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Abstract

Since the discovery of cytochromes P450 and their assignment to heme proteins a reactive iron-oxo intermediate as the hydroxylating
species has been discussed. It is believed that the electronic structure of this intermediate corresponds to an iron(IV)–porphyrin-p-cation
radical system (Compound I). To trap this intermediate the reaction of P450 with oxidants (shunt pathway) has been used. The common
approaches are stopped-flow experiments with UV–visible spectroscopic detection or rapid-mixing/freeze-quench studies with EPR and
Mössbauer spectroscopic characterization of the trapped intermediate. Surprisingly, the two approaches seem to give conflicting results.
While the stopped-flow data indicate the formation of a porphyrin-p-cation radical, no such species is seen by EPR spectroscopy,
although the Mössbauer data indicate iron(IV) for P450cam (CYP101) and P450BMP (CYP102). Instead, radicals on tyrosine and tryp-
tophan residues are observed. These findings are reviewed and discussed with respect to intramolecular electron transfer from aromatic
amino acids to a presumably transiently formed porphyrin-p-cation radical.
� 2005 Elsevier Inc. All rights reserved.
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Oxygen—‘‘the elixir of life,’’ first recognized in the late
16th century by Michael Sendivogius, a Polish alchemist,
philosopher, and medical doctor, and about 150 years lat-
er again discovered independently by the Swedish phar-
macist Carl Wilhelm Scheele and the English theologian,
philosopher, and researcher Joseph Priestley—is a fasci-
nating element. In binding with itself to form molecular
oxygen it reveals a significant multiface behavior. Fifty
years ago it was Osamu Hayaishi who showed for the first
time that an enzyme (pyrocatechase) is involved in cata-
lyzing the incorporation of two atoms of molecular oxy-
gen into an organic compound and he termed such
enzymes oxygenases [1]. Around that time many in vivo
studies on drug/steroid metabolism were performed [2],
culminating a few years later in the discovery of the
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responsible monooxygenase enzyme cytochrome P450
[3,4]. Since these enzymes have been assigned to a heme
protein [5,6] the existence of a highly reactive iron-oxo
intermediate is discussed. It is amazing how this discus-
sion has continued and even increased over the past 50
years. The reason is probably that this species is so
short-lived and therefore very difficult to analyze. At-
tempts to trap this intermediate resulted in controversial
findings. Suggestions about the chemical and electronic
structure came from metal porphyrin studies and from
the peroxidase field [7,8], where this intermediate is called
Compound I (cpd I). In particular, the analogy to chlor-
operoxidase from Caldariomyces fumago (CPO) suggested
that cpd I in P450 should be characterized by an iron(IV)
and a porphyrin-p-cation radical.

Seven years ago we entered into the field with the vision
of proving this suggestion by a rapid-mixing/freeze-quench
technique and of characterizing the putative cpd I of
P450cam by EPR and Mössbauer spectroscopy. To our
surprise, these studies revealed that instead of the porphy-
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Fig. 1. The heme-based reaction cycle for cytochrome P450, indicating the shunt pathway and the iron-oxo intermediate that is involved in the tyrosine
and tryptophan radical formation as side reaction. The uncoupling H2O2 and O2

� reactions are also indicated.
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rin radical, a tyrosine radical was formed, although
iron(IV) is seen when this species is produced in the reac-
tion of ferric P450cam with external oxidants within the
so-called shunt pathway [9] (Fig. 1). In the present paper,
we review the main results of these studies on cytochromes
P450 and make the comparison to CPO and nitric oxide
synthase (NOS) which both form together with P450 the
class of thiolate heme proteins. It will be shown that in
the light of analogous studies on many other heme proteins
performed by several laboratories in the recent years the
existence of intermediate protein radicals in P450 is not
as surprising as originally thought and might be a general
phenomenon in heme-based oxygenases.

The cytochrome P450 reaction cycle

The reaction cycle of P450 (Fig. 1) [10] starts with bind-
ing the substrate to the heme protein. The next step is the
reduction of the heme iron by electron transfer from
NAD(P)H via the redox proteins (flavin protein, iron–sul-
fur protein). In a subsequent step the reduced heme iron
binds molecular oxygen. The dioxygen complex accepts a
second electron with synchronous or subsequent attach-
ment of a proton to the oxygen ligand. This intermediate
dioxygen species quickly decomposes by splitting the
OAO bond and by releasing a water molecule. Thus a high-
ly reactive iron-oxo species (cpd I) is formed, which is as-
sumed to hydroxylate the substrate. This iron-oxo
intermediate can also be produced by reaction of the heme
enzyme with external oxidants such as peracids, peroxides,
and iodosobenzene (shunt pathway), for which substrate
conversion was been observed already in the early 70th
[11]. This strongly suggests that the intermediate formed
with external oxidants may be identical with that formed
in the natural reaction cycle via the dioxygen complex
and may justify producing cpd I by the shunt pathway
for further characterization.

