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ABSTRACT
Blood’s function of carrying oxygen to tissues is regulated by physiological
oxygen gradients that are coupled to vasoconstriction and vasodilation by nitric oxide
bioactivity. However, the mechanism by which local oxygen tension utilizes nitric oxide
signaling in order to regulate blood flow remains a major unanswered question in
biology. Hemoglobin in red blood cells appears to be an ideal sensor, but lack of
knowledge about hemoglobin’s chemistry with nitric oxide creates a problem for
understanding how hemoglobin induces vasodilation.
A central focus of this work was to illuminate complexity and response of nitric
oxide interactions with hemoglobin while showing how S-nitrosohemoglobin plays a
pivotal role in this response. Electronic absorption and electron paramagnetic resonance
spectroscopy were employed to observe reactions of low-spin methemoglobin species
with nitric oxide. Models were developed and tested to establish the chemistry involved
and the global hierarchy of reactions. De minimis models for all experiments are
reported. Electron paramagnetic resonance spectra confirmed the formation of low-spin
iron species that, upon the addition of nitric oxide, showed a decrease in low-spin
methemoglobin species and the formation of nitrosyl hemoblobin with a β-subunit
preference. We report the yield of S-nitrosohemoglobin production in reactions of nitric
oxide with various methemoglobins distinguished by axial ligand and iron spin state.
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CHAPTER 1
INTRODUCTION

General Introduction

Oxygen delivery to tissues through allosteric regulation has been studied for
decades. Oxygen is cooperatively bound in the lungs and is then released to the tissues in
areas of low pO2 where it undergoes an allosteric transition from the relaxed, R-state, to
the tensed, T-state. However, the most important element of oxygen delivery is often
overlooked – delivery due to blood flow. Blood flow is linked to vessel diameter and
blood will flow along the path of least resistance which is regulated by physiological
oxygen gradients. Vessel dilation occurs when tissues are in need of oxygen and
constriction occurs when oxygen is not needed. This phenomenon is termed hypoxic
vasodilation.
Since the discovery of Nitric Oxide (NO) as a signaling molecule in the
cardiovascular system, research on NO’s ability to dilate blood through the formation of
S-nitrosothiols, namely S-nitrosohemoglobin (SNO-Hb) has exploded. SNO-Hb can be
formed through heme redox-coupled chemistry, including reductive nitrosylation. This
thesis aims to illuminate the complex chemistry that occurs in a mixture of redox-active
species including NO, NO congeners, dioxygen, oxygen-active species, transition metal
ions, and thiols. This thesis explores the avenue of NO assisted redox coupled SNO
formation and aims to determine which conditions promote SNO formation.
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Background and Significance

Adult human hemoglobin (Hb, Hb Ao) is a tetrameric protein with 4 polypeptide
chains, known as globins, each containing an iron(II) prosthetic group called a heme. Hb
has pairs of two distinct globins, α and β. Hb adopts two different allosteric states. One
state is described as oxyhemoglobin (OxyHb) where the molecule is in the relaxed (R)
conformer, the other state is represented by deoxyhemoglobin (DeoxyHb) with the
molecule taking the tensed (T) conformer. Each heme is a porphyrin group coordinated
to an Fe by 4 pyrrole nitrogens, leaving 2 binding sites open for the Fe. In 6 coordinate
Hb, both axial sites are occupied. One of the axial sites is occupied by the proximal
histidine via a N-Fe bond. Typically oxygen, in physiological function, is bound in the
other axial position, located in the distal pocket. In 5-coordinate Hb, there is no proximal
histidine bound. The three common ligands that bind to the Heme-Fe(II) are CO, NO,
and most importantly, O2 (Heme-Fe(II)XO, X = C,N,O). These three ligands are all
found in biology simultaneously, and they are significant because various heme proteins
can bind them reversibly and control important biochemical responses [1].
NO and Hb Interactions
Nitric oxide (NO) was once thought of only as a very harmful free radical that
was toxic in physiology, but in the last 20 years, it has been learned that NO production
in vivo exerts important salutary effects. If was found that NO plays an important role in
defense mechanisms in the body, nerve transmission, and in the regulation of blood flow
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[2]. In 1992, Science magazine selected NO as the “molecule of the year” [3] and in
1998, Louis J. Ignarro, Robert F. Furchgott, and Ferid Murad received the Nobel Prize in
Physiology and Medicine for their research on nitric oxide, showing it to be an ubiquitous
signaling molecule in the cardiovascular system, and determined it was the endotheliumderived relaxing factor (EDRF) [4]. The chemistry behind NO in biological systems has
shown to be rather complex as it targets oxygen species, transition metals, and protein
sulphydryl groups.
NO reactions with Hb have been studied for a century with focus on Equations 11 and 1-2 [5, 6] showing addition or nitrosylation and oxidation respectively. During
oxidation, methemoglobin (MetHb, Heme-Fe(III)) is formed. The addition reaction can
yield a number of products, depending on the conditions. The NO can bind to the β
subunit (β-NO) or to the α subunit forming either pentacoordinate nitrosyl hemoglobin
(Heme-Fe(II)NO) with the proximal histidine cleaved (α5-NO) or hexacoordinate HemeFe(II)NO (α6-NO). Fully nitrosylated Hb (Hb(NO)4) is formed when all four subunits are
nitrosylated.
Heme-Fe(II) + NO → Heme-Fe(II)NO

(1-1)

Heme-Fe(II)O2 + NO → Heme-Fe(III) + NO3-

(1-2)

However, Equations 1-1 and 1-2 lead to a roadblock; neither of these products
display NO bioactivity that is believed to be involved in vasodilation. This creates
critical questions about the ability of NO in the blood to exhibit vasodilatory bioactivity.
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Can the bioactivity of NO co-exist with Hb which is known to scavenge NO by
Equations 1-1 and 1-2 [7-9]; would Hb, through this scavenging chemistry, act as
constrictors rather than dilators [10]?
This question has been addressed in several types of studies. Liao and coworkers
suggested that large red blood cells (RBCs) would likely stay near the center of the
vessel, where the flow of blood is the greatest, rather than get close to the walls where
NO is produced thus reducing NO Hb interactions [11]. Lancaster and several others
have indicated that the cellular packaging of Hb will also hinder the reaction with NO by
retarding diffusion [8, 12-16]. The third important finding is that the NO quenching
chemistry is an incomplete picture of NO and Hb interactions. It was found that, in
addition to the reactions in Equations 1-1 and 1-2, NO could react with Hb to form a Snitrosothiol, SNO-Hb (S-nitrosohemoglobin), permitting NO to display vasodilatory
activity in the presence of Hb rather than quenching it [7]. S-nitrosothiols (SNO, RSNO)
are among the most important and potent vasodilators known. SNO-Hb is formed by NO
coordination to the β93-cys thiol and exists at about 1μM in arterial blood, which is more
than enough to maintain vasodilatory functions [17].
The existence of S-nitrosylated Hb at bioactive levels immediately suggested a
solution to the problem of how RBCs regulate their oxygen delivery function, a function
known as hypoxic vasodilation. Blood doesn’t flow randomly through the branched
vasculature, but instead is directed toward tissues that are experiencing oxygen
deficiency. The direction of blood flow is controlled by vasodilation of the microvessels
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that feed the hypoxic tissues. These dilated microvessels provide a path of lesser
resistance than the normally constricted ones, thereby directing blood flow. However,
the molecular basis for hypoxic vasodilation remains poorly understood. The
identification of a vasodilatory substance linked to Hb, a molecule well suited as an
oxygen sensor and a transducer of oxygen signals by allosteric transitions, provides an
attractive mechanistic hypothesis [17].
The idea, that NO serves as a vasodilatory substance, is further supported by the
allosteric control of Hb’s S-nitrosylation. SNO-Hb is found in the oxygenated R state of
Hb. Deoxygenation destabilizes the SNO moiety and, in the presence of a suitable
receptor thiol, results in release of the NO group [18]. Arnone et al. have shown crystal
structures of R and T state Hb in which exposure to NO forms SNO-Hb in R-state but not
in the T-state where the SNO moiety is more exposed to the solvent [19].
The general canonical linkage formalism by Di Cera et al. is shown in Equation 13 where m and n are the number of ligand binding sites [20]. This relationship includes
the trivial situation when the binding of one ligand is independent of the binding of the
other ligand. However, it also includes the more interesting case where ligand binding is
synergistic. It has been shown that SNO-Hb is a positive allosteric effector which shifts
the O2 saturation curve of Hb to the left, revealing this synergy [10, 18, 21, 22]. This left
shift means that the change in affinity of O2 for Hb with respect to the change in affinity
of NO to form SNO-Hb is greater than zero (Equation 1-4). Reciprocally, it must also be
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true that the change in affinity of NO to form SNO-Hb with respect to the affinity of O2
for Hb is greater than zero (Equation 1-5).

 x  ∂YSAT   y  ∂X SAT
 =  
 
 m  ∂x   n  ∂y





(1-3)

 ∂YHbO2

 ∂Y
 SNO −Hb


>0



(1-4)

 ∂YSNO − Hb

 ∂YHbO
2



>0



(1-5)

Most significantly, through bioassays over physiological O2 gradients, SNO-Hb
uniquely, as compared to low molecular weight nitrosothiols, exerts a graded response of
vasodilation and vasoconstriction depending on Hb(O2) saturation [23]. There is a
change in vessel tension from constricted during high Hb(O2) saturation to dilated during
low Hb(O2) saturation.
Important questions remain to be resolved to fully understand the manner in
which Hb and RBCs control hypoxic vasodilation and tissue oxygenation. Most
important is understanding the relationship between reactions shown in Equations 1-1
and 1-2 which on the one hand, are thought to quench NO bioactivity, and on the other
hand SNO-Hb formation which deploys NO bioactivity. How is SNO-Hb formed and
used in vivo?
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SNO-Hb Formation
In the laboratory, the most common procedure for forming SNO-Hb is the
transnitrosation reaction shown in Equation 1-6.
RSNO + Hb-[Fe(II)O2]4  RSH + Hb-[Fe(II)O2]4-β93-cysNO

(1-6)

However, a number of groups have reported the formation of SNO-Hb by exposure of
DeoxyHb to NO with oxygenation to induce the R-state (Equation 1-7) [24, 25].
O2
Heme-Fe(II) + NO  SNO-Hb

(1-7)

NO is oxidized in this reaction, so the question that immediately arises is: what is
the electron acceptor that is coupled to the formation of the SNO-Hb product?
Luchsinger et al. showed that the heme-Fe itself is capable of this redox coupling [24].
SNO-Hb was prepared by: 1) reductive nitrosylation of MetHb (Equation 1-8); 2)
ferricyanide oxidation of nitrosyl Hb (Equation 1-9); and DeoxyHb (Equation 1-10) [24].
These reactions formally involve Heme-Fe(III)NO ↔ Heme-Fe(II)NO+ autoredox
coupling.
XFe(III) + NO  Fe(III)NO ↔ Fe(II)NO +  Fe(II) + XNO, X= OH-, RSHb-[Fe] β –β93-cysH + NO+  Hb-[Fe] β -β93-cysNO (SNO-Hb)

(1-8a)
(1-8b)

-e

Hb[Fe(II)NO]β –β93-cys  Hb-[Fe]β -β93-cysNO (SNO-Hb) + H+
Fe(II) + NO2- + H+  Fe(III)NO + OH-  Fe(III) + Fe(II)NO
Fe(III)NO + O2  Hb-[Fe(II)O2]-β93-cysNO

(1-9)

(1-10a)
(1-10b)
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These reactions provide a proof of principle for heme/NO redox coupled SNO-Hb
formation. More recently Angelo et al. have extended studies of the reactions shown in
Equation 1-10 [25]. They showed that in addition to the major products of MetHb and
Heme-Fe(II)NO that form in ~ 1:1 proportion, an additional component, Heme-Fe(III)NO
significantly improved the fit of the UV-VIS spectrum by statistical analysis using the Ftest [25]. Most notably, the Heme-Fe(III)NO-like species was observed to disappear
upon the Hb T to R state transition that occurred as Heme-Fe(III) and Heme-Fe(II)NO
products accumulated [25]. Parallel measurements of SNO-Hb showed that SNO-Hb
formed in equal amounts to Heme-Fe(III)NO loss. An analogous experiment at low
nitrite:heme showed quantitative conversion of a weakly associated Hb-NO2- species that,
upon oxygenation, is completely converted to SNO-Hb [25]. This situation closely
resembles results from Luchsinger et al. in which the predominant products of reductive
nitrosylation were Heme-Fe(III)NO and Heme-Fe(III) but upon oxygenation, some SNOHb was formed [24]. The formation of SNO-Hb presumably resulted from the transfer of
the NO group from the Heme-Fe(III)NO to the thiol. This process appears to occur
despite the fact that Heme-Fe(III)NO predominantly transfers NO to vacant heme-Fe(II).
These results demonstrate the importance of oxidized hemes and bring to light the
possibility that ferric-heme spin states may play a vital role in SNO-Hb formation.

Ferric-Heme Spin States
In 1970, Perutz described a stereochemical model for MetHb and DeoxyHb [26].
In this model, conformational changes occur from DeoxyHb to OxyHb in which the iron
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electron spin state changes from high-spin to low-spin. High-spin to low-spin transitions
in MetHb have similar structural changes. The Fe atom goes from being 0.3 Å out of the
porphyrin plane towards the proximal histidine in the high-spin state to being in the
porphyrin plane in the low-spin state [26].
Transition metals have 5 degenerate d-orbitals. However, upon binding ligands
this degeneracy is lifted. In MetHb, there are 6 ligands surrounding the Fe so the dorbitals split with the dxy, dxz, and dyz orbitals lower in energy than the d x

2

− y2

and d z . If
2

the energy splitting is small, then the electrons will remain unpaired forming the highspin state. With larger energy splitting, it is more energetically favorable for the
electrons to pair in the lower energy states forming the low-spin state. This splitting is
dependent on the ligand environment. MetHb is in the high-spin state of 5/2 in aquo
methemoglobin and fluoro methemoglobin and it is in a low-spin state of 1/2 with other
ligands such as N3-, CN-, and OH-. The low-spin state of MetHb is referred to as a
hemichrome.

Hemichromes
A hemichrome (Fe(III)) or hemochrome (Fe(II)) is a low-spin Hb in which the Fe
is coordinated to 6 ligands, 4 from the porphyrin and 2 from either endogenous amino
acid side chains or exogenous ligands [27, 28]. In Hb, there is a distal histidine that sits
in the ligand pocket 4 Å from the Fe, too far to bind under normal conditions. However,
certain conditions such as dehydration, high pressure, or adding denaturants can lead to
rearrangement of the histidine (or other amino acid residues) so that it can bind to the
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heme-Fe. When this happens, the Heme-Fe(III) or Heme-Fe(II) is bound to the proximal
histidine and another amino acid residue at its other axial site.
Hemichrome low-spin complexes have distinct UV-VIS absorbance spectra
compared to the high-spin or low-spin Hb species that are usually observed [29].
Hemochromes have peaks at 529nm and 558nm while hemichromes have peaks at 535nm
and 565 [29]. However, because hemichromes absorb in the same region as Hb, it is
difficult to quantify the hemichromes through decomposition. In addition, different types
of hemichromes have very similar absorbances and it is very difficult to distinguish one
from another [29]. Electron Paramagnetic Resonance (EPR) is able to identify as well as
quantify and characterize hemichromes, making it the premier choice of tools.
The common method to characterize hemichromes was developed by Peisach and
Blumberg. They formed hemichromes in several different ways and used EPR to
determine the electronic structure. Using the spin Hamiltonian for a low-spin system, gvalues were used to calculate crystal field values using Equations 1-11 and 1-12 where Δ
is rhombic splitting, V is the tetragonal splitting, and λ is the spin-orbit coupling constant
[30].

gy
V
gx
=
+
∆ (gz + g y ) (gz − gx )

(1-11)

gx
gz
(V ∆)
∆
=
+
−
λ (g z + g y ) (g y − g x )
2

(1-12)
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Peisach and Blumberg plotted V/Δ vs. Δ/λ where V/Δ represents the rhombicity
or the geometry of the compound. This plot, known as the “truth table”, classifies
hemichromes by the nature of their axial ligands, not by the protein itself (See Figure 11). The table groups all hemichromes into one of 5 categories based on their g-values
determined by EPR [31]. Those 5 categories make up 5 different types of hemichromes
C, B, H, O, and P [31].

