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Hypoxic vasodilation is a fundamental, highly conserved physiological response that requires oxygen and/or 
pH sensing coupled to vasodilation. While this process was first characterized more than 80 years ago, the 
precise identity and mechanism of the oxygen sensor and mediators of vasodilation remain uncertain. In sup-
port of a possible role for hemoglobin (Hb) as a sensor and effector of hypoxic vasodilation, here we show 
biochemical evidence that Hb exhibits enzymatic behavior as a nitrite reductase, with maximal NO generation 
rates occurring near the oxy-to-deoxy (R-to-T) allosteric structural transition of the protein. The observed rate 
of nitrite reduction by Hb deviates from second-order kinetics, and sigmoidal reaction progress is determined 
by a balance between 2 opposing chemistries of the heme in the R (oxygenated conformation) and T (deoxygen-
ated conformation) allosteric quaternary structures of the Hb tetramer — the greater reductive potential of 
deoxyheme in the R state tetramer and the number of unligated deoxyheme sites necessary for nitrite binding, 
which are more plentiful in the T state tetramer. These opposing chemistries result in a maximal nitrite reduc-
tion rate when Hb is 40–60% saturated with oxygen (near the Hb P50), an apparent ideal set point for hypoxia-
responsive NO generation. These data suggest that the oxygen sensor for hypoxic vasodilation is determined 
by Hb oxygen saturation and quaternary structure and that the nitrite reductase activity of Hb generates NO 
gas under allosteric and pH control.

Introduction
Hypoxic vasodilation is a fundamental physiological response 
that ensures adequate oxygen delivery and blood buffering capac-
ity (including CO2 elimination) to tissues under metabolic stress. 
This highly conserved physiological response requires oxygen and 
pH sensing coupled with vasodilation. While this process was first 
characterized more than 80 years ago (1, 2), the precise identity 
and mechanism of the oxygen sensor and mediators of vasodila-
tion remain unknown (3, 4). From an oxygen-sensing standpoint, 
a situation in which the metabolic demand of a tissue exceeds 
oxygen delivery causes a divergence from the normal relationship 
between tissue oxygen consumption and vascular oxygen delivery. 
This creates an “error signal” that is characterized by an increas-
ingly negative slope when venous PaO2 is plotted against oxygen 
consumption (4). While conventional wisdom suggests that this 
error signal is detected as a change in tissue or blood partial pres-
sure of oxygen (PO2) (i.e., the oxygen sensor detects PO2), recent 
studies have suggested that Hb oxygen saturation and Hb’s highly 
evolved allosteric conformational changes may subserve this oxy-

gen-sensor function (5–13). Such allosteric changes have been 
associated with the release of red blood cell ATP (5–8), the forma-
tion of S-nitrosothiols from S-nitrosated Hb (9, 10), and, recently, 
the reduction of blood nitrite to NO by Hb (11–14).

Early studies by Furchgott, Ignarro, and Murad demonstrated the 
ability of nitrite to activate soluble guanylate cyclase (sGC) and vaso-
dilate aortic rings (15–17). However, the concentrations required for 
this effect in vitro (in the hundred-µM to mM range) largely precluded 
consideration of a role for nitrite in vivo in humans where circulating 
concentrations are typically less than 1 µM. We have reported the exis-
tence of arterial-to-venous gradients of plasma nitrite that increase 
with regional metabolic stress (18) and recently described a vasodi-
latory activity of nitrite at near physiological concentrations in vivo 
(11). This vasodilatory activity was associated with the conversion of 
nitrite to NO by deoxyHb, suggesting that Hb possesses a physiologi-
cal nitrite reductase activity that might participate in hypoxic vaso-
dilation. Indeed, Brooks in 1937 and Doyle and colleagues in 1981 
characterized the reduction of nitrite to NO by deoxyHb (19, 20).

Reaction 1

We were struck by the potential physiological relevance of this 
reaction. The requirements for deoxyHb and protons in the reac-
tion suggested a potential mechanism for oxygen and pH sensing. 
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Furthermore, the 1-electron reduction of nitrite by ferrous deoxy-
heme suggests that redox properties of the heme may modulate 
this process. In support of these ideas, data from kinetic in vitro 
aortic ring bioassay experiments have demonstrated an apparent 
vasodilation threshold whereby nitrite-Hb–dependent vasodila-
tion is initiated at a PO2 approximating the Hb P50 (11). The P50 
represents the PO2 at which Hb is 50% saturated with oxygen. 
Importantly, as demonstrated in this study, the rate of nitrite 
reduction to NO gas by Hb is maximal when Hb is 50% saturated 
with oxygen. A maximal nitrite reductase activity occurring at the 
Hb P50 would be ideal for hypoxic vasodilation, as the Hb P50 is 
thermally, chemically, and allosterically modulated by surround-
ing tissue metabolism (21), and classical physiological studies 
of hypoxic vasodilation reveal an apparent hypoxic vasodilation 
threshold at 40–60% Hb-oxygen saturation (4, 22).

