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Abstract

Cytochrome P450 monooxygenases provide important pathways for the metabolic clearance of drugs and toxins in humans. These
enzymes are expressed from multiple genes and exhibit complex patterns of differential and overlapping substrate selectivity. Recent
structures of microsomal P450s determined by X-ray crystallography have provided a structural basis for understanding differences
in substrate recognition. This review will describe similarities and differences in the active site structures of four human microsomal cyto-
chrome P450 monooxygenases, 2A6, 2C8, 2C9, and 3A4, that contribute extensively to drug and toxin metabolism.
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The human cytochrome P450 (CYP) monooxygenases
are a diverse group of enzymes encoded by 57 genes [1].
A number of these enzymes such as the sterol 14-demethyl-
ase, the cholesterol side-chain cleavage enzyme and the
aromatase, catalyze relatively specific pathways in the bio-
genesis of sterols and related molecules such as steroid hor-
mones. The biosynthetic CYP monooxygenases are
conserved among mammalian species and typically exhibit
a high degree of substrate selectivity. However, the major-
ity of CYP genes in mammalian genomes encode enzymes
that oxidize structurally diverse substrates and provide an
overlapping capacity to oxidize both foreign and endoge-
nous compounds [2]. These substrates range from relatively
small molecules such as ethanol to large antibiotics such as
cyclosporine and erythromycin. Xenobiotic-metabolizing
CYP enzymes play an important role in drug clearance
and in the elimination of toxic compounds. However, they
can also produce toxic metabolites that lead to adverse
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consequences to chemical exposures. Additional toxicity is-
sues can arise from elevated drug exposures due to genetic
differences in CYP alleles that reduce drug clearance or
resulting from CYP inhibition by other drugs when multi-
ple drug therapies are used.

Recent advances in the modification, expression, and
crystallization of microsomal CYPs have enabled the deter-
mination of structures for six mammalian cytochrome
P450s by X-ray crystallography. These include structures
for human CYPs 3A4 [3,4], 2C9 [5,6], 2C8 [7], and 2A6
[8] that together oxidize a major fraction of drugs used in
clinical practice. On the occasion of the 50th anniversary
of the discovery of monooxygenases, it is fitting to review
the structural diversity of this important family of human
monooxygenases. This brief overview will describe similar-
ities and differences in the molecular structures of these
enzymes.

Soluble, prokaryotic, and membranous, eukaryotic
CYPs exhibit a conserved secondary structure and folding
pattern [9] that is illustrated in Fig. 1 for two human CYPs,
3A4 and 2A6, which exhibit less than 40% amino acid iden-
tity. Helices are designated by letters beginning at the
N-terminus of the catalytic domain as originally defined
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Fig. 1. Secondary and tertiary structures of CYPs 2A6 and 3A4. Ribbon diagrams generated using MOLSCRIPT [25] depict the overall fold of CYP2A6
and CYP3A4. Helices are designated by letters, and B-sheets are numbered. The heme prosthetic group is rendered as CPK atoms. The amino acid
sequences of CYPs 2A6, 3A4, and 101 are aligned based on secondary structure. The Protein Data Bank (PDB) codes for the structures are shown in
parentheses. Amino acids shown in bold are in a helical conformation, and those in strands are shown in italics. Amino acids that form the boundaries of
the active site cavities are shaded gray. Overstrikes indicate residues that were not modeled in the indicated structure.

for the first CYP structure [10], whereas sheets and compo-
nent strands are identified numerically in the same fashion.
Twelve helices, A-L, and four B-sheets, 1-4, are generally
conserved in both eukaryotic and prokaryotic P450 struc-
tures. Additional helices that are interspersed among the
more highly conserved helices in various structures are gen-
erally identified by the letter of a neighboring helix with a
prime or double prime designation.

Eukaryotic P450s generally exhibit membrane targeting
sequences that precede the catalytic domain shown in
Fig. 1. The majority of human P450s are targeted to the
endoplasmic reticulum by a leader sequence that forms a
transmembrane helix that anchors microsomal P450s to
the cytoplasmic surface of the endoplasmic reticulum.

There is also a short hydrophilic linker region between
the transmembrane domain and the catalytic domain
which begins with the proline rich sequence motif shown
at the beginning of the sequence alignment in Fig. 1. All
of the published structures of mammalian CYPs were
determined for enzymes expressed in Escherichia coli with-
out the N-terminal leader sequence.

