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Abstract

Deoxyhemoglobin reduces nitrite to nitric oxide (NO). In order to study the effect of the
hemoglobin quaternary conformation on the nitrite reaction, we compared T-state
deoxyhemoglobin with R-state deoxyhemoglobin produced by reacting hemoglobin with
carboxypeptidase-A prior to deoxygenation. The nitrite reaction with deoxyhemoglobin was
followed by chemiluminescence, electron paramagnetic resonance and visible spectroscopy. The
initial steps in this reaction involve the binding of nitrite to deoxyhemoglobin followed by the
formation of an electron delocalized metastable intermediate that retains potential NO bioactivity.
This reaction is shown by visible spectroscopy to occur 5.6 times faster in the R-state than in the
T-state. However, the dissociation of NO from the delocalized intermediate is shown to be
facilitated by the T-quaternary conformation with a 9.6 fold increase in the rate constant. The
preferred NO-release in the T-state, which has a higher affinity for the membrane, can result in the
NO diffusing out of the RBC and being released to the vasculature at low partial pressures of
oxygen.
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Introduction

Nitric oxide as a vasodilator plays a major role in regulating blood flow and vascular tone
[1]. The primary source for the synthesis of NO in the circulatory system involves
endothelial nitric oxide synthase [2]. Since nitric oxide has a life time in plasma of <0.1ms
[3], effective delivery of NO to the vasculature would require that the NO is synthesized at
the site where it is needed. The reported [4] reduced activity of nitric oxide synthase at
reduced partial pressures of oxygen may limit the ability of endothelial nitric oxide synthase
to supply NO to the microcirculation. To resolve this dilemma mechanisms for the transport
of NO activity by RBCs have been proposed. A mechanism involving the transfer of NO to
a thiol group producing S-nitrosylated hemoglobin (SNOHDb) was originally proposed in
1996 by the seminal paper of Stamler and collaborators [5], with alternative hypotheses
proposed by other investigators involving the hypoxic release of ATP [6] and reduction of
nitrite to NO by deoxygenated hemoglobin in the RBC [7,8].
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Any role for RBCs in transporting nitric oxide must, however, be able to avoid the very
efficient scavenging of nitric oxide in RBCs by both oxyhemoglobin (oxyHb) and
deoxyhemoglobin (deoxyHb). The hypothesis suggesting hypoxic release of ATP does not
involve a pool of RBC NO that can react with hemoglobin [6,9]. The Stamler hypothesis
bypassed this difficulty by transferring the NO to the (3-93 thiol group with the formation of
SNOHDb [5]. This NO can then be transferred to endothelial cells through transnitrosation of
membrane thiol groups [10]. The 2003 studies by Rifkind and Gladwin and their
collaborators [7,8] proposed a mechanism that involved the reduction of nitrite back to NO
by a reaction with deoxyHb. The attraction of this mechanism is that it reuses the NO
produced by the endothelium, without requiring the transport of unstable nitric oxide. The
feasibility of this mechanism, however, requires that the nitrite reduced back to NO is not
quenched by hemoglobin.

Gladwin and collaborators originally suggested that the nitrite is reduced to NO by a
metabolon (a complex of band 3, carbonic anhydrase, and deoxyhemoglobin reductase)
localized on the membrane at the point where it is needed [11]. More recently [12] they have
proposed that nitrite complexes with oxidized hemoglobin (metHb) formed during the
reduction of nitrite by deoxyHb and that the reaction of the NO formed with this complex
produces N,Og that can diffuse out of the cell and/or react with thiols to form S-
nitrosothiols. The difficulty with this mechanism is that it uses the final products (metHb
and NO) formed by the reaction and requires that the NO produced react with the low levels
of nitrite reacted metHb instead of the readily available oxyHb and deoxyHb.

To explain how NO can be formed in RBCs without reacting with oxyHb or deoxyHb,
Rifkind and collaborators have been able to demonstrate the formation of an intermediate
with the electron shared between the NO, the heme iron and perhaps the -93 thiol of
hemoglobin [8,3-15]. This electron delocalization provides for a metastable NO that
remains associated with hemoglobin, but which can under the proper conditions be released
to the vasculature. These studies provide the basis for the accumulation, within RBCs, of a
pool of potentially bioactive NO. It is, however, still necessary to explain how this NO can
be released from the RBC.

