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ABSTRACT

In the past decade an entirely new areas of biomedical science have emerged with the
recognition of the critical roles played by nitric oxide (NO) in biology.  The discoveries
of the role of NO in the cardiovascular systems, where it participates in regulating the
tone of blood vessels and the flow of blood, raised an intriguing biochemical problem
about the chemical interaction of NO and hemoglobin in blood.  Historically,
investigation of the interaction of NO and hemoglobin have suggested the formation of
heme-Fe(II)NO hemoglobin and nitrate. Neither of these products is considered to exhibit
NO-related bioactivity, thus the reaction of NO with hemoglobin was thought to quench
the bioactive potential of NO.  In this thesis we explore the idea that these are not the
only two fates of NO in its interaction with hemoglobin.  Product formation following
encounters of NO and hemoglobin under various conditions of oxygenation, oxidation,
and NO/heme ratios are analyzed by UV/Vis optical spectroscopy, EPR (electron
paramagnetic resonance) spectroscopy, and colorimetric chemical analyses.  This battery
of methods enables quantification of the hemoglobin species: heme-Fe(II)NO (with
distribution over the hemoglobin subunits) heme-Fe(III)NO, oxyhemoglobin,
methemoglobin, deoxyhemoglobin, S-nitrosohemoglobin (SNO-hemoglobin).  We
present results that establish a previously unsuspected favoring of protein nitrosylation at
heme and thiol positions in the reaction of oxyhemoglobin with NO.  We demonstrate
coupling of heme reduction/oxidation activity with thiol reactivity.   We provide evidence
for transfer of the NO group from heme to thiol and vice versa.  We demonstrate
unprecedented subunit selectivity of interactions of NO with hemoglobin.  Finally, we
present results that highlight the nitrite reductase activity of hemoglobin whereby nitrite,
which has a significant concentration in blood, is converted to bioavailable forms of NO.
Overall, the in vitro chemistry reported here provides for a complete basis for
rationalizing the in vivo biochemistry required for the hemoglobin/NO system to serve as
regulator of blood flow.

CHEMICAL INTERACTION OF NITRIC OXIDE AND HUMAN HEMOGLOBIN
Benjamin Peter Luchsinger 2004
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1. INTRODUCTION

SNO-Hemoglobin

Nitric oxide (NO) was named “Molecule of the Year” by Science magazine in 1992

(1).  In 1998, NO research earned Robert F. Furchgott, Louis J. Ignarro, and Ferid Murad

the Nobel Prize in Physiology and Medicine.  Though NO is structurally simple, it

possesses rich reaction chemistry.  NO, a gas at room temperature, is rapidly diffusing in

solution, can be a neutral metal ligand, and has one unpaired electron.  Adding an

electron to NO generates the nitroxyl anion (NO–) while removing an electron creates the

nitrosonium ion (NO+).  Reactions involving these formal, redox-related species allow

NO to perform chemistry unique to this molecule (2).  Only in the last decade has it

begun to be understood that this chemistry is central to a variety of diverse biological

processes.

For decades, NO was thought to exhibit only toxic effects on biological systems.

Certainly, excessive exposure to NO can have cytotoxic effects, and NO involvement in

pathophysiology of Huntington’s, Parkinson’s, arthritis, and diabetes has been shown (3).

Since the late 1980’s, however, essential physiological roles for NO have been

demonstrated (4).  For instance, endogenous NO performs essential tasks in both

neurotransmission and the immune response of humans (5). One of the most intriguing

roles of NO in the body is that exhibited in the cardiovascular system.  The 1998 Nobel

Prize recognized the discovery that the “endothelium-derived relaxing factor” (EDRF)

that participates in the regulation of blood vessel tone is in fact NO (6). Through earlier
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studies involving nitroglycerin, it had been known that NO could act as vasodilatory

agent; NO is a product of the breakdown of nitroglycerin and other vasorelaxant drugs

(7).  Identification of EDRF as NO, however, was the first evidence that NO is an

endogenously produced substance.  The subsequent elucidation of the enzymatic

production of NO from L-arginine by NO-synthase (8) consolidated the current

understanding that NO is an endogenous mediator of vascular tone.

Even before the identity of EDRF was established, it was known that NO could

tightly bind the heme iron of hemoglobin (9).  Hemoglobin was demonstrated as a

functional antagonist of EDRF (NO) (6, 10).  The antagonistic behavior was exploited in

studies that demonstrated NO to be EDRF (6).  Accordingly, the notion of a fundamental

biological activity of NO in the cardiovascular system is challenged by the fact that the

circulation and other biological environments contain numerous potential reactants, such

as hemoglobin, that can transform or quench NO biological activity (2).  These reactions

primarily involve NO adduct formation with metal ions and reaction with oxygen species

(11) or oxidative activation to form nitrites including peroxynitrite (12, 13), and nitrates

(14, 15).  Therefore, a primary question is: How can NO exert biological activity in the

cardiovascular system without being quenched by hemoglobin?  This question has been

addressed on three complementary levels.  Liao and co-workers have championed the

idea that owing to the flow of blood, the large red blood cells tend to remain centered in

the vessels and avoid the walls where NO is produced (16).  Lancaster has shown that the

cellular packaging of the hemoglobin further inhibits its reaction with NO (17, 18).

Finally, and arguably most important is that the chemistry of NO includes the formation

of thionitrites, which not only maintain bioactivity, but are among the most potent
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vasodilatory compounds known.  More importantly, they are also, by far, the most

prevalent bioactive NO compounds in the blood, entailing both low-molecular weight

nitrosthiols derivatives of cysteine and glutathione, but also S-nitrosylated proteins, such

as S-nitrosalbumin (19).

Stamler and co-workers in 1996, discovered that, among the blood proteins that

sustain S-nitrosylation is hemoglobin.   Specific cysteine residues of hemoglobin form S-

nitrsosthiols both in vivo and in vitro (20).  In tetrameric human Hemoglobin, with two

α- and two β-subunits, S-nitrosylation occurs at a highly conserved cysteine residue –

Cys-β93 – in human hemoglobin.  S-nitrosylated hemoglobin, or SNO-hemoglobin, has

further been characterized by mass-spectrometry (21) and x-ray crystallography (22).

Therefore, these observations provide direct evidence for a previously unsuspected

NO/Hemoglobin reaction channel, via S-nitrosylation, that is evidently competitive with

the Fe(II)-NO and nitrate forming reactions, in vivo.  This observation again raises the

question of how and why this competition works.

S-nitrosylation of hemoglobin has been observed to be linked to the quaternary state

of hemoglobin. The NO is buried in the ligated R-state of hemoglobin, but exposed and

readily lost by transnitrosation in the T-state structure. Stamler et al. also demonstrated

the existence and variable nature of nitrosylated hemoglobin in vivo (20, 23).

Micromolar concentrations of nitrosylated hemoglobin – SNO-hemoglobin and

hemoglobin-Fe(II)NO – were found in blood with different distributions between the two

in arterial versus venous blood.  During the arterial/venous transit the total number of NO

groups on hemoglobin (SNO-hemoglobin and hemoglobin-Fe(II)NO) remains

approximately constant under normal physiological conditions, but the relative amounts
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of each species shifts in favor of SNO-hemoglobin in the arteries and heme-Fe(II)NO in

the veins.  The reversible nature of SNO formation and release in this reaction maintains

availability of NO for vasorelaxant action and blood flow regulation (20, 24).

This connection between vasodilatory potential and hemoglobin oxygenation seemed

to be tailored made to answer a long-standing problem in human physiology. In the

microcirculation, blood flow is regulated by position-to-position variations in O2 content

which are coupled to local vasodilation and vasoconstriction.  Decreases and increases in

the O2 content of blood are, thus, coupled to increases and decreases in blood flow and

vice versa.  These responses, also known as hypoxic vasodilation and hyperoxic

vasoconstriction, respectively, provide a means by which blood flow is precisely matched

with the oxygen needs of the tissues (25-28). This autoregulation of blood flow is known

to be exerted through local modulation of arteriolar tone, thus implicating a role for NO

bioactivity. Until now, the detailed biochemical mechanism through which graded

changes in O2 content evoke the vascular responses remains a major unanswered question

in vascular physiology. Hemoglobin would appear to be an ideal O2 sensor in this

regulatory process as ambient oxygen tension is rapidly reflected in the oxygen-saturation

of hemoglobin, and especially since it is the O2 saturation of blood, rather than the

ambient pO2, that determines blood flow (26).  The discovery of SNO-hemoglobin and its

allosterically controlled NO-bioactivity activity provides an attractive solution to this

problem.

Prevailing ideas about the chemistry of the hemoglobin interaction with NO,

however, present a conceptual roadblock for understanding the manner in which this

signal transduction occurs.  To regulate oxygen dependent blood flow, hemoglobin in its
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encounters with NO, must avoid generating the ostensible dead ends of nitrate and

unrecoverable heme-Fe(II)NO (29).  There must be physiologically accessible routes to

SNO formation and release.  What are the important factors: that govern the maintaining

of bioactivity in encounters of NO with hemoglobin; that steer reactions away from dead-

ends such as nitrate and re-activate putative dead-ends such as nitrosylated hemes; and

that enable the formation of SNO-hemoglobin?  This thesis work is directed toward

answering these questions.  The chemical mechanisms of SNO-hemoglobin formation, as

well as the cycling/interplay of NO between Cys-β93 and heme-Fe(II) in vivo remain to

be clarified.  This thesis work primarily consists of elucidating possible reaction

pathways for the production and interchange between heme-Fe(II)NO, Cys-β93-NO, and

heme-Fe(III)NO forms of adult human hemoglobin (Hemoglobin Ao).  First, the reaction

of oxyhemoglobin with NO is investigated.  It is demonstrated that this reaction involves

more than a simple competition between nitrate and heme-nitrosyl forming reaction

channels.  Bioavailable NO is not wholly consumed but is conserved, in part, through the

formation of SNO-hemoglobin.  Second, reductive nitrosylation reactions are explored to

demonstrate and illuminate chemical mechanisms the establish connectivity between

redox of the heme and nitrosylation of thiol groups within the hemoglobin molecule.  We

demonstrate that heme and NO redox work together in a variety of reactions to produce

SNO-hemoglobin.  Finally, I investigate the role of nitrite in hemoglobin reactions and

demonstrate the preference for both heme and S-nitrosylation reactions on the β-subunits

of hemoglobin.  Overall, I describe results that support the role of hemoglobin-nitrosyl

complexes as reservoirs, transporters, and producers of NO in the circulation.
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The experiments described in Chapter 2, address one of the puzzling issues in NO

hemoglobin chemistry.  Historically, it was accepted that reactions between NO and

normoxy-hemoglobin (>99% oxyhemoglobin) yield a vasorelaxation-impotent product,

nitrate.  Upon exposure to oxyhemoglobin, NO was found to react with the oxygen ligand

to produce nitrate and methemoglobin (hemoglobin-Fe(III)), an EPR-detectable species

(30, 31). Early studies focused on NO chemistry with the majority hemoglobin species

(oxyhemoglobin > 99%), not on the minority species (deoxyhemoglobin<1%).  Eq. 1.3.

The reaction rates - near NO diffusion rate - of oxyhemoglobin/NO (3.7 x 10
7 

M
-1

sec
-1

)

(31) and deoxyhemoglobin/NO (2.5 x 107 M-1sec-1) (31) are very similar,  It is expected

that when oxy- and deoxyhemoglobin are both present with NO their respective reactions

will compete.

heme-Fe(II)O2 + NO → heme-Fe(III) + NO3          [1.1]

heme-Fe(II) + NO → heme- Fe(II)NO [1.3]

However, the reaction conditions of these experiments were not representative of the

physiological condition.  Previous experiments investigated NO:oxyhemoglobin > 1,

while we use significantly lower NO:oxyhemoglobin ratios (≈1:100 for EPR and ≈1:1000

for chemiluminescence measurements).  By using NO/hemoglobin ratios that are more

physiologically relevant, and by studying the systematic trends over the full range of

oxyhemoglobin/deoxyhemoglobin ratios, we find clear deviations from this simple

competition behavior.  Most significantly, we find that reactions 1.1 and 1.3 cannot

account for all of the products.  Additional products are formed, including SNO-
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hemoglobin that maintain the bioavailability of NO in the presence of hemoglobin. The

use of EPR and chemiluminescence in this study enables us to directly probe minority

species that cannot be quantified by UV/Vis spectroscopy.  In addition, we demonstrate

that the reaction of NO with oxyhemoglobin/deoxyhemoglobin generates both SNO-

hemoglobin and nitrosylhemoglobin.  Formation of SNO-hemoglobin and

nitrosylhemoglobin represent reaction channels that maintain NO bioavailability in the

presence of large concentrations of hemoglobin, characteristic of the physiological

situation.  The notion that hemoglobin acts as a sink for NO in vivo is abrogated by the

results of these experiments. Significant aspects of this work have subsequently been

challenged by one group (32), but when performed under conditions analogous to ours,

and with special attention to maintaining physiological conditions, our results were

confirmed by others (33, 34).

To further investigate redox-induced formation of S-nitrosylated hemoglobin, a

study of the reductive nitrosylation of human methemoglobin, reported in Chapter 3 of

this thesis, was performed.  Methemoglobin, the oxidized form of hemoglobin, occurs

naturally in human circulation and accounts for approximately 1-3% of the total heme

concentration.  The reaction between methemoglobin and NO is as follows:

heme-Fe(III) + NO(aq)  heme-Fe(III)NO  heme-Fe(II)NO+  
[1.3]

α-heme:

heme-Fe(II)NO+ + OH-(aq) → heme-Fe(II) + H+(aq) + NO 2(aq) [1.4]
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β-heme:

heme-Fe(II)NO+ + Cys-b93-S-(aq) → heme-Fe(II) + Cys-b93-NO [1.5]

Due to the low physiological concentration of methemoglobin in the blood, reductive

nitrosylation of methemoglobin is admittedly not the most appealing mechanism for the

principle route of in vivo SNO-hemoglobin production.  Nevertheless, investigation of

this reaction allows insight into the role of redox reactions in the formation of SNO-

hemoglobin.  Changes in heme iron oxidation state induce SNO-hemoglobin formation,

which preferentially occurs over the formation of nitrite when NO is limiting and

gradually introduced.  Moreover, EPR data confirm that heme nitrosation occurs

preferentially at the β-subunit.  In addition, the reverse reaction of Eq. 1.3 involving mild

oxidation by potassium ferricyanide led to the formation of SNO-hemoglobin verifying

the reversibility of hemoglobin S-nitrosylation reactions:

heme-Fe(II)NO + [Fe(CN)6]
3-(aq) → heme-Fe(III)NO + [Fe(CN)6]

4-(aq) [1.6]

heme-Fe(III)NO  heme-Fe(II)NO+ [1.7]

heme-Fe(II)NO+ + (Cys-β93)-S-(aq) → heme-Fe(II) + (Cys-β93)-SNO [1.8]

The oxidative agent, potassium ferricyanide, has a reduction potential within the biological

range.

Finally, reactions of deoxyhemoglobin and nitrite lead to the formation of Fe(II)NO

primarily on the β-subunits as evidenced by EPR.  Upon subsequent reoxygenation of

these reaction products, SNO-hemoglobin is formed.  Taken together, the results from
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reductive and oxidative experiments demonstrate coupling between redox reactions of the

heme and reactivity of the Cys-β93 residues of human hemoglobin.

Each of the reaction pathways [1.3] – [1.8] supports the transfer of NO from heme to

thiol.  This allows for an economical production of NO.  It can bind to heme, without

wasteful loss, but as temporary storage.  Oxidative processing selectively on the β-

subunits enables reconstitution of NO bioactivity.

A similar question of economy applies to the release of NO-bioactivity from SNO-

hemoglobin.  The relative destabilization of the SNO moiety in the deoxyhemoglobin (T-

state) versus oxyhemoglobin (R-state) enables the dispensing of potent NO bioactivity in

response to ambient oxygen levels.  It must be noted, however, that SNO-hemoglobin

concentrations are ~1 µM (19) in vivo, while vessels in bioassay are fully relaxed at

concentrations of ~10 nM (20).  Thus less than ~ 1% of the NO should be dispensed,

even in constricted, hypoxic vessels.  Therefore, what is the fate of the rest of the NO?

As detailed in Chapter 3, formation of nitrite by formal nitrosation of

water/hydroxide would not represent an unrecoverable loss of NO bioactivity within the

RBC owing to the nitrite reductase activity of hemoglobin.  It is also reasonable to

assume that any hemolytic loss of NO would quickly be collected by the heme to form

heme-Fe(II)NO.

