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Abstract

Recent data suggests that reactions of nitrite with ferric hemoglobin are potentially important in
heme-protein dependent NO signaling. Our group and others are evaluating the role of reductive
nitrosylation reactions in the generation of N»O3 as a signaling molecule. The latter reaction is
hypothesized to involve reactions on NO, nitrite and methemoglobin to form N,O3 in a anydrase
reaction. Of potential importance to these reactions is the affinity of methemoglobin for nitrite and
the reactivity of nitrite bound methemoglobin with nitric oxide. In this paper we review work related
to the electronic structure of nitrite bound methemoglobin and its dissociation constant. We present
new data using electron paramagnetic resonance spectroscopy which confirm that methemoglobin
has a much higher affinity for nitrite, under certain conditions, than reported in classical observations.
Interestingly the affinity is greatest at lower pH and low nitrite:methemoglobin ratios. These data
suggest additional interesting chemistry in the reaction of nitrite with ferric and ferrous heme species.
Moreover, this reaction could serve as a paradigm for ferric heme reactions with nitrite.

Introduction

In 2003, Cosby and coworkers showed that infusions of slightly supraphysiological levels of
nitrite led to increased nitric oxide production and increased blood flow that was further
increased during exercise [1]. These data suggested that nitrite is converted to nitric oxide under
deoxygenated conditions and the authors proposed that the activity is due to nitrite reductase
activity of deoxygenated hemoglobin [1]. Several other mechanisms have been explored to
explain nitrite reduction under physiological or therapeutic conditions including those
involving myoglobin [2], xanthine oxidase [3;4;5;6;7], endothelial nitric oxide synthase [8;
9], cytochrome oxidase [10;11;12], and cytochrome ¢ [13;14]. It is likely that each of these
mechanisms are important under different conditions in different tissues. However, several
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studies examining the interaction of hemoglobin and nitrite in aortic ring preparations [15;
16], the ability of hemoglobin-based substitutes to vasodilate when infused with nitrite [17],
and human nitrite infusion studies that included inhibition of alternate enzymatic mechanisms,
such as xanthine oxidase [18], all suggest a major role for deoxygenated hemoglobin in
effecting nitrite mediated vasodilation.

A major challenge, however, to the notion that red cell hemoglobin reduces nitrite to NO which
leads to increased blood flow is that hemoglobin is a potent scavenger of NO, thus limiting
NO escape from red blood cell. The primary reaction within the red blood cell will be the
reaction of NO with oxygenated hemoglobin to form methemoglobin (MetHb) and nitrate,
eliminating NO bioactivity. The kinetics of this reaction are governed by a bimolecular rate
constant of 6-8 x 107 M~1s71[19:20;21] so that the half-life of NO in an oxygenated red blood
cell (RBC) is about 0.5 microseconds. During this time, NO could only diffuse about 0.02 um
(assuming an intraerythrocytic diffusion constant of 1000 um? s~1). Some NO may bind to
deoxygenated hemoglobin but once it comes off, it still finds itself surrounded by hemoglobin.
Thus, many have argued that NO formed in the red blood cell cannot get out without going
through additional chemical reactions to form more stable intermediate species. This has also
been suggested by computational analysis where only 0.1 picomolar NO was calculated to
escape the red cell from 1 uM nitrite [22].

One hypothesis that has been proposed to explain nitrite mediated export of NO bioactivity
from RBCs is that some intermediate species is formed during the reaction such as N,O3 that
can escape the red cell or export NO activity through the intermediacy of a nitrosothiol [22;
23;24;25]. This proposal is consistent with the observation of S-nitrosohemoglobin formation
that was observed during nitrite infusions [1]. Two ways that N,O3 could form include the
following reactions:

HbFe"-NO*+NO,~ — HbFe"+N,0;3 and ()

HbFe™-NO, +NO — HbFe"+N,0;, @)

where HbFe!!-NO* represents NO bound to MetHb (HbFe!''-NO) and the NO* bound to ferrous
heme character of this resonance structure is emphasized. The term HbFe!''-NO, ™ in Equation
2 is nitrite bound to MetHb. The nature of these reactions has been explored in the context of
reductive nitrosylation [24;25]. Reductive nitrosylaton begins with reduction of HbFe!!-NO*
through the nucleophilic attack by H,O forming nitrite (Equation 3), with subesequent
nitrosylation of the ferrous heme by excess NO (Equation 4).

