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ABSTRACT. The interaction of nitric oxide with cytochrome P450 BM3 frddacillus megateriunhas

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 ferrousnitrosyl 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 &adiferrous-

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 (P450syre a superfamily of  substrate range is enormous, ranging from simple molecules
b-type hemoproteins catalyzing a vast array of oxidative such as acetone to complex polycyclic specigsThey are
reactions. The P450s bind and cleave molecular oxygen,of huge importance in physiology and medicine, with genetic
usually inserting a single atom of molecular oxygen into the mutations in P450GYP genes known to underlie defects
substrate, with the other atom converted into water. Their in steroid metabolism and drug metabolisg) &nd with
cytochrome P450-dependent activation of procarcinogens
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tractable systems, and X-ray crystal structures have beenpossibility that similar modifications may have general
obtained from six bacterial P450%, @—8) as well as from regulatory effects on the P45030]. Already, peroxynitrite
inhibitor and substrate-bound forms (e.g., refand10). In has been shown to mediate nitration of tyrosine residues in
addition, the structures of the first eukaryotic cytochromes P450 BM3 and other P450s and to inhibit activity in certain
P450 have been reported recentlyt)( The structure of the  forms (e.g., ref81and32). However, recent studies suggest
human CYP 2C5 enzyme was solved after extensive mo-that peroxynitrite (which is formed rapidly by reaction
lecular biology studies to optimize expression of a soluble between nitric oxide and superoxide and is considered to
domain of the enzymel@). As with CYP 2C5, the structure  mediate tyrosine nitration in inflammatory and infectious
of the CYP 2C9 showed extensive similarity to the bacterial diseases) may not be a physiologically relevant nitrating
structures already determined, validating the use of the agent. Instead, nitrite-dependent peroxidase activity may give
soluble bacterial enzymes for structural and spectroscopicrise to protein tyrosine nitratior88, 34).

studies to define mechanistic aspects of cytochromes P450 |n, this paper we investigate the interaction of nitric oxide

from eUkaryOteS](3, 14) The most iﬂtenSively studied P450s with the model Cytochrome P450 BM3 system, the spectro-
are the camphor hydroxylase P450 cam fi@seudomonas  scopic features of the NO adducts of the enzyme, and the
putida and the fatty acid hydroxylase P450 BM3 from effects of the interaction on catalysis. We present the first
Bacillus megaterlumln recent years, the P450 BM3 System reported CD and MCD Spectra for ferroulsitrosy| [Fe(”)-
has been the subject of intense scrutiny, as it employs anQ] and ferric-nitrosyl [Fe(ll)NO] P450 species, respec-
similar electron transfer system to that used by mammalian tjvely, and show that nitration of P450 BM3 tyrosine residues
drug-metabolizing forms (P450 and diflavin P450 reductase). js a consequence of the aerobic reaction with nitric oxide,
In addition, the fusion of the heme domain of P450 BM3 to ysing resonance Raman (RR) spectroscopy and the sensitive
its diflavin reductase in a single polypeptide is an arrange- syrface-enhanced RR (SERR) spectroscopy technique to
ment similar to that of the nitric oxide synthasd$)( demonstrate tyrosine nitration. We present these RR-based
Over the past decade, the importance of the nitric oxide methods as novel and sensitive methods for detection of
(NO) radical as a regulatory molecule in biological systems pjologically relevant tyrosine nitration reactions.
has been increasingly recognizd®);, The multiple functions
of NO include roles in vascular relaxation, neuronal signal EXPERIMENTAL PROCEDURES
transmission, and function of the immune system (e.g., ref
17), and its involvement in pathological states is also  Molecular Biology. Escherichia colstrain TG1 BufE,
currently the subject of intensive research (e.g.18f NO hsdA5, thi, A(lac-proAB), F' (traD36, proAB™, laclf,
has long been recognized to bind to hemoproteins (oftenacCZAM15)] was used for all cloning work and for overex-
inhibiting their function) and has been extensively used to Pression of intact P450 BM3 and its component heme
probe the active sites of metalloproteins by techniques suchdomains. The preparation of constructs for the overexpression
as UV—visible spectroscopy (for colored complexes), EPR 0f intact P450 BM3 (constructs pBM25 and pBM23) and of
(as a spin probe in the formation of paramagnetic NO its component heme (P450, residues4¥2; construct
complexes) 19), and resonance Raman spectroscdii). ( pBM20) domains has been presented in previous publications
Only relatively recently has it been confirmed that intracel- (35, 36). For transformants of pBM20 and pBM25, expres-
lular production of NO and the interactions of NO with sion was from induciblel§c) promoters. For transformants
proteins have real biological significance. For instance, NO of pBM23, expression is from the natiBacillus promoter
binding to mammalian cytosolic guanylate cyclase leads to in the pUC118 clone and occurs to high levels without
activation of the production of the second messenger cGMPinduction if growth is continued for-68 h after the culture
(21), and the production of NO by macrophages is central enters stationary phase. Mutants Y51F (in both the intact
to the bactericidal role of these cel2j. NO is known to  flavocytochrome P450 BM3 and its heme domain) were
cause autoinhibition of the various eukaryotic forms of the generated by oligonucleotide-directed mutagenesis of pBM25
enzyme that catalyze its synthesis (nitric oxide synthase) byand pBM20 templates, as described previousy—39).
simple ligation to the ferrous heme iro@3), although the ~ Mutants F393H in both flavocytochrome and the heme

importance of this phenomenon is ControversM)(How- domain were created in similar fashion, as described previ-
ever, the inhibitory action of NO has been demonstrated for ously @0).
many cytochrome P450 monooxygenases (e.g.2%5pf Enzyme PreparationdVild-type flavocytochrome P450

The possibility for a role of NO in the regulation of P450s BM3 and its component heme domain were expressed and
has been postulated [e.g., the negative regulation of ste-purified essentially as outlined previousB5. Induction of
roidogenesisZ6)], although the mechanisms by which such expression from pBM25 and pBM20 clones (and the respec-
actions are mediated may not be as simple as the formationtive Y51F and F393H mutants) was by IPTG addition (500
of a heme-NO adduct. The inhibition of cytochromes P450 ug/mL) to cultures grown at 37C in Terrific broth, with
1A1 and 2B1 by NO has been demonstrated to be biphasic,induction performed at an Qg of 1.0. Thereafter, the
as has the inhibition of the non-P450 hemoproteins lipoxy- temperature was decreased to 30, and culture was
genase and cyclooxygenase. Only one of these phases (theontinued for a further period of 12 h. Cells were harvested
reversible one) is due to simple heme ligati@7,(28). It and broken by sonication, and P450 proteins were purified
was postulated that the second (irreversible) phase was dudy successive column chromatography steps on DEAE-
to modification of amino acid residue(s) of these P450s by Sephacel and hydroxyapatit@5). A final gel filtration
nitrogen oxide(s) (e.g., re29). Previously, we have dem- purification step (Sephacryl S-300HR) was used to remove
onstrated the time-dependent formation of nitrotyrosine in minor contaminating protein species. PMSF (1 mM) and
CYP2B4 (P450 LM2) after NO treatment and raised the EDTA (1 mM) were added to all buffers to minimize
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proteolysis. The Y51F and F393H mutants of the flavocy- complex at each point in the titration. In eq Asps is the
tochrome and heme domain were prepared in identical observed absorption change at substrate concentigtiein
fashion to the wild-type enzymes. All purified proteins were is the total enzyme concentration, afglis the dissociation
concentrated by ultrafiltration to a final volume ofL mL constant for the enzymesubstrate complex.
and then stored at-20 °C after dialysis into a 500-fold The reduced nitrosyl complexes [Fe(Il)NO] of P450 BM3
volume of buffer A containing 50% glycerol and protease and its F393H mutant were generated either by anaerobic
inhibitors. The purified protein was used for experiments mixing of nitric oxide with the dithionite-reduced P450 or
within 1 month of preparation. by reduction of the Fe(lll)NO complex (either aerobically
Spectrophotometric and Kinetic Analysdl aerobic UV— or anaerobically). Spectral studies to evaluate the formation
visible spectra and kinetic data were collected on either a and stability of these species were performed both aerobically
Shimadzu 2401 or a Cary UV-50 Bio (Varian) spectropho- and anaerobically by accumulating several spectra rapidly
tometer using 1 cm path length quartz cells. Enzyme assaysfollowing initiation of Fe(ll)NO complex formation using a
to determine the effects of nitric oxide on P450 BM3 Cary UV-50 Bio spectrophotometer (Varian) and anaerobi-
catalysis (cytochrome reduction and fatty acid-dependent cally using an Applied Photophysics SX18MV WWisible
NADPH oxidation) were performed as described previously stopped-flow instrument coupled to a photodiode array-UV
(35, 39). Activity was measured at 30 in 20 mM MOPS visible detector. The integrity of cysteinate ligation in the
plus 100 mM KCI (pH 7.4) (assay buffer). Substrate-induced nitrosyl complexes was investigated by taking samples of
changes in absorption spectra (arising from changes in thethe Fe(Il)NO complexes (both immediately after formation
heme iron spin-state) were used to titrate the interaction of and following extensive reoxidation in air) and mixing with

