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Abstract

Cytochrome P450 enzymes (P450s or CYPs) catalyze an enormous vari-

ety of oxidative reactions in organisms from all major domains of life.

Their monooxygenase activity relies on the reductive scission of molecu-

lar oxygen (O2) bound to P450 heme iron, and thus on the delivery of two

electrons to the heme iron at discrete points in the catalytic cycle. Early

studies suggested that P450 redox partner machinery fell into only two

major classes: either the eukaryotic diflavin enzyme NADPH-cytochrome

P450 oxidoreductase, or bacterial/mitochondrial NAD(P)H-ferredoxin

reductase and ferredoxin partners. However, more recent studies, aided

by genome sequence data, reveal a much more complex scenario. Several

new types of P450 redox partner systems have now been characterized,

including P450s naturally linked to their redox partners, or to a component

protein of their P450 electron delivery system. Other P450s have evolved

to bypass requirements for redox partners, and instead react directly with

hydrogen peroxide or NAD(P)H to facilitate oxidative or reductive catal-

ysis. Further P450s are fused to non-redox partner enzymes and can

catalyse consecutive reactions in a common pathway. This chapter

describes the biochemistry and the enormous natural diversity of P450

redox systems, including descriptions of novel P450s fused to non-redox

partner proteins.
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11.1 Introduction

Cytochrome P450 enzymes (P450s or CYPs) are

prodigious catalysts of oxidation reactions in

Nature. P450s are heme b-containing enzymes

that bind dioxygen (O2) to a ferrous heme iron,

and then further reduce and protonate the iron-

oxo species to form reactive intermediates capa-

ble of oxygen addition chemistry on a substrate

bound close to the P450 heme iron [1]. The key

species responsible for substrate oxidation

reactions is the ferryl-oxo porphyrin radical

cation species known as compound I. This tran-

sient species was definitively characterized for

the first time in 2010 by Rittle and Green, who

presented both the spectroscopic characteristics

of compound I and a clear demonstration of its

catalytic potency in substrate oxidation using a

thermophilic P450 enzyme as a model system

[2]. To achieve oxygen activation and substrate

oxidation, the canonical P450 catalytic cycle

(Fig. 11.1) involves two sequential single elec-

tron reduction reactions that first convert a ferric

heme iron to the ferrous state (enabling the bind-

ing of O2), and then result in the further reduction

Fig. 11.1 The cytochrome P450 catalytic cycle.

Intermediate species in the canonical P450 catalytic

cycle are shown. At the top of the cycle is the resting

state species where the ferric P450 heme iron is proxi-

mally coordinated by cysteine sulfur (S) in its thiolate

form. Binding of substrate (RH) displaces the distal water

ligand and often shifts the heme iron equilibrium toward

high spin. Electron delivery from a redox partner reduces

the heme iron to the ferrous form, which can then bind to

molecular oxygen (O2), and convert to the ferric-superoxo

form. The delivery of a second electron from the redox

partner forms the ferric-peroxo species, which becomes

protonated to the reactive ferric-hydroperoxo (compound

0) form. A further protonation results in loss of a water

molecule and production of the catalytically relevant

compound I (ferryl-oxo porphyrin radical cation). Com-

pound I abstracts a hydrogen atom from the substrate, and

then “rebounds” a hydroxyl group to the substrate radical,

forming a hydroxylated product (ROH), the dissociation

of which enables rebinding of water in the distal position

and restoration of the starting form
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of the ferrous oxo (formally ferric superoxo)

form to the ferric peroxo state. To facilitate the

formation of compound I, successive protonation

reactions then occur to produce first the transient

ferric hydroperoxo state (compound 0), followed

by formation of compound I following the loss of

a water molecule after the second protonation

step. To achieve substrate hydroxylation

(as shown in the model catalytic cycle in

Fig. 11.1), compound I abstracts a hydrogen

atom from the substrate bound close to the

heme (forming a transient compound II or

ferryl-hydroxo species), and then “rebounds”

the hydroxyl to the substrate radical, according

to the radical rebound model of P450 catalysis

developed by Groves [3].

The requirement for electrons in P450 cataly-

sis is almost invariably met by the cofactors

NADH and/or NADPH, which deliver electrons

by hydride transfer to a flavin cofactor in a P450

redox partner enzyme. Until relatively recently,

the types of P450 redox systems used were

thought to be quite limited (to two major types).

However, studies in recent years have revealed a

more complex arrangement in nature, with

diverse systems used in different organisms and

even cases in which protein-based redox systems

are no longer used. These different P450 redox

systems are described in more detail in the

sections below.

11.2 Class I and II P450 Redox
Systems

Several early studies on P450 systems focused on

mammalian P450 enzymes, and led to the identi-

fication of the diflavin (FAD- and

FMN-containing) enzyme cytochrome P450

reductase (also known as CPR, and more recently

referred to as POR for P450 oxidoreductase) as a

redox partner for the membrane-anchored P450

enzymes found in the endoplasmic reticulum in

the liver and other tissues [4]. CPR, like its

eukaryotic P450 partners, is attached to the mem-

brane by an N-terminal “anchor” region consis-

tent with a single membrane spanning alpha

helical segment. Recent studies from Monk and

coworkers provided the first structure of an intact

P450 enzyme (the Saccharomyces cerevisiae

lanosterol 14α-sterol demethylase, or CYP51),

showing the conformation of the membrane-

spanning segment and its influence on the orien-

tation of the P450 itself, resulting in the position-

ing of P450 substrate access regions toward the

membrane [5]. Structural studies on the rat CPR

(using a soluble version from which the

N-terminal transmembrane segment is removed)

