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ABSTRACT: The reaction of nitrite with deoxyhemoglobin (deoxyHb) results in the reduction of nitrite to
NO, which binds unreacted deoxyHb forming Fe(II)-nitrosylhemoglobin (Hb(II)NO). The tight binding
of NO to deoxyHb is, however, inconsistent with reports implicating this reaction with hypoxic vasodilation.
This dilemma is resolved by the demonstration that metastable intermediates are formed in the course of
the reaction of nitrite with deoxyHb. The level of intermediates is quantitated by the excess deoxyHb
consumed over the concentrations of the final products formed. The dominant intermediate has a spectrum
that does not correspond to that of Hb(III)NO formed when NO reacts with methemoglobin (MetHb), but
is similar to metHb resulting in the spectroscopic determinations of elevated levels of metHb. It is a
delocalized species involving the heme iron, the NO, and perhaps theâ-93 thiol. The putative role for red
cell reacted nitrite on vasodilation is associated with reactions involving the intermediate. (1) The
intermediate is less stable with a 10-fold excess of nitrite and is not detected with a 100-fold excess of
nitrite. This observation is attributed to the reaction of nitrite with the intermediate producing N2O3. (2)
The release of NO quantitated by the formation of Hb(II)NO is regulated by changes in the distal heme
pocket as shown by the 4.5-fold decrease in the rate constant in the presence of 2,3-diphosphoglycerate.
The regulated release of NO or N2O3 as well as the formation of theS-nitroso derivative of hemoglobin,
which has also been reported to be formed from the intermediates generated during nitrite reduction,
should be associated with any hypoxic vasodilation attributed to the RBC.

The interest in a role for the red cell in transporting NO1

to the vasculature began with the 1996 seminal paper by
Stamler and collaborators (1) proposing a transfer of NO
from the heme to theâ-93 cysteine producing anS-nitroso
derivative (SNOHb) and the subsequent conformationally
linked release of the thiol NO. The 2003 studies by Rifkind
(2) and Gladwin (3) and their collaborators proposed an
alternative mechanism that involved the reduction of nitrite,
formed by the oxidation of NO, back to NO by a reaction
with deoxyHb. This mechanism overcame the conceptual
difficulties (4) involved in transferring tightly bound NO
from Fe(II) to the cysteine. The reduction of nitrite by
deoxyhemoglobin (deoxyHb or Hb(II)) to produce nitric
oxide was originally studied by Brooks (5) and subsequently
by Doyle (6). The potential physiological role for this
reaction was actually originally proposed by Reutov (7, 8).
Nitrite reduction, as proposed by Doyle et al. (6), involves
the proton assisted reduction to NO (eq 1). Because of the

high affinity of NO for deoxyHb, the released NO will in
the absence of oxygen rapidly bind to unreacted deoxyHb
producing nitrosylhemoglobin (Hb(II)NO) (eq 2).

The rapid reaction of released NO with both deoxyHb, as
well as oxyhemoglobin (oxyHb) (9), seems to prevent the
formation of a pool of potentially bioactive NO in the red
cell that can be released under the proper conditions. This
is unlike the SNOHb hypothesis, where, once the NO reacts
with the thiol, it no longer reacts with deoxyHb or oxyHb.

An intermediate with NO+ associated with the Fe(II) heme
that is in equilibrium with the Fe(III) heme with NO bound
(Hb(III)NO) has been reported (10) to take place both during
nitrite reduction by hemecd1 and when NO binds to Hb-
(III). While such an intermediate would be expected to be
formed during the reduction of nitrite by deoxyHb, it was
assumed in the Doyle analysis that the reaction proceeds with
the formation of Hb(III) and Hb(II)NO (both of which are
detected by visible spectroscopy) without any significant
concentration of the intermediates.

The initial studies by the Rifkind group comparing electron
paramagnetic resonance (EPR) for the determination of Hb-
(II)NO and chemiluminescence for total heme associated NO
products (2) suggested that the elevated chemiluminescence
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Hb(II) + NO2
- + H+ f Hb(III) + NO + OH- (1)

Hb(II) + NO f Hb(II)NO (2)
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signal implies that some of the intermediates formed during
nitrite reduction may accumulate providing a pool of
potentially bioactive NO.

Questions have been raised about this chemiluminescence
data. The chemiluminescence data indicated an appreciable
reaction of deoxyHb with nitrite within minutes even with a
4-fold excess of hemoglobin. While a rapid reaction of nitrite
with deoxyHb is also seen by photolysis (11), the reaction
of nitrite with deoxyHb followed by visible spectroscopy is
much slower (6, 12-15).

In the chemiluminescence assay the sample incubated at
neutral pH is injected into a purge vessel at low pH to release
the NO. Despite the observation that there is a dependence
on the time of incubation at neutral pH (2) that indicates
some form of nitrite interaction with hemoglobin at neutral
pH, the discrepancy between the chemiluminescence and the
visible spectroscopy suggests that at least part of the
additional reaction obtained by chemiluminescence is gener-
ated during the analysis when the sample is injected into a
highly acidic solution. These reservations are supported by
the known enhancement of the nitrite reaction at low pH (6)
and the finding that most of the added nitrite at neutral pH
can be separated from hemoglobin by filtration (16).