Chloroperoxidase as reference protein

So far, there are two main approaches to identifying the
intermediate: (i) the stopped-flow technique taking the
heme UV–visible spectrum for detection and (ii) the ra-
pid-mixing/freeze-quench technique using EPR and Möss-
bauer spectroscopy for characterization of the trapped
intermediate. For both approaches CPO is taken as a refer-
ence. When CPO is mixed in stopped-flow experiments
with an oxidant such as H2O2, peroxyacetic acid (PA), or
meta-chloroperbenzoic acid (mCPBA), a green-colored
cpd I is formed, which shows a UV–visible absorption
spectrum after several milliseconds, characterized by a
broad Soret band around 370 nm and a weak but signifi-
cant long-wavelength band at �680 nm [12,13]. This spec-
trum is characteristic of a porphyrin-p-cation radical,
very well known from iron porphyrin model complexes
[8]. EPR (9.6-GHz) and Mössbauer spectroscopic studies
on CPO samples obtained by rapid-mixing with PA and
freeze-quenching [14] identified cpd I as an Fe(IV)@O (spin
S = 1) and porphyrin-p-cation radical (spin S 0 = 1/2),
where both spins couple antiferromagnetically. The EPR
spectrum of cpd I in CPO produced with peracids has g-
values gi = 2 and g^ = 1.75. The Mössbauer study gives
an isomer shift of d = 0.14 mm s�1 and a quadrupole split-
ting of DEQ = 1.02 mm s�1. The Fe@O stretch vibration of
CPO cpd I lies at 790 cm�1, as determined by resonance
Raman spectroscopy [15]. Similar values have been found
for porphyrin iron-oxo species [16]. One-electron reduction
of cpd I reduces the porphyrin radical but leaves the ferryl
state of the Fe(IV)@O moiety unchanged. This species is
called Compound II (cpd II). The Fe@O distance of CPO



Fig. 2. The 9.6-GHz EPR spectra of CPO, P450cam wild-type, P450cam-
Y96F, P450BMP, iNOSox, and nNOSox. All samples were freeze-
quenched after 8 ms reaction with peroxy acetic acid. Experimental
parameters: T = 20 K; microwave power 80 lW; microwave frequency
9.64 GHz; modulation amplitude 0.5 mT; modulation frequency 100 kHz
[9,25–28,37].
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cpd II has recently been determined by EXAFS studies to
be 1.82 Å [17].

Attempts to detect Compound I in P450

Stopped-flow experiments with oxidants similar to those
described above for CPO have also been performed on
P450cam (CYP101) [18] and on thermostable CYP119
[19] with the shortest times for detection being 6 and
2 ms, respectively, using mCPBA as oxidant. In contrast
to CPO, the spectrum of an intermediate was only resolved
after treatment of a set of spectra at different time points
using the single-value decomposition method. It turned
out that one single-value component, representing 2–3%
of the spectral change, shows a pattern resembling that ob-
served for CPO cpd I. This result has been taken as a proof
that a porphyrin-p-cation radical is also formed in P450.
On the other hand, Pederson et al. [20], Wagner et al.
[21], and Sligar et al. [22] reported optical spectra of an
intermediate in the reaction of P450cam with peroxyacetic
acid, also obtained by stopped-flow studies with the same
time resolution and at subzero (centigrade) temperatures,
that do not match the spectra discussed above, probably
because of the missing single-value decomposition analysis.
Recently, the kinetics of the formation of an intermediate
in the reaction of H2O2 as well as mCPBA with substoi-
chiometric oxidant concentrations has been studied also
with P450cam in the absence and presence of substrates
[23]. For the substrate-free protein the rate for the reaction
with H2O2 decreases with increasing pH, suggesting that a
protonation/deprotonation equilibrium of (presumably)
Tyr96 should assist intermediate formation. Replacing this
tyrosine by alanine removes the pH effect. Very recently, it
has been argued, based on stopped-flow studies with UV–
visible detection, that the pH value might significantly
affect the kinetics and therefore the steady state concentra-
tion of a cpd I species in P450cam. Thus the concentration
of the cpd I porphyrin radical species as the important elec-
tronic entity under reaction conditions might be very low at
low pH [24].

