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Although irreversible reaction of NO with the oxyheme of hemo-
globin (producing nitrate and methemoglobin) is extremely rapid,
it has been proposed that, under normoxic conditions, NO binds
preferentially to the minority deoxyheme to subsequently form
S-nitrosohemoglobin (SNOHb). Thus, the primary reaction would
be conservation, rather than consumption, of nitrogen oxide. Data
supporting this conclusion were generated by using addition of a
small volume of a concentrated aqueous solution of NO to a
normoxic hemoglobin solution. Under these conditions, however,
extremely rapid reactions can occur before mixing. We have thus
compared bolus NO addition to NO generated homogeneously
throughout solution by using NO donors, a more physiologically
relevant condition. With bolus addition, multiple hemoglobin spe-
cies are formed (as judged by visible spectroscopy) as well as both
nitrite and nitrate. With donor, only nitrate and methemoglobin
are formed, stoichiometric with the amount of NO liberated from
the donor. Studies with increasing hemoglobin concentrations
reveal that the nitrite-forming reaction (which may be NO autox-
idation under these conditions) competes with reaction with he-
moglobin. SNOHb formation is detectable with either bolus or
donor; however, the amounts formed are much smaller than the
amount of NO added (less than 1%). We conclude that the reaction
of NO with hemoglobin under normoxic conditions results in
consumption, rather than conservation, of NO.

One of the most important experimental findings that led to
the postulate that the endothelium-derived relaxing factor

(EDRF) is identical to nitric oxide (nitrogen monoxide, NO) was
the demonstration that endothelium-dependent relaxation is
exquisitely sensitive to inhibition by hemoglobin, which rapidly
reacts with NO (1). Curiously, however, even though very small
concentrations of hemoglobin are quite potent in preventing
EDRF-dependent relaxation, little attention was initially paid to
the problem this raises with the NO�EDRF hypothesis, namely,
that in vivo NO is produced immediately adjacent to a pool of
very high (mM) concentrations of hemoglobin, which will act as
a potent sink for the NO, thus decreasing its concentration at all
locations and preventing it from reaching a physiologically
functional level. Mathematical modeling has illustrated the
validity of this concept (2–4).

There have emerged two hypotheses to explain how NO might
still function as EDRF. According to one (5–10), rather than
irreversibly consuming NO, hemoglobin actually conserves it, in the
form of a nitrosothiol moiety, and the linkage of the accessibility�
reactivity of the thiol group involved (�cys93) to the oxygenation-
dependent allosteric transitions in hemoglobin establishes a respi-
ratory cycle whereby NO and O2 are simultaneously taken up in the
lung and then delivered to the tissue during the arterial�venous
transit. Thus, hemoglobin would deliver to oxygen-deficient vascu-
lar beds not only the oxygen required for sustained metabolism but
also a vasodilator (NO).

The alternative hypothesis (3, 4, 11–17), is that the consumption
of NO by hemoglobin in the blood is greatly decelerated relative to
free hemoglobin (by a factor of approximately 1,000-fold) because
of two phenomena, the limitation of reaction by the rate at which
NO enters the erythrocyte (which is substantially slower than the
reaction per se; refs. 11 and 14–16) and existence of an erythrocyte-
free zone immediately adjacent to the endothelial cell layer of the
vessel (3, 4, 13). Thus, although free hemoglobin is an avid
scavenger of NO, when packaged within erythrocytes, this reaction
is restricted enough to allow free NO to act effectively as the
endothelium-derived vasodilator (13).

A crucial question is the precise nature of the reaction(s) of NO
with hemoglobin under physiological conditions. The irreversible
consumption of NO occurs by reaction of NO with oxyhemoglobin
to produce methemoglobin and nitrate: NO � Hb(Fe2�)O2 3
NO3