fatty acids with wild-type and Y51F mutants (usingg—5 further dithionite reductant in the presence of carbon
uM enzyme), as described previousI89. Nitric oxide monoxide. The UV-visible absorption spectrum was then

complexes of the P450s were generated aerobically by briefrecorded to determine the relative populations of the native
bubbling of the enzyme solutions (ca-20 «M) with nitric P450 and inactive P420 species, which have absorption

oxide gas (three to five small bubbles only delivered) or by maxima close to the named wavelengths.
mixing with a 5-fold molar excess of nitric oxide-releasing In an experiment to establish whether nitric oxide was
chemicals (usually PROLI NONOate o&nitrosylglu- released by NADPH-dependent reduction of the fefric
tathione). Spectra were also collected under anaerobicnitrosyl complex of flavocytochrome P450 BM3 (1aM),
conditions within a Belle Technology glovebox under a enzyme was prepared anaerobically as described above and
nitrogen atmosphere, with oxygen maintained at less than 5mixed with the minimum amount of nitric oxide-saturated
ppm. Degassed, concentrated enzyme samples were passeblution required to convert the enzyme completely to its
through an anaerobic Sephadex G25 column (20 cm) nitrosyl complex (as determined spectrophotometrically). The
(Sigma) immediately after admission to the glovebox, thereby Fe(lI)NO P450 BM3 complex was then passed through a
removing all traces of oxygen. The column was equilibrated Sephadex G25 gel filtration column (15 csn 1 cm) and
and enzyme eluted with deoxygenated assay buffer. Nitric eluted using anaerobic assay buffer to remove excess nitric
oxide-saturated buffer solutions [1.9 mM1j] were gener- oxide. Identical samples of the NO-ligated ferric flavocyto-
ated by first preparing oxygen-free buffer (L00 mM potas- chrome P450 BM3 (M) were then placed in two matched
sium phosphate, pH 7.0) by degassing and bubbling vigor- quartz 1 mL cuvettes and spectra recorded on a Shimadzu
ously with oxygen-free nitrogen for 30 min. The buffer was UV-1201 spectrophotometer located in the anaerobic glove-
then bubbled with nitric oxide for 30 min. The absence of box. To one of the samples was added a sample of the ferric
color in the solution after this time indicated that it was P450 BM3 heme domain (BM), and the spectrum of this
essentially free of nitrite/nitrate. P45@itrosyl complexes mixture was recorded 1 min later. The difference in absorp-
were then generated anaerobically by mixing the P450 andtion was computed by spectral subtraction. Thereafter, an
nitric oxide-saturated solutions. Spectra were recorded on aidentical sample of NADPH (20@M) was added to both
Shimadzu 1201 UVvisible spectrophotometer (typically cuvettes to reduce completely the flavocytochromes P450.
between 250 and 800 nm) contained within the anaerobic Immediately following addition of NADPH, and again after
environment. Spectral titration of the Fe(ll)NO forms of a further 1 min, the spectra were rerecorded and differences
flavocytochrome P450 BM3 and its heme domain with fatty in the heme Soret region noted. These were predominantly
acid substrate (arachidonic acid) was performed anaerobicallydue to binding of nitric oxide released from the flavocyto-
using 33 and 6.6 mM ethanolic stocks of arachidonate. chrome by the exogenous BM3 heme domain present in that
Degassed and deoxygenated ethanol was used for dissolvingample.
the fatty acid, and total additions were limited to less than  To establish the extent of reduction (i.e., one or two
0.25% of the volume of the P450 sample. At these concen-electrons) required to displace nitric oxide from the P450
trations, ethanol does not affect the catalytic properties of heme iron, the nitric oxide-ligated heme domain of the P450
the P450 89). All data manipulations and nonlinear least (1004M) and the neutral blue semiquinone formmef coli
squares curve fitting of data were conducted using Origin flavodoxin (500uM) were prepared anaerobically. In the case
software (Microcal). For the tight-binding fatty acid, data of the flavodoxin, the protein was titrated with the minimum
were fitted to g 1 . The quadratic function accounts for the quantity of sodium dithionite reductant required to convert
the enzyme to the maximal feasible amount of the single
Aobs= (Anal 2E)(S+ B+ Ky) — electron reduced forrr{94%, as a result of the magnitude
(S+ E + Kd)2 — 435)0-5 (1) of the difference in reduction potential between the semi-
quinone and hydroquinone formd2j]. This was done by
quantity of enzyme consumed in the enzynsebstrate progressive small dithionite additions, followed by spectral
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measurements at each titration point until the absorption peak(six to eight small bubbles) to the sealed cell was performed
representative of the semiquinone form at 585 nm was using a gastight syringe (Hamilton, Reno, NV). Nitric oxide
maximal @2). Thereafter, flavodoxin semiquinone was gas was acquired from Sigma and used as supplied.

separated from residual dithionite and other contaminants (B) Circular Dichroism.Circular dichroism (CD) spectra

by gel filtration within the glovebox, as described above. \yere recorded at room temperature on either a Jasco J-600
The samples were then removed from the glovebox, indi- or a Jasco J-810 spectropolarimeter for the heme domains
vidual spectra of the P450 nitrosyl complex and the fla- of wild-type P450 BM3 and its F393H mutant in Fe(lll)
vodoxin semiquinone were recorded, and then the enzymesyesting), Fe(Il)NO, and Fe(I)NO forms. Enzyme was
were mixed in stoichiometric amounts g8 each). Absorp- prepared in 50 mM TrigdCl buffer (pH 7.5) which was

tion spectra were then recorded immediately and at intervalsgegassed and extensively deoxygenated by bubbling with
over the next 10 min. In an identical experiment, the oxygen-free nitrogen. Samples were sealed from the air using
absorption change at 435 nm (near the maximum for the 3 rybber suba-seal cap, and nitric oxide was added to the

P4506-NO complex) was recorded continuously for 15 min
at 20°C.

Stopped-Flow Kinetic StudieStopped-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-

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 5uL volume of sodium dithionite (in 5-fold molar excess
over the protein and made up in the same deoxygenated Tris
HCI buffer) into the sealed solution of enzyme. Conversion

tained at less than 2 ppm. Measurements were made usindo the Fe(ll)NO and Fe(I)NO adducts was confirmed by

an Applied Photophysics SX18MV UWisible stopped-flow

instrument at 3C°C in 100 mM potassium phosphate, pH
7.0. P450BM3 (8 uM) 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

optical spectroscopy. CD spectra were run immediately after
sample preparation in the far-Uv (19260 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-UVvisible regions, respectively.

(C) EPR and MCD Spectroscop¥PR spectra were
recorded using an ER-300D electromagnet and microwave

concentrations were prepared through dilutions of the NO- pridge interfaced to an ESP1600 computer (Bruker Spec-
saturated buffer using a gastight syringe (Hamilton) into trospin) and fitted with a liquid helium flow cryostat (ESR-
sealed containers containing oxygen-free buffer. Enzyme wasg: Oxford Instruments) and dual-mode X-band cavity
rapidly mixed in the stopped-flow instrument with solutions  (Bruker, type ER4116DM). MCD spectra were recorded
containing NO at a variety of different concentrations{10  using circular dichrographs (Jasco Models J-500D and J-730
100 uM). Absorption transients at 442 nm were collected for the UV—visible and near-infrared regions, respectively).
and the data fitted to an exponential process. Observed rateg\n Oxford Instruments SM-1 superconducting solenoid with
were calculated using Spectrakinetics software (Applied a 25 mm ambient temperature bore was used to generate a
Photophysics). Entire U¥visible spectra (806190 nm) magnetic field 6 6 T for the room temperature MCD
were also collected under similar conditions using the measurements. At room temperature, MCD intensities are
photodiode array attachment on the stopped-flow instrument. linearly dependent on magnetic field and are plotted normal-
Spectroscopic Characterization. (A) Resonance Ramanized to magnetic field ade/H (M~* cm™ T~%). All samples
and Surface-Enhanced Resonance Raman SpectroscopyYere contained in anaerobic cells.
Raman spectra in the blue region were recorded using an For EPR and MCD studies, samples of Fe(I)NO P450s

Anaspec-modified Cary 81 spectrometer. Scattered light was(100 uM enzyme in a 20QuL sample) were prepared by

collected at 90 and analyzed yoa 1 mdouble monochro-
mator fitted with a 1800 g/mm grating and a cooled

anaerobic reduction of enzyme with stoichiometric quantities
of sodium dithionite with stirring for 10 min under an

photomultiplier. In an alternative setup, a Renishaw Model atmosphere of nitric oxide gas. Alternatively, the reduced

2000 Raman microscope with 18fcattering geometry and

P450 samples were mixed with a 4-fold molar excess of nitric

a CCD camera as a multichannel detector was employed asxide released from PROLI NONOate (Alexis). Both meth-
an analyzer. The 457.9 nm emission from a Model 2020 ods gave complete conversion to the Fe(ll)NO adduct for
Spectra Physics Ar ion laser was used as the exciting sourcethe P450 BM3 F393H mutant. For Fe(Il)NO complexes,
Raman spectra in the violet region were recorded using thethe oxidized enzymes were stirred under a nitric oxide

413.1 nm emission line from a Coherent Innova 200 Kr ion

atmosphere for 10 min. All samples were made up in 50

laser. Scattered light was collected and analyzed by amM HEPES/BO [apparent pH (pH*)= 7.5].