Considering only the results of the stopped-flow experi-
ments one might conclude that P450 behaves like CPO.
The puzzle began with the rapid-mixing/freeze-quench
experiments that we performed first with P450cam from
Pseudomonas putida (CYP101) [9] and later on with other
thiolate heme proteins [25–27].

Trapping the intermediate of P450cam by rapid-mixing/

freeze-quench experiments

Equal volumes of a P450 solution and of an oxidant
solution (i.e., PA) are rapidly mixed in a rapid-mixing/
freeze-quench apparatus, allowing reaction times from
8 ms up to some seconds. The reaction mixture is quenched
by spraying into a cold fluid isopentane bath at
T = �110 �C, and the frozen material thus obtained is
packed at the bottom of an EPR tube and a Mössbauer
cup using a packing rod made of Teflon. For this purpose
a quartz tube and a Teflon cup for the 9.6-GHz EPR and
the Mössbauer studies, respectively, are connected to a fun-
nel which is completely immersed into the isopentane bath.
For the preparation of the samples for the 94-GHz EPR
instrument we have constructed a specific setup [28] that al-
lowed collecting a few grains of freeze-quenched material in
a fragile quartz sample tube.

The results on the bacterial cytochrome P450cam from
P. putida (CYP101) (P450cam) using this technique were
initially very surprising. In contrast to the 9.6-GHz EPR
spectrum of the freeze-quenched cpd I of CPO with
gi = 2 and g^ = 1.75 (Fig. 2), which is characteristic for a
porphyrin-p-cation radical (S 0 = 1/2) that couples antifer-
romagnetically with the iron(IV) (S = 1) [14], a signal at
g � 2 with a slight hyperfine structure of the 9.6-GHz sig-
nal has been observed for wild-type P450cam, besides the
signals of the heme iron low-spin state of the start material
(Fig. 2) [9]. The same signals are observed when mCPBA is
used as oxidant [28]. In fact, early freeze-quench studies on
P450cam and mCPBA by Wagner and Gunsalus [29]



Fig. 3. Molecular structure of the tyrosine radical with atomic numbering
(inner numbers) and spin densities (outer numbers) [35]. The indicated g-
tensor axis system is collinear with the molecular axis system [63]. The
lower sketch indicates the model for the intramolecular electron transfer
leading to the amino acid radicals.

Fig. 4. The 94-GHz EPR spectra of P450cam wild-type, P450cam-Y96F,
P450BMP, iNOSox, and nNOSox. All samples were freeze-quenched after
8 ms reaction with peroxyacetic acid. Experimental parameters: micro-
wave power, 2.5 lW; modulation amplitude, 0.4 mT; modulation fre-
quency, 10 kHz [9,25–28]. The thin trace labelled �P450BMP residual�
shows the residual EPR signal after subtraction of a simulated tyrosyl
radical spectrum from the P450BMP spectrum. The residual signal
amounts to �30% of the total signal intensity of P450BMP and shows
only a very small g-anisotropy, with an isotropic value (2.0027) consistent
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already revealed a radical EPR signal, which was, however,
not further regarded as significant. The saturation behavior
of the amplitude of this EPR (g � 2) signal has a value of
P1/2 = 4 lW at T = 4 K (1 mW at 70 K), which is in the
range of values observed for tyrosine radicals in proteins
[9]. The temperature dependence of the P1/2 values indicat-
ed enhanced relaxation behavior of the radical spin, sug-
gesting that the site of the radical should be near the
paramagnetic heme iron, as would be the case for a radical
located, i.e., at Tyr96 in a distance to the iron of about
9.4 Å. Indeed, combined approaches such as high-frequen-
cy EPR and site-directed mutagenesis [28] confirmed this
initial suggestion.

