS analysis. As shown in Fig. 4B, the corresponding extracted
ion chromatogram showed molecular masses equivalent to those
of hydroxybenzaldehydes. Based on the HPLC UV and MS anal-
yses and comparison with the results from the CYP5136A3 study
(24), it is suggested that CYP63A2 oxidizes APs (C3 to C9) at the
terminal carbon atom of the alkyl chain.

(iii) Oxidation of alkanes. In order to assess CYP63A2 capa-
bility to oxidize aliphatic hydrocarbons, in vitro oxidation reac-
tions were performed using E. coli cell extracts containing the
coexpressed CYP63A2 and its reductase partner (Pc-CPR). A
standard mixture containing C8 to C20 n-alkanes was used as a
substrate. As shown in Table 5, CYP63A2 was found to oxidize

TABLE 3 Xenobiotic substrate specificity and oxidation activity of CYP63A2

Xenobiotic (class and compound)

Structural variable

CYP63A2
activity

Mean oxidation
(%) (�SD)a

No. of
rings

Alkyl chain length
(mixture of p isomers)

No. of carbon
atoms

Aromatic/polycyclic aromatic hydrocarbons
Benzo(ghi)perylene 6 Yes 18.5 (�3.7)
Benzo(a)pyrene 5 Yes 35.7 (�2.3)
Fluoranthene 4 Yes 24.5 (�4.7)
Pyrene 4 Yes 21.0 (�3.6)
Fluorene 3 NDc

Anthracene 3 ND
Phenanthrene 3 ND
Acenaphthene 3 ND

Alkylphenols
tNP Yes 43.3 (�3.4)
4-n-Nonylphenol C9 Yes 88.2 (�4.5)
4-n-Octylphenol C8 Yes 97.1 (�3.6)
4-n-Heptylphenol C7 Yes 90.2 (�5.0)
4-n-Pentylphenol C5 Yes 87.5 (�3.6)
4-n-Butylphenol C4 Yes 85.1 (�3.7)
4-n-Propylphenol C3 Yes 60.1 (�5.7)

Aliphatic hydrocarbons: n-alkanes 9–12, 15–19 Yes 9.1–31.1b

a Values are for three biological replicates. Each culture was spiked with an individual PAH or an alkylphenol, and the oxidation activity was assessed at 24 h of incubation.
b For details on oxidation of individual alkanes, see Table 5.
c ND, not detected.

TABLE 4 LC-ESI/MS detection and identification of P450 oxidation metabolites from different PAHsa

PAH compound
Oxidation
product peak Rt

b (min)

[M-H]�

ppmc Oxidation product IDMeasured Theoretical

Pyrene I 11.9 217.0641 217.0659 �8.2 1-Hydroxypyrene
Benzo(a)pyrene I 16.2 267.0789 267.0815 �9.9 3-Hydroxybenzo(a)pyrene

Standards
1-Hydroxypyrene 12.1 217.0634
3-Hydroxybenzo(a)pyrene 16.2 267.0788

a Further details are provided in the “LC-ESI/MS” section of Materials and Methods.
b Rt, retention time.
c Values are derived based on the formula parts per million of the theoretical value (�ppm) 	 [(a � b)/b] � 1,000,000, where a is the measured m/z value of the target metabolite
and b is the theoretical m/z value of the authentic standard.
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several alkanes, ranging from carbon lengths of 9 to 12 to 15 to 19.
We were unable to assess CYP63A2 activity toward octane (C8),
possibly due to the evaporation of octane from the reaction mix-
ture. GC-MS analysis of the organic extracts showed the presence
of novel metabolite peaks in the CYP63A2 sample, compared to
the control. Based on NIST mass spectral library data, the alkane
metabolites were tentatively identified as monohydroxylated al-
kanes, suggesting CYP63A2 hydroxylation of alkanes to aliphatic
alcohols. To identify the specific alcohols and the positions of
hydroxylation, extracts were derivatized with BSTFA before being
subjected to GC-MS analysis. As shown in Fig. S2 in the supple-
mental material, the hydroxyl group was found to be present at the
terminal carbon atom of the alkane chain based on NIST mass
spectral matching. For C16 and C18 alkanes, the corresponding
alcohol metabolite was detected but the position of hydroxylation

could not be confirmed due to the low abundance of the deriva-
tized metabolite (Table 5).

