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Abstract

The cytochrome P450s are a superfamily of enzymes that are found in all kingdoms of living organisms, and
typically catalyze the oxidative addition of atomic oxygen to an unactivated C-C or C-H bond. Over 8000
nonredundant sequences of putative and confirmed P450 enzymes have been identified, but three-dimensional
structures have been determined for only a small fraction of these. While all P450 enzymes for which structures
have been determined share a common global fold, the flexibility and modularity of structure around the active
site account for the ability of P450 enzymes to accommodate a vast number of structurally dissimilar substrates
and support a wide range of selective oxidations. In this review, known P450 structures are compared, and some
structural criteria for prediction of substrate selectivity and reaction type are suggested. The importance of
dynamic processes such as redox-dependent and effector-induced conformational changes in determining cat-
alytic competence and regio- and stereoselectivity is discussed, and noncrystallographic methods for charac-
terizing P450 structures and dynamics, in particular, mass spectrometry and nuclear magnetic resonance
spectroscopy are reviewed. Antioxid. Redox Signal. 13, 1273-1296.
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l. Introduction of hen egg lysozyme, was described (9). A trickle of protein

structures in the 1970s has turned into a flood: 65 unique

IT Is NOW OVER 50 YEARS since the tertiary structure of a  structures (<90% sequence identity) were added to the PDB
protein was first established by X-ray crystallography (50), database between 1970 and 1980, whereas over 2300 struc-
and 45 years have passed since the first enzyme structure, that  tures were released in the first 9 months of 2009 alone. The
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importance of structure determination to our understanding of
enzyme function cannot be overstated: active sites are readily
identified, critical residues are often obvious, and catalytic
mechanisms can be proposed and tested based on the informa-
tion that these structures provide. Yet a crystallographically-
determined enzyme structure is not a panacea. Often, a newly
determined enzyme structure raises more questions than it
answers. Why does the substrate (or substrate analog) seem to
be in the wrong orientation for the observed chemistry? Are we
seeing all of the binding sites, or are there secondary (allosteric)
sites that are unoccupied? Is the structure that we see biologi-
cally relevant? Sometimes the answers to these questions are
obvious, but not always. For example, crystal packing can force
order upon regions of the polypeptide that in solution have
multiple functionally important conformations. It can also
select for a single conformation in regions where conforma-
tional changes are critical to the enzyme activity. It is therefore
important to keep in mind that a crystallographic enzyme
structure presents a snapshot of a dynamic system. It is not
always easy to tell where on a reaction pathway the observed
conformation of an enzyme lies, or even if the observed con-
former is functionally important.

Nowhere are these considerations more important than when
thinking about structure/function relationships in cytochromes
P450. The P450 enzymes are heme-containing monooxygenases
that catalyze the oxidation of organic species by molecular oxy-
gen, often by insertion of an oxygen atom into an unactivated
C-H or C-C bond. Members of the P450 superfamily are found
in every kingdom and phylum of living organism, from archaea
to chordates. They catalyze a wide variety of oxidative trans-
formations that are essential to primary and secondary meta-
bolic processes. In humans, P450 enzymes play important roles
in drug metabolism and activation, carcinogen activation, ste-
roid and prostaglandin biosyntheses, and as such provide a
wide variety of therapeutic targets (77). In other organisms,
P450s are critical for the biosynthesis of antibiotics and anti-
neoplastics, and are the focus of research aimed at tailoring and
modifying their activity so as to produce novel pharmaceuticals.

While most bacterial and archaeal P450s are water-soluble
monomeric enzymes, P450s found in higher organisms are
usually membrane-bound or membrane-associated, and
present considerable challenges to the structural biologist. An
additional factor that must be considered when examining the
structures of redox-active enzymes such as P450s is that both
structure and dynamics can be affected by the oxidation state
of the redox-active functionality (heme, in the case of P450)
(73, 98). Unless precautions are taken, reduction of metal
centers by photoelectrons produced by the incident X-ray
beam can render the oxidation state of the redox-active center
ambiguous in crystallographically-derived structures.

In the past, P450 enzymes were often classified according to
the type of electron transfer protein that supplies the reducing
equivalents required for turnover. For example, many P450s
are reduced directly by NAD(P)H-dependent flavoproteins,
whereas others use ferredoxins as intermediate electron
shuttles. However, it has become evident that the electron
transport chains supporting P450-catalyzed oxidations are
often more complicated than previously suspected (36), and
that electron transfer partners often serve dual roles, func-
tioning as effectors as well as reducing agents (70, 169).

As will be seen in this review, the P450 superfamily
combines a conservative architecture with a remarkable
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adaptability for substrate recognition and regio- and stereo-
selectivity in the chemistry that is catalyzed. This is possible
due to the modular nature of secondary structural features
surrounding the P450 active site. Not only do these features
differ between enzymes, but they change even between dif-
ferent states of the individual enzyme. In this review, we have
chosen examples that we hope will demonstrate this modu-
larity, while attempting to find common themes, where pos-
sible, in comparing P450 structures. Nevertheless, it is
becoming clear that P450 enzyme structures must be consid-
ered, not just in three dimensions, but in four, as flexible and
dynamic arrangements that change depending upon the
presence of substrate, cofactor, and oxidation state.

Il. Crystallographic Structures
of Prokaryotic Cytochromes P450

A. CYP101

The first crystallographic structures of P450 were deter-
mined for a soluble monomeric bacterial enzyme, cytochrome
P450.,m (CYP101) a camphor hydroxylase from the soil bac-
terium Pseudomonas putida (108-110, 113-118). Being a bacterial
enzyme, CYP101 is relatively easy to express, handle, and
purify, and much of what we currently know or suspect about
the P450 enzyme superfamily has been learned using this en-
zyme. The CYP101 structureis a roughly triangular prism, with
secondary structural features being conveniently described in
terms of their location relative to the plane of the heme por-
phyrin macrocycle. As in all P450s, the heme iron is axially
ligated by a cysteine thiolate that defines the proximal side of the
heme. The active site is on the opposite (distal) face of the heme,
and, depending upon the oxidation state of the enzyme, the
distal Fe axial ligand might be O,, water, hydroxide, or other
Lewis base. In the presence of substrate, the distal axial ligation
site can be vacant, yielding the 5-coordinate geometry expected
for high-spin Fe (III). The secondary structure nomenclature
scheme initially adopted by Poulos et al. for CYP101 (109) has
become standard for describing secondary structural features
inall P450s, and is summarized in Figures 1 and 2. Viewed from
the distal side of the protein in the orientation shown in Figure
1, the active site of CYP101 is bound to the "north" by helix I, to
the "west" by the B” helix and B’—C loop, "south" by residues of
the f3 sheet, and "east" by the 5 sheet. The floor of the active
site is provided by the heme porphyrin, while the active site is
effectively closed off from solvent by a cap formed by the F and
G helices and the F-G loop. The orientation of substrate in the
CYP101 active site readily explains both the regio- and ste-
reoselectivity of the observed hydroxylation at the 5-exo posi-
tion of camphor.

Viewed from the north as defined in Figure 1, proximal
features that can be seen in Figure 2 include the B, C, ], K, and
L helices, as well as a region of irregular structure preceding
the axial ligand Cys known as the "f-meander", the 2 and
portions of the f/4 sheets. The D helix is approximately bi-
sected by the plane of the heme. On the distal side, the I helix is
the most prominent structural feature, providing a backbone
around which the heme and the remainder of the polypeptide
are arranged. As in almost all P450 structures, the I helix in
CYP101 is not completely straight, but is "kinked" near the
heme iron due to an interruption in the regular 7, i + 4 NH—
O=C hydrogen bonding pattern of a regular a-helix. This
interruption is due to a hydrogen bond from the OH of a
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FIG. 1. Structure of camphor hydroxylase CYP101 (cyto-
chrome P450,,,,,) from PDB entry 2CPP, as viewed from the
distal face. Secondary structural features are labeled ac-
cording to the scheme of Poulos (109). Secondary structural
features are color-coded from N-terminal (blue) to C-terminal
(red). The directional arrow marked “N” indicates the “north”
described in the text. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article at www liebertonline.com/ars). Except
where noted, all figures were generated using PyMOL (20).
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article
at www.liebertonline.com/ars).

strongly conserved threonine (Thr 252 in CYP101) to the
carbonyl of the i-4 residue (Gly 238), and has been proposed to
accommodate the bound dioxygen appropriately for the ob-
served chemistry (107). Most of the regular -sheet structures
of CYP101 are located on the distal side, as are the A, B’, E, F,
G, and H helices. An additional short region of 3-10 helix is
also present on the distal side, providing the apex of a rough
pyramidal arrangement of helices A, B and K.

B. CYP102 and CYP108

For some years (1986-1993), the CYP101 structure was the
only P450 structure available, and so was used extensively for
modeling other P450 enzymes (3, 13, 32, 42, 46, 106, 179).
There was initially concern about the validity of such models
in the absence of other experimentally determined P450
structures, as the CYP101 fold was unique among known
globular protein structures, and sequence homology between
CYP101 and most eukaryotic P450s is low (106). However,
the structure determination of the heme-binding domain of
cytochrome P450g\;; (CYP102) (Fig. 3), a fatty acid w-2-
hydroxylase from Bacillus megaterium, showed that the P450
fold is indeed conserved (119). Despite low overall sequence
homology between the two enzymes (16% sequence identity),
it was found that both enzymes have identical topology and
that most of the secondary structural features of CYP102 have
homologues in CYP101. For convenience, in the course of this
review, we will use the CYP101 nomenclature to identify
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FIG. 2. Structure of CYP101 (cytochrome P450,,,) from
PDB entry 2CPP, as viewed from the “north” face (top of
structure in Fig. 1). Distal and proximal features refer to
position with respect to the plane of the heme. Secondary
structural features are color-coded from N-terminal (blue) to
C-terminal (red). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version
of this article at www liebertonline.com/ars).

homologous sequence/structural motifs in other P450s, even
if the secondary structure is not identical: that is, regions se-
quentially and structurally homologous with the f5 sheet in
CYP101 will be identified as 85, although this region is not a
well-defined f-sheet in many P450 structures.