Low pH determinations required for the chemilumines-
cence assay can, therefore, not be used to quantitatively
determine the intermediates formed during the reaction of
nitrite with deoxyHb. Neutral pH spectroscopic analysis
should be able to quantitate any stable intermediates formed
during the reduction of nitrite by deoxyHb. However, the
identification of the spectrum of the intermediate(s) requires
a complex multicomponent spectral analysis involving
deoxyHb, Hb(II)NO, metHb, metHb with nitrite bound and
one or more intermediates, all of which absorb in the same
visible spectral region. The spectrum of metHb, which may
be related to some of theses intermediates, involves multiple
bands (17) and is sensitive to pH, heme pocket instability
which produces a range of hemichromes (18) and the binding
of a wide range of ligands including nitrite and NO. The
metHb related complexes are, therefore, the most difficult
components to accurately quantitate.

Our earlier studies (2) have demonstrated the Hb(III)NO
nature of the intermediate by showing that the intermediate
is converted to Hb(III) when flushed with argon. On the basis
of these results, other investigators have included the known
visible spectrum of Hb(III)NO (19) in their analysis of the
spectral changes during the reaction of nitrite with deoxyHb.
The dominant spectra for the intermediate(s) formed during
the reduction of nitrite by deoxyHb, however, need not
coincide with the reported spectrum for Hb(III)NO (19)
obtained when NO is reacted with Hb(III). The intermediate
formed during nitrite reduction is a delocalized species with
the electron shared between NO, the iron, and perhaps the
â-93 thiol (20). Although a similar intermediate is formed
subsequent to the binding of NO to Hb(III) (10); it has not
been established that this intermediate coincides with the
spectroscopic species formed immediately after the addition
of NO to Hb(III) (21, 19).

In this paper we have investigated the spectral changes
that take place both during the reaction of nitrite with
deoxyHb and during the reaction of NO with metHb. We
have used the overall reaction of nitrite with deoxyHb (6)
and the effect of intermediates on the stoichiometry of this

reaction (eq 3) to quantitate the level of intermediates. The
concentration of intermediates is given by

This analysis depends only on the well-defined spectra of
deoxyHb and nitrosylHb and does not depend on a complex
and uncertain determination of the spectra of the intermedi-
ate(s) formed. It does, however, neglect effects due to side
reactions not included in eqs 3 and 4.

This analysis provides evidence for the formation of
intermediate(s) that account for 15-20% of the initial
deoxyHb. Theses levels are less than implied by the
chemiluminescence data, but indicate the formation of a pool
of NO that is protected from being quenched by reacting
with deoxyHb or oxyHb. We have also demonstrated that
the spectroscopic Hb(III)NO initially formed when NO reacts
with Hb(III) is a transient species and not the dominant
intermediate formed during the reaction.

By comparing the reaction at different nitrite concentra-
tions, the role of the nucleophilic reaction of nitrite with the
intermediate is established (22). The effect of 2,3-diphos-
phoglycerate (DPG) on the formation of the intermediates
is also delineated.

MATERIALS AND METHODS

DPG was obtained from Sigma Chemical Company.
Hemoglobin was prepared from fresh RBCs as described
earlier (2). Hemoglobin in 50 mM NaCl and 4 mM phosphate
buffer, pH 7.4 was deoxygenated in an anaerobic Coy glove
box. The glove box uses hydrogen and a palladium catalyst
to remove any residual oxygen. The oxygen level when used
is <1 ppm. The sample was placed in a septum sealed cuvette
in the glove box and then removed for spectral analysis.
Multicomponent fitting of the deoxyHb sample obtained by
this procedure did not detect any oxyHb, and no oxyHb
accumulation was detected during the course of the experi-
ment. The total hemoglobin concentrations in the samples
were∼100 µM. Stock solutions of nitrite and DPG in the
same buffer were also deoxygenated in the glove box and
transferred to septum sealed cuvettes. The reaction was
initiated by using a gastight syringe to add nitrite to the sealed
cuvette containing hemoglobin.

The spectra of hemoglobin were recorded from 490 to 640
nm on a Perkin-Elmer Lambda 35 spectrophotometer for 35
min at a 1:1 and 10:1 molar ratio of nitrite to heme. For
experiments with a 100-fold excess of nitrite the reaction
was much faster and was only followed for∼10 min. For
some experiments DPG was added 10 min before the
initiation of the reaction with nitrite.

Spectral Analysis.Parent spectra of deoxyHb, metHb,
Hb(II)NO, oxyHb, and nitrite bound metHb were prepared.
The series of spectra obtained in any experiment were

2Hb + NO2
- + H+ f Hb(III) + Hb(II)NO + OH- (4)

[intermediates]) [decrease in deoxyHb]- 2[Hb(II)NO]
(5)

Hb(II) + NO2
- + H+ f intermediatesf

Hb(III) + NO + OH- (3)

The Deoxyhemoglobin Reaction with Nitrite Biochemistry, Vol. 46, No. 41, 200711651



analyzed using a least-squares multicomponent fitting pro-
gram (Perkin-Elmer Spectrum QuantC v 4.51) including
these 5 spectra. Since no oxyHb was detected, the spectra
were also fit without including the oxyHb parent spectrum.

