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ABSTRACT Although nitric oxide synthase (NOS) is
widely considered as the major source of NO in biological cells
and tissues, direct evidence demonstrating NO formation
from the purified enzyme has been lacking. It was recently
reported that NOS does not synthesize NO, but rather gen-
erates nitroxyl anion (NO2) that is subsequently converted to
NO by superoxide dismutase (SOD). To determine if NOS
synthesizes NO, electron paramagnetic resonance (EPR) spec-
troscopy was applied to directly measure NO formation from
purified neuronal NOS. In the presence of the NO trap
Fe21-N-methyl-D-glucamine dithiocarbamate, NO gives rise to
characteristic EPR signals with g 5 2.04 and aN 5 12.7 G,
whereas NO2 is undetectable. In the presence of L-arginine
(L-Arg) and cofactors, NOS generated prominent NO signals.
This NO generation did not require SOD, and it was blocked
by the specific NOS inhibitor N-nitro-L-arginine methyl ester.
Isotope-labeling experiments with L-[15N]Arg further demon-
strated that NOS-catalyzed NO arose from the guanidino
nitrogen of L-Arg. Measurement of the time course of NO
formation demonstrated that it paralleled that of L-citrulline.
The conditions used in the prior study were shown to result in
potent superoxide generation, and this may explain the failure
to measure NO formation in the absence of SOD. These
experiments provide unequivocal evidence that NOS does
directly synthesize NO from L-Arg.

NO, a gaseous free radical, has been demonstrated to possess
a variety of biological functions, including regulation of vas-
cular tone, platelet aggregation, leukocyte adhesion, neuronal
signal transmission, and immune host defense (1). Abnormal-
ities of NO production have been hypothesized to be of central
importance in the pathogenesis of many disease processes (2).
In biological systems, NO is generally proposed to arise from
the guanidino group of L-arginine (L-Arg) in an NADPH-
dependent reaction catalyzed by a family of NO synthases
(NOSs) (3). Three distinct isoforms of NOS have been cloned
including neuronal NOS (nNOS, type I), inducible NOS (type
II), and endothelial NOS (type III) (4). Although the three
isoforms are derived from separate genes, they are believed to
be similar in structure and function, with L-Arg, oxygen, and
NADPH as substrates and requiring FAD, FMN, calmodulin,
and tetrahydrobiopterin (BH4) as cofactors. The catalytic
mechanism of NOS is hypothesized to involve to a five-electron
transfer from NADPH to the terminal heme center, where O2
is incorporated into L-Arg to yield NO and L-citrulline (L-Cit)
(5, 6).

In spite of intensive study of the structure and function of
NOS over the last decade, there has been a lack of direct
evidence that the enzyme actually synthesizes NO. This had

been attributed to the labile nature of NO in oxygenated
solutions, in which it is rapidly oxidized to nitrite (NO2

2) and
nitrate (NO3

2) (7). NO also rapidly reacts with superoxide
(YO2

2) at diffusion-limited rate to form peroxynitrite
(ONOO2) (8). Therefore, studies of the enzymatic function of
NOS have largely relied on the indirect evidence of NO
formation provided by measurements of the NO metabolites
NO2

2 and NO3
2 or the coproduct L-Cit. Unfortunately, the data

from indirect measurements cannot resolve whether NO is the
primary product of NOS. In spite of strong evidence that NO
formation from NOS occurs in biological cells and tissues,
controversy has remained regarding whether the enzyme
directly synthesizes NO. Recently, based on their failure to
detect NO from isolated NOS, Schmidt et al. (9) proposed that
NOS might primarily produce nitroxyl anion (NO2) rather
than NO. They hypothesized that NO was alternatively derived
from NO2 in a reaction catalyzed by superoxide dismutase
(SOD).

To address this controversy, we applied electronic paramag-
netic resonance (EPR) spectroscopy to measure NO from
purified NOS in an effort to determine whether the enzyme
does directly synthesize NO. Our study demonstrates that NOS
does generate NO and elucidates why prior efforts to detect
NO formation may have failed.