Figure 1-1: “Truth Table” created from crystal field parameters for low-spin ferricheme complexes. Five different types of hemichromes are shown in the different
regions. All points indicate hemichrome formation from endogenous ligands to the Fe
except where labeled. Exogenous ligands include: His, histidine; Pyr, pyridine; EtSH,
mercaptoethanol; and N3, azide. Reprinted with permission from Blumberg and
Peisach, reference 31. Copyright 1971 American Chemical Society.
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Hemichromes B and H are bisimidazole heme complexes, where the distal
histidine coordinates to the heme [32]. Hemichromes can also be formed with amino
acids or exogenous ligands other than the distal histidine. Hemichrome O is formed by
coordination of a hydroxyl group, OH-, to the Fe(III) [33] Hemichrome C has a
methionine sulfur opposite the proximal histidine similar to the structure of a cytochrome
c [34] and the P hemichrome has sulfur of a cysteine coordinating to the heme [35, 36].
Hb can form all 5 types, meaning that the Hb can undergo rearrangements to bind to
these ligands that are not generally located in the heme pocket [29].
Hemichromes naturally form in the blood, but they are often reduced back to
normal functioning Hb. However, once RBCs reductive capacity becomes depleted, Hb
and cell function become exhausted. The back-up mechanism to repair hemichromes
creates clusters of denatured proteins called Heinz bodies. These Heinz bodies are
removed from the erythrocyte membrane in the spleen [37].
Hemichromes have been set apart from denatured protein because of their ability
to react with exogenous ligands to reverse their chemistry back to physiologically
functional Hb [29]. Of particular interest to us is evidence showing that Hb Ao can
coordinate with the β93-cys [38]. Dehydration causes the F-Helix to rotate and breaks
the bond between the Fe and the proximal histidine. Once the bond is broken, the β93cys can coordinate. If the cys is lacking (as in myoglobin) or the S is blocked, the
hemichrome does not form. The captivating thing about this P-type hemichrome formed
under dehydration is that it is reversible upon rehydration [38].
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The ligands forming hemichromes can bind in the same site in which O2 and NO
bind to the heme, possibly inhibiting their activity. However, it has been suggested that
hemichromes actually may increase the affinity for exogenous ligands by lowering the
energy barrier for coordination because of the rearrangements the hemichrome underwent
[29]. These rearrangements allow for space for other ligands to approach the binding
sites.
An intriguing hemichrome experiment was conducted by Walker et al. using the
Cimex lectularius (the bed bug) nitrophorin (cNP) and reacting it with NO. This
nitrophorin readily binds NO and releases it into the bloodstream of the bed bugs victim,
promoting vasodialtion and directing more blood to the site of the attack [39]. The
nitrophorin is an Fe(III) heme protein but instead of a histidine bound in the proximal
site, it has a sulfur from a cysteine residue bound. When NO is mixed with the heme, NO
binds directly to the heme-Fe(III), presumably forming a heme-Fe(III)NO intermediary.
Another NO can then bind to the cys-60 to make SNO-Heme and reduce the Fe, leaving
Heme-Fe(II)NO (See Figure 1-2) [39]. The intermediary is likely a P hemichrome with
NO bound to it. This scheme is similar to reductive nitrosylation reactions discussed
previously in which MetHb can react with NO to form a Heme-Fe(III)NO intermediate
and then go on to form SNO-Hb. We believe that a hemichrome, in particular a P
hemichrome, may facilitate the formation of SNO-Hb upon reaction with NO.

14

Figure 1-2: Representation of a Heme-Fe(III) coordinated with a thiol. Upon addition
of 2 moles of NO, the heme is reduced to Heme-Fe(II) and coordinated with NO.
SNO-Heme is also formed. See reference 39.
Summary
This dissertation investigates the interaction of hemichromes with NO to
determine what role they may play in the formation of SNO-Hb through reductive
nitrosylation. Mercaptoethanol, azide, and nitrite were added exogenously to MetHb to
form hemichromes. Mercaptoethanol forms a P-type hemichrome while azide and nitrite
form H-type hemichromes. Diethylamine NONOate (DEANO), a NO donor, was
introduced in different ratios to the hemichrome sample. UV-VIS and EPR spectroscopy
as well as the Griess and Saville assays were used to quantify intermediates and products.
This dissertation proposes reaction schemes for each hemichrome and NO interaction as
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well as discusses important intermediates and possible pathways to SNO-Hb formation.
The work in this dissertation lays the groundwork for moving to physiological conditions
that may form hemichromes and facilitate SNO-Hb formation.
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CHAPTER 2
EXPERIMENTAL METHODS

Hemoglobin Preparation

Preparation of MetHb
Adult human Hb Ao (Apex Bioscience, Durham, NC) was equilibrated with
HEPES (0.1 M HEPES/0.1 M KCl/0.1 mM DTPA) buffer at pH 7.4 by passing it over
columns of 5 mL BD syringes with Sephedex G-25 (GE Healthcare) gel. Potassium
ferricyanide (Sigma-Aldrich®) was added in 10-fold molar excess and allowed to react
for 5-10 minutes. Excess potassium ferricyanide was removed by G-25 gel filtration
equilibrated with HEPES pH 7.4 buffer.

Hemichrome Preparation
Hemichromes were prepared by the addition of exogenous ligands. Sodium azide
(NaN3, USB) and sodium nitrite (NaNO2, Sigma-Aldrich®) were dissolved in HEPES
forming 10 mM to 1 M solutions. 2-Mercaptoethanol (Mer, Sigma-Aldrich®) was diluted
in HEPES forming .1 to 1 M solutions. Ligands were added to MetHb in molar excess
(10 to 20-fold) forming hemichromes. Excess ligand in MetAzide (MetN3-) and
MetMercaptoethanol (MetMer-) samples was removed by G-25 filtration. In order to
form MetNitrite (MetNO2-), 20-fold molar excess NaNO2 had to be used. Excess nitrite
could not be removed by G-25 because all of the nitrite ligand was removed in this
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process. Some azide and significant mercaptoethanol were also removed during
filtration.
Anaerobic samples were sealed and gently vortexed for 5-6 cycles of positive Ar
(Gases Plus, Belgrade, MT) pressure followed by purging with an exit needle. Positive
Ar pressure was maintained on samples after full deoxygenation was achieved until all
reactions were complete. Diethlyamine NONOate (DEANO, Cayman Chemical) was
also deoxygenated for anaerobic interactions. DEANO releases 1.5 mols of NO per mol
of DEANO with a half-life of 16 min at pH 7.4 and 22-25o C [40, 41]. Samples were
transferred by Hamilton GASTIGHT® Syringes to degassed and sealed 1mm FUV quartz
cuvettes (Spectocell, Inc). DEANO was administered by Hamilton GASTIGHT®
Syringes degassed with Ar. Aerobic samples were transferred to 1 mm unsealed FUV
cuvettes. DEANO was not deoxygenated and was administered via Hamilton
GASTIGHT® Syringes.

Spectroscopy

UV-VIS Spectroscopy
UV-VIS spectra were recorded for all reactions on a Cary 300 Bio
Spectrophotometer (Varian, Inc) in 1mm FUV quartz cuvettes. Absorbance was
measured from 450-700nm. The concentration of MetHb at pH 7.4 was determined from
its extinction coefficient of 3.7 mM-1cm-1 at 630nm prior to the addition of ligands. Initial
absorbance spectra were taken before DEANO was added. Once DEANO was delivered,
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absorbance spectra were taken over 2.5 – 4 hours. All concentrations are given on a per
heme basis.

EPR Spectroscopy
Samples of 100 µL were frozen in 4mm o.d. quartz EPR tubes (Wilmad Lab
Glass) before addition of NO and after each reaction reached completion. All samples
were stored in liquid nitrogen (76K). An X-band Varian E-9 EPR spectrophotometer was
used to collect EPR data on all samples at 76K. Samples were run under different
settings, depending on the sample. Settings include:
1) Field Center: 2100 G, Scan Range: 4000 G, Time Constant: 0.128, Scan Time:
4 min, Modulation Amplitude: 5.0 G, Microwave Frequency: 9.2 GHz, and
Microwave Power: 10 mW.
2) Field Center: 3000 G, Scan Range: 4000 G, Time Constant: 0.128, Scan Time:
4 min, Modulation Amplitude: 5.0 G, Microwave Frequency: 9.2 GHz, and
Microwave Power: 10 mW.
3) Field Center: 3220 G or 3270 G, Scan Range: 400 G, Time Constant: 0.128,
Scan Time: 2 min, Modulation Amplitude: 5.0 G, Microwave Frequency: 9.2
GHz, and Microwave Power: 10 mW.
The first set of parameters was utilized to view the high-spin MetHb region (900
G to 1400 G) as well as most of the low-spin region (2000 G to 5000 G) and the HemeFe(II)NO region (3000 G to 3400 G). The second set of parameters was used to view the
entire low-spin range when necessary (MetN3- and MetNO2-). The third set of parameters
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scan the Heme-Fe(II)NO spectrum which allows for quick inspection of the subunit
selectivity of NO on Hb.

Data Analysis

UV-VIS Spectral Decomposition
Each absorbance spectrum was imported into KaleidaGraph (KGraph) Version
3.5 and absorbance vs. wavelength plots for entire reactions were created. All Hb species
(DeoxyHb, OxyHb, MetHb, Heme-Fe(II)NO, Heme-Fe(III)NO, and hemichromes) have
an optical absorbance between 400 and 700 nm. Since it is easier to decompose the
spectrum into its components by using its derivative, the derivative of each spectrum was
determined and then smoothed in KGraph. The smoothed KGraph data was exported into
a text file to be imported into a weighted least squares fitting program in Mathematica®
(Student Version 5.2). Basis absorbance and derivative spectra are shown in Figure 2-1.
The fit program determined the concentration of each possible component in the
sample by determining the linear combination of basis spectra that form the data
spectrum. The basis spectra are derivative spectra comprised of all of the spectra that
could be detected in the sample including OxyHb, DeoxyHb, MetHb, Heme-Fe(II)NO,
and Heme-Fe(III)NO. Different types of hemichromes have similar absorbance and
derivative spectra, so in each of those samples, the basis spectra of just the hemichrome
being analyzed was included, i.e. no fits were done with multiple hemichromes. Fit
spectra were then compared to their corresponding experimental spectra to determine
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goodness of fit. In addition, concentration and percentages of each component were
generated by the fitting program. This process was done on all samples over the course
of the reaction and global kinetic profiles were generated in KGraph of concentration
(μM) vs. time (min) from selected scans in each sample.
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Figure 2-1: UV-VIS absorbance basis spectra (left) for all species measured including
OxyHb, DeoxyHb, MetHb, Heme-Fe(II)NO, Heme-Fe(III)NO, MetMer-, MetN3-, and
MetNO2-. Derivatives of the absorbance spectra (right) were used for linear least squares
fitting analysis.

EPR Analysis
EPR was used to classify the hemichrome type. The g-values were determined by
Equation 2-1, where h is Plank’s constant, υ is the spectrophotometer frequency (Hz), Bo
is the magnetic field of the absorbance peak (G), g is the g-value, and μB is the Bohr
magneton (J/G). The calculated g-values were converted to the crystal field parameters
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V/Δ and Δ/λ (Equations 1-8 and 1-9), which were used to determine the hemichrome type
according to the Peisach and Blumburg “truth table”.
hυ = BogμB

(2-1)

UV-VIS spectroscopy cannot distinguish between different subunits on the Hb
tetramer. However, EPR can distinguish the difference between the three different types
of Heme-Fe(II)NO: α6-NO, α5-NO, and β-NO (See Figure 2-1). Each spectrum recorded
is potentially a combination of all three types. Each experimental spectrum was
compared to the basis spectra in Figure 2-2 to determine the relative amounts of each
type of Heme-Fe(II)NO.

EPR Hb-Fe(II)NO Basis Spectra
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Figure 2-2: Basis spectra of Heme-Fe(II)NO species. The α5-NO spectrum has 3
sharp features arising from hyperfine interactions.
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SNO-Hb and NO2- Quantification
The Griess and Saville assays have been shown to provide a useful means to
quantify NO2- and SNO-Hb concentrations by colorimetric analysis [42]. The Griess
assay determines the amount of total ambient nitrite in the sample by adding acidified
sulfanilamide (SAA), forming a diazonium species. This is followed by reaction with N(1-naphthyl)ethylenediamine (NNEM) to yield a azo-coupled product that has an
absorbance at 540nm with an extinction coefficient of 50,000 M-1cm-1 [42]. The Saville
assay uses Hg+2 to displace the NO+ from the cys [42]. The NO+ reacts with SAA to
form a diazonium complex and then the assay follows the same steps as the Griess assay.
Subtracting the absorbance of the Griess reaction from the absorbance of the Saville
reaction determines the amount of SNO-Hb present in the sample [42].

Kinetic Modeling
Typically with kinetics, one is trying to measure the rate constants, reaction
orders, and rates associated with a known reaction scheme. Here we tried to elucidate the
reaction scheme. Knowing only the reagents, we tried to determine what the distribution
of products was moment by moment in the reaction. And from that, elucidate the key
reactions that govern the overall chemistry.
The list of reagents includes redox active transition metal ions, oxygen, thiols, and
NO. A list of possible chemical combinations of these compounds is enormous, so what
we tried to do was, under conditions characteristic of physiology, understand what
chemistries dominate.
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With the determination of concentrations of reagents and some intermediates and
products from UV-VIS, we got a sequence of reactions over time that predominated
under temporally evolving conditions. Different time scales were merged into 1 due to
the flux of NO as the rate determining step.
Kinetic data was imported into COPASI and a reaction scheme was developed to
test possible reaction schemes for a series of experiments [43]. We began with the
simplest possible model that consisted of a common core of reactions including DEANO
decomposition, Heme-Fe(II)NO formation, and two step reductive nitrosylation involving
Heme-Fe(III)NO formation followed by Heme-Fe(III)NO reduction with a nucleophile.
We obtained the best fits and noted systematic deviations to determine what steps needed
to be added. During model development this is done formally – we may know one
reactant and product so we wrote a formal expression that embraces what we need to
model, with certain insouciance about rigorous balance, which of course, we ultimately
incorporated in the refined model.
Parameter estimation was conducted using Hooke and Jeeves to fit experimental
spectra to the model and to calculate rate constants of each step. Hooke and Jeeves is a
direct search method that uses a nonlinear function to find the local minimum [43]. In
each model, we used the DEANO decay rate according to its literature value [40, 41].
However, we set DEANO decay to 2 moles of NO instead of 1.5 moles for computational
ease. The concentration of NO in each experiment was measured, not the concentration
of DEANO. Therefore, it did not matter if 1.5 or 2 moles of NO per mole of DEANO
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was used, as long as the correct concentration of NO was released according to its halflife.
The initial concentration of DEANO was also allowed to vary by 20% of the
calculated value. Samples of 10 mg of DEANO were added to 15 mL of 10 mM KOH.
In order to test the NO concentration of the stock solution, the solution was diluted with
KOH and then reacted with the Griess reagents. The sulfanilamide was dissolved in a
0.5 M HCl solution and, at a low pH, DEANO releases its NO instantaneously [40]. In
these tests, the DEANO was incubated in 0.5 M HCl with sulfanilamide for
approximately 5 min. For these measurements, it was assumed that the amount of NO
released from DEANO at a low pH would be equivalent to the amount of NO released
under our reaction conditions at pH 7.4 and in the presence of Hb. Because some error
could be associated with the initial DEANO concentration, DEANO was allowed to vary
by 20% of its calculated value in all models tested. A more detailed explanation of each
model is given in subsequent chapters.
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CHAPTER 3
REDUCTIVE NITROSYLATION OF METMERCAPTOETHANOL- WITH DEANO
MetMer- + DEANO: Aerobic Conditions

Procedure
In reactions with MetMer- and DEANO under aerobic conditions, excess
mercaptoethanol was added to MetHb to form MetMer-. Excess mercaptoethanol was
removed with a G-25 column. DEANO was added to the MetMer- sample in different
ratios and the UV-VIS absorbance was monitored. Samples of MetMer- before NO and
after the completion of each reaction were put in quartz EPR tubes and frozen for further
analysis.
Initial samples were composed of 28.45% (± 4.05%) MetMer- while the
remaining Hb was MetHb. A stock solution of MetMer- was made each day and a series
of reactions were conducted. All experiments using a particular solution were run
throughout the course of 10 hours. Initial concentrations had less than a 5% change in
concentration measured throughout the day. Differences are likely a result of error from
linear least squares fitting.

UV-VIS Absorbance
The absorbance spectra for MetMer- + DEANO reactions showed a three phase
reaction. Representative absorbance spectra showing the three phases are displayed in
Figure 3-1. In the first phase, MetMer- decreased and MetHb increased. After all of the
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MetMer- is gone, the second phase begins in which Heme-Fe(III)NO is rapidly formed.
Shortly after this phase begins, Heme-Fe(II)NO is formed as evidenced by a shift in the
spectra toward higher wavelengths. In cases with limited NO, MetMer- is converted to
MetHb with no formation of Heme-Fe(III)NO or Heme-Fe(II)NO (Phase 1, Figure 3-1).
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Figure 3-1: Representative UV-VIS absorbance spectra from the reaction 0.487 Heme to
1 NO. There are three distinct phases of MetMer- + DEANO reactions shown in the three
graphs. In Phase 1 (top left), MetHb increases and MetMer- decreases. Phase 2 (top
right) shows an increase of Heme-Fe(III)NO and a decrease of MetHb. In Phase 3
(bottom), Heme-Fe(II)NO is formed and MetHb continues to decrease.
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Absorbance scans were fit with basis spectra using linear least squares fitting.
Kinetic profiles were created using the fitting results. Representative kinetic profiles and
derivative absorbance fits are shown in Figure 3-2.
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Figure 3-2: Kinetic profiles created by linear least squares fitting of absorbance data for
reactions with excess NO (0.487 Heme to 1 NO, top left) and limiting NO (2.7 Heme to 1
NO, top right). A representative derivative fit spectrum from linear least squares fitting is
shown in the bottom graph (from the absorbance at 135 min from the reaction 0.487
Heme to 1 NO). The concentration of each component is determined by spectral
decomposition and the profiles in the top graphs are created from each time point. Lines
are a guide to the eye.
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The profiles shown in Figure 3-2 confirmed the three separate phases seen from
the changes in the absorbance scans. They also depicted a delay phase between phases 1
and 2 for cases with excess NO. In the first several minutes, MetMer- decreased and
MetHb increased. In excess NO experiments, there was a period where there appeared to
be no or very little change in MetHb or any other concentration in the sample. Then
MetHb began to decay at the same rate in which it formed in the first phase. HemeFe(III)NO began to form and shortly after Heme-Fe(III)NO formation began, HemeFe(II)NO began to form. Heme-Fe(III)NO was an intermediate that disappeared as the
reaction progressed. In limiting NO reactions, MetMer- is converted to MetHb and there
are no other intermediates or products detected.

