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ABSTRACT. Neuronal NO synthase (nNOS) consists of a reductase domain that binds FAD, FMN, NADPH,
and calmodulin, and an oxygenase domain that binds heme, tetrahydrobiopterin, and the stdugfiraites.

One flavin in resting NNOS exists as an air-stable semiquinone radical. During NO synthesis, electron
transfer occurs between the flavins and heme iron. We have characterized the nNOS heme iron and
flavin semiquinone radical by electron paramagnetic resonance (EPR) spectroscopy. Under anaerobic
conditions, the flavin radical spin relaxation was very slow (8 Hz at 22 K) and was enhanced 13-fold by
dissolved dioxygen via spifispin coupling. The flavin radical, probably the semiquinone FMNiras

shown by progressive microwave power saturation and EPR saturation recovery under anaerobic conditions
to be spir-spin coupled with the heme iron located in the NnNOS oxygenase domain. Analysis of an
nNOS preparation that was devoid of heme but contained the flavin radical revealed thaspicoupling
increased the rate of flavin radical relaxation by a factor of 15. The presence of bound substrate (
arginine) or the substrate analoghe-nitro-L-arginine methyl ester (NAME) had no effect on the flavin

spin relaxation kinetics. The observgdralues of the nNOS heme were 7.68, 4.15, and 1.81 and were
unchanged by occupation of the substrate binding site-asginine or NAME. The substrate also had

no effect on the heme zero-field splitting paramelers= 5.2 cnTl. Together, the data indicate that the

flavin and heme redox centers are positioned near each other in nNOS, consistent with their participating
in an interdomain electron transfer. The flavin radical is affected by dissolved oxygen, suggesting that
its binding site within the reductase domain is partially exposed to solvent, but is unaffected when substrate
binds to the oxygenase domain. Substrate binding also appears to take place outside the first coordination
shell of the nNOS heme iron.

The free radical nitric oxide (NO@)mediates a variety of  production of NO has attracted a great deal of recent
physiological activities in the immune, circulatory, and attention. NO is formed in mammalian cells from the
central nervous systems of mammals (Nathan & Xie, 1994; catalytic oxidation of -arginine by three NO synthase (NOS)
Schmidt & Walter, 1994; Stuehr & Griffith, 1992). NO plays enzymes. An inducible isoform, such as murine macrophage
a role in the regulation of lymphocyte proliferation, the NOS (iNOS), is expressed following induction by immuno-
inhibition of platelet aggregation, and the control of vascular active cytokines such as interfergrer interleukin-1. The
tone in tissue; in neuronal cells, the radical has been identifiediNOS is always capable of NO synthesis, presumably due
as a signal molecule in neurotransmission. Due in part to o jts tightly bound calmodulin (CAM) prosthetic group. In
the diversity of cell types exhibiting NO synthesis, bio- contrast, two constitutive isoforms, such as rat neuronal NOS

- 3 - : - (nNOS) and endothelial NOS, are present continuously in
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NNOS and substrate-bound cyt P450 enzymes show that thé&s0—150 uM. The Arg—NOS sample contained 1 mM
heme is predominantly high-spin ferric, and five-coordinate, L-arginine. The NAME-NOS (NAME = N¢-nitro-L-argi-
and has a cysteine thiolate as the proximal axial ligand. nine methyl ester) sample contained 1 mM NAME. Sub-
Substrate binding by nNOS and cyt P450 favors the high strate binding by NOS forces the heme iron to the high-spin
spin form of the ferric iron, and takes place above the plane state (Stuehr & lIkeda-Saito, 1992); neither the ANOS
of the heme in the distal pocket (Sato et al., 1976; Stuehr & nor the NAME-NOS sample displayed a low-spin heme
Ikeda-Saito, 1992; Wang et al., 1993, 1994; Hu & Kincaid, EPR signal that is readily discernible in the field-swept EPR
1991; Wells et al., 1992). In cyt P450, the three components spectrum of a resting NOS sample that does not contain
of the heme transitions/2, —1/20> |5/2, +1/200show g substrate or substrate analogue. The ApoNOS (heme-free
values near 7.9, 3.7, and 1.7 (Sato et al., 1976). ThenNOS) sample was treated with NADPH (40 mM HEPES,
spectroscopically well-characterized cyt P450 enzymes pro-pH 7.4), approximately stoichiometric to flavin quantity, to
vide a model for the EPR characterization of the NOS heme prereduce the flavin radical. All NOS samples for EPR
pocket. examination were prepared with 25% glycerol (v/v), a
The NOS reductase domain is closely related to the redox-duantity shown to preserve protein structure in frozen
active NADPH cyt P450 reductase, which transfers electronsSamples (Hirsh et al., 1992a). Atmospheric dioxygen was
to the ferric heme of cyt P450 in a range of cell types and removed from the protein sample for anaerobic measure-
organisms. Both NOS and NADPH cyt P450 reductase Mments by repeatedly flushing a sealed EPR tube containing
contain one FAD and one FMN per subunit; in cyt P450 the sample with i then rolling the solution to maximize
reductase, the Sstable free radical has been unambiguously exposure. Good reproducibility was observed with this
identified as the FMN semiquinone (Otvos et al., 1986). The method. Once brought to cryogenic temperatures, care was