The polypeptide chains that form the catalytic domains
of eukaryotic P450s are generally longer than those of pro-
karyotic P450s as illustrated by the sequence alignment of
CYPs 3A4 and 2A6 with the prokaryotic camphor
monooxgenase, CYP101, in Fig. 1. A large insertion is evi-
dent between helices F and G that typically exhibits one or
two additional helices, F’ and G’. These helices exhibit a
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reverse amphipathicity with the hydrophobic surface of the
helices exposed to the exterior of the protein. Experimental
evidence suggests that these regions may provide a second-
ary membrane interaction site [11-14]. Additional sequence
insertions are typically evident between helices J and K, be-
tween the end of strand 3 of B sheet 1 and helix L, and in
the C-terminal region following helix L.

Although the overall structural organization of
CYP2A6 and CYP3A4 is similar, significant differences
are evident in the lengths of helices and loops as well as
their placement, as would be expected from the low
(<40%) amino acid sequence identity, Fig. 1. Generally,
the most spatially conserved portions of P450 structures
are helices E, 1, J, K, and L as well as portions of  sheet
1 [9,15] that form the core of the protein. These regions
maintain a conserved binding site for the heme prosthetic
group that includes the conserved cysteine that forms the
axial ligand to the heme iron. This structural conservation
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is probably necessary to maintain the capacity of P450s to
bind and reduce molecular oxygen to form the hypervalent
heme iron oxo intermediate that oxidizes substrates.
Substrates bind in a cavity above the heme surface as
depicted in Fig. 2. The heme forms the base of the active
site cavity, and substrates must be positioned close to the
reactive iron—oxo intermediate for oxidation. The regions
that form the outer surfaces of the substrate binding cavity
are generally more divergent between enzymes than other
parts of the protein leading to differences in the sizes,
shapes, and chemical features of the active sites that pro-
vide discrimination for different substrates. The outer sur-
faces of the active site cavity are formed by portions of
sheets 1 and 4, helices F-G, and the loop between helices
B and C. The B-C loop may exhibit a helix, B/, as seen
in CYPs 2A6 and 2C8, or be less structured as seen for
CYPs 3A4 and 2C9, Fig. 2. Differences in the lengths of
helices and loops can be seen in the alignment of CYPs

CYP2A6
il _§1 aB-aC Loop
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Fig. 2. Active site architectures of human CYPs 3A4, 2A6, 2C8, and 2C9. Cavity surfaces are rendered with a fine mesh calculated using VOIDOO [26]
with a probe size of 1.4 A. The surfaces were truncated at the ends of solvent channels in CYPs 2C8, 2C9, and 3A4 by placing dummy atoms at the exits to
block the probe. Portions of each protein are rendered as gray ribbons with selected side-chains and substrates illustrated by stick figures. The heme
prosthetic groups are depicted as stick figures with the iron shown as a sphere. Atoms are colored orange for iron, blue for nitrogen, red for oxygen, yellow
for sulfur, green for chlorine, and purple for fluorine. Carbons are colored gray for the proteins and are colored cyan for nifedipine, coumarin,
montelukast, and flurbiprofen. Molecular graphics were generated with PYMOL (http://www.pymol.org).
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3A4 and 2A6 shown in Fig. 1. Notably, helices F and G are
cantilevered over the top of the active site in the structures
of the family 2 CYPs as well as in CYP 101, but the two
helices do not extend across the top of the active site in
the structure of CYP3A4, Fig. 1.

Amino acid side-chains that form the surface of the sub-
strate binding cavities of CYPs 3A4, 2A6, and 101 are
highlighted by gray shading in the structure based sequence
alignment shown in Fig. 1. There is a good correspondence
in the locations of these residues between CYP 101 and
2A6. These residues are localized to six regions termed
Substrate Recognitions Sites by Gotoh who correctly pre-
dicted this correspondence from a multiple sequence align-
ment of family 2 CYPs with CYP101, the first structurally
characterized CYP [16]. The six regions correspond to the
helix B-C loop, the C-terminal end of helix F, the N-termi-
nal end of helix G, the middle portion of helix I, the loop
between helix K and strand 3 of B sheet 1, and the turn
in B sheet 4. However, this correspondence breaks down
for CYP3A4 as well as other CYP enzymes with large ac-
tive site cavities. The number of residues forming the active
site surfaces of larger cavities is much greater, and they are
distributed beyond the boundaries of the six regions de-
fined based on the small active site architecture of
CYP101 to include regions between helices F and G, the
first turn in B sheet 1, and the region surrounding the N-
terminal end of helix A.