Triplemate triple monochromator fitted with a 1200 g/mm

Materials.Molecular biology reagents were from Promega

grating. The signal was detected by a Princeton Instruments,,, NEB. Nitric oxide-releasing chemicalsS-hitrosylglu-

liquid nitrogen-cooled, CCD camera (LN/CCD-1100PB).

tathione (GSNO), £)-(E)-methyl-2-[E)-hydroxyimino]-5-

SERR experiments were performed using a citrate-reducednitro-6-methoxy-3-hexenamide (NOR-1), sodium nitroprus-

Lee—Meisel silver colloid 43). The protein was added to

side (SNP), an&nitrosylacetylpenicillamine [SNAP)] were

the buffered colloid and allowed to adsorb by overnight from Calbiochem. PROLI NONOate was from Alexis
incubation at 4°C. The sample was later transferred to a Biochemicals. Nitrotyrosine was from Cayman Chemical Co.
quartz cell prior to usage. When required, the cell was fitted Unless otherwise stated, other reagents were purchased from
with a suba-seal cap, and the sample of adsorbed proteinSigma (Poole, Dorset) and were of the highest grade
was flushed with a stream of nitrogen. Transfer of nitric oxide available.
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A 04r Table 1: Visible Spectroscopic Properties of the Ferric [Fe(ll)NO]
and Ferrous [Fe(I)NO] Forms of Nitric Oxide-Ligated Cytochromes
P450 and Nitric Oxide Synthases

Fe(INO Fe(IH)NO
enzyme Soret visible Soret visible

P450 BM3 435 543,575 437 559
P450 carh 430 541,571 438 557
P450 1A2 431 541,571 400 552
P450 LIV® 436 543,574 444 585
P450 2B4 433 543, 575

P450 1A2 433 542,571

nNOS! 440 549, 580 436 567
iINOS® 443 549, 585 436 560

ap. putidacytochrome P450 cam and for rat liver P450 LM from

ref 19. b Rat P450 1A2 from ref77. ¢ Rabbit P450 2B4 (P450 LM2)
B and P450 1A2 (P450 LM4) from ref9. ¢ Rat neuronal nitric oxide
03F synthase (NNOS) from red3. ¢ Murine inducible NOS (iNOS) from

: ref 80. In the case of the data for the (1) Fe(llI)NO and (2) Fe(ll) 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(lll)NO complex and
(2) the spectrum of the ferrous enzyme from that of the Fe(ll)NO
complex.

0.3

0.2

Abs.

01 f

0-0 C 1 1 1 1 1 1 1 ]
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Abs.

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(llI)NO form
L P r— of P450 BM3 are shown in Table 1 and are compared with
400 450 500 550 600 650 700 those from other P450s and from isoforms of nitric oxide
Wavelength (nm) synthase (NOS), which are eukaryotic flavocytochrome
Ficure 1: UV—visible spectra of the P450 BM3 heme domain elatives of P450 BM3 with cysteinate-ligated heme ird4)(
and nitrosyl adducts. (A) Visible spectra of the oxidized (solid line) Attempts to determine the affinity of NO for ferric P450
and Fe(llNO adduct (dotted line) for the wild-type P450 BM3 using anaerobic spectral titration of the P450 with small
heme domain (3.9M). Spectral features for the F393H mutant yolumes of nitric oxide-saturated buffer were not successful

heme domain Fe(llI)NO complex are essentially the same as those : Lo .
for the wild type, with the Soret band centered at 435 nm. (B) due to the very tight binding of the ligand. However, these

Visible spectra for the Fe(ll) (dotted line) and Fe(I)NO (solid line) €Xperiments did serve to demonstrate thatihés signifi-
forms of the F393H mutant heme domain (&®). The dashed cantly lower than the minimum concentration of P450
line shows the spectrum recorded for the Fe(I)NO complex of the required to provide an adequate spectral signal; Kgis
wild-type heme domain (also 3:M) immediately after anaerobic 500 nM. When the aerobically prepared Fe(ll)NO com-

addition of nitric oxide to ferrous heme. The spectrum indicates A -
that, due to the instability of the Fe(Il)NO adduct in wild-type P450 PI€x Of P450 BM3 was left in air to reoxidize, the Soret

BM3, there is only partial conversion to this species at equilibrium. band was seen to shift back completely to 419 nm over a
Data were collected as described in the Experimental Proceduresperiod of approximately 1 h. This reflects the irreversible
section. reaction of dissociated nitric oxide with oxygen in solution.
RESULTS The pH of the buffered solution did not decrease significantly
on addition of these small amounts of NO gas required to
Spectrophotometric Properties of P45RIO Complexes.  cause complete conversion to the ferridO form. However,
The binding of nitric oxide to the P450 BM3 heme iron it was noted that excessive addition of NO to the buffer
induced large absorbance shifts in the t\isible absorption resulted in large decreases in pH, which brought about
spectrum. On binding of NO to the oxidized (ferric) enzyme, protein denaturation and precipitation, and the development
the Soret band was shifted from 419 to 435 nm. There wasof an absorption spectrum characteristic of nitrous acid in
also a large increase in intensity of theand bands of the the 250-350 nm range.
heme and a shift in their absorbance maxima to 575 and Attempts to isolate the Fe(ll)NO form of P450 BM3 under
543 nm, respectively (Figure 1A). The shoulder on the short- aerobic conditions were largely unsuccessful due to the
wavelength side of the Soret band in oxidized P450 BM3 apparent instability of this species. A spectrum collected
becomes a distinct, broad peak in the Fe(lll)NO complex, immediately following addition of dithionite to an Fe(lll)-
with an absorption maximum at 360 nm. Essentially identical NO wild-type P450 BM3 heme domain sample showed that
spectral perturbations were observed for both intact P450the Soret band was locateda#20 nm, with a significant
BM3 and for its heme domain. Similar spectra were shoulder at~438 nm and sharply split features in thé3
generated by addition of the nitric oxide don&sitrosyl- region. With reference to Figure 1A, this indicated that the
glutathione (GSNO) %)-(E)-methyl-2-[E)-hydroxyimino]- Fe(I)NO form had rapidly converted into a spectral mixture
5-nitro-6-methoxy-3-hexenamide (NOR-1), PROLI NON- of the ferric and Fe(lll)NO forms. Attempts to reduce the
Oate, and sodium nitroprusside (SNBNitrosylacetylpeni- enzyme aerobically prior to addition of nitric oxide were also
cillamine (SNAP) did not appear to induce complete conver- unsuccessful due to the rapid autoxidation of ferrous P450
sion to the Fe(llI)NO adduct, presumably due to the slow BM3 (45). Instead, attempts were made to isolate the Fe-
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12 iron in the site-directed mutant F393H is increased by almost
I 100 mV (from—4274+ 4 to —332+ 6 mV) and its reactivity
10 with molecular oxygen is diminished@). Electronic absorp-
© - tion spectra collected for the Fe(ll)NO and Fe(I)NO
g o8 complexes of the F393H heme domain were essentially
g I identical to those for wild-type P450 BM3 (Table 1).
2 0'6_ , However, presumably as a result of the altered electronega-
2 ol tivity of the F393H heme, the stability of the ferroullO
_’ form was greatly increased in this mutant. The Fe(Il)NO
02 complex was stable indefinitely under anaerobic conditions
- and was even stable for several minutes when generated in
0.0-

air (Figure 1B).

