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CONSPECTUS

Because of their critical biological roles, hemoglobin and
myoglobin are among the most extensively studied pro-
teins in human history, while nitrite tops the list of most-
studied small molecules. And although the reactions between
them have been examined for more than 140 years, a series of
unusual and critical allosterically modulated reactions have only
recently been characterized. In this Account, we review three
novel metal- and nitrite-catalyzed reaction pathways in the con-
text of historical studies of nitrite and hemoglobin chemistry and
attempt to place them in the biological framework of hypoxic
signaling.

Haldane first described the reaction between nitrite and |+ EE
deoxymyoglobin, forming iron-nitrosylated myoglobin, in his
analysis of the meat-curing process more than a century ago.
The reaction of nitrous acid with deoxyhemoglobin to form nitric oxide (NO) and methemoglobin was more fully characterized
by Brooks in 1937, while the mechanism and unusual behavior of this reaction were further detailed by Doyle and colleagues in
1981. During the past decade, multiple physiological studies have surprisingly revealed that nitrite represents a biological reser-
voir of NO that can regulate hypoxic vasodilation, cellular respiration, and signaling. Importantly, chemical analysis of this new
biology suggests a vital role for deoxyhemoglobin- and deoxymyoglobin-dependent nitrite reduction in these processes.

The use of UV—vis deconvolution and electron paramagnetic resonance (EPR) spectroscopy, in addition to refined gas-phase
chemiluminescent NO detection, has led to the discovery of three novel and unexpected chemistries between nitrite and deoxy-
hemoglobin that may contribute to and facilitate hypoxic NO generation and signaling. First, R-state, or allosteric, autocatalysis
of nitrite reduction increases the rate of NO generation by deoxyhemoglobin and results in maximal NO production at approxi-
mately 50% hemoglobin oxygen saturation, which is physiologically associated with greatest NO-dependent vasodilation. Sec-
ond, oxidative denitrosylation of the iron—nitrosyl product formed in the deoxyhemoglobin—nitrite reaction allows for NO formation
and release in a partially oxygenated environment. Finally, the deoxyhemoglobin—nitrite reaction participates in a nitrite reductase/
anhydrase redox cyde that catalyzes the anaerobic conversion of two molecules of nitrite into dinitrogen trioxide (N,05). N5O;
may then nitrosate proteins, diffuse across hydrophobic erythrocyte membrane channels such as aquaphorin or Rh, or reconsti-
tute NO via homolysis to NO and NO,". Importantly, the nitrite reductase/anhydrase redox pathway also represents a novel mech-
anism of both anaerobic and metal-catalyzed N,O, formation and S-nitrosation and may thus play a vital role in NO-dependent
signaling in a hypoxic and heme-rich environment. We consider how these reactions may contribute to physiological and patho-
logical hypoxic signaling.
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Historical Overview: The Reaction of Nitrite
and Hemoglobin in the Absence of Oxygen

The reaction of sodium nitrite with oxyhemoglobin was first
described almost 140 years ago by Gamgee.' John Haldane
then reported the reaction of nitrite with deoxyhemoglobin,
which generated iron—nitrosyl-hemoglobin, in his manuscript
“The Red Colour of Salted Meat” examining the chemistry of
meat curing.?

On cutting into pieces of uncooked salted meat, obtained
from the butcher, | noticed that the colour of the exposed sur-
face was bright red wherever the salt had penetrated, but
slowly became dull on exposure to the air. On the other
hanad, if the salt had not thoroughly penetrated to the cen-
tre of the piece the exposed surface had at first the dull blu-
ish tint of reduced haemoglobin, which soon changed into
the red of oxyhaemoglobin on exposure to the air.

On extracting the freshly exposed salted part with water
the red pigment was found to be quite soluble, and to give
a spectrum not altered by warming the solution with ammo-
nium sulphide, and possessing two absorption bands at
about the position of the oxyhaemoglobin bands, but not
nearly so well defined. This spectrum was found to be iden-
tical with that of nitric oxide haemoglobin...and the behav-
iour of the pigment in all other respects showed that it was
nothing else but pure NO-haemoglobin. This substance,
which was discovered by Herman in 1869, has hitherto not
attracted much attention, as it was supposed only to occur
as a laboratory product.?

Haldane concluded that nitrite was formed inside the raw
meat via the reduction of nitre (nitrate) and that “NO-haemo-
globin is formed by the action of nitrite on haemoglobin in the
absence of oxygen, and in the presence of reducing agents.”?
This is the first known account describing deoxyhemoglobin-
mediated reduction of nitrite to NO, leading to the formation
of iron—nitrosyl-hemoglobin.