linear electron transfer sequence is NADPH-AD — FMN taken to eliminate freezing and thawing; when not in use,
— heme (Vermillion & Coon, 1978). The stable FMN the NOS samples were stored at 77 K.

semiquinone is also observed in the flavoprotein NADPH Progressive microwave power saturation measurements of
sulfite reductase, where FMN cycles between the hydro- the NOS flavin radical were made on an X-band EPR
quinone (FMNH) and the stable radical (FMNNH while spectrometer designed for low-power sensitivity. The usable
FAD is reduced almost exclusively to FARHOSstrowski microwave power range of this spectrometer extends below

etal., 1989). The @stable free radical in NOS, presumably 1 picowatt (Beck et al., 1991). The temperature of the
the semiquinone FMNHipresents an ideal example whereby samples, controlled by an Oxford ESR-900 cryostat, was
the flavin EPR signal can be used to study the location and measured by using a Si diode temperature sensor at the
orbital overlap of the flavin and heme. Recently, a field- sample position. The microwave power incident at the
swept EPR spectrum of NOS at 6 K displayed a sharp, sample position was calibrated by observing the signal
2.00 feature at 10 mW incident microwave power (Stuehr intensity of a small capillary tube of MgO doped with*Cr
& Ikeda-Saito, 1992). As the intrinsic spin relaxation of The capillary tube was placed inside a standard EPR sample
flavin radicals is typically rather slow, this result is somewhat tube containing the NOS protein. The EPR signal from the
surprising: the EPR response of an isolated organic radicalNOS flavin radical and the €t reference were then recorded
such as the flavin radical in NOS is expected to be severelyin a single field-swept spectrum.
saturated and power-broadened at this temperature and Saturatior-recovery EPR measurements of the flavin
microwave power. The authors suggested the possibility thatradical in NOS were made on a home-built X-band pulsed
the spin relaxation of the radical is enhanced via sgipin EPR spectrometer as previously described (Beck et al., 1991).
interactions with the heme iron. The flavin radiesleme The transient spectra were recorded by tuning the external
iron spin—spin coupling, which in principle may contain magnetic field to the zero crossing of the radical’s first
dipolar and exchange components, is of interest regardingderivative spectrum (field position indicated by arrow in
the enzyme’s electron transfer pathway and mechanism. Figure 2). Saturationrecovery EPR signals were recorded
In this paper, the spirspin coupling between the flavin without external field or microwave frequency modulatlon_.
and heme centers of nNOS is examined via progressiveCaré was taken to ensure that the observed relaxation
microwave power saturation and EPR saturation recovery dynamics displayed no dependence on either the power or
of the flavin radical. In addition, we usearginine and the  duration of the saturating pulse (Beck et al., 1991; Hirsh et

substrate analogué-nitro-L-arginine methyl ester (NAME) &l 19928). For each temperature; 2D recoveries of 508
to examine how binding site occupancy affects the nNOS 5000 shots each were recorded at74different observation

flavin radical and heme iron environment. It has recently microwave powers. As the measured scalar component,

been demonstrated that NAME inhibits electron flux through Xscaias Of the saturatiorrecovery EPR signal of'fdisplayed
NNOS by preventing flavin-mediated ferric heme reduction & Weak dependence on observation microwave power (Beck

(Abu-Soud et al., 1994b). We therefore compagedilues et al., 1991), the zero-power linear extrapolatiorkgfais

and zero-field (ZFS) splitting values of thearginine-bound reporteq.