On the basis of an extinction coefficient of 95 mMm™
) ] for the Soret maximum in the oxidized P450 BM3 heme
Ficure 2: Spectral changes following reaction of ferrous P450 BM3 domain, the relative coefficients for the Fe(lI)NO and Fe-

with nitric oxide. The spectrum of the wild-type P450 BM3 heme . -
domain (124M) is shown in the ferric (thin solid line) and  (IDNO species are 86 mM cm™ at 435 nm and 63 mit

anaerobically dithionite-reduced ferrous (dashed line) forms. After cm™* at 437 nm, respectively, and are of apparently equal
formation of the ferrous form, the protein was mixed with nitric magnitude for both wild-type and F393H P450 BM3 heme
oxide, and spectra were collected immediately and at 1 min intervals jomains.

over the following 5 min (dotted lines, with the final spectrum at : P s : ;
5 min shown as a thick, solid line). The arrow shows the direction Dissociation of Nitric QX.Ide f.rom Ferric P450 BM3t
of absorption change occurring at437 nm [near the spectral ~Was observed that the nitric oxide complex of ferric P450
maximum for the Fe(I)NO form] over the time period. On BM3 decomposed spontaneously in aerobic solution over
subsequent anaerobic incubation for a further 10 min, there wasperiods of several minutes, leading to the restoration of heme
negligible change observed from the final spectrum shown here. spectral properties typical of the oxidized form of the
) . enzyme. Clearly, NO binding to the ferric heme is reversible,

(INNO complex of wild-type P450 BM3 under anaerobic g 'jts reassociation is competitive with the reaction of NO
conditions. The ferrous P450 BM3 heme domain was ith oxygen in solution. Ultimately, the latter reaction
generated in the_ glovebox by dithionite reductl_on, and pathway exhausts the NO in solution, and the aqua-ligated
complete conversion to the ferrous form was confirmed by p450 species is re-formed. However, reducing agents (either
the shift of the Soret band of the P450t@10 nm overa  githionite or NADPH for the intact flavocytochrome P450
period of up to~5 min (40). Thereafter, excess dithionite  g\13) caused similar spectral changes immediately after
was removed from the P450 by anaerobic gel filtration using 4erobic addition. As indicated above, the instability of the
Sephadex G25 resin, and the Fe(I)NO complex formed by Fq(1))NO complex suggested that nitric oxide might simply
mixture with anaerobic NO-saturated buffer, as described g released from the heme on addition of an electron to the
in the Experimental Procedures section. While the overall Fe(Il)NO complex. Addition of NAD(P)H to the Fe(lll)-
phenomenon observed under anaerobic conditions wasyNQ heme domain complex did not result in its dissociation,
similar in terms of the instability of the Fe(I)NO complex, ingicating that the P450 BM3 heme domain does not act as
performing the reaction in the glovebox resulted in a different g pjtric oxide reductase in a fashion similar to P450 nor from
final spectral form. Thus, anaerobic reaction of ferrous P450 g \;sarium oxysporungd). However, the fact that NADPH
BM3 with NO resulted in the spectral properties of the heme a5 aple to dissociate the Fe(ll)NO complex of flavocyto-
changing rapidly to those apparently reflecting a mixture chrome P450 BM3 was of particular interest, since addition
containing some NO-ligated iron, but primarily non-NO-  of this cofactor does not result in the reduction of ferric P450
coordinated P450 in ferric and ferrous forms (Figure 1B). BMm3 heme in the absence of fatty acid substrate, probably
The spectral features of this species in w8 region mainly due to the unfavorably low (negative) heme iron
(between 500 and 600 nm) are more similar to those for the reqyction potential with respect to that of the FMN flavin
ferrous form of the enzyme than for the ferric (compare data 5,4 NADPH 427 + 4 mV for heme iron; cf—320 mV
in panels A and B of Figure 1), suggesting that the ferrous for NADPH and—213+ 5 mV for the BM3 reductase FMN
form predominates. To further examine the phenqmenon, oxidized/semiquinone couple3§, 43). Evidently, NADPH-
spectra were collected at regular intervals following the dependent electron transfer to heme in the Fe(ll)NO
initiation of the anaerobic reaction of the ferrous P450 BM3 flavocytochrome P450 BM3 complex can occur via the
heme domain with NO. Spectra are shown in Figure 2, reqyctase flavins, but direct reduction of the heme domain
demonstrating the final spectral interconversions that occur by NADPH does not occur. This likely indicates that the
as the system reaches equilibrium. From the partially heme iron reduction potential of the Fe(ll)NO complex is
converted Fe(l)NO spectrum for the wild-type P450 BM3  ¢onsiderably more positive than that of the resting aqua-
(Figure 2 and Figure 1B), spectral maxima for the Fe(Il)NO ligated form.
enzyme form were located at 437 nm (Soret) and at 559 n"m 1 establish whether NADPH-dependent reduction of the
in the region of the heme and/ bands. Both maxima are  flayocytochrome P450 ferrieNO complex resulted in direct
at slightly longer wavelength than those reported previously re|ease of nitric oxide, we set up a reaction system in which
for PA50 cam 19) (Table 1). two cuvettes containing anaerobically prepared Fe(ll)NO

Recently, it was demonstrated that phenylalanine 393 is aflavocytochrome P450 BM3 (M) were placed in the
key residue in controlling the electronic properties of the sample and reference compartments of a Shimadzu 2101
P450 heme iron, such that the reduction potential of the hemespectrophotometer. An equivalent quantity of the ligand-free

I . 1 N = . —
400 500 600 700
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ferric heme domain of P450 BM3 was added to front cuvette, o0
and the absorbances zeroed against each other. Thereafter, 0.06 -
an excess of NADPH (200M) was added to both cuvettes.
A difference spectrum was then recorded immediately 0.04
(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 4
been released by the reduced flavocytochrome P450 and thatg 000
this NO had been “captured” by the heme domain in the
sample cuvette. The proportion of the BM3 heme domain -0.02
converted to its ferrie NO adduct was greater than 85%.
To verify that the process of displacement of NO from

o
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o
o
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AAbs (446 - 427 nm)
o o
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) . : -0.04 -
the P450 heme required only a single electron (NADPH is T va—riY
a two-electron donor), the Fe(llI)NO form of the P450 BM3
heme domain was mixed aerobically with the one-electron- Wavelength (nm)
reduced (air-stable blue semiquinone) form Bf coli Ficure 3: Spectral perturbation of the Fe(ll)NO adduct of the

; ; ; ; wild-type P450 BM3 heme domain by fatty acid substrate. Addition
flavodoxin @2), as described in the Experimental Procedures of fatty acids induces small shifts in the visible spectrum of Fe-

section. The flavodoxin semiquinone induced displacement (;;)NO P450 BM3, with the Soret band shifting from 435 to 437
of NO from the P450 domain, with reoxidation of both heme nm. The main figure shows selected absorption difference spectra
and flavodoxin observed from spectrophotometric measure-for the Fe(ll)NO heme domain complex (BM) after addition of
ments made over the next 10 min unti the reaction &8RRRE Bl Er oo o difference versus arachidonic
. . W
approached Completlon.. The result confirmed that only a Zc?d §o?1€eontration, with the datapfitted to eq 1 to yieldavalue
single electron was required. However, the rate of the slow 4 0,15+ 0.03 M.
reaction was constant, as monitored by the decrease in
absorbance at 434 nm. This apparent zero-order process ishe A4z increase phase) was linear within the range analyzed.
consistent with a structural change in the protein accompany-Parameters df,, = (4.674 0.15) x 10° M~ st andky =
ing NO displacement. 13.84+ 6.9 st were extracted from the graph. THKg (Kon/
Stopped-Flow Analysis of NO Binding to Ferrous P450 k) was determined to be 3/4M. Analysis of the rate of
BM3. In view of the apparent instability of the Fe(l)NO the absorption decrease occurring over the longer time scale
complex of P450 BM3, we undertook stopped-flow mixing (up to 1 s) as the Fe(ll)NO species collapses revealed that it
studies to determine the rate of binding of NO to the ferrous showed no apparent dependence on NO concentration,
P450 heme iron across a range of NO concentrations (10 occurring at 10+ 2 s'%.
100uM). Preliminary stopped-flow diode array spectropho-  Substrate-Dependent Perturbation of the NO-Bound Spec-
metric analysis indicated that 442 nm was an appropriatetrum by Fatty Acid.In experiments where fatty acid
wavelength to follow the transient formation of the Fe(ll)- substrates (arachidonic acid and lauric acid) were added to
NO complex. Typically, reactions were analyzed over period the Fe(lll)NO complex of P450 BM3, it was observed that
of 10—1000 ms, as described in the Experimental Proceduresaddition of substrate caused a small perturbation of the
section. With the F393H mutant of the P450 BM3 heme spectral properties of the complex, with &2 nm shift of
domain, the formation of the Fe(Il)NO species was clearly the Soret absorption maximum from 435 to 437 nm and
observed due to the relative stability of the complex. similar small shifts of thex and bands (to 576 and 545
Individual AA44, data were fitted to an exponential function, nm, respectively). To demonstrate that this spectral perturba-
as described previouslyf). A plot of the observed rates tion related directly to the binding of substrate in the active
(konsValues) versus the applied NO concentration was linear site of the P450, we performed substrate-binding titrations
[as found also for, e.g., INOS46)], and an apparent of the heme domain Fe(lll)NO complex with arachidonic