The CYP102 structure provided the first indications of the
plasticity of the P450 substrate binding regions. The pub-
lished CYP101 structures showed relatively modest differ-
ences in active site structure, depending on the absence or
presence or type of substrate. The most prominent differ-
ences observed in the active site were the number of water
molecules present and their mobility (109, 110, 115-118).
Even with a bulky inhibitor bound, the primary changes
observed were to the orientations of side chains near the
substrate binding site (113). On the other hand, the original
CYP102 asymmetric unit contained two molecules, with one
substrate binding site being considerably more open than
the other (119). Not surprisingly, the contributions from side
chains of residues 14-47, the ff1, 83, and S5 sheets, as well as
the B” and F helices makes the substrate binding domain of
CYP102 more extensive than that of CYP101. The resulting
22 A hydrophobic channel resembles the binding domains of
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FIG. 3. Structure of fatty acid w-2 hydroxylase CYP102
(cytochrome P450gpy;;) from PDB entry 1BVY (133), as
viewed from the distal face. Secondary structural features
are labeled in analogy to structure of CYP101 (Fig. 1). Sec-
ondary structural features are color-coded from N-terminal
(blue) to C-terminal (red). Approximate position of the sub-
strate binding channel as reported by Ravichandran et al. is
indicated by a dotted line (119). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to
the web version of this article at www liebertonline.com/ars).

other enzymes that interact with fatty acids and long-chain
lipophilic molecules. Comparison of the two molecules in
the original CYP102 asymmetric unit shows significant dis-
placements (rms deviations of 1.8 A) of residues 1-49, the B’
helix, the F-G loop, and portions of the 5 sheet; in short,
residues involved in substrate binding and orientation (119).

The structure of CYP108 (P450.p), another bacterial en-
zyme from Pseudomonas, also showed remarkable variability
in the substrate binding region. The structure was solved in
the absence of substrate (x-terpineol), and the F-G loop ex-
pected to cap the active site was disordered in the crystal.
This disorder leaves the active site essentially exposed to
solvent in the crystal (Fig. 4). In addition, the B’ helix that
abuts the active site in CYP101 is significantly farther from
the heme in CYP108. While the N-terminal of the B” helix in
CYP101 is slightly farther from the Fe atom in CYP101 than
CYP108 (20.5 A vs. 19.0 A), the midpoint of the B helix is
almost 7 A farther from the Fe atom in CYP108 than in
CYP101. In spite of this, characterization of heme that was
covalently modified by phenylhydrazine in the CYP108 ac-
tive site suggests that it is more restricted than the active sites
of either CYP101 or CYP102 (27). Clearly, a significant con-
formational change is required in CYP108 in order to ac-
complish this restriction.

FIG. 4. CYP108 (cytochrome P450terp), from PDB entry
1CPT (37), viewed from distal face in the same orientation
as Figures 1 and 3 (see directional arrow). Note the absence
of the F-G loop, which is disordered in the crystal. (For in-
terpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at
www liebertonline.com/ars).

C. Macrolide biosynthetic P450s

Another early focus of P450 structural biology was the class
of enzymes involved in macrocyclic antibiotic biosynthesis by
oxidative modification. These enzymes are of obvious interest
for their potential in bioengineering of novel antibiotics, and
structures for a number of enzymes of this type have been
characterized. CYP107 (P450 EryF) from Saccharopolyspora
erythreae stereospecifically hydroxylates the macrolide ring in
one step of erythromycin biosynthesis, and was the first
structure in this class to be determined (18). This structure was
obtained with a macrolide (6-deoxyerythronolide B) bound,
and the B’ helix adjacent to the substrate binding site is seg-
mented, with a small helical region preceding the B’ helix, the
long axis of which is, as in CYP108, tilted away from the active
site, increasing the size of the active site relative to that of
CYP101. This is not particularly surprising, given that the
macrolide substrate is considerably larger in CYP107 than
camphor in CYP101. Also, the F and G helices are both longer
than in CYP101 by a single helical turn, making the F-G loop
relatively short, and likely less flexible than that in CYP101.
The macrolide carbon that is hydroxylated is located close to
the heme iron (4.6 A), but so is a substrate methyl group that is
not oxidized. As such, it is unclear whether further rearrange-
ment of the enzyme-substrate complex is necessary in order to
reach the correct conformation for the observed chemistry.

A related series of structures, those for CYP113A1 (EryK),
which catalyzes the 12-hydroxylation of erythromycin D
in S. erythreae, have recently been published (127). This
hydroxylation is the penultimate step in erythromycin A
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biosynthesis, and the substrate differs from that of CYP107 in
that the macrolide is substituted with two sugar moieties, and
as such is considerably larger than the macrolide substrate for
CYP107. The sequences of CYP113A1 and CYP107 are fairly
similar (34% identity). However, the B’ helix of CYP107 is
absentin CYP113A1, and is replaced by a short turn-loop-turn
motif joining the B and C helices. On the other hand, the F-G
loop (short in CYP107) is longer in CYP113A1, and the sugar
moieties of the substrate interact primarily with the F-G loop
and G helix. The structures of CYP113A1 with and without
substrate bound show considerable differences in the posi-
tions of both the B-C and F-G loops, indicating that re-
arrangement of these loops are an integral part of substrate
binding. Interestingly, recently described structures for
CYP107L1 (PikC) (66, 135) from Streptomyces venezuelae ap-
pear to combine features of both CYP107 and CYP113A1: a
short F-G loop (as in CYP107) and relatively complex turn-
loop arrangement bridging the B and C helices (as in
CYP113A1). This enzyme is broader spectrum, productively
binding a number of different desosaminosugar-substituted
macrolides. Li and coworkers have parlayed the presence of a
desosamine binding site in PikC into an interesting approach
for producing novel oxidations by introducing the deso-
samine group into potential substrates. The desosamine
group binding site in PikC is fixed with contacts on the 3 and
B5 (south and east) edges of the active site. The position of
oxidation of the attached substrate is then determined by
where the desosamine is attached (66, 67).

Another variation on the theme of macrolide biosynthetic
P450s is found with P450 EpoK, from the myxobacterium
Sorangium cellulosum, which catalyzes the epoxidation of
epothilone C and D to epothilone A and B, respectively. These
compounds are under investigation as potential antineo-
plastics. Unlike the antibiotic macrolides, these compounds
are substituted with a pendant thiazole moiety instead of
sugars or desosamino sugars. In the structures of Nagano et al.
(87), the thiazole interacts with residues on the F and I helices,
as well as residues in the B-C turn loops. Unlike other P450
structures characterized to date, the F and G helices are
crossed in these structures, with the long F-G loop allowing
the G helix to sit above the F helix as viewed from the distal
face (Fig. 5). The B-C loop includes three helical sections in
P450 EpoK (labeled By, B’;, and B’s in Fig. 5). By sequence
alignment, the last helical segment, B3, is best aligned with
the canonical B’ helix in CYP101. Structurally, however, helix
B’; appears to play the same structural role as B” in CYP101.
The double bond in the bound epothilone that is epoxidized is
~5 A from the heme iron, a considerably longer distance than
the 5-exo hydrogen that is abstracted from camphor in CYP101
(~3.5 A). As with CYP107, it is likely that further rearrange-
ment of the P450 EpoK structure is required to reach the cat-
alytically competent conformation of the enzyme. However,
examination of Figure 5 suggests that moving the B’; helix in
towards the active site would force the F helix in the same
direction and would uncross the F and G helices while mov-
ing the double bond to be epoxidized closer to the heme iron.

D. Cytochrome P450,,, (CYP55A1)
and CYP105 (MoxA)

P450,,, (for nitric oxide reductase) is unusual among the
P450s characterized to date in that it does not catalyze oxi-
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FIG. 5. Cytochrome P450 EpoK (PDB entry 1Q5D, (87))
viewed from distal face in the same orientation as CYP101
in Figure 1. Substrate (epothilone B, labeled Epo) (For in-
terpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at
www liebertonline.com/ars).

dative addition, but instead converts two NO molecules to
N,O using reducing equivalents from NADH. However,
P450,,,, maintains the topology of the P450 superfamily and
the structure is remarkably similar to that of bacterial P450s.
The required NADH cofactor is bound with the adenine ring
in a cleft between the B’, F, and G helices and the pyridoxal
group located close to the heme iron, as determined from a
structure with an NADH analog bound (91). CYP105 from
the actinomycete Nonomuraea recticatena is structurally similar
to CYP55A1, but unlike that enzyme, is a typical broad-
spectrum P450, with roles in not only antibiotic biosynthesis
but degradation of xenobiotics (165).

