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ABSTRACT: The neuronal NO synthase (nNOS) heme binds self-generated NO, and this negatively regulates
NO synthesis. Here we utilized the nNOS oxygenase domain and full-length nNOS along with various
spectroscopic methods to (1) study formation of the six-coordinate ferrous NO complex and its conversion
to a five-coordinate NO complex and (2) investigate the spectral and catalytic properties of the five-
coordinate NO complex following its air oxidation to a ferric enzyme. NO bound quickly to ferrous
nNOS oxygenase to form a six-coordinate NO complex (kon andkoff values of 1.25× 10-3 mM-1 s-1 and
128 s-1 at 10°C, respectively) that was stable in the presence ofL-arginine or tetrahydrobiopterin (BH4)
but was converted to a five-coordinate NO complex in a biphasic process (k ) 0.1 and 0.01 s-1 at 10°C)
in the absence of these molecules. Air oxidation of the ferrous six-coordinate NO complex generated an
enzyme with full activity and ferrous-CO Soret absorbance at 444 nm. In contrast, oxidation of the
five-coordinate NO complex generated an inactive dimer with ferrous-CO Soret absorbance at 420 nm,
indicating nNOS was converted to a ferric P420 form. Incubation of ferric P420 nNOS with BH4 alone
or BH4 and L-arginine resulted in time-dependent reactivation of catalysis and associated recovery of
P450 character. Thus, nNOS is a heme-thiolate protein that can undergo a reversible P450-P420
conversion. BH4 has important roles in preventing P420 formation during NO synthesis, and in rescuing
P420 nNOS.

Nitric oxide synthases (NOSs,1 EC 1.14.13.39) are in-
volved in many physiologic and pathophysiologic functions
(1-4). NOSs catalyze the NADPH-dependent oxidation of
L-arginine (L-Arg) to form nitric oxide (NO) andL-citrulline
using O2 as a cosubstrate. The oxidation ofL-arginine
proceeds in steps withNω-hydroxy-L-arginine (NHA) being
formed as an intermediate (5, 6). Three isoforms of NOS
have been distinguished: (i) a constitutive form with a
molecular mass of 160 kDa that was first isolated from rat
brain (nNOS), (ii) a cytokine-inducible form with a molecular
mass of 130 kDa that was first isolated from murine
macrophages (iNOS), and (iii) a constitutive form with a
molecular mass of 135 kDa that was first isolated from
vascular endothelium (eNOS) (7, 8). The enzymes are all
homodimeric, with each subunit comprised of an N-terminal
oxygenase domain that contains binding sites for heme,

L-Arg, and tetrahydrobiopterin (BH4) and a C-terminal
reductase domain that contains binding sites for NADPH,
FAD, FMN, and a central calmodulin-binding motif (5, 6,
9, 10). Each domain can be expressed separately and can
function independently of the other. For example, NOS
oxygenase domains can bindL-Arg, BH4, and O2, and can
catalyze NO synthesis from NHA in an H2O2-supported
reaction or when provided with NADPH and their respective
reductase domains (11-17).

The NOS heme is thought to play a central role in
catalysis. Spectroscopic data show that the heme iron binds
O2 (12, 17), presumably to catalyze its reductive activation
and reaction with a terminal guanidine nitrogen ofL-Arg,
which is held in the distal pocket above the heme iron by a
conserved glutamate residue (18, 19). The NOS heme iron
has a proximal thiolate ligand (20-22), as occurs in the
cytochrome P450s, and the cysteine that provides the thiolate
has been identified in all three NOS isoforms by mutagenesis
(11, 23, 24) and crystallography (18). Axial thiolate ligation
enables NOS to function like the cytochrome P450s in
catalyzing mixed function oxidation of substrates. However,
besides a common thiolate heme ligand and similar proximal
heme binding loops, the heme environments in NOS and
the cytochrome P450s are quite different (18, 19), consistent
with them being distinct heme protein monooxygenases.

The NOS heme environment may endow properties unique
to NOS function and chemistry. Consider that during aerobic
steady-state NO synthesis, approximately 60-90% of nNOS
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or iNOS is present as a catalytically blocked NO complex
due to them binding self-generated NO (25, 26). NOS-NO
complexes are stable when formed during catalysis and
regenerate fully active ferric NOS upon O2-dependent
breakdown of the complex (25, 26). This differentiates NOS
from the cytochrome P450s which typically form unstable
NO complexes that inactivate the enzyme (27, 28). Revers-
ible NO complex formation allows NO to act as a feedback
inhibitor of NOS activity during the steady state, and makes
the rate of NO synthesis by the enzyme proportional to the
O2 concentration throughout the physiologic range (29, 30).