� � Hb(Fe3�).
The rate constant of this reaction has been measured as high as

k � 8.9 � 107 M�1�s�1 (on a molar heme basis; refs. 18 and 19), an
exceedingly rapid number, which raises a serious challenge to the
postulate that, under physiological conditions, hemoglobin pre-
serves NO by formation of S-nitrosothiol. However, as pointed out
by Gow et al. (8), what will determine the partitioning of NO
between the two pathways (irreversible oxidation vs. SNOHb
formation) is the relative magnitudes of the rate of oxidation
compared with the rate of reaction of NO with the small proportion
of deoxyheme (�1%) with the hemoglobin in the R or high affinity
state. Thus, Gow et al. (8) measured the rates of SNOHb formation
under normoxic conditions with addition of NO solution and
presented data to suggest that indeed the rate of this reaction (which
could lead to SNOHb formation) is more rapid than irreversible
consumption. We present here a reexamination of these studies,
comparing bolus addition of NO (as performed by Gow et al. using
their conditions) with more slowly releasing NO donors, which
deliver NO homogeneously throughout the solution. These condi-
tions avoid complications from reactions that occur during the
incomplete mixing before agitation (which become critically im-
portant when the formation of only minority species are measured)
and more closely resemble the physiological situation. We show
that, under these more physiologically relevant conditions (com-
pared with bolus addition of high concentrations of NO in a stock
solution), we can detect only minute quantities of SNOHb (com-
pared with the NO added) and all of the detectable reaction
products are the result of irreversible consumption.

Materials and Methods
Hemoglobin Preparation. Fresh human blood was collected in hep-
arinized (10 units�ml) tubes. The plasma and buffy coat were
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removed after centrifugation at 800 � g for 10 min. The cells were
resuspended and purified by filtration through a mixture of alpha
and microcrystalline cellulose. The purified RBCs were washed
three times in 10 mM phosphate buffer adjusted to 290 mOsm with
NaCl and lysed at 1:4 with a 5 mM phosphate buffer. The lysed RBC
solution was then centrifuged at 22,000 � g for 30 min. OxyHb was
isolated by collecting the upper half of the centrifuged lysate and
passing it through a G-25 Sephadex column. Stock solutions of
oxyHb at 10, 5, and 1 �M were prepared. From this set of oxyHb
solutions, three sets of metHb, deoxyHb, and HbNO solutions were
prepared in sealed cuvettes. MetHb was prepared by addition of
slight molar (per heme) excess ferricyanide. This preparation was
filtered through a Sephadex G-25 column to remove the excess
ferricyanide. DeoxyHb was prepared by removal of oxygen from
oxyHb solution with argon. The HbNO samples were prepared
from the deoxyHb samples by the addition of small amounts of NO
gas. Difference spectra (vs. oxyHb) were recorded from 500 to 700
nm. The saturation of oxyhemoglobin was �95% as judged by
comparison of the standard spectra (Fig. 1A) to published spectra
(8, 20).

Spectrophotometric Analysis of the NO�OxyHb Reaction. Solutions of
oxyhemoglobin in 10 mM or 100 mM potassium phosphate, pH 7.4,
containing 100 �M diethylenetriamine pentaacetic acid (DTPA)
were treated with either bolus NO [added from an anaerobic
solution prepared as described (21)] or donor as described in
Results. After correction for dilution by addition of equivalent
amounts of buffer to the reference cuvette, difference absorption
spectra (vs. oxyHb solution before treatment) were recorded from
500 to 700 nm wavelength.

MetHb Assay. For Fig. 4, metHb formation was measured by the
method of Rodkey et al. (22), where spectral formation of cyan-
methemoglobin is measured, which will be specific for methemo-
globin over other forms of hemoglobin. Addition of cyanide to
nitrosylheme hemoglobin under these conditions does not displace
NO (data not shown).

Quantification of Nitrogen Oxides and SNOHb. Nitrate was measured
by the Griess method, after conversion to nitrite as described (23).

Nitrite was measured either by the Griess method (23) or by
chemiluminescence as described below.