MATERIALS AND METHODS

Materials. The L-Arg, NADPH, FAD, BH4, calmodulin,
N-nitro-L-arginine methyl ester (L-NAME), SOD, and other
reagents were purchased from Sigma, unless otherwise noted.
Cell culture materials were obtained from GIBCOyBRL.
29,59-ADP-Sepharose was the product of Pharmacia Biotech.
L-[14C]Arg was purchased from DuPontyNEN. L-[15N]Arg
(guanidino 15N, 99% pure) was obtained from Isotec. N-
Methyl-D-glucamine dithiocarbamate (MGD) was synthesized
as described (10). The N-methyl-D-glucamine and carbon
disulfide required for MGD synthesis were purchased from
Aldrich. S-Nitroso-N-acetylpenicillamine (SNAP) was synthe-
sized as reported (11). Sodium trioxodinitrate (Na2N2O3,
Angeli’s salt) was synthesized according to the procedure
described in ref. 12.

NOS Purification. Rat nNOS was purified from stably
transfected human kidney 293 cells (13). These nNOS-
transfected cells were grown in minimum essential medium
with 10% heat inactivated fetal calf serum. Cells were har-
vested and homogenized in 50 mM TriszHCl buffer (pH 7.4),
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containing 1 mM EGTA, 1 mM diethylenetriaminepentaacetic
acid (DTPA), and 10 mM 2-mercaptoethanol (standard
buffer) with 1 mM phenylmethylsulfonyl f luoride (PMSF), and
2 mM leupeptin. After centrifugation, the supernatant was
loaded on a 29,59-ADP-Sepharose affinity column. After wash-
ing the column with 0.45 M NaCl, NOS was eluted with
standard buffer containing 10 mM NADPH and concentrated
by using Centricon-30 concentrators (Amicon). Excess
NADPH, DTPA, and 2-mercaptoethanol was removed by
repetitive washing of the enzyme followed by 40-fold concen-
tration, with 50 mM TriszHCl buffer (pH 7.4) with 1 mM PMSF
and 2 mM leupeptin. Concentrated enzyme was stored in this
buffer with 10% glycerol at 280°C. Protein content was
assayed with Bradford reagent (Bio-Rad) by using BSA stan-
dards (14). The purity of NOS was greater than 90% as
determined by SDSyPAGE with Coomassie blue staining. The
enzyme preparations exhibited specific activity up to 450 nmol
L-Citymin per mg protein assayed by the conversion of L-
[14C]Arg to L-[14C]Cit at 37°C as described below. For the spin
trapping measurements '1% volume of the enzyme prepara-
tion was mixed with the assay buffer.

EPR Spectroscopy and Spin Trapping. The Fe21 complex of
MGD [Fe21-MGD2, (Fe–MGD)] was used to trap NO for-
mation (15, 16). Fresh stock solutions of Fe–MGD (1:5) were
prepared by adding ferrous ammonium sulfate to aqueous
solutions of MGD. NO measurements were performed in 50
mM TriszHCl buffer (pH 7.4) with 1 mM L-Arg, 1 mM
NADPH, 0.5 mM Ca21, 10 mgyml calmodulin, 10 mM BH4, 25
mgyml BSA, and 1 mM Fe–MGD. Another spin trap 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) (Aldrich) was used to
measure oxygen-free radicals at a final concentration of 50
mM. EPR spectra were recorded in a quartz flat cell at room
temperature with a Bruker ER 300 spectrometer operating at
X-band with 100 kHz modulation frequency and a TM 110
cavity, as described (17, 18). The microwave frequency and
magnetic field were precisely measured by using an EIP 575
microwave frequency counter and Bruker ER 035 NMR
gaussmeter. Quantitation of the observed signals was per-
formed by comparing the double integral of the observed
signal with that of known concentration NO–Fe–MGD stan-
dards prepared with either NO gas or the NO donor SNAP. To
obtain rapid complete release of NO from SNAP photolysis
was performed by using light irradiation with a one million
candlepower light source focused as a 1-cm-diameter beam
onto the EPR flat cell which was placed in the cavity with front
plate removed. This photolysis resulted in rapid quantitative
release of NO from SNAP or other nitrosothiols. The intensity
of the EPR signals of the NO–Fe–MGD complexes derived
from SNAP after photolysis were identical to those obtained
by using identical concentrations of NO gas. After 5 min of
photolysis complete release of NO from SNAP was observed.
This photolysis approach was also used to evaluate whether
nitrosothiol compounds were formed in the NOS reaction
system.

L-[14C]Arg to L-[14C]Cit Conversion Assay. NOS-catalyzed
L-[14C]Arg to L-[14C]Cit conversion was monitored in a total
volume 300-ml buffer containing 50 mM TriszHCl (pH 7.4), 200
mM L-[14C]Arg, 1 mM NADPH, 0.5 mM Ca21, 10 mgyml
calmodulin, 10 mM BH4, and 2 mgyml purified NOS. The
reaction was started by adding L-[14C]Arg. After incubation
periods at ambient temperature, 23°C, the reactions were
terminated with 3 ml ice-cold stop buffer (20 mM Hepes, pH
5.5y2 mM EDTAy2 mM EGTA). L-[14C]Cit was separated by
passing reaction mixture through Dowex AG 50W-X8 (Na1

form, Bio-Rad) cation exchange columns and quantitated by
liquid scintillation counting (19).