confirmed its predicted structural relationships

with FAD/NAD(P)H-binding ferredoxin

reductases (FDRs) and FMN-binding

flavodoxins (FLDs) [6]. The CPR crystal struc-

ture revealed a modular arrangement of the CPR

with a N-terminal FLD domain orientated toward

the C-terminal FDR domain such that the two

flavin cofactors face toward each other and are

separated by only ~4 Å between the dimethyl

groups at the ends of their respective FMN and

FAD cofactors [7]. In this “closed” conforma-

tion, there is clearly scope for direct electron

transfer between FAD and FMN cofactors. How-

ever, while this orientation is clearly effective for

inter-flavin electron transfer, it is probably not

conducive to electron transfer to the P450 part-

ner. As shown in Fig. 11.2, a reorientation of the

FMN domain to a more “open” conformation is

necessary to position the reduced FMN cofactor

close to the heme-binding site in the P450, with

the docking of the FMN domain proposed to

occur on the P450 protein surface at the proximal

side of heme – i.e. on the opposite side of the

heme from the substrate-binding cavity, but close

to the cysteine thiolate bond to the P450 heme

iron.

CPR binds NADPH tightly and positions the

redox active nicotinamide ring of the cofactor

close to the FAD. Mutagenesis of several

residues in CPR orthologues from different

organisms has enabled identification of amino

acids important for the binding of NADP(H) and

for the progression of electron transfer to the

FAD. The aromatic residues Trp677 (the indole

ring thereof) and Tyr456 stack with the FAD

isoalloxazine ring on opposite sides of the mole-

cule in the rat CPR (a common arrangement in

other CPRs) [7]. The displacement of the
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tryptophan side chain is an important catalytic

step required for the reduced nicotinamide ring

of NADPH to access the FAD and to transfer

electrons (in the form of a hydride ion) to the

flavin. The return of the conserved Trp side

chain to its original position is likely also impor-

tant to trigger the displacement of the oxidized

NADP+ and to allow the enzyme to perform inter-

flavin electron transfer as a prerequisite for reduc-

tion of the P450 partner [8, 9]. It is considered that

the resting form of CPR in vivo is one in which the

FAD cofactor is fully oxidized, while the more

positive potential FMN cofactor is in a single

electron reduced and relatively air-stable blue

semiquinone form [10]. In this model, NADPH-

dependent electron transfer results in a 3-electron

reduced form in which the FAD is fully reduced

(the hydroquinone or FADH2 form) and the FMN

is a neutral semiquinone (FMNH). An internal

electron transfer from FADH2 to the FMN

produces the FMN hydroquinone, which is the

electron donor to the P450 partner. The first elec-

tron is transferred from the FMN hydroquinone to

the ferric heme iron, restoring the FMN

semiquinone and forming ferrous heme iron,

which is then competent to bind O2. A second

electron is passed from the FAD to the FMN

(restoring the resting, oxidized state of the FAD

Fig. 11.2 The structure of cytochrome P450 reductase.

The structure of rat CPR (PDB 3ES9) is shown in an open

conformation in which the FAD/NADP(H)-binding and

FMN-binding domains are separated, such that the

FMN domain may be able to interact with and pass an

electron to a P450 partner protein. In a more “closed”

conformation, the domains would be more compactly

arranged with the isoalloxazine rings of the flavins placed

adjacent to one another to enable direct inter-flavin

electron transfer [7]. The FAD/NADP(H) domain is

shown in red-to-green colour with the FAD-binding

region in yellow/green and the NADP(H) binding portion

in red/orange, and with the FAD cofactor in yellow
spheres. The FMN domain is in blue with the FMN in

orange spheres. The NADP+ cofactor is bound in the

FAD/NADP(H) domain, close to the FAD cofactor.

The NADP+ is also shown in spheres with a green carbon
backbone [107]

302 K.J. McLean et al.



and forming the FMN hydroquinone again). The

FMN hydroquinone then passes the second elec-

tron to the ferric-superoxo P450 species (forming

the ferric peroxo state and enabling progression

through the later protonation steps in the catalytic

cycle) (Fig. 11.1). In this way, there is temporal

control over electron transfer to the P450

(enabling dioxygen binding to heme iron to

occur between the two individual electron transfer

steps from CPR) and the CPR redox partner

undergoes a 1-3-2-1 cycle, where the digits indi-

cate the total number of electrons held on the CPR

flavins at different stages in the process of P450

reduction.

The CPR-type redox partner system is wide-

spread in eukaryotes and is often referred to as a

class II (or E-class for eukaryotic-type) P450

redox partner. Its counterpart in early studies of

P450 enzymes was the redox partner system

supporting the activity of the cytochrome

P450cam (CYP101A1) camphor 5-exo hydroxy-

lase, an important member of the P450 enzyme

superfamily and the first P450 for which a

3-dimensional structure was determined using

X-ray crystallography [11]. P450cam is encoded

by one of a suite of genes encoded on a transmis-

sible plasmid in a strain of Pseudomonas putida,
and the P450 plays a crucial role in initiating the

breakdown of camphor as a source of energy for

cell growth [12]. Also encoded on the same

(CAM) plasmid are the redox partner proteins

that supply electrons for P450cam catalysis. In

this class I (or B-class for bacterial-type) system,

electrons from NADH reduce the FAD-binding

putidaredoxin reductase (PDR), which then

transfers electrons one at a time to a ferredoxin

(putidaredoxin or PD) [13]. PD binds a 2Fe-2S

cluster which acts as a 1-electron carrier in this

system. NADH reduces the PDR to its FADH2

form, which then passes single electrons in two

successive reactions to the PD. The PD reduces

the P450cam in two steps, essentially as

described above for the class II system. Thus,

PD is an electron “shuttling” protein that

interacts in turn with reduced PDR and then

P450cam to facilitate catalysis in this class I

system. Figure 11.3 shows the crystal structure

for a complex between the PDR/PD proteins [14,

15]. The flavodoxin domain in CPR enzymes

plays a similar role to that of PD, but in this

case is fused to its NADPH dehydrogenase

(FDR-like) domain.

