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3.1 � A Brief History of “Oxygen 
Activation”

The cytochrome P450s have been the focus of at-
tention for legions of investigators� For the basic 
scientists, the unique spectral properties of this 
heme protein provided fascinating challenges for 
the bioinorganic chemist� The difficult chemistry 
of adding an oxygen atom to an unactivated al-
kane intrigued the bioorganic chemist, and the 
need for electron transfer with proton involve-
ment brought the physical biochemists to the 
table� With the known processes of the archetypi-
cal heme proteins myoglobin and hemoglobin, 
as well as the reductive chemistry operating in 
the cytochrome oxidases, it was no surprise that 
investigators from these fields were amongst the 
first to focus their attention on cytochrome P450 
and its redox partners� The concept of “oxygen 
activation” thus comes from two directions� First, 
although atmospheric dioxygen can be reactive at 
room temperature, e�g�, in the formation of rust, 
typical hydrocarbons are stable until combustion 
at elevated temperatures� Thus, facile hydrocar-
bon hydroxylation or epoxidation near 37 °C re-

quires enzymatic “activation�” From the protein 
standpoint, the reversible binding and release of 
atmospheric dioxygen by hemoglobin led to doc-
umentation of an intermediate state—the ferrous 
heme—O2 complex� Nature evolved the proto-
porphyrin IX prosthetic group within the globins 
to protect this oxy-ferrous complex, resulting in a 
relatively stable species, although after long time 
intervals this intermediate would “auto-oxidize” 
releasing superoxide and converting the heme 
iron to the ferric state� Since it was realized early 
on [1] that the cytochrome P450s also contained 
protoporphyrin IX heme as a prosthetic group, 
and hence could bind atmospheric dioxygen, the 
protein must be doing something to “activate” 
the bound dioxygen for catalysis�

The canonical overall reaction of cytochrome 
P450 involves the reductive scission of the O–O 
bond of atmospheric dioxygen to release a single 
molecule of water with the transfer of a single 
oxygen atom to the substrate:

Cytochrome P450s are thus “oxygenases” as 
one or more oxygen atoms from O2 are incor-
porated into a substrate molecule, following the 
discovery of this class of enzymes by Hayaishi 
and Mason in 1955 [2, 3]� Very soon thereafter 
the first experimental proof of steroid hydrox-
ylation by a mammalian oxygenase was identi-
fied by using 18O2 for the reaction [4], although 
the enzyme responsible for this, CYP11B1, was 
not identified until 1965 [5]� A beautiful review 
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of the early P450 history was provided by Esta-
brook [6]� Since a single oxygen atom is inserted 
into a substrate, the P450s are “monoxygenases” 
and require additional redox transfer partners to 
provide the two electrons (and potentially the 
two protons) necessary to reduce the other ox-
ygen atom from O2 to water� Historically, this 
led to the cytochrome P450s also being called 
“mixed function oxidases” as they operated like 
a half-way point of the cytochrome oxidase stoi-
chiometry in which four electrons and protons 
are used to fully convert O2 to two molecules of 
water� As we now know, the cytochromes P450 
can carry out a variety of additional organic 
transformations, including carbon–carbon bond 
scission and formation, dealkylation, heteroatom 
oxygenation, and halogenation/dehalogenation� 
We will discuss these other reactivities of the cy-
tochromes P450 later in the chapter in the context 
of what they teach us about the various states of 
“oxygen activation�” Since this chapter is devot-
ed to the mechanisms of oxygen activation, it is 
useful to briefly mention early ideas of how the 
relatively inert O2 molecule could be “activated�” 
Again we can organize the discussion along two 
lines of focus: the enzymology of the P450 he-
moprotein and the dioxygen molecule itself�

Debates as to the mechanisms of oxygen ac-
tivation heated up in the early 1970s� From the 
standpoint of O2, this was also the era of intense 
arguments as to the chemical reactivity of super-
oxide, a one electron reduced O2� Early discus-
sion by Fridovich and others [7] suggested O2− 
itself could attack unactivated carbon centers, 
while others, led by Fee et al� [8], argued that su-
peroxide was at best a mild reductant and could 
not by itself institute carbon oxidation� At the 
same time in history, enzymologists documented 
the existence of the ferrous dioxygen complex of 
P450 isolated from Pseudomonas putida (P450 
CYP101A1)� Since this protein could be obtained 
in large quantities, it could be investigated by a 
plethora of spectroscopies� Using Mössbauer 
spectroscopy it was shown that in the ferrous-
dioxygen intermediate of CYP101A1, stabilized 
at cryogenic temperatures, the iron was in the fer-
ric state, analogous to the Weiss model proposed 
for hemoglobin and myoglobin� If the iron looks 

ferric and there is an extra electron in the Fe–O2 
system, then the electron density must favor the 
superoxide resonance form� Hence the thought: 
Was the active form of O2 in P450 catalysis the 
superoxide anion? Reality set in, however, when 
it was noted that the Fe–O2 complex of heme 
proteins could not carry out even simple oxygen-
ation reactions—a second electron was required 
for “activation�”

The early 1970s was also the time when in-
teresting chemistries of the second-row nonmet-
als carbon and nitrogen were revealed when they 
were missing two electrons from their valence 
shell� These so-called carbene and nitrene species 
were shown to be able to directly insert into C–C, 
C–H and other organic bonds� What about oxy-
gen? Could a six-electron oxygen atom provide 
the observed reactivity of the P450 enzymes? 
The term “oxene transferase” was proposed by 
Ullrich and coworkers to describe this form of 
activated oxygen [9]� Simple electron counting 
from a ferrous–dioxygen complex after a second 
electron input and the release of water indicated 
the presence of a six-electron oxygen atom some-
how bound to a ferric heme� On the other hand, 
it was difficult to see how such an electron-defi-
cient species could dissociate from the heme and 
react with a nearby substrate�

The solution to the identification of the “ac-
tive oxygen species” in P450 catalysis came in 
1976 through the efforts of Groves in collabora-
tion with the Coon laboratory [10, 11]� Under-
standing the nature of an “oxene” bound to ferric 
heme, Groves realized that there would be two 
open orbitals on the oxygen that could initiate 
radical chemistry� He proposed an “oxygen re-
bound” mechanism wherein this species, formal-
ly at the redox state of compound I as observed in 
the peroxidase class of enzymes, could abstract a 
hydrogen from a substrate C–H bond, formally 
generating a hydroxyl radical bound to heme that 
could then undergo radical recombination with 
the substrate carbon radical to generate the hy-
droxylated product� Showing the transient exis-
tence of a substrate carbon radical intermediate 
was strong evidence for this being the intermedi-
ate in oxygen activation [11, 12]�
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3.2 � The Plethora of Chemical 
Reactivities of Cytochrome P450

The initial focus on the ability of P450 to catalyze 
the oxidation of an unactivated carbon center was 
a driver for the chemical community, while paral-
lel interests that focused on metabolic transfor-
mations in humans expanded the spectrum of ac-
tivities associated with P450 metabolism� In addi-
tion to hydroxylation of unactivated alkanes, this 
includes epoxidation of olefinic substrates, the 
addition of oxygen to heteroatoms such as sulfur, 
the dealkylation of amines, and the formation and 
breakage of carbon–carbon bonds� These include 
reactions involved in human health and disease, 
such as the epoxidation of aromatics as part of 
carcinogen activation (e�g�, benzo(a)pyrene) and 
facile heteroatom dealkylation as exemplified by 
the O-demethylation that converts codeine into 
morphine� These human relevancies brought the 
large body of pharmacologists and toxicologists 
into the community studying the cytochromes 
P450� With the growing involvement of P450 in 
multiple biotransformations, a natural question 
emerged as to the number of isozymes that might 
be present� Initially, several variants were found 
in animal liver, a key site for first pass metabo-
lism� They were first isolated as pure proteins 
though enormous efforts by the Coon laboratory 
and others, with the isozymes labeled LM1, LM2, 
LM3, LM4, etc�, for liver microsomal fraction 1, 
etc� The general feeling at the time was that there 
could be a dozen or even 20 different isozymes of 
P450 in animals and perhaps a few more in bac-
teria and plants� As is beautifully described else-
where in this volume, there are now over 20,000 
P450 genes identified [13]! The functions of all 
these P450s can be artificially separated into two 
classes: Those involved in the synthesis of inter-
mediary metabolites, such as prostaglandins and 
hormones in humans, and those involved in cata-
bolic reactions often associated with xenobiotic 
breakdown—most prevalent in the human liver, 
kidney, and epithelial tissues� This classification 
also applies to plants, insects, etc�, as described 
by Schuler et al� in this volume (Chap� 7)�

3.3 � The Three-Dimensional Structure 
of Cytochrome P450

By the mid-1970s enzymologists were comforted 
by the availability of a three-dimensional struc-
ture of their enzyme, although the technology 
was primitive by today’s standards� One require-
ment to obtain an X-ray structure in this era was 
for a substantial amount of highly purified pro-
tein� The only P450 available in the needed quan-
tity and quality was P450cam or CYP101A1� 
The crystallization and solution of the structure 
is told by Poulos and Johnson in this volume to-
gether with those of several other soluble P450s� 
The vast majority of the P450s in nature, how-
ever, are anchored to a membrane and the solu-
tion of membrane protein structure remains a 
significant hurdle today� Indeed, one entire ses-
sion of an international P450 meeting was de-
voted to the debate as to how good a structural 
model CYP101A1 would be for the membrane-
bound P450s [14]� Johnson and Poulos (Chap� 1 
in this volume) summarize the amazing progress 
in solving the structure of the membrane-bound 
P450s� We now recognize that all members of 
this large super family of P450s possess basi-
cally the same fold, with subtle differences being 
present that reflect specificity for substrates and 
redox partners� Additionally, the past four de-
cades of work have unambiguously shown that 
all P450s operate by basically the same reaction 
cycle (Fig�  3�1), including the stoichiometry of 
oxygen and reducing equivalents� However, the 
degree of coupling, or efficiency of converting 
atmospheric O2 and electrons to substrate-de-
rived products can vary widely�

Most P450s operate with a single substrate-
binding site, often with the high degree of speci-
ficity needed, for example, in hormone biosyn-
thesis� However, some P450s can bind more than 
one substrate molecule, either in an enlarged ac-
tive site or in a distant effector or allosteric site� 
This can lead to a profound effect on metabolic 
throughput as will be discussed in detail subse-
quently�

The remainder of this chapter, as well as con-
tributions from other authors, will address the 
spectroscopic characterization of the intermedi-
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ate states that lead to the ultimate oxygenating 
species operating in the cytochromes P450� We 
will also address the aspects of the protein struc-
ture that allow control of electron and proton 
input into the catalytic cycle to control the stabil-
ity and reactivity of these intermediate states� Ap-
propriate results that define the side uncoupling 
pathways, as well as other forms of the reduced 
oxygen-bound P450 heme that have the poten-
tial for substrate metabolism, will conclude this 
review and also provide the critical link to other 
forms of “active oxygen�”

3.4 � Substrate Binding, Spin Shift, 
and Redox Potentials

Substrate binding to cytochrome P450 is an im-
portant step in the overall mechanism of P450 
catalysis, not only because it is necessary to posi-
tion the substrate in the proper orientation in the 
immediate vicinity of the heme bound catalyti-
cally competent “active oxygen�” Equally impor-
tant, it serves as the trigger activating the electron 

transfer from the redox partner to the heme iron 
resulting in reduction of the iron from the fer-
ric Fe3 + to the ferrous Fe2 + state� This, in turn, 
is necessary for binding of oxygen to the ferrous 
cytochrome P450 and formation of the oxygen-
ated intermediate� In general, the regulatory role 
of substrate binding as the trigger initiating the 
reduction is used in the cytochromes P450 [16, 
17], as well as in some nonheme enzymes [18], to 
minimize production of reactive oxygen species 
and unproductive waste of nicotinamide adenine 
dinucleotide (NADH) and nicotinamide adenine 
dinucleotide phosphate (NADPH)�

Usually much tighter substrate binding is 
observed for P450s involved in specific biosyn-
thesis of hormones and other regulatory com-
pounds� Examples include the high affinity of 
cytochromes P450 involved in steroid hormone 
biosynthesis towards their natural substrates and 
other synthetic steroid compounds [19–21]� Inter-
estingly, many P450s that formally belong to this 
class can also bind and metabolize compounds 
not related to their native substrates, albeit with 
lower affinity and efficiency� Such examples 

Fig. 3.1   Reaction cycle of cyto-
chrome P450, reproduced with 
permission from American Chem-
ical Society from [15]
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are described for CYP101A1 [22–24], CYP102 
[25–27], and CYP46 [28]� For xenobiotic metab-
olizing cytochromes P450, which can bind and 
catalyze oxidative transformations of various or-
ganic molecules with a very broad distribution of 
chemical structures and molecular masses, lower 
substrate affinities with dissociation constants in 
the range of 10− 5 to 10− 3 M are more typical� Ap-
parently, weaker substrate binding is the price for 
their broad substrate specificity, a requirement 
for the first line of chemical defense of the organ-
ism against myriads of alien, potentially toxic, 
and dangerous compounds� Multiple examples 
are described in comprehensive reviews [29–31]�

The binding of hydrophobic substrates usually 
leads to displacement of water from the substrate-
binding pocket, including the water molecule 
coordinated to the heme iron as the sixth (axial) 
ligand, as shown in Fig� 3�2 for CYP101A1� The 
transition of the ferric iron atom Fe3 + from the 

hexacoordinated to the pentacoordinated state 
results in a spin-state transition from low spin 
(S = 1/2) to high spin (S = 5/2). This change in the 
coordination state of the heme iron gives rise to 
an upshift of redox potential, which is essential 
for efficient reduction of the enzyme from the 
ferric to the ferrous state�

The difference in redox potentials between 
pentacoordinated and hexacoordinated porphy-
rins can be illustrated using the thermodynamic 
cycle shown in Fig� 3�3:

Here the ligand L can bind to the heme iron 
with binding constants K1 and K3, which are dif-
ferent for the ferric and ferrous states, while K2 
and K4 define the redox equilibria for the five-
coordinated high-spin and six-coordinated low-
spin heme iron respectively [16]� The overall 
redox equilibrium between Fe3 + and Fe2 +, i�e�, 
the midpoint potential, can be shifted towards the 
strong binder, if the ligand is present [34]� In the 
aqueous solution, water or a hydroxide always 
favors the ferric state as compared to ferrous, so 
that K1 > 1 and K3 < 1, and Fe3 + is typically six-
coordinated in cytochromes P450 in the absence 
of a substrate, while Fe2 + is five-coordinated� As 
a result, the thermodynamic (redox) equilibrium 
between the ferric and ferrous states of the heme 
iron is shifted to the former in the absence of 
substrates, while substrate binding displaces the 
water molecule from the sixth coordination posi-
tion, thus destabilizing the ferric state and lifting 
the midpoint potential� Experimentally measured 
shifts of the redox potentials in cytochromes P450 
caused by substrate binding are in the range 80–

Fig. 3.3   Coupling of the ligand L binding equilibria to 
the ferric and ferrous heme protein with binding constants 
K1 and K3 and of redox equilibria in the substrate free 
or substrate bound protein with equilibrium constants K2 
and K4

 

Fig. 3.2   X-ray structures of CYP101A1 without sub-
strate (1PHC�pdb [32], top) and with the substrate cam-
phor (2CPP�pdb [33], bottom)� Shown are also the water 
molecules ( red spheres) occupying the substrate-binding 
pocket, one of them coordinating to the heme iron as the 
sixth ligand

 



74 I. G. Denisov and S. G. Sligar

170 mV [16, 35–37]� In most cases, cytochromes 
P450 saturated with substrates are reduced much 
faster [37–41]� Acceleration of the first electron 
transfer to cytochromes P450 in the presence of a 
bound substrate represents an important thermo-
dynamic regulatory mechanism, preventing futile 
consumption of redox equivalents and formation 
of toxic superoxide and peroxide, as will be dis-
cussed in a subsequent section of this chapter� In 
addition, Marcus theory analysis suggests a faster 
electron transfer in the presence of substrate due 
to a lower reorganization energy [42]� The spin-
state equilibrium in cytochromes P450 is temper-
ature dependent and can be probed by tempera-
ture jump studies� Direct kinetic measurements 
show that the typical rates of spin-state relaxation 
after temperature jump are in the range of 400–
2000 s− 1 for CYP101A1 [43] and 800–2500 s− 1 
for CYP102A1 [44]� The same thermodynamic 
coupling is responsible for the higher affinity of 
cytochromes P450 with respect to hydrophobic 
substrates at higher temperatures that is observed 
experimentally [44]�

Substrate binding is usually fast for the solu-
ble P450s, with apparent rates of 102 to 103 s− 1 
[45] and second-order rates ~ 106 to 107 M− 1s− 1 
[45, 46]� This fast binding and simple 1:1 stoichi-
ometry is usually observed for the efficient bacte-
rial P450s with their natural substrates, i�e�, CY-
P101A1 with camphor [46, 47]� Comparison of 
camphor binding and dissociation kinetics with 
mutants generated to perturb the equilibrium-
binding constant demonstrated fast binding in 
all cases, with the affinity exclusively dependent 
on the dissociation rate [24]� For instance, the 
T101M mutant had the same camphor-binding 
rate as the wild-type enzyme, kon = 3×107 M− 1s− 1, 
but an almost tenfold higher dissociation rate 
koff = 192 s− 1� Fast substrate binding was also re-
ported for many other cytochromes P450, such 
as CYP102A1 [48] and other soluble bacterial 
enzymes� In many cases purified and solubilized 
eukaryotic cytochromes also show fast substrate 
binding [49]� However, in some cases, very slow 
substrate-binding kinetics have been observed, 
such as those reported for cholesterol derivatives 
binding to P450scc in lipid vesicles, where type 
I spectral changes were monitored on the scale 

of 15 min and apparent first-order rates obtained 
in the range of (4–9) 10– 4 s− 1 [50]� Such results 
are probably due to the extremely low solubility 
of cholesterol and its derivatives and slow redis-
tribution between the aqueous phase and lipid bi-
layers [19]� The kinetics of NAD(P)H-dependent 
reduction of cytochromes P450 in the presence 
of their redox partners almost always strongly 
depends on the presence of their substrates� Ex-
ceptions from this general rule are reported for 
several cytochromes P450 that are predominantly 
in the high-spin ferric state even before addition 
of a substrate, such as CYP1A2 [51–53]� These 
observations are in line with the redox thermo-
dynamics modulated by substrate binding de-
scribed above (Fig� 3�3)� Typically, reduction of 
substrate-free P450 enzymes is very slow with 
apparent rates in the range of 10− 4–10− 2  s− 1 
[54], and is much faster (sometimes by several 
orders of magnitude) in the substrate-bound state 
[17]� Sometimes the first electron-transfer step 
is identified as the rate-limiting step, as shown 
for CYP7A1 [55]� The significant acceleration of 
P450 reduction in the presence of substrates is 
easily seen in the steady-state kinetics of NAD(P)
H consumption, as reported for both bacterial and 
eukaryotic cytochromes [56]� The acceleration of 
NAD(P)H oxidation can be used as an empiri-
cal test for the screening of new compounds as 
potential substrates for a given cytochrome P450 
[57, 58] or as a rough measure of P450 activity 
[59]�

Interactions with redox partners are not only 
necessary to bring the electron donor close to the 
heme for efficient electron transfer� Recent struc-
tural studies of the complex of CYP101A1 with 
its natural redox partner, the iron–sulfur protein 
putidaredoxin (Pdx) [60, 61], confirmed the im-
portant allosteric regulatory role of these interac-
tions that was first suggested in 1974 [62]� Per-
turbations of the CYP101A1 heme environment 
when complexed with its redox partner Pdx have 
been detected using various spectroscopic meth-
ods [63–67]� Early work by Davies and Sligar 
demonstrated the redox-dependent affinities of 
Pdx and P450 and the critical residues involved 
[68]� What was missing, however, was a linkage 
between structure and the functional implications 
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caused by Pdx binding� It was the X-ray structure 
of the complex [60, 61] that clearly demonstrated 
that Pdx binding results in opening of the cleft 
in the I-helix that is necessary for directed pro-
ton delivery to the coordinated dioxygen� Thus, 
interactions with oxidized Pdx favor the open 
conformational state of CYP101A1 [60, 61]� 
However, Goodin et al� demonstrated an opposite 
effect of reduced Pdx binding on the conforma-
tional state of CYP101A1 [69]� Taken together, 
these results reveal a sophisticated pattern of 
allosteric regulatory effects of Pdx on the struc-
ture, dynamics, and functional properties of CY-
P101A1� In the first step, binding of reduced Pdx 
stabilizes the substrate-bound closed state of fer-
ric CYP101A1 and provides optimal conditions 
for the first electron transfer� After reduction of 
the heme, oxidized Pdx dissociates and oxygen 
binds to the heme iron atom� Binding of reduced 
Pdx to the oxy-complex stabilizes the latter 
against autoxidation, preventing the heme from 
autoxidation and resulting in transfer of the sec-
ond electron and formation of the peroxo-ferric 
intermediate� Finally, bound oxidized Pdx favors 
the open conformational state of CYP101A1, 
with the functionally important rearrangement of 
residues Asp251 and Thr252 in the I-helix that 
are necessary for efficient proton delivery to the 
dioxygen moiety of the peroxo-intermediate and 
formation of compound I (see Chap� 1 by Poulos 
and Johnson)� Allosteric effects of interactions 
with redox partners have also been suggested in 
other systems� Fusion with different redox part-
ners changed the regiospecificity of catalysis 
and also the range of chemical transformations 
catalyzed by the multipurpose cytochrome P450 
MycG [70]�

3.5 � Oxygen Binding and the 
Structure of the Ferrous 
Dioxygen Complex

The binding of dioxygen to ferrous cytochrome 
P450 leads to formation of the oxy-complex, 
which is the last relatively stable intermediate 
in the catalytic cycle� This complex has dioxy-
gen coordinated end-on to the heme iron with 

partial transfer of electron density from the iron 
to the dioxygen moiety� Based on spectroscopic 
and structural data [71–75], the latter can be de-
scribed as partially superoxide� In general, most 
properties of the oxy-complexes in cytochromes 
P450 are similar to those of other heme proteins, 
including the myoglobins, hemoglobins, and 
heme oxygenases� An overview of the structural 
studies of oxy-complexes in various heme en-
zymes was published in 2007 [76]� Oxygen bind-
ing to cytochromes P450 is usually fast and not 
rate limiting for P450 catalysis at ambient condi-
tions� Kinetic studies show second-order binding 
rates for CYP101A1 in the range of (0�8–1�7) 
106 M− 1 s− 1 at 4–25 °C in the presence of cam-
phor [77, 78]� These rates correspond to apparent 
first-order binding rates 200–300 s− 1 in aerated 
solutions� Similar rates have been reported for 
CYP1A2 [45], CYP2A6 [79], and CYP158A1 
[80]� The presence of substrates can significantly 
impede the access of O2 and other diatomic li-
gands to the heme iron, and the scale of this effect 
can vary to a great extent with various substrates� 
For instance, different oxygen binding rates have 
been reported for CYP158A1 saturated with flav-
iolin (120 s− 1) or 2-hydroxy-1,4-naphthoquinone 
(15 s− 1) [80]� The effect of substrates on oxygen 
binding and autoxidation have been systematical-
ly studied for monomeric CYP3A4 incorporated 
into 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) Nanodiscs [81, 82]� The ex-
perimentally observed rate of O2 binding in the 
presence of testosterone TST and bromocryptine 
(BC) varies by more than an order of magnitude 
(350–400  s− 1 with TST and 24  s− 1 with BC at 
279  K)� The effect of TST is even more dra-
matic with respect to the binding of cyanide to 
CYP3A4, which is 60 times slower in the pres-
ence of substrate than in its absence [82], as is 
also observed for the association of small ligands 
like cyanide and imidazole to the ferric enzyme 
[83, 84] and of carbon monoxide to ferrous P450� 
[85]� The rate of CO binding to CYP101A1 in 
the absence of camphor (5×106 M− 1 s− 1) is two 
orders of magnitude faster than in its presence 
(4 · 104 M− 1 s− 1) [86]� A similar slowing of CO 
binding by substrate was observed for CYP108, 
but not for CYP102 [87]� This reduction in the 
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binding rates of diatomic ligands in the presence 
of substrates is commonly observed with other 
heme enzymes, including indoleamine 2,3-di-
oxygenase (IDO) [88] and nitric oxide synthase 
(NOS) [89]�

An interesting aspect of the kinetics of CO 
binding to CYP102A1 has been described by 
Munro et  al� [90] using laser photooxidation of 
NAD(P)H to reduce the heme iron in the micro-
second timescale ( kobs = 14,000 s− 1), a much fast-
er rate than the typical dead time in stopped-flow 
studies (~ 1 ms)� The surprisingly fast CO bind-
ing observed in this work, with apparent rates of 
1700–3000 s− 1, was attributed to the presence of 
CO molecules inside the protein in the immediate 
vicinity of the heme iron� In this case, there is no 
need for penetration of the diatomic ligand from 
the solution into the substrate-binding pocket and 
diffusion towards the heme iron� It is reasonable 
to expect that the same may be true for other di-
atomic neutral gases, such as O2, and as a result 
the oxygen-binding step may happen in aerobic 
solution with apparent rates significantly higher 
than those measured in stopped-flow experi-
ments, where the reduced protein is equilibrated 
with deoxygenated buffer before mixing with 
oxygenated solvent and oxygen must access the 
heme from outside� The same effects have also 

been described for CYP121 and CYP51B1 from 
Mycobacterium tuberculosis [91]�

The first X-ray structure of the ferrous dioxy-
gen (or ferrous-oxy complex) of a cytochrome 
P450 was solved by Schlichting and coworkers 
in 2000 using the bacterial CYP101A1 [92]� The 
oxygen molecule was found to fit tightly between 
the substrate camphor and the small cleft in the 
I-helix as suggested by the structure of the fer-
ric protein [33]� Importantly, the binding of di-
oxygen resulted in a change in the active site 
hydrogen-bonding structure through the addition 
of two new water molecules not observed in the 
ferric structures� These are illustrated in Fig� 3�4� 
The appearance of these water molecules in the 
oxygenated form of CYP101A1 strongly sug-
gested a likely path for the delivery of protons 
to the distal oxygen atom of the heme bound O2� 
This provided the first structure-based suggestion 
of a mechanism of oxygen activation in the cyto-
chromes P450 [74] through site-specific proton 
delivery to the distal atom of the dioxygen ligand 
[93–95]� A first proton transfer would lead to the 
hydroperoxide intermediate and a second proton 
delivery would then lead to cleavage of the O–O 
bond, releasing a molecule of water and generat-
ing the higher valent compound I oxidizing spe-
cies� Oxy-complex structures of wild type and 

Fig. 3.4   a X-ray structure of the oxy-complex of CY-
P101A1 (1DZ8�pdb [92]) with two new water molecules 
appearing in the cleft opening in the I-helix next to the 

coordinated dioxygen molecule� b A tentative proton de-
livery pathway with two new water molecules is shown 
in yellow
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mutant CYP101A1 [74] and P450eryF [73] were 
subsequently solved by Poulos and coworkers�

Because the resolution of the structures of ox-
ygenated cytochromes P450 is not high enough 
for precise evaluation of the geometric parame-
ters of the heme ligands, information about bond 
lengths and angles can be best obtained from the 
structures of closely related model complexes� 
A comprehensive review published in 1994 [96] 
provides an extensive description of the physical 
inorganic chemistry of heme oxygen complexes� 
For many years, the classical reference for the 
geometric parameters of the iron–porphyrin oxy-
complex was the X-ray crystallographic study by 
the Collman group [97] of two picket-fence iron 
porphyrins with imidazole and dioxygen as axial 
ligands� These structures provided a clear picture 
of the end-on coordinated dioxygen molecule 
with a Fe–O–O angle of 135°–137° and O–O 
bond lengths of 1�23 and 1�26 Å� These structures 
also revealed significant mobility and multiple 
orientations of the coordinated dioxygen, both 
in plane and out of plane together with the axial 
histidine ligand [97, 98]� Recently, a new high-
resolution structure of the oxy-complex of an 
iron picket fence porphyrin has been determined 
and the oxidation state of the iron atom was char-
acterized by temperature dependent Mössbauer 
spectroscopy [99] and provided the geometric 
parameters of a heme iron end-on coordinated di-
oxygen with the highest precision� The values de-
termined are Fe−O = 1.811 Å, Fe−O−O = 118.2°, 
and O−O = 1.281 Å, and an off-axis tilt of 6.2° in 
the complex with 2-methyl imidazole as the axial 
ligand� This O–O distance is in good agreement 
with the range expected from the Fourier trans-
form infrared spectroscopy (FTIR) experimental 
frequencies of the O–O stretch mode observed 
for such model complexes (1150–1163  cm− 1) 
[100] and with the general dioxygen—super-
oxide—peroxide formal assignment [96, 101]� 
Similar bond lengths for Fe–O (1�81–1�83)  Å 
and O–O (1�24–1�25) Å are reported in two high-
resolution X-ray structures of the oxy-complex 
of sperm whale myoglobin [102, 103]� For ref-
erence, in various models the O–O bond length 
increases from 1�21 Å in dioxygen to 1�33 Å in 
the superoxide anion [104], and to 1�49 Å in the 

peroxide anion [96], concomitant with reduction 
of the O–O bond order from 2 to 1�5 to 1�

Another recent and important study of the 
oxy-complex of the picket-fence iron-porphyrin 
model combined the L edge extended X-ray 
absorption fine structure (EXAFS) and density 
functional theory calculations with a goal of 
characterizing the electronic structure of iron in 
this complex [105]� Comparison of X-ray ab-
sorption spectra (XAS) results obtained for the 
oxy-complex of several other hexa-coordinated 
ferrous and ferric low-spin complexes revealed 
strong σ-donation and strong π-interaction of the 
dioxygen moiety with iron, indicating a highly 
covalent Fe–O bond� This fact restricts the for-
mal application of the oxidation state formal-
ism and explains the absence of the hole in the 
dπ orbital of the iron, which is characteristic of 
all low-spin ferric complexes� XAS spectra of 
the oxy-complex are similar to the spectra of 
the bis-imidazole ferrous porphyrin, (Fig� 12 in 
Ref� [105]) and do not look like the spectra of 
ferric complexes [105]� However, the electronic 
configuration in the oxy-complexes strongly de-
pends on the presence or absence of hydrogen 
bonds to the coordinated oxygen [103]� In the 
model porphyrin complexes there is no hydrogen 
bonding [105], while in most heme proteins there 
are proton-donating amino acid side chains or 
water molecules that can form one or two hydro-
gen bonds and shift the electron density towards 
the ferric-superoxide configuration [103]�

Local interactions in the immediate vicinity of 
the heme and axial ligands can strongly affect the 
electronic structure of the oxy-complex� These 
can be detected by comparison of the ultraviolet–
visible (UV–vis) spectra of various oxygenated 
cytochromes P450, nitric oxide synthase (NOS), 
and chloroperoxidase (CPO), which all have 
identical iron coordination spheres and the same 
heme prosthetic group� While all display a split 
Soret band [106, 107], the position of the main 
band changes from 418 nm in CYP101A1 [77] 
to 430 nm in CPO [108]� Even for the same cyto-
chrome P450 the position of the main Soret band 
may vary significantly in the presence of vari-
ous substrates, as documented for CYP102A1 
(422–425 nm) [36, 109] and for CYP3A4 (420–
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425 nm) [81, 110]� In CYP2B4 the UV–vis and 
magnetic circular dichroism (MCD) spectra of 
the oxy-complex with and without substrate are 
very similar, with the Soret maximum at 423 nm 
[111]� However, a red shift of the Soret band to 
426–427 nm is observed in the CYP2B4 E301Q 
and T302A mutants, respectively, indicating 
slightly different configurations of the hydrogen-
bonding network caused by these mutations� This 
is in contrast to the same mutations (D251N and 
T252A) in CYP101A1, where no changes in the 
UV–vis and MCD spectra were observed relative 
to the wild-type protein [112]�

The most detailed and site-specific informa-
tion on the bond strength and hydrogen-bonding 
environment of the coordinated dioxygen, as well 
as on the main heme vibrational modes, can be 
obtained using resonance Raman (rR) spectros-
copy [113]� Because of the limited stability of the 
oxy-complex at ambient conditions, most Raman 
measurements are performed under cryogenic 
conditions using frozen solutions� The first suc-
cessful rR characterization of the oxy-complex 
of CYP101A1 in the presence of camphor was 
published in 1986 [71]� A strong O–O mode at 
1140  cm− 1 was identified based on isotopic 
shift of this band using 16O2 and 18O2 of 1121–
1131 cm− 1, near that reported for isolated super-
oxide ions in solid matrices [104]� Note that the 
O–O stretching mode is usually not active in rR 
spectra of heme proteins that have histidine as a 
proximal iron ligand, although it was identified 
in infrared (IR) spectra of the oxy-complexes of 
hemoglobin and myoglobin at 1135 cm− 1 [114]� 
However, in some cases the O–O stretch mode 
was experimentally observed, i�e�, in oxyhemo-
globins from Chlamydomonas (1136 cm− 1) and 
from Sinechocystis (1133 cm− 1) [115], and also 
in indoleamine dioxygenase (IDO) (1138 cm− 1) 
[116]� Subsequent rR spectra of oxy-complexes 
in CYP101A1 provided new information on per-
turbation of the Fe–OO moiety by various sub-
strates [72] and by Pdx [117]�

The rR spectra of the oxy-complexes of sev-
eral human cytochromes P450 have also been 
measured recently for recombinant purified 
CYP11A1 [118] and for purified CYP17A1 
[119] and CYP19A1 incorporated in Nanodisc 
bilayers [120]� In general, all features of these 

spectra are similar to those previously reported 
for CYP101A1� The position of the O–O mode 
varies from 1147 to 1124 cm− 1 and the range of 
the Fe–OO mode frequencies is between 540 and 
529  cm− 1, with the expected linear correlation 
observed [118, 121–123]� The positions of these 
modes are not significantly different in the thi-
olate-ligated cytochromes P450 and nitric oxide 
synthases, but can be substantially perturbed by 
hydrogen bonding to the dioxygen ligand [120, 
124–126] and by steric effects caused by size and 
positioning of substrates [72]� In addition, de-
tailed analysis of the spectra of oxy-complexes 
in the presence of various substrates revealed 
a striking difference in the configuration of the 
hydrogen-bonding network that includes the hy-
droxyl group of the substrate, the coordinated 
dioxygen moiety, and possibly other amino acid 
side chains and active site waters� For example, 
based on the different pattern of perturbations of 
the O–O and Fe–OO modes by 17-hydroxypreg-
nenolone and 17-hydroxyprogesterone, hydro-
gen bonding to the proximal oxygen atom for the 
former and the distal oxygen atom for the latter, 
has been observed in CYP17A1 [119]� This dif-
ference correlates with the efficiency of the lyase 
reaction catalyzed by CYP17A1 and speaks di-
rectly to the intermediate states involved in the 
catalytic cycle and the identity of the “active 
oxygen” involved� More information about the 
Fe–O vibrational modes, as well as detection of 
new modes not seen in rR spectra, was provided 
by nuclear resonance vibrational spectroscopy 
(NRVS) [127, 128]� Using this method, Sage and 
collaborators demonstrated the strongly mixed 
character of two Fe–O modes observed in Raman 
spectra and claimed that the unambiguous as-
signment of these modes to either bending or 
stretching vibrations is not always valid�

The ferrous dioxygen complexes of heme pro-
teins are not stable species, with the overall life-
time of this state in the cytochromes P450 ranging 
from milliseconds to minutes (Table 3�1)� Autox-
idation of the Fe–O2 complex proceeds through 
spontaneous dissociation of superoxide, which in 
turn quickly dismutates into hydrogen peroxide 
and dioxygen in aqueous solution� The heme is 
returned to the resting ferric state� The rates of 
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autoxidation strongly depend on the presence of 
substrate, which sometimes can extend the half-
life of the oxy-complex by a factor of 100 [81]� 
Another common property of the oxy-complexes 
in cytochromes P450 is a strong temperature de-
pendence of autoxidation, with high activation 
energies implying substantial conformational 
changes involved in the release of superoxide 
[50, 129–132]� For this reason the oxy-complex-
es of substrate-free cytochromes P450 are pre-
pared at low temperatures, often with the help of 
cryosolvents to suppress the freezing point and 

extend the temperature range for solutions down 
to 250–240 K [109, 111, 133–138]� The observed 
stabilization of the oxy-complexes in the pres-
ence of substrate is a general property of cyto-
chromes P450 and is usually attributed to steric 
restrictions for superoxide escape from the active 
site� The concept of conformational gating is also 
supported by a similar slowing of the dissocia-
tion rates of CO, CN− and other diatomic ligands 
in the presence of a substrate� The same mecha-
nism can be observed even when the substrate is 
present far from the catalytic site, as evidenced 

Table 3.1   Experimentally observed autoxidation rates for cytochromes P450
P450 Substrate Conditions ( K) Rate (s –1) Source
CYP101A1 −sub 275–299 0�002–0�03 [136]

+cam 278–293 0�0003–0�0043 [87]
T252A, V +cam 293 0�005–0�01 [313]
G248A +cam 283 0�003–0�005 [272]

+cam 298 0�004 [189]
CYP102A1 +sub 277–293 0�025–0�22 [87]

−sub 288 0�09 [37]
+sub 288 0�06 [37]

F393H −sub 288 0�018 [37]
+sub 288 0�0013 [37]

T268A −sub 288 0�27 [37]
+sub 288 0�26 [37]

CYP108 +sub 277–293 0�0007–0�017 [87]
CYP119 −sub 278 0�08 [314]
CYP158 +sub 296 0�042–0�09 [80]
P450a, b,ca −sub 277 1�6–5 [315]
CYP1A2 −sub 277 0�41 [304]
E318D −sub 0�80 [304]
E318A −sub 0�07 [304]
T319A −sub 0�37 [304]
CYP2A6 +sub 296 0�3 [79]
CYP2B4 +sub 288 0�09 [316]
CYP3A4 −sub 278–302 20–140 [81]

Testosterone 279–310 0�37–20 [81]
Bromocriptine 279–310 0�12–2�5 [81]

CYP11A1 +cholesterol
+dihydrocholesterol

275 0�0063 [130]
0�0004 [130]

CYP19A1 +androstenedione 298–310 0�21–0�7 [317]
CPO −subs 298 1�7 [318]
iNOS, H2B −subs 283 0�3 [319]
W188H, H2B −subs 283 0�0044 [319]
nNOS, -pterin −subs 283 0�14 [320]
cam 1R-camphor, CPO chloroperoxidase, H2B dihydro-biopterin, iNOS inducible nitric oxide synthase, nNOS neuro-
nal nitric oxide synthase
a Fractions of cytochromes P450 purified from Rhizobium japonicum
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in human CYP3A4 when steroids bind at a pe-
ripheral allosteric site [82]� For CYP3A4, which 
can bind up to three TST molecules, the substrate 
dependence of the autoxidation rate is not trivial, 
with the major stabilization of the oxy-complex 
caused by the first binding event� Although the 
first TST molecule is likely bound at the same pe-
ripheral binding site as progesterone in the crystal 
structure described by Williams et al. [139], with 
no spin shift and no product formed at this stage 
[140], both autoxidation and geminate rebinding 
of CO undergo substantial changes and almost 
reach saturation with no changes caused by the 
second and third substrate binding [82]� Together 
with the high activation energies observed for au-
toxidation (15–18 kcal/mol in CYP3A4 with and 
without substrates) [81], these results suggest the 
existence of “conformational gating” in the bind-
ing and dissociation of diatomic ligands in vari-
ous cytochromes P450� The presence of open and 
closed forms in equilibrium is now considered as 
a common property of the cytochrome P450 fold 
[95, 141] (see also Chap� 1 by Johnson and Pou-
los) and substrate binding is known to strongly 
affect the position of this equilibrium [142–145] 
as well as the likely rates of transitions between 
these states� Apparently, substrate binding to the 
peripheral binding site in CYP3A4 can play an 
effector role by stabilizing the closed form and 
thereby significantly decreasing the dissociation 
rate of diatomic ligands, as well as possibly other 
substrate or product molecules, from the active 
site� Manifestations of such effects of substrate or 
effector binding at the peripheral sites were ob-
served as substrate or product inhibition at high 
substrate concentrations in other P450s such as 
CYP3A4 [146] and CYP2E1 [147]�

Autoxidation together with direct peroxide 
dissociation from cytochromes P450 is respon-
sible for the formation of reactive oxygen spe-
cies and their formation is suggested to be an 
important source of toxic and potentially carci-
nogenic compounds [148, 149]� In some cases 
autoxidation is the main uncoupling pathway, 
as in CYP3A4 with poorly coupled substrates, 
for which autoxidation is faster than the second 
electron transfer� This is suggested based on the 

very fast autoxidation rates, for example 20 s− 1 
with TST bound at 37 °C, as compared with the 
relatively slow overall steady-state NADPH con-
sumption rate (about 4 s−1 under the same con-
ditions) [81, 82]� Substrate binding significantly 
stabilizes the oxy-complex by both kinetic and 
thermodynamic mechanisms� Kinetic stabiliza-
tion due to steric restriction of the escape path-
way for superoxide in the presence of substrate 
was mentioned in the previous section� The ther-
modynamic stabilization is due to the changes in 
redox potential of the heme iron as described [36, 
132]� The oxy-complex can decompose via disso-
ciation of dioxygen from the ferrous heme, or by 
dissociation of superoxide anion from the ferric 
heme, as shown in Fig� 3�5� The overall process 
can be represented by two steps, fast equilibra-
tion in the immediate vicinity of the heme inside 
the active site, and slower escape of diatomic li-
gand into the solvent�

Here the first reversible steps, breakage of 
the coordination bond, and geminate rebinding 
of the neutral dioxygen (top pathway) or super-
oxide (bottom pathway), are equilibrated on the 
~ 10 ns timescale [150, 151]� The relative prob-
ability of superoxide dissociation is determined 
by the partitioning constant Kpart, which can be 
calculated by combining the two redox equilibria 
in Fig� 3�6:

Fig. 3.6   Redox equilibria between ferrous and ferric 
states in the heme iron and between dioxygen and super-
oxide