Recent studies have shown that the nitrite reaction depends on the hemoglobin quaternary
conformation [16-18]. We have previously developed a kinetic method to distinguish
between the initial nitrite reaction and the dissociation of NO from the electron-delocalized
metastable nitrite reacted hemoglobin [14]. Since the dissociation step and not the initial
nitrite reaction would be involved in the release of NO from RBCs, we wanted to analyze
the effect of the quaternary conformation on the two steps involved in the nitrite reaction. To
investigate the effect of the quaternary conformation on the two distinct steps involved in
the nitrite reaction, we have in this paper used carboxypeptidase A (CPA) modified
hemoglobin, which retains the R-state even when fully deoxygenated. We were then able to
perform a detailed analysis of the nitrite reaction for fully deoxygenated T and R state
hemoglobins utilizing a combination of chemiluminescence, visible spectroscopy, electron
paramagnetic resonance and filtration methods. Based on this analysis, we have shown that
while the nitrite reaction is enhanced by R state hemoglobin as previously reported [16] the
dissociation of NO from the delocalized intermediate is actually enhanced in T-state
hemoglobin. These results can explain the allosteric release of NO to the vasculature by
combining the accumulation of potentially bioactive NO in the R quaternary conformation
with the release from hemoglobin in the T quaternary conformation when the hemoglobin is
also bound to the membrane.

Nitric Oxide. Author manuscript; available in PMC 2012 March 15.
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Material and methods

Preparation of Hemoglobin
Hemoglobin was prepared from fresh RBCs as described earlier [8].

Preparation of R-state deoxyhemoglobin

Hemoglobin was incubated with CPA obtained from Sigma Chemical Co., St. Louis,
Missouri for 2 hours at 37°C in 0.1M Tris-HCI buffer, pH 8.0. and then passed through a
Sephadex G-100 column to remove the enzyme [19]. This reaction cleaved the terminal
histidine and tyrosine in the B-chains stabilizing the R—state even when hemoglobin is fully
deoxygenated.

Preparation of methemoglobin

Methemoglobin was prepared by oxidizing oxyhemoglobin with a 1.2 molar excess of
potassium ferricyanide. The oxidized hemoglobin was then passed down a G-25 Sephadex
column to remove the excess ferricyanide and the ferrocyanide formed during the reaction.

T-state methemoglobin was prepared by adjusting the pH to 6.5 and adding one molar
equivalent of inositol hexaphosphate (IHP) [20]

Deoxygenation of Hemoglobin

Hemoglobin in 50 mM NaCl and 4 mM phosphate buffer, pH 7.4 (PBS) was deoxygenated
in an anaerobic Coy glove box. The glove box uses hydrogen and a palladium catalyst to
remove any residual oxygen resulting in <1ppm oxygen. Multicomponent fitting of the
deoxyHb sample obtained by this procedure did not detect any oxyHb and no oxyHb
accumulation was detected during the course of the experiment.

Determination of Nitrite Consumption

1mM deoxyHb was reacted with ~0.1mM nitrite in PBS, pH 7.4 for 60 min at room
temperature (22 °C) in the anaerobic Coy glove box. To quantitate the consumption of
nitrite, the reaction was carried out in a petri dish containing 5 ml of R or T state deoxyHb.
The reaction solution was placed on a shaker and, at specific time intervals, 0.5 ml aliquots
were transferred to microfilterfuge tubes (Rainin Instrument Co. Inc. filters with a 10,000
mol. wt. cutoff) and centrifuged for 2 min at 6,500 RPM using a microfuge (LK Scientific)
inside the anaerobic glove box. After centrifugation, 5ul of the filtrate was injected into the
Nitric Oxide Analyzer (NOA) purge vessel to determine nitrite by chemiluminescence (see
below). At zero time the free nitrite indicates the actual concentration of nitrite added.

Chemiluminescence Method to Determine Nitrite

The Model 280 NOA from Sievers Instruments was used. The sample was injected into the
NOA purge vessel containing 7 ml of glacial acetic acid and 1ml of 0.5M ascorbic acid in
order to determine the concentration of nitrite as previously described [21].

Chemiluminescence Method to Determine Total Heme-NO

The Model 280 NOA from Sievers Instruments was used in accordance with previously
published procedures [8]. With the purge vessel containing 5.5 ml of 100 mM sulfanilamide
dissolved in 87.5% glacial acetic acid, 1.0 ml of 1.0 M potassium ferricyanide in water and
0.1 ml antifoam reagent at 37°C, the chemiluminescence measures the concentration of total
heme—-NO (Hb(I1)NO, Hb(I1I)NO and any heme based intermediates) in a hemoglobin
sample [15].

