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ABSTRACT: The reaction of deoxyhemoglobin with nitrite was characterized in the presence of dithionite
using hemoglobin in solution or bound to the cytoplasmic domain of band 3 (CDB3). Deoxyhemoglobin
was generated by predeoxygenation (nitrogen flushing followed by addition of dithionite), or transiently,
by rapidly mixing oxyhemoglobin with nitrite and dithionite simultaneously. Wavelength-dependent kinetic
studies confirmed the formation of nitrosyl hemoglobin. Furthermore, the rate of reaction was independent
of dithionite concentration, indicating that dithionite does not reduce nitrite to nitric oxide directly. Model
simulation studies showed that superoxide anion generated by dithionite reduction of molecular oxygen
was not a factor in the reaction kinetics. CDB3-bound hemoglobin reacted faster with nitrite than did
hemoglobin in solution. This difference was most pronounced for predeoxygenated hemoglobin and least
pronounced for rapidly deoxygenated hemoglobin. The smaller difference observed in the rapid
deoxygenation experiment was associated with much faster kinetics compared to the predeoxygenation
experiment. Model simulation studies showed, and literature evidence indicates, that faster kinetics in the
rapid deoxygenation experiment were related to the initial presence of R-state Hb(II)O2 R� dimers, both
in dilute solution and when bound to CDB3. Thus, rapidly deoxygenated CDB3-bound hemoglobin R�
dimers react 5-fold faster with nitrite than predeoxygenated tetrameric hemoglobin in solution. Faster
nitrite reductase kinetics for CDB3-bound hemoglobin suggests the possibility of preferential nitric oxide
generation at the inner surface of the erythrocyte membrane, thus coupling the release of oxygen from
hemoglobin to the production and successful release of nitric oxide from the erythrocyte, and the regulation
of blood flow.

The reaction of NO1 with Hb(II) has been studied for over
three decades (1). Interest in the properties of Hb(II)NO
accelerated in the 1970s when it was discovered that it could
be switched from the high affinity R- to the low affinity
T-quaternary conformational state without dissociation of
NO. Switching occurred when the allosteric effector molecule
IHP was added to Hb(II)NO (2–7). Switching could also be
induced even in the absence of allosteric effectors, by simply
replacing CO with NO at the hemes of hemoglobin Kansas
(R2 �2102 Asn f Thr) (5). These findings offered general
support for the two-state allosteric model of Monod, Wyman,
and Changeux (8).

Today, NO has become physiologically relevant, in light
of discoveries showing that it is produced from endothelial
NO synthase and participates in the regulation of basal blood
vessel tone and vascular homeostasis (9–13). The involve-
ment of the erythrocyte in regulation of microvascular tone
was first suggested by experiments showing that the oxygen-
linked R-state to T-state transition within the hemoglobin
tetramer (8) was associated with ATP release from the cell,
with ATP binding to purinergic receptors in the endothelium
resulting in vasodilatation (14, 15). An alternate hypothesis
suggested that hemoglobin deoxygenation resulted in NO
release from the erythrocyte and that such release caused
subsequent NO-dependent vasodilatation (16–19).

Two fundamentally different mechanisms have been
proposed to explain the oxygen-linked release of NO from
the red cell. One mechanism suggests that NO reacts with
the �-93 -SH group of Hb(II)O2 to form S-nitroso hemo-
globin (16). It is known that the �-93 -SH group is more
reactive in the oxygenated R-state than in the deoxy T-state
(1). This difference could potentially serve to link NO
binding and release to oxygen binding to Hb(II), and
therefore to oxygen demand and blood flow. Alternatively,
it has been proposed that plasma NO2

- can be converted
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into NO by the NO2
- reductase activity of intracellular deoxy

Hb(II) (17–19).

One major challenge facing hypotheses suggesting that NO
is released from red cells during deoxygenation is that the
affinity of deoxy Hb(II) for NO is high (Kd ≈ 10-12 to 10-13

M). This value was derived from the large value of the rate
constant for the reaction of NO with Hb(II) (2.4 × 107 M-1

s-1) (20), and the small value of the rate constants for NO
release from the T-state (1 × 10-3 s-1) and from the R-state
(9.5 × 10-6 s-1) (7). A small Kd value, in combination with
a high concentration of intracellular hemoglobin (∼20 mM
on a heme basis), suggests that NO generated by the NO2

-

reductase reaction or released from �-93 -SH groups should
never escape from the deoxygenating erythrocyte, yet it
clearly does (21). A possible solution to this problem would
be if NO2

- reacted preferentially with membrane-bound
hemoglobin. This would allow for the formation of NO at
the inner surface of the membrane, where the probability
for successful release from the cell might be higher than that
from hemoglobin within the cytosolic space.

Both Hb(II) and Hb(II)O2 have been shown to bind to the
cytoplasmic domain of band 3 (CDB3) (22–32), the eryth-
rocyte trans-membrane anion exchange protein. Hb(II)O2 has
beenshowntobindpredominantlyasR�dimers (23,24,27,28),
while Hb(II) binds as the tetramer (23, 25, 26, 28–30). There
is disagreement as to which species binds the tightest,
Hb(II)O2R�dimers (25,26),ordeoxyHb(II) tetramers (29,30).
Furthermore, it has not been established whether Hb(II) and
Hb(II)O2 bind to the same site on CDB3. X-ray crystal-
lographic evidence showed that the acidic N-terminal peptide
of CDB3 binds to the central cavity of Hb(II) where 2,3-
DPG binds (29). Oxygenation of Hb(II) would be expected
to cause a change in the quaternary conformational state,
which should make the CDB3 binding site inaccessible.
However, dissociation of Hb(II)O2 tetramers to R� dimers
should expose at least part of the CDB3 binding site on one
hemoglobin R� dimer, thus favoring preferential binding of
Hb(II)O2 R� dimers versus Hb(II)O2 tetramers. Finally,
although one might initially suggest that there are no
Hb(II)O2 dimers present at the high concentration of intra-
cellular hemoglobin present in the red cell, calculations have
shown that the concentration of dimers may be as high as
100 µM, assuming a 3 µM Hb(II)O2 tetramer to dimer
dissociation constant at physiological pH and ionic strength
(23). This would be enough to saturate band 3 sites, assuming
that Hb(II)O2 R� dimers have a sufficiently high affinity for
CDB3 sites (25, 26, 31, 32).

I have performed a series of experiments involving the
use of dithionite to study the NO2

- reductase reaction of
hemoglobin in solution and bound to CDB3. This protocol
compares the reaction of NO2

- with Hb(II) generated by
rapid deoxygenation of R-state Hb(II)O2, to the reaction of
NO2

- with predeoxygenated T-state Hb(II) tetramers. These
reactions were performed using hemoglobin in dilute solution
and bound to CDB3. I also characterize the role of dithionite
in this reaction for the first time. This experimental work
was supplemented by detailed model simulation studies that
focused on the role: (a) of side reactions involving O2

-, NO,
dithionite, and hemoglobin in the overall kinetic behavior
of the system and (b) of hemoglobin dimer-tetramer

association-dissociation kinetics in the reaction of NO2
-

with deoxy Hb(II) generated during the rapid deoxygenation
experiment.

MATERIALS AND METHODS

Fresh in-dated erythrocytes were obtained from the Omaha
Chapter of the American Red Cross. ACS reagent grade
sodium nitrite was obtained from Sigma and purified grade
sodium dithionite from Fisher Scientific. All other chemicals
were reagent grade.

Erythrocytes were washed and hemolysates prepared as
described (33). After centrifugation to remove membranes,
Hb(II)O2 hemolysates were dialyzed extensively in 5 mM
sodium phosphate, pH 8.0 (5P(8)) buffer at 4 °C. Samples
were then dialyzed in the same buffer at various pH values.
Optical spectra were measured in a Genesys 2 spectrometer
(Thermo Fisher Scientific). Hemoglobin-free, salt stripped
unsealed ghosts were prepared as described (24).