Assignment of the radical in P450cam by high-frequency

EPR spectroscopy and site-directed mutagenesis

Identification and assignment of immobilized amino
acid radicals in proteins is by no means easy, because
hyperfine and electronic g-value anisotropies lead to signif-
icant broadening in the conventional 9.6-GHz EPR spec-
tra. Furthermore, for the case of amino acid radicals, the
largest hyperfine splitting results from protons of the
side-chain and the hyperfine pattern, observed for the indi-
vidual protein under consideration, are strongly dependent
on the local side-chain geometry. On the other hand, it has
been shown that the electronic g-tensor values are indepen-
dent of these geometrical parameters, and, once they are re-
solved in the spectra, allow clear discrimination between
different types of radicals [30–32]. To unequivocally identi-
fy and assign the observed radicals in P450, we have
therefore prepared and investigated freeze-quenched sam-
ples using 94-, 190-, and 285-GHz EPR [28]. At these
frequencies all three g-components were resolved in the
spectra. For the radicals in all samples similar g-values
were obtained, gx = 2.0078 to 2.0064, gy = 2.0044, and
gz = 2.0022, which are fingerprints for tyrosyl radicals
[30–33]. The observed distribution of gx values in all
spectra between 2.0078 and 2.0064 indicates a polar envi-
ronment with heterogeneous hydrogen bonding [33,34].

For a detailed assignment we have used the 94-GHz
spectra. Two classes of protons give rise to the observed
hyperfine couplings in tyrosine radicals, i.e., the ring pro-
tons (a-protons) and the b-protons of the side-chain
(Fig. 3). Large couplings arise from the two magnetically
equivalent ring protons in the ortho-position to the oxy-
gen. Their magnitude depends solely on the p-spin densi-
ty at the adjacent carbon atom and is very similar for all
observed tyrosine radicals. An additional large hyperfine
coupling arises from one of the two b-protons of the
side-chain. This coupling exhibits only a small anisotropy
and its isotropic value, Aiso(Hb), not only depends on the
p-spin density qp

C of the adjacent p-carbon, but is also
strongly dependent on the geometry of the side-chain,
according to

p 0 00 2
AisoðHbÞ ¼ qCðB þ B cos hÞ; ð1Þ
where B 0 and B00 are empirical constants and h is the
dihedral angle between the axis of the p-orbital (pz) of
the adjacent carbon atom and the projected CbHb bond
with a tryptophan radical (see text and [26]).
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[35,36]. From the simulation of the 94-GHz EPR
spectrum of the P450cam wild-type protein (Fig. 4), an
isotropic hyperfine value, Aiso(Hb1) = 1.1 ± 0.1 mT, was
obtained for one of the b-CH2 protons [28]. Using this
value in Eq. 1 with qp

C1 = 0.38 [36], B 0 = 0 and B00

= 5.0 mT [28,30], a dihedral angle of h1 = 40.5� ± 3�
was calculated, which matches very well the 41� obtained
for Y96 from the crystal structure of substrate-free
P450cam (1PHC.PDB) (Fig. 5). In order to prove this
spectroscopic assignment and to investigate whether ami-
no acid radicals may be generated on other residues, we
investigated mutant Y96F, with a phenylalanine at resi-
due 96. Indeed, mutant Y96F showed also a strong rad-
ical signal (Fig. 2). However, the EPR signature of this
radical signal (Fig. 4) was changed, and revealed a signif-
icantly larger hyperfine coupling of the side-chain proton
(Aiso(Hb1) = 1.55 ± 0.05 mT). The deduced dihedral angle
h1 for the b-proton was in the range 23�–27�, which was
consistent with the angle of 26� for Y75, seen in the crys-
tal structure of the enzyme (Fig. 2). Furthermore, we re-
placed both tyrosines Y96 and Y75 by phenylalanines in
an attempt to detect the proposed porphyrin radical.
However, even in this Y96F–Y75F double mutant a por-
phyrin radical signal was not detected, but also no further
radical of an amino acid side-chain was seen [28]. Neither
in the wild-type nor in the mutants of P450cam did we
find any indication for the supposed porphyrin-p-cation
Fig. 5. Active center structure with tyrosines and tryptophans close to the
(1OM4.PDB). The structure for iNOSox is very similar to nNOSox.
radical on a time scale equal to or longer than 8 ms after
the reaction.

The iron(IV) state in the P450cam intermediate detected by

Mössbauer spectroscopy

We used Mössbauer spectroscopy to see whether at least
the supposed iron(IV) was formed in our experiments. In-
deed, the Mössbauer spectrum of the freeze-quenched sam-
ple (Fig. 6) represented a spectral mixture of a signal of an
intermediate species and the spectral pattern of the
iron(III)–P450cam starting material [9,25,37]. The interme-
diate showed a doublet with an isomer shift of
d = 0.13 mm s�1, which is similar to the value observed
for CPO (d = 0.14 mm s�1). It is typical for iron(IV) [38].
The finding that the quadrupole splitting of P450cam
(DEQ=1.94 mm s�1) is significantly larger than that of
CPO (DEQ = 1.02 mm s�1) might indicate differences in
the local symmetry around the heme. In fact, recent quan-
tum chemical calculations based on the density functional
theory for this intermediate suggest the existence of a pro-
tonated cysteine [39].