Several bacterial P450 systems operate a class

I redox system, including the Pseudomonas

sp. terpineol oxidase P450terp (CYP108A1) and

the Mycobacterium tuberculosis sterol

demethylase CYP51B1 [16–18]. The ferredoxin

component of the CYP51B1 redox system binds

a 3Fe-4S iron-sulfur cluster [16, 17]. However,

many such systems use 2Fe-2S cluster

ferredoxins. These include the P450terp partner

terpredoxin, with the most notable example

being P450cam with its partner putidaredoxin

[14, 18]. Figure 11.4 shows the crystal structure

of a complex between P450cam and PD,

illustrating how the ferredoxin docks on the

proximal face of the P450 protein and places

the iron-sulfur cluster close to the cysteine

thiolate-heme iron bond and to the heme cofactor

itself [19]. However, P450 redox systems using

4Fe-4S and even 7Fe cluster ferredoxins have

been reported, with the Mycobacterium

smegmatis FdxA protein shown to be a 7Fe fer-

redoxin (binding both a 3Fe-4S and a 4Fe-4S

cluster) and suggested to support activity of one

or more of the numerous P450s in this bacterium,

and in the pathogen M. tuberculosis, which

encodes 20 P450s [20–23]. The eukaryotic mito-

chondrial P450 systems also use a class I redox

system, likely reflecting the prokaryotic origins

of the mitochondrion. In these cases, the redox

partners are the FAD-binding, NADPH-depen-

dent adrenodoxin reductase and the 2Fe-2S fer-

redoxin adrenodoxin [24, 25]. However, it should

also be noted that the FMN-binding flavodoxin

proteins are also potential redox partners for pro-

karyotic P450s – as best demonstrated in the case

of the Citrobacter braakii P450cin system

(CYP176A1), where the flavodoxin cindoxin is

the natural redox partner for the P450 and is itself

reduced by a FAD-dependent reductase. P450cin

can then oxidize the terpene cineole to enable the

bacterium to use this molecule as a sole source of

carbon for growth [26].
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11.3 Flavocytochrome P450 BM3

The discovery of the Bacillus megaterium P450

BM3 enzyme by Armand Fulco and coworkers

led to the characterization of the first “outlier”

redox partner system from the class I/class II

paradigm [27]. The 119 kDa P450 BM3

(CYP102A1) is a natural fusion of a soluble

fatty acid hydroxylase P450 (at the N-terminus)

to a soluble CPRmodule (at the C-terminus). The

BM3 CPR domain lacks the membrane anchor

region found in the eukaryotic CPRs, and is

instead linked to the P450 domain by a short

peptide linker region [28] (Fig. 11.5). BM3 is a

high activity fatty acid hydroxylase, which

hydroxylates a wide range of long chain fatty

acids at the ω�1, ω�2 and ω�3 positions

[28]. BM3 has the highest reported oxidase activ-

ity for a P450 (e.g. ~285 s�1 with arachidonic

acid), facilitated by rapid electron transfer from

the CPR module [29, 30]. Early studies on the

BM3 enzyme demonstrated that the enzyme

could oligomerize [31]. More recent work in

this area has indicated that the dimeric form of

the flavocytochrome is likely the catalytically

relevant form, with electron transfer occurring

between the CPR domain of one monomer and

the P450 domain of the other [32–34]. A similar

interdomain electron transfer process is thought

Fig. 11.3 The crystal structure of the putidaredoxin

reductase: putidaredoxin complex. The image shows the

crystal structure for a covalently linked complex between

the P450cam putidaredoxin reductase (PDR) and

putidaredoxin (PD) (PDB 3LB8). The complex was

formed by cross-linking the transiently formed PDR/PD

complex using 1-ethyl 3-[3-(dimethylamino)propyl]

carbodiimide (EDC). The PD is shown in cyan and

magenta with the 2Fe-2S cluster in atom coloured spheres.

The PD iron-sulfur cluster is docked close to the FAD

cofactor in the PDR protein. The PDR is shown in

multicolour with the FAD cofactor in yellow spheres [14]
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to occur in the nitric oxide synthase (NOS)

enzymes, which also use a CPR-like reductase

domain to reduce a fused heme domain. In this

case, the heme domain is another cysteine

thiolate ligated hemoprotein that catalyzes suc-

cessive oxidations of L-arginine to form first N-

hydroxyl-L-arginine, and then L-citrulline and

nitric oxide (NO) [35].

The binding of fatty acid substrates to P450

BM3 results in a substantial change in ferric

heme iron spin-state from low-spin toward

high-spin, and a concomitant large shift in P450

heme iron potential from �368 to �239 mV

when bound to arachidonic acid [36]. This

change favours electron transfer to the ferric

heme iron and helps to ensure that electron

transfer occurs only when substrate is available

for oxidation. The catalytic cycle for the BM3

CPR is different to that for the eukaryotic CPRs,

due mainly to alterations in the properties of the

FMN-binding (flavodoxin) domain in BM3. The

resting form of the BM3 CPR has both flavins

(FAD and FMN) fully oxidized. Reduction with

NADPH results in complete reduction of the

FAD (to FADH2), and successive single electron

transfers occur through the FMN, with the FMN

semiquinone species passing electrons to the

heme iron at the same reaction stages as

described above (and as shown in Fig. 11.1).