(Arg—NOS) and NAME-bound (NAMENOS) forms of The f|g|d—swgpt EPR spectra of the heme were recorded

nNOS. on a Varian E-line spectrometer. The sample temperature,
controlled by an Oxford ESR-900 cryostat, was measured

MATERIALS AND METHODS by a Si diode temperature sensor at the sample position. The

g values of the heme in the NAMENOS and Arg-NOS
Samples of nNOS and apoNOS (heme-free nNOS) were preparations were determined by recording the spectra of
prepared as previously described (Stuehr & Ikeda-Saito,the NOS samples with an internal metmyoglobin standard
1992; Abu-Soud et al., 1994a,b). The samples used in the(gs = 5.905) (Aasa & Vangard, 1975). A~200uM sperm
EPR study of the fradical and heme iron of NOS were whale (Sigma M-0380 used as received) myoglobin solution,
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in 20 mM HEPES buffer at pH 7.0 with 30% glycerol (v/v),
was placed in a small capillary tube that was inserted into a
standard EPR tube containing the NOS protein. Ghe
5.905 feature of the sperm whale myoglobin provides an ideal
standard for the two lowest field transitiorg, and gy, of

the NOS heme. The, value of the NOS heme was
determined by using the NOS Bignal g = 2.00) as the
reference.

The zero-field splittings of the heme in ArgNOS and
NAME —NOS were determined by measuring the integrated
intensity of the lowest field Fe transition €),) as a function
of temperature. This transition presents the strongest and
least obscured feature of the heme iron EPR spectrum.
Typically 3—6 spectra at different microwave powers were

recorded for each temperature; the integrated spectra were

then averaged. Data points were obtained for approximately
40 temperatures over the range 35 K.

RESULTS

Progressie Microwave Power Saturation Progressive
microwave power saturation is a convenient method to
determine relative spin relaxation rates. In this procedure,
the doubly integrated area or the peak-to-trough height of
the first derivative EPR signal is measured as a function of
incident microwave power at a fixed temperature. The
saturation curve is constructed by plotting the ratio of the
signal amplitude to the square root of power versus the
incident microwave power (Poole, 1983). The saturation data
are fit to the expression (Beinert & Orme-Johnson, 1967):

SP) = (1 + %Z)_b'z )

whereSis the normalized EPR signal amplitude divided by
the square root of the incident microwave power, &nid

the incident microwave power. The two fitting parameters
of the saturation curve af,, the power at which the signal
attains half its unsaturated value, abdthe homogeneity
parameter. The homogeneity parameter,traditionally
ranges fromb = 3 for a homogeneous transition (or
Lorentzian line shape), tb = 1 for an inhomogeneous
transition (or Gaussian line shape). In the unsaturated
regime,P < Py, the plot of Svs P is near linear with a
slope of zero (see Figure 1). As the incident power is
increased anB approacheP,,, the saturation curve displays
nonlinear behavior, indicating the onset of saturation. The
microwave powerPy,, is proportional to TiT2) ™%, where

T, is the spin-lattice relaxation time, and; is the spin-
spin relaxation time.

A spin accessing multiple relaxation channels via spin
spin coupling in addition to the spirphonon-driven intrinsic
recovery will display markedly different saturation properties,
and a differentPy, value, compared to the isolated radical
spin which is not spifrspin coupled. The NOS flavin radical
spin can be isolated from radicaheme interactions by
removing the heme prosthetic group containing the iron to
form the ApoNOS. The saturation curve, aPgh value, of
the ApoNOS can be compared to the saturation curve of a

Galli et al.
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Ficure 1: Progressive microwave power saturation of the NOS
flavin radical. (a) The relaxation enhancement of the NOS flavin
radical by Q:aerobic Arg-NOS, solid circles; anaerobic Arg
NOS, open circles; ArgNOS after reexposure to air, crosses; (b)
In ApoNOS, which lacks the heme prosthetic group, the radical in
anaerobic conditions saturates-at/15 the microwave power as
that required for anaerobic AFfNOS or NAME-NOS. Arg-
NOS, open circles; NAMENOS, crosses; ApoNOS, solid circles.
The solid lines through the data points are fits of eq 1 to the data.
Conditions: temperature, 6 K; field modulation frequency, 100 kHz;
field modulation amplitude, 4 G; microwave frequency, 9.1 GHz.
S was taken as peak-to-trough amplitude of the flavin radical’s
EPR signal; identical results were obtainedifivas taken as the
doubly integrated area.