Evidence suggests thatL-Arg and BH4, which both bind
near the heme (19), can stabilize the six-coordinate ferrous-
NO and ferrous-CO complexes of both nNOS and iNOS.
In the absence of BH4 and L-Arg, or under BH4-deficient
conditions, NOS forms five-coordinate ferrous-NO or
ferrous-CO complexes (31-33). In the case of cytochrome
P450s, formation of a five-coordinate ferrous-NO complex
invariably occurs after reaction with NO and leads to
formation of cytochrome P420 upon air oxidation (28, 34,
35), loss of heme in some cases (36), and irreversible loss
of activity (27, 28, 34, 36). This inactivation process links
NO synthesis with downregulation of tissue P450 activity
during inflammation (37-39). However, for nNOS it is
unknown if formation of a five-coordinate NO complex leads
to changes in its composition, structure, or function, whether
such changes could be reversed, and how BH4 or L-Arg might
influence these processes.

To address these issues, we investigated whether structural
or catalytic changes would occur following air oxidation of
six- and five-coordinate ferrous-NO complexes of the nNOS
oxygenase domain (nNOSoxy) and full-length nNOS. This
led us to characterize an inactive P420 form of nNOS, and
examine whether BH4 or L-Arg could convert this species
back to an active P450 form.

MATERIALS AND METHODS

Chemicals. NHA was obtained from Alexis. NO and CO
gas were purchased from Matheson Inc. BH4 was obtained
from Schircks (Jona, Switzerland). MOPS, dithionite, EDTA,
L-Arg, H2O2, and 2-mercaptoethanol were purchased from
Sigma.

Protein Expression and Purification. The nNOSoxy (amino
acids 1-723 with a six-histidine tag at the C terminus) was
expressed inEscherichia coli and purified as described
previously (12). Full-length nNOS was expressed inE. coli
and purified as described previously (40), except human
calmodulin was not coexpressed, and the bacterial cultures
were harvested 24 h after induction of nNOS expression.
The purity of the proteins was estimated to be>85% by
SDS-polyacrylamide gel electrophoresis. Both of these
proteins as purified were approximately 60-80% dimeric
and contain no BH4. The heme protein concentration was
estimated from the absorbance difference at 444 and 490
nm for the ferrous-CO complex using the extinction
coefficient of 76 mM-1 cm-1 (12).

Absorption Spectral and EPR Measurements. Absorption
spectral measurements were performed at 10°C using an
anaerobic cuvette. Samples containingL-Arg or BH4 were
generated by adding 10 mML-Arg or 500 µM BH4 to
concentrated protein samples (100-300µM) and incubating
the mixtures at 4°C overnight to allow equilibration. Diluted

protein samples were made anaerobic by alternately evacuat-
ing and flushing with O2-free argon. After the enzyme was
reduced with excess dithionite, NO gas was introduced to
the headspace in the anaerobic cuvette. Absorption spectra
were recorded using a Hewlett-Packard 8452A single-beam
diode array spectrophotometer or a Hitachi 3110 spectro-
photometer. Enzyme samples (400µL) were removed at the
indicated times from the anaerobic cuvette using a long
needle gastight Hamilton syringe and placed in quartz EPR
tubes which had been previously flushed with O2-free argon
and finally frozen in liquid nitrogen. EPR measurements were
carried out at 110 K and at the X-band microwave frequency
using a Bru¨ker ER300 EPR spectrometer equipped with a
ER035M gaussmeter and a Hewlett-Packard 5352B micro-
wave frequency counter. Experimental conditions are given
in the appropriate figure legends. A total of twenty 40 s scans
were accumulated for each sample to improve the signal-
to-noise ratio. The EPR spectra for pure six- and five-
coordinate ferrous-NO complexes of nNOSoxy were cal-
culated from EPR samples containing a majority of one
species by a method described in the legend of Figure 2.

Stopped-Flow Experiments. Rapid kinetic measurements
were carried out using a Hi-tech Ltd. stopped-flow apparatus
(model SF-51). Sodium dithionite-reduced nNOSoxy (2µM)
in the absence or presence ofL-Arg (2 mM) and BH4 (10
µM) was rapidly mixed with an anaerobic solution containing
different concentrations of NO at 10°C. The formation of
the ferrous-NO complex was monitored at single wave-
lengths as indicated in the text. Signal-to-noise ratios were
improved by averaging 7-10 individual traces. The time
courses were fit using a nonlinear least-squares method
provided by the instrument manufacturer. Estimatedkon and
koff values for NO were derived from plots ofkobs versus
NO concentration according to the equationkobs ) kon[NO]
+ koff.

