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To quantify the reactions of nitric oxide (NO) with hemoglobin
under physiological conditions and to test models of NO transport
on hemoglobin, we have developed an assay to measure NO-
hemoglobin reaction products in normal volunteers, under basal
conditions and during NO inhalation. NO inhalation markedly
raised total nitrosylated hemoglobin levels, with a significant
arterial-venous gradient, supporting a role for hemoglobin in the
transport and delivery of NO. The predominant species accounting
for this arterial-venous gradient is nitrosyl(heme)hemoglobin. NO
breathing increases S-nitrosation of hemoglobin B-chain cysteine
93, however only to a fraction of the level of nitrosyl(heme)he-
moglobin and without a detectable arterial-venous gradient. A
strong correlation between methemoglobin and plasma nitrate
formation was observed, suggesting that NO metabolism is a
primary physiological cause of hemoglobin oxidation. Our results
demonstrate that NO-heme reaction pathways predominate in
vivo, NO binding to heme groups is a rapidly reversible process,
and S-nitrosohemoglobin formation is probably not a primary
transport mechanism for NO but may facilitate NO release from
heme.

In the last several years, the interactions of nitric oxide (NO)
and hemoglobin have become the subject of much interest. A
model has been recently proposed by Stamler and colleagues
suggesting that NO is transported on hemoglobin by binding to
the highly conserved B-chain cysteine 93 residue, forming S-
nitrosohemoglobin (SNO-Hb) (1-4). According to this theory,
NO carried on hemoglobin B-cysteine 93 is delivered from the
lungs to the microvasculature where, on deoxygenation in the
tissues, the S-nitroso linkage is weakened. This allows the NO
molecules, free or complexed to small thiols, to diffuse through
the erythrocytes to the vascular walls, causing vasodilation of the
microvasculature and subsequent recruitment of more erythro-
cytes. The model also posits that in the venous circulation,
deoxygenated hemoglobin preferentially binds NO at the heme
group to form nitrosyl(heme)hemoglobin [Hb(Fell)NO], as
total NO-modified hemoglobin levels were found to be equal in
the arterial and venous blood of rats (2). However, recent studies
argue that NO either is not released from SNO-Hb during
deoxygenation (5) or that any NO released from SNO-HbD is
actively scavenged by oxyhemoglobin and fails to affect vascular
tone (6). Furthermore, to date in vivo SNO-Hb measurements
have been performed only in the Sprague—Dawley rat, thus the
physiological significance in humans has been questioned.

The reaction of NO with hemoglobin to form SNO-Hb is in
addition to two other well-characterized NO reactions: with
oxyhemoglobin to form methemoglobin (Felll) and nitrate ion
and with deoxyhemoglobin to form Hb(Fell)NO. This second
reaction is also the subject of much current research. Yonetani
and his research group and Kosaka and colleagues have shown
that Hb(FelI)NO is a six-coordinate species (iron binds four
nitrogens, a proximal histidine, and NO) and that on deoxygen-

ation of the other heme groups, the proximal histidine bond
stretches or breaks, forming a five-coordinate species with a
lowered oxygen affinity (7-11). Hb(FelI)NO also demonstrates
an enhanced Bohr effect, promoting oxygen release and increas-
ing sensitivity to tissue acidosis (7). Despite the loss of an
oxygen-binding site (replaced by NO), overall Hb(FeII)NO may
therefore more effectively deliver oxygen than pure oxyhemo-
globin to regions with very low oxygen tensions (10).

Although of potential biological importance, the amount of
Hb(Fell)NO formation in the body has been uncertain because
of limitations in the sensitivity of electron paramagnetic reso-
nance, the primary method for measuring this hemoglobin
species. A recent reanalysis of in vitro NO-oxyhemoglobin
reactions, under relatively physiologic conditions of oxygen
saturation, ionic strength, and molar ratios, has suggested that
this pathway may be equal in magnitude to the long-studied
reaction of NO oxidation of ferrous to ferric heme (12). Indeed,
in vitro-measured levels of Hb(Fell)NO, SNO-Hb, and Felll
appeared comparable. These results are surprising for two
reasons: first, the very high association rates and low dissociation
rates of NO for both oxy- and deoxyheme groups suggest that
heme nitrosylation and Felll formation are expected to compete
strongly with S-nitrosation of cysteine 93, and second, the
relative abundance of oxyhemoglobin (99%) in these experi-
ments would be expected to favor the reaction with oxyhemo-
globin to form Felll and nitrate rather than Hb(FelI)NO.