The BM3 reductase thus undergoes a 0-2-1-

0 redox cycle during P450 catalysis [37]. Tran-

sient kinetic studies of the reduction of the

Fig. 11.4 The crystal structure of the putidaredoxin:

P450cam complex. The Pseudomonas putida
P450cam/putidaredoxin complex (PDB 4JX1) is shown

in cartoon representation with the P450cam alpha helices

in green and beta sheets in blue. The I-helix is highlighted
in yellow and the heme shown in purple spheres with the

oxygen atoms in red. The hydroxylated product 5-exo-
hydroxycamphor (also in spheres) is shown above the

heme plane in the active site cavity with carbon atoms

coloured in cyan. Putidaredoxin (in multicolour) docks

on the proximal face of the P450cam and positions its

2Fe-2S cluster (atom coloured spheres) in close vicinity to

the P450 heme and to the cysteine thiolate-heme iron

bond. The complex was formed using the

homobifunctional maleimide cross-linker 1,6-bismalei-

midohexane, and using a D19C mutant of PD with a

K344C mutant of P450cam to facilitate the cross-linking

[19]
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Fig. 11.5 Biological diversity of P450 redox partners,

redox partner fusions and non-redox partner P450 fusion

enzymes. A schematic overview of a number of selected

P450 redox systems where P450s interact with separate

redox partners or other chemical entities to drive catalysis

(a); or where P450s are parts of fusions in which the other
protein is either a redox partner system or displays activ-

ity unrelated to P450 reduction (b and c, respectively).
Section A shows “standard” class I and II redox systems

(i and ii), where both CPR and P450 components of the

class II system contain N-terminal membrane anchor

domains. (iii) is the P450cin type system where a

flavodoxin replaces a ferredoxin [26]. (iv) is the yeast/

fungal system that requires only cytochrome b5 reductase
and b5 partners [100]. (v) and (vi) show the NADH-

dependent P450nor and H2O2-dependent peroxygenase-

type P450s [76, 79, 80]. Section B shows a variety of

P450-redox partner fusion enzymes. (vii) is the BM3-type

CPR fusion and (viii) the CYP116B-type PDOR-P450

fusion enzyme [28, 29, 45, 46]. (ix) is a benzoate

dioxygenase reductase-P450 fusion (CYP1049 family),

(x) a XplA-type flavodoxin-P450 fusion [56, 60], (xi) the
M. capsulatus MCCYP51FX fusion [63] and (xii) an

example of a P450-HCP fusion, where HCP is a hybrid

cluster protein family member and potential P450 redox

partner [108]. Section C shows various examples of

P450s fused to non-redox partner proteins. (xiii) is a

CYP154 family P450 fused to a cinammyl alcohol

dehydrogenase-type module, (xiv) and (xv) are P450

fusions to different types of peroxidases, with the

animal-like peroxidase fusions typified by the Aspergillus
nidulans Ppo proteins [67]. (xvi–xviii) show

uncharacterized P450 fusions to IPPS (trans-isoprenyl
diphosphate synthase family member), glycosyltranferase

and lipoxygenase like modules
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isolated BM3 FMN domain with sodium

dithionite showed formation of an anionic

semiquinone, consistent with preceding EPR

data from BM3 enzyme samples freeze-

quenched during turnover, and pointing to the

involvement of the BM3 FMN anionic

semiquinone as the electron donor to the heme

iron, as opposed to the FMN hydroquinone in the

case of the eukaryotic CPRs [37, 38].

Several orthologues of P450 BM3 have been

identified in other microbes, including two fatty

acid hydroxylases (CYP102A2 and A3) in

B. subtilis [39, 40]. Membrane-associated fatty

acid hydroxylase activity was also found to be

associated with CYP505A1 (P450foxy) from the

fungus Fusarium oxysporum, a member of a dis-

tinct family of eukaryotic P450-CPR fusion

enzymes [41] (Fig. 11.5). As with P450 BM3,

P450foxy also catalyzes the ω�1 to ω�3 hydrox-

ylation of fatty acids, and is also catalytically

active with shorter chain fatty acids (C9 and

C10) that are not efficient substrates for P450

BM3 [42].

11.4 The CYP116B Enzymes

Further complexity in the redox systems

supporting P450 activities became clear with

the identification of the CYP116B enzyme fam-

ily, in which soluble bacterial P450s are fused to

redox partner modules with structural similarity

to the FMN and 2Fe-2S cluster binding phthalate

dioxygenase reductase (PDOR) [43]. Analysis of

microbial genomes provided the first evidence

for these fusion enzymes, in which a redox part-

ner distinct from the class I/II systems was

recognized for the first time [44]. In the soluble

bacterial CYP116B enzymes, the N-terminal

P450 domain is fused to the C-terminal PDOR

domain to form an ~86 kDa fusion enzyme [45]

(Fig. 11.5). The CYP116B1 and CYP116B2

enzymes have been expressed and characterized,

including studies to dissect the enzymes into

their component P450 and PDOR domains,

including the individual 2Fe-2S- and

FMN-binding domains in the case of

CYP116B2 from Rhodococcus sp. NCIMB

978 [45, 46]. Electron transfer in these enzymes

proceeds from NAD(P)H through the FMN and

2Fe-2S clusters in the PDOR module, and then

onto the P450 heme iron.