RESULTS AND DISCUSSION

Spectroscopic EVidence for the Buildup of Intermediates
during the Reduction of Nitrite by DeoxyHb.A number of
studies have recently been published investigating the
reaction of nitrite with deoxyHb (2, 12-16, 20, 23). A
comparison of different experiments, however, needs to
recognize that the reaction is very sensitive to experimental
conditions. The pH plays a crucial role with the reaction
faster at low pH due to the protonation of the nitrite (6),
which facilitates binding. Almost all studies, except for the
early studies of Doyle (6), which investigated the effect of
pH, have been performed in the region of pH 7.4.

Recent studies indicate that the reaction is affected by the
hemoglobin quaternary conformation (24). The reaction
should, therefore, be sensitive to ionic strength and buffer
systems although these effects have not been investigated
in any organized fashion and in some cases the buffer and
ionic conditions are not mentioned (15).

The nitrite:heme ratio used in any experiment is an
important factor that must be considered in comparing results
from different groups. Doyle (6) performed his experiments
with 9-25-fold excess of nitrite. The Huang paper (13) looks
at a range of ratios, but emphasizes the studies at a 5-fold
excess of nitrite. Stamler and collaborators in many of their
studies involving SNOHb (25-29) have stressed the impor-
tance of a very large excess of hemoglobin to mimic the
physiological levels of NO. However, in the visible spec-
troscopy studies involving nitrite (14, 15), they have not used
more than a 10-fold heme excess and have investigated the
differences between an excess of heme and an excess of
nitrite. In our earlier studies (2) comparing the chemilumi-
nescence and the EPR, we used a 4-fold excess of heme.
However, in this study we start with equivalent concentra-
tions of heme and nitrite to optimize the concentration of
the products formed and further investigate the effect of a
large excess of nitrite (see below).

Figure 1 shows the 21.24 s repetitive spectra obtained
when 99.65µM deoxyHb was reacted with 99.65µM nitrite
in 50 mM NaCl and 4 mM phosphate, pH 7.4. These spectra
have good isosbestic points similar to the spectroscopic data
reported earlier for this reaction (6, 13, 14). Good isosbestic
points are supportive of a single reaction with no appreciable
levels of intermediates. However, the time dependent changes
in the concentrations (Figure 2) obtained, from the multi-
component fit of the spectra, are inconsistent with a reaction
without intermediates.

The overall reaction (eq 4), without any intermediates,
corresponds to two molecules of Hb(II) producing one
molecule of Hb(III) and one molecule of Hb(II)NO. Because
of the difficulties involved in quantifying the total metHb,
and the requirement that the Hb(II)NO be equal to the total
metHb formed, eq 4 without intermediates predicts that the
consumption of deoxyHb be twice the formation of
Hb(II)NO. An excess consumption of deoxyHb can be
attributed to the formation of intermediates (eqs 3 and 5).
While most investigators have noted the fact that the
formation of Hb(III) > Hb(II)NO (see below), most studies
have not quantitatively compared the consumption of deox-

yHb with the formation of Hb(II)NO. It is, however, this
data which provides the most direct evidence for intermedi-
ates.

The plot (Figure 2) of the decrease in deoxyHb together
with a plot of Hb(II)NO and total metHb (Hb(III)+
Hb(III)NO2

-) shows that 60.4µM of deoxyHb is consumed
in 35 min during which time only 23.15µM of Hb(II)NO is
formed. The 2.6-fold greater consumption of deoxyHb than
the formation of Hb(II)NO is inconsistent with the model
assuming no intermediate(s). With intermediates being
formed, some of the deoxyHb will be converted into
intermediates (eq 3) and the consumption of deoxyHb will
be greater than the concentration of Hb(II)NO+ metHb or
twice the concentration of Hb(II)NO. The comparison of the
consumption of deoxyHb and the formation of Hb(II)NO
not only establishes that intermediate(s) are formed, but
makes it possible to calculate the time dependent formation
of intermediate(s) (eq 5), which is shown in Figure 3.

An additional inconsistency with eq 4 noted in Figure 2
is that the total metHb> Hb(II)NO even though eq 4 predicts

FIGURE 1: Series of spectra obtained during the reaction of an
equimolar concentration of nitrite with deoxyHb. 99.65µM
deoxyHb was reacted with 99.65µM nitrite in 50 mM NaCl and 4
mM phosphate buffer, pH 7.4 at 22°C. Spectra were scanned at a
rate of 960 nm/min with repetitive scans initiated every 21.24 s.

FIGURE 2: The consumption of deoxyHb and the formation of the
reaction products as a function of time during the reaction of a 1:1
molar ratio of nitrite and deoxyHb under the same conditions as
for Figure 1. (b) deoxyHb; (9) Hb(II)NO; (2) total metHb
(Hb(III) + Hb(III)NO2

-).
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equal concentrations of both of these products. This dis-
crepancy cannot be attributed directly to the formation of
intermediate(s), since even with intermediate(s) both Hb(III)
and Hb(II)NO are formed when NO is released from the
intermediate (eq 4). Almost all investigators (6, 13-15) that
have looked at this reaction find that Hb(III)> Hb(II)NO.
Doyle et al. (6) obtained higher levels of Hb(III) than Hb(II)-
NO (72% Hb(III) and 28% Hb(II)NO) when they followed
the nitrite reaction at pH 7.0. They investigated several
possibilities and suggested the oxidation of deoxyHb by the
NO dimer, (NO)2. The decomposition of Hb(II)NO to form
NO- and Hb(III) (30) can also contribute to this discrepancy,
although these side reactions are not expected to be efficient
enough to account for the appreciable excess Hb(III) gener-
ally detected.