Results
The nitrite reductase reaction revisited. The reaction of nitrite and 
deoxyHb has previously been described as a first-order reac-
tion with respect to deoxyHb under conditions of excess nitrite, 
generating unbalanced product yields of 72% metHb and 28% 
iron-nitrosyl-Hb (19). However, based on Reaction 1, equivalent 
(50:50%) product yields would be expected, with 1 mole of nitrite 

generating 1 mole of metheme and 1 mole of iron-nitrosyl-heme. 
We have examined this reaction under strict anaerobic conditions 
in the presence of excess nitrite (50 µM heme and 10 mM nitrite) 
and observed an unexpected divergence from first-order kinetics 
and equimolar product yields of metheme and iron-nitrosyl-heme 
(Figure 1, A–C). However, with the introduction of trace oxygen 
(18% oxyheme present at the beginning of the reaction), the rate 
of the reaction increases and more closely (although never exactly) 
approximates the first-order behavior observed in earlier studies 
(Figure 1, A and B). The nitrite reaction with partially oxygenated 
Hb also produces metheme and iron-nitrosyl-heme product yields 
consistent with levels observed in earlier studies (Figure 1C) (23). 
An oxygen leak would be expected to increase the yield of metheme 
due to the simultaneous reaction of nitrite with oxyheme as well 
as the reaction of NO (formed from the reaction of nitrite with 
deoxyheme) with oxyheme.

However, the deviation from first-order kinetics in the absence 
of oxygen and the effect of oxygen on increasing the reaction rate 
were unexpected (Figure 1, B and D). On initial inspection, under 
conditions in which nitrite concentration exceeded deoxyheme, the 
reaction of nitrite with deoxyheme (Figure 1A) appeared to display 
zero-order kinetics with respect to deoxyheme, as evidenced by a 
relatively constant rate throughout the process of the reaction even 

Figure 1
Reaction of nitrite with deoxyHb reveals deviation from first-order kinetics and equimolar product yields of metHb and iron-nitrosyl-Hb. (A) Prog-
ress of the nitrite-Hb reaction under conditions of excess nitrite (10 mM nitrite with 50 µM heme) monitored spectrophotometrically by formation 
of ferric hemes at 630 nm (baseline at 700 nm) under anaerobic conditions or during partial oxygenation (18% oxyHb). 50 µM metHb gives 
A630 of 0.12 with 10 mM nitrite present. (B) The fit of the natural log of deoxyheme concentration versus time for conditions shown in A, where 
Ln[deoxyheme] is the natural log of the deoxyheme concentration at each time point. The deoxyheme concentration at each time point was 
determined by spectral deconvolution. (C) Effects of oxygen leak on product yields in the nitrite-Hb reaction (calculated by spectral deconvolu-
tion for reactions in A). (D) Instantaneous rate of deoxyheme consumption over time during the course of a single reaction under the conditions 
in A. The instantaneous rate of deoxyheme consumption was found by negative change of deoxyheme concentration between 2 adjacent time 
points (–d[deoxyheme]) over the time interval (dt) where d is change and t is time. (E) Progress of the reaction of nitrite (10 mM) with varying 
initial concentrations of deoxyheme monitored by the formation of metheme at 630 nm. (F) Effect of varying the initial deoxyheme concentration 
(concentration of deoxyheme at the beginning of the reaction; [DeoxyHb]initial) on the initial rate of the reaction calculated from the data in E. The 
initial reaction rate is the rate of ferric heme formation at the beginning of the reaction calculated as the average rate over the first 200 seconds 
using extinction coefficient of 3.4 at 630 nm (the rate of deoxyheme consumption is approximately twice as fast).
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though the concentration of deoxyheme was continually decreas-
ing (Reaction 1 and Figure 1, A and E). However, when we increased 
the initial concentration of deoxyHb (in the range of 26.9 µM to 
190 µM) we observed a linear increase in the initial reaction rate 
(Figure 1, E and F), a property consistent with first-order kinetics 
with respect to deoxyheme. A more careful examination of Figure 
1, A and D, suggests a sigmoidal reaction profile characterized by 
an increase and then a decrease in the rate, with the maximal rate 
occurring when approximately 50% of the deoxyheme is converted 
to metheme and iron-nitrosyl-heme. Thus, despite the decreasing 
concentration of deoxyheme available to react with nitrite during 
the course of the reaction, the reaction rate is able to increase until 
it reaches its maximum.

Increased rate of nitrite reduction by R state Hb. We hypothesized that 
the sigmoidal reaction profile observed is the sum of 2 opposing 
reactions of nitrite with deoxyheme in the 2 allosteric conforma-
tions of Hb. As the reaction progresses, the reaction rate of nitrite 