bimolecular rate constant of (8.54 0.45) x 10° Mt s™? acid under anaerobic conditions [to prevent any reoxidation
for binding of NO ko) was determined from the gradient of the Fe(lll)NO complex over the-30 min period required
of the line. The plot had a positive intercept on thaxis, to complete the titration] (Figure 3). Difference spectra at

from which an apparent NO dissociation raker| of 87.8 each point in the titration were generated by subtraction of
+ 26.6 s was determined. The appareity; for the the starting absolute spectrum from spectra recorded at the
interaction of NO with the ferrous F393H P450 was relevant point. The apparent dissociation constant for the
determined from the ratio of these two valukskon) to be binding of arachidonate was then determined by plotting the
10.3uM. A similar set of experiments was performed for maximal Soret region absorption change from each difference
the wild-type P450 BM3 heme domain. However, in this spectrum fus — A4z7) against the relevant concentration of
case it was found that the formation of the Fe(II)NO complex arachidonate. The plot described a hyperbola, and data were
was transient and that the absorption increase was essentialljitted to eq 1. This yielded &4 of 0.15+ 0.03uM. This
complete within 50 ms. This phase was immediately followed value is rather tighter than previous estimates for the binding
by an exponential decay of the absorption, which was of arachidonate to oxidized, aqua-ligated P450 BM2+{5
complete withn 1 s ofinitiating the reaction. The latter phase uM) (45, 47). This can be explained at least partially by the
reflects the collapse of the Fe(ll)NO complex (described use of the more accurate eq | (rather than fitting to a simple
above). As with the data sets for the F393H enzyme, a plot hyperbolic function) to fit the data. However, another
of kops Versus applied NO concentration (obtained by fitting possible explanation for the tighter apparent binding of
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arachidonate could relate to the conformational state of the 21
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 BMA3§). In addition, 2R\
structural studies show that the substrate-free A264E heme
domain adopts the conformation previously considered to
be a consequence of substrate dockid).(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 -10
arachidonate. In recent studies of the resonance Raman
properties of the nitrosyl complexes of P450 BM3, Deng et s - s . . |
al. described an apparent lack of perturbation of the resonance 350 400 450 500 550 600
Raman spectrum of the P450 BM3 heme domain after the Wavelength (nm)

addition of fatty acid (palmitate) to the Fe(Il)NO heme FiGuRe4: Near-UV-visible CD spectra for the F393H mutant of
domain complex50). However, our work demonstrates that the P450 BM3 heme domain. Spectra were recorded for the oxidized

. . . (solid line), Fe(IlHNO (dashed line), and Fe(ll)NO (dotted line)
small perturbations in the electronic spectrum are observedenzyme forms. The enzyme concentration wag R0 and spectra

when substrate binds to the Fe(lI)NO heme domain. It is were collected at ambient temperature as described in the Experi-
plausible that these reflect environmental changes around themental Procedures section. Qualitatively similar data were collected
nitrosyl ligand on binding fatty acid BM3 heme domain, instabity of the Fa(ING complax of i
. . . e . -

re((::oe digefcot :O;Ceosv)ﬁ:(;r-(t:;pl)ir gﬁ:rgg’grgﬁcgisg eég% V%Zrnie type P450 BM3 prevented cgllection of CD data fo? this species.
domains in both far-UV (196260 nm, ca. 3tM P450) and form. RR on the oxidized form was performed with laser
near-UV-visible (260-600 nm, ca. 2QtM P450) regions. excitation at 413 nm on 1 mM solutions of the heme domain
The Fe(Il)NO and Fe(II)NO far-UV CD spectra of the P450s in 50 mM MOPS (pH 7.4). The NO-treated enzyme was
were not significantly different from those of the ferric analyzed with excitation from laser lines at both 413 and
oxidized P450s. Similarly, addition of arachidonate (20) 457.9 nm. SERR spectra of the oxidized and NO-bound heme
to the Fe(lll)NO complexes of wild-type and F393H heme domain were obtained as described previously with laser
domains did not induce significant changes in the far-UV excitation at 457.9 nb(l). In agreement with earlier reports,
CD spectra, indicating that the changes observed in thethe RR spectrum of the oxidized heme domain was pre-
electronic absorption spectra do not reflect any perturbationsdominantly low spin, while the SERR spectrum of the
to secondary structure. Considerable spectral changes argurface-adsorbed domain had a roughly equal proportion of
observed in the near-UWisible CD spectra of the heme low-spin and high-spin heme iror3%, 51). The larger
domains on ligation with nitric oxide. Previously, we have proportion of high-spin heme iron in the SERR spectrum
published the near-UVvisible CD spectra for wild-type  results from surface adsorption of the protein. We have
oxidized P450 BM3, which shows a prominent broad spectral shown previously that there is negligible P420 present
feature with negative ellipticity in the region of the Soret following surface adsorption5(). The presence of the
band of the P45036). This band is centered at 410 nm for oxidation state marker band, at 1372 cm? in both RR
the oxidized wild-type BM3 heme domain and at 413 nm and SERR spectra indicates that the ferric oxidation state is
for the F393H heme domain. CD spectral changes inducedretained upon adsorption, and it has been demonstrated
by addition of nitric oxide were essentially identical for both previously that substrate- and inhibitor-dependent signals
enzymes, with the band decreasing in intensity and shifting typical of the solution state enzyme occur with the surface-
to ca. 432 nm. Due to its inherent instability, it did not prove adsorbed P4506(, 52).
feasible to obtain a visible CD spectrum for the completely ~ SERR spectra of the BM3 heme domaini¥) in both
converted Fe(I)NO complex of wild-type P450 BMS3. the oxidized form and after the aerobic addition of NO gas
However, satisfactory spectra for the Fe(I)NO form of the and incubation fol h atambient temperature were obtained
F393H heme domain could be collected, with the complete using excitation at 457.9 nm (Figure 5A,B). The SERR
conversion to the Fe(Il)NO form confirmed by electronic difference spectrum after aerobic NO treatment was gener-
absorption spectroscopy (Figure 4). The Soret CD bands ofated by subtraction of the spectrum for the oxidized P450
these nitrosyl complexes decreased in intensity comparedfrom that of the Fe(llI)NO form. The difference spectrum
with the unligated P450 heme domain and were shifted to (Figure 5C) shows prominent bands at 1328, 1576, and 1631
436 nm. Smaller features of negative ellipticity are seen in cm. These vibrations can be assigned to the asymmetric
the region of the P450 henwe and § bands, with minima  stretching of the nitro group of nitrotyrosine (1328 ¢in
located at ca. 582 nm [Fe(lll)], 572 nm [Fe(ll)NO], and and to the breathing vibrations of the aromatic ring of
589 nm [Fe(Il)NO]. To our knowledge, this is the first nitrotyrosine (1576 and 1631 ci), clearly indicating the
reported near-UVvisible CD spectrum for an Fe(I)NO  formation of this species after the aerobic reaction of NO
P450 complex. with P450 BM3. These features are also clearly seen in the

Resonance Raman and Surface-Enhanced Resonance Ra&pectrum of pure nitrotyrosinate (Figure 5D). The formation
man Spectroscopies Priole Evidence for P450 Tyrosine  of nitrotyrosine was not observed under anaerobic conditions
Nitration. Resonance Raman (RR) and surface-enhanced RRor by addition of peroxynitrite to this system (1) over
(SERR) spectra were successfully obtained for both thethe same experimental time. The results from this study
oxidized heme domain of P450 BM3 and for the Fe(lll)NO suggest that the sharp nitrotyrosinate signal from P450 BM3

CD (mdeg)
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FIGURE 6: Resonance Raman spectrum of the heme domain of P450
. 1 BM3 (500 uM) before (A) and after (B) the aerobic addition of
Raman shift (cm™) NO gas. The sample preparation is detailed in the Experimental

FiGURE 5: Surface-enhanced resonance Raman (SERR) spectrd®focedures section. The samples were frozen at 77 K for the
demonstrating nitric oxide-dependent tyrosine nitration of the heme SPectroscopic analysis. Excitation was at 406.7 nm, 40 mW. Nitric
domain of P450 BM3. Spectrum A: SERR of the heme domain of oxide-induced band shifts are discussed in the Results section.
P450 BM3 on a LeeMeisel colloid, pH 5.8. Spectrum B: SERR ]

of the heme domain of P450 BM3 after aerobic exposure to NO. frequency, even for a low-spin heme [1597, 1514, and 1650