Rapid deoxygenation experiments were performed by
simultaneously mixing Hb(II)O2 with NO2

- and dithionite
under the specific experimental conditions described below.
Predeoxygenated Hb(II) was prepared by flushing with
nitrogen to remove molecular O2 and then adding crystals
of sodium dithionite under positive nitrogen flow. Sample
pH was measured under positive nitrogen flow after addition
of dithionite and the pH adjusted if necessary. These samples
were transferred to the stopped-flow apparatus anaerobically.
Static optical spectra for predeoxygenated Hb(II) were
measured in cuvettes capped with rubber stoppers, which
were flushed with nitrogen, and into which the Hb(II)/
dithionite solutions were injected with a syringe.

Stopped-flow experiments were performed using a single
beam Gibson-Durrum stopped-flow apparatus. The ap-
paratus has been described in detail in a review by Gibson
(34). Collection of primary data from the stopped-flow was
performed essentially as described in reports from this
laboratory (35). In brief, 1000 data points were collected per
stopped-flow mix, with a given time course consisting of an
average of at least three to 10 such mixes per condition, with
the number depending on the signal-to-noise level. The data
were saved and imported into Sigma Plot (SPSS Science,
Chicago IL) for further analysis. Initial velocities were
calculated by fitting data within the linear initial 30% of each
time course (see below) using the linear least-squares analysis
available in Sigma Plot. The slope so determined was then
multiplied by the concentration of hemoglobin present in the
samples initially after the mix (see legend to Figure 4). That
value then was plotted against its respective concentration
of NO2

-. Model simulation studies were performed using
Chemical Kinetics, version 1.01, provided online by the IBM
Almaden Research Center (36). Analysis of the experimental
and simulated data and graphic presentations of the results
were performed using Sigma Plot. Determination of pK
values was performed using Enzfitter (37, 38).

RESULTS

Experimental Studies. Reaction of NO2
- with Predeoxy-

genated Hb(II) in Solution in the Presence of Dithionite. The
use of dithionite to rapidly deoxygenate hemoglobin has been
studied extensively under various conditions (39–44). Release
of O2 from Hb(II)O2 in solution is promoted by rapid

6060 Biochemistry, Vol. 47, No. 22, 2008 Salhany



scavenging of unbound O2 by dithionite. Dithionite first
reduces all of the unbound O2 to O2

- in a rapid reaction (45, 46)
and then reacts with the O2 that is more slowly released from
Hb(II)O2. The rate of this latter reaction is essentially
independent of the concentration of dithionite (40, 41).

A novel and potentially important use for dithionite in the
field of NO transport by the human erythrocyte was indicated
in the brief description given on page 42 of the book on
hemoglobin by Antonini and Brunori (1). They stated that
when NO2

- was added to a Hb(II) solution containing
dithionite, Hb(II)NO was generated. Apparently this phe-
nomenon was not studied further. In the present study,
dithionite is used to ensure oxygen-free conditions and to
reduce Hb(III) generated by the reductase reaction back to
Hb(II). Thus, it seemed important to both experimentally
substantiate that Hb(II)NO is formed under the stated
conditions and to experimentally and theoretically establish
the overall mechanism.

There are three possible mechanisms to explain the
Antonini-Brunori Effect: (a) direct (noncatalytic) reaction
of NO2

- with dithionite to produce NO,

S2O4
-2 + 2NO2

-f 2SO3
-2 + 2NO k1

(1)

and subsequent reaction of NO with Hb(II), (b) reaction of
NO2

- with dithionite in the presence of an iron catalyst (47),
(possibly Hb(II)) to produce NO, which subsequently reacts
with Hb(II), and (c) the direct reaction of Hb(II) with NO2

-

to produce NO, independent of dithionite concentration. In

this latter mechanism, dithionite simply functions to remove
O2 from the system. With regard to possibility (a), experi-
mental work by Makarov and co-workers (48) has shown
that there was no significant direct reaction between dithionite
and NO2

- in solution between 15° and 50 °C. Thus, I have
studied the kinetics of reaction of NO2

- with Hb(II) in the
presence of dithionite to discriminate between possibilities
(b) and (c).

The spectral-kinetic results for the reaction of NO2
- with

predeoxygenated Hb(II) are shown in Figure 1 (A-D).
Figure 1A and B shows that the absorbance increase at 417
nm and decrease at 430 nm are linear for about the first 30%
to 50% of the time course. Figure 1C illustrates the
wavelength dependence of the time course near the 423 nm
static isosbestic point (7). No wavelength could be found in
this region that gave an absolute kinetic isosbestic point,
where no change in absorbance was observed over the course
of the reaction. This indicates the presence of a third spectral-
kinetic species. This conclusion is supported by the 422.6
nm time course, which is biphasic. Figure 1D shows the
wavelength dependence of the total absorbance change for
the reaction of NO2

- with predeoxygenated Hb(II) in the
presence of dithionite. This difference spectrum is the inverse
of the one generated by Moore and Gibson (7) for the
conversion of Hb(II)NO to Hb(II) and indicates that the
reactions in Figure 1 represent the loss of Hb(II) and the
formation of Hb(II)NO. Therefore, when NO2

- is mixed with
Hb(II) in the presence of dithionite, Hb(II)NO is formed (1).

FIGURE 1: Spectral-kinetic studies of the reaction of predeoxygenated Hb(II) with NO2
- in the presence of dithionite in solution. Hb(II)

(12.6 µM, before mixing in the stopped-flow apparatus) was prepared as described in Materials and Methods. The final dithionite concentration
was 10 mM, and a final measured pH was 6.75. This sample was anaerobically transferred to the Gibson-Durrum stopped-flow apparatus.
Five millimolar sodium phosphate buffer containing (O) or lacking (b) 20 mM sodium nitrite was flushed with nitrogen, and crystals of
sodium dithionite were added to yield a final concentration of 10 mM, pH 6.75. These latter samples were mixed 50:50 in the Gibson-
Durrum stopped-flow apparatus at 25 °C, with the Hb(II) solution. (A) Reaction time course at 417 nm. (B) Reaction time course at 430
nm. The symbols have the same meaning as in A. (C) Wavelength dependence near a Soret isosbestic point. There was no well-defined
kinetic isosbestic point, indicating the presence of a third species. (D) Plot of the amplitude (-∆A0) of reactions like those in panels A-C
versus wavelength. The dashed lines in panels A and B were drawn by eye.
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Figure 2A and B shows the pH and dithionite dependences,
respectively, for the reaction of predeoxygenated hemoglobin
with NO2

-. The apparent reaction pK was estimated to be
6.45 ( 0.23. This is essentially the same as the pH
dependence for the reaction of NO2

- with dithionite,
catalyzed by an organic metal-ion complex (47). That
suggests that NO may be formed from NO2

- and dithionite
through the iron catalysis mechanism (47). However, there
was no dependence of the reaction on dithionite concentration
(Figure 2B). For the catalyzed reaction involving the organic
metal-ion complex (48), the rate increased 4-fold with
increasing dithionite concentration. The concentration range
used here is ∼4-fold larger than the dithionite concentration
range used in that study, yet there was no significant change
in rate. Thus, prereaction of NO2

- with dithionite in the
presence of an organo-metalic catalyst is not part of the
mechanism involved in the formation of Hb(II)NO.

Feasibility Study and WaVelength Dependence for the
Reaction of NO2

- with Hb(II) Generated by Rapid Deoxy-
genation of Hb(II)O2 in the Presence of Dithionite. Though
predeoxygenation of hemoglobin solutions is a viable means

for studying the reaction of NO2
- with Hb(II), an alternative

approach is to study the reaction of NO2
- with Hb(II)

generated by rapid deoxygenation. A rapid deoxygenation
experiment may be relevant to the dynamics associated with
deoxygenation of hemoglobin when the oxygenated eryth-
rocyte enters the capillary bed.