Nitric Oxide. Author manuscript; available in PMC 2012 March 15.
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Electron Paramagnetic Resonance (EPR) Determination of Hb(II)NO

Samples were transferred anaerobically to 4 mm clear fused Quartz EPR tubes (707 SQ
250M — WILMAD) and frozen immediately by submerging the EPR tubes in liquid nitrogen
and stored at 77 K until EPR measurements were performed. EPR spectra were measured
using a Bruker EMX spectrometer with 100 KHz modulation as previously described [8].

The Reaction of Nitrite with deoxyhemoglobin followed by Visible Spectroscopy

After hemoglobin (100 uM) or CPA reacted hemoglobin (57.3 uM) were deoxygenated, the
nitrite reaction was initiated by using a gas tight syringe to add nitrite in a septum sealed
cuvette with a 1:1 final molar ratio of nitrite to heme. Spectra of hemoglobin from 490 to
640 nm were continuously recorded on a Perkin Elmer Lambda 35 spectrophotometer for 35
min. The resultant spectra obtained in any experiment were analyzed using a least squares
multicomponent fitting program (Perkin Elmer Spectrum QuantC v 4.51) to obtain
concentrations of deoxyHb, metHb, Hb(I1)NO, oxyHb and nitrite bound metHb. Our
spectral analysis does not include spectra for the intermediates that we have shown [15] to
be formed during the nitrite reaction. As discussed in our early spectral analysis of the nitrite
reaction [14], these intermediates are thought to have spectra similar to one of the metHb
components and result in higher levels of total metHb than Hb(I1)NO. Since no oxyHb was
detected, the spectra were also fit excluding oxyHb, without any changes in the
concentrations of the other components. To compare the affect of quaternary conformation,
the different concentrations of R-state and T-state deoxyhemoglobin (see above) required
that the spectral changes determined by visible spectroscopy be plotted as percent changes.

The Reaction of Nitrite with deoxyhemoglobin followed by Chemiluminescence and
Electron Paramagnetic Resonance

1 mM deoxyHb or CPA treated deoxyHb was reacted with 250 uM nitrite. For EPR
measurements the reaction mixture was prepared in the glove box and at various time
intervals aliquots were transferred to EPR tubes and frozen. For the chemiluminescence
measurements, the reaction was initiated by using a gas tight syringe to add deoxygenated
nitrite to the hemoglobin. 20 to 50 pl samples were injected into the NOA purge vessel at
different time intervals using a gas tight syringe, to determine total heme-NO.

The reaction of R and T state methemoglobin with NO

An NO saturated solution of PBS was prepared by bubbling NO through deoxygenated PBS
in a sealed vial. The NO used was first bubbled through saturated NaOH to remove
impurities. The concentration of this NO saturated solution was determined by
chemiluminescence. R or T state metHb was deoxygenated in a septum sealed cuvette.
Using a gas tight syringe a volume of the NO saturated solution was injected into the cuvette
that contained an amount of NO that was equivalent to the concentration of metHb. Starting
immediately spectra from 490 nm to 640 nm were continuously recorded on a Perkin Elmer
Lambda 6 spectrophotometer. The resultant spectra obtained in any experiment were
analyzed using a least squares multicomponent fitting program to obtain concentrations of
metHb, metNO and Hb(II)NO.

Statistical Analysis

Origin 6.1 (Microcal Software, Northampton, MA) was used for analysis of the data. The
paired student’s t test was used for comparing samples. Two tailed values of p<0.05 were
considered statistically significant.

Nitric Oxide. Author manuscript; available in PMC 2012 March 15.
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Other investigators [16,17] have used increased oxygenation of hemoglobin to study the
effect of the quaternary conformation on the nitrite reaction. However, nitrite reacts with
both deoxygenated and oxygenated chains by completely different mechanisms. Thus, the
reaction of nitrite with oxygenated chains does not involve the reduction of nitrite, but
nevertheless results in the formation of metHb. The interpretation of the nitrite reaction for
partially oxygenated hemoglobin is, therefore, complex. To avoid these difficulties, we used
CPA to cleave the two carboxy-terminal residues of the B-chains (histidine-146 and
tyrosine-145) [19]. This modification disrupts the salt bridges that stabilize the T-state. The
oxygen affinity increases and the binding is non-cooperative indicative of the retention of
the R-state even when the hemoglobin is fully deoxygenated [22]. We then were able to
compare the T and R quaternary conformation of fully deoxygenated hemoglobin without
any oxygenation.

The initial process when nitrite reacts with deoxyHb involves the consumption of nitrite
together with the utilization of deoxyHb.