In 1937, Brooks presented his detailed analysis of the
deoxyhemoglobin—nitrite reaction just as we might describe
it today:

Much work has been done on the action of nitrite on hae-
moglobin, but there is little agreement on the course of the
reaction. In the presence of a reducing agent Haldane (1901)
detected only the formation of NO-haemoglobin (the com-
pound formed by the action of nitric oxide on haemoglo-
bin); in the presence of oxygen a mixture of methaemoglobin
and NO-haemoglobin was apparently obtained (cf. Haurow-
itz 1924; Meier 1925).3
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Brooks then examined the anaerobic reaction of nitrite and
deoxyhemoglobin in the presence and absence of reducing
agents and characterized the product yields and pH depen-
dence. He reported that 1 mol of protonated nitrite (HNO-;
nitrous acid) and 2 mol of ferrous deoxyhemoglobin (HbFe?™)
generate 1 mol of methemoglobin (HbFe**) and 1 mol of
iron—nitrosyl-hemoglobin (HbFe?*—NO). He concluded that
nitrous acid reacts with deoxyhemoglobin to form NO and
methemoglobin (eq 1). The NO then binds a second deoxy-
hemoglobin to form iron—nitrosyl-hemoglobin (eq 2).

NO,” + HbFe*" + H" —NO + HbFe** +OH™ (1)

NO + HbFe?" — HbFe*"—NO 2)

However, a number of unusual features of this reaction
remained unsolved. For example, inositol hexaphosphate (IHP)
was shown to significantly decrease the rate of hemoglobin
oxidation by nitrite.*> Because IHP lowers hemoglobin oxy-
gen affinity, this result was interpreted as an indication that
deoxyhemoglobin oxidation by nitrite was favored by higher
oxygen affinity states of hemoglobin.*>

In 1981, Doyle and colleagues revisited the deoxy-
hemoglobin—nitrite reaction and identified additional unusual
properties of nitrite reduction. While the reaction appeared to
follow a second-order rate law, with a rate constant (k) of
2.69 M~ s " at 25 °C and pH 7.0, the product yields were
variable, with typical ratios of 28% iron—nitrosyl-hemoglo-
bin and 72% methemoglobin (1:2.57).° These product yields
did not follow the equimolar stoichiometry observed by
Brooks and predicted by egs 1 and 2.7 Indeed, while some
recent studies reproduced the 1:1 iron—nitrosyl-hemoglobin
to methemoglobin product ratio,”® others continue to report
variable yields, with higher concentrations of methemoglo-
bin than iron—nitrosyl-hemoglobin that are inconsistent
between experiments.®'°

While Doyle et al. confirmed that reaction progress was lin-
early dependent on hydrogen ion in the pH range of 6.0—8.0,
the observed order of proton dependence was 0.88 rather
than the predicted 1.0.° The authors interpreted this unex-
pected deviation to imply that nitrous acid may not be the
sole reactant with deoxyhemoglobin, suggestive of additional
proton effects on hemoglobin allosteric conformations. These
results were later confirmed and attributed to the redox Bohr
effect on nitrite reduction.”

The use of least-squares analysis of spectroscopic experi-
ments has recently permitted significantly higher accuracy in
the identification and quantification of heme species. Such
analysis of the deoxyhemoglobin—nitrite reaction has con-
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FIGURE 1. The sigmoidal reaction of nitrite with deoxyhemoglobin.
(A) Spectrophotometric analysis of the strictly anaerobic reaction of
deoxyhemoglobin (50 xM) with nitrite (10 mM) at pH 7.4 and 37 °C.
Note that equimolar quantities of methemoglobin and
iron—nitrosyl-hemoglobin are produced. Concentrations of heme
species were determined by least-squares spectral deconvolution
analysis. Reproduced with permission from ref 11. Copyright 2007
American Society for Biochemistry and Molecular Biology. (B)
Introduction of oxygen leak (18% oxyhemoglobin) results in lower
yields of iron—nitrosyl-hemoglobin than methemoglobin, as shown
by spectrophotometrically monitoring the formation of ferric hemes
at 630 nm. Reproduced with permission from ref 7. Copyright 2005
American Society for Clinical Investigation.