However, intramolecular spifspin coupling is not the
only relaxation enhancement observed for theddical of
nNOS. Figure la displays the progressive power saturation
data of the flavin radical of ArgNOS under aerobic and
anaerobic conditions.P,;, of the F radical is reduced
approximately 13-fold by the removal of;@om the protein
solution. The relaxation rate of the flavin is restored to the
aerobic value by reexposing the sample to air. Similar effects
were observed in the ApoNOS and NAMBIOS enzymes
(data not shown). Apparently the paramagnetic triplgt O
which can spia-spin couple with the flavin radical via
exchange and dipolar mechanisms, has sufficient access to
the radical to enhance the flavin spin relaxation.

A significant radicat-heme spinr-spin coupling is ob-
served by progressive power saturation measurements of the
proteins in the absence 0L,OThe data are shown in Figure
1b. Clearly, the flavin radical of the ApoNOS protein
saturates at a much lower incident power than do the-Arg
NOS and NAME-NOS which contain the heme iron; Table
la lists thePy, values for anaerobic NAMENOS, Arg—
NOS, and ApoNOS. The flavin radical ERRvalues and
lineshapes for ApoNOS, ArgNOS, and NAME-NOS are
indistinguishable, indicating that the removal of the non-
covalently associated heme prosthetic group from the NOS
protein does not significantly affect the flavin radical

heme-containing NOS to measure the effect of the heme onenvironment. In addition, thB,/, values for the radical ‘F

the flavin radical spin relaxation. The saturation curve, and
the Py, value of NAME-NOS, can be compared with the

in NAME —NOS and Arg-NOS are identical within experi-
mental error, indicating that the flavin radical’s spin relax-

Arg—NOS progressive power saturation data to measure theation rate, at this temperature and pH, is not affected by the

effect of the substrate analogue NAME on the radical spin
relaxation.

replacement of the physiological substratarginine by
NAME in the enzyme binding site. THey, of the F radical
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Table 1 g
(a) Progressive Microwave Power Saturation taf6 K =
O
protein P12 (uW) (aerobic) P12 (uW) (anaerobic) 5
Arg—NOS 13+ 2 0.9+0.1 7‘;’
NAME—-NOS 12+1.5 1.0+ 0.06 2
ApoNOS 0.71+0.1 0.065+ 0.010 'z
(b) Saturation-Recovery EPR Measurements g
of Protein Radicals at 22 K >
radical protein kscatar(HZ) Kdipolar (HZ) % (b) st e
F Arg—NOS (anaerobic) 8 41 8
Yp* of Mn-depleted PSHi 90 480 g | -
aFrom Koulougliotis et al. (1995). 2
E PO 1 | I T 1 P | 1 1
A 50 0 50 100 150 200 250 300

is reduced approximately 15-fold by the removal of the heme
from the protein. The difference in anaerolfig, values Time (ms)

between the heme-containing NOS forms and the ADONOS Figure 2:  Saturatiorrecovery EPR transient of anaerobic

indicates there is a significant spigpin coupling between  Arg—NOS: (a) The experimental data points. The solid line
the flavin radical and the heme iron. through the data points is a fit of eq 2, which models the non-

; ; single-exponential transients in terms of a dipolar interaction
It should be noted that progressive power saturation databetween the flavin radical and heme (see text for details). The

characterized by a SiﬂglE_l/z is _not S_tric_tly applicable to_ rate constants resulting from the fityipoiar aNdKscalas are given in
disordered samples of spins with pairwise dipolar coupling Table 1b. (b) The residuals of the dipolar-model fit. (c) The
(Galli et al., 1996), as observed for the flavin radicat-F residuals of a single-exponential fit. (d) The inset shows the field-

