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ABSTRACT: The interaction of nitric oxide with cytochrome P450 BM3 fromBacillus megateriumhas
been analyzed by spectroscopic techniques and enzyme assays. Nitric oxide ligates tightly to the ferric
heme iron, inducing large changes in each of the main visible bands of the heme and inhibiting the fatty
acid hydroxylase function of the protein. However, the ferrous adduct is unstable under aerobic conditions,
and activity recovers rapidly after addition of NADPH to the flavocytochrome due to reduction of the
heme via the reductase domain and displacement of the ligand. The visible spectral properties revert to
that of the oxidized resting form. Aerobic reduction of the nitrosyl complex of the BM3 holoenzyme or
heme domain by sodium dithionite also displaces the ligand. A single electron reduction destabilizes the
ferric-nitrosyl complex such that nitric oxide is released directly, as shown by the trapping of released
nitric oxide. Aerobically and in the absence of exogenous reductant, nitric oxide dissociates completely
from the P450 over periods of several minutes. However, recovery of the nativelike visible spectrum is
accompanied by alterations in the catalytic activity of the enzyme and changes in the resonance Raman
spectrum. Specifically, resonance Raman spectroscopy identifies the presence of internally located nitrated
tyrosine residue(s) following treatment with nitric oxide. Analysis of a Y51F mutant indicates that this is
the major nitration target under these conditions. While wild-type P450 BM3 does not form an aerobically
stable ferrous-nitrosyl complex, a site-directed mutant of P450 BM3 (F393H) does form an isolatable
ferrous-nitrosyl complex, providing strong evidence for the role of this residue in controlling the electronic
properties of the heme iron. We report here the spectroscopic characterization of the ferric- and ferrous-
nitrosyl complexes of P450 BM3 and describe the use of resonance Raman spectroscopy to identify nitrated
tyrosine residue(s) in the enzyme. Nitration of tyrosine in P450 BM3 may exemplify a typical mechanism
by which the ubiquitous messenger molecule nitric oxide exerts a regulatory function over the cytochromes
P450.

The cytochromes P450 (P450s)1 are a superfamily of
b-type hemoproteins catalyzing a vast array of oxidative
reactions. The P450s bind and cleave molecular oxygen,
usually inserting a single atom of molecular oxygen into the
substrate, with the other atom converted into water. Their

substrate range is enormous, ranging from simple molecules
such as acetone to complex polycyclic species (1). They are
of huge importance in physiology and medicine, with genetic
mutations in P450 (CYP) genes known to underlie defects
in steroid metabolism and drug metabolism (2) and with
cytochrome P450-dependent activation of procarcinogens
considered to be an important factor in susceptibility to
certain cancers (3).

Eukaryotic P450s are usually membrane-bound enzymes
and interact with membranous redox partners. Bacterial forms
(and their redox partners) are generally soluble. The soluble
bacterial forms have proved to be the most experimentally

† The authors thank the Biotechnology and Biological Sciences
Research Council (U.K.) and the Engineering and Physical Sciences
Research Council (U.K.) for their support for these studies. A.W.M.
thanks the Royal Society for the award of a Leverhulme Trust Senior
Research Fellowship. L.G.Q. was funded by a University of Strathclyde
Ph.D. studentship award. L.G.Q. thanks NATO for the award of a travel
grant to enable studies in Iowa.

* To whom correspondence should be addressed. Tel:+44 116 252
3464. Fax: +44 116 252 3369. E-mail: awm9@le.ac.uk.

‡ Elettra Sincrotrone Trieste.
§ University of Leicester.
| University of Edinburgh.
⊥ Anadys Pharmaceuticals Inc.
# University of Glasgow.
O University of East Anglia.
4 The University of Strathclyde.

1 Abbreviations: GSNO,S-nitrosylglutathione; MCD, magnetic
circular dichroism; NOR1, (D,L)-(E)-methyl-2[(E)-hydroxyimino]-5-
nitro-6-methoxy-3-hexenamide; NOS, nitric oxide synthase; P450,
cytochrome P450 monooxygenase; PMSF, phenylmethylsulfonyl fluo-
ride; RR, resonance Raman; SERR, surface-enhanced resonance Raman;
SNAP,S-nitro-N-acetylpenicillamine.

16416 Biochemistry2004,43, 16416-16431

10.1021/bi049163g CCC: $27.50 © 2004 American Chemical Society
Published on Web 11/30/2004



tractable systems, and X-ray crystal structures have been
obtained from six bacterial P450s (1, 4-8) as well as from
inhibitor and substrate-bound forms (e.g., refs9 and10). In
addition, the structures of the first eukaryotic cytochromes
P450 have been reported recently (11). The structure of the
human CYP 2C5 enzyme was solved after extensive mo-
lecular biology studies to optimize expression of a soluble
domain of the enzyme (12). As with CYP 2C5, the structure
of the CYP 2C9 showed extensive similarity to the bacterial
structures already determined, validating the use of the
soluble bacterial enzymes for structural and spectroscopic
studies to define mechanistic aspects of cytochromes P450
from eukaryotes (13, 14). The most intensively studied P450s
are the camphor hydroxylase P450 cam fromPseudomonas
putida and the fatty acid hydroxylase P450 BM3 from
Bacillus megaterium. In recent years, the P450 BM3 system
has been the subject of intense scrutiny, as it employs a
similar electron transfer system to that used by mammalian
drug-metabolizing forms (P450 and diflavin P450 reductase).
In addition, the fusion of the heme domain of P450 BM3 to
its diflavin reductase in a single polypeptide is an arrange-
ment similar to that of the nitric oxide synthases (15).

Over the past decade, the importance of the nitric oxide
(NO) radical as a regulatory molecule in biological systems
has been increasingly recognized (16). The multiple functions
of NO include roles in vascular relaxation, neuronal signal
transmission, and function of the immune system (e.g., ref
17), and its involvement in pathological states is also
currently the subject of intensive research (e.g., ref18). NO
has long been recognized to bind to hemoproteins (often
inhibiting their function) and has been extensively used to
probe the active sites of metalloproteins by techniques such
as UV-visible spectroscopy (for colored complexes), EPR
(as a spin probe in the formation of paramagnetic NO
complexes) (19), and resonance Raman spectroscopy (20).
Only relatively recently has it been confirmed that intracel-
lular production of NO and the interactions of NO with
proteins have real biological significance. For instance, NO
binding to mammalian cytosolic guanylate cyclase leads to
activation of the production of the second messenger cGMP
(21), and the production of NO by macrophages is central
to the bactericidal role of these cells (22). NO is known to
cause autoinhibition of the various eukaryotic forms of the
enzyme that catalyze its synthesis (nitric oxide synthase) by
simple ligation to the ferrous heme iron (23), although the
importance of this phenomenon is controversial (24). How-
ever, the inhibitory action of NO has been demonstrated for
many cytochrome P450 monooxygenases (e.g., ref25).

The possibility for a role of NO in the regulation of P450s
has been postulated [e.g., the negative regulation of ste-
roidogenesis (26)], although the mechanisms by which such
actions are mediated may not be as simple as the formation
of a heme-NO adduct. The inhibition of cytochromes P450
1A1 and 2B1 by NO has been demonstrated to be biphasic,
as has the inhibition of the non-P450 hemoproteins lipoxy-
genase and cyclooxygenase. Only one of these phases (the
reversible one) is due to simple heme ligation (27, 28). It
was postulated that the second (irreversible) phase was due
to modification of amino acid residue(s) of these P450s by
nitrogen oxide(s) (e.g., ref29). Previously, we have dem-
onstrated the time-dependent formation of nitrotyrosine in
CYP2B4 (P450 LM2) after NO treatment and raised the

possibility that similar modifications may have general
regulatory effects on the P450s (30). Already, peroxynitrite
has been shown to mediate nitration of tyrosine residues in
P450 BM3 and other P450s and to inhibit activity in certain
forms (e.g., refs31and32). However, recent studies suggest
that peroxynitrite (which is formed rapidly by reaction
between nitric oxide and superoxide and is considered to
mediate tyrosine nitration in inflammatory and infectious
diseases) may not be a physiologically relevant nitrating
agent. Instead, nitrite-dependent peroxidase activity may give
rise to protein tyrosine nitration (33, 34).

In this paper we investigate the interaction of nitric oxide
with the model cytochrome P450 BM3 system, the spectro-
scopic features of the NO adducts of the enzyme, and the
effects of the interaction on catalysis. We present the first
reported CD and MCD spectra for ferrous-nitrosyl [Fe(II)-
NO] and ferric-nitrosyl [Fe(III)NO] P450 species, respec-
tively, and show that nitration of P450 BM3 tyrosine residues
is a consequence of the aerobic reaction with nitric oxide,
using resonance Raman (RR) spectroscopy and the sensitive
surface-enhanced RR (SERR) spectroscopy technique to
demonstrate tyrosine nitration. We present these RR-based
methods as novel and sensitive methods for detection of
biologically relevant tyrosine nitration reactions.

EXPERIMENTAL PROCEDURES

Molecular Biology. Escherichia colistrain TG1 [supE,
hsd∆5, thi, ∆(lac-proAB), F′ (traD36, proAB+, lacIq,
lacZ∆M15)] was used for all cloning work and for overex-
pression of intact P450 BM3 and its component heme
domains. The preparation of constructs for the overexpression
of intact P450 BM3 (constructs pBM25 and pBM23) and of
its component heme (P450, residues 1-472; construct
pBM20) domains has been presented in previous publications
(35, 36). For transformants of pBM20 and pBM25, expres-
sion was from inducible (lac) promoters. For transformants
of pBM23, expression is from the nativeBacilluspromoter
in the pUC118 clone and occurs to high levels without
induction if growth is continued for 6-8 h after the culture
enters stationary phase. Mutants Y51F (in both the intact
flavocytochrome P450 BM3 and its heme domain) were
generated by oligonucleotide-directed mutagenesis of pBM25
and pBM20 templates, as described previously (37-39).
Mutants F393H in both flavocytochrome and the heme
domain were created in similar fashion, as described previ-
ously (40).