RESULTS

EPR measurements were performed by using the trap Fe–
MGD that reacts with NO forming a stable NO–Fe–MGD

complex with unique triplet EPR spectrum. As shown in the
control experiment with Fe–MGD alone, no signal is seen
(Fig. 1, control). However, after incubation with the NO donor
SNAP (10 mM), a characteristic triplet spectrum of the NO
complex was observed with a central g value of 2.04 and
nitrogen hyperfine splitting of 12.7 G. Triplet splitting is
observed because the natural abundance isotope of nitrogen,
14N, has a nuclear spin of one. In the presence of isotopically
labeled 15NO released from 15N-SNAP (10 mM), the 15NO–
Fe–MGD complex is formed which has doublet hyperfine
splitting arising from the nuclear spin of 15N which has a value
of one-half (16, 20). In principle only NO bound to Fe21-MGD
would be expected to give the characteristic triplet signal, and
if a complex was formed with NO2 it would be diamagnetic and
EPR silent (7). To confirm that the Fe–MGD complexes used
enable selective detection of NO, experiments were performed
with addition of the NO2 donor Angeli’s salt, Na2N2O3, which
decomposes in aqueous buffer to form 1 equivalent of NO2

and 1 equivalent of nitrite (9). No significant EPR signal was
seen from Fe–MGD in the presence of 10 mM Angeli’s salt.
Thus, only NO gave rise to a characteristic EPR spectrum.

EPR measurements with Fe–MGD were then performed to
measure NO generation from purified nNOS. The enzyme was
purified from nNOS transfected cells and the purity was
greater than 90% as determined by SDSyPAGE (Fig. 2).
Although numerous bands were seen in whole cell homoge-
nate, after purification a single 158-kDa band was present
corresponding to the molecular weight of nNOS as previously
reported (3). No 16-kDa or 32-kDa bands corresponding to the
molecular weigh of the monomeric or dimeric forms of copper
zinc SOD were present. In the absence of the enzyme, no
signals were observed from solutions containing the NOS
substrate L-Arg and its cofactors (Fig. 3, trace A). However,
after adding purified NOS (7.5 mgyml), prominent EPR signals

FIG. 1. EPR spectra of Fe–MGD in the absence and presence of
NO or NO2. Control, 1 mM Fe–MGD in 50 mM TriszHCl buffer (pH
7.4); NO, Fe–MGD with the NO (14N) donor N-SNAP (10 mM); 15NO,
with 10 mM 15N-SNAP; NO2, with 10 mM NO2 donor Na2N2O3. In
the presence of the trap Fe–MGD, natural abundance 14NO gives rise
to the characteristic triplet spectrum whereas 15NO gives rise to a
characteristic doublet. NO2 did not produce any significant signal.
Spectra were recorded at room temperature with a microwave fre-
quency of 9.77 GHz by using 80 mW of microwave power and 3.9 G
modulation amplitude.
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were seen (Fig. 3, trace B). These signals exhibited the
characteristic triplet spectrum with g 5 2.04 and aN 5 12.7,
indicative of NO–Fe–MGD. In contrast to the prior report,
SOD was not required for NO formation. NO generation was
totally abolished by either excluding L-Arg from the reaction

system or preincubating the enzyme with the specific NOS
blocker L-NAME (Fig. 3, traces C and D), further confirming
that the measured NO generation was synthesized by NOS.

To further prove that the measured NO formation was
derived from the guanidino group of L-Arg, experiments were
performed by using isotopically labeled L-Arg in which both
guanidino nitrogens were labeled with 15N. In the presence of
this L-[15N]Arg, time-dependent formation of the character-
istic 15NO–Fe–MGD spectrum was observed. This spectrum
was clearly seen within the first 10 min after addition of
L-[15N]Arg and it continued to increase over the next 30 min
(Fig. 4).