Recently, the engineering of another related enzyme,
CYP105A1, was described. The wild-type enzyme from S.
griseolus shows some ability to oxidize vitamin D; to the
physiologically active form, 1o,25-dihydroxy-vitamin D;.
Hayashi et al. described a series of mutations in the B-C
loop that generated forms of the enzyme that preferen-
tially oxidized the position that was not oxidized (i.e.,
25-hydroxylation in the loa-hydroxy product and 1o hydrox-
ylation in the 25-hydroxylated) relative to the wild-type en-
zyme (38, 141). Interestingly, the crystal structure of the
mutant enzyme with the dihydroxy vitamin D3 bound (3CV9)
shows the vitamin molecule aligned with the B” helix, and
well removed from the heme iron, with the 1a-carbon bound
11.9 A and the C,5 13.5 A from the heme iron.

E. Coupling reactions: CYP158, CYP121,
and P450 OxyB

Given their ability to activate C-H and C-C bonds, it is
not surprising that P450 enzymes play a role in mediating
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oxidative coupling reactions. A series of structures by Wa-
terman et al. illustrates an interesting case where two flaviolin
molecules are bound in the CYP158A2 active site, where they
are induced to undergo a coupling to generate a flavinoid
(171). One flaviolin is in close proximity to the heme, while the
other is stacked on top of the first, off-set and held in place by
contacts with the B-C loop. In the CYP158A1 structure, two
flaviolins are also bound, but instead of the close interaction
observed in the CYP158A2 structure, one remains co-planar
with the heme, while the other is ~9 A away, bound between
the B-C loop and the G helix (173). The two isoforms give rise
to different ratios of bi- and tri-flaviolin products, and the
authors discuss the roles of particular amino acid substitu-
tions in determining the binding modes of the substrates.

CYP121 from M. tuberculosis was recently identified as
catalyzing the oxidative coupling of tyrosine phenol rings in
bis-tyrosyl diketopiperazine (7). This enzyme is of interest
because it has been shown to be required for M. tuberculosis
viability, but the role of the product of the reaction (C-C
linkage between carbon atoms ortho to the phenol OH of the
two tyrosine rings) is as yet unknown. In the structure de-
termined with substrate bound (3G5H), the tyrosine rings that
are coupled are quite remote from the heme iron (~6 A from
the carbon to be activated) as well as remote from each other
(6.7 A between the carbons to be coupled). The substrate in-
teracts almost exclusively with the B’, F, and G helices, so
these secondary structures must undergo considerable re-
arrangement in order to reach a catalytically competent form
prior to reaction.

Perhaps the most atypical P450 structure determined to
date is that of P450 OxyB (167). While the enzyme is expected
to catalyze the tyrosine ring coupling involved in vancomycin
synthesis, the reconstituted enzyme system does not give rise
to product, suggesting that an additional co-factor or effector
is required for activity in vivo. Unusually, the OxyB active site
residues on the B-C loop and the 3 and f5 strands expected
to contact substrate are prolines. In addition, nonrestrictive
residues are present on the I helix. This suggests a fairly
open but rigid active site involved in initial substrate binding
(Fig. 6).

lll. Crystallographic Structures
of Eukaryotic Cytochromes P450

A. Cytochromes P450 exported
to the endoplasmic reticulum

This class of P450 enzymes, first identified in mammalian
liver microsomal extracts, is of great interest in that they are
responsible for oxidizing xenobiotics, including most com-
pounds of pharmaceutical importance, to more soluble and
excretable forms. They are for the most part reduced directly
by NADPH-dependent flavoproteins, but it has been found
that cytochrome bs acts as an effector for some P450s in this
class, increasing the rate and efficiency of substrate oxidation
(168).

These enzymes are typically membrane-bound, and as such
have proven to be a challenge for structural biologists. In
general, their structures have been determined using enzymes
that have been modified to remove trans-membrane do-
mains and (in a few cases) hydrophobic surface features that
are likely involved in membrane association. The loss of N-
terminal membrane binding domains will likely have little
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FIG. 6. Active site of P450 OxyB (PDB entry 1LFK, (167))
viewed from distal face in the same orientation as CYP101
in Figure 1. Unusually, most of the expected primary con-
tacts for substrate vancomycin are prolines. (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the web version of this article at
www liebertonline.com/ars).

effect on the overall structures of these enzymes. However,
many of these enzymes catalyze oxidations of compounds
that probably enter the active site via the membrane with
which the enzyme is associated. In such cases, the active site
entrance is likely buried within the membrane, and the con-
formation of important structural features will be at least in
part determined by interaction with the lipid environment. As
will be seen, in the absence of a lipid bilayer, the conforma-
tions of the regions around the active sites of these enzymes
show considerable variability depending on the pres-
ence/absence of substrate, substrate/inhibitor size, and other
variables of the crystallization process.

The first enzyme in this class for which a crystal structure
was solved was CYP2C5 (156). Although identified as a se-
lective progesterone 21-hydroxylase, CYP2C5 was later found
to oxidize a wide clientele of molecules (47). In order to obtain
crystals, it was necessary to remove an N-terminal membrane
anchor helix, as well as to make several mutations on the
surface of the F helix and the F-G loop that reduce the ten-
dency of the molecule to dimerize in solution. In the first
structure (1DT6, Fig. 7), much of the F-G loop is disordered
and no coordinates are reported for residues 212-222 in the
F-G loop. Also, there is no regular secondary structure in
the B-C loop, and the rigid turn-loop often found near the
N-terminal end of the C helix is also absent. Along with four
Gly residues in the B-C loop, this suggests that the B-C loop is
considerably more flexible in this enzyme than in the pro-
karyotic enzymes for which structures had been determined
to date. However, when complexed with dimethylsulfaphe-
nazole (DMZ) (151), both loops become ordered: Two short
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FIG. 7. Substrate-free CYP2C5 structure (1DT6 (47))
viewed from the distal face in the same orientation as
CYP101 in Figure 1. Note that the F-G loop is disordered and
there is no regular secondary structure in the B-C loop. The
approximate location of the membrane binding interface in-
cluding an N-terminal helix (not present) and portions of the
F-G loop is marked as MBI. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to
the web version of this article at www.liebertonline.com/ars).

helices form immediately preceding the G helix, and a short B’
helix forms as well (Fig. 8). Interestingly, there is evidence for
two DMZ binding modes in this structure, in which the sub-
strate occupies the same volume, but is oriented in opposite
directions. The pattern of hydroxylation observed for DMZ
supports the two binding orientations (151). A third structure
with a smaller substrate (diclofenac) present shows the same
secondary structural features as the DMZ structure, but the B’,
F,F’, and G’ helices are subtly rearranged to accommodate the
small but more polar substrate molecule (152). Structures of
the related CYP2C9 with anticoagulant S-warfarin bound
show a similar arrangement of secondary structure in the F-G
and B-C loops, but with a large vacancy in the active site di-
rectly above the heme iron in the site expected to be occupied
by substrate. The authors have modeled in a second warfarin
molecule, which fits readily into the vacancy, suggesting that
further allosteric rearrangement or a second substrate binding
event is required for the observed oxidations to take place (157).

Based on results from antigen peptide pattern recognition,
it was proposed that the entrance to the active site of CYP2C5,
as defined by the F-G loop, is embedded in the membrane
in vivo (146). This would allow hydrophobic substrates to
enter directly from the lipid bilayer rather than from the
aqueous phase surrounding the membrane. Given that the F—
G loop is disordered in the crystal of substrate-free CYP2C5, it
is likely that the interaction between the lipid bilayer and
residues that were mutated in order to permit crystals to be

F helix

FIG. 8. CYP2C5 with substrate dimethylsulfathiazole
(DMZ) bound in two orientations (IN6B (47)). The active
site is viewed from the south edge. Note that the F-G loop is
ordered and a short B’ helix is present, unlike the substrate-
free form (Fig. 7). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version
of this article at www.liebertonline.com/ars).

obtained is important in determining the overall shape and
dynamics of the active site closure in CYP2C5 in the absence of
substrate.

While the CYP2C5 and CYP2C9 structures show the basic
topology of the P450 superfamily, a number of unusual fea-
tures are observed. Neither CYP2C5 nor CYP2C9 have Arg
residues in the usual position at one end of the i3 sheet in the
south side of the active site (vide infra). In prokaryotic P450s
for which structures have been determined, this Arg forms a
salt bridge with a heme propionate, and anchors the f3 sheet
in place at one end with respect to the heme and active site.
Instead, in CYP2C5 an Arg residue from the f-meander region
(Arg 430) forms a link between the two heme propionates, at
least partially replacing the missing interaction. In CYP2C9, a
similar role is played by an Arg residue from the B-C loop. In
both CYP2C5 and CYP2C9, the 3 strand adjacent to the ac-
tive site is very short, suggesting that the south wall of the
active site has more freedom of movement relative to the
heme than in enzymes in which the anchoring Arg residue is
present.

