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Abstract

Reactive nitrogen species (RNS) and oxygen species (ROS) have been reported to modulate the
function of nitric oxide synthase (NOS); however, the precise dosedependent effects of specific
RNS and ROS on NOS function are unknown. Questions remain unanswered regarding whether
pathophysiological levels of RNS and ROS alter NOS function, and if this alteration is reversible.
We measured the effects of peroxynitrite (ONOO"), superoxide (O27), hydroxyl radical ((OH), and
H,0, on nNOS activity. The results showed that NO production was inhibited in a dose-
dependent manner by all four oxidants, but only O,.” and ONOO"™ were inhibitory at
pathophysiological concentrations (< 50 uM). Subsequent addition of tetrahydrobiopterin (BH,)
fully restored activity after O, exposure, while BH, partially rescued the activity decrease
induced by the other three oxidants. Furthermore, treatment with either ONOO" or O, stimulated
nNOS uncoupling with decreased NO and enhanced O, generation. Thus, nNOS is reversibly
uncoupled by Oy~ (< 50 uM), but irreversibly uncoupled and inactivated by ONOO-. Additionally,
we observed that the mechanism by which oxidative stress alters nNOS activity involves not only
BH, oxidation, but also NNOS monomerization as well as possible degradation of the heme.
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Introduction

Nitric oxide (NO) is a critical mediator of a number of biological processes including
vasodilation, neurotransmission and host-defense [1-3]. Its roles in the cardiovascular
system include regulation of vasomotor tone, cell adhesion to the endothelium, inhibition of
platelet aggregation, and vascular smooth muscle cell proliferation [4-7]. NO is synthesized
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in cells by a class of L-arginine dependent nitric oxide synthases (NOS) that catalyze the
transformation of L-arginine to L—citrulline with the formation of NO [8-10]. There are
three major isoforms of NOS. Neuronal (nNOS) and endothelial (eNOS) isoforms are
constitutively expressed and require micromolar concentrations of free Ca2* for activitation,
via a calmodulin dependent mechanism, whereas the inducible isozyme (iNOS) is cytokine-
inducible and largely Ca2* independent.

The NOS enzymes are dimeric in their active form and are associated with two molecules of
calmodulin (CaM). They contain relatively tightly-bound cofactors such as BH4, FAD, FMN
and iron protoporphyrin IX (heme) [11]. The catalytic domains of NOS include a flavin
containing NADPH-binding reductase, and a heme-binding oxygenase that also contains the
binding sites for BH4 and L-arginine. These two domains are separated by a CaM binding
sequence and in the presence of calcium/calmodulin, and the substrate NADPH, electrons
flow from the reductase domain to the oxygenase domain resulting in the activation of
oxygen at the heme center, followed by monooxygenation of substrate. The production of
NO from L-arginine by NOS occurs via two sequential monooxygenation events, consuming
1.5 equivalents of NADPH for every NO produced [12]. Our laboratory and several others
have demonstrated that besides synthesizing NO, all three isoforms of NOS can also
generate Oy, depending on substrate and cofactor availability [13-18]. With low levels or
total absence of L— arginine, purified nNOS catalyzes the reduction of oxygen, with Oy
production [13,14]. In L-arginine-depleted cells, NNOS generates both O, and NO leading
to peroxynitrite-mediated cell injury [15].

Besides the availability of enzyme substrates or cofactors [19-21], several additional
mechanisms also can modulate NO synthesis by NOS. These include protein-protein
interactions [22-26], protein phosphorylation [27-29], endogenous inhibitory N-methylated
L-arginines [30,31], subcellular localization [32], subunit dimerization [33], as well as
product feedback inhibition, by which excess NO down-regulates the amount of subsequent
NO synthesis. NOS activity can also be altered by oxidative stress.

Oxidative stress often occurs at low levels under normal physiological conditions and is
greatly enhanced in a variety of disease processes associated with inflammation or ischemia
and reperfusion. There are several biologically important reactive oxygen species (ROS),
including O,, ‘OH and Hy05,. Oy~ combines with NO to produce ONOO-, a cytotoxic
oxidant. ONOO™ and ROS are chemically unstable and highly reactive, and may induce
oxidative damage to DNA, lipids, and proteins. While it has been hypothesized that cellular
oxidants interact with NOS and alter its activity, questions remain regarding the precise
dose-dependent effects of these oxidants on the activity of the enzyme and the mechanisms
involved in this process.