To clarify the role of these three mechanisms, by which NO
can react with hemoglobin under physiological conditions, and
to test these competing models of NO transport on hemoglobin
in humans, we have developed a highly specific and sensitive
assay for measuring total nitrosylated hemoglobin as well as
individual levels of Hb(Fel)NO and SNO-Hb. Because the
basal levels of nitrosylated hemoglobin in the human circulation
are very low, we attempted to augment NO binding to hemo-
globin by delivering NO by inhalation. It has been argued that the
observed physiological effects of inhaled NO support models of
NO transport and delivery on hemoglobin (12, 13). NO breath-
ing has been demonstrated to reduce systemic vascular resistance
(14, 15), increase kidney glomerular filtration (16), increase
intestinal blood flow after ischemia reperfusion injury or NO
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synthase inhibition (17, 18), and increase aortic cGMP levels
(19), indicating systemic effects. Thus, measurements of NO-
hemoglobin reactions during NO inhalation in human volunteers
represent a rigorous test of these competing models, uniting NO
and physiological oxyhemoglobin/deoxyghemoglobin mixtures
in the pulmonary circulation.

Materials and Methods

Protocol. The study protocol was approved by the National Heart
Lung and Blood Institute’s Institutional Review Board, and all
subjects signed an informed consent. All volunteers had a
normal hemoglobin concentration, and their hemoglobin A was
documented by electrophoresis. Volunteers fasted after mid-
night and during the study day. Peripheral i.v. and radial artery
catheters were placed, and blood samples were collected hourly.
After an hour of baseline measurements, subjects breathed NO
gas at a concentration of 80 ppm (INOvent Delivery System,
INO Therapeutics, Clinton, NJ). A room air gas condenser with
an oxygen blender was used to deliver an FiO; of 0.21 at 40
liters/min with an in-line reservoir bag. NO gas was delivered in
line, and concentrations of NO, oxygen, and nitrogen dioxide
(NO,) were sampled at the mask to ensure a delivery of 80 ppm
NO and an F1O; of 0.21 and to maintain the NO; level < 1.0 ppm.
The NO was discontinued after 2 h, and room NO levels dropped
to <20 parts per billion within 10 min.

0Ozone-Based Chemiluminescent Detection of Hb(Fell)NO and SNO-Hb.
The method for the measurement of nitrite and S-nitrosothiols
by reaction with I3 to release NO gas (20, 21) was applied to
hemoglobin that had been pretreated with and without KCN and
K5Fe(CN)g. Seven milliliters of glacial acetic acid and 2 ml of
distilled water were mixed with 50 mg of KI (or Nal). A crystal
of I, was added to yield a concentration of 6-20 mM (20).
Helium was bubbled through the reaction mixture, through 1 N
NaOH, and then into the Sievers Model 280 NO analyzer
(Boulder, CO). Injection of samples into this I3 reactant stoi-
chiometrically releases NO from nitrite, nitrosothiols,
Hb(Fell)NO, and SNO-Hb with a sensitivity down to 1 pmol
(see Results).