firmed that under purely anaerobic conditions, it generates
equimolar quantities of methemoglobin and iron—nitrosyl-
hemoglobin (Figure 1A).”'" Huang and colleagues also dis-
cerned four unique properties of this reaction.” (1) Under truly
anaerobic conditions, when excess nitrite is reacted with
99.9% deoxyhemoglobin, the reaction deviates from a sec-
ond-order rate law and appears to exhibit zero-order Kinetics
in terms of deoxyheme concentration, such that the reaction
rate remains constant as deoxyheme is consumed (Figure 1B).
(2) Closer inspection of the instantaneous rate reveals that the
reaction rate is sigmoidal, with initial slow (lag), middle fast,
and terminal slow phases (Figure 1A). (3) In the presence of an
oxygen leak, the reaction appears to exhibit second-order
dependence and its rate increases dramatically (Figure 1B). (4)
Product yields under strictly anaerobic conditions conform to
egs 1 and 2 (50% methemoglobin and 50% iron—nitrosyl-

hemoglobin, as observed by Brooks; Figure 1A,B), while oxy-
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gen leak results in higher product yield ratios (70%
methemoglobin and 30% iron—nitrosyl-hemoglobin, as
observed by Doyle; Figure 1B).

Only during the last two years has it become clear that all
of these unusual properties—the effect of IHP on reaction rate,
the unusual proton dependence, the variable product yield
stoichiometry, the deviation from second-order kinetics, and
the effect of oxygen on reaction kinetics—are all due to the
allosteric nature of the hemoglobin reaction with nitrite. Nitrite
thus reacts not with a single static molecule of deoxyhemo-
globin but rather with the many allosterically different confor-
mational states of the deoxyhemoglobin tetramer. These
observations paved the way toward the discovery of other sur-
prising and novel chemistries of this storied reaction.

R-State or Allosteric Autocatalysis

When nitrite reacts with the deoxyhemoglobin tetramer as
shown in Figure 1A, deviation from second-order Kinetics
occurs because products of this reaction, methemoglobin and
iron—nitrosyl-hemoglobin stabilize reacting tetramers in the
R-state and thus enhance heme reactivity (Figure 2A). While
oxygen and carbon monoxide are classical ligands that pro-
mote the R, high-oxygen affinity conformation of hemoglo-
bin, NO ligation and heme oxidation to methemoglobin are
also R-state stabilizers (Figure 2B).'? R-state hemoglobin has
a low heme redox potential, analogous to that of
myoglobin,'®'* which favors an equilibrium distribution of
electrons to nitrite and increases the reactivity of nitrite with
the unliganded ferrous hemes.” The bimolecular rate constant
for the reaction of nitrite with R-state hemoglobin (6 M™" s~ ")
is significantly higher than that with T-state hemoglobin (0.03
M~ s71). There are therefore two true rate constants involved
in the deoxyhemoglobin—nitrite reaction: one of R-state
hemes and another of T-state hemes. While these true rate
constants remain unchanged, the apparent global rate con-
stant, determined by the ratio of T- and R-state hemes partic-
ipating in the reaction, changes as the allosteric conformation
of the reactive hemes changes. As the reaction of nitrite with
deoxyhemoglobin progresses, newly formed ferric and iron-
nitrosylated hemes stabilize the hemoglobin tetramer in the
R-state (Figure 2B) and increase the reactivity of its remain-
ing free ferrous hemes with nitrite (Figure 2A). This was con-
firmed by experiments using hemoglobin encased in a solid
gel, locking it into specific allosteric configurations, which
demonstrated a graded reaction rate spectrum that directly
correlated with the extent of R-state stabilization imposed on
the hemoglobin tetramer.'>
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FIGURE 2. Allosteric autocatalysis in the deoxyhemoglobin—nitrite reaction. (A) Tetrameric T-state deoxyhemoglobin (2¥) reduces nitrite to
NO, generating a ferric (3%) and an iron-nitrosylated (2*-NO) heme, on the same or different Hb tetramers, which stabilize the tetramer(s) in
the R-state. Increasing R-state character is associated with a higher bimolecular rate constant and greater nitrite reductase activity. As a
result, ferrous deoxy-hemes on these R-state stabilized tetramers react with nitrite faster than those on T-state stabilized tetramers and

exponentially propagate nitrite reduction, NO generation, and further

R-state stabilization. (B) Confirmation of the progressive T-to-R

allosteric shift by EPR analysis of the deoxyhemoglobin (100 xM) reaction with nitrite (2.5 mM) at 6 min (initial), 17 min (intermediate), and
30 min (final) after initiation of the reaction. EPR spectra showed transition of the iron—nitrosyl-heme from the five-coordinate T-state (with
characteristic hyperfine splitting) to the six-coordinate R-state heme geometry. Reproduced with permission from ref 7. Copyright 2005
American Society for Clinical Investigation. (C) The hemoglobin oxygen saturation gradient along the A1 to A5 arterioles suggests a nitrite
reductase gradient that favors nitrite reduction at the anatomical position of R; tetramers (40—60% hemoglobin oxygen saturation).
Reproduced with permission from ref 57. Copyright 2006 The American Physiological Society.