heme system in nNOS. The relaxation rate of a spin with _SV(\;?Ptt_EP'?h spectrum Oftﬂl]e ’;thS ﬂ?\tlfi1n radical t\_Nit][? Ie:jnfarrtc;lw
; H H : Indicatin Xperimen n magnetic T1i r
dipolar coupiing is 2 function of he angle between the TSN he exoerimenta seting of e magnete feid for ne
external magnetic field and the interspin vector that joins congitions: temperature, 22 K; microwave frequency, 9.1 GHz;
the coupled spins. A progressive power saturation measure-saturating pulse length, 100 ms; microwave observe power, 7
ment of a disordered sample of such spins reflects a microwatts. Field-swept conditions: temperature, 22 K; field
distribution in Py, over @ because there is a distribution in modulation frequency, 100 kHz; field modulation amplitude, 4 G;
T, over 6. However, an iSOtropid:’l/g model is easily microwave power, 1 microwatt; microwave frequency, 9.1 GHz.
sufficient to distinguish the *Felaxation in the Arg-NOS
and NAME—-NOS with respect to the ApoNOS protein and
to observe the effects of dioxygen on the flavin radical spin
relaxation in aerobic versus anaerobic protein environments. _ B o) ot
Saturation-Recaery EPR SpectroscopyRelaxation en- St) =1— N[ (sing)e “awalecadlgy (2
hancement of the flavin radical by the heme is also observed
in the time domain via EPR saturatierecovery. This whereN is a normalization constant. The solid line through
experiment measures the recovery of the sample magnetizathe data points in Figure 2 is a fit of eq 2 to the data; the fit
tion following an excitation of the ‘Fadical spin. The spin results in the rate constark&ipoiar aNdKscaiargiven in Table
lattice relaxation of anaerobic I the presence of the heme 1b for the spin-lattice relaxation of the flavin radical in
is non-single-exponential (Figure 2). Previous studies have anaerobic Arg-NOS.
shown that non-single-exponential spiattice relaxation is The spin relaxation of the flavin radical in anaerobic Arg
diagnostic of an orientation-dependent dipetipole inter- NOS is multicomponent because the organic radical spin is
action (Beck et al., 1991; Hirsh et al., 1992a,b; Koulougliotis coupled to the heme iron via dipolar coupling. Exchange
et al., 1995). The relaxation enhancement of the flavin coupling between the spins may also provide a recovery
radical in NOS results from pairwise dipolar coupling channel for the flavin radical. While a complete description
between the radical and the heme iron. When an isotropic of the spin-spin coupling between the flavin radical and
slow relaxing spin of Larmour frequenays is coupled to the heme iron must include the anisotropy of the heme iron
an isotropic fast relaxing spin of frequenay, the dipolar- that arises from ZFS, the current isotropic-limit model
driven recovery of the slow spitkgipoiad6), is described by sufficiently quantifies the non-single-exponential kinetics.
the “spectroscopic alphabet” expansion of Abragam (1961), Zero-Field Splittings The heme iron of neuronal NOS
and developed by Kukilov (1977), Hyde (1979), and Good- has a similar overall ligand environment and shares optical
man (1985). The relaxation rakgip.a(6) is a function of and EPR spectroscopic similarities with the heme iron of
0, the angle between the external magnetic field and the the cytochrome P450s (McMillian et al., 1992; Stuehr &
interspin vector which joins the paramagnetic sites. For lkeda-Saito, 1992; Wang et al., 1993). As mentioned, the
(wr — ws)? < ws, Kiipoia(B) is dominated by the B term of  NOS heme iron is bound to the protein by a cysteine thiolate
the spectroscopic alphabet (Hirsh et al., 1992a) anddthe ligand and is predominantly five coordinate and high spin
dependence Ofgipoial#) is KBdipoia @) @ (1—3 co$ 6)2. In in the ferric form (McMillian et al., 1992; Stuehr & Ikeda-
addition to the angular dependent ridtgpaia(0), the recovery Saito, 1992; Wang et al., 1993). Saturation of the heme iron
of the slow-relaxing flavin radical also contains the spin- L-arginine binding site, as in the present work, ensures the
phonon-driven component of intrinsic recovery, and high-spin form of the iron. High-spin Feis anS = 5/2
perhaps exchange-dependent relaxatign, If the exchange  spin state in which the componemis = +1/2, £3/2, +5/2
coupling is treated as isotropig,andkex constitute the scalar are degenerate. However, the degeneracy between the

recovery ratkscar  The experimentally observed saturation-
recovery EPR signal{t), is then given by
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Ficure 3: Determination of the heme iron zero-field splitting in

NOS. The open squares are the integrated signal intensities of the

heme irongy transition in Arg-NOS. The solid line through the
data points is a fit to the data of eq 3, which yields the zero-field
splitting parameteb (see Table 2). Conditions: field modulation
frequency, 100 kHz; field modulation amplitude, 20 G; microwave
power, =190 mW; microwave frequency, 9.3 GHz. The inset
shows the field-swept EPR spectrum of AyOS with an arrow
denoting thegy transition. Conditions: temperature, 6 K; field
modulation frequency, 100 kHz; field modulation amplitude, 20
G; microwave frequency, 9.3 GHz; microwave power, 10 mW.

doublets is lifted when the ligand field has less than cubic
symmetry. This zero-field splitting, i.e., the difference in
energy between the doublet components of3ke5/2 state

in the absence of an external magnetic field, is important
for two reasons: (1) the zero-field splitting reports on the

Galli et al.