DISCUSSION

Bioremediation of PAHs, which often exist as a part of mixed
pollution such as in petroleum/crude oil spills, would ideally re-
quire a P450 biocatalyst with both an aromatic ring hydroxylation
activity and an ability to oxidize the co-occurring alkanes and
alkane substructures. Human P450s possess PAH-oxidizing capa-
bility (35) but may offer poor prospects for use as bioremediation
agents for such mixed pollution considering that these enzymes
lack alkane hydroxylation activity. In the microbial world, while
the otherwise well-characterized model bacterial P450s, CYP101
(P450cam) from Pseudomonas putida (36) and CYP102 (P450BM-3)
from Bacillus megaterium (37), have been genetically modified to

FIG 4 Detection and identification of CYP63A2 oxidation metabolites from different alkylphenols (APs). (A) HPLC separation profiles of the oxidation
products of APs from whole-cell assays using P. pastoris clones PP C (control), PC2 (expressing CYP63A2), and PAH4 (expressing CYP5136A3) (24). The HPLC
chromatographic peaks corresponding to the AP metabolites formed by the action of CYP63A2 and CYP5136A3 are shown, along with retention times in min.
Abbreviations: 4-n-NP, 4-n-nonylphenol; 4-n-OP, 4-n-octylphenol; 4-n-HTP, 4-n-heptylphenol; 4-n-PTP, 4-n-pentylphenol; 4-n-BP, 4-n-butylphenol; 4-n-PP,
4-n-propylphenol. (B) LC-ESI/MS analysis of alkylphenols 4-n-NP and 4-n-OP. (a) Extracted ion chromatograms for APs constructed with mass windows (�0.5
amu) centered at m/z 233.2 (for the 4-n-NP metabolite) and at m/z 219.2 (for the 4-n-OP metabolite); (b) mass spectra for the respective AP metabolites. Accurate
mass measurements were carried out by averaging 25 scans across the full-width half maximum of the extracted ion profile.

TABLE 5 GC-MS analysis of alkane oxidation by CYP63A2a

Alkane
No. of
carbon atoms

Alkane
oxidation (%)

Oxidation metabolite (BSTFA derivative)

MWb Ion fragmentsc Metabolited

n-Nonane 9 24.7 216.4 201, 171, 143, 115, 103, 83, 75, 55, 41 1-Nonanol
n-Decane 10 15.1 230.4 215, 171, 139, 115, 103, 83, 75 1-Decanol
n-Undecane 11 16.5 244.4 229, 143, 83, 75, 55 1-Undecanol
n-Dodecane 12 17.0 258.5 243, 215, 185, 155, 129, 103, 75, 43 1-Dodecanol
n-Pentadecane 15 9.1 300.6 285, 257, 199, 159, 103, 75, 43 1-Pentadecanol
n-Hexadecane 16 19.8 —e NDf —
n-Heptadecane 17 30.7 328.6 313, 238, 199, 167, 103, 75, 43 1-Heptadecanol
n-Octadecane 18 31.1 — ND —
n-Nonadecane 19 19.9 356.7 341, 255, 213, 167, 103, 75, 43 1-Nonadecanol
a See Fig. S2 in the supplemental material for the GC-MS profiles of metabolites.
b MW, molecular weight.
c Numbers are m/z values.
d Identification of metabolites was performed using a standard NIST traceable MS database, with TMS-derivatized alcohols downloaded from NIST standard reference database
number 69 (available at http://webbook.nist.gov/chemistry/).
e —, not applicable.
f ND, not detected.
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confer PAH oxidation ability (38–41), the engineered enzymes
could oxidize only three- and four-ring PAHs and had negligible
activity toward five-ring PAHs; their ability to oxidize six-ring
PAHs is not known. To date, there are no reports on oxidation of
APs by prokaryotic P450s, native or engineered. A microbial P450
that can oxidize different classes of xenobiotic chemicals could be
an ideal candidate for bioremediation applications. Here we re-
port such a P450 (CYP63A2), from the model white rot fungus P.
chrysosporium, which showed the extraordinary capability to oxi-
dize HMW-PAHs (up to 6 aromatic rings) as well as environmen-
tal chemicals with aliphatic structures as in APs (C3 to C9) and
alkanes (C9 to C19) (Fig. 5).