To characterize the specific dose dependent effects of specific reactive oxygen or nitrogen
species on the enzymatic function of nNOS, purified enzyme was pre-exposed to known
amounts of Oy, ‘OH, H,0, and ONOO", and the NO generation rate was quantified
spectroscopically by measuring the rapid oxidation of oxyhemoglobin to methemoglobin.
The NO and O, generation was also measured using electron paramagnetic resonance spin
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trapping. The mechanism by which oxidative stress alters nNOS enzyme function was also
explored.

Materials and methods

Materials

Human embryonic kidney (HEK) 293 cells stably transfected with rat nNNOS were provided
by Dr. Valina Dawson, Department of Neuroscience, The John Hopkins University, School
of Medicine. Cell culture materials were obtained from GIBCO (Invitrogen, Carlsbad, CA).
Peroxynitrite was purchased from Upstate Cell Signaling Solutions (Lake Placid, NY). BH4
was obtained from Cayman Chemical Company (Ann Arbor, MI). Calmodulin and catalase
were purchased from Sigma-Aldrich (St. Louis, MO). 2’ 5 ADP Sepharose™ 4B,
calmodulin Sepharose™ 4B and Superdex 200 10/300 GL Tricorn™ high performance
chromatography columns and gel filtration calibration kits were purchased from Amersham
Pharmacia Biosciences (Pittsburgh, PA). 5-(Diisopropoxyphosphoryl)-5-methyl-1-pyrroline-
N-oxide (DIPPMPO) was from Alexis Biochemicals, Inc. (San Diego, CA). N-methyl-D-
glucamine dithiocarbomate (MGD) was synthesized in our laboratory. Xanthine oxidase
(X0) and complete EDTA-free protease inhibitor cocktail tablets were purchased from
Roche Applied Sciences (Indianapolis, IN). All other chemicals were obtained from Sigma-
Aldrich unless noted otherwise.

NNOS enzyme purification

The nNOS-transfected HEK 293 cells were cultured in DMEM supplemented with 10%
heat-inactivated fetal bovine serum and antibiotics penicillin G (100 unit/ml) and
streptomycin (100 pg/ml) with L-glutamine (292 pg/ml) at 37°C in a 5% CO», 95% air-
humidified incubator. NOS expressing cells were selected for by including Geneticin® (500
pg/ml) in the growth medium. To scale up the number of cells cultured, NNOS-HEK293
cells were grown in suspension in two 1000 ml-spinner bottles for 4 days. Cells were then
harvested by centrifugation and homogenized in buffer that contained 50 mM Tris-HCI, pH
7.4,2mM EDTA, 2 mM EGTA, 1 mM dithiothreitol (DTT) and protease inhibitors. The
cell lysate was centrifugated at 16,000 g for 10 min at 4°C and the supernatant loaded onto a
2/, 5’-ADP-Sepharose 4B column. After extensive washing with 50 mM Tris-HCI, pH 7.4
with 450 mM NaCl, the bound protein was eluted with 10 mM NADPH in 50 mM Tris-HCI,
pH 7.4. The eluate was then applied to a calmodulin Sepharose 4B column and equilibrated
in 50 mM Tris-HCI, 150 mM NacCl, and 2 mM CaCl,, pH 7.4. nNOS was eluted with 5 mM
EGTA in 50 mM Tris-HCI, 150 mM NaCl, pH 7.4. The peak nNOS containing fractions
were concentrated using an Amicon Ultra 100,000 MW cut off concentrator. The nNOS
enzyme was stored in liquid nitrogen in 50 mM Tris-HCI pH 7.4 with 10% glycerol. The
nNOS concentration was determined using the Bradford assay (Bio-Rad) with bovine serum
albumin as the standard. The purity of nNOS was verified by SDS-PAGE followed by
Coomassie Blue staining. The typical activity of nANOS was between 150 and 200 nmol mg!
min-1 with a purity > 85% as determined by SDS-PAGE.
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Peroxynitrite and ROS treatment of nNOS

