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Abstract

Nitrite (NO,) recycling to nitric oxide (NO) is catalyzed by a number of enzymes and induces a
protective vasodilatory effect under hypoxia/ ischemia. In the present work, we tested the in vitro
ability of the three NOS isoforms to release NO from nitrite under anoxia using electrochemical
detection, chemiluminescence and absorption spectroscopy. The release of free NO from anoxic nitrite
solutions at 15uM was specific to the endothelial isoform eNOS and did not occur with neuronal
nNNOS and inducible iNOS. Unlike xanthine oxidase, eNOS reductase domain did not recycle nitrite to
NO and WT eNOS did not reduce nitrate. Our data suggest that structural—and by inference—
dynamic differences between nNOS and eNOS in the distal heme domains account for eNOS being
the only isoform capable of converting nitrite to NO at pH=7.6.

In human dermal microvascular endothelial cells under careful control of oxygen tension, the
rates of NO formation determined by chemiluminescence were enhanced ~3.6-fold and ~8.3-fold
under hypoxia (2ppm O,) and anoxia (argon) respectively compared to normoxia (~22ppm O,) using
10 uM extracellular nitrite. NOS inhibitors inhibited this hypoxic NO release. Our data show that
eNOS is unique in that it releases NO under all oxygen levels from normoxia to complete anoxia at
physiological uM nitrite concentrations. The magnitude of the hypoxic NO release by the endothelial
cells suggest that the endothelium could provide an appropriate response to acute episodic ischemia
and may explain the observed eNOS-expression specific protective effect as a short-term response in

animal models of acute hypoxia.

Running title: Hypoxic nitrite reduction by eNOS

KEYWORDS: NO-synthase, microvascular endothelial cells, Nitrite reduction, Hypoxia, NO, NO

electrode, chemiluminescence
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Recent findings have greatly boosted interest in the role of nitrite anion (NOy) in the regulation of
vascular tone [1-5] since nitrite can elicit some of the same physiological responses as nitric oxide
(NO) in cell signaling and in the modulation of gene expression [6]. In addition, nitrite has been
shown to have protective, hypoxic buffer effects, under conditions of low oxygen tension [7-9].
Significant quantities of nitrite are available in the tissues and the circulatory system of mammals. For
example, typical nitrite levels in plasma range from 0.1uM to 1.0 uM and in normoxic tissues from
0.5uM to 2 uM, with still higher levels of up to 20 uM being reported in vascular tissue of rats [3, 5].

Although the beneficial effects of nitrite under low oxygen tension were attributed to the reduction
of nitrite back to NO, the dominant reaction pathway in vivo is still debated. Direct uncatalyzed one-
electron reduction is very slow at physiological pH in tissues [10], but takes place under exceptionally
acidic conditions as in acidosis (below pH=6.5), in hypoxic tumor [11] or in the stomach (pH= 2.0)
[12]. Certain mammalian enzymes and proteins including xanthine oxido-reductase (XOR) [9, 13],
deoxy-hemoglobin [4, 7-8, 14-15], mitochondrial cytochrome C oxidase [16] and cytochrome P450
[17] display nitrite reductase activity supplementary to their normal physiological function. Currently,
it remains unclear whether nitrite is transformed into free NO in the biological milieu or involve
transient species as S-nitrosation of thiols on the protein as reported in deoxy-hemoglobin [4, 17]. Itis
thus conceivable that a dynamic equilibrium between nitrite and nitrosothiols could be established and
mediated by several proteins under hypoxia. Moreover, the above proteins possess different Ky, for
oxygen. Therefore, various nitrite reduction pathways are triggered by different local oxygen
concentrations and, thus may not occur simultaneously or competitively.

Clinical studies have implicated the NO-synthases as participants in the early or pre-
conditioned response to hypoxia [18-22]. The three NOS isoforms modulate this response differently.
The endothelial isoform (eNOS) was found to be protective in brain ischemia and stroke, in contrast to
the neuronal isoform nNOS [18-19, 22-24]. In the heart, the inducible isoform was found to be
cardioprotective by myocardial preconditioning [20].  These effects have been independently
confirmed with the use of knock-out (KO) animals. Studies in mice with eNOS-KO have shown
exacerbation of injury with increased infarct size. Conversely, studies conducted with transgenic mice
showed that nNOS-KO resulted in decreased infarct size in models of focal cerebral ischemia [18-19,
22]. These data suggest that the NOS isoforms do not react similarly under ischemia or acute hypoxia.

The NOS enzymes catalyze the synthesis of NO from L-arginine via an oxygen consuming
pathway [25]. Large quantities of eNOS are available throughout the vasculature since this isoform is
expressed in the endothelial cells which align the inside surface of all blood vessels. The arginine
pathway is ineffective under conditions of low oxygen tension, (i.e. < 4-10 uM) since the reported Ky
for oxygen of eNOS, iINOS and nNOS are 4-10 uM, 130 uM and 350 uM respectively [25]. However,
we have shown that in vitro, eNOS .is not deactivated when starved of oxygen but rather starts to
reduce nitrite to NO [26]. In a subsequent study with cultured endothelial cells () END3), we observed
that the absence of oxygen enhanced rather than a suppressed the NO released from cells [27]. Since
eNOS is the only isoform expressed by bEND3 cells [28], these experiments suggested that
intracellular eNOS reduced nitrite to NO under acute anoxia, although nitrite would not penetrate these
cultured cells in the timescale of the experiments [26-27].