B. CYP2B4

The rabbit liver microsomal enzyme CYP2B4 (originally
P450 LM-2) was one of the earliest characterized mammalian
cytochrome P450s, as its expression can be induced in rabbit
liver by dosing with phenobarbital. The first published
structure of CYP2B4 (131) showed an open active site, with
the B’ helix removed from the active site (~22 A from the
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midpoint of the helix to the heme Fe) and a distorted helix (F’)
serving as the F-G connector. The F’ helix is also remote from
the heme iron, leaving a very large open active site partially
occupied by water molecules. As with CYP2C5, the 3 strand
is very short, and the Arg anchor is replaced by a histidine,
suggesting that this interaction could be modulated by pH.
A structure determined with 4-(4-chlorophenyl)imidazole
bound shows a more compact active site, with residues from
the B-C loop in contact with the bound substrate and the B’
helix close-packed (132). Recently, a structure with another
inhibitor, 1-biphenyl-4-methyl-1H-imidazole, bound, re-
sulted in an intimate dimer in which the F” helices of each
monomer occupies the active site of the dimer partner, inter-
acting with the I helix of the partner, while a portion of the
F-F loop forms a f-sheet with its counterpart in the other
monomer (28). This indicates that structural features sur-
rounding the active site of CYP2B4 are capable of very large
displacements in response to environment.

C. Liver microsomal enzymes CYP3A4
and CYP1A2

The human liver microsomal enzyme CYP3A4 is of par-
ticular interest in that it is involved in the metabolism of many
of the approved drugs currently marketed, and inhibition or
unintentional overinduction (e.g., by another drug or xeno-
biotic) can markedly affect the persistence, effectiveness, and
toxicity of a particular drug (177). The client substrates of
CYP3A4 vary significantly in size, and there is evidence for
multiple substrates being bound simultaneously in the large
active site (111). In one published structure (1TQN, (163))
without bound substrate in the active site, the B-C loop
contains only a short distorted helical region, the F helix is
considerably shorter than is typical, and the F-G loop contains
two helical segments, the F* and G’ helices (Fig. 9). Both of
these helices expose hydrophobic residues expected to inter-
act with the lipid bilayer of the membrane. The structure de-
termined with erythromycin bound (2JOD, (25)) shows
surprisingly little change in the overall structure of the active
site: There is more disorder in the F-F’ region, but the same
general arrangement of active site features are present. The
erythromycin molecule binds slightly differently in the
CYP3A4 active site than in P450 EpoK. The two sugar moie-
ties of the substrate, instead of packing near the G helix and
F-Gloop asin EpoK, interact primarily with the F-F’ loop, the
F’ helix, and portions of the A helix. The remainder of the
substrate molecule interacts with the same structural features
as seen with many other P450s, including the B-C loop, the I
helix, and portions of the 3 and S5 sheets. With a smaller
substrate (ketoconazole) bound so that the imidazole ring of
ketoconazole provides an axial ligand to the heme iron, there
is some ordering of the B-C loop where it interacts with
substrate near the N-terminal end of the C helix (PDB entry
2VOM). However, despite the differences between erythro-
mycin and ketoconazole structures, many of the same resi-
dues of CYP3A4 interact with both substrates, including the
N-terminal end of the A helix.

The structure of another important drug-metabolizing
P450, CYP1A2, has been determined with substrate naph-
thoflavone bound (2HI4, (126)). This enzyme, while broad
spectrum, appears to target polycyclic substrates with
significant planar groups (vide infra) (Fig. 10). As with
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FIG. 9. Structure of CYP3A4 determined with inhibitor
ketoconazole bound (2VOM (25)) viewed from the distal
face in the same orientation as CYP101 in Figure 1. Note
that the extended F-G loop with two helical regions F” and
G’. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article
at www liebertonline.com/ars).

CYP3A4, the F helix is short and somewhat irregular, while
the F-G loop contains two short helical segments with ex-
posed hydrophobic residues that likely interact with the
membrane.

D. Prostaglandin biosynthesis:
prostacyclin 12 synthase

The rearrangement of cyclic peroxide PGH?2 to prostacyclin
12 is catalyzed by a P450 homologue, CYP8A1. While not a
classical oxygen insertion, it seems likely that there is direct
interaction between the peroxide oxygen and the heme, as one
structure with a substrate analog bound has one nitrogen of
the imide analog of the peroxy oxygen bound to the heme iron
(3B99, (68)). There are three published structures of CYP8A1
from zebrafish and human. All three structures, including that
without substrate analog or inhibitor bound, show a well-
defined B’ helix, as well as a short F” helix connecting the F and
G helices. The fi5 sheet is poorly defined near the active site,
and one fi5 strand is interrupted by a short helix. The substrate
analog in 3B99 is contacted by strongly constraining residues
(Trp 272 and Val 273 on the I helix, Phe 465 from the fi5 loop,
and Tyr 97 from the B’ helix). As might be expected, there is
some resemblance of the arrangement of structures near the
active site to the structure of CYP102, which also binds fatty
acid derivatives; however, this may be coincidental.
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FIG. 10. Active site of CYP1A2 with substrate naphtho-
flavone bound (2HI4, (126)). Naphthoflavone carbon atoms
are shown in purple. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article at www .liebertonline.com/ars).

E. Steroid biosynthetic and catabolic enzymes

Until recently, there were no structures determined for
P450s involved in steroid biosynthesis, even though mem-
bers of this class were among the earliest identified and
characterized in humans. This has changed with the publi-
cation of structures for CYP46A1 (cholesterol 24-hydroxylase)
(79) and human aromatase (CYP19A1) (29). CYP46A1l was
characterized both with and without substrate (cholesterol
sulfate) bound, and shows increased order in the F-G loop
and inward movement of the B’ helix in the substrate-bound
form. Aromatase catalyzes the oxidative C-19 demethyla-
tion and aromatization of the steroid A ring, converting
androstene dione to estrone, testosterone to estradiol, and
hydroxytestosterone to estratriol. Aromatase inhibitors are
primary therapies for estrogen-dependent breast cancers,
making this structure of particular interest for rational drug
design. The aromatase structure was the first to be determined
using protein derived from mammalian tissue, as opposed to
heterologously expressed enzyme. The enzyme was purified
from human placenta via immunoaffinity chromatography,
and presumably contains the intact membrane-binding N-
terminal residues, although diffraction was not observed for
the first 45 residues in the enzyme. There is evidence that
CYP19A1 is glycosylated near the N-terminus in vivo, and the
glycosylation may act as an anchor on the opposite (lumen)
side of the membrane from the protein (29). Three distinct
reactions are catalyzed by aromatase, two of which (the oxi-
dation of C-19 methyl to primary alcohol to aldehyde) can be
rationalized by a standard P450 mechanism involving a high-
valent Fe-oxo species. To rationalize the final step in the re-
action, the authors invoke proton abstraction from the A ring
by a Fe">-bound peroxide intermediate that facilitates loss of
the 19-C aldehyde via deformylation.
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Another enzyme involved in steroid metabolism is CYP125
from M. tuberculosis (82). The active site of the enzyme would
be expected to pack a cholesterol molecule close to the I helix,
as Phe residues from the 3 and f5 strands provide consid-
erable steric restraints deeper within the active site. However,
a molecule of andostenedione in structure 3IW1 is bound re-
mote from the heme between the B’ and G helices, so con-
siderable reorganization of the complex must occur prior to
catalysis.

F. Computational modeling of P450 structures

Given the advances that have been made in recent years in
homology modeling of protein structures, combined with the
historical paucity of determined P450 structures, it is inevi-
table that a good deal of effort has gone into predicting ter-
tiary structure of new P450 sequences from existing
structures. On one hand, this makes sense: The highly con-
served (and yet apparently unique) P450 core folding topol-
ogy makes modeling an unknown structure straightforward
and the resulting model probably accurate, at least to the level
of folding topology. On the other hand, given the plasticity
and variation of active sites seen even among different
structures of a single isozyme (28, 131, 132, 175, 176), assessing
the accuracy and utility of active site structures obtained by
modeling is difficult, and using sequence alignments to pre-
dict such structural variables as helix and loop orientations,
particularly in the B-C and F-G loop regions, somewhat risky
(58). This area has been reviewed thoroughly, particularly
from the point of view of modeling substrates and inhibitors
into target P450 structures, with an eye towards establishing
quantitative structure-activity relationships and identifying
critical residues for mutation studies (4, 19, 40, 45, 59-61,
147, 178).

IV. Nuclear Magnetic Resonance as a Probe
of Cytochrome P450 Structure and Dynamics

Nuclear magnetic resonance (NMR) provides a useful
complement to crystallographic methods for characterizing
the structure of biological macromolecules. While the de novo
determination of a cytochrome P450 structure by NMR
methods has not been reported, it has been shown that ex-
tensive sequential resonance assignments (a prerequisite for
structure determination) can be made for soluble P450s (5),
and high-quality solid state NMR spectra have been demon-
strated for membrane-associated mammalian P450s as well
(51). NMR methods often require a significant investment of
time and resources to reach the point at which interpretable
atomic resolution information concerning structure and dy-
namics of P450 can be obtained: Isotopically labeled samples
must be prepared of sufficient concentration and purity for
spectroscopy, a variety of multidimensional NMR experi-
ments performed, and then sequential assignments must be
made. P450 enzymes are sufficiently large that the automated
assignment methodologies employed for smaller proteins are
not particularly useful, and much of the assignment work
must be done by hand. However, the repayment for the in-
vestment is handsome: With sequential assignments in hand,
it is possible to identify discrete conformational changes that
are associated with enzyme function, and to localize struc-
tural perturbations resulting from substrate and effector
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binding and changes in oxidation state (95). Equally impor-
tant, protein dynamics on a wide range of time scales becomes
accessible via NMR methods (98).