The related class I bacterial P450 CYP116A1

(from Rhodococcus erythropolis NI86/21) was

previously shown to catalyze N-dealkylation

reactions with the thiocarbamate herbicides

vernolate (S-propyldipropylthiocarbamate) and

EPTC (S-ethyldipropylthiocarbamate), as well as

acting on the triazine herbicide atrazine (1-chloro-

3-ethylamino-5-isopropylamino-2,4,6-triazine)

[47, 48]. In view of the structural similarities

between CYP116A1 and the heme domain of the

Cupriavidus metallidurans CYP116B1, the

thiocarbamate herbicides were tested for activity

with CYP116B1, and both herbicides were shown

to be hydroxylated on propyl chains, with the

reaction progressing to N-dealkylation in the

case of vernolate [45]. For the Rhodococcus

sp. CYP116B2, activity in dealkylation of

7-ethoxycoumarin was demonstrated, along with

hydroxylation and O-dealkylation of various alkyl

aryl ethers [49], while the Rhodococcus ruber
DSM 44319 CYP116B3 was also purified and

shown to catalyze NADPH-dependent oxidation

of a range of chemicals – including hydroxylation

of naphthalene, fluorene, toluene and ethylben-

zene [50]. A combination of rational and directed

evolution approaches was also used to improve

CYP116B3-dependent oxidative demethylation

and deethylation reactions with

7-methoxycoumarin and 7-ethoxycoumarin,

respectively [51]. Numerous protein engineering

studies of P450 BM3 have demonstrated the cata-

lytic versatility of mutants of this enzyme

(e.g. [52, 53]), and studies on the CYP116B

enzymes are now also beginning to point to their

potential as biotechnologically important enzyme

catalysts.

In other studies, the CYP116B PDOR

modules have been used as surrogate electron

donors for heterologous P450 enzymes, with

potential applications in generating robust, cata-

lytically self-sufficient P450-PDOR fusion

enzymes [54]. Such fusions benefit from the rel-

atively fast electron transfer kinetics of the

PDOR modules, with NADPH-dependent
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reduction of the FMN/2Fe-2S centres in

CYP116B1 occurring with a limiting rate con-

stant of ~72 s�1 at 25 �C [45].

11.5 A Biotechnologically Important
P450-Flavodoxin Fusion
Protein

The discovery of an unusual cytochrome P450-

flavodoxin fusion protein was made in

Rhodococcus rhodochrous strain 11Y, isolated

from soil contaminated with explosives. In this

case, the flavodoxin forms the N-terminal

domain of the enzyme. This P450 system (XplA

or CYP177A1) was shown to catalyze the degra-

dation of RDX (Royal Demolition eXplosive;

hexahydro-1,3,5-trinitro-1,3,5-triazine) and to

enable the bacterium to use this explosive as a

sole source of nitrogen for growth. Electrons for

the reaction are supplied by the adrenodoxin

reductase-like XplB, encoded by the xplB gene

in the same gene cluster as xplA. Thus, the elec-

tron transfer pathway in this system is from

NADPH to the XplB FAD cofactor, and then on

to the XplA FMN and finally to the P450 heme

iron [55]. XplA degrades RDX under aerobic or

aerobic conditions, with enzyme-catalyzed

reductive denitration likely followed by hydra-

tion reactions to form products nitrite and form-

aldehyde, and either 4-nitro-2,4-diazabutanal

(NDAB, under aerobic conditions) or methylene-

dinitramine (MEDINA, under anaerobic

conditions) [56]. For applications in bioremedia-

tion, Arabidopsis thaliana was engineered to

express the xplA gene, and plants grown in

RDX-contaminated soil were shown to exhibit

resistance to the explosive. Further studies with

A. thaliana transformed with both xplA and xplB,

along with the Enterobacter cloacae
nitroreductase nsfl gene, showed that these plants

could remove both RDX and the explosive 2,4,6-

trinitrotoluene (TNT) from soil and allow plant

growth at levels of these explosives that proved

inhibitory to the growth of A. thaliana that

expressed only xplA [57].

The structure of the XplA P450 domain was

determined at 1.5 Å resolution, revealing a

typical P450 fold and a compact active site with

imidazole present as a ligand in the 6th (distal)

position on the heme iron [58]. The structure

highlighted the absence of the acid-alcohol pair

(e.g. Asp251/Thr252 in the well-studied camphor

hydroxylase P450cam) in XplA – which instead

has Met394/Ala395 in the relevant positions in

the P450 I helix [59]. The absence of amino acids

with functions in stabilizing and protonating the

P450 heme iron-oxo complexes is consistent

with XplA having a predominantly reductive

role (i.e. nitro group reduction). Other novel

features of XplA relate to the unusually positive

reduction potential of its flavodoxin FMN

semiquinone/hydroquinone couple (�172 mV

vs the normal hydrogen electrode, NHE) and

the relatively weak binding of FMN to the pro-

tein (Kd ¼ 1.09 μM, compared to, for example,

the Desulfovibrio vulgaris flavodoxin with a

Kd ¼ 0.24 nM). These adaptations are likely

made through evolution to facilitate a mainly

reductive (rather than oxidative) role for this

unusual P450 system [60, 61]. Approximately

30 different xplA genes have now been identified

in different microbial genomes – with the major-

ity of these being in Rhodococci [62].