A recent investigation of the excess Hb(III) produced
during the reaction of nitrite with deoxyHb (13) found much
closer agreement when including the nitrite complex with
Hb(III) for carefully deoxygenated samples. They also
demonstrated that the presence of low concentrations of
oxygen will increase the relative values of total Hb(III),
presumably due to the reaction of nitrite with oxyHb, and
suggested that the discrepancy was attributed to oxygen
contamination. While it is difficult to completely rule out a
contamination of oxygen, most investigators have made every
effort to eliminate oxygen contamination (6, 14).

In our studies, we also included the nitrite complex of
Hb(III) and eliminated the possibility of oxygen contamina-
tion by using an anaerobic Coy glove box containing
hydrogen and a palladium catalyst to react with any oxygen
resulting in<1 ppm oxygen in the glove box. Our spectral
fitting of the samples during the 35 min reaction time did
not indicate any accumulation of oxyHb, ruling out the
leakage of oxygen into the sealed cuvette. Furthermore, the
finding that using identical methods for experiments with a
large excess of nitrite (see below) did not result in values of
Hb(III) greater than those of Hb(II)NO rules out the
possibility of oxygen leaking into the sample during the
addition of nitrite.

In the paper by Huang et al. (13), EPR was used to support
their contention that there was a 1:1 correspondence of
Hb(III) and Hb(II)NO. In this analysis the ratio of
Hb(II)NO:Hb(III) of 0.9 ( 0.2 (mean( SE) is consistent
with the 1:1 relationship, but the errors are too great to be
able to conclude that equal concentrations of Hb(III) and

Hb(II)NO are actually formed. The only spectroscopic data
shown in this paper was obtained with a 5-fold excess of
nitrite. Our results (see below) show that with an excess of
nitrite the intermediates are less stable because of the reaction
of nitrite with the intermediate producing N2O3. This side
reaction can explain the correspondence of the concentrations
of Hb(III) and Hb(II)NO in their spectral experiments.

An alternative explanation for [total metHb]> [Hb(II)NO]
or a ratio of [total Hb(III)]:[Hb(II)NO] > 1 involves
intermediate species with spectra more similar to those of
Hb(III) or the Hb(III)nitrite complex than Hb(II)NO. An
attempt to fit using multicomponent analysis without includ-
ing spectra for the intermediate(s) would, therefore, result
in higher values of total Hb(III) than expected.

Spectral Hb(III)NO and the Spectrum of the Intermediate.
The Hb(III)NO character of the intermediate was demon-
strated by its conversion to Hb(III) when flushed with argon
(2). This observation led some investigators (12) to assume
that the spectrum of the nitrite reduced intermediate should
coincide with the reported spectrum of Hb(III)NO (19).
Partially because of the difficulties involved in fitting with
a number of similar spectra, in many cases (13, 14) no
Hb(III)NO was detected, and it was concluded that no
significant concentration of intermediates is present.

The difficulties in establishing spectral intermediates for
this reaction are indicated by recent results by Stamler and
collaborators. Initially in a paper (14) at 1 mM heme and
0.67 mM nitrite they were not able to detect any Hb(III)NO,
although they did find Hb(III) > Hb(II)NO and the
Hb(II)NO after 100 min was clearly less than twice the
consumption of deoxyHb. A more careful analysis by the
same group (15) was, however, able to detect Hb(III)NO.
The Hb(III)NO levels and its stability depended on the ratio
of nitrite to heme. In the presence of excess heme (nitrite:
heme) 0.3) the Hb(III)NO rose to a plateau, while with an
excess of nitrite (nitrite:heme) 1.6) the Hb(III)NO reached
a peak in the middle of the reaction (see below) consistent
with a secondary reaction involving this intermediate.

In these experiments the maximum concentration of the
Hb(III)NO intermediate corresponded to about 5% of the
hemoglobin or nitrite, whichever was limiting. This can be
compared with our analysis, which results in 15-20% of
the hemoglobin found as intermediates. Our experiments with
a 1:1 mole ratio fall between the two experiments performed
in the Angelo paper, corresponding to a nitrite to heme ratio
of 1.6:1 and 0.3:1. Thus, while some of our observed
intermediates can be attributed to Hb(III)NO, other species
seem to be present.

In order to understand the presence of intermediate spectral
species other than Hb(III)NO during the nitrite reaction, we
directly studied the reaction of NO with Hb(III), which
produces Hb(III)NO with a well-defined visible spectrum
(Figure 4).

This reaction results in reductive nitrosylation (19, 31)
thought to involve the partial transfer of electrons from NO
to the heme producing the same delocalized species proposed
(16) as an intermediate in the reaction of nitrite with
deoxyHb.