Air Oxidation of nNOS-NO Complexes and Processing
of Ferric Products. Samples of nNOSoxy or nNOS full-
length proteins (∼20µM) in 2 mL of 200 mM MOPS buffer
(pH 7.5) containing 1 mM DTT were placed in anaerobic
cuvettes, put under an argon atmosphere, and had NO gas
injected into the headspace. The NO complexes were then
allowed to convert to five-coordinate in the absenceL-Arg
and BH4 or remain six-coordinate in the presence of these
compounds. The cuvettes were then opened to air to oxidize
the NO complexes. In some cases, CO was bubbled into the
sample immediately after air oxidation and dithionite added
so we could record the spectrum of the reduced CO complex.
In other cases, aliquots (200-300 µL) of the air-oxidized
solutions were incubated at room temperature from 0 to 2 h
in the presence or absence ofL-Arg and BH4. At specified
times, the aliquots were then placed in a centricon 30,
immediately diluted to 2 mL with chilled 40 mM MOPS
buffer containing 1 mM DTT at 4°C, and reconcentrated to
0.1 mL. This dilution and concentration step was repeated
three more times. The heme concentration of each washed,
concentrated sample was determined spectrophotometrically
from the Soret band absorbance using an extinction coef-
ficient for ferric nNOS of 74 mM-1 cm-1. The washed
samples were then subject to spectral analysis or catalytic
assay as described.

Enzyme ActiVity Measurement.nNOSoxy was assayed in
96-well microplates at 37°C using NHA and H2O2 as
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substrates and measuring the extent of formation of nitrite
under aerobic conditions (13). Assays (100µL final volume)
contained 40 mM MOPS (pH 7.5), 0.5 mg/mL bovine serum
albumin, 1 mM NHA, 500µM DTT, 40 µM BH4, 200-500
nM enzyme, and 30 mM H2O2. Reactions were initiated by
adding H2O2, the mixtures incubated for 10 min at 37°C,
and the reactions stopped by adding 130 units of catalase.
Assays without enzyme were used as controls. One hundred
microliters of Griess reagent was then added, and the assay
plate was read at 550 nm in a Thermomax plate reader. The
nitrite formed was quantitated using NaNO2 standards. The
rate of NO synthesis by full-length nNOS was assayed using
the oxyhemoglobin assay for NO as described previously
(13).

Gel Filtration Chromatography. nNOSoxy samples were
analyzed by FPLC on a 30 cm× 10 cm Pharmacia Superdex
200HR column at 4°C. The column was equilibrated with
40 mM Tris-HCl buffer (pH 7.7) containing 1 mM DTT and
10% glycerol. Protein eluted from the column was detected
at 280 nm using a flow-through detector. The apparent
molecular masses of the protein peaks were estimated using
gel filtration molecular mass standards as previously de-
scribed (13).

RESULTS

Absorption Spectral and EPR Studies of Ferrous-NO
Complexes.BecauseE. coli does not produce BH4, the
nNOSoxy is pterin-free. The protein has a Soret band at 416
nm (Figure 1A, dashed line), indicating that it contains a

low-spin heme. When nNOSoxy was reduced with dithionite
under anaerobic conditions, the ferrous form of the enzyme
has absorbance maxima at 412 and 558 nm (Figure 1A,
dotted line). The addition of NO gas to the ferrous enzyme
results in the formation of the six-coordinate ferrous-NO
complex which exhibits absorption maxima at 436 and 564
nm (Figure 1A, solid line), consistent with reported spectra
for the ferrous-NO complexes of full-length iNOS and
nNOS obtained in the presence of BH4 andL-Arg (25, 26).
Immediately after addition of NO, an aliquot was removed
and frozen and its EPR spectrum was measured at 110 K.
The EPR spectrum for this sample (Figure 2A) was similar
to the spectrum for the six-coordinate ferrous-NO complex
of full-length nNOS (32) and for nNOSoxy in the presence
of BH4 and L-Arg (Figure 2E), although the comparison
suggests that some five-coordinate NO complex is present
in the Figure 2A spectrum.

In the absence ofL-Arg and BH4, the absorption spectrum
of the six-coordinate ferrous-NO complex changed with
time. The absorbance at 436 nm decreased while that at 392
nm increased concomitantly (Figure 1B), indicating that the
six-coordinate ferrous-NO complex was converting to the
five-coordinate complex (32-34, 41). After the conversion

FIGURE 1: Optical absorption spectra for the ferrous nNOSoxy-
NO complex. (A) The ferric (- - -), dithionite-reduced ferrous (‚‚‚
), and ferrous-NO (___) forms in 0.2 M MOPS and 0.5 mM EDTA
(pH 7.5). (B) Spectral change vs time for the ferrous-NO complex
formed in the reaction depicted in panel A. Arrows indicate the
direction of spectral change. The inset shows the time course for
the change observed at 392 (b) and 436 nm (O) at 10°C.