The extent of nitros(yl)ation of oxyHb exposed to either authen-
tic NO or an NO donor was measured by reductive denitrosation
of samples with subsequent detection of the liberated NO by its gas
phase chemiluminescence reaction with ozone (24). NO was quan-
tified by using an ultrasensitive chemiluminescence detector (CLD
77 AM sp, Eco Physics, Ann Arbor, MI; detection limit 20 parts per
trillion), the sample inlet of which was directly connected to the
outlet of a water-jacketed, septum-sealed reaction chamber con-
taining a potassium iodide�triiodide mixture in glacial acetic acid.
A stream of nitrogen gas (110 ml�min) was bubbled continuously
through the reaction mixture, which was kept at 60°C. Sample
aliquots were injected into the reaction mixture by means of a
gas-tight Hamilton syringe, and NO signal output was captured by
using SpiroWare (Eco Physics). Signal integration was performed
by using CHROMPROCESSOR software (version 4.5; ACD Labs,
Toronto, Canada). Nitrite concentrations in the sample were
determined by the difference in signal of aliquots with and without
preincubation with 0.1% sulfanilamide�HCl (25), with the NO
signal remaining after preincubation with sulfanilamide represent-
ing total nitrosated species. Discrimination between OSNO and
ONNO�NOOheme species was achieved by preincubation of
sample aliquots with mercuric chloride (HgCl2; 0.2% for 30 min),
which selectively cleaves SONO bonds while preserving NONO
and NOOheme moieties. The chemiluminescence analyzer was
calibrated weekly by using a 100-parts per billion mixture of NO in
N2 (H.P. Gas Products, Baytown, TX), and calculated NO amounts
were validated by injection of freshly prepared nitrite standards into
the reaction mixture. At an injection volume of 250 �l, the detection
limit corresponded to 100 fmol NO (S�N ratio � 3:1).

Results
With a rate constant of 6–9 � 107 M�1�s�1 (18, 19), it can be
calculated that the half-life of NO when added to a 50-�M
oxyhemoglobin solution is 58–39 �s. This will actually be the
maximum half-life of NO because it represents the oxidation
reaction, which, according to Gow et al., will be approximately
200-fold slower than reaction with deoxyheme. This reaction is

Fig. 1. Spectroscopic characteristics of reaction of oxyhemoglobin with bolus vs. donor NO. (A) Standard spectra. Difference spectra vs. oxyHb were recorded by using
preparations of metHb, deoxyHb, and nitrosylHb as described in Materials and Methods. (B) Difference spectra (vs. oxyHb) for bolus compared with donor NO.
Hemoglobin (33 �M; 132 �M heme) in 10 mM phosphate buffer containing 100 �M diethylenetriamine pentaacetic acid was treated with either bolus or donor
(MAHMA�NO) NO (final NO concentration 2.2 �M concentration in both cases) as described in Results. For bolus addition, NO was added as described by Gow et al.
(8). UV�Vis spectra recorded as described in Materials and Methods.

10342 � www.pnas.org�cgi�doi�10.1073�pnas.152149699 Joshi et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
11

, 2
02

1 



www.manaraa.com

far more rapid than the time required for agitation to disperse
the bolus volume added. Thus, the NO concentration in these
regions (before uniform dispersion) will be quite high, and
initially in fact it will equal that of the NO stock solution, which
is 1.8 mM for a saturated solution. At this exceptionally high
unphysiological concentration, in theory a number of possible
reactions may occur, both with the hemoglobin species and also
with dioxygen. As described in more detail in Discussion, these
reactions might be capable of forming potent nitrosating species
that could result in SNOHb formation. We reasoned that a more
physiologically relevant condition would be where the rate of NO
appearance will be such that the NO concentration will be
homogeneously distributed throughout the solution. Thus, we
compared bolus NO addition to results with NO donors that
release NO at defined rates.

We began by examining the formation of species detected by
visible absorbance spectroscopy. Fig. 1A shows our standard dif-
ference spectra (vs. oxyhemoglobin) for each of the three spectrally
detectable species (methemoglobin, deoxyhemoglobin, and ni-
trosylhemoglobin). Of particular importance is the relatively broad
absorptive excursion for methemoglobin in the wavelength range
620–650 nm and the maximum intensities of the troughs at 540 and
575 nm (compared with those of deoxyHb and nitrosylHb). Also
distinctive of the methemoglobin spectrum (compared with the
deoxyHb and nitrosylHb) is the peak at 560 nM between the two
troughs at 540 and 575 nm; this peak is much more pronounced in
the deoxyHb and nitrosylHb spectra than in the methemoglobin
spectra. In addition, as also was pointed out by Gow et al. (8), both
deoxyHb and nitrosylHb exhibit a small peak at 595 nm.

