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Recently, we reported the spectroscopic and kinetic charac-
terizations of cytochrome P450 compound I in CYP119A1,
effectively closing the catalytic cycle of cytochrome P450-medi-
ated hydroxylations. In this minireview, we focus on the devel-
opments thatmade this breakthrough possible.We examine the
importance of enzyme purification in the quest for reactive
intermediates and report the preparation of compound I in a
secondP450 (P450ST). In an effort to bring clarity to the field,we
also examine the validity of controversial reports claiming the
production of P450 compound I through the use of peroxyni-
trite and laser flash photolysis.

A significant amount of research in the field of bioinorganic
chemistry is focused on discerning the intimate details of
enzyme catalysis. Critical to these efforts is the preparation of
reactive intermediates that form the stations of the catalytic
cycle of an enzyme. The study of these transient species is
driven by the hope that insights gleaned from their electronic,
structural, and kinetic characterizations will guide the design of
next-generation catalysts or point the way to inhibitors that
could serve as drugs for a variety of maladies. Although a thor-
ough characterization of all the intermediates in a catalytic
cycle is required for a detailed dissection of the catalytic mech-
anism, there are certain species that have special significance
and, as such, are considered high-value targets for characteriza-
tion. These species are generally the highly reactive intermedi-
ates that are ultimately responsible for the most important, dif-
ficult, or chemically interesting transformation in the catalytic
mechanism.
Recently, we reported the capture and characterization of

one of themost highly sought intermediates in biological chem-
istry, P450 compound I (P450-I)4 (1). This iron(IV)-oxo (or fer-
ryl) radical species (7 in Fig. 1) had long been thought to be the
principal intermediate in cytochrome P450 catalysis, but due to
its highly reactive nature, it had eluded definitive characteriza-
tion for over 40 years. The existence of P450-I was postulated

based on the observation of a “shunt pathway” (Fig. 1) allowing
the oxidation of substrates through the use of oxygen donors
such as hydrogen peroxide and meta-chloroperbenzoic acid.
These oxidants were known to generate high-valent iron-oxo
species in heme peroxidases (2, 3), suggesting that a similar
intermediate might be involved in P450 catalysis. However, 4
decades worth of searching for the elusive P450-I had led to
questions about not only its competence as a hydroxylating
agent but also its role in P450 catalysis (4–6).
Our investigations confirmed the existence and the reactive

nature of the intermediate. P450-I is capable of hydroxylating
unactivated C–H bonds with the remarkable rate constant of
1 � 107 M�1 s�1 (1). Kinetic isotope effects support a mecha-
nism in which P450-I abstracts hydrogen from substrate, form-
ing an iron(IV)-hydroxide complex that rapidly recombines
with substrate to yield hydroxylated product (7–9 in Fig. 1) (1,
7, 8). An important and perhaps underappreciated conse-
quence of this kinetic result is that it cements the role of P450
compound II (P450-II) (8 in Fig. 1) in P450 catalysis: the inter-
mediate is directly involved in substrate oxidation (9, 10). In
what follows, we highlight the developments that led to the
capture and characterization of the elusive P450-I and review
insights gained fromour electronic and structural characteriza-
tions of compounds I and II.
This minireview also seeks to address recent (and controver-

sial) reports of stable (i.e. relatively unreactive) preparations of
P450-I (4, 6, 11–15). These reports are surprising, given the
highly reactive and historically elusive nature of P450-I (1, 5).
The authors of these studies have argued the need for a new/
alternative oxidant in the catalytic cycle. These preparations of
unreactive P450-I are reportedly obtained through an unusual
process involving the use of peroxynitrite and laser flash pho-
tolysis (PN/LFP).We analyze the ability of the PN/LFPmethod
to generate P450-I, hopefully bringing some clarity to the
debate.