Zeeman splittingw/ks = 0.44 K, D is the zero-field splitting
parameter, andN is an overall scale factor. WheR is
positive, the doublels/2, £3/200ies 2D above the ground-
state doublet5/2, £1/2[] and the doublet5/2, +5/20lies
4D above the|5/2, +3/20doublet in the absence of an
external magnetic field.

The zero-field splitting parametdp, and theg valuesgy,
gy, andg,, have been determined for the heme iron of Arg
NOS and NOS NAME; the results are given in Table 2.
The zero-field splitting parametdd, as well asg, and g,,
are essentially the same for the heme irons, indicating that
the presence of NAME does not significantly alter the first
ligation sphere of F&.

DISCUSSION

The catalytic center of nNOS contains the heme and
substrate binding sites. We have probed the heme environ-
ment and ligation by measuring tigevalues and zero-field
splittings of the heme iron via field-swept EPR. The
observedg values 7.68, 4.15, and 1.81, shown in Table 2,
are virtually identical for the substrate-free NOS (Stuehr &
Ikeda-Saito, 1992), ArgNOS, and NAME-NOS. The
small differences noted for thge= 4.15 transition probably
arise from errors caused by an interfering EPR signal from
rhombic iron (Stuehr & Ikeda-Saito, 1992) rather than from
real variations ofgy,. Apparently the substrate is neither
directly ligated to the heme iron nor sufficiently close to

poordination enyirqnment of t.he her‘r_1e iron, and (2) the perturb the heme environment with respect to the substrate-
internal magnetic fields assouateq with the heme may befree protein structure. That the substrate binding site is
large relative to the externally applied magnetic field. The removed from the heme iron is also demonstrated by the

latter is important with regard to quantifying the spispin
coupling between the ferric spin and the spin of the flavin
radical.

The zero-field splittings of the heme in ArgNOS and
NAME —NOS were determined by measuring the integrated
intensity of the heme irogx EPR transition as a function of
temperature. As only th&/2, —1/203— |5/2,+1/21ransition
is observed in this EPR experiment, populations in the
= +3/2, +5/2 doublets reduce the signal intensity of the
observed transition. The heme iron of NOS is a spin with
one unique axis created by the cysteine thiolate axial ligation.
The inequivalency of the heme plane axes,sandy, is in
general expressed in a rhombic distortion paranietefhe
magnitude of the rhombic parametecan be estimated from
the observed) values of the heme iron (Sato et al., 1976).
As this analysis for the heme iron of NOS shotgo be
relatively small with respect to the zero-field paramdder
E/D ~ 0.1, it is not necessary to include tkyginequivalency.
E/D for the NOS heme iron is smaller than the presented
experimental uncertainty iD.

Figure 3 displays, as a function of temperature, the
integrated intensity of the NO§ heme iron transition in
Arg—NOS. (This transition is indicated by the arrow in the
inset of Figure 3). The open squares are the data points
The solid line through the data points is a fit of

g =
N(l _ e*t‘)/T)
14+ e—0/T+ e—(2D—9)/T + e—2(D+9)/T + e—2(3D—0)/T+ e—3(2D+0)/T

©)
where§T) is the integrated EPR signal intensi#y,is the

equivalency of the zero-field splittings measured in the-Arg
NOS and NAME-NOS proteins (see Table 2). If the
substrate binding appreciably altered the heme environment,
the effect would be observed as a different ZFS for NAME
with respect toL-arginine. The separation of substrate
binding site and heme environment is also observed in the
oxygenase cyt P43Q, (EC 1.14.15.1), where the bound
substrate, 2-bornanone, is oriented so as to contact the
activated dioxygen (Poulos et al., 1985) but lies well outside
the ferric ligation sphere. The nNOS heme is somewhat
distinguished from the cyt P450 heme, however, as both the
g values and the ZFS differ slightly. Table 2 also shows
the ZFS andg values for nNOS, for two of the better
characterized cyt P450s, cyt P45(Tsai et al., 1970) and
cyt P450 of rabbit liver microsomes (Peisach & Blumberg,
1970), and for three model hemthiolate complexes (Tang