The overall feasibility of the rapid deoxygenation experi-
ment is illustrated in Figure 3, which shows an experiment
at pH 6.45 and 0.5 mM sodium nitrite, where Hb(II)O2 in
solution at ambient pO2 is mixed with a solution containing
NO2

- and dithionite. At 430 nm (the Soret absorbance peak
for Hb(II) (1)), there is an initial, very rapid increase in
absorbance. After this initial burst phase, there is a slower
loss of absorbance at 430 nm. The burst phase has kinetics
consistent with the deoxygenation of Hb(II)O2. I have
confirmed my earlier measurements (41) showing that the
rapid deoxygenation reaction has an apparent rate constant
of 59 s-1, at 25 °C, pH 6.5, independent of dithionite
concentration (data not shown). Thus, Hb(II)O2 deoxygen-
ation is complete in about 50 ms. When the measurements
were made at 417 nm, the sign and amplitude of both phases
change. The amplitude of ∆εmax for the reaction at 430 nm
for rapid deoxygenation, differed from the amplitude of ∆εmax

for the reaction at 430 nm for predeoxygenated Hb(II) (Figure
1B) by e10%. This is consistent with rapid formation of
Hb(II) in the rapid deoxygenation experiment. The results
just presented indicate that it is feasible to study the reactions
of Hb(II) with NO2

- by mixing a solution of Hb(II)O2 in
the stopped-flow apparatus with solutions of NO2

- and
dithionite.

NO2
- Concentration Dependence of the Reaction of

Predeoxygenated and Rapidly Deoxygenated Hb(II), Mea-
sured Using Hemoglobin in Solution or Bound to CDB3 at
the Inner Surface of Isolated Human Erythrocyte Membranes.

In order to test for differences in the reactivity between
rapidly deoxygenated and predeoxygenated Hb(II), the NO2

-

concentration dependence of the reductase reaction was
measured. The starting material was: (a) predeoxygenated
Hb(II) in solution, (b) predeoxygenated Hb(II) bound to

FIGURE 2: pH and dithionite dependence of the reaction of
predeoxygenated Hb(II) with NO2

- in solution. (A) pH dependence
of the initial velocity (Vi) for the disappearance of Hb(II) at constant
dithionite. The reactions were performed as described for the
experiments in Figure 1, at 430 nm and 25 °C. The NO2

-

concentration was 5 mM, with dithionite concentration fixed at 10
mM, both after the mix. pH values were determined after mixing
under positive nitrogen flow as described in Materials and Methods.
The apparent pK was determined using the Enzfitter program
containing the equation: Vi ) [(V1) + {(V2) * 10 (pH - pK)}]/[1 + 10
(pH - pK)], where V1 and V2 are the values of the initial velocities at
the upper and lower limits of the titration curve, respectively. The
value of V1 was 0.15 ( 0.03 µM s-1, and the value of V2 was 0.001
( 0.01 µM s-1 with an apparent pK of 6.45 ( 0.23. (B) Dithionite
concentration dependence of Vi at constant pH. This reaction was
measured at 430 nm, 25 °C, and at constant NO2

- concentration
(5 mM after mixing) at pH 6.71. The concentration of Hb(II) was
6.6 µM after mixing.

FIGURE 3: Wavelength dependence for the reaction in solution,
where Hb(II)O2 is mixed with dithionite and NO2

- simultaneously.
Hb(II)O2 (11 µM) in 5 mM sodium phosphate buffer at pH 6.45
was mixed 50:50 in the stopped-flow apparatus with 10 mM sodium
dithionite and 1 mM NaNO2

- in the same buffer at 25 °C. The
reaction was studied as a function of wavelength. In this reaction,
there is an initial, very rapid, and wavelength dependent absorbance
change associated with deoxygenation of Hb(II)O2, followed by
the slower reaction with NO2

-.
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CDB3 on isolated human erythrocyte membranes (23), (c)
Hb(II)O2 in dilute solution (rapid deoxygenation), and (d)
Hb(II)O2 bound to CDB3 on isolated human erythrocyte
membranes (23) (rapid deoxygenation). All of the measure-
ments were made at 25 °C, at pH 6.5 ( 0.1, as described in
the legend to Figure 4. These conditions are those necessary
for maximum binding of hemoglobin to band 3 (23, 24, 28, 31).
It is important to note that both Hb(II)O2 and Hb(II) were
>98% bound to the membrane. This was established by
measuring the absorbance of the supernatant fraction in the
Soret region of the hemoglobin spectrum, after centrifugation
of the membrane suspension as described previously (31).
This method and visual inspection of the supernate and the
membrane pellet were also applied to samples after the

reaction, by collecting material expelled from the stopped-
flow apparatus.

Figure 4 shows time courses for NO2
- reacting with

predeoxygenated Hb(II) in dilute solution (Figure 4A);
predeoxygenated Hb(II) bound to CDB3 (Figure 4B); rapidly
deoxygenated Hb(II) in dilute solution (Figure 4C); and
rapidly deoxygenated Hb(II) bound to CDB3 (Figure 4D).
The experimental data are represented by symbols. The
dashed lines represent model simulation results (see the
Theoretical Section below). The dashed lines do not represent
computer generated fits of the data.

It is apparent that predeoxygenated Hb(II) reacts at a
slower rate with NO2

- than does Hb(II) generated by rapid
deoxygenation, both for hemoglobin in solution and for

FIGURE 4: Experimental (symbols) and simulated (dashed curves) time courses for the reaction with NO2
- of predeoxygenated [Hb(II) +

NO2
- f Hb(II)NO] or rapidly deoxygenated [Hb(II)O2 f Hb(II) and then Hb(II) + NO2

- f Hb(II)NO] hemoglobin. The fraction of
Hb(II) present is defined as (∆A/∆Amax) at 430 nm for the experimental time courses and as ([Hb(II)]/[Hb(II)]max) for the time courses from
the model simulation studies. Furthermore, ∆Amax and [Hb(II)]max are defined as the maximum values reached in each case, after rapid
deoxygenation of Hb(II)O2 by dithionite. For predeoxygenatated Hb(II), those values are defined as the initial (time ) 0) values. The
reactions were measured at various concentrations of nitrite, using hemoglobin in solution (A and C) or bound to the cytoplasmic domain
of band 3 (CDB3) on isolated human erythrocyte membranes (B and D). The experimental NO2

- concentrations after mixing in the stopped-
flow apparatus were the same for each deoxygenation condition: (3) ) 0.5 mM; (1) ) 2.5 mM, (O) ) 5 mM, and (b) ) 10 mM. These
reactions were performed as described in the legend to Figure 1, at 430 nm and 25 °C, but with the concentration of dithionite set at 5 mM
after mixing. The experimental pH values were 6.5 ( 0.1. The concentration of hemoglobin after the mix was 6.3 µM in the predeoxygenation
experiments, and 5.5 µM for the rapid deoxygenation experiment. The simulations presented in this figure were generated as described in
the Results section of the text. The initial concentrations of species for the rapid deoxygenation simulation were as follows: [Hb(II)O2] )
5.5 µM; [Pi] ) 5 mM; [S2O4

-2] ) 5 mM; [SO2
-] ) 2.6 µM; [O2] ) 270 µM; [H+] ) 3.16 × 10-7 M (for pH 6.5); [RSH-per heme] )

2.75 µM; [Hb(III)] ) [Hb(III)NO] ) [Hb(III)(NO2
-)] ) [deoxy Hb(II)] ) [NO] ) [Hb(II)NO] ) [SO2] ) [O2

-] ) [N2O3] ) [PiNO] )
[RSNO] ) [ONOO-] ) [HONOO] ) [NO3

-] ) [NO2] ) [H2O2] ) [Hb(II)(NO2
-)] ) 0. The initial concentrations used for the

predeoxygenated Hb(II) simulation were the same as that given for the rapid deoxygenation experiment, with the following exceptions:
[deoxy Hb(II)] ) 6.3 µM; [Hb(II)O2] ) 0 µM; [RSH- per heme] ) 0 µM; [O2] ) 0 µM. The values for the rate constants used in a given
panel for the reductase part of the mechanism (see the text) are given in Table 1. The other rate constants were taken from Tables 2-4. (A)
Reaction of predeoxygenated hemoglobin with NO2

- in solution. (B) Reaction of predeoxygenated hemoglobin bound to CDB3, with
various concentrations of NO2