HbFe!'-NO*+H,0 — HbFe'+NO, +2H" @)

HbFe"+NO — HbFe! - NO (4)

Fernandez and Ford discovered that reductive nitrosylation is catalyzed by nitrite and
hypothesized that this catalysis involved nitrite reacting with NO bound MetHb to form
N,O3 [25]. We subsequently examined the kinetics of nitrite catalysis of reductive nitrosylation
and, based on that and other analysis, proposed that N,O3 could be made via the reaction of
NO with nitrite bound MetHb (Equation 2) [24]. The viability of this reaction has recently been
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supported by studies of glass embedded MetHb [26]. Interestingly, it has recently been
observed that nitrophorin 7, a salivary ferric hemoprotein from a blood-feeding insect, can
catalzye the convertion of nitrite to NO, suggesting similar interesting biological signaling
properties of a ferric hemoprotein and nitrite [27].

We hypothesized that the reaction of MetHb-nitrite with NO to form N,O3 could constitute a
mechanism of nitrite mediated export of NO activity from the red blood cell. Thus, the nature
of the MetHb bond and its reactivity have become an area of considerable interest. Performing
density functional theory calculations, we found that the nitrite could bind to the ferric heme
with either N-bound (Fe'!!-nitro) or O-bound (Fe!'l-O-nitrito) configuration, with the nitro form
being more stable by about 7 kcal mol~1 [24]. Some configurations of the O-nitrito form were
found to have some Fe!-NO,* character, and we therfore hypothesized that it is this form that
can react rapidly with NO. One may suggest that the fact that this species is less stable than
nitro form by 7 kcal mol~1 makes it energetically unfeasible, given that a Boltzman distribution
would predict that only one in one-hundred thousand MetHb-nitrite molecules would have this
conformation. However, 7 kcal mol~1 is about the energy of a single strong H-bond which
would not be included in the density functional theory calculations. Indeed, recent studies using
x-ray crystallography have shown that MetHb-nitrite crystallizes in the O-nitrito mode,
suggesting that this is a viable or perhaps favored binding mode in solution under certain
conditions [28].

Another important factor that needs to be considered in evaluating the feasibility of the MetHb-
nitrite + NO reaction contributing to nitrite mediated NO activity export from the RBC is the
affinity of nitrite for metHb. The lower the affinity, the less MetHb-nitrite there would be
available for the reaction to proceed and the less likely it would be important in NO activity
export. Based on analysis of EPR data, we reported that the affinity of nitrite for MetHb is
much higher under some conditions than has been reported previously [24]. The methods used
in the EPR experiments and conclusions drawn have been challenged [29] and we have
presented a short, formal reply arguing that our original methods and conclusions are valid
[30].

In this paper, we present new data and analysis exploring the binding characteristics of MetHb-
nitrite. We have performed more EPR experiments and present results supporting complex
binding of nitrite to MetHb with the affinity being much higher than previously reported under
different experimental conditions, suggesting that the interaction of nitirte with ferric
hemoglobin is not simple.

Experimental Procedures

Sodium nitrite was purchased from Fisher Scientific and inositol hexaphosphate (IHP), sodium
salt, from Sigma Chemicals (St. Louis, MO). Methemoglobin was prepared by treatment of
hemoglobin with 5-fold excess concentration of potassium ferricyanide followed by passing
through G25 columns (PD-10, GE Healthcare) and dialysis against PBS at the appropriate pH
(pH 6.5 or pH 7.4). Nitrite bound hemoglobin was prepared by incubating measured amounts
of nitrite with MetHb at 37 °C (unless otherwise noted) for five minutes before freezing for
EPR analysis. When IHP was used, the pH of the stock solution was adjusted to the desired
value as addition of IHP to a buffer solution often lowers the pH.