It has been suggested that nitrosothiols may be important
intermediates in the process of NO formation or transport (7).
To evaluate whether a detectable pool of nitrosothiols was
formed, photolysis experiments were performed with EPR
trapping of NO with Fe–MGD. After 50 min of the NOS
reaction, light irradiation did not induce further NO forma-
tion. With kinetic measurements performed in the presence of
light irradiation from the start of the reaction, no alterations
in the magnitude or time course of the appearance of the NO
signals were seen. Thus, there was no evidence of nitrosothiol
formation.

To further evaluate the kinetics and stoichiometry of NO
formation from NOS relative to that of the coproduct L-Cit,
parallel experiments were conducted to determine the time
course of L-Cit formation by monitoring the conversion of
L-[14C]Arg to L-[14C]Cit. As shown in Fig. 5, the time course
of NOS-catalyzed L-Cit formation paralleled that observed for
NO. The magnitude of L-Cit formation after 40-min incubation
was 0.54 mmolymg protein whereas the value obtained for NO
trapped by Fe–MGD was 0.21 mmolymg protein. In the
presence of the NOS blocker L-NAME, both L-Cit formation
and NO formation were abolished. Together, these experi-
ments unambiguously prove that NOS oxidizes the guanidino
nitrogen of L-Arg with the formation of NO and L-Cit.

FIG. 2. SDSyPAGE profile of nNOS purified from nNOS-
transfected 293 cells. Lanes: A, molecular weight standards; B, crude
supernatant of cell homogenate (10 mg); C, eluate from the column
washed by 0.45 M NaCl (10 mg); D, NADPH eluate from 29,59-ADP-
Sepharose column (1 mg). Proteins were separated on 7.5% polyacryl-
amide gels and visualized by Coomassie blue staining.

FIG. 3. NO generation from purified NOS. The reaction system
consists of L-Arg (1 mM), NADPH (1 mM), Ca21 (0.5 mM), calmod-
ulin (10 mgyml), and BH4 (10 mM) in 50 mM TriszHCl buffer (pH 7.4).
Although no signal could be detected in the reaction system without
enzyme (trace A), prominent NO signal was seen after adding 7.5
mgyml purified NOS (trace B). This NO signal could be abolished by
either excluding the NOS substrate L-Arg from the reaction system
(trace C) or pretreating the enzyme with the NOS blocker L-NAME
(10 mM) (trace D). Representative spectra were shown from triplicate
measurements.

FIG. 4. Time course of 15NO generation from NOS in the presence
of L-[15N]Arg. The composition of the reaction mixture was the same
as described in the legend to Fig. 2 except L-[15N]Arg was used instead
of L-Arg. Spectra were continuously recorded from the beginning of
the reaction until 40 min.
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In their recent study, Schmidt et al. (9) reported that NO
could not be measured from purified NOS unless large
amounts of SOD were present. They proposed that NOS first
synthesized NO2 and then SOD converted NO2 to NO.
However, an alternative explanation for their requirement for
SOD for NO detection may be because of the existence of
exogenous YO2

2 production. Because YO2
2 rapidly reacts with

NO resulting in the formation of ONOO2, this could also
explain their inability to measure NO formation from the
enzyme. To test this hypothesis, we determined whether YO2

2

generation occurred in the reaction system used by the authors.
With the well-characterized oxygen radical trap DMPO, prom-
inent signals were seen in solutions containing only the sub-
strates and cofactors used in their NO detection experiments
(Fig. 6, trace A). The signals consisted of a mixture of the
superoxide adduct DMPO-OOH and as well as DMPO-OH
which can be formed from the degradation of DMPO-OOH
(21). SOD (400 unitsyml) totally abolished these signals,
demonstrating that both were derived from the trapping of
YO2

2 (Fig. 6, trace B). Because a number of cofactors had been
used including FAD, NADPH, and BH4, we then sought to
determine which were responsible for the YO2

2 generation.
Neither NADPH (1 mM) nor FAD (10 mM) alone produced
signals (Fig. 6, traces C and D). However, strong signals were
seen in the solutions containing these two compounds together
(Fig. 5, trace E). The magnitude of these signals approached
that generated from the solution with all cofactors. Interest-
ingly, whereas BH4 was previously reported to be capable of
producing YO2

2 through autoxidation (22), addition of BH4 (10
mM) did not significantly alter the YO2

2 signals produced by
FAD and NADPH. Thus, a potent source of YO2

2 existed

within the reaction system used in this previous study that was
mainly because of the reduction of FAD by NADPH.