- under the same conditions as in panel A. Greater than 98% of the Hb(II) was bound to the membrane, as
determined by centrifugation of the sample, and measurement of the absorbance spectrum of the supernate, as well as by visual inspection
of the centrifuged membrane pellet. (C) Reaction of Hb(II) in solution generated by rapid deoxygenation of Hb(II)O2 by mixing with
dithionite and NO2

- simultaneously. Note that in this reaction, there is a very rapid increase in absorbance at 430 nm, due to deoxygenation
of Hb(II)O2. This change is followed by a slower decrease in absorbance as deoxygenated Hb(II) reacts with NO2

- to form Hb(II)NO. (D)
Reaction with NO2

-, of membrane-bound Hb(II) generated by rapid deoxygenation of Hb(II)O2 as described for panel C. Visual and
spectroscopic confirmation of >98% Hb(II)O2 bound to the membrane, performed in a manner similar to that described in panel B for
deoxy Hb(II).
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hemoglobin bound to CDB3 (note the differences in time
scales in Figure 4). The reaction of CDB3-bound predeoxy-
genated Hb(II) (Figure 4B) is faster than predeoxygenated
Hb(II) in solution (Figure 4A). In contrast, rapidly deoxy-
genated membrane-bound Hb(II) (Figure 4D) reacted only
slightly faster than rapidly deoxygenated Hb(II) in dilute
solution (Figure 4C).

In order to quantitate the apparent differences in reactivity
toward NO2

- shown in Figure 4, the initial velocities were
calculated for the loss of Hb(II) at 430 nm, as described in
the Materials and Methods section. Initial linearity was
established to a high degree of confidence over the first 30%
of the reaction time course, as judged by the statistics
associated with the linear fits indicated by the standard errors
shown in Figure 5. In Figure 5A and B, the experimental
results are presented as circles (rapid deoxygenation, open
circles; predeoxygenation, closed circles). Table 1 lists the
slopes of the lines in Figure 5. The squares represent the
initial velocities taken from the simulation studies to be
described below. The experimental results show that CDB3-
bound predeoxygenated Hb(II) reacted 2.5-fold faster than
predeoxygenated Hb(II) in solution, under otherwise identical

conditions (Table 1). However, when the rapid deoxygenation
method is used, there is a much smaller (∼24%), but still
significant, difference between CDB3-bound hemoglobin and
hemoglobin in solution (Table 1). Nevertheless, it is apparent
that the reaction of Hb(II) generated by the rapid deoxygen-
ation method is faster than the reaction of predeoxygenated
Hb(II), whether this comparison is made for hemoglobin in
solution or for hemoglobin bound to CDB3 (Figure 5 and
Table 1).

Theoretical Studies. There are two issues which need to
be considered in order to properly interpret the nitrite
reductase reaction of Hb(II) measured in dilute solutions with
dithionite present. First, with regard to the use of dithionite,
it is necessary to have a detailed understanding of the system
of reactions that take place in the rapid deoxygenation
experiment, where ∼270 µM of dissolved O2 is present
initially. Molecular O2 is rapidly reduced by dithionite to
O2

- (45, 46) during the rapid deoxygenation experiment. The
O2

- and its products then become involved in various side
reactions with NO, dithionite, and hemoglobin, which in
combination may challenge intuitive expectations for the
effect of these various side reactions on the observed kinetics.
Fortunately, all of the relevant kinetic reactions have been
studied, and the values of the associated kinetic constants
are available in the literature, thus supporting the feasibility
of a model simulation study.

The second important issue to consider from a theoretical
point of view concerns the role of hemoglobin dimer-tetramer
association-dissociation kinetics when studying reactions
involving liganded hemoglobin in dilute solutions. The
observation of faster reaction kinetics in the rapid deoxy-
genation experiment is consistent with the predominance of
R-state deoxy hemes, yet in the experimental section of this
article, it was pointed that all of the Hb(II)O2 was deoxy-
genated within ∼50 ms and thus should have reacted with
NO2

- as slowly as predeoxygenated hemoglobin.
One hypothesis to explain such behavior is to propose that

deoxy Hb(II) R� dimers predominate during the rapid
deoxygenation experiment measured in solution. At the
concentration of hemoglobin used in this study, ∼63% of
the Hb(II)O2 would exist as R� dimers at pH 6.5 (28).
Furthermore, deoxy Hb(II) R� dimers are expected to have
R-state-like kinetics, where NO2

- would react rapidly
compared to T-state predeoxygenated Hb(II) tetramers (49).
In addition, Hb(II)O2 binds to CDB3 as R� dimers and
remains in the fast reacting dimeric state when rapidly
deoxygenated (23, 27, 28). Predeoxygenated hemoglobin will
be entirely tetrameric both in solution (50) and when bound
to CDB3 (23, 27, 28). The question to address is whether
the deoxy R-state R� dimer would have a sufficiently long
lifetime under the present experimental conditions, to react
rapidly with NO2

- (49). If the lifetime of R-state deoxy R�
dimers was short relative to the reaction with NO2

-, rapid
deoxygenation and predeoxygenation kinetics should show
identical kinetics.

Simulation of the Effect of O2
- and Various Side Reactions

on the Kinetics of Reaction of Hb(II) with NO2
-. The Model.

The basic model used for this simulation is as follows:

Hb(II)+NO2
- T [Hb(II)NO2

-] k2,k3 (2)

[Hb(II)NO2
-] f Hb(III) + “NO2

2-” k4 (3)

FIGURE 5: Plots of the initial velocity (Vi) vs [NO2
-] for the reaction

of NO2
- with Hb(II). NO2

- was reacted with predeoxygenated or
rapidly deoxygenated hemoglobin in solution (A) or bound to the
cytoplasmic domain of band 3 (CDB3) (B). The results represented
by the circles came from experimental determinations. Open circles
were from rapid deoxygenation experiments, while closed circles
were from predeoxygenation experiments. The results represented
by the squares were from model simulation studies. Open squares
were from rapid deoxygenation simulations, while closed squares
were from predeoxygenation simulations. The experimental reac-
tions were performed as described in the legend to Figure 4, and
the initial velocities were calculated as described in the text.
Quantitative values for the slopes of the lines in this figure are
given in Table 1.
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In the simulation, NO was substituted for NO2
2- since the

NO2
- reduction product NO2

2- is known to rapidly form NO
and water in subsequent reactions (51).

The basic model represented by eqs 2 and 3 differs from
the models presented by Doyle et al. (51) and Huang et al.
(49) in two respects. First, it does not include the reaction
of Hb(II) with nitrous acid [Hb(II) + HONO f Hb(III) +
NO + OH-]. I have performed extensive model simulation
studies that included the HONO reaction step using initial
HONO concentrations ranging from 2.23 to 44.5 × 10-7 M,
consistent with the pK for HONO (51) and the pH used in
the experiment of interest (pH 6.5). I obtained virtually
identical time courses when kHONO ) 1.23 × 104 M-1 s-1

(51), and k2 ) 25 M-1 s-1, k3 ) 3 × 10-4 s-1, and k4 ) 65
s-1 (Table 1). Raising the value of the HONO rate constant
5-fold to reflect R-state Hb(II) reactivity (49) (kHONO ) 6.15
× 104 M-1 s-1) resulted in a slightly faster time course at
10 mM sodium nitrite concentration. Thus, at the concentra-
tion of HONO present under our experimental conditions
and given the literature values of kHONO (51), the reaction of
deoxy Hb(II) with NO2

- virtually completely dominates the
kinetics.

The second manner by which the model consisting of eqs
2 and 3 differs from the models of Doyle et al. (51) and
Huang et al. (49) is on the introduction of the intermediate
species [Hb(II)NO2

- ] (eq 2). I have found that use of a
simple second order reaction scheme or even two parallel
second order reactions (one for NO2

- and one for HONO)
did not adequately simulate the initial linearity observed in
the kinetic time courses of Figure 1 (A and B). This suggests
that some type of reversible intermediate may form during
the reaction, associated with the initial binding of NO2

-

within the heme pocket prior to chemical reaction at the heme
iron. Evidence was presented in Figure 1C for a spectral-
kinetic heterogeneity in the overall reaction, which could be
consistent with formation of such an intermediate, although
other explanations are possible for that type of behavior.