Hb(II)+nitrite — Intermediates — Hb(III)+NO (1)

To investigate this initial reaction, the consumption of both reactants in Eq 1 (nitrite and
deoxyHb) were measured. The consumption of nitrite was determined (Fig. 1) by
chemiluminescent analysis of the filtrate (see Methods Section). The consumption of R and
T state deoxyHb (Fig. 2) was determined by multicomponent fitting of the visible spectra
(see Methods Section).

In both experiments R-state hemoglobin reacted faster than T-state hemoglobin. This finding
is consistent with the increase in the rate for the reaction when the sample was partially
oxygenated [17]. An analogous increase for the reaction was reported when the R-state was
trapped by encapsulating oxyHb into a sol-gel prior to deoxygenating the sample [18].

To determine the rate constant (k) for the initial nitrite reaction we used the initial slope for
the consumption of deoxyHb (Fig. 2) obtained from the visible spectroscopy data together
with the initial concentrations of deoxyHb and nitrite.

—d[deoxyHb]/dt},=k;[Hb(I)]o[NO> "1y (2)

This rate for the initial reaction could have been obtained from the initial slope of either the
consumption of deoxyHb or nitrite. We, however, calculated the rate constants using the
visible spectral data, which provides multiple values over a narrow time range on the same
sample, which is not possible for the filtration determination. The visible spectroscopy data,
therefore, provides a more reliable determination of the initial slope and the rate constant.
The higher rate constant for the initial reaction with R—state than with T-state deoxyHb
obtained from Eq 2 is shown in Fig. 3A. The 5.6 fold higher rate constant for R state
hemoglobin is consistent with kinetic data reported by Salhany [23].

Nitric Oxide. Author manuscript; available in PMC 2012 March 15.
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The Formation of the Electron Delocalized Species in the R and T Quaternary
Conformation

The initial intermediate formed when nitrite reacts with deoxyHb is the nitrite bound to
deoxyHb {Hb(I1)--ONO™ }, which then goes on to form the electron delocalized species
{Hb(INNO™* «>Hb(I11)NO} where the electron is shared between the NO and the iron [15].

Hb(I)+ONO~ « Hb(Il)— — ONO +H" — {Hb(I[)NO" < Hb(IIHNO}+OH" 3)

We have shown [15] that the chemiluminescence signal obtained in acetic acid without
added ascorbate to reduce any bound nitrite detects the delocalized intermediate as well as
any Hb(IT)NO, but not the nitrite bound to deoxyHb, which accounts for ~50% of the
reacted nitrite. In figure 4 we show the time dependent increase in this chemiluminescence
signal for the R and T quaternary conformation. The chemiluminescence signal, which does
not include Hb(I1)--ONO™, levels of well below the concentration of reacted nitrite.
However, the faster time dependent formation of the chemiluminescent signal for the R state
than the T-state implies that the formation of the delocalized intermediate is also accelerated
in the R quaternary conformation. This increase, however, cannot be used to determine the
rate constants for the formation of the delocalized intermediate for two reasons. (1) Since the
initial nitrite complex needs to form prior to the formation of the intermediate (Eq. 3), the
slower formation of the chemiluminescence signal in the T-state can at least in part be
attributed to a smaller steady state level of the nitrite bound deoxyHb and not a slower rate
for the formation of the delocalized intermediate. (2) The chemiluminescence detects
Hb(I)NO in addition to the delocalized intermediate. Therefore, the increase in the rate for
the formation of the chemiluminescent signal in the R conformation includes a contribution
of the Hb(I1)NO formed by the binding of NO, released from the intermediate, to unreacted
deoxyHb.

The Dissociation of NO from the Delocalized Intermediate and the Formation of Hb(II)NO in
R-state and T-state deoxyhemoglobin

To compare the release of NO in the R and T state it is necessary to determine the rate
constant for the dissociation of NO from the intermediate. We have previously shown [14]
that the delocalized intermediate is in equilibrium with an Hb(I11)NO complex that has been
shown to rapidly dissociate NO [24]. The rate limiting step for the release of NO is,
therefore, the conversion of the delocalized species to the non-delocalized Hb(111)NO
complex, which rapidly dissociates the NO.

{HbID)NO* & Hb(II)NO} « Hb(IINO @)

Hb{II)NO < Hb(I)+NO (5)

The released NO immediately (kon= 1.4 x 107) reacts with any available deoxyHb in both
the R-state and T-state forming Hb(I1)NO [ref methods in nitric oxide research VG
Kharitonov, j boneventutre and VVJ Sharmapp39-45)].