Under the conditions of enzyme, substrate, and cofactors
that we used to measure NO formation from NOS, there was
no detectable YO2

2 generation as evidenced by the absence of
any EPR signal in the presence of DMPO (Fig. 7, trace A). To
further demonstrate that the lack of signal was not because of
SOD in our enzyme preparations, additional experiments were
performed with NOS in the absence of L-Arg, conditions
previously shown to induce YO2

2 generation from the enzyme
(13, 17). In the absence of L-Arg, prominent DMPO-OOH and
DMPO-OH signals were observed which were quenched by
addition of exogenous SOD, 200 unitsyml (Fig. 7, traces B and
C). Thus under conditions that induce YO2

2 generation, it was
detected. This confirms that SOD was not present in our
enzyme preparations and that SOD is not required for NO
generation from NOS.

DISCUSSION

Over a decade ago a family of arginine metabolizing enzymes
was discovered whose function was reported to be the synthesis
of the free radical gas NO. Three specific NOS isoforms were
identified: neuronal NOS (NOS1), macrophage NOS (NOS2),
and endothelial NOS (NOS3). Each of these enzymes have
considerable structural homology and each have been shown
to exert a range of important functions in biological cells and
tissues. NOS was considered to be a specific NO synthesizing
enzyme which exerts important cell signaling effects through
its interaction with heme enzymes such as guanylate cyclase.
Early studies that used chemiluminescence or mass spectros-
copy showed that L-Arg-derived NO formation occurred in

FIG. 5. Time course of NO and L-Cit generation from NOS. L-Cit
formation was detected by monitoring the conversion of L-[14C]Arg to
L-[14C]Cit (A) and NO was measured by EPR with spin trap Fe–MGD
(B) in parallel experiments. As shown, similar time-course curves were
observed for NOS-catalyzed L-Cit (F) and NO (Œ) formation. In the
presence of the NOS blocker L-NAME, both L-Cit and NO formation
were blocked (open symbols). Results are the average of three
experiments.

FIG. 6. Oxygen radical generation from FAD and NADPH: (trace
A) 50 mM TriszHCl buffer (pH 7.4) containing 1 mM NADPH, 10 mM
FAD, 10 mM BH4, 0.5 mM Ca21, and 10 mgyml calmodulin; (trace B)
in the presence of SOD (400 unitsyml); (trace C) 10 mM FAD; (trace
D) 1 mM NADPH; and (trace E) 10 mM FAD and 1 mM NADPH.
Spectra were recorded with 50 mM DMPO with a microwave fre-
quency of 9.77 GHz, 20 mW of microwave power, and 0.5 G modu-
lation amplitude. Each spectrum is the sum of five 1-min acquisitions.
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endothelial cells (23, 24). In tissues and cultured cells NOS-
originated NO generation was also demonstrated by NO-
selective electrodes as well as EPR measurements (15–18, 25).
However, direct evidence of NO formation from isolated NOS
has been lacking. Because of the failure to detect NO forma-
tion from purified NOS, it has recently been suggested that
NOS does not synthesize NO. It was reported that NOS
actually synthesizes NO2, which can rapidly react to form
nitrous oxide, N2O (9). To definitively establish that NO is the
primary product of NOS, a technique is needed which can
specifically detect NO and distinguish it from its other redox
forms. Because only NO is paramagnetic while its redox forms
NO2 or nitrosonium (NO1) are diamagnetic, EPR spectros-
copy provides a unique ability to specifically measure NO. NO
reacts with a variety of metal complexes to form high affinity
nitroso complexes, and the distinctive EPR spectra of these
nitroso complexes have been applied to perform quantitative
measurements of NO generation (15, 17, 20, 26). In this study
we used the ferrous iron complex of MGD, Fe–MGD, to trap
NO. These NO–Fe–MGD complexes exhibit a characteristic
triplet EPR spectrum. Fe–MGD could also discriminate NO
from NO2, as evidenced by the fact that no signal was detected
from Fe–MGD in the presence of NO2 formed from Angeli’s
salt. Therefore, EPR measurements that used the NO trap
Fe–MGD enabled definitive measurement of NO formation.

We have previously shown that NOS-catalyzed NO forma-
tion can be measured in nNOS-transfected human kidney 293
cells by using Fe–MGD (17). In this study, we performed in
vitro measurements of NO generation from purified nNOS. In
the presence of the substrate L-Arg and cofactors, strong NO
signals were detected from NOS. NO signals could be abol-
ished by NOS blockade, confirming that NO was generated by
NOS. By using isotopically labeled L-[15N]Arg, NOS was
directly demonstrated to catalyze NO formation from the
guanidino nitrogen of L-Arg. Photolysis experiments did not
provide evidence for significant nitrosothiol formation. The
synchronous time course of NO and L-Cit formation was also

in accordance with previous reports that NOS simultaneously
produced NO and L-Cit (5, 6). Thus, all these lines of evidence
demonstrated that NOS does synthesize NO.