FIGURE 2: EPR spectra of ferrous-NO complexes of nNOSoxy.
The enzyme concentration is about 70µM, and the samples were
maintained under anaerobic conditions. Trace A was recorded for
a sample that was frozen immediately after the addition of NO gas
to BH4- and L-Arg-free, dithionite-reduced nNOSoxy at 10°C.
Trace B was recorded after the sample sat for 70 min in the presence
of NO gas prior to freezing. EPR experimental conditions for traces
A and B were as follows: microwave frequency, 9.457 GHz;
microwave power, 10 mW; modulation amplitude, 2.012 G; and
110 K. Traces C and D are calculated spectra for the pure six- and
five-coordinate ferrous-NO components, respectively, derived from
traces A and B as follows. The EPR spectrum of the six-coordinate
complex was obtained according to the equation six-coordinate
spectrum) A - 0.63B. The coefficient 0.63 was set to eliminate
signals in the spectrum attributed to a residual amount of five-
coordinate complex. Similarly, the EPR spectrum for pure five-
coordinate complex was calculated from the equation five-
coordinate spectrum) B - 0.53A, in which the coefficient 0.53
was used to eliminate signals in the spectrum attributed to residual
six-coordinate complex. Trace E is for the ferrous-NO complex
of nNOSoxy formed in the presence ofL-Arg and BH4, and is
included for comparison.

1914 Biochemistry, Vol. 38, No. 6, 1999 Huang et al.



appeared to be complete (about 70 min after addition of NO
gas), another EPR spectrum was obtained (Figure 2B), which
indicated that the sample contains mostly five-coordinate and
some six-coordinate complex. By comparison of the EPR
spectra taken immediately and 70 min after the addition of
NO gas (Figure 2A,B), it is evident that the spectrum changes
with time. The EPR spectra of the pure six- and five-
coordinate components were calculated by difference meth-
ods explained in the Figure 2 legend, and are shown in panels
C and D of Figure 2. Thus, both absorption spectral and EPR
results confirm that in the absence ofL-Arg and BH4, the
six-coordinate ferrous-NO complex of nNOSoxy is unstable
and gradually converts to the five-coordinate complex.

To determine ifL-Arg (5 mM) and BH4 (100 µM) could
convert the five-coordinate ferrous-NO complex back to the
six-coordinate complex, anaerobic solutions of these mol-
ecules were added to the five-coordinate ferrous-NO
complex and the mixture was incubated in a sealed cuvette
at 4 °C overnight in the presence of NO. Spectral analysis
indicated that<30% of the five-coordinate complex was
converted to the six-coordinate ferrous-NO species under
these conditions (data not shown). On the other hand, ifL-Arg
and BH4 were present in a ferrous nNOSoxy sample when
NO gas was first added, both absorption and EPR spectral
data (Figure 2E) indicate that the six-coordinate NO complex
was stable in the absence of oxygen over the same time
frame, consistent with previous reports showing thatL-Arg
and BH4 stabilize the six-coordinate NO complex of NOS
(25, 32, 33).

Kinetics of Ferrous-NO Complex Formation and Con-
Version. Dithionite-reduced nNOSoxy withoutL-Arg and
BH4 was rapidly mixed with anaerobic solutions containing
different NO concentrations at 10°C, and the formation of
the NO complex was monitored at 436 nm (25). Initially,
the absorbance rapidly increased, consistent with formation
of the six-coordinate ferrous-NO complex, and subsequently
decreased more slowly, indicating conversion to the five-
coordinate complex (data not shown). The data for the
formation of the six-coordinate complex were best fit to a
single-exponential equation, and the observed rate constants
were plotted versus NO concentration (Figure 3A). The plot
is linear and giveskon andkoff values for NO binding of 1.25
× 103 mM-1 s-1 and 128 s-1, respectively. These values are
similar to NO binding constants for the iNOS oxygenase
domain obtained under identical conditions (33). The conver-
sion of the six-coordinate to the five-coordinate complex
appeared to be biphasic, and the data were best fit to a two-
exponential equation. Plots for the two sets of observed rate
constants versus NO concentration (Figure 3B) show that
the rate constants for the conversion of the six-coordinate
to the five-coordinate complex (0.1 and 0.01 s-1) are
independent of NO concentration.

Spectral and Catalytic Properties of Air-Oxidized nNOSoxy
NO Complexes. Because air oxidation of ferrous-NO
cytochrome P450s often generates a cytochrome P420 form
that is irreversibly inactivated (34, 35), we tested whether
air oxidation would convert NO complexes of nNOSoxy to
an inactive P420 form, and if this process would be
reversible. We therefore generated five- and six-coordinate
ferrous-NO nNOSoxy samples,2 exposed them to air, and

examined their spectral and catalytic properties after incubat-
ing the protein samples in buffer alone or in buffer containing
L-Arg, BH4, or both molecules.

