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ABSTRACT 

 Once viewed only as a toxic free radical, nitric oxide (NO) has been established 
as an essential and ubiquitous signaling and regulatory molecule in biological systems.  
Notably, NO was identified as the endothelium-derived relaxing factor (EDRF) in the 
blood.  NO is capable of complex redox chemistry and interaction with a host of protein 
families.  Among these proteins is hemoglobin (Hb) which can interact with NO at the 
level of the heme and can bind NO at Cys93 on its β subunit to form S-nitrosylated Hb 
(SNO-Hb).  NO bound as SNO-Hb is chemically labile and thus preserves bioavailability 
of NO.  However, when NO reacts with oxyHb or deoxyHb NO bioavailability is 
quenched by conversion to nitrate or by tightly binding the heme, respectively.  
Therefore, the question is raised as to how NO can be EDRF in the presence of such high 
Hb concentrations in the blood.  One way NO availability can be preserved is by 
exploiting the redox chemistries of both Hb and NO.   
 Human Hb(NO)4 oxidation by K3Fe(CN)6 was studied and products and 
intermediates were identified by UV-Vis and EPR spectroscopies.  Periodically, samples 
were withdrawn from the reaction mixture for nitrosylation product and/or EPR analysis.  
Reaction spectra converted to heme species concentration vs. time plots through least-
squares fitting of five basis spectra.  These data were then utilized to generate a de 
minimis model of the oxidation reaction.  We demonstrate that the oxidation of Hb(NO)4 
by K3Fe(CN)6 1) leads to the production of SNO-Hb, 2) occurs preferentially at the β 
heme, and 3) proceeds through an HbFeIIINO intermediate.    
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INTRODUCTION 

 
The Hemoglobin-Nitric Oxide Interaction 

Prior to the 1990s, nitric oxide (NO) was seen as a highly reactive free radical that 

was toxic to biological systems.  Indeed, large doses of NO can be cytotoxic, and NO is 

associated with inflammation, sepsis, and shock (1).  However, with substantial research 

revealing various essential roles for NO in biology, NO was named “Molecule of the 

Year” in 1992 by Science magazine (2).  Throughout the early 90s, NO was implicated in 

processes such as microbial defense, endocrine secretion, fertilization, neurotransmission, 

and regulation of vascular tone (3,4).  

How does NO, a small and seemingly simple molecule, perform so many different 

functions in vivo?  NO is a metal-binding neutral free radical with one unpaired electron.  

The unpaired electron can be removed (oxidative process) to form the nitrosonium ion 

(NO+), or an additional electron can be added (reductive process) to generate the nitroxyl 

anion (NO-).  These three redox-related states afford NO diverse reactivity in various 

pathways throughout biological systems (5).   

NO was the first gas discovered as a signaling molecule, and its identification as 

the endothelium-derived relaxing factor (EDRF) (6), an endogenous vasodilator, earned 

Furchgott, Ignarro, and Murad the Nobel Prize in Medicine in 1998.  The action of NO in 

the cardiovascular system is particularly intriguing, especially from a pharmacological 

perspective.  NO is produced from L-arginine by constituitively expressed endothelial 

NO-synthase (NOS) and secreted into the lumen of blood vessels (7).  This extracellular 
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NO may then participate in a variety of cardiovascular activities including activation of 

guanylate cyclase that induces smooth muscle relaxation and consequently vessel dilation 

(8).  

Release of NO into the blood exposes this relatively reactive molecule to a 

number of reaction partners including hemoglobin (Hb), which reacts with a variety of 

diatomic gases including O2 and NO.  The Hb protein is composed of four subunits – two 

α and two β – each with an iron-containing heme prosthetic group.  The equatorial 

positions of the heme iron are occupied by four nitrogens of the porphyrin ring.  One 

axial is occupied by a histidine residue of the protein chain (“proximal” side of heme).  

The last axial position (“distal” side) is free to bind various ligands including O2 and NO.  

The heme iron may be in the “reduced” FeII or “oxidized” FeIII state and is capable of 

dynamic redox chemistry.  In pooled blood, approximately one percent of hemes are 

oxidized, forming metHb (HbFeIII), while the majority of heme irons are reduced and 

bound to O2 (oxyHb, HbFeIIO2) (9).  

Because oxyHb constitutes the majority of Hb in the blood, researchers believed 

that the interaction of NO with Hb in the vasculature led predominately to the formation 

of nitrate (NO3
-) and consequently the elimination of NO bioavactivity (Equation 1.1). 

Equation 1.1    Hb-FeIIO2 + NO → HbFeIII + NO3
-     

In addition to this reaction, the reaction of deoxyHb (HbFeII) with NO to form nitrosylHb 

(HbFeIINO) is regarded as essentially irreversible because of the large association (~106 

M-1s-1) and relatively small dissociation (~10-5 s-1) constants of this reaction at pH 7.0 and 

20oC (Equation 1.2) (10). 
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Equation 1.2  HbFeII + NO → Hb-FeIINO      

Therefore, it seemed that NO was either trapped or chemically inactivated by the heme.  

Consequently, Hb was viewed as a sink for NO bioavailability, and the question emerged, 

“How is the biological activity of NO preserved in the presence of high concentrations of 

Hb?”   

 NO bioactivity in the presence of Hb is preserved by three mechanisms.  First, 

compartmentalization of Hb in the erythrocyte slows the NO reaction with Hb, as shown 

by Lancaster and coworkers (11,12).  Second, Liao and coworkers have demonstrated 

that due to the flow of blood, the tendency of erythrocytes is to remain in the center of the 

vessels, avoiding the endothelial walls where NO is produced by eNOS (12).  Finally, 

NO chemistry that forms thionitrites may be the most influential bioactivity-preserving 

mechanism.  Formed via S-nitrosylation, thionitrites (RSNOs) exhibit some of the most 

potent vasodilatory effects and are the most abundant bioactive NO compounds in the 

blood.  These include low molecular weight nitrosothiols such as derivatives of cysteine 

and glutathione and larger S-nitrosylated proteins such as S-nitrosalbumin (13).  Hb was 

added to the list of proteins capable of S-nitrosylation in 1996 (14).   

 
Heme Redox Coupling to NO Chemistry 

 The understanding of Hb-NO biology has been illuminated by the discovery of 

Hb reactions that maintain NO bioavailability – reactions that produce an S-nitrosylated 

species of Hb (SNO-Hb) or nitrite.  Nitrite is considered a bioavailable form of NO 

because 1) nitrite can dilate blood vessels, 2) compared to NO, nitrite is relatively long 
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lived in solution, 3) in physiological acidic conditions, such as ischemia, acidified nitrite 

can nitrosate thiols, and 4) nitrite can be reduced by HbFeII to yield HbFeIINO (15).  

Though HbFeIINO has been historically viewed as a dead end for NO biology, a 

description of how this NO sink can be rescued through redox is detailed below.   

The SNO-Hb species is formed when NO reacts with Hb at the level of the 

protein chain; it represents a post-translational modification of cysteine residues that 

affects a number of proteins both in the blood and throughout the body (16).   In SNO-

Hb, the NO group binds to a highly conserved cysteine residue on the β globin chain 

(Cys-β93) allowing each Hb tetramer to accommodate two SNO moieties.  The NO 

bound as SNO-Hb is chemically labile.  It is available for release as NO or via 

transnitrosation to form other nitrosothiols or nitrite.  