NO Quantification
The Griess and Saville assays were performed at the completion of each
experiment to quantify the amount of ambient NO2- and SNO formed during the reaction.
Table 3-1 shows the results of NO2- and SNO measured with Griess and Saville assays
compared to the amount of NO added as well as Heme-Fe(II)NO determined by linear
least squares fitting. No Heme-Fe(III)NO was present in any sample at the completion of
the reaction.
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Table 3-1: Quantification of all NO species measured in aerobic MetMer- + DEANO
experiments. The total NO added was determined from the Griess reaction on the
diluted stock DEANO sample. NO2- and SNO were measured from the Griess and
Saville assays respectively. Heme-Fe(II)NO was determined from UV-VIS
decomposition at the end of the experiment. No Heme-Fe(III)NO remained at the end
of the experiment.

Heme to NO
ratio
2.70 to 1
1.60 to 1
0.952 to 1
0.561 to 1
0.487 to 1
0.472 to 1
0.462 to 1
0.463 to 1
0.405 to 1
0.339 to 1

Total NO
added (µM)
216.4
360.68
579.66
949
1023.4
1050.95
1023.4
1023.4
907.3
1028

-

NO2 (µM)
18.7
30.5
85.1
332.7
134.5
367.75
214.5
254.1
301.37
393.25

HemeFe(II)NO (µM)
0
0
126.1
160.88
196.12
254.47
149.66
197.77
144.51
231.73

SNO (µM)
112.9
222.9
358
288.8
281.9
329.9
239.3
286.3
297.02
282.6

SNO measured via the Saville assay quantifies not only SNO-Hb, but also any
mercaptoethanol that binds NO, forming MerNO (nitrosomercaptoethanol). Some
samples were run over a G-25 column at the end of the experiments and then Griess and
Saville assays were performed (data not shown). It was determined that SNO-Hb does
form in these experiments, however, due to the dilution from G-25, the concentrations of
MerNO and SNO-Hb could not be determined accurately, only the total SNO could be
determined (Table 3-1).
The ratio of SNO to NO2- was plotted against the ratio of NO to Heme (Figure 33). As the ratio of NO:Heme increases, the ratio of SNO:NO2- decreases. However, as
the ratio of NO:Heme decreases, there is a larger preference for SNO over NO2- that
increases rapidly at lower levels of NO.
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Figure 3-3: Concentration of SNO per NO2- as a function of NO per Heme
concentration. This plot shows an increase in the preference of SNO over NO2- in
conditions of less NO per Heme. The line is a guide to the eye.
Evidence of MerNO
Several tests were run to determine if NO released from DEANO could react with
mercaptoethanol and form MerNO. Under anaerobic conditions at neutral pH, it has been
reported that NO cannot bind with thiol groups [44, 45]. However, under aerobic
conditions, MerNO can form via a MerNOH• radical intermediate in the presence of an
electron acceptor [46].
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Transnitrosation The common laboratory method to form SNO-Hb is by
transnitrosation of Hb by acidified thiol and NO2-. Transnitrosation was done using
MerNO and MetHb to determine if SNO-Hb would form. Mercaptoethanol was diluted
to 1 M with 0.5 M HCl/0.1 mM DTPA and equal volumes of 1 M mercaptoethanol and
0.8 M NO2- were mixed and immediately added to HEPES pH 7.4 buffer and then added
to MetHb equilibrated with Borate buffer at pH 9.2. EPR results show no high-spin
MetHb but a large low-spin MetMer- hemichrome spectrum is detected (See Figure 3-4).
After this initial sample reacted for 9 min, the remaining sample was run through a G-25
column with HEPES pH 7.4 buffer. EPR results show large high-spin MetHb and lowspin MetMer- peaks but no Heme-Fe(II)NO (See Figure 3-4). UV-VIS spectroscopy
confirms this mixture of high-spin and low-spin Heme-Fe(III) species. This is consistent
with removing significant mercaptoethanol from the MetHb during G-25 filtration. SNOHb was confirmed via the Saville assay. In addition to forming SNO-Hb, the
mercaptoethanol binds to the MetHb forming MetMer- as seen by the low-spin EPR
signal. The first and last low-spin peaks were split into 2. The g-values were calculated
and are as follows: 2.435 and 2.391, 2.271, and 1.953 and 1.935. The crystal field values
were calculated from the g-values with |Δ/λ| = 6.53 and |V/Δ| = 0.389. The crystal field
values were used to determine that the low-spin signal was MetMer-, a P-type
hemichrome. These results show that not only does SNO-Hb form via transnitrosation
with MerNO, but P-type hemichrome also forms which is not seen by transnitrosation
with S-nitrosylated cysteine.
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Figure 3-4: EPR spectra of S-nitrosylated MetHb via transnitrosation of nitrosylated
mercaptoethanol (left). The field center is 3000 G with a 4000 G range. No highspin MetHb was detected. On the right is the same sample after G-25 filtration with
a field center of 2100 G and a scan range of 4000 G. A high-spin MetHb signal is
seen around 1000 G and the 3 low-spin MetMer- peaks are also seen. The g-values
are the same for both spectra.

Mercaptoethanol + DEANO Another test that was done to examine MerNO
formation was to mix DEANO and mercaptoethanol without Hb under aerobic
conditions. In this experiment, DEANO was added to mercaptoethanol diluted with
HEPES buffer, with a 2.85-fold molar excess of mercaptoethanol. Griess and Saville
assays were performed at 5, 10, and 150 min. At each time point, both NO2- and MerNO
were detected and results are displayed in Table 3-2. The first step of the Griess assay
involves the addition of SAA in 0.5 M HCl. This step converts NO2- to NO+ and then
NO+ binds to the SAA. If mercaptoethanol reacts faster with NO than SAA does,
MerNO could be measured even if MerNO was not formed during the reaction of Mer
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with DEANO. However, the increase of MerNO over time was an indication that
MerNO forms throughout the course of this reaction.
Table 3-2: The results of NO2- and MerNO from Griess and Saville assays over time
from Mercaptoethanol + DEANO experiments are tabulated above. More MerNO was
detected as the reaction progressed.

Time (min)
5
10
150

NO2- (µM)
402
342.5
301.4

MerNO (µM)
88.5
106.7
194.8

Spectroscopic Evidence of MerNO In addition to testing for MerNO formation
under acidic conditions, UV-VIS absorbance was used to test for MerNO at physiological
pH. MerNO has an absorbance around 545 and 330 nm. The sensitivity of the
absorbance at 330 nm was tested by dilutions of MerNO made with mercaptoethanol in
0.5 M HCl and NO2- as described above. The sample was diluted several times and an
absorbance was detected with a MerNO concentration of approximately 2.3 mM. In
addition, 600 µL of DEANO in 10 mM KOH was mixed with 1.2 M mercaptoethanol in
0.5 M HCl. Immediately after mixing, the absorbance at 330 nm was more than 1. After
6 min, the absorbance was about half of what it was after mixing and by 12 min the
absorbance from MerNO was essentially gone.
A high DEANO concentration at pH 7.4 was needed to test for MerNO formation.
One milliliter of HEPES at pH 7.4 was added directly to 10 mg of DEANO. 700 µL of
this DEANO solution was mixed with 20 µL of 1 M mercaptoethanol and the absorbance
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around 330 nm was observed. The concentration of NO in the sample was approximately
70.7 mM and the concentration of mercaptoethanol was 27.7 mM. However, DEANO
releases NO with a half-life of 16 min [40, 41]. At 16 min approximately 35 mM NO
should be in the solution. This is more than 10 times higher than the threshold for
MerNO detection. However, no MerNO was detected at 330 nm over the course of 6
hours.
Experiments conducted to determine if MerNO forms indicated that it is likely
MerNO is formed during experiments with MetMer- and DEANO and that MerNO can
nitrosylate the β93-cys. It has been shown that O2 can act as an electron acceptor so
MerNO should form, however, a more sensitive test at neutral pH needs to be conducted
in order to confirm this finding under our reaction conditions [46].

Missing NO
In each experiment, the amount of NO detected from NO2-, SNO, HemeFe(II)NO, and Heme-Fe(III)NO did not match the amount of NO added to the sample.
These results are shown in Figure 3-5. Linear regression was conducted on the data and a
correlation coefficient of R=0.9497 and a slope of 0.7755 were determined for the best fit
line. Only 78% of the total NO was accounted for during these reactions. Possible
explanations for missing NO will be discussed in the Kinetic Analysis section.
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Figure 3-5: The concentration of NO products measured per heme was plotted as a
function of the amount of total NO added per heme for each aerobic MetMer- +
DEANO experiment. Linear regression through zero gave a best fit line with a slope
of 0.7755. 77.55% of the total NO added was accounted for in these reaction
conditions.
Evidence of MetNO2- NO2- is a product of reductive nitrosylation, so the
possibility of MetNO2- formation was probed. MetNO2- was added as a fit parameter in
the linear least squares fitting program and compared to the results of the fit without
MetNO2-. Since MetNO2- is a low-spin complex, it has a very similar visible spectrum to
MetMer- and MetN3-, therefore, MetNO2- was not added to the fit parameters until after
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all MetMer- was consumed (approximately 5-8 min). MetNO2- was never fit as a
positive value, so it was concluded that no MetNO2- formed at any time during this
experiment. Other possible nitrosated products will be discussed with mechanistic details
in the Kinetics Analysis section.

EPR Spectroscopy
EPR samples of each MetMer- sample were frozen before NO was administered
and at the end of each experiment of MetMer- + NO. 100 µL samples were delivered to
Ar purged quartz EPR tubes sealed with rubber septa. DeoxyHb, OxyHb, and HemeFe(III)NO are all EPR silent, but MetHb, MetMer-, and Heme-Fe(II)NO have distinct
EPR signals. The g-values were calculated from the experimental spectra and crystal
field values were calculated and compared to the “truth table” [31]. The g-values were
determined to be 2.42, 2.23, and 1.90 and the crystal field values were calculated as |Δ/λ|
= 6.22 and |V/Δ| = 0.490. In each case, both high-spin MetHb and low-spin P-type
hemichrome were present in the initial sample prior to NO addition, this is consistent
with UV-VIS results. Upon NO addition, a Heme-Fe(II)NO signal formed and the highspin MetHb signal, as well as low-spin MetMer- signal, decreased. In samples with
excess NO, the MetMer- low-spin signal disappeared entirely while the high-spin MetHb
signal decreased significantly. Even with 3-fold excess NO, the high-spin MetHb signal
never completely disappeared. Representative EPR spectra are depicted in Figure 3-6.
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Figure 3-6: Representative MetMer- EPR spectra for MetMer- in the absence of DEANO
(left) and MetMer- + DEANO with excess NO (right). Before DEANO was added, highspin MetHb and low-spin P-type hemichrome signals were measured. The g-values for
the low-spin P-type hemichrome were determined to be 2.42, 2.23, and 1.90. After
excess NO was added, high-spin MetHb and Heme-Fe(II)NO signals were measured, but
the MetMer- signal disappeared.

EPR spectra were obtained with a field center of 3220 G over a scan range of 400
G to investigate the Heme-Fe(II)NO formed during each reaction. Spectra were
compared to basis spectra of α6-NO, α5-NO, and β-NO. In all experiments except one,
there was a large β-NO preference, consistent with reductive nitrosylation results by
Luchsinger et al [24] (See Figure 3-7). In the only experiment where there was not a
large β-NO preference, no preference was detected. This experiment had the highest NO
to heme ratio and Hb(NO)4 was formed. No convincing evidence of α5-NO was detected.
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Figure 3-7: Representative EPR spectrum of Heme-Fe(II)NO from the reaction of
aerobic MetMer- with DEANO in a 0.487 Heme to 1 NO ratio. EPR spectra were
recorded with a field center of 3220 G and a scan range of 400G. A β-NO preference
was detected in all experiments except one that formed Hb(NO)4. In the spectrum
shown above, approximately 75-80% of the Heme-Fe(II)NO was β-NO.

Kinetic Analysis
COPASI was used to investigate the reaction scheme of MetMer- + DEANO
under aerobic reactions as well as to determine the rate constants of the different steps
[43]. In limiting NO cases, the only change in the reaction was MetMer- conversion to
MetHb, so a step that takes MetMer- to MetHb upon reaction with NO was included. At
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higher NO concentrations it was discovered that MetMer- + NO reactions are separated
into phases. Initially only MetMer- changes to MetHb and that phase is followed by a
MetHb decrease to form Heme-Fe(III)NO and Heme-Fe(II)NO. This reaction appears to
have two completely separate phases in which only MetMer- conversion to MetHb occurs
until all of the MetMer- is consumed and then MetHb begins to be consumed. This is
understandable if the rate of MetMer- conversion to MetHb is fast. However, the second
phase appears to occur at the same rate as the first phase. This is easily seen when
looking at the formation and consumption of MetHb (Figure 3-2). However, it is not
possible for these two rates to be similar because one reaction clearly happens before the
other. The only possible explanation for the phases depicted in these reactions is that
there is another rate limiting step that forces the faster steps of MetMer- conversion to
MetHb and MetHb consumption by the reaction with NO to appear to have the same rate.
This rate limiting step is the NO release from DEANO with a half-life of 16 min [40, 41].
Both the formation and consumption of MetHb have an apparent rate that is depicted by a
half-life of about 16 min.
A model was developed in COPASI to test the reaction scheme of MetMer- +
DEANO reactions under aerobic conditions. In the first model, MetMer- is reduced by
NO assisted reduction. Since oxygen is present, Heme-Fe(II) quickly reacts with O2 to
form Heme-Fe(II)O2. The reaction of OxyHb with NO has been studied for many years
and forms NO3- and MetHb (See Equation 1-2). The OxyHb interaction with NO was

40

followed by reductive nitrosylation in the model. Finally, autoxidation could occur and
this step was added to the model. This model is depicted in Table 3-3.

Table 3-3: NO Assisted Reduction Model (Aerobic) of MetMer- + DEANO reactions.
The experimental data was fit to this 10 step model using COPASI. Rate constants were
fit for every step except R1 which was set to 7.22x10-4 s-1, the rate of DEANO decay. In
addition, the initial concentration of DEANO was fit within a 20% range from the
calculated value. Reactions with an equal sign (=) are mass action reversible reactions so
rates were fit for both directions to obtain an equilibrium constant. Reactions with an
arrow () are mass action irreversible reactions.

NO Assisted Reduction Model (Aerobic)
R1: DEANO  2NO
R2: MetMer- + NO  Heme-Fe(II) + MerNO
R3: Heme-Fe(II) + O2  Heme-Fe(II)O2
R4: Heme-Fe(II)O2 + NO  Met + NO3R5: MetMer- = Met + MerR6: Met + NO = Heme-Fe(III)NO
R7: Heme-Fe(III)NO + X-  Heme-Fe(II) + NOX
R8: Heme-Fe(II) + NO  Heme-Fe(II)NO
R9: Mer- + NO+ = MerNO
R10: Heme-Fe(II)NO  Met

Representative results of the NO Assisted Reduction Model (Aerobic) are shown
in Figure 3-8. This model fit the experimental data well for experiments with limited NO
to heme. However, for excess NO experiments, there was a period where MetHb reaches
its maximum and does not appear to react for a short time. This characteristic was
completely lost in the NO Assisted Reduction Model (Aerobic) and the decay of MetHb
was not accurately fit. The experimental results show a second order decay but the model
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only has a first order decay. In addition, Heme-Fe(III)NO and Heme-Fe(II)NO formation
occurs earlier in the fit than it does in the experimental results.
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Figure 3-8: The above graphs are representative experimental (solid) and fit (dashed)
kinetic profiles from the NO Assisted Reduction Model (Aerobic) for MetMer- +
DEANO in a 0.561 Heme to 1 NO ratio. The graph on the right is the same graph as the
one on the left, but only depicts the first 60 min of the reaction. The legend is the same
for both graphs.