with deoxyheme in T state tetramer decreases 
as deoxyheme is consumed. This is balanced by 
the accelerating reaction of nitrite with R state 
deoxyheme, as the concentration of this allo-
steric conformation increases with the forma-
tion of metheme and iron-nitrosyl-heme, which 
both stabilize R state tetramer (Figure 2A).  
This causes a T-to-R state allosteric transition 
to occur as metheme and iron-nitrosyl-heme 
levels increase in the Hb tetramer. We measured 
the bimolecular rate constant of the reaction of 
nitrite with deoxyHb and myoglobin (Mb) over 
time and found that this parameter remained 
constant for monomeric Mb (Figure 2B).  
In contrast, the bimolecular rate constant 
increased exponentially (R2 = 0.998 for expo-
nential fit) over the course of the reaction of 
tetrameric deoxyHb with nitrite, supporting 
the model in which the nitrite reductase activ-
ity of tetrameric deoxyHb increases during the 
reaction time course (Figure 2B). We confirmed 
the presence of a T-to-R allosteric transition 
during the course of the reaction by monitor-
ing the stabilization of the bond between the 
proximal histidine and the NO-liganded heme 
in the α chain of Hb by electron paramagnetic 
resonance (EPR) spectroscopy. As shown in  
Figure 2, C and D (experiment performed using 
100 µM deoxyheme and 2.5 mM nitrite), as the 
reaction proceeded, the α iron-nitrosyl-heme 
transitioned from 5 (T state) to 6 (R state) 
coordinated structure. This occurred because 
T state α iron-nitrosyl-heme exists in equilibri-
um between a 5-coordinate (histidine-to-heme 
bond disrupted) and 6-coordinate (histidine 
bond intact) species, while R state α iron-nitro-
syl retains 100% 6-coordinate heme geometry 
(24). The percentage yield of each iron-nitrosyl-
heme species during the reaction time course 
was similar to that observed by Hille et al. when 
NO buffer was titrated into deoxyHb solu-
tion (25). Also, the iron-nitrosyl-heme spectral 
change observed during the reaction process, as 

shown in Figure 2C, was similar to the spectral change observed 
during deoxygenation and reoxygenation of substoichiometric 
iron-nitrosyl-Hb (26). This confirms that as the deoxyheme is con-
verted to metheme and iron-nitrosyl-heme during the reaction, the 
T-to-R allosteric transition does indeed occur.

It is likely that the accelerating rate of reaction of nitrite with 
R state Hb occurs due to the lower reduction potential (hence, 
a better electron donor) of the deoxyheme within the R state 
versus T state tetramers (14, 27). The initial rates of reaction of 
nitrite with Mb (R state monomer), N-ethylmaleimide–modified 
(NEM-modified) deoxyHb (R state stabilizing effect), native Hb A  
(HbA), and inositol hexaphosphate–treated (IHP-treated) Hb (T 
state stabilizing) were compared to their published reduction 
potentials (E1/2s) as averaged for the subunits to obtain overall 
values for the Hb tetramer (50 µM heme, 2.5 mM nitrite) (Table 1)  
(27, 28). Similar to the initial rates plotted in Figure 1F, the ini-
tial rate of the reaction indicated in Table 1 was measured by 

Figure 2
Sigmoidal reaction behavior of the nitrite-deoxyheme reaction occurs due to T-to-R alloste-
ric quaternary transition of Hb. (A) Model of the nitrite-deoxyHb reaction representing a bal-
ance between 2 opposing processes: (a) a decelerating reaction with T state deoxyheme 
due to depletion of deoxyheme available for reaction with nitrite because of conversion to 
metheme and iron-nitrosyl-heme (solid blue line); and (b) an accelerating reaction of nitrite 
with R state deoxyheme (dashed line). Solid black line with arrow represents the reaction 
process observed experimentally and is the balance of these 2 processes. (B) Apparent 
bimolecular rate constant over the time course of the anaerobic reaction of Mb (50 µM 
heme) and Hb (50 µM heme) with nitrite (10 mM with Hb and 2.5 mM with Mb in heme 
concentrations). Bimolecular rate constant (const.) was obtained by dividing the instanta-
neous reaction rate of deoxyheme consumption by the concentration of deoxyheme and 
nitrite. (C) Initial (6 minutes), intermediate (17 minutes), and final (30 minutes) EPR spectra 
of iron-nitrosyl-heme monitored over the course of the nitrite-deoxyHb reaction (100 µM 
heme, 2.5 mM nitrite) showing a transition from 5-coordinate (T state) α iron-nitrosyl-heme 
(with characteristic hyperfine splitting) to 6-coordinate (R state) heme geometry. The small-
er EPR signals at earlier time points were normalized to that of the final time point in order 
to compare the spectral shape of the iron-nitrosyl-Hb signal. (D) T-to-R allosteric structural 
transition during the course of the nitrite-deoxyHb reaction, monitored by the percentage 
formation of 6-coordinate α iron-nitrosyl-heme relative to total α iron-nitrosyl-heme.
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the average rate of metHb formation using the initial part of 
the reaction trace at 630 nm. A higher rate of nitrite reduction 
correlated with a higher oxygen affinity or R state character and 
with lower E1/2s for all of these conditions (R2 = 1.000 for expo-
nential fit). These data are also consistent with the observed 
correlation between higher heme reduction potentials and the 
rates of alkaline reductive nitrosylation of metHb by NO, which 
forms ferrous Hb and nitrite; this reaction can be considered 
the reverse of the nitrite reductase reaction and is accelerated by 

higher heme E1/2 and alkaline pH (29). These data confirm that 
deoxyheme in the R state tetrameric Hb is a more facile nitrite 
reductase due to lowered heme E1/2.

It is clear from these data that the deviation from first-order 
kinetics in the reaction of nitrite with deoxyHb occurs because 
of the T-to-R allosteric transition. This was also confirmed by the 
first-order kinetics of molecules that are incapable of allosteric 
transition, such as Mb and β chains of Hb (R state tetramer only) 
and Hb with IHP and low pH (locked in T state). These data are 
shown for Mb in Figure 3, A and B, and for IHP at low pH and the 
β chains of HbA in Figure 3, E and F.