Closing the Cycle: The Quest for Compound I

The general paradigm for P450-catalyzed substrate hydrox-
ylations is shown in Fig. 1 (16, 17). The first step involves the
binding of substrate to the resting low-spin ferric enzyme (1).
This binding induces structural changes, which often, but not
always, (16), manifest themselves in the dissociation of the dis-
tally coordinated water and the conversion of the heme from
low to high spin (2). These substrate-induced structural
changes facilitate reduction of the ferric enzyme (18), allowing
delivery of the first electron to generate the ferrous substrate-
bound form of the enzyme (3). Dioxygen then binds to the
ferrous heme, forming a species that is best described as a ferric
superoxide complex (4). The subsequent reduction of this spe-
cies forms a ferric peroxo species (5), which is protonated at the
distal oxygen to generate a ferric hydroperoxo complex (6). The
delivery of an additional proton to the distal oxygen cleaves
the O–O bond, yielding compound I (7) and a water molecule.
Compound I then abstracts hydrogen from substrate to yield
compound II (8) and a substrate radical, which rapidly recom-
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bine to yield hydroxylated product and ferric enzyme (9).
Hydroxylated product then dissociates, and water coordinates
to the heme to regenerate the resting ferric enzyme (1).
P450-I has not been observed under turnover conditions, but

it can be generated transiently via the peroxide shunt using
oxidants such as meta-chloroperbenzoic acid (m-CPBA) (19–
21). Traditionally, however, the yields in these experiments
have been too low (�5%) to facilitate characterization by more
advanced spectroscopic techniques. As a result, a number of
ingenious experiments have been designed in attempts to cir-
cumvent the reactive nature of P450-I. These efforts have gen-
erally sought tomakeC–Hbond activation (as opposed to com-
pound I formation) rate-limiting. It is in this vein that
researchers have employed cryogenic reduction techniques to
deliver the reducing equivalent that triggers P450-I formation.
In these experiments, the ferrous oxy form of the enzyme is
reduced radiolytically, at cryogenic temperatures, by exposure

to 60Co (22–25), 32P (26), or synchrotron radiation (27). Reduc-
tion of the oxy complex yields a ferric peroxo species, which can
be annealed at higher temperatures to allow for proton delivery,
cleavage of the O–O bond, and P450-I formation. This tech-
nique has been coupledwith electron nuclear double resonance
spectroscopy and x-ray crystallography in hopes of obtaining
electronic and structural characterizations of the intermediate
(22–27). These experiments provided clear evidence for cleav-
age of the dioxygen bond (i.e. the presence of hydroxylated
product). However, P450-I did not accumulate to detectable
amounts.
Investigators have also sought the use of flash-quench tech-

niques, in which a laser pulse triggers the rapid reduction or
oxidation of an active site of an enzyme. The ideawith reductive
flash-quench (as with cryogenic reduction) is to deliver the
electron that triggers compound I formation. The source of
electrons in these experiments is a photoactive redox agent that

FIGURE 1. General paradigm for P450-catalyzed hydroxylations. The first step involves the binding of substrate to the resting low-spin ferric enzyme (1).
This binding induces structural changes, which often, but not always, manifest themselves in the dissociation of the distally coordinated water and the
conversion of the heme from low to high spin (2). These substrate-induced structural changes facilitate reduction of the ferric enzyme, allowing delivery of the
first electron to generate the ferrous substrate-bound form of the enzyme (3). Dioxygen then binds to the ferrous heme, forming a species that is best described
as a ferric superoxide complex (4). The subsequent reduction of this species forms a ferric peroxo species (5), which is protonated at the distal oxygen to
generate a ferric hydroperoxo complex (6). The delivery of an additional proton to the distal oxygen cleaves the O–O bond, yielding compound I (7) and a water
molecule. Compound I then abstracts hydrogen from substrate to yield compound II (8) and a substrate radical, which rapidly recombine to yield hydroxylated
product and ferric enzyme (9). Hydroxylated product then dissociates, and water coordinates to the heme to regenerate the resting ferric enzyme (1).