The logical explanation for the delay phase is that MetHb is being both consumed
and formed simultaneously with little change to the overall concentration. In order to
account for this phenomenon as well as the second order decay of MetHb, a model was
created that had subunit inequivalencies. Hb is a tetrameric protein that can bind ligands
with different rates depending on the current saturation of the tetramer. The allosteric
oxygen binding curve is an example of how rates can change with different amounts of
ligands bound. Tomodo and coworkers used isoelectric-focusing on
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Ampholine/polyacrylamide gels to investigate the oxidation of OxyHb by NO2- to form
MetHb [47, 48]. The reaction was monitored over the course of several hours and
hybrids of MetHeme and OxyHeme were seen. Hybrids are formed when the four
subunits of the Hb are not equivalent. In Tomoda’s case, hybrids of (β-Fe(II)O2)2/(αFe(III))2 and (β-Fe(III))2/(α-Fe(II)O2)2 were seen as intermediates. No evidence of any
combination of hybrids with 1 and 3-subunit differences were measured, indicating their
instability [47, 48].
A 2-subunit model was created using this idea of tetrameric hybrids. NO was
allowed to bind with one subunit of Heme-Fe(III) forming Heme-Fe(III)NO with the
other three subunits in the tetramer remaining as Heme-Fe(III). The NO could either
dissociate from Heme-Fe(III) and return to a tetramer of all Heme-Fe(III)’s, or it could
react with another molecule of NO to form Heme-Fe(III)NO. The result would be a
tetramer with 2-subunits of Heme-Fe(III) and 2-subunits of Heme-Fe(III)NO. Since
hybrids have been found with 0, 2, and 4 ligands [47, 48], this model allows for HemeFe(III) to be formed and consumed simultaneously when there is not enough NO to form
the more stable (Met)2/(Fe(III)NO)2 hybrid. Once the (Met)2/(Fe(III)NO)2 hybrid is
formed it could undergo reductive nitrosylation to form Heme-Fe(II)NO. This new
model is shown in Table 3-4 and only represents a 2-subunit reaction because once the
more stable (Met)2/(Fe(III)NO)2 was formed, it could go on to form (Met)2/(Fe(II)NO)2.
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Table 3-4: 2-Subunit NO Assisted Reduction Model for aerobic reactions of MetMer- +
DEANO. This 11 step model was fit to experimental data in COPASI. Rate constants
were fit for every step except R1. The initial concentration of DEANO was fit within a
20% range from the calculated value and 2 global quantities were added to determine the
total Heme-Fe(III) and Heme-Fe(III)NO concentration.
2-Subunit NO Assisted Reduction Model
R1: DEANO  2NO
R2: MetMer- + NO  Heme-Fe(II) + MerNO
R3: Heme-Fe(II) + O2  Heme-Fe(II)O2
R4: Heme-Fe(II)O2 + NO  Met + NO3R5: 4Met = Met4
R6: Met4 + NO = Met3/(MetNO)1
R7: Met3/(MetNO)1 + NO  Met2/(MetNO)2
R8: Met2/(MetNO)2 + 2X-  Met2 + 2Heme-Fe(II) + 2NOX
R9: Heme-Fe(II) + NO  Heme-Fe(II)NO
R10: Met2 = 2Met
R11: Heme-Fe(II)NO + O2  Met + NO3Global Quantities
Heme-Fe(III)=Met+4Met4+3Met3/(MetNO)1+2Met2/(MetNO)2+Met+2Met2
Heme-Fe(III)NO=Met3/(MetNO)1+2Met2/(MetNO)2

In addition to fitting rate constants for the reactions listed in Table 3-4, two global
quantities were added to the fit parameters to determine the Heme-Fe(III) and HemeFe(III)NO concentrations. Absorbance spectra are invariant to the number of ligands
bound per tetramer, but rather measures the total concentration of the ligands bound on a
per heme basis. For example, two tetramers containing 2 Heme-Fe(III) subunits and 2
Heme-Fe(II)NO subunits have the same absorbance spectrum as a tetramer of all HemeFe(III) and one of all Heme-Fe(II)NO. The 2-Subunit Model requires that Met4 and Met2
be differentiated from Met. The initial concentrations of Met4, Met2, and Met were also
fit to the initial global Heme-Fe(III) quantity.
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The 2-Subunit Model fit experimental data much better than the previous model.
All phases were well depicted and little deviation from the experimental data occurred.
The only slight deviations occurred below 10 µM, which can be accounted for as error in
the least squares fits as well as oxygen contamination at the end of the experiment.
Due to the success of the 2-Subunit Model, a 4-subunit model was created as a
more realistic reaction scheme to MetMer- + NO reactions under aerobic conditions (See
Table 3-5). This de minimis model was similar to the 2-Subunit model but did a slightly
better job at fitting the experimental spectra. Global quantities were used to determine
the Heme-Fe(III) and Heme-Fe(III)NO concentrations and are shown in Table 3-5.
Several of the rates for the 4-Subunit Model (Table 3-5) could not be determined
explicitly because there were other reactions that were slower and determined the overall
rate. The release of NO from DEANO was the rate limiting step. Reactions 2, 3, and 4
were all fast and could not be determined due to the rate of reaction 1. Only relative rates
were relevant. Reaction 2 needed to be faster than reaction 6 in order to go to completion
before reductive nitrosylation began. Reaction 13 agreed well with published results, but
it was difficult to compare the equilibrium constants in reactions 6 and 11 because the 4Subunit Model had multiple steps [24, 49-52]. Reaction 11 had a large variation between
the different experiments, however, the reaction moved mostly in the forward direction.
No free mercaptoethanol was included in the 4-Subunit Model and simulations of
experimental data using the rate constants determined from the model showed that
MerNO does not easily dissociate on its own in MetMer- + DEANO experiments.
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Representative experimental and fit kinetic profiles are shown in Figure 3-9. Reactions 5
and 9 were only added to allow for the subunit inequalities; their rates were irrelevant.
Reaction 10 is an autoxidation step that has been well studied. The NO can dissociate
from Heme-Fe(II)NO and OxyHb can form. NO can then oxidize OxyHb to MetHb.
The rate of this reaction is limited by the rate of NO dissociation from Hb-Fe(II) and has
been found to be on the order of 1x10-5 s-1 which is comparable to our results [52-54] .

Table 3-5: 4-Subunit NO Assisted Reduction Model for aerobic MetMer- + DEANO
reactions. This 13 step model was fit to experimental data in COPASI. Rate constants
were fit for every step except R1. The initial concentration of DEANO was fit within a
20% range from the calculated value and 2 global quantities were added to determine
the total Heme-Fe(III) and Heme-Fe(III)NO concentration.
4-Subunit NO Assisted Reduction Model
Reaction
R1: DEANO  2NO
R2: MetMer- + NO  Heme-Fe(II) + MerNO
R3: Heme-Fe(II) + O2  Heme-Fe(II)O2
R4: Heme-Fe(II)O2 + NO  Met + NO3R5: 4Met = Met4
R6: Met4 + NO = Met3/(MetNO)1
R7: Met3/(MetNO)1 + NO  Met2/(MetNO)2
R8: Heme-Fe(II) + NO  Heme-Fe(II)NO
R9: Met2 = 2Met
R10: Heme-Fe(II)NO + O2  Met + NO3R11: Met2/(MetNO)2 + NO = Met1/(MetNO)3
R12: Met1/(MetNO)3 + NO  (MetNO)4
R13: (MetNO)4 + 4X-  4Heme-Fe(II) + 4NOX
Global Quantities

Fit or
Fixed
Fixed
Fast
Fast
Fast
NA
Fit
Fit
Fast
NA
Fit
Varied
Fast
Fit

Equilibrium or
rate constant
7.22 x 10-4 s-1

0.9 M-1
5.8x103 M-1s-1
5.3x10-5 s-1
FWD
1.0x104 M-1s-1
.002 s-1

Heme-Fe(III)=Met+4Met4+3Met3/(MetNO)1+2Met2/(MetNO)2+Met+2Met2+Met1/(MetNO)3
Heme-Fe(III)NO=Met3/(MetNO)1+2Met2/(MetNO)2+3Met1/(MetNO)3+4(MetNO)4
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Figure 3-9: Representative fits from the 4-Subunit Model for aerobic reactions of
MetMer- + DEANO. The top two graphs are for the reaction of 0.561 Heme to 1 NO.
The legend is the same for all four graphs and the graph on the top right is the first 60
min of the reaction. The bottom two graphs are for the reaction 0.952 Heme to 1 NO
with the graph on the right representing the first 40 min of the reaction.
The 4-Subunit Model produces NO3- and NOX. NOX can be NO2- or SNO-Hb
formed during reductive nitrosylation [24] or it could be N2O3 that may also lead to SNOHb formation [55, 56]. It was determined that approximately 21% of the NO was
unaccounted for. The missing NO can be attributed to the amount of NO3- that was
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formed during these experiments. NO3- was not measured during this reaction, but it
could be determined from COPASI simulations from the 4-Subunit Model.
UV-VIS spectroscopy was used to determine the total Heme-Fe(III) and HemeFe(III)NO concentrations throughout the reaction. However, with the 4-Subunit Model,
the concentration of each hybrid cannot be determined. Kinetic results from COPASI
were used to run simulations to determine the concentration of hybrids throughout the
course of the reactions. A representative simulation is shown in Figure 3-10.
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Figure 3-10: Representative Heme-Fe(III) and Heme-Fe(III)NO hybrid simulation from
kinetic rates determined in the 4-Subunit Model (Table 3-5). The results shown above are
from the 0.487 Heme to 1 NO experiment.
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We predicted that the greatest concentration of hybrids would be Met2/(MetNO)2
and (MetNO)4 based on Tomoda’s hybrid results [47, 48]. Figure 3-10 agrees well with
our prediction, however, there was some variance in hybrid concentrations between the
different experiments. In one experiment, Met1/(MetNO)3 was the hybrid with the
highest concentration. This model does not distinguish between the different types of
hybrids, for example, (β-Met)2/(α-MetNO)2 or (β-MetNO)2/(α-Met)2. In order to
determine which hybrids formed and determine the concentrations of each hybrid, 2-D
gels would need to be performed throughout the reactions.
MetMer- + DEANO: Anaerobic Conditions

Procedure
In order to eliminate the reactions by O2, the experiments of MetMer- and
DEANO were also carried out in an anaerobic environment. Excess mercaptoethanol
was added to MetHb and then spun through a G-25 column. These samples were
vortexed and purged with Ar gas as discussed in Chapter 2.
Absorbance spectra were recorded prior to the addition of DEANO. These spectra were
decomposed using linear least squares fitting to determine the concentrations and
percentages of each species in the sample. G-25 filtration removed approximately three
quarters of the mercaptoethanol from the MetMer- samples prior to degassing. A series
of experiments were conducted and the samples were composed of 24.5% (± 1%)
MetMer- with the remaining sample being Heme-Fe(III) without mercaptoethanol bound.
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Once a sample was made and deoxygenated, it remained sealed with positive pressure to
be used in new experiments throughout the day. Samples remained stable throughout the
course of the day with less than a 1% change in the percentage of components over 8
hours and a concentration change of less than 3%. DEANO was deoxygenated by
purging with Ar and added in different ratios to the MetMer- samples.
Each MetMer- and DEANO experiment was monitored throughout the course of
the reaction with a UV-VIS spectrophotometer for a minimum of 7 half-lives of DEANO.
Each reaction shows a decrease of MetHb and MetMer- and an increase of HemeFe(II)NO. Individual absorbance scans were decomposed with linear least squares fitting
and a kinetic profile of each experiment was created.

UV-VIS Absorbance
Anaerobic MetMer- and DEANO experiments appeared to have three phases.
First, a phase in which MetMer- is converted to Heme-Fe(II)NO that occurred fast and
then a second phase in which reductive nitrosylation occurred followed by a third phase
where the two peaks shifted to a higher wavelength, indicating Heme-Fe(II)NO
formation. Representative absorbance spectra are shown in Figure 3-11.
A series of spectra were decomposed using linear least squares fitting and kinetic
profiles were created. Representative kinetic profiles are shown in Figure 3-12. HemeFe(III)NO was detected by UV-VIS as an intermediate species that began to form after all
of the MetMer- was consumed. Heme-Fe(III)NO reached a maximum and then was
consumed as the reaction progressed. The Heme-Fe(III)NO intermediate was believed to
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be formed due to reductive nitrosylation. In experiments in which NO was limiting,
MetMer- and Heme-Fe(III) decreased and Heme-Fe(II)NO increased but there was no
Heme-Fe(III)NO detected (See Figure 3-12).
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Figure 3-11: Representative UV-VIS absorbance spectra for the anaerobic MetMer- +
DEANO reaction with a ratio of 0.355 Heme to 1 NO. In phase 1 (top left), MetMerand MetHb decreased and Heme-Fe(II)NO increased. In phase 2 (top right), HemeFe(III)NO began to form and the middle peaks shifted to lower wavelengths. In the third
phase (bottom), the middle peaks shifted to higher wavelengths as Heme-Fe(III)NO
decreased and Heme-Fe(II)NO increased.
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Figure 3-12: Representative kinetic profiles from linear least squares fitting for the
reaction of anaerobic MetMer- + DEANO with a ratio of 0.355 Heme to 1 NO (top left)
and 3.71 Heme to 1 NO (top right). Representative derivative fit spectra are shown
below each profile for the absorbance at 146 min and 12 min respectively.

NO Quantification
The Griess reaction was used to determine the amount of ambient NO2- in the
sample when the reaction was stopped. In addition, the Saville reaction was used to
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determine the amount of SNO formed. SNO measured by the Saville assay includes both
SNO-Hb and S-nitrosylated mercaptoethanol. The results of each experiment are shown
in Table 3-6. The amount of Heme-Fe(II)NO and Heme-Fe(III)NO in each experiment
was also determined by least squares fitting. The results at the end of each reaction are
displayed in Table 3-6.
Table 3-6: NO quantification table. Values of all measured NO species for reactions
of MetMer- + DEANO under anaerobic conditions. Total NO concentration was
determined from the Griess assay on diluted DEANO stock solution. NO2- and SNO
concentrations were determined by Griess and Saville assays. Heme-Fe(II)NO and
Heme-Fe(III)NO were determined by UV-VIS spectral decomposition at the end of
each experiment.

Heme to
NO ratio
0.270 to 1
0.343 to 1
0.355 to 1
0.496 to 1
1.94 to 1
3.71 to 1
6.35 to 1

Total NO
added (µM)
1710.8
1255.0
1344.2
1032.9
261.7
133.7
78.5

-

NO2
(µM)
468.15
340
177.28
107.2
22.9
18.7
5.0

SNO
(µM)
255.21
127.8
283
242.6
132.7
68.7
42.1

HeFe(II)NO
(µM)
456.48
470.5
480.69
512.07
167.94
101.64
33.49

Heme-Fe(III)NO
(µM)
13.9
0
30.18
0
0
0
0

The ratio of SNO:NO2- was plotted against the ratio of NO:Heme (Figure 3-13).
This plot shows that as the ratio of NO:Heme decreases, there is a preference for SNO
over NO2- formation for reactions of MetMer- and DEANO under anaerobic conditions.
The ratio of SNO:NO2- decreases as NO:Heme increases. This result was also seen for
aerobic experiments and is consistent with prior results on reduction nitrosylation [24].
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Figure 3-13: Concentration of SNO per NO2- as a function of NO per Heme. As the
ratio of NO to Heme decreases, there is a preference for SNO formation over NO2-.
The line is a guide to the eye.

In each experiment, the amount of NO detected from NO2-, SNO, HemeFe(II)NO, and Heme-Fe(III)NO did not match the amount of NO added to the sample.
These results are shown in Figure 3-14. A best fit line was drawn through these points
with a correlation coefficient of R = 0.9870 and a slope of 0.7369. Only 74% of the total
NO was accounted for during these reactions. There were several possible intermediates
or products that were not detected in these experiments that could account for the missing
NO. Possible undetected products will be discussed in further detail in the Discussion
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Figure 3-14: NO quantification graph. All of the measured NO quantities (HemeFe(II)NO, Heme-Fe(III)NO, SNO, and NO2-) at the end of each reaction vs. total NO
initially added on a per heme basis.
Evidence of MetNO2- A possible intermediate or product formed during the
course of this reaction is MetNO2- [57]. In order to test this idea, linear least squares
fitting was conducted after the MetMer- was consumed. Adding an extra parameter
should improve the fit, but it may not be statistically significant. Hypothesis testing was
used to test the two models, one with DeoxyHb, MetHb, Heme-Fe(II)NO, and Heme-
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Fe(III)NO and one with an extra component, MetNO2-, added. For most of the
experiment, improvement on the model was only made with negative MetNO2concentrations which are not relevant. However, after 1 hour, small amounts of MetNO2were detected by linear least squares fitting of derivative absorbance spectra with a
maximum of 11 µM. Using the fit with the maximum MetNO2- concentration, an F-test
was conducted from the sum of the squares of the residuals of the 2 models with the
experimental spectrum [58]. The critical F-value was determined and the possibility of
MetNO2- as a component in the MetMer- + DEANO reaction under anaerobic conditions
was rejected with an alpha of 0.05.
Heme-Fe(III)NO was believed to be an important intermediate in these
experiments. Nonetheless, statistical analysis was done on the data at the highest HemeFe(III)NO concentration. In the first model, OxyHb, DeoxyHb, MetHb, Heme-Fe(II)NO,
and MetMer- were used as fit parameters and in the second model, Heme-Fe(III)NO was
added to the fit. All negative values were weighted to 0. An F-test was conducted on the
model without Heme-Fe(III)NO serving as the null hypothesis and the same model with
the added component, Heme-Fe(III)NO, serving as the alternative model. Using the Fvalue calculated from the residuals of the fits, the model without Heme-Fe(III)NO was
rejected with more than 99% confidence. MetNO2- was also not detected with EPR, so
the possibility of a MetNO2- product or intermediate was rejected while Heme-Fe(III)NO
was accepted as an important intermediate. Representative linear least squares fits of the
different models are shown in Figure 3-15.
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Figure 3-15: The experimental spectrum (red) was fit using linear least squares fitting
with a variety of models. In all models, OxyHb, DeoxyHb, MetHb, and Heme-Fe(II)NO
were used as fit parameters with the result shown in blue (Fit without either Fe(III)NO or
MetNO2-). Heme-Fe(III)NO was added to the fit (green) and showed significant
improvements. MetNO2- was added to the fit instead of Heme-Fe(III)NO (purpledashed) without significant improvements. Both MetNO2- and Heme-Fe(III)NO were
added to the model (black dashed) but an F-test concluded it did not significantly
improve the fit over just Heme-Fe(III)NO (green).