In the current paper, we compare the ability of the three NOS isoforms to act as nitrite
reductases under anoxia. We also investigate the role of the heme domains in each of the isozymes in
the nitrite reduction since the hemoproteins hemoglobin and cytochrome C oxidase are also known to
act as nitrite reductases under hypoxia. Since the three NOS isoforms share high homology, we can
adequately test requirements of a heme and/or flavins for nitrite reduction. Additionally, we compare
the effect of anoxia at physiological (15 uM) and supra-physiological (500 uM) nitrite concentrations
or 10uM nitrate. Cellular studies using HDMEC were also performed under strict control of oxygen
tension to independently test for NO formation under conditions where the aerobic L-Arginine
pathway of eNOS is turned off i.e. at [O,] below the Ky, for oxygen. The hypoxic NO formed by these
cells was largely enhanced by ca 3.6 folds compared to normoxic conditions, whereas complete anoxia
further enhanced this release to 8.3 fold. NO release was inhibited by L-NMA (L-N-MethylArginine),
but not the 3-Bromo-7-nitroindazole, a nNOS specific inhibitor. Both in vitro and cellular data confirm
that the only NOS isoform with a nitrite reductase activity is eNOS, with relevance for an
“emergency” NO release near the endothelium in acute hypoxia.
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Experimental

Chemicals: L-Arginine, B-NADPH (99.8% purity), 6R-5,6,7,8-tetrahydrobiopterin BH, and
calmodulin, sodium nitrite, ferrous sulfate, sodium-diethyldithiocarbamate (DETC) and Tris base were
purchased from Sigma (St Quentin, France). The isothiourea derivatives SEITU (s-ethyl-isothiourea)
IPITU (isopropyl-isothiourea) and NOHA (N-hydroxyarginine) were purchased from Alexis
Biochemicals (Coger, France). The certified dilutions of NO gas in argon at concentrations of 1% and
0.1% were purchased at Alphagaz (Paris, France). High purity argon (99.9995%) from Air Products
(Paris, France) was used in all experiments. The cDNA constructs for expression of nNOS and iNOS
were kindly provided by Dr. L.J. Roman (laboratory of Prof. Bettie Sue Masters, UTHSC at San
Antonio, TX, USA). Recombinant eNOS, iNOS and nNOS holoenzymes were prepared as described
previously and their activity were tested by the hemoglobin capture assay as described [29-30].
The absorption spectra, peaking at 395-397 nm attested that the proteins were active in high spin ferric
forms in the presence of L-arginine and BH, before the experiments. Argon (high purity 5.0) and
2ppm O; (corresponding to 6uM oxygen) plus argon (high purity 5.0) were purchased from Praxair
(Canada, Mississauga ON).

Methods:

Preparation of the samples: The nitrite solutions containing arginine (and BH,, calcium,
calmodulin as specified) in 50 mM Tris buffer at pH= 7.6 with or without protein were carefully
degassed by repetitive cycles of vacuum and argon purging ‘in. small vials sealed with a rubber
stopcock and kept on an ice bath. The degassed solutions were then transferred in the optical cell with
a gas-tight Hamilton syringe. The optical quartz cuvette was sealed by a teflon stopper with three
holes to allow insertion of an ISO-NOP200 NO - electrode (WPI Itd, Aston, UK), a continuous argon
inflow through a stainless steel needle and a teflon capillary tube for injection of reductant or outflow
of exhaust argon. The argon flow at 1.15bar prevented leakage of oxygen into the cell. The
effectiveness of oxygen exclusion was attested by the absence of significant oxidation of dithionite
solution as monitored at 312 nm during an observation for over 2 hours. Before each experiment, the
electrode was calibrated by injecting into the cuvette various volumes of buffer saturated with [NO] =
1% with a gas-tight Hamilton syringe. In this calibration, buffer saturated with 1 atm of 99 % argon +
1% NO has an effective [NO] = 20 uM. This value derives from the reported solubility of pure NO in
water at room temperature of 2 mM. The cuvette allowed simultaneous monitoring of NO and optical
absorption with a 1600 Shimadzu UV/VIS spectrophotometer (Champs sur Marne, France). All
experiments were carried out at room temperature. The experiments with iNOS were performed under
a flow of argon and oxygen-saturated buffer was added to the solution. (The concentration of oxygen
dissolved in O,-saturated buffer amounted to 1mM).

Head space measurements of NO using chemiluminescence: Each protein sample (10pM) in
an anaerobic solution containing 10uM nitrite, 20uM Ca?*/ calmodulin, 1mM BH, and arginine, was
measured with or without the addition of 100uM NADPH. In some experiments, nitrite was replaced
by nitrate. The samples incubated in a sealed vial total volume 2.3 mL for 15 min at 25°C. At that
point 1.0ml of head space was removed as1.0 ml Ar was injected into vial. The head space sample
was injected into the NOA.

Determination of nitrite concentration using the Griess method: anaerobic solutions of eNOS
(3uM) were mixed with AmM arginine, 40uM BH,, 15uM calmodulin and nitrite (25, 50 uM) in gas-
tight vials. At t=0, 50uM NADPH was added to the solutions and an aliquot was immediately
removed for the Griess assay with a gas-tight syringe. A second aliquot was removed at t=20 minutes.
The aliquots were mixed in water with 20pl of a solution of 0.5g sulfanilamide in 80 ml and 20ul of a
solution of 0.1% N-Naphylethylenediamine (Griess reagent), the spectrum of the violet adduct was
recorded after 5 minutes equilibration (Ama= 545 nm, e= 4.6 x 10* M'ecm™). Each determination of
nitrite was done triplicate. Calibration was performed using known nitrite concentrations in the range
of 10 to 100uM nitrite.

The kinetics of NADPH consumption and heme reduction were followed at 340 nm (= 6200
M™cm™) and 396nm respectively; the experiments were performed in a quartz cuvette sealed with an
air-tight septum (sup. Figure 3), which prevented loss of NO with the argon flow that could modify the
kinetics. Absence of oxygen leaks in this cuvette was confirmed by the lack of dithionite decay
monitored at 312 nm.
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Cell cultures: Human dermal microvascular endothelial cells (HDMEC) were purchased from