The life time of the intermediate in P450cam

We have determined the fractions of radical and
iron(IV) that were formed at different reaction times
heme of P450cam (1PHC.PDB), P450BMP (1FAG.PDB), and nNOSox



Fig. 7. Time dependence of Tyr96 radical formation (as determined from
EPR) and formation of Fe(IV) and 5-coordinated ferric heme (as
determined from Mössbauer spectroscopy) [37].

Fig. 6. Mössbauer spectra of P450cam, P450BMP, and nNOSox after
reaction with PA for 8 ms [9,25–27,37] taken at 4.2 K in a field of 20 mT
perpendicular to the c-beam. The lower solid line following the experi-
mental spectrum (points) for P450cam is a simulation using the sum of two
components: an Fe(IV) species with d = 0.13 mm s�1 and
DEQ = 1.94 mm s�1 (dashed-dotted line: 13 ± 2% relative contribution)
and the Fe(III) start material (87 ± 2% relative contribution) with the
parameters given in [9]. The solid line following the experimental spectrum
(points) for P450BMP is a simulation using the sum of three components:
an Fe(IV) species with parameters identical to those for P450cam (dashed-
dotted line: 12 ± 3% relative contribution), a minor Fe(III) species with
d = 0.30 ± 0.03 mm s�1 and DEQ = 0.50 ± 0.03 mm s�1 (7 ± 2% relative
contribution) and the Fe(III) start material (81 ± 5% relative contribu-
tion) with the parameters given in [26]. The solid line following the
experimental spectrum (points) for nNOSox is a sum of two components:
a doublet with d = 0.27 ± 0.03 mm s�1 and DEQ = 2.41 ± 0.03 mm s�1

(dashed-dotted line: 40 ± 5% relative contribution) and a non-heme high-
spin Fe(III) impurity with d = 0.52 mm s�1 and DEQ = 0.66 mm s�1

(60 ± 5% relative contribution) which is also present in the start nNOSox
sample and is not effected by the PA treatment [27].
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(Fig. 7). At 8 ms the amount of the tyrosine radical scales
approximately with the amount of Fe(IV) observed. This
correlation is already lost after 40 ms. The detailed analysis
of the 9.6-GHz EPR spectra revealed the formation of an
additional axial ferric high-spin intermediate that is
increasingly formed during the time course [37]. From the
concentrations shown in Fig. 7 a correlation between the
amount of radical and the sum of the amounts of ferryl
and ferric species seems likely. After a reaction time of
5 min only traces of the intermediate have been detected
and the amount of recovered ferric starting material almost
resembles (error 15–20%) that of the starting concentra-
tion. At longer reaction times bleaching of the porphyrin
UV–visible absorption due to oxidative ring cleavage as a
side reaction was observed [25]. A bleaching rate constant
of �0.027s�1 has been determined at room temperature
for a PA to P450 ratio of 5:1 for the substrate-free protein,
which corresponds to the ratio used in the rapid-mixing/
freeze-quench experiment. These experiments were, howev-
er, performed with lower absolute protein and oxidant con-
centrations because UV–visible spectra were recorded for
detection. After 5 min this process causes a loss of heme
of approximately 10–15% of the total P450 concentration,
which is in the range of the accuracy for determination of
the absolute concentrations from EPR data. For the short-
er reaction times (<200 ms), the contribution of the bleach-
ing process is negligibly small (<0.1%). It is notable that
camphor binding in the heme pocket significantly stabilizes
the protein against bleaching, indicating that oxidant bind-
ing to the heme iron is the precursor step [25]. Thus, the
time course shown in Fig. 7 is consistent with the existence
of a real intermediate.