The UV-visible spectrum of an air-oxidized six-coordi-
nate NO complex was indistinguishable from the spectrum
of the as-isolated ferric nNOSoxy in the presence ofL-Arg
and BH4, and upon reduction in the presence of CO displayed
a Soret peak at 444 nm (data not shown), consistent with
nNOSoxy remaining in its P450 form throughout the
experiment (25). In contrast, the ferric product arising from
oxidation of the five-coordinate complex (Figure 4) displayed
a Soret absorbance of 416 nm in the absence or presence of
addedL-Arg and BH4, and the positions of its visible bands
differed from those of the as-isolated ferric enzyme (Figure
4 and Table 1). Upon dithionite reduction and CO binding,
this protein was observed to primarily be a P420 form of
nNOSoxy (Figure 4 and Table 1), with P450 nNOSoxy
present as a minor component. Thus, air oxidation of the
five-coordinate NO complex appeared to generate ferric P420
nNOSoxy.

Catalytic activities of air-oxidized nNOSoxy samples
incubated under the different conditions were measured as
the ability to convert NHA to nitrite in an H2O2-supported

2 The six-coordinate ferrous-NO nNOSoxy sample contained 2 mM
L-Arg and 10µM BH4.

FIGURE 3: NO concentration dependence of the observed rate
constants for the formation of ferrous-NO nNOSoxy in the absence
of L-Arg and BH4. Ferrous nNOSoxy (2µM) was rapidly mixed
with NO solutions at 10°C under anaerobic conditions, and the
reactions were monitored at 436 nm. (A) Plot of observed rate
constants for the formation of the six-coordinate ferrous-NO
complex vs the final NO concentration. (B) Plots of observed rate
constants for the decay of the six-coordinate to the five-coordinate
ferrous-NO complex vs the NO concentration. The two lines in
panel B indicate that conversion of the six-coordinate to the five-
coordinate complex is biphasic.
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reaction (13). Control reactions showed that the amount of
nitrite carried over from NO gas oxidation in the washed
enzyme samples was negligible. As shown in Figure 5A,
air oxidation of the six-coordinate ferrous-NO complex
generated a ferric nNOSoxy that retained activity equal to
that of the original enzyme sample. In contrast, an air-
oxidized five-coordinate ferrous-NO sample displayed only
25% of the activity after being incubated for 2 h in buffer
alone3 (Figure 5A). However, when the air-oxidized five-
coordinate sample was incubated for 2 h inbuffer containing
L-Arg or BH4, it recovered 45 and 87% of the activity with
respect to that of the as-isolated enzyme, and when incubated
with bothL-Arg and BH4, it recovered full activity. Together,
our data suggest that the ferric P420 nNOSoxy is catalytically
inactive, but its activity can be recovered by incubation with
L-Arg and BH4.

Heme EnVironment. We next determined if loss and
recovery of enzyme activity as described above were
associated with changes in the nNOSoxy heme environment.
A portion of each air-oxidized, incubated sample described
above was reduced with sodium dithionite under a CO
atmosphere to determine the relative quantities of P450 and
P420 nNOSoxy. As shown in Figure 5B, the spectrum of

the air-oxidized enzyme that had been incubated in buffer
alone contained both P420 and P450 ferrous-CO complexes,
with the P420 form predominating. Samples that had been
incubated in buffer containingL-Arg, BH4, or both molecules
show progressively greater proportions of the P450 ferrous-
CO complex. Together, our results suggest that (1) air
oxidation of the nNOSoxy five-coordinate ferrous-NO
complex generates a P420 form that is catalytically inactive,
(2) subsequent incubation of ferric P420 nNOSoxy with
L-Arg, BH4, or both molecules leads to recovery of the P450
form, and (3) recovery of catalytic activity is associated with
recovery of P450 character.

One mechanism that could explain these results has NO
binding and air oxidation causing the nNOSoxy dimer to

3 The amount of residual activity present in four replica samples
varied from 10 to 30% of that of the as-isolated enzyme and was likely
due to a fraction of the ferrous-NO complex still being six-coordinate
at the time of air oxidation.

FIGURE 4: Light absorbance spectra of the air-oxidized five-
coordinate NO complex of nNOSoxy (___) and its dithionite-reduced
ferrous-CO complex (- - -).

Table 1: Spectral Characteristics of P450 and P420 nNOSoxy and
P420CAM

protein Soret (nm) visible (nm) ref

P450 nNOSoxya

ferric 417 535, 572, 650 this work
ferrous 412 558
ferrous-CO 444, 422c 553

P420 nNOSoxyb

ferric 416 530, 567, 650 this work
ferrous-CO 420, 444c 542, 565

P420CAM
ferric 422 540, 566, 651 46
ferrous 424 530, 558
ferrous-CO 420 540, 572

a As isolated in the absence ofL-Arg and BH4. b Generated by air
oxidation of the five-coordinate ferrous NO complex.c Minor component.