Enzyme Preparations.Wild-type flavocytochrome P450
BM3 and its component heme domain were expressed and
purified essentially as outlined previously (35). Induction of
expression from pBM25 and pBM20 clones (and the respec-
tive Y51F and F393H mutants) was by IPTG addition (500
µg/mL) to cultures grown at 37°C in Terrific broth, with
induction performed at an OD600 of 1.0. Thereafter, the
temperature was decreased to 30°C, and culture was
continued for a further period of 12 h. Cells were harvested
and broken by sonication, and P450 proteins were purified
by successive column chromatography steps on DEAE-
Sephacel and hydroxyapatite (35). A final gel filtration
purification step (Sephacryl S-300HR) was used to remove
minor contaminating protein species. PMSF (1 mM) and
EDTA (1 mM) were added to all buffers to minimize
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proteolysis. The Y51F and F393H mutants of the flavocy-
tochrome and heme domain were prepared in identical
fashion to the wild-type enzymes. All purified proteins were
concentrated by ultrafiltration to a final volume of∼1 mL
and then stored at-20 °C after dialysis into a 500-fold
volume of buffer A containing 50% glycerol and protease
inhibitors. The purified protein was used for experiments
within 1 month of preparation.

Spectrophotometric and Kinetic Analysis.All aerobic UV-
visible spectra and kinetic data were collected on either a
Shimadzu 2401 or a Cary UV-50 Bio (Varian) spectropho-
tometer using 1 cm path length quartz cells. Enzyme assays
to determine the effects of nitric oxide on P450 BM3
catalysis (cytochromec reduction and fatty acid-dependent
NADPH oxidation) were performed as described previously
(35, 39). Activity was measured at 30°C in 20 mM MOPS
plus 100 mM KCl (pH 7.4) (assay buffer). Substrate-induced
changes in absorption spectra (arising from changes in the
heme iron spin-state) were used to titrate the interaction of
fatty acids with wild-type and Y51F mutants (using∼2-5
µM enzyme), as described previously (39). Nitric oxide
complexes of the P450s were generated aerobically by brief
bubbling of the enzyme solutions (ca. 2-10 µM) with nitric
oxide gas (three to five small bubbles only delivered) or by
mixing with a 5-fold molar excess of nitric oxide-releasing
chemicals (usually PROLI NONOate orS-nitrosylglu-
tathione). Spectra were also collected under anaerobic
conditions within a Belle Technology glovebox under a
nitrogen atmosphere, with oxygen maintained at less than 5
ppm. Degassed, concentrated enzyme samples were passed
through an anaerobic Sephadex G25 column (1× 20 cm)
(Sigma) immediately after admission to the glovebox, thereby
removing all traces of oxygen. The column was equilibrated
and enzyme eluted with deoxygenated assay buffer. Nitric
oxide-saturated buffer solutions [1.9 mM (41)] were gener-
ated by first preparing oxygen-free buffer (100 mM potas-
sium phosphate, pH 7.0) by degassing and bubbling vigor-
ously with oxygen-free nitrogen for 30 min. The buffer was
then bubbled with nitric oxide for 30 min. The absence of
color in the solution after this time indicated that it was
essentially free of nitrite/nitrate. P450-nitrosyl complexes
were then generated anaerobically by mixing the P450 and
nitric oxide-saturated solutions. Spectra were recorded on a
Shimadzu 1201 UV-visible spectrophotometer (typically
between 250 and 800 nm) contained within the anaerobic
environment. Spectral titration of the Fe(III)NO forms of
flavocytochrome P450 BM3 and its heme domain with fatty
acid substrate (arachidonic acid) was performed anaerobically
using 33 and 6.6 mM ethanolic stocks of arachidonate.
Degassed and deoxygenated ethanol was used for dissolving
the fatty acid, and total additions were limited to less than
0.25% of the volume of the P450 sample. At these concen-
trations, ethanol does not affect the catalytic properties of
the P450 (39). All data manipulations and nonlinear least
squares curve fitting of data were conducted using Origin
software (Microcal). For the tight-binding fatty acid, data
were fitted to eq 1 . The quadratic function accounts for the

quantity of enzyme consumed in the enzyme-substrate

complex at each point in the titration. In eq 1,Aobs is the
observed absorption change at substrate concentrationS, Et

is the total enzyme concentration, andKd is the dissociation
constant for the enzyme-substrate complex.

The reduced nitrosyl complexes [Fe(II)NO] of P450 BM3
and its F393H mutant were generated either by anaerobic
mixing of nitric oxide with the dithionite-reduced P450 or
by reduction of the Fe(III)NO complex (either aerobically
or anaerobically). Spectral studies to evaluate the formation
and stability of these species were performed both aerobically
and anaerobically by accumulating several spectra rapidly
following initiation of Fe(II)NO complex formation using a
Cary UV-50 Bio spectrophotometer (Varian) and anaerobi-
cally using an Applied Photophysics SX18MV UV-visible
stopped-flow instrument coupled to a photodiode array UV-
visible detector. The integrity of cysteinate ligation in the
nitrosyl complexes was investigated by taking samples of
the Fe(II)NO complexes (both immediately after formation
and following extensive reoxidation in air) and mixing with
further dithionite reductant in the presence of carbon
monoxide. The UV-visible absorption spectrum was then
recorded to determine the relative populations of the native
P450 and inactive P420 species, which have absorption
maxima close to the named wavelengths.

In an experiment to establish whether nitric oxide was
released by NADPH-dependent reduction of the ferric-
nitrosyl complex of flavocytochrome P450 BM3 (100µM),
enzyme was prepared anaerobically as described above and
mixed with the minimum amount of nitric oxide-saturated
solution required to convert the enzyme completely to its
nitrosyl complex (as determined spectrophotometrically). The
Fe(III)NO P450 BM3 complex was then passed through a
Sephadex G25 gel filtration column (15 cm× 1 cm) and
eluted using anaerobic assay buffer to remove excess nitric
oxide. Identical samples of the NO-ligated ferric flavocyto-
chrome P450 BM3 (5µM) were then placed in two matched
quartz 1 mL cuvettes and spectra recorded on a Shimadzu
UV-1201 spectrophotometer located in the anaerobic glove-
box. To one of the samples was added a sample of the ferric
P450 BM3 heme domain (5µM), and the spectrum of this
mixture was recorded 1 min later. The difference in absorp-
tion was computed by spectral subtraction. Thereafter, an
identical sample of NADPH (200µM) was added to both
cuvettes to reduce completely the flavocytochromes P450.
Immediately following addition of NADPH, and again after
a further 1 min, the spectra were rerecorded and differences
in the heme Soret region noted. These were predominantly
due to binding of nitric oxide released from the flavocyto-
chrome by the exogenous BM3 heme domain present in that
sample.

To establish the extent of reduction (i.e., one or two
electrons) required to displace nitric oxide from the P450
heme iron, the nitric oxide-ligated heme domain of the P450
(100µM) and the neutral blue semiquinone form ofE. coli
flavodoxin (500µM) were prepared anaerobically. In the case
of the flavodoxin, the protein was titrated with the minimum
quantity of sodium dithionite reductant required to convert
the enzyme to the maximal feasible amount of the single
electron reduced form [∼94%, as a result of the magnitude
of the difference in reduction potential between the semi-
quinone and hydroquinone forms (42)]. This was done by
progressive small dithionite additions, followed by spectral

Aobs) (Amax/2Et)(S+ Et + Kd) -

((S+ Et + Kd)
2 - 4SEt)

0.5 (1)
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measurements at each titration point until the absorption peak
representative of the semiquinone form at 585 nm was
maximal (42). Thereafter, flavodoxin semiquinone was
separated from residual dithionite and other contaminants
by gel filtration within the glovebox, as described above.
The samples were then removed from the glovebox, indi-
vidual spectra of the P450 nitrosyl complex and the fla-
vodoxin semiquinone were recorded, and then the enzymes
were mixed in stoichiometric amounts (5µM each). Absorp-
tion spectra were then recorded immediately and at intervals
over the next 10 min. In an identical experiment, the
absorption change at 435 nm (near the maximum for the
P450-NO complex) was recorded continuously for 15 min
at 20°C.

Stopped-Flow Kinetic Studies.Stopped-flow studies of
nitric oxide binding to ferrous P450 BM3 were performed
under anaerobic conditions within a Belle Technology
glovebox under a nitrogen atmosphere, with oxygen main-
tained at less than 2 ppm. Measurements were made using
an Applied Photophysics SX18MV UV-visible stopped-flow
instrument at 30°C in 100 mM potassium phosphate, pH
7.0. P450ΒΜ3 (8 µM) was made anaerobic and reduced
by addition of a small excess of sodium dithionite in the
glovebox. Nitric oxide-saturated buffer (1.9 mM) was
generated by bubbling oxygen-free buffer vigorously with
nitric oxide for 15 min. Nitric oxide solutions at various
concentrations were prepared through dilutions of the NO-
saturated buffer using a gastight syringe (Hamilton) into
sealed containers containing oxygen-free buffer. Enzyme was
rapidly mixed in the stopped-flow instrument with solutions
containing NO at a variety of different concentrations (10-
100 µM). Absorption transients at 442 nm were collected
and the data fitted to an exponential process. Observed rates
were calculated using Spectrakinetics software (Applied
Photophysics). Entire UV-visible spectra (800-190 nm)
were also collected under similar conditions using the
photodiode array attachment on the stopped-flow instrument.