In Chapter 4 of this thesis we report observations of the latter process, namely NO

transfer from thiol to heme.  After preparation of SNO-oxyhemoglobin (a preparation

which inevitably incorporates a small portion of methemoglobin in the sample), we

probed for thiol-to-heme migration by monitoring EPR of heme Fe(II)NO species and

loss of SNO by Greiss and Saville assays.
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(SNO)2-Hb(O2)3[Fe(II)] + e- → (SNO)-Hb(O2)3  [Fe(II)NO] [1.9]

(SNO)2-Hb[(α-Fe(II)O2)2(β-Fe(II)O2)(β-Fe(II))] + e- →

(SNO)-Hb[(α-Fe(II)O2)2(β-Fe(II)O2)(β-Fe(II)NO)] [1.10]

These measurements demonstrate proportionate loss of NO from thiol and gain at the

heme.  Because of the high background methemoglobin levels it is difficult to determine

if there is a proportionate increase in methemoglobin, which would account for the

formal NO-group reduction.

In addition to the above reactions of aqueous NO and S-nitrosothiol species with

hemoglobin, we explored the interaction of hemoglobin with the nitrite anion (NO 2).

Nitrite is a product observed in reductive nitrosylation experiments.  Furthermore, the

concentration of nitrite in the erythrocyte is far greater than that of aqueous NO.

Therefore, we investigate the deoxyhemoglobin/nitrite reaction as a possible reaction

adduct for NO bioactivity.

Experiments in which nitrite was added to deoxyhemoglobin in anaerobic conditions

suggest the formation of a heme-Fe(II)NO+ species.

heme-Fe(II) + H+(aq) + NO 2(aq) → heme-Fe(II)NO+ + OH-(aq) [1.11]

The heme-Fe(II)NO+ species is in resonance with a nitrosylated methemoglobin species

as indicated in Equation 1.12:

heme-Fe(II)NO+ ↔ heme-Fe(III)NO [1.12]
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The NO in the heme-Fe(III)NO species can undergo additional chemistry to create three

different products:  nitrite, (Cys-β93)-SNO, and heme-Fe(II)NO through mechanisms

discussed in Chapter 4.  These three products serve to create and preserve NO bioactivity

from nitrite.  We report additional experiments involving cycles of

oxygenation/deoxygenation that demonstrate subunit selectivity.  Each result presented in

this chapter points to a potential role for nitrite in regulation of vascular tone through

hemoglobin ligation intermediates.

In summary, the results presented in this doctoral thesis abolish the previously

accepted notion of hemoglobin as an NO sink.  We demonstrate the formation of S-

nitrosylated hemoglobin – a species that maintains bioavailability of NO.  We show that

even direct exposure of oxyhemoglobin to NO results in substantial formation of SNO

hemoglobin.  We present results from experiments involving oxyhemoglobin,

deoxyhemoglobin, methemoglobin, and nitrosohemoglobin species with NO.  The

chemistry we report herein possesses several novel features:  a) the redox coupling

between the thiol and heme NO chemistry; b) unprecedented β-subunit selective

chemistry; and c) novel intra-molecular NO-group transfer chemistry.  As a whole, the

chemistry of NO/hemoglobin reactions observed in vitro suggests a possible role of NO

and hemoglobin in regulation of vascular tone in vivo.



12

Delimitation of Thesis Work

The work reported in this thesis represents my contribution to a broader,

collaborative project involving members of the Singel group at Montana State University,

Bozeman, MT  59717 and the Stamler group at Duke University Medical Center,

Durham, NC  27710, USA.

Chapter 2 is a copy of a published article:  Gow AJ, Luchsinger BP, Pawloski JR,

Singel DJ, Stamler JS. The oxyhemoglobin reaction of nitric oxide. Proc Natl Acad Sci U

S A. 1999 Aug 3;96(16):9027-32.  The bulk of the work reported in chapter 2,

specifically the UV-Vis and EPR spectroscopy quantification of methemoglobin and

heme-Fe(II)NO reaction products as a function of Osat from 0 to ~85% was done by the

author at Montana State University.  Reactions at very low NO levels and higher oxygen

saturations were done at Duke University Medical Center in the laboratory of Dr.

Jonathan S. Stamler by Dr. Andrew J. Gow.  Red blood cell experiments were done at

Duke University Medical Center in the laboratory of Dr. Jonathan S. Stamler by Dr. John

R. Palowski.

Chapter 3 is a copy with some elaboration of experimental methods of the

publication:  Luchsinger BP, Rich EN, Gow AJ, Williams EM, Stamler JS, Singel DJ.

Routes to S-nitroso-hemoglobin formation with heme redox and preferential reactivity in

the β-subunits. Proc Natl Acad Sci U S A. 2003 Jan 21;100(2):461-6.  Some preliminary

work for this article was conducted by Dr. Andrew J. Gow and Eric N. Rich at Duke

University Medical Center.  All of the measurements reported in detail were performed at

Montana State University by the author with assistance from Eric N. Rich and Elizabeth
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M. Williams.  SNO measurements after nitrite incubation were performed at Duke

University Medical Center.

All of the work summarized in Chapter 4 was performed at Montana State University

by the author.  Some of these spectra were introduced into the publication that forms an

appendix to this thesis: McMahon TJ, Moon RE, Luchsinger BP, Carraway MS, Stone

AE, Stolp BW, Gow AJ, Pawloski JR, Watke P, Singel DJ, Piantadosi CA, Stamler JS.

Nitric oxide in the human respiratory cycle. Nat Med. 2002 Jul;8(7):711-7.
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2. THE OXYHEMOGLOBIN REACTION OF NITRIC OXIDE

Abstract

The oxidation of nitric oxide (NO) to nitrate by oxyhemoglobin is a fundamental

reaction that shapes our understanding of NO biology.  This reaction is considered to be

the major pathway for NO elimination from the body; it is the basis for a prevalent NO

assay; it is a critical feature in the modeling of NO diffusion in the circulatory system;

and it informs a variety of therapeutic applications, including NO inhalation therapy and

blood substitute design.  Here we show that, under physiological conditions, this reaction

is of little significance.  Instead, NO preferentially binds to the minor population of the

hemoglobin’s vacant hemes in a cooperative manner, nitrosylates hemoglobin thiols, or

reacts with liberated superoxide in solution.  In the red blood cell, superoxide dismutase

eliminates superoxide, increasing the yield of S-nitrosohemoglobin and nitrosylated

hemes.  Hemoglobin thus serves to regulate the chemistry of NO and maintain it in a

bioactive state.  These results represent a reversal of the conventional view of

hemoglobin in NO biology and motivate a reconsideration of fundamental issues in NO

biochemistry and therapy.

Introduction

The chemistry of nitric oxide (NO) interactions with hemoglobin has served as a

ubiquitous model within the field of NO biochemistry.  For example, the oxidative

interaction of NO with oxyhemoglobin (oxyHb) to produce nitrate is considered to be the

major route of NO catabolism (1–3) as well as a reliable method for assaying NO (4);
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likewise the unique ability of NO to induce displacement of a trans-imidazole heme

ligand has been proposed as key to its activation of guanylyl cyclase (5).  In the specific

realm of the cardiovascular system, these reactions: are fundamental elements of models

for NO diffusion (6, 7); played a crucial role in the identification of endothelium derived

relaxing factor (6–9); and inform a variety of therapeutic applications, including NO-

inhalation therapy (10, 11) and blood substitute design (12, 13).

Measurements of the rates of these reactions show that the NO-mediated oxidation of

oxyHb to methemoglobin (metHb) is kinetically competitive with the binding of NO to

unoccupied hemes in Hb—with specific rate constants of 3.7 x 107 M-1 sec-1 and 2.6 x 107

M-1 sec-1 respectively (14–16).  The rates of NO oxidation of oxymyoglobin and NO

binding to ferrous myoglobin are also very similar (3.4 x 107 M-1 sec-1 vs. 2.5 x 107 M-1

sec-1) (16).  Such a rapid route of NO metabolism is, however, difficult to reconcile with

mammalian NO production rates (17), which are orders of magnitude too low to sustain

physiological NO levels (10 nM − 1 µM) (7, 18–20), were NO to be freely consumed in

these reactions.1

Previous studies of the NO oxyHb reaction, however, had been performed with NO

concentrations 10-fold greater than protein (16).  Under physiological conditions, the

concentration ratio is starkly different, with NO concentrations 1,000-fold lower than Hb

(20).  Moreover, there is always a population of heme sites that are unoccupied.  In

highly oxygenated Hb, as found in arterial blood, this population is small (≈1%) but is
                                                  
1 The measured NO synthesis rate is 1.3 millimol per day for the average person (17). To
maintain a basal NO concentration of 10 nm - 1 µM in vivo (6, 7, 18–20), 130 to 13,000
mol of NO would be consumed per day in reaction with Hb (assuming kox = 3.7 x 107 M-1

sec-1  (14), 5 L vascular volume). The hypothetical NO consumption rate, therefore, is
105- to 107-fold greater than the actual production rate.
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nevertheless in excess of NO.  The influence of these vacant hemes, in the physiological

situation, cannot be ignored; they might successfully compete for NO with the much

larger fraction (≈99%) of oxygen-ligated hemes, if NO binding to hemes in oxyHb were

cooperative, that is, if NO addition rates were to increase with increasing oxygen

saturation.  This possibility has not been raised in previous discussions of NO and Hb

chemistry (1–7, 16, 21–24).  On the contrary, the demonstrated lack of cooperativity in

the binding of NO to deoxyhemoglobin (deoxyHb) (14)—which indicates that the

intrinsic NO addition rate constants do not change with NO saturation—implicitly shapes

the current perspective.  It is important to recognize, however, that these results do not

imply that the NO addition rates to oxygenated Hb are similarly independent of the

oxygen saturation, and thus cannot be assumed to apply to the physiological situation.  In

addition to these oxidation and addition reactions, recent studies (20, 25, 26) make it

clear that additional reactions, in particular S-nitrosylation, should be considered in any

assessment of the chemical interplay of NO and human Hb.  The S-nitrosylation reaction

assumes particular importance inasmuch as it conserves, rather than consumes, NO

bioactivity.

In this article, we discuss the reactions that occur on exposure of Hb to NO at

relative concentrations that reflect the physiological situation.  We show that the addition

of NO to oxyHb takes advantage of the cooperative effects of oxygen binding and thus

effectively competes with the oxidation reaction.  We further find that at high oxygen

saturations, reactions that S-nitrosylate the protein occur to a significant extent.  Taken as

a whole, these data indicate that the interaction of NO with oxyHb, rather than destroying

NO bioactivity as widely misapprehended, acts to preserve it—that Hb very cleverly
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introduces new chemistry, when oxygen saturation is high, that limits oxidation and

channels the NO groups into products that preserve their bioactivity.  This picture

represents a substantial reversal of the conventional thinking on the chemistry of Hb as it

pertains to NO biology and has fundamental implications for the general chemistry of

heme containing proteins.

Methods

Reaction Product Analysis.

To investigate the reaction of NO with oxyHb, we begin by adopting the

conventional viewpoint that: NO consumption involves a competition between the

oxidation reaction (Eq. 1) and the adduct-forming addition reaction (Eq. 2); and that the

specific rate constants for these reactions, namely kox and kadd, are independent of the

degree of oxygen saturation (Y) of the hemes.

Fe(II)O2 + NO → Fe(III) + NO 3 [1]

Fe(II) + NO → Fe(II)NO [2]

These two assumptions define a perspective of the NO reaction that we refer to as the

‘‘simple competition model.’’ Our analysis of the reaction products, as described in this

section, enables us to test the adequacy of this model for describing the chemistry and to

recognize and interpret deviations from the behavior implied by it.

In our experiments, NO is introduced as a limiting reagent in an amount substantially

smaller than the total amount of oxy- and deoxyhemes.  On completion of the reaction,

the following relation can be shown to exist among the products:
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[Fe(II)NO]/[Fe(III)] = (kadd/kox)([Fe(II)]o/[Fe(II)O2]o) [3]

in which [Fe(II)]o and [Fe(II)O2]o are respectively the initial concentrations of deoxy- and

oxyheme.  The simple form of Eq. 3 takes advantage of the fact that, independent of Y, at

least one of the reactions proceeds under pseudo-first order conditions, and that kox ≈ kadd.

The mass balance constraint [Fe(II)NO] + [Fe(III)] = [NO]o enables us to express the

product concentrations relative to the initial concentration of NO, namely [NO]o, as:

[Fe(II)NO]/[NO]o = [1 – Y]/[1 – Y + κY] [4]

in which κ is kox/kadd, and

[Fe(III)]/[NO]o = 1 – [Fe(II)NO]/[NO]o [5]

Eqs. 4 and 5 provide the key relationships by which we test the simple competition

model—specifically, Eq. 4 indicates that the fractional yield of nitrosylhemoglobin

(nitrosylHb) as a function of Y assumes the form of an arc, ranging from 100% yield at Y

= 0 to 0% yield at Y = 100%.  The degree of curvature of the arc is determined by κ; it is

a straight line for κ = 1, but is bowed to one or the other side of this diagonal line as κ is

alternatively increased or decreased.  For no value of κ does the curve cross the diagonal.

It is also worth noting that the derivative of the curve is given by:

d([Fe(II)NO]/[NO]o)/dY = – κ/[1 – Y + κY]2 [6]
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hence as Y → 0, the tangential slope is –kox/kadd, and as Y →  1, it is –kadd/kox.  These

properties are useful for recognizing possible Y dependences of κ that are inconsistent

with the simple model.  Similarly, Eq. 5 provides a test for the presence of additional

reactions, beyond oxidation (Eq. 1) and addition (Eq. 2): if additional reactions are

significant, then [Fe(III)] and [Fe(II)NO] will not account for the total NO ([NO]o)

consumed in the reaction, whence [Fe(III)]/[NO]o + [Fe(II)NO]/[NO]o < 1.

NO Treatment of Hb.

HbA0 was obtained from Apex Bioscience (Research Triangle Park, NC).  Buffer

exchange was achieved by dialysis.  Deoxygenation was performed by gas exchange with

argon in a tonometer.  NO was added from a stock solution prepared under ultrapure

helium and purified across alkali and cold traps.  Stock solutions of NO were prepared in

phosphate buffered saline containing 100 µM diethylene triamine pentaacetic acid

(DTPA), pH 7.4.  NO injections were made via a gas-tight Hamilton syringe with Teflon

seal.  The concentration of NO in stock solutions was assayed by electrode and by a

Sievers 280 NO analyzer (Boulder, CO).

Titration of Normoxic Hb with NO.

Air-oxygenated Hb was titrated with 0.22 µM NO.  Samples were analyzed

immediately after NO addition by UV-visible spectrophotometry; time between additions

varied from 3 to 5 min.
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Measurements of S-Nitroso-, Iron Nitrosyl-, and Met-Hb.

Nitroso/nitrosyl derivatives of Hb were measured by using a photolysis-

chemiluminescence technique [6-fold excess HgCl2 over protein was added to displace S-

nitrosothiol (SNO) (26)].  Samples were kept on ice for a period of 5 min to 2 hr before

analyses.  MetHb was monitored by UV-visible spectroscopy as the difference absorption

above the linear baseline (600–700 nm), and by EPR (below).

EPR Analysis.

EPR spectroscopy was carried out with samples in 4-mm i.d. fused silica tubes, at

76° K, on a Varian E-9 spectrometer.  UV-visible spectra were taken after NO addition.

The sample was then placed in a deoxygenated EPR tube and plunged into liquid N2.

EPR spectra of nitrosylHb or dinitrosyl iron complexes (DNICs) were recorded in a

single 4-min scan over 400 G on a Varian E-9 spectrometer operating at 9.274 GHz, with

10-mW microwave power, 10–20 G amplitude of field modulation at 100 kHz, and time

constant of 0.250 sec.  Spectra of high-spin metHb were recorded with a scan of 1,000 G,

20 G modulation amplitude, time constant of 0.128 sec, under otherwise identical

conditions.  NitrosylHb was measured by double integration of EPR spectra and by

comparison to EPR spectra of Hb(NO)4 standardized with UV-visible spectroscopy.  The

reproducibility of nitrosylHb measurements was estimated to be ±6% by repeated trials.

Measurement of Oxygen Saturation.

Oxygen saturation of Hb was verified by UV-visible spectroscopy by using a 1-mm

anaerobic cuvette.
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Extinction Coefficients.