Blood samples were drawn and centrifuged at 750 X g for 5
min. Plasma was removed and stored at —70°C until assayed for
nitrate/nitrite/S-nitrosothiols. The red blood cell pellet was
removed and washed two times in five volumes of PBS. Red cell
samples in duplicate were then lysed in both 1:4 dilution of 0.5
mM EDTA in nitrite-free molecular biology grade water
(Biofluids, Bethesda, MD) or 0.2 M KCN and 0.2 M K;3Fe(CN),
in 0.5 mM EDTA distilled water. After 30-min incubation, 500
wul was passed through a 9.5-ml bed volume Sephadex G25
column to remove nitrite, small thiols, and KCN/Ks;Fe(CN).
The hemoglobin concentration of the Sephadex G25 effluent
was measured by conversion to cyanomethemoglobin (gs49 = 11
for heme). Hemoglobin samples (200 ul) were immediately
drawn into 250-ul Hamilton syringes and reacted with I3 to
release NO for chemiluminescent detection. The value for total
nitrosylated hemoglobin was obtained from the reaction of
hemoglobin without KCN/K3Fe(CN)g in I3, Hb(FelI)NO was
obtained from the difference of the reaction of hemoglobin
without KCN/K3Fe(CN)g in I3 from the reaction with KCN/
KsFe(CN)g, and the value of SNO-Hb was obtained from the
value of the reaction of hemoglobin with KCN/K3;Fe(CN)
pretreatment. The concentration (in nanomolar) of NO released
was calculated by subtracting the NO concentration generated by
200-ul injection of the water from the Sephadex G25 column
(background control). This control sample was obtained imme-
diately before running the hemoglobin sample on the column.
This value was divided by the concentration of the hemoglobin,
and the total multiplied by 100 (expressed as percent mol
nitrosylated hemoglobin per mol heme subunit).
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Ozone-Based Chemiluminescent Determination of Serum Nitrate, Ni-
trite, and Low Molecular-Weight S-nitrosothiols. Plasma samples
were thawed and filtered through a prewashed 10,000 molecular
weight cutoff filtration unit. Samples were then injected in
different reductants in line with 1 N NaOH and the Sievers
Model 280 NO analyzer. Nitrite was measured by reduction in
acidified KI (7 ml of glacial acetic acid/2 ml of distilled water/50
mg of KI). Nitrite and S-nitrosothiols were measured in I3 (20).
S-nitrosothiols were also measured in Cu*/L-cysteine (22).
Nitrate was measured by reduction in vanadium(III) at 90°C
(23). All of these assays demonstrated linear sensitivity above 1.0
pmol (2 > 0.99, P < 0.001, for nitrite, nitrate, and SNO-
glutathione).

Felll Concentration. Felll concentrations were measured by using
Co-Oximetry (CIBA-Corning 270 Co-Oximeter, Medfield,
MA) immediately (less than 5-min delay) after obtaining venous
and arterial samples from the volunteers. Measurements were
validated by comparison with measurements by absorption spec-
troscopy at 700, 630, 576, and 560 nm by using the Winterbourn
equation (24).

Statistical Analysis. Two-tailed paired ¢ tests were used to analyze
increases in the mean values of paired samples before, during,
and after NO inhalation, as well as to analyze differences in
nitrosylated hemoglobin levels between arterial and venous
blood at baseline and during NO breathing. Data are reported
as the mean = SEM.

Results

Arterial and Venous Total Nitrosylated Hemoglobin Before and During
NO Breathing. Because of the very low levels of nitrosylated
hemoglobin in the human circulation, a technique was needed
that is sensitive to levels of 1 X 107> (0.001%) mol of NO bound
to hemoglobin per mol of heme subunit (0.004% with respect to
hemoglobin tetramer). These levels are more than an order of
magnitude lower than can be detected by electron paramagnetic
resonance, a technique sensitive only for Hb(Fell)NO. We
previously used a reductive assay by using I3 to release NO gas
from freshly purified hemoglobin for detection in a chemilumi-
nescent NO analyzer in three patients with sickle cell anemia and
found arterial-venous gradients in total NO bound to hemoglo-
bin during NO breathing (21).

This methodology was used to measure the total NO bound to
hemoglobin from red cells in the arterial and venous circulation
of five normal volunteers (n = five normal volunteers) before
and during NO breathing. Before NO inhalation, we found a
trend toward an arterial-venous difference in total NO bound to
hemoglobin with mean basal arterial levels of 0.004 = 0.0008%
and venous levels of 0.002 * 0.0005% (P = 0.091). During NO
breathing, there was a significant increase, compared with
baseline, in mean arterial levels to 0.013 = 0.001% (P = 0.001)
and venous levels to 0.009 = 0.0005% (P < 0.001), and a
significant arterial-venous gradient was evident (P = 0.002).
These values returned to baseline within 1 h after stopping NO
inhalation (Fig. 1).

The observation of a large arterial-venous gradient of total
nitrosylated hemoglobin during NO breathing in normal volun-
teers and in patients with sickle cell anemia, with a plateau at 1-2
h of NO breathing, suggests delivery or rapid metabolism of NO
in the microcirculation. If this NO were bound to the cysteine 93
of hemoglobin, this would constitute proof of delivery of NO
from SNO-Hb. As mentioned previously, peripheral effects of
inhaled NO have been advanced as evidence of delivery of NO
from SNO-HD (3, 12), and these results are consistent with such
delivery. However, the specific binding site of NO on hemoglo-
bin, the heme vs. cysteine 93, is undetermined.