CYP3A4 is the predominant enzyme in the clearance of
about 50% of therapeutic drugs [2]. The active site cavity of
CYP3AA4 is relatively large contributing to its capacity to
oxidize a variety of relatively large compounds, such as
cyclosporine and erythromycin, which exceed the sizes of
most drug-like molecules. However, CYP3A4 also oxidizes
a number of smaller substrates, typified by nifedipine,
midazolam, and testosterone that are often used as sub-
strates in enzymic assays to characterize CYP3A4 expres-
sion. When the binding of nifedipine is modeled in the
active site cavity of CYP3A4 in close proximity to the heme
iron, a significant portion of the cavity remains unfilled by
the substrate, and contacts between the substrate and en-
zyme are not as extensive as those seen for the other three
enzymes in Fig. 2. Additionally, the unfilled portion of the
cavity is sufficiently large to bind another substrate or effec-
tor molecule as suggested by kinetic [17,18] and fluores-
cence [19] studies. Multiple substrate/effector occupancy
is thought to contribute to the homo- and hetero-tropic
activation observed for the oxidation of testosterone, mid-
azalom, nifedipine, and other substrates by CYP3A4.

The active site volume of CYP2AG6 is roughly one-sixth
that of CYP3A4. CYP2AG is the principal nicotine oxidase
in humans, and it also activates the tobacco derived carcin-
ogens N'-nitrosonornicotine and 4-(methylnitrosamino)-1-
(3pyridyl)-1-butanone to mutagenic products [2]. The
relatively small size of typical substrates and the ability
of these compounds to adopt almost planar conformations
correspond well with the size and shape of the CYP2AG6 ac-
tive site cavity. This is illustrated in Fig. 2 for the substrate

coumarin, which was crystallized as a complex with
CYP2AG6 [8]. Coumarin binds to CYP2A6 with a relatively
low apparent K4, <I uM. In contrast to nifedipine in the
CYP3A4 active site, the coumarin molecule is highly con-
strained by the side chains of active site residues in
CYP2AG6, and water is completely displaced from the active
site cavity when coumarin binds. With one exception, all of
the residues contacting the coumarin molecule are hydro-
phobic. The upper surface of the cavity is defined by four
large phenylalanine residues, and an edge-to-face interac-
tion is apparent between coumarin and Phel07. Addition-
ally, Asn297 hydrogen bonds to the carbonyl moiety of
coumarin. These interactions favor an orientation of cou-
marin that positions carbon 7 close to the heme iron for
efficient oxidation, and the enzyme displays a high degree
of selectivity for the formation of 7-hydroxycoumarin,
which is a marker reaction for CYP2A6 expression.

Family 2 CYPs account for roughly one-third of the
CYP genes found in humans. These monooxygenases are
divided into 13 subfamilies that exhibit roughly 70% or
greater amino acid sequence identity across mammalian
species. However, subfamilies exhibit only about 40-50%
amino acid identity. Multiple enzymes are often found
within CYP2 subfamilies in rats and mice that are encoded
by gene clusters that reflect the independent duplication
and divergence of genes within subfamilies during the radi-
ation of mammalian species. In humans, many of the genes
in these clusters are pseudogenes, and only the 2A and 2C
clusters exhibit more than one functional gene [1].

The CYP2A6 gene is found in a gene cluster that con-
tains two closely related genes for CYPs 2A7 and 2A13
[20]. These proteins exhibit greater than 90% amino acid se-
quence identity with each other. The catalytic activity of
P450 2A7 remains uncharacterized, and expression of the
enzyme as a functional protein has not been successful.
CYPs 2A6 and 2A13 exhibit an overlapping substrate
selectivity with distinct quantitative differences in kinetic
parameters for shared substrates [2]. CYP2A13 exhibits
30 amino acid differences relative to P450 2A6 out of 494
residues. Several of these differences, V117A, I300F,
G301A, and I366L, directly modify the active site cavity
by altering 4 of the 12 amino acid side chains that directly
contact the substrate in CYP2AG6. Five additional substitu-
tions, V110L, R208I, V365M, S369G, and H372R occur in
close proximity to the active site and may alter the active
site cavity indirectly.

The human CYP2C gene cluster encodes CYPs 2CS8,
2C9, 2C18, and 2C19, and with the exception of 2Cl18,
these enzymes contribute extensively to drug metabolism.
The amino acid sequence identities of CYPs 2C9 and
2C19 are relatively high (>90%), whereas CYP2C8 is more
divergent and exhibits roughly 74% sequence identity with
either 2C9 or 2C19. The three enzymes exhibit distinct sub-
strate selectivity profiles [21,22].