Spectroscopic Characterization. (A) Resonance Raman
and Surface-Enhanced Resonance Raman Spectroscopy.
Raman spectra in the blue region were recorded using an
Anaspec-modified Cary 81 spectrometer. Scattered light was
collected at 90° and analyzed by a 1 mdouble monochro-
mator fitted with a 1800 g/mm grating and a cooled
photomultiplier. In an alternative setup, a Renishaw Model
2000 Raman microscope with 180° scattering geometry and
a CCD camera as a multichannel detector was employed as
an analyzer. The 457.9 nm emission from a Model 2020
Spectra Physics Ar ion laser was used as the exciting source.
Raman spectra in the violet region were recorded using the
413.1 nm emission line from a Coherent Innova 200 Kr ion
laser. Scattered light was collected and analyzed by a
Triplemate triple monochromator fitted with a 1200 g/mm
grating. The signal was detected by a Princeton Instruments,
liquid nitrogen-cooled, CCD camera (LN/CCD-1100PB).

SERR experiments were performed using a citrate-reduced
Lee-Meisel silver colloid (43). The protein was added to
the buffered colloid and allowed to adsorb by overnight
incubation at 4°C. The sample was later transferred to a
quartz cell prior to usage. When required, the cell was fitted
with a suba-seal cap, and the sample of adsorbed protein
was flushed with a stream of nitrogen. Transfer of nitric oxide

(six to eight small bubbles) to the sealed cell was performed
using a gastight syringe (Hamilton, Reno, NV). Nitric oxide
gas was acquired from Sigma and used as supplied.

(B) Circular Dichroism.Circular dichroism (CD) spectra
were recorded at room temperature on either a Jasco J-600
or a Jasco J-810 spectropolarimeter for the heme domains
of wild-type P450 BM3 and its F393H mutant in Fe(III)
(resting), Fe(III)NO, and Fe(II)NO forms. Enzyme was
prepared in 50 mM Tris‚HCl buffer (pH 7.5) which was
degassed and extensively deoxygenated by bubbling with
oxygen-free nitrogen. Samples were sealed from the air using
a rubber suba-seal cap, and nitric oxide was added to the
anaerobic heme domain by introducing several bubbles of
gas into the enzyme solution via a needle passed through
the rubber seal. Reductant was also introduced by injection
of a 5µL volume of sodium dithionite (in 5-fold molar excess
over the protein and made up in the same deoxygenated Tris‚
HCl buffer) into the sealed solution of enzyme. Conversion
to the Fe(III)NO and Fe(II)NO adducts was confirmed by
optical spectroscopy. CD spectra were run immediately after
sample preparation in the far-UV (190-260 nm) and near-
UV-visible (260-600 nm) regions. Quartz cells of path
length 0.02 and 1 cm were used for CD measurements in
the far-UV and near-UV-visible regions, respectively.

(C) EPR and MCD Spectroscopy.EPR spectra were
recorded using an ER-300D electromagnet and microwave
bridge interfaced to an ESP1600 computer (Bruker Spec-
trospin) and fitted with a liquid helium flow cryostat (ESR-
9; Oxford Instruments) and dual-mode X-band cavity
(Bruker, type ER4116DM). MCD spectra were recorded
using circular dichrographs (Jasco Models J-500D and J-730
for the UV-visible and near-infrared regions, respectively).
An Oxford Instruments SM-1 superconducting solenoid with
a 25 mm ambient temperature bore was used to generate a
magnetic field of 6 T for the room temperature MCD
measurements. At room temperature, MCD intensities are
linearly dependent on magnetic field and are plotted normal-
ized to magnetic field as∆ε/H (M-1 cm-1 T-1). All samples
were contained in anaerobic cells.

For EPR and MCD studies, samples of Fe(II)NO P450s
(100 µM enzyme in a 200µL sample) were prepared by
anaerobic reduction of enzyme with stoichiometric quantities
of sodium dithionite with stirring for 10 min under an
atmosphere of nitric oxide gas. Alternatively, the reduced
P450 samples were mixed with a 4-fold molar excess of nitric
oxide released from PROLI NONOate (Alexis). Both meth-
ods gave complete conversion to the Fe(II)NO adduct for
the P450 BM3 F393H mutant. For Fe(III)NO complexes,
the oxidized enzymes were stirred under a nitric oxide
atmosphere for 10 min. All samples were made up in 50
mM HEPES/D2O [apparent pH (pH*)) 7.5].

Materials.Molecular biology reagents were from Promega
or NEB. Nitric oxide-releasing chemicals [S-nitrosylglu-
tathione (GSNO), (()-(E)-methyl-2-[(E)-hydroxyimino]-5-
nitro-6-methoxy-3-hexenamide (NOR-1), sodium nitroprus-
side (SNP), andS-nitrosylacetylpenicillamine [SNAP)] were
from Calbiochem. PROLI NONOate was from Alexis
Biochemicals. Nitrotyrosine was from Cayman Chemical Co.
Unless otherwise stated, other reagents were purchased from
Sigma (Poole, Dorset) and were of the highest grade
available.
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RESULTS

Spectrophotometric Properties of P450-NO Complexes.
The binding of nitric oxide to the P450 BM3 heme iron
induced large absorbance shifts in the UV-visible absorption
spectrum. On binding of NO to the oxidized (ferric) enzyme,
the Soret band was shifted from 419 to 435 nm. There was
also a large increase in intensity of theR andâ bands of the
heme and a shift in their absorbance maxima to 575 and
543 nm, respectively (Figure 1A). The shoulder on the short-
wavelength side of the Soret band in oxidized P450 BM3
becomes a distinct, broad peak in the Fe(III)NO complex,
with an absorption maximum at 360 nm. Essentially identical
spectral perturbations were observed for both intact P450
BM3 and for its heme domain. Similar spectra were
generated by addition of the nitric oxide donorsS-nitrosyl-
glutathione (GSNO), (()-(E)-methyl-2-[(E)-hydroxyimino]-
5-nitro-6-methoxy-3-hexenamide (NOR-1), PROLI NON-
Oate, and sodium nitroprusside (SNP).S-Nitrosylacetylpeni-
cillamine (SNAP) did not appear to induce complete conver-
sion to the Fe(III)NO adduct, presumably due to the slow

reoxidation of the adduct (see below) that competes with
the relatively slow release of NO by SNAP under the
conditions used. The spectral features of the Fe(III)NO form
of P450 BM3 are shown in Table 1 and are compared with
those from other P450s and from isoforms of nitric oxide
synthase (NOS), which are eukaryotic flavocytochrome
relatives of P450 BM3 with cysteinate-ligated heme iron (44).
Attempts to determine the affinity of NO for ferric P450
using anaerobic spectral titration of the P450 with small
volumes of nitric oxide-saturated buffer were not successful
due to the very tight binding of the ligand. However, these
experiments did serve to demonstrate that theKd is signifi-
cantly lower than the minimum concentration of P450
required to provide an adequate spectral signal; i.e.,Kd is
,500 nM. When the aerobically prepared Fe(III)NO com-
plex of P450 BM3 was left in air to reoxidize, the Soret
band was seen to shift back completely to 419 nm over a
period of approximately 1 h. This reflects the irreversible
reaction of dissociated nitric oxide with oxygen in solution.
The pH of the buffered solution did not decrease significantly
on addition of these small amounts of NO gas required to
cause complete conversion to the ferric-NO form. However,
it was noted that excessive addition of NO to the buffer
resulted in large decreases in pH, which brought about
protein denaturation and precipitation, and the development
of an absorption spectrum characteristic of nitrous acid in
the 250-350 nm range.

Attempts to isolate the Fe(II)NO form of P450 BM3 under
aerobic conditions were largely unsuccessful due to the
apparent instability of this species. A spectrum collected
immediately following addition of dithionite to an Fe(III)-
NO wild-type P450 BM3 heme domain sample showed that
the Soret band was located at∼420 nm, with a significant
shoulder at∼438 nm and sharply split features in theR/â
region. With reference to Figure 1A, this indicated that the
Fe(II)NO form had rapidly converted into a spectral mixture
of the ferric and Fe(III)NO forms. Attempts to reduce the
enzyme aerobically prior to addition of nitric oxide were also
unsuccessful due to the rapid autoxidation of ferrous P450
BM3 (45). Instead, attempts were made to isolate the Fe-

FIGURE 1: UV-visible spectra of the P450 BM3 heme domain
and nitrosyl adducts. (A) Visible spectra of the oxidized (solid line)
and Fe(III)NO adduct (dotted line) for the wild-type P450 BM3
heme domain (3.9µM). Spectral features for the F393H mutant
heme domain Fe(III)NO complex are essentially the same as those
for the wild type, with the Soret band centered at 435 nm. (B)
Visible spectra for the Fe(II) (dotted line) and Fe(II)NO (solid line)
forms of the F393H mutant heme domain (3.9µM). The dashed
line shows the spectrum recorded for the Fe(II)NO complex of the
wild-type heme domain (also 3.9µM) immediately after anaerobic
addition of nitric oxide to ferrous heme. The spectrum indicates
that, due to the instability of the Fe(II)NO adduct in wild-type P450
BM3, there is only partial conversion to this species at equilibrium.
Data were collected as described in the Experimental Procedures
section.