The deoxyhemoglobin—nitrite reaction is therefore an allos-
teric autocatalytic reaction, in which the reaction rate is accel-
erated by a conformational change imposed on the reacting
species byproduct of that reaction. By favoring the R-state con-
figuration, ferric and iron-nitrosylated hemes increase the
bimolecular rate constant for subsequent reactions of remain-
ing unliganded ferrous hemes, which will reduce nitrite faster
and further propagate the R-state stabilizing methemoglobins
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and iron—nitrosyl-hemoglobins (Figure 2A). These predictions
were confirmed by modeling experiments.'®

Importantly, because reaction rate is a product of the bimo-
lecular rate constant and reactant (deoxyhemoglobin) concen-
tration, the observed rate of nitrite reduction changes
throughout the reaction in a sigmoidal fashion. It is initially
slow (because all hemoglobin is in the T-state), peaks mid-
way through the reaction (hemes are still available for nitrite
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binding, but the tetramer is stabilized in the R-state by newly
formed ferric and iron-nitrosylated ferrous hemes), and ulti-
mately slows down again (all unliganded ferrous hemes are
consumed, Figure 1A).

Proton Dependence: Nitrous Acid and the
Redox Bohr Effect

This chemistry elegantly explains the 0.88 order of proton
dependence observed by Doyle and colleagues, which was an
unexpected deviation from the ideal value of 1.0 predicted by
Brooks’ original reaction mechanism.>® There are actually two
opposing effects of protons on the reaction: they promote the
formation of nitrous acid (eq 1), thereby facilitating the reac-
tion of deoxyhemoglobin with nitrite, and simultaneously sta-
bilize hemoglobin in the T-state. The latter effect, called the
redox or oxidation Bohr effect, slows the deoxyhemo-
globin—nitrite reaction by lowering the heme redox poten-
tial and “dampening” allosteric autocatalysis.”'”~2° Because
the magnitude of the oxidation Bohr effect is smaller than that
of increased nitrous acid formation, the resulting proton
dependence is 0.88.

Physiological Implications of R-State
Catalysis

Importantly, the chemistry described above has been derived
using pseudo-first order conditions of high (millimolar) nitrite
and low (micromolar) heme concentrations, with methemo-
globin and iron—nitrosyl-hemoglobin acting as R-state stabi-
lizers. In vivo, however, the relative concentrations of species
are reversed, with 300 nM nitrite reacting with 20 mM hemo-
globin in the red cell and the allosteric state of hemoglobin
tetramers modulated by oxygen ligation rather than by iron-
nitrosylated and ferric hemes generated in the deoxy-
hemoglobin—nitrite reaction. The bimolecular rate constant is
therefore maximal in oxygenated arterial blood, while reac-
tant (deoxyheme) concentration is maximal in venous blood
(Figure 2C). The rate of nitrite reduction will be highest at
approximately 50% oxygen saturation, or the intrinsic hemo-
globin P5,, and the most effective tetrameric nitrite reductase
will be the R-state hemoglobin that rapidly deoxygenates dur-
ing arterial-to-capillary transit. This molecule would transition
through R, (R-state with four oxygens bound), Rs, Ry, T,
(T-state with two oxygens bound), and ultimately T, tetram-
ers, with R5 and R, tetramers being the most effective nitrite
reductases. This chemistry has been confirmed experimen-
tally, as nitrite reduction and NO signaling are greatest in sys-
tems subjected to rapid deoxygenation in the presence of
oxyhemoglobin and nitrite.>"** NO generation and NO-me-
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diated signaling,”#? including vasodilation®2~2¢ and inhibi-
tion of mitochondrial respira’cion,22 are all maximized when
hemoglobin reaches approximately 50% oxygen saturation.