Purified nNOS at 0.5 pg/ul (~ 1.56 UM dimer) was preincubated with BH4 25 pM and
NADPH 25 pM on ice for 30 min to allow BH4 and NADPH to bind to nNOS. The BH,4 and
NADPH saturated nNOS was exposed to given amounts of each of four oxidants: ONOO-,
Oy, OH and H,0,. For ONOO", exposure of nNOS to 0.2 uM to 2000 uM concentrations
of ONOO" was performed on ice for 10 min. ONOOQO" concentration was determined by
absorbance at 302 nm (e3g, = 1.67 mM-1cm™1). The ONOO" stock, in 0.3 M NaOH, ~ 150
mM, was diluted in 10 mM NaOH to various concentrations just before addition to the
nNOS solution in 50 mM Tris-HCI pH 7.4. The volume of ONOQO" added was limited to
1/10 of the total incubation volume. Since the half-life of peroxynitrite in neutral solution is
less than 2 sec, there was no need for a quenching step for the ONOO" treatment. For Oy~
exposure, the generating system consisted of 0.1 unit/ml XO, with xanthine in a
concentration range from 0.2 UM to 2000 pM, and 200 unit/ml catalase to remove any H,0,
formed. Oy~ produced from xanthine-XO was quantitated using the cytochrome c reduction
assay and the concentration of O, generated corresponded to ~ 50% of the xanthine
concentration. BH, and NADPH saturated nNOS samples were incubated for 20 min at
room temperature with this xanthine-XO system and then SOD (1000 unit/ml) as well as
additional catalase 200 unit/ml were added to quench any residual O, production from
xanthine-XO and the preparation placed on ice. For OH exposure, OH was generated from
H»0, via the iron mediated Fenton reaction as reported previously [34]. Ferric iron chelate
Fe3* - nitrilotriacetate (Fe-NTA) (1:2) was prepared according to the literature [35]. The
BH,4 and NADPH saturated nNOS was incubated with 20 pM Fe-NTA and H,0, (0.2 uM to
2000 pM H,05) on ice for 20 min and any excess H,O, was removed by the addition of 400
unit/ml catalase. For H,O, exposure, the BH4 and NADPH saturated nNOS samples were
incubated with given amounts of H,O, in the presence of 400 uM
diethylenetriaminepentaacetic acid (DTPA). After 20 min incubation on ice, catalase 400
unit/ml was added. For all exposures 5 min were allowed between completion of exposure
and measurement of nNOS activity.

Oxyhemoglobin assay of NO generation rate

nNOS activity was measured from the initial rate of NO generation spectrophotometrically
determined from the oxidation of oxyhemoglobin to methemoglobin. The NO generation
rate was calculated from the change in the absorption at 401 nm minus 411 nm as a function
of time (e401-411 = 38 MMt cm™1) [36]. The assay mixture consisted of the control or
oxidant exposed nNOS in 50 mM Tris-HCI, pH 7.4, as described above, with 200 uM
CaCly, 10 pg/ml CaM, 150 uM DTT, 200 uM NADPH and 10 pM oxyhemoglobin added.
100 pM L-arginine was added to start the reaction. To test the effect of BH, repletion,
matched experiments were performed with addition of 100 uM BH,. These assays were
carried out on a plate-reader, SPECTRA Max Plus 384 from Molecular Devices, with 96-
well plates at 37°C. The NO generation rate was determined using the data collected in the
linear phase of the change in absorbance at 401 — 411 nm within the first two minutes.
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EPR spin trapping of O~ and NO

Spin trapping measurements of NO and O, generation form nNOS were performed using a
Bruker EMX EPR spectrometer with HS cavity in a 50ul capillary tube. The NO assay
mixture contained 40 pg/ml purified nNOS, 0.2 mM Fe-MGD (1:10) spin trap (ammonium
iron (I1) sulfate 0.2mM, MGD 2 mM) and nNOS substrates and co-factors (200 pM CaCly,
10 pg/ml CaM, 1 mM NADPH, 2 mM 1®N-L-arg) in 50 mM Tris-HCI, pH 7.4, The Oy~
assay mixture consisted of 40 pg/ml nNOS, 500 unit/ml catalase, 400 uM DTPA, nNOS
substrates and co-factors (as above) and 20 mM DIPPMPO spin trap. For the determination
of the effects of ONOO™ and O, nNOS was incubated with either 50 uM ONOO" on ice or
with 100 uM Xanthine and XO 0.1 unit/ml at room temperature for 10 min. In the later case
500 uM oxypurinol was added to assure terminatation of any XO-mediated O~ generation 1
min before starting the spin trap measurements. All EPR spectra were obtained in a 50 pl
capillary tube at room temperature (23°C) using the following parameters: microwave power
20 mW, modulation frequency 100 kHz, microwave frequency 9.87 GHz, time constant of
163.84 mSec, and scan time 84 s. The modulation amplitude used for NO and O, detection
was 4.0 G and 1.0 G, respectively. All EPR spectra shown are accumulation of 5 scans.