Notably, the formation and elimination of SNO-Hb is coupled to heme redox.  

Luchsinger et al. (2003) demonstrated a connectivity between heme and Hb thiol through 

redox chemistry in the process of reductive nitrosylation.  In experiments where metHb 

(fully oxidized Hb) was exposed to NO or an NO releasing agent, the heme was reduced 

to HbFeII while an electrophilic NO+ species was formed that was able to react with 

solvent OH- or Cys-β93 (Equation 1.3-Equation 1.5).   

Equation 1.3  HbFeIII + NO → [HbFeIIINO] → HbFeII + NO+    

then     

Equation 1.4  NO+ + OH- → H+ + NO2
-   

or      
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Equation 1.5  NO+ + RSH → H+ + RSNO   

This scheme predicts that the combined nitrite and RSNO formation equals the amount of 

HbFeIII reacted (Equation 1.6).   

Equation 1.6  NO2
- + RSNO = ⏐HbFeIII

t + HbFeIII
i⏐    

In Equation 1.6, the right side of the equation represents the amount of reduced hemes 

calculated as reacted HbFeIII at a given time point less the initial HbFeIII (present before 

addition of NO).  The products were formed through a proposed HbFeIIINO intermediate 

that is relatively short-lived because the dissociation rate of NO from the oxidized heme 

is substantially faster than that of the HbFeIINO species.  The electronic structure of this 

intermediate can be considered as formally HbFeIINO+ allowing for the release of the 

nitrosonium ion from the heme.  Similar products are obtained upon oxidation of fully 

nitrosylated hemoglobin (Hb(NO)4), suggesting that the same intermediate species is 

formed.   

Equation 1.7  HbFeIINO + oxidant → [HbFeIIINO] → HbFeII + NO+    

This generic reaction represents a rescue for the HbFeIINO sink mentioned above and is 

thus of great significance.  Ultimately, oxidation of HbFeIINO to HbFeIIINO increases the 

off rate of NO from the heme, which leads to the formation of species that preserve 

bioavailability.  Indeed, Hb(NO)4 oxidation experiments performed by Luchsinger et al. 

led to the formation of either or both nitrite and SNO-Hb (17,18).  The reaction product 

formed, however, depended on the nature of the oxidant used.  More specifically, of the 

oxidants used (H2O2, KO2, K3Fe(CN)6, multiple cytochromes, and air oxidation), only the 
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mild oxidant K3Fe(CN)6 (reduction potential = 0.36 V) produced the S-nitrosylated 

product.  Oxidation with strong oxidants such as H2O2 and KO2 formed only nitrite while 

air oxidation formed neither SNO-Hb nor nitrite  – presumably yielding only nitrate.  

Therefore, it appears that three different types of oxidation reactions of Hb(NO)4 may 

occur as classified by the reaction products: 1) air oxidation (nitrate), 2) strong oxidation 

(nitrite only), and 3) mild oxidation with oxidants such as K3Fe(CN)6 (nitrite and SNO-

Hb).   

 
S-Nitrosylation is Coupled to Quaternary Structure 

 S-nitrosylation of Hb has been shown to be dependent on the quaternary structure 

of the protein.  Fully ligated Hb is said to be in the R state conformation while deoxyHb 

assumes the T state structure.  SNO-Hb is favored in R state when Cys-β93 is buried 

within the protein ( 

Figure 1.1).  Upon R → T transition, the cysteine residue is shifted such that it is more 

solvent-exposed and the SNO moiety is destabilized.  Stamler and co-workers have 

demonstrated in vivo that, though the total number of nitrosylated species (HbFeIINO and 

SNO-Hb) remains relatively constant among venous and arterial samples, the balance of 

these species is shifted in favor of SNO-Hb in arterial blood and HbFeIINO in venous 

blood.  Therefore, it appears that in vivo SNO-Hb is sensitive to changes in Osat.  This 

aspect of Hb biology presents an attractive potential mechanism for vasodilation 

controlled by Hb:  Hb may act as both a sensor of changes in Osat (well understood R → 

T transition) and a switch (NO release from SNO-Hb) to initiate smooth muscle 

relaxation.  Therefore, NO may, in fact, be considered a third respiratory ligand of Hb.   
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Figure 1.1  Structural alignment of R and T state hemoglobin.  Crystal structures 1A3N 
(deoxyHb, blue) and 1BUW (S-nitroso-nitrosylHb, red) were obtained from the Protein 
Data Bank (UMass) and aligned at the heme irons using Discovery Studio® ViewerPro 
(Accelrys®).  The protein chains are represented as ribbons while specific atoms are 
drawn as ball and stick:  heme nitrosyls (yellow), Cys-β93 of T state deoxyHb (light 
blue), and Cys-β93-SNO of R state nitrosylHb (light red).  Note the slight shift from 
buried to more solvent-exposed upon transition from R state to T state:  left panel, R state 
Cys-β93-SNO is oriented toward the interior of the protein while T state Cys-β93 is more 
exterior; right panel, R state Cys-β93-SNO is tucked into the protein chains while T state 
Cys-β93 is oriented away from the protein chain.   

 
Delimitation of Thesis Work 

 This thesis describes an investigation of three types of oxidation reactions of 

human Hb(NO)4 employing various oxidants.  Reaction progression was followed by 

UV-Vis spectroscopy and heme and non-heme NO products were analyzed by EPR and 

Griess/Saville assays, respectively.  The raw UV-Vis reaction spectra were decomposed 

using a linear least-squares fitting program from which concentration vs. time plots were 

constructed.  These kinetic data were utilized to generate a de minimis mechanistic model 

that simulates the data with excellent agreement.  The rate constants used in this model 
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also agree well with published rate constants.  Most significantly, this work further 

characterizes the production of SNO-Hb and demonstrates the intermediacy of HbFeIIINO 

in the oxidation of Hb(NO)4 by excess K3Fe(CN)6.   
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MATERIALS AND METHODS 

Oxidation Reactions of Human Nitrosylhemoglobin 

Formation of Nitrosylhemoglobin  

Human hemoglobin Ao was obtained from Apex Bioscience (Research Triangle 

Park, NC) and deoxygenated by ultra-high-purity argon (UHP Ar, Midwest Industries, 

Bozeman, MT) with gentle vortexing over five cycles of positive pressure (no exit 

needle) and purge (exit needle) for approximately 30 min in septa-capped 15-mL conical 

tubes.  Concentrated solutions of sodium dithionite (BDH) and sodium nitrite (Sigma®) 

were prepared by adding deoxygenated posphate buffered saline (PBS, 11.978 mM total 

phosphate) to deoxygenated, septa-capped microcentrifuge tubes containing either 

sodium dithionite or sodium nitrite.  Deoxygenated sodium dithionite followed by 

deoxygenated sodium nitrite solution were added to the deoxygenated Hb samples via 

Ar-purged Hamilton GASTIGHT® syringes.  The Hb became fully nitrosylated 

(Hb(NO)4) after approximately one minute of gentle mixing and was passed, without 

delay, over 3-mL Bakerbond SPETM filtration columns containing SephadexTM G-25 Fine 

equilibrated with PBS, pH 7.4, to remove excess dithionite and nitrite.  A maximum 

volume of 250 uL Hb was added to each column.  Columns were spun for two minutes on 

an IEC centrifuge at 3100 rpm using a 221 rotor.  Following filtration, solutions were 

iced, diluted to approximately 1.2 mM heme, capped with septa, and purged once with 

UHP Ar.  Samples were stored on ice and under positive Ar pressure for a maximum of 

45 min before used in experiments.   
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Potassium Ferricyanide Preparation 

Potassium ferricyanide (K3Fe(CN)6, Sigma®) solutions of 20 and 200 mM were 

prepared with nanopure H2O (Nanopure DiamondTM, Barnstead) and stored on ice 

covered in foil.  Solutions were deoxygenated as required (before reactions under deoxy 

conditions) and delivered via Hamilton GASTIGHT® syringes to Hb(NO)4 reaction 

solutions.    