Gladwin et al.
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Fig. 1. Baseline and augmented levels of total nitrosylated hemoglobin (NO
on either the heme or cysteine 93) in the arterial and venous circulation. This
figure represents the means and standard errors for total nitrosylated hemo-
globin in the arterial (solid line) and venous (dashed line) blood from five
individuals before and during (solid bar on x axis) 80 ppm NO breathing. A
trend toward an arterial venous gradient before (P = 0.09) and after (P=0.11)
NO breathing is observed. During NO breathing, a significant increase occurs
in both the levels of arterial and venous nitrosylated hemoglobin (P < 0.001)
and the arterial-venous gradient (P = 0.002).

Validation of a Sensitive and Specific Measurement of Hb(Fell)NO and
SNO-Hb. Therefore, we have developed a methodology to differ-
entiate among the species of nitrosylated hemoglobin and to
quantitate them in human arterial and venous blood at levels of
1 X 107> mol of NO per mol heme subunit. To establish the
specific identity of the NO-hemoglobin adduct, pretreatment
with and without a 100-fold molar excess of KCN and KzFe(CN)g
was used to selectively remove the NO from heme while pre-
serving the S-nitrosothiol bond. In fact, within 3 min, KCN/
K5Fe(CN)g (0.2 M) oxidizes the Fe-NO to an intermediate
species not detectable in the chemiluminescent I3 reaction, while
preserving the S-NO bond of SNO-Hb (Fig. 24). The stability
of the S-nitroso linkage in KCN/K3Fe(CN), has been tested for
up to 2 h (n = 5) with less than 10% loss of NO signal.

The technique was validated by using pure synthesized species
of SNO-HDb (specificity of B-cysteine 93 modification confirmed
by HPLC electrospray mass spectrometry after enzymatic di-
gestion) and Hb(FelI)NO (100% heme nitrosation confirmed by
visible absorption spectroscopy). Synthesized standard prepara-
tions of SNO-Hb contained a mean 1.96 + 0.17 mol of S-NO per
mol hemoglobin tetramer (measurements performed by using
SNO-glutathione standards), consistent with nitrosylation of
the B-cysteine 93 residues on each B-chain. Standards of
SNO-Hb and Hb(Fell)NO were diluted in fresh purified oxy-
hemoglobin to levels of 1 X 107> (0.001%) mol of NO per mol
heme. We found linear sensitivity for total nitrosylated hemo-
globin, SNO-Hb, and Hb(FeII)NO from 0.001% to 100% (SNO-
Hb 72 = 0.996, P < 0.001, n = 5; Hb(FeIl)NO r? = 0.999, P <
0.001, n = 5). Four representative dilutions from 0.002% to
0.032% SNO-Hb are shown in Fig. 2 B and C. The assay is
capable of measuring differences between control hemoglobin
and 0.001% nitrosylated hemoglobin (n = 8, P = 0.007, data not
shown).

Where Is the NO Bound? To determine whether the NO is trans-
ported as Hb(Fell)NO or SNO-Hb, we measured these two
hemoglobin species in eight normal volunteers (five of the
previously studied volunteers and three new), at baseline and
during NO breathing. Importantly, in all samples, the predom-
inant species formed was Hb(FelI)NO and not SNO-Hb (Fig. 3
A and B). Mean baseline levels of Hb(Fell)NO were 0.0015 =
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Fig. 2. Sensitivity and specificity of I3 /ozone-based chemiluminescence assay,
with and without KCN/KsFe(CN)g, for the quantification of total nitrosylated
hemoglobin, SNO-Hb, and Hb(Fell)NO. A demonstrates the reaction of standards
of pure SNO-Hb (stippled bars) and Hb(Fell)NO (slashed bar) with and without
KCN and KsFe(CN)e (indicated as + and —KCN, respectively), which selectively
removes the NO from heme while preserving the S-nitrosothiol bond. Within 5
min, treatment with a large molar excess of KCN/K3Fe(CN)g (0.2 M) eliminates
90% of the signal of Hb(Fell)NO in the chemiluminescent I3 reaction, while
preserving the signal from SNO-Hb (n = 5). Results are expressed as the percent-
age of the original signal from the standards reacted without KCN/KsFe(CN)g
pretreatment. Similar results were observed up to 120 min (data not shown). B
demonstrates the NO signal released from three injections of water from the
Sephadex G25 column (background control), followed by increasing standard
dilutions of SNO-Hb, pretreated with KCN/K3Fe(CN)g (control hemoglobin,
0.002%, 0.004%, 0.008%, 0.016%, 0.032%), measured by I3 /ozone-based chemi-
luminescence. C demonstrates measurement linearity of four serial dilutions of
SNO-Hb, pretreated with KCN/K3Fe(CN)g, from 0.002% t0 0.032% (2 = 0.996; P <
0.001; n = 4). Similar results were obtained for standard curves of Hb(Fell)NO (r2 =
0.999, P < 0.001, n = 5).