The extinction coefficient spectra of metHb, deoxyHb, iron nitrosylHb, and oxyHb

were generated from pure solutions of each species.  HbA was diluted into PBS (pH 7.4)

to a known final heme concentration [as calculated by the pyridine-hemochromagen

method (23)].  MetHb was synthesized by adding excess K3Fe(CN)6.  DeoxyHb was

measured after the addition of dithionite, and nitrosyl- and oxyHb were measured after

saturation with each ligand.

Modeling of UV-Visible Difference Spectra.

Difference spectra were obtained by subtracting the UV-visible spectrum of a given

sample before the addition of NO from those after.  The simple competition model

discussed above predicts that such difference spectra could be approximated by a linear

combination of two standard difference spectra: an oxyHb minus metHb spectrum, which

gauges the progress of the NO oxidation reaction, and a deoxyHb minus iron nitrosylHb,

which gauges the NO addition reaction; the sum of the combining coefficients is fixed by

the mass balance ([NO]o).  Standard difference spectra were obtained from UV-visible

spectra of authentic samples of metHb, oxyHb, nitrosylHb, and deoxyHb.  We

determined combining coefficients by a least squares fitting procedure.  Inasmuch as the

deoxy- and/ or oxyheme concentrations can decline during the competition, an additional

component (deoxyHb minus oxyHb) could be expected.
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Results and Discussion

EPR spectroscopy was used to assess the formation of nitrosyl heme on addition of

NO to Hb preparations with oxygen saturations (Y) in the range 0–80% (typical EPR

spectra are shown in Fig. 2.1A and B).  EPR signal intensities were used to quantify the

proportion of nitrosylated hemes relative to the NO initially added; the results of this

quantification are plotted vs. Y in Fig. 2.1C (10 mM phosphate) and D (100 mM

phosphate).  The data obtained at high phosphate levels follow the behavior described by

Eq. 4, the solid curves through the data points are graphs of Eq. 4 with κ values for the

two depicted curves averaging 1.40 ± 0.06.  The data obtained at the lower phosphate

level, however, exhibit a notable deviation from the simple model: they cross the

diagonal, thus showing a progressive overproduction of nitrosyl heme.  Furthermore, the

limiting tangential slopes indicate that κ is decreasing with increasing Y.  By empirical

curve fitting, we found that the data in Fig. 2.1 C are well described by a function of the

form (1 + Y)/(1 + cY) (c, a constant).  (The solid lines in Fig. 2.1 C are graphs of this

function with least-squares best values of the parameter c).  This functional form can be

assimilated to that of Eq. 4, provided κ is allowed to vary with Y [specifically, κ = (c –

1)(1 – Y)/(1 + Y)].  This result indicates that over the 0 to 80% range of oxygen

saturation, κ decreases 7-fold and suggests, by extrapolation, a 100-fold decrease at 90%

saturation.  We attribute this variation in κ primarily to an increase in kadd,, as kox does

not vary by more than a factor of 2, as judged from the limiting slopes and the literature

values for kox (Y = 100%) and kadd (Y = 0%).
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Figure 2.1 Production of iron nitrosylHb by addition of NO to variously oxygenated Hb. (A)
EPR spectra of iron-nitrosyl Hb derivatives formed by incubation of 19 µM NO with 393 µM
Hb at various degrees of oxygen saturation in 10 mM phosphate buffer, pH 7.4. The oxygen
saturations for the largest through smallest EPR signals are 5.5, 32, 50, and 69%,
respectively. Spectra show predominantly six coordinate α and β nitrosyl hemes, as typically
observed for Hb in R state. (B) EPR spectra of iron-nitrosyl Hb derivatives formed by
incubation of 55 µM NO with 380 µM Hb at various degrees of oxygen saturation in 100 mM
phosphate, pH 7.4. The oxygen saturations for the largest through smallest EPR signals are 1,
15, 41, 60, and 80%, respectively. Spectra show a significant component of five coordinate a
nitrosyl hemes (triplet structure) associated with Hb in T state. (C) Trials conducted with Hb
in 10 mM phosphate, pH 7.4. The symbols are experimental results and the solid lines
represent a best fit to the functional form for cooperative NO binding. Open diamonds, 393
µM Hb incubated with 19 µM NO; open circles, 350 µM Hb incubated with 15 µM NO plus
0.05% borate (added to bring the buffer concentration to 100 mM as in D); open squares, 365
µM Hb incubated with 15 µM NO and 1,190 units/ml SOD. (D) Trials conducted with Hb in
100 mM phosphate, pH 7.4. The symbols are experimental results, and the lines represent a
best fit to the functional form for simple competition between oxidation and NO addition
reactions (Eq. 4). Filled circles, 380 µM Hb incubated with 55 µM NO; filled squares, 375
µM Hb incubated with 7 µM NO. Application of the simple competition function to data of C
or the cooperativity function to data of D gives an order of magnitude increase in x2.

We also assessed the formation of oxidized ferric hemes with EPR (data not shown)

and UV-visible difference spectroscopy (Fig. 2.2).  The results obtained from samples in
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100 mM phosphate conform to the simple competition model: the dashed lines in the

figure, which are calculated from the curves depicted in Fig. 2.1D following Eq. 5, agree

extremely well with the experimental measurements.  Experiments conducted in 10 mM

phosphate, however, show a stark deviation from the simple model behavior.

Qualitatively, the results show that heme oxidation never grossly exceeds heme

nitrosylation.  Moreover, there is a progressive shortfall in the Fe(III) and Fe(II)NO

products.  This shortfall is indicated by the departure of the experimental points (10 mM

phosphate) in Fig. 2.2, from the curves calculated from the curves depicted in Fig. 2.1D

following Eq. 5, and amounts to as much as ~20% of added [NO]o.  This behavior

strongly suggests the presence of additional NO reaction pathways.
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Figure 2.2  Production of metHb by reaction of NO is disfavored with increasing oxygen
saturation.  The samples used in Fig. 2.1 were assayed for metHb production by UV-
visible difference spectroscopy. The data are normalized to added [NO]. As in Fig. 2.1,
open diamonds, 10 mM phosphate; open circles, 10 mM phosphate plus borate; open
squares, 10 mM phosphate plus SOD; filled circles and filled squares, 100 mM
phosphate. The dotted (10 mM phosphate) and dashed (100 mM phosphate) lines are
calculated by using Eq. 5 and Fe(II)NO yields in Fig. 2.1 C and D, respectively. Data
show metHb to be disfavored in low phosphate, particularly at high oxygen saturation.
Deviations of the data points below the curves suggest the presence of additional
reactions for NO. Systematic deviations are most pronounced in low phosphate at high
oxygen saturation-i.e., under physiological conditions.
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In summary, we find that NO binding to oxyHb is cooperative; that oxidation to

ferric heme (metHb) is limited under physiological conditions; and that additional

chemistry is occurring in the more oxygenated Hb species that are prevalent in vivo.  Our

findings might seem at odds with previous literature suggesting that NO binding to Hb is

noncooperative (14).  The proper conclusion to draw from these prior studies, however, is

that NO (ligand) binding to nitrosylHb shows little cooperativity with varying NO-

saturation—a scenario of little physiological relevance, because NO is never the

dominant ligand in vivo.  Our results reflect the physiological situation in which the

ligand, NO, binds to Hb with some degree of oxygen saturation.  The functional behavior

in this situation is, not surprisingly, cooperative.  In this regard, experiments of particular

interest are those conducted in the presence of high phosphate concentrations (100 mM),

which perturb the allosteric modulation of ligand affinity by disfavoring the relaxed [R

(oxy)] structure among the partially ligated hemoglobins, as evidenced by the hyperfine

structure in the EPR (Fig. 2.2) (27).  Thus, normal T (deoxy)/R (oxy) interconversion in

Hb appears to be essential for ‘‘normal’’ NO function (Fig. 2.1 and 2.3).  Taken together,

the EPR results demonstrate that when the oxygen-induced allosteric transition is

unhindered, NO binding to oxygenated Hb is cooperative—a situation that leads to

enhanced iron nitrosyl- and limited metHb formation.

To extend these results to arterial oxygen saturation (of ≈99%) and physiological NO

concentrations (≈1 µM), we used photolysis–chemiluminescence to measure nitrosyl

derivatives of Hb (Fig. 2.3 A).  In these experiments, normoxic Hb is in excess of NO,

but NO is in excess of the vacant hemes, a scenario disfavoring NO addition.  Our results

show that even at high oxygen saturation, a substantial fraction of the NO— rather than
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forming nitrate by the oxidation reaction—forms chemiluminescence-detectable nitrosyl

derivatives. Of further interest, the yield of nitrosyl species increases with increasing

[Hb] up to a maximum of approximately 50% of NO added (relative to the [Hb] the

nitrosyl yield varies from 3 to 0.6%) (Fig. 2.3 A).  In the simple competition model, the

fraction of nitrosylation products would be independent of protein concentration.  These

results thus clearly demonstrate that additional reactions, beyond NO binding to vacant

hemes to form the nitrosyl-heme derivative, are occurring under these conditions.

Figure 2.3.  NO addition under normoxic conditions (≈99% O2 saturation) produces
nitrosylated Hb.  (A) Nitrosyl content of oxyHb (10 mM phosphate/100 µM DTPA, pH
7.4) after exposure to 1.2 µM NO, as measured by photolysis-chemiluminescence (26).
Nitrosyl yield increases as a function of Hb concentration (P , 0.05).  Solid symbols,
absolute yield of NO bound to Hb (FeNO plus SNO); open symbols, percentage of NO
added.  Data shown are the average of 7 to 19 experiments 6SE.  (B) Standard difference
spectra of metHb (solid line), deoxyHb (dotted line), and iron nitrosylHb (dashed line) vs.
oxyHb (see Materials and Methods for conditions).  (C) Difference spectra generated
from the exposure of NO to normoxic (≈99% oxygen sat.) Hb.  NO was added (in 10
aliquots totaling 2.2 µM) to 33 µM Hb in 100 mM phosphate (solid line) or 10 mM
phosphate (dotted line) or 10 mM phosphate plus 0.05% borate (dashed line).  Notably,
the spectrum in 100 mM phosphate shows the formation of metHb (e.g., peak at 630 nm;
see B for comparison); the spectrum in 10 mM phosphate shows formation of iron
nitrosyl Hb and some metHb [e.g., peak at 595 nm (nitrosyl) and small peak at 630 nm
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(met); see B for comparison]; and the spectrum in 10 mM phosphate plus borate shows
predominantly iron nitrosylHb (e.g., peak at 595 nm; see B for comparison).  (D)
Calculated fits for difference spectra shown in C, demonstrating simple (noncooperative)
competition between NO binding and oxidation reactions in high phosphate (solid line,
95% metHb) and cooperative binding in low phosphate (dotted line, 54% iron nitrosylHb;
only 50% of the added NO accounted for) and low phosphate plus borate (dashed line;
85% iron nitrosylHb).  Specifically, spectra in C were fitted, by a least-squares process,
to either the simple competition model or the cooperativity model without a mass balance
constraint.

To gain further insight into this chemistry, we used the discriminating power of

difference absorption spectroscopy.  Difference spectra obtained by titration of

submicromolar concentrations of NO against 33 µM Hb in room air (99% O2 saturation)

are shown in Fig. 2.3 C; standard difference spectra of authentic met-, deoxy-, and

nitrosylHb relative to oxyHb are shown in Fig. 2.3 B.  If the chemistry were to proceed

according to the simple model, then at Y = 99% the oxidation reaction would

predominate and the observed difference spectra would closely resemble the metHb

minus oxyHb standard difference spectrum.  This behavior was observed only at high

phosphate concentrations (Fig. 2.3 C and D), consistent with the EPR results above.  At

low phosphate concentrations, we found that the difference spectra point largely toward

the formation of nitrosylated heme: much of the difference spectrum can be accounted for

by the deoxyHb minus nitrosylHb standard spectrum (Fig. 2.3 C).  To produce adequate

difference-spectrum simulations, it was necessary to include a deoxyHb minus oxyHb

component (presumably reflecting compensation for the nitrosylative loss of vacant

hemes), and, most significantly, to relax the mass-balance constraint: a measurable

fraction of [NO]o was not accounted in the Hb spectra (Fig. 2.3 C and D); the spectra

account for only 50% in low phosphate and 80% in low phosphate plus borate.  Taken as

a whole, these data extend to normoxic conditions the conclusions made above, namely:
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direct oxidation by NO is not the predominant reaction at low NO to heme ratios;

addition of NO to vacant hemes remains competitive; and further reaction pathways,

beyond oxidation and addition, must be occurring.

One additional species that could compete for NO is superoxide —liberated by the

autooxidation of oxygenated Hb (28).  To examine this possibility, we repeated the

experiments detailed in Fig. 2.3 A in the presence of superoxide dismutase (SOD) (Fig.

2.4 A).  At all concentrations of Hb used, the presence of SOD increased the yield of Hb

nitrosyl derivatives (i.e., total NO bound) to approximately 100% of [NO]o (Fig. 2.4 A).

Similarly, SOD led to increases in the yield of nitrosylated hemes detected in the EPR

experiments (Fig. 2.1 C).  Evidently, under these conditions, superoxide is a significant

competitor for NO, or perhaps SOD alters the reactivity (oxidation and/or ligand binding)

of Hb.  Interestingly, when these experiments were performed with stroma-free Hb, a

RBC preparation that contains normal levels of SOD, similar results were observed (Fig.

2.4 A).  It is further notable that analogous effects on the nitrosyl yield—assessed by

EPR, chemiluminescence, and difference spectroscopy—were obtained when borate was

included in the buffer medium (Figs. 2.1 A, 2.2, and 2.3 C).  Borate most likely exerts

this effect by altering the ligand on-rate for NO or the reactivity of the oxygen ligand

with NO, or perhaps the intrinsic autooxidation rate of Hb.  Phosphate levels may also

influence these parameters.
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Figure 2.4.  S-nitrosoHb and iron nitrosylHb formed under various physiological air-
oxygenated conditions.  (A) SOD increases the yield of NO bound to Hb.  The
experiments in Fig. 2.3 A were repeated in the absence (solid line; 1.2 µM NO) or
presence (dashed line; 1.5 µM NO) of 1,190 units/ml of SOD, which enhances the yield
of nitrosyl species to approximately 100% of the NO added.  Similar nitrosyl yields were
obtained by using stroma-free Hb (25 µM), which is enriched in endogenous SOD (open
circle).  Data shown are the average of five to nine experiments 6SE.  (B) EPR spectrum
of a DNIC formed by exposure of oxyHb (≈99% sat; 3.93 µM) to NO (36 µM).  (C) S-
nitrosoHb and iron nitrosylHb formed by exposure of oxyHb (≈99% sat., 48 µM) to NO
(1.2 µM).  SNO (hatched bar) and FeNO (solid bar) were measured by photolysis-
chemiluminesence (26).  Data shown are the average of 12 experiments 6SE.  (D)
Measurement of intraerythrocytic S-nitrosoHb and iron nitrosylHb formed by exposure of
oxygenated RBCs (mean [Hb], 25 µM) to 1 µM NO.  Isolation of Hb and measurements
were as previously described (26).  Data are the mean of 12 experiments 6SE.

An important clue to additional reaction pathways comes from our analyses under

normoxic conditions: nitrosyl yields as high as 6% of Hb were observed by photolysis-

chemiluminesence, notwithstanding the fact that the proportion of heme vacancies is only

≈1%.  These nitrosyl species, moreover, did not affect the UV-visible spectra.  EPR of

samples under these conditions exhibit spectra similar to the DNICs exhaustively studied

by Vanin (29), albeit they account for a small percentage of NO added (Fig. 2.4 B).
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DNICs are known to form from SNOs with which they exist in equilibrium (29).  Indeed,

chemiluminesence analysis of the products formed on addition of 1.2 µM NO to 48 µM

oxyHb, which produces nitrosyl yields of approximately 500 nM (Figs. 2.1 A and 2.3 A),

show that ≈80% of this nitrosyl yield is SNO (Fig. 2.4 C).  Moreover, treatment of

aerated RBCs with physiological concentrations of NO (1 µM) resulted in relatively high

yields of intracellular S-nitroso-oxyHb (Fig. 2.4 D).  Specifically, analyses revealed (after

inherent time delays of ≈30 min) yields of intracellular S-nitrosoHb, iron-nitrosylHb, and

metHb of 103 ± 38 nM, 42 ± 15 nM, and 0 nM (i.e., none detectable), respectively (n =

12), and the further appearance of nitrosyl heme adducts on lowering of the oxygen

tension, in general agreement with studies on isolated Hb (Figs. 2.1, 2.3 A, and 2.4 A and

C).