FIGURE 3: Time course for the formation of intermediates as
determined from the [deoxyHb consumed]- 2[Hb(II)NO]. (b)
without DPG; (9) in the presence of 1 mM DPG.

Hb(III) + NO T Hb(III)NO f

“Hb(II)NO+ S Hb(III)NO” (6)
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It is this intermediate which reacts with another molecule
of NO (19) resulting in the NO complex with reduced Fe(II)
heme.

It is generally assumed (12) that the reported Hb(III)NO
spectrum is the spectrum of the delocalized intermediate (eq
6). In Figure 5 it is shown that the reaction forming
spectroscopic Hb(III)NO occurs within 30 s. However, this

reaction is followed by a second reaction, which corresponds
to the consumption of the entire spectral component corre-
sponding to Hb(III)NO, with a half-time of<2 min. While
Hb(II)NO is formed during this second phase of the reaction,
it accounts for less than half of the hemoglobin that was
originally Hb(III)NO (Figure 5). When this reaction levels
off, only ∼75% of the total hemoglobin is accounted for.
Although SNOHb is formed during this reaction (20, 25),
the relatively high 25% discrepancy requires that the presence
of other intermediate species be considered.

To confirm the presence of species other than metHb and
Hb(II)NO after the spectroscopic Hb(III)NO is no longer
present, we used EPR which can directly detect both of these
species. EPR can quantitate metHb based on theg ) 6 high
spin metHb band, and Hb(II)NO can be detected by its
established spectrum (32) in the region ofg ) 2. As shown
in Table 1, 5 min after NO saturated buffer corresponding
to 579µM of NO reacted with 579µM of metHb, only 5.34
µM of unreacted metHb was detected and only 211.5µM
of Hb(II)NO had been formed. Thus, 62.6% of the hemo-
globin is not accounted for. These results require that during
the reaction of NO with metHb additional species are present
other than metHb, spectral Hb(III)NO, and Hb(II)NO. The
difference between the EPR experiment (Table 1) and the
visible spectroscopy experiment (Figure 5) with less residual
metHb and a higher percentage of unaccounted hemoglobin
for the EPR experiment is due to the higher concentration
of the reactants resulting in more of the added NO binding
to the metHb and proportionally less free NO. Less free NO
will reduce the formation of SNOHb (20) and limit the
secondary NO reaction required for the formation of Hb(II)-
NO (eq 7).

To further confirm the presence of an intermediate distinct
from the spectroscopic Hb(III)NO, the visible spectroscopy
experiment was performed in the presence of a large excess
of carbon monoxide (Figure 6). The slow reaction of carbon
monoxide to produce Hb(II)CO (Figure 6) does not involve

FIGURE 4: Visible spectrum of Hb(III)NO formed 30 s after the
addition of 89µM NO to 89 µM Hb(III). At this concentration
only 41% of the Hb(III) reacted with NO producing 36.5µM Hb-
(III)NO. The Hb(III)NO spectrum shown (s) was obtained by
subtracting the 52.5µM unreacted Hb(III) from the observed
spectrum. Also shown is the spectrum of 89µM Hb(III) ( - - -).

FIGURE 5: Time course for the reaction of a 92.7µM metHb with
92.7µM NO. (A) The time course for the formation and decay of
Hb(III)NO (9). (B) The time course for the disappearance of metHb
(O); the formation of Hb(II)NO (b); and the total hemoglobin (2)
calculated from the determination of concentrations of metHb, Hb-
(III)NO, and Hb(II)NO. The total calculated hemoglobin is included
to show that species other than those included in the figure must
be forming.

“Hb(II)NO+ S Hb(III)NO” + NO f Hb(II)NO + NO+

(7)

FIGURE 6: Time course for the reaction of a 90.9µM metHb
saturated with 1 atm of CO and then reacted with 90.9µM NO.
Even with the CO the initial reaction is similar to that shown in
Figure 5. This is followed by a slow reaction involving the
formation of Hb(II)CO (b) and the partial displacement of NO from
Hb(II)NO (9).

Table 1: EPR Analysis for the Reaction of 1:1 NO with MetHb

sample concentration (µM)

initial MetHb concentration 579.0
MetHb after 5 min 5.3
Hb(II)NO after 5 min 211.5
undetected hemoglobin after 5 min 362.2

11654 Biochemistry, Vol. 46, No. 41, 2007 Nagababu et al.



a direct reaction of CO with Hb(III), since carbon monoxide
does not react with Fe(III). The decrease in Hb(II)NO
corresponding to the formation of Hb(II)CO is attributed to
the very large excess of CO, which can displace NO from
the Fe(II) heme. However, as shown in Figure 6, the
concentration of Hb(II)CO formed is more than twice that
formed as a result of displacing NO from Hb(II)NO. This is
attributed to a reaction with the delocalized intermediate.

The nitrosonium cation released rapidly hydrolyzes in the
presence of water producing nitrite.

The relatively slow (half time of 1-2 min) conversion of
the Hb(III)NO spectral component to the more stable
delocalized species (eq 6) can be explained by a globin
rearrangement required to facilitate the different heme
geometry associated with the partial Fe(II) nature of the
delocalized intermediate. This rearrangement is expected to
alter the visible spectrum. The spectrum of Hb(III)NO with
two well-defined bands between 600 and 500 nm consistent
with a low spin heme complex is thus not observed for the
delocalized intermediate with characteristics of Fe(III) and
Fe(II).