 
Hydrogen Peroxide Solution Preparation 

Hydrogen peroxide (H2O2) 35% solution (Acros Organics) was diluted to 100 

mM with nanopure H2O and stored on ice until use.    

 
Spectroscopy 

UV-Vis Spectroscopy/Reactions 

Oxidation reactions were monitored by UV-Vis spectroscopy performed on a 

Cary 300 Bio spectrophotometer (Varian, Inc.).  Hb solutions were placed in 1 mm FUV 

quartz cuvettes (Spectrocell, Inc., Oreland, PA) that were previously capped and 

deoxygenated with UHP Ar for experiments performed under anaerobic conditions.  

Cuvettes were left uncapped for reactions performed under oxygenating conditions.  

Reactions were performed in PBS at pH 7.4 unless otherwise indicated.  All scans taken 

were in the range of 450-700 nm, and initial scans were taken before the addition of 

oxidant.  The appropriate amount of oxidant to add was calculated by determining the 

concentration of Hb(NO)4 from this initial scan using A544nm (A572nm) = 11.4 mM-1 cm-1 
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(19).  In K3Fe(CN)6 experiments, scans from 400-700 nm were taken five minutes apart 

(451.128 nm/min scan rate, 1-nm steps).  In H2O2 experiments, scans were taken every 

minute using the previously stated settings.  The time between mixing and the first scan 

after oxidant addition was recorded and added to the scan time upon spectral analysis.  

Reactions were allowed to proceed until approximately 50% oxidation.    

 
EPR spectroscopy 

Samples of 50-75 uL were taken at approximately 25, 50, and 75% oxidation 

from select reactions and transferred to 4-mm inner diameter fused silica tubes and frozen 

by plunging into liquid N2.  Samples remained frozen at 76 K until and during 

spectroscopy performed with a Varian E-9 EPR spectrophotometer.  Two different field 

range scans were performed on each sample:   

1) Field Center = 3270.00 G, Range = 400.0 G, Time Constant =0.128, Scan Time = 2 

min, Modulation Amplitude = 3.20 G, Microwave Frequency = 9.3442, Microwave 

Power = 10 mW. 

2) Field Center = 2100.00 G, Range = 4000.0 G, Time Constant =0.128, Scan Time = 

4 min, Modulation Amplitude = 5.00 G, Microwave Frequency = 9.3442, 

Microwave Power = 10 mW. 

Deviations from these settings are noted where appropriate.  Scan (1) settings allow for 

the detection of Hb-FeIINO species while conditions of (2) are suitable for the detection 

of the Hb-FeIII signature. 
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Quantification of Nitrite and S-nitrosylhemoglobin formation 

Reaction mixtures were tested for the presence of nitrite and S-

nitrosylhemoglobin (SNO-Hb) by the Griess and Saville methods, respectively, as 

previously reported by us, using a Cary 1E UV-Vis spectrophotometer both before 

addition of oxidant and at various time points during the course of the reaction.  Samples 

were tested either with or without elution over PBS-equilibration SephadexTM G-25 

allowing for elimination of nitrite, unreacted ferricyanide, and reacted ferrocyanide from 

the protein solution.  Therefore, Saville chromophore detection from hemoglobin eluted 

from the column confirms the absence or presence of SNO-Hb.   

The Griess and Saville reactions are depicted in Figure 2.1.   

 

 
Figure 2.1  Griess and Saville reactions (20).   
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The Griess and Saville reaction mixtures are created as depicted in Table 2.1.  

Sample 
(species detected) 

Hb 
(20 uL) 

SAA 
(333 uL) 

SAA/Hg2+ 
(333 uL) 

NNED or HCl 
(313 uL) 

HCl 
(333 uL) 

Blank (Hb) + + - HCl + 
Griess (nitrite) + + - NNED + 
Saville (SNO) + - + NNED + 

Table 2.1 Preparation scheme for Griess and Saville assays. Hb = aliquot from the 
reaction cuvette, SAA = p-aminobenzene-sulfonamide (Sigma®), 1% solution, SAA/Hg2+ 
= SAA above with 0.05% mercuric chloride (HgCl2, Sigma®), NNED = n-(1-
naphthyl)ethylenediamine dihydrochloride (Sigma®), 0.02% solution, HCl (Fisher) = 0.5 
M solution 

  All solutions were mixed and analyzed in 1-cm path length semimicro 

disposable plastic cuvettes (FisherbrandTM).  Absorbance was measured at 540 nm and 

the concentration of nitrite or SNO-Hb was determined using A540 = 50,000 M-1 cm-1 

(20).  In the Griess assay, the Blank serves as the reference cuvette in Cary 1E double 

beam UV-Vis spectrometer (Varian).  Therefore, the spectrum resulting from Hb is 

automatically subtracted.  In the Saville assay, the Griess serves as the reference.  

Therefore, the absorbance resulting from nitrite in solution is automatically subtracted 

allowing detection of the mercury-labile S-nitrosylated species.  Differences in the 

concentrations of Hb in each cuvette resulted in slightly skewed baselines which were 

accounted for in determination of nitrite or SNO-Hb concentration. 

 
Analyses 

Spectral Analysis and Decomposition 

UV-Vis spectra were imported into KaleidagraphTM Version 3.5, plotted, 

derivatized, and smoothed using the embedded functions.  Analyzing derivative spectra 

enables better distinction between canonical spectra with similar shapes.  The smoothed 
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derivative spectra were then imported into a least-squares analysis program in 

Mathematica® 5.1 where they were fit as linear combinations of five basis spectra derived 

from the five possible species of heme:  HbFeIIO2, HbFeII, HbFeIII, HbFeIINO, HbFeIIINO 

(Appendix A).  This program is equipped to constrain values as needed; however, the 

data included in this text were fit without constraint, except as noted.  Decomposed UV-

Vis spectra were converted to time course data manually in KaleidagraphTM Version 3.5 

and plotted.   