Spectrum C: The difference spectrum generated by subtraction of o1 (v2, v3, andvyg, respectively); cf. 1581, 1499, and 1636

spectrum A from spectrum B. Spectrum D: Resonance Raman -1 idi i i i
spectrum of the nitrotyrosinate anion (1@®). Conditions were cm - for the oxidized, aqua-ligated P450]. This effect is

as described in the Experimental Procedures section with the P4solyPically observed when-acid ligands (e.g., CO, NO) are
BM3 heme domain concentration atM. Excitation was at 457.9 bound to the axial positions of the hemes. In P450s the effect

nm. The large band at 1329 cin the difference spectrum is  is not observed when the proximal cysteinate is bound, since
indicative of tyrosine nitration of P450 BM3. the electron-donating properties of the thiolate ligand can
compensate for the electron-withdrawing effect of the
arises from Only one modified tyrosine. Previous studies of nitrosyL Therefore’ the marked shifts to h|gher frequency
solvents {1325 cn1!) compared with those in water(335  the sample suggest that the proximal cysteinate is no longer
cm™?) showed significant shifts depending on the dielectric pound to the heme. Band positions reported for the spectra
constant of the solven6g). The relatively low frequency  of ferrous five-coordinate nitrosyl hemes are practically
in P450 BM3 suggests that the nitrotyrosine is in a quite jgentical to the values observed here in the frozen solution
hydrophobic location. The nitro stretching frequency in- (54). Therefore, the heme features of the spectrum in Figure
creases for the protonated form in hydrogen-donating 6B can be assigned to a ferrous five-coordinate nitrosyl
solvents $3). One obvious candidate residue is tyrosine 51 complex of P450 BM3. It is conceivable that some autore-
near the mouth of the active site cleft of PA50 BM}. (To duction of the nitrosyl ferric heme occurs following aerobic
assess the possibility that tyrosine 51 was a target for exposure to an excess of nitric oxide. Autoreduction has been
nitration, we repeated the eXperiment W|th a Y51F mutant reported previous'y for Certain hemoprotein Comp|em.(
of the heme domain3@). It was observed that RR signals  The axial bond trans to the nitrosyl ligand in a ferrous heme
but much more slowly than with the wild-type heme domain, ferrous-nitrosyl complex, one electron occupies the? d
with RR signals increasing over several hours to reach their gpital. This is an antibonding orbital which weakens the
maximum. It appears that tyrosine 51 is a major target for gther axial bond between the heme and the cysteine ligand.
nitration but that other tyrosine(s), presumably also in a cleavage could then be assisted by a conformational change
hydrophobic location, are also modified over time. Effects jn the protein induced by freezing. The binding of nitric oxide
of nitration on the catalytic properties of the wild-type and jtself may induce a minor conformational change, as sug-
mutant P450s were also determined (see Effects of NO ongested by the zero-order nitric oxide release kinetics men-
P450 BM3 Catalysis section below). tioned earlier. It has also been suggested that carbon
Resonance Raman spectra for the Fe(lll)NO complex of monoxide might act as a conformational effector of P450
the P450 BM3 heme domain have been published previously.BM3 (56). However, the fact that the six-coordinate Fe(ll)-
Our spectra are essentially identical to those publisb8d ( NO P450 BM3 complex can be isolated in aqueous solution
However, RR spectra were also obtained for freghawed suggests that freezing is primarily responsible for breakage
solutions of the oxidized and aerobically NO-treated P450 of the cysteinate linkage. As expected, when the frozen
domain (Figure 6). In the case of the nitric oxide-treated nitrosyl P450 complex was thawed and treated with reductant
enzyme, the band patterns for nitrotyrosinate are particularly (dithionite) and carbon monoxide, the electronic absorption
strong. However, for this species the core size marker bandsspectrum confirmed that it had been converted almost
of the heme for the low-spin form are at a remarkably high completely to the inactive P420 form.

950
1053
1152
1251
1350
1449
1548
1647



Interaction of Nitric Oxide with P450 BM3

Effects of NO on P450 BM3 Catalysit 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 cytochromegluction
was almost completely unaffected, indicating the specificity
of nitric oxide for the P450 heme iron. When the nitric oxide-
complexed flavocytochrome P450 BM3 M) 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 30C with either 50 uM
arachidonic acid or 80«M lauric acid), virtually no
inhibition was observed when the reaction was initiated by
addition of 200uM 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 uM, 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 was4000
min~t in the absence of nitric oxide, an€20 min? in its
presence. Despite this initial inhibition, recovery of activity
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Ficure 7: Perpendicular mode X-band EPR of ferrous cytochrome
P450 BM3 plus nitric oxide in 50 mM HEPES/D buffer (pH*
7.5). The protein concentration was 148!. 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(ll)NO EPR spectrum. Microwave power and
frequency are as above. The temperature was 23 K.

Enzyme solutions were then diluted 200-fold for assays. The
kinetic properties of the untreated wild-type4= 5100+

75 min't; Ky = 280 & 20 uM) and Y51F mutant K =
5900 + 120 mint; Ky = 310 &+ 20 uM) enzymes were
similar to those we have reported previousBO) The
activity of the nitric oxide-treated Y51F mutant enzyme was

occurred rapidly during the course of the assay, such thatmarginally affected with a 13% decreasekig (Keat= 5100

the rate measured after45 s for the nitric oxide-treated

+ 140 mimt; Ky = 2704 20 uM). However, the wild-type

enzyme was almost as high as that observed for the untreate@450 was much more severely inhibited, with a 45% decrease

P450. The relatively rapid recovery of activity indicates that

in the ket Value ket = 28004 80 mint; Ky = 200+ 20

the inhibitory NO could be displaced from the P450 heme uM). Structural studies of P450 BM3 indicate that Y51 and

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(lll)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-
(IMNO 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

R47 are key residues involved in the interaction with the
carboxylate group of fatty acid substraté®. (Although a
Y51F P450 BM3 mutant had rather small effects on kinetic
parameters for laurate and arachidonate oxidati@®), (
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 StudiesThe X-band EPR spectrum of the wild-type
P450 Fe(II)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) at
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(lll) species. When the EPR-silent ferrous wild-
type P450 is exposed to NO under strict anaerobic conditions

additional tyrosine residues), we determined the steady-statgas described in the Experimental Procedures section) and

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. AM) were incubated fol h at
15°C in 100 mM TrisHCI (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.

frozen for EPR spectroscopy, a rhombic spectrum with an
apparent 3-fold splitting on the high-fielg-value results
(Figure 7). This Fe(Ih)NO{FeNG ) signal is centered af

= 2.01. This feature is not identical to that reported
previously for the Fe(ll)NO form of P450 cam, which is
rhombic with a three-line hyperfine centeredgat= 2.002
(57, 58). The nitrosyl feature retains the rhombic shape, but
the hyperfine structure is less well resolved than in P450
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cam. Large modulation amplitudes can cause line width 30F T T T T T T T T T T
broadening, but lower modulation amplitudes did not im- A ]
prove the resolution of the hyperfine in this case (Figure 7, 20 ]
inset). It is probable that this is due to heterogeneity in the ~ ]
conformation of the Fe(ll)NO species. The perturbations £ 10F ]
observed in the electronic absorption spectra on addition of § L\ J\ ]
fatty acid substrate to the Fe(lll)NO form suggest that bond ”3 0 \/ ]
deformation can occur. % 1ok \/ ]

Known Fe(l)NO heme EPR are essentially radical in & . ]
origin, arising primarily from the bound NO ligand. The 20F ]
ferrous ion itself remains low-spi®= 0. Consequently, all ]
g-values remain close to 2, as is also observed for the 30 F .
spectrum in Figure 7. When the NO is bound distal to F ’ ’ ’ ’ 1
histidine in proteins such as cytochrormmg or horseradish 20k X B

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 () nitrogen f 10r
nucleus of the NO and to a lesser extent with the nucleus 01‘-.E
the coordinating nitrogen of histidine. In the absence of a _@
distal histidine, the spectrum is axial with a 3-fold splitting E,
on one feature [e.g., as seen for guanylate cyclase and% I
cytochromec' (59, 60)]. Importantly, this Fe(ll)NO P450 < qof
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 20 —— '
form and that there is negligible P420 content (although

freeze-thawing of the complex does generate P420). Signals Warelength (nm)

atg = 2.40, 2.25, and 1.92 arise from a subpopulation of FIGURE 8: Room temperature MCD spectra for P450 BM3. Panel
P450 that has reoxidized to the resting ferric form from the A shows the MCD spectrum for the Fe(lI)NO complex of the wild-