This change also alters kinetics for the release of NO. The
Fe(III)NO has a reported NO off rate in the region of 1 s-1,
(33), while the delocalization stabilizes the complex resulting
in a much slower rate of dissociation (31). In the same way
that the binding of NO to Hb(III) goes through the initial
Hb(III)NO complex and then the delocalized intermediate,
the release of NO (but not NO+) from the intermediate should
involve the Hb(III)NO species. It is this species that is
observed by Angelo et al. (15). However, as indicated by
the comparison with our results, the other delocalized
intermediate is present at a higher concentration than the
Hb(III)NO. This is unlike the situation when NO is added
to Hb(III) and the initial dominant species obtained is
Hb(III)NO because of the relatively high initial NO con-
centration and the relatively slow (Figure 5) formation of
the delocalized intermediate.

Combining the data on nitrite reduction by deoxyHb and
the reductive nitrosylation when NO is reacted with Hb(III),
the presence of a significant buildup of a delocalized species
is established. The relative stability of this intermediate is
indicated by the slow reaction with CO. This intermediate
is, therefore, able to retain NO in a form which is not trapped
as Hb(II)NO.

The Effect of Excess Nitrite on the Reduction of Nitrite by
DeoxyHb.The data shown in Figure 2 for a 1:1 molar ratio
of nitrite and deoxyHb indicates that deoxyHb is consumed
faster than twice the formation of Hb(II)NO (∆[deoxyHb]/
∆[Hb(II)NO] > 2) indicative of the formation of metastable
intermediate(s) (eq 1). At the same time the higher level of
total metHb than Hb(II)NO (∆[(total metHb)]/∆[Hb(II)NO]
indicates that the intermediates are spectrally more similar
to metHb than Hb(II)NO. Using the final points obtained
after 35 min these two observations result in the ratios
∆[deoxyHb]/∆[Hb(II)NO] ) 2.61 and∆[(total metHb)]/

∆[Hb(II)NO] ) 1.60 for a 1:1 molar ratio of nitrite and
deoxyHb (Table 2). However, with a 10-fold excess of nitrite
both ratios decreased and with a 100-fold excess of nitrite
the values of 2.09 for∆[deoxyHb]/∆[Hb(II)NO] and 1.006
for ∆[(total metHb)]/∆[Hb(II)NO] are within error of the
prediction for no intermediates.

All of these experiments were performed in exactly the
same way, using our anaerobic Coy glove box followed by
the injection of nitrite into the sample using a gastight
syringe. Furthermore, any leakage of oxygen into the cuvette
is ruled out by no observed increase in oxyHb during the
course of the reaction. The nitrite dependence of these results
(Table 2) can, therefore, not be attributed to the preferential
leakage of oxygen into the sample with low nitrite concen-
trations or any other experimental artifact.

The dependence on nitrite concentration instead indicates
that the intermediates are destabilized at elevated levels of
nitrite. Angelo et al. (15) also found that the intermediate,
which in their analysis was Hb(III)NO, was also less stable
with an excess of nitrite. This was attributed to the transfer
of NO or NO+ directly from the Hb(III)NO intermediate to
the â-93 thiol producing SNOHb when the quaternary
conformation is shifted from T to R at elevated nitrite levels
which increase the formation of Hb(III) and Hb(II)NO.

We have also reported the formation of SNOHb during
the reduction of nitrite by deoxyHb and much more ef-
ficiently when NO reacts with Hb(III). We have attributed
this reaction not to spectral Hb(III)NO, but the delocalized
species which is thought to have the electron distributed
between the iron, the NO, and theâ-93 thiol.

The large excess of nitrite required to completely eliminate
the intermediates suggests that in addition to a shift in
quaternary conformation a secondary reaction with nitrite
must be involved. This finding is consistent with the
properties of the delocalized intermediate formed during
nitrite reduction. The same intermediate formed during
reductive nitrosylation of Hb(III) (see above) has been shown
(22) to slowly react with nitrite producing N2O3.

The regenerated Hb(II) will react with an additional
molecule of nitrite when excess nitrite is present. During
each cycle, the intermediate can either release NO (eq 1)
producing Hb(II)NO and metHb or react with nitrite (eq 11)
producing N2O3, which can react with thiols producing
S-nitrosated thiols.

“Hb(II)NO+ S Hb(III)NO” + CO f Hb(II)CO + NO+

(8)

NO+ + H2O T H+ + HNO2 T 2H+ + NO2
- (9)

Table 2: Analysis of Species Concentrations That Require
Intermediates

sample
∆deoxyHb/
∆Hb(II)NO

∆total metHb/
∆Hb(II)NO

1:1 nitrite:Hb no DPG 2.61 1.60
10:1 nitrite:Hb no DPG 2.434 1.35
100:1 nitrite:Hb no DPG 2.09 1.01
1:1 nitrite:Hb DPG 4.52 3.68
100:1 nitrite:Hb DPG 2.00 0.623

“:S-Hb(III)NO T :S-Hb(II)NO+ T

•S-Hb(II)NO” f ONS-Hb(II) (10)

“Hb(II)NO+ S Hb(III)NO” + NO2
- f Hb(II) + N2O3

(11)
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The instability of the intermediate in the presence of excess
nitrite explains why investigators (13) using excess nitrite
have had difficulties detecting the delocalized intermediate.