Figure 6 shows the basic reductase mechanism (eqs 2 and
3) as well as side reactions, which directly relate to the basic
mechanism within the context of the rapid deoxygenation

experiment, where Hb(II)O2 is mixed with NO2
- and

dithionite simultaneously. The values of the rate constants
used for the reaction in Figure 6 and for other side
reactions not shown in Figure 6 were taken from the
literature (7, 20, 41, 45, 46, 49, 52–66), or they were
determined in the simulation (k2, k3, and k4) and are all
listed in Tables 1-4.

NO2
- Concentration Dependence. The theoretical time

courses generated from the model simulation studies are
shown as dashed curves in Figure 4. The values of the sim-
ulation constants k2, k3, and k4 used to generate each time
course are given in Table 1. The values of k2, k3, and k4

were determined by trial and error, in order to generate the
theoretical time courses in Figure 4. The simulated time

FIGURE 6: A simplified schematic diagram of the major reaction
steps considered in model simulation studies involving side reactions
in the rapid deoxygenation experiment. The main reaction involves
rapid deoxygenation of Hb(II)O2 by addition of dithionite (S2O4

-2)
to yield Hb(II), with the dithionite monomer (SO2

-) acting to
scavenge O2. NO2

- then reacts with Hb(II) to form a reversible
intermediate complex, which then yields Hb(III) and NO (see the
text for complete details). These reactions and others were included
in the simulation and are all listed in Tables 1-4.

Table 1: Experimental and Theoretical Values Associated with the Data in Figure 5

reaction mechanism

experimental slopea

from Vi vs [NO2
-] plot

× 10-6, s-1

simulated slopea

from Vi vs [NO2
-] plot

× 10-6, s-1 simulation constants

pre-deoxygenation solution solution solution

Hb(II) + NO2
-T

k3

k2

[Hb(II)NO2
-]f

k4

Hb(III) + NO

17.8 ( 1.0 18.4 ( 0.2 k2 ) 4.2 M-1 s-1

k3 ) 3 × 10-4 s-1

k4 ) 100 s-1

k3/k2 ) 71 µM
membrane-bound
43.8 ( 3.6

membrane-bound
39 ( 1.0

membrane bound
k2 ) 12.5 M-1 s-1

k3 ) 1.4 × 10-4 s-1

k4 ) 30 s-1

k3/k2 ) 11 µM
rapid deoxygenationb solution

73.4 ( 2.2
solution
82.2 ( 4.0

solution
k2 ) 25 M-1 s-1

k3 ) 3 × 10-4 s-1

k4 ) 65 s-1

k3/k2 ) 12 µM

Hb(II)(O2)f
kd

Hb(II)

Hb(II) + NO2
- T

k3

k2

[Hb(II)NO2
-]f

k4

Hb(III) + NO

membrane-bound
90.8 ( 1.2

membrane-bound
118 ( 5.0

membrane bound
k2 ) 30 M-1 s-1

k3 ) 3.6 × 10-4s-1

k4 ) 78 s-1

k3/k2 ) 11 µM
a Mean and standard error. b kd was determined experimentally (see Table 4 and Results).
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courses in Figure 4, panels B-D, reproduced the experi-
mental time courses to a high level, as judged visually by
the fact that the simulations matched the experimental data
over the entire reaction time courses. The simulated reactions
of NO2

- with predeoxygenated Hb(II) in solution (Figure
4A) are somewhat displaced at the highest concentration of
NO2

-.
Figure 5A and B (open and closed squares) shows plots

of the initial velocities for the simulated time courses in
Figure 4 (dashed curves) versus of NO2

-. The initial
velocities determined from the theoretical time courses in
Figure 4 were comparable to the initial velocities obtained
from the experimental time courses as illustrated in Figure
5, and quantitatively established in Table 1, where the slopes
of the experimental and simulated lines in Figure 5 can be
compared directly.

Table 1 also gives calculated values for the initial binding
constant (k3/k2) for each type of experiment. These com-
parisons show that the initial affinity of NO2

- for predeoxy-
genated Hb(II) in solution is ∼6-fold lower than the affinity
of Hb(II) generated by rapid deoxygenation in solution (Table
1). Predeoxygenation and rapid deoxygenation of hemoglobin
bound to CDB3, both showed high initial affinity for the
binding of NO2

- compared to predeoxygenated Hb(II) in
solution (Table 1).

Simulation Results for the Effect of the Superoxide
Dismutation Reaction on the Kinetics of Hb(II)NO Forma-
tion. The results of the model simulation studies presented
in Figures 4 and 5 could adequately represent the experi-
mental findings when the value of k8 was equal to the
enzymatic rate constant for superoxide dismutation (k8 )
6.4 × 109 M-1 s-1) (Table 2). To test for the effect of O2

-

on the kinetics, I performed model simulations studies
investigating the effect of variation in k8. Figure 7 shows
plots of the time courses for selected molecular species in
Figure 6, generated from the simulation of the rapid
deoxygenation of Hb(II)O2, using a very small value of k8

(1 × 10-4 M-1 s-1). Figure 7A, shows that a lag period
occurs for the loss of Hb(II) and for the appearance of
Hb(II)NO that lasts for about 800 s (the first 600 s are not
shown). After the lag, Hb(II) decays, and Hb(II)NO appears
with the same kinetics. Thus, under the rapid deoxygenation
experimental conditions used in Figure 4, failure to consume
O2

- rapidly does not slow the NO2
- reductase reaction, but

rather delays its initiation.
Figure 7B-D illustrates the molecular basis for this lag

period. There is a clear correlation between the length of
the lag period and the decrease in NO2

- and O2
- concentra-

tions and also in the appearance of NO3
-. When O2

- is
completely consumed (Figure 7D), NO2

- consumption
(Figure 7B) and the appearance of NO3

- (Figure 7C) both
stop simultaneously. Changing k8 from the enzymatic value
of 6.4 × 109 M-1 s-1 to the nonenzymatic value appropriate

for the experimental conditions given in the legend to Figure
4 (k8 )1.3 × 106 M-1 s-1) (52) caused a very slight lag
period lasting about 2 s, and the initial velocity for the
reaction after that lag was actually ∼25% faster than that
determined when the enzymatic value of k8 was used.
Lowering the k8 values further (k8 ) 1 × 105 M-1 s-1, 1 ×
104 M-1 s-1, and 1 × 103 M-1 s-1) significantly increased
the lag time, but did not change the apparent rate constant
after the lag period, beyond that reached when k8 )1.3 ×
106 M-1 s-1 (results not shown).

Since there was no evidence in the experimental section
of this article for a lag comparable even to the small one
seen when k8 )1.3 × 106 M-1 s-1 (nonenzymatic dismutation
at pH 6.5) (52), I conclude that the reaction of O2

- with NO
is not occurring to a significant degree because the O2

-

concentration is kept very low by the background dismutation
rate occurring at pH 6.5 (52) and by the probable existence
of superoxide dismutase in the dialyzed hemolysate. Fur-
thermore, I conclude that during the lag period, the basic
reductase mechanism consumes more NO2

- than is consistent
with stoichiometric expectations because Hb(III) is recycled
back to Hb(II) due to the presence of dithionite (k27) (Figure
6) and the virtual absence of NO consequent to its rapid
reaction with O2

- (k12) (Figure 6). As the value of k8

increases, O2
- is consumed more rapidly, and free NO

appears sooner and reacts with Hb(II) to form Hb(II)NO,
which terminates the overall process, thus consuming less
NO2

- and producing less NO3
- (Figure 6).