MINIREVIEW: Reactive Intermediates in P450 Catalysis

JUNE 14, 2013 • VOLUME 288 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 17075



can be attached to the substrate via a hydrocarbon tether or
covalently linked through modification of a non-native cys-
teine. Although electron injection by reductive flash-quench
should be fast enough to make C–H bond activation rate-lim-
iting, the successful generation of P450-I by this technique has
yet to be reported. Instead, researchers have had limited success
using the oxidative route. The rapid removal of one electron
from the P450 active site effectively runs the catalytic cycle in
reverse, generating compound II (an iron(IV)-hydroxide spe-
cies) from ferric enzyme. As with reductive flash-quench, how-
ever, the technique has yet to yield P450-I (28, 29).
In efforts to prepare P450-I by slowing the decay of the inter-

mediate, researchers have turned to the use of “slow” sub-
strates. These substrates are compounds that have their tar-
geted hydrogen atoms replaced by fluorines. In theory, this
substitution should allow for preparation of the intermediate in
high yield, as C–F bonds are not activated by P450-I. However,
studies with these fluorinated compounds have found that
P450-I either oxidizes alternative (non-fluorinated) positions
on the substrate or decays through nonproductive uncoupling
(30, 31).
Amazingly, despite these and other intense efforts (32), the

capture and characterization of P450-I remained an unobtain-
able goal in biological chemistry. Indeed, a recent review on the
enigmatic nature of P450-I noted that, despite 45 years of effort
by the P450 community, the same questions remain: does
P450-I exist, and how does it oxidize substrates? It was con-
cluded that the quest for the elusive intermediatewould require
new and improvedmethods of preparation and detection com-
bined with theoretical simulations (5).
Given this background, what is remarkable about the suc-

cessful capture of P450-I is that the feat did not require any
great advancement in technology. In the end, it did not require
slow substrates, cryogenic reduction, or the use of flash-quench
methods. Likewise, no improvements in rapid mixing or freez-
ing techniques were necessary. The key to our success was sim-
ply enzyme purification (1). In what follows, observations that
led to the eventual capture and characterization of P450-I will
be discussed. In doing so, we hope to draw attention to what
may be an underappreciated concern in the quest for reactive
intermediates: the presence of endogenous substrates.

Importance of Enzyme Purification in the Quest for
Reactive Intermediates

In an effort to resolve a debate concerning the UV-visible
spectrumof compound I in CYP119A1 (13, 20, 33), a P450 from
the thermophilic organism Sulfolobus acidocaldarius (34–36),
we noticed that the yield of P450-I in stopped-flow reactions
was variable. Some enzyme preparations produced no com-
pound I, whereas others would yield as much as 10%. Impor-
tantly, the protein used in these experiments was deemed to be
of high purity based not only on its Reinheitszahl value (i.e. Rz or
purity ratio of A416 nm/A280 nm) but also on an SDS-polyacryl-
amide gel. Purification was performed according to an estab-
lished protocol, which involved heat denaturation and ammo-
nium sulfate fractionation followed by size exclusion and ion
exchange chromatographies (34).
Although the variable yields of P450-I in stopped-flow exper-

iments were confusing, it seemed possible to justify them in
terms of experimental variation/error (e.g. variable equivalents
of protein and/or oxidant combined with variable levels of pro-
tein activity in different growth batches). A breakthrough came
when a buffered solution of “purified” thermophilic enzyme
turned cloudy after several days at �25 °C. Centrifugation of
this suspension resulted in protein that could generate asmuch
as 40% compound I. This observation suggested that there was
a route to increased compound I yields. After careful analysis, it
was determined that the enzyme used in our stopped-flow
experiments had a mixture of contaminating small molecules
bound to its active site. The presence of these endogenous spe-
cies hindered compound I formation and expedited its decay.
GC/MS analysis of protein purified according to the estab-

lished protocol (EP-CYP119A1) revealed that the enzyme con-
tains a distribution of fatty acids (C12, C14, C16, and C18) bound
at its active site. Although the binding of these endogenous
substrates shows little, if any, spectroscopic signature, their
presence can strongly (if not completely) suppress compound I
formation (Fig. 2A). Over 80% of these contaminating fatty
acids can be removed through additional ion exchange chroma-
tography (1). The highly purified protein (HP-CYP119A1)
obtained from this process shows an �10-fold increase/de-
crease in the rate constants for compound I formation/decay,
allowing for the preparation of P450-I in high (�75%) yields