As a part of our initial attempts to understand the functional
significance of P450s in P. chrysosporium (16), CYP63A2 was
found to be inducible in response to various classes of xenobiotics.
To make this follow-up experimental functional characterization
more efficient, we first utilized a computational modeling and
docking strategy to estimate the substrate range and catalytic po-
tential of CYP63A2. Comparison of the CYP63A2 3D model with
the crystal structures of P450s from prokaryotes (42, 43) and
higher eukaryotes (44–46) indicated that CYP63A2 is the largest
among the analyzed P450s (Fig. 2 and Table 2). The CYP63A2
active-site cavity is about 1.5 times larger than that of CYP3A4
(Table 2). As can be seen from Fig. 6, the modeled structure of
CYP63A2 shares the same conserved structural regions with other
PAH-oxidizing P450s. With the overall longer amino acid se-
quence, the structure displays elongated unstructured loops, spe-
cifically between �G= and �G, �H and �I, and �2-1 and �2-2. This
may provide additional flexibility to the structure to increase the
volume of the active-site cavity and to accommodate larger li-

gands, such as benzo(a)pyrene and benzo(ghi)perylene. As antic-
ipated, CYP63A2 preserves the residues responsible for heme
binding (Fig. 1; alignments with other enzymes where the heme-
binding residues are highlighted green). Interestingly, its larger
cavity does not extend substrate recognition sites. Only SRS2 ap-
pears to be enlarged (Fig. 1; note the residues highlighted yellow in
PC2 [CYP63A2] located within the SRS regions, which are labeled
under the alignments). This may imply that, while the overall
cavity is increased and more residues are found lining the cavity,
the amino acids critical in substrate recognition and regioselectiv-
ity may still be confined to these short sequence stretches repre-
senting the SRS regions. Furthermore, ligand docking studies
based on selected PAHs [pyrene, benzo(a)pyrene, and benzo-
(ghi)perylene], alkylphenols (4-n-nonylphenol), and alkanes (n-
nonane) confirmed that these compounds can be potential sub-
strates for CYP63A2, with estimated binding affinities ranging
from the nanomolar to the micromolar level.

Validation of the in silico results using experimental ap-
proaches (whole-cell-based and in vitro enzymatic studies) con-
firmed the catalytic versatility and revealed an unusual combina-
tion of activities toward compounds of different classes, namely,
PAHs, APs, and alkanes.

CYP63A2 oxidized the 4-ring PAHs pyrene and fluoranthene.
While pyrene oxidation is commonplace, to our knowledge no
specific P450(s) oxidizing fluoranthene has yet been identified in
eukaryotes, making this study the first report on a specific eukary-
otic P450 capable of oxidizing fluoranthene. Similar to human
CYPs (47), pyrene was oxidized to 1-hydroxypyrene (Fig. 5), a
metabolite that has been used as a biomarker for biomonitoring
human occupational exposures to PAHs (48). In this context,
CYP63A2 differed from the other PAH-oxidizing P450s in P.
chrysosporium, which yielded two monohydroxylated metabolites
(20).

Benzo(a)pyrene (5 rings), a proven carcinogen in living organ-
isms, was oxidized by CYP63A2 into 3-hydroxybenzo(a)pyrene
(Fig. 5), which is consistent with what has been observed in mi-
crosomal preparations in whole-fungus studies on P. chrysospo-
rium (49). This suggested the in vivo catalytic role of this P450 in
the native organism.