 
Kinetic Analysis 

 Time course data generated as detailed above were imported into a Gepasi 3.30 

[http://www.gepasi.org/gepasi.html] program and fit for rate constants and/or initial 

concentrations.  Detailed description of the reactions and parameters used in the model is 

included in Chapter 3.   
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RESULTS 

Oxidation of Hb(NO)4 by K3Fe(CN)6 Leads to SNO-Hb Formation 

Anaerobic Conditions 

 Human Hb(NO)4 was oxidized by K3Fe(CN)6  under anaerobic conditions and 

monitored by UV-Vis spectroscopy over the course of each reaction.  A representative set 

of spectra are included in Figure 3.1.  A reaction time course was generated after 

decomposition of the raw spectra into linear combination of five Hb species using a least-

squares fitting program (Figure 3.1).  As expected, HbFeIINO is the majority species at 

the beginning of the reaction which is converted stoichiometrically to HbFeIII upon 

oxidation by K3Fe(CN)6. 
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Figure 3.1  Representative UV-Vis spectra and corresponding kinetic profile:  anaerobic conditions, 
1:1 heme:K3Fe(CN)6.  The spectra on the left correspond to the time points indicated on the right. The 
bold line represents Hb(NO)4 before addition of K3Fe(CN)6.  (Left) the UV-Vis spectra shown were 
selected from a set of scans taken every ten minutes.  Reaction progression of Hb(NO)4 oxidation is 
indicated by decreases in absorbance at approximately 544 and 572 nm (HbFeIINO Amax) with 
concomitant increases at approximately 630 and 500 nm (HbFeIII Amax).  (Right)  Points are 
deconvoluted data.  Lines connecting points are a guide to the eye.  The initial change in total heme 
concentration is due to the dilution that occurs upon addition of K3Fe(CN)6.  The sharp rise in HbFeIII 
at the end of the time course may indicate that a small amount of O2 was introduced into the sample 
upon extraction of an aliquot for Griess/Saville assay or EPR analysis. 
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 A representative plot of the fit generated by spectral decomposition by linear least 

squares analysis is given in Figure 3.2. 

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

500 550 600 650 700

Data
Fit

D
er

iv
at

iv
e 

A
bs

or
ba

nc
e

Wavelength (nm)  
Figure 3.2  Representative plot of fit generated by least squares analysis.  The data and fit 
are displayed in derivative mode.   

Periodically during each reaction, aliquots of the reaction mixture were extracted 

for for analysis of non-heme (Griess/Saville) and heme (EPR) NO product formation.  

The Griess/Saville data obtained from the reaction depicted in Figure 3.1 are provided in 

Figure 3.3.  The differences observed in baseline for each Griess/Saville sample are 

corrected for before determining the concentration of nitrite or SNO-Hb present.  In the 

Griess assay of column contents, a portion of the column material remained suspended in 

the liquid, resulting in an overall positive baseline shift.  This is similar to the baseline 

shift observed when bubbles distort the absorbance of a sample.  In addition to this 

upward shift in baseline, the Saville assays display a diagonally shifted spectrum.  This is 
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strictly due to the variability in heme concentration from one cuvette to the next.  The Hb 

spectrum in the strongly acidic conditions of the Griess/Saville assays absorbs more 

strongly at 450 nm than at 700 nm where its absorbance is essentially zero.  Therefore, if 

the reference cell has a lower heme concentration than the sample cell, for example, the 

observed spectrum will be shifted up at 450 nm.   
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Figure 3.3  Representative Griess/Saville UV-Vis spectra and calculated concentrations 
observed for oxidation reactions performed in anaerobic conditions.  (Left)  Original 
Griess and Saville assay spectra taken from the reaction mixture at the indicated time 
points.  (Right)  Nitrite and SNO-Hb concentrations were calculated from the original 
spectra after correction for baseline offset.  Concentrations are presented as a percent of 
total heme concentration to facilitate comparison to other conditions. 

 
 
 It is important to note that the nitrite concentrations generated from the Griess 

assay should be considered a guide to but not a quantitative measure of the amount of 

nitrite generated over the course of the reaction.  Three major factors prevent accurate 

quantification of nitrite in these reactions.  First, the column was required not only to be 
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sure SNO-Hb was measured (see Chapter 2) but also to eliminate K3Fe(CN)6 from the Hb 

mixure.  It was observed that upon addition of Hb with K3Fe(CN)6 to the Griess assay, a 

large amount of nitrite was detected – much larger than the concentration of hemes 

oxidized.  In fact, if the Griess reagents were incubated with excess ferricyanide prior to 

addition of fresh Hb(NO)4, nitrite was nearly quantitatively measured.   Therefore, size 

exclusion columns were used at each Griess/Saville measurement time point to ensure 

separation of K3Fe(CN)6 from Hb.  Nitrite cannot be absolutely determined from the 

Griess assay because the volume of column material utilized varies from assay to assay.  

Finally, both nitrite and K3Fe(CN)6 likely absorb into the G-25 beads and, thus, are 

potentially unavailable for complexing to form the chromophore.   

 
Aerobic Conditions 

 Oxidation reactions of Hb(NO)4 by K3Fe(CN)6 were performed under aerobic 

conditions in which the reaction mixture was allowed to equilibrate with atmospheric O2.  

Reaction mixtures monitored with UV-Vis spectroscopy (Figure 3.4) and were 

periodically mixed upon extraction of aliquots for Griess/Saville and EPR analyses.  As 

seen in anaerobic conditions, spectral decomposition reveals the stoichiometric 

conversion of HbFeIINO to HbFeIII with minimal contribution from all other heme 

species.   
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Figure 3.4  Representative time course UV-Vis and corresponding kinetic profile: aerobic 
conditions, 1:1 heme:K3Fe(CN)6.  The spectra on the left correspond to the time points 
indicated on the right. The bold line represents Hb(NO)4 before addition of K3Fe(CN)6.  
(Left) the UV-Vis spectra shown were selected from a set of scans taken every ten 
minutes.  Reaction progression of Hb(NO)4 oxidation is indicated by decreases in 
absorbance at approximately 544 and 572 nm (HbFeIINO Amax) with concomitant 
increases at approximately 630 and 500 nm (HbFeIII Amax).  (Right) Points are 
decomposed data; lines connecting points are a guide to the eye.  The initial change in 
total heme concentration is due to the dilution that occurs upon addition of K3Fe(CN)6.  

 
 
 It is clear that oxidation of Hb(NO)4 under aerobic conditions proceeds at a faster 

rate than the same reaction in the absence of O2.  Aerobic conditions allowed the selected 

reaction to reach 50% oxidation at approximately 140 min while the anaerobic oxidation 

reaction of similar total heme concentration and heme:K3Fe(CN)6 ratio required nearly 

280 min to reach 50% oxidation.  
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Figure 3.5  Representative Griess/Saville UV-Vis spectra and calculated concentrations 
observed for oxidation reactions performed in aerobic conditions.  (Left)  Original Griess 
and Saville assay spectra taken from the reaction mixture at the indicated time points.  
(Right)  Nitrite and SNO-Hb concentrations were calculated from the original spectra 
after correction for baseline offset.  Concentrations are presented as a percent of total 
heme concentration to facilitate comparison to other conditions. 

 
 
 
Comparison of Aerobic and Anaerobic Conditions 

 In addition to the observation that the aerobic oxidation of Hb(NO)4 by 

K3Fe(CN)6 is faster than anaerobic, there are notable differences in the production of 

non-heme NO products.  It is apparent that formation of SNO-Hb per heme oxidized is 

higher in anaerobic than aerobic conditions at a heme:K3Fe(CN)6 ratio of one (Figure 

3.6).   
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Figure 3.6 SNO-Hb formed per heme during oxidation reactions of Hb(NO)4 performed 
under anaerobic and aerobic conditions.  Aerobic data points represent four different 
Hb(NO)4 oxidation reactions.  Linear regressions were generated in KaleidagraphTM 3.5 
using the embedded function.  The slope of the linear fit of the data from anaerobic 
conditions (0.324) is approximately twice that calculated for aerobic (0.142) SNO-Hb 
formation.   