FIGURE 2. Effect of purification on compound I preparation. See text for a discussion of the EP (purified) and HP (highly purified) labels. A, spectrum of
EP-CYP119A1 (black) and a spectrum taken (at maximum formation of P450-I) during the reaction of EP-CYP119A1 with 2 eq of m-CPBA at 4 °C (blue).
Compound I is formed in very low yield. B, spectrum of HP-CYP119A1 (black) and a spectrum taken (at maximum formation of P450-I) during the reaction of
HP-CYP119A1 with 2 eq of m-CPBA at 4 °C (blue). Compound I can be produced in up to �75% yield. C, overlay of HP-CYP119A1 (red) and EP-CYP119A1 (black).
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(Fig. 2B). Fig. 2C shows that there is very little difference
between the UV-visible spectra of EP- and HP-CYP119A1.
Removing the fatty acids from CYP119A1 red shifts the Soret
maximum by �1 nm.

Preparation of Compound I in a Second P450 (P450ST)

Given our success in preparing compound I in CYP119A1,
we looked for another P450 system that might yield the elusive
intermediate following extensive purification.We turned to the
thermophilic enzyme P450ST (CYP119A2) from Sulfolobus
tokodaii. This P450 has 64% sequence identity to CYP119A1
but was reported to have an unusual third Q-band in its visible
absorption spectrum (37). We also observed an additional
absorption in the Q-band region during the preliminary stages
of protein purification (after heat denaturation and ammonium
sulfate fractionation). However, this absorption was due to an
unknown contaminating species, which was eliminated com-
pletely using tangential flow filtration.
Following tangential flow filtration, initial ion exchange

chromatography results in P450ST that appears to be of high
purity based on SDS-PAGE and its Rz of �1.65. However,
P450ST at this stage of purification yields little, if any, com-
pound I (�10% depending on the growth batch). As with
CYP119A1, GC/MS analysis revealed the presence of a distri-
bution of fatty acids bound to the enzyme. The distribution in
P450ST is slightly different, predominantly amixture of C16 and
C18. The majority of these endogenous substrates can be
removed through an additional chromatographic step (1). This
highly purified protein results in enzyme preparations that
yield �65% P450ST-I. In Fig. 3, spectra obtained from EPR and

Mössbauer measurements on this species are shown in com-
parison with those obtained for CYP119A1-I.
We note that the observation of endogenous substrates in

what might be considered “pure” protein is not unique to the
systems reported here. The crystal structures of P450BS� and
P450BS� both contain fatty acids, even though no substrates
were added to the purified enzyme (38, 39), and similar obser-
vations have been made for human microsomal CYP2CA (40).
Furthermore, it seems unlikely that this phenomenon is unique
to P450s. The rupture of the cell(s) of an organism during the
course of enzyme purification releases myriad small molecules,
many of which are poorly soluble. These species can find refuge
in the hydrophobic cavities of enzymes, where they can inter-
fere by blocking substrate access, altering proton transfer path-
ways, and modifying reduction potentials.

Compound II: An Underappreciated Partner in C–H Bond
Activation

An important aspect of ourwork on P450-I is that it confirms
that the rebound mechanism is operative in P450-mediated
substrate hydroxylations, thereby cementing the role of com-
pound II in C–H bond activation. This means that the funda-
mental physical parameters of compound II play a role in deter-
mining the cleavage of the C–H bond (9, 10). To understand
this, it is helpful to consider the factors that govern C–H bond
activation in this system.
Mayer has written extensively on hydrogen atom abstraction

by metal-oxo complexes. Building on the work of Evans,
Polanyi, and Bordwell, he has shown that ground state thermo-
dynamics (the energy difference between theC–Hbond broken