Although the oxidation reaction (Eq. 1) has been given great significance in NO

biology, our data demonstrate that it is likely to be of little significance under normal

physiological conditions.  Because of the low concentration of NO relative to Hb, vacant

hemes are in excess over NO.  This excess, together with the cooperativity of ligand

binding in oxyHb, enables the addition of NO to heme to compete with the oxidation

reaction even at high oxygen saturation.  Moreover, in oxygenated Hb, additional reactive

pathways that preserve NO bioactivity are available, including the production of SNO

and DNIC.  These results are in keeping with in vivo observations of Hb nitrosyl

derivatives, the levels of which are generally unrelated to metHb concentration (27),

directly responsive to NO administration (27), and dynamically controlled by allosteric

state of Hb (26, 30) but otherwise unrelated to Hb oxygen saturation (26, 27, 30).  These

findings also help reconcile NO biochemistry with NO production rates in mammals
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(17)—which are orders of magnitude too low to sustain physiological NO levels, were

the oxyHb reaction dominant.  In addition, they rationalize the ability of inhaled NO,

which is purportedly inactivated by Hb in the lungs (10, 11, 31), to lower systemic blood

pressure (11), increase aortic tissue cGMP levels (32), avert sickling of RBCs (33),

improve blood flow to ischemic tissues (34), and increase glomerular filtration rate (35).

These discoveries have a strong bearing both on the way NO–heme interactions are

modeled and on our understanding of NO biology.  The current view of the NO

interaction with Hb in vivo is derived from a model in which the elimination as NO3 is

dominant and NO release from Hb is inconsequential (1, 3, 4, 6, 7, 15, 16, 36).  In reality,

Hb musters additional reaction pathways to keep the balance in favor of maintaining the

NO group in a bioactive state.  These chemical reactions with thiols, metals, and

superoxide are the essential elements of the extended paradigm of NO biochemistry

presented some years ago (37).

Our results have important implications for rational design of blood substitutes, NO

scavengers, and therapeutic NO donors.  Additionally, they predict that measurements of

NO with the oxyHb assay will tend to underestimate NO production, unless appropriate

precautions are taken, and more generally point to limitations of Hb-based approaches for

identification of NO bioactivity.  Finally, these findings raise fundamental questions.  For

example, nitrate remains the major metabolic product of NO in vivo, but the question now

arises as to its source.  It is tempting to suggest the involvement of a heme protein that

can neither enforce the cooperativity of ligand binding, nor recruit the thiol reaction

pathway.  These properties are exemplified in the bacterial flavohemoglobin whose

recently identified enzymatic function involves the oxidation of NO to nitrate (38, 39).
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Whereas the primordial bacterial Hb is designed to metabolize NO (39), mammalian Hb

is designed to secure and deliver it (20, 25, 26).  These observations suggest that the

molecular evolution of Hb was impacted by its NO-related functions.
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3. ROUTES TO S-NITROSO-HEMOGLOBIN FORMATION WITH HEME REDOX
AND PREFERENTIAL REACTIVITY IN THE β-SUBUNITS

Abstract

Previous studies of the interactions of NO with human hemoglobin have implicated

the predominance of reaction channels that alternatively eliminate NO by converting it to

nitrate, or tightly complex it on the α-subunit ferrous hemes. Both channels could

effectively quench NO bioactivity.  More recent work has raised the idea that NO groups

can efficiently transfer from the hemes to cysteine thiols within the β-subunit cys(β-93)

to form bioactive nitrosothiols.  The regulation of NO function, through its chemical

position in the hemoglobin, is supported by response to oxygen and to redox agents that

modulate the molecular and electronic structure of the protein. In this article, we focus on

reactions in which Fe(III) hemes could provide the oxidative requirements of this NO-

group transfer chemistry.  We report a detailed investigation of the reductive nitrosylation

of human met-Hb, in which we demonstrate the production of SNO-Hb through a heme-

Fe(III)NO intermediate.  The production of SNO-Hb is strongly favored (over nitrite)

when NO is gradually introduced in limited total quantities; in this situation, moreover,

heme nitrosylation, occurs primarily within the β-subunits of the hemoglobin tetramer.

SNO-Hb can similarly be produced when Fe(II)NO hemes are subjected to mild

oxidation.  The reaction of deoxygenated hemoglobin with limited quantities of nitrite,

leads to the production of β-subunit Fe(II)NO hemes, with SNO-Hb produced upon

subsequent oxygenation.  The common theme of these reactions is the effective coupling

of heme-iron and NO redox chemistries.  Collectively they establish a connectivity
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between hemes and thiols in Hb, through which NO is readily dislodged from storage on

the heme to form bioactive SNO-Hb.

Introduction

The transfer of NO-groups within human hemoglobin from hemes to cys(β-93) thiols

to form a bioactive nitrosothiol represents a novel, intramolecular biochemistry that is

both of fundamental interest, and has considerable implications for understanding the

physiological effects of NO in the regulation of vascular tension and blood flow. A

requirement of this transfer, common to biological S-nitrosylation (1), is the redox

activation of the NO group (2).  In this article, we report the results of experiments that

probe the idea that heme-iron valence change can support the oxidative requirements of

NO-group transfer, and thus efficiently lead to the production of SNO-Hb.  As a model of

the reaction between ferric hemes and NO, the reductive nitrosylation of human

methemoglobin, is examined in detail.  Product distribution assays reveal that SNO-Hb is

formed as a nitrosation product, which, moreover, is substantially favored over NO 2
 when

NO is gradually introduced as a limiting reagent; furthermore, in this situation, heme

nitrosylation, occurs primarily within the β-subunits of the Hb tetramer.  A kinetic

analysis unambiguously reveals the intermediacy of heme-Fe(III)NO in this reaction.  To

extend our observations to reactions that could mimic this chemistry, but do not require

an accumulation of the methemoglobin reactant, we additionally examined oxidation of

Fe(II)NO in Hb as well as Hb reactions with nitrite.  We report that SNO-Hb can

similarly be produced when Fe(II)NO species are subjected to mild oxidation. Further we

show that upon exposure to limited quantities of nitrite, oxy-Hb is unreactive, but deoxy-
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Hb leads to the production of β-subunit Fe(II)NO hemes, with SNO-Hb produced upon

subsequent oxygenation.  These reactions, which have common characteristic of coupling

of heme-iron valence change with NO chemistry, establish a connectivity between hemes

and thiols in Hb, through which NO is readily dislodged from storage on the heme to

form SNO-Hb, with selective processing in the β-subunits.

Materials and Methods

Solutions of human hemoglobin A0 (Apex Bioscience, NC) were prepared in either

100 mM HEPES or PBS, pH 7.4, as described previously, (3).  Reductive nitrosylation

reactions were conducted by slowly delivering aliquots, via gas-tight Hamilton syringes,

to the methemoglobin solution at [NO]o/[heme] ratios varying nominally from 0.05 to

0.75 (where [NO]o is the initial concentration of the added NO). Solutions were mixed by

vortexing immediately upon the addition. In some experiments a succession of additions

was made, in the manner of a titration.  The protein concentration was kept in excess of

75 µM in all experiments, to avoid substantial dissociation of Hb into dimers, and below

250 µM to maintain solution ideality.  Reaction progress after each addition was

monitored by UV/VIS spectroscopy.  The spectra were analyzed by decomposition of the

contributions from met-, Fe(II)NO-, and Fe(III)NO-Hb, by methods similar to those

described by us previously (3), and elaborated below.  At selected time points, samples of

the reacting mixture were taken for further product analysis: samples were either frozen

by immersion in liquid nitrogen for characterization by EPR spectroscopy (4-7) or

directly analyzed for nitrite and for nitrosothiols by Greiss and Saville assays, following

previously described methods (3).  EPR spectra were recorded with a Varian E-109 X-
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band spectrometer that has been modified by the addition of a field-control unit obtained

through the University of Denver (8).  Samples were immersed in liquid nitrogen during

the EPR measurements.  The reactant/product analyses made prior to the completion of

the reaction were employed in the determination of the reaction kinetics.  Gepasi (9) and

Dynafit (10) software was used in the kinetic analysis.

Other reactions and product analyses were carried out by analogous methods.

Reactions with nitrite were conducted by mixing oxyhemoglobin solutions (~ 4 mM in

heme), with sodium nitrite at ~100:1 heme:nitrite ratios.  The solutions were allowed to

stand for minutes to hours, then deoxygenated by sparging with argon.  Samples were

withdrawn just before or just after deoxygenation for product characterization. Hb(NO)4

oxidation was conducted in ~ 2 mM solutions with an excess of potassium ferricyanide;

the formation of products was followed by UV/VIS spectroscopy.  Samples were

cleansed of low molecular weight species by centrifugation through a G-25 column, then

analyzed for products.

The procedure for decomposition  of UV/VIS spectra, described previously (3), was

modified in the present study.  We introduced, among the standards, the spectrum of

authentic heme-Fe(III)NO Hb. To obtain this standard spectrum the kinetic data obtained

in reductive nitrosylation experiments were subject to principal component analysis (11),

as described in detail elsewhere (12).  The reference Fe(III)NO spectrum obtained by this

procedure is similar to the spectrum reported by Alayash et al. (13) that is largely

Hb[Fe(III)NO]4 (at pH 8) with apparent traces of unreacted met-hemes.  The reference

spectra utilized are exhibited in Fig. 3.1.
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Figure 3.1  Visible absorption spectra of species involved in the reductive nitrosylation
reaction. Standard spectra, pH 7.4, of met-Hb (), Fe(II)NO-Hb (), and Fe(III)NO-Hb
(). The methemoglobin and Fe(II) nitrosyl hemoglobin spectra are from authentic
standards; the Fe(III) nitrosyl hemoglobin spectrum was determined by using factor
analysis techniques and scaled as described in the text.

To improve the performance of the least-squares fitting routine used in the spectral

analysis, all reference and experimental spectra were numerically differentiated; the least-

squares fitting was done using these derivative spectra.  We also augmented the

experimental and reference spectra to introduce constraints on the component

concentrations.  Application of constraints proved useful, for example, in proscribing

non-physical, negative values for trace species.
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EPR spectra of the samples generally included high and low spin methemoglobin

components (14), as well as a feature assignable to Fe(II)NO.  In conventional first-

derivative EPR displays, the met-Hb signals have an effectively flat response in the

region of the Fe(II)NO feature. The latter spectra were analyzed, using a decomposition

procedure (analogous to that employed in the UV/VIS spectroscopy), involving two

components - corresponding to NO occupying alternatively β-subunits or α-subunits

(with six-fold coordination) (15-17).  Hyperfine structure suggestive of penta-

coordination of the α-subunit Fe(II)NO hemes (15) was not observed in any EPR spectra.

Results

Reductive Nitrosylation Product Analysis. Although the reductive nitrosylation of

oxidized heme-proteins has been studied for over sixty years (18-24), the reaction of NO

with methemoglobin remains only partially understood. In the case of simple monomeric

heme-proteins, reductive nitrosylation has been most simply summarized by the equation:

a) heme-Fe(III) + NO(aq) ↔ heme-Fe(III)NO ↔ heme-Fe(II)NO+;

b) heme-Fe(II)NO+ + OH¯(aq) → heme-Fe(II) + H+(aq) + NO 2
 (aq);

c) heme-Fe(II) + NO(aq) → heme-Fe(II)NO;

net) heme-Fe(III) + 2NO(aq) + OH¯(aq) → heme-Fe(II)NO + NO 2(aq) +H+(aq);  [1]

it has been appreciated, however, that the situation with tetrameric hemoglobins,

composed of distinct α - and β-subunits, is more complex (24, 25). While subunit-

inequivalence has been reported in the uptake of NO (13, 24, 25) such effects in the latter
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steps of the reaction, and their impact on the nature of distribution of the final reaction

products has not been previously investigated. Moreover this reaction has not been

previously studied in situations where the NO is limiting, as in the biological situation.

By means of the Saville assays we determined that, in addition to the heme-Fe(II)NO

and nitrite products of (Eq. 1), a nitrosothiol derivative of Hb is among the species

produced upon exposure of methemoglobin to NO.  Recent studies have clearly

demonstrated that human Hb sustains S-nitrosylation at cys(β-93) of the β-subunit (26-

29).  Collectively, these results implicate the formation of SNO-hemoglobin in the

reductive nitrosylation of met-Hb.  To verify that these three products account for all of

the introduced and reacted NO, we compared the sum of their detected concentrations

versus [NO]o, (with all concentrations considered on a per heme basis).  These data are

plotted in Fig. 3.2 (top).  The linear variation with unit slope exhibited by the data

demonstrate the material balance between the introduced NO and the Fe(II)NO, nitrite,

plus nitrosothiol products.

The presence of a nitrosothiol product could be rationalized as reflecting a

competition between the pathways involving formal NO+ transfer to, alternatively,

hydroxide (reaction b) or protein thiol(ate) species:

heme-Fe(II)NO+ + RS-(aq) → heme-Fe(II) + RSNO; [2]
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Figure 3.2  NO-group mass balance in the reductive nitrosylation of human met-Hb with
NO. (top panel) The total amount of the reaction products – heme-Fe(II)NO, nitrite, and
S-nitrosothiol is presented as a function of the amount of NO introduced. The symbols 
correspond to experimental determinations; the solid line represents the best, linear fit to
the experimental points (slope 1.06 ± 0.03; R=0.990). (bottom panel) Relative yields of
ferrous heme nitrosyl products and the S-nitrosothiol plus nitrite products versus the total
product yield. The symbols   correspond to experimental determinations of ferrous
heme nitrosyl; the solid line represents the best, linear fit to these experimental points
(slope 0.51±0.01; R=0.996). The symbols  correspond to experimental determinations
of S-nitrosothiol plus nitrite; the dashed line represents the best, linear fit to these
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amount of heme present in the reaction medium. Product analysis was carried out as
described in the text.
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Either pathway would presumably lead to the concomitant production of an

equivalent of heme-Fe(II), which is immediately converted to Fe(II)NO.  To test this

idea, we compared the total concentration of the products to: a) the heme-Fe(II)NO

concentration; and b) the sum of the nitrite and nitrosothiol concentrations, as shown in

Fig. 3.2 (bottom).  The correlations are essentially identical, and demonstrate that protein

nitrosothiol and nitrite are produced, in toto, on an equimolar basis with the nitrosyl

ferrous-heme: Fe(II)NO and nitrite plus nitrosothiol each account for half of the reacted

NO.

The factors that determine the distribution of products between nitrite versus protein

nitrosothiol remain to be more fully elucidated.  We have observed that at low

[NO]o/[heme] ratios (less than ~0.1), protein nitrosothiol and ferrous nitrosyl heme

account for essentially all of the products.  The preference for nitrosothiol is to be a

sharply decreasing function of the [NO]o/[heme] ratios: at ratios as small as 2, nitrite and

protein nitrosothiol are produced in essentially equal amounts.  Further analysis of the

Fe(II)NO products by EPR spectroscopy reveal a striking and previously unrecognized

preference for nitrosylation of β-subunit hemes, as evidenced in the spectra shown in Fig.

3.3.  We observed β - vs. α-subunit preferences ranging from ~7:1 to ~3:1 at

[NO]o/[heme] ratios varying from 0.05 to 0.75; while at [NO]o/[heme] ratios ≥ 2, the

(heme-Fe(II)NO)4 protein is obtained.  The spectrum of this product, which of course

exhibits no subunit preference, is also shown in Fig. 3.3.  The fundamental trends in

nitrite vs. protein nitrosothiol and β- vs. α-subunit preference are similar: strong
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preferences are exhibited only at low [NO]o/[heme] ratios; at ratios > ~0.75 the relevant

product ratios approach unity.