0.0008% in the arterial and 0.0016 = 0.0005% in the venous
circulation; during NO breathing, these values increased signif-
icantly to 0.012 = 0.0014% and 0.006 * 0.0007%, respectively,
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Fig.3. Basal and augmented levels of Hb(Fell)NO or SNO-Hb in eight normal
volunteers measured with I3 /ozone-based chemiluminescence with and with-
out KCN and K3Fe(CN)g pretreatment, which selectively removes the NO from
heme without affecting NO covalently bound to cysteine 93. A demonstrates
the effects of KCN and K3Fe(CN)g pretreatment on the signal of NO released
from hemoglobin in I3 from a normal individual breathing 80 ppm NO for 2 h.
KCN/K3Fe(CN)g pretreatment is indicated by a + sign and no pretreatment by
a — sign. A significant reduction in the NO signal after KCN and K3Fe(CN)g
pretreatment provides evidence that the majority of the NO associated with
hemoglobin is bound to the heme group [Hb(Fell)NO]. The residual signal is
still greater than baseline, suggesting that SNO-Hb does form at lower levels.
Arterial (A)-venous (V) gradients are observed. B shows the means and
standard errors for Hb(Fel)NO and SNO-Hb in the arterial (solid bars) and
venous blood (stippled bars) from eight individuals at baseline and during 80
ppm NO breathing. Arterial-venous gradients in Hb(Fell)NO are significant
(P = 0.019), whereas those of SNO-Hb are not (P = 0.55).

with a significant arterial-venous gradient developing (P = 0.019
for gradient). The arterial-venous difference suggests a very
rapid dissociation rate of NO from heme and possible delivery
of NO to the tissues.

Mean baseline levels of SNO-Hb were 0.0011 = 0.0004% in
the arterial and 0.0013 = 0.0006% in the venous circulation;
during NO breathing, these values increased to 0.0026 =
0.0005% (P = 0.11 for the increase) and 0.0022 = 0.0005% (P =
0.3 for the increase), arterial and venous, respectively, without a
significant arterial-venous gradient (P = 0.55 for gradient). The
levels of SNO-Hb measured are not consistent with major levels
of NO delivery by using this pathway in the human circulation,
but they do provide evidence that this pathway exists.

Relative Production of Felll, Hb(Fell)NO, and SNO-Hb. Recently, Gow
et al. have argued, from in vitro data, that the oxygen-induced
conformational changes favor the formation of SNO-Hb over
Felll, and that under physiologic concentrations of phosphate
(10 mM) and NO (1 uM), the production of SNO-Hb would be
comparable to Hb(Fell)NO and would predominate over the
formation of Felll (12). In our in vivo study, Felll levels were
measured by using cooximetry (and validated by the method of
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Winterbourn) and revealed mean baseline levels of 0.24 = 0.02%
(22.8 uM heme), which increased to 0.9 = 0.1% (84 uM heme)
during NO breathing. Basal and NO breathing levels of Felll
were approximately 70-fold higher than Hb(FelI)NO levels (1.2
uM heme), which in turn were nearly 5-fold higher than the
SNO-Hb levels (0.26 uM heme). Therefore, the in vivo reactions
of NO with hemoglobin to form Felll and nitrate >>>
Hb(Fell)NO > SNO-HD are consistent with the known kinetics
of NO-hemoglobin interactions in vitro and the relative greater
abundance of oxygenated compared with deoxygenated hemo-
globin in the lung. The relative abundance of these species is
consistent between basal and NO breathing states. It can be
argued that NO breathing represents a supraphysiologic level of
NO. Assuming a normal 5 liters/min ventilation and cardiac
output, and if every molecule of NO diffuses into the blood-
stream, the concentration (at standard temperature and pres-
sure) would approach 4 uM. Although the ratio of NO to
hemoglobin under these conditions is approximately 1:2,500,
significantly less than the 1:1,000 ratio of NO to hemoglobin used
in previous in vitro studies (12), it remains possible that the
reactions at this concentration might be different from those of
endogenously produced NO.