Science Cell Laboratories (Carlsbad, CA). These cells were cultivated to confluence in 75 cm? flasks
at 37" C under a controlled atmosphere containing 5% CO, and 20% O,. The endothelial cell growth
medium (ScienceCell) contained 5% fetal calf serum, 1% of endothelial cell growth supplement, 10
1U/ml penicillin and 100 pg/l streptomycin. The medium contains 500 uM L-arginine so that depletion
of this substrate is avoided even at high levels of NOS activity. At confluence, the bottom area of 75
cm? was covered by a cellular monolayer. After aerobic culture of these cells for 24 hours, the medium
was removed and the cells lifted by trypsinization. The cells (~2.5 + 0.5 x10°) were suspended either
in the old media (7.0 ml) or new media (7.0 ml) and 0.5 ml of the cell suspension was added to 2.0 ml
septa topped screw cap glass vials (Supelco, Bellafonta, PA). The loosely capped vials were placed in
the incubator for 1h to allow the cells to adhere to the glass. The vials were placed in a 37 °C water
bath and either left loosely capped (normoxic) or tightly sealed and exposed via syringe needles (27.5
G, Becton-Dickinson, Franklin Lakes, NJ) through the septa to 60 ml/min of either a mixture of 2ppm
0, plus argon (hypoxic) or argon alone (anoxic) for 10 min. At this point the needles were withdrawn,
as a further precaution against leaks; the septa were sealed with tape. After different incubation times,
10pl  of the cell medium was removed with an air-tight Hamilton syringe for injection into the
chemiluminescent NO analyzer, (GE Analytical-Sievers Boulder, CO) for the detection of nitrite + NO
present in the medium with Nal in acetic acid. The NOS inhibitor L-N-MethylArginine (L-NMA, 500
KM), nNOS specific inhibitor 3-Bromo-7-Nitro-indazole (10pM) or the xanthine oxydase inhibitor
oxypurinol (100uM) were added at t=0 or incubated for 15 mn prior NOx detection. The detection
limit was 500 fmol. Each experiment was performed in duplicate; NOx values reported are the average
+ S.D. of 3 repeat injections.
Time-resolved spectroscopy was performed with a 30 Hz pump-probe laser set-up described
previously [31]. 50 uM of protein (eNOSoxy or eNOS or nNOS) was equilibrated with 2.5 mM
arginine, 200uM BH, at various nitrite concentrations in a 1-mm optical path quartz cuvette. The
protein was reduced with dithionite; then, NO at a concentration of 0.1% in argon was introduced in
the gas phase of the cuvette and equilibrated for 30mn. Photodissociation of the NO ligand from
nitrosylated heme was achieved by an excitation pulse at 565 nm with a pulse width of 30 fs. The
transient spectrum detected after a variable delay was probed with a white light continuum pulse. The
wavelength calibration of the CCD camera was checked by using a thin-bands filter. 25 optical spectra
were accumulated at three time scales after the excitation pulse: 50 ps, 500 ps and 3 ns. Carbon
monoxide ligands on ferrous myoglobin were used as reference of flat kinetics in the time scales of
500 ps to 3 ns [32].

Results
A) Differences in NO release from nNOS and eNOS under anoxia

(i)_Effect of nitrite concentration on the nitrite reductase activity of eNOS

In anaerobic 50 mM Tris buffer containing BH,, arginine, NADPH and 15 puM nitrite at pH =
7.6, the NO-specific electrode showed a rapid increase in free NO produced by eNOS that reached =
1uM after a few minutes (Figure 1A). The 15uM nitrite concentration was chosen close to that found
in tissues [3, 5]. After 1 hr, the pH of the solution remained unchanged at 7.6, showing that no
acidification occurred. NO could not be detected if either eNOS or nitrite was omitted from the anoxic
solutions containing NADPH. We confirmed that the release of free NO was concomitant with a
consumption of nitrite by analyzing aliquots with Griess reagent. These aliquots were taken just after
addition of NADPH (t=0) or 20 minutes later. The quantity of consumed nitrite is the difference
between these numbers and carries a large error margin. The nitrite consumption by eNOS linearly
increased with increasing [NO;] and reached saturation (Figure 2). The amount of NO released
followed a similar behavior, with an initial linear increase from 10 uM to 50uM NO;". In this [NO;]
range, NADPH consumption rate also increased linearly and reached a maximum above 50-100 pM
NO,". Estimations of the stoichiometry of the reaction indicate that the anoxic nitrite reduction of
eNOS required a ~2 fold excess of [nitrite] over [NO], while consuming of 1.0-1.5 nitrite per NADPH.

The release of free NO from eNOS-mediated nitrite reduction was also observed using an NOA
analyzer in anaerobic solutions containing 10uM nitrite (Table 1). Moreover, we tested whether eNOS
may reduce nitrate to nitrite, then to NO, like xanthine oxidase or the P450 reductase-P450 couple [13,
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17]. Substitution of nitrite by nitrate (10uM) resulted in the absence of NO within experimental error
detected by chemiluminescence (Table 1).

Effect of cofactors

eNOS cannot utilize arginine under anoxic conditions (i.e. below the O,-Ky of eNOS: 4-10uM)
[33]. Here this was confirmed by the fact that heme remained reduced in the presence of L-Arg (A =
409 nm, sup. Fig. 1A). In contrast, in the presence both arginine and 500 UM nitrite, the Soret band
peaking around 415 nm showed a partial reduction of eNOS heme; the weak shoulder at ~ 437 nm was
indicative of the ferrous-NO complex formation (25% nitrosylation). Concomitant with these spectral
changes, 1.5 £ 0.3 uM NO was detected electrochemically (sup. Fig.1A-black line, Table 1). In the
presence of nitrite alone, all of the eNOS was converted to ferrous-NO (sup. Fig.1A-red line, Table 1).
The presence of the BH, cofactor and arginine insured the correct high-spin status and stability of
eNOS hemes. The absence of BH, somewhat reduced the amount of NO released by eNOS from
nitrite (sup. Fig. 1C). In the absence of arginine, no significant release of NO was detected (sup. Fig.
1A & C), even though the optical spectra demonstrated extensive (over 80%) heme nitrosylation of
eNOSoxy in the presence of nitrite (sup. Fig.1A-red line). The likely explanation for this is that under
anoxia, in the presence of nitrite, arginine is not the source of NO but that it aids in the efficient
release of NO as previously demonstrated in geminate recombination studies [34-36]. Moreover, EPR
measurements confirmed the presence characteristic hyperfine triplet signal of the **NO-adducts when
>N-labeled nitrite was used [26]. We could estimate from simulations of the experimental EPR
spectra that any putative *NO-adducts (arising from unlabeled arginine conversion) should not
overcome the upper limit of 5% of the **NO-adducts [26].