As a check on the possibility that the product distributions are influenced by “bolus”

effects (30) associated with the addition of NO solutions, we conducted a series of

experiments in which NO was derived from the decomposition of limited amounts of the

nonoate DEA/NO (31), which was pre-mixed into the Hb solution. In these experiments,

reported in detail elsewhere (32), we also find a highly consistent preference for S-

nitrosylation over nitrite formation, and a  β-subunit preference of the Fe(II)NO product.
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Figure 3.3  EPR spectra of Fe(II)NO obtained by reductive nitrosylation of met-Hb with
NO. EPR spectra were obtained at 9.29 GHz, with 10 mW incident power, and with field
modulation of 10 G at 100 kHz. The external field was scanned over a range of 400 G in
2 min with a detection time constant of 0.128 seconds. The experimental spectra shown
were obtained with samples reacted with [NO]o/[heme] ratios of: 0.2 (solid line), 2
(dashed line). Reconstructions made as weighted combinations of α- and β-subunit
spectra (dotted lines) are indistinguishable from the experimental spectra. The spectrum
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obtained with a [NO]o/[heme] ratio of 0.2 reflects a β- vs. α-subunit preference of 88 ± 8
% (variance between methods adapted from Refs. 18-22). The spectrum obtained with a
[NO]o/[heme] ratio of 2 reflects equal a- and b-subunit populations in the (Fe(II)NO)4

protein. EPR signals from residual met-Hb lie outside the field range included in the
spectra presented here.

Collectively, our results suggest that the reductive nitrosylation of human Hb, with

limiting amounts of NO, may most simply be considered to occur as a weighted sum of

independent subunit reactions.  We assume that the α-subunits only generate nitrite, but

that β-subunits produce either nitrite or SNO.  At progressively lower [NO]o/[heme]

ratios, β-subunit processing and SNO production is increasingly favored.  At the very low

[NO]o/[heme] ratios characteristic of the physiological situation; the chemistry would

tend toward:

β-heme-Fe(III) + 2 NO(aq) → β-heme-Fe(II)NO + cys(β-93)-NO [3],

with nitrosothiol and β-subunit ferrous heme nitrosyl as the exclusive products of this

novel, sub-unit selective reaction.

The dominance of reaction (3) at low NO levels implies a substantial subunit

inequivalence in the binding of NO to form the ferric nitrosyl heme intermediate and/or

the subsequent reaction of that intermediate to form the products.  Previous studies of the

NO binding to met-Hb (13, 24, 25) show that equilibrium favors the β-subunit only by a

factor of ~1.5.  While the subunit dependence of Fe(III)NO reaction rates have not been

examined in detail, it has been noted that the reductive nitrosylation occurs “considerably

faster” with isolated β-chains (β-subunit tetrameric protein) than with α-chains (25).  In

these previous studies, with NO present in excess, the reaction would presumably involve
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Hb (Fe(III)NO)4 intermediates.  At very low [NO]o/[heme] ratios, however, hybrids such

as α2(met)β(met)β(Fe(III)NO), would be the predominant initial reactive intermediates.

It is tempting to suggest that the differential reactivity of the various intermediates

mustered under different experimental conditions may play an important role in

governing the substantial product/subunit selectivity and its dependence on [NO]o/[heme]

ratios.

The observed chemistry rationalizes a number of observations made in previous

studies of this reaction.  A fundamental issue is the lack of mass balance.  Hoshino et al.

(24), recently reported that the reductive nitrosylation of methemoglobin, in excess NO,

yielded ~0.9 heme-Fe(II)NO (detected as nitrate after oxidation in air) but only about

~0.4 NO 2
 per heme, even though hydroxide and water were considered as the only

nucleophiles. (For whale myoglobin (24), the product yields closely followed (Eq. 1)).

These observations likely reflect S-nitrosylation of Hb in competition with (and

independent of) hydroxide or other putative nitrosation targets.  The product distribution

reported by Hoshino et al. (24), in fact very closely follow the stoichiometry expected for

a process that completes both α- and β-subunit reactions.  The observation of Wade and

Castro (23) that met-Hb is extremely ineffective, as compared to, for example, horse

metmyoglobin, in promoting the apparent nitrosation of exogenous nucleophiles may, in

part, reflect interference from the nitrosothiol-forming reaction. Our results also clarify

certain observations of Addison and Stephanos (22), which were interpreted as indicating

that the protein product obtained by complete reductive nitrosylation of methemoglobin

is modified in the course of the reaction: Addison and Stephanos, however, suggested

that this modification entails nitrosation of a histidine or lysine rather than the thiol.
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Finally, the variation of the levels of heme-Fe(II)NO hemoglobin complexes that have

been detected in blood by EPR methods (33-40), may be influenced by the levels of

heme-Fe(III)NO and other EPR undetectable species that can interchange with the heme

Fe(II)NO species under different methods of sample treatment.

Reductive Nitrosylation Kinetic Analysis.

As a check on the overall soundness of the decomposition analysis and on the role of

Fe(III)NO as an intermediate, we analyzed the UV/VIS spectra recorded before steady

state was reached, to obtain concentration versus time profiles, exhibited in Fig. 3.4 (top).

The data are analyzed with a de minimis model composed of: i) equilibrium uptake of NO

by met-Hb (Eq. 1, reaction a); ii) reduction of Fe(III)NO and formal loss of NO+ (Eq. 1

reaction b or Eq. 2); iii) uptake of NO by the reduced heme (Eq. 1 reaction c).

The solid lines in Fig. 3.4 (bottom) show traces calculated on the basis of the kinetic

model above, with parameter values obtained by least-squares adjustment.  The quality of

the fit is similar in all of the measurements.  We followed the kinetic behavior from

shortly after mixing to stationary phase in five samples at various buffer compositions

(PBS, HEPES, and 100 mM phosphate) and initial heme:NO ratios (3:1 to 1:1).  As

detailed below we obtain a precise determination of the rate constant for the reduction

step (ii), but only a rough estimate of the equilibrium constant for step (i).  The transfer of

NO to reduced hemes (step iii) is likewise only found to be extremely fast relative to step

(ii).
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Figure 3.4  Kinetics of reductive nitrosylation in a deoxygenated aqueous solution
prepared with met-Hb 1.2 mM in heme, 0.7 mM NO, 100 mM phosphate buffer, pH 7.4,
and 150 mM NaCl. (Top panel) Time series of visible spectra of the reacting solution.
Successive spectra were initiated at time intervals of 1 minute. The first spectrum was
recorded 22 seconds after mixing the reagents. (Bottom panel) Concentration versus time.
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In previous studies of met-heme interactions with NO in human Hb, Sharma et al.

(25) and Alayash et al. (13) used stopped-flow methods to elucidate the detailed behavior

of the initial binding step. Both groups reported equilibrium constants of ~3x103 M-1, and

a subunit inequivalence in the reaction, with the β-subunit hemes exhibiting roughly five-

fold greater on- and off-rates than the α-subunit hemes. Ford and co-workers (24)

obtained an equilibrium constant of similar magnitude 13x103 M-1 by analyzing the effect

of [NO] on the reduction rate. Within this range, our kinetic analysis was insensitive to

the value of this equilibrium constant, and we opted to fix this parameter at 1.0 x104 M-1

in the analysis. For the reduction step, the effective rate constant, first order in Fe(III)NO,

was reported as 0.0018 sec-1 (pH 7, 25 ºC), by Addison and Stephanos (22), and 0.00063

sec-1 (pH 7, 20 ºC) by Alayash et al. (13) Ford and co-workers (24) measured the rate as a

function of pH from which a value of 0.0019 sec-1 obtains at pH 7.4. The values that we

determine , range from 0.0012 ± 0.0001 sec-1 (PBS) to 0.0027 ± 0.0001 sec-1(HEPES,

100 mM phosphate), in good agreement with the previously determined values. The

overall quality of the analysis and its consistency with prior observations, provides strong

support for the procedure used, and thus identifies the central role of the Fe(III)NO

intermediate in this reaction.

Additional SNO-Hb Producing Reactions.

The salient feature of the reductive nitrosylation reaction is the coupling of met-

heme reduction with formal NO oxidation to trigger nitrosation.  The signature of this

reaction in Hb, when the NO is limiting, is the SNO formation in the nitrosation reaction

and the β-subunit preference in the heme nitrosylation. This interplay of met-hemes with
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NO could be approached by a number of different starting conditions, which might

nevertheless lead to the same set of products. In a physiological context, reactions which

do not require the presence of a pre-existing reservoir of met-Hb for reaction with

incident NO are of particular interest.

The activity of NO as an oxidant of hemoglobin, in both oxy- and deoxy-forms is

well-documented (3), (41).  Accordingly, a sequence composed of an oxidative reaction

that forms met-Hb, followed by a reductive nitrosylation leading to SNO-Hb and

restoration of a reduced-heme, is in principle possible. In this scheme, heme-redox acts in

a cyclic fashion, with no met-Hb reservoir required. In a reaction with oxygenated Hb,

this sequence could lead to: a) SNO-production; b) the formation of a Fe(II)NO in an

amount that exceeds the number of originally available vacant Fe(II) centers – thus, an

apparent cooperativity in NO addition (3), (42), which stems from changes in vacant

heme concentrations during NO uptake, rather than favorable changes in rate or

equilibrium constants. This process could assume special significance for hemoglobins

repeatedly exposed to NO - for example, membrane-bound hemoglobins (43) exposed to

a slow flux of NO passing into a cell. The loss (to nitrate or nitroxyl) of one equivalent of

NO, in this scheme, would be circumvented if other oxidants were involved.

Accumulation of met-Hb would still not be required provided that the oxidation could

follow NO addition - that is, if the reaction entails the oxidation of Fe(II)NO.

To explore the feasibility of the latter process, we have initiated studies to assay the

production of SNO-Hb accompanying the oxidation of heme-Fe(II)NO species.  In Fig.

3.5, we present results of experiments that show that Hb(NO)4 reacts in the presence of

excess ferricyanide to convert Fe(II)NO hemes to met-hemes, with approximately one
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SNO-Hb produced for every two Fe(II)NO lost. Overall, this product distribution

suggests the formal oxidation of Fe(II)NO to a Fe(III)NO species that then reacts to form

S-nitrosothiol (or nitrite products), liberating a vacant heme-Fe(II), which, being more

easily oxidized than heme-Fe(II)NO (as the association equilibrium constant for NO and

heme-Fe(II) is much greater than for heme-Fe(III) and NO), readily accedes to oxidation

under these conditions.
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Figure 3.5  Conversion of heme-Fe(II)NO centers to heme-Fe(III) and SNO-Hb upon
exposure of Hb(NO)4 to ferricyanide. Samples of the reaction medium are withdrawn at
various points in the course of the reaction for analysis of the amounts of heme-Fe(II)NO,
heme-Fe(III), and nitrosothiol – relative to the total heme in the medium. The symbols 
(left scale) compare heme-Fe(III) production to heme-Fe(II)NO depletion; the solid line
represents the best, linear fit to these experimental points (slope –1.15 ±0.01; intercept =
1.14 ±0.01 ; R=0.9998) indicative of a one-to-one conversion of heme-Fe(II)NO to heme-
Fe(III). The symbols   compare experimental S-nitrosothiol production to heme-
Fe(II)NO depletion; the dashed line represents the best, linear fit to these experimental
points (slope -0.50±0.11; intercept 0.46±0.07; R=0.96). Product analysis was carried out
as described in the text.

The reaction of nitrite with hemoglobin provides a further route to the simultaneous

presentation of heme Fe(III) and NO (41, 44-46). The possible significance in the context
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of nitric oxide biology has been thoughtfully considered by Reutov and Sorokina (47),

who posited that owing to the well-known nitrite reductase activity of hemoglobin, nitrite

could be considered an integral component of NO biochemistry, rather than a metabolic

dead-end. To examine this idea, and determine whether SNO-Hb is produced in this

interaction, we first incubated oxyhemoglobin with ~0.01 equivalents (on a per-heme

basis) of nitrite. No discernible changes were present in the EPR spectrum over a time

span of as much as 15 minutes. The only feature in the spectrum derived from the small

fraction (~1%) of met-heme in the oxy-Hb solution, which was not discernibly changed

by the nitrite addition. Deoxygenation of these mixtures after various incubation times

led to an immediate change in the EPR spectrum with roughly equal increases in met-

heme and heme-Fe(II)NO signals, as illustrated in Fig. 3.6 (top and bottom, respectively).

These results are consistent with the simple understanding of the nitrite reaction with

deoxy-Hb according to the following scheme (41, 44):

heme-Fe(II) + NO2
 (aq) + H+(aq) → heme-Fe(III) + NO + OH¯ (aq), [4]

NO will ultimately lodge at available heme vacancies to form Fe(II)NO.

Interestingly, as we have reported elsewhere (43), oxygenation leads to elimination of the

Fe(II)NO and the formation of SNO-Hb – in effect the reverse of reaction (4), with

nitrosothiol formation (Eq. 2), rather than nitrite regeneration. Overall, this chemistry

reveals a catalytic role for Hb – in conjunction with its oxygenation/deoxygenation cycle

– in converting nitrite to the SNO-Hb.
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Figure 3.6  EPR spectra from Fe(II)NO and Fe(III) hemes obtained by exposure of
hemoglobin to nitrite. EPR spectra were obtained at 9.28 GHz, with 10 mW incident
power, and with field modulation of 20 G at 100 kHz. The external field was scanned for
4 min with a detection time constant of 0.128 seconds over to range: 800 – 1300 G to
detect high-spin heme-Fe(III) (upper panel) or 3050 – 3450 G to detect heme-Fe(II)NO
(lower panel). A spectrum of a sample of a neat, 3.8 mM oxyhemoglobin solution, frozen
in liquid nitrogen is displayed () in both panels; the trace in the lower panel was used as
a base-line for subtraction from subsequent scans. Spectra were subsequently obtained
from samples withdrawn from the solution after incubation with 37 µM nitrite for periods
of 5 (), 12 (), and 24 () min, followed by deoxygenation and freezing in liquid
nitrogen (both panels). SNO-Hb is observed upon re-oxygenation of such samples. A
spectrum obtained without deoxygenation after an incubation time of 10 min () is also
shown (upper panel).
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Discussion

We have shown that NO can be transported from the heme binding site (distal

pocket) to the thiol of cys(β-93), which lies on the opposite face of the heme (next to the

proximal histidine residue). The production of SNO-Hb in this transfer can be supported

by heme-iron redox chemistry. When NO is limiting, SNO-Hb is the major product

formed in the reductive nitrosylation reaction, with preference for the β-subunits of

hemoglobin. We have also shown that SNO-Hb production rather generally accompanies

the formal interaction of NO and heme-Fe(III), regardless of the sequence of NO addition

and heme-oxidation – sequences including  NO reaction with heme-Fe(III), oxidation of

heme-Fe(II)NO, or reaction of nitrite with deoxy-Hb in an oxygenation/deoxygenation

cycle.

The chemistry reported here has several implications of potential importance to NO

hemoglobin interactions in blood. Inasmuch as the NO-group is present in limited

concentrations, any reductive nitrosylation reaction would tend to process the NO-group

exclusively within the β-subunit. This subunit selective processing could provide a means

by which NO can avoid being trapped by the α-hemes to yield the five-coordinate α-

heme-Fe(II)NO complexes which could quench NO bioactivity (48). Moreover, the

results reveal a means by which the NO-group can be dislodged from heme-Fe(II)NO

complexes to make the nitrosothiol hemoglobin derivative: the perceived unfavorability

of NO dissociation from nitrosylated ferrous hemes (49), can be circumvented by

oxidation to the ferric heme-nitrosyl species, thus facilitating NO-group transfer to
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protein thiol. In conjunction with this oxidation, reaction (4) depicts NO-group transfer

from a β-subunit heme species that holsters NO bioactivity (heme-Fe(II)NO) to one that

arms it (protein-SNO) for potential release via, for example, transfer to other thiols (50,

51). Inasmuch as NO is a potent oxidant of both oxy- and deoxy-Hb, the methemoglobin

requirement may be potentiated through NO itself, in a cycle of heme-

oxidation/reductive-nitrosylation, that does not require or involve any met-Hb

accumulation. The oxidative and NO-group requirements can also be supported by

interaction of heme vacancies with nitrite, as part of a greater NO-group biological

chemistry.

The results presented here clarify some issues relevant to SNO-Hb function raised in

several recent publications. Apparent cooperativity in the formation of heme-Fe(II)NO by

exposure of oxygenated hemoglobin to NO has been observed under certain conditions in

vivo by us, and in red blood cell preparations by Huang et al. (52) and Han et al. (53)

Moreover, while Huang et al. (52) suggest that their in vivo experiments do not show this

apparent cooperativity, the systematic differences between the experimental data and the

theoretical predictions indicate that while such effects are attenuated under their

conditions, an excess of heme-Fe(II)NO is produced, at higher oxygen saturations.