11.6 A P450-Ferredoxin Fusion
Protein

A further unusual P450 fusion protein was dis-

covered in the methanotrophic bacterium

Methylococcus capsulatus. In this case, the solu-

ble P450 domain is at the N-terminal, with a

ferredoxin linked at the C-terminal end via an

alanine-rich linker [63]. The P450

(MCCYP51FX) has ~49 % identity between its

heme domain and the CYP51B1 sterol

demethylase enzyme from M. tuberculosis,
while the ferredoxin domain has ~42 % identity

to the 3Fe-4S cluster ferredoxin that is encoded

by the Rv0763c gene located directly adjacent to

the gene encoding CYP51B1 (Rv0764c) [17,

18]. Activity as a lanosterol demethylase was

shown when MCCYP51FX was reconstituted

with a heterologous (spinach) ferredoxin reduc-

tase, despite the observation that addition of

308 K.J. McLean et al.



lanosterol produced a type II P450 spectral

change (Soret absorption shift to longer wave-

length) that is more often associated with inhibi-

tory interactions of a ligand with the P450 heme

iron. Other studies indicated a propensity of the

MCCYP51FX to self-aggregate, possibly

indicating the formation of an oligomeric state

in solution [63]. To date, this is the only

characterized example of a P450-ferredoxin

fusion enzyme, although other types of P450

fusion enzymes (to both redox and non-redox

partners) have been identified, as described in

the sections below.

11.7 Other Potential Catalytically
Self-Sufficient P450s

Bioinformatics tools can be used to probe avail-

able genome sequences in order to identify P450s

fused to other proteins. In a number of cases,

these fusion partners are potential redox partners

in view of their similarity to known redox

enzymes. At the end of 2014, the CDART

(Conserved Domain Architecture Retrieval

Tool) program was used to identify potential

P450 fusion enzymes and to assess whether

these fused partners were likely to be electron

donor systems for the P450, or else might play

distinct roles in relation to the P450 [64]. Fig-

ure 11.5 shows selected results for the domain

architecture of a range of P450 systems in which

redox partners (either potential or proven) are

found either as separate entities or are fused to

the P450. Figure 11.5 also shows a number of

P450 fusion enzymes in which the partner pro-

tein is not an electron transferase to the P450. In

addition to the characterized proteins listed in the

preceding sections, a number of uncharacterized

potential P450-redox partner fusions are

identified – including P450s fused to modules

identified as (1) short chain dehydrogenases/

reductases; (2) HCPs (hybrid cluster proteins)

that contain a 4Fe-4S cluster; (3) Rieske-type

2Fe-2S iron cluster binding proteins; and (4) ben-

zoate dioxygenase reductases – comprising

2Fe-2S ferredoxin, FAD-binding ferredoxin

reductase and FCD (putative transcriptional

regulator) genes. In the latter case, we have

expressed and purified one such enzyme

(CYP1049A1 from a Burkholderia sp.),

confirming the predicted cofactor content of the

reductase module and NAD(P)H-dependent

reduction of the reductase portion of the enzyme

(Luciakova et al. unpublished data). However,

there are few other data available for the systems

mentioned here, or for virtually all the rest of the

other potentially new catalytically self-sufficient

P450 systems identified from genome searches.

11.8 Non-redox Partner P450
Fusions

Of equal interest to the various likely P450-redox

partner fusions identified in numerous prokaryotic

and eukaryotic genomes are the several other

P450 fusion enzymes in which the apparent

fused partners are evidently not electron transfer

modules. These protein modules may instead

have catalytic functions that are associated with

the activity of the P450 itself, e.g. providing a

substrate for the linked P450, or using the P450

product as a substrate. Figure 11.5 shows

examples for P450s fused (at either their N- or

C-terminus) to cinammyl alcohol dehydrogenase

(CAD), and to different types of peroxidase,

glycosyltransferase, lipoxygenase and IPPS

(isoprenyl diphosphate synthase) modules.

Other types of P450 fusions from genome

databases include those predicted to be fused to

putative solute transporters (in ascomycete

fungi), esterases/lipases, ubiquitin-like proteins,

2-oxoglutarate/Fe(II)-dependent oxygenase-type

proteins and mannosyltransferases.

As is the case for the P450-redox partner fusion

enzymes, very few of these non-redox partner

fusion enzymes have been expressed and

characterized. However, the fungal Ppo enzymes

have been studied and are functional fusions of a

N-terminal peroxidase/dioxygenase domain to a

C-terminal P450. In Aspergillus nidulans, the

Ppo’s are involved in synthesis of psi factors –

molecules derived from oleic acid and linoleic

acid, and which play key roles in regulation of

the fungal life cycle, as well as being implicated in
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the synthesis of mycotoxins [65, 66]. The

A. nidulans PpoA enzyme was demonstrated

to catalyze the oxidation of linoleic acid to

8R-HPODE (8R-hydroperoxyoctadecadienoic

acid) in the peroxidase/dioxygenase domain,

with the product then isomerized to 5,8-

dihydroxyoctadecadienoic acid by the P450

domain [67]. The A. nidulans PpoC enzyme was

similarly shown to catalyze dioxygenation of

linoleic acid, forming 10-HPODE. However, in

this case the product is not further isomerized by

the P450 domain, in which the heme coordinating

cysteine thiolate is replaced by a glycine, leading

to a heme-depleted P450 domain [68]. A further

characterized example of a P450/non-redox part-

ner fusion enzyme is the Penicillium

brevicompactum P450-hydrolase fusion protein

encoded by the mpaDE gene. The MpaDE

enzyme catalyzes key steps in the production of

mycophenolic acid (MPA), a molecule with

important immunosuppressant, antimicrobial and

antitumour activities [69]. Specifically, the P450

component (MpaD) is predicted to catalyze

methyl hydroxylation of the precursor

5-methylorsellinic acid (5-MOA) to form

5,7-dihydroxy-4-methylphthalide, followed by a

lactonization reaction on this product catalyzed

by the Zn-dependent hydrolase domain (MpaE)

to form 5,7-dihydroxy-4-methylphthalide

(DHMP) as the next intermediate in the MPA

synthesis pathway [69].