Table 1: Visible Spectroscopic Properties of the Ferric [Fe(III)NO]
and Ferrous [Fe(II)NO] Forms of Nitric Oxide-Ligated Cytochromes
P450 and Nitric Oxide Synthases

Fe(III)NO Fe(II)NO

enzyme Soret visible Soret visible

P450 BM3 435 543, 575 437 559
P450 cama 430 541, 571 438 557
P450 1A2b 431 541, 571 400 552
P450 LMa 436 543, 574 444 585
P450 2B4c 433 543, 575
P450 1A2c 433 542, 571
nNOSd 440 549, 580 436 567
iNOSe 443 549, 585 436 560
a P. putidacytochrome P450 cam and for rat liver P450 LM from

ref 19. b Rat P450 1A2 from ref77. c Rabbit P450 2B4 (P450 LM2)
and P450 1A2 (P450 LM4) from ref79. d Rat neuronal nitric oxide
synthase (nNOS) from ref23. e Murine inducible NOS (iNOS) from
ref 80. In the case of the data for the (1) Fe(III)NO and (2) Fe(II) NO
complexes for P450 LM, the band positions are those determined from
peaks in the difference spectra generated by subtraction of (1) the
spectrum of the ferric enzyme from that of the Fe(III)NO complex and
(2) the spectrum of the ferrous enzyme from that of the Fe(II)NO
complex.
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(II)NO complex of wild-type P450 BM3 under anaerobic
conditions. The ferrous P450 BM3 heme domain was
generated in the glovebox by dithionite reduction, and
complete conversion to the ferrous form was confirmed by
the shift of the Soret band of the P450 to∼410 nm over a
period of up to∼5 min (40). Thereafter, excess dithionite
was removed from the P450 by anaerobic gel filtration using
Sephadex G25 resin, and the Fe(II)NO complex formed by
mixture with anaerobic NO-saturated buffer, as described
in the Experimental Procedures section. While the overall
phenomenon observed under anaerobic conditions was
similar in terms of the instability of the Fe(II)NO complex,
performing the reaction in the glovebox resulted in a different
final spectral form. Thus, anaerobic reaction of ferrous P450
BM3 with NO resulted in the spectral properties of the heme
changing rapidly to those apparently reflecting a mixture
containing some NO-ligated iron, but primarily non-NO-
coordinated P450 in ferric and ferrous forms (Figure 1B).
The spectral features of this species in theR/â region
(between 500 and 600 nm) are more similar to those for the
ferrous form of the enzyme than for the ferric (compare data
in panels A and B of Figure 1), suggesting that the ferrous
form predominates. To further examine the phenomenon,
spectra were collected at regular intervals following the
initiation of the anaerobic reaction of the ferrous P450 BM3
heme domain with NO. Spectra are shown in Figure 2,
demonstrating the final spectral interconversions that occur
as the system reaches equilibrium. From the partially
converted Fe(II)NO spectrum for the wild-type P450 BM3
(Figure 2 and Figure 1B), spectral maxima for the Fe(II)NO
enzyme form were located at 437 nm (Soret) and at 559 nm
in the region of the hemeR andâ bands. Both maxima are
at slightly longer wavelength than those reported previously
for P450 cam (19) (Table 1).

Recently, it was demonstrated that phenylalanine 393 is a
key residue in controlling the electronic properties of the
P450 heme iron, such that the reduction potential of the heme

iron in the site-directed mutant F393H is increased by almost
100 mV (from-427( 4 to-332( 6 mV) and its reactivity
with molecular oxygen is diminished (40). Electronic absorp-
tion spectra collected for the Fe(III)NO and Fe(II)NO
complexes of the F393H heme domain were essentially
identical to those for wild-type P450 BM3 (Table 1).
However, presumably as a result of the altered electronega-
tivity of the F393H heme, the stability of the ferrous-NO
form was greatly increased in this mutant. The Fe(II)NO
complex was stable indefinitely under anaerobic conditions
and was even stable for several minutes when generated in
air (Figure 1B).

On the basis of an extinction coefficient of 95 mM-1 cm-1

for the Soret maximum in the oxidized P450 BM3 heme
domain, the relative coefficients for the Fe(III)NO and Fe-
(II)NO species are 86 mM-1 cm-1 at 435 nm and 63 mM-1

cm-1 at 437 nm, respectively, and are of apparently equal
magnitude for both wild-type and F393H P450 BM3 heme
domains.

Dissociation of Nitric Oxide from Ferric P450 BM3.It
was observed that the nitric oxide complex of ferric P450
BM3 decomposed spontaneously in aerobic solution over
periods of several minutes, leading to the restoration of heme
spectral properties typical of the oxidized form of the
enzyme. Clearly, NO binding to the ferric heme is reversible,
and its reassociation is competitive with the reaction of NO
with oxygen in solution. Ultimately, the latter reaction
pathway exhausts the NO in solution, and the aqua-ligated
P450 species is re-formed. However, reducing agents (either
dithionite or NADPH for the intact flavocytochrome P450
BM3) caused similar spectral changes immediately after
aerobic addition. As indicated above, the instability of the
Fe(II)NO complex suggested that nitric oxide might simply
be released from the heme on addition of an electron to the
Fe(III)NO complex. Addition of NAD(P)H to the Fe(III)-
NO heme domain complex did not result in its dissociation,
indicating that the P450 BM3 heme domain does not act as
a nitric oxide reductase in a fashion similar to P450 nor from
Fusarium oxysporum(4). However, the fact that NADPH
was able to dissociate the Fe(III)NO complex of flavocyto-
chrome P450 BM3 was of particular interest, since addition
of this cofactor does not result in the reduction of ferric P450
BM3 heme in the absence of fatty acid substrate, probably
mainly due to the unfavorably low (negative) heme iron
reduction potential with respect to that of the FMN flavin
and NADPH (-427 ( 4 mV for heme iron; cf.-320 mV
for NADPH and-213( 5 mV for the BM3 reductase FMN
oxidized/semiquinone couple) (38, 43). Evidently, NADPH-
dependent electron transfer to heme in the Fe(III)NO
flavocytochrome P450 BM3 complex can occur via the
reductase flavins, but direct reduction of the heme domain
by NADPH does not occur. This likely indicates that the
heme iron reduction potential of the Fe(III)NO complex is
considerably more positive than that of the resting aqua-
ligated form.

To establish whether NADPH-dependent reduction of the
flavocytochrome P450 ferric-NO complex resulted in direct
release of nitric oxide, we set up a reaction system in which
two cuvettes containing anaerobically prepared Fe(III)NO
flavocytochrome P450 BM3 (5µM) were placed in the
sample and reference compartments of a Shimadzu 2101
spectrophotometer. An equivalent quantity of the ligand-free

FIGURE 2: Spectral changes following reaction of ferrous P450 BM3
with nitric oxide. The spectrum of the wild-type P450 BM3 heme
domain (12 µM) is shown in the ferric (thin solid line) and
anaerobically dithionite-reduced ferrous (dashed line) forms. After
formation of the ferrous form, the protein was mixed with nitric
oxide, and spectra were collected immediately and at 1 min intervals
over the following 5 min (dotted lines, with the final spectrum at
5 min shown as a thick, solid line). The arrow shows the direction
of absorption change occurring at∼437 nm [near the spectral
maximum for the Fe(II)NO form] over the time period. On
subsequent anaerobic incubation for a further 10 min, there was
negligible change observed from the final spectrum shown here.
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ferric heme domain of P450 BM3 was added to front cuvette,
and the absorbances zeroed against each other. Thereafter,
an excess of NADPH (200µM) was added to both cuvettes.
A difference spectrum was then recorded immediately
(between 700 and 300 nm) and again after 1 min. The two
spectra were essentially identical and displayed a strong peak
at ∼434 nm in the solution to which the ligand-free heme
domain had been added. This indicated that nitric oxide had
been released by the reduced flavocytochrome P450 and that
this NO had been “captured” by the heme domain in the
sample cuvette. The proportion of the BM3 heme domain
converted to its ferric-NO adduct was greater than 85%.

To verify that the process of displacement of NO from
the P450 heme required only a single electron (NADPH is
a two-electron donor), the Fe(III)NO form of the P450 BM3
heme domain was mixed aerobically with the one-electron-
reduced (air-stable blue semiquinone) form ofE. coli
flavodoxin (42), as described in the Experimental Procedures
section. The flavodoxin semiquinone induced displacement
of NO from the P450 domain, with reoxidation of both heme
and flavodoxin observed from spectrophotometric measure-
ments made over the next 10 min until the reaction
approached completion. The result confirmed that only a
single electron was required. However, the rate of the slow
reaction was constant, as monitored by the decrease in
absorbance at 434 nm. This apparent zero-order process is
consistent with a structural change in the protein accompany-
ing NO displacement.

Stopped-Flow Analysis of NO Binding to Ferrous P450
BM3. In view of the apparent instability of the Fe(II)NO
complex of P450 BM3, we undertook stopped-flow mixing
studies to determine the rate of binding of NO to the ferrous
P450 heme iron across a range of NO concentrations (10-
100µM). Preliminary stopped-flow diode array spectropho-
metric analysis indicated that 442 nm was an appropriate
wavelength to follow the transient formation of the Fe(II)-
NO complex. Typically, reactions were analyzed over period
of 10-1000 ms, as described in the Experimental Procedures
section. With the F393H mutant of the P450 BM3 heme
domain, the formation of the Fe(II)NO species was clearly
observed due to the relative stability of the complex.
Individual ∆A442 data were fitted to an exponential function,
as described previously (46). A plot of the observed rates
(kobsvalues) versus the applied NO concentration was linear
[as found also for, e.g., iNOS (46)], and an apparent
bimolecular rate constant of (8.54( 0.45) × 106 M-1 s-1

for binding of NO (kon) was determined from the gradient
of the line. The plot had a positive intercept on they-axis,
from which an apparent NO dissociation rate (koff) of 87.8
( 26.6 s-1 was determined. The apparentKd for the
interaction of NO with the ferrous F393H P450 was
determined from the ratio of these two values (koff/kon) to be
10.3 µM. A similar set of experiments was performed for
the wild-type P450 BM3 heme domain. However, in this
case it was found that the formation of the Fe(II)NO complex
was transient and that the absorption increase was essentially
complete within 50 ms. This phase was immediately followed
by an exponential decay of the absorption, which was
complete within 1 s ofinitiating the reaction. The latter phase
reflects the collapse of the Fe(II)NO complex (described
above). As with the data sets for the F393H enzyme, a plot
of kobs versus applied NO concentration (obtained by fitting

theA442 increase phase) was linear within the range analyzed.
Parameters ofkon ) (4.67( 0.15)× 106 M-1 s-1 andkoff )
13.8( 6.9 s-1 were extracted from the graph. TheKd (koff/
kon) was determined to be 3.0µM. Analysis of the rate of
the absorption decrease occurring over the longer time scale
(up to 1 s) as the Fe(II)NO species collapses revealed that it
showed no apparent dependence on NO concentration,
occurring at 10( 2 s-1.