Preference for the β-subunits is evident in the Fe(II)NO EPR spectra presented in the

work of Huang et al. (52). The latter authors also measure SNO-production and obtain

nearly equivalent yields of Fe(II)NO and SNO-Hb under a variety of conditions. In

related experiments, Joshi et al. (30) fail to detect Fe(II)NO at very high oxygenation and

non-physiological NO levels. Notably, they do observe the production of SNO-Hb in

yields that are similar to those reported by Gow et al., (3) and are independent of the
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manner of NO addition. The observations reported in all of these studies share features

that are common to the reductive nitrosylation chemistry reported here.

Han et al. (53) suggest, on the basis of the cyanide blocking experiments, that

reductive nitrosylation is not significant to the production of SNO-Hb. Their results,

however, only compel the conclusion that in the presence of high cyanide levels some

met-heme independent SNO-Hb production occurs. Our mechanistic conclusions are

supported by direct observations of all of the relevant chemical species, detailed material

balance, and global kinetic analysis – there is no ambiguity regarding the centrality of the

heme-Fe(III)NO intermediate.

Finally, it is worth pointing out that in the experiments of Han et al. (53) and Huang

et al. (52), very high protein concentrations are used. While this choice reflects the

concentrations within red blood cells, it can obscure the fundamental chemistry of

hemoglobin at the molecular level. Analysis of the chemical behavior of concentrated

protein solutions that is significantly depleted in the activity of water may require more

elaborate models for bolus and diffusion effects, and attention to chemical activities.

Ultimately, with a clearer picture of the relevant, molecule scale behavior of

hemoglobins, an integrated model of cardiovascular NO function, encompassing

molecular, cellular, and system wide variables may be developed.

Addendum

We determine the distribution of α and β heme nitrosylation products through factor

analysis of EPR spectra.  EPR spectroscopy is selective for heme-Fe(II)NO (as well as

high- and low-spin methemoglobins), present as a minority among an EPR-silent
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majority of oxy- or deoxyhemes.  In addition to indicating the presence and quantity of

heme-Fe(II)NO species, EPR spectra of human Hemoglobin exhibit subunit-

inequivalences that make it possible to determine proportions of NO on the α- vs. β-

subunits by decomposition of the spectra according to their subunit contributions.
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Figure 3.7  X-band EPR spectrum of nitrosylhemoglobin spectral components termed
βNO () and αNO (), from isolated subunits (6). The sum () of these spectral
components is seen to be identical to the EPR spectrum of Hb(NO)4. ().  Asterisk (*),
and bullet (•)mark spectral positions that feature the βNO or αNO species respectively.
C)  Ratio of * and • used for decomposition of SNO-oxyhemoglobin EPR spectra.

The subunit spectra (Fig. 3.7, αNO and βNO) clearly show distinctions, but the

composite spectrum formed simply by addition of the subunit spectra (Fig. 3.7,

αNO+βNO) is essentially identical to that of the tetrameric α2(NO)/β2(NO)  hemoglobin

(Fig. 3.7, Hb(NO)4).  (Asterisks mark the positions at which either the αNO (left) or βNO

(middle) species predominate).  The “hybrids” α2(NO)/β2(deoxy) and α2(deoxy)/β2(NO)

were shown to exhibit spectra equivalent to those of the isolated αNO or βNO subunits,
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respectively (14).  Taken together, these results establish the current approach for

analyzing nitrosylhemoglobin EPR spectra which is directly applicable to Fe(II)NO

complexes in SNO-hemoglobin as S-nitrosylation affects neither the heme EPR or

UV/Vis spectra.
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4. NITRIC OXIDE MIGRATION FROM CYS(β-93) TO β-HEME-IRON(II)NO

Introduction

The chemical interactions of nitric oxide and hemoglobin in the human respiratory

system were discussed in a recent publication with our collaborators at Duke University

Medical Center.  This publication is included as Appendix A in this thesis.  The major

part of the article describes studies of NO/hemoglobin chemistry in human subjects and

red blood cells at various oxygen conditions conducted at Duke University Medical

Center.  It also gives a brief account of some in vitro experiments carried out by the

author at Montana State University that provides a basis for rationalizing some of the in

vivo findings.  In particular, the experiments demonstrate apparent heme-to-thiol and

thiol-to-heme transfers of the NO group.  In this Chapter, a more detailed account of

these experiments is provided.  First, the results of several experiments which

demonstrate the slow, but spontaneous transfer of the NO moiety from the nitrosothiol on

SNO-hemoglobin to form heme-Fe(II)NO are reported.  A noteworthy finding in these

experiments is the substantial preference for formation of the heme-Fe(II)NO on the β-

subunit of the hemoglobin.  Secondly, the results of experiments carried out with oxygen

cycling are reported.  In fresh samples of heme-Fe(II)NO formed by incubation of deoxy-

hemoglobin with nitrite the EPR spectrum of the heme-Fe(II)NO species disappears upon

oxygenation of the system, with concurrent formation of an unidentified free-radical.  At

low NO levels, SNO-hemoglobin is also formed with the oxygenation.  Upon re-
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deoxygenation the radical signal disappears and remaining nitrite reacts to form heme-

Fe(II)NO.  This cycle can be repeated until the nitrite is exhausted.

Materials and Methods

Materials and methods used for experiments in this chapter mainly follow the

procedures described in Chapters 2 and 3.  SNO-hemoglobin Ao samples were prepared

by the method of Jia et al. (1), including separation of low-molecular weight reagents by

gel chromatography.  Samples were characterized by UV/Vis and EPR spectroscopies in

a manner described in detail in Chapter 2.  The spectra are simulated as linear

combinations of standard UV/Vis basis spectra.  The coefficients of the linear

combination, which give the concentrations of each heme species, are found by

adjustment to give least-squares best agreement between the simulated and observed

spectra. Greiss and Saville assays, also detailed in Chapter 2, were used to detect

nitrosothiols (SNO-hemoglobin).

EPR spectroscopy is used to detect methemoglobin, determine the concentration of

nitrosyl hemoglobin, and determine the subunit distribution of the heme-Fe(II)NO by the

fraction of NO ligands associated with hemes of the α- vs. the β-subunits.  Acquisition

parameters for the EPR experiments are as described previously (2).  Absolute

concentrations were determined, with a reproducibility of ~90%, by comparison of the

double-integral of the EPR signals against Hb(NO)4 standards, the concentrations of

which were established by UV/Vis spectroscopy.  Subunit distributions were determined

by a modification of the procedures used by Hille, Taketa, (3, 4), and Bemski and co-

workers (5).  In their procedures, it is assumed that: the heme-Fe(II)NO EPR spectra in



69

tetrameric-hemoglobin is simply the sum of spectral contributions of complexes on the α

and β hemes, and the subunit spectra are identical to the spectra exhibited by nitrosyl

derivatives of the isolated subunits, illustrated in the addendum to Chapter 3 (6, 7)

(preparations that likely consist of β-tetramers (β-(heme-Fe(II)NO)4) and possibly α-

dimers (α-(heme-Fe(II)NO)2).

Experiments and Results

EPR characterization of SNO-hemoglobin

We first show that heme iron-nitrosyl EPR spectra are not perturbed by S-

nitrosylation of the globin, by comparing EPR spectra of Hb(NO)4 and (SNO)2-Hb(NO)4

samples, shown in Fig. 4.1.  Cleary there is no significant distinction between the two

spectra.  This correspondence justifies use of previously established methods for

determining the distribution of NO over the α- and β-subunit hemes in characterizing

SNO-hemoglobins and mixtures that include it (7).
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Figure 4.1  X-band EPR spectrum of nitrosylhemoglobin, (SNO)2-Hb(NO)4.

Thiol-to-heme-transfer

Hemoglobins that were nominally fully ligated with dioxygen ligands were S-

nitrosylated by exposure to an excess of (Cys-β93)-NO – which had been prepared by

reaction of cysteine in acidified nitrite.  After incubation for ten minutes, the excess

reagent was removed by size-exclusion chromatography.  Immediately after the

chromatography, and at time intervals extending to several days, the composition of the

sample was characterized by UV/Vis and EPR spectroscopy; the nitrosothiol content was

assayed by the Greiss and Saville colorimetric methods. The UV/Vis spectrum of a

typical SNO-oxyhemoglobin preparation (sample 3, vide infra) is shown in Fig. 4.2 A.

Least-squares analysis of the spectrum shows it to be a composite of oxy- and

methemoglobin spectra with 89% oxyhemoglobin, and 11% oxidized hemoglobin,
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respectively, and a total concentration of 1.65 mM in heme.  No significant population of

deoxyhemoglobin or heme-nitrosylhemoglobin was found in this sample by UV/Vis

spectroscopy.  EPR spectroscopy of the sample showed only the methemoglobin.  After

incubation at 4 °C for an interval of 4 days EPR spectrum shown in Fig 4.2 B was

obtained. This spectrum clearly shows in addition to methemoglobin signals a strong

signal from heme-Fe(II)NO.
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Figure 4.2  UV/Vis and EPR spectra of SNO-oxyhemoglobin (Sample 3 see Fig. 4.3).  A)
UV/Vis decomposition of Sample 3 at 0 hours.  B)  X-band 4000 Gauss wide EPR
spectrum showing high spin (effective g1 = 5.8, S = 5/2) and low spin (g2 =5.8, S = 1/2)
metHb, and β-heme-Fe(II)NO of sample 3 at 36 hours.

We conducted similar analyses on four different samples.  A quantitative summary

of the results these experiments is given in the accompanying table.  The summary shows

a different times after preparation the fraction of nitrosyl-, oxy- and of met-hemoglobin;

the fraction of the on the heme-Fe(II)NO on the β-subunit; and the fraction of thiols

nitrosylated.

A B
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Figure 4.3  Hemoglobin species percents tallied for incubation experiments.  This figure
tabulates the percent for a given species.  The time in hours for each sample, as well as,
percentage of total possible for a given species.  For example, Sample 1 at time 0 has
60% of the possible, 2 per hemoglobin, Cys-β93s S-nitrosylated.  Given an EPR
spectrum of heme-Fe(II)NO the percentage of β is graphed.  Sample 1, at 68 hours has
≈80% of its EPR line shape coming from an heme-(β-Fe(II)NO) species, however, the
total percentage of HbNO is less then 3%.

In every case, there is a gradual loss of S-nitrosothiol and compensating increase in

heme-Fe(II)NO. While the overall, process is slow, there is nevertheless a spontaneous

transfer of the NO moiety to the heme.  Since this process requires reduction of the

formal nitrosonium species, it is noteworthy that that oxidation of the heme continues

during NO transfer, at levels at least as great as that of the NO transferred.  This

observation suggests that the overall chemistry might couple heme oxidation with formal

NO+ reduction. Further information regarding the overall chemistry comes from EPR

spectra of the heme-Fe(II)NO products.

In Fig. 4.3 we show a series of EPR spectra obtained for samples at various times

after preparation.  By analysis of the spectral lineshapes in terms of α -6 and β-6
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component spectra illustrated in the addendum to Chapter 3, we determine that the heme-

Fe(II)NO has a greater that >80% β character, that is at least two thirds of the heme-

Fe(II)NO in the sample occupy heme in the protein β-subunit.
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Figure 4.4  NO migrating on hemoglobin. A) Comparison of EPR spectra of sample 3 at
incubation times of 0 and 36hours.  B) Comparison of 36 hour spectrum with Hb(NO)4.

If the release of NO from SNO-hemoglobin occurred by limited homolysis, then the

generated NO would probably occupy α- and β-hemes equally.  Such chemistry, apart

from leaving open the question of reduction of the implicated thiyl radical, cannot explain

the observed subunit specificity.  We suggest that the reaction must involve a formal

transfer between (Cys-β93)-NO and an adjacent vacant β-subunit heme, with the

reducing equivalent supplied by electron transfer from another heme in the tetramer.  The

process is likely potentiated by the known drive to form symmetric methemoglobin

hybrids: gradual oxidation of hemoglobin produce mainly fully oxidized methemoglobins

A B
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and half-oxidized hybrids (8).  Half-oxidized hybrids of hemoglobins with NO ligands

have also been reported as especially stable (9).

Overall, then we envision this reaction as occurring on hemoglobin tetramers with a

single oxidized heme, and three ligand-occupied hemes.  On dynamical loss of the O2

ligand on an S-nitrosylated β-subunit, a coordinated electron-NO transfer leads to

formation of a β-subunit outfitted with thiolate and heme-Fe(III)NO; the latter species is

then deactivated by reduction coupled with oxidation of a neighboring heme.  The overall

chemistry is given in equation [4.1].

(SNO)2-Hb (O2)3[Fe(III)]  → (SNO)-Hb(O2)  [β-Fe(II)NO] [Fe(III)]2 [4.1]

Transfer of both S-nitrosyl groups would lead to formation of hemoglobin a hybrid:

(SNO)2-Hb(O2)3[Fe(III)]  → Hb  [β-Fe(II)NO]2 [Fe(III)]2 , [4.2]

that is reminiscent of  “hemoglobin X” that has been found in vivo (9).  In this process β-

subunit selectivity emerges principally from the proximity of the (Cys-β93)-NO and

theme on the β-subunit and secondarily form the redox properties of the β-subunit heme.

Heme-to-thiol transfer

The primary motivation for these experiments was to probe for effects that nitrite,

which can form from NO in aqueous oxygenated media (10), might exhibit, and which, if

not understood, could be confused with the behavior of authentic NO.  A very large

literature exists on nitrite reactions with both oxy- and deoxy-hemoglobin (11-14).  These

studies were undertaken primarily from the perspective of toxic effects of high levels of
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nitrite.  They revealed a rapid oxidation of oxyhemoglobin to methemoglobin, with

complex kinetics involving a lag phase followed by a fast autocatalytic reaction, and a

slower reaction with deoxyhemoglobin that yields heme-Fe(II)NO, via protonation of

heme-Fe(II)NO2, loss of hydroxide to furnish heme-Fe(III)NO, and NO (or electron)

migration to form heme-Fe(II)NO.  As shown in Chapter 3, at modest nitrite levels the

latter reaction is predominant, as the lag phase becomes so long that that reaction channel

is effectively quenched.  In the physiological situation, therefore, the nitrite reductase

activity of deoxyhemoglobin is predominant and provides an NO-synthase activity, that is

distinct from the arginine converting NOS (nitric oxide synthase) enzyme: its does not

require oxygen.  In 1998, Reutov (15) published the idea that heme proteins might

represent the anaerobic segment of a broader NO cycle in biology.  The insight of Reutov

lacked critical details.  It made no connection to any physiological function.  More

importantly, it gave no indication of how NO bound to hemoglobin might be processed to

exert biological activity.  These problems are answered in the context of red blood cell

vasodilation.  NO-synthesis in RBC from nitrite is an attractive component of the

molecular basis of hypoxic vasodilation.  It circumvents all problems regarding the

competition between fast reactions that scavenge NO activity by storing that activity in a

relatively inert from, namely nitrite.  We further noted in Chapter 3 that the heme-

Fe(II)NO formed by reaction of deoxyhemoglobin with nitrite, can lead to SNO-

hemoglobin formation upon oxygenation of the reacting system.

Here we elaborate on the experiments published in Appendix A, and show the

spectroscopic characterization of a nitrite hemoglobin samples with repeated cycles of

oxygenation and deoxygenation. Characteristic results are illustrated in Fig. 4.5 The
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spectra provide a vivid demonstration of the nitrite reductase activity of hemoglobin

through the appearance of heme-Fe(II)NO upon initial reaction (“1 min deoxy”) of

deoxyhemoglobin in the presence of nitrite. More intriguingly, they give a surprising

result upon oxygenation (“4 min oxy”): the heme-Fe(II)NO EPR signal disappears and is

replaced by an unidentified free-radical – possibly a thiyl radical. This free-radical signal

is the EPR signal found by us in blood samples (Appendix A). In parallel studies at Duke

University Medical Center, conducted with low nitrite concentrations and probed with

high-sensitivity photolytic chemiluminescence assay, it is found that SNO formation

upon oxygenation.  Re-deoxygenation of the sample (“7 min deoxy”) leads to restoration

of the heme-Fe(II)NO signal, presumably from unreacted nitrite. This cycle is repeatable

until the initial nitrite is exhausted.  As the sample ages, the contrast between the spectra

obtained under oxygenated and deoxygenated conditions decrease.  Eventually, the

system cycles only between heme-Fe(II)NO signals characteristic of the deoxy and oxy

states of hemoglobin.
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Figure 4.5  Nitrite cycling experiment. 868 µM deoxyhemoglobin + 263 µM nitrite for 1
minute (while the 1st minute elapses the first sample (“1min deoxy”) is taken from the
main reaction vessel and put into an O2(g) purged EPR tube and frozen in N2(liq)).  The
1st sample is frozen at 1 minute.  However, the rest of the sample reacts for an additional
2 minutes; bringing the total deoxyhemoglobin + nitrite time to 3 minutes.  At 3 minutes
the reaction vessel is then vortexed in air for 30 seconds and sits while sample 2 (“4min
oxy”) is taken out and put into an EPR tube and frozen in N2(liq)); at a total oxygenated
time of 1 minute.  Total reaction time for the “4min oxy” sample is 4 minutes, 3 minutes
as deoxyhemoglobin + nitrite and 1 minute as oxyhemoglobin.  After sitting in air for a
total of 3 minutes (total reaction time is 6 minutes, 3minutes deoxyHb and 3 minutes as
oxyHb) the reaction vessel is again deoxygenated by vortexing for 30 seconds in ultra
high purity N2(g).  The “7min deoxy” sample is then removed and added to an O2(g)
purged EPR tube and frozen 1 minute after the just mentioned vortexing began.  These
steps are repeating until the total reaction time is 20 minutes.  It can be understood from
this description that the sample freezing times are different from vortexing times.  It is
important to mention how sensitive the reaction conditions are for this experiment.