Gel filtration Chromatography for detection of nNOS dimer and monomer

The nNOS samples were subjected to gel filtration chromatography on Superdex 200 HR
column controlled by an AKTA™design fast protein liquid chromatography (FPLC) system
(Amersham Pharmacia Biotech). The column was equilibrated with 50 mM Tris-HCI, pH
7.4 with 150 mM NaCl at 4°C. The nNOS was eluted at a flow rate of 0.3 ml/min and
monitored by UV/Visible absorbance at 280 nm, 254 nm and 400 nm. The calibration curve
was obtained based on the elution profiles of protein standards (thyroglobulin, ferritin,
catalase, aldolase, albumin, and ovalbumin). The void volume was determined with Dextran
Blue 2000. The areas of the peaks of dimer and monomer were integrated using the
chromatography software package, Unicorn 4.0 (Amersham).

Statistical Analysis

Results were expressed as mean + SE. Statistical significance was determined using the
Student's t - Test. A value of P < 0.05 was considered statistically significant.

Results

Effects of oxidative stress on NO generation rate by nNOS

The rate of NO generation from nNOS was significantly decreased following exposure to
increasing levels of ONOO" (Fig. 1). The rate of NO production following exposure to 20
UM ONOO" decreased to 66% of basal levels and with 100 UM ONOO-" decreased to 42% of
basal activity with progressively increasing inhibition at higher concentrations. With all
ONOO" concentrations studied, subsequent addition of BH,4 only very modestly restored
enzyme function with a maximum BHy-dependent restoration of +14 % in NO generation
seen following 500 uM ONOO" exposure. With the highest concentration studied, 2000 M
ONOO, addition of BH, did not restore any nNOS activity.
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Similar to ONOO", O, dose dependently decreased the NO generation rate by nNOS (Fig.
2). With exposure to 20 M xanthine, corresponding to 10 uM total measured Oy~
generation, NO production decreased to 81% of baseline and with 100 uM Xanthine (50 uM
Oy~ generation) to 44%. However, BH, addition was able to almost completely rescue the
loss of NNOS activity induced by these low levels of Oy~ exposure. Even with 100 uM
xanthine, subsequent addition of BH, restored the activity to almost 95% of basal levels. At
higher xanthine concentrations, only partial NNOS activity was recovered with BH,
addition. Thus BH,4 addition was highly effective in reversing the O,--induced loss of NNOS
activity at low to moderate levels of O,"generation, while higher levels as seen with 1000 or
2000 pM xanthine no significant restoration of NO generation was seen.

Exposure to OH generated from the H,O,/Fe-NTA generating system resulted in loss of NO
production only at high levels of H,O,, with 65% of basal activity remaining at 500 pM
H,0, and 52% activity with 1000 uM H,0, (Fig. 3). However, unlike O, there was no
significant BHg-induced rescue of enzyme activity lost during OH treatment. In stark
contrast to the other three oxidants, H,O5 had very little effect on nNOS activity until very
high concentrations were used (Fig. 4). H,O, treatment had no significant effect on NO
generation rate at concentrations less than 2000 uM (Fig. 4). With 2000 pM H,0, exposure,
61 % activity was still present and addition of BH,4 did not significantly restore this loss of
nNOS activity.

Effects of oxidative stress in inducing nNOS uncoupling with O,~ generation

To determine and definitively demonstrate that oxidative stress induces nNOS uncoupling,
leading to O, generation, EPR spin trapping measurements were performed. Purified nNOS
(0.5 pg/ul, ~3.12 uM) was incubated under anaerobic conditions in the presence of 4 uM
BH,4 and NADPH on ice for 30 min at to allow BH4 and NADPH binding to nNOS. This
BH,4 and NADPH saturated nNOS was then incubated either with 50 UM ONOO" on ice or
with the O, generating system using 100 pM xanthine - 0.1 unit/ml XO at RT for 10 min.
EPR measurements were carried out as described in the experimental section with the
nitrone spin trap DIPPMPO, which forms a relatively stable O, adduct. The effects of
ONOO" and Oy~ exposure on subsequent Oy~ generation, were then determined in the
presence of 2 mM 15N-L-arg by adding nNOS co-factors (200 uM CaCls, 20 pg/ml CaM, 1
mM NADPH). Control nNOS gave only a very weak EPR signal, in contrast, ONOO™ and
O, treated nNOS gave rise to a strong DIPPMPO-OOH signal characteristic of trapped O,
(Fig.5 left panel).