et al., 1976). There is a general trend of increasing values
of D as the rhombicity of the EPR signal decreases, with
the values for nNOS falling between those of the cyt P450s
and the model hemehiolate complexes. A significant
factor may be the FeS bond length which determines the
extent of interaction of the sulfur and iron valence orbitals
and is about 0.1 A longer in the model henthiolate

.complex (Tang et al., 1976) than in cyt P450(Poulos et

al., 1987). Therefore, the differencesgrvalues and of
nNOS from those of cyt P4%Q, may be due to a slightly
longer Fe-S bond in nNOS.

While the EPR spectrum of free flavin semiquinones may
exhibit hyperfine structure (Ehrenberg, 1962), spectral in-
homogeneity in protein-bound flavin radicals obscures this
interaction. The typical flavoprotein radical signal in a
smooth, structureless Gaussian~#0 G line width (Beinert
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Table 2: g Values and Zero-Field Splittings of the NOS and cyt P450 Hemes

sample D (cm™) Ox Oy o8
substrate-free NOS (Stuehr & Ikeda-Saito, 1992) na 7.68 4.12 181
Arg—NOS 5.4+ 0.8 7.68 4.15 181
NAME—-NOS 5.1+ 0.7 7.68 4.16 1.81
cyt P45Qam (P. putidg) (Tsai et al., 1970) 3.8 8.0 4.0 1.8
cyt P450 rabbit liver microsomes (Peisach & Blumberg, 1970) 3.95 8.08 3.68 1.71
Fe(P)(SPH)(Tang et al., 1976) na 7.2 4.7 1.9
Fe(PPIXDME)(SGH4CI)? (Tang et al., 1976) na 7.2 48 1.9
Fe(PPIXDME)(SGH4NO,)? (Tang et al., 1976) 810 na na na

a P = octaethylporphyrin; PPIXDME= protoporphyrin IX dimethyl ester.

& Orme-Johnson, 1967), as observed for the FMidicals The substrate analogue NAME has been observed to
of NADPH—cytP450 reductase (lyanagi & Mason, 1973) inhibit the reduction of the nNOS heme iron by the flavins;
and NADPH-sulfite reductase (Ostrowski et al., 1989). The NAME also inhibits dithionite reduction of the ferric heme
F radical spectrum of nNOS is no exception; the transition (Abu-Soud et al., 1994b). However, NAME in the substrate
is well fit by a Gaussian of width 21 G for the temperatures binding site alters neither thggvalues nor ZFS of the heme
examined (458 K). This line shape and width display no with respect to the physiological substratarginine. As
dependence on substrate, consistent with.theginine and ~ the immediate heme environment is not affected by the
flavin binding sites being located in separate domains of substrate or NAME, perhaps the inhibition of heme reduction
NNOS (Sheta et al., 1994). is of electrostatic origin. NAME contains a nitro group not

The progressive microwave power saturation data for F found inL-arginine and thus has distinct charge distributions
show the flavin radical is spirspin coupled to both that could result in significantly different reduction potentials

dissolved dioxygen and the NOS heme. The spin relaxation of the _heme (_Varadarajan etal, .198.9)' NAME's |n_h|b|t|on
enhancement of *Fby dioxygen indicates that the radical of flavm-medlatgd heme reductlon IS currently being em-
flavin binding site of NNOS is accessible to small molecules PIOYed 1o study if changes in the-Fheme coupling occur
in solution. The appreciable magnitude of the dioxygen upon binding of CAM to nNOS.

effect i_s due, at Iea;t in part, to the.slow intrinsic spin - A cKNOWLEDGMENT

relaxation of the flavin radical ‘FFgiven in Table 1b at 22

K. For comparison, also shown in Table 1b are the spin- We thank Drs. David Bredt and Solomon Snyder for the
relaxation rateskBgipolar aNd Kscaias fOr the tyrosine radical,  cells used to generate nNOS and Drs. Masao lkeda-Saito
Yp', of photosystem Il at 22 K. The intrinsic spin relaxation, and Jack Lancaster for helpful early discussions.
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