EPR Spectroscopy
Initial EPR spectra were comparable to MetMer- spectra from aerobic reactions.
With a large excess of NO, both the high-spin and low-spin MetHb species disappeared
while a large Heme-Fe(II)NO peak formed. In experiments with a large excess of heme
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to NO concentrations, both the high-spin and low-spin MetHb signals decreased and
Heme-Fe(II)NO formed. Representative EPR results are shown in Figures 3-16 and 3-17.
The g-values calculated from the spectrum were 2.42, 2.23, and 1.89 and the crystal field
values calculated were |Δ/λ| = 6.07 and |V/Δ| = 0.479.
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Figure 3-16: Representative MetMer- EPR spectrum before NO. The g-values for the
low-spin complex are 2.44, 2.40, 2.23, and 1.89 and are shown in the graph along with
the high-spin MetHb signal.

58

_

_

Representative MetMer + NO EPR Spectrum
Limiting NO

EPR Signal

EPR Signal

Representative MetMer + NO EPR Spectrum
Excess NO

500

1000

1500

2000 2500
Field (G)

3000

3500

4000

500

1000

1500

2000

2500

3000

3500

4000

Field (G)

Figure 3-17: Representative EPR spectra after the addition of NO with excess NO to
heme (0.343 Heme to 1 NO, left), and with limiting NO (3.71 Heme to 1 NO, right).
With excess NO, the high-spin and low-spin signals disappear. With limiting NO,
neither disappear, but Heme-Fe(II)NO forms.

EPR scans were taken with a field center of 3220 G over a range of 400 G to
determine if NO was more likely to bind to the α- or β-subunits. In experiments with
limited NO, a β-NO preference was seen which is consistent with prior results on
reductive nitrosylation [24] as well as the aerobic results above. However, in cases with
higher NO to heme ratios, either Hb(NO)4 or an α6-NO preference was evidenced. In all
experiments, there was no convincing evidence of α5-NO. Representative HemeFe(II)NO EPR spectra are shown in Figure 3-18.
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Figure 3-18: Representative Heme-Fe(II)NO spectra from MetMer- + DEANO reactions.
Heme-Fe(II)NO by limiting NO (1.94 Heme to 1 NO, left) has a β-NO preference. With
excess NO, (0.270 Heme to 1 NO, right) an α6-NO preference was detected.

Kinetic Analysis
COPASI was utilized to test kinetic models for the experiments. For anaerobic
experiments, the first model tested utilized NO assisted ligand dissociation from HemeFe(III), shown in Table 3-7.

Table 3-7: The NO Assisted Ligand Dissociation Model for MetMer- + DEANO
under anaerobic conditions. The first reaction had a fixed rate constant and the other
four rate constants were fit with the experimental data.
NO Assisted Ligand Dissociation Model
R1: DEANO  2NO
R2: MetMer- + NO + H+  Met + Mer• + HNO
R3: Met + NO = Heme-Fe(III)NO
R4: Heme-Fe(III)NO + X-  Heme-Fe(II) + NOX
R5: Heme-Fe(II) + NO  Heme-Fe(II)NO
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In this model Heme-Fe(III) formed Heme-Fe(II)NO via reductive nitrosylation.
Representative experimental and fit kinetic profiles are shown in Figure 3-19. The NO
Assisted Ligand Dissociation Model failed on many levels. Heme-Fe(II)NO formation
appeared to have both a fast and a slow phase in the kinetic results. As mentioned above,
the slow phase began after all of the MetMer- was gone and before that time, no HemeFe(III)NO formed. In the NO Assisted Ligand Dissociation Model (Table 3-7), the only
reaction that formed Heme-Fe(II)NO was the reaction of reductive nitrosylation (R3-R5),
requiring Heme-Fe(III)NO formation before Heme-Fe(II)NO formation. In the MetMer+ DEANO experiments under anaerobic conditions, significant Heme-Fe(II)NO formed
before any Heme-Fe(III)NO formed. The model also predicted a Heme-Fe(III)NO
consumption that is much faster than the measured experimental results. For the
COPASI fits on experiments with limiting NO, the NO Assisted Ligand Dissociation
Model predicted that the Heme-Fe(III) concentration would increase throughout the
course of the reaction because MetMer- + NO produced Heme-Fe(III). Without HemeFe(III)NO formation, this model does not allow for MetHb consumption.
The greatest deficiency of the NO Assisted Ligand Dissociation Model was that
there was only one pathway that formed Heme-Fe(II)NO and that pathway required the
intermediate Heme-Fe(III)NO to be formed prior to Heme-Fe(II)NO. The curvature of
the Heme-Fe(II)NO formation indicates that there is more than one pathway to HemeFe(II)NO formation.
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Figure 3-19: Representative experimental (solid symbols) and fit (open symbols) kinetic
profiles from the NO Assisted Ligand Dissociation Model (Table 3-7) for 0.355 Heme to
1 NO. The graph on the right is the same graph as the one on the left but only shows the
first 60 minutes of the reaction.

A second model was developed for NO assisted reduction of MetMer-. In
addition, an equilibrium reaction between Met and Mer- was added. This model allowed
Heme-Fe(II)NO formation without ever forming Heme-Fe(III)NO. The NO assisted
reduction of MetMer- step is similar to the one Basu and coworkers proposed for their
reaction of MetNO2- with NO [57].
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Table 3-8: NO Assisted Reduction Model (Anaerobic) for MetMer- + DEANO
reactions. This was the second model tested using COPASI. This model added an
extra reduction step where NO reduces MetMer- (R2).

NO Assisted Reduction Model (Anaerobic)
R1: DEANO  2NO
R2: MetMer- + NO  Heme-Fe(II) + MerNO
R3: Heme-Fe(III) + NO = Heme-Fe(III)NO
R4: Heme-Fe(III)NO + X-  Heme-Fe(II) + NOX
R5: Heme-Fe(II) + NO  Heme-Fe(II)NO
R6: MetMer- = Met + Mer-

The NO Assisted Reduction Model (Anaerobic, Table 3-8) fit the experimental
spectra much better than the NO Assisted Ligand Dissociation Model did.
Representative experimental and fit kinetic profiles are shown in Figure 3-20. At limited
NO concentrations, the Heme-Fe(II)NO rate of formation had decent agreement with
experimental data, although it did not predict quite enough Heme-Fe(II)NO formation. It
also predicted that Heme-Fe(III) would decrease throughout the course of the reaction.
However, at higher NO concentrations compared to heme, there were several problems
with the NO Assisted Reduction Model (Anaerobic). This model shifted the HemeFe(III)NO formation to a later time which is closer to the experimental results, but it still
predicted the formation too early in the reaction. The consumption of Heme-Fe(III)NO
was also too fast. The most notable problem was in the Heme-Fe(II)NO formation. It
captured two phases of Heme-Fe(II)NO formation, but not at the right time. The first few
minutes matched experimental results well, while the MetMer- was decreasing, but then it
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deviated from the experimental data significantly. The reductive nitrosylation phase also
occurred too early in this model.
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Figure 3-20: Representative kinetic profiles for experimental (solid symbols) and fit
(open symbols) data from the NO Assisted Reduction Model (Anaerobic). The graphs
above are for the 0.355 Heme to 1 NO reaction. The graph on the right is the first 60
minutes of the experiment.
Several steps involving redox chemistry were added to the NO Assisted
Reduction Model (Anaerobic) and fit to the experimental model with little to no
improvement on the fits. Finally, a combination of steps were determined that drastically
improved the fits. In addition to the steps from the NO Assisted Reduction Model
(Anaerobic), mercaptoethanol and NO were allowed to associate as well as an
autoxidation step involving Heme-Fe(II)NO conversion to Heme-Fe(III). Both of these
steps involve redox chemistry in order for them to occur, which could be achieved by a
variety of redox active species including NOx, thiol, or Heme-Fe.
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Table 3-9: De Minimis Anaerobic Model for MetMer- + DEANO reactions. This
model fit the experimental data best. Rate constants for reactions 2-8 were fit.
Reactions 2 and 5 were much faster than R1, so their rate constants just needed to be
fast. R7 could not be determined; there was significant variance in the results. A is
an electron acceptor.
De Minimis Anaerobic Model
Reaction
R1: DEANO  2NO
R2: MetMer- + NO  Heme-Fe(II) + MerNO
R3: Met + NO = Fe(III)NO
R4: Fe(III)NO + X-  Heme-Fe(II) + NOX
R5: Heme-Fe(II) + NO  Heme-Fe(II)NO
R6: MetMer- = Met + MerR7: MerH + NO = MerNOH• + A  MerNO + AR8: Heme-Fe(II)NO  Met

Fit or
Fixed
Fixed
Fit
Fit
Fit
Fit
Fit
Fit
Fit

Equilibrium or
Rate Constant
.00072 s-1
Fast
1x104 M-1
.00042 s-1
Fast
1x10-5 M
Varied
7x10-5 s-1

The De Minimis Anaerobic Model agreed well with the experimental results, with
only a small deviation at the end of the experiment, even with the autoxidation reaction.
The equilibrium constant for reaction 3 agreed well with previous results [50-52]. The
rate constant for reaction 4 was about an order of magnitude slower than previous results
from our lab as well as other researchers [24, 49-51]. Reactions 2 and 5 were fast and
difficult to determine precisely because they were limited by the release of NO from
DEANO (R1). The rate constant for reaction 8 was on the same order as the rate of NO
dissociation from Heme-Fe(II) and agreed well with previous results [24, 49-51]. A
precise measurement for R7 was not determined because the results varied.
Representative kinetic profiles of experimental and fit data from the De Minimis
Anaerobic Model are shown in Figure 3-21.
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Figure 3-21: Representative experimental and fit kinetic profiles from the De Minimis
Anaerobic Model. Experimental data were fit to the De Minimis Anaerobic Model in
COPASI and fits agreed well with the experimental data for all experiments.
Experiments 0.355 Heme to 1 NO (top) and 3.71 Heme to 1 NO (bottom) are displayed
in the graphs. The plots on the left are the first 80 and 60 minutes of the corresponding
experiment on the left. The legend is the same for all four plots.

The salient features of the De Minimis Anaerobic Model were the reduction of
MetMer- by NO as well as reductive nitrosylation. Steps 2-5 occurred simultaneously to
form Heme-Fe(II)NO, which displayed a β-NO preference at high heme to NO ratios.
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With low heme to NO ratios, Hb(NO)4 or a slight α6-NO preference was detected. The
equilibrium constant determined for the reductive nitrosylation steps agreed well with
published results, but the rate constant in reaction 4 was too slow [24, 49-52]. Some rate
constants were invariant to change or difficult to determine because their rates were much
faster than the rate limiting steps in the model.

Discussion
We investigated reductive nitrosylation of MetMer- with DEANO under aerobic
and anaerobic conditions. In both cases, MetMer- was reduced by NO forming DeoxyHb
and MerNO. Under aerobic conditions, O2 could then bind to Heme-Fe(II), forming
OxyHb, which can be oxidized by another NO forming Met and NO3- shown in Table 35. Reactions two through four occurred faster than the release of NO from DEANO, so it
is not surprising that MetHb is formed because oxygen could bind before there was
available NO. Under anaerobic conditions, the Heme-Fe(II) formed by the reduction of
MetMer- from NO binds another NO as soon as one is available, forming HemeFe(II)NO.
In both the anaerobic and aerobic models, two different reduction steps occurred,
NO assisted reduction of MetMer- and reductive nitrosylation of Heme-Fe(III) by a
nucleophile. Anaerobic conditions allow formation of Heme-Fe(II)NO without the
formation of Heme-Fe(III)NO during the reduction of Hb-MetMer-. Under aerobic
conditions, there is no Heme-Fe(II)NO formed before Heme-Fe(III)NO, so the pathway
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to forming Heme-Fe(II)NO is through reductive nitrosylation with a nucleophile. In both
the anaerobic and aerobic models, the nucleophile in the reaction was not specified.
Thiols have been shown to increase the rate of reductive nitrosylation by acting as a
nucleophile [59]. OH-, H2O, and Mer- could all be nucleophiles driving reductive
nitrosylation. However, the rate of reductive nitrosylation was slowed by lack of
available NO due to the rate of DEANO decay and competition for NO with the faster
NO assisted reduction of MetMer-. This study did not aim to determine which
nucleophile performed reductive nitrosylation, but rather to establish the chemistry
involved in the overall reaction.
Mercaptoethanol cannot directly bind NO, however, reaction conditions allowing
redox chemistry may allow MerNO to form. Reichenbach et al. studied the interaction of
glutathione and nitric oxide in the presence of metmyoglobin (MetMb) [59]. MbFe(III)NO was formed by the reaction of NO with MetMb in the presence of glutathione.
Glutathione acted as a nucleophile to reduce Heme-Fe(III)NO and form GSNO [59]. In
an analogous study, Vilhena et al. reacted Fe(III) porphyrins with the NO donor Snitroso-N-acetylpenicillamine (SNAP) [60, 61]. SNAP, and other S-nitrosothiol NO
donors, can produce NO- in addition to NO free radical and NO+ in the presence of an
Fe(III) porphyrin [60-63]. It was found that RSNO can react with Fe(III) and reduce the
Fe(III) to Fe(II) which can then bind NO, forming Heme-Fe(II)NO without the HemeFe(III)NO intermediate [60-62, 64].

68
MerNO formed during the reaction of MetMer- with DEANO could reduce and
nitrosylated MetHb to Heme-Fe(II)NO, but it was not included in the De Minimis
Anaerobic Model (Table 3-9) that produced remarkable fits. A model was created with
the additional steps shown in Equations 3-1, 3-2, and 3-3 below. This new model gave
similar fits to the De Minimis Anaerobic Model. The reactions shown in Equations 3-1 to
3-3 are likely not fast enough to have a large effect on our experiments. In aerobic
reactions, no Heme-Fe(II)NO was formed prior to Heme-Fe(III)NO formation, so
MerNO reduction of MetHb was not likely. MerNO has been shown to oxidize OxyHb,
forming MetHb and NO3-, however, this oxidation was not included in our model [62].
MerNO + H2O  MerOH + HNO

(3-1)

MetHb + HNO  Heme-Fe(II)NO + H+

(3-2)

2HNO  H2O + N2O

(3-3)

Heme-Fe(II)NO was shown to exhibit a β-NO preference with limiting NO. As
the amount of NO was increased, Hb(NO)4 was formed. In anaerobic cases with a large
excess of NO, a slight α6-NO preference was detected. No α5-NO was detected.
Griess and Saville assays are evidence for the formation of NO2- and SNO
products during the reaction of MetMer- and DEANO under both aerobic and anaerobic
conditions. In each experiment, approximately 25% of the NO was unaccounted for.
This is likely a result of the formation of nitrosated products that went undetected in our
experiments such as NO3-, N2O3, and N2O. Another possible reason for lack of mass
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balance could be due to the manner in which the initial NO concentration was quantified.
It was assumed that DEANO would release the same amount of NO into solution at a low
pH without protein present as it would in our reaction conditions at pH 7.4 with protein
and other redox active species.
Our concern was not in quantifying all of the NO products, but rather in
determining which conditions maximized SNO formation. Luchsinger and coworkers
investigated the partitioning of two products of reductive nitrosylation, SNO-Hb to NO2-,
over a range of NO to heme ratios [24]. They found that as the ratio of NO:heme
decreased, there was a preference for SNO-Hb over NO2-. Also, under limiting NO
conditions, they measured a preference for nitrosylation of the β-subunits [24]. Our
results demonstrate these same preferences. As the ratio of NO:heme decreased, we
measured a strong preference for SNO over NO2- and a large β-NO preference over α6NO. This indicates that as the ratio of NO:heme approaches physiological conditions,
SNO and β-NO are the predominant products of reductive nitrosylation.
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CHAPTER 4
REDUCTIVE NITROSYLATION OF METAZIDE- WITH DEANO

Anaerobic Experiments

Procedure
In order to investigate the kinetics of an H-type hemichrome with NO, 10 to 20fold molar excess sodium azide over heme was reacted with MetHb to form MetN3-.
Excess azide was then removed by G-25 filtration. After G-25 filtration, approximately
90% of the Hb remained MetN3- while the remaining 10% was unligated MetHb.
Solutions were stable throughout the two days the experiments were conducted using a
stock MetN3- solution. There was a 1.3% range in the ratio of MetN3- to MetHb
throughout the two day period with less than 1.6% change in the initial total
concentration.
Solutions were deoxygenated in the same manner as the MetMer- solutions were
prepared. Deoxygenated DEANO was administered to MetN3- solutions in a sealed
degassed cuvette via a Hamilton GASTIGHT® syringe and monitored over time with a
UV-VIS spectrophotometer. All solutions in this chapter were run under anaerobic
conditions.