. . type P450 BM3 heme domain (110/). Panel B shows the spectra
unstable wild-type P450 BM3 Fe(I)NO speciezb), con- for the Fe(l)NO complexes of the wild-type (solid line, 1481)

firmed by measurements of the absorption spectrum follow- and F393H mutant (dotted line, 9aVl) BM3 heme domains. The
ing EPR. F393H mutant shows complete conversion to the Fe(I)NO complex,

The EPR spectrum for the Fe(Il)NO adduct of the F393H whereas the wild-typ_e heme domain spectrum isa spgactral mixture

heme domain mutant is essentially identical to that of wild- ©f the Fe()NO species (ca. 48%) and reoxidized ferric P450. The
. . - spectra were collected at 298 K, 6 T, as described in the

type P450 BM3, although in this case there are minimal Experimental Procedures section.
signals arising from oxidized P450, as expected for the more
stable Fe(I)NO adduct formed by this mutant (data not intensities observed for the Fe(ll)NO derivation of NOS.
shown). Again, the signal is centerecgat 2.01 with 3-fold To the best of our knowledge, this is the first MCD spectrum
splitting. recorded for an Fe(lll)NO derivative of a cytochrome P450.

MCD Spectroscopylhe spectrum shown for the Fe(lll)- The MCD spectrum of the Fe(I)NO form of wild-type
NO adduct of wild-type P450 BM3 (Figure 8A) is not cytochrome P450 BM3 is shown in Figure 8B. The Soret
consistent with heme in a low-spin ferric state but rather has a derivative crossover at 447 nm but shows two positive
resembles that of low-spin ferrous heme. This is also maxima at 414 and 434 nm. The intensity maximum at 414
common to the MCD spectra of the Fe(Ill)NQReNG ©) nm can be assigned to the Fe(lll) low-spin species observed
forms of myoglobin mutants and horseradish peroxidase, in the absorbance and EPR spectra. The contribution of this
which also show band shapes and intensities normally oxidized species (52%) can be subtracted from the MCD,
associated with low-spin ferrous hent&l( see also re62 leaving a feature with a Soret crossover at 447 nm and a
for a description of the metahitrosyl classification system].  peak-to-trough intensity of 50.1 M cm™® T! at 100%
The MCD spectra of the six- and five-coordinate Fe(Il)NO population of Fe(l)NO heme. The Q-band derivative is
derivatives of nitric oxide synthase (NOS), which also have centered at 574 nm and is calculated to have a peak-to-trough
thiolate ligation, have been publishe@B), and again these intensity of 34.4 M! cm™ T-1. The wavelengths of these
have a spectrum form that is associated with low-spin ferrous bands are similar to those reported for Fe(I)NO derivatives
heme, although this was not commented upon by the authorsof P450 cam %8, 61, 64) and NOS 63), and the calculated
The position of the Soret crossover in cytochrome P450 BM3 intensities of these bands in the P450 BM3 enzyme are
is shifted to longer wavelength (crossover at 440 nm) relative slightly higher than those of the P450 cam spectra. The
to the myoglobin and peroxidase derivatives (ca. 420 nm) spectrum of the Fe(II)NO form of the mutant F393H is very
(64). This shift results from a change of the proximal heme similar in form and intensity to that of the wild-type
ligand from histidine in the globins and peroxidases to a difference spectrum: the Soret crossover is at 443.5 nm
cysteine in P450. There is a derivative feature (Q-band) with (peak-to-trough intensity 25 M cm™ T™1), there is a peak
a zero-line crossover at 574 nm and intensity of 54.5 M  at 527 nm, and the Q-band derivative is at 575 nm (I# M
cmt T7%, which has a derivative-shaped vibrational side cm™ T~1). Again, the positions of the bands are similar to
band at 541 nm. These are similar to the band positions andthose in the MCD spectrum of the wild-type P450 cam Fe-

300 400 500 600 700 800
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(IDNO species, but the band intensity is lower in the  Resonance Raman studies indicate that, over a period of
spectrum of the P450 BM3 mutant. This does not suggestseveral minutes, aerobic interaction with nitric oxide results
that the species is not fully converted to the ferrous nitrosyl in the nitration of tyrosine residue(s) in P450 BM3. The fact
species as the absorbance and EPR are consistent with fulthat this occurs over the same time frame as the spontaneous
conversion. However, the broad Soret feature and lower reoxidation of the ferrie-nitrosyl adduct of the enzyme
intensity of the bands do suggest that there may be a varietysuggests that nitric oxide released within the hydrophobic
of heme-nitrosyl conformations generating overlaying, but active site cavity of the enzyme may be the main originator
similar, spectra. Similar intensities were observed in the Fe- of tyrosine nitration. Steady-state kinetic studies reveal
(INNO form of nitric oxide synthase. We can rule out the inhibition of fatty acid hydroxylase activity after aerobic
formation of five-coordinate heme nitrosyl heme at room treatment with nitric oxide, and it appears to be the case
temperature as these species have negative Soret features #iat nitration of internal tyrosine residue(s) is the explanation
around 400 nm@1l, 65). for this long-term inhibitory effect, as observed for other
Comparison of the MCD spectra reported for the NO mammalian P450s (e.g., ref® and 71). No nitrotyrosine
derivative of ferrous P450 cam and the spectra presentedsignal was observed after anaerobic reaction, indicating the
here for P450 BM3 shows that their nitric oxide heme requirement for oxygen in this process. On aerobic reoxi-
derivatives have MCD spectra that distinguish Fe(ll)NO and dation of the Fe(IlI)NO adduct of wild-type flavocytochrome
Fe(I)NO forms of the cysteine-ligated heme. Both the Soret P450 BM3, fatty acid hydroxylase activityk for lauric
and Q-bands of Fe(I)NO cysteine-ligated hemes becomeacid hydroxylation) falls to almost half of its original value.
asymmetric, which is a pattern similar to the spectra of However, cytochrome reduction associated with its reduc-
nitrosyl hemes with proximal histidine ligatio6g). tase domain is virtually unaffected, indicating that the effect
is specific for the heme domain of the enzyme. The much
DISCUSSION slower nitration observed for BM3 mutant Y51F, coupled
Our study presents the first MCD spectra for a six- with the fact that its activity is decreased by only 13%,
coordinate Fe(lll)NO cytochrome P450 complex and the first indicates that tyrosine 51 is a likely major (but not exclusive)
CD spectrum for a P450 in the Fe(II)NO form. In addition, target for nitration. This partial irreversible inhibitory effect
we demonstrate that resonance Raman spectroscopy providesf nitric oxide on P450 BM3 is similar to the phenomenon
a straightforward and sensitive method for identifying nitrated observed with mammalian P450s 2B4 and 1Al and for the
tyrosine residues in enzymes. Given the interest in nitration other hemoproteins cyclooxygenase and lipooxygenése (
of tyrosine residues in relation to, for example, signal 71). Our data suggest that tyrosine nitration in P450 BM3 is
transduction, cellular inflammation, neurodegeneration, and the mechanism by which NO mediates an irreversible
enzyme inhibition (e.g., re86—71), the technique may now inactivation of the enzyme. We can speculate that similar
find more widespread use in the analysis of nitrated proteins. tyrosine nitration event(s) underlie(s) the irreversible inac-
While a biological role for tyrosine nitration in P450 BM3 tivation of the other hemoproteins mentioned, and this
is not known, the fact that interaction with nitric oxide leads suggestion is supported by our demonstration of tyrosine
to both transient enzyme inactivation (through ligation to nitration in P450 2B430). The nature of the SERR signal
ferric heme iron) and long-term inhibition (likely through for nitrotyrosine of P450 BM3 indicates that the residue(s)
tyrosine nitration), which is similar to the behavior reported modified is (are) not surface exposed, since the frequency

for other mammalian P450 enzymes (e.g., &9sand 70), of the symmetric stretching vibration of the nitro group is at
indicates that this general phenomenon is of physiological a much lower wavenumber than that for aqueous nitrotyro-
relevance with regard to control of P450 activity. sinate. In superoxide dismutase, the peroxynitrite-mediated