HbI)+NO — Hb(II)NO (6)

Nitric Oxide. Author manuscript; available in PMC 2012 March 15.
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The formation of Hb(I1)NO determined by multicomponent analysis of the changes in
visible spectroscopy (Fig. 5), thus, reflects the dissociation of NO from the intermediate.
This formation of Hb(II)NO, however, requires the prior formation of the delocalized
intermediate {Hb(I11)NO*«—Hb(I11)NO} and would not be expected to produce the initial
increase observed for R-state deoxyHb. This initial increase can, however, be related to the
formation of a paramagnetic intermediate that is being investigated {reference abstract
biophysics meeting 2011}.

The rate constant for the release of NO (k») is given by the expression,

{d[Hb(II)NO]/dt}=k>[ delocalized intermediate] (7)

and depends on the formation of Hb(I)NO (d[Hb(I1)NO]/dt) as well as the concentration of
the intermediates. Since there are no intermediates present at zero time, we have in our
previous study determined the rate constant for the release of NO from the data obtained
after 35 min. At this time the non-CPA reacted Hb is still in the T-state because of the
limited consumption of nitrite (Fig. 1) and formation of metHb and Hb(II)NO, which can
shift the conformation into the R-state. For this purpose, it is necessary to determine the final
concentration of intermediates as well as the final values of d[Hb(I1)NO]jna/dt.

Since intermediates have visible spectra similar to the metHb components [14], they result
in higher levels of metHb and have a negligible effect on the levels of the better defined
deoxyHb and Hb(I1)NO. The overall nitrite reaction, without the formation of intermediates,
produces equal concentrations of metHb and Hb(I11)NO and the decrease in deoxyHb should
be equivalent to twice the concentration of Hb(II)NO. Therefore the concentration of
intermediates can be directly obtained reliably from the multicomponent analysis of the
visible spectroscopy data, which provides concentrations of deoxyHb and Hb(I1)NO for
each time point (Fig. 6).

[intermediates]=[ decrease in deoxyHb] — 2 « [ Hb(ID)NO] (8)

Although EPR can be used to determine Hb(I1)NO, the limited number of points with
different samples for each time point make it difficult to accurately determine
d[Hb(I)NOJsinai/dt. Furthermore, a determination of the concentration of intermediates
requires a comparison of chemiluminescence or filtration data with EPR data [8], which is
difficult to reliably quantitate. We have, therefore, used the visible spectroscopy data (Figs.
5 & 6) to compare the rate for the dissociation of NO from the delocalized intermediate in
the R and T quaternary conformation (Fig. 3B). The lower level of intermediates in the T-
state than the R-state (Fig. 6) coupled with a faster final rate for the formation of Hb(I11)NO
(Fig. 5) results in a significantly higher rate for the dissociation of NO from the delocalized
intermediate in the T-state than the R-state (Fig. 3B).

Although we are using the visible spectroscopy data to determine the rate constants in Fig.
3B, these results are consistent with the results obtained from EPR, filtration and
chemiluminescence. We, thus, find a more pronounced R state increase in
chemiluminescence (Fig. 4) and nitrite consumption (Fig. 2) that is not paralleled by an
increase in the EPR determination of Hb(I1)NO indicating lower levels of the intermediate in
the T-state. Furthermore, determinations of d[Hb(I1)NO]sina from the EPR data (Table 1)
also indicate that Hb(I1)NO is forming more rapidly with T-state deoxyHb.

Nitric Oxide. Author manuscript; available in PMC 2012 March 15.
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The reaction of NO with methemoglobin in the R and T Quaternary Conformation

Hb(IID+NO &

Equations 3-5 involve the reaction of nitrite with deoxyHb forming the electron delocalized
intermediate which releases NO producing metHb. This same reaction pathway going
through the same intermediate with the eventual formation of deoxyHb instead of metHb
takes place when NO is added to metHb [25].

Hb(IINO & {Hb(INO™ « Hb(IIHNO}+OH™ < Hb(II)ONOH « Hb(II)+ONO™ +H* ©)

Analogous to the initial formation of a nitrite complex with deoxyHb prior to the formation
of the delocalized intermediate (Eq. 3), we have previously shown [14] that a complex of
metHb with NO that has the characteristic spectrum of Hb(I11)NO forms within seconds of
the addition of NO. This complex decays within 10 min resulting in the formation of the
electron delocalized intermediate. The non-delocalized Hb(I111)NO formed in Eqg. 9 is the
same complex that forms when NO is released from the delocalized intermediate (Egs. 4 &
5).