 
 Oxidation reactions of Hb(NO)4 by K3Fe(CN)6 consistently generated both nitrite 

and SNO over the heme:K3Fe(CN)6 ratios tested.  Though nitrite data was not absolutely 

quantified, the increase in SNO-Hb production with increasing oxidation supports the 

hypothesis that SNO-Hb (and nitrite) should correlate with HbFeIII formation (Equation 
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1.6).  However, if Equation 1.6 were strictly followed, the slope of the regression lines in 

Figure 3.6 would be near unity.   

Collectively, these results demonstrate the unique production of SNO-Hb by 

K3Fe(CN)6 mild oxidation.  Oxidation of Hb(NO)4 by H2O2 generated only nitrite (data 

not shown) while simple air oxidation generated neither nitrite nor SNO-Hb but 

presumably only nitrate (data not shown).   

 
Hb(NO)4 Oxidation by K3Fe(CN)6 Proceeds Through HbFeIIINO 

Evidence for HbFeIIINO Intermediacy: pH 7.4 

No evidence for the formation of HbFeIIINO was observed in the reactions 

depicted in Figure 3.1 and Figure 3.4 where heme: K3Fe(CN)6 ratios of 1:1 were 

employed.  Experiments with limiting K3Fe(CN)6 (2:1 heme:K3Fe(CN)6) were consistent 

with this observation (data not shown).  However, upon addition of K3Fe(CN)6 in 10-fold 

excess over heme, significant evidence for HbFeIIINO formation arises (Figure 3.7).  The 

use of excess K3Fe(CN)6 significantly increases the rate of oxidation of Hb(NO)4 and 

allows detection by UV-Vis spectroscopy of HbFeIIINO.  Though not readily apparent by 

simple inspection of the UV-Vis spectra in Figure 3.7, the formation of an HbFeIIINO 

intermediate induces a slight red shift of the spectral peaks between 500 and 600 nm; this 

change is detected through fitting.  The decomposition reveals the formation of 

approximately six percent HbFeIIINO with respect to the total heme concentration.  
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Figure 3.7  UV-Vis spectra and corresponding time course generated from oxidation of 
Hb(NO)4 with excess K3Fe(CN)6 under anaerobic conditions. The spectra on the left 
correspond to the time points indicated on the right.  (Left) The bold line represents 
Hb(NO)4 before addition of K3Fe(CN)6 and arrows indicate the absorbance changes 
associated with oxidation.  The formation of HbFeIIINO is not observable by inspection.  
(Right) Upon spectral decomposition, generation of HbFeIIINO is apparent.  Points are 
deconvoluted data; lines connecting points are a guide to the eye.  Red arrows indicate 
time points at which aliquots were extracted and frozen for EPR analysis.   

 
 
 Oxidation of Hb(NO)4 by excess K3Fe(CN)6 (10-fold over heme) was also 

performed under aerobic conditions (Figure 3.8).  The rate of reaction and distribution of 

heme species observed are similar among anaerobic and aerobic conditions.  Therefore, 

the presence of the large excess of K3Fe(CN)6 likely masks any potential effect of O2 

oxidation. 
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Figure 3.8  UV-Vis spectra and corresponding time course generated from oxidation of 
Hb(NO)4 with excess K3Fe(CN)6 under aerobic conditions at pH 7.4.  The spectra on the 
left correspond to the time points indicated on the right.  (Left) The bold line represents 
Hb(NO)4 before addition of K3Fe(CN)6 and arrows indicate the absorbance changes 
associated with oxidation.  The formation of HbFeIIINO is not observable by inspection.  
(Right) Upon spectral decomposition, generation of HbFeIIINO through Hb(NO)4 
oxidation by K3Fe(CN)6 is apparent (purple). Points are deconvoluted data; lines 
connecting points are a guide to the eye.  Red arrows indicate time points at which 
aliquots were extracted and frozen for EPR analysis. 

 
 
Evidence for HbFeIIINO Intermediacy: pH 6.0 

Though HbFeIIINO was formed under the conditions of the reactions depicted in 

Figure 3.7 and Figure 3.8, the maximum concentration of this intermediate in both 

reactions was approximately six percent of the total heme concentration.  Because 

HbFeIIINO was formed at such a low percentage, the reaction was repeated at pH 6.0 to 

stabilize the HbFeIIINO intermediate to ensure that HbFeIIINO was real and not 

attributable to error (21) (Figure 3.9).  
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Figure 3.9 UV-Vis spectra and corresponding time course obtained from oxidation of 
Hb(NO)4 with excess K3Fe(CN)6 under anaerobic conditions at pH 6.0.  The spectra on 
the left correspond to the time points indicated on the right.  (Left) The bold line 
represents Hb(NO)4 before addition of K3Fe(CN)6.  An immediate red shift of the 
HbFeIINO peaks is evident just after K3Fe(CN)6 addition.  The dramatic decrease in the 
region below 500 nm is due to 1) the dilution of Hb and 2) the small absorbance in this 
region of HbFeIIINO as compared to HbFeIINO(see Appendix A).  (Right) Least-squares 
analysis indicates the rapid formation of HbFeIIINO (purple) to a maximum of 
approximately 16% of the total heme concentration within the first five minutes of 
reaction. Points are deconvoluted data; lines connecting points are a guide to the eye.  
Red arrows indicate time points at which aliquots were extracted for EPR analysis.   

 
Indeed, moving to lower pH stabilized the formation of HbFeIIINO to a maximum 

of approximately 16% of the total heme concentration.  At this time point, HbFeIINO has 

decreased by approximately 500 uM while 100 uM HbFeIII and 400 uM HbFeIIINO were 

generated.  Due to the rate of HbFeIIINO formation, it is possible that the maximum 

HbFeIIINO may have been higher than that determined from UV-Vis because scans were 

taken every two minutes and the maximum HbFeIIINO concentration my have been 

missed. 
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EPR Analysis of HemeNO Identity 

 EPR was utilized to probe the identity of nitrosylated and oxidized hemes over the 

course of the reactions.  In oxidation reactions of Hb(NO)4 there are up to four EPR-

detectable heme species present:  HbFeIINO α heme (αNO), HbFeIINO β heme (βNO), 

HbFeIINO 5-coordinate α heme (α5NO), and HbFeIII (Figure 3.10).  EPR silent species 

that may also be formed include HbFeII, HbFeIIO2, and notably HbFeIIINO.  Before the 

addition of K3Fe(CN)6, Hb(NO)4 has a characteristic EPR spectrum that is a combination 

of 50% αNO heme and 50% βNO.  Upon oxidation by K3Fe(CN)6 in anaerobic or 

aerobic conditions, the overall character of nitrosylhemes changes throughout the 

reaction progression.   
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Figure 3.10 EPR spectra of Hb(NO)4, isolated subunits, and α5NO.  The Hb(NO)4 
spectrum can be considered the addition of isolated βNO and αNO.  The α5NO spectrum 
is distinct with its three narrow components (resulting from hyperfine interactions).    
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β Hemes Are Preferentially Oxidized by K3Fe(CN)6  

 EPR spectra generated from oxidation of Hb(NO)4 by K3Fe(CN)6 strongly suggest 

that K3Fe(CN)6 preferentially oxidizes βNO hemes.  Both anaerobic and aerobic 

oxidations of Hb(NO)4 by K3Fe(CN)6 in PBS buffer at pH 7.4 show a decrease in βNO 

contribution with reaction progression (Figure 3.11).  In addition, Luchsinger and Singel 

have demonstrated the preference of O2 oxidation for βNO hemes in PBS at pH 7.4 

(unpublished results).  Therefore, the similarity in heme-NO character among anaerobic 

and aerobic conditions reflects the fact that both K3Fe(CN)6 and O2 preferentially oxidize 

the β hemes of Hb(NO)4.   
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Figure 3.11 EPR spectra demonstrate preferential oxidation of βNO by K3Fe(CN)6.  (1:1 
heme:K3Fe(CN)6)  These data correspond to the time points indicated by red arrows in 
Figure 3.4.  Over the course of the reaction (left to right), the β spectral component 
diminishes, and the spectrum obtained above 50% oxidation is dominated by αNO.  EPR 
signal decreases over time due to the loss of total hemeNO.   