UV-VIS Absorbance
UV-VIS absorbance spectra showed that reactions of MetN3- + DEANO have two
phases. In the first phase, MetHb decreased while the middle two peaks around 540 nm
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and 570 nm increased and shifted to lower wavelengths, indicating the formation of
Heme-Fe(III)NO and consumption of MetN3- and MetHb. In the second phase, the
middle two peaks shifted to higher wavelengths, indicating Heme-Fe(II)NO formation.
Representative UV-VIS spectra are shown in Figure 4-1.
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Figure 4-1: Representative UV-VIS spectra for MetN3- + DEANO with a 0.314 Heme
to 1 NO ratio. Two distinct phases are depicted in the absorbance spectra. In the first
phase (left), the peak at 630 nm of MetHb decreased and the two middle peaks (~540
and 570 nm) increased and shifted to lower wavelengths indicating Heme-Fe(III)NO
formation. In the second phase (right), the middle peaks shifted to higher wavelengths
and the ratio of the two middle peaks approached 1 to 1 indicating Heme-Fe(II)NO
formation.

Spectra were decomposed using linear least squares fitting and kinetic profiles
were generated for each reaction. The profiles confirmed the details of the two phases
above. Immediately after DEANO was added, Heme-Fe(III)NO began to form. A few
minutes later Heme-Fe(II)NO began to form, consistent with reductive nitrosylation.
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Heme-Fe(III)NO reached a maximum and then decreased until the reaction was stopped
or until Heme-Fe(III)NO reached 0 µM. Representative MetN3- kinetic profiles are
shown in Figure 4-2.
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Figure 4-2: Representative kinetic profiles for MetN3- + DEANO for 0.314 Heme to 1
NO (top left) and 2.49 Heme to 1 NO (top right). Kinetic profiles were created by linear
least squares fitting of derivative absorbance spectra. Examples of fits are shown in the
bottom two graphs for 67 min and 22 min respectively. Each spectrum was fit with
DeoxyHb, OxyHb, MetHb, Heme-Fe(II)NO, Heme-Fe(III)NO and MetN3- basis spectra.
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NO Quantification
At the end of each experiment, Griess and Saville assays were completed to
determine the amount of ambient nitrite in the sample as well as the amount of SNO-Hb
formed during the reaction. Heme-Fe(II)NO was quantified from the decomposed UVVIS spectra. Table 4-1 lists the results of the Griess and Saville assays as well as the
amount of Heme-Fe(II)NO at the end of each reaction. Only 2 experiments had HemeFe(III)NO remaining at the end of the experiment and both had Heme-Fe(III)NO
concentrations under 7 µM and therefore are not shown in Table 4-1.

Table 4-1: Quantification of all NO products measured in MetN3- + DEANO
experiments. The total NO added was determined by diluting the DEANO stock
solution and performing a Griess assay. Heme-Fe(II)NO was determined by linear
least squares fitting of the absorbance spectrum at the end of each reaction. NO2- and
SNO-Hb were determined via Griess and Saville assays, respectively, at the end of
each reaction.

Reaction
0.251 Heme to 1 NO
0.314 Heme to 1 NO
0.455 Heme to 1 NO
0.714 Heme to 1 NO
2.27 Heme to 1 NO
2.49 Heme to 1 NO
7.69 Heme to 1 NO

Total NO
added (µM)
1780
1478.3
1093.6
707.6
255.96
215.3
77.9

Heme-Fe(II)NO
(µM)
356.21
365.9
317.7
302.78
110
106.3
38

NO2(µM)
864.7
527.2
327.2
149
37.8
17.6
5

SNO-Hb
(µM)
65.4
150.6
104.3
52
21.7
23.8
16
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In each experiment, the amount of NO measured at the end of the experiment did
not match the amount of NO added initially to the experiment. The amount of NO
detected was plotted against the amount of NO initially added. Linear regression was
performed on the data with a correlation coefficient of 0.9997 and a slope of 0.7132 (See
Figure 4-3). Only 71% of the NO was accounted for. Possible reasons for missing NO
will be discussed in more detail in the Discussion section below.
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Figure 4-3: NO quantification plot with the NO products measured at the end of each
experiment plotted against the total NO added to each experiment on a per heme
basis. A slope of 0.7132 and correlation coefficient of 0.9997 were determined by
linear regression.
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Significant amounts of SNO-Hb were detected in MetN3- + DEANO reactions
(Table 4-1). Luchsinger et al. found that at lower ratios of NO to Heme, more SNO-Hb
over NO2- was formed through reductive nitrosylation [24]. Our results show higher
SNO-Hb over NO2- formation only at ratios of NO to Heme of less than 0.45. Above that
ratio more NO2- was detected than SNO-Hb. In addition, we found that SNO-Hb
production accounted for 10% of the total NO available (Figure 4-4).
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Figure 4-4: SNO-Hb Quantification graphs. Concentrations of SNO per NO2- as a
function of NO to Heme show that as the ratio of NO:Heme decreases, there is a
preference for SNO-Hb over NO2- (left). The amount of SNO-Hb formed as a function
of the total amount of NO initially added (right). Approximately 10% of the NO added
formed SNO-Hb over a large range of NO to Heme ratios.

The possibility of MetNO2- formation during this reaction was not tested. The
visible MetN3- and MetNO2- spectra are very similar so decomposition with both of these
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components would not be reliable. Since MetN3- was never entirely consumed in any
experiment, statistical analysis was not conducted.

EPR Spectroscopy
EPR samples were frozen in liquid nitrogen before NO was added and at the end
of each experiment. 100 µL aliquots were delivered to Ar purged quartz EPR tubes
sealed with rubber septa. Representative EPR spectra are shown in Figure 4-5. The gvalues for the MetN3- spectrum before NO were determined to be 2.82, 2.20, and 1.71. In
addition, high-spin MetHb is measured in the EPR. After the addition of DEANO, both
high-spin MetHb and low-spin MetN3- peaks decreased while the Heme-Fe(II)NO peak
formed.
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Figure 4-5: Representative MetN3- EPR spectra before NO (left) and with 2.72 Heme
to 1 NO (right). The g-values were determined to be 2.82, 2.20, and 1.71 and are the
same for both graphs. After the addition of DEANO, not all of the MetN3- was
consumed. There is also a small high-spin MetHb signal still present in the spectrum.
After the addition of DEANO, a Heme-Fe(II)NO spectrum was measured.
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EPR spectra with a field center of 3220 G and a range of 400 G were collected to
probe the subunit preference of NO binding to Heme-Fe(II). The results for MetN3- +
DEANO under anaerobic conditions were much like those of MetMer- + DEANO under
anaerobic conditions. With limiting NO, a β-NO preference was detected. However,
with excess NO, Hb(NO)4 and Heme-Fe(II)NO with an α6-NO preference was detected.
No convincing evidence of α5-NO was detected. Representative EPR spectra are shown
in Figure 4-6.
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Figure 4-6: Representative Heme-Fe(II)NO EPR spectra. A β-NO preference was
detected for experiments with limiting NO such as 2.27 Heme to 1 NO (left) and a
slight α6-NO preference was detected for experiments with excess NO such as 0.714
Heme to 1 NO (right). Spectra were compared to basis spectra of β-NO, α6-NO, and
α5-NO to determine the preference.
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Kinetic Analysis
COPASI was used to investigate the kinetics of MetN3- + DEANO reactions
under anaerobic conditions. Kinetic profiles demonstrated that both MetHb and MetN3were reduced immediately. Unlike the reaction with MetMer- however, Heme-Fe(III)NO
began to form immediately followed shortly by Heme-Fe(II)NO formation. The
reduction of MetHb, therefore, competed with the reduction of MetN3- and was likely
faster than MetN3- reduction in order to form Heme-Fe(III)NO before Heme-Fe(II)NO.
A model was created to test the kinetics and is shown in Table 4-2.
Table 4-2: NO Assisted Reduction of MetN3- Model for MetN3- + DEANO reactions
under anaerobic conditions. Reaction 1 was fixed according to the rate of DEANO decay
and Reactions 2-7 were fit using COPASI. Reaction 5 was too fast to determine explicitly
and reaction 7 varied among the different experiments, with an average was 3.0x10-6s-1.
NO Assisted Reduction of MetN3- Model

Reaction
R1: DEANO  2NO
R2: MetN3- + NO  Heme-Fe(II) + N3NO
R3: Met + NO = Heme-Fe(III)NO
R4: Heme-Fe(III)NO + X-  Heme-Fe(II) + NOX
R5: Heme-Fe(II) + NO  Heme-Fe(II)NO
R6: MetN3- = Met + N3R7: Heme-Fe(II)NO  Met

Fixed or
Fit
Fixed
Fit
Fit
Fit
Fast
Fit
Varied

Equilibrium or
Rate Constant
7.22 x 10-4 s-1
.795 M-1s-1
2.3 x 104 M-1
473.7 M-1s-1
7.69x10-7 M
AVG-3.0x10-6 s-1

The above model fit the experimental data remarkably well. It captured the
formation of Heme-Fe(III)NO prior to Heme-Fe(II)NO formation and it also gave two
routes to Heme-Fe(II)NO formation, one through reduction of MetN3- by NO and the
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other via reductive nitrosylation of MetHb by X-. X- in R4 is a nucleophile that will be
discussed in the Discussion section below. Even in cases with limiting NO, HemeFe(II)NO was formed as a product and Heme-Fe(III)NO was detected as an intermediate.
Representative COPASI fits are shown in Figure 4-7.
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Figure 4-7: Representative experimental and fit results from the NO Assisted
Reduction of MetN3- Model shown in Table 4-2. The reaction of MetN3- + DEANO
with a 0.314 Heme to 1 NO ratio is shown on top and the reaction 2.49 Heme to 1 NO
is shown on bottom. The graphs on the right are the first 50 min of each corresponding
reaction on the left.
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Discussion

Ford and coworkers determined a reaction scheme for reductive nitrosylation in
the presence of nucleophiles [56]. Hydroxide acts as a nucleophile in reductive
nitrosylation, however, other nucleophiles can increase the rate of the reduction step.
Ford et al. added NO in the presence of N3- and determined the second order rate constant
to be much faster than reductive nitrosylation by OH- or H2O at low pH [56]. Equation
4-1 depicts the reduction analyzed by Ford et al. [56].
Met + N3- + 2NO  Heme-Fe(II)NO + N2O + N2

(4-1)

In our reactions, we bound N3- to MetHb and then added DEANO to MetN3-. N3is in equilibrium with MetHb, so there is likely some free N3- in the solution prior to the
addition of NO. This free N3- could act as a nucleophile and reduce Heme-Fe(III)NO in
the same manner Ford et al. determined [56]. Our model does not distinguish between
OH- and N3- nucleophilic reduction. The rate of reductive nitrosylation in our
experiments was determined by the available NO due to the slow decomposition of
DEANO, so determining which nucleophile dominated the reduction was not determined
in our study.
In addition to reductive nitrosylation, our model predicts that NO would assist in
the reduction of MetN3- to form Heme-Fe(II) and N3NO, presenting another reduction
pathway for Heme-Fe(II)NO formation. N3NO can dissociate into N2O and N2. These
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products were not measured during our reactions and could account for the the lack of
mass balance in this experiment.
EPR results confirm a MetN3- spectrum indicative of an H-type hemichrome.
Upon addition of DEANO, the high-spin MetHb and low-spin MetN3- peaks decreased
and the Heme-Fe(II)NO peak formed. In cases with limited NO a β-NO preference was
seen, however, in cases with excess NO, Hb(NO)4 or a slight α6-NO preference was
measured.
Griess and Saville assays were used to determine that both NO2- and SNO-Hb
were products of the MetN3- and DEANO reaction under anaerobic conditions.
Approximately 10% of the NO added to each sample formed SNO-Hb, indicating that
reductive nitrosylation of H-type hemichromes could facilitate SNO-Hb formation. In
addition, at ratios of low NO:heme, a large preference for SNO-Hb over NO2- was
measured. As the ratio of NO:heme increases to 0.5, there is a rapid decrease in the
amount of SNO-Hb to NO2- that is formed. This is consistent with results from
Luchsinger and coworkers on reductive nitrosylation of MetHb indicating that there is a
preference for SNO-Hb over NO2- in reductive nitrosylation at low levels of NO to heme
[24].
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CHAPTER 5
REDUCTIVE NITROSYLATION OF METNITRITE- WITH DEANO

Anaerobic Experiments

Procedure
Approximately 20-times molar excess NaNO2- was added to MetHb. 89.95% (±
1.65%) of the hemes had NO2- bound; the remaining hemes were unligated MetHb. The
measured heme concentration varied by less than 5.5% over the two day period that
samples were used. Samples were deoxygenated in the same manner as MetMer- and
MetN3- anaerobic samples were prepared. Samples were transferred to degassed and
sealed UV-VIS cuvettes. Deoxygenated DEANO was administered using a Hamilton
GASTIGHT® syringe and reactions were monitored with a UV-VIS spectrophotometer.
All reactions in this chapter were kept in an anaerobic environment.

UV-VIS Absorbance
UV-VIS absorbance spectra were taken over the course of 2-3 hours. The
absorbance scans had two distinct phases. In the first phase, the middle two peaks around
540 nm and 570 nm increased rapidly while the outer two peaks around 500 nm and 630
nm decreased, indicating a decrease of MetHb and an increase of Heme-Fe(III)NO.
There is also a drastic change in the peak height ratio of the two middle peaks seen in the
first phase. This is evidence that MetNO2- was consumed while Heme-Fe(III)NO
formed. The second phase showed a shift of the middle two peaks to higher wavelengths.
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These two phases were similar to the two phases depicted in the MetN3- + DEANO
reactions shown in Chapter 4. However, in the first phase, the middle two peaks did not
shift to lower wavelengths as much as they did in the MetN3- + DEANO reactions. This
indicated that Heme-Fe(II)NO began to form earlier in the reaction than it did for MetN3+ DEANO. Representative UV-VIS absorbance spectra are shown in Figure 5-1.
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Figure 5-1: Representative MetNO2- + DEANO UV-VIS absorbance spectra for the
0.293 Heme to 1 NO reaction. Two distinct phases were discovered in the UV-VIS
spectra. In the first phase (left), there was a rapid decrease of MetHb shown by the
decrease of the peak at 630nm and a fast increase of Heme-Fe(III)NO shown by the
increase and shift to lower wavelengths of the peaks in the middle of the spectra (~540
and 570 nm). Phase 2 (right) showed a shifting of the two middle peaks to higher
wavelengths depicting the formation of Heme-Fe(II)NO and consumption of HemeFe(III)NO.

UV-VIS spectra were decomposed using linear least squares fitting and kinetic
profiles were created. Representative kinetic profiles and derivative absorbance fits are
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shown in Figures 5-2 and 5-3. The kinetic profiles confirmed that immediately after
DEANO addition, the concentration of MetHb decreased and Heme-Fe(III)NO began to
form. MetNO2- also decreased immediately and decreased faster than MetHb. In
reactions with limiting NO, the MetHb concentration even began to increase as the
reaction progressed. Heme-Fe(III)NO reached a maximum and then decreased until it
reached 0 µM. Heme-Fe(II)NO began to increase shortly after DEANO was added and
was the predominant product in reactions with excess NO. In reactions with limiting NO,
very little Heme-Fe(III)NO formed.
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Figure 5-2: Representative kinetic profiles from UV-VIS absorbance spectra for
MetNO2- + DEANO experiments with excess NO (0.293 Heme to 1 NO, (left) and
limiting NO (2.79 Heme to 1 NO, right). Each point on the kinetic profile plots was
created by linear decomposition of derivative absorbance spectra.
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Figure 5-3: Representative derivative absorbance fit spectra are shown. Graphs were
created by linear least squares fitting on the following derivative basis spectra for each
experiment: DeoxyHb, OxyHb, MetHb, Heme-Fe(II)NO, Heme-Fe(III)NO, and
MetNO2-. Fits shown are from the 2 min and 57 min time points during the reactions of
0.293 Heme to 1 NO (left) and 2.79 Heme to 1 NO (right).

NO Quantification
Griess and Saville assays were not performed on MetNO2- + DEANO
experiments. With 20-fold excess NO2-, the Griess reaction had too high of a signal to
determine the amount of SNO-Hb accurately. Samples were diluted significantly and
tested with Griess and Saville reagents, but the NO2- background signal remained too
large to get a reliable SNO-Hb measurement. Samples were also passed through a G-25
column prior to the reaction with the Griess and Saville reagents. After passing the
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sample through the column, it was still difficult to accurately measure the amount of
SNO-Hb due to dilution from the column.
Heme-Fe(II)NO and Heme-Fe(III)NO concentrations were determined throughout
the course of the reaction from decomposition of the UV-VIS absorbance spectra. There
was no Heme-Fe(III)NO at the end of any reaction. Table 5-1 shows the amount of NO
added to the sample and the amount of Heme-Fe(II)NO measured at the end of the
reaction.