Parallel experiments were carried out to determine the effects of ONOO- and O, on NO
release from nNOS using the well characterized NO spin trap Fe-MGD. A strong NO signal
from nNOS was observed exhibiting the characteristic doublet spectrum of

the 15NO-Fe-MGD complex. 1°N isotopically labeled L-arginine was used to prove that the
nitrogen was derived from the guanidino group of L-arginine and also to ensure that only
NO from nNOS was measured. In the presence of L-arginine, both ONOO™ (50 uM) and Oy~
(50 uM) significantly inhibited NO formation observed from nNOS (Fig.5 right panel).
Thus, from these studies both ONOO- (50 uM) and O, (50 uM), decrease NO production
and greatly enhance Oy~ generation. As such, at this level of oxidant exposure, as occurs
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under a range of pathophysiological conditions, both ONOO™ and O~ induce uncoupling of
nNOS and greatly enhance nNOS-derived O, generation.

Effects of Oxidants on the nNOS monomer/dimer equilibrium

To explore the possible mechanisms by which oxidative stress alters NNOS enzyme
function, further experiments were performed using FPLC to separate the nNOS monomer
and dimer states. Purified nNOS (15 pg) with 5 mM DTT in 100 pl volume was injected to a
Superdex 200 10/300 mm size exclusion column with 50 mM Tris-HCI, 150 mM NacCl, pH
7.4 as elution buffer. As seen in figure 6, the untreated nNOS is almost totally present as
dimer with a retention volume of 10.1 ml. To obtain nNOS monomer, nNOS was incubated
with 5 M urea on ice for 2 hours [37]. This urea treated NNOS gave 92% monomer and 8%
dimer according to the peak integration of the absorbance at 280 nm. The retention volume
for the monomer was 11.6 ml (Fig. 6). A significant increase in monomer peak appeared
with Oy "-treated (500 pM xanthine/0.1 XO unit/ml, 250 uM total superoxide) and ONOO"
(500 pM)-treated NNOS, with levels of 50% and 33% respectively (Fig. 6, 7). OH treatment
(500 uM H»,05) also induced less but notable monomer formation, of 21%, as seen from the
shoulder peak in figure 6. However, there was no evidence of monomer formation in the 500
uM H,0,-treated nNOS.

In addition to the monomer/dimer analysis, the FPLC studies provided data on the effects of
oxidants in inducing changes in the optical absorbance of nNOS dimer and monomer. For
the O,", ONOO", OH and H,0»,-treated nNNOS samples, absorbance at 400 nm was
decreased to 75%, 61%, 89% and 96% of the untreated nNOS respectively. In contrast to
this the absorbance at 280 nm showed little change with oxidant treatment. Since the
absorbance at 400 nm in nNOS is due mainly to the Soret band of the heme group, the
observed oxidant-induced decrease in Asgonm is likely related to heme degradation or a
change in the heme binding site with greatest effect seen with ONOO" and lesser effects
with Oy~ > -OH > H,0,.

Discussion

Nitric oxide and oxygen radical generation is increased in postischemic tissues such as the
heart and brain and mediate postischemic injury [38,39]. It is well known that oxygen
radicals cause lipid peroxidation and cellular calcium loading both of which are critical
processes of cellular injury [34,40]. Reactive oxygen and nitrogen species formed in
postischemic tissues may alter NOS function and all three NOS isoforms can become potent
sources of ROS with the depletion of L-arginine or BH4 [15,18]. While it is known that
oxidants can induce NOS dysfunction, there has been a lack of knowledge regarding the
precise dose-dependent relationships by which particular biological oxidants alter NOS
function and which oxidants exert the greatest concentration dependent effects. Furthermore,
it is unknown if levels of ROS or ONOO-formed under pathophysiological conditions lead
to a loss of NOS function or induce uncoupling of the enzyme.

nNOS was the first of the NOS isoforms shown to generate O, and it is present at high
levels in brain and other neurons as well as other tissues [13,14,41]. In the absence of L-
arginine or with BH,4 depletion, production of NO from nNOS becomes uncoupled from the
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oxidation of NADPH, resulting in prominent O,~ generation [12]. Loss of NO production
from NOS would exert profound effects on neuronal function and signaling. Uncoupling of
the enzyme with O~ formation would also further shift the balance of NO and Oy~ present
and likely induce cellular injury. However, the precise sensitivity of this critical enzyme to
specific oxidant stress has not been determined.

Under pathophysiolgical conditions of oxidant stress as occur in ischemic and reperfused
tissues, it can be inferred that the total integrated fluxes of ROS formation of O,, OH, or
H,0, result in total concentrations from several uM to 100 uM values [42-44]. Similar
values would also be expected for ONOO- [38]. In the current study, we observed that both
ONOO" and Oy significantly alter nNOS function at levels above 10 - 20 pM while at
levels above 100 pM >50% reduction in nNOS activity was seen. In contrast to this, for
H,0,-derived OH relatively high > 200 uM exposures were required to induce significant
alterations in nNOS activity. Moreover, treatment with H,O, had very little effect even at
very high concentrations, treatment with >1 mM H,0O, were required to produce even only
modest effects. This resistance to oxidation by H,O» is consistent with previous data
demonstrating that nNOS can use H,0 as a substrate, with formation of the reactive heme-
oxy species, followed by reaction with N®-hydroxyl-L-arginine or L-arginine [45,46].