For tetrameric Hb reacting anaerobically with nitrite, the reac-
tion is essentially an allosteric autocatalytic reaction with a single 
nitrite reacting with one T state heme to generate a metheme and 
an iron-nitrosyl-heme, which by virtue of their R state stabilizing 
effects, allosterically lower the redox potential of 2–6 other hemes 
(dependent on inter- or intratetrameric iron-nitrosyl formation). 
This produces autocatalysis as R state hemes generate more R state 
hemes, exponentially decreasing E1/2 and increasing bimolecular 
rate constants during the course of the reaction (Figure 2B). Two 
recent papers have explored the reaction of nitrite with deoxyHb, 
coming to different conclusions. A study by Luchsinger and col-
leagues reported that this reaction yielded product ratios of metHb 
to iron-nitrosyl-Hb of 1:1 to 1:6, consistent with earlier studies by 

Table 1
Initial rate of ferric heme formation in the anaerobic reaction of 

50 µM heme with 2.5 mM nitrite correlates with the E1/2 of vari-

ous heme proteins

Mutant Reaction rate (µM/s) E1/2 (m/V)

Horse Mb 0.1884 25

HbA-NEM 0.0915 45

HbA 0.0161 85

HbA + IHP 0.0054 135

R2 = 1.000, fitting to equation; y = 2.927 × 10–5 + 0.4844e–x⁄26.62, where y 
is the reaction rate and x is E1/2.

Figure 3
Rate of nitrite reductase reaction and NO gas formation is under allosteric control. (A) Progress of the anaerobic reaction of Mb (50 µM heme) 
and Hb (50 µM heme) with nitrite (10 mM with Hb and 2.5 mM with Mb in heme concentrations) monitored spectrophotometrically by metHb 
formation at 630 nm. (B) First order fits for Mb and non–first order behavior of tetrameric Hb (fits of natural log of deoxyheme concentration for 
the same reactions shown in A). (C) Simultaneous measurement of NO gas by chemiluminescence during the course of the reaction shown in 
A. Inset shows the instantaneous rate of deoxyheme consumption over the course of the reaction, obtained from spectral deconvolution. (D) The 
time to peak NO production measured by chemiluminescence for the reaction of nitrite (10 mM) with Hb (50 µM heme) with varying saturation 
(0–75%) of carbon monoxide. %HbCO, percentage of Hb that is saturated with carbon monoxide. (E) Reaction progress for β chains of HbA 
(locked in R state tetramer; 35 µM heme reacted with 0.5 mM nitrite at pH 7.0) and IHP-treated Hb (locked into T state tetramer; 50 µM heme 
reacted with 2.5 mM nitrite at pH 6.4) was monitored by the rate of deoxyheme consumption. (F) First-order fits for β chains of HbA at pH 7.0 
and for IHP-treated Hb at pH 6.4 for conditions in E showing that the deviation from first order requires an allosteric structural transition of the 
Hb tetramer (fits of natural log of deoxyheme concentration for the same reactions shown in E).
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Doyle, and that the reaction appeared to obey first-order kinetics 
(19, 30). However, in the Luchsinger study, the initial deoxyHb 
preparation contained approximately 10% metHb; this contamina-
tion produces R state catalysis of this reaction. A second study by 
Huang et al. demonstrated the effects of metHb and R state stabili-
zation on increasing the reaction rate and mathematically modeled 
the nitrite-deoxyHb reaction, producing results that are consistent 
with our proposed allosteric autocatalytic reaction (14).

Maximal NO generation near the Hb P50 provides Hb with oxygen-sensor 
and NO-donor properties. The above considerations suggest that the 
rate of the nitrite-deoxyHb reaction is maximal at 40–60% oxygen 
saturation because of the balance between the deoxyheme con-
centration, which is required for nitrite binding, and the greater 
reductive ability of the R state deoxyheme, which is required for 
the reduction of nitrite. To confirm this, we next measured NO 
gas formation during the nitrite-Hb and nitrite-Mb reaction and 
tested to see whether NO generation is under allosteric and pro-
ton-linked control. In these experiments, deoxygenated Mb, Hb, 
and partially carbon monoxide– or oxygen-bound Hb preparations 
were reacted with excess nitrite anaerobically, while constant stir-
ring and purging with helium occurred (except for partial oxyHb 
reactions). The purged gas traveled in-line into a chemiluminescent 
NO gas analyzer for detection of NO. The reaction was monitored 
simultaneously by visible absorbance spectrophotometry and the 
rate of reaction measured as the rate of deoxyheme consumption.