Oxidative Denitrosylation

In the presence of deoxygenating hemoglobin, myoglobin,
and erythrocytes, nitrite has been shown to facilitate NO-de-
pendent signaling, including gas-phase NO generation,”?? tis-
sue cGMP accumulation,®? vasodilation,?*~2° and inhibition of
mitochondrial cytochrome C oxidase activity.???” However,
the mechanism of NO escape from rapid scavenging by fer-
rous hemes inside and outside the erythrocyte subsequent to
nitrite reduction remained a mystery.?#2° Because NO reacts
with both deoxy- and oxyhemoglobin extremely fast, with
bimolecular rates in the range of 107—10% M~ s~ 130738
modeling calculations have shown that only 0.1 pM NO could
be present outside a red cell at steady state, even at supra-
physiological nitrite levels, unless mechanisms exist to limit
these scavenging reactions.? So how does NO leave the red
cell and perform multiple physiological signaling functions?

The answer lies with the important fact that under phys-
iological conditions nitrite does not react with anaerobic
deoxyhemoglobin, but rather with a partially oxygenated
solution of oxy- and deoxyhemoglobin. The reaction of
nitrite with oxyhemoglobin is a complex autocatalytic pro-
cess with radical-mediated chain reactions and branching
steps that ultimately oxidizes nitrite to nitrate and oxyhe-
moglobin to methemoglobin.?94° Although the mechanism
of this reaction is not yet fully understood, it involves auto-
catalytic intermediates, including nitrogen dioxide (NO,°)
and ferryl-hemoglobin (Fe'V=0),*'~** which give the
oxyhemoglobin—nitrite reaction its unique Kkinetic profile,
with an early lag (slow) phase and a rapid autocatalytic
(propagation) phase.

We recently examined the reactions of nitrite with oxy- and
deoxyhemoglobin at a wide range of oxygen partial pressures
and found that they run in parallel and, surprisingly, inter-
act.'" As the fractional oxygen saturation of hemoglobin falls,
the lag phase of the oxyhemoglobin—nitrite reaction is pro-
longed (autocatalysis is delayed) and the maximal reaction
rate attained during the propagation phase is decreased.'’
This inhibitory effect of deoxyhemoglobin on the
oxyhemoglobin—nitrite reaction is dose-dependent, such that
at progressively lower oxygen partial pressures the oxy-
hemoglobin—nitrite reaction autocatalytic rate decreases fur-
ther and occurs later in the course of the reaction. In contrast,
because oxygenation stabilizes unliganded hemes in the
R-state and lowers their redox potential, the rate of the
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deoxyhemoglobin—nitrite reaction is maintained at its maxi-
mal level throughout the reaction, thereby increasing the over-
all rate of nitrite reduction.’” As a result, the reductive
deoxyhemoglobin—nitrite reaction dominates at low oxygen
saturations, the oxidative oxyhemoglobin—nitrite reaction
dominates at high oxygen saturations, and the two reactions
proceed with comparable efficiencies when approximately
50% of hemoglobin is oxygenated.'" At physiologically low
hemoglobin oxygen saturations, nitrite will thus preferentially
react with deoxyhemoglobin to generate NO, rather than be
inactivated by oxyhemoglobin to the physiologically inert
nitrate.

NO generated by deoxyhemoglobin in a partially oxy-
genated environment is not irreversibly trapped by adja-
cent deoxyhemes as an iron—nitrosyl as previously thought.
Rather, immediately after the oxyhemoglobin—nitrite reac-
tion enters its propagation phase, iron—nitrosyl-hemoglo-
bin produced in the deoxyhemoglobin—nitrite reaction is
rapidly and quantitatively depleted. Moreover, consump-
tion of the iron—nitrosyl, as measured by UV—vis absorp-
tion spectroscopy and EPR, precisely correlates with the
release of NO into the gas phase."' Mechanistically, these
observations suggest that iron—nitrosyl-hemoglobin is con-
sumed via the oxidation of the ferrous iron—nitrosyl-heme
to the ferric iron—nitrosyl-heme, most likely by nitrogen
dioxide (produced during oxyhemoglobin—nitrite reaction
autocatalysis), in a process called oxidative denitrosylation.
Because NO has low binding affinity for methemoglobin,**
the ferric iron—nitrosyl-heme easily releases NO into the
gas phase. Moreover, since nitrogen dioxide promotes oxy-
reaction autocatalysis, its consumption interferes with auto-
catalysis, dampens the propagation phase, and directs
nitrite through reductive pathways to NO.