To complement our results on the role of the quaternary conformation on the nitrite reaction,
we studied the effect of the quaternary conformation on the reaction of NO with metHb.
This was accomplished by using low pH and IHP to shift the neutral pH metHb, which exist
in the R-quaternary conformation, into the T-quaternary conformation [20]. As shown in
Fig. 7 there is a rapid binding of NO to metHb in both quaternary conformations. The extent
of this reaction was more pronounced in the R-state than the T-state, which can be attributed
to the slower decay of the Hb(I1I)NO (Fig. 7) with a T1/,=155 sec in the R-state compared to
a T1/>=56 sec in the T-state.

The decay of the Hb(II1)NO, is faster than reductive nitrosylation [25] and as indicated in
Eqg. 9, coincides with the formation of the electron delocalized complex [14]. This formation
of the delocalized intermediate from Hb(I11)NO is the reversal of the rate limiting step for
the dissociation of NO during the nitrite reaction (eq. 4). These results, thus, indicate that
both the forward and reverse rate constants for this reaction are slower in the R state than the
T state. These kinetic results imply that the transition state involved in the dissociation
reaction NO is favored by the T quaternary conformation.

In addition, by combining the kinetics for the forward and reverse transition between non-
delocalized Hb(I11)NO and the delocalized intermediate, the effect of the quaternary
conformation on the equilibrium and the relative stability of the ground state for each
complex can be obtained. Thus, the half times for the decay of the Hb(I11)NO species in
figure 7 indicate that the relative first order rate constants in the T-state is 2.8 fold greater
than in the R state. This increase in the T-state rate for formation of the delocalized
intermediate is about 3 fold less than the increase in the rate for the release of NO from the
intermediate (Fig.2B). Therefore, the equilibrium constant for the formation of the metNO
structure that does not involve electron delocalization between Hb(II)NO* and Hb(I11)NO
(Eq. 4) is higher in the T-state than the R-state and the non-delocalized Hb(I11)NO complex
is more stable in the T-state.

The reaction of NO with metHb also produces Hb(I1)NO. The kinetics for the formation of
Hb(I)NO does not, however, provide information about the conversion of the intermediate
back to Fe(Il) hemoglobin, because of side reaction involving free NO. Free NO is the result
of the relatively low affinity of metHb for NO. The excess NO, not present during the nitrite
reduction process, affects the pathway for reductive nitrosylation [26]. In addition NO very
rapidly reacts with the thiyl radical species that is in equilibrium with the electron
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delocalized intermediate [13] resulting in the formation of hemoglobin with NO on both the
thiol and the heme iron (NOS---Hb(II)NO). Since the spectral properties of hemoglobin are
dominated by the heme, the spectral properties of this complex correspond to that of
Hb(II)NO.

Discussion

Previous studies have reported [16—18] that the nitrite reaction with deoxyHb is faster in the
liganded R-quaternary conformation than in the T-quaternary conformation. The original
studies by [17] Huang et al. made this important observation by comparing the nitrite
reaction at different partial pressures of oxygen and observed an increase in the reaction rate
at intermediate oxygen pressures where the quaternary conformations shifts from T to R and
unliganded chains that can react with nitrite are still present. At these partial pressures of
oxygen a mixture of R and T state hemoglobin exists and they were not able to directly
compare the nitrite reaction of R and T state hemoglobin. In the study of Roche et al. [18]
this issue was resolved by using encapsulated hemoglobin to retain hemoglobin in the T and
R state. In our study we were able to compare T and R state hemoglobin by using CPA
modified hemoglobin. CPA cleaves the two terminal residues of the B-chains resulting in
hemoglobin that retains the R-state in solution even when fully deoxygenated. Results with
this modified hemoglobin were then compared with fully deoxygenated HbA, which retains
the T state until a major fraction of the hemes react with nitrite.

Our studies also indicate an increase in the initial steps of the nitrite reaction for R state
hemoglobin (Scheme 1) as seen by the consumption of nitrite (Fig. 1), the decrease in
deoxyHb (Fig. 2) and the formation of a chemiluminescence signal (Fig. 4).

Our earlier studies [8,14,15] have established the accumulation of an electron delocalized
intermediate during the reaction of nitrite with deoxyHb. The release of NO from
hemoglobin, therefore, does not depend on the rate for this initial nitrite reaction with
deoxyHb, but on the rate for the dissociation of NO from the metastable delocalized
intermediate. This question was not addressed by the other studies, which were for the most
part performed with a large excess of nitrite, which reacts with the intermediate [14]
destabilizing it.