Table 5-1: The concentration of Heme-Fe(II)NO measured via UV-VIS spectral
decomposition at the end of each experiment. The total NO added to each experiment
was determined by the Griess reaction on diluted stock DEANO solution.

Reaction

Total NO added
(µM)

Heme-Fe(II)NO
(µM)

0.293 Heme to 1 NO

2070.8

577.3

0.383 Heme to 1 NO

1596.6

607.7

0.554 Heme to 1 NO

1223.64

599.9

0.889 Heme to 1 NO

791.76

440.7

2.03 Heme to 1 NO

308.28

169.6

2.79 Heme to 1 NO

236.2

63.9

7.11 Heme to 1 NO

106.06

53.1
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EPR Spectroscopy
Samples of MetNO2- before DEANO and at the end of each experiment with
DEANO were put in quartz EPR tubes and frozen in liquid N2. Spectra were recorded at
a field center of 2100 G with a scan range of 4000 G as well as a field center of 3000 G
with a scan range of 4000 G to measure the high-spin MetHb, low-spin hydroxy-MetHb,
and the low-spin hemichrome signals formed from NO2- coordination to the heme.
Representative EPR spectra are shown in Figure 5-4. Before NO was added, several
peaks were measured. There is a large high-spin MetHb peak at ~1000 G. There were
also 7 peaks measured in the high field range. One peak (labeled HS) is part of the
MetHb high-spin signal. The other 6 peaks are hemichromes. The peaks with g-values
of 2.57, 2.09, and 1.91 form an O-type hemichrome. At pH 7.4, MetHb has both highspin aquo-MetHb and low-spin hydroxy-MetHb. The low-spin signal arises from
hydroxide coordination to the Heme-Fe(III). The remaining peaks with g-values of 2.97,
2.34 and 2.16, and 1.49 form a B-type hemichrome and arise from MetNO2-.
EPR spectra were recorded with a field center of 3220 G and a scan range of 400
G to probe the Heme-Fe(II)NO signal. In experiments with limiting NO, the EPR spectra
depicted a β-NO preference. As more NO to heme was added to samples, Hb(NO)4 was
formed. In cases with a large excess of NO to heme, an α6-NO preference was detected.
No convincing evidence of α5-NO was observed. . Representative EPR spectra are
shown in Figure 5-4.
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Figure 5-4: Representative MetNO2- EPR spectra before NO (top), with limited NO,
(2.79 Heme to 1 NO, bottom left), and excess NO (0.383 Heme to 1 NO, bottom right).
Before NO, there was high-spin MetHb, low-spin hydroxy-MetHb, and low-spin
MetNO2-. The g-values 2.57, 2.09, and 1.91 correspond to the hydroxy-MetHb signal
while 2.97, 2.34 and 2.16, and 1.49 correspond to the low-spin MetNO2- signal. With
limiting NO, high-spin MetHb and low-spin MetNO2- signals remain but HemeFe(II)NO formed. With excess NO, there is little evidence of any MetHb species, but a
large Heme-Fe(II)NO signal formed. EPR scans were run with either a field center of
2100 G or 3000 G and a scan range of 4000 G. Spectra from the two scan ranges were
merged at 4100 G in the graphs shown above.
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EPR spectra were recorded with a field center of 3220 G and a field range of 400
G to probe the Heme-Fe(II)NO signal. In experiments with limiting NO, the EPR spectra
depicted a β-NO preference. As more NO to heme was added to samples, Hb(NO)4 was
formed. In cases with a large excess of NO to heme, an α6-NO preference was detected.
No convincing evidence of α5-NO was observed. Representative EPR spectra are shown
in Figure 5-5.

Representative Heme-Fe(II)NO EPR Spectrum
Limiting NO

EPR Signal

EPR Signal

Representative Heme-Fe(II)NO EPR Spectrum
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Figure 5-5: Representative Heme-Fe(II)NO EPR spectra from MetNO2- + DEANO
with excess NO (0.554 Heme to 1 NO, left) and limiting NO (2.79 Heme to 1 NO,
right). Spectra were compared to basis spectra of β-NO, α6-NO, and α5-NO. A slight
α6-NO preference was detected for experiments with excess NO and a β-NO preference
was detected for experiments with limiting NO.

Kinetic Analysis
COPASI was used to test mechanistic models by fitting the kinetic profiles for
MetNO2- + DEANO reactions under anaerobic conditions. Two different models were
tested. The first model is shown in Table 5-2. In this model, reaction 2 involved a ligand
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exchange type of interaction. Heme-Fe(III)NO was formed directly from ligand
exchange of NO with MetNO2- without intermediates. This model was developed
because Heme-Fe(III)NO began to form as soon as DEANO was mixed with MetNO2and because in limiting NO reactions, the concentration of MetHb increased over time.
This model did an unsatisfactory job fitting the experimental data for reactions with high
concentrations of NO to heme and low concentrations of NO to heme. Only one
experiment showed a good agreement with the Ligand Exchange MetNO2- Model (Table
5-2), 0.889 Heme to 1 NO. Representative fits are shown in Figure 5-6.
Table 5-2: The Ligand Exchange MetNO2- Model tested in COPASI for MetNO2- +
DEANO experiments. This model contained a ligand exchange step (R2) and reductive
nitrosylation (R3-R5). The model was tested in COPASI using experimental kinetic
profiles.

Ligand Exchange MetNO2- Model
Reaction
R1: DEANO  2NO
R2: MetNO2- + NO  Heme-Fe(III)NO + NO2R3: Met + NO = Heme-Fe(III)NO
R4: Heme-Fe(III)NO + X-  Heme-Fe(II) + NOX
R5: Heme-Fe(II) + NO  Heme-Fe(II)NO
R6: MetNO2- = Met + NO2R7: Heme-Fe(II)NO  Met
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Figure 5-6: Representative experimental and fit kinetic profiles from the Ligand
Exchange MetNO2- Model shown in Table 5-2. Experimental data are shown with solid
symbols and solid lines and fit data are shown in open symbols and dotted lines. The
experiment 0.293 Heme to 1 NO is shown on the left and 2.79 Heme to 1 on the right.
The legends are the same for both graphs.

The second model tested was similar to the anaerobic models presented in
Chapters 3 and 4 (See Table 5-3). NO reduced the MetNO2- to form Heme-Fe(II) and
N2O3. This allowed Heme-Fe(II)NO to form without the Heme-Fe(III)NO intermediate.
The fits from COPASI agreed well with the experimental data with some small
deviations in some experiments. Overall, the second model (Table 5-3) proved to be a
good global model for anaerobic MetNO2- + DEANO reactions.
Reactions 2 and 5 were fast; varying the rate constants had no effect on the
results. Both reactions were limited by the rate of DEANO decay. The equilibrium in
reaction 3 and the rate constants in reactions 4 and 6 agreed well with previous results
[24, 49-54]. Representative COPASI fit spectra are shown in Figures 5-7 and 5-8.
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Table 5-3: Kinetic results for the NO Assisted Reduction of MetNO2- Model tested in
COPASI for MetNO2- + DEANO experiments. Rate constants for reactions 2-6 were
fit to experimental data. Reactions 2 and 5 were faster than rate limiting steps and
could not be determined explicitly.
NO Assisted Reduction of MetNO2- Model
Fit or
Equilibrium or
Reaction
Fixed
Rate Constant
R1: DEANO  2NO
Fixed
7.22x10-4 s-1
R2: MetNO2- + NO  Heme-Fe(II) + N2O3
Fit
Fast
R3: Met + NO = Heme-Fe(III)NO
Fit
5x104 M-1
R4: Heme-Fe(III)NO + X-  Heme-Fe(II) + NOX
Fit
.0016 s-1
R5: Heme-Fe(II) + NO  Heme-Fe(II)NO
Fit
Fast
R6: Heme-Fe(II)NO  MetHb
Fit
2.00x10-5 s-1
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Figure 5-7: Representative experimental and fit data from the NO Assisted Reduction of
MetNO2- Model for MetNO2- + DEANO experiments under anaerobic conditions (Table
5-3) from the 0.293 Heme to 1 NO experiment. The graph on the right is the first 20
minutes of the experiment. The legend is the same for both graphs.
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Figure 5-8: Representative experimental and fit data from the NO Assisted Reduction of
MetNO2- Model for MetNO2- + DEANO experiments under anaerobic conditions (Table
5-3) from the 2.79 Heme to 1 NO experiment with the graph on the right representing
the first 20 minutes of the experiment. The legend is the same for all both graphs.

Discussion

Ford and coworkers investigated reductive nitrosylation of MetHb in the presence
of NO2- [50, 55, 56, 65]. NO2- can act as a nucleophile and reduce MetHb. They found
that NO2- was catalytic and measured a rate constant for NO2- mediated reductive
nitrosylation of 0.14 M-1s-1 [50]. While our experiments bound NO2- to MetHb, the
mechanistic details by Ford et al. likely play a role in our experiments due to the large
excess of NO2- in the sample. However, the rate of reductive nitrosylation was limited by
the available NO due to the slow release of NO from DEANO and faster steps that
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competed for available NO. Therefore, we are unable to compare our results to the
results of Ford and coworkers [50].
In experiments similar to ours, Basu et al. formed MetNO2- by incubating MetHb
with more than 100-fold excess NO2- [57]. Their sample had a mixture of MetNO2- and
MetHb similar to ours. However, they did not detect a low-spin MetNO2- species using
EPR while we measured a low-spin MetNO2- spectrum indicative of a B-type
hemichrome. Basu et al. performed reactions of MetNO2- with NO under anaerobic
conditions. They proposed two different reactions shown in Equations 5-1 and 5-2 [57].
MetNO2- + NO  Heme-Fe(II) + N2O3

(5-1)

MetNO2- + NO  Heme-Fe(II)NO + NO2•

(5-2)

Our Kinetic profiles were similar to those of Basu et al. for both limiting and
excess NO reactions. Heme-Fe(III)NO formed as an intermediate followed quickly by
Heme-Fe(II)NO formation, even with limiting NO. EPR results demonstrated a β-NO
preference unless there was a large excess of NO and then a slight α6-NO preference was
detected.
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CHAPTER 6
CONCLUSION

Summary
The models for MetMer-, MetN3-, and MetNO2- with DEANO were similar and
are summarized in Equations 6-1 to 6-6 below. In each reaction, MetHb was reduced to
Heme-Fe(II) by reduction with NO (Equation 6-1). This gave a route to Heme-Fe(II)NO
formation without undergoing reductive nitrosylation (Equation 6-3). In each
experiment, there was also significant MetHb that bound NO and formed HemeFe(III)NO (Equation 6-2) and upon reaction with a nucleophile underwent reductive
nitrosylation (Equations 6-3 and 6-4). In addition, the mercaptoethanol models allowed
for Mer and NO to be in equilibrium (Equation 6-5) even though redox chemistry was
required before MerNO would form. Each ligand and MetHb were also in equilibrium
with MetL (Equation 6-6).
MetL + NO  Hb-Fe(II) + LNO (L = Mer-, NO2-, or N3-)

(6-1)

Met + NO = Heme-Fe(III)NO

(6-2)

Heme-Fe(III)NO + X-  Hb-Fe(II) + NOX

(6-3)

Hb-Fe(II) + NO  Heme-Fe(II)NO

(6-4)

Mer- + NO+ = MerNO

(6-5)

Met + L = MetL

(6-6)
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Although the model for each ligand with MetHb was similar, the kinetic results
were not the same. For MetMer- + NO, the reduction shown in Equation 6-1 was much
faster than it was for MetN3- or MetNO2- as evidenced by the formation of HemeFe(II)NO prior to Heme-Fe(III)NO formation. With both MetN3- and MetNO2-, the
reduction by NO was not faster than Heme-Fe(III)NO formation. However, MetNO2reduction by NO was faster than MetN3- reduction.
The aerobic MetMer- + NO reaction followed the same reaction scheme as
Equations 6-1 to 6-6, but after the reduction of MetMer- by NO, O2 bound to Heme-Fe(II)
and formed Heme-Fe(II)O2. Heme-Fe(II)O2 then quickly oxidized by reacting with the
next available NO and formed MetHb and NO3-. MetMer- reduction was much faster
than any other reaction because it was the only reaction that occurred at the beginning of
the model. This was seen in anaerobic experiments as well because Heme-Fe(II)NO
formed before Heme-Fe(III)NO which only formed after all of the MetMer- was
consumed. NO was limited by its release from DEANO which allowed for the phases of
these reactions to be well defined. Once all of the MetMer- was consumed, MetHb bound
NO and reductive nitrosylation occurred.
In all experiments, only 70-80% of the NO initially added was accounted for in
the products. Due to the amount of redox active species in the sample, there are a
number of nitrosated products that could have formed that were not measured during
these experiments including NO3-, N2O3, and N2O. Another possible explanation is that
the amount of NO initially added is not correct. Since only 70-80% of the NO was
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consistently accounted for, the discrepancy may be a result of how much NO is released
by DEANO. The total amount of NO released was determined by performing a Griess
assay on diluted DEANO stock solutions. This reaction occurs at a very low pH. The
total amount of NO released under conditions without protein present and at a low pH
may be different from the amount of NO released at pH 7.4 and with protein and other
redox active species present.
Our concern, however, was to establish the global hierarchy of reactions and
determine which conditions favor SNO formation. For reactions with MetMer- and
MetN3- we determined that at ratios of low NO:heme, SNO formation was favored over
NO2-. In addition, all reactions with limiting NO, a β-NO preference was detected using
EPR which is consistant with results from reductive nitrosylation studied by Luchsinger
and coworkers [24]. As the amount of NO was increased, Hb(NO)4 was formed and
there was a preference for NO2- over SNO. With a large excess of NO, a slight α6-NO
preference was detected in anaerobic reactions.

Future Work

The major findings of this thesis work form the basis for research to move away
from exogenous ligands and determine if hemichromes can be formed by physiological
thiol ligands – namely, low-molecular weight thiols present in the blood or the Hb thiol
which can function as a heme-iron ligand when induced by mild surfactants, such as
membrane components.
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Preliminary work on the formation of P-type hemichromes with endogenous
ligands has already begun. A P-type hemichrome was formed by the addition of
unbuffered pyridine to MetHb. Blumberg and Peisach found that pyridine does not bind
to the heme, but causes structural changes by raising the pH in contrast to buffered
pyridine which did not form a hemichrome [27]. Hemichrome P does form at a high pH,
however, we found that this was not the cause of hemichrome formation with unbuffered
pyridine.

MetHb and Pyridine Titration
MetHb at pH 6 (Phosphate buffer) was titrated with small amounts of
concentrated pyridine. The pH of pyridine was measured as 10.63. The pH was
monitored after each addition and EPR samples were taken. The pH results are shown in
Table 6-1.

Table 6-1: pH results from titration of approximately 2 mL MetHb with pyridine. After
each addition of pyridine, 100 µL was removed for EPR analysis.

pH
6.05
6.41
6.71
6.94
7.17
7.24
7.4
7.61

Total
Pyridine (µL)
0
2
5
10
15
17.5
22.5
27.5
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Figure 6-1: EPR spectra of the titration of MetHb with pyridine. EPR spectra had a
field center of 2100 G and a scan range of 4000 G. The large graph only shows the high
field end of the spectrum from 2000 G to 4000 G. An insert of the low field range from
800 G to 1300 G is shown for pH 6.05, 6.41, and 6.71. By the time the pH is 6.71, there
is no high-spin MetHb signal remaining. The large plot shows the formation of a P-type
hemichrome as pyridine is added. See Table 6-1 for the amount of pyridine added in
each sample.

The EPR spectra show that by the second addition of pyridine, all of the high-spin
MetHb is absent (See Figure 6-1). The g-values for the P-type hemichrome are 2.38,
2.27, and 1.94. The peak heights of the P-type hemichrome rose until the fourth addition
of pyridine when the pH was 7.17. Additional pyridine caused a decrease in peak
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heights. The last two additions of pyridine induced significant precipitation and could be
the reason for the decrease in peak heights.