With NOS that was pre-exposed to ONOO-, subsequent addition of BH4 produced only a
modest restoration of NO generation. Similarly, for OH or H,0,-treated nNOS, subsequent
addition of BH, did not restore nNOS activity. This demonstrates that the oxidation of BHy
is not the only cause of the loss of NO generation by nNOS for these oxidants. In contrast,
subsequent addition of BH,4 to O,-treated nNOS completely restored the NO generation at
low and moderate levels of O,-exposure (<50 uM), and still significantly restored NO
generation even after treatment with much higher levels of Oy, Thus, the O,--induced
decrease in NO activity is almost completely due to BH, oxidation until very high
concentrations are reached.

Oxidant induced decreases in enzyme activity have been noted previously in many enzyme
systems, including the NOS isozymes, and a number of different mechanisms have been
implicated. Laursen et al. [47] and others [48,49] have reported that ONOO" is more potent
than either Oo~ or HyO5 in causing oxidation of BH,4. These investigators reported that
ONOO" dramatically increased vascular Oy~ production in vessels from control mice but not
in vessels from eNOS-deficient mice, suggesting that eNOS was the source of O, [48]. Our
results agree that ONOQO- is a potent inhibitor of NNOS-directed NO generation, however,
our data indicates that BH,4 oxidation is only one component of the oxidant-induced nNOS
dysfunction. Furthermore, with the exception O, BH4 oxidation does not appear to be the
most significant cause of the oxidant-induced decrease in NO generation by nNOS.

It has been well demonstrated that under certain conditions NOS enzymes can produce O» ",
either in lieu of or in addition to NO, and that the oxidation state of the BH,4 plays a critical
role in coupling electron transfer from NADPH to L-arg to prevent the production of Oy~
[20]. NOS catalysis functions via two sequential monooxygenation events which require the
generation of a stable activated oxygen species at the heme center. In the absence of BHy,
the activated oxygen species decays after a one electron reduction of molecular oxygen,
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producing O, rather than NO, leading to a condition known as NOS uncoupling [18]. BH4
not only increases NO generation by nNOS, but also decreases O, and subsequent H,O»
formation. When BHy is added to a viable “uncoupled” NOS, the oxidation of NADPH is
again coupled to the production of NO, as such any oxidant-induced decrease in NO activity
that can be rescued by the addition of BH,4 can be viewed as an indication of the presence of
uncoupled NOS. Indeed we observed that O, exposure induced this BH, dependent
uncoupling with reversible loss of nNOS activity. EPR spin trapping measurements also
confirmed that this low level of O, exposure triggered O~ generation from the enzyme.
Interestingly, while ONOO- also induced a loss of activity this was much less reversible
with subsequent BH,4 addition. Low level ONOQO- exposure also triggered O, generation.
This data together with the demonstrated inability of BHy4 to rescue ONOO- induced
enzyme dysfunction indicates that peroxynitrite-dependent uncoupling occurs by an
additional mechanism independent of BHy.

For eNOS, it has been reported that an increase of eNOS-dependent O, formation
correlated with the decrease in eNOS dimer levels in endothelial cells BAECs treated with
ONOO" [49]. Our EPR results with purified NNOS demonstrate that ONOO™ and O,
induced a increase in Oy~ generation in the presence of BH, and L-arg, which is consistant
with results reported in cultured cells [50,51] where ONOQ- and oxidative stress switch
nNOS from NO generation to O~ generation. To begin to define the molecular mechanisms
responsible for the observed oxidant-induced decrease in enzyme activity, we determined
the change in nNOS monomer:dimer ratio after oxidant treatment. It is know that treatment
with urea can dissociate the dimer into stable monomers [52]. Our FPLC results showed that
a significant amount of nNOS monomer was generated by treatment with either O, or
ONOO", while -OH treatment produced a lesser amount of monomer. However, there was
almost no detectible dissociation of the dimer in H,O,—treated nNOS. As expected, oxidant
induced nNOS monomerization mirrors the observed activity decrease, that is, the more
potent the oxidant in decreasing nNOS activity the higher amount of monomerization
occured. Electron transfer from the reductase domain to the oxygenase domain is a requisite
inter-subunit transfer [23]. Therefore, monomerization of NNOS is a key mechanism
contributing to the oxidant-induced loss of NNOS activity.