Mb (50 µM) is locked in R state conformation and has a low heme 
reduction potential. As expected, the reaction with excess nitrite  
(2.5 mM) exhibited a rapid rate with first-order exponential decay as 
the deoxyheme sites were consumed in the reaction (Figure 3, A and B). 
Simultaneously measured NO gas generation followed similar first-
order kinetics with a rapid initial rate of NO formation that decreased 
exponentially (consistent with a first-order process; Figure 3C).  
In contrast, tetrameric Hb exhibited a more sigmoidal reaction pro-
file, thus deviating from first-order behavior, and demonstrated a 
maximal rate of NO generation in the middle of the reaction when 
the balance between the number of deoxyhemes and their reduc-
tive potential was optimal (Figure 3, A–C). Since the ligation of CO 
to heme produces the R state conformation of Hb, we equilibrated 
deoxyHb with varying concentrations of CO and reacted this par-

tial carboxyHb mixture (0, 50, and 75%) with nitrite to evaluate the 
effect of R state character on the rate of NO generation. As shown in 
Figure 3D, the time to peak NO production decreased as carboxyHb 
saturation increased from 0 to 75%, corresponding with increasing 
R state character at the beginning of the reaction. β chains of HbA 
were locked in R state tetrameric conformation, and IHP-treated 
HbA at low pH was locked in T state tetrameric conformation. The 
rate of deoxyheme consumption for both of these Hb species, simi-
lar to that for Mb (as shown in Figure 3C inset), was fast initially 
and then slowed down exponentially as their reaction with nitrite 
progressed (Figure 3E). Together with the Mb’s linear first-order fit, 
shown in Figure 3B, the first-order fits for β chains and IHP-treated 
Hb demonstrate that in the absence of an allosteric structural tran-
sition of the Hb tetramer, the reaction follows first-order kinetics 
(Figure 3F). We also confirmed the more rapid rate of reaction for 
the R state β chains of Hb compared with the slower rate for the T 
state HbA in the presence of IHP at low pH.

Maximal nitrite reductase rate is observed at 40–60% oxyHb saturation. 
We next added nitrite to Hb with a range of initial oxyHb satura-
tions and monitored the initial rate of the nitrite reductase reac-
tion by deconvoluting the deoxyHb spectra and observing the rate 
of disappearance of deoxyheme. This allowed for the specific mea-
surement of the nitrite reductase reaction independent of addi-
tional reactions between nitrite and oxyheme. These reactions 
were performed in anaerobic cuvettes with additions of oxygen to 
achieve the measured oxygen saturations shown in Figure 4. Con-
sistent with allosteric modulation of the nitrite reductase reaction, 
the initial rate of the reaction increased as the initial oxyHb con-
centration increased and reached a maximal rate at 40–60% Hb-
oxygen saturation (Figure 4, A–C). We reexamined the anaerobic 
reaction of nitrite with deoxyHb by plotting the instantaneous 
reaction rate at each time point during the course of the reaction 
versus the fraction of total hemes ligated with NO and oxidized to 
metHb. This revealed a similar effect: a maximal nitrite reductase 
rate at approximately 40–60% Hb ligation (in this case metheme 
and iron-nitrosyl acting as R state modifiers; Figure 4D).

pH sensor chemistry is mediated by nitrite protonation and redox Bohr 
effect. Because the nitrite reduction reaction described in Reaction 1  
requires a proton, increasing concentration of protons would be 

Figure 4
Maximal rates for nitrite reduction to NO occurs 
around the Hb P50. (A) The negative of the change 
in deoxyheme concentration (obtained by spectral 
deconvolution) over time during the reaction of nitrite 
(10 mM) with partially oxygenated (0–40%) Hb (50 µM  
total heme). (B) Instantaneous rate of deoxyheme 
consumption over the course of the experiment 
described in A. (C) Initial rate (intercept of the poly-
nomial fitting in B at 0 seconds) of reaction for the 
conditions described above plotted as a function 
of initial oxygen saturation. (D) The instantaneous 
rate of deoxyheme consumption versus fraction 
ligated or oxidized ferric hemes (relative to total 
heme: deoxy-, met-, and iron-nitrosyl-Hb) during the 
course of the anaerobic reaction of nitrite (10 mM)  
with deoxyheme (50 µM).
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expected to accelerate this reaction by the inverse log of –∆pH 
(i.e., as pH decreases from 7.6 to 6.5 the rate should increase by 
10–(∆pH) = 10–(6.5 – 7.6) = 101.1 or by 12.59 fold). However, if our allo-
steric model of nitrite reduction is correct, an additional oppos-
ing “redox (oxidation) Bohr effect” of decreasing pH on the sta-
bilization of the T state tetramer would be expected to increase 
the heme redox potential and slow down the reaction. Analogous 
to the oxygen Bohr effect of Hb (31, 32), the relationship between 
redox potential of ferrihemes and pH is linear within the physio-
logic pH range, such that a 1-unit decrease in pH is accompanied 
by a 60 mV increase in E1/2 (33–36). To characterize these compet-
ing chemistries, establish whether the nitrite reductase activity 
of Hb has pH sensor properties, and provide additional confir-
mation of an allosteric model, we evaluated the effect of pH on 
this reaction using 0.01 M phosphate buffer adjusted to the cor-
responding pH. Consistent with the inverse log increase in rate 
(10–∆pH) due to more nitrite protonation, decreasing pH within 
the physiological range (pH 6.4–7.8) dramatically increased the 
initial rate of the reaction (measured by spectral deconvolution, 
R2 = 0.98 for linear fit of log10 [initial rate] vs. pH) and the rate 
of NO gas generation from nitrite (measured by chemilumines-
cence) (Figure 5, A and B).