Subsequent to publication of these spectra (Appendix A) and our report detailed

SNO-hemoglobin formation through nitrite reactions with deoxy hemoglobin (Chapter
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3).  The idea that nitrite ion has a salutary biochemistry was considered by other

researchers. Gladwin and co-workers originally criticized these ideas are representing a

“nitrite” artifact(16), but now have changed their view completely and see nitrite as the

critical species in RBC induced vasodilation (17, 18).  However, Gladwin and co-

workers (19) and Rifkind and co-workers (20) suggest that the heme-Fe(III)NO species

formed represents the active compound, which exerts its activity through release of NO.

Gladwin and co-workers (19) further suggest that since this species is formed only in the

reaction with deoxyhemoglobin, then the link between NO availability and tissue oxygen

level, required for modeling hypoxic vasodilation is met. The major difficulty with their

idea, however, is the abundance of vacant hemes in the deoxyhemoglobin that would

scavenge NO on ferrous hemes as quickly as it is released from the ferric hemes. In their

experiments sparging with argon is necessary for release of NO.  In addition, there is no

basis as yet for any suggestion that heme-Fe(III)NO plays that unique role of SNO-

hemoglobin (21-23) in exhibiting a graded vasodilatory response as a function of oxygen

tension across the physiological oxygen gradient.  Notably, both Rifkind (20) and

Galdwin (16, 24) report abundant SNO formation in their samples. Thus their

observations, taken as a whole, are entirely compatible with all of the ideas presented in

this thesis about SNO-hemoglobin in hypoxic vasodilation – in particular, its role in

transducing oxygen signals to dispense NO bioactivity, and its formation redox coupling

among NO and the heme and thiol groups of hemoglobin.



79

References

1. Jia, L., Bonaventura, C., Bonaventura, J. & Stamler, J. S. (1996) Nature 380, 221-
6.

2. Gow, A. J., Luchsinger, B. P., Pawloski, J. R., Singel, D. J. & Stamler, J. S.
(1999) Proc Natl Acad Sci U S A 96, 9027-32.

3. Hille, R., Olson, J. S. & Palmer, G. (1979) J Biol Chem 254, 12110-20.
4. Taketa, F., Antholine, W. E. & Chen, J. Y. (1978) J Biol Chem 253, 5448-51.
5. Louro, S. R., Ribeiro, P. C. & Bemski, G. (1981) Biochim Biophys Acta 670, 56-

63.
6. Henry, Y. & Banerjee, R. (1973) J. Mol. Biol. 73, 469-82.
7. Reisberg, P., Olson, J. S. & Palmer, G. (1976) J. Biol. Chem. 251, 4379-83.
8. Mansouri, A. & Winterhalter, K. H. (1974) Biochemistry 13, 3311-4.
9. Kruszyna, R., Kruszyna, H., Smith, R. P., Thron, C. D. & Wilcox, D. E. (1987) J

Pharmacol Exp Ther 241, 307-13.
10. Ignarro, L. J., Fukuto, J. M., Griscavage, J. M., Rogers, N. E. & Byrns, R. E.

(1993) Proc Natl Acad Sci U S A 90, 8103-7.
11. Spagnuolo, C., Rinelli, P., Coletta, M., Chiancone, E. & Ascoli, F. (1987)

Biochim Biophys Acta 911, 59-65.
12. Smith, R. C., Gore, J. Z. & Doyle, M. P. (1991) Free Radic Biol Med 11, 373-7.
13. Lissi, E. (1998) Free Radic Biol Med 24, 1535-6.
14. Doyle, M. P., Pickering, R. A., DeWeert, T. M., Hoekstra, J. W. & Pater, D.

(1981) J Biol Chem 256, 12393-8.
15. Reutov, V. P. & Sorokina, E. G. (1998) Biochemistry (Mosc) 63, 874-84.
16. Xu, X., Cho, M., Spencer, N. Y., Patel, N., Huang, Z., Shields, H., King, S. B.,

Gladwin, M. T., Hogg, N. & Kim-Shapiro, D. B. (2003) Proc Natl Acad Sci U S A
100, 11303-8.

17. Gladwin, M. T. (2004) J Clin Invest 113, 19-21.
18. Gladwin, M. T. & Schechter, A. N. (2004) Circulation Research, 851-55.
19. Cosby, K., Partovi, K. S., Crawford, J. H., Patel, R. P., Reiter, C. D., Martyr, S.,

Yang, B. K., Waclawiw, M. A., Zalos, G., Xu, X., Huang, K. T., Shields, H.,
Kim-Shapiro, D. B., Schechter, A. N., Cannon, R. O., 3rd & Gladwin, M. T.
(2003) Nat Med 9, 1498-505.

20. Nagababu, E., Ramasamy, S., Abernethy, D. R. & Rifkind, J. M. (2003) J Biol
Chem 278, 46349-56.

21. Stamler, J. S., Jia, L., Eu, J. P., McMahon, T. J., Demchenko, I. T., Bonaventura,
J., Gernert, K. & Piantadosi, C. A. (1997) Science 276, 2034-7.

22. McMahon, T. J., Pawloski, J. R., Hess, D. T., Piantadosi, C. A., Luchsinger, B. P.,
Singel, D. J. & Stamler, J. S. (2003) Blood 102, 410-1; author reply 412-3.

23. McMahon, T. J., Exton Stone, A., Bonaventura, J., Singel, D. J. & Stamler, J. S.
(2000) J Biol Chem 275, 16738-45.

24. Gladwin, M. T., Lancaster, J. R., Jr., Freeman, B. A. & Schechter, A. N. (2003)
Nat Med 9, 496-500.



80

APPENDICES



81

APPENDIX A

NITRIC OXIDE IN THE HUMAN RESPIRATORY CYCLE
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APPENDIX B

UV/VIS DECOMPOSITION IN MATHEMATICA



<< LinearAlgebra`MatrixManipulation`
<< Graphics`MultipleListPlot`
<< Graphics`Colors`
<< Statistics`
A1 =
ReadList@"êUsersêluchsingêDesktopêBPLDJS nitrite+deoxypaper 9-26-03ê467-700

w:aux smooth-derivativeêdeoxyb4NO2- 12-20.txt", NumberD; A = A1;

Dim = Dimensions@AD
DIM = Dim@@1DD
W = IdentityMatrix@DIMD;
exp = 0;

total heme; oxy;
W@@DIM - 5, DIM - 5DD = 10^HexpL; W@@DIM - 4, DIM - 4DD = 10^HexpL;

deoxy; met;
W@@DIM - 3, DIM - 3DD = 10^ HexpL; W@@DIM - 2, DIM - 2DD = 10^HexpL;

IINO; IIINO;
W@@DIM - 1, DIM - 1DD = 10^HexpL; W@@DIM, DIMDD = 10^HexpL;
EPS =
Import@"êApplications9Xê Research useful appsêMathematica 2.2.2ê7-12-01 e=

deriv w ferricNOsvd2.txt", "Table"D;
Dimensions@EPSD
SPE = Transpose@EPSD;
g = SPE.W.EPS;
Dimensions@gD
G = Inverse@gD;
c = G.SPE.W.A;
Dimensions@cD;
Q = Part@c, 1D * 10000000;
R = Part@c, 2D * 10000000;
S = Part@c, 3D * 10000000;
T = Part@c, 4D * 10000000;
U = Part@c, 5D * 10000000;
V = Part@c, 6D * 1;

Z = Q + R + S+ T + U;
q = Q êZ * 100;
r = R êZ * 100;
s = S êZ* 100;
t = T êZ * 100;
u = U êZ * 100;
ABSTH = EPS.c;
DELTA = A -ABSTH;
Fdelta = DELTA êA;
WSQDEV = DELTA.W.DELTA
WRMSDEV = HWSQDEV ê HDIMLL^H1 ê 2L;
Sd11 = 100 * HWSQDEV *G@@1, 1DDL^H1 ê 2L;
Sd22 = 100 * HWSQDEV *G@@2, 2DDL^H1 ê 2L;
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Sd33 = 100 * HWSQDEV *G@@3, 3DDL^H1 ê 2L;
Sd44 = 100 * HWSQDEV *G@@4, 4DDL^H1 ê 2L;
Sd55 = 10000 * HWSQDEV *G@@5, 5DDL^H1 ê 2L;
Sdtot = HHHSd11L^2 + HSd22L^2 + HSd33L^2 + HSd44L^2L^H1 ê 2L + HSd55L^2L^ H1 ê 2L;
Sdp1 = 100 * HHHSd11L^2 + Hq*Sdtot ê 100L^2L^H1 ê 2LL êZ;
Sdp2 = 100 * HHHSd22L^2 + Hr* Sdtot ê 100L^2L^H1 ê 2LL êZ;
Sdp3 = 100 * HHHSd33L^2 + Hs*Sdtot ê 100L^2L^H1 ê 2LL êZ;
Sdp4 = 100 * HHHSd44L^2 + Ht *Sdtot ê 100L^2L^H1 ê 2LL êZ;
Sdp5 = 100 * HHHSd55L^2 + Hu*Sdtot ê 100L^2L^H1 ê 2LL êZ;
Sdptot = HHHSdp1L^2 + HSdp2L^2 + HSdp3L^2 + HSdp4L^2L^H1 ê 2L + HSdp5L^2L^ H1 ê 2L;
Sdptot % = 100 * Sdtot êZ;
SIM = ColumnForm@ABSTHD;
Type@"mM Total" Z, "mMoxy" Q, "mMdeoxy" R, "mMmet" S, "mMHbNO" T, "uMFeIIINO" UD
Type@"±" Sdtot, "±" Sd11, "±" Sd22, "±" Sd33, "±" Sd44, "±" Sd55D
Type@"WSQDEV"WSQDEV, "WRMSDEV"WRMSDEVD
Type@"%oxy" q, "%deoxy" r, "%met" s, "%HbNO" t, "%FeIIINO" u, "tot100%"D
Type@"±" Sdp1 "%", "±" Sdp2 "%", "±" Sdp3 "%", "±" Sdp4 "%", "±" Sdp5 "%",
"±" Sdptot "%"D
DELTAPLOT = ListPlot@DELTAD;
DELTAPLOT = ListPlot@FdeltaD;
DELTAPLOT = ListPlot@AD;
DELTAPLOT = ListPlot@ABSTHD;
Export@"êUsersêluchsingêDesktopêBPLDJS nitrite+deoxypaper 9-26-03ê467-700 w:

aux smooth-derivativeêdeoxyb4NO2- 12-20.txt.fit",8"uMTotal" Z, "uMoxy" Q, "uMdeoxy" R, "uMmet" S, "uMHbNO" T, "uMFeIIINO"U,
"100%Total", "%oxy" q, "%deoxy" r, "%met" s, "%HbNO" t, "%FeIIINO" u,
"sdTotal±" Sdtot, "uMoxy±" Sd11, "uMdeoxy±" Sd22, "uMmet±" Sd33,
"uMHbNO±" Sd44, "uMFeIIINO±" Sd55, "%Total±" Sdptot, "%oxy±" Sdp1,
"%deoxy±" Sdp2, "%met±" Sdp3, "%HbNO±" Sdp4, "%FeIIINO±" Sdp5,
"offset" V, "WSQDEV"WSQDEV, "WRMSDEV"WRMSDEV, Eigenvalues@GD,
Eigenvectors@GD, SIM<, "TABLE"D;8234<

2348234, 6<86, 6<
0.0000111294

Type@1126.21 mM Total, 42.853 mMoxy, 1010.1 mMdeoxy,
82.5919 mMmet, -19.0388 mMHbNO, 9.70207 uMFeIIINOD

Type@0.0315022 , 0.000202922 , 0.000360487 , 0.000500239 , 0.000550778 , 0.0118777 D
Type@0.0000111294 WSQDEV, 0.000218086WRMSDEVD
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Type@3.80506 %oxy, 89.6904 %deoxy, 7.33361%met, -1.69052 %HbNO, 0.861478 %FeIIINO, tot100%D
Type@0.000107949 %, 0.00250901 %,
0.000209888 %, 0.0000680279 %, 0.00105494 % , 0.0502207 %D
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APPENDIX C

TARGET FACTOR ANALYSIS IN MATHEMATICA



<< LinearAlgebra`MatrixManipulation`
<< Graphics`MultipleListPlot`
<< Graphics`Colors`
<< Statistics`
EPS817PBS =

Import@"êUsersêluchsingêDocumentsê Ph.D.êAll Data&Researchêmet + NO
kineticsê met NO kinetics organizationê with Gepasi kinetic fitsêtarget
testing all kinetic dataêPBS8-17 14x234 input T.csv"D;

Dimensions@EPS817PBSD;
SPE817PBS = Transpose@EPS817PBSD;
g = SPE817PBS.EPS817PBS; Dimensions@gD;
SingularValues@EPS817PBSD;8U, s, V'< = %;
Dimensions@V'D
Dimensions@UD
Dimensions@sD
U† = Transpose@UD;
DimensionsAU†E
S = DiagonalMatrix@sD;
Dat = U†.S.V';
Dimensions@DatD
Export@"êUsersêluchsingêDocumentsêMathematica filesêD=U.S.V.txt", Dat, "Table"D;815, 15<815, 234<815<8234, 15<8234, 15<
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R = U†.S;
Rt = Transpose@RD;
Rr = 8RtP1T, RtP2T, RtP3T<;
R
èèè

= Transpose@RrD;
rr2 = MatrixForm@Rèèè D;
Dimensions@Rèèè D
Dimensions@rr2D
Export@"êUsersêluchsingêDocumentsêMathematica filesêtransR=U.S.txt", R

èèè
, "Table"D;

Export@"êUsersêluchsingêDocumentsêMathematica filesêR=U.S.txt", R, "Table"D;
metIINO1 = Import@"êUsersêluchsingêDocumentsêMathematica filesêmetIINO234x1.csv",

"List"D;
metIINO = metIINO1 - .000;
IINO = Import@"êUsersêluchsingêDocumentsêMathematica filesêIINO234x1.csv",

"List"D;
IIINO = Import@"êUsersêluchsingêDocumentsêMathematica filesêIIINO234x1.csv",

"List"D;
R
èèè † = Transpose@Rèèè D;
L = S2 ;H*MultipleListPlot@metIINOD;*L
L1 = PartAs2 , 1E;
L2 = PartAs2 , 2E;
L3 = PartAs2 , 3E;
L
èèè

= DiagonalMatrix@8L1, L2, L3<D
L- = Inverse@LèèèD
DimensionsARèèè †E
Dimensions@L-D8234, 3<83, 234<83, 3<
r1 = Table@-j, 8j, 0.1 , 8 , 0.1<D; H*Table ramps met percent*LH*Table Dimension=HRed-Blue+GreenLGreen.Blue  is  1 st  #,Red is the last #,
Green is the step-size.*L

dimenNumber817PBS = Dimensions@r1D;
Export@"êUsersêluchsingêDocumentsêMathematica filesêdimenNumber817PBS.txt",

dimenNumber817PBS, "Table"D;
nnn = Get@"êUsersêluchsingêDocumentsêMathematica filesêdimenNumber817PBS.txt"D;H*need Dimension number. Export then Get is the way it worked.*L
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H*middlenumber = nnn- 2*L
r2 = Table@-1, 8j, nnn<D; H*Table norms IINO*L
Dimensions@r2D;
r3 = Table@5, 8j, nnn<D; H*Table normsêscales time series data to cannonical met,IINO*L
Dimensions@r3D;
r123 = Table@8r1, r2, r3<D; H*0 th step. making test vector*L
Dimensions@r123D
met = Import@"êUsersêluchsingêDocumentsêMathematica filesêmet234x1.csv", "List"D;
IINO = Import@"êUsersêluchsingêDocumentsêMathematica filesêIINO234x1.csv",