 
 The preference for β heme oxidation is even more dramatic when excess 

K3Fe(CN)6 is employed (Figure 3.12).  Again, in both aerobic and anaerobic conditions, 

oxidation occurs preferentially at βNO hemes.  This is indicated by the rapid formation of 
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a strongly αNO signal (3 min).  However, over time, the spectrum slowly shifts toward 

βNO indicating that αNOs gradually become oxidized.  Thus, the EPR data from 

experiments with excess K3Fe(CN)6 may suggest that the oxidation reaction proceeds 

through an initial fast step in which βNO is oxidized followed by a slower step of αNO 

oxidation.  These results are further discussed in Chapter 4.   
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Figure 3.12 Preferential oxidation of βNO by excess K3Fe(CN)6. (Aerobic conditions) 
These data correspond to the time points indicated by red arrows in Figure 3.8.  Initially, 
there is a majority of αNO as β hemes have been oxidized to either HbFeIII (observed at 
lower field strength) or HbFeIIINO (EPR silent).  Over the course of the reaction (left to 
right), the βNO component strengthens with respect to αNO present.  This may indicate 
slow oxidation of the αNO hemes.   

 
The UV-Vis spectral observation of the formation of HbFeIIINO during oxidation 

of Hb(NO)4 by K3Fe(CN)6 is supported by EPR data generated from oxidation at pH 6.0 

(Figure 3.13).  We were unable to detect any contribution from βNO in the samples 

removed from the reaction mixture for EPR analysis.  Given the reaction, this strongly 

αNO spectrum could only be achieved from the oxidation of essentially all of the βNO to 

HbFeIII or HbFeIIINO.  It is evident from the UV-Vis decoposition that only about 25% of 

the original HbFeIINO has been consumed.  Therefore, βNO contribution to the spectrum 
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theoretically should be 25% if βNO is preferentially oxidized by K3Fe(CN)6 as seen at 

pH 7.4.  The deviation from this hypothesis may be attributable to a change in reaction 

dynamics associated with a reduction in pH.  Acidic pH favors the presence of T state Hb 

as evidenced by the increase in α5NO spectral contribution.  However, the lack of mass 

balance observed by EPR of the oxidation of Hb(NO)4 by K3Fe(CN)6 at pH 6.0 warrants 

additional research.   
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Figure 3.13 EPR spectrum of anaerobic Hb(NO)4 oxidation at pH 6.0 by K3Fe(CN)6. The 
corresponding UV-Vis and time course are shown in Figure 3.9.  This sample that 
produced this spectrum was frozen approximately 5 min after initiation of reaction by 
addition of K3Fe(CN)6.  The EPR spectrum did not change to a detectable degree over 44 
min of the reaction.   

 
Kinetic Analysis of the Oxidation of Hb(NO)4 

 A mechanistic model was developed in Gepasi and fit to the time courses 

generated from least-squares fitting.  Though at low K3Fe(CN)6 concentration it appears 
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as if only two heme species are at work, excess K3Fe(CN)6 reveals the formation of an 

HbFeIIINO intermediate.   

 

 Reaction Fit or 
Fixed 

Rate Constant  

R1a HbFeIINOa + K3Fe(CN)6 → HbFeIIINO Fit 3.31 x 10-9 (µM-1 s-1) 
R1b HbFeIINOb + K3Fe(CN)6 → HbFeIIINO Fit 0.00171(µM-1 s-1) 
R2 HbFeIIINO → HbFeII + nitrosation products Fit 9.43 x 10-4 (s-1) 
R3 HbFeII + K3Fe(CN)6 → HbFeIII Fit 0.237 (µM-1 s-1) 
R4 HbFeIINO = HbFeII + NO Fixed Forward = 1x10-5 (s-1) 

Reverse = 1x106 (µM-1 s-1) 
R5 HbFeIII + NO = HbFeIIINO Fixed Forward = 1x104 (µM-1 s-1) 

Reverse = 150 (s-1) 

 

Table 3.1 Reactions included in Gepasi model.  Kinetic types are all “Mass Action” 
reversible (=) or irreversible (→).  Rate constants are representative of all fits and were 
generated using the data from pH 6.0 experiments. 

 

 A representative plot of the fit generated by this model is provided in Figure 3.13.  

The model presented in  

Table 3.1 suits aerobic, anaerobic, and low pH conditions.  All rate constants are 

reasonable and match published constants where available.  Notably, Reaction 2 is 

equivalent to the second step of the reductive nitrosylation scheme (Equation 1.3) whose 

published rate constant is 0.0012 ± 0.0001 s-1 in PBS to 0.0027 ± 0.0001 s-1 in HEPES 

(17).  Upon conversion of the rate constant calculated in the model, we obtain remarkable 

agreement:  k2 = 9.43 x 10-4 s-1.  It should be noted that only the rate of R2 is well 

determined by the data.  All other rate constants have little effect on the fit:  they only 

need to be consistently larger or smaller than R2.   
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Figure 3.14 Data and fit from kinetic model for Hb(NO)4 oxidation by excess K3Fe(CN)6 
at pH 6.0.  Data are represented as points while the line is the fit generated by Gepasi 
modeling.  The reactions used for this model are given in Table 2.1. 

 In this de minimis model, the hemes are assumed to react independently in the 

uptake and release of NO (R4, R5), the oxidation of naked hemes by K3Fe(CN)6 (R3) and 

the reaction of HbFeIIINO to yield HbFeIINO and nitrosation product (R2).  On the other 

hand, a distinction is incorporated into the model in the reaction of HbFeIINO with 

K3Fe(CN)6 (R1a, R2b).  At a qualitative level, the data show a rapid oxidation (R1b) by 

excess K3Fe(CN)6 of only 25% of HbFeIINO.  The remaining HbFeIINOs are oxidized, at 

a much slower rate.  

 In modeling the data obtained at pH 7.4, there was no need for the fast reaction of 

HbFeIINO with K3Fe(CN)6.  This reaction (R1b) was eliminated from the model as our 

goal was to create the simplest set of reactions that was able to accommodate the data.  A 

representative fit is provided in Figure 3.15.  
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Figure 3.15 Data and fit from kinetic model for Hb(NO)4 oxidation by limiting 
K3Fe(CN)6 under anaerobic conditions.  Data are represented as points while the line is 
the fit generated by Gepasi modeling.  The reactions used for this model are given in  

Table 3.2. 