Fig. 1B shows the difference spectra (vs. oxyhemoglobin solution
with no NO) with 10 mM phosphate, with 33 �M hemoglobin (132
�M heme) at a constant temperature of 20°C. Either bolus NO
(2.2 �M final concentration) or 1.1 �M (Z)-1-{N-methyl-N-
[6-(N-methylammoniohexyl)amino]}diazenium 1,2-diolate
(MAHMA�NO; t1/2 2.3 min, liberating 2 NO per mole) was
added (each experiment performed in triplicate), and the spectra
were recorded 15 min later. The spectra with bolus NO display
substantial variability in intensity, and are of less intensity than
the spectra with donor. The spectra from bolus addition dem-
onstrate substantial amounts of methemoglobin, but closer
examination of the spectra reveals the absence of clean isosbestic
points, indicating the existence of multiple species. When NO is
added by generation homogeneously throughout the solution,

the spectrum is virtually entirely methemoglobin. It is important
to point out that we used low NO�heme molar ratio (2.2�132)
and 10 mM phosphate buffer, conditions that according to Gow
et al. afford maximum SNOHb formation (8).

We also used another NO donor, which liberates NO more
slowly, so that we could closely monitor the gradual spectral
changes with time. For this experiment, the donor spermine-NO
(SPER�NO) was used (100 �M), which breaks down and liberates
NO with a half-life of 230 min at 24°C (26), and we recorded spectra
at 1-min intervals for a total of 6 min. The theoretical maximal NO
concentration achieved amounted to 2–3 �M (total heme concen-
tration 100 �M). Fig. 2A shows the results with 100 mM phosphate
buffer, and Fig. 2B shows the results with 10 mM phosphate. In both
cases, the gradual changes exhibit pure isosbestic points, which are
indicative of a gradual conversion between only two species. The
resulting spectrum is identical to the spectrum for methemoglobin,
allowing the conclusion that liberation of NO results in only the
oxidation of oxyhemoglobin to methemoglobin. These results are
essentially identical to those reported previously by using other NO
donors (27–29). Knowing the rate of NO production (via donor
release) and the rate of NO reaction (via reaction with oxyhemo-
globin), it can be calculated that the steady-state NO concentration
is 0.14 pM, which clearly satisfies the requirement of Gow et al. (8)
that the concentration of NO should be substantially less than the
heme concentration, which for Fig. 2 is 100 �M.

If the reaction of NO with the hemoglobin species in solution is
due only to an interaction of NO with the protein, the products of
the reaction should be independent of hemoglobin concentration.
However, as shown in Fig. 3A, increasing hemoglobin concentration
with bolus NO results in increased methemoglobin formation, and
the result is relatively insensitive to whether the buffer is 10 mM or
100 mM phosphate. This result indicates that hemoglobin competes
with another reaction of NO. Evidence for the presence of another
reaction is shown in Fig. 3B, which shows the formation of appre-
ciable amounts of nitrite with bolus NO; the decrease in nitrite with
increasing hemoglobin indicates that the nitrite is a product of this
competing reaction. In contrast to the results with bolus NO,
liberation of NO with donor (MAHMA�NO) results in stoichio-
metric metHb formation (Fig. 3A) and constant low levels of nitrite
(Fig. 3B). As described in Discussion, the formation of nitrite
indicates the existence of nitrosative chemistry with bolus NO
addition. Gow et al. (8) also suggested the existence of other

Fig. 2. Time course for spectral changes with NO donor in 100 mM (A) or 10 mM (B) phosphate. At zero time, 100 �M spermine-NO was added to the reference cuvette
of a solution containing 25 �M oxyhemoglobin (100 �M heme), and spectra were recorded at 1-min intervals. Arrows denote direction of excursion movement. Over
this time period, 2–3 �M NO was released.
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reaction pathways with bolus NO addition, because the amount of
metHb and nitrosylheme did not total the amount of NO added.

Finally, we measured the formation of nitrate, nitrite, methe-
moglobin, and SNOHb for bolus compared with donor NO (5 �M
NO total for both). As shown in Fig. 4, with bolus NO there is only
partial oxyhemoglobin oxidation, producing metHb (1.99 � 0.70
�M) and nitrate (2.7 � 0.77 �M), with substantial amounts of
nitrite (2.51 � 0.19 �M). However, with NO donor, all NO can be
accounted for stoichiometrically as nitrate (5.19 � 0.49 �M) and
metHb (4.61 � 0.57 �M), and nitrite is virtually undetectable
(0.29 � 0.04 �M). Under these conditions, we observe the forma-
tion of only very small amounts of SNOHb, 51 � 1.9 nM with bolus
and 39.8 � 5.9 nM with donor (compared with 11.3 � 3.3 nM with
no treatment). Thus, although there does appear to be a slight
increase in SNOHb with bolus compared with donor (consistent