FIGURE 5: Catalytic activity of and heme iron coordination in air-
oxidized NO complexes of nNOSoxy and the effect of subsequent
incubation withL-Arg and BH4. (A) Activities of the as-isolated
nNOSoxy, the air-oxidized six-coordinate ferrous-NO complex,
and the air-oxidized five-coordinate ferrous-NO complex after
incubation with buffer alone (5-Coord.), 1 mML-Arg (+Arg), 200
µM BH4 (+BH4), or bothL-Arg and BH4 at room temperature for
2 h. Activity was measured as the extent of H2O2-dependent
oxidation of NHA and is expressed as nanomoles of nitrite produced
per minute per mole of heme. The data are the mean( SD for
three determinations. Panel B depicts ferrous-CO spectra for certain
enzyme samples described in panel A. Spectra were recorded after
incubation for 2 h under the stated conditions. Each protein sample
was bubbled with CO and reduced with dithionite and the spectrum
recorded immediately.
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dissociate into heme-containing monomers, which would be
expected to be catalytically inactive and form ferrous-CO
complexes that quickly convert to the P420 form (13). To
determine if nNOSoxy dimer dissociation occurred in our
system, we performed gel filtration analysis on six- and five-
coordinate ferrous-NO complexes following their air oxida-
tion. The nNOSoxy samples remained primarily dimeric in
all cases (Figure 6), indicating that NO-mediated catalytic
inactivation of nNOSoxy and accompanying conversion to
the P420 form did not arise from dissociation of the enzyme
dimer.

Kinetics of ReactiVation and ConVersion of P420 to P450.
We next examined the kinetics of catalytic reactivation and
the conversion of P420 to P450 in an air-oxidized five-
coordinate nNOSoxy sample during incubation at room
temperature in the presence ofL-Arg and BH4. Sample
aliquots were removed at various times and washed at 4°C
as described in Materials and Methods, and activity and
spectral measurements were obtained. As shown in Figure
7A, recovery of nNOSoxy catalysis was gradual and required
2 h to achieve full recovery. The time course for nNOSoxy
conversion from P420 to P450 was similar in the same
samples (Figure 7B), and recovery of P450 character
ultimately reached a level equivalent to that of the as-isolated
enzyme. This confirms that BH4- andL-Arg-induced recovery
of catalytic activity is associated with recovery of P450
character.

InactiVation and ReactiVation of Full-Length nNOS. So
far, all the experiments were carried out using nNOSoxy.
To determine if full-length nNOS was also susceptible to
the NO-induced inactivation and reactivation as described
above, full-length dimeric nNOS (BH4-free) was reduced
with sodium dithionite and reacted with NO under anaerobic
conditions in the absence ofL-Arg and BH4. We observed a
similar time-dependent conversion from the six-coordinate
to the five-coordinate ferrous-NO complex (data not shown).
The five-coordinate complex was then exposed to air and
incubated in buffer alone or buffer containingL-Arg, BH4,

or both at room temperature for 2 h. Catalytic activity was
measured as the rate of NADPH-supported conversion of
L-Arg to NO, using the oxyhemoglobin assay. As shown in
Figure 8A, the air-oxidized five-coordinate complex was
completely inactive following incubation in buffer alone.
Incubation withL-Arg or BH4 resulted in recovery of 10 and
37% of the activity, respectively, while incubation with both
L-Arg and BH4 enabled full recovery of activity. A time
course of catalytic recovery for full-length nNOS under the
various incubation conditions (Figure 8B) indicates the
recovery was gradual, as seen for nNOSoxy, and achieves
either 100% recovery or intermediate recovery values
depending on whetherL-Arg and BH4 were added alone or
together.

Figure 9 shows results from a replica experiment with full-
length nNOS in which the relative P420 and P450 character
of samples incubated under the different conditions was
investigated. The sample incubated in buffer alone was
predominantly P420. The sample incubated withL-Arg was
a mixture with the P450 form predominating, and the samples

FIGURE 6: Gel filtration profiles of nNOSoxy samples. The samples
were nNOSoxy as isolated, five-coordinate ferrous-NO nNOSoxy
after air oxidation, and five-coordinate, air-oxidized nNOSoxy after
subsequent incubation for 2 h with L-Arg and BH4. The arrows
indicate the peak positions of the nNOSoxy dimer (left) and
monomer (right), on the basis of molecular mass standards. The
peak eluting at∼7 mL contains protein aggregates. The data are
representative of two experiments.