Substrate hydroxylation by P450cam via the shunt pathway

As mentioned above, earlier studies on different cyto-
chromes P450 and peracids indicated substrate conversion
via the shunt pathway. This was confirmed by our studies
with PA and wild-type P450cam [25]. The product 5-exo-
hydroxy-camphor was detected by gas chromatography–
mass spectrometry analysis from samples obtained in sep-
arate activity experiments for a PA- to P450cam ratio of
38:1 and a long reaction time of 130 min, because the
hydroxylation yield was very low. It turned out that the
reason for the low yield was that the substrate camphor
bound near the heme hindered the access of peracid to
the heme pocket. This was concluded from the finding
that camphor binding strongly inhibited tyrosine radical
formation (0.4%) compared to that on the substrate-free
protein (15%). However, the fraction of tyrosine radical
formed was again increased when substrates with a higher
mobility (i.e., norcamphor (1.2%) or norbornane (1.6–
2%)) were bound in the heme pocket, which allowed bet-
ter heme pocket accessibility (rigidity factors: 1R-camphor
(6.81), norcamphor (1.75), and norbornane (1.86), ex-
pressed as inverse values of the loss of high-spin state
content within 10 min per degree temperature determined
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in negative-temperature jump experiments (K/([% high-
spin loss] [10 min])) [40,41].

The iron-oxo intermediate in cytochrome P450 BMP

(CYP102)

The different studies on P450cam described above sug-
gest that in the initial step peroxyacetic acid binds to the
heme iron and might form the iron(IV)–porphyrin-p-cation
radical. However, the porphyrin radical is quickly
quenched by subsequent intramolecular electron transfer
from the tyrosine (Fig. 3). This makes it impossible to de-
tect the porphyrin radical itself. To check whether this phe-
nomenon is specific for P450cam we performed analogous
studies on cytochrome P450BM3 from Bacillus megaterium

(CYP102) [26], which hydroxylates fatty acids. P450BM3
expresses as a fusion protein with its reductase, a flavin
protein [42,43]. To avoid interference in the EPR spectra
caused by possible radical formation of the flavin when
reacting with peracid, we used only the heme domain of
P450BM3 (P450BMP) in our studies.

The findings on substrate-free P450BMP agree with the
observations on P450cam. The 9.6-GHz EPR spectrum of
P450BMP, which reacted with PA within 8 ms, showed an
unresolved narrow intense radical signal with g � 2, which
accounts for 19 ± 5% of the total observable EPR intensity
(Fig. 2). The remaining spectral signals (81 ± 5%) originate
from the starting material with g-values of 2.42, 2.25, and
1.91. After ca. 3 min reaction time the spectral pattern of
the radical has disappeared and the EPR signals of the start
material are recovered.

All three components of the g-tensor (gx, gy, and gz) of
the radical signal in P450BMP were again resolved at the
10-fold higher magnetic field in the 94-GHz EPR spectrum
(Fig. 4). The spectrum of P450BMP had an overall shape
similar to that of wild-type P450cam. However, compared
to the P450cam spectrum (Fig. 4), the strong negative sig-
nal component on the high-field side (at 3355 mT) was by
far too intense for a gz-component of a tyrosine radical
alone. The simulation of the EPR spectrum of P450BMP
yielded the g-values: gz = 2.0022(1), gy = 2.0043(1), and a
range of gx-values between 2.0070 and 2.0082 (numbers
in brackets are errors in the last digit). Furthermore, an
upper limit for the isotropic part (Aiso = (Ax + Ay + Az)/
3) of the b-proton hf-tensor of 0.7–1.1 mT was obtained,
depending whether one or two of these protons contribute.
Inspection of the X-ray structure of P450BMP
(1FAG.PDB) (Fig. 5) shows that of the tyrosines in the
neighborhood of the heme, Tyr305 and Tyr334 both have
side-chain orientations, consistent with the observed small
b-proton hf tensors, whereas from the side-chain orienta-
tion of Tyr115 a large Aiso value (1.8–2.0 mT) is expect-
ed for one b-proton, which is beyond the experimental
value. While the low-field side and the gy-component of
the experimental spectrum were fairly well represented in
the 94-GHz EPR simulations, there was obviously a
strong, almost symmetrical line in the P450BMP residual
spectrum on the high-field side (Fig. 4), which amounted
to 30% of the total signal intensity [26]. Interestingly, the
zero crossing of this residual spectrum (Fig. 4) correspond-
ed to g = 2.0027(2), which fits well with the isotropic part
(giso = (gx + gy + gz)/3) of the g-tensor reported for trypto-
phan radicals [30]. All three tryptophans in the neighbor-
hood of the heme (Trp90, Trp96, Trp367) have side-chain
orientations leading to hf tensors for the b-protons, which
would be consistent with the spectral width of this residual
signal.