The ability of deoxyhemoglobin to reduce nitrite to NO
and release it upon oxygenation is demonstrated in Fig-
ure 3A-—D. Rapid oxygenation of the anaerobic
deoxyhemoglobin—nitrite reaction results in quantitative
oxygenation of unreacted deoxyhemes and initiation of the
oxyhemoglobin—nitrite reaction. Once the oxy-reaction
autocatalytic intermediates (including nitrogen dioxide)
accumulate and the reaction enters the propagation phase
(signified by a peak in ferrylnemoglobin), the iron—nitrosyl
produced during the anaerobic phase is oxidized and NO is
released. Importantly, NO release occurs as a direct conse-
quence of the oxyhemoglobin—nitrite reaction and is not
observed with the T-to-R allosteric shift of iron—nitrosyl-
hemoglobin alone (Figure 3E).
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Anaerobic N,O0; Generation by the
Catalytic Nitrite Reductase/Anhydrase
Chemistry of Deoxyhemoglobin

The paradox of experimentally observed NO generation and
release despite robust NO scavenging reactions inside the
erythrocyte has led investigators to probe the deoxy-
hemoglobin—nitrite reaction for possible stable intermediate
NO, species that could avoid heme autocapture. Such hypoth-
esized intermediates would include NO™ (which could nitro-
sate thiols to form S-nitrosothiols), N;Os, NO5®, HNO,, and
H,NO,.

Rifkind and colleagues have recently reported an EPR-si-
lent NO-modified hemoglobin intermediate that they detected
by reductive chemiluminescence.®#® They hypothesized that
this intermediate is NO—methemoglobin (Fe>*—NOQ), stabi-
lized by electron delocalization between the NO, heme, and
possibly g-cysteine 93, which could ultimately release NO or
nitrosate thiol for red cell export. Luschinger and colleagues
also found evidence of a hemoglobin-bound intermediate that
liberated NO upon photolysis and, based on deconvolution
analysis, suggested that this species was NO—methemo-
globin.?®47 However, while NO—methemoglobin is certainly
a transient intermediate in the nitrite reductase reaction (eq 1),
kinetic analysis indicates that this species would not be sta-
ble in the presence of high deoxyheme concentrations,
because NO is released from methemoglobin at a rate of
approximately 1 s, while its on-rate for deoxyheme is (2—6)
x 107 M 's .

In collaboration with Kim-Shapiro and colleagues, we care-
fully examined the reaction of nitrite and deoxyhemoglobin
using least-squares deconvolution with five reference species:
deoxyhemoglobin, iron—nitrosyl-hemoglobin, methemoglo-
bin, nitrite—methemoglobin, and NO—methemoglobin.2 Our
analyses showed that nitrite—methemoglobin, and not
NO—methemoglobin, was formed, yet it was not included in
deconvolution analysis performed by Luschinger and
colleagues.?®#” During our attempt to confirm these results by
EPR quantification of the low field, high spin g = 6 spectra
characteristic of the ferric heme, we were surprised to find that
nitrite—methemoglobin detected by UV—vis spectroscopy was
not seen by EPR (Figure 4).2 Indeed, addition of nitrite to meth-
emoglobin resulted in silencing of the ferric EPR signal with
high affinity and in a pH-dependent manner (faster at lower
pH). We had thus identified an intermediate that possessed all
characteristics described by the Rifkind group; it was
nitrite—methemoglobin.



Chemical Biology of Nitrite Reactions with Hemoglobin Gladwin et al.

X D
-
-
-
2 al
-
E _g"um:m' B
= Oxy )
= Ir on-nitr 0syl-hemoglobin =
§ — Fernyllemoglobin 5
~— Methemoglobin and =
E Nitrite-methemoglobin
BEEEEEE 00 3 5 p 2isisslen
Tioae (min) Time (min)
E :
B 18y "%+ Carboxyhmnoglobin
3\ e
& Iron-
e s  Methemoglobin a
i i Nirite methomoglobin
g |
= T "CTLILLLLLILIL
rll.l.ll......‘l
B 3 & & 8 1o
Thne onin)
3000 31003200 3300 3400 3500
| Dlagnetic field (CGouss

FIGURE 3. Oxidative denitrosylation: NO is released from iron—nitrosyl-hemoglobin during a hemoglobin oxygenation cycle. Reaction of
deoxyhemoglobin (25 M) with nitrite (5 mM) proceeded to partial completion and until oxygenation at 3 min to initiate the aerobic reaction
of nitrite with remaining ferrous hemes. Reaction progress was monitored in parallel by (A) absorption spectroscopy and (B) the nitric oxide
analyzer; dotted line indicates oxy-reaction autocatalysis. (C, D) Generation and consumption of iron—nitrosyl-hemoglobin was confirmed
EPR spectroscopy in an analogous reaction of deoxyhemoglobin (80 «M) with nitrite (1 mM) that was oxygenated after 19 min. (E) There is
no consumption of iron—nitrosyl-hemoglobin associated with the T-to-R allosteric shift induced by exposure of reaction from panel A to CO
(at 3 min 27 s) in the absence of oxyhemoglobin—nitrite reaction autocatalysis. Reproduced with permission from ref 11. Copyright 2007

American Society for Biochemistry and Molecular Biology.