Schmidt et al. (9) recently reported that SOD was required
for in vitro NO detection from isolated NOS. They hypothe-
sized that NOS primarily synthesized NO2 which subsequently
was converted by SOD to NO (9). Results from the present
study did not support this hypothesis because SOD was not
required for NO generation. Both SDS gel electrophoresis and
functional measurements of YO2

2 generation from the enzyme,
in the absence of L-Arg, confirmed that SOD was not present
in our NOS preparations. The requirement for SOD in the
prior experiments of Schmidt et al. (9) was probably due to the
presence of large amounts of exogenous YO2

2 generation under
their conditions of measurement. EPR spin trapping measure-
ments demonstrated that prominent YO2

2 generation occurred
in their reaction system that was mainly generated from the
reaction of FAD and NADPH. Although FAD is often added
to compensate for possible in vitro loss of FAD during enzyme
purification, the concentrations used of 5–10 mM were quite
high relative to the 3–50 nM concentrations of NOS in their
preparations. Our data demonstrated that FAD at these
concentrations consumed NADPH to generate large amounts
of YO2

2, which would be expected to rapidly react with NO to
form ONOO2. High amounts of SOD could effectively scav-
enge YO2

2 and enable NO detection. Hence, SOD in Schmidt’s
experiments may serve to simply quench YO2

2 rather than
directly participate in NO synthesis. With exclusion of excess
FAD from the reaction mixture, NO was successfully detected
by EPR spin trapping. In addition, because FAD also con-
sumes NADPH, the NADPH stoichiometry of NOS might be
overestimated if extra FAD was included in the reaction.

Beyond FAD and NADPH, nNOS itself could become
another source of YO2

2 at low levels of L-Arg (13, 27). It can
be inferred from Mayer’s report (27), that NOS will switch
from NO to YO2

2 generation when L-Arg is below 100 mM, and
that at 10 mM L-Arg YO2

2 production would predominate.
Schmidt et al. (9) used 10–100 mM L-Arg in their measure-
ments. Under these conditions, NOS would synthesize both
NO and YO2

2, which would in turn react to form ONOO2. This
phenomenon has been previously shown to occur in intact
L-Arg-depleted cells where NOS generates both NO and YO2

2

leading to ONOO2 formation (17). Thus, at the lower L-Arg
levels NOS-catalyzed YO2

2 may be another reason why they
required high concentrations of SOD for NO detection. In the
present study, 1 mM L-Arg was used, and the presence of this
substrate was shown to be sufficient to totally prevent uncou-
pled NOS from producing YO2

2. Regarding potential YO2
2

generation from BH4 autoxidation, no detectable YO2
2 was

seen with 10 mM BH4, suggesting that BH4 was not a
significant source of YO2

2.
Taken together, our measurements provide direct evidence

demonstrating that NOS does produce NO. However, it is
important to note that these data do not prove that NO is the
only nitrogen oxide product formed by NOS. By comparing
NO and L-Cit formation, we did not achieve a 1:1 stoichiom-
etry. In fact, we found that the production of L-Cit was always
higher than that of NO. A similar phenomenon was also
reported in other studies with indirect NO measurements (28).
This may be because of differences in the efficiency of the
techniques used in NO and L-Cit detection. It is also possible
that a fraction of the NO synthesized may be rapidly oxidized
to NO2

2 and NO3
2 which are not directly detectable by EPR. In

addition, NOS may also generate other reactive nitrogen
species. From our data, partial formation of NO2 or other
nitrogen oxides cannot be excluded. Further investigation will
be needed to fully characterize the mechanism of NO forma-
tion from NOS and the potential formation of other products.
Nevertheless, the data reported here conclusively demonstrate
that NOS does synthesize NO.

FIG. 7. YO2
2 generation from purified nNOS: (trace A) 50 mM

Tris-HCl buffer (pH 7.4) containing 1 mM NADPH, 10 mM BH4, 0.5
mM Ca21, 10 mgyml calmodulin, 1 mM L-Arg, and nNOS (7.5 mgyml);
(trace B) as in trace A but with no L-Arg; and (trace C) with addition
of SOD, 200 unitsyml. EPR spectra were recorded in presence of 50
mM DMPO as described for Fig. 6, except that each is the sum of ten
1-min acquisitions.
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