Questions remain regarding how oxidant stress induces NNOS monomerization. Low
temperature SDS-PAGE and gel filtration studies have demonstrated that BH, stabilizes the
nNOS dimer against dissociation [37,52,53]. This could partially explain the observed
monomerization of ONOO" and ROS-treated nNOS. BHy is oxidized when nNOS is
exposed to ONOO" and ROS, and the stability of nNOS dimer would be decreased due to
the depletion of BHy. It is known that reconstitution of pterin-free iNOS with BH4 can
recover function to that of the active enzyme [54]. However, our results show that oxidant
treatment sufficient to induce loss of nNOS activity, with the exception of low levels of O,
exposure, leads to an irreversible decrease in NO production and immediate addition of BH,
did not significantly restore the loss of nNOS activity. Therefore, oxidation of BH,4 leading
to the subsequent decrease in dimer stability is not the only mechanism involved in the
oxidant-induced decrease of NNOS activity.
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Analysis of the gel filtration data gives some evidence that the heme or the heme binding
site is a target for oxidation. Integration of the peaks elucidated that there is an absorbance
decrease at 400 nm. The observed changes in the absorbance of 400 nm could be indicative
of oxidation of the heme and possibly decreased heme content of the enzyme after exposure
to Oy", ONOQO", -OH and H,0,. ONOO" induced the highest decrease in A4qg, which
correlates well with the irreversible dose-dependent loss of nNOS activity. Previous studies
have shown that the heme group of nNOS is required for enzyme dimerization and that
heme-free NOS is monomeric [55]. As such, oxidation of the heme moiety that leads to
degradation would not only inactivate the enzyme, but would also lead to the observed
monomerization. Another interesting point of the gel filtration data is that although O,
induces the most NNOS monomer, the hypothesized heme loss is in the order of ONOO™ >
Oy~ >:0OH > H,0,. This could explain why subsequent addition of BH,4 can restore the
observed loss in NO generation induced by O, but is not able to rescue the ONOO"
induced decrease. Exogenous Oy~ mainly induces BH,4 oxidation at low or moderate
concentrations, while ONOO- primarily induces irreversible damage, potentially to the heme

group.

Conclusion

Our studies show that NO production from purified nNOS was decreased in a dose-
dependent manner by the oxidants ONOO-, O, ‘OH and H,0,. Pathophysiological levels
of ONOO" and O, were sufficient to cause prominent loss of NO generation from nNOS
and result in uncoupling of the enzyme. -OH and H,O, only altered nNOS at high levels.
ONOO" and Oy~ — induced oxidative stress leading to uncoupling of nNOS even in the
presence of L-arg with an increase in NNOS-derived Oy~ generation. The decrease in NO
generation of NNOS induced by ONOO", -OH and H,0, was not significantly restored with
the subsequent addition of BH,4, however, with O, exposure at low and moderate levels
near total restoration of function was seen. Our results indicate that oxidant-induced enzyme
dysfunction occurs via both oxidation of BH, and other mechanisms including potential
degradation or loss of the heme center, with subsequent monomerization of the active
homodimer
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Fig. 1. Dose-dependent effect of ONOO™ on NO generation rate from nNOS
BH,4 and NADPH saturated nNOS was incubated with ONOO" (0-2000 uM) for 10 min on

ice. NO generation rate was then measured using the oxyhemoglobin assay in 50 mM Tris-
HCI, pH 7.4 at 37°C, containing 200 uM NADPH, 200 pM CaCly, 150 uyM DTT, 10 pg/ml
CaM, 10 uM oxyhemaoglobin, 100 uM L-Arginine, with or without subsequent addition of
100 uM BHyg4. The NO generation rates were calculated from the initial rates and are given as
percentage of the activity of the 0 uM ONOO-treated nNOS. Data are presented as mean +
S.E. of triplicate experiments. * Indicates a significant (P < 0.05) difference from the
corresponding untreated control value.
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Fig. 2. Dose-dependent effect of Oy on NO generation rate from nNOS
BH,4 and NADPH saturated nNOS was incubated with O, generation system, xanthine