Met-Pyridine + DEANO
P-type hemichrome formed at pH 7.4 from MetHb and pyridine (Met-Pyridine,
unligated induced hemichrome) was reacted with DEANO. Due to the precipitation
formed by the addition of pyridine, the UV-VIS spectra had a poor baseline. Upon
addition of DEANO, the baseline was lowered and the peak heights of the two peaks
changed to a ratio closer to 1 to 1 indicating the formation of Heme-Fe(II)NO.
Representative UV-VIS absorbance spectra are shown in Figure 6-2.
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Figure 6-2: UV-VIS absorbance spectra of Met-Pyridine with DEANO. Precipitation
resulted in a poor baseline. Once DEANO was added, the baseline decreased
throughout the reaction as Heme-Fe(II)NO was formed.
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EPR results confirmed the decrease of hemichrome and formation of HemeFe(II)NO upon the addition of DEANO. The Heme-Fe(II)NO spectrum had similarities
to Heme-Fe(II)NO, however, the spectrum is broader, indicating a shift in the first gvalue. Also, there is a narrowing of the spectrum in the third peak. Representative EPR
spectra are shown in Figure 6-3. Linear least squares fitting was conducted in
Mathematica on the Heme-Fe(II)NO spectra. It is clear from the fits that the HemeFe(II)NO spectra formed under the above conditions do not match Heme-Fe(II)NO. A
representative fit is shown in Figure 6-3. An α-NO preference was detected by EPR
spectroscopy showing that both α6-NO and α5-NO formed.
Saville measurements confirmed the formation of SNO-Hb by the addition of
DEANO to Met-Pyridine, therefore, it is a viable pathway to SNO-Hb formation. MetPyridine results, coupled with results from this dissertation, lay the groundwork to
investigating chaotropic reagents found in red blood cell membranes to determine if they
can reversibly form hemichromes, and serve as precursors to SNO-Hb formation. In
addition, based on the results of MetMer- reactions presented in this work, nitrosylated
low molecular weight thiols, present in substantial concentrations in the blood [66], must
be investigated to determine possible routes to SNO-Hb formation from their interaction
with Hb.
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Figure 6-3: EPR spectra from Met-Pyridine + DEANO experiments. Before NO (top
left) a P-type hemichrome was measured as well as one more peak with a g-value of
2.68. This could be from a B or H-type hemichrome that is unresolved. With excess
NO (top right), the hemichrome peaks disappeared and a Heme-Fe(II)NO peak formed.
With limiting NO (bottom left), the hemichrome peaks decreased and Heme-Fe(II)NO
formed. The first 3 spectra have a field center of 2100 G and a scan range of 4000 G.
The last spectrum (field center 3220G and scan range 400 G) shows the best fit
spectrum of normal Heme-Fe(II)NO species (blue, bottom right) with the experimental
spectrum. The basis Heme-Fe(II)NO spectra have similar features to the experimental
spectrum, but are narrower in the low field area and broader in the high field area.
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Mb-MetMer- + DEANO
The de minimis model determined for the kinetics of Hb-MetMer- + NO under
aerobic conditions induced subunit inequalities (Chapter 3). The similar 1-subunit model
did not agree well with experimental results (Figure 3-7). Therefore, experiments with
myoglobin (Mb) were done to test the validity of the 1-subunit NO Assisted Reduction
Model of MetMer- + DEANO reactions shown in Table 3-3.
Horse heart Mb was obtained from Sigma-Aldrich. Potassium ferricyanide was
added to ensure full oxidation and excess potassium ferricyanide was removed through a
column of G-25. Excess mercaptoethanol was added to MetMb and evidence of
hemichrome formation was seen by the change in color from dark brown to red. Excess
mercaptoethanol was removed with a G-25 column. After G-25, only 1.2% of the Mer
was still bound as Mb-MetMer-. Mercaptoethanol was added to each sample prior to
DEANO addition so there was approximately 200 µM unbound mercaptoethanol in each
sample. DEANO was added to samples in different ratios of Heme to NO. Reactions
were monitored via UV-VIS spectroscopy.
Representative UV-VIS spectra are shown in Figure A-1. Four different phases
were illustrated in the UV-VIS graphs. In the first phase, Mb-MetMer- was converted to
MetMb. In the second phase, MetMb decreased and Mb-Fe(II)NO formed. The third
phase shows the formation of Mb-Fe(III)NO evidenced by the formation of a new peak at
around 560 nm and the shifting and narrowing of a peak around 575 nm. Once MbFe(III)NO reached a maximum, it began to decrease and MetMb increased (Phase 4).
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Figure A-1: Representative UV-VIS absorbance spectra for reactions of Mb-MetMerwith DEANO. Four distinct phases were seen in the absorbance spectra for the reaction
0.584 Heme to 1 NO. In the first phase (top left), MetMb increased and MetMerdecreased. In phase 2 (top right), the outer two peaks decreased and the middle two
peaks increased indicating Mb-Fe(II)NO formation and MetMb consumption. The third
phase is evidenced by an additional peak forming in the middle of the spectra around 560
nm indicating Heme-Fe(III)NO formation (bottom left). In the last phase, Mb-Fe(III)NO
decreased and MetMb increased (bottom right).
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Basis spectra were created and absorbance spectra were fit using linear least
squares fitting to generate kinetic profiles. A representative kinetic profile is shown in
Figure A-2. With the addition of mercaptoethanol, approximately 80 µM bound to the
MetMb forming MetMer-, while the remaining mercaptoethanol was free in the sample.
These experiments were conducted to determine if the 1-subunit aerobic Hb-MetMerkinetic model (Table 3-3) was valid when there were no subunits such as in Mb.
However, Mb presented a completely different course of reaction.
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Figure A-2: Representative kinetic profile for Mb-MetMer- + DEANO with a 0.584
Heme to 1 NO ratio (left). Kinetic profiles were created by linear least squares fitting
of derivative absorbance spectra and a representative fit at 26 min is shown on the right.
With Hb, there was no formation of Heme-Fe(III)NO or Heme-Fe(II)NO prior to
complete consumption of Hb-MetMer-. With Mb, after approximately half of the MbMetMer- is gone, Mb-Fe(II)NO began to form rapidly. Once all of the Mb-MetMer- was
consumed, Mb-Fe(III)NO formed. However, reductive nitrosylation did not occur. Once
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Mb-Fe(III)NO began to form, Mb-Fe(II)NO remained constant. After Mb-Fe(III)NO
reached its maximum, the only change in the reaction was dissociation of the NO from
MetMb.
Reichenbach et al. reacted MetMb with NO in the presence of excess glutathione
[59]. The glutathione acted as a nucleophile to reduce the Mb-Fe(III)NO that formed. At
physiological pH, Mb-Fe(III)NO does not reduce without free thiol to act as the
nucleophile [59]. Also, S-nitrosylated thiols can reduce MetMb to Mb-Fe(II) and
nitrosylate it with NO to form Mb-Fe(II)NO [60-63]. The above experiments can explain
much of our results. Initially there was free mercaptoethanol in our sample. The
formation of Mb-Fe(II)NO was likely facilitated by MerNO reduction of MetMb and/or
rapid reductive nitrosylation by free mercaptoethanol. Once all of the MerNO and free
mercaptoethanol was consumed, additional NO bound to MetMb and formed MbFe(III)NO. The kinetic model for Mb-MetMer- has not been elucidated to date.
Hb-MetMer- + DEANO with Excess NO
UV-VIS Spectroscopy While the Mb-MetMer- experiments did not allow for
testing of the Hb-MetMer- + DEANO kinetic model under aerobic conditions, it did
present some interesting chemistry when excess thiol was present. Therefore,
experiments were conducted with Hb-MetMer- with excess unbound thiol.
Approximately 2-fold excess mercaptoethanol over heme was added to MetHb. The
stock MetMer- sample was used throughout a 24 hour period. The MetMer- sample was
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stable with less than a 2% change in the ratio of MetHb to MetMer- and less than a 2.5%
change in the initial concentration of MetMer-. DEANO was added in different ratios of
heme to NO and reactions were monitored with UV-VIS spectroscopy. Representative
UV-VIS absorbance spectra are shown in Figure A-3.
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Figure A-3: Representative UV-VIS absorbance spectra for the reaction of 0.293
Heme to 1 NO with excess NO. In phase 1 (left), MetHb increased and MetMerdecreased. In phase 2 (right), the outer two peaks around 500 and 630 nm decreased
and the middle two peaks around 540 and 572 nm increased indicating MetHb
consumption and Heme-Fe(II)NO formation.
Two phases were depicted in UV-VIS spectra. In the first phase, MetMerdecreased and MetHb increased. The second phase showed an increase of HemeFe(II)NO and decrease of MetHb. Absorbance spectra were fit using linear least squares
fitting and kinetic profiles were created. With limited NO, the reaction was similar to
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aerobic experiments without excess mercaptoethanol and is described in Equations A-1 to
A-3. However, there was significantly more NO in the samples than the NO depicted in
Equations A-1 to A-3 indicating that NO was reacting with something else in the
reaction. Equations A-1 through A-3 show that 2 moles of NO are required to convert
MetMer- to Heme-Fe(II)NO. The kinetic profiles in Figure A-4 show all Hb species
measured via UV-VIS spectroscopy. In addition, the profiles showed how much NO was
released from DEANO according to the DEANO decomposition rate and NO that was
unaccounted for from measured spectral species. The missing NO was determined by the
amount of NO consumed by MetHb formation and Heme-Fe(II)NO formation subtracted
from the amount of NO released.
MetMer- + NO  Heme-Fe(II) + MerNO

(A-1)

Heme-Fe(II) + O2  Heme-Fe(II)O2

(A-2)

Heme-Fe(II)O2 + NO  MetHb + NO3-

(A-3)

In experiments with excess NO, the reaction began as it did in the experiments
without excess mercaptoethanol. However, with excess mercaptoethanol, there is a point
in the reaction where MetHb began to decrease and Heme-Fe(II)NO formed. During this
phase, MetMer- continued to be consumed. No Heme-Fe(III)NO was detected in any
experiment with excess mercaptoethanol.
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Figure A-4: Representative kinetic profiles from 0.334 Heme to 1 NO (left) and 1.69
Heme to 1 NO (right) created from linear least squares fitting of derivative absorbance
spectra for each time point. A representative derivative absorbance fit from 26 min is
shown on the bottom.
Several kinetic models were tested using COPASI including 1-subunit, 2-subunit,
and 4-subunit models. None of the models could account for the turnover of MetHb
formation to MetHb consumption shown in Figure A-4. In experiments without excess
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mercaptoethanol, the turnover occurred when all of the MetMer- was consumed and the
rates were limited by the release of NO from DEANO. However, in experiments with
excess Mer, the turnover occurred before MetMer- was consumed. Another problem was
that there was a much larger amount of NO available in the experiment so NO must be
reacting with free mercaptoethanol or something else in the sample that is not detected by
UV-VIS spectroscopy (See Figure A-4).
Several steps were added in addition to those shown in Chapter 3. Since no
Heme-Fe(III)NO was detected in any experiment with excess mercaptoethanol, either
reductive nitrosylation was extremely fast or reduction of MetHb have must occurred
without forming the Heme-Fe(III)NO intermediate seen in reductive nitrosylation.
Equations A-4 through A-6 were added in some models and were explained in the
discussion section of Chapter 3. In another model, MetHb could be reduced by
mercaptoethanol itself forming Hb-Fe(II) and disulfide (Equation A-7). However, none
of these reactions were sufficient in capturing the kinetics measured by the UV-VIS. In
all models tested, Heme-Fe(II)NO formed too early and the turnover of MetHb formation
to MetHb consumption was either completely missed or not near as prominent as the data
depicted.
MetHb + HNO  Heme-Fe(II)NO + H+

(A-4)

MerNO + H2O  MerOH + HNO

(A-5)

2NO  H2O + N2O

(A-6)

2MetHb + 2Mer  2Heme-Fe(II) + MerMer

(A-7)
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An explanation for the turnover is that NO and mercaptoethanol are being
consumed by forming a product that could not perform additional chemistry. Since the
reaction of MetMer- conversion to MetHb began immediately, the additional reaction
must have a competitive rate with the reaction in A-1 for available NO. In the reaction of
0.334 Heme to 1 NO, missing NO increased until 7 minutes and then in began to
decrease. This was the point where Heme-Fe(II)NO began to form and MetHb
decreased. The maximum missing NO was approximately equal to the amount of free
mercaptoethanol in the solution. Therefore, a model was created and tested in COPASI
that involved Mer and NO in a reaction that would sequester their activity. The
chemistry behind this idea is not yet fully understood. However, a model was created
and tested in COPASI. The model is shown in Table A-1.
Table A-1: Excess Mercaptoethanol Kinetic Model for Hb-MetMer- + DEANO
reactions with excess Mer. This model fit the experimental data well but was different
from models presented in Chapter 3. A is an electron acceptor that does redox
chemistry so Mer and NO can bind.
Excess Mercaptoethanol Kinetic Model
Reaction
R1: DEANO  2NO
R2: MetMer- + NO  Heme-Fe(II) + MerNO
R3: Heme-Fe(II) + O2  Heme-Fe(II)O2
R4: Heme-Fe(II)O2 + NO  Met + NO3R5: MetMer- = Met + MerR6: Met + NO = Heme-Fe(III)NO
R7: Heme-Fe(III)NO + X-  Heme-Fe(II) + NOX
R8: Heme-Fe(II) + NO  Heme-Fe(II)NO
R9: Heme-Fe(II)NO  MetHb
R10: MerH + NO + A  MerNO H+ + A-
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The Excess Mercaptoethanol Kinetic Model (Table A-1) agreed well with
experimental data. Representative COPASI fits are shown in Figure A-5. The turnover
was captured although it was not quite as sharp as the experimental data depicted. The
rate constants have a great deal of variance among experiments. While the above model
seems reasonable, more experiments are needed to test the validity of this model and the
chemistry needs to be understood before it can be accepted as a valid model.
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Figure A-5: Experimental and fit graphs from the Excess Mercaptoethanol Kinetic
Model for the reactions 0.334 Heme to 1 NO (left) and 1.69 Heme to 1 NO (right).
Experimental data were fit with the model shown in Table A-1 using COPASI. There
was good agreement between fits and experimental spectra.

Griess and Saville assays were performed at the end of each experiment. The
results are recorded in Table A-2. In each experiment, both NO2- and SNO were
detected. Since there was a large excess of Mer, much of the SNO measured is likely
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MerNO. There is a large preference for SNO formation of NO2- over all ranges of NO to
Heme. Table A-2 also contains the concentration of Heme-Fe(II)NO at the end of each
experiment. In addition to the preference for SNO over NO2-, there was also more SNO
formation than Heme-Fe(II)NO formation. No Heme-Fe(III)NO was measured in any
sample at the end of the experiment. A graph of the amount of NO added vs. the amount
of NO detected was developed (Figure A-6). Linear regression was done and only 73.6%
of the amount of NO added was accounted for.

Table A-2: NO quantification table of all of the NO species measured at the end of
each experiment. The total NO added was determined by the Griess reaction on
diluted DEANO stock solution. NO2- and SNO were determined via Griess and
Saville assays and Heme-Fe(II)NO was determined by data decomposition from
derivative absorbance spectra.

Heme to NO Ratio

Total NO
Added (µM)

NO2- (µM)

SNO
(µM)

Heme-Fe(II)NO
(µM)

0.334 Heme to 1 NO

1760

172.7

721.3

554.4

0.360 Heme to 1 NO

1240.55

55.2

636.6

242.8

0.517 Heme to 1 NO

918.48

44.2

400.4

151

0.851 Heme to 1 NO

556.98

13.9

329.1

0

1.07 Heme to 1 NO

638.7

17.1
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0

1.69 Heme to 1 NO
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0
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Figure A-6: NO quantification of all NO products measured (Table A-2) vs. total NO
added on a per heme basis. Linear regression on the data was conducted with a slope
of 0.736 and a correlation coefficient of 0.982.
EPR Spectroscopy
EPR samples were frozen before the addition of DEANO and at the end of each
experiment. Prior to the addition of DEANO, a small amount of high-spin MetHb and a
large P-type hemichrome signal were measured. After the addition of DEANO, the P
hemichrome signal decreased significantly and a Heme-Fe(II)NO signal formed. A β-NO
preference was detected in all experiments, even experiments with a large excess of NO
to heme ratio. In experiments with 3-fold excess DEANO per heme, the high-spin
MetHb and low-spin P-Type hemichrome signal never entirely disappeared.
Representative EPR spectra are shown in Figure A-7.
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Figure A-7: Representative EPR spectra before NO (top left) and after NO addition.
Heme-Fe(II)NO spectra (top right) with a β-NO preference for the reaction 0.334 Heme
to 1 NO with a field center of 3220 G and scan range of 400 G. All experiments
displayed a β-NO preference. The same experiment with a field center of 2100 G and a
scan range of 4000 G is shown in the bottom graph. The P-type hemichrome did not
completely disappear as seen in the insert, even for reactions with 3 times excess NO
over heme.
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Summary:
In order to fully understand the interactions of Mb-MetMer- with DEANO as well
as Hb-MetMer- (excess mercaptoethanol) with DEANO more experiments need to be
conducted. Both of these experiments introduced new chemistry that was not seen with
the experiments discussed in Chapter 3. In both experiments, Heme-Fe(II)NO was
formed prior to Hb-MetMer- consumption. Mb-MetMer- experiments did not have as
much free mercaptoethanol as Hb-MetMer- experiments did. In Mb experiments, HemeFe(III)NO formation began only after Mb-MetMer- was consumed. This is likely when
all of the mercaptoethanol was consumed so there was no nucleophile to reduce MbFe(III)NO. With Hb, according to our model, free Mer was consumed, however, HbMetMer- was never consumed in any reaction studied.
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APPENDIX B
METAZIDE- + DEANO
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Aerobic Reactions

UV-VIS Spectroscopy
Preliminary work has been done on MetN3- + DEANO interactions under aerobic
conditions. Samples were prepared in the same manner as in Chapter 4; however,
deoxygenation with Ar was not conducted. Once samples were prepared, they were
mixed with DEANO and monitored with a UV-VIS spectrophotometer. Representative
UV-VIS spectra are shown in Figure B-1.
Three phases were depicted in the UV-VIS spectra. In the first phase, MetN3- was
converted to MetHb. In the second phase, there was a rapid formation of HemeFe(III)NO. In the third