Plasma Nitrate, Nitrite, and Low Molecular Weight Nitrosothiol Levels
Are Consistent with Significant NO-Heme Reactivity but Minimal
Nitrosation: Considerations on the Origin of Felll and Nitrate in the
Human Circulation. If the primary reaction of NO is with oxyhe-
moglobin, it would be expected that during NO inhalation
significant levels of nitrate and Felll would be generated at the
alveolar-vascular interface. We measured venous plasma nitrate
levels in five individuals by using chemiluminescence and found
time-dependent increases during NO breathing (Fig. 44) that
correlate with increases in red cell Felll concentration measured
by cooximetry. It has recently been suggested that under phys-
iological conditions, the primary reaction of NO with oxygenated
erythrocytes (99% oxyhemoglobin) is to form Hb(FelI)NO, and
that nitrate in the human circulation may not actually derive
from NO-hemoglobin interactions (12). Our data suggest oth-
erwise. At baseline and during NO inhalation, in fasting indi-
viduals, the micromolar Felll concentrations of whole blood are
almost identical to that of plasma nitrate. The persistent in-
creased concentration of plasma nitrate after NO breathing
likely represents the slower clearance of nitrate, which is elim-
inated unchanged in the urine, compared with Felll, which is
actively reduced by Felll reductase. In a separate experiment in
two other individuals, NO gas was administered at 80 ppm for
1 h, and plasma nitrate and Felll were measured at 15-min
intervals. The baseline levels and steady increases during NO
inhalation correlated strongly with each other at all time points
(> > 0.96, P < 0.001). These results suggest that nitrate and
Felll in the human blood likely derive primarily from the
reaction of NO and oxyhemoglobin.

Unlike nitrate, nitrite demonstrates no significant increase
during NO breathing (n = 7; Fig. 4B). The lack of a significant
increase in nitrite is consistent with the predominant reaction of
NO gas at the alveolar—vascular interface being with oxyhemo-
globin to form nitrate and FelIl. The reaction of NO and oxygen
to form nitrosative intermediates (N>Os3), which can nitrosate
thiol groups and produce nitrite (25-28), may be limited by the
low concentration of oxygen and NO dissolved in blood (even
during NO breathing). This is further supported by our obser-
vations that at baseline and during NO breathing, arterial and
venous levels of low molecular-weight nitrosothiols [measured
by differential reaction in KI and I5 (20) and in Cu™/L-cysteine
(22)] are unmeasurable and do not increase (data not shown, n =
seven patients).

Gladwin et al.
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Fig. 4. Plasma nitrate and nitrite and Felll levels at baseline and during 80
ppm NO breathing. A shows venous plasma nitrate (solid line) and whole
blood Felll (dashed line) levels measured for 2 h before NO inhalation, for 2 h
during 80 ppm NO inhalation (x axis bar denotes NO inhalation), and for 2 h
after NO inhalation. A significant increase, compared with baseline levels, in
both plasma nitrate and erythrocyte Felll is observed at 1 and 2 h of NO
inhalation (*, P < 0.01 for both 1- and 2-h NO inhalation time points; n = 7).
B shows arterial (solid bars) and venous (stippled bars) plasma nitrite levels
from seven individuals at baseline and during 80 ppm NO inhalation. There is
nosignificantincrease in nitrite during NO breathing. Pvalues are reported for
arterial-venous differences.