It is important to recognize that the initial reaction rate could 
not be affected by the redox Bohr effect because all of the Hb was 
already fully deoxygenated and in T state at the beginning of the 
reaction. This is clearly evidenced by the exact inverse log increase 
in initial reaction rate as pH decreased (Figure 5A) or, equivalent-
ly, the linear increase in the initial reaction rate as proton con-
centration increased (Figure 5A, inset). The initial reaction rate 
increased as the proton concentration increased, and the linear 
fit extended through the zero point, demonstrating that proton-
ation is required for the nitrite and deoxyHb reaction (Figure 5A, 
inset). However, we hypothesized that as the reaction proceeded, 
the redox Bohr effect would slow the transition from T-to-R by 
stabilizing the T state. We therefore compared the “instanta-
neous” bimolecular rate of the reaction at pH values of 7.6, 7.0, 

and 6.5 during the course of the reaction, over a range of heme 
“saturations” (i.e., data shown as the fraction of total NO-ligated 
or ferric hemes during the process of the anaerobic reaction of 
nitrite and Hb). In Figure 5C, we indicate the expected large effect 
of decreasing pH on increasing the initial bimolecular rate (calcu-
lated as instantaneous reaction rate divided by the concentration 
of nitrite and deoxyheme), but the increase in the bimolecular rate 
as the Hb becomes fully ligated and undergoes T-to-R transition 
was reduced. This is more clearly shown by normalizing the bimo-
lecular rates during the course of the reaction by the inverse log 
of –∆pH to correct for the direct proton concentration effect. In  
Figure 5D, we clearly show that the initial bimolecular rate is unaf-
fected by redox Bohr effect, as all the Hb is in the T state, but as 
the reaction progresses, the rise in the bimolecular rate is limited 
at low pH due to the effect of redox Bohr on the stabilization of T 
state tetramer. In a physiological system, the effect of lowering pH 
on increasing the heme redox potential would be more than offset 
by the inverse log increase in the reaction rate and pH-dependent 
exposure of more deoxyhemes for nitrite reduction.

Kinetic considerations. The chemical behavior of Hb as a nitrite 
reductase presents an elegant mechanism for oxygen sensing, as 
the maximal nitrite reductase activity is allosterically linked to the 
Hb P50. In addition, this mechanism appears to address kinetic 
concerns over the requirement for a rapid generation of a vaso-
dilating effector. While the bimolecular rate constant of nitrite 
reduction by T state deoxyHb is 0.12 M–1s–1 at 25°C and pH 7.4, 
this bimolecular rate constant increases exponentially during  
T-to-R allosteric transition to approximately 50-fold at the end of 
the reaction (Figure 2B). Thus the rate of the R4 state Hb tetramer 
approaches that of Mb (6 M–1s–1; Figure 2B). The average bimo-
lecular rate constant during the reaction process was 0.35 M–1s–1,  
on the same order as our previously measured value of 0.47 M–1s–1 
(11) and that found by Doyle et al. (1 M–1s–1) (19). In addition, the 
requirement of a proton for the reaction suggests that the rate will 
increase by the inverse log of -∆pH. For example, in a vascular bed 
under physiological metabolic stress with Hb oxygen saturation of 

Figure 5
Effect of pH on the nitrite reductase reaction. (A) 
The initial rate (found by the polynomial fitting of 
the rate of deoxyheme consumption over frac-
tion ligated) of the reaction of nitrite (2.5 mM) with 
deoxyHb (45 µM heme) at different pH values in 
0.01 M phosphate buffer. Inset shows the initial rate 
plotted against concentration of proton. (B) NO gas 
measured by chemiluminescence from the reac-
tions shown in A. (C) The bimolecular rate of the 
reaction of nitrite with deoxyHb in phosphate buf-
fer at pH 7.6, 7.0, and 6.5 and deoxymyoglobin in 
PBS buffer at pH 7.4 over heme ligand and oxida-
tion states. (D) Correction factors 12.59 and 3.16 
(given by 10pH – 6.5) were multiplied by the bimolecu-
lar rates at pH 7.6 and 7.0, respectively (shown in 
C) to eliminate the contribution of changing proton 
concentrations to the bimolecular rate.
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60% at pH 7.0 and 37°C, the bimolecular rate of nitrite reduction 
to NO would be 4.4 M−1s−1. We and others have recently reported 
that red blood cells have 300 nM intracellular nitrite in steady state 
and that these levels are controlled across a narrow physiological 
range (37). Indeed, blood levels of nitrite appear to be conserved 
across species with uptake and utilization by the erythrocyte under 
oxygen- and pH-dependent control (18, 38–40). As Hb deoxygen-
ates in a metabolically active vascular bed and reaches an oxygen 
saturation of 60% at pH 7.0 and 37°C, the bimolecular rate of 
nitrite reduction to NO would be at 4.4 M–1s–1 and the 300 nM  
nitrite would react with the 12 mM intracellular deoxyheme to 
form 10.6 nM NO per second, a kinetic result consistent with our 
prior physiological observations (11). While we have shown that 
injections of nitrite into solutions of red cell and Hb solutions gen-
erates NO gas, additional studies are required to evaluate how NO 
can escape the erythrocyte and avoid autocapture by intracellular 
Hb (discussed more fully in Discussion).