FIGURE 7: Kinetics of recovery of activity (A) and conversion of
nNOSoxy P420 to P450 (B) during incubation of the air-oxidized
five-coordinate NO complex withL-Arg and BH4. The air-oxidized
five-coordinate ferrous-NO complex was incubated at room
temperature with 5 mML-Arg and 200µM BH4; aliquots were
removed at the indicated times and then washed in centricons at 4
°C prior to analysis. Panel A shows the activity of the washed
samples determined as the extent of NHA conversion to nitrite in
a 10 min assay. The activity of as-isolated nNOSoxy was 5 mol of
nitrite per minute per mole of heme and was set at 100% for
comparison. In panel B, conversion of nNOSoxy P420 to P450
during incubation withL-Arg and BH4 was followed spectroscopi-
cally by reducing each washed enzyme sample with sodium
dithionite in the presence of CO. The experiment shown is
representative of three similar trials.
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incubated with BH4 alone or in combination withL-Arg were
almost completely in their P450 form. Thus, as was observed
for nNOSoxy, NO-mediated loss of catalytic activity in full-
length nNOS was associated with formation of a ferric P420
form, recovery of catalytic activity was promoted by
subsequent incubation with BH4 andL-Arg, and reactivation
was associated with recovery of P450 character.

Reductase Domain Catalysis. To examine if NO inactiva-
tion of full-length nNOS also involved the nNOS reductase
domain, we compared air-oxidized five-coordinate nNOS and
as-isolated enzyme samples with regard to their ability to
transfer electrons from NADPH to cytochromec, which is
a reductase domain-specific reaction (42). The rates of
calmodulin-stimulated cytochromec reduction for two air-
oxidized five-coordinate nNOS samples were 90 and 97%
of that of the as-isolated enzyme (data not shown). This

indicates that the reductase domain electron-transfer function
remained intact in the NO-inhibited nNOS.

DISCUSSION

Formation and Stability of the nNOSoxy Ferrous-NO
Complex. Our stopped-flow data indicate that ferrous
nNOSoxy and NO combine to form a complex that is initially
six-coordinate even when the reaction occurs in the absence
of L-Arg and BH4. However, under these conditions the six-
coordinate complex is unstable and it converts to a species
whose light absorbance and EPR spectra identify it as the
five-coordinate ferrous-NO complex. Conversion from a six-
coordinate to a five-coordinate ferrous-NO complex in the
absence ofL-Arg and BH4 has also observed for iNOSoxy
(33) and for full-length nNOS (32), and for the cytochromes
P450CAM, P450LM, P450SCC, and P450NOR (28, 34, 35,
43), suggesting nNOSoxy behaves like a typical heme-
thiolate protein in this regard. However, the stability of the
six-coordinate ferrous-NO complex varies widely among
these proteins, taking from seconds to hours to convert to
five-coordinate. In most but not all cases, the conversion is
slowed by the presence of substrate. For ferrous nNOSoxy,
conversion to the five-coordinate form was slowed when
either L-Arg or BH4 was present, and conversion was
completely prevented in the presence of both molecules.
AlthoughL-Arg is known to stabilize the six-coordinate NO
complex of full-length nNOS (25, 32), a role for BH4 had
not been previously demonstrated. Our data indicate that both
L-Arg and BH4 can stabilize the ferrous heme-thiolate bond
in the NO complex, although they bind at different locations
relative to the heme (19).

Properties of the Air-Oxidized NO Complexes.Air oxida-
tion of the ferrous nNOS five-coordinate NO complex
generated a P420 form of the enzyme which although
remaining dimeric did not exhibit the typical immediate
spectral response towardL-Arg and BH4 addition (Soret

FIGURE 8: Catalytic activity and heme iron coordination in full-
length nNOS after air oxidation of the five-coordinate ferrous-
NO complex and the effect of subsequent incubation withL-Arg
and/or BH4. (A) Activities of the as-isolated nNOS and the air-
oxidized five-coordinate ferrous-NO complex after incubation with
buffer alone (5-coordinate), 1 mML-Arg (+arginine), 200µM BH4
(+BH4), or bothL-Arg and BH4 at room temperature for 2 h. The
activity of the as-isolated enzyme determined at room temperature
using the oxyhemoglobin assay (118 nmol of NO per minute per
milligram of enzyme) was set as 100%. The error bars represent
the mean( SD for three determinations. (B) Time course of
catalytic recovery of the five-coordinate ferrous-NO nNOS fol-
lowing air oxidation and incubation with 1 mML-Arg (4), 200
µM BH4 (O), or both (b) at room temperature. Aliquots were
removed and washed as described for nNOSoxy in Figure 7. The
data are representative of two experiments.

FIGURE 9: Heme iron coordination in full-length nNOS after air
oxidation of the five-coordinate ferrous-NO complex and the effect
of subsequent incubation withL-Arg and BH4. Air-oxidized samples
were incubated for 2 h with buffer alone(five-coordinate) or buffer
containing 1 mML-Arg, 200µM BH4, or both. The samples were
washed in centricons, and spectra of the dithionite-reduced CO-
bound forms were then recorded. The data are representative of
two similar trials.
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absorbance shift toward high-spin). Its light absorbance
spectrum was similar but not identical to that of cytochrome
P420CAM, consistent with their heme environments being
somewhat distinct (18, 19). P420 ferric nNOS was almost
completely inactive when assayed either by H2O2-supported
NHA oxidation (nNOSoxy) or by NADPH-supportedL-Arg
oxidation to NO (full-length nNOS). Inactivation required
formation of the five-coordinate NO complex, because air
oxidation of either the six-coordinate ferrous-NO complex
or ferrous nNOSoxy control samples did not inhibit their
catalysis. Inactivation was also not due to dissociation of
the nNOS dimer, and appeared to only involve changes
within the heme domain of nNOS, because a reductase
domain-specific reaction (NADPH-dependent cytochromec
reduction) remained unaffected.