 Reaction Fit or 
Fixed

Rate Constant  

R1 HbFeIINO + K3Fe(CN)6 → HbFeIIINO Fit 2.16 x 10-7 (µM-1 s-1)

R2 HbFeIIINO → HbFeII + nitrosation products Fit 0.0137 (s-1) 

R3 HbFeII + K3Fe(CN)6 → HbFeIII Fit 0.835 (µM-1 s-1) 

R4 
 

HbFeIINO = HbFeII + NO 
 

Fixed 
 

Forward = 10-5 (s-1) 
Reverse = 106 (µM-1 s-1) 

R5 
 

HbFeIII + NO = HbFeIIINO 
 

Fixed 
 

Forward = 104 (µM-1 s-1) 

Reverse = 150 (s-1) 
 

Table 3.2  Model equations and representative fit parameters for oxidation of Hb(NO)4 by 
limiting K3Fe(CN)6 under anaerobic conditions. 

  

For aerobic experiments at 1:1 heme:K3Fe(CN)6, we employed a reaction to 

account for the contribution from O2 oxidation (Figure 3.16).  This model demonstrates 
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that there are two distinct oxidation reactions occurring – K3Fe(CN)6 and O2 oxidation – 

with no interaction between the two.   
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Figure 3.16 Data and fit from kinetic model for Hb(NO)4 oxidation by limiting 
K3Fe(CN)6 under aerobic conditions.  Data are represented as points while the line is the 
fit generated by Gepasi modeling.  The reactions used for this model are given in  

Table 3.3.   

 Reaction Fit or 
Fixed 

Rate Constant  

R1 HbFeIINO + K3Fe(CN)6 → HbFeIIINO Fit 3.55 x 10-7 (µM-1 s-1) 

R2 HbFeIIINO → HbFeII + nitrosation products Fit 0.0108 (s-1) 
R3 HbFeII + K3Fe(CN)6 → HbFeIII Fast 0.357 (µM-1 s-1) 
R4 
 

HbFeIINO = HbFeII + NO 
 

Fixed  
 

Forward = 10-5 (s-1) 
Reverse = 106 (µM-1 s-1) 

R5 
 

HbFeIII + NO = HbFeIIINO 
 

Fixed  
 

Forward = 104 (µM-1 s-1) 
Reverse = 150 (s-1) 

R6 HbFeIINO + O2 → HbFeIII + NO3
- Fit 2.92 x 10-7 (µM-1 s-1)

 

Table 3.3  Model reactions and representative fit parameters for oxidation of Hb(NO)4 by 
limiting K3Fe(CN)6 under aerobic conditions.  R6 has been added to account for the 
contribution from air oxidation of Hb(NO)4.   
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DISCUSSION 

Oxidation of Hb(NO)4 by K3Fe(CN)6 Leads to SNO-Hb Formation 

 SNO-Hb production from the oxidation of Hb(NO)4 by K3Fe(CN)6 confirms the 

connectivity between redox activity at the heme and thiol chemistry at Cys-β93.  Mild 

oxidation by K3Fe(CN)6 is unique in its ability to form SNO-Hb – neither strong (H2O2) 

nor air (O2) oxidation show evidence for induction of S-nitrosylation.  This suggests that 

each type of oxidation employs a different mechanism as discussed below.   

 Difficulty in quantification of nitrite in the presence of K3Fe(CN)6 provides an 

intriguing possibility for quantification of HbFeNO.  Due to the large spike in nitrite 

concentration upon addition of Hb(NO)4 to Griess and Saville reagents incubated with 

K3Fe(CN)6, it appears that K3Fe(CN)6 may liberate NO from the heme after the protein 

denatures and the heme is no longer housed in the protein pocket.  The mechanism for 

this action is not clear, but K3Fe(CN)6 coupled Griess/Saville assays may provide an 

additional way to quantify total HbFeNO concentration.  The micromolar sensitivity of 

the Griess/Saville assays could provide accurate analysis of small HbFeNO 

concentrations that could potentially be masked by other majority species in UV-Vis 

spectroscopy.  Further experimentation is needed in order to determine if K3Fe(CN)6 is 

able to generate nitrite from HbFeNO in stoichiometric amounts and, if so, to determine 

the appropriate reaction conditions for quantification of HbFeNO.   

SNO-Hb generation, though correlated with HbFeIII production, did not constitute 

50% of the non-heme NO products in any of the reactions.  Reductive nitrosylation 
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experiments demonstrated equimolar production of SNO-Hb and nitrite from the 

reduction of HbFeIII by NO.  Therefore, for each ∆HbFeIII, we expect an equimolar 

distribution of SNO-Hb and nitrite, and the slope of the lines in Figure 3.6 should be 0.5.   

To rationalize these results, we must first comment on the inability to absolutely 

quantify nitrite production.  It is possible that under the reaction conditions, the 

nitrosonium ion preferentially reacts with OH- in solution to produce nitrite.  This is 

supported by the fact that nitrite and the Griess reagents were likely absorbed by and 

isolated in the column material, giving an artificially low nitrite concentration.  

Therefore, even though SNO-Hb production levels appear low, undetected nitrite 

production could satisfy mass balance of Equation 1.6.  Additional experiments are 

required to understand how nitrite and the Griess/Saville reagents (SAA, Hg2+, and NED) 

interact with the column. 

Finally, higher SNO-Hb production per HbFeIII made under anaerobic conditions 

likely reflects the competition between K3Fe(CN)6 and O2 oxidation in aerobic 

conditions.  Under aerobic conditions, air oxidation is responsible for a significant 

fraction of HbFeIII formed.  This is supported by the fact that the reaction proceeds 

approximately twice as fast in aerobic conditions than when O2 oxidation is eliminated.  

Therefore, hemes oxidized by O2 will not form nitrite or SNO-Hb, and will, therefore, 

lower the ratio of SNO-Hb produced per oxidized heme.  Taking this into consideration, 

the slopes in Figure 3.6 become approximately equal.  Therefore, we reason that there is 

no detectable difference between anaerobic and aerobic conditions in the efficiency of 

SNO-Hb formation upon oxidation of Hb(NO)4 by K3Fe(CN)6.   
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K3Fe(CN)6 Oxidation of Hb(NO)4:  Kinetics and Mechanism 

The mechanism for O2 oxidation is well understood and involves a rate-limiting 

step of NO dissociation from the heme (22, 23).  After dissociation, O2 rapidly binds the 

heme which is immediately oxidized by NO to yield HbFeIII and nitrate thereby 

eliminating the bioavailability of NO (Equation 4.1).   

Equation 4.1 HbFeIINO + O2 = HbFeII + NO + O2 = HbFeIIO2 + NO → HbFeIII + NO3
-   

This mechanism cannot account for SNO-Hb formation via oxidation by 

K3Fe(CN)6.  SNO-Hb is formed by the reaction scheme provided in Equation 1.3 through 

Equation 1.5, thus we generated a de minimis model for K3Fe(CN)6 oxidation that 

involves mechanism of K3Fe(CN)6 oxidation must involve the generation of the 

nitrosonium ion (NO+) and subsequent SNO-Hb or nitrite products (R2) as depicted in 

Equation 1.3-Equation 1.5. 