(0-2000 uM) — XO (0.1unit/ml) — catalase (200 unit/ml), for 20 min at room temperature.
SOD (1000 unit/ml) and additional catalase (200 unit/ml) was then added and incubated for
5 min to terminate the reaction and remove any residual O,~ from xanthine-XO. NO
generation rate was measured with oxyhemoglobin assay in 50 mM Tris-HCI, pH 7.4 at
37°C. The assay mixture included 200 uM NADPH, 200 uM CaCl,, 150 pM DTT, 10 ug/ml
CaM, 10 uM oxyhemoglobin, 100 uM L-Arginine, with or without subsequent addition 100
UM BHy. The NO generation rates were calculated from the initial rates and are given as
percentage of the activity of the 0 UM xanthine-treated nNOS. Data are presented as mean +
S.E. of triplicate experiments. * Indicates a significant (P < 0.05) difference from the
corresponding untreated control value; * Indicates significant activity is restored by
subsequent addition of BH4 (P < 0.05).
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Fig. 3. Dose-dependent effect of -OH on NO generation rate from nNOS
BH,4 and NADPH saturated nNOS was incubated with 20 pM Fe-NTA and increasing

concentrations of HyO5 (0-2000 uM) for 20 min on ice and 400 unit/ml catalase was added
to remove the residual H,O, before the assay. NO generation rate was measured using
oxyhemoglobin assay containing 200 uM NADPH, 200 pM CaCly, 150 yM DTT, 10 pg/ml
CaM, 10 uM oxyhemaoglobin, 100 uM L-Arginine, with or without subsequent addition of
100 pM BHy4. The NO generation rates were calculated from the initial rates and are given as
percentage of the activity of the 0 uM OH-treated nNOS. Data are presented as mean + S.E.
of triplicate experiments. * Indicates a significant (P < 0.05) difference from the

corresponding control value.
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Fig. 4. Dose-dependent effect of HoO2 on NO generation rate from nNOS
BH,4 and NADPH saturated nNOS was incubated with 400 uM DTPA and increasing

concentrations of HyO5 (0-2000 uM) for 20 min on ice and 400 unit/ml catalase was added
to remove the residual H,0O, before the assay. NO generation rate was measured using
oxyhemoglobin assay containing 200 uM NADPH, 200 pM CaCly, 150 yM DTT, 10 pg/ml
CaM, 10 uM oxyhemaoglobin, 100 uM L-Arginine, with or without subsequent addition of
100 pM BHy4. The NO generation rates were calculated from the initial rates and are given as
percentage of the activity of the 0 uM H,O»-treated nNOS. Data are presented as mean +
S.E. of triplicate experiments. Data are presented as mean + S.E. of triplicate experiments. *
Indicates a significant (P < 0.05) difference from the corresponding untreated control.
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Fig. 5. Effects of ONOO™ and O2~ on NOS-derived O~ and NO generation
nNOS was exposed to 50 uM ONOO- or 50 uM Oy~ (100 uM xanthine-0.1 uint/ml XO) on

ice or at room temperature for 10 min. EPR spin trapping measurements of Oy~ or NO
production from nNOS were performed with spin trap 20 mM DIPPMPO or 0.2 mM Fe-
MGD in the presence of 2 mM 15N-L-arginine with 200 uM CaCl,, 10 pg/ml CaM, 1 mM
NADPH. EPR parameters were as described in methods. The left panel shows the
characteristic spectra of the O,"-derived DIPPMPO-OOH adduct, while the right panel
shows the NO-derived spectra of the 1°NO-Fe-MGD adduct.
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Fig. 6. FPLC profiles demonstrating effects of ONOO", -OH and H>O» on the monomerization of
nNOS dimers
nNOS 15 ug was applied to each analysis. Elution buffer consisted of 50 mM Tris-HCI, 150

mM NaCl, 5 mM DTT, pH 7.4. Supedex 200 column and elution buffer were well
equilibrated at ~6 °C. Above are chromatograms for untreated nNOS, 5 M urea-treated
nNOS (5 M urea; 2 hours on ice), O, "-treated NNOS (500uM xanthine; 0.1unit/ml XO; 20
min at RT), ONOO"-treated nNOS (500 yM ONOO"; 10 min on ice), OH-treated nNOS (500
UM H205; 20uM Fe-NTA,; 20 min on ice), and H,O,-treated nNNOS (500 uM H,05; 200uM
DTPA; 20 min on ice). Solid lines present the absorbance at 280 nm wavelength. Dashed
lines present the absorbance at 400 nm wavelength.
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Fig. 7. Peak integration results of gel filtration chromatography
The absorbance of untreated nNNOS at 280nm (black bar) and 400nm (gray bar) are used as

basal control. The total absorbance of dimer and monomer peaks of oxidant treated nNOS is
shown as percentage of the basal control. Data are presented as mean * S.E. of triplicate
experiments.
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