11.9 P450s that Bypass Redox
Partners

Not all P450s are dependent on electron transfer

from redox partner, and two particular classes of

P450s are stand-alone enzymes that perform

reductive or oxidative transformations of their

substrates without the participation of any part-

ner proteins. The peroxygenase P450s use hydro-

gen peroxide directly to form the reactive

compound 0 state, which is then transformed

via a further protonation and dehydration to gen-

erate the catalytically relevant compound I

(Fig. 11.1). The first characterized examples of

this enzyme class were P450 BSβ from Bacillus

subtilis (CYP152A1) and P450 SPα from

Sphingomonas paucimobilis (CYP152B1) [70,

71]. CYP152B1 was found to produce predomi-

nantly alpha-hydroxy fatty acid products from a

range of fatty acid substrates, with C14 and C15

saturated fatty acids (myristic and pentadecanoic

acids), and the polyunsaturated arachidonic acid

being particularly good substrates, and with the

S-enantiomeric hydroxy fatty acids being formed

at levels of>98 % of the overall products formed

[72]. CYP152A1 produces both α- and

β-hydroxylated fatty acids, with the greater pro-

portion being the β-hydroxy products [70,

73]. CYP152A1 and CYP152B1 have similar

steady-state rate constants for fatty acid hydrox-

ylation of around 1,000 min�1 with their pre-

ferred substrates [70, 73, 74]. A more recently

studied member of the CYP152 family is the

CYP152L1 enzyme from a Jeotgalicoccus spe-

cies (OleT). Although strongly related to the

CYP152A1/B1 enzymes, OleT catalyzes pre-

dominantly the oxidative decarboxylation of

long chain fatty acids, producing terminal

alkenes as the major products (with much smaller

amounts of α- and β-hydroxylated fatty acids).

CYP152A1 was also shown to produce

1-pentadecene from the saturated C16 fatty acid

palmitic acid, but this product was not detected in

parallel studies with CYP152B1. However,

CYP152 enzymes from three other microbes

(Corynebacterium efficiens, Kocuria rhizophila

and Methylobacterium populi) were also shown

to produce 1-pentadecene from palmitic acid

[75]. The crystal structure of OleT was deter-

mined, confirming the strong structural similarity

of this P450 to CYP152A1/B1. However, the

factors determining preference for H2O2-depen-

dent decarboxylation over hydroxylation in these

enzymes remain uncertain. Nonetheless, the

apparent rate constant for OleT-dependent oxi-

dation of fatty acids is very fast at ~167 s�1 with

200 μM H2O2 [76]. Other studies used redox

partner systems (the E. coli flavodoxin reductase

[FLDR] and flavodoxin [FLD], and the P450

BM3 CPR domain) to drive NADPH-dependent

catalysis in CYP152A1 and the Clostridium

acetobutylicum CYP152A2 (P450CLA) enzymes.

These studies showed that fatty acid
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hydroxylation could also be catalyzed by elec-

tron transfer using heterologous redox partner

proteins [77]. NADPH-dependent fatty acid

decarboxylation was also shown for OleT using

either the fused PDOR domain of CYP116B1, or

the E. coli FLDR/FLD redox partner

combination [78].

The other major group of P450s that has

evolved to function without the use of redox

partners are the CYP55A P450 subfamily

enzymes. The prototype enzyme of this class is

CYP55A1 (P450nor) from the fungus Fusarium
oxysporum (which also produces P450foxy),

which catalyzes a purely reductive reaction in

which two molecules of nitric oxide (NO) are

converted to dinitrogen oxide (N2O) according

to the reaction: 2NO + NADH + H+ ! N2O +

NAD+ + H2O. Electrons are delivered directly by

NADH without the participation of any other

proteins [79, 80]. This reaction is the final step

in the respiratory conversion of nitrite/nitrate to

N2O in the fungus [80]. Two distinct isoforms of

CYP55A1 are produced that result from transla-

tion using (1) the first start codon (P450norA,

which is then directed to the mitochondrion via

an N-terminal targeting sequence), or (2) the

subsequent start codon (P450norB that is cyto-

plasmically located) [81]. Orthologues of

P450nor were also reported in other fungi – nota-

bly Trichosporum cutaneum (CYP55A4) and

Cylindrocarpon tonkinense. As for the

F. oxysporum P450nor, two different forms of

the enzyme are found in C. tonkinense. However,
in this case they originate from distinct genes –

CYP55A2 (which encodes P450nor1) and

CYP55A3 (which encodes P450nor2). Interest-

ingly, P450nor1 is quite NADH-specific,

whereas P450nor2 can use both NADH and

NADPH, albeit with a higher affinity for

NADPH [82].

Mechanistically, the P450nor reaction

involves the binding of a molecule of NO to the

heme iron of the P450 to form a ferric-NO com-

plex that is then reduced to an intermediate with

a red-shifted heme absorption maximum

(at ~444 nm) that is considered to be a ferric-

hydroxylamine radical species. The short lived

intermediate then reacts with the second mole-

cule of NO to generate the N2O product, with

release of a molecule of water and NAD+

[83–85].