Together the UV-Vis and EPR data provide strong evidence for the generation of 

an HbFeIIINO intermediate.  In an attempt to stabilize the observed HbFeIIINO 

intermediate, we performed the experiment at low pH and revealed the involvement of 

two distinct reactions of HbFeIINO with K3Fe(CN)6:  one fast and one slow (R1b and 

R1a, respectively).  The need for both of these reactions may reflect 1) variable 

reactivities dependent on heme ligation.  The reaction performed at pH 6.0 began with a 

substantial amount of initial HbFeIII, whereas all other reactions started with minimal 

(<5% total heme) initial HbFeIII.  This may poise the Hb sample for fast oxidation, for 

instance, if the addition of one FeIII heme per Hb tetramer fundamentally alteres the 
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reactivity of the rest of the hemes.  2) A two-rate reaction with K3Fe(CN)6 may reflect 

dissociation of heme from the protein.  We see evidence for free heme in solution at the 

low field end of the EPR spectrum (Figure 3.13).  These free hemes may react more 

quickly than those housed in the heme pocket and may account for the HbFeIIINO 

formation.   

The kinetic data from experiments performed at pH 7.4 can be modeled by using 

just the slow rate (R1b) HbFeIINO reaction with K3Fe(CN)6.  The rate constant for this 

step is within a factor of π for all experiments modeled – including that performed at pH 

6.0.  This simple de minimis model, therefore, is suitable in fitting the data obtained from 

the oxidation of Hb(NO)4 by K3Fe(CN)6.   
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CONCLUSION 

 
Results presented in this work demonstrate the formation of SNO-Hb through 

oxidation of human Hb(NO)4 by K3Fe(CN)6, substantiating the connectivity between 

redox at the heme and thiol chemistry, thereby rescuing the bioavailability of NO.  

Furthermore, we have demonstrated by UV-Vis and EPR spectroscopies that this reaction 

occurs through an HbFeIIINO intermediate.  Finally, we have developed a de minimis 

kinetic model with a calculated rate constant that agrees with published results.   
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SPECTRAL DECOMPOSITION PROGRAM  
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Canonical Spectra Used to Fit Experimental Data 

 The spectra used for least-squares fitting analysis are shown in Figure 6.1.  

Derivative spectra are utilized in the fitting program to avoid mathematical difficulties 

associated with very similar spectra.   
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Figure 6.1 Canonical (basis) spectra for 5-component least-squares fitting analysis.  The 
original UV-Vis spectra are shown in the left panel.  Derivative spectra are shown in the 
right panel. 

 

Least-Squares Fitting Program 

The following is the least-squares fitting program in Mathematica® 5.1 used to 

deconvolve experimental spectra into linear combinations of five basis Hb species 

spectra:  oxyHb, deoxyHb, metHb, HbNO, HbFeIIINO.  By analyzing spectra taken over 

the course of a reaction, we generate a kinetic profile of the disappearance of reactant Hb 

species and the appearance of product Hb species.  Red text in all capital letters are 

directions for which file to import.   
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<<LinearAlgebra`MatrixManipulation` 
<<Graphics`MultipleListPlot` 
<<Graphics`Colors` 
<<Statistics` 
A1=ReadList["INSERT DATA DERIVATIVE SPECTRUM TEXT FILE HERE", Number];  
A=A1; 
Dim = Dimensions[A] 
DIM = Dim[[1]] 
W = IdentityMatrix[DIM]; 
exp=0; 
                                       
total heme;             oxy                          deoxy; 
W[[DIM-5,DIM-5]] = 10^(exp);   W[[DIM-4,DIM-4]] = 10^(exp);  W[[DIM-3,DIM-3]] = 10^(exp); 
W[[DIM-2,DIM-2]]=10^(exp) ; W[[DIM-1,DIM-1]]=10^(exp) ; W[[DIM,DIM]]=10^(exp) ; 
EPS=Import["INSERT DERIVATIVE BASIS SPECTRA HERE", "Table"]; 
 Dimensions[EPS] 
 SPE=Transpose[EPS]; 
 g=SPE.W.EPS; 
 Dimensions[g] 
 G=Inverse[g]; 
 c=G.SPE.W.A; 
 Dimensions[c]; 
 
 Q=Part[c,1]*10000000; 
 R=Part[c,2]*10000000; 
 S=Part[c,3]*10000000; 
 T=Part[c,4]*10000000; 
U=Part[c,5]*10000000;   
 V = Part [ c ,6 ] * 1 ; 
 
 Z = Q + R + S + T+U ; 
 q=Q/Z*100; 
 r=R/Z*100; 
 s=S/Z*100; 
 t=T/Z*100; 
u=U/Z*100; 
 ABSTH=EPS.c; 
 DELTA=A-ABSTH; 
 Fdelta=DELTA/A; 
 WSQDEV=DELTA.W.DELTA 
 WRMSDEV=(WSQDEV/(DIM))^(1/2); 
 
 Sd11=100*(WSQDEV*G[[1,1]])^(1/2); 
 Sd22=100*(WSQDEV*G[[2,2]])^(1/2); 
 Sd33=100*(WSQDEV*G[[3,3]])^(1/2); 
 Sd44=100*(WSQDEV*G[[4,4]])^(1/2); 
Sd55=10000*(WSQDEV*G[[5,5]])^(1/2);  
Sdtot = (((Sd11)^2+(Sd22)^2+(Sd33)^2+(Sd44)^2)^(1/2)+(Sd55)^2)^(1/2) ; 
 Sdp1=100*(((Sd11)^2+(q*Sdtot/100)^2)^(1/2))/Z; 
 Sdp2=100*(((Sd22)^2+(r*Sdtot/100)^2)^(1/2))/Z; 
 Sdp3=100*(((Sd33)^2+(s*Sdtot/100)^2)^(1/2))/Z; 
 Sdp4=100*(((Sd44)^2+(t*Sdtot/100)^2)^(1/2))/Z; 
Sdp5=100*(((Sd55)^2+(u*Sdtot/100)^2)^(1/2))/Z; 
Sdptot = (((Sdp1)^2+(Sdp2)^2+(Sdp3)^2+(Sdp4)^2)^(1/2)+(Sdp5)^2)^(1/2) ; 
Sdptot% = 100*Sdtot/Z ; 
 
 SIM=ColumnForm[ABSTH]; 
 Type [ "mM Total"Z , "mMoxy"Q , "mMdeoxy"R , "mMmet"S , "mMHbNO"T,"uMFeIIINO"U ] 
 Type [ "±"Sdtot , "±"Sd11 , "±"Sd22 , "±"Sd33 , "±"Sd44, "±"Sd55 ] 
 Type["WSQDEV" WSQDEV,"WRMSDEV" WRMSDEV] 
 Type [ "%oxy" q , "%deoxy" r , "%met" s , "%HbNO" t ,"%FeIIINO" u, "tot100%" ] 
 Type [ "±"Sdp1"%" , "±"Sdp2"%" , "±"Sdp3"%" , "±"Sdp4"%" ,"±"Sdp5"%", "±"Sdptot"%" ] 
 DELTAPLOT=ListPlot[DELTA]; 
 DELTAPLOT=ListPlot[Fdelta]; 
 DELTAPLOT=ListPlot[A]; 
 DELTAPLOT=ListPlot[ABSTH]; 
 
 Export [ "F:\\REDOX\\K3Fe(CN)6\\110804\\0min_110804.txt.fit" , {"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[G],Eigenvectors[G] , SIM } ,   "TABLE" ] ; 
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APPENDIX B 
 
 

ASSESSMENTS OF THE CHEMISTRY AND VASODILATORY ACTIVITY OF  
 

NITRITE WITH HEMOGLOBIN UNDER PHYSIOLOGICALLY RELEVANT  
 

CONDITIONS (24) 
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My contribution to this published work included analysis of the reaction of HbFeII 

with nitrite by least-squares fitting.   
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