Discussion

It is evident that nitrosative pathways necessary to form nitro-
sothiols, nitrite, and SNO-Hb are limited in the human circula-
tion, even during NO breathing. Rather, during NO breathing,
NO predominately reacts with the heme moiety of hemoglobin
either to form Felll and nitrate or to form Hb(FelI)NO. This
observation clearly establishes the dominant role of heme-NO
reactions in vivo. The observation of a significant arterial-venous
gradient in Hb(FeII)NO is unexpected for two reasons. First,
assuming a circulatory time from the radial artery to the
antecubital vein of less than 30 s, the observed 50% reduction in
Hb(Fell)NO from artery to vein represents a very rapid in vivo
NO dissociation rate, much greater than that measured in vitro.
Second, it is generally believed that Hb(FelI)NO is formed by
the reaction of NO with deoxygenated hemoglobin. Although
these results show that physiologically Felll formation far ex-
ceeds the rate of Hb(Fell)NO formation, NO could occupy
deoxygenated heme groups on partially oxygenated hemoglobin,
possibly successfully competing with oxygen for these sites. This
observation is consistent with recent work highlighting the
significance of heme-NO interactions under physiological con-
ditions (12). These new data shift the focus of NO transport on
hemoglobin from B-cysteine 93 to the heme groups and raise
questions about the mechanisms of NO release, the nature of the
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NO metabolite released, the physiological effects of this process
on oxygen delivery, and blood flow.

NO has a very high affinity for the heme moiety of deoxyhemo-
globin with a K, of 2 X 10’ M~s~! and K4 of 3 X 1073s~! (29).
This affinity is greater than for either oxygen or carbon monoxide,
with a half life of 16 h at 15°C (for tetranitrosylhemoglobin) and 41
min at 37°C (7). Even at this higher rate of dissociation, it would be
expected that inhaled NO at 80 ppm would result in steady
accumulation of Hb(Fell)NO, ultimately interfering with oxygen
transport. Similar to carbon monoxide and cyanide poisoning, the
high K, and low K4 of NO for hemoglobin should result in NO
poisoning, particularly during NO inhalation and septic shock (a
disease characterized by increased inducible nitric oxide synthase
expression). Our observation of a very fast decomposition rate
helps explain this lack of NO-heme accumulation. There is pre-
cedent for a rapid dissociation of NO from a heme moiety; a half
life of 21 min has been noted for intact erythrocytes at 37°C (30).
In vitro kinetic studies of NO dissociation from the heme of soluble
guanylate cyclase in the presence of GTP and Mg?* reveal a half
life of approximately 5 s (31). It is likely that the red cell possesses
unique mechanisms to facilitate the dissociation of NO from
hemoglobin. Although our in vitro studies have suggested that NO
gas reacts primarily with the heme groups of hemoglobin, it
deserves mention that it is also possible that some of the NO signal
measured in vivo represents binding to a site other than the heme
group, such as the relatively hydrophobic xenon-binding cavities
elucidated by Schoenborn (32).

The end result of this dissociation is of significant interest. It
has been theorized that Hb(FelI)NO reacts with oxygen, form-
ing a heme—peroxynitrite adduct and finally liberating nitrate
(29). It is possible that nitrite and NO may also be released as
evidenced by the reaction of Hb(FelI)NO in I3, resulting in
stoichiometric release of NO gas. K3;FellI(CN)s treatment of
Hb(Fell)NO in the absence of cyanide results in NO release
from heme in a form measurable in I3, suggesting release as
NO+ or nitrite (data not shown). Felll [present in 100-fold
excess of Hb(FelI)NO during NO breathing], superoxide, or
other sources of iron or other metals, could have a similar effect.
NO can be redox activated by Felll porphyrins and heme
proteins to a nitrosating species, likely NO+ or nitrite (33, 34).
In the red cell, the concentration of glutathione is 5 mM, whereas
that of B-cysteine 93 is approximately 10 mM (based on a 5-mM
hemoglobin concentration). It is therefore possible that Felll
redox activated NO (NO+) could react with glutathione, un-
dergo an intra- or interhemoglobin transfer to cysteine 93, or
react with water to form nitrite. Nitrite under physiologic acidity
(pH < 7) forms nitrous acid with spontaneous decomposition to
NO (35, 36), providing a further source of NO in the peripheral
vasculature.