Nitrite silencing of the g = 6 EPR spectrum has been
reported previously in bacterial nitrite and sulfite reductases
and in model porphyrin systems.*®~>% Such an effect could
occur secondary to electron delocalization from the nitrite to
the ferric heme, which would produce an intermediate spe-
cies with ferrous—nitrogen dioxide character (eq 3).

NO,™ + HbFe’" — HbFe’"—NO, ™ < [HbFe*"—NO,] (3)

Indeed, molecular orbital modeling studies of the
methemoglobin—nitrite complex demonstrated that the high
electron affinity of the ferric heme in NO—methemoglobin can
induce such electron delocalization.? Density functional the-
ory (DFT) studies show that nitrite can bind ferric hemes at

either the oxygen (“O—nitrito”) or nitrogen (“nitro”) atom,
which has been confirmed by crystallographic studies of
nitrite—myoglobin performed by the Richter-Addo laborato-
ry.>! The O-bound form of nitrite—methemoglobin favors elec-
tron delocalization from the nitrite to the extremely electron-
hungry ferric heme and leads to the formation of the ferrous
nitrogen dioxide-like species (Fe"—NO,").% Rapid fluctuation
between these states would explain the EPR silence of
nitrite—methemoglobin.

Because the reaction between nitrogen dioxide and NO is
diffusion-limited (10°—10'® M~" s7"), NO produced in the
deoxyhemoglobin—nitrite reaction could react with the fer-
rous nitrogen dioxide-like intermediate at a rate that poten-
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FIGURE 4. Addition of nitrite to methemoglobin leads to a rapid
and concentration-dependent silencing of the metheme EPR signal.
A range of nitrite concentrations (0, 0.1, 0.5, 1, and 5 mM) was
added to methemoglobin (84.8 M) at pH 7.4, and the low-field EPR
was measured at 4 K. The concentrations of remaining
methemoglobin, measured by double integration of the
methemoglobin signal, are indicated adjacent to each tracing. No
low spin methemoglobin EPR signals at lower g values were
detected (inset). Modified with permission from ref 8. Copyright
2007 Nature Publishing Group.

tially competes with NO scavenging by other heme groups
(107 M~" s7"). This reaction would generate N,O5 and fer-
rous hemoglobin (eq 4).

[HbFe*"—NO,] + NO — HbFe** + N,0, (4)

The proposed NO-catalyzed reduction of nitrite—
methemoglobin is reminiscent of a similar reaction described
by Fernandez and Ford, in which nitrite was shown to accel-
erate the rate of NO—methemoglobin (Fe**—NO) reduction to
ferrous hemoglobin (Fe**) and N,O; by approximately
4-fold.”? However, while this mechanism accounts for the
reduction of methemoglobin and generation of N,Os, it is
slower than what has been observed experimentally>*>* and
undeniably too slow to compete with parallel NO scaveng-
ing reactions.

We considered that the high concentrations of NO used in
studies of reductive nitrosylation by Fernandez and Ford could
have inhibited our proposed reaction (eq 4) by competing with
nitrite for binding to ferric hemes (methemoglobin has 25-fold
higher affinity for NO than for nitrite) and precluding the for-
mation of the nitrogen dioxide-like intermediate. Thus, when
low concentrations of NO are added to a solution of nitrite
and methemoglobin, NO preferentially reacts with
nitrite—methemoglobin rather than with unbound methemo-
globin. Consistent with this hypothesis, the k., of methemo-
globin reduction by NO to form iron—nitrosyl-hemoglobin
(reductive nitrosylation) actually increases as NO concentra-
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tion is decreased.? Similarly, the rate of S-nitrosothiol forma-
tion in this reaction increases with decreasing NO
concentrations.?

Importantly, when examined in the context of other
anaerobic hemoglobin reactions with nitrite (egs 1, 3, and 4),
this chemistry suggests that deoxyhemoglobin acts as an
enzymatic nitrite anhydrase that catalyzes the dehydration of
two molecules of nitrite into N,O5 (eq 5).