One of the earliest NMR studies to relate structure and
function in cytochromes P450 was published by the Roberts
group (84). Based on the paramagnetically-induced spin re-
laxation of water and substrate (lauric acid) in the CYP102
active site, this group was able to identify a 6 A relocation of
the substrate upon reduction of the enzyme, and used this
information combined with the published crystallographic
structure of CYP102 to generate models for the binding of
lauric acid in oxidized and reduced CYP102. The same group
has applied this methodology successfully to other P450-
substrate complexes as well (83, 120-122). Note that this work
did not require sequential assignments of the protein reso-
nances; only the substrate 'H resonances were assigned, and
paramagnetic relaxation of specific resonances in substrate
were sufficient (in combination with the crystal structure of
CYP102) to model the active site structure. Similar efforts have
used relaxation to examine substrate and ligand-heme inter-
actions with other P450s, including CYP1A1, CYP2BI, (85)
CYP3A4 (10), CYP2C9 (44), and CYP2B4 (80).

Our group has used NMR to investigate the solution con-
formation of the camphor monooxygenase CYP101 as a
function of oxidation state, effector binding, and substrate. It
has long been known that the Cys,Fe,S, ferredoxin putidar-
edoxin (Pdx) is a required component of the reconstituted
camphor hydroxylase enzyme system: In the presence of Pdx,
reduced O,- and camphor-bound CYP101 rapidly turns over
to yield 5-exo-hydroxycamphor (70). In the absence of Pdx, the
same complex slowly decomposes to yield superoxide anion
and resting state enzyme. In light of this, the published
structures of camphor-bound CYP101 presented an interest-
ing puzzle. These structures give an obvious rationale for the
observed regio- and stereochemistry of camphor hydroxyl-
ation by CYP101. C5 of camphor, where the hydroxylation
occurs, is the closest substrate carbon to the heme iron, and so
also to the presumed reactive intermediate, the high-valent
iron-oxo species Fe(IV)=0O. A time-resolved series of struc-
tures in which the hydroxylation reaction was photochemi-
cally induced clearly demonstrated the position of the
substrate with respect to the metal center during the reaction
sequence (128). Based on these structures, the lack of turnover
in the absence of Pdx was puzzling. Furthermore, the question
of how the substrate gets into the active site and how product
is expelled presented difficulties. The B’ helix and F-G loop
provide effective closure to the CYP101 active site in all
CYP101 structures. A series of dynamic simulations of sub-
strate expulsion suggested a number of possible paths for
active site ingress/egress, but all of them clearly require sig-
nificant displacements of distal structural features in order to
permit access to the active site from solvent (71, 72). Now,
many of these issues can be resolved by the results from
multidimensional solution NMR experiments. Preliminary
titrations of camphor bound CYP101 with Pdx showed that,
despite the proposed Pdx binding site being on the proximal
face of the molecule (100), many distal features, including the
B’, F, G, and I helices are perturbed upon Pdx addition (99).
We proposed these observations to be the result of a Pdx-
enforced selection of a closed conformation of the enzyme that
prevents substrate/intermediate loss during the final steps of
oxygen activation and hydrogen abstraction from substrate.
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Repeating the titration with perdeuterated CYP101 and Pdx
(which renders both proteins invisible to 'H NMR) allowed a
detailed characterization of substrate orientation in the active
site, and demonstrated that the orientation of camphor sub-
strate in the CYP101 active site differs between solution and
the orientation observed in crystal structures (149). Further-
more, a slow conformational change driven by Pdx binding
(~180s~! at half-saturation) was detected that coincided with
substrate reorientation, suggesting that a coordinated confor-
mational switch occurs upon Pdx binding. Spectroscopic and
mutagenic evidence identified the hinge of the conformational
change as a trans-cis isomerization of the peptide bond between
Tle 88 and Pro 89, at the N-terminus of the B” helix (95). This
bond is in the cis conformation in all CYP101 crystal structures,
but adopts a trans or distorted trans conformation in solution.
Dynamic simulations show a wider gap between Phe 87 and
Pro 89 on the B-C loop, Thr 185 on the F-G loop, Phe 193 on the
G helix, and Ile 395 on the f5 strand at the entrance to the active
site. The trans structure shows greater solvent exposure of
substrate, as well as reorientation of substrate relative to the
crystal structure, in agreement with earlier NMR results (5)
(Fig. 11). Taken together, these results suggest that upon crys-
tallization, CYP101 packs most efficiently in a compact, closed
(cis) conformation, but in solution adopts a more open set of
trans conformers that permit relatively easy substrate access
and product egress from the active site. Upon effector binding,
the cis conformer predominates, yielding the closed, catalyti-
cally competent form of the enzyme.

Other publications describing the use of solution state
NMR methods to characterize P450 enzymes have also ap-
peared. Yao et al. have proposed a second camphor binding
site on CYP101 based on 'H NMR relaxation evidence (164).
Jain and co-workers have proposed a model for Pdx-CYP101
interactions based on spin label-induced relaxation and re-
sidual dipolar couplings (170). Roberts and co-workers used
selective °N labeling of phenylalanine residues to examine
substrate binding modes in P450 EryF (120), and Morishima et
al. have conducted extensive combined NMR and mutagen-
esis experiments to understand the role of Pdx binding in
driving conformational changes in CYP101 (89, 142, 143).

As most eukaryotic P450 enzymes are membrane-bound,
solution state NMR methods are at present limited in appli-
cability to this large and interesting class of targets. However,
combined with selective and uniform isotopic labeling, recent
developments in solid-state NMR methods promise to make
eukaryotic P450s more accessible (51, 124). Using solid state
NMR, the McDermott group has shown that substrate bind-
ing and spin state in CYP102 is temperature dependent,
suggesting substrate reorientation as a function of tempera-
ture in that enzyme (48, 49). Rienstra and co-workers have
demonstrated that good quality solid-state '*C correlation
spectra can be obtained for native CYP3A4 bound to size-
constrained phospholipid bilayer structures known as “na-
nodiscs” (51).

V. Structural and Dynamic Insights
from Mass Spectrometry

Although not precisely a structural tool, mass spectrometry
(MS) offers another alternative for examining structural and
dynamic relationships in cytochromes P450 that shows con-
siderable promise. Recent developments in desorption and
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FIG. 11. Comparison of the cis (left) and trans (right) conformations of the Ile 88-Pro 89 amide bond initiating the B’
helix in CYP101. Structures shown are based on molecular dynamics simulations supported by NMR experiments (5). Pro 89
is shown in orange, Ile 395 in light blue, Thr 185 in dark blue, and camphor (substrate) is in magenta. Note the greater solvent
exposure of camphor in the trans conformation, indicating a more accessible active site. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).

ionization of intact proteins, as well as proteomic analysis
using fragmentation and MS/MS techniques, have rendered
the P450 superfamily amenable to sequence-activity analysis.
While small-molecule mass spectrometry has long been used
as a tool for characterizing products of P450-mediated oxi-
dations, the ability to rapidly pre-digest intact proteins prior
to introduction to the mass spectrometer has allowed mass
spectrometry to be used to identify sites of covalent modifi-
cation associated with suicide substrates, as well as examine
local protein dynamics as a function of such parameters as
oxidation state and substrate binding.

A number of published examples illustrate the potential of
the methodology. Sites of photoaffinity label attachment in
CYP3A4 have been determined by mass spectrometry, help-
ing to clarify active site accessibility (150). We have used
hydrogen—deuterium (H/D) exchange methods coupled with
MS/MS to examine the dependence of local protein dynamics
on the oxidation and ligation state of the heme in CYP101. We
found that portions of the 3 and /5 sheets, the B’ and I helices
(that is, most of the secondary structures surrounding the
active site) all show differential H/D exchange in response to
changes in the heme oxidation/ligation state (35, 98). Other
recent publications deal with the effect of substrate and ef-
fector binding to CYP46A1 using H/D exchange (69) and
identification of membrane binding domains (78).

VI. Can We Identify Structural Motifs in P450
Structures That Correlate with Activity?

Given the number of nonredundant P450 primary se-
quences that have been described and deposited in such
databases as GenBank and SwissProt, it is difficult to imag-

ine solving structures for more than a tiny fraction of these
enzymes. We are then left with an important question: Can
we find common threads whereby we can correlate sequence
in the structurally variable regions of P450 enzymes, if not
with a particular substrate, then with a particular kind of
activity? We have previously suggested a simple example of
this type of correlation with our identification of a trans-cis
isomerization of an Ile-Pro bond preceding the B’ helix in
CYP101. The isomerization is driven by binding of an ef-
fector, Pdx (vide supra), and results in apparent closure of the
active site access channel and repositioning of substrate into
the correct orientation for the observed chemistry (5, 95) (see
Fig. 11). P450 structures determined to date in which a hy-
drophobic residue (h¢ =Phe, Ile, Val, Leu) precedes a pro-
line at the beginning of the B” helix include CYP101, CYP119,
CYP107 (EryF), and CYP121 that catalyzes tyrosyl diketo-
piperazine coupling in M. tuberculosis. In this enzyme, the
substrate, which interacts strongly with the B” helix in the
crystal structure, is quite remote from the heme iron, and
isomerization of the Val-Pro bond offers a mechanism for
bringing substrate close to the heme iron. This motif is also
found in the B-C loop of CYP2C5 and CYP2C9, and initiates
the B’ helix in the substrate-bound forms (151, 152, 157). In
P450 EpoK, the h¢-Pro motif is found at the beginning of the
B’; helix. All of these enzymes either target specific sub-
strates and/or are regio- and stereospecific in the oxidations
that they catalyze. This suggests that effector-driven isom-
erization of this bond, along with the corresponding trans-
location of the B’ helix, is the final step in locking the
substrate in the correct orientation for the observed regio-
and stereochemistry. This isomerization also prevents loss of
substrates and intermediates during the catalytic process. In
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turn, this simple structural motif may provide a marker for
identifying P450 enzymes that are specific for particular
substrate/product combinations. Other enzymes, while
lacking this motif in the B-C loop, have Ile-Pro initiating the
F’ helix in the F-G loop. In the structure of lanosterol 14-o
demethylase CYP51 (PDB entry 3GW9) from T. brucei, in
which an inhibitor is bound to the heme iron, the active site is
quite exposed to solvent. However, modeling suggests that
isomerization of the Ile 209-Pro 210 amide bond at the N-
terminal of the F” helix from trans to cis would close the active
site in a manner similar to the CYP101 case. A similar ar-
rangement of Leu-Pro is seen initiating the F” helix in allene
oxide synthase from A. thaliana (55, 65), and Phe-Pro is
present in the F-G loop of PikC (67). There are, however,
enzymes that do not have an h¢-Pro motif but still target
specific substrates: CYP108, that oxidizes o-terpineol, is one
example, so clearly this is not the only means by which ste-
reo- and regiospecificity can be enforced.