Effect of Hemoglobin Dimer-Tetramer Association-Dis-
sociation Kinetics on the Kinetics of Reaction of Hb(II) with
NO2

-. The Model. Table 5 presents a rapid deoxygenation
model containing the basic steps involved in the reaction of
NO2

- with the deoxy Hb(II) R� dimers and tetramers, the
formation of Hb(II)NO, and the self-association of both
unliganded and liganded R� dimers. This model was simpli-
fied by considering that (a) the reactions at the R and �
subunits are equivalent, (b) the values of dimer-tetramer
association-dissociation kinetic constants are independent
of the type of ligand bound to the heme, and (c) by treating
the reaction of deoxy T-state R2�2 tetramers within the
context of a simple sequential Adair-type scheme (1). In the
Adair scheme used in Table 5, tetramers were assumed to
switch to the T-state once the third liganded heme forms,
allowing the last ligation step to have R-state kinetics (33).
This change in the kinetic constants for the reaction with
NO2

- can be seen in Table 5 for steps (k48, k49) through (k54,
k55) for NO2

- binding, and steps (k99, k100) through (k105, k106)
for NO binding. Note that for NO2

- binding, the on kinetic
constant was assumed to reflect the allosteric transition from
the T-state to the R-state. In contrast, the on kinetic constant
for NO binding to hemoglobin is known to be invariant, with
the off kinetic constants accounting for cooperativity (7).

The values of k2, k3, and k4 for the NO2
- reductase reaction

were taken from the simulation results of Table 1 for the
rapid deoxygenation experiment for hemoglobin in solution.
The values of the same constants for the T-state species were
taken from the results from the predeoxygenation simulation
results given in Table 1. The values of the association and
dissociation kinetic constants for liganded R-state hemoglo-
bin [Hb(II)O2, Hb(II)NO2

-, Hb(III), and Hb(II)NO] [(k34, k35),
(k56, k57), (k69, k70), and (k89, k90) of Table 5] were all assumed
to have the same values. The numbers used were derived

Table 2: Non-Heme Reactions of Dithionite

S2O4
-2 T

k6

k5

2 SO2
- k5 ) 1.7 s-1 k6 ) 1.2 × 109 M-1 s-1 45

SO2
- + O2f

k7

SO2+ O2
- k7 ) 1.0 × 108 M-1 s-1 46

2H+ + 2O2
-f

k8

H2O2 + O2
k8 ) 6.4 × 109 M-1 s-1

enzymatic value
52

H2O2 + SO2
-f

k9

Products k9 ) 260 M-1 s-1 46
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from the measurements of Nagle and Gibson (67), who
studied Hb(II)CO.

Model Simulation Studies for the Effect of Variation of
the Dimer to Tetramer Association Rate Constant for
deoxyHb(II) (k38) on the Kinetics of NO2

- Reaction with
Hb(II) Generated by Rapid Deoxygenation of Hb(II)O2.
Figure 8 shows the simulation results calculated at three
different values of k38 given in the legend and the same value
of k39 given in Table 5. These simulations are shown in
Figure 8 as the curved lines that lack data points (dotted,
dash-dot-dash, and dashed). The experimental results in
Figure 8 (closed and open circles) came from the rapid
deoxygenation experiment (Figure 4C at 10 mM NO2

-) and
from the predeoxygenation experiment (Figure 4A, at 10 mM
NO2

-), respectively. When k38 ) 103-104 M-1 s-1, the
fraction of fast phase is equal to ∼60%. This is equivalent
to the amount of Hb(II)O2 R� dimer present in the sample
initially, as indicated above. Thus, the lifetime of the deoxy
Hb(II) R� dimer is sufficiently long for NO2

- to react with
those dimers before they self-associate to deoxy tetramers.
When k38 ) 105 M-1 s-1, the fraction of slow phase increases
from ∼40% to ∼50% of the total reaction, reflecting a larger
dimer to tetramer self-association rate constant and the slower
NO2

- reductase activity of deoxy T-state tetramers. At k38

) 1 × 105 M-1 s-1, the tetramer-dimer dissociation constant
(K4,2) for deoxy Hb(II) is equal to 3.5 × 10-13 M, given the
value of k39 shown in Table 5. This value is within the range

of constants determined experimentally by Chu and Ackers
(50) at pH 6.5 and 25 °C, but at higher chloride concentration
(0.1 M NaCl).

DISCUSSION

The experiments presented in this study were designed to
determine the NO2

- reductase activity of hemoglobin when
it is bound in a complex with CDB3 at the inner surface of
the erythrocyte membrane. Dithionite was used both to
maintain anaerobicity when studying the reaction of T-state
deoxy Hb(II) tetramers and to characterize the NO2

- reduc-
tase reaction of Hb(II) when it is generated by rapidly mixing
Hb(II)O2 with dithionite and NO2

- simultaneously. This
comparison was of interest since earlier evidence had shown
that Hb(II)O2 binds to CDB3 as R-state R� dimers and is
stabilized in the dimeric R-state immediately after rapid
deoxygenation (23, 28).

The results showed that the rate of reaction of Hb(II) with
NO2

- was independent of dithionite concentration, thus
indicating that dithionite does not reduce NO2

- to NO
directly. Furthermore, CDB3-bound predeoxygenated Hb(II)
reacted about 2.5-fold faster than predeoxygenated Hb(II)
in solution, while rapidly deoxygenated CDB3-bound Hb(I-
I)O2 reacted only ∼23% faster than rapidly deoxygenated
Hb(II)O2 in dilute solution. However, rapidly deoxygenated
Hb(II) reacted faster than predeoxygenated Hb(II), whether

Table 3: Non-Heme Reactions of Nitric Oxide (NO)

NO + S2O4
-2f

k10

Products k10 ) 1.4 × 103 M-1 s-1 7

2NO + O2f
k11

2NO2
k11 ) 2.1 × 106 M-2 s-1 53, 54

NO + O2
-f

k12

ONOO- k12 ) 6.7 × 109 M-1 s-1 55

N2O3Tk14

k13

NO + NO2
k13 ) 4.3 × 106 s-1 k14 ) 1.1 × 109 M-1 s-1 54

N2O3 + H2OTk16

k15

2NO2
- + 2H+ k15) 1.6 × 103 s-1 k16 ) 5.6 M-1 s-1 54

N2O3 + Pif
k17

PiNO + NO2
- k17 ) 6.4 × 105 M-1 s-1 54

N2O3 + RSHf
k18

RSNO + NO2
- + H+ k18 ) 3.4 × 107 M-1 s-1

(R-state only)
56

ONOO- + H+T
k20

k19

ONOOH
k20 ) 3.2 × 103 s-1 k19 ) 2 × 1010 M-1 s-1 57

ONOOHf
k21

NO3
- + H+ k21 ) 1.3 s-1 58

ONOO- + NOf
k22

NO2 + NO2
- k22 ) 4.5 × 105 M-1 s-1

(model-dependent value)
59

Table 4: Non-Model Dependent Reactions at the Heme

Hb(II)(O2)f
kd

Hb(II) kd ) 59 s-1 41

Hb(II)(O2) + NOf
k23

Hb(III) + ONOO- k23 ) 7 × 107 M-1 s-1 60, 61

Hb(II) + NO2f
k24

Hb(III) + NO2
- k24 ) 1 × 109 M-1 s-1 49

Hb(II)(NO)T
k26

k25

Hb(II) + NO
T-state
k25 ) 1 × 10-3 s-1

R-state
k25 ) 9.5 × 10-6 s-1

k26 ) 2.4 x107 M-1 s-1 7, 20

Hb(III) + SO2
-f

k27

Hb(II)
k27 ) 6 × 106 M-1 s-1

(average of R and � chains)
62, 63

Hb(III)(NO)T
k29

k28

Hb(III) + NO
k28 ) 8.5 s-1

(average of R and � chains)
k29 ) 7 × 105 M-1 s-1

(average of R and � chains)
64

Hb(III)(NO2
-)T

k31

k30

Hb(III) + NO2
- k30 ) 0.4 s-1

(average of R and � chains)
k31 ) 84 M-1 s-1

(average of R and � chains)
65

Hb(II)(O2) + O2
-f

k32

Hb(III) + H2O2 + O2
k32 ) 4 × 103 M-1 s-1 66

Hb(III) + O2
-f

k33

Hb(II)(O2)
k33 ) 6 × 103 M-1 s-1 66
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in solution or bound to CDB3. Thus, rapidly deoxygenated
CDB3-bound Hb(II) reacted with NO2

- 5-fold faster than
predeoxygenated Hb(II) in solution.