At the low molar ratios of nitrite:heme used in our study, the formation of Hb(I1)NO which
monitors the final dissociation of NO is actually faster in the T-state than the R-state (Fig. 5,
Table 1 & Scheme 1). Under these conditions, a detailed kinetic analysis of the consumption
of deoxyHb and the formation of Hb(II)NO was able to distinguish between the formation of
the intermediate and the release of NO from the intermediate (Fig. 3). Our kinetic analysis,
thus, indicates that the R-state not only favors the initial reaction of nitrite with deoxyHb,
which is consistent with a lower affinity in the T-state for all ligands, but also favors the
formation of the electron delocalized intermediate (Scheme 1), which reflects the
accumulation of the pool of potentially bioactive NO. Although the formation of the electron
delocalized intermediate is favored by the R-state, the dissociation of NO from the
intermediate and, therefore, the potential release of NO bioactivity is actually favored by the
T-state (Scheme 1).

The same intermediate formed during the reaction of nitrite with deoxyhemoglobin is also
formed when NO reacts with metHb {reference biochemistry paper visible spectroscopy}.
The delocalized intermediate is formed after the initial binding of NO to metHb that
produces the known metHbNO visible spectrum.

Some investigators {reference kim Shapiro papers }have argued that Hb(I11)NO cannot exist
as both an electron delocalized complex {Hb(I1)NO*«Hb(I11)NO} and non delocalized
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Hb(II)NO (Eq.9). A recent paper (navati and friedman, JACS) was primarily concerned
with the reaction of nitrite reacted MetHb with NO. They, however, also observed a new
spectral species formed when NO was reacted with glass embedded metHb under dry
conditions that appeared after the usual metHbNO species that was not the reduced
Hb(I1)NO. This spectral species can be the delocalized Hb(111)NO species that we have
reported.

By combining kinetic data on the dissociation of NO during the nitrite reaction (Fig. 3B)
with Kinetic data for the formation of the delocalized intermediate when NO reacts with
metHb (Fig. 7), we are able to show that the delocalized intermediate is more stable in the
R- quaternary conformation than is the non-delocalized Hb(111)NO (Scheme 1). Furthermore
the T-quaternary conformation facilitates the transition between the two complexes
involving Hb(I111)NO. Since non-delocalized Hb(I11)NO is the complex with an off rate for
NO of ~1 sec [27], the potential release of NO from hemoglobin is facilitated by the T
quaternary conformation.

The opposite effects of the quaternary conformation on the formation of the intermediate
and the dissociation of NO can be explained in terms of a conformational effect on the distal
ligand pocket (Scheme 1), which influences the interactions involving the distal histidine.
The proton facilitated binding of nitrite to deoxyHb (Scheme 1) would be expected to
involve at neutral pH hydrogen bonding between the distal histidine and the bound nitrite
[28]. Hydrogen bonding in the R-state to ligands of both Fe(ll) and Fe(11l) hemoglobins
have been reported [29,30]. Hydrogen bonding of nitrite to the distal histidine would be
particularly important for the binding of anionic nitrite to deoxyHb. The enhanced formation
of the electron delocalized intermediate in the R-state suggests that the distal histidine
interaction also stabilizes the electron delocalized intermediate, perhaps through an
interaction of the oxygen of the nitrosonium ion with the N, of the distal histidine (Scheme
1).

Our studies on the autoxidation of oxyHb and the release of superoxide [31] have been
interpreted in terms of a nucleophilic interaction of the N, of the distal histidine with the
heme iron [32]. The autoxidation reaction is very slow in R-state fully oxygenated
hemoglobin and is facilitated with partially oxygenated hemoglobin with greater T-state
properties. (The autoxidation cannot be studied for fully deoxygenated T-state hemoglobin,
since bound oxygen is required for the oxidation) These results suggest that the T-quaternary
conformation alters the distal heme pocket configuration facilitating the approach of the
histidine to the iron instead of the ligand (Scheme 1). This same ligand pocket
rearrangement can facilitate the dissociation of NO from the delocalized intermediate by the
nucleophilic interaction of the N of the distal histidine with the heme iron of the delocalized
intermediate. This process will transfer an electron to the Ho(11)NO* component of the
intermediate facilitating the formation of the non-delocalized Hb(I11)NO configuration
(Scheme 1) and the subsequent displacement of NO from this complex.