Substrate-Dependent Perturbation of the NO-Bound Spec-
trum by Fatty Acid. In experiments where fatty acid
substrates (arachidonic acid and lauric acid) were added to
the Fe(III)NO complex of P450 BM3, it was observed that
addition of substrate caused a small perturbation of the
spectral properties of the complex, with an∼2 nm shift of
the Soret absorption maximum from 435 to 437 nm and
similar small shifts of theR and â bands (to 576 and 545
nm, respectively). To demonstrate that this spectral perturba-
tion related directly to the binding of substrate in the active
site of the P450, we performed substrate-binding titrations
of the heme domain Fe(III)NO complex with arachidonic
acid under anaerobic conditions [to prevent any reoxidation
of the Fe(III)NO complex over the∼30 min period required
to complete the titration] (Figure 3). Difference spectra at
each point in the titration were generated by subtraction of
the starting absolute spectrum from spectra recorded at the
relevant point. The apparent dissociation constant for the
binding of arachidonate was then determined by plotting the
maximal Soret region absorption change from each difference
spectrum (A446 - A427) against the relevant concentration of
arachidonate. The plot described a hyperbola, and data were
fitted to eq 1. This yielded aKd of 0.15 ( 0.03 µM. This
value is rather tighter than previous estimates for the binding
of arachidonate to oxidized, aqua-ligated P450 BM3 (∼2-5
µM) (45, 47). This can be explained at least partially by the
use of the more accurate eq l (rather than fitting to a simple
hyperbolic function) to fit the data. However, another
possible explanation for the tighter apparent binding of

FIGURE 3: Spectral perturbation of the Fe(III)NO adduct of the
wild-type P450 BM3 heme domain by fatty acid substrate. Addition
of fatty acids induces small shifts in the visible spectrum of Fe-
(III)NO P450 BM3, with the Soret band shifting from 435 to 437
nm. The main figure shows selected absorption difference spectra
for the Fe(III)NO heme domain complex (5µM) after addition of
quantities of arachidonic acid between 0.7 and 26µM. The inset
shows a plot of the induced absorption difference versus arachidonic
acid concentration, with the data fitted to eq 1 to yield aKd value
of 0.15 ( 0.03 µM.

16422 Biochemistry, Vol. 43, No. 51, 2004 Quaroni et al.



arachidonate could relate to the conformational state of the
P450. In recent studies of a A264E mutant of P450 BM3,
we have shown that long-chain fatty acids bind more tightly
than is the case for wild-type P450 BM3 (48). In addition,
structural studies show that the substrate-free A264E heme
domain adopts the conformation previously considered to
be a consequence of substrate docking (49). Potentially, the
conformational state of the enzyme is altered in a similar
fashion in the nitrosyl complex of wild-type P450 BM3, and
this leads to the apparent enhancement of binding of
arachidonate. In recent studies of the resonance Raman
properties of the nitrosyl complexes of P450 BM3, Deng et
al. described an apparent lack of perturbation of the resonance
Raman spectrum of the P450 BM3 heme domain after the
addition of fatty acid (palmitate) to the Fe(III)NO heme
domain complex (50). However, our work demonstrates that
small perturbations in the electronic spectrum are observed
when substrate binds to the Fe(III)NO heme domain. It is
plausible that these reflect environmental changes around the
nitrosyl ligand on binding fatty acid.

CD Spectroscopy.Circular dichroism (CD) spectra were
recorded for the wild-type and F393H P450 BM3 heme
domains in both far-UV (190-260 nm, ca. 3µM P450) and
near-UV-visible (260-600 nm, ca. 20µM P450) regions.
The Fe(III)NO and Fe(II)NO far-UV CD spectra of the P450s
were not significantly different from those of the ferric
oxidized P450s. Similarly, addition of arachidonate (20µM)
to the Fe(III)NO complexes of wild-type and F393H heme
domains did not induce significant changes in the far-UV
CD spectra, indicating that the changes observed in the
electronic absorption spectra do not reflect any perturbations
to secondary structure. Considerable spectral changes are
observed in the near-UV-visible CD spectra of the heme
domains on ligation with nitric oxide. Previously, we have
published the near-UV-visible CD spectra for wild-type
oxidized P450 BM3, which shows a prominent broad spectral
feature with negative ellipticity in the region of the Soret
band of the P450 (36). This band is centered at 410 nm for
the oxidized wild-type BM3 heme domain and at 413 nm
for the F393H heme domain. CD spectral changes induced
by addition of nitric oxide were essentially identical for both
enzymes, with the band decreasing in intensity and shifting
to ca. 432 nm. Due to its inherent instability, it did not prove
feasible to obtain a visible CD spectrum for the completely
converted Fe(II)NO complex of wild-type P450 BM3.
However, satisfactory spectra for the Fe(II)NO form of the
F393H heme domain could be collected, with the complete
conversion to the Fe(II)NO form confirmed by electronic
absorption spectroscopy (Figure 4). The Soret CD bands of
these nitrosyl complexes decreased in intensity compared
with the unligated P450 heme domain and were shifted to
436 nm. Smaller features of negative ellipticity are seen in
the region of the P450 hemeR andâ bands, with minima
located at ca. 582 nm [Fe(III)], 572 nm [Fe(III)NO], and
589 nm [Fe(II)NO]. To our knowledge, this is the first
reported near-UV-visible CD spectrum for an Fe(II)NO
P450 complex.

Resonance Raman and Surface-Enhanced Resonance Ra-
man Spectroscopies ProVide EVidence for P450 Tyrosine
Nitration. Resonance Raman (RR) and surface-enhanced RR
(SERR) spectra were successfully obtained for both the
oxidized heme domain of P450 BM3 and for the Fe(III)NO

form. RR on the oxidized form was performed with laser
excitation at 413 nm on 1 mM solutions of the heme domain
in 50 mM MOPS (pH 7.4). The NO-treated enzyme was
analyzed with excitation from laser lines at both 413 and
457.9 nm. SERR spectra of the oxidized and NO-bound heme
domain were obtained as described previously with laser
excitation at 457.9 nm (51). In agreement with earlier reports,
the RR spectrum of the oxidized heme domain was pre-
dominantly low spin, while the SERR spectrum of the
surface-adsorbed domain had a roughly equal proportion of
low-spin and high-spin heme iron (35, 51). The larger
proportion of high-spin heme iron in the SERR spectrum
results from surface adsorption of the protein. We have
shown previously that there is negligible P420 present
following surface adsorption (51). The presence of the
oxidation state marker bandν4 at 1372 cm-1 in both RR
and SERR spectra indicates that the ferric oxidation state is
retained upon adsorption, and it has been demonstrated
previously that substrate- and inhibitor-dependent signals
typical of the solution state enzyme occur with the surface-
adsorbed P450 (51, 52).

SERR spectra of the BM3 heme domain (1µM) in both
the oxidized form and after the aerobic addition of NO gas
and incubation for 1 h atambient temperature were obtained
using excitation at 457.9 nm (Figure 5A,B). The SERR
difference spectrum after aerobic NO treatment was gener-
ated by subtraction of the spectrum for the oxidized P450
from that of the Fe(III)NO form. The difference spectrum
(Figure 5C) shows prominent bands at 1328, 1576, and 1631
cm-1. These vibrations can be assigned to the asymmetric
stretching of the nitro group of nitrotyrosine (1328 cm-1)
and to the breathing vibrations of the aromatic ring of
nitrotyrosine (1576 and 1631 cm-1), clearly indicating the
formation of this species after the aerobic reaction of NO
with P450 BM3. These features are also clearly seen in the
spectrum of pure nitrotyrosinate (Figure 5D). The formation
of nitrotyrosine was not observed under anaerobic conditions
or by addition of peroxynitrite to this system (100µM) over
the same experimental time. The results from this study
suggest that the sharp nitrotyrosinate signal from P450 BM3

FIGURE 4: Near-UV-visible CD spectra for the F393H mutant of
the P450 BM3 heme domain. Spectra were recorded for the oxidized
(solid line), Fe(III)NO (dashed line), and Fe(II)NO (dotted line)
enzyme forms. The enzyme concentration was 20µM, and spectra
were collected at ambient temperature as described in the Experi-
mental Procedures section. Qualitatively similar data were collected
for oxidized [Fe(III)] and Fe(III)NO forms of the wild-type P450
BM3 heme domain. Instability of the Fe(II)NO complex of wild-
type P450 BM3 prevented collection of CD data for this species.
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arises from only one modified tyrosine. Previous studies of
the frequencies of the nitro stretch of nitrophenols in organic
solvents (∼1325 cm-1) compared with those in water (∼1335
cm-1) showed significant shifts depending on the dielectric
constant of the solvent (53). The relatively low frequency
in P450 BM3 suggests that the nitrotyrosine is in a quite
hydrophobic location. The nitro stretching frequency in-
creases for the protonated form in hydrogen-donating
solvents (53). One obvious candidate residue is tyrosine 51
near the mouth of the active site cleft of P450 BM3 (8). To
assess the possibility that tyrosine 51 was a target for
nitration, we repeated the experiment with a Y51F mutant
of the heme domain (39). It was observed that RR signals
associated with nitration of tyrosine residue(s) still developed,
but much more slowly than with the wild-type heme domain,
with RR signals increasing over several hours to reach their
maximum. It appears that tyrosine 51 is a major target for
nitration but that other tyrosine(s), presumably also in a
hydrophobic location, are also modified over time. Effects
of nitration on the catalytic properties of the wild-type and
mutant P450s were also determined (see Effects of NO on
P450 BM3 Catalysis section below).