FIGURE 3. Comparison of the EPR (left) and Mössbauer (right) spectra of CYP119A1-I and P450ST-I. Mössbauer spectra were recorded at 4.2 K with a
54-millitesla field oriented parallel to the �-beam. Mössbauer spectra were obtained by subtracting contributions of ferric enzyme (30 and 35%, respectively)
from the raw data. Fits of the Mössbauer data (shown in red) yield the following parameters: P450ST-I, �EQ � 0.85 mm/s and � � 0.12 mm/s; and CYP119A1-I,
�EQ � 0.90 mm/s and � � 0.11 mm/s. The EPR spectra were obtained as reported previously (1). Fits of the P450ST-I EPR data indicate �J/D� � 1.3 and g � 1.95,
1.84, and 1.99, in good agreement with the values reported previously for CYP119A1-I (1).
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and theO–Hbond formed) is generally sufficient to understand
reactivity in these systems (41, 42). The strength of the O–H
bond in compound II is determined by the one-electron reduc-
tion potential of compound I and the pKa of compound II
(Equation 1).

D�O–H� � 23.06 � Ecomp-I
0 � 1.37 � pKa�comp-II� � 57.6 � 2 kcal/mol

(Eq. 1)

It has been shown that the P450 thiolate-ligated heme pro-
motes basic iron(IV)-oxo or ferryl species. P450-II is best
described as an iron(IV)-hydroxide complex)pKa 	 8) (10,
43–47). Equation 1 and the elevated pKa observed in P450-II
suggest a critical role for the unusual P450 thiolate ligand: to
promote C–H bond activation at biologically viable reduction
potentials (9, 10).

Peroxynitrite: A Panacea for Compound II Formation?

Interest in the preparation and characterization of P450-II
leads one naturally to PN and the debate surrounding its use in
P450s. In 2000, Ullrich and co-workers (48) reported the for-
mation of what appeared to be a ferryl species during the PN-
driven inactivation of P450BM3. The PN-generated species,
which had a UV-visible spectrum similar to that of chloroper-
oxidase compound II (49), was relatively stable, decaying at an
apparent rate of 0.08 s�1 (half-life of �9 s). These results sug-
gested that PN could be used to prepare P450-II in high yield,
and our group and others sought to use the technique for this
purpose. Importantly, however, a thorough spectroscopic char-
acterization of the PN-generated species revealed that it is not a
ferryl intermediate (50).
The reaction of PN with P450s generates a ferric nitrosyl

complex on the time scale of stopped-flow and freeze-quench
reactions (50). Compound II does not accumulate to an appre-
ciable degree. The Mössbauer, UV-visible, and resonance
Raman spectra of the PN-generated intermediate match those
of a ferric nitrosyl complex. Importantly, high-field Mössbauer
measurements reveal that the PN-generated species is S � 0, as
expected for an {FeNO}6 complex, but inconsistent with an
authentic S � 1 iron(IV)-oxo (or hydroxide) species (50).

Unreactive Preparations of P450-I: Will the Real
Compound I Please Stand up?

We now examine reports of PN/LFP being used to generate
stable and unreactive preparations of P450-I (4, 6, 11–15).
These reports have led to considerable confusion about the sta-
tus of compound I and its role in P450 catalysis (51). The idea
behind the PN/LFP method was that PN could be reacted with
ferric enzyme to generate compound II, which could then be
oxidized using LFP to yield compound I. The problemwith this
method is that there is no evidence that the reaction of PNwith
ferric P450 yields compound II on the time scale of the LFP
experiments. As noted above, the reaction of PN with ferric
P450 generates a ferric nitrosyl complex (50). It is not possible
to generate compound I from a ferric nitrosyl complex using
LFP.
The first report of the PN/LFP method being used to gener-

ate P450-I appeared in 2006, when the technique was purport-

edly used to prepare compound I in CYP119A1 (12). The
PN/LFP-generated intermediate was reported to be relatively
stable and unreactive toward lauric acid, even under saturating
conditions. In a 2008 study, the rate constant for the reaction
with lauric acid was revised to 0.8 s�1. It was in this study that
proponents of the PN/LFP method first questioned the gener-
ally accepted UV-visible spectrum of P450-I (13). They did so
because their PN/LFP-generated samples lacked a species pos-
sessing the well known spectrum of the intermediate.
The spectrum of P450-I had been previously reported by