Discussion
Physiological implications for hypoxic vasodilation. Hypoxic vasodila-
tion requires oxygen sensing and the rapid elaboration of a vaso-
dilating mediator that modulates the microvascular resistance of 
arterioles. Consistent with an oxygen-sensor set point around Hb 
P50, classical physiological studies of hypoxic vasodilation consis-
tently reveal a threshold for this response of around 40–60% Hb-
oxygen saturation (PO2 of 20–40 mm Hg) (4, 22). Accumulating 
data obtained from measurements of microvascular longitudinal 
oxygen and Hb-oxygen saturation gradients suggest that arteriolar 
oxygen tension decreases as blood flows through A1 to A4 caliber 
arterioles. This drop is substantial in skeletal muscle, resulting 
in A4 level arteriolar PO2 values approaching 20 mm Hg and Hb 
saturations of less than 40% (recently reviewed in ref. 41). These 
decreases in oxygen have been attributed to direct oxygen delivery 
from arterioles, oxygen consumption by endothelium and smooth 
muscle, and counter-current oxygen exchange with the venous sys-
tem. The latter has been reported to deliver CO2 to arterioles, an 
effect that lowers the Hb-oxygen affinity via the Bohr effect. These 
oxygen delivery profiles indicate that Hb desaturates below 50% 
within the skeletal muscle resistance microvasculature, a process 
that would also maximize Hb’s nitrite reductase activity within 
A4 arterioles. In the heart and brain, where most of the oxygen is 
delivered from the capillary bed, a retrograde propagation of the 
vasodilator signal has been invoked to explain feedback vasodila-
tion from the hypoxic tissue to resistance arterioles (42, 43).

We recognize that it is likely that hypoxic vasodilation, like 
endothelium-dependent blood flow regulation, is overbuilt, 
with multiple overlapping mechanisms that ensure adequate 
oxygen delivery to respiring tissues. Erythrocyte- and Hb-depen-
dent nitrite reduction to NO (11) and ATP (6–8) release would 
provide vasodilation at oxygen tensions from 40 to 15 mm Hg. 
Additional mechanisms for hypoxic vasodilation likely overlap 
with the erythrocyte systems, including production of adenosine, 
prostaglandins, NO, and endothelium-derived hyperpolarizing 
factor from tissue, as well as sympathetic feedforward vasodila-
tion (recently reviewed in ref. 4).

Below 10 mm Hg oxygen tension, direct nitrite reduction to NO 
by nonenzymatic disproportionation (acidic reduction similar to 
that reported in the stomach) (44–46) and enzymatic reduction by 
xanthine oxidoreductase (47–49) may contribute to hypoxic vaso-
dilation and anaerobic NO formation. Additionally, the “burst” 

NO formation observed for Mb (Figure 4A) is of particular interest 
and suggests that decreases in PO2 to below 2–4 mm Hg, as occurs 
during exercise, in ischemia, and in highly metabolic tissue, would 
be associated with a rapid conversion of tissue nitrite (approach-
ing levels of 20 µM; ref. 37) to NO. This nitrite reductase activity 
of Mb (or cytoglobin and neuroglobin) might participate in the 
modulation of tissue mitochondrial respiration and limitation of 
ischemia-reperfusion injury during extremes of exercise or patho-
logical vasoocclusion (50, 51).

NO export from the erythrocyte? A major challenge for a role for 
nitrite-Hb reactions in the control of hypoxic vasodilation is the 
kinetics of NO reactions with vicinal deoxy- and oxyHb, which 
should limit NO diffusion out of the erythrocyte. However, our 
earlier studies reveal that physiological concentrations of nitrite 
vasodilate aortic rings only in the presence of deoxyHb or deoxy-
genated erythrocytes and that near physiological concentrations 
of nitrite result in vasodilation in the human forearm (11). Indeed, 
kinetic predictions would suggest that NO should not escape into 
the head space for gas-phase detection in the current study illus-
trated in Figures 3C and 5B. While the solution to this paradox is 
not yet clear, we recognize that biology may overcome such kinetic 
constraints. For example, a membrane-associated nitrite reduc-
tase metabolon with deoxyHb and metHb, anion exchange pro-
tein, carbonic anhydrase, aquaporin, and rhesus channels could 
bring together nitrite, proton, deoxyheme, and highly hydropho-
bic channels that could serve to concentrate the lipophilic NO at 
the membrane complex (52). Indeed, the heme pocket distal histi-
dine may donate a proton to the reaction, an effect analogous to 
the proton donation by aspartate in the bacterial nitrite reductase 
enzyme (53). This histidine proton donation to nitrite would serve 
to both position and stabilize nitrite in the heme pocket and accel-
erate the reaction by forming nitrous acid.

Because of the potency of NO (50% effectivev concentration 
[EC50] of only 1–5 nM) and because flow is proportional to the 
radius to the fourth power, very little NO escape is required for 
vasodilation. We are currently exploring other potential interme-
diates that may form in the nitrite deoxyHb reaction including 
H2NO2 (hydrated NO), HNO2

–, NO2
2− (described by Doyle; ref. 19),  

NO, ONOO–, and N2O3. N2O3 formation by reductive nitrosyl-
ation catalyzed by nitrite has recently been characterized by Fer-
nandez and Ford (29). Many of these intermediates would be sta-
bilized in hydrophobic channels (H2NO2, N2O3, and NO) while 
others would be stabilized in anion channels, such as the anion 
exchange protein (HNO2

–, ONOO–, and NO2
2−). A maximal rate 

of NO formation near the Hb P50 may also lead to reactions with 
superoxide (O2

–), known to form from Hb auto-oxidation at P50 
(54). Diffusion limited NO-O2

– reactions can generate ONOO– and 
N2O3, which have the potential to nitrosate low-molecular-weight 
thiols in the heme pocket (55).