Resonance Raman spectra for the Fe(III)NO complex of
the P450 BM3 heme domain have been published previously.
Our spectra are essentially identical to those published (50).
However, RR spectra were also obtained for freeze-thawed
solutions of the oxidized and aerobically NO-treated P450
domain (Figure 6). In the case of the nitric oxide-treated
enzyme, the band patterns for nitrotyrosinate are particularly
strong. However, for this species the core size marker bands
of the heme for the low-spin form are at a remarkably high

frequency, even for a low-spin heme [1597, 1514, and 1650
cm-1 (ν2, ν3, andν10, respectively); cf. 1581, 1499, and 1636
cm-1 for the oxidized, aqua-ligated P450]. This effect is
typically observed whenπ-acid ligands (e.g., CO, NO) are
bound to the axial positions of the hemes. In P450s the effect
is not observed when the proximal cysteinate is bound, since
the electron-donating properties of the thiolate ligand can
compensate for the electron-withdrawing effect of the
nitrosyl. Therefore, the marked shifts to higher frequency
observed upon aerobic addition of NO and freeze-thawing
the sample suggest that the proximal cysteinate is no longer
bound to the heme. Band positions reported for the spectra
of ferrous five-coordinate nitrosyl hemes are practically
identical to the values observed here in the frozen solution
(54). Therefore, the heme features of the spectrum in Figure
6B can be assigned to a ferrous five-coordinate nitrosyl
complex of P450 BM3. It is conceivable that some autore-
duction of the nitrosyl ferric heme occurs following aerobic
exposure to an excess of nitric oxide. Autoreduction has been
reported previously for certain hemoprotein complexes (55).
The axial bond trans to the nitrosyl ligand in a ferrous heme
complex is labile, and cleavage can occur easily. In the
ferrous-nitrosyl complex, one electron occupies the dz2

orbital. This is an antibonding orbital which weakens the
other axial bond between the heme and the cysteine ligand.
Cleavage could then be assisted by a conformational change
in the protein induced by freezing. The binding of nitric oxide
itself may induce a minor conformational change, as sug-
gested by the zero-order nitric oxide release kinetics men-
tioned earlier. It has also been suggested that carbon
monoxide might act as a conformational effector of P450
BM3 (56). However, the fact that the six-coordinate Fe(II)-
NO P450 BM3 complex can be isolated in aqueous solution
suggests that freezing is primarily responsible for breakage
of the cysteinate linkage. As expected, when the frozen
nitrosyl P450 complex was thawed and treated with reductant
(dithionite) and carbon monoxide, the electronic absorption
spectrum confirmed that it had been converted almost
completely to the inactive P420 form.

FIGURE 5: Surface-enhanced resonance Raman (SERR) spectra
demonstrating nitric oxide-dependent tyrosine nitration of the heme
domain of P450 BM3. Spectrum A: SERR of the heme domain of
P450 BM3 on a Lee-Meisel colloid, pH 5.8. Spectrum B: SERR
of the heme domain of P450 BM3 after aerobic exposure to NO.
Spectrum C: The difference spectrum generated by subtraction of
spectrum A from spectrum B. Spectrum D: Resonance Raman
spectrum of the nitrotyrosinate anion (100µM). Conditions were
as described in the Experimental Procedures section with the P450
BM3 heme domain concentration at 1µM. Excitation was at 457.9
nm. The large band at 1329 cm-1 in the difference spectrum is
indicative of tyrosine nitration of P450 BM3.

FIGURE 6: Resonance Raman spectrum of the heme domain of P450
BM3 (500 µM) before (A) and after (B) the aerobic addition of
NO gas. The sample preparation is detailed in the Experimental
Procedures section. The samples were frozen at 77 K for the
spectroscopic analysis. Excitation was at 406.7 nm, 40 mW. Nitric
oxide-induced band shifts are discussed in the Results section.
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Effects of NO on P450 BM3 Catalysis.In preliminary
experiments, it was observed that addition of a few bubbles
of nitric oxide to an assay solution of flavocytochrome P450
BM3 resulted in transient inactivation of fatty acid-dependent
NADPH oxidation. Similar transient inactivation was ob-
served on addition of small concentrations (ca. 1 mM) of
the nitric oxide donor compound GSNO. However, the
reductase domain-dependent rate of cytochromec reduction
was almost completely unaffected, indicating the specificity
of nitric oxide for the P450 heme iron. When the nitric oxide-
complexed flavocytochrome P450 BM3 (5µM) was prepared
and then diluted 100-fold into nitric oxide-free assay buffer
for activity measurements (assay systems containing 50 nM
enzyme in assay buffer at 30°C with either 50 µM
arachidonic acid or 800µM lauric acid), virtually no
inhibition was observed when the reaction was initiated by
addition of 200 µM NADPH. This is likely to reflect
considerable dissociation of nitric oxide from the heme iron
into the aerobic buffer prior to the start of the assay.
However, for arachidonic acid oxidation assays performed
under identical conditions in the presence of a higher,
measured concentration of nitric oxide [starting concentration
of ca. 250 µM, produced by mixture of anaerobically
generated NO-saturated (ca. 1.9 mM) buffer with oxygenated
NO-free buffer containing P450 BM3 and arachidonate
immediately prior to assay], almost complete inhibition of
activity was observed on initiation of the reaction by NADPH
addition. Thus, the initial rate (over the first 5 s) of
arachidonic acid-dependent NADPH oxidation was∼14000
min-1 in the absence of nitric oxide, and<20 min-1 in its
presence. Despite this initial inhibition, recovery of activity
occurred rapidly during the course of the assay, such that
the rate measured after∼45 s for the nitric oxide-treated
enzyme was almost as high as that observed for the untreated
P450. The relatively rapid recovery of activity indicates that
the inhibitory NO could be displaced from the P450 heme
under turnover conditions. This is consistent with our earlier
results which indicated that NADPH-dependent electron
transfer to the flavocytochrome P450 BM3 heme iron from
its reductase domain was feasible in the Fe(III)NO species
and that this reduction process displaced the nitrosyl ligand.
The fact that P450-dependent fatty acid hydroxylation is
oxygen-dependent means that it is difficult to extract
meaningful kinetic parameters for the inhibition by NO
(which reacts with oxygen in solution). However, it is clear
that the transient inhibition of P450 BM3 results from
coordination of the ferric heme iron by NO to form the Fe-
(III)NO complex and that inhibition is released as NO is
displaced from the Fe(II)NO complex and reacts with oxygen
in solution.

In view of the fact that resonance Raman studies indicated
that aerobic incubation of P450 BM3 with nitric oxide
induced nitration of tyrosine 51 (and probably one or more
additional tyrosine residues), we determined the steady-state
parameters for lauric acid-dependent oxidation of NADPH
for wild-type and Y51F mutant flavocytochromes, both
before and after aerobic incubation with nitric oxide. Prior
to assays, enzymes (ca. 10µM) were incubated for 1 h at
15 °C in 100 mM Tris‚HCl (pH 7.5) both with and without
the addition of nitric oxide (1 mM, by dilution of anaerobic
stock solution). Over this time period, resonance Raman
studies indicated essentially complete tyrosine nitration.

Enzyme solutions were then diluted 200-fold for assays. The
kinetic properties of the untreated wild-type (kcat ) 5100(
75 min-1; KM ) 280 ( 20 µM) and Y51F mutant (kcat )
5900 ( 120 min-1; KM ) 310 ( 20 µM) enzymes were
similar to those we have reported previously (39). The
activity of the nitric oxide-treated Y51F mutant enzyme was
marginally affected with a 13% decrease inkcat (kcat ) 5100
( 140 min-1; KM ) 270( 20 µM). However, the wild-type
P450 was much more severely inhibited, with a 45% decrease
in the kcat value (kcat ) 2800( 80 min-1; KM ) 200 ( 20
µM). Structural studies of P450 BM3 indicate that Y51 and
R47 are key residues involved in the interaction with the
carboxylate group of fatty acid substrates (8). Although a
Y51F P450 BM3 mutant had rather small effects on kinetic
parameters for laurate and arachidonate oxidation (39),
nitration of Y51 would undoubtedly be expected to have a
considerable effect on interaction with substrate carboxylate.
Thus, our kinetic data for nitrated P450 BM3 enzymes are
consistent with the proposed catalytic role of Y51.

EPR Studies.The X-band EPR spectrum of the wild-type
P450 Fe(III)NO complex (not shown) contained only weak
signals atg ) 4.3, which can be assigned to adventitious
iron, and a trace of ferrous nitrosyl signal centered atg )
2.0. The heme itself has been rendered EPR silent, as might
be anticipated for the complete binding of a single NO
molecule to each ferric ion. There are no signals arising from
a low-spin Fe(III) species. When the EPR-silent ferrous wild-
type P450 is exposed to NO under strict anaerobic conditions
(as described in the Experimental Procedures section) and
frozen for EPR spectroscopy, a rhombic spectrum with an
apparent 3-fold splitting on the high-fieldg-value results
(Figure 7). This Fe(II)NO ({FeNO}7) signal is centered atg
) 2.01. This feature is not identical to that reported
previously for the Fe(II)NO form of P450 cam, which is
rhombic with a three-line hyperfine centered atg ) 2.002
(57, 58). The nitrosyl feature retains the rhombic shape, but
the hyperfine structure is less well resolved than in P450

FIGURE 7: Perpendicular mode X-band EPR of ferrous cytochrome
P450 BM3 plus nitric oxide in 50 mM HEPES/D2O buffer (pH*
7.5). The protein concentration was 146µM. EPR were recorded
at 9.64 GHz with 2 mW power at 10 K. The modulation amplitude
was 10 G. Inset: Effect of modulation amplitude on the hyperfine
structure of the Fe(II)NO EPR spectrum. Microwave power and
frequency are as above. The temperature was 23 K.
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cam. Large modulation amplitudes can cause line width
broadening, but lower modulation amplitudes did not im-
prove the resolution of the hyperfine in this case (Figure 7,
inset). It is probable that this is due to heterogeneity in the
conformation of the Fe(II)NO species. The perturbations
observed in the electronic absorption spectra on addition of
fatty acid substrate to the Fe(III)NO form suggest that bond
deformation can occur.