The stabilization of the transition state between both forms of Hb(I111)NO (the delocalized
complex and the non-delocalized complex) by the T-quaternary conformation implies that
bonding of the histidine with the heme-iron facilitates the required conformational change
(Scheme 1). Although the non-delocalized Hb(I11)NO complex is also stabilized by H-
bonding of the histidine with the bound NO (Scheme 1), the greater stability of the
delocalized intermediate in the R-state implies that H-bonding stabilizes the delocalized
intermediate to a greater extent explaining the relatively rapid dissociation of NO from non-
delocalized Hb(I11)NO.
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The increased rate for the formation of the intermediate in the R-state coupled with a slower
dissociation of NO explains the accumulation of a pool of potentially bioactive NO as the
hemoglobin begins to be deoxygenated, but retains the R-quaternary conformation (when 2—
3 oxygens are still bound). At the same time the increased rate for the dissociation of NO in
the T-state when hemoglobin becomes further deoxygenated is consistent with the release of
NO to the vasculature by RBCs under hypoxic conditions [5].

Conclusion

The reduction of nitrite by deoxygenated hemoglobin chains to produce NO is well
established. It is, however, necessary to explain how NO can be released from the RBC
without being quenched by the rapid reactions of oxyHb and deoxyHb with NO. A potential
explanation for this dilemma can be explained by the properties of the delocalized
intermediate. As hemoglobin begins to be deoxygenated, while still in the R-state the
intermediate accumulates retaining the potential NO bioactivity, while preventing its
quenching by hemoglobin. Further deoxygenation that stabilizes the T-state enhances
membrane binding and also facilitates the dissociation of NO from the delocalized
intermediate. A significant fraction of the NO released from hemoglobin associated with the
membrane can potentially diffuse out of the cell to the vasculature without being trapped by
hemoglobin.
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Abbreviations

DeoxyHb deoxyhemoglobin

metHDb methemoglobin

oxyHb oxyhemoglobin

CPA carboxypeptidase A

IHP Inositol hexaphosphate

PBS phosphate buffered saline

NO nitric oxide

RBC red blood cell

SNOHb S-nitrosohemoglobin

NOA nitric oxide analyzer
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Figure 1.

Consumption of nitrite during the reaction with deoxyhemoglobin as a function of time.
Nitrite was reacted with 1 mM deoxyHb at a 1:1 molar ratio. At each time point an aliquot
of the reaction mixture of T-state deoxygenated hemoglobin (e) and deoxygenated CPA
treated hemoglobin in the R-state (m) was filtered under anaerobic conditions and the nitrite
in the filtrate was determined by chemiluminescence.
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Figure 2.

The Percent deoxygenated hemoglobin consumed as a function of time. Nitrite was reacted
with deoxyHb at a molar ratio of 1:1 and changes in the visible spectrum were monitored as
a function of time for deoxygenated hemoglobin (100 puM) in the T-state () and
deoxygenated CPA reacted hemoglobin (57.3 uM) in the R-state (m). The percent decrease
in deoxyHb at each time point was determined by multicomponent fitting of the spectra (see
methods section).
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Figure 3.

Comparison of rate constants +SE deteremined from visible spectroscopy data for (A)
formation of intermediates and (B) dissociation of NO from the intermediates during the
reaction of T-state deoxyHb and CPA reacted R-state deoxyHb with nitrite (details of the
procedures given in methods section).
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Figure 4.

Formation of heme-NO detected by chemiluminescence (see methods for
chemiluminescence method) as a function of time. 120uM nitrite was reacted with 480pM
deoxygenated hemoglobin in the T-state (e) or deoxygenated CPA treated hemoglobin in
the R-state (m).
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Figure 5.

Determination of the percent of hemoglobin converted to Hb(I1)NO by visible spectroscopy
as a function of time for a 1:1 molar ratio of nitrite and deoxyHb. (e), deoxygenated
hemoglobin in the T-state and (m), deoxygenated CPA reacted hemoglobin in the R-state.
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Figure 6.

Time course for the formation of intermediates detected by visible spectroscopy. The
Percent hemoglobin in the intermediate species was determined by substracting deoxyHb
consumed from 2[Hb(I1)NO] for deoxygenated T-state hemoglobin (e) and deoxygenated

CPA reacted hemoglobin.
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Figure 7. The reaction of NO with metHb

The reaction of 0.724mM metHb with a stoichiometric equivalent of NO. R-state metHb at
neutral pH was converted to T-state metHb by adjusting the pH to 6.5 and adding a molar
equivalent of IHP. The formation and decay of HblIlI(NO) is monitored
spectrophotometrically for T-state (o) and R-state (m) metHb.
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Table 1

Final slope for the Formation of Hb(I1)NO (d[Hb(11)NO]/dt) from the EPR data

Conformation

[d/[HB(11)NOY/dt]fing: (RM/min)

R-state

0.035+0.001"

T-state

0.096:+0.004™

*
Standard error
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