Ishimura et al. (P450cam) (19) and Sligar et al. (CYP119A1)
(20). In both cases, the intermediate was generated in low yield
by reacting ferric enzyme with m-CPBA, and the spectrum of
P450-I was obtained using global analysis techniques. Both
P450-I spectra show great similarity to the well known spec-
trum of chloroperoxidase compound I (52), a thiolate-ligated
heme protein that has often served as a model system for P450.
Importantly, nothing resembling these spectra was produced
from the PN/LFP experiments. As a result, proponents of the
PN/LFP technique argued that the previously reported P450-I
spectra were flawed, suggesting that they were obtained
through the improper use of global analysis fitting routines.
They argued that the results obtained fromglobal analysis tech-
niques are highly dependent upon the initial guess for rate con-
stants and that previous investigators used P450-I decay rates
that were too high because they were biased by knowledge of
the chloroperoxidase compound I spectrum (13). Proponents
of the PN/LFP technique claimed that the real spectrum of
P450-I was almost identical to that of ferric enzyme. Indeed, in
a 2009 article (4), they wrote, “The UV spectra, and especially
the Soret absorbances, of the P450 compounds I are similar to
the UV-visible spectra of resting enzymes. This similarity is
undoubtedly one of the major difficulties in attempting to
detect Compound I under turnover conditions or in reactions
of the enzymes with chemical oxidants.”
Over the course of 2009, several articles on the ferric-looking

P450-I intermediate were published, some even reporting its
quantitative production in P450BM3 and CYP119A1 (4, 6, 14,
15). These species were reported to be reactive but not overly
so: oxidizing benzyl alcohol at a rate of 4 s�1 at 22 °C. The
sluggish reactivity of the PN/LFP-generated species led to the
call for an alternative oxidant in the catalytic cycle, one that was
more oxidizing than the sluggish PN/LFP-generated P450-I.
In an effort to provide clarity to the debate, we sought to

obtain the UV-visible spectrum of P450-I from stopped-flow
data via model-independent methods (33). Singular value
decomposition and target testing provided a parameter-free
P450-I UV-visible spectrum that was in excellent agreement
with those reported previously by Ishimura et al. (19) and Sligar
et al. (20). Importantly, no assumptions about reaction kinetics
were required to obtain the spectrum. The implications are
clear. The PN/LFP-generated species is not P450-I. This result
was confirmed during our most recent investigation of P450-I,
in which we were able to prepare the intermediate in �75%
yield, obtaining its definitive characterization via Mössbauer,
EPR, and UV-visible spectroscopies (1).
In 2010, a forum in Inorganic Chemistry (33) noted, “What is

required is a thorough spectroscopic characterization of the
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LFP-generated species. Given the reported quantitative yields
and exceedingly long lifetimes, the LFP-generated species
would seem ripe for spectroscopic characterization. Möss-
bauer, electron paramagnetic resonance, and resonance Raman
spectroscopies, in particular, would provide significant insights
into the nature of the LFP-generated species. We await these
spectroscopic reports.”
To date, no convincing spectroscopic evidence has been pre-

sented for the existence of a PN/LFP-generated P450-I species.
Still, reports of the method’s use continue to appear in the lit-
erature, with the most recent report appearing during the writ-
ing of this minireview (53). We briefly examine a troubling (yet
insightful) aspect of this recent work. In it, Newcomb and co-
workers (53) presented the UV-visible spectrum of the species
generated by the PN/LFPmethod. They assigned this spectrum
to P450-I. To support this claim, they overlaid a P450-I refer-
ence spectrum, obtained from the reaction of m-CPBA with
ferric enzyme. Fig. 4A shows the data and reference spectrum
extracted from Fig. 1C of Ref. 53. At first glance, it appears that
there is good agreement between the P450-I reference spec-
trum and the spectrum of the PN/LFP-generated species, but,
upon closer inspection, it is clear that the PN/LFP-generated
species lacks Q-band absorbance features that are the hall-
marks of P450-I.
TheQ-bands are the absorption bands that can be seen in the