The Mössbauer spectrum obtained from the freeze-
quenched P450BMP sample after reaction with PA for
8 ms reveals, besides a minor Fe(III) species with
d = 0.30 mm s�1 and DEQ = 0.50 mm s�1 (7 ± 2% relative
contribution) and the spectrum of the ferric starting
material (81 ± 5% relative contribution), the formation
of a Fe(IV) species with d = 0.13 mm s�1 and DEQ

= 1.94 mm s�1 (12 ± 3% relative contribution) (Fig. 6).
The last species has also been observed in P450cam,
indicating that the heme iron exists as a transient Fe(IV)
species in both P450cam and P450BMP.

The iron-oxo intermediate in nitric oxide synthases

Nitric oxide synthases (NOS) catalyze the transforma-
tion of L-arginine to citrulline and NO [44] and belong,
like P450, to the thiolate heme proteins because of the
negatively charged sulfur of the cysteine as proximal
heme iron ligand. Similarly, to P450BM3, it expresses
as a fusion protein with its reductase. The latter can eas-
ily be cleaved off releasing the oxygenase domain (heme
domain; NOSox). For the same reason as discussed for
P450BM3, only the oxygenase domain (expressed in Esch-

erichia coli) has been studied [27]. From the three known
isoenzymes [44] we have studied the inducible NOS
(iNOSox) from the mouse and the neuronal NOS (nNOS-
ox) from the rat [27].

The 9.6-GHz EPR spectrum of nNOSox, which react-
ed with PA within 8 ms, was dominated by a strong rad-
ical signal, which accounts for 80 ± 5% of the total
observable EPR intensity (Fig. 2). In contrast to the
observations on P450, the spectrum did not show any sig-
nal originating from the starting material. Instead, an al-
most axial signal with g-values of 2.24, 2.23, and 1.96
(20 ± 5% relative spin concentration) representing an
S = 1/2 system of unknown origin was observed. For
the case of iNOSox the same signals were observed, ex-
cept with a lower radical yield (11 ± 5%) and a higher
contribution of the unknown S = 1/2 system (89 ± 5%)
(Fig. 2). There was no significant change in the spectrum
for longer times up to 200 ms. However, after ca. 3 min
reaction time the spectral pattern of the radical and the
unknown species disappeared and the EPR signals of
the start material were recovered.

The radical signal has also been studied in more detail
by high-frequency EPR. In the 94-GHz EPR spectrum of
substrate-free nNOSox all three g-values were clearly sepa-
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rated in the spectrum and only gz showed indications of
hyperfine structure (Fig. 4). The simulation of the spectrum
yielded g-values of gz = 2.00215 ± 0.00005 and
gy = 2.0043 ± 0.0001. The gx-component was broadened,
as observed for P450, and was simulated using a distribu-
tion of gx-values between 2.0065 and 2.0070 [27]. There
was no hyperfine structure observed in the 94-GHz EPR
spectrum except for a weak indication on the gz-compo-
nent. However, the 9.6-GHz EPR spectrum showed a
hyperfine structure at elevated temperature, from which
the hyperfine values of two side-chain protons were
obtained (Aiso(Hb1) = 0.57 ± 0.1 mT, Aiso(Hb2) = 0.50
± 0.1 mT) [27]. From these hyperfine values, using Eq.
1, dihedral angles of h1 = 58� ± 4� and h2 = 60� ± 4�
were obtained. These values agree well with those ob-
tained for Tyr562 from the crystal structure of nNOSox
(1OM4.PDB) (Fig. 5) (h1 = 58� and h2 = 62�). The simu-
lation of the 94-GHz EPR spectrum of nNOSox (Fig. 4)
was improved when a superposition with a further tyro-
sine radical (about 25% of the relative area) was as-
sumed, which had a large hyperfine coupling of only
one side-chain proton with Aiso(Hb) of approximately
1.4–1.6 mT. Such hyperfine couplings are expected from
the two other tyrosines close to the heme, Tyr588 and/
or Tyr706, based on their side-chain geometry. Tyr706
is the tyrosine closest to the heme edge (Fig. 5), but
probably does not contribute to the spectrum. The
Tyr706Phe mutant showed a 94-GHz spectrum, which
is identical to that of the wild-type protein [27]. The al-
most identical signals in the 94-GHz spectrum of the rad-
ical intermediate of the structurally very similar iNOSox
and nNOSox (Fig. 4) leads to the conclusion that the
analogue Tyr341 is the major radical site in iNOSox
(1NOD.PDB), while Tyr362 may be a minor contributor.