(ii) Effect of nitrite concentration on nNOS nitrite reductase activity

Figure 1A showed that nNOS did not release NO at 15uM nitrite within experimental error. The
anoxic experiments were repeated at 500uM nitrite to enhance NO formation. A gradual and modest
increase in free NO produced by nNOS reached 0.32 + 0.12 uM after 90 minutes. The Griess reagent
showed that nNOS consumed similar values of ca 22 +5 uM in 20 minutes than those obtained by
eNOS at high (250-500uM) nitrite concentrations (Figure 3). Estimations of the stoichiometry of the
reaction indicate that the anoxic nitrite reduction of nNOS taking place at [NO;,] > 150 uM required a
~2.5 fold excess of [nitrite] over [NADPH] with minor NO release but extensive heme nitrosylation
(see below). In the low nitrite range [NO;] < 50 uM, nNOS consumed of ca 2 NADPH per nitrite but
the electrode failed to detect NO and no sign of significant nitrosylation could be observed (Sup Fig.
2). We repeated the NO measurements using the more sensitive chemiluminescence assay (Table 1).
Traces of NO, slightly above the background using anoxic solutions containing 10uM nitrite, could be
detected by NOA

Comparison the rates of reduction of eNOS/ nNOS

To quantify the differences between nNOS and eNOS, single wavelength kinetics tested whether
the heme reduction rate differed between the two isoforms at low nitrite concentration (supplementary
figure 3). The absorbance changes at 340 nm (NADPH) and at 396 nm (ferric heme) were fitted by 1,
= 0.024+ 0.008 s™ with a relative intensity of 78+3% in eNOS as compared to t; = 0.015+0.005 s™
with a relative amplitude 18+2%. Surprisingly, the rate of heme reduction was faster in eNOS than in
NNOS at low nitrite concentrations whereas the opposite holds true in the absence of nitrite [33]. The
NADPH consumption of the two isoforms became similar at high nitrite concentration.

(iii) Heme nitrosylation; Negative Feedback of NO/ Nitrite

Figure 2 showed a plateau in the nitrite and NADPH consumption at [nitrite] > 100 uM. We
hypothesized that NO release could slow down as the reaction proceeds because of a negative
feedback of NO on eNOS nitrite reductase activity under anoxia. This negative feedback would occur
because of a steric hindrance of the nitrite ions binding to eNOS heme or heme pocket and limiting
NO release from the protein. This hypothesis was tested by measuring the rate of NO geminate
rebinding to the reduced heme of eNOSoxy in the presence of increasing nitrite concentrations. The
extent of NO geminate rebinding allows estimating the probability of NO escape from the protein; the
rate of NO dissociation from the ferrous nitrosyl complex, koff, depends on the rate of geminate
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rebinding [34-36]. The data have been analyzed according to three exponentials and a constant. As
seen in Figure 4, nitrite enhances the weight A; of the fast component of NO rebinding in the
picoseconds, from 0.05 in the absence of nitrite to (0.63 + 0.04) at saturating nitrite / nNOS levels. The
lifetime associated with Al, t;= (20 + 4) ps corresponded to recombination in the near vicinity of the
heme iron (2-5 A). Simultaneously, the weight of the longer components and the level of asymptote
decreases, while all time constants did not vary within experimental error, t,= (120 + 30) ps and t3=
(1680 + 100) ps. The large increase of the weight A; is consistent with a steric effect of nitrite,
preventing NO escape from the immediate heme vicinity. These experiments supported the possibility
of a negative feedback of excess nitrite on the nitrite reductase activity of eNOS. The rebinding rate of
NO to the ferrous heme of eNOS was also shown to reach saturation with excess NO as that shown in
figure 4 in the presence of excess nitrite [34].

Very little NO escaped geminate recombination in nNOS WT (Figure 4), as expected from the
reported feedback regulation of NO on nNOS catalysis and the above effect of added NO on NADPH
consumption [33]. Moreover, the geminate recombination during t;=40+5 ps was insensitive to
[Nitrite] (2mM) concentration, in contrast with the marked enhancement of the ps decay of eNOS (
Sup Figure 4). A small effect of nitrite on the NO rebinding could be detected in the ns component,
suggesting nitrite binding at distances > 7-10 A, with exceeding low NO escape probability from the
heme. These data qualitatively explain the presence of the ferrous-NO complex formed by nNOS at
500uM nitrite monitored by absorption spectroscopy (suppl. Fig. 2). Heme nitrosylation, calculated
from the ratio of the optical densities at 442 nm and independently obtained by curve fitting, reached
55-57% and 25% in nNOS and eNOS, respectively. The position of the o band, sensitive to
nitrosylation, also attested at a low nitrosylation of eNOS as compared to nNOS (Suppl. Figure 1 & 2).
Thus, the dominant fraction of NO formed by nNOS at 500uM nitrite was retained as a nitrosyl ligand
of the heme together with small quantities of free NO (Figure 1B). This implied that NADPH
consumption should be reduced by added NO, since nNOS heme was blocked in a ferrous nitrosyl
form at high [nitrite]. Indeed, NADPH consumption during 20 minutes dropped from 10 uM to 5.5
UM with the addition of 1uM NO to nNOS solutions in the presence of saturating nitrite
concentrations. In contrast, the presence of added NO to eNOS marginally modified the NADPH
consumption within experimental error (data not shown).

B) iNOS does not consume nitrite under anoxia; effect of oxygen concentration

The experiments were repeated with the inducible isoform, iNOS, using both 500uM and 15uM
nitrite. The amount of free NO released by iNOS remained negligible, and nitrosylation of heme was
unobservable by optical spectra both at 15 and 500 uM nitrite (Figure 5 & Suppl. Figure 2). The nitrite
consumption also remained below our detection limit of ca 0.4uM. The iINOS enzyme used was
indeed active since its aerobic catalysis from arginine in the absence of nitrite yielded the release of
2.2+ 0.2 uM NO. The normoxic yields of NO formed by iNOS are high, requiring O, levels above the
apparent Km, ranging between 125uM (measured) and 25uM (calculated) [25, 33]. Since iNOS is
unable to reduce nitrite under anoxia (Figure 5), no release of NO below the Ky by iNOS was
expected. We thus tested the effect of oxygen concentration on the NO released by iNOS using the
nitrite concentration of 15uM in the presence of arginine. Thus, O, was quickly utilized by the enzyme
to produce NO, resulting in a sharp increase in the NO level that subsequently returned to baseline.
Below 50uM oxygen, the amount of NO released remained very low. The NO released by iNOS
followed a saturation curve consistent with an apparent Ky value of about 60 uM oxygen, in
agreement with the reported values [25, 33].