EPR spectroscopy was used to determine the dissociation constant (Kq=[MetHb][nitrite]/
[MetHb-nitrite]) of nitrite-bound methemoglobin at various concentrations of nitrite. EPR
measurements of low spin (nitrite-bound methemoglobin) or high spin (methemoglobin)
species were carried out at either 5 K or 15 K at varying microwave powers ranging from 1
mW to 0.1 mW (indicated in the text), at microwave frequency 9.37 GHz, modulation
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amplitude 10 G, sweep time of 168 s and time constant of 81.92 ms. The signals obtained from
EPR were imported into the simulation program SimFonia (Bruker Inc. Version 1.29, 1976,)
in which g-values were varied to give the best fit to experimental spectra. The double integrals
of the species used to fit the experimental spectra were used to calculate concentrations and
Kq values for nitrite-bound methemoglobin.

Saturation of MetHb-nitrite EPR

One expects that when a ligand binds to MetHb, it might form a low spin species, detectable
by EPR. In our earlier studies, we did not detect a low spin MetHb-NO,™ species by EPR and
considered that this could occur secondary to EPR silence, like that reported for some other
ferric heme-nitrite species [31;32]. However, in subsequent studies we have found that the
apparent EPR-silence that we observed was largely or entirely due to saturation of the low spin
species. At the high microwave powers used (10 mW), this saturation effect would greatly
increase the high spin species around 1100 gauss relative to the low spin signals at higher field
values, making them appear to be silent. Figure 1 demonstrates that there is substantial
saturation of low spin signal, even at much lower microwave powers when working at 5K. The
high spin signal measured around g=6, corresponding to unbound MetHb, shows the expected
microwave power dependence when there is no saturation with the signal increasing linearly
as the square root of the microwave power. On the other hand, the low spin signal does not
obey this dependence and saturation is clear even at 1 mW microwave power (Figure 1a). The
saturation is also clear upon visual inspection of the spectra (Figure 1b). The relative heights
of the low spin peak at 2214 gauss increases relative to the high spin peak at 1124 gauss as the
microwave power is lowered.

Simulation of MetHb-nitrite EPR

In previous work, we calculated the dissociation constant of MetHb-nitrite by simply
examining the high spin MetHb signal, assuming that any disappearance of this signal was due
to formation of MetHb-nitrite [24]. In subsequent work, Schwab et al calculated the
dissociation constant by examination of simulations of the low spin MetHb-nitrite signal
[29]. Schwab et al also showed that all of the high spin MetHb signal that disappears due to
nitrite binding to MetHb can be accounted for by formation of MetHb-nitrite, affirming our
assumption [29]. We therefore concluded that both methods are equivalent and that the complex
behavior of nitrite binding to MetHb results in low dissociation constants (high affinity) under
some conditions [30]. Here, we employ a method similar to Schwab et al to reconfirm these
facets of nitrite binding to MetHb. Figure 2 shows simulation of the MetHb-nitrite spectrum
using similar g-values as those determined by Schwab et al [29]. Figure 2a shows the simulated
basis spectra used which generally include two forms of MetHb (a high spin aqguaMetHb form
and a low spin hydroxyMetHb form) as well as two low spin MetHb-nitrite forms. Figure 2b
shows an example of simulated data.

Dissociation constants for MetHb-nitrite

As described earlier, the dissociation constant of MetHb-nitrite decreases as the ratio of nitrite
to MetHb decreases [24]. Figure 3 shows spectra before and after adding nitrite to 300 uM
MetHb in a 1:1 (Figure 3a) and 20:1 (Figure 3b) nitrite:MetHb ratio at pH 6.5 (incubated, here,
at 0 °C). The dissociation constants for these MetHb-nitrite samples were determined to be 5.6
uM and 190 pM, with the lower value corresponding to the lower nitrite:MetHb ratio. This
value is similar to that we reported earlier (7 pM when 100 pM nitrite was added to 85 uM
MetHb at pH 6.5) [24]. It is worth noting that if the dissociation constant of 1800 M that has
been determined by others [29] were to apply to the conditions of Figure 3a, one would expect
the MetHb signal to decrease by only 13%, and this is clearly not the case.
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Figure 4 shows a plot of the dissociation constant of MetHb-nitrite vs ratio of nitrite to MetHb
atpH 6.5and 7.4 at 37 degrees celsius. As the ratio of nitrite to MetHb decreases the dissociation
constant decreases, similar to what we reported previously for experiments at room temperature
[24]. The dissociation constants at pH 6.5 are dramatically lower than those at pH 7.4, reaching
a minimum of 51 uM when the ratio of nitrite:MetHb is 1:1, a bit higher than that reported
previously for a similar ratio measured at room temperature (7 M pu[24]), but still substantially
lower than previously published values.