The active site cavity of CYP2CS is similar in size to that
of CYP3A4, and the enzyme oxidizes a number of large
substrates such as taxol and various statins that are also
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oxidized by CYP3A4 [21]. However, the shape of the
CYP2CS8 substrate binding cavity is distinctly different
from that of CYP3A4, Fig. 2. The cavity of CYP2C8 is less
spacious close to the heme iron. As the cavity expands out-
ward from the heme iron, it diverges in two distinct direc-
tions. The high affinity inhibitor, montelukast [23]
complements this shape as is evident from a recently deter-
mined structure of CYP2C8 complexed with montelukast
(unpublished), Fig. 2. The carboxylate moiety of monteluk-
ast interacts with the backbone of helix B-B’ loop and
occupies one branch of the Y-shaped cavity. This region
contains a number of polar residues, is well solvated, and
is connected by a solvent channel to the exterior of the pro-
tein making it well suited for polar moieties. The other,
longer branch of the “Y” is more hydrophobic as is the re-
gion near the heme iron. Montelukast makes extensive
hydrophobic contacts with these regions of the protein.
In contrast, the active site cavity of CYP3A4 is “bowl-like”
near the heme iron with a wide channel to the exterior of
the protein.

The active site cavity of 2C9 is larger than that of
CYP2AG6 but smaller than that of CYP2C8. The structure
of CYP2C9 complexed with flurbiprofen (PDB: 1R90)
has been determined [6], and it exhibits several differences
from the CYP2CS structure. These include a more extend-
ed conformation of the regions between helices F and G,
and between helices B and C. The tubular, substrate bind-
ing cavity of CYP2C9 exhibits open solvent channels to
the exterior of the protein at each end. One channel exits
over helix I between helix F and B-sheet 4. The other
channel runs between the turn in B-sheet 4 and the helix
B-C loop, expands, and finally exits between helix G
and the helix B-C loop, Fig. 2. CYP2C9 is the predomi-
nant enzyme in the oxidation of S-warfarin and phenyto-
in, two drugs with low margins of safety. CYP2C9 allelic
variation in humans underlies the slow clearance of these
drugs in some individuals and is associated with a higher
incidence of adverse reactions. Additionally, CYP2C9 effi-
ciently oxidizes several lipophilic anions such as the non-
steroidal anti-inflammatory drugs, naproxen, ibuprofen,
flurbiprofen, indomethacin, and similar compounds [22].
The active site cavity of CYP2C9 is relatively large com-
pared to the size of flurbiprofen and other non-steroidal
anti-inflammatory drugs. Flurbiprofen occupies a corner
of the cavity where the carboxylate moiety of the sub-
strate exhibits a favorable charge—charge interaction with
Argl08 [6]. Occupation of this site by the substrate is also
favored by hydrogen bonding interactions with Asn204 as
well as interactions between hydrophobic side-chains and
the hydrophobic portion of the substrate. Charge stabil-
ization by R108 probably allows the enzyme to sequester
other small lipophilic anions in the larger active site cavity
and position them sufficiently close to the heme iron for
efficient oxidation. The portion of the active site cavity
extending over the surface of the heme and under helix
F also allows the enzyme to accommodate larger sub-
strates and inhibitor molecules such as benzbromarone

and troglitazone. The additional space may also accom-
modate another substrate or effector molecule as suggest-
ed by kinetic models for the activation of flurbiprofen
oxidation by dapsone [24].

Structures of a mutated form of CYP2C9 with and with-
out warfarin bound in the active site (PDB 10G2 and
10G5) have also been determined [5]. The warfarin is
bound in a distal portion of active site cavity from the
heme iron (not shown), and the active site cavity of the mu-
tant CYP2C9 catalytic domain is much larger than that
seen for the structure of the flurbiprofen complex with
the native catalytic domain (PDB 1R90). The structures
of the mutant CYP2C9 more closely resemble those of
CYP2CS8, and the mutations alter the sequence of the diver-
gent helix F to helix G region of CYP2C9 to more closely
resemble that of CYP2C8 and other CYP2C enzymes.

In summary, each enzyme exhibits an active site archi-
tecture that differs in shape, size, and the chemical charac-
teristics of the active site residues. These properties of the
active sites fit well with the profiles of substrates that are
oxidized by each enzyme, and the structures should facili-
tate the use of in silico approaches to predict substrate
binding. Structures of additional complexes can be expect-
ed to better map the nature of adaptive changes that occur
when substrates bind and further facilitate structure based
predications of substrate binding. However, the four struc-
tures described here as well as those determined for rabbit
CYPs 2B4 and 2CS5 represent only a small fraction of the
total mammalian complement of >50 CYPs. Although
the available structures provide a basis for generating
homology models for some of these enzymes, the differenc-
es exhibited by closely related enzymes such as CYP2C8
and CYP2C9 suggest that it may be difficult to model the
substrate binding cavities of other enzymes with a high de-
gree of certainty. Additional, experimentally determined
structures should better delineate differences between
CYP families and subfamilies.
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