What accounts for the difference in kinetics between the
rapidly deoxygenated versus the predeoxygenated Hb(II)
measured in solution? When attempting to answer this
question, it is important to recall the evidence described
above, indicating that Hb(II)O2 was completely deoxygenated
in the rapid deoxygenation experiment ((10%) compared
to the kinetics of reaction of NO2

- with predeoxygenated
Hb(II). This finding suggests that Hb(II) confronted by NO2

-

should have reacted with the same kinetics, independent of
the method employed for deoxygenating Hb(II)O2. However,
this was not the case. Model simulation studies on the role
of side reactions involving O2

- and the other reaction
products (Table 2-4) indicated that the kinetic time courses
observed in Figure 4C and D, were uncomplicated by side
reactions. A relatively large quantity of O2

- is generated in
the rapid deoxygenation reaction due to the reduction of
dissolved O2 by dithionite. The theoretical work showed that
lag periods are expected, not a slower reaction rate. Thus,
the reaction of O2

- with NO appears to be negligible since
there was no lag period in the formation of Hb(II)NO
(Figures 3 and 4), as would be expected on the basis of the
theoretical studies if the superoxide dismutation reaction were
not sufficiently fast (Figure 7). Indeed, the simulations
showed that even nonenzymatic dismutation activity at pH

6.5 is sufficient to consume O2
- rapidly enough to allow

Hb(II)NO to form. Thus, it is most likely that the observed
difference in reactivity between Hb(II) prepared by predeox-
ygenation versus rapid deoxygenation has to do with the fact
that hemoglobin reactivity is controlled not only by the
oxidation state of the heme iron, but also by hemoglobin’s
conformation.

The R-state of hemoglobin is known to react faster with
NO2

- compared to the T-state, both on the basis of studies
with native hemoglobin (49) and studies using mutant and
chemically modified hemoglobin (68). The kinetic studies
of Crawford et al. (68) showed that blocking the �-93 -SH
group with N-ethylmalaimide (NEM) increased the NO2

-

reductase reaction rate of deoxy Hb(II) ∼6-fold. This is
similar to the ∼4-fold faster rate seen in the solution studies
when the reaction of Hb(II) generated by rapidly deoxygen-
ated R-state Hb(II)O2 was compared to the reaction of
predeoxygenated T-state Hb(II) (Table 1). Thus, it seems
likely that the difference between the results for the rapid
deoxygenation experiment versus the predeoxygenation
experiment somehow reflects at least in part the difference
in R-state reactivity (rapid deoxygenation) versus T-state
reactivity (predeoxygenation).

The above considerations raise an important question.
What factors are present in the rapid deoxygenation experi-
ment which would maintain Hb(II) in the deoxy R-state long
enough to react rapidly with NO2

-? One factor considered

FIGURE 7: Model simulation for the rapid deoxygenation experiment in solution. The simulation conditions for the reactions were the same
as in Figure 4C for 2.5 mM NO2

-, except that an abnormally small value k8 (1 × 10-4 M-1 s-1) (Table 2) was used for the rate constant
for superoxide dismutation. The values for the rate constants for the reductase part of the mechanism (Figure 6) were k2 ) 25 M-1 s-1, k3
) 3 × 10-4 s-1, and k4 ) 65 s-1. Panel A shows the development of an approximately 800 s lag period in the reaction of Hb(II) (the first
600 s of the simulation are not shown). There was an identical lag in the appearance of Hb(II)NO. There was no significant increase in
Hb(III). This figure also shows that NO2

- is lost (panel B), as NO3
- forms (panel C), both with the same kinetics as is seen for the loss

of O2
- (panel D) after its initial, very rapid formation from the reduction of O2 by dithionite (see Figure 6). Once all of the O2

- is consumed,
the NO generated by the reductase reaction reacts with Hb(II) to form Hb(II)NO as seen in panel A. What is not shown in this figure is that
ONOO- does not change in concentration during the course of the reaction and that SO2, the other product of the reaction of SO2

- with
O2, increases rapidly with the formation of O2

- but remains constant for the remainder of the reaction.
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Table 5: Model for Hemoglobin Dimer-Tetramer Association- Dissociation Kinetics and the Nitrite Reductase Activity of Deoxy Hemoglobin

2R(O2)�(O2)Tk35

k34

R2(O2)2�2(O2)2 k34 ) 3.3 × 105 M-1 s-1 k35 ) 2.0 s-1 67

R2(O2)2�2(O2)2f
k36

R2�2
k36 ) 59 s-1 41

R(O2)�(O2)f
k37

R�
k37 ) 59 s-1 41

2R�T
k39

k38

R2�2

k38 ) varies k39 ) 3.5 × 10-8 s-1

NO2
- + R�T

k41

k40

R�(NO2
-)

k40 ) 25 M-1 s-1 k41 ) 0.0003 s-1 Table 1

NO2
- + R�T

k43

k42

R(NO2
-)�

k42 ) 25 M-1 s-1 k43 ) 0.0003 s-1 Table 1

NO2
- + R�(NO2

-)T
k45

k44

R(NO2
-)�(NO2

-)
k44 ) 25 M-1 s-1 k45 ) 0.0003 s-1 Table 1

NO2
- + R(NO2

-)�T
k47

k46

R(NO2
-)�(NO2

-)
k46 ) 25 M-1 s-1 k47 ) 0.0003 s-1 Table 1

NO2
- + R2�2Tk49

k48

R2(NO2
-)�2

k48 ) 4.2 M-1 s-1 k49 ) 0.0003 s-1 Table 1

NO2
- + R2(NO2

-)�2Tk51

k50

R2(NO2
-)2�2

k50 ) 4.2 M-1 s-1 k51 ) 0.0003 s-1 Table 1

NO2
- + R2(NO2

-)2�2Tk53

k52

R2(NO2
-)2�2(NO2

-)
k52 ) 4.2 M-1 s-1 k53 ) 0.0003 s-1 Table 1

NO2
- + R2(NO2

-)2�2(NO2
-)T

k55

k54

R2(NO2
-)2�2(NO2

-)2

k54 ) 25 M-1 s-1 k55 ) 0.0003 s-1 Table 1

2R(NO2
-)�(NO2

-)T
k57

k56

R2(NO2
-)2�2(NO2

-)2

k56 ) 3.3 × 105 M-1 s-1 k57 ) 2 s-1 67

R2(NO2
-)2�2(NO2

-)2f
k58

R2(met)2�2(met)2 + 4NO
k58 ) 100 s-1 Table 1

R�(NO2
-)98

k59
R�(met) + NO

k59 ) 65 s-1 Table 1

R(NO2
-)�f

k60

R(met)� + NO
k60 ) 65 s-1 Table 1

R�(met) + NO2
-T

k62

k61

R(NO2
-)�(met)

k61 ) 25 M-1 s-1 k62 ) 0.0003 s-1 Table 1

R(met)� + NO2
-T

k64

k63

R(met)�(NO2
-)

k63 ) 25 M-1 s-1 k64 ) 0.0003 s-1 Table 1

R(NO2
-)�(NO2

-) -
k65

R(NO2
-)�(met) + NO

k65 ) 65 s-1 Table 1

R(NO2
-)�(NO2

-)98
k66

R(met)�(NO2
-) + NO

k66 ) 65 s-1 Table 1

R(NO2
-)�(met)f

k67

R(met)�(met) + NO
k67 ) 65 s-1 Table 1

R(met)�(NO2
-)98

k68
R(met)�(met) + NO

k68 ) 65 s-1 Table 1

2R(met)�(met)T
k70

k69

R2(met)2�2(met)2

k69 ) 3.3 × 105 M-1 s-1 k70 ) 2 s-1 67

R�(met) + SO2
-T

k71

R�
k71 ) 6 × 106 M-1 s-1 62, 63

R(met)� + SO2
-T

k72

R�
k72 ) 6 × 106 M-1 s-1 62, 63

R(NO2
-)�(met) + SO2

-T
k73

R(NO2
-)�

k73 ) 6 × 106 M-1 s-1 62, 63

R(met)�(NO2
-) + SO2

-T
k74

R�(NO2
-)