ReactiVation of nNOS P420.NO-mediated conversion of
cytochrome P450s to their P420 forms typically results in
irreversible inactivation. Thus, it is remarkable that nNOS
P420 could recover most or all of its activity when incubated
with BH4 alone or with BH4 andL-Arg, respectively. Indeed,
the nNOS system described here may be the clearest example
to date of a heme thiolate protein undergoing P420 to P450
conversion with associated recovery of catalysis.

Catalytic recoveries of P420 nNOSoxy or P420 full-length
nNOS were similar in being relatively slow and only
achieving partial reactivation in the case of incubation with
BH4 or L-Arg alone. In both proteins, BH4 promoted greater
recovery of catalysis thanL-Arg when added alone, and the
catalytic recovery was associated with conversion from ferric
P420 to P450 in all cases. However, the recovery of P450
character appeared to precede catalytic reactivation (compare
panels A and B of Figure 7), and the level of P450 character
achieved in certain circumstances (i.e., withL-Arg alone; see
Figures 8A and 9) appeared to exceed the proportion of
activity recovered in the sample. Thus, the P420 to P450
conversion may reflect an essential but singularly insufficient
change in protein structure that leads to catalytic reactivation.
A model consistent with the data is illustrated in Scheme 1.

It is important to note that a ferrous-CO P420 complex
of NOS can form in several other settings independent of
NO. For example, a P420 complex is formed when CO binds
to ferrous iNOS containing BH4 analogues tetrahydroneop-
terin or 6-(hydroxymethyl)tetrahydrobiopterin (44) or con-
taining the NOS inhibitor 2-amino-5,6-dihydro-4H-1,3-
thiazine (45). However, in these cases addition ofL-Arg
caused rapid conversion to the P450 CO complex. In the
absence ofL-Arg and BH4, the P450 CO complex of iNOS
also converts spontaneously to a P420 form (13, 33).

However, air oxidation of this P420 yields a ferric enzyme
that is catalytically active and regenerates a P450 CO
complex upon subsequent reduction. For the nNOSoxy five-
coordinate ferrous-NO complex, we did not observe sig-
nificant conversion to the six-coordinate NO complex even
after prolonged incubation withL-Arg and BH4 under
anaerobic conditions. Furthermore, the air-oxidized product
(ferric P420 nNOS) was inactive, did not respond spectrally
to L-Arg and BH4, and required prolonged incubation with
these molecules to recover its P450 character and catalysis.
Thus, although a P420 NOS can form by several different
routes, the properties of each protein may differ depending
on the conditions under which it formed.

Although we did not detectL-Arg or BH4 binding to P420
nNOS, the fact that these molecules promote conversion to
the P450 form means that they either bind to P420 nNOS
without causing spectral changes or stabilize P450 nNOS if
the two forms are in equilibrium. In pressure-generated
cytochrome P420CAM, alterations occur in the distal pocket
of the enzyme that affect ligand access to the heme and the
ability of the enzyme to respond to substrate (46). Whether
similar changes occur in NO-generated P420 nNOS will
require additional study.

ReleVance to NOS Biology.Understanding the properties
of NOS-NO complexes is important because a major portion
of iNOS and nNOS convert to their six-coordinate NO
complexes during steady-state catalysis (25, 26), and this
conversion affects their activity versus O2 response (29, 30).
Since six-coordinate NO complexes of NOS are stable in
the presence of saturating BH4 and L-Arg concentrations,
cells that maintain sufficient concentrations of these mol-
ecules would be expected to avoid formation of five-
coordinate NOS-NO complexes and subsequent enzyme
inactivation as described in this report. However, BH4

binding to the nNOS dimer exhibits negative cooperativity
(47), and this allows the enzyme to be subsaturated with BH4

over a fairly broad concentration range. Under such condi-
tions, purified nNOS was shown to undergo NO-dependent
inactivation during catalysis (48, 49). Curiously, activity was
restored by incubation with BH4 but not with L-Arg (49).
Our current work suggests that NO synthesis under BH4-
limiting conditions likely caused the nNOS-NO complex
to convert to five-coordinate during the steady state, which
led to accumulation of inactive ferric P420 nNOS. Whether
this type of NO-based inactivation occurs in cells has not
been investigated. However, it is important to consider given
that the BH4 level in some cells and tissues appears to be
low enough to limit NO synthesis (50-52).
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