Regardless of the precise mechanism, it is reasonable to
assume, based on comparisons of multiple P450 structures,
that the B-C loop, the F and G helices, and F-G loop must
rearrange in order to generate a closed conformation once
substrate is bound. This implies that substrate contacts from
these secondary structural features are less important for
initial substrate recognition than for determining the final
“correct” orientation of the substrate in the competent enzyme

F463 (B5)

R339

L336

FIG. 12. Active site structure of prostacyclin synthase,
CYP8A1 (PDB ID 3B99, (68)) with substrate analog 9,11-
azoprosta-5(Z),13(E)-dien-1-oic acid bound (labeled U51 in
figure). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article at www liebertonline.com/ars).
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complex. A similar conclusion was reached by Lepesheva et al.
based on a series of mutations made in the B-C and F-G
regions of CYP51, a sterol demethylase found in a wide range
of organisms (58).

In CYP101, residues Phe 87, Tyr 96, and Phe 98, which
contact substrate in the closed conformation from the B-C loop
and B’ helix, would interact with substrate after binding, while
substrate contacts from the I helix (Leu 244 and Val 247) and
the 3 and f5 sheets (Val 295, Ile 395, and Val 396) are more
likely involved in initial substrate binding and recognition. In
light of this, it is worth considering how the arrangement of
residues in these features might control initial substrate rec-
ognition. In the promiscuous CYP3A4, residues protruding
into the active site are not bulky or constraining: Close contacts
(within 5 A) of ketoconazole in the CYP3A4 active site are
alanines on the I helix and at the N-terminal of the 3 sheet that
borders the active site to the south, as viewed in Figures 1 and
9. The same two I helix residues are also alanines in the EpoK
structure (Ala 250 and Ala 254), allowing the bulky macrolide
substrate to pack close to the I helix. However, the side chains
projecting from the 3 and f5 strands in EpoK are bulky and

a0

—

FIG. 13. Anchoring of f3 strand at the south edge of the
active site by a salt bridge between the heme propionate
and conserved Arg residues in (a) CYP101 (2CPP, (109)),
and (b) P450 epoK (1Q5D, (87)). Substrate contact residues
in register with the conserved Arg are Val 295 in CYP101 and
Thr 305 in P450 EpoK. Substrates are camphor in CYP101
and epothilone B (epoB) in EpoK. See text for complete dis-
cussion. In (c) CYP2C5 (INR6, (156)), the Arg is not present
in the 3 strand, but the salt bridge is conserved via Arg 430
from the proximal side of the enzyme. (For interpretation of
the references to color in this figure legend, the reader
is referred to the web version of this article at www
Jiebertonline.com/ars).
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restrictive, unlike CYP3A4, reducing the size of the active site
cavity and the freedom of movement of substrate. In CYP1A2,
another broad-spectrum xenobiotic metabolizing enzyme,
the I helix residues are still nonrestrictive (Gly and Asp), but
bulkier side chains project from the 3 and f5 strands to
contact the substrate (x-naphthoflavone) and hold the poly-
cyclic planar substrate perpendicular to the heme and parallel
to the I helix (Fig. 10). Aromatic residues on the B’, F, and G
helices also interact with the substrate, and fix its orientation
quite precisely (126). A similar arrangement of interactions
involving substrate, the I helix and the 3 and f5 strands is
found in CYP2A6 (161). CYP108, which selectively oxidizes
a-terpineol, also has a nonrestrictive alanine on the I helix that
likely contacts substrate, while likely primary contacts on the
f3 and N-terminal extension include phenylalanine and va-
line, and a phenylalanine on the f5 strand (37). In CYP8A1,
which catalyzes the rearrangement of the cyclic peroxide
PGH2 to prostacyclin PGI1, close contacts with substrate an-
alog are provided by Trp 272 and Val 273 on the the I helix and
Phe 463 on the 5 strand (68) (Fig. 12).Again, sterically re-
strictive fi-branched and aromatic residues provide the initial
contacts for substrate.

If contacts from the 3 sheet are important in the initial
binding and recognition of substrate, this provides another
potential correlation between active site structure and
function in P450s. In most prokaryotic and many eukaryotic
P450s, the 33 strand that borders the active site ends with an
Arg residue that provides a salt bridge to one heme propi-
onate group. In CYP101, this is Arg 299. This salt bridge
essentially fixes one end of the i3 sheet with respect to the
heme and active site via a flexible hinge. Interestingly, if this
Arg residue is present, the other end of the 3 strand often
has a residue in register with the Arg side chain that makes
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contact with substrate. In CYP101, this is Val 295, the side
chain of which makes direct contact with the camphor
geminal methyl groups (Fig. 13a). In P450 EpoK, a threonine
(Thr 305) fills this role, with Arg 307 providing the anchor
(Fig. 13b). In the recently published aromatase structure with
bound androstenedione, Arg 375 and Val 373 are seen at
homologous positions (29). For enzymes with larger sub-
strates, the Arg anchor and contact residues from the 3
strand are often two residues apart, while in CYP101, with a
small substrate, they are four residues apart. This suggests
that the larger spacing between the Arg and contact residue
moves the substrate deeper into the active site; that is, the
length of the strand depends upon the size of the substrate,
and that this contact is important for determining where the
substrate sits in the active site relative to activated Fe=0
species. In cases where the spacing is short, (two residues
instead of four), the N-terminal continuation of the poly-
peptide that creates the edge of the 3 sheet often provides a
portion of the east wall of the active site. The inward facing
residue of this loop then becomes a key contact for substrate
as well.

If very large or extended substrates are bound, the residue
immediately adjacent to the conserved Arg is often involved.
In CYP46A1, cholesterol 24-hydroxylase, the primary sub-
strate contact residue, Phe 371, is immediately adjacent to the
hinge Arg 372, but interacts with the substrate (cholesterol
sulfate) on the A ring far from the site of hydroxylation. The
N-terminal continuation on the east wall of the active site
provides a bulky tryptophan side chain (Trp 368) that provi-
des significant restriction on motion of the substrate in the
active site (79). Interestingly, a similar situation is seen in ar-
omatase: in this case, the residue adjacent to Arg in the 3
strand is methionine, which contacts the androgen D ring,

F221 (F helix)

No,

s478 (B5)
L477

FIG. 14. Active sites of two P450 enzymes that bind cholesterol-derived substrates in opposite orientations. (Left) Active
site of CYP46A1 with cholesterol sulfate bound (2Q9F, (79)). Side chains in dark blue are from the A helix, light blue from the
B—C loop, green from the F helix and F-G loop, orange from the 3 strand and loop, and red from the $5 loop. (Right) Active
site of aromatase with substrate androstenedione bound (CYP19A1, PDB ID 3EQM, (29)). Side chains in light blue from the
B-C loop, green from the F helix, orange from the f3 strand and loop, and red from the 5 loop. Note the unusual Pro in the
I helix, P308, which appears to make the “kink” often found in the I helix providing a binding site for bound O,. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at
www.liebertonline.com/ars).
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FIG. 15. View from west side of the active site of
CYP107L1 (PikC) from structure 2WHW (67) showing
side chains from the I helix, 3 and f5 loops involved in
binding a substrate modified with a desaminoglucoside
(deso) to convert a C;3 macrocycle into a substrate for ox-
idation by this enzyme. The desaminoglucoside binding site
is defined by Tyr 295 and Thr 294 on the 3 loop and Met 394
on the 5 loop. The desaminoglucoside is also contacted by
Glu 94 on the B-C loop and Phe 178 on the F helix (not
shown). Other marked residues (Ile 239 and Val 242 on the I
helix, and Val 290 on the east wall of the active site) contact
the macrocycle. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version
of this article at www liebertonline.com/ars).