Known Fe(II)NO heme EPR are essentially radical in
origin, arising primarily from the bound NO ligand. The
ferrous ion itself remains low-spinS) 0. Consequently, all
g-values remain close to 2, as is also observed for the
spectrum in Figure 7. When the NO is bound distal to
histidine in proteins such as cytochromecd1 or horseradish
peroxidase (HRP), the spectrum is rhombic with a nine-line
hyperfine splitting on the central feature. This splitting arises
because the unpaired spin interacts with the (I ) 1) nitrogen
nucleus of the NO and to a lesser extent with the nucleus of
the coordinating nitrogen of histidine. In the absence of a
distal histidine, the spectrum is axial with a 3-fold splitting
on one feature [e.g., as seen for guanylate cyclase and
cytochromec′ (59, 60)]. Importantly, this Fe(II)NO P450
EPR spectrum is clearly not a three-line five-coordinate
ferrous heme nitrosyl species, and this is taken as evidence
that the cysteinate is still coordinated trans to NO in this
form and that there is negligible P420 content (although
freeze-thawing of the complex does generate P420). Signals
at g ) 2.40, 2.25, and 1.92 arise from a subpopulation of
P450 that has reoxidized to the resting ferric form from the
unstable wild-type P450 BM3 Fe(II)NO species (35), con-
firmed by measurements of the absorption spectrum follow-
ing EPR.

The EPR spectrum for the Fe(II)NO adduct of the F393H
heme domain mutant is essentially identical to that of wild-
type P450 BM3, although in this case there are minimal
signals arising from oxidized P450, as expected for the more
stable Fe(II)NO adduct formed by this mutant (data not
shown). Again, the signal is centered atg ) 2.01 with 3-fold
splitting.

MCD Spectroscopy.The spectrum shown for the Fe(III)-
NO adduct of wild-type P450 BM3 (Figure 8A) is not
consistent with heme in a low-spin ferric state but rather
resembles that of low-spin ferrous heme. This is also
common to the MCD spectra of the Fe(III)NO ({FeNO}6)
forms of myoglobin mutants and horseradish peroxidase,
which also show band shapes and intensities normally
associated with low-spin ferrous heme (61; see also ref62
for a description of the metal-nitrosyl classification system].
The MCD spectra of the six- and five-coordinate Fe(III)NO
derivatives of nitric oxide synthase (NOS), which also have
thiolate ligation, have been published (63), and again these
have a spectrum form that is associated with low-spin ferrous
heme, although this was not commented upon by the authors.
The position of the Soret crossover in cytochrome P450 BM3
is shifted to longer wavelength (crossover at 440 nm) relative
to the myoglobin and peroxidase derivatives (ca. 420 nm)
(64). This shift results from a change of the proximal heme
ligand from histidine in the globins and peroxidases to a
cysteine in P450. There is a derivative feature (Q-band) with
a zero-line crossover at 574 nm and intensity of 54.5 M-1

cm-1 T-1, which has a derivative-shaped vibrational side
band at 541 nm. These are similar to the band positions and

intensities observed for the Fe(III)NO derivation of NOS.
To the best of our knowledge, this is the first MCD spectrum
recorded for an Fe(III)NO derivative of a cytochrome P450.

The MCD spectrum of the Fe(II)NO form of wild-type
cytochrome P450 BM3 is shown in Figure 8B. The Soret
has a derivative crossover at 447 nm but shows two positive
maxima at 414 and 434 nm. The intensity maximum at 414
nm can be assigned to the Fe(III) low-spin species observed
in the absorbance and EPR spectra. The contribution of this
oxidized species (52%) can be subtracted from the MCD,
leaving a feature with a Soret crossover at 447 nm and a
peak-to-trough intensity of 50.1 M-1 cm-1 T-1 at 100%
population of Fe(II)NO heme. The Q-band derivative is
centered at 574 nm and is calculated to have a peak-to-trough
intensity of 34.4 M-1 cm-1 T-1. The wavelengths of these
bands are similar to those reported for Fe(II)NO derivatives
of P450 cam (58, 61, 64) and NOS (63), and the calculated
intensities of these bands in the P450 BM3 enzyme are
slightly higher than those of the P450 cam spectra. The
spectrum of the Fe(II)NO form of the mutant F393H is very
similar in form and intensity to that of the wild-type
difference spectrum: the Soret crossover is at 443.5 nm
(peak-to-trough intensity 25 M-1 cm-1 T-1), there is a peak
at 527 nm, and the Q-band derivative is at 575 nm (17 M-1

cm-1 T-1). Again, the positions of the bands are similar to
those in the MCD spectrum of the wild-type P450 cam Fe-

FIGURE 8: Room temperature MCD spectra for P450 BM3. Panel
A shows the MCD spectrum for the Fe(III)NO complex of the wild-
type P450 BM3 heme domain (110µM). Panel B shows the spectra
for the Fe(II)NO complexes of the wild-type (solid line, 148µM)
and F393H mutant (dotted line, 91µM) BM3 heme domains. The
F393H mutant shows complete conversion to the Fe(II)NO complex,
whereas the wild-type heme domain spectrum is a spectral mixture
of the Fe(II)NO species (ca. 48%) and reoxidized ferric P450. The
spectra were collected at 298 K, 6 T, as described in the
Experimental Procedures section.
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(II)NO species, but the band intensity is lower in the
spectrum of the P450 BM3 mutant. This does not suggest
that the species is not fully converted to the ferrous nitrosyl
species as the absorbance and EPR are consistent with full
conversion. However, the broad Soret feature and lower
intensity of the bands do suggest that there may be a variety
of heme-nitrosyl conformations generating overlaying, but
similar, spectra. Similar intensities were observed in the Fe-
(II)NO form of nitric oxide synthase. We can rule out the
formation of five-coordinate heme nitrosyl heme at room
temperature as these species have negative Soret features at
around 400 nm (61, 65).

Comparison of the MCD spectra reported for the NO
derivative of ferrous P450 cam and the spectra presented
here for P450 BM3 shows that their nitric oxide heme
derivatives have MCD spectra that distinguish Fe(III)NO and
Fe(II)NO forms of the cysteine-ligated heme. Both the Soret
and Q-bands of Fe(II)NO cysteine-ligated hemes become
asymmetric, which is a pattern similar to the spectra of
nitrosyl hemes with proximal histidine ligation (63).

DISCUSSION

Our study presents the first MCD spectra for a six-
coordinate Fe(III)NO cytochrome P450 complex and the first
CD spectrum for a P450 in the Fe(II)NO form. In addition,
we demonstrate that resonance Raman spectroscopy provides
a straightforward and sensitive method for identifying nitrated
tyrosine residues in enzymes. Given the interest in nitration
of tyrosine residues in relation to, for example, signal
transduction, cellular inflammation, neurodegeneration, and
enzyme inhibition (e.g., refs66-71), the technique may now
find more widespread use in the analysis of nitrated proteins.
While a biological role for tyrosine nitration in P450 BM3
is not known, the fact that interaction with nitric oxide leads
to both transient enzyme inactivation (through ligation to
ferric heme iron) and long-term inhibition (likely through
tyrosine nitration), which is similar to the behavior reported
for other mammalian P450 enzymes (e.g., refs69 and70),
indicates that this general phenomenon is of physiological
relevance with regard to control of P450 activity.

Through a combination of spectroscopic and enzymology
studies, we have demonstrated that transient inhibition of
flavocytochrome P450 BM3 activity is associated with
ligation of nitric oxide to the ferric heme iron and that this
species can be reduced by electron transfer from the
physiological cofactor NADPH through the reductase domain
of the enzyme. The resulting Fe(II)NO adduct is unstable
and breaks down, releasing nitric oxide and allowing
restoration of catalytic activity. Our experiments demonstrate
release of NO both through NADPH-dependent reduction
of flavocytochrome P450 BM3 and by flavodoxin semi-
quinone-dependent reduction of the heme (proven by sub-
sequent trapping of the NO released) and provide evidence
that aerobic single-electron reduction of NO-bound P450
BM3 induces the loss of NO itself, as opposed to, e.g., NO-

or N2O. Fungal P450 nor produces N2O by the direct
reduction of the NO-bound P450 by NADH, consuming 2
equiv of NO in the reaction (4). A similar situation is unlikely
in the BM3 enzyme, since reduction of a stoichiometric
P450-NO complex still results in NO displacement and
since NAD(P)H cannot reduce directly the Fe(III)NO P450
BM3 heme domain.