with a nitrosative reaction(s) occurring with bolus), the total
amount of NO that produces SNOHb (30–40 nM) is much smaller
than either the amount that reacts with oxyHb (2–5 �M) or the
amount that is responsible for nitrite formation (2.5 �M for bolus
NO). Similarly, low nitrosation yields were obtained for other
sources of hemoglobin—e.g., lyophilized human Hb from Sigma,
recombinant HbA0 (a generous gift from Chris Privalle, Apex
Biosciences)—albeit with some of these preparations part of the
signal was Hg2� resistant, indicating the presence of nitrosamine or
nitrosylheme species in addition to the formation of nitrosothiol
(data not shown).

Discussion
Early studies by Riggs demonstrated that covalent modification
of thiols in human and horse hemoglobin results in increased
affinity of hemoglobin to O2 and that oxygen binding results in
increased thiol reactivity, which in human hemoglobin occurs on
the � chains (30, 31). Nitrosation is another form of covalent
thiol modification, and so it is not surprising that, like alkylation,
nitrosative reactivity of the cys�93 would be affected by the
allosterically controlled exposure of the thiol residue, as dem-
onstrated by Jia et al. (5). However, additional studies by
Stamler’s group have suggested a more specific and detailed
mechanism of nitrosation in hemoglobin that, in addition to thiol
accessibility, involves participation of the heme (7–9).

According to this hypothesis, upon transit through the lungs,
hemoglobin not only absorbs the O2 required for mitochondrial
respiration of tissues but also binds comparatively (to O2) smaller
amounts of NO, which subsequently is oxidized and migrates to the
cys�93 thiol (through a yet undefined mechanism), forming the
nitrosated species SNOHb. The ‘‘capture’’ of NO is, according to
this hypothesis, cooperatively linked to the capture of O2. After
transit to relatively hypoxic areas, this process is reversed, with the
release of O2 and delivery of NO [presumably in the form of a
nitrosothiol (5, 6, 9, 10)] from the SNOHb. Thus, relatively hypoxic
tissue beds would be delivered both O2 and NO. In this way,
hemoglobin would perform a function as carrier of both O2 and
NO, and the major problem of scavenging of NO by its extremely
rapid reaction with oxyhemoglobin would be avoided.

Recent evidence has appeared challenging several aspects of this
overall idea, including the mechanism(s) of hemoglobin nitrosation
and its donation of nitrosonium to acceptor (32, 33). Huang et al.

Fig. 3. MetHb (A) and nitrite (B) formation as a function of hemoglobin concentration with bolus and donor NO. Bolus or donor NO (10 �M NO final concentration)
was added to solutions containing the indicated concentrations of oxyhemoglobin (on a heme basis), and methemoglobin and nitrite were measured as described in
Materials and Methods.

Fig. 4. Formation of nitrate, MetHb, and nitrite with bolus vs. donor NO. Bolus
or NO donor (MAHMA�NO; final NO concentration 5 �M) was added to 125 �M
hemoglobin (500 �M heme) in 10 mM phosphate buffer � diethylenetriamine
pentaacetic acid. Nitrate, metHb, and nitrite were measured as described in
Materials and Methods.
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(34) have shown that the rate of nitrosylHb formation is indepen-
dent of oxygen saturation and that the rate of NO binding to R-state
hemoglobin is similar to that for binding to T-state (35), contrary
to the conclusions of Gow et al. (8). Gladwin et al. (36) demon-
strated that, in contrast to studies with rats exposed to hyperbaric
oxygen (6), in the human forearm there is no detectable change in
SNOHb levels during the A�V transit. In subsequent work, mea-
surements of intravascular nitrogen oxide levels under basal con-
ditions in humans reveal that, although SNOHb is measurable, A�V
gradients were not significant (37). Cannon et al. (38) reported that,
during L-N-monomethyl arginine (L-NMMA) infusion, NO inha-
lation significantly lowered forearm resistance in human volunteers,
suggesting transmission of a vasodilator substance through the
blood from the lung to the peripheral vasculature. However, neither
SNOHb nor plasma nitrosothiol levels changed with NO inhalation.
Han et al. (29) have presented evidence that the formation of
HbNO is evident only in NO bolus addition and not from NO
donors. Finally, Doherty et al. (39) demonstrated that the hyper-
tensive actions of free hemoglobin with various recombinant mu-
tant hemoglobins correlate with their in vitro rate of NO oxidation.

Here, we address another important issue in this controversy—
i.e., whether significant amounts of SNOHb are formed in the
reaction of NO with hemoglobin under physiological conditions. As
pointed out by Gow et al. (8), previous studies examining the very
rapid and irreversible reaction of NO with oxyhemoglobin were
performed with high ratios of NO�heme. Under more physiological
NO�heme ratios, Gow et al. claimed that NO reacts preferentially
with the minority unliganded heme, thus preserving NO rather than
destroying it. We have reexamined this question, using the condi-
tions of Gow et al. This reexamination was prompted by our
realization that, under the conditions of Gow et al., namely, bolus
addition of a stock anaerobic NO solution to a solution of, for
example, 50 �M oxyhemoglobin, the half-life of the reaction will be
so fast (t1/2 � ln 2�(8.9 � 107 M�1�s�1 � 20 � 10�5 M) � 39 �s)
that substantial reactions may occur before uniform dispersion of
the bolus NO solution by agitation. In addition, with an NO
concentration of 1.8 mM (which is the concentration in a saturated
solution) the pseudo half-life of the autoxidation reaction** (4NO
� O2 � 2H2O3 4 H� � 4NO2

�) will be t1/2 � ln 2�(8 � 106 M�2�s�1

� 1.8 � 10�3 M � 2.2 � 10�4 M) � 0.22 s (40), during which time
mM concentrations of highly reactive and nitrosative species will be
formed in the vicinity of the bolus (29). These calculations reveal
the likelihood that highly reactive species are generated during the
mixing time of the reaction, and these reactions (including nitro-
sative species such as N2O3) may account for the formation of
products such as SNOHb. We tested this possibility by comparing
the results with such bolus addition of NO solution with results
obtained with an NO donor that liberates NO uniformly through-
out the solution. In our hands, bolus NO addition to an aerobic
solution of hemoglobin generates spectral species of uncertain
origin, whereas NO donors yield only methemoglobin (Fig. 1). In
addition, monitoring of the gradual spectral changes that occur with
donor reveals only gradual formation of methemoglobin, with no
indication of other species (Fig. 2), as has been reported using other
NO donors (27, 28). Also, with bolus NO, substantial amounts of
nitrite are formed, and this formation is decreased with increasing
hemoglobin (Fig. 3), which indicates that the reaction with hemo-
globin competes with the reaction that produces nitrite. The most
obvious explanation for this result is that substantial reaction of NO
with oxygen occurs with bolus NO; such a reaction will produce
nitrosative species such as N2O3, which could nitrosate thiols,
including the thiol groups of hemoglobin. Finally, we find that only
part of the NO added as a bolus reacts with oxyhemoglobin to

produce nitrate and methemoglobin (with substantial amounts of
nitrite being formed), but with donor almost all NO added reacts
with the oxyhemoglobin (Fig. 4). In either case, the amount of
SNOHb that is produced is very small (40–50 nM for 50 �M
hemoglobin) and is not appreciably different for bolus compared
with donor. We thus are unable to verify the apparently high levels
of SNOHb reported by Gow et al. (8) under similar conditions (400
nM for 48 �M hemoglobin). Similar results are obtained with
higher concentrations of hemoglobin and NO (29). We suggest that
the extent of nitrosative chemistry that takes place with bolus NO
addition will be very much influenced by the exact geometry of the
solution and how rapidly the solution is agitated after NO addition.
With bolus addition, several possible mechanisms may exist to
produce nitrosative reactive species, including formation of nitrous
anhydride (N2O3) via NO autoxidation, and also formation of
nitrite, which reacts with hemoglobin in a complex series of
reactions (41). Variabilities in mixing and agitation may well explain
differences in the amounts of SNOHb detected in different labo-
ratories, as exemplified by the variabilities we observe in replicate
experiments (Fig. 1B).

Even if the major reaction of NO with hemoglobin under aerobic
conditions is irreversible oxidation, as we claim, it could be argued
that the small minority of NO that is converted to SNOHb could be
competent to induce dilation, and this amount is generally believed
to be in the low nanomolar range. However, we point out that it is
not the amount of SNOHb present in the erythrocyte that is
functionally important, but the amount of NO produced from this
SNOHb that is able to stimulate soluble guanylate cyclase in the
smooth muscle cell, and this points to the importance of the
mechanism(s) of transit of the nitrogen oxide group from SNOHb
to the abluminal compartment. This mechanism is illustrated
schematically in Fig. 5. Because it is only free NO that stimulates
guanylate cyclase (42), the determining factor for vasodilation is the
concentration of free NO at the smooth muscle cell, and this NO
can originate from two sources, the endogenous formation by
adjacent endothelial cells or from erythrocytic SNOHb. Stimula-
tion of guanylate cyclase in the smooth muscle cell will be accom-
plished by the sum of the NO from SNOHb and NO produced by
the endothelial cell. Thus, in order for NO originating from SNOHb

**The rate of NO autoxidation increases exponentially with NO concentration (rate �

[NO]2) and thus can be quite rapid at relatively high concentrations while very slow at low
concentrations.

Fig. 5. Scheme depicting free and bound NO movement in the vasculature.
RBC, red blood cell; EC, endothelial cell; SMC, smooth muscle cell. xNO denotes
the various bound forms of NO; filled circles denote putative transmembrane
movement of the bound forms. For details see Discussion.
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to have an effect, it must move into the smooth muscle cell at a rate
that is competitive with the rate of free NO movement from the
adjacent endothelial cell. NO produced by the endothelial cell is
freely diffusible, and will have no difficulty in reaching the smooth
muscle cell because it is freely permeable to membranes (17).
Bound form(s) of NO (denoted ‘‘xNO’’ in Fig. 5) originating from
SNOHb, however, must cross four distinct membrane systems
(denoted by the solid circles), as well as the red cell-free zone
between the red cell layer and the endothelial cell. We consider this
scenario highly unlikely. Along these lines, Pawloski et al. (10) have
recently reported the presence of vasodilatory species present in
erythrocytes and isolated membranes from NO-treated cells. How-
ever, erythrocytes were treated with NO under anoxic conditions,
and the results we present here would suggest that, under physio-
logically relevant (aerobic) conditions, NO will be irreversibly
consumed when added to erythrocytes, as we (11, 13, 14, 29) have
demonstrated previously.

Although not presented here, it can be shown with a more
complete kinetic analysis similar to that in Fig. 5 that, regardless of
the rate of movement of xNO, an absolute requirement for effective
preservation of NO bioactivity by formation of SNOHb is that the
rate of SNOHb must be competitive with the rate of free NO
consumption by the irreversible reaction with oxyhemoglobin. We
show here that, under physiologically relevant conditions (low levels
of NO) within experimental error, all NO reacts with oxyhemo-
globin and only extremely small amounts of SNOHb are detectable.
There is also previous evidence that this result is true in vivo.
Gladwin et al. (36) demonstrated that, with inhaled NO in humans,
by far the predominant reaction product is nitrate plus metHb,

which is more than 300-fold higher than SNOHb. Deem et al. (43)
showed that both oxyhemoglobin and SNOHb perfused through
ventilated isolated lung augments hypoxic pulmonary vasoconstric-
tion and results in an 80% fall in exhaled NO. Thus, the predom-
inant action of SNOHb in an intact organ is similar to oxyhemo-
globin, namely, consumption rather than production of NO.

There has emerged an alternative explanation to the SNOHb
hypothesis for how NO avoids rapid scavenging by oxyhemoglobin.
We (11, 13, 14) have shown that, as was demonstrated for oxygen
75 years ago (44), reaction of NO with oxyhemoglobin is nearly
1,000-fold slower when hemoglobin is inside the erythrocyte com-
pared with when the same amount is free in solution. In addition,
the existence of an erythrocyte-free zone adjacent to the vessel wall
during flow also attenuates NO reaction (3, 4, 13). These two
phenomena limit NO consumption by intraluminal erythrocytes, as
has been demonstrated experimentally (13, 45). Thus, we feel there
is no need to postulate additional phenomena to preserve NO
bioactivity. Indeed, there is evidence that irreversible consumption
of NO by hemoproteins may perform a protective function against
deleterious actions of NO in certain conditions (46–48).

Note Added in Proof. After submission of this manuscript, we became
aware of a paper reporting similar results involving myoglobin (49).
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