CYP101 V A A G R 29
EpoK I G T V R 307
aromatase D L VM R 375
CYP46A1 W G T F R 372
PikC S AT Y R 29
CYP120A1 G G G F R 323
CYP3A4 A M R L E R 375
CYP2C5 P T N L P H 365
CYP2C8 P T G V P H 368
CYP2B4 P F G V P H 369
CYP1A2 P F T I P H 388
CYP2E1 P S N L P H 370

FIG.16. Alignment of 3 regions lining the active sites of
P450 enzymes discussed in the text. Numbers to the right of
the aligned sequences are sequence number of the aligned
Arg/His residues from each sequence.
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while the N-terminal continuation contact is a valine (Fig. 14)
(29). Note that the steroid molecules bind to the two enzymes
in opposite orientations; the increased steric bulk of the phe-
nylalanine and tryptophan in CYP46A1 relative to the me-
thionine and valine in aromatase appears to be important for
this discrimination. In CYP107L1 (PikC), the desosamine
binding site is formed by contacts from Thr 294 and Tyr 295
adjacent to the conserved Arg 296, as well as Met 394 in the /5
loop (Fig. 15).A phenylalanine adjacent to the conserved Arg
contacts the bound retinoic acid in CYP120A1, as does a valine
with epothilione B in CYP EpoK, providing stabilization of
large substrates remote from the heme pocket.

On the other hand, in promiscuous enzymes that bind
multiple substrates, the 3 strand is often very short, and the
Arg at the C-terminal end of the strand often replaced by a His
residue (vide supra) as in CYP2C5 (Fig. 13c), CYP2C8, CYP2B4,
CYP1A2, and CYP2D6. This motif also includes two con-
served prolines, one immediately preceding the His by five
residues, and the second immediately preceding the con-
served His (Fig. 16).The Arg is present in CYP3A4 (Arg 375),
and there is a leucine in register (Leu 373). However, the side
chain of Leu 373 does not extend into the active site, but rather
projects past the heme plane to the proximal side of the en-
zyme. In CYP2E1, which targets primarily smaller substrates,
the Arg is again replaced by His (His 370), with Leu 368 in
register and Val 364 in the east wall, with Phe 298 from the I
helix and Phe 478 from the 5 loop both protruding into the
active site, restricting considerably the size of potential sub-
strates.

Consider the case of CYP119, a thermostable P450 for
which the natural substrate is unknown, but which has the

FIG. 17. Active site of CYP119, from S. solfataricus (PDB
ID 1108, (97)), showing positions of active site residues
proposed to be important for substrate recognition and
binding. Translucent oval shows approximate position pro-
posed for bound substrate. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred
to the web version of this article at www.liebertonline
.com/ars).
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B’ helix
\\N
P.putidaCaM 6l GGHWIATRGQLIREAYEDYRHFSSECPFIPREAGEAYDFIPTSMDPPEQRQFRALANQVV
Sphingomona 62 GGHWIATNGDTVREVYSDPTRFSSEVIFLPKEAGEKYEMVPTRMDPPEHTPYRKALDKGL
Novosphingob 62 GGHWIATRGTLIDEIYRSPERFSSRVIWVPREAGEAYDMVPTKLDPPEHTPYRKAIDKGL
proteobacte 53 EGHWIVTDPALFSEVYNDWELFSSRTIITPKSHGEAHNLIPTTMDPPVHQPFRMILNRLL
Burkholderia 6l GGHWVATRGDDIYNILKDYENFSSKQLTVPLV--EHQPLPPIFFDPPQHTAYRALIAPAF
S.wittichii 59 GGHWIVTRADDMFAVMQODYETFSNWEFTVPKRGPGNPVLMPNQLDPPRHGPIRSVVLRPM
| helix
P.putidaCAM 227 GQVNGRPITSDEAKRMCGLLLVGGLDTVVNFLSFSMEFLAKSPEHRQELIERPERIPAAC
Sphingomona 234 AEINGERITHDKALGLISLLLLGGLDTVVNFLSFMMIHLAKNPQVVEELRADPLKLMRSA
NOVOSphingOb 234 VEIDGKPMPDDRALGLVSLLLLGGLDTVVNFLGFMMIYLSRHPETVAEMRREPLKLQRGV
proteobacte 219 ADIDGKRISDDEASKLSVQLLIAGVDTVVNFLNFAFLRLARDPDLRERIINRELASRDAA
Burkholderia 225 STIDGRALTDDEVRGLCGLVLIGGLDTVASAMGFIANFLAGSPAHRKQLIDNPALTQKAV
S.wittichii 227 AEREGR-ITREESTSIALNVFFGGLETVSSALAFIVLFLARHPEHRRQLIEDASLTQDAT
B3
P.putidaCAM 287 EELLRRFSLVADGRILTSDYEFHGVQLKKGDQILLPOMLSGLDERENACPMHVDFSRQKV
Sphingomona 294 EEMFRRFPVVSEARMVAKDQDFRGIELKRGDMILLPTALHGLDDQLNDDPWRINLERRGI
NOVOSphingOb 294 EELFRRFAVVSDARYVVSDMEFHGTMLKEGDLILLPTALHGLDDRHHDDPMTVDLSRRDV
proteobacte 279 EQLLAELPLVTVGRLVTRDCEFHGAPLKAGDMIALPTPLCAGFELPKE----- OMASNAN
Burkholderia 285 DELLRRFPVVNQGRRITHDFEYKGVQLKAGDMIILPTTLHGLDERKFEDPLTVDFSRTPP
S.wittichii 286 EEFLRRFGILNLARIATRSTTFKGLTIEQGEQVLLPLHLAGLDERKFPNPLEVDFHRKRA
B5
_>
P.putidaCaM 347 SHTTFGHGSHLCLGQHLARREIIVTLKEWLTRIPDFSIAPGAQIQHKSGIVSGVQALPLV
Sphingomona 354 SHSTFGGGPHRCAGLHLARMEVIVTIEEWLKRIPTFAMKPGAQPIYHSGIVAAVDNVPLI
NOVOSphingOb 354 THSTFAQGPHRCAGMHLARLEVTVMLQEWLARIPEFRLKDRAVPIYHSGIVAAVENIPLE
proteobacte 334 AHLTFGQGPHMCPGRYLARMEIALVLEEWLALIPRFDIAPDSSITFGGGIVGNIAALPLV
Burkholderia 345 THSTFGNGPHRCPGSFLARVELKVFLQEWLKRIPDFQVKPGAKAGVHGGVNGTLYYLPLV
S.wittichii 346 GHEFNFGTGPHRCLGSNLARPEIRIFIEEWLRQIPDFSVDPDDKPVGASGVAMTMTRVPLV

FIG. 18. Partial sequence alignments of selected putative P450 sequences with cytochrome P450cam (CYP101) from P.
putida showing correlations discussed in text. Secondary structural features are noted above the CAM sequence. GenBank
accession numbers are as follows: ZP_01304513.1 Sphingomonas sp. SKA58, YP_495795.1 Novosphingobium aromaticivorans,
ZP_04956740.1 gamma proteobacterium, YP_001774457.1 Burkholderia cenocepacia, YP_001262244.1 Sphingomonas wittichii.
Alignments were made using the BLAST alignment tool (blast.ncbi.nlm.nih.gov) (2). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).

ability to catalyze the w-1, —2 and —3 hydroxylation of lauric
acid (52) and the peroxide-supported oxidation of styrene,
phenanthrene, and biphenylene (52). The B helix in CYP119 is
initiated by an Ile-Pro motif, suggesting that the enzyme
catalyzes a regio- and/or stereoselective oxidation in vivo. The
p3 strand is shorter than in CYP101, with a spacing of two
residues between the Arg anchor (Arg 259) and Thr 257, the
putative substrate contact. This suggests that the substrate is
not bound deeply in the active site, so that oxidation occurs at
either one end of the molecule or at a bend or oblate edge
(Fig. 17). The absence of a hydrophobic residue immediately
adjacent to the conserved Arg indicates that the natural sub-
strate is not steroidal nor does it have bulky pendant groups
remote from the site of oxidation. Bulky groups (Leu 205 and

Leu 206) on the I helix as well as valines on the N-terminal
loop of the 3 strand and the fi5 bend suggest a relatively
narrow binding site, one that might accommodate an aro-
matic ring or bent hydrocarbon chain. A phenylalanine from
the F helix (Phe 153) and Leu 69 from the B’ helix would be
expected to contact substrate after active site closure, further
restricting the size of the molecule to be bound. All of these
observations are consistent with the observed substrate se-
lectivity of CYP119. Unfortunately, the context of CYP119 in
the Sulfolobus genome is relatively uninformative concerning
the natural substrate, as most of the neighboring open reading
frames are not yet annotated (12).