The origin of the transient iron-centered nearly axial
S = 1/2 signal with g-values of 2.24, 2.23, and 1.96 is not
identified so far. An Fe(IV)@O porphyrin-p-cation radical
with the Fe(IV) being in the S = 1 spin state, which is
strongly antiferromagnetically exchange-coupled to the
radical spin S 0 = 1/2 delocalized on the heme ring, has been
discussed [27]. The presence of a radical on the cysteine
ligand might also be taken into account. The concentra-
tion of this species (�43 lM in our experiments) is
probably too low to be detectable by Mössbauer spectros-
copy. Indeed, the Mössbauer spectrum for nNOSox
(Fig. 6) does not indicate an Fe(IV) state which typically
has isomer shifts of <0.15 mm s�1. Instead, the doublet
of the intermediate shows parameters of d = 0.27 mm s�1

and DEQ = 2.41 mm s�1 which resemble more those of a
Fe(II)AO2 moiety. The formation of a transient dioxygen
complex is unlikely because PA acts usually as an oxidant
and not as a reductant. Another possibility, compatible
with the Mössbauer parameters, is the presence of a ferric
low-spin species which magnetically couples to an amino
acid radical. Trp409 in nNOSox has been proposed for
such a radical site [27] because it is only 3.5 Å away from
the closest heme edge (Fig. 5).
Amino acid radical formation as general phenomenon in

heme protein iron-oxo intermediates

In summary, the results of the rapid-mixing/freeze-
quench experiments on P450cam, P450BMP, NOS, and
CPO [9,25–28,37,45] show that a similar proximal ligand
(negatively charged sulfur of a cysteine) does not necessar-
ily mean that the Compound I intermediate and its first
reaction products are identical in these systems, as was
hitherto assumed. The observation of the formation of
tyrosine and tryptophan radicals in the iron-oxo species
leads to the conclusion that intramolecular electron trans-
fer from the protein residues to the heme occurs if a por-
phyrin radical is initially produced in the reaction with
the oxidant (Fig. 3). Interestingly, radicals have been ob-
served by EPR already in a few cases for P450 other than
P450cam, both during reaction with oxidants and during
turnover [46–48]. Indeed, even for CPO, a small-radical
EPR signal, not assigned so far, after reaction times of
around 200 ms has been detected [14,25].

While cpd I in cytochrome c peroxidase with its
Fe(IV)@O tryptophan radical system [49,50] was regarded
as an exception for many years, there are now well-estab-
lished examples where a radical on the protein, in particu-
lar a tyrosine radical, has been observed. Miller et al. [51]
found for the Phe172Tyr mutant of horseradish peroxidase
in the reaction with H2O2 that �10% of the mutant carries
a protein radical, presumably at Tyr172. Ivancich et al.
[31,34,52,53] observed by EPR a tyrosine radical when bo-
vine liver catalase reacts with PA. This radical is directly
formed by electron transfer to the porphyrin-p-cation rad-
ical. Recently the same group reported the formation of a
tyrosine radical after treatment of turnip peroxidase iso-
zymes with hydrogen peroxide at pH 7.7, accompanied
by the formation of a ferryl iron-oxo porphyrin p-cation
radical system [33]. Tyrosine radicals have also been found
earlier in prostaglandin H synthase [54] and cytochrome c

oxidase [55]. Tyrosine 167 in cytochrome c oxidase from
Paracoccus denitrificans has recently been assigned as the
origin of the radical when the enzyme reacts with hydrogen
peroxide [56]. Even for cytochrome c peroxidase the oxida-
tion of tyrosine is favored over tryptophan oxidation when
the tryptophan nearest to the heme is removed or its inter-
action with the environment (Asp235) is perturbed [57].
Tryptophan radicals have been observed also in lignin-type
versatile peroxidases [58]. This list of examples is far from
being complete and it may be expected that future studies
on reaction intermediates will reveal the existence or co-ex-
istence of yet undetected radicals, such as those located at
the cysteine proximal ligand in thiolate heme proteins, as
suggested by recent X-ray absorption spectroscopy investi-
gations of CPO [17]. This has also been discussed as possi-
ble species in P450 cpd I intermediates [59–61].

In many cases this radical formation might function as an
important side reaction which competes with the main reac-
tion of these enzymes (analogous to the uncoupling side
reaction for H2O2 formation (Fig. 1)) [41,45]. In other cases,
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as reported for certain peroxidases [58,62], these amino acid
radicals might be even involved in the catalytic cycle.
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