k74 ) 6 × 106 M-1 s-1 62, 63

R(met)�(met) + SO2
-T

k75

R�(met)
k75 ) 6 × 106 M-1 s-1 62, 63

R(met)�(met) + SO2
-T

k76

R(met)�
k76 ) 6 × 106 M-1 s-1 62, 63

R2(met)2�2(met)2 + SO2
-98

k77
R2(met)�2(met)2

k77 ) 6 × 106 M-1 s-1 62, 63

R2(met)�2(met)2 + SO2
-f

k78

R2�2(met)2

k78 ) 6 × 106 M-1 s-1 62, 63

R2�2(met)2 + SO2
-f

k79

+ R2�2(met)
k79 ) 6 × 106 M-1 s-1 62, 63

R2�2(met) + SO2
-f

k80

R2�2

k80 ) 6 × 106 M-1 s-1 62, 63

R� + NOT
k82

k81

+ R(NO)�
k81 ) 2.4 × 107 M-1 s-1 k82 ) 9.5 × 10-6 s-1 7, 20

R� + NOT
k84

k83

R�(NO)
k83 ) 2.4 × 107 M-1 s-1 k84 ) 9.5 × 10-6 s-1 7, 20

R(NO)� + NOT
k86

k85

R(NO)�(NO)
k85 ) 2.4 × 107 M-1 s-1 k86 ) 9.5 × 10-6 s-1 7, 20

R�(NO) + NOT
k88

k87

R(NO)�(NO)
k87 ) 2.4 × 107 M-1 s-1 k88 ) 9.5 × 10-6 s-1 7, 20

2R(NO)�(NO)T
k90

k89

R2(NO)2�2(NO)2

k89 ) 3.3 × 105 M-1 s-1 k90 ) 2 s-1 67

R�(NO2
-) + NOT

k92

k91

R(NO)�(NO2
-)

k91 ) 2.4 × 107 M-1 s-1 k92 ) 9.5 × 10-6 s-1 7, 20

R(NO2
-)� + NOT

k94

k93

R(NO2
-)�(NO)

k93 ) 2.4 × 107 M-1 s-1 k94 ) 9.5 × 10-6 s-1 7, 20

R�(met) + NOT
k96

k95

R(NO)�(met)
k95 ) 2.4 × 107 M-1 s-1 k96 ) 9.5 × 10-6 s-1 7, 20

R(met)� + NOT
k98

k97

R(met)�(NO)
k97 ) 2.4 × 107 M-1 s-1 k98 ) 9.5 × 10-6 s-1 7, 20

R2�2 + NOT
k100

k99

R2(NO)�2

k99 ) 2.4 × 107 M-1 s-1 k100 ) 1 × 10-3 s-1 7, 20

R2(NO)�2 + NOT
k102

k101

R2(NO)2�2

k101 ) 2.4 × 107 M-1 s-1 k102 ) 1 × 10-3 s-1 7, 20

R2(NO)2�2 + NOT
k104

k103

R2(NO)2�2(NO)
k103 ) 2.4 × 107 M-1 s-1 k104 ) 1 × 10-3 s-1 7, 20

R2(NO)2�2(NO) + (NO)T
k106

k105

R2(NO)2�2(NO)2

k105 ) 2.4 × 107 M-1 s-1 k106 ) 9.5 × 10-6 s-1 7, 20
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was the lifetime of the R-state deoxy R� dimer (Table 5
and Figure 8). There is about 63% Hb(II)O2 R� dimer present
in solution prior to initiation of the rapid deoxygenation
reaction. Fast reacting deoxy R-state R� dimers are expected
to self-associate to slow reacting T-state tetramers. This issue
was explored using the model given in Table 5, with results
shown in Figure 8. Those results indicated that reaction of
deoxy R-state R� dimers dominate the initial 50% to 60%
of the reaction, with the percentage depending on the value
of k38 that was used.

One other factor that may play a role in stabilizing the R-state
in the rapid deoxygenation experiment is the formation of SNO
hemoglobin by nitrosation of the �-93 -SH group. There is
clear evidence that covalent modification of the �-93 -SH
group of Hb(II)O2 leads to modified hemoglobin stabilized with
R-state reactivity toward NO2

- (68, 69). There is also direct
evidence that nitrosation of the �-93 -SH group increases the
oxygen affinity of hemoglobin (70), presumably also by R-state
stabilization. SNO hemoglobin can from under anaerobic
conditions, presumably involving a nitrite reduction intermediate
with electron delocalization expanded to include the �-93 -SH
group of Hb(II) (71, 72). However, to explain the difference in
reactivity between the rapid deoxygenation experiment and the
predeoxygenation experiment, some additional process would
have to also be proposed to allow for faster formation of SNO-
related stabilization of the R-state by Hb(II) generated by rapid
deoxygenation versus the T-state deoxy hemes of predeoxy-
genated Hb(II).

Another question to ask is by what mechanism does
CDB3-bound predeoxygenated Hb(II) react faster than
predeoxygenated Hb(II) in solution (Table 1)? In both cases,
hemoglobin should exist entirely within the tetrameric
T-state (23, 28). One possible explanation is based on recent
experimental evidence indicating that IHP binding to the 2,3-

DPG site within the central cavity of the T-state Hb(II)
tetramer alters the rate of NO2

- reactivity in the sol-gel
experiment (73). In that experiment, the T-state quaternary
structure is stabilized by the sol-gel matrix, implying that
the functional changes occur within the T-state. Thus, deoxy
Hb(II) tetramer binding to CDB3 alters NO2

- reactivity
within the T-state, causing a faster NO2

- reductase reaction.
The experimental results of this article support the view

that rapid generation of NO by CDB3-bound hemoglobin
may increase the probability of NO release from the red cell.
Whether the effect observed in this study applies to the intact
red cell is an important and difficult question to answer. As
outlined in the introduction, some studies suggest that Hb(II)
has a higher affinity for CDB3 than does Hb(II)O2, while
other equally valid studies indicate that Hb(II)O2 has the
higher affinity. The evidence suggests that Hb(II)O2 R�
dimers bind to CDB3 (23, 28). Given the very high
concentration of hemoglobin within the erythrocyte, a value
of K4,2 equal to 3 µM was shown to yield as much as 100
µM R� Hb(II)O2 dimers (23). This is enough dimer to cover
all copies of band 3 on the membrane. CDB3-bound Hb(II)O2

R� dimers should be expected to deoxygenate prior to
deoxygenation of intracellular Hb(II)O2. In that case, there
should be little or no competition with Hb(II) initially, if
the concentration of Hb(II) is smaller than Hb(II)O2 R�
dimers within the fully oxygenated erythrocyte. However,
it is not clear whether these two forms of hemoglobin actually
bind to the same site on CDB3. Cassoly (28) found two types
of complexes in centrifugation studies using Hb(II)O2. One
complex contained the equivalent of one Hb(II)O2 tetramer
per dimer of CDB3 (i.e., one R� hemoglobin dimer per
CDB3 subunit), and the other contained two Hb(II)O2

tetramers per CDB3 dimer. Cassoly suggested that there are
two binding sites for the R� Hb(II)O2 dimer per CDB3
subunit, but only one mutually exclusive Hb(II)O2 tetramer
binding site (28). This is an interesting suggestion since it
is not clear how an Hb(II)O2 tetramer can bind to CDB3
when accessibility to the 2,3-DPG site is blocked within the
R-state tetramer. Two allosterically interacting sites could
account for apparent mutual exclusivity in Hb(II)O2 binding
to CDB3. Indeed, in later studies, Salhany and Cassoly (35)
found clear evidence for long distant conformational changes
within the CDB3 dimer upon binding of Hb(II)O2. Further-
more, recent studies have suggested that residues 12-23 of
CDB3 constitute the high affinity site for Hb(II) (74), while
earlier crystallographic studies showed that the CDB3
fragment containing amino acid residues 1-11 cocrystallized
at the 2,3-DPG binding site (29). Residues 1-11 apparently
can affect the affinity of hemoglobin binding to residues
12-23 by some mechanism (74). Further studies of the
mechanism of liganded and unliganded hemoglobin binding
to CDB3 seem necessary.
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