"List"D;
Datcol1 = SPE817PBSP1T; H*1 st spectrum from time series data*L
Dimensions@Datcol1D
metIINOSPE817PBS = 8met, IINO, Datcol1<; H*1 st step. making test vector*L
Dimensions@metIINOSPE817PBSD
metIINOEPS817PBS = Transpose@metIINOSPE817PBSD;H* 234 x3 2 nd  step. making  test  vector*L
Dimensions@metIINOEPS817PBSD
metIINOIIINO1 = metIINOEPS817PBS.r123;H* 234 x3.r123 3 rd  step. making  test  vector*L
Dimensions@metIINOIIINO1D
metIINOIIINO = Transpose@metIINOIIINO1D;H* 234 x1 4 th  step. making  test  vector*L
IIINO2 = Import@"êUsersêluchsingêDocumentsêMathematica filesêIIINOx.txt", "List"D;H*below is equation 3.127 from Factor  Analysis  in  Chemistry, EdmundMalinowski,
1991*L

metIINOSPE817PBS = 8met, IINO<;
x̀metIINO = R

èèè
.L- .R

èèè † .metIINO;

x̀IIINO1st = R
èèè
.L- .R

èèè † .metIINOIIINOP1T;H*Blue is predicted vector, Red is test vector*L
x̀2 = R

èèè
.L- .R

èèè † .metIINOIIINOP2T; H*Blue is predicted vector, Red is test vector*L
x̀3 = R

èèè
.L- .R

èèè † .metIINOIIINOP3T;
x̀4 = R

èèè
.L- .R

èèè † .metIINOIIINOP4T;
x̀5 = R

èèè
.L- .R

èèè † .metIINOIIINOP5T;
x̀6 = R

èèè
.L- .R

èèè † .metIINOIIINOP6T;
x̀7 = R

èèè
.L- .R

èèè † .metIINOIIINOP7T;
x̀8 = R

èèè
.L- .R

èèè † .metIINOIIINOP8T;
x̀9 = R

èèè
.L- .R

èèè † .metIINOIIINOP9T;
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x̀10 = R
èèè
.L- .R

èèè † .metIINOIIINOP10T;
x̀11 = R

èèè
.L- .R

èèè † .metIINOIIINOP11T;
x̀12 = R

èèè
.L- .R

èèè † .metIINOIIINOP12T;
x̀13 = R

èèè
.L- .R

èèè † .metIINOIIINOP13T;
x̀14 = R

èèè
.L- .R

èèè † .metIINOIIINOP14T;
x̀15 = R

èèè
.L- .R

èèè † .metIINOIIINOP15T;
x̀16 = R

èèè
.L- .R

èèè † .metIINOIIINOP16T;
x̀17 = R

èèè
.L- .R

èèè † .metIINOIIINOP17T;
x̀18 = R

èèè
.L- .R

èèè † .metIINOIIINOP18T;
x̀19 = R

èèè
.L- .R

èèè † .metIINOIIINOP19T;
x̀20 = R

èèè
.L- .R

èèè † .metIINOIIINOP20T;
x̀21 = R

èèè
.L- .R

èèè † .metIINOIIINOP21T;
x̀22 = R

èèè
.L- .R

èèè † .metIINOIIINOP22T;
x̀23 = R

èèè
.L- .R

èèè † .metIINOIIINOP23T;
x̀24 = R

èèè
.L- .R

èèè † .metIINOIIINOP24T;
x̀25 = R

èèè
.L- .R

èèè † .metIINOIIINOP25T;
x̀26 = R

èèè
.L- .R

èèè † .metIINOIIINOP26T;
x̀27 = R

èèè
.L- .R

èèè † .metIINOIIINOP27T;
x̀28 = R

èèè
.L- .R

èèè † .metIINOIIINOP28T;
x̀29 = R

èèè
.L- .R

èèè † .metIINOIIINOP29T;
x̀30 = R

èèè
.L- .R

èèè † .metIINOIIINOP30T;
x̀31 = R

èèè
.L- .R

èèè † .metIINOIIINOP31T;
x̀32 = R

èèè
.L- .R

èèè † .metIINOIIINOP32T;
x̀33 = R

èèè
.L- .R

èèè † .metIINOIIINOP33T;
x̀34 = R

èèè
.L- .R

èèè † .metIINOIIINOP34T;
x̀35 = R

èèè
.L- .R

èèè † .metIINOIIINOP35T;
x̀36 = R

èèè
.L- .R

èèè † .metIINOIIINOP36T;
x̀37 = R

èèè
.L- .R

èèè † .metIINOIIINOP37T;
x̀38 = R

èèè
.L- .R

èèè † .metIINOIIINOP38T;
x̀39 = R

èèè
.L- .R

èèè † .metIINOIIINOP39T;
x̀40 = R

èèè
.L- .R

èèè † .metIINOIIINOP40T;
x̀41 = R

èèè
.L- .R

èèè † .metIINOIIINOP41T;
x̀42 = R

èèè
.L- .R

èèè † .metIINOIIINOP42T;
x̀43 = R

èèè
.L- .R

èèè † .metIINOIIINOP43T;
x̀44 = R

èèè
.L- .R

èèè † .metIINOIIINOP44T;
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x̀45 = R
èèè
.L- .R

èèè † .metIINOIIINOP45T;
x̀46 = R

èèè
.L- .R

èèè † .metIINOIIINOP46T;
x̀47 = R

èèè
.L- .R

èèè † .metIINOIIINOP47T;
x̀48 = R

èèè
.L- .R

èèè † .metIINOIIINOP48T;
x̀49 = R

èèè
.L- .R

èèè † .metIINOIIINOP49T;
x̀50 = R

èèè
.L- .R

èèè † .metIINOIIINOP50T;
x̀51 = R

èèè
.L- .R

èèè † .metIINOIIINOP51T;
x̀52 = R

èèè
.L- .R

èèè † .metIINOIIINOP52T;
x̀53 = R

èèè
.L- .R

èèè † .metIINOIIINOP53T;
x̀54 = R

èèè
.L- .R

èèè † .metIINOIIINOP54T;
x̀55 = R

èèè
.L- .R

èèè † .metIINOIIINOP55T;
x̀56 = R

èèè
.L- .R

èèè † .metIINOIIINOP56T;
x̀57 = R

èèè
.L- .R

èèè † .metIINOIIINOP57T;
x̀58 = R

èèè
.L- .R

èèè † .metIINOIIINOP58T;
x̀59 = R

èèè
.L- .R

èèè † .metIINOIIINOP59T;
x̀60 = R

èèè
.L- .R

èèè † .metIINOIIINOP60T;
x̀61 = R

èèè
.L- .R

èèè † .metIINOIIINOP61T;
x̀62 = R

èèè
.L- .R

èèè † .metIINOIIINOP62T;
x̀63 = R

èèè
.L- .R

èèè † .metIINOIIINOP63T;
x̀64 = R

èèè
.L- .R

èèè † .metIINOIIINOP64T;
x̀65 = R

èèè
.L- .R

èèè † .metIINOIIINOP65T;
x̀66 = R

èèè
.L- .R

èèè † .metIINOIIINOP66T;
x̀67 = R

èèè
.L- .R

èèè † .metIINOIIINOP67T;
x̀68 = R

èèè
.L- .R

èèè † .metIINOIIINOP68T;
x̀69 = R

èèè
.L- .R

èèè † .metIINOIIINOP69T;
x̀70 = R

èèè
.L- .R

èèè † .metIINOIIINOP70T;
x̀71 = R

èèè
.L- .R

èèè † .metIINOIIINOP71T;
x̀72 = R

èèè
.L- .R

èèè † .metIINOIIINOP72T;
x̀73 = R

èèè
.L- .R

èèè † .metIINOIIINOP73T;
x̀74 = R

èèè
.L- .R

èèè † .metIINOIIINOP74T;
x̀IIINOlast = R

èèè
.L- .R

èèè † .metIINOIIINOPnnnT;H*Blue is predicted vector, Red is test vector*L
predictedIIINOb = 8x̀29 , x̀30 , x̀31 , x̀32 , x̀33, x̀34, x̀35 <;
Dimensions@predictedIIINObD;
predictedIIINO = Transpose@predictedIIINObD;
Dimensions@predictedIIINOD
Export@
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"êUsersêluchsingêDocumentsê Ph.D.êAll Data&Researchêmet + NO kineticsê met
NO kinetics organizationê with Gepasi kinetic fitsêtarget testing all kinetic dataê
all 8-17PBS_movie_vary r1&r3êr3=5 #30-35.csv", predictedIIINO, "CSV"D;

Null83, 80<8234<83, 234<8234, 3<8234, 80<8234, 7<
MultipleListPlot@x̀IIINO1st , metIINOIIINOP1T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D1st = x̀IIINO1st - metIINOIIINOP1T;
RMS1 st = MeanAD1st

2E "RMS 1"

"Blue is predicted vector, Red is test vector"
ListPlot@x̀IIINO1st -metIINOIIINOP1TD
MultipleListPlot@x̀5 , metIINOIIINOP5T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D5 = x̀5 - metIINOIIINOP5T;
RMS1 st = MeanAD5

2E "RMS 5"
ListPlot@x̀5 -metIINOIIINOP5TD
MultipleListPlot@x̀10 , metIINOIIINOP10T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D10 = x̀10 - metIINOIIINOP10T;
RMS1 st = MeanAD10

2E "RMS 10"
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ListPlot@x̀10 -metIINOIIINOP10TD
MultipleListPlot@x̀15 , metIINOIIINOP15T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D15 = x̀15 - metIINOIIINOP15T;
RMS1 st = MeanAD15

2E "RMS 15"

ListPlot@x̀15 -metIINOIIINOP15TD
MultipleListPlot@x̀20 , metIINOIIINOP20T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D20 = x̀20 - metIINOIIINOP20T;
RMS1 st = MeanAD20

2E "RMS 20"

ListPlot@x̀20 -metIINOIIINOP20TD
MultipleListPlot@x̀22 , metIINOIIINOP22T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D22 = x̀22 - metIINOIIINOP22T;
RMS1 st = MeanAD22

2E "RMS 22"

ListPlot@x̀22 -metIINOIIINOP22TD
MultipleListPlot@x̀24 , metIINOIIINOP24T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D24 = x̀24 - metIINOIIINOP24T;
RMS1 st = MeanAD24

2E "RMS 24"

ListPlot@x̀24 -metIINOIIINOP24TD
MultipleListPlot@x̀25 , metIINOIIINOP25T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,

, <D;
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RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;
D25 = x̀25 - metIINOIIINOP25T;
RMS1 st = MeanAD25

2E "RMS 25"

ListPlot@x̀25 -metIINOIIINOP25TD
MultipleListPlot@x̀27 , metIINOIIINOP27T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D27 = x̀27 - metIINOIIINOP27T;
RMS1 st = MeanAD27

2E "RMS 27"

ListPlot@x̀27 -metIINOIIINOP27TD
MultipleListPlot@x̀28 , metIINOIIINOP28T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D28 = x̀28 - metIINOIIINOP28T;
RMS1 st = MeanAD28

2E "RMS 28"

ListPlot@x̀28 -metIINOIIINOP28TD
MultipleListPlot@x̀29 , metIINOIIINOP29T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D29 = x̀29 - metIINOIIINOP29T;
RMS1 st = MeanAD29

2E "RMS 29"

ListPlot@x̀29 -metIINOIIINOP29TD
MultipleListPlot@x̀30 , metIINOIIINOP30T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D30 = x̀30 - metIINOIIINOP30T;
RMS1 st = MeanAD30

2E "RMS 30"

"Blue is predicted vector, Red is test vector"
ListPlot@x̀30 -metIINOIIINOP30TD
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MultipleListPlot@x̀31 , metIINOIIINOP31T,
SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,

RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D31 = x̀31 - metIINOIIINOP31T;
RMS1 st = MeanAD31

2E "RMS 31"

ListPlot@x̀31 -metIINOIIINOP31TD
MultipleListPlot@x̀32 , metIINOIIINOP32T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D32 = x̀32 - metIINOIIINOP32T;
RMS1 st = MeanAD32

2E "RMS 32"

ListPlot@x̀32 -metIINOIIINOP32TD
MultipleListPlot@x̀33 , metIINOIIINOP33T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D33 = x̀33 - metIINOIIINOP33T;
RMS1 st = MeanAD33

2E "RMS 33"

ListPlot@x̀33 -metIINOIIINOP33TD
MultipleListPlot@x̀34 , metIINOIIINOP34T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D34 = x̀34 - metIINOIIINOP34T;
RMS1 st = MeanAD34

2E "RMS 34"

ListPlot@x̀34 -metIINOIIINOP34TD
MultipleListPlot@x̀36 , metIINOIIINOP36T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;
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D36 = x̀36 - metIINOIIINOP36T;
RMS1 st = MeanAD36

2E "RMS 36"

ListPlot@x̀36 -metIINOIIINOP36TD
MultipleListPlot@x̀37 , metIINOIIINOP37T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D37 = x̀37 - metIINOIIINOP37T;
RMS1 st = MeanAD37

2E "RMS 37"

ListPlot@x̀37 -metIINOIIINOP37TD
MultipleListPlot@x̀39 , metIINOIIINOP39T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D39 = x̀39 - metIINOIIINOP39T;
RMS1 st = MeanAD39

2E "RMS 39"

ListPlot@x̀39 -metIINOIIINOP39TD
MultipleListPlot@x̀40 , metIINOIIINOP40T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D40 = x̀40 - metIINOIIINOP40T;
RMS1 st = MeanAD40

2E "RMS 40"

ListPlot@x̀40 -metIINOIIINOP40TD
MultipleListPlot@x̀41 , metIINOIIINOP41T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D41 = x̀41 - metIINOIIINOP41T;
RMS1 st = MeanAD41

2E "RMS 41"

ListPlot@x̀41 -metIINOIIINOP41TD
MultipleListPlot@x̀43 , metIINOIIINOP43T,
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SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D43 = x̀43 - metIINOIIINOP43T;
RMS1 st = MeanAD43

2E "RMS 43"

ListPlot@x̀43 -metIINOIIINOP43TD
MultipleListPlot@x̀45 , metIINOIIINOP45T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D35 = x̀45 - metIINOIIINOP45T;
RMS1 st = MeanAD45

2E "RMS 45"

ListPlot@x̀45 -metIINOIIINOP45TD
MultipleListPlot@x̀55 , metIINOIIINOP55T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D55 = x̀55 - metIINOIIINOP55T;
RMS1 st = MeanAD55

2E "RMS 55"

ListPlot@x̀55 -metIINOIIINOP55TD
MultipleListPlot@x̀65 , metIINOIIINOP65T,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1., .1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

D65 = x̀65 - metIINOIIINOP65T;
RMS1 st = MeanAD65

2E "RMS 65"

ListPlot@x̀65 -metIINOIIINOP65TD
MultipleListPlot@x̀IIINOlast , metIINOIIINOPnnnT,

SymbolStyle Æ 8RGBColor@0.2, 0.2, 0.8D, RGBColor@1, 0.1, .1D,
RGBColor@1., 0.6, 0.2D, RGBColor@0, 0.2, 1.D, RGBColor@0.6, 0, 0.8D,
RGBColor@0.8, 0.2, 0.2D, RGBColor@0.8, 0.2, 0.4D, RGBColor@0.2, 0.2, 0.8D,
RGBColor@0, 0.8, 0.6D, RGBColor@0.2, 1., 0.8D<D;

Dlast = x̀IIINOlast - metIINOIIINOPnnnT;
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RMSlast = MeanADlast
2E "RMS last nnn"

"nnn"
ListPlot@x̀IIINOlast -metIINOIIINOPnnnTD
Null
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Blue is predicted vector, Red is test vector
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0.00128351 RMS 32
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0.00152404 RMS 34
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0.00192752 RMS 37
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0.00238222 RMS 40
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0.00288814 RMS 43
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0.00542402 RMS 55
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0.0133393 RMS last nnn
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