reference spectrum between �500 and 700 nm, but they are
clearly absent in the raw data (Fig. 4A). The most prominent of
the P450-I Q-bands is known to appear at �690 nm and is
thought to be responsible for the green color of P450-I (1, 19,

20). It is also noteworthy that the 690 nm band cannot be seen
in the spectrum shown in Fig. 1B of Ref. 53, which the authors
reported could be decomposed into 50% P450-I, 15% P450-II,
and 35% ferric enzyme. The lack of a 690 nm band in the raw
data of Ref. 53 is troubling.
Additionally, the P450-I reference spectrum used in Ref. 53

appears to be blue-shifted by �12 nm. To examine the matter
further, an analog-to-digital program (GraphClick v3.0.2, Ari-
zona Software) was used to extract the spectra from Fig. 1C of
Ref. 53. Upon plotting the extracted raw data, one observes that
itsmaximumabsorbance is centered at�355 nm.This is a clear
indication that the spectral assignment in Ref. 53 is in error.
P450-I has a maximum absorbance at �367 nm (1, 19, 20, 33,
52). This can be seen in Fig. 4B, in which the data from Fig. 1C
of Ref. 53 are plotted with an actual (unshifted) P450-I spec-
trum (shown in red) (1). It is clear that the spectrum produced
by the PN/LFP method does not belong to P450-I.
In closing the subject, it is interesting to note the use of a

shifted P450-I spectrum by Newcomb and co-workers (53) as
their reference and not the ferric-like spectrum that they have
argued for previously. One wonders about the implications for
their previous work (4, 6, 11–15). Furthermore, given that the
PN/LFP technique does not yield P450-I, it would appear to be
difficult to follow P450-I reaction kinetics using this method (4,
6, 11–15).

Conclusion and Outlook

Enzyme purification is key to the preparation of reactive
intermediates. Fatty acids have been found to occupy the active
sites of a number of purified P450s. In CYP119, the presence of
these small molecules hinders the formation and expedites the
decay of compound I. Removal of these endogenous substrates
through extensive enzyme purification allows for the prepara-
tion of P450-I in high yield. Importantly, P450-I prepared in this
manner can be reacted directly with substrate, allowing
researchers to avoid the limitations of steady-state kinetics. The
use of transient techniques has the potential to provide unprec-
edented insight into a number of P450-mediated oxidations.
However, the subset of P450s that is amenable to this treatment
is unknown. Significant effort has been devoted only toward the
thermophilic enzymes discussed here.
Finally, consider that this is not the first time that endoge-

nous reductants have masked or interfered with the formation
of high-valent intermediates in heme systems. Indeed, the first
intermediate identified in the reaction of horseradish peroxi-
dase with hydrogen peroxide was compound II (54). It was not
until 4 years later, in 1941, that the observation of compound I
was reported (54). In 1976, Dunford and Stillman (54) wrote,
“Work on all peroxidases has been hampered by the spontane-
ous decay of both compound I and compound II, particularly
the former, a problemwhich can be circumvented today only by
careful work on pure enzyme samples.” Given this history and
the observation of bound substrates in the crystal structures of
purified P450s, it is interesting to think that the stagewas set for
the isolation of P450-I at least a decade ago. Hindsight is always
20/20.

FIGURE 4. A, data (black) and shifted reference spectrum (gray) from Fig. 1C of
Ref. 53. Spectra were extracted using an analog-to-digital program. B, com-
parison of the spectrum of the PN/LFP-generated species in CYP119A1 (black)
(data from Fig. 1C of Ref. 53) with an authentic CYP119A1 P450-I reference
spectrum (red) (1).
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