In addition to pH, other effectors influence nitrite binding to MetHb. Figure 5 shows the effect
of allosteric effectors inositol hexaphosphate (IHP) and N-ethylmalemide (NEM). The shape
of the low spin MetHb EPR signal is different when NEM or IHP are added (Figure 5a). The
difference in the shape of the spectrum can be accounted for by a difference in the relative
amounts of the two low spin MetHb-nitrite species with the ratio of MetHb-nitrite species 1 to
MetHb species 2 (see Figure 5a) being 2.6 when IHP is added and 3.4 when NEM is added.
NEM and IHP also have dramatically different affects on the MetHb-nitrite dissociation
constants with IHP greatly increasing the affinity of MetHb for nitrite compared to NEM
(Figure 5b). The data shown were taken on samples prepared at pH 7.4. Similar trends were
noted when experiments were repeated at pH 6.5, but the effects were smaller (perhaps due
the effect of low pH already making the samples T-state).

Discussion

We have confirmed that nitrite binding to MetHb is complex, being affected by allosteric
effectors and relative concentrations of reactants. In 1976, Rodkey published a dissociation
constant of 1.1 mM at pH 7.1 using 800 fold excess nitrite to heme [33]. Schwab et al obtained
a similar dissociation constant (1.8 mM) testing a range of nitrite:MetHb ratios in Hepes buffer
at pH 7.4 [29]. These values are much higher than those we have reported under some
conditions [24;30] and those obtained here. We hold that rather than involving simple reaction,
with a single association and dissociation rate, nitrite binding to MetHb is complex and may
play important roles in nitrogen oxide biology.

By performing EPR measurements at lower microwave power and operating at 15 K rather
than 5 K as we did previously [24], the low spin MetHb-nitrite signals was observable. As
reported by Schwab et al [29], there are two distinct low spin MetHb-nitrite signals observable
by EPR and these can be simulated using anisotropic g-values for each one. It is interesting to
speculate on the nature of the two MetHb-nitrite species. One possibility is that the two species
correspond to nitrite bound to hemes in alpha or beta subunits of MetHb. Using x-ray
crystallography, Richter-Addo and coworkers found that the binding in each subunit is different
[28]. Thus, one low spin species may be for nitrite bound in the alpha subunits and the other
may be for that in the beta subunits. A potentially more interesting possibility would be if one
species corresponded to the N-bound (Fe'!!-nitro) and the other was the O-bound (Fe!!'-O-
nitrito) form. Although the uncommon O-nitrito form was seen in x-ray crystallography [28],
density functional theory found that the N-nitro form is more stable [24;34]. Although the
apparent discrepancy may be explained by hydrogen bonding favoring the O-nitrito form, it is
also possible that some Hb conformations (other than that which forms crystals that give the
O-nitrito form) can have substantial N-nitro binding under some conditons.

The dissociation constants determined at 37 °C show the same dependence on nitrite to MetHb
ratio as reported earlier, decreasing as nitrite/MetHb decreases [24]. They also show the same
pH dependence with a higher affinity at pH 6.5 compared to 7.4 (Figure 4). The dissociation
constants at pH 6.5 are quite small reaching a minimum of 51 uM when the ratio of
nitrite:MetHb is 1:1. The values obtained here at 37 °C and pH 7.4 are higher than those
obtained at room temperature. When experiments were repeated at room temperature for this
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study, more similar values as those obtained previously were obtained (185 uM obtained here
and 75 uM obtained previously [24] for a 1:1 MetHb:nitrite ratio).