C) Functional properties of the isoforms and their subdomains.

To investigate the role of the heme in nitrite reduction, we performed two sets of experiments. In
the first one, we compare the NO release from the oxygenase domain of nNOS and eNOS, referred to
as NNOSoxy and eNOSoxy respectively and of myoglobin (Mb), used as a “prototype hemoprotein”.
We also tested the isolated reductase domains of eNOS and nNOS referred ad eNOSred and nNOSred.
In the third set, we investigated the effect of heme blockers and NOS inhibitors (substrate analogs) on
the anoxic nitrite reduction by full length eNOS.

7
Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.

© 2008 The Authors Journal compilation © 2008 Portland Press Limited

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20080987



Bl Biochemical Journal Immediate Publication. Published on 01 Dec 2008 as manuscript BJ20080987

(i) Comparison of nNOSoxy, eNOSoxy and Mb: For the experiments with the hemodomains
nNOSoxy and eNOSoxy, reduction was induced by dithionite instead of NADPH. Dithionite
consumes OH™ when donating electrons; the 50 mM Tris buffer was adequate to avoid acidification in
our experiments and the electrode failed to detect traces of NO in the absence of protein (Table 1). The
concentration of free NO released from eNOSoxy was ca three fold higher than from nNOSoxy, in
gualitative agreement with the data obtained with WT eNOS and nNOS and the lower probability of
NO escape from nNOS than from eNOS (Figure 4 & Table 1). Myoglobin also reduced nitrite with a
similar yield as nNOSoxy. When initial rates are compared, the differences between eNOSoxy and
NNOSoxy are much smaller (Table 1). These data emphasize (a) the heme requirement in nitrite
reduction to NO by the constitutive NOS as well as myoglobin (b) the strong modulation of the nitrite
reductase activity of the wt enzymes by the presence of the reductase domain, aithough these domains
by themselves had no intrinsic activity (see below).

(ii) Comparison of eNOSred, nNOSred to eNOS and nNOS at 10uM nitrite

To test whether the reductase domains could participate in the nitrite reduction, isolated nNOS
and eNOS reductase domains (NNOSred & eNOSred respectively) were reduced by anaerobic
NADPH solutions containing arginine with and without 10uM nitrite. Flavin reduction could be
monitored by the decrease of the oxidized flavins band at 455nm and the appearance of the broad blue
(ca 600 nm) semi-quinone radical. We tested the nitrite reductase activity by chemiluminescence
measurements at low nitrite concentration (10uM). Table 1C shows that the isolated reductase
domains of eNOS and nNOS referred ad eNOSred and nNOSred had no nitrite reductase activity in
contrast with the WT enzymes; as expected, eNOS reduced efficiently nitrite into free NO, in
agreement with the electrode data (figure 2). Nitrite slightly increased the rate of NADPH
consumption by eNOSred and nNOSred (data not shown). These data suggest that nitrite may bind to
the reductase of eNOS and nNOS although the isolated domains were unable to recycle nitrite into NO
under anoxia.

(iii) Effect of NOS and unspecific inhibitors on NO formation and release from eNOS.

Table 1 also tested the role of NOS inhibitors on the anoxic nitrite reductase pathway. NLA or L-
NMA binding decreased the extent and the rate of nitrosylation of eNOSoxy as compared to that
observed in the presence of arginine. Using NLA (2 mM) instead of arginine yielded a threefold
decrease in the extent of NO formation by eNOS but inhibited eNOSoxy less (Table 1). The presence
of 8 mM SEITU significantly slowed the rate of NO release from eNOS but decreased the yield of free
NO by only 15-20 %. Its bulkier analog IPITU [37] was a much more efficient inhibitor of eNOS-
mediated nitrite reduction. The non-specific heme-blocker imidazole (5 mM) decreased the extent and
rate of NO formation in the presence of arginine. In contrast, cyanide (ImM) completely blocked the
NO release from eNOSoxy. Taken together, these data demonstrated that the heme plays an important
role in nitrite reduction. The yield of NO release was also down-regulated by additional parameters
including feed-back interactions, exemplified by the difference in NO yield between nNOS and
NNOSoxy, as well as steric effects in the distal heme side.

D) Hypoxic and anoxic NO formation from HDMEC cells

HDMEC were first tested for NOS isozyme expression by western immunobloting which
revealed that the cells contained eNOS but no detectable iNOS (data not shown).

The HDMEC were then exposed to the various oxygen regimes under ambient nitrite or
subsequent to a 10 min exposure (during gas conditioning period) of the cells to 10pM nitrite. The
ambient [nitrite] in-old media was estimated to be ~0.5 uM (calculated from Fig. 6 t=0 circle symbols
corresponding to cells incubated in old media: ~ 5 pmol in 10 pl is injected into NOx analyzer,
therefore 0.5 puM). Exposure of the cells containing 0.5 uM nitrite to either room air or hypoxia
(2ppm O,) or anoxia (argon) resulted no change in NOx production within experimental error (Fig. 6
circle symbols).

The concentration of extracellular nitrite estimated in the nitrite addition experiments was ~ 9
UM (Fig. 6 t=0 triangle symbols corresponding to cells incubated with 10uM nitrite). This means that
~1 UM nitrite was internalized during the 10 min incubation period. Therefore the changes in NOx
detected in these series of experiments are thought to result from internalized nitrite being converted to
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NO and diffusing back into the medium (possibly, some nitrite may also bind / adsorb to the cells
without internalization). Incubation of the cellular fraction of ca 1.8 = 0.5 - 10° HDMEC in aerobic
medium vyielded a time dependent increase in NOx with an estimated initial rate of 0.18 pmol/min
(Figure 6- black triangles; inset- black bar). When normalized to the amount of NOx formed per
minute and mg cells; this increase corresponded to a yield of 1.2 = 0.4 pmole/min x mg, that compares
well with a reported value of 0.8 pmole/ min x mg as for the basal NO level in human [27, 38]. The
exposure of the nitrite-added cells to hypoxic conditions (2ppm O,) resulted in a ~3.6-fold increase in
the rate of NOXx production (Figure 6- red triangles; inset- red bar). The largest NOx production rates
~8.3-fold over basal were obtained under anoxia (argon) (Figure 6- green triangles; inset- green bar).
This anoxic yield could also be partly inhibited by preincubation with the non-specific NOS
inhibitor L-NMA (data not shown). In contrast, incubation of the cells with oxypurinol or 3-Bromo-7-
nitroindazole did not modify the anoxic NO yield (data not shown). 3-Bromo-7-nitroindazole is a
nNOS specific blocker [39], whereas oxypurinol specifically inhibits xanthine‘oxydase. The data rule
out NNOS or xanthine oxidase as contributors to the anoxic production of NO in these cells. In
addition, the viability of the endothelial cell cultures was not compromised by imposition of anoxia or
hypoxia, since by Trypan-blue staining showed that cell death remained below 0.1 % in all cases.