In conclusion, these data reveal 2 novel properties of the Hb mol-
ecule: first, the nitrite reductase activity of Hb produces NO under 
allosteric control; and second, the rate of nitrite reduction to NO 
is maximal at 40–60% Hb-oxygen saturation. These 2 properties 
provide a biochemical mechanism that could link allosteric oxygen 
sensing to vasodilation. These data suggest that Hb oxygen satura-
tion and quaternary structure rather than tissue PO2 act as oxygen 
sensors for hypoxic vasodilation and that the vasodilation effector 
is NO, generated by a nitrite reductase activity of Hb. Understand-
ing this chemistry should allow for therapeutic targeted NO deliv-
ery to specific tissues under hypoxic stress using nitrite solutions.
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Methods
Reagents and Hb preparations. All reagents were purchased from Sigma-

Aldrich, except mutant Hb, which was provided by C. Ho. Unless otherwise 

indicated, Hb solutions and reactions were performed using phosphate-

buffered saline, pH 7.4, at room temperature. Isolated β chains of HbA 

(tetramer) were prepared by C. Ho. Normal human adult Hb was prepared 

by hypotonically lysing washed erythrocytes, discarding the membrane 

fractions, and storing the hemolysate at –80°C as previously described 

(56). The Hb was either dialyzed or passed through a size exclusion column 

washed with buffer corresponding to the particular experiment. NEM-

modified HbA was prepared by incubating 200-µM HbA with 10-mM  

NEM for 1 hour in PBS buffer at pH 7.4 in equilibrium with room air 

and room temperature. For IHP-bound Hb, the pH of IHP solution was 

adjusted to 7.4 prior to addition to deoxyHb in a 5 to 1 ratio. Excess NEM 

or IHP was removed by sephadex G25 column (Amersham Biosciences). 

The oxygen saturation of the Hb solution was measured by visible absorp-

tion spectroscopy (HP8453 UV-Vis spectrophotometer; Hewlett-Packard). 

The concentration and percentage of each heme species was analyzed by 

deconvoluting the spectrum into components from basis spectra of Hb 

composed of oxyHb, deoxyHb, iron-nitrosyl-Hb, carboxyHb, metHb and 

metHb-nitrite, using a least squares method similar to that previously 

described (55). CarboxyHb was included in the analysis only when car-

boxyHb was added to the reaction mixture. Both metHb and metHb-nitrite 

have significant absorption at 630 nm, and their sum was reported as the 

total amount of metHb or ferric hemes.

Simultaneous measurement of the nitrite reaction with Hb by visible absorption 

spectroscopy and NO gas detection by chemiluminescence. In these experiments, 

50-µM deoxygenated Mb, Hb, and Hb preparations partially ligated with 

carbon monoxide were reacted with excess nitrite (10 mM, 2.5 mM with 

Mb) anaerobically in a 25-ml flask for NO measurement. During this 

time, constant stirring and head-space purging with helium were per-

formed (note that the solution is not purged; only the head space gas is 

entrained). The purged gas traveled in-line through the head space of the 

flask containing 5 ml of reaction mixture into a chemiluminescent NO gas 

analyzer (Sievers NO analyzer; GE Analytical Instruments) for detection 

of NO. The reaction was monitored simultaneously in a 1-cm pathlength 

glass cuvette under positive helium pressure for spectral measurement by 

visible absorbance spectrophotometry at room temperature using an HP 

8953 UV-Vis spectrophotometer (Hewlett-Packard). Reaction progress 

was monitored by the change of absorption at 630 nm. Concentrations in 

deoxyheme, oxyheme, iron-nitrosyl-heme, and metheme at any time point 

were derived through spectral deconvolution. The instantaneous reaction 

rate was measured as the instantaneous rate of deoxyheme consumption 

(negative change of deoxyheme concentration with respect to time inter-

val). Bimolecular rate (or bimolecular rate constant in the case of Mb) of 

the reaction between deoxyheme and nitrite was obtained by the instanta-

neous reaction rate divided by the concentration of nitrite and deoxyheme 

at that instant. Note that all of the UV-vis experiments were performed in 

anaerobic cuvettes without purging. We applied positive helium pressure 

without a channel for gas escape, as this prevents oxygen leaks into the 

system. Only the NO gas formation experiments are performed with head 

space gas collection (Figures 3C and 5B).

EPR spectroscopy with spectral deconvolution. EPR spectroscopy was conduct-

ed at temperatures of 132 K with a Bruker 4111 VT variable temperature 

unit and ESR-ER-200 D spectrometer set (Bruker BioSpin GmbH) at 9.43 

GHz microwave frequency, 10 mW microwave power, 5 Gauss modulation 

amplitude, a time constant of 100 ms, and a collection time of 100 seconds 

for each scan. The EPR spectrum for iron-nitrosyl-Hb was deconvoluted to 

obtain the percentage of each species of nitrosyl-heme (penta- and hexaco-

ordinate α heme and hexacoordinate β-nitrosyl-heme) using basis spectra 

as described previously (26).
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