FIG 6 A 3D model of CYP63A2 with all the structured regions labeled, shown
by a cartoon representation of the structure colored using the rainbow gradi-
ent, where blue corresponds to the N terminus and red to the C terminus.

FIG 5 CYP63A2-catalyzed oxygenation reactions for structurally diverse xe-
nobiotics, including polycyclic aromatic hydrocarbons (PAHs), alkylphenols
(APs), and linear alkanes. In the case of PAHs, monohydroxylation was ob-
served, whereas APs and alkanes were hydroxylated at the terminal carbon of
the aliphatic chain (
-hydroxylation).
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One of the unique catalytic capabilities of CYP63A2 is oxida-
tion of the 6-ring PAH benzo(ghi)perylene. This compound rep-
resents the group of PAHs lacking a “classic” bay region and is
known to exhibit mutagenicity (50) via a synergistic response
wherein benzo(a)pyrene-induced CYP1A1 gene transcription via
aryl hydrocarbon receptor (AhR) activation gets enhanced (51).
To our knowledge, a specific P450 from any phylum (prokaryotic
or eukaryotic) causing oxidation of benzo(ghi)perylene has not
yet been reported. While P450 involvement in benzo(ghi)perylene
oxidation was suggested based on whole-microsome studies (rat
liver microsomes) and the formation of characteristic P450 me-
tabolites (50), no specific P450 enzyme catalyzing this oxidation
was identified. The current study on CYP63A2 therefore consti-
tutes the first report on a specific eukaryotic P450 capable of oxi-
dizing benzo(ghi)perylene.

Among the tested PAHs with various numbers of fused rings,
CYP63A2 showed the highest enzymatic activity toward the 5-ring
PAH, followed by the 4-ring and 6-ring PAHs, in that order (Table
3). No observed activity toward the 3-ring PAHs suggested that
this fungal P450 has a preference for HMW-PAHs. This contrasts
with the other recently characterized set of PAH-oxidizing P450s
(Pc-Pah1 through Pc-Pah6) from this organism, which showed
greater specificity for lower-molecular-weight PAHs in general in
our recent study (20). Interestingly, CYP63A2 showed a greater
rate of oxidation of PAHs [pyrene and benzo(a)pyrene], as it ox-
idized the same amount of PAHs in 24 h as other P. chrysosporium
P450s did in the 36-h time period (20) despite the smaller amount
of expressed P450 content (170 to 285 pmol/mg earlier versus 60
pmol/mg in this study) under otherwise identical culturing and
oxidation conditions. Furthermore, none of the other PAH-oxi-
dizing P450s (Pc-Pah1 through Pc-Pah6) oxidized benzo(ghi)p-
erylene (data not shown).

In the class of endocrine-disrupting alkylphenols, CYP63A2
oxidized linear APs with alkyl chain lengths ranging from C3 to C9,
both as individual congeners and as a mixture (tNP) (Table 3),
suggesting that CYP63A2 has a broad substrate specificity.
CYP63A2 hydroxylated the terminal carbon (
-carbon) in the AP
alkyl chain, while host yeast enzymes subsequently converted the
hydroxylated metabolite into the corresponding aldehyde metab-
olite. This suggested that CYP63A2 is an AP alkyl chain 
-hydrox-
ylase. Considering the known pathway in yeasts/fungi for degra-
dation of an alkylphenol moiety that begins via terminal oxidation
of the alkyl side chain followed by removal of the terminal carbons
via the �-oxidation pathway (52), we can assume that CYP63A2
plays a key role in the initial oxidation of alkylphenols (C3 to C9) in
P. chrysosporium. Compared to CYP5136A3, another AP-oxidiz-
ing P450 from P. chrysosporium identified in our recent study (24),
CYP63A2 preferred APs with longer alkyl chains and exhibited a
higher rate of oxidation of APs. For instance, the extent of oxida-
tion of individual linear APs by CYP63A2 in the 24-h period was
the same as that by CYP5136A3 in the 48-h period (24) despite the
fact that the P450 content was higher in the latter. Taken together,
these results suggest that CYP63A2 is catalytically more efficient
than CYP5136A3 and thus could potentially serve as a superior
biocatalyst candidate for bioremediation of APs, particularly for
the environmentally recalcitrant APs with longer alkyl chain
lengths.