Discussion

Comparison of the nitrite reductase activity of the three NOS isoforms; Implication of the
heme in nitrite reduction.
The anoxic nitrite reduction has important differences from the usual aerobic arginine pathway of
NOS. First, the nitrite reduction by eNOS does not consume oxygen. Second, the kinetics and the
amount of NO released depended on the nitrite concentration (Figures 1 and 2). Optical spectroscopy
confirmed that both the flavins and the heme of eNOS must be reduced in order reduce nitrite to NO
(suppl. Fig.1). Electron transfer from the reductase domain to the heme required calcium/ calmodulin
binding. To show that the electron flow in eNOS is similar in both aerobic and anoxic pathways, 0.1M
EDTA was added as a calcium chelator and this blocked NO formation from eNOS (data not shown).
Our present studies have revealed a clear distinction between the nNOS, eNOS and iNOS isoforms:
only the endothelial isoform was capable releasing a significant amount of free NO at physiological
nitrite concentrations (Figures 1 — 3, 5). In order to account for these very different NO yields
exhibited by the various NOS isoforms, different assumptions were tested:

(1) Structural dynamics differences of the heme pockets, responsible for different nitrite binding

(2) Difference in NO release efficienicy from the heme; feedback regulation

(3) Difference in heme reduction rates related to changes in redox potential upon nitrite binding

(1) Structural dynamic differences: If we assume that nitrite is reduced at the heme, direct coordination
of nitrite to the heme iron is required. However, we could not find evidence of direct coordination of
nitrite to the reduced heme iron by absorption spectroscopy (data not shown). Geminate recombination
studies rather indicate nitrite binds in close vicinity to the heme of eNOS (Figure 4) whereas similar
studies with nNOS suggested that nitrite binding was different in the neuronal isoform. This relies on
nitrite affecting NO rebinding to eNOS in ps, consistent with very short distances ca 3-5 A from the
heme. In contrast' NO rebinding to nNOS was mainly affected in the ns step by nitrite ions. Thus ns
timescales corresponded to distances of NO diffusion of ca 7-10 A from the heme being perturbed by
nitrite binding. Additionally, Figure 2 shows the requirement of ca two nitrites per NO formed.
Altogether, this suggested the involvement of an additional site besides the heme to reduce nitrite into
NO, just like in the heme-based bacterial nitrite reductases that possess two close-by sites to perform
their catalysis [40]. Nitrite “docking” could be performed by a distal arginine residue close to the heme
and to the edge of the arginine substrate such as R252 in eNOS [30]. If nitrite binds this additional site
and NO binds the close-by heme iron, this hypothesis could explain why excess nitrite could block this
site by steric effects and hinder NO release from eNOS [34-36]. This hypothesis is also consistent with
the effect bulky inhibitors on NO release (Table 1). The nitrite reduction can be described as:

NO, + 2H" + [e] = NO + H,0, (1)

Fe(ll)+ NADPH - Fe(ll) + NADP+ 2
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with concomitant oxidation of the heme iron (or a close-by site) delivering the reducing equivalent [e°
]). The source of the proton remains yet unidentified, although BH, could be a potential proton (and
electron) donor [41].

Nevertheless, we cannot rule out nitrite binding to the ferric heme that would probably occur at [NO,]
> 150 pM, since nitrite is known to be a weak heme ligand. In these conditions, the results could be
explained by different binding modes of nitrite to nNOS and eNOS. Indeed, Ford proposed that
different nitrite binding modes to the heme may result in different product formations [42].
Accordingly, in eNOS coordination of the nitrite would occur via the oxygen atom, ultimately
producing NO. In nNOS, nitrite may coordinate via its nitrogen atom, ultimately resulting of different
products than NO, possibly RSNO via a (Fe(l1)-NO+)-intermediate with (active) thiols or HNO and
subsequent N,O at acidic pH. Such a hypothesis would explain the nitrite consumption by nNOS but
the negligible amount of NO released (Figure 3).

(2) Feedback regulation. The three isoforms differ in the process of NO release from the heme into
the solution [34-36]. NO dissociates more readily from eNOS (in both ferrous and ferric form [34]). In
contrast, very little NO dissociated from the ferrous-NO complex of nNOS (Figure 4B), consistent
with the enhanced nitrosylation with increasing [nitrite] (Fig 1, suppl: Fig. 2): at 250-500 uM nitrite,
NNOS heme nitrosylation was predominant. The catalytic process of nNOS could be blocked after the
first cycle, since no oxygen can oxidize it back to the free Fe(lll) form via the futile cycle, and Fe(ll)
is blocked in a ferrous-nitrosyl complex [25]. Additionally, a smaller distal heme pocket of INOS as
compared to eNOS was previously suggested to account for the geminate recombination of NO to
iNOS being independent on the NO concentration, in contrast to [NO] dependency found in eNOS
[34-36]]. Such structural constraints probably apply to the larger nitrite ion as compared to NO and
explain the lack of nitrite reductase activity of iNOS.

(3) Differences in heme reduction. The presence of nitrite significantly impeded NADPH consumption
and heme reduction with respect to the reported rates of heme reduction: 0.1, (0.9-1.5) up to (3-4) s*
for eNOS, iINOS and nNOS respectively without nitrite [25, 33]. Figure 3 demonstrated that NADPH
at 340 nm as well the heme ferric state at 396 nm decayed faster in eNOS as compared to that in
nNNOS at low nitrite concentrations. The heme redox potential of the NOS isoforms, although similar
in absence of nitrite [43-44], could be modified upon nitrite binding. This hypothesis would partly
explain the smaller difference in NO yield between eNOSoxy and nNOSoxy (2.5 fold) as compared to
that observed between the full-length enzymes (7.3 fold). Additionally, the regulation of the heme
potential by substrate or substrate analogs binding [43, 44] that may affect the NO yield cannot be
ruled out.

Implications for physiology: A number of enzymes are now known to catalyze nitrite reduction to
NO under hypoxia: xanthine oxidase [9,13], cytochrome C oxidase [16], myoglobin [14], hemoglobin
[4, 7-8, 15, 45], cytochrome P450 [17] as well as eNOS considered here (Tables 1 & 2). We note that
these pathways for nitrite reduction are triggered at different local oxygen thresholds and likely will
not act synchronized. \We propose that eNOS have a physiological significance for acute hypoxia at
physiological pH. This proposition is based on:

(i) The cellular data presented here demonstrated the relevance of the nitrite reduction pathway
not only under anoxia but also acute hypoxia at 10uM nitrite, close to tissue levels [3, 5]. The rates of
NO produced by the HDMEC cells were enhanced by ~8.3-fold and ~3.6-fold over the basal level
under anoxia and hypoxia respectively (Figure 6, inset). These data are consistent with a previous
study using anoxic cultured endothelial BEND3 cells that contained only eNOS [27, 28, 46]. In
contrast with BEND3 cells, the microvascular cells used in this work were sensitive to extracellular
nitrite, suggesting potential different paths of nitrite internalization in these cell types.

The hypoxic NO formed by HDMEC cells was inhibited by L-NMA, but not the 3-Bromo-7-
nitroindazole, a nNOS specific inhibitor (data not shown). eNOS was also the only active NOS protein
under low (physiological) nitrite and oxygen concentrations in vitro (Table 1). Moreover, purified
eNOS retained its ability to reduce nitrite over three repeated argon / oxygen cycles (data not shown).
Both in vitro and cellular data confirm that the only NOS isoform with a hypoxic nitrite reductase
activity is eNOS. The magnitude of the hypoxic NO release, reaching 3.6 times higher levels than
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basal normoxic ones, provides an appropriate response to ischemia. Moreover, this response is
sustained for ca 10-15 minutes. As such, the eNOS-mediated reaction would help to counter the
negative effects of acute and episodic ischemia near the endothelium precisely when vasodilatation by
NO is most needed. It is likely that this would be a short-time “emergency” effect, in particular at
pH>7.6 where xanthine oxidase nitrite reductase activity decreases [9, 13, 52].

(ii) A plethora of animal studies showed a protective role of eNOS in the early stages of
ischemia [18-19, 21-23, 47-51] whereas other isoforms were often reported cytotoxic [22, 23]. These
publications suggest that eNOS acts as a protective agent against acute ischemic damage to various
organs as an immediate but short-term response [21]. Indeed, early infusion of nitrite was found to be
protective in brain ischemia-reperfusion injury [53]. In contrast, enzymatic activity of nNOS is often
found to contribute to ischemic damage to the brain [19]. Taken together, these animal studies show
that eNOS and nNOS respond oppositely to acute hypoxia. In acute hypoxia, INOS is inactive, but
becomes activated upon reperfusion. Our study stressed the rationale for the differences between the
NOS isoforms. eNOS is unique in that it releases NO under all oxygen levels from normoxia to
complete anoxia at physiological uM nitrite concentrations.
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Figure Legends

Figure 1: eNOS and nNOS markedly differ in their anoxic NO release from nitrite: A:
Electrode traces measured at 15uM nitrite, nNNOS did not release NO (blue) whereas a gradual increase
of NO was induced by eNOS (red); B: NO electrode current (pA) generated at 500 uM nitrite; a weak
NO signal was slowly released from nNOS (blue), in contrast with the fast and large NO release
mediated by eNOS (red). The control experiments did not show any NO produced at 15uM or at 500
MM nitrite in the absence of protein (black). NADPH had a starting concentration of 100uM, [NNOS]
= 7uM and [eNOS] = 5uM. The solutions contained Tris buffer (50 mM, pH= 7.6), 150 mM NaCl, 5%
glycerol, ImM arginine, 40uM BH,, 10uM Calmodulin, 1 mM Ca®* kept under constant argon flow.
1uM NO vyielded a signal of 750 pA.

Figure 2: Anoxic nitrite reductase activity of eNOS as a function of the nitrite
concentration [nitrite] = 10-500pM. The rates of NADPH-consumption (squares) and NO release
(circles) are shown on the left scale in units of uM species per uM eNOS per minute; the uM amount
of nitrite consumed in 20 minutes per uM protein (triangles) is shown on the right scale, 150 mM
NaCl, 50 mM Tris buffer pH= 7.6, 1mM arginine, 40pM BH,, 10uM Calmodulin, 1 mM Ca”** kept
under constant argon flow.

Figure 3: Anoxic activity of nNOS as a function of the nitrite concentration [nitrite] = 10-
500uM; same conditions as in Figure 2.

Figure 4: A-Nitrites enhance NO geminate rebinding to eNOSoxy reduced heme; NO is
detached from the ferrous nitrosyl complex at =0 by the pump beam and the kinetics of its rebinding
to the heme is followed by the probe beam as a function of time. The normalized decays of the ferrous
heme resulting from NO rebinding to the heme are shown on the left, using [Nitrite] = 0: l, 2.5 mM:
O; 8.5 mM:X and 0.1% NO. The zero ordinates correspond to the full recovery of the ferrous nitrosyl
complex. The right inset shows the coefficients A;-A, obtained from the fits of the data (shown as full
lines on the experimental data on the left graph) as a function of the nitrite / eNOS ratio. B: Efficient
NO release from eNOSoxy in contrast with NO being confined to the heme in nNOSoxy using
[NO] = 0.1% nNOSoxy (triangles), ti= (42x9)ps (A;=0.29), 1,=(230£50)ps (A,=0.48), 15= (1.3 £
0.2)ns (A3=0.17), A,=0.06; eNOSoxy (squares): t;= (20+4)ps (A;=0.05), 1,=(90£15)ps (A,=0.30), t3=
(1.7 £ 0.2)ns (A3=0.38), A;,=0.26.

Figure 5: Lack of free NO released by iNOS under argon in contrast with NO formation
from iNOS in the presence of 15uM nitrite at large oxygen concentration. The right panel shows
the electrode traces after consecutive additions of 50uM, 100 uM and 25uM oxygen after the initial
injection of NADPH under argon at t=0 in a solution of iNOS containing 500uM nitrite. The left panel
summarizes the NO level formed by iNOS in the presence of 15uM nitrite as function of the added
oxygen concentration. The red line corresponds to the calculated saturation curve, with an apparent
transition at 60 + 10 uM oxygen at 15uM nitrite. The electrode response was 1000 + 90 pA for 1pM
NO in solution; same conditions as in Figure 1.

Figure 6:  Enhanced NOx release by HDMEC cells under anoxia and hypoxia as
compared to normoxia with 10uM nitrite added; Left: HDMEC were exposed to room air (black
symbols) or 2ppm O2 (red symbols) or argon (green symbols) in the presence of 10uM added nitrite
(triangles) or ambient nitrite concentrations (circles). Little NOx changes were observed at ambient
nitrite concentrations of ca 0.5uM (circles). Each experiment was performed in duplicate; NOx values
reported in units of pmole are the average + S.D. of 2 repeat injections. Right Insert: initial rate of
NOx formation in units of pmole NOx/ min in normoxia (ambient air), hypoxia (2ppm oxygen) and
anoxia (argon).
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Table 1: Summary of the halftime and yields of NO release from the reduction of nitrite under

anoxia
A) Oxygenase domain 1172 (NO) [NO] + 15% [NO] (UM/ pM
High nitrite min * (UM)? protein/min)?
No enzyme 0
eNOSoxy+ BH,4 + Arginine 2.5 15 0.17 £ 0.03
nNOSoxy+ BH, + Arginine ~0.5 0.6 0.12 +0.03*
Mb ~0.5 0.4* 0.08 £0.03
eNOSoxy+BH,+NLA (1 23 1.2
mM)
eNOSoxy BH4+ Arginine + 43 1.0
Imidazol (5mM)
eNOSoxy+ BH+ Arginine 0
+CN (1ImM)
B) WT NOS 1112 (NO) [NO] £ 15% [NO] (UM/ uM
High nitrite min (LM)? protein/min)®
No enzyme 0
eNOS+ BH,4 + Arginine ~0.3 2.2 0.45 +0.03*
eNOS+ BH,+NOHA (1 ~0.4 2.0
mM)
eNOS+ BH,+NLA (2 mM) 0.9 0.7
eNOS+ BH,+ SEITU (8 3.0 1.7
mM)
eNOS+ BH,+ IPITU (8 1.0 0.5
mM)
nNOS+ BH, + Arginine 29 0.3 0.002 + 0.001
C) Reductase domain or [NO] (nmol) [NO] (MM/ puM
WT NOS, low nitrite protein/ min)
eNOSred 0 0
nNOSred 0 0
eNOS 3.1+0.6 0.21 +0.05
nNOS 0.24 £0.19 0.016 + 0.013

A and B): Electrochemical detection of NO using A) [oxygenase domain] = 2-4 uM, 1mM nitrite or B) full-
length [NOS] = 3-7 uM repleted with 5 molar excess of Ca**/calmodulin, 500uM nitrite under argon in 50 mM
Tris buffer at pH=7.5, 150 mM NaCl after addition of 100uM reducing agent (dithionite in A and NADPH in
B); in the myoglobin (Mb)* experiments, the nitrite concentration was [nitrite] = 1mM

! Time required reaching 50% of the maximal [NO] (t12 (NO)) monitored by the electrode

2 Maximal value in % of the electrode current after NADPH injection compared to “normal” conditions for
which 1 mM arginine and 12 uM BH, was used in the presence of a five fold molar excess of calmodulin. The
fourth column presents the maximal NO concentrations in uM determined after calibration of the electrode

% Initial rate of NO formed in uM per uM protein per minute

*: the value is the lower limit of the rate, because NO release is too fast to be accurately determined (limited by
the risetime of the electrode response)

C): Chemiluminescence measurements of NO formed at 10uM nitrite by 100ul of 10uM isolated reductase
domains or B) WT NOS, 20 uM Ca**/calmodulin, 1mM BH4, 1mM arginine under argon in 50 mM Tris
buffer at pH=7.5, 15 minutes after addition of 200uM NADPH (see experimental).
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	Figure Legends
	Figure 2: Anoxic nitrite reductase activity of eNOS as a function of the nitrite concentration [nitrite] = 10-500µM. The rates of NADPH consumption (squares) and NO release (circles) are shown on the left scale in units of µM species per µM eNOS per minute; the µM amount of nitrite consumed in 20 minutes per µM protein (triangles) is shown on the right scale, 150 mM NaCl, 50 mM Tris buffer pH= 7.6, 1mM arginine, 40µM BH4, 10µM Calmodulin, 1 mM Ca2+  kept under constant argon flow.  
	Difference absorption spectra show a significant extent of nitrosylation of nNOS (A) as compared to that of iNOS (B) and eNOS (C);  difference absorption between 30 min and 30 sec after injection of NADPH (black crosses) obtained at 500µM nitrite; difference spectra between fully 100 % and 0% nitrosylated ferrous NOS protein, prepared by injecting NO to the reduced protein (supplementary Fig1), are shown as a reference in dashed red. The extent of nNOS nitrosylation was also calculated by fitting the experimental curve with the sum of 57% Fe(II)-NO and 43% Fe(II); 2A blue: difference absorption spectra of nNOS in the presence of 15µM nitrite. [eNOS] = 4.2 µM, [nNOS] = 8µM, [iNOS] = 6.5 µM, 100 µM NADPH injected at t=0 in the presence of 500 µM nitrite. The blue spectrum in A corresponds to the difference spectrum recorded at 15µM nitrite in the presence of nNOS. 