NO, + HbFe** + H" —NO + HbFe>" + OH™ (1)
NO,~ + HbFe>" — HbFe**—~NO, ™ < [HbFe*"—NO, (3)
[HbFe**—NO,’| + NO — HbFe** + N, 0, (4)

2NO,” + HbFe** + H" — HbFe*" + N,0;+ OH™ (5)

Because this reaction redox cycles, low concentrations of NO
added to nitrite—methemoglobin catalyze the production of
more NO and N,Os;. When NO reacts with nitrite—
methemoglobin (eq 4), it not only generates N,Os, which nit-
rosates one thiol and produces one nitrite (eq 6), but also
reduces methemoglobin to deoxyhemoglobin, which can now
react with the nitrite to generate a second NO (eq 1).

NO + [HbFe**—NO,’] — HbFe*" + N,0, (4)
N,O; + RSH—RS—NO + NO,~ (6)
NO, + HbFe*" + H" —NO + HbFe*" + OH™ (1)

NO, ™ + HbFe*" — HbFe*"—NO,~ < [HbFe**—NO,7 (3)

In the presence of excess nitrite, both NO and deoxyhe-
moglobin are catalytic, which potentially allows for amplifica-
tion of NO signaling (eq 7).

bFe2+

H
NO, +H" 4+ RSH——RSNO + OH"~ (7)

Notably, this catalytic nitrite anhydrase hemoglobin
chemistry has remained “invisible” to scientists for over 100
years. It was not detected by UV—vis absorption spectros-
copy in part because the ferrous heme redox cycles and is
not consumed in the process, such that there is no net
change in the composition of heme species over time. The
key reactant, nitrite—methemoglobin, is EPR-silent, which
precluded its detection or identification using that tech-
nique. Moreover, the high concentrations of NO typically
used in reductive nitrosylation studies interfered with nitrite
binding to methemoglobin and thus inhibited nitrite reduc-
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FIGURE 5. A putative nitrite reductase metabolon located within
the red cell lipid raft composed of deoxy- and methemoglobin, an
anion exchange protein (to import nitrite into the cell), carbonic
anhydrase (to generate protons from CO, and water), aquaporin,
and Rh channels®> would effectively localize the NO-generating
deoxyhemoglobin—nitrite reaction, the autocatalytic
oxyhemoglobin—nitrite reaction necessary to oxidize iron—nitrosyl-
hemoglobin and release free NO, and nitrite—methemoglobin to
facilitate N,O5 formation near highly hydrophobic channels at the
membrane. Reproduced with permission from ref 8. Copyright 2007
Nature Publishing Group.

tase/anhydrase chemistry. Finally, N,O5 is a highly unsta-
ble gas molecule that is not easily measured unless
specifically trapped.

N,Os5 is an ideal candidate for facilitation of NO export
from the erythrocyte. It is highly lipid soluble and could dif-
fuse across hydrophobic membrane channels such as aqua-
porin or Rh. N,Oj is also more stable in the red cell than NO,
with a lifetime of T ms compared with 0.2 us for NO, which
enables N,O; to diffuse for approximately 1 um. Red blood
cells have a flat biconcave disk morphology, with a flat sur-
face area that is less than 2 um thick; this provides a large
area for N,O5 diffusional escape. After escaping from hemo-
globin, the red cell, or both, N,O5 can homolyze to NO and
NO,*, reconstituting and liberating NO. Because it is the cell’s
primary nitrosating species, N,O5 could also nitrosate mem-
brane proteins and L-cysteine, which has been shown to be
transported through the LAT membrane transporter (thus facil-
itating NO escape). The physiologic efficiency of nitrite reduc-
tion and NO release will be greater in vivo if the effective
concentrations of the reactants, that is, nitrite, proton, deoxy-
hemoglobin, and methemoglobin, are maximized at the eryth-
rocyte submembrane in a nitrite reductase metabolome
(Figure 5).

Conclusions

On the heels of over a century of rich experimental
research into the chemical nature of nitrite reactions with
hemoglobin, recent studies have revealed fundamental
novel metal- and nitrite-catalyzed reaction pathways that
limit iron—nitrosyl-hemoglobin accumulation within the
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erythrocyte and generate free NO, N,O5, and nitrosothiol.
These reactions are likely to contribute to nitrite and heme-
globin dependent hypoxic vasodilation and signaling, open
the door to study of nitrite delocalization intermediates with
other ferric heme systems, and suggest a possible signal-
ing role for nitrite reduction by myoglobin, cytoglobin, and
neuroglobin.
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