The Effect of 2,3-Diphosphoglycerate (DPG) on the
Reaction of Nitrite with DeoxyHb.RBCs contain 0.2 mM
DPG, which stabilizes the T-state by binding preferentially
to T-state hemoglobin (34). However, it has been shown that
DPG not only stabilizes the T-state but also alters the
conformation of T-state hemoglobin (35). Recent data
suggest that binding by DPG or other anions along the dyad
axis betweenâ-chains affects the interaction between
subunits (36, 37). Furthermore, DPG binding has been shown
to alter interactions in the heme pocket. In an earlier report
(38), we showed that inositol hexaphosphate (IHP), which
has an effect similar to that of DPG, very appreciably alters
the reaction of nitrite with deoxyHb. In order to determine
what effect DPG has on the reaction of deoxyHb with nitrite
and the formation of the intermediates, the spectral changes
that take place with a 1:1 molar ratio of nitrite:hemoglobin
were also studied in the presence of 1 mM DPG.

Figure 7 shows the consumption of deoxyHb, the forma-
tion of Hb(II)NO, and the formation of total metHb for the
reaction of 105.8µM deoxyHb with 105.8µM nitrite in the
presence of 1 mM DPG. Comparing Figure 7 with Figure 2
it is apparent that DPG slows down the consumption of
deoxyHb as well as the formation of the end product
Hb(II)NO. The observation that the formation of Hb(II)NO
with DPG decreases to a greater extent than the correspond-
ing decrease in the consumption of deoxyHb resulting in a
higher value for∆[deoxyHb]/∆[Hb(II)NO] as well as higher
values of∆[(total metHb)]/∆[Hb(II)NO] (Table 2) is con-
sistent with higher levels of the intermediate(s) in the
presence of DPG. This is shown in Figure 3 where the time
dependent formation of the intermediate(s) formed with and
without DPG is compared. Thus at the end of 35 min the
concentration of intermediate(s) is 20.3µM with DPG as
compared to 14.1µM without DPG. This effect is even more
pronounced when we consider that with DPG only 36.5µM
deoxyHb has reacted while 60.4µM deoxyHb reacts in the
absence of DPG. These results indicate that, although the
initial rate for the reaction of nitrite with deoxyHb (the
formation of the intermediate) in the presence of DPG

decreases, the rate for the release of NO from the delocalized
intermediate decreases to a greater extent.

Rate Constants for the Formation of Intermediates and
the Release of NO from the Intermediates.The effect of DPG
on the formation of intermediates and the release of NO from
the intermediate can be quantitated from the time dependence
of the reaction given in Figures 2, 3, and 7. From the time
dependence for the consumption of deoxyHb (Figures 2 and
7) rate constants for the formation of the intermediate(s) can
be calculated. Since we have shown that the consumption
of deoxyHb does not correspond to the formation of
Hb(II)NO (see above), the initial consumption of deoxyHb
corresponds to the initial species formed, i.e., the intermedi-
ates (eq 3). Therefore, an apparent rate constant for the
formation of the intermediate(s) (k1) is given by the expres-
sion

The initial slope was obtained from the plots of the
consumption of deoxyHb shown in Figures 2 and 7, and the
initial values of nitrite and hemoglobin are known. Using
eq 12, there was a significant decrease (p < 0.001) in the
value of k1 by 44% from 2.6( 0.1 × 10-4 µM-1 min-1

without DPG to 1.5( 0.1 × 10-4 µM-1 min-1 with DPG
(Figure 8A) quantitating the decrease in the interaction of
nitrite with deoxyHb in the presence of DPG.

The formation of Hb(II)NO during the nitrite reaction is
determined by the rate for the release of NO from the
delocalized intermediate,

FIGURE 7: The consumption of deoxyHb and the formation of the
reaction products as a function of time during the reaction of a 1:1
molar ratio of nitrite and deoxyHb in the presence of 1 mM DPG.
105.8µM deoxyHb was reacted with 105.8µM nitrite in 50 mM
NaCl and 4 mM phosphate buffer, pH 7.4 at 22°C. (b) deoxyHb;
(9) Hb(II)NO; (2) total metHb (Hb(III)+ Hb(III)NO2

-).

FIGURE 8: Comparison of rate constants with and without DPG.
(A) Rate constants for the initial binding of nitrite to deoxyHb.
(B) Rate constants for the release of NO from the delocalized
intermediate.

-{d[Hb(II)]/dt}0 ) k1[Hb(II)] 0[NO2
- ]0 (12)

11656 Biochemistry, Vol. 46, No. 41, 2007 Nagababu et al.



which then very rapidly reacts with deoxygenated hemoglo-
bin chains producing Hb(II)NO (eq 2).

The rate constant for the release of NO from the delocal-
ized intermediate was determined from eq 14 using the final
slope of the plot of Hb(II)NO as a function of time and the
final concentration of intermediates after 35 min.