11.10 Cytochrome b5 as a Redox
Partner for P450 Enzymes

The cytochromes b5 are small heme binding

proteins found predominantly in eukaryotes,

although b5-like proteins and domains have now

also been identified in bacteria, including in the

purple bacterium Ectothiorhodospira vacuolata

[86]. The b5 proteins are small, membrane

proteins (usually ~135 amino acids) with bis-
His coordinated heme iron. Electron transfer to

and from b5 proteins occurs via an exposed edge

of their heme cofactor, and the b5 proteins shuttle
between ferric and ferrous forms for single elec-

tron transfer reactions. Two distinct types of b5
are found in mammalian tissues – one locating to

the outer mitochondrial membrane, and the other

to the endoplasmic reticulum membrane [87]. In

the context of P450-dependent drug metabolism

reactions, the b5 isoform in the ER is of particular

relevance, and is located on the cytoplasmic side

of the ER membrane, attached via a C-terminal

membrane anchor domain. The b5 proteins are

reduced by their partner cytochrome b5 reduc-

tase, an NADH-dependent and FAD-binding pro-

tein that shares the same cellular location [88].

The relationships between b5 and P450s are

complex and remain incompletely understood.

The b5 heme iron has a relatively positive reduc-

tion potential (typically around 0 mV versus the

normal hydrogen electrode, NHE) [89, 90]. This

suggests that they should not be able to deliver

the first of the two electrons required for P450

monooxygenation reactions, where the ferric

P450 heme iron (in either low-spin or high-spin

form) typically has a much more negative poten-

tial. However, delivery of the second electron

from b5 to a P450 ferric-superoxo heme species

should be much more thermodynamically
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favourable. Early research on the roles of b5 in

P450 metabolism highlighted that addition of

NADH could stimulate NADPH-dependent

metabolism of drugs, and thus that a secondary

system of electron transport involving cyto-

chrome b5 reductase and b5 could provide the

2nd electron for P450 catalysis in reactions

such as the activation of the anti-cancer drug

ellipticine and the improved oxidation of nifedi-

pine and testosterone by the major human drug

metabolizing P450 CYP3A4 [91, 92]. In the case

of human CYP2B4, the delivery of a 2nd electron

to the P450 via b5 was reported to occur much

faster than from CPR, leading to more efficient

catalysis in which NADPH oxidation was more

tightly coupled to P450 product formation

[93]. The b5 protein also has a crucial role in the

metabolism of steroid hormones. CYP17A1 in the

adrenal cortex catalyzes the 17α-hydroxylation of
both pregnenolone and progesterone, but

17-hydroxypregnenolone can be further oxidized

by the same P450 to generate dehydroepiandros-

terone in an acyl (17,20-lyase) bond cleavage reac-

tion. 17-Hydroxypregnenolone can undergo a

similar (but less efficient) lyase reaction to form

androstenedione. The lyase reaction that forms

androgens is enhanced by b5, although there is

still controversy relating to whether b5’s role

involves electron transfer or is achieved through

imparting conformational change on the P450. In

the latter case, studies suggest that b5 may influ-

ence the binding mode of the substrate such that

the iron-oxo species is orientated toward the C20

position (and away from the C17 position),

favouring the lyase reaction [94–96]. Other recent

in vivo studies using a conditional deletion of b5 in
mouse revealed diminished activities of P450s in

the 3A and 2C families, as well as decreased

CYP17A 17,20-lyase activity as a consequence

of diminished production of b5 [97, 98].

Studies in yeast and fungal systems have

indicated that NADH-cytochrome b5 reductase

and b5 could act as a functional redox partner

system supporting (1) CYP51 (sterol

demethylase)-dependent oxidative demethyla-

tion of 24-methylene-24,25-dihydrolanosterol in

Candida albicans, and (2) hydroxylation of

4-propylbenzoic acid in the lignin degrading

Phanaerochaete chrysosporium [99, 100]. How-

ever, given the thermodynamic considerations,

the most likely mechanism would appear to be

delivery of the first electron via the b5 reductase,

and the second (to the ferric-superoxo intermedi-

ate) from b5 [101, 102].

11.11 Conclusions

The cytochromes P450 are an enormously diver-

gent enzyme superfamily, members of which are

found in all of the major domains of life. For most

eukaryotes (and for several prokaryotes) there are

large numbers of different CYP genes in the

genome [103]. Early studies on P450 enzymes

suggested a relatively simple set of redox partner

systems from which these enzymes obtain the

electrons required for activation of molecular

oxygen and substrate monooxygenation. How-

ever, as genome sequence data continue to accu-

mulate and novel types of P450s are

characterized, it has become increasingly clear

that there is considerable diversity in the types

of enzyme machinery that can reduce different

P450 enzymes, including various P450s that are

fused to some or all of the accessory enzyme

components required to drive P450 substrate oxi-

dation [104]. These findings have inspired the

creation of artificial fusions between P450s and

heterologous redox partners to produce catalyti-

cally self-sufficient P450s for biotechnological

applications [105, 106]. Other P450s have appar-

ently evolved as fusions to non-redox partner

proteins, and this may instead enable more cata-

lytically efficient biochemical transformations if

the two fused partners are component enzymes in

the same pathway [65–67]. However, other P450s

have also evolved to forego any requirement for

redox partners – by using naturally the “peroxide

shunt” mechanism for catalysis, or by deriving

electrons directly from NAD(P)H [76,

84]. Undoubtedly, these recent discoveries on

the complexity of redox processes in P450

enzymes are only the tip of the iceberg, and com-

ing years will inevitably see identification of fur-

ther diversity in the redox processes used in the

P450 superfamily.
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