Resonance Raman studies indicate that, over a period of
several minutes, aerobic interaction with nitric oxide results
in the nitration of tyrosine residue(s) in P450 BM3. The fact
that this occurs over the same time frame as the spontaneous
reoxidation of the ferric-nitrosyl adduct of the enzyme
suggests that nitric oxide released within the hydrophobic
active site cavity of the enzyme may be the main originator
of tyrosine nitration. Steady-state kinetic studies reveal
inhibition of fatty acid hydroxylase activity after aerobic
treatment with nitric oxide, and it appears to be the case
that nitration of internal tyrosine residue(s) is the explanation
for this long-term inhibitory effect, as observed for other
mammalian P450s (e.g., refs70 and 71). No nitrotyrosine
signal was observed after anaerobic reaction, indicating the
requirement for oxygen in this process. On aerobic reoxi-
dation of the Fe(III)NO adduct of wild-type flavocytochrome
P450 BM3, fatty acid hydroxylase activity (kcat for lauric
acid hydroxylation) falls to almost half of its original value.
However, cytochromec reduction associated with its reduc-
tase domain is virtually unaffected, indicating that the effect
is specific for the heme domain of the enzyme. The much
slower nitration observed for BM3 mutant Y51F, coupled
with the fact that its activity is decreased by only 13%,
indicates that tyrosine 51 is a likely major (but not exclusive)
target for nitration. This partial irreversible inhibitory effect
of nitric oxide on P450 BM3 is similar to the phenomenon
observed with mammalian P450s 2B4 and 1A1 and for the
other hemoproteins cyclooxygenase and lipooxygenase (70,
71). Our data suggest that tyrosine nitration in P450 BM3 is
the mechanism by which NO mediates an irreversible
inactivation of the enzyme. We can speculate that similar
tyrosine nitration event(s) underlie(s) the irreversible inac-
tivation of the other hemoproteins mentioned, and this
suggestion is supported by our demonstration of tyrosine
nitration in P450 2B4 (30). The nature of the SERR signal
for nitrotyrosine of P450 BM3 indicates that the residue(s)
modified is (are) not surface exposed, since the frequency
of the symmetric stretching vibration of the nitro group is at
a much lower wavenumber than that for aqueous nitrotyro-
sinate. In superoxide dismutase, the peroxynitrite-mediated
nitration of a surface tyrosine resulted in a resonance Raman
band at 1336 cm-1, the same as that observed for free
nitrotyrosinate (72). In hen egg white lysozyme, treatment
with tetranitromethane resulted in distinct resonance Raman
signals for nitrotyrosinate at 1336 and 1328 cm-1. The former
vibration is associated with a surface tyrosinate, while the
latter is from a tyrosinate in a strongly hydrophobic environ-
ment, as indicated by the fact that signals for free nitroty-
rosinate in aqueous and organic solvents are located at 1336
and 1328 cm-1, respectively (73). The nitrotyrosinate signal
from P450 BM3 is sharp and located at 1328 cm-1,
suggesting that it might reflect only a single modified
tyrosine in a hydrophobic environment. Our studies indicate
that tyrosine 51 is a nitration target but that there may be
one or more further tyrosine targets. Since the reaction of
NO with P450 BM3 tyrosine(s) is oxygen-dependent, the
active oxidant is clearly a higher oxide of nitrogen. Possible
candidates are peroxynitrite, nitrogen dioxide, and dinitrogen
trioxide. While peroxynitrite has attracted much attention as
a damaging oxidant, it is a hydrophilic species and perhaps
unlikely to bring about nitration of an internal tyrosine. By
contrast, NO2 and N2O3 are more lipophilic agents and
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perhaps more likely nitrating agents. Recently, Ullrich and
co-workers have described the nitration of tyrosine 334
following additions of peroxynitrite to flavocytochrome P450
BM3 (29). While we cannot rule out the possibility that Y334
is nitrated in addition to Y51 following aerobic incubation
with nitric oxide, this seems unlikely due to the location of
Y334 at the entrance of an aqueous channel to the heme.
Thus, the nitro group vibrational signal from nitrotyrosine
334 would be expected at higher wavenumber than was
observed in our study. Clearly, modification of P450 BM3
by peroxynitrite and by nitric oxide results in distinct nitration
events.

The electronic absorption properties we present here for
the nitrosyl complexes of ferric and ferrous forms of P450
BM3 are similar, but not identical, to those reported
previously for P450 cam (Table 1). In particular, the Soret
band for the Fe(III)NO complex is shifted by 5 nm to longer
wavelength than the corresponding band in P450 cam. In
both P450s, the Fe(II)NO species is unstable and is isolated
only under anaerobic conditions. The instability of Fe(II)-
NO P450 complexes has also been reported for microsomal
forms of P450. However, these results contrast with the
behavior of the nitric oxide synthase (NOS) enzymes, which
are also cysteinate-ligated hemeb (protoporphyrin IX)-
containing cytochromes (44). In NOS, the ligation of the
nitric oxide product to the ferrous heme iron is thought to
be responsible for limiting catalytic activity. In steady-state
turnover, a considerable proportion of NOS (70-90% for
the neuronal form) is in the inhibited Fe(II)NO complex (74).
This points to different electronic properties of the heme
systems in the two enzyme classes, despite similar iron
ligation. In recent work, it was shown that mutation of the
phenylalanine residue phylogenetically conserved in the P450
superfamily heme-binding motif (F393 in P450 BM3) has
profound effects on the electronegativity of the BM3 heme
iron (40). The heme iron reduction potential in mutant
enzyme F393H was elevated by 95 mV relative to the wild-
type BM3 (to -332 mV versus SHE), suggesting that the
electron density on the heme iron is decreased and explaining
the higher stability of the ferrous form of this mutant. The
more positive heme reduction potential in BM3 F393H is
now much more similar to those of NOS isoforms [e.g.,
-248 mV for nNOS,-295 mV for iNOS (44)], and we show
here that the F393H mutant also behaves in a more NOS-
like fashion by stabilizing the Fe(II)NO complex to a much
greater degree than does the wild-type P450 BM3. The
enhanced stability of the Fe(II)NO form in the F393H mutant
has enabled us to characterize this P450 species spectro-
scopically with relative ease (Figures 1-4 and 8).

As has been observed previously for mammalian P450
(17), the iron-cysteinate bond of the P450 BM3 nitrosyl
complex is relatively labile, and freeze-thawing of the Fe-
(III) -NO heme domain complex formed by aerobic treat-
ment with excess nitric oxide leads to scission of this bond,
as determined here by resonance Raman. It should be noted
here that nitric oxide-induced release of axial histidine
ligation to heme iron is exploited naturally for the activation
of the key signaling enzyme guanylate cyclase (60, 75).
However, perhaps the most interesting feature observed from
the study of the electronic absorption properties of the P450
BM3 nitrosyl adducts is the fact that addition of fatty acid
substrate perturbs the Fe(III)NO spectrum. Should this

phenomenon prove to be common among the P450s, then it
may be a useful means of probing their active sites and/or
screening for P450-drug interactions. Thus, if molecules
binding to a P450 active site (but not ligating to the heme
iron) do not elicit a spectral change per se, it is conceivable
that they may do so indirectly by effects on the nature of
the iron-nitrosyl bond. In ongoing spectroscopic studies, we
are examining further the interaction of P450 BM3-nitrosyl
adducts with lipids and other molecules in order to probe
molecular interactions in the active site of wild-type and
mutant forms.

Finally, as a result of the detailed spectroscopic and kinetic
analyses of the Fe(III)NO and Fe(II)NO species of wild-
type and mutant P450s BM3 presented in this study, we are
able to make important comparisons between the relative
stabilities of these species and with their counterparts in the
related nitric oxide synthases. In P450 BM3 (as in NOS),
the Fe(III)NO species is quite stable. In aerobic solution it
decays very slowly due primarily to the irreversible reaction
of free NO with O2 in solution. However, the Fe(II)NO
species of wild-type P450 BM3 is unstable and collapses
rapidly to a mixture of Fe(III) and Fe(III)NO species under
aerobic conditions and under anaerobic conditions to an
apparently more complex mixture of ferric and ferrous forms,
a minor proportion of which are NO-coordinated. The
presence of oxygen is evidently not the cause of the
instability of the Fe(II)NO complex. By contrast, the Fe-
(II)NO complex of the F393H mutant is more stable. The
difference in stabilities of the wild-type and F393H mutant
complexes is not simply rationalized on the basis of the
apparent NO binding (kon) and dissociation (koff) rates
determined from stopped-flow binding studies, since thekon

is rather faster than thekoff under the conditions examined
(e.g., for wild-type P450 BM3 apparentkon values are
between 46 and 467 s-1 between 10 and 100µM NO, while
apparentkoff is ∼14 s-1). Thus, it might be expected that the
Fe(II)NO form would predominate for both wild-type and
F393H P450 BM3. However, a factor which must be
considered is that the ferrous form of the wild-type P450
BM3 is an effective scavenger of oxygen and reacts rapidly
to regenerate the stable ferric heme iron state (35, 45). In
contrast, the reduction of the wild-type P450 BM3 heme
domain is rather slow for both kinetic and thermodynamic
reasons. The midpoint potential of dithionite is rather similar
to that for the substrate-free P450 BM3 heme iron (45). In
anaerobic studies of dithionite-dependent reduction of the
wild-type P450 BM3, full reduction of the heme iron takes
several minutes even when dithionite is in large excess. Thus,
it appears that competing reactions [i.e., NO binding, NO
dissociation, ferrous heme iron reoxidation, and (where
dithionite is present) dithionite-dependent reduction of ferric
and Fe(III)NO P450] lead to the formation of a mixture of
species for wild-type P450 BM3. In the case of the F393H
mutant, its much more positive heme iron reduction potential
and more stable ferrous form likely result in the higher
stability of the Fe(II)NO complex. While freeze-thawing
of P450 BM3 leads to loss of cysteinate ligation, formation
of the Fe(II)NO species per se does not result in P420
formation, as evidenced both from MCD/EPR studies and
from the fact that CO-binding studies result in near-
stoichiometric formation of a P450 complex. These findings
indicate important differences in the behavior of P450 BM3
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by comparison with NOS isoforms. In iNOS, for instance,
the binding of NO to the ferrous heme iron results in transient
formation of an Fe(II)NO species, which collapses rapidly
(46). However, the nature of this species is different from
that seen for P450 BM3. In iNOS the absorption of this
species at 396 nm identifies it as a five-coordinate ferrous-
nitrosyl complex (e.g., refs46 and76). In P450 BM3, there
is no spectroscopic evidence for such a complex, and it is
likely that cysteinate ligation remains intact following Fe-
(II)NO formation. Our work here and previous studies by
Shimizu and co-workers (77) have identified residues
important to stability of P450 nitrosyl complexes, and it is
likely that the NOS isoforms have evolved differently from
the P450s to incorporate residues about the heme that finely
tune its reactivity with NO and possibly its ability to self-
regulate NO production through transient and reversible
formation of both five-coordinate and six-coordinate Fe(II)-
NO complexes (78). Thus, despite similarities in heme
coordination and reaction chemistry, important differences
between P450 BM3 and its flavocytochrome NOS relatives
are evident from these studies of P450 BM3 reactivity with
nitric oxide.
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