Considering that CYP63A2 showed inducibility by aliphatic
hydrocarbons in our past study (16) and an oxidizing activity at
the terminal carbon (
-carbon) of the linear alkyl side chain in

APs (this work), we chose to assess this P450’s capability to oxidize
alkanes. In this respect, whole-cell oxidation studies using recom-
binant P. pastoris clones were not successful, as the host yeast P.
pastoris showed an inherent alkane oxidation pathway (data not
shown). Hence, we expressed this P450 in E. coli (a host not capa-
ble of oxidizing alkanes) and performed in vitro oxidation assays
using whole-cell lysates containing the solubly expressed P450 en-
zyme and alkanes of various chain lengths (C8 to C20) in a mixture
form. As we anticipated, CYP63A2 oxidized a range of alkanes
(Table 5; see Fig. S2 in the supplemental material). The oxidation
occurred at the terminal carbon atom (
-carbon), and monohy-
droxylated alcohols were detected as the reaction products. This
suggested that CYP63A2 is an n-alkane 
-hydroxylase. To date,
P450s belonging to the CYP52 family from yeasts (53), CYP153
family from bacteria (54), and the mammalian P450 CYP4B1
(rabbit) (55) have been shown to oxidize alkanes. Among the
characterized bacterial 
-hydroxylases, only the CYP153 family
oxidizes alkanes (C5 to C16) at the terminal carbon (54).
CYP102A1 (BM3) oxidizes fatty acids (C12 to C20) at internal-
chain carbons (
-1, 
-2, and 
-3; 36:30:34) with no 
-hydroxy-
lation (56). CYP125A1 from Rhodococcus jostii RAH1 (57) and
CYP124, CYP125, and CYP142 from Mycobacterium tuberculosis

-hydroxylate the sterol side chain of cholesterol and its 3-keto-
4-ene derivative (58). Furthermore, CYP124 also 
-hydroxylates
fatty acids and other long-chain lipids (59). However, none of
these P450s have been reported to possess additional catalytic ac-
tivity toward PAHs and APs. Hence CYP63A2 is unique among
the aliphatic hydroxylase P450s identified to date, considering its
comprehensive ability to oxidize both the thermodynamically dis-
favored 
-hydrocarbon (60) and difficult-to-oxidize aromatic
rings in the fused-ring HMW-PAHs. Collectively, the experimen-
tal studies demonstrating growth of P. chrysosporium on alkanes
(61), induction of CYP63A2 in response to alkanes (16), and the
ability of CYP63A2 to oxidize alkanes into alcohols (this study)
suggest that CYP63A2 plays a key role in utilization of aliphatic
hydrocarbons by this fungus.

In conclusion, the study revealed that CYP63A2 has a unique
ability to oxidize high-molecular-weight PAHs of up to 6 rings
and is catalytically versatile, considering its additional abilities to
oxidize endocrine-disrupting alkylphenols with alkyl side chains
of various lengths (C3 to C9) and lower- to higher-molecular-
weight alkanes with various numbers of carbons (ranging from 9
to 12 to 15 to 19). CYP63A2 performs the thermodynamically
disfavored reaction of 
-hydroxylation of the aliphatic chains
(60) present in alkylphenols and alkanes. CYP63A2 possesses one
of the largest active-site cavities among known P450s, as deduced
by the homology model, which may explain the observed extraor-
dinary oxidation activity toward larger and diverse substrates. The
versatile and uncommon catalytic properties of CYP63A2 indicate
that this fungal P450 is a strong candidate for developing new
potent bioremediation agents targeting mixed pollution compris-
ing environmentally recalcitrant compounds with polyaromatic,
substituted aromatic, and aliphatic substructures, such as the
crude oil spills.
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