 

Fig. 3.5   Decomposition pathways of the Fe–O2 complex 
via reversible dissociation of dioxygen from the ferrous 
heme ( top) or quasi-irreversible dissociation of superox-
ide from the ferric heme
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The fraction of dioxygen dissociating from the 
protein via the bottom pathway as superoxide can 
be calculated as shown in the equation below:

Here the midpoint potential of the dioxygen–
superoxide pair is − 0.33 V for unprotonated su-
peroxide [101], so the first term is constant, and 
partitioning between the autoxidation pathway 
and reversible dissociation of dioxygen depends 
exponentially on the midpoint redox potential of 
the heme iron� As a result, the observed apparent 
autoxidation rate kautox also increases exponen-
tially when the redox potential of the heme iron 
decreases:

This exponential dependence of the apparent au-
toxidation rates on the midpoint redox potential 
of the heme iron in cytochromes P450 explains 
the higher stability of the oxy-ferrous intermedi-
ates in the presence of substrates [36, 37, 132]� 
In addition, the presence of substrate at the ac-
tive site of the cytochrome P450 creates steric 
restrictions on the mobility of diatomic ligands 
and furthermore increases the lifetime of oxy-
complexes and thus improves the efficiency of 
the overall catalytic cycle by reducing unproduc-
tive dissociation of superoxide� [81, 82]� Overall, 
this regulatory role of substrate on the efficiency 
of oxygen activation is a critical factor in the 
mechanism of cytochrome P450�

3.6 � Second Electron Transfer and 
the Peroxo- and Hydroperoxo-
Intermediates

The rate of the second electron transfer, [4]  [5] 
in Fig� 3�1 is difficult to measure� The marginal 
stability of the oxy-complex in many cases is a 
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serious obstacle, made more difficult by the rate-
limiting formation of a productive complex with 
the protein redox partner, either an iron–sulfur 
ferredoxin (e�g�, Pdx), or the flavoprotein cyto-
chrome P450 reductase� In several experimental 
studies the reduction rates of oxy-complexes in 
cytochromes P450 were measured using stopped-
flow absorption spectroscopy by monitoring the 
decay of the oxy-complex after rapid mixing 
with the reduced redox partner [152–156]� The 
measured rates varied greatly, from > 100 s− 1 for 
the fast CYP101A1 reduction by Pdx, to 8�4 and 
0�37  s− 1 for the slower and multiphasic reduc-
tion of CYP2B4 by cytochrome P450 reductase 
(CPR)� Steady-state kinetic studies, conducted 
over many years, did not reveal any detectable 
spectral intermediate following the second elec-
tron transfer to the oxy-complex before the ap-
pearance of the ferric resting state� From the first 
investigations using the soluble CYP101A1, it 
was apparent that this second electron transfer 
is at least partially rate limiting, as the ferrous-
oxy complex accumulates to some degree during 
turnover� The same observations were made by 
monitoring the steady-state turnover of micro-
somal cytochromes P450 [157] and in stopped-
flow spectroscopic studies of oxygen binding to 
purified microsomal cytochromes P450 [158]� 
Thus, despite numerous attempts, no success has 
been achieved in cleanly observing a peroxo- 
or hydroperoxo-ferric intermediate in wild-
type P450 at room temperature with the normal 
redox partners and atmospheric dioxygen� Early 
stopped-flow studies did claim the observation of 
such an intermediate state [159, 160], and with 
the D251N mutant of CYP101A1, where pro-
tonation is impaired, some level of a peroxo- or 
hydroperoxo-ferric species could be observed 
[161]� As will be discussed, the spectral and 
structural characterization of these intermediates 
in the cytochromes P450, as well as in other oxy-
gen reactive heme proteins, requires the use of 
cryoradiolytic reduction� A shunt pathway exists, 
however, wherein two oxygen atoms and two re-
ducing equivalents can be brought to the ferric 
heme together in the form of a peroxide or per-
oxy acid� With this approach, a transient species 
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with red-shifted Soret band has been observed in 
horseradish peroxidase [162, 163]�

Since the early 1970s, it was understood 
that one-electron reduction of the ferrous-oxy 
complex would generate a state with two redox 
equivalents and dioxygen—a ferric–“peroxo” 
state, with the electron going somewhere in the 
liganded prosthetic group� As the oxygenated in-
termediate has a dominant “ferric-superoxo” res-
onance form, as evidenced by Mossbauer mea-
surements [75], addition of the second electron 
was thought to form a ferric iron with the oxy-
gen reduced to the level of peroxide in resonance 
with a ferrous-superoxo configuration� However, 
neither the peroxo- [5a] nor hydroperoxo-ferric 
[5b] complexes has ever been cleanly observed at 
ambient temperatures� This intermediate, termed 
“compound 0” by analogy to similar states in the 
peroxidases, undergoes further transformation 
and disappears faster than it is formed� A pioneer-
ing breakthrough was realized though the work of 
Davydov, wherein the oxygen intermediate was 
trapped in a frozen matrix and the second elec-
tron was added by radiolysis� Although low-tem-
perature matrix-isolation techniques were well 
established in the 1950s and 1960s [164–168], 
the first applications of this method to heme pro-
tein solutions were those of Davydov [169–174] 
and Symons [175–179]� Cryoradiolysis uses ion-
izing radiation to produce hydrated electrons, 
which can either interact directly with the protein 
molecule or the solvent matrix� For dilute protein 
solutions, the volume fraction of the mixed sol-
vent is much larger and hence the predominant 
effect is to produce hydrated electrons that are 
highly mobile even at cryogenic temperatures� 
The radiation chemistry of aqueous solutions has 
been well studied, with reviews focused on fro-
zen aqueous solutions of proteins also appearing 
in the literature [134, 174, 180, 181]� It is worth 
noting that the solvent itself also plays a crucial 
role as a selective quencher of undesired radi-
olysis products� For example, glycerol or ethyl-
ene glycol efficiently trap and quench hydroxyl 
radicals in the cryogenic radiolytic reduction of 
metalloproteins, with the result that a higher net 

yield of solvated electrons is available to reduce 
the proteins of interest [182]�

A pioneering publication in the P450 literature 
was that of Davydov, Huttermann, and Peterson, 
who demonstrated that radiolytic reduction of 
the ferrous dioxygen complex of CYP101A1 at 
liquid nitrogen temperature yielded an electron 
paramagnetic resonance (EPR) signal identified 
as a peroxo intermediate [183]� Although refer-
enced in several reviews of the P450 mechanism, 
it was not until Davydov moved to the Hoffman 
laboratory that electron nuclear double resonance 
(ENDOR), and additional magnetic resonance in-
vestigations at variable frequencies, spectroscop-
ically defined the peroxoanion and hydroperoxo 
forms of ligated heme� Since that time cryoradio-
lytic reduction of oxy-complexes has been the 
method of choice for stabilization of the fleeting 
intermediates in the P450 catalytic cycle with 
the goal of obtaining the detailed structural and 
spectroscopic information necessary for evalua-
tion of the mechanism of oxygen activation and 
metalloenzyme catalysis� Several reviews on 
experimental applications of these methods and 
the results obtained using the cryoradiolytic ap-
proach have been published recently [134, 135, 
180, 184]� For CYP101A1, radiolysis at 77  K 
trapped the hydroperoxo intermediate [185]� In 
the D251N mutant of CYP101A1, which altered 
the occupancy of active site waters as observed in 
the crystal structure of the ferrous dioxygen com-
plex [92, 186], the species observed upon 77 K 
radiolysis was the peroxoanion� Thermal anneal-
ing of this trapped state, with monitoring by EPR 
and ENDOR spectroscopy [185], allowed direct 
observation of the protonation event and quanti-
tative conversion of the peroxoanion to the hy-
droperoxo and product�

These first detailed characterizations of the 
peroxo- and hydroperoxo-ferric intermediates 
in CYP101A1 [185, 187] provided several im-
portant results and enabled further experimen-
tal studies with other heme proteins� Clear EPR 
signatures for the unprotonated peroxo-ferric 
( g1 < 2�27) and protonated hydroperoxo-ferric 
( g1 > 2�27) intermediates in cytochromes P450 
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were thus defined� These parameters are very 
similar to those observed in other heme proteins, 
such as myoglobin, hemoglobin, and horseradish 
peroxidase (see Table  3�2)� Thus, the first im-
mediate product of cryoradiolytic reduction of 
the oxy-complex is the peroxo anion, as proton 
transfer events are prevented at low temperature� 
In some cases, such as with wild-type CYP10A1, 
protonation can occur even at 77 K and one needs 
to do the cryoreduction at helium temperatures 
to trap the peroxo anion� This temperature de-

pendence of the proton transfer events provides 
a recipe for stepwise annealing of the trapped 
peroxo anion to follow the transformation of 
metastable intermediates along the reaction co-
ordinate through to product formation� The cata-
lytic competence of the cryoradiolytic reduction 
of CYP101A1 can be directly demonstrated by 
analysis of product formation, with the overall 
yield proportional to the irradiation dose [185]�

Subsequent work with CYP101A1 demon-
strated that various substrates significantly modu-

Table 3.2   EPR parameters of (hydro)peroxo-ferric complexes in heme proteins
Heme protein g values Assignment Reference
Myoglobin 2�218, 2�118, 1�966 Fe3 +–OO2 − [321]

2�21, 2�11, 1�97 Fe3 +–OO2 − [322]
2�30, 2�16, 1�94 Fe3 +–OOH− [322]

Hemoglobin
α-subunit 2�213, 2�121, 1�968 Fe3 +–OO2 − [321]
β-subunit 2�22, 2�13, 1�97 Fe3 +–OO2 − [321]

2�25, 2�15, 1�966 Fe3 +–OO2 − [321]
β-chain 2�31, 2�19, 1�948 Fe3 +–OOH− [321]
Indoleamine dioxygenase 2�32, 2�17, 1�947 Fe3 +–OOH− [323]
Indoleamine dioxygenase +subs 2�27, 2�17, 1�946 Fe3 +–OO2 − [323]
Tryptophan dioxygenase +subs 2�27, 2�17, 1�95 Fe3 +–OO2 − [323]
Peroxidase 2�08, ? Fe2 +–OO− [322]

2�31, 2�16, 1�95 Fe3 +–OOH− [322]
2�27, 2�18, 1�90 Fe3 +–OO2 − [200]
2�32, 2�18, 1�90 Fe3 +–OOH− [200]

Dehaloperoxidase 2�25, 2�15, 1�963 Fe3 +–OO2 − [324]
2�32, 2�18, 1�945 Fe3 +–OOH− [324]

Heme oxygenase 2�37, 2�19, 1�93 Fe3 +–OOH− [325]
Nitric oxide synthase
eNOS  +Arg 2�26, 2�16, nd Fe3 +–OO2 − [191]
gsNOS +Arg 2�27, 2�18, nd Fe3 +–OO2 − [326]

2�31, 2�16, nd Fe3 +–OOH− [326]

Cytochrome P450
CYP101A1 −subs 2�355, 2�212, 1�935 Fe3 +–OOH− [188]
CYP101A1 +cam 2�30, 2�16, 1�96 Fe3 +–OOH− [185, 187]
CYP101A1, T252A +cam 2�306, 2�173, 1�956 Fe3 +–OOH− [188]
CYP101A1, D251N +cam 2�25, 2�16, 1�96 Fe3 +–OO2 − [185, 187]
CYP101A1 +adamantanone 2�257,2�16, nd Fe3 +–OO2 − [188]

2�30, 2�162, ~ 1�96 Fe3 +–OOH− [188]
CYP101A1 + 5-methylenyl camphor 2�296, 2�157, 1�957 Fe3 +–OOH− [188]
CYP101A1, G248T, G248V +cam 2�24, 2�16, 1�94 Fe3 +–OOH− [189]
CYP2B4 +BHT 2�32, 2�18, 1�94 Fe3 +–OO2 − [133]
CYP11A1 +cholesterol 2�214, 2�14, nd

2�34, 2�182, 1�949
Fe3 +–OOH− [195]

CYP19A1 +AD 2�254, 2�163, nd Fe3 +–OO2 − [194]



84 I. G. Denisov and S. G. Sligar

late proton delivery to the coordinated dioxygen, 
as monitored by EPR and ENDOR of the cryore-
duced oxy-complexes in the presence of different 
substrates [188]� Controlled annealing at elevated 
temperatures (170–180 K) demonstrated that the 
presence of any substrate dramatically increases 
the stability of the hydroperoxo-ferric complex, 
with lifetimes at least 20 times longer than in the 
absence of a substrate� With all substrates, alter-
nate and multiple conformational substates have 
been detected in the heme-iron center by changes 
in 14N,1H hyperfine couplings in the ENDOR 
spectra� Unusual EPR and ENDOR spectra and 
reactivity have been observed with CYP101A1 
bound with (1R)-methylenyl camphor� One well-
defined conformational substate of the heme was 
observed, but the decay rates of the hydroperoxo-
ferric complexes of wild-type CYP101A1 and its 
T252A mutant at 180 K were much lower than 
with all other substrates� Although the T252A 
mutant does not yield a product with normal sub-
strates, in this case the epoxide of (1R)-methyle-
nyl camphor was generated� Dawson, Hoffman, 
and colleagues thus suggested that there may 
be a direct involvement of compound 0 in the 
epoxidation reaction, rather than a reaction in-
volving proton transfer, O–O bond scission and 
compound I formation� The results of this work 
suggest a potential for the involvement of sub-
strates in modulating the chemical properties of 
peroxo- and hydroperoxo-ferric intermediates 
and selection of the appropriate “active oxygen” 
for catalysis� Such a role may help explain the 
numerous proposals for the involvement of mul-
tiple oxidants and catalytic mechanisms in P450 
function [56]�

In addition to the critical acid–alcohol pair 
that is directly involved in the protonation of 
peroxo-ferric complexes in cytochromes P450, 
other amino acids in the immediate vicinity also 
can perturb the proton delivery and significantly 
change the functional properties of the enzyme� 
The CYP101A1 single G248 mutants [189], 
which retain the native acid–alcohol pair of D251 
and T252, show significant perturbation of the 
proton delivery, although both mutant proteins 
still catalyze camphor hydroxylation in a recon-
stituted system� Functional studies suggest that 

the second protonation of the hydroperoxo-anion 
is inhibited by mutations at the 248 position� EPR 
of the cryoreduced oxy-complex shows that the 
first protonation is also impeded, since the imme-
diate product of the cryoreduction at 77 K is al-
most completely the unprotonated peroxo-anion, 
in contrast to the wild-type and the T252A mu-
tant, for which cryoreduction at 77 K produces 
the hydroperoxo state [185, 187, 190]�

With the low-temperature oxygenation pro-
tocols developed for the preparation of unstable 
oxy-complexes in cytochromes P450 and NOS 
[108, 109, 135, 180, 191–193], cryoradiolytic 
reduction and characterization of the peroxo- 
and hydroperoxo-ferric intermediates have been 
realized for the mammalian CYP2B4 [133] and 
the steroid metabolizing P450s CYP17A1, CY-
P19A1 [194], and CYP11A1 [195]� In addition 
to the substrate free protein, samples of CYP2B4 
have been prepared in the presence of two sub-
strates, benzphetamine (BP) and 3-hydroxy-tert-
butyl toluene (BHT)� Because no high-spin sig-
nal was detected by EPR in the frozen solution 
of CYP2B4 with BP, dissociation of the substrate 
at low temperature in the cryosolvent (60 % glyc-
erol with Tris buffer, pH 8�0) was suggested, in 
contrast to CYP2B4 bound with BHT, which 
revealed a mostly high-spin EPR signal� Oxy-
genation of the reduced protein was realized at 
− 40 °C in order to minimize autoxidation [109, 
111]� The yield of hydroperoxo-ferric complex 
was been estimated at ~ 40 % by comparison 
of the EPR signal with the calibrated standard 
[133]� As with CYP101A1 and heme oxygenase 
[196], the immediate product of cryoradiolytic 
reduction in CYP2B4 with or without substrate 
was the already protonated hydroperoxo-ferric 
complex characterized by g1 > 2�27�

The peroxo- and hydroperoxo-ferric interme-
diates in the mammalian cholesterol side-chain 
cleaving cytochrome P450 (CYP11A1) has been 
recently documented [195]� The oxy-complex 
of CYP11A1 with cholesterol bound was radio-
lytically reduced at 77 K in 33 % glycerol/phos-
phate buffer at pH 7�5� After irradiation the main 
cryoreduced intermediate had an EPR signal 
with g1 = 2.34 characteristic of a protonated hy-
droperoxo-ferric complex� However, two minor 
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signals with g1 = 2.214 and g1 = 2.28 indicated 
the presence of some unprotonated peroxo-ferric 
intermediates� These latter intermediates both 
converted to the hydroperoxo-ferric intermediate 
after annealing at 145 K, with a considerable pro-
tium/deuterium (H/D) solvent isotope effect for 
the conversion of the 2�214 signal, but no isotope 
effect for the reaction of the 2�28 intermediate� 
Taken together, these observations indicate the 
presence of multiple conformers of coordinated 
dioxygen and one or more water molecules in the 
immediate vicinity that may serve as proton do-
nors to the peroxo-anion in CYP11A1� Annealing 
at 185 K and further to 220 K, resulted in decay 
of the hydroperoxo-ferric intermediate and for-
mation of the 22R-hydroxycholesterol product� 
This step also featured a substantial solvent H/D 
isotope effect consistent with the expected par-
tially rate-limiting second proton-transfer step, 
which is necessary for formation of the catalyti-
cally active compound I� This suggests that the 
C–C bond scission of a vicinal diol, as is the case 
in the generation of pregnenolone from choles-
terol by CYP11A1, uses compound I as the “ac-
tive oxygen” for catalysis�

Generation and decay of peroxo-states can 
also be monitored by optical absorption spectros-
copy [137, 180, 197, 198], although with UV–vis 
methods it is not possible to differentiate between 
the peroxo and hydroperoxo intermediates [198]� 
The main spectral feature of these intermediates 
in cytochromes P450 and in other thiolate-ligated 
proteins is a significant red-shift of the Soret band 
from 420–430 to 440–450  nm, and the appear-
ance of a second minor band at ~ 375 nm� These 
properties are consistent with the split Soret band 
characteristic of the optical spectra of the ferrous 
O2 and CO complexes and the ferric-cyanide ad-
duct of cytochrome P450 [106, 107, 199]� Inter-
estingly, only a minor red-shift of the Soret band 
(3–8 nm) is observed for the peroxo-complexes 
in heme proteins with histidine as the proximal 
iron ligand [134, 192, 200, 201]�

As noted in the previous discussion of the ear-
lier intermediates in the P450 reaction cycle, rR 
spectroscopy is a powerful tool to reveal critical 
information regarding P450 structure and func-
tion, including mechanistic details of P450 cata-

lytic oxygen activation and substrate metabolism 
and their linkage to the delivery of protons to the 
reduced heme-dioxygen complex� rR spectrosco-
py probes the vibrational modes associated with 
the active site, is operational in all states of the 
reaction wheel, and hence is uniquely positioned 
to provide key information on the mechanism of 
“oxygen activation” in cytochromes P450�

Low-temperature rR investigations have been 
extensively conducted by the Kincaid labora-
tory on radiolytically reduced oxy-ferrous cy-
tochromes P450 [183, 185, 187, 188, 197, 198, 
201–205]� Using the D251N mutant of CY-
P101A1 and experiments analogous to the EPR 
investigations already discussed, the peroxoan-
ion intermediate and the formation of the pro-
tonated hydroperoxo state following thermal 
annealing was characterized� These studies dem-
onstrated that the hydroperoxo-anion retains the 
end-on structure of the oxy-ferrous precursor and 
forms a relatively strong bond with the heme iron 
that is characterized by ν(Fe–O) ~ 617  cm− 1 in 
the hydroperoxo-ferric complex in myoglobin 
[201] and 564  cm− 1 in CYP101A1 [198, 205], 
while the unprotonated ferric-peroxo complex 
[5a] in the D251N mutant of CYP101A1 dis-
plays a slightly weaker Fe–O bond with ν(Fe–O) 
553 cm− 1 [198]� These complexes reflected the 
typical features of low-spin heme-thiolate com-
plexes with a narrow span of g values in the EPR 
spectra and a red-shifted split Soret band with 
maxima at 436–440 and 370–375 nm [185, 197, 
204]�

Spectroscopic and theoretical studies reveal 
that the length and strength of the O–O bond in 
the peroxo states (termed Compound 0 by anal-
ogy to the peroxidase literature) are similar to 
those observed in the low-spin oxygen activating 
nonheme (hydro)peroxo-ferric complexes� Par-
ticularly interesting is the direct observation of 
the downshift of ν(O–O) from 792 cm− 1 in the 
peroxo anion state ([5a] in Fig� 3�1) to 774 cm− 1 
in the hydroperoxo [5b], indicating a weakening 
of the O–O bond as a result of protonation of the 
peroxo-anion coordinated to iron [198]� Notably, 
the ν(O–O) in the P450 peroxo-ferric intermedi-
ates is significantly lower than in myoglobin with 
cobalt-substituted heme, where this mode was 
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observed at 851 cm− 1 [206]� This difference is at-
tributed to the strong electron donating capabili-
ties of the thiolate proximal ligand in cytochrome 
P450 as compared to the imidazole nitrogen of 
the proximal histidine in myoglobin� The thiolate 
trans-effect weakens the O–O bond and promotes 
its heterolytic cleavage, with concomitant forma-
tion of the high-valent catalytically active ferryl-
oxo intermediate ([6] in Fig� 3�1)� However, the 
presence of the distinct hydroperoxo-ferric heme 
intermediate in the frozen solutions and in crys-
tals of cytochromes P450 and other heme proteins 
suggests that there is no spontaneous breakage of 
the O–O bond, but rather the enzyme/substrate 
provides a catalytically important function� Thus, 
efficient formation of the main active intermedi-
ate Compound I requires catalytic delivery of the 
second proton to the distal oxygen atom (Fig� 3�1 
[5b]  [6]). The application of cryoreduction 
and annealing of native and mutant proteins, 
with concerted spectroscopic characterization by 
EPR/ENDOR and Raman spectroscopy, offers a 
means for revealing these critical steps in oxygen 
activation by the cytochromes P450�

Additional information on the structure and 
reactivity of peroxo-ferric heme intermediates 
can be obtained from the recent porphyrin mod-
els developed by Naruta and coworkers [207–
209]� High-quality rR spectra of oxy-complexes 
and both low-spin end-on and high-spin side-on 
peroxo-ferric complexes have been measured in 
acetonitrile and in methanol at low temperatures 
(208 K) or in frozen solutions at 77 K� However, 
the proximal ligand to the iron in these model 
complexes is imidazole, and hence they can be 
considered as appropriate models for the oxygen 
activation intermediates in peroxidases, rather 
than the P450 enzymes� Interestingly, both Fe–
OO and O–O modes have been observed in these 
complexes, contrary to the peroxo- and hydro-
peroxo-ferric complexes in myoglobin, where 
the O–O stretch mode was not detected in rR 
spectra [201, 210]�

While early X-ray crystallographic investiga-
tions did not fully appreciate the in citu reduction 
of the prosthetic groups of metalloproteins, it is 
now clear that the X-ray beam, particularly from 
intense synchrotron sources, can efficiently add 

electrons to the system� An important advance in 
protein X-ray crystallography was achieved when 
cryoradiolytic reduction of the oxy-complex in 
CYP101A1 was intentionally used [92]� The un-
avoidable reduction of the heme complexes dur-
ing data collection at cryogenic temperatures was 
carefully monitored and controlled by combining 
data obtained on multiple crystals [181, 211]� 
Following this approach, the first well-charac-
terized structures of the unstable Compound 0 in 
horseradish peroxidase [211] and in CPO [212] 
were realized, and a high-resolution structure of 
the Compound 0 (peroxo-intermediate) in myo-
globin was obtained [213]� The latter structures 
provide good experimental data on the O–O and 
Fe–O bond lengths in the protein hydroperoxo-
ferric complexes�

3.7 � Reactivities of the Peroxo States: 
O–O Bond Scission Versus 
Peroxide Dissociation

A second protonation of Compound 0 at the distal 
oxygen atom reduces the O–O bond order to zero 
and results in immediate scission and departure 
of a water molecule [214]� In cryoradiolytic ex-
periments, Compound 0 is stable below the glass 
transition temperature, typically 180–190 K� This 
suggests that the second proton delivery requires 
sufficient mobility and diffusion of solvent mol-
ecules, with the potential relaxation of the protein 
matrix to a new conformation� Experiments with 
native CYP101A1 and the D251N mutant proved 
that at higher temperatures, Compound 0 disap-
pears with formation of Compound I [6] (Fig� 3�1) 
and concomitant product formation [185]� For 
the CYP101A1 T252A mutant, where the native 
proton transfer mechanism is perturbed, the dis-
sociation of peroxide with no product formation 
is the dominant path of Compound 0 decomposi-
tion� The latter reaction is considered as the main 
source of reactive oxygen species in the poorly 
coupled P450 systems� In general, the coupling 
efficiency measured by the ratio of the product 
molecules formed per NADPH molecule con-
sumed can be very different for the same cyto-
chrome P450 with different substrates� Efficient 
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proton delivery requires specific positioning and 
stabilization of water molecules in the vicinity of 
the dioxygen moiety, which can be significantly 
perturbed by variations in the structure of the 
substrate�

The chemical mechanisms describing the hy-
droxylation of unactivated substrates most as-
suredly involves the Compound I intermediate 
state generated after O–O heterolysis following 
second proton transfer as described above� This 
is not necessarily the case for reactions involv-
ing carbon–carbon bond scission� For instance, in 
the case of CYP19 (aromatase)-catalyzed andro-
stenedione (AD) metabolism, it has been a long-
standing question as to whether the conversion of 
19-oxo-AD to estrone by CYP19A1 occurs via 
the classic higher valence Compound I interme-
diate that operates in the normal hydroxylation 
cycle, or via the precursor peroxo-anion (Com-
pound 0) intermediate� This is shown schemati-
cally in Fig� 3�7�

Evidence supporting both hypotheses is pres-
ent in the literature [215–218], as the availability 

of a nearby proton for abstraction makes both a 
radical and nucleophilic mechanism plausible� In 
the first experiments with human CYP19A1 self-
assembled into Nanodiscs, we discovered that 
when the ferrous-oxy complex was radiolytically 
reduced in the presence of AD, the peroxo state 
formed and stabilized at 77  K was the anionic 
form rather than the protonated hydroperoxo that 
had been seen in all previous P450s investigated 
[194]� This suggested that there was perhaps a 
different hydrogen-bonding configuration pro-
vided by active site water molecules in this P450� 
However, experiments monitoring the conver-
sion of AD to 19-hydroxy-AD in an EPR-anneal-
ing experiment revealed a kinetic solvent isotope 
effect of greater than 3�5, suggesting one or more 
protons were involved in product formation from 
AD [219]� More recent EPR results demonstrated 
that when the substrate is 19-oxo AD, the imme-
diate precursor to the carbon–carbon lyase reac-
tion, the species stabilized at 77 K after radioly-
sis, and before product formation by CYP19A1, 
is the protonated (hydroperoxo) intermediate, 

Fig. 3.7   Two alternative mechanisms of C–C bond scission in CYP19A1
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as one would expect for a normal Compound I-
mediated reaction� There are thus subtle differ-
ences in the active site structure that dictate a key 
variability in distal pocket hydrogen bonding and 
proton transfer, but it appears that Compound I is 
the “active oxygen” leading to C–C bond cleav-
age and aromatization of the A-ring� Exactly the 
opposite is true in the case of CYP17A1, where 
a nucleophilic reactivity of Compound 0 appears 
to be operating� This will be discussed further in 
the following section�

A carbon–carbon bond cleavage required for 
conversion of the pro-drug nabumetone to the ac-
tive form is also catalyzed by the peroxo-ferric 
intermediate of human CYP1A2, as reported 
based on a thorough study comparing the activi-
ties of several human cytochromes P450 [220]� 
Only CYP1A2 and CYP3A4 (CYP2B6 with sig-
nificantly lower efficiency) supported the C–C 
cleavage reaction with nabumetone and 3-hy-
droxy-nabumetone as substrates� In addition, 
C–C cleavage did not proceed when the perox-
ide shunt pathway with cumene hydroperoxide 
was used instead of NADPH supported catalysis� 
However, the NADPH-supported hydroxylation 
of nabumetone in reconstituted systems and in 
commercial Supersome® preparations was ob-
served with almost all the isozymes, the most ef-
ficient being CYP2C19, CYP2B6, and CYP3A4� 
These observations suggest that the unprotonated 
peroxo-ferric intermediate is the main catalytic 
species for C–C bond cleavage in this system�

3.8 � Compound I as the 
“Active Oxygen” in Alkane 
Hydroxylations

Despite the great variety of chemical transfor-
mations catalyzed by cytochromes P450, the 
vast majority of them are undoubtedly driven by 
Compound I� This ferryl-oxo intermediate with a 
π-cation radical delocalized on the porphyrin is 
a very reactive species� All attempts to observe 
this species in a P450 system using atmospheric 
dioxygen have so far failed� However, important 
spectroscopic characterization and reactivity 
measurements have been obtained by using the 

peroxide shunt pathway [3] [6] in Fig� 3�1� In 
this approach, which bypasses the dioxygen re-
duction process, rapid mixing of the ferric heme 
enzyme with peroxides or peroxy acids such 
as meta-chloroperoxybenzoic ( m-CPBA) can 
generate the Compound I intermediate directly 
[221–223]� Unlike the usual P450 pathway of 
oxygen activation, where two electrons and two 
protons have to be channeled to the dioxygen 
via coordination to the heme iron and proton de-
livery pathways, the peroxide pathway benefits 
from the fact that peroxides or peroxyacids al-
ready have the two electrons and protons on the 
dioxygen moiety� The role of the enzyme in this 
case is the efficient rearrangement of the proton 
from the proximal oxygen atom, which forms the 
transient coordination bond with the heme iron, 
to the distal oxygen to facilitate heterolytic scis-
sion of the O–O bond and thus create the same 
Compound I, as happens in the normal catalytic 
pathway of horseradish peroxidase [224–226]� 
However, in general, the cytochromes P450 are 
inefficient peroxidases or peroxygenases, and the 
yield of Compound I by this pathway is low� Thus 
the first experiments devoted to revealing this in-
termediate via stopped flow realized a yield of 
~ 10 % or less [221–223]� This low level of pro-
tein made it all but impossible to obtain detailed 
structural and spectroscopic characterization of 
the Compound I in cytochromes P450� Until re-
cently, the only way to address experimentally 
the physico-chemical and functional properties 
of this intermediate was via model porphyrin sys-
tems [10, 227–230] or by analogy to other close-
ly related thiolate-ligated heme enzymes such as 
CPO [231–233] and peroxygenases [234, 235], 
for which Comopund I is much more stable�

This situation changed with the work of Rittle 
and Green who achieved a breakthrough on the 
peroxide pathway by radically improving the 
purification protocol for thermostable CYP119 
from the extremophile archae Sulfolobus acido-
caldarius [236–238]� Careful multistep removal 
of endogenous substrate analogs from the puri-
fied, heterologously expressed protein, which 
hampered earlier studies [222], allowed them to 
dramatically increase the yield of Compound I 
in a stopped-flow reaction with m-CPBA, reach-
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ing a conversion of greater than 75 % [236]� 
This made possible high-precision UV–vis spec-
tra to quantitate the reaction kinetics, which in 
turn provided the necessary information for the 
preparation of highly concentrated samples for 
EPR and Mössbauer spectroscopy� The UV–vis 
spectra of Compound I confirmed the main fea-
tures of the ferryl-oxo π-cation radical known 
from the earlier experiments: a broad Soret band 
at 367 nm and a pronounced charge-transfer band 
at 690 nm� The EPR spectrum of CYP119 Com-
pound I [236] had a different shape as compared 
to that previously reported for CPO, another 
thiolate-ligated heme protein [239]� Fitting of 
both spectra to the S = 1 Fe(IV)-oxo unit coupled 
with S = 1/2 porphyrin radical resulted in a higher 
ratio of the exchange coupling ( J) to zero-field 
splitting ( D) for CYP119 ( J/D = 1.3) than in CPO 
( J/D = 1.02) [236]� The higher J value in CYP119 
was tentatively attributed to either a higher spin 
density on the thiolate sulfur atom or a shortened 
Fe–S bond� The Mössbauer parameters measured 
for the CYP119 Compound I were more simi-
lar to those of CPO [239], with the isomer shift 
δ = 0.11 mm/s (0.13 mm/s for CPO) and quadru-
pole splitting ΔEQ = 0.96  mm/s (0.90  mm/s for 
CPO)� These parameters also correspond to the 
ferryl-oxo S = 1 unit exchange coupled to the por-
phyrin radical (S = 1/2).

The functional competence of this Compound 
I intermediate was confirmed in fatty acid hydrox-
ylation assays using a double-mixing stopped-
flow technique� After premixing CYP119 with 
m-CPBA and incubating for 100 ms, the reaction 
mixture containing 35–40 % of Compound I was 
rapidly mixed with solutions of the substrates at 
various concentrations at 4 °C� The kinetics of the 
reactions were monitored spectroscopically and 
the product yield was verified by gas chroma-
tography ([236] and supporting online material)� 
The observed apparent rates were very high, up 
to 220 s− 1 for lauric acid, with the rate constants 
varying from 4�4×104 to 1�1×107 M− 1s− 1 for hex-
anoic and dodecanoic (lauric) acids, respectively� 
In addition, the kinetic isotope effects (KIE) for 
these reactions measured experimentally with 
protonated and perdeuterated substrates strongly 
depended on the chain lengths of the fatty acids, 

varying from 12�5 for hexanoic acid to 1�0 for 
lauric acid� This disappearance of the KIE for 
the fast-reacting substrate is explained by strong 
masking of the isotope effect by tight substrate 
binding and rate-limiting unproductive substrate 
dissociation for lauric acid� The true isotope ef-
fect value can be measured only when substrate 
binding is at rapid equilibrium, as demonstrat-
ed in [236] and supporting material� Thus, the 
high-unmasked KIE strongly confirms the cata-
lytic competence of the Compound I obtained in 
CYP119 by rapid mixing with m-CPBA and the 
kinetic parameters expected for the hydrocarbon 
hydroxylation via a hydrogen-abstraction mecha-
nism [11, 227]�

Recently, the same improved multistep purifi-
cation approach proved to be critically important 
for the generation of high populations of Com-
pound I in another cytochrome P450, P450ST 
[238]� Following similar experimental protocols, 
Green and his group were able to trap Compound 
I in a high concentration and to measure its EPR 
and Mössbauer spectra� The results were simi-
lar to those measured for CYP119 [236]� Möss-
bauer spectra could be fitted well with an isomer 
shift δ = 0.12  mm/s and a quadrupole splitting 
ΔEQ = 0.85  mm/s, and J/D = 1.3 obtained from 
EPR spectra that were the same as for CYP119 
[238]�

The oxygen-rebound mechanism of hydro-
carbon hydroxylation catalyzed by Compound 
I presumes formation of the transient heme in-
termediate equivalent to Compound II follow-
ing hydrogen abstraction from the substrate� In 
this case, the iron-oxo unit is protonated, and the 
electron fills the π-cation radical of the porphy-
rin [236, 240]� The critical importance of thio-
late ligation in P450 catalysis was evaluated by 
recent work from the Green group [241]� By di-
rect measurements of pKa of the Compound II of 
CYP158, they estimated and compared the rela-
tive contributions of redox potential and proton 
affinity to the thermodynamics of hydrogen atom 
abstraction by Compound I in cytochrome P450, 
CPO, and nitric oxide synthase� The key differ-
ence between histidine-ligated peroxidases and 
thiolate-ligated P450 enzymes is the large shift 
of the pKa of Compound II from ~ 3�5 in the for-
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mer to ~ 12 in the latter, due to the much stron-
ger electron-donating abilities of a thiolate than a 
histidine� At the same time, the large contribution 
from the strong proton affinity term makes the 
redox potential term low enough to prevent fast 
inactivation of this catalytically active intermedi-
ate by intra-protein electron transfer and reduc-
tion to Compound II [242, 243]� The same effect 
of the thiolate proximal ligand was observed by 
Hoffrichter and Groves in a thiolate-ligated per-
oxygenase [235]� Thus we have for the first time 
a clear mechanistic rationale as to why the cyto-
chromes P450 utilize cysteine as the axial ligand 
to the iron [235, 242, 243]�

3.9 � Bleed Points of Inefficiency: 
Uncoupling Pathways in the 
Cytochromes P450

The key characteristics of enzymatic catalysis are 
the maximum rate of product formation given by 
Vmax or kcat, and the substrate-binding constant, 
or Michaelis constant Km� For comparison of dif-
ferent enzymes and/or substrates, the efficiency 
of the enzyme is characterized by the ratio of 
these two parameters� For cytochromes P450, 
these parameters also can be used as the essential 
quantitative measures of their ability to metabo-
lize xenobiotic compounds or to synthesize their 
specific products� The case of P450 catalysis, 
however, is complicated by the consumption of 
redox equivalents and the nature of atmospheric 
dioxygen as a reactant� The ideal stoichiometry 
of P450 catalysis requires one NAD(P)H and one 
O2 molecule to make one molecule of product� 
This rarely happens in reality� In addition to prod-
uct formation, a fraction of oxygen is released in 
the form of superoxide after one redox transfer 
event, as peroxide after two-electron reduction, 
or as water after four-electron reduction, as 
shown in Fig� 3�1� Superoxide and hydrogen per-
oxide belong to a class of compounds termed “re-
active oxygen species” or ROS� A comprehensive 
review on ROS production by P450 summarizes 
the main mechanisms as well as the implications 
of the release of these potentially toxic products 
[149]� Other side reactions, such as formation of 

protein radicals, covalent coupling of the heme 
to the protein or to active radical products, heme 
loss, or accumulation of the inactive P420 form, 
can also be considered as the consequences of 
uncoupling and have been reviewed elsewhere 
[244]�

Oxygen activation in cytochromes P450 is a 
multistep process with several branching points� 
As seen from Fig� 3�1, there are at least three steps 
where the reaction flow can partition between pro-
ductive and unproductive pathways� The first one 
is the oxy-complex, which can decompose with 
dissociation of superoxide if the second electron 
transfer is not efficient or simply not fast enough� 
The second branching point is dissociation of the 
hydroperoxo-anion, if the second protonation is 
not accomplished� The third one is unproductive 
reduction of compound I with consumption of a 
second molecule of NAD(P)H, which can occur 
if a productive catalytic reaction with the sub-
strate does not happen� All these branching points 
are essentially kinetic, and the result at each step 
is determined by the corresponding rate con-
stants� Under steady-state conditions, the overall 
degree of uncoupling is determined by the ratio 
of the reaction flux along the productive path-
way [3][4][5][6] [7] in Fig� 3�1 and the 
sum of fluxes along the unproductive pathways 
[4][2], [5][2], and [6][2]. Partitioning at 
each branch point is proportional to the absolute 
microscopic rate constants leading out of the in-
termediate� For progress from the oxy-complex, 
the fraction of the overall reaction flux that fol-
lows the uncoupling pathway is proportional to 
the autoxidation rate k42, while the fraction of 
oxy-complex reduced to the peroxo-ferric state is 
proportional to k45� Thus, the fraction of the reac-
tion flux following the productive pathway, or the 
coupling ratio at the level of the oxy-complex, is 
k45/( k45 + k42)� The second branch point lies with 
the peroxo states, where it is possible to release 
a twice-reduced dioxygen to regenerate the fer-
ric prosthetic group� Similarly, a coupling ratio 
taking together the peroxo- and hydroperoxo in-
termediates as [5] is determined by the ratio of 
protonation rates and the rate of peroxide disso-
ciation, k56/( k56 + k52)� The third uncoupling point 
in the P450 reaction cycle centers on the Com-
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pound I intermediate [6], which can be reduced 
by two additional electrons to form water� Since 
the overall stoichiometry is then four electrons 
and four protons added to one dioxygen yielding 
two water molecules, this has been termed the 
oxidase pathway� From the scheme in Fig�  3�1, 
the overall partition coefficient for the oxidase 
branch point is given by k67/( k67 + k62)� Overall, 
the experimentally observed uncoupling is pro-
portional to the product of these three fractions, 
while the absolute rates of substrate conversion 
to product and of NAD(P)H and O2 consumption, 
in most cases, depends on the rates of the first 
and second electron transfers, protonation of the 
dioxygen moiety, and the catalytic step, although 
in some cases substrate binding and product re-
lease may also be rate limiting�

In reality, many of these individual rate con-
stants are not known and difficult to measure� In 
most cases, there is no single and well-defined 
rate-limiting step in the overall catalytic cycle of 
the cytochromes P450 and thus several interme-
diates are present at any one time� Early attempts 
to monitor the steady state of P450 catalysis 
usually focused on the oxy-ferrous intermedi-
ate, which was observed experimentally during 
turnover using optical absorption spectroscopy 
[157, 158, 245]� The rate of autoxidation k42 
can be measured separately with high precision, 
as described earlier in this review and in previ-
ous publications and review articles [36, 82, 87, 
246–248]� The rate of the second electron trans-
fer to the oxy-complex, k45, which competes with 
autoxidation, is more difficult to probe at ambi-
ent conditions due to autoxidation and possible 
rate-limiting interactions with redox partners� 
Successful examples are represented by stopped-
flow studies with various concentrations of Pdx 
and CYP101A1 [154, 155]� Measurements of 
the peroxide dissociation rate, k52, and oxidase 
uncoupling rate, k62, are even more difficult be-
cause the steady-state concentrations of the key 
intermediates [5] and [6] are exceedingly small� 
To our knowledge, no independent reports of 
these rate constants at ambient conditions are 
available� However, the steady-state rates of per-
oxide production and water production via the 
oxidase uncoupling channel are known for many 

cytochromes P450 in reconstituted systems, so 
the fractional partition coefficients at the perox-
ide [5] and Compound I [6] branching points can 
be estimated�

Partitioning at these three uncoupling branch 
points and the corresponding rates determine 
the overall efficiency of substrate turnover� This 
depends on various factors, which include the 
substrate structure and its positioning inside the 
substrate-binding pocket, the efficiency of proton 
delivery to the coordinated dioxygen via the hy-
drogen-bonded network of several protein groups 
together with strategically placed and conserved 
water molecules, and the efficiency of electron 
transfer from the protein redox partner� Clearly, 
changes of each of these factors may significantly 
affect the result of oxygen activation and change 
the partitioning between productive and unpro-
ductive pathways� These two pathways may be 
described as oxygen activation for either the oxi-
dative transformation of organic substrates or the 
production of peroxide and water� For the most 
efficient cytochromes P450, such as CYP101A1 
and CYP102A1, where catalysis via the produc-
tive pathway with optimal substrates is realized 
with almost 100 % efficiency, even small varia-
tions in the substrate structure or single-point 
mutations at the active center result in significant 
uncoupling and redistribution of the reaction 
flow towards peroxide production� For those cy-
tochromes P450 that are significantly uncoupled 
(either in vitro or in vivo), the same mutations 
and/or substrate variations may be favorable for 
the increase or the productive consumption of 
NAD(P)H and O2� The same is true for ineffi-
cient metabolism of nonnative substrates by the 
wild-type enzymes, where mutations may sig-
nificantly improve the rate of oxygen activation 
and coupling to the productive pathways� Multi-
ple mutations at the substrate-binding pocket not 
only can drastically change the regio- and stereo-
specificity of substrate binding but also can be 
engineered to alter uncoupling and extend the 
range of chemical transformations of nonnative 
substrates catalyzed by cytochrome P450� These 
results have been extensively reviewed for the 
self-sufficient CYP102A1, which is considered 
as the most promising cytochrome P450 for bio-
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engineering and synthetic biology purposes [27, 
249, 250]�

Uncoupling at the oxidase branch point has 
been observed in microsomes by comparing 
the rates of NADPH and O2 consumption with 
a natural substrate with those of a non-metabo-
lized analog, as in the case for CYP21 in bovine 
adrenocortical microsomes [38]� Here, the 2:1 
NADPH/O2 stoichiometry was correctly assigned 
to the oxidase uncoupling pathway� Similar ob-
servations were reported by Ullrich [39, 251] 
using perfluorinated substrate analogs to prevent 
productive reactions of Compound I� They also 
observed a 2:1 NADPH/O2 consumption stoichi-
ometry� Later Coon and coworkers documented 
both productive and unproductive pathways, in-
cluding peroxide and oxidase uncoupling, using 
purified liver microsomal cytochrome P450 and 
demonstrated that the results strongly depend on 
the substrate [252]� A review of the overall stoi-
chiometry of coupled and uncoupled P450 reac-
tions has been provided by Zhukov and Archa-
kov [253, 254]�

The availability of X-ray structures for CY-
P101A1 [32, 33, 255–259] made possible a de-
tailed analysis of uncoupling in P450 catalysis� 
The hydroxylation of the natural substrate 1R-
camphor by wild-type CYP101A1 is very fast 
( kcat up to 35  s− 1) and almost 100 % coupled, 
with an NADH/product ratio of ~ 1�02–1�03� 
This provides an excellent reference system for 
systematic study of the relative importance of es-
sential features of the enzyme active site as well 
as substrate structural variations for overall ca-
talysis� A series of CYP101A1 mutants has been 
generated based on the available X-ray structures 
with the goal of deciphering the structural deter-
minants of efficient substrate hydroxylation [23, 
24, 260–268]� Various substrate analogs were 
also employed to explore the regio- and stereo-
specificity of chemical transformations cata-
lyzed by CYP101A1 together with the rate and 
efficiency of steady-state turnover [23, 261–263, 
265]� Taken together, these works revealed a 
great variability of both rates and coupling effi-
ciencies that depend on both on single mutations 
and variations of the substrate structure�

The discovery of the critically important acid–
alcohol pair D251-T252 in CYP101A1 was very 
important from a mechanistic point of view� The 
dramatic effect of a D251N mutation, which re-
sulted in a 50–100-fold slowing of the product-
formation rate, without loss of the efficiency of 
NADH consumption, and the same ~ 95 % cou-
pling as in the wild-type enzyme [267], clearly 
indicated the gate-keeping role of this residue in 
proton delivery� Its role was later confirmed by 
kinetic solvent isotope effect (KSIE) and proton 
inventory measurements [269]� Impaired proton 
delivery in the D251N mutant as the main cause 
for slow turnover was also confirmed by directly 
measuring the rate of the first electron transfer 
from Pdx, which was even faster than in the wild-
type enzyme [270]� In addition, significant accel-
eration (5–10 times) of NADH consumption and 
camphor hydroxylation observed at moderately 
acidic pH (5�5–5�0) also supported protonation as 
the strongly rate-limiting step in the CYP101A1 
D251N mutant [267]� The effect of the salt link 
between D251 and K178 was tested separately by 
mutating this residue to glutamine, K178Q [267]� 
This mutant was highly coupled and only moder-
ately slower than the wild-type enzyme, implying 
that the position of the side-chain of D251 is not 
the main factor determining the overall turnover 
efficiency of CYP101A1� In contrast, the T252A 
mutation of the neighboring residue uncoupled 
hydroxylation catalysis by ~ 95 % with no inhibi-
tion in NADH consumption, efficiently channel-
ing redox equivalents into peroxide production 
[271, 272]� The essential role played by the alco-
hol side-chain of T252 in oxygen activation was 
confirmed by the high activity and 81 % coupling 
of the T252S mutant [272]� The importance of 
these two residues in the CYP101A1 mechanism 
has been analyzed in great detail using X-ray 
structures of the oxy-complexes of these mutants 
[74, 92]� The structures of oxy-complexes reveal 
important conformational rearrangements of the 
I-helix, with reorientation of the T252 side-chain 
opening the cleft between T252 and G248, and 
appearance of two new well-resolved water mol-
ecules that most likely represent the main proton 
delivery channel [74, 92, 93, 95]� The same open-
ing in the I-helix and same water molecules were 
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also observed in the structure of the cyanide com-
plex of CYP101A1 [273] and the highly similar 
CYP101D1 [274], possibly due to very similar 
geometries of the Fe–O2 and Fe–CN− complexes 
with an angle of ~ 125° between the ligand axis 
and heme plane, and similar H-bonding proper-
ties�

The recent discovery and crystallization of 
other members of the CYP101 family, CYP101D1 
[274, 275] and CYP101D2 [276], opened addi-
tional means to probe the finely tuned and highly 
efficient mechanism of oxygen activation� Both 
CYP101D1 and CYP101D2 bind camphor in 
the same orientation as CYP101A1 and catalyze 
the same hydroxylation with similar high rates 
(1000–2000 min− 1) and almost 100 % efficiency 
[274, 277]� Despite the same activity towards 
the same substrate, there are structural and func-
tional differences between these three isozymes 
that provide a better understanding of the es-
sential (and not essential) features for optimal 
P450 catalysis� Mutations of the acid–alcohol 
pair residues D259N and T260A in CYP101D1, 
analogous to D251N and T252A in CYP101A1, 
had the same effect: Little or no activity in the 
Asp/Asn mutant and highly uncoupled NADH 
consumption in the Thr/Ala mutant in both pro-
teins [274]� Critical variations in CYP101D1, as 
compared to CYP101A1 (where G180 replaces 
the homologous K178, D182 is used instead of 
N184 and A366 in CYP101D1 replaces L358 in 
CYP101A1) may have changed the functional 
properties with respect to interactions with the 
redox partner Pdx and/or protonation/substrate 
binding� When these mutants were introduced 
into CYP101A1 to check for the functional im-
plications of these residues using the native redox 
partner Pdx [275], the single mutants L358A and 
K178G had little effect on the activity or struc-
ture of CYP101A1� However, the double mu-
tant L358A/K178G had a tenfold slower rate of 
NADPH consumption than the wild type due to 
the mostly low-spin state even in the presence of 
camphor� The addition of 400 mM K+ converted 
the double mutant protein to the high-spin form 
and diminished the difference in steady-state 
NADPH turnover� The crystal structure of the cy-
anide complex of the mutant CYP101A1 shows 

the same structural changes as in the wild type, 
including the key water molecules in the I-helix 
cleft, indicating that the proton delivery pathway 
is not perturbed by these mutations [275]�

Homology analysis revealed that the acid–al-
cohol pair in the I-helix is a common feature in 
the great majority of cytochromes P450, although 
some deviations are evident� In the CYP51 class 
the semi-conserved acid side-chain (D251 in CY-
P101A1) is replaced by a histidine [278]� In the rat 
CYP51 enzyme, the mutation H314D resulted in 
a sevenfold lower 14-demethylase activity [279]� 
In some cytochromes P450 the alcohol side-chain 
from threonine or serine is replaced by alanine, 
as in P450eryF (CYP107A1) and CYP158A2� 
Based on the X-ray structural studies of these two 
enzymes, the concept of substrate-assisted catal-
ysis was proposed as an alternative to the missing 
side-chain of Thr/Ser [80, 280]� The functionally 
important water molecules forming the proton 
delivery pathway are stabilized at the proper po-
sition close to the coordinated dioxygen by hy-
drogen bonding to the substrate hydroxyl group 
instead of the alcohol side-chain [73, 80, 280]� In 
CYP107A1 the mutants A245S and A245T have 
lower activity and higher uncoupling to produce 
peroxide, which was attributed to perturbations 
in positioning of the functionally important wa-
ters [73, 280–282]� However, the A245T mutant 
gained the ability to catalyze the hydroxylation 
of alternative substrates such as TST [283] and 
7-benzyloxyquinoline [284], providing further 
evidence in support of the general importance 
of this alcohol side-chain for the P450 catalytic 
cycle� Other examples of naturally occurring 
variations in the acid–alcohol pair include the 
replacement of threonine by asparagine N242 in 
CYP176A1 [285] and N240 in P450 OxyB [286], 
glutamine Q230 in CYP165D3 [287], and proline 
P237 in CYP134A1 [288]� Still, these enzymes 
perform the usual P450 chemistry with oxygen 
activation� In contrast, in P450 peroxygenases, 
which do not follow the regular P450 oxygen ac-
tivation cycle, but rather react via the peroxide 
shunt mechanism, both acid and alcohol residues 
are replaced by other amino acids, such as V245-
A246 in CYP152A1 [289] and I248-A249 in 
CYP152L1 [290]�
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Both the semi-conserved acid and alcohol res-
idues were mutated in other cytochromes P450 
in order to understand the importance of these 
features for P450 catalysis� In CYP102A1 the 
T268A mutation similar to T252A in CYP101A1 
resulted in a decrease in both NADPH consump-
tion and product turnover rates with several sub-
strates [291, 292], but not with pentadecanoic 
acid, for which coupling was maintained at the 
same level as in the wild-type enzyme [293]� The 
high coupling with some substrates and strong 
dependence on the chain length of the fatty acid 
(34 vs� 10 % for C12, 88 vs� 74 % for C14, 88 vs� 
89 % for C15, and 93 vs� 21 % for C16, in the wild 
type vs� T268A mutant correspondingly) clearly 
demonstrates variations due to the packing of 
the substrate in the overall efficiency of P450 
turnover, as well as the difference caused by the 
Thr268 mutation� These results again stress the 
critical role of the substrate in the modulating 
water access to the active site and thus the over-
all catalytic efficiency defined as the ratio be-
tween productive and non-productive pathways� 
At the same time, the absolute rates of NADPH 
consumption also strongly depend on the T268A 
mutation in CYP102A1 [292]� The general con-
clusion based on the comparison of the wild-type 
CYP102A1 and T268A mutant is that the pres-
ence of this threonine is not absolutely essential 
for hydroxylation, but it is certainly important in 
providing an efficient proton delivery pathway 
with most substrates [293]�

CYP176A1 (P450cin) is a close analog of 
CYP101A1, with its natural substrate cineol also 
being similar to camphor� However, in wild-type 
CYP176A1 the conserved threonine residue is 
replaced by asparagine N242 [294]� The fact 
that this enzyme is nevertheless catalytically 
competent in cineole hydroxylation with almost 
the same efficiency as CYP101A1 in camphor 
hydroxylation (rate of NADH consumption 
950 min− 1 and coupling ~ 80 %) [295] attracted 
the attention of several research groups and in-
spired a detailed analysis of its structure and 
mechanistic issues [285, 295–300]� Mutation of 
the unusual N242 to a threonine (N242T) [295] 
or alanine (N242A) [298] resulted in a moderate 
decrease in coupling, 54 and 72 % respectively, 

as compared to 80 % in the wild-type enzyme� 
At the same time significant (sixfold and four-
fold) decreases in the absolute rates of NADH 
consumption were observed with these mutants� 
Both results are very different from the very 
strong uncoupling with fast NADH consumption 
in the CYP101A1 T252A mutant� Attempts to 
test in CYP176A1 the substrate-assisted mecha-
nism of oxygen activation found for CYP107A1 
(P450eryF), where the hydroxyl group of the 
substrate replaces the threonine side-chain in 
stabilizing the proton delivery pathway, proved 
inconclusive [298]� Unlike in CYP107A1, where 
replacement of the key hydroxyl group of the 
substrate by a ketone inhibited hydroxylation by 
more than 100-fold [301], similar modifications 
of the native substrate cineol produced only a 
moderate decrease in activity and coupling [298]� 
Therefore, no clear understanding of the predom-
inant structural features affecting proton delivery 
and efficiency of oxygen activation came out of 
these mutation studies� Alternatively, a compari-
son of CYP176A1 and CYP101A1 suggests the 
presence of multiple pathways for protonation of 
the dioxygen moiety, which compensate to a cer-
tain extent for the loss of an important functional 
group in the active site�

The same conclusion may be made based 
on the effect caused by the T252N mutation in 
CYP101A1, which mimics the N242 residue in 
CYP176A1� This was done to test the ability of 
asparagine to replace the key T252 [302]� As in 
CYP176A1, the Asn252 mutant in CYP101A1 
demonstrated efficient camphor hydroxylation 
with an overall 42 % coupling determined as the 
ratio between the rates of product formation and 
NADH consumption� The main difference be-
tween the wild-type and mutant protein was an 
almost 20-fold lower affinity for camphor bind-
ing in the T252N mutant� This work provides one 
more example of the great flexibility and robust 
design of active centers in cytochromes P450, 
which remain functional despite various muta-
tions�

Both the acid and alcohol residues, Glu318 
and Thr319, have been mutated in CYP1A2 in 
order to evaluate the mechanism of oxygen acti-
vation in this cytochrome P450 [303, 304]� Sur-
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prisingly, in some cases the mutations improved 
the overall coupling of methanol oxidation from 
9 % in the wild-type protein to 16 % in the E318A 
mutant, and even to 40 % in the T319A mutant 
[303], despite the slower product-formation 
rates, 25 % and 39 % of the rate of 4�4 min− 1 ob-
served in the wild-type enzyme� In addition, no 
H2O2 was detected with the E318A and T319A 
mutants, with most of the uncoupling attributed 
to the oxidase (water) channel� In contrast, the 
same E318A mutant was almost inactive when 
7-ethoxycoumarin was used as a substrate by the 
same authors, whereas the T319A mutant was 
even more active than wild-type [304]� These 
observations led the authors to suggest that the 
role of the conserved threonine in oxygen activa-
tion may be different, or at least not as critical, 
in CYP1A2� However, later studies demonstrated 
that even changes in the buffer composition, pH, 
and temperature could significantly change un-
coupling by a factor of three [305]�

In CYP2B4 the T302A mutation also signifi-
cantly inhibits N-demethylation of benzphet-
amine and hydroxylation of cyclohexane with the 
rates decreasing 20-fold [56]� The steady-state 
NADPH consumption rates are also significantly 
slower when the T302A mutant is used, but H2O2 
production is sometimes even higher� This fact 
can be interpreted as a slower proton delivery in 
the mutant enzyme and a longer lifetime of the 
peroxo- and hydroperoxo-ferric intermediates, 
with a predominantly dissociative unproductive 
pathway favored over productive protonation and 
Compound I formation� This hypothesis is also 
consistent with the tenfold increase in the rate of 
cyclohexane carboxaldehyde deformylation, ap-
parently catalyzed by the peroxo-ferric interme-
diate, and not by Compound I [56]� The peroxo-
anion reaction with aldehydes to give a peroxy-
hemiacetal intermediate, followed by homolytic 
scission of the O–O bond, was also invoked to 
explain the mechanism of substrate-assisted 
heme destruction and the faster rate of heme loss 
in the T302A mutant than in the wild-type pro-
tein [306]� The activation of the conversion of a 
p-hydroxybenzene derivative to a hydroquinone 
caused by the T303A mutation in CYP2E1 was 
attributed to a more efficient catalysis of the ipso-

substitution reaction by the hydroperoxo-ferric 
intermediate in the mutant enzyme due to per-
turbed protonation and loss of the Compound I 
pathway [307]� Interestingly, the effects observed 
in these works strongly depended on the sub-
strates, with the kcat increase caused by T303A in 
CYP2E1 varying from 1�1 with 4-fluoro phenol 
to 31 with 4-bromo phenol [307], indicating the 
importance of the electron-withdrawing halogen 
substituents� At the same time, the authors noted 
that this variation may indicate a difference in 
the predominant mechanism in the wild-type and 
CYP2E1 T303A mutant, consistent with the con-
cept of multiple “active oxygen” intermediates in 
P450 catalysis as recently reviewed [308, 309]�

Substrate dependent uncoupling is clearly 
manifested in CYP3A4, which can bind up to 
three substrate molecules such as TST [82, 140, 
310]� Using global analysis of multiple experi-
mental data sets measured under identical con-
ditions, it was possible to resolve the fractional 
contributions of intermediates with one, two, or 
three TST molecules bound to CYP3A4 in the 
overall NADPH consumption and product for-
mation rates� The first binding of steroid sub-
strate to the remote binding site did not result in 
formation of product, but increased the NADPH 
consumption rate by a factor of four, likely due 
to stabilization of the oxy-complex [82] and 
more efficient second electron transfer� Binding 
of the second substrate molecule caused almost 
complete shift to the high-spin state and resulted 
in product formation at almost the maximal rate� 
At the same time, the NADPH consumption rate 
also increased, so that the coupling in this case 
was only 5 %� Binding of the third substrate did 
not change the rate of product formation, but 
improved coupling to ~ 13 % [140]� This non-
trivial dependence of the rate and efficiency of 
CYP3A4 catalysis on the substrate concentration 
demonstrates the complexity of the mechanism 
of oxygen activation with many parameters de-
termining the overall outcome�

The substrate dependence of the oxidase un-
coupling channel in CYP3A4 provided more in-
formation about productive and non-productive 
pathways and the role of the lipid bilayer in the 
overall efficiency of TST hydroxylation [310]� 
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Even in the absence of substrate the oxidase un-
coupling channel accounted for almost 20 % of 
the total oxygen consumption, indicating pos-
sible formation of Compound I in substrate-free 
CYP3A4� At saturating TST concentrations, 
the absolute rate of water production increased 
from 8 to 52 min− 1, or ~ 25 % of the total oxy-
gen consumption, with total peroxide production 
decreasing from 80 to 65 %, and the product-for-
mation rate to 25 min− 1� These results provide a 
rough estimate of the partitioning between pro-
ductive (TST hydroxylation, [6] - > [7] Fig� 3�1) 
and unproductive (water production, [6] - > [2] 
Fig� 3�1) pathways at the Compound I level� In 
this scheme, the ratio k67/k62 = 0.5 gives an esti-
mate of the relative probability of a successful 
catalytic event as Compared to the unproductive 
decay of Compound I with TST as a substrate� 
The same rate of oxidase uncoupling was ob-
served with bromocriptine as a substrate [310], 
although the product formation rate was slower� 
The presence of 30 % anionic lipid 1-palmitoyl-
2-oleoyl-phosphatidylserine improved overall 
coupling and facilitated product formation for 
TST and bromocriptine by a factor of 1�5–2�

Important results on the specific mechanisms 
of uncoupling in CYP101A1 have been obtained 
by Makris et  al� [189] by comparison of the 
G248T and G248V mutants with the wild-type 
protein� The second proton delivery was sig-
nificantly inhibited in both mutants, so that the 
overall NADH consumption rate decreased by 
factors of 4 and 13, respectively� In addition, the 
coupling efficiency (ratio of the product forma-
tion rate to the NADH consumption rate) fell 
from 98 % to 74 % and 28 %� Additional infor-
mation has been provided by comparison of the 
steady-state kinetic parameters measured in H2O 
and D2O� Increased uncoupling in D2O was ob-
served in all cases, but to a different extent, with 
the ratio of the product formation rate constants 
ranging from 1�1 in the wild-type protein to 1�75 
in the G248V mutant� This variation indicates 
that the second proton transfer is at least in part 
rate limiting in the CYP101A1 catalytic cycle; 
otherwise, there would be no apparent difference 
in the steady-state kinetic parameters in H2O and 
D2O� In both the G248T and G248V mutants, 

the steady-state rate of NADH consumption was 
slightly higher in D2O, despite the slower rate of 
product formation in deuterated solvent� This is 
the result of impaired protonation of the peroxo- 
or hydroperoxo-ferric intermediate in D2O and 
redistribution of the reaction flux towards H2O2 
production�

Because the productive pathway of substrate 
metabolism includes protonation steps, it de-
pends on the solvent H/D composition and is 
slower in D2O than in H2O� In contrast, the au-
toxidation and peroxide dissociation rates are 
not as strongly proton-dependent and hence are 
less affected by solvent composition� Therefore, 
P450 catalysis in D2O is usually slower and less 
efficient (more uncoupled) than in H2O� The ob-
servation of an inverse isotope effect is usually 
interpreted as an indication of some mechanistic 
change or different catalytic pathway� This is the 
case in the C–C cleavage reaction catalyzed by 
CYP17A1 [311]� The hydroxylation of pregnen-
olone at C17 proceeds through the common P450 
pathway with Compound I as the catalytic inter-
mediate and thus is proton dependent� In agree-
ment with this mechanism, the KSIE measured 
for this step is small (~ 1�3), as is seen in other 
cytochromes P450� However, a large inverse iso-
tope effect with kH/kD = 0.39 for the second lyase 
step with the 17-hydroxypregnenolone as a sub-
strate, cannot be rationalized using the same cat-
alytic pathway� Analysis of the protonation-de-
pendent and protonation-independent pathways 
(Fig� 3�1) supports the alternative mechanism of 
lyase catalysis via the unprotonated peroxo-fer-
ric intermediate, first proposed by Akhtar [216] 
and still debated in the literature [312]� Unlike 
the regular P450 pathway via Compound I, this 
reaction goes directly from [5] to product and 
does not require proton delivery� A productive 
pathway in such mechanism is not expected to 
show any KSIE� Alternatively, the peroxo-ferric 
intermediate can be protonated and form a hydro-
peroxo-ferric intermediate, which can then dis-
sociate without product formation and contribute 
to proton-dependent uncoupling� Unlike normal 
P450 catalysis via proton-dependent formation 
of Compound I, for the peroxo-driven pathway 
product formation is not proton-dependent, while 
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uncoupling involves protonation of peroxide and 
dissociation of H2O2� As a result, for peroxo-
ferric driven catalysis of the lyase reaction in 
CYP17A1 an inverse KSIE is expected, exactly 
as observed experimentally [311]�

3.10 � Summary

The complex multistep mechanism of oxygen 
activation in P450 represents a finely orches-
trated process in which contributions from mul-
tiple players have to be delivered timely and in 
a proper order� Oxygen activation is necessary 
for accelerating reactions in which dioxygen as 
a free molecule in gas or solution would never 
engage because of very high activation barri-
ers� Considering dioxygen as a reagent, the P450 
cycle (Fig� 3�1) can be viewed as an oxygen acti-
vation process with multiple possible outcomes� 
The most important for living organisms are 
the two pathways that result in oxidative trans-
formations of organic molecules catalyzed by 
heme-oxygen intermediates, Compound I or in 
some cases peroxo-ferric complexes� In an ideal 
system (as in CYP101A1 with camphor) there 
is almost no peroxide production in this path-
way, and all dioxygen consumed in the process 
of P450 catalysis is evenly distributed between 
organic products and water� However, other path-
ways, which do not involve product formation, 
also can be termed “oxygen activation,” because 
ROS are released as a result of formation of su-
peroxide and hydrogen peroxide using electrons 
from NAD(P)H� Taken together, all these path-
ways result in oxygen consumption and represent 
the process of dioxygen activation catalyzed by 
P450� Product and peroxide are produced with 
1:1 stoichiometric consumption of NAD(P)H and 
O2, while the oxidase unproductive pathway has 
2:1 stoichiometry of NAD(P)H/O2�

In order to start the activation of atmospheric 
dioxygen, the heme iron must be reduced to the 
Fe2 + state, to enable oxygen binding and forma-
tion of the oxy-complex of P450� Reduction is 
performed by electron transfer from a protein 
redox partner� The rate of reduction [2]  [3] 
(Fig� 3�1) in most cases strongly depends on the 

presence of a substrate and on the ability of this 
substrate to shift the spin state of ferric cyto-
chrome P450 from low-spin (S = 1/2) to high-spin 
(S = 5/2). Therefore, substrates and their analogs 
significantly facilitate the NAD(P)H consump-
tion and concomitantly the first step of oxygen 
consumption [3]  [4]� In case of fast autoxida-
tion [4]  [2] the efficiency of the productive 
pathway is not high, so the overall effect of the 
presence of substrate may be predominantly ac-
celeration of superoxide production� This is “the 
bad side” of the same coin, which is suggested 
to be especially important for functioning of xe-
nobiotic metabolizing cytochromes P450 in liver, 
because it may cause oxidative damage by ROS 
production in the presence of “poor” substrates 
or substrate analogs that are metabolized with 
high uncoupling� The effect of ROS production is 
more pronounced if both the absolute rates of the 
first electron transfer and autoxidation are high, 
and the efficiency of the productive pathway is 
determined by the ratio of the rates of the second 
electron transfer and uncoupling�

The same logic holds for the second uncou-
pling branching point between protonation of 
Compound 0 and O–O bond heterolysis to give 
Compound I [5]  [6], versus dissociation of per-
oxide [5]  [2]� Again, the higher these rates are, 
the faster the overall O2 consumption and perox-
ide production if the enzyme does not provide 
timely delivery of protons to the distal oxygen 
of the peroxo-ferric complex� Protonation path-
ways are formed by side-chains of functionally 
important residues in the active site, which also 
help to stabilize several water molecules strate-
gically positioned to form the hydrogen-bonded 
network essential for proton transfer towards the 
(hydro)peroxo-anion coordinated to the heme 
iron� The configuration and continuity of this 
proton-delivery network, and hence the rate and 
efficiency of protonation, strongly depend on the 
structure of substrate and it’s positioning and dy-
namics in the vicinity of the heme� Even minor 
variations in the substrate structure can signifi-
cantly perturb the optimal protonation network 
and result in highly uncoupled oxygen consump-
tion with high absolute rates� The same is true for 
mutations of critically important residues, such 



98 I. G. Denisov and S. G. Sligar

as T252A in CYP101A1� On the other hand, the 
D251N mutant in CYP101A1 highlights the role 
of the absolute rate of the first proton delivery in 
determining the overall absolute rate of catalysis 
with no loss of coupling�

This update, in defining the state of our un-
derstanding of P450 “oxygen activation,” has en-
compassed many aspects of the catalytic wheel� 
On the nature of the species responsible for the 
critical transformative event of substrate into 
product, it is clear that there can be more than one 
oxidant operating� For functionalization of unac-
tivated carbon centers, the mechanism most cer-
tainly involves radical chemistry initiated by the 
iron-oxo, Compound I, intermediate� This state is 
generated from the dioxygen bound ferrous heme 
by the input of a second electron and two protons 
that result in the cleavage of the O–O bond of 
atmospheric dioxygen� However, the precursor 
peroxo state can also be reactive in some special 
cases� The transformation of the initial reactants, 
O2, and substrate with redox input is dependent 
on all the steps in the reaction cycle—from sub-
strate binding through product release� The over-
all efficiency of catalysis is dependent on the 
protein's ability to control the critical electron 
and proton input and the position of the substrate 
near the heme active site� With > 104 isozymes 
of P450 present throughout living organisms, this 
enzyme superfamily has clearly learned how to 
control the utilization of atmospheric oxygen and 
the “hot” oxidants generated upon its reduction�
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