The pH dependence shows that protons appear to increase the binding affinity of MetHb for
nitrite and so does IHP. This suggests that T-state MetHb has a higher nitrite affinity than R-
state MetHb. It is interesting to speculate that these allosteric effects are responsible, at least
partially, for the observed dependence of Ky on [nitrite], where higher concentrations of nitrite
push the MetHb towards R-state. This could also explain the lack of [nitrite] dependence when
NEM or IHP are used (Figure 5b) as these allosteric effectors would lock the protein in one
state or the other. In any case, our results demonstrate the complex behavior of nitrite binding
to MetHb and show that, under some conditions, the binding affinity is high.
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Figure 1. Evidence of power saturation at 5K for low spin MetHb-nitrite

(a) EPR peak intensities of high spin MetHb and low spin MetHb-nitrite measured at 5K using
different microwave powers. MetHb-nitrite was prepared in 0.01 M PBS buffer at pH 6.5 by
adding 10 mM nitrite to 200 uM MetHb. (b) Wide field EPR scans of MetHb-nitrite measured
at 5K under varying microwave powers. Same samples as described for panel a. The high spin
MetHb peak recorded for Figure 3a is at ~ 1124 gauss and the lowest field peak for the low
spin MetHb-nitrite peak is at ~2214 gauss.
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Figure 2. Simulation of MetHb-nitrite EPR

(a) The four basis spectra for simulations are shown (b)Experimental EPR spectrum (blue) was
taken at 15K and 0.8mW microwave power. MetHb-nitrite was prepared in 0.01M PBS buffer
at pH 7.4 by adding 10mM nitrite to 200uM MetHb. Three separate species were simulated
with SimFonia and added together to produce the simulated spectrum. These species include
a high spin MetHb species with principal g values of 5.93,5.93, 1.99 and two low spin MetHb-
Nitrite species with principal g values of 3.03, 2.33, 1.47 and 2.90, 2.16, and 1.47. (g values
are close to that determined by Schwab et. al. [29]). The double integrals of the three simulated
spectra were used to calculate the concentration of the corresponding species which were
subsequently used to calculate the Kd values for MetHb-nitrite under the conditions used.
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Figure 3. EPR of MetHb and MetHb-nitrite taken at 15K and 0.8mW microwave power
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(@) 300uM MetHb was prepared in 0.01M PBS buffer at pH 6.5 at 0 °C. 300uM nitrite was
added for a [Nit]:[Met] ratio of 1:1. (b) 6mM nitrite was added for a [Nit]:[Met] ratio of 20:1.
Kq values were calculated by fitting simulations of the high spin MetHb and two low spin
MetHb-nitrite species to the experimental data and calculating concentrations of each species

from the simulations. The Ky val

ue increases as the [Nit]:[Met] ratio increases.
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Figure 4. Dissociation constants for four different ratios of [Nitrite]:[Met] at pH 6.5 and pH 7.4 at
37°C
MetHb-nitrite was prepared in 0.01M PBS buffer by adding 300 uM, 1.5 mM, 3mM, or 6mM
nitrite to 300 uM methemoglobin. Dissociation constants (K4) were calculated by fitting
simulations of the high spin MetHb, the low spin MetHb, and the two low spin MetHb-nitrite
species to the experimental data and calculating concentrations of each species from the
simulations. Inset shows K values for samples prepared at pH 6.5 on a smaller scale.
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Figure 5. Nitrite binding to MetHb in the presence of allosteric affectors

(a) Nitrite (1.5 mM) was added to MetHb (300 pM) that had been incubated with 3 mM NEM
or IHP at pH 7.4. The high field EPR spectra are shown demonstrating significant differences
in the shape of the spectra. (b) The dissociation constants were obtained from EPR spectra on
samples as described for panel “a” where the ratio of nitrite to MetHb is 5:1 and also for when
6 mM nitrite was added (nitrite to MetHb ratio of 20:1).
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