An arrangement of active site residues similar to those in
CYP119 is also found in CYPBiol, which oxidizes fatty acids at
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TABLE 1. CYTOCHROME P450 STRUCTURES ACCESSIBLE IN THE RCSB PDB DATABASE

Substrate/Product
Enzyme Protein Data Base Entries Organism (if known) References
CYP101 (cam) (2-8)CPP, 3FWF-], 2QBL-O, P. putida Camphor/5-exo- 1, 22, 23, 26, 75, 76, 88,

CYP102 (BM3)

CYP105
(MoxA)
CYP105A1
CYP105P1
CYP107 (EryF)

CYP107L1
(PikC)

CYP108 (terp)
CYP113A1
(EryK)
CYP119
CYP120A1
CYP121

CYP124

CYP125
CYP130

CYP154A1
CYP154C1
CYP158A1
CYP158A2

CYP170A1
CYP175A1
CYP199A2
CYP231A2
CYP245A1
(StaP)
CYP46A1

CYP51
CYP51

CYP51
CYP51

CYP55A1
(P45040y)

2GQX, 2GR6, 2FRZ,
2H7Q-S, 2FE6, 2FER,
2FEU, 2A1M-O, 1UYU,
1T85-8, 1076, 1ILWL, 1K20,
1GJM, 1DZ4, 1DZ8-9,
1DZ6, 5CP4, 6CP4, 1AKD,
1FAG-H, 10XA, 1PHA-G,
(1-4)CP4

3HF2, 3DGI, 3EKB, 3EKD,
3EKF, 3BEN, 3CBD, 2UWH,
2J1M, 2J4S, 21J2-5, 21J7,
1704, 1209,1Z0A, 1YQO-P,
1SMIJ, 1POV-X, 1JME,
1JPZ, 2BMH, 2HPD

2736

3CVS, 3CV9, 2ZBX-Z
3E5]-L
1780-Q,1JIN-P, 1EUP

2VZ77, 2VZM, 2CDS8, 2CA0,
2BV], 2C6H, 2C7X,
2WHW, 2WI9

1CPT

2WIO, 2JJN-P, 2VRV, 1EGY

1107-9, 1FAT-U

2VE3-4

3G5F, 3G5H, 3CXV-Z,
3CY0,3CY1, 1N40, 1N4G

2WM4, 2WM5

3IW0-2

2WHS, 2WHF,2WGY,
20UQ, 2UVN

10DO

1GWI

2NZ5, 2NZA, 2DKK

2D09, 2D0E, 1SE6, 1T93,
1S1F

3DBG

1N97

2FR7

2RFB-C

3A1L, 2Z3T-U

2Q9F, 2Q9G

2WQ9, 2WOA, 2WOB.
1X8V, 1U13, 1EA1, 1E9X

3G1Q, 2VKU, 2CI0, 2CIB,
2BZ9, 1H5Z

3G1Q, 3GW9

3I3K

1XQD, 1ULW, 1JFB-C,
1GEJK, 1GEI, 1GEM,
1GED. 1CL6, 1CMJ,
1ROM,2ROM, 1CMN

B. megaterium

Actinomycetes

S. griseolus
S. avermitilis
S. erythreae

S. venezuelae

P. putida
S. erythreae

S. solfataricus
Synechosystis
M. tuberculosis

M. tuberculosis

M. tuberculosis
M. tuberculosis

. coelicolor
. coelicolor
. coelicolor
. coelicolor

nNnn U n

S. coelicolor

T. thermophilus
Rhodopseudomonas
Picrophilus (archeon)
Streptomyces

H. sapiens

M. tuberculosis

M. tuberculosis

T. brucei
H. sapiens

F. oxysporum

hydroxycamphor

Fatty acid w-2-
hydroxylase

Broad specificity

Vitamin D

Filipin

6-Deoxyerythronolide B
hydroxylase/
Erythromycin D

Pikromycin,
narbomycin

a-Terpineol
Erythromycin D

Unknown

Retinoic acid

Tyrosine diketopipera-
zine coupling

Fatty acid
w-hydroxylase

Cholesterol hydroxylase

Ketoconazole inhibited

Unknown
Macrolide
Flaviolin coupling
Flaviolin coupling

Albaflavinone
p-Subst. benzoic acid
Chromopyrrolic acid
Cholesterol
24-hydroxylase
Sterol demethylase
Sterol 14-o demethylase
Sterol 14-o demethylase
Lanosterol 14-o

demethylase
Nitric oxide reductase

108-110, 113-118, 128,
129, 144, 145

14, 30, 31, 33, 34, 39,
43, 63, 64, 92, 93,
119, 154, 166

165

38, 141
158
16-18, 86

67, 135
37
127
97, 162
54
7,62, 81,134
Unpublished

82
94

101
102
173
172

174
159

8
41

74,148
79
11
24,103, 104

57
139

53, 96, 136, 137

(continued)
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Substrate/Product
Enzyme Protein Data Base Entries Organism (if known) References
CYP74A 2RCH, 2RCL, 2RCM, 3CLlI, A. thaliana Allene oxide synthase 55, 65
3DSI-K
CYP74A2 3DAN,3DBM Rubber plant ~ Allene oxide synthase 65
CYP1A2 2HI4 H. sapiens Multiple substs. 126
CYP19A1 313K H. sapiens Androgen (aromatase) 29
CYP2A6 3EBS, 2PG5-7, 2FDU-W, H. sapiens Multiple substs. 21, 160, 161
2FDY, 1Z10-1
CYP2A13 2P85 H. sapiens Multiple substs. 138
CYP2B4 3G5N, 3G93, 2Q6N, 2BDM, Rabbit Multiple substs. 28, 131, 175, 176
1SUO, 1PO5
CYP2C5 1INR6, IN6B, 1DT6 Rabbit Multiple substs. 47,151, 152, 155
CYP2C8 2VNO, 2NNH-]J, 1PQ2 H. sapiens Multiple substs. 130
CYP2C9 1R90, 10G2, 10G5, H. sapiens Multiple substs. 153
CYP2D6 2F9Q H. sapiens Multiple substs. 123
CYP2E1 3E6l, 3E4E H. sapiens Multiple substs. 105
CYP2R1 3CZH, 3DL9, 3C6G H. sapiens Vitamin D 140
CYP3A4 2VOM, 2J0D, 1TQN, H. sapiens Multiple substs. 25
1WOE-G
CYP7A1 3DAX H. sapiens Cholesterol 7-o- Unpublished
hydroxylase
CYP8A1 3B6H, 2I1AG H. sapiens Prostaglandin 12 68
(prostacyclin
synthase)
CYP8A1 3B98, 3B99 Zebrafish Prostaglandin 12 68
(prostacyclin
synthase)
XplA 2WIV, 2WIY Rhodococcus Reductive degradation 125
of RDX
P450 EpoK 1Q5D-E Sorangium Epothilone C/A 87
cellulosum
P450 OxyB 1LFK, 1LGY, 1LGF Amycolatopsis ~ Vancomycin 167
biosynthesis
P450 OxyC 1UED Amycolatopsis ~ Vancomycin 112
biosynthesis
P450 BSb 1170 B. subtilis Fatty acid oxidation 56
CYPBiol 3EJD, 3EJE3 E. coli Biotin synthesis 15
Thermophilic P450 1UE8 S. tokodaii Unknown 90

a bend in the chain in order to generate precursors for biotin
synthesis in B. subtilis (15). While CYPBiol does not contain
the h¢-Pro motif at the N-terminal of the B’ helix, the enzyme
was crystallized with acyl carrier protein (ACP) bound so as
to deliver the bound fatty acid to the active site. The ACP is
bound adjacent to the F-G loop and B helix, and is appro-
priately positioned to force closure of the active site.

In Figure 18, residues involved in the proposed correlations
are highlighted in a series of P450 sequences that align with
CYP101, but are otherwise uncharacterized. Based on the
close alignment, it is expected that, like CYP101, these en-
zymes catalyze the oxidation of small terpenoids. (CYP101
catalyzes the 5-exo hydroxylation of camphor, a small bicyclic
terpene). In all of these sequences, the hg-Pro motif is present
at the likely N-terminal of the B” helix, suggesting regio- and
stereospecificity in the chemistry catalyzed. On the I helix,
bulky residues are present corresponding to Leu 244 and Val
247 in CYP101, although the GIn and Asn residues in Proteo-
bacteria and S. wittichii aligned with Leu 244 in the CYP101
sequence may well be removed from the active site. All of the
sequences have bulky hydrophobic residues aligned with Val

295 on the 3 strand in CYP101, a primary contact for bound
camphor, indicating binding of substrate deep in the active
site, these residues being four away from the conserved Arg
(Arg 299 in CYP101). Finally, all five sequences have a f-
branched hydrophobic side chain (either Val or Leu) aligned
with Ile 395, which provides the upper east wall of the active
site in CYP101. Of the five sequences, the S. wittichii enzyme
likely has the least-branched substrate, as the Asn-Phe com-
bination on the I helix could leave an opening adjacent to the I
helix to accommodate parts of substrate remote from the site
of activity that is not present in the other sequences, while the
larger but less constrained Leu side chain on the 3 strand
homologous with Val 295 would discourage bulkier groups
from binding deep in the active site.

VIl. Conclusions

As the number of available P450 structures grows, along
with improved dynamic information from NMR and MS
methods, it becomes increasingly important to be able to in-
terpret this sea of information without getting lost in it. In
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particular, as “personal genomes” become a tool for diag-
nostics and prescription, the ability to quickly interpret se-
quence data in terms of expected P450 activity will be critical
for assessing the risks and benefits of a particular medication
or chemotherapy for an individual patient (6) (Table 1).

In this review, we have attempted to make use of structural
and dynamic information obtained by a variety of experi-
mental methods to make some generalizations about how cy-
tochrome P450 enzymes recognize and bind their substrates. In
particular, we asked what common features could be used to
limit the substrate search space for orphan P450s and to
identify the isozyme most likely to metabolize a given small
molecule substrate such as a drug or environmental xenobiotic.
We conclude, based on comparisons of known P450 structures
and dynamic information gleaned from NMR and mass
spectrometry, that features of the I helix, 3 and 5 strands
adjacent to the active site (with occasional rarer contributions
from the A helix for large substrates) are critical for deter-
mining which types of substrates will bind. On the other hand,
features of the B-C loop, including the B’ helix, and F-G loop
are important for determining the final orientation of the
bound substrate in the active site, and must reorganize prior to
the enzyme reaching a catalytically competent conformation,
but are less important for initial substrate binding.
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