Through a combination of spectroscopic and enzymology nitration of a surface tyrosine resulted in a resonance Raman
studies, we have demonstrated that transient inhibition of band at 1336 cmt, the same as that observed for free
flavocytochrome P450 BM3 activity is associated with nitrotyrosinate 72). In hen egg white lysozyme, treatment
ligation of nitric oxide to the ferric heme iron and that this with tetranitromethane resulted in distinct resonance Raman
species can be reduced by electron transfer from thesignals for nitrotyrosinate at 1336 and 1328 énThe former
physiological cofactor NADPH through the reductase domain vibration is associated with a surface tyrosinate, while the
of the enzyme. The resulting Fe(Il)NO adduct is unstable latter is from a tyrosinate in a strongly hydrophobic environ-
and breaks down, releasing nitric oxide and allowing ment, as indicated by the fact that signals for free nitroty-
restoration of catalytic activity. Our experiments demonstrate rosinate in aqueous and organic solvents are located at 1336
release of NO both through NADPH-dependent reduction and 1328 cm?, respectively T3). The nitrotyrosinate signal
of flavocytochrome P450 BM3 and by flavodoxin semi- from P450 BM3 is sharp and located at 1328 ¢ém
quinone-dependent reduction of the heme (proven by sub-suggesting that it might reflect only a single modified
sequent trapping of the NO released) and provide evidencetyrosine in a hydrophobic environment. Our studies indicate
that aerobic single-electron reduction of NO-bound P450 that tyrosine 51 is a nitration target but that there may be
BM3 induces the loss of NO itself, as opposed to, e.g.; NO one or more further tyrosine targets. Since the reaction of
or N;O. Fungal P450 nor produces.® by the direct NO with P450 BM3 tyrosine(s) is oxygen-dependent, the
reduction of the NO-bound P450 by NADH, consuming 2 active oxidant is clearly a higher oxide of nitrogen. Possible
equiv of NO in the reactiord). A similar situation is unlikely candidates are peroxynitrite, nitrogen dioxide, and dinitrogen
in the BM3 enzyme, since reduction of a stoichiometric trioxide. While peroxynitrite has attracted much attention as
P450-NO complex still results in NO displacement and a damaging oxidant, it is a hydrophilic species and perhaps
since NAD(P)H cannot reduce directly the Fe(lll)NO P450 unlikely to bring about nitration of an internal tyrosine. By
BM3 heme domain. contrast, NQ and NO; are more lipophilic agents and
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perhaps more likely nitrating agents. Recently, Ullrich and phenomenon prove to be common among the P450s, then it
co-workers have described the nitration of tyrosine 334 may be a useful means of probing their active sites and/or
following additions of peroxynitrite to flavocytochrome P450 screening for P450drug interactions. Thus, if molecules
BM3 (29). While we cannot rule out the possibility that Y334 binding to a P450 active site (but not ligating to the heme
is nitrated in addition to Y51 following aerobic incubation iron) do not elicit a spectral change per se, it is conceivable
with nitric oxide, this seems unlikely due to the location of that they may do so indirectly by effects on the nature of
Y334 at the entrance of an aqueous channel to the hemethe iron—nitrosyl bond. In ongoing spectroscopic studies, we
Thus, the nitro group vibrational signal from nitrotyrosine are examining further the interaction of P450 Bidtrosyl
334 would be expected at higher wavenumber than wasadducts with lipids and other molecules in order to probe
observed in our study. Clearly, modification of P450 BM3 molecular interactions in the active site of wild-type and
by peroxynitrite and by nitric oxide results in distinct nitration mutant forms.
events. Finally, as a result of the detailed spectroscopic and kinetic
The electronic absorption properties we present here foranalyses of the Fe(llI)NO and Fe(ll)NO species of wild-
the nitrosyl complexes of ferric and ferrous forms of P450 type and mutant P450s BM3 presented in this study, we are
BM3 are similar, but not identical, to those reported able to make important comparisons between the relative
previously for P450 cam (Table 1). In particular, the Soret stabilities of these species and with their counterparts in the
band for the Fe(llI)NO complex is shifted by 5 nm to longer related nitric oxide synthases. In P450 BM3 (as in NOS),
wavelength than the corresponding band in P450 cam. Inthe Fe(lll)NO species is quite stable. In aerobic solution it
both P450s, the Fe(ll)NO species is unstable and is isolateddecays very slowly due primarily to the irreversible reaction
only under anaerobic conditions. The instability of Fe(ll)- of free NO with Q in solution. However, the Fe(l)NO
NO P450 complexes has also been reported for microsomalspecies of wild-type P450 BM3 is unstable and collapses
forms of P450. However, these results contrast with the rapidly to a mixture of Fe(lll) and Fe(Ill)NO species under
behavior of the nitric oxide synthase (NOS) enzymes, which aerobic conditions and under anaerobic conditions to an
are also cysteinate-ligated henfe (protoporphyrin 1X)- apparently more complex mixture of ferric and ferrous forms,
containing cytochromes4). In NOS, the ligation of the  a minor proportion of which are NO-coordinated. The
nitric oxide product to the ferrous heme iron is thought to presence of oxygen is evidently not the cause of the
be responsible for limiting catalytic activity. In steady-state instability of the Fe(I)NO complex. By contrast, the Fe-
turnover, a considerable proportion of NOS {AD% for (INNO complex of the F393H mutant is more stable. The
the neuronal form) is in the inhibited Fe(I)NO complé&). difference in stabilities of the wild-type and F393H mutant
This points to different electronic properties of the heme complexes is not simply rationalized on the basis of the
systems in the two enzyme classes, despite similar ironapparent NO binding ki) and dissociation Ky) rates
ligation. In recent work, it was shown that mutation of the determined from stopped-flow binding studies, sincekihe
phenylalanine residue phylogenetically conserved in the P450is rather faster than thies under the conditions examined
superfamily heme-binding motif (F393 in P450 BM3) has (e.g., for wild-type P450 BM3 apparerk,, values are
profound effects on the electronegativity of the BM3 heme between 46 and 467 sbetween 10 and 100M NO, while
iron (40). The heme iron reduction potential in mutant apparenk is ~14 s1). Thus, it might be expected that the
enzyme F393H was elevated by 95 mV relative to the wild- Fe(ll)NO form would predominate for both wild-type and
type BM3 (to —332 mV versus SHE), suggesting that the F393H P450 BM3. However, a factor which must be
electron density on the heme iron is decreased and explainingconsidered is that the ferrous form of the wild-type P450
the higher stability of the ferrous form of this mutant. The BM3 is an effective scavenger of oxygen and reacts rapidly
more positive heme reduction potential in BM3 F393H is to regenerate the stable ferric heme iron st ¢5). In
now much more similar to those of NOS isoforms [e.g., contrast, the reduction of the wild-type P450 BM3 heme
—248 mV for nNOS,—295 mV for iNOS @4)], and we show domain is rather slow for both kinetic and thermodynamic
here that the F393H mutant also behaves in a more NOS-reasons. The midpoint potential of dithionite is rather similar
like fashion by stabilizing the Fe(Il)NO complex to a much to that for the substrate-free P450 BM3 heme ird§)(In
greater degree than does the wild-type P450 BM3. The anaerobic studies of dithionite-dependent reduction of the
enhanced stability of the Fe(Il)NO form in the F393H mutant wild-type P450 BMS3, full reduction of the heme iron takes
has enabled us to characterize this P450 species spectroseveral minutes even when dithionite is in large excess. Thus,
scopically with relative ease (Figures-4 and 8). it appears that competing reactions [i.e., NO binding, NO
As has been observed previously for mammalian P450 dissociation, ferrous heme iron reoxidation, and (where
(17), the iron—cysteinate bond of the P450 BM3 nitrosyl dithionite is present) dithionite-dependent reduction of ferric
complex is relatively labile, and freez¢hawing of the Fe- and Fe(llI)NO P450] lead to the formation of a mixture of
(1N —=NO heme domain complex formed by aerobic treat- species for wild-type P450 BM3. In the case of the F393H
ment with excess nitric oxide leads to scission of this bond, mutant, its much more positive heme iron reduction potential
as determined here by resonance Raman. It should be note@nd more stable ferrous form likely result in the higher
here that nitric oxide-induced release of axial histidine stability of the Fe(ll)NO complex. While freezgéhawing
ligation to heme iron is exploited naturally for the activation of P450 BM3 leads to loss of cysteinate ligation, formation
of the key signaling enzyme guanylate cyclagé, (75). of the Fe(ll)NO species per se does not result in P420
However, perhaps the most interesting feature observed fromformation, as evidenced both from MCD/EPR studies and
the study of the electronic absorption properties of the P450from the fact that CO-binding studies result in near-
BM3 nitrosyl adducts is the fact that addition of fatty acid stoichiometric formation of a P450 complex. These findings
substrate perturbs the Fe(lll)NO spectrum. Should this 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(ll)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., refd6 and76). In P450 BM3, there

is no spectroscopic evidence for such a complex, and it is
likely that cysteinate ligation remains intact following Fe-
(INNO formation. Our work here and previous studies by
Shimizu and co-workers7{) 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(ll)-
NO complexes 18). 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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