The conserved nature of hemoglobin B-cysteine 93 in all mam-
mals and most vertebrates (37), despite the fact that it is not
sterically crucial (alanine substitution does not affect the hemoglo-
bin tertiary structure), has been a mystery to hemoglobin biologists.
The model of NO delivery on B-cysteine 93 appeared to have solved
this mystery (1-3). However, whereas our results demonstrate the
existence of a SNO-Hb pathway in humans, NO-heme reactions
appear to predominate. Furthermore, the low levels of SNO-Hb
and lack of a significant arterial-venous gradient, even during NO
breathing, suggest that minimal NO is delivered by this pathway
under basal conditions. In light of these apparently contradictory
data about the role of cysteine 93 in NO delivery, it is necessary
to address alternative explanations for the invariant presence of
cysteine 93 in mammalian hemoglobins.

One might postulate three functions for cysteine 93: (i) to
facilitate the unloading of NO from heme; (ii) to facilitate the
delivery of NO specifically to hypoxic tissues; and (iii) to serve
as an electron acceptor or donor contributing to heme redox
equilibrium. First, as discussed above, it is possible that cysteine
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93 evolved as an acceptor of NO released from Hb(FeIl)NO.
NO+ release from heme could undergo geminate recombina-
tion with intramolecular cysteine 93 or intermolecular transfer
to a neighboring hemoglobin molecule. The NO could then be
transported out of the erythrocyte by transnitrosation with
glutathione. This model is consistent with data generated by
Stamler and colleagues (1-3), but it invokes a primary reaction
with heme groups. Second, all of our measurements were made
in the circulation of the resting arm. It remains possible that
across other vascular beds (organ specific or ischemic), the
extraction rate of NO may increase, creating an arterial-venous
gradient in SNO-Hb. Recent studies demonstrate that SNO-Hb
has an increased oxygen affinity with intact Bohr and phosphate
effects, suggesting that it would deliver only its oxygen and thus
release its NO to regions with low pH and/or very low oxygen
tension (4, 5). Thus, hemoglobin S-nitrosation may be a “sal-
vage” pathway, providing the red cell with a mechanism to
deliver NO only in regions with significant stress (reduced blood
flow, tissue hypoxia, and acidosis) where hemoglobin-NO scav-
enging would be deleterious.

A third potential function for cysteine 93 could be a role as an
electron donor/acceptor from the B-globin heme necessary for
heme redox equilibrium, as originally suggested by Winterbourn
and Carrell (24). [The distance from the iron to the sulfur is 12
A, and the distance from the center of the proximal histidine to
the sulfur is 10 A. Electron transfer over such distances has been
found to occur in many proteins (M. F. Perutz, personal com-
munication).] They demonstrated that B-chain heme oxidation
by Cu(II) required binding to cysteine 93. This observation has
been supported by Rifkind and colleagues, who showed by
low-temperature electron paramagnetic resonance spectroscopy
that heme autooxidation occurs with the formation of superox-
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ide in the heme pocket (38). Simultaneously, a thiyl radical forms
that can be blocked by N-ethylmaleimide, suggesting that re-
versible electron transfer between the cysteine 93 residue and
superoxide in the B-heme pocket occurs. Bonaventura and
colleagues also demonstrated that Cu(II) accelerates the ob-
served reduction of metHb by CO/H,0 by a factor of 1,000, and
that this effect of Cu(Il) is largely eliminated by blocking
cysteine 93 (39). They hypothesized that Cu(II) binding to
cysteine 93 results in electron movement between the globin
chain and the heme group. These studies provide evidence that
electron movement through the B-globin occurs between cys-
teine and heme and may contribute to Felll reduction. These
same mechanisms could facilitate NO release from heme as a
delivery or detoxification pathway.

In conclusion, our results demonstrate that NO-heme reac-
tion pathways predominate in vivo and suggest that NO binding
to heme groups is a rapidly reversible process, supporting a
revised model of hemoglobin delivery of NO in the peripheral
circulation. Direct NO, NO+, or nitrite release from
Hb(FelI)NO, with SNO-Hb possibly serving as an intermediary,
may explain the peripheral vascular effects reported during NO
breathing and may represent a salvage pathway for maintenance
of vascular flow in regions of tissue stress; such pathways could
be fertile areas for pharmacological interventions.
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