This rate constant decreased significantly (p < 0.001) by
78% from 4.3( 0.9 × 10-2 min-1 without DPG to 1.0(
0.2× 10-2 min-1 with DPG (Figure 8B). The larger decrease
in the rate for the release of NO than for the initial formation
of intermediate(s) is consistent with the data of Table 2 and
Figure 3, which indicates that DPG increases the concentra-
tion of the intermediates formed.

The influence of DPG on these rate constants can be
attributed to impaired dynamic interactions across theR1â1

interface (39) as a result of DPG binding in the region of
the interface. This damping of dynamic interactions results
in reduced heme pocket flexibility (40, 41). Heme pocket
flexibility facilitates interactions within the heme pocket
involving the distal histidine. Two types of interactions with
the distal histidine have been described in the literature. The
first involves stabilizing the bound ligand by a hydrogen
bond. Such a bond occurs in theR-chain (42) and theâ-chain
(43) of oxyHb and has been postulated to occur with metHb
ligands (44). A role for the distal histidine in facilitating the
binding of nitrite to deoxyHb is particularly important
because of the negative charge contained on nitrite. With
the hemecd1 nitrite reductase (45), two histidines are
involved in the uptake of nitrite. Any restriction on histidine
flexibility, as expected with DPG, will therefore impair the
initial reaction of nitrite with deoxyHb and the formation of
the intermediate(s).

The second role of the histidine that has been studied
involves an interaction of the histidine with the heme iron
instead of the bound ligand. This reaction is responsible for
the formation of reversible hemo(i)chromes for both deoxyHb
(40) and metHb (18). In partially oxygenated hemoglobin
this same reaction has been postulated as being involved in
the autoxidation of hemoglobin where the distal histidine
displaces the bound oxygen resulting in hemoglobin oxida-
tion and the release of superoxide (46, 47). In the nitrite
reaction an analogous reaction with the delocalized inter-
mediate would release NO from the intermediate.

These results further indicate that the buildup of interme-
diates reported in the absence of DPG with purified
hemoglobin is expected to be even more pronounced in the
RBCs, which contain DPG.

The Significance of a Red Cell Pool of Potentially
BioactiVe NO.We have demonstrated the accumulation of
a pool of NO associated with hemoglobin following the
reaction of nitrite with deoxyHb that is not deactivated by
reacting with deoxyHb or oxyHb. The presence of such a
pool of NO in the red cell should be coupled to the putative
physiological significance for the reduction of nitrite to NO
by deoxygenated hemoglobin chains. An appreciation of how
this pool of NO can regulate vasodilation requires an

understanding of the processes that release potentially
bioactive form(s) of NO from this intermediate and the
pathways for the release of these species from the red blood
cell (Figure 9).

Our results indicate two such processes. (1) In the presence
of excess nitrite a reaction of nitrite with the intermediate
produces N2O3. This molecule has been shown to react with
thiols and can produce low molecular weightS-nitrosothiols
and SNOHb. In addition it has been suggested that N2O3

being much more stable than NO and also hydrophobic may
diffuse across the membrane and out of the RBC providing
vasoactivity (48). (2) We have quantitated the direct release
of NO from the intermediate by following the formation of
Hb(II)NO. As demonstrated by the 4.5-fold decrease in this
rate constant with DPG, this process is regulated by the
configuration of distal heme pocket and presumably facili-
tated by the same nucleophilic interaction of the distal
histidine with the heme iron that releases superoxide from
oxyHb (46). Although NO released in the cytoplasm of the
red cell will immediately be quenched by reacting with
deoxyHb or oxyHb, the release of NO from hemoglobin
bound to the membrane can escape from the red cell. This
possibility is supported by preliminary results (49) indicating
that the release of NO from the intermediate is enhanced
for T-state hemoglobin known to bind to the membrane (50).
This pathway out of the red cell is analogous to the
observation that reactive oxygen species are released from
hypoxic red cells (51) despite the presence of cytoplasmic
enzymes that should quench any ROS generated.

In addition to these processes, it is necessary to consider
the formation of SNOHb during nitrite reduction by de-
oxyHb. A transfer of NO from the intermediate(s) formed
to the â-93 cysteine forming SNOHb when the sample is
oxygenated has been demonstrated (15). Even in the absence
of oxygen the thiyl radical properties of the delocalized
intermediate (Figure 9) has been linked to the formation of
SNOHb (20). This process is thought to be particularly
important when free NO is available to react with the thiyl
radical. The potential for the formation of SNOHb from the
intermediate is further demonstrated by the SNOHb produced

“Hb(II)NO+ S H(III)NO” f Hb(III) + NO (13)

{d[Hb(II)NO]/dt}final ) k2[delocalized intermediate]final

(14)

FIGURE 9: Scheme showing the different pathways for the release
of potential bioactivity from the delocalized intermediate formed
when nitrite reacts with deoxyHb or NO reacts with metHb. The
reactions involved are shown, and pathways for the release of
bioactivity from the RBC are indicated.
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when metHb reacts with NO (20, 25). This reaction generates
the same intermediate (Figure 9) and efficiently produced
SNOHb.

The intermediates, thus, play a central role in the release
of NO bioactivity from the red blood cell to the vasculature
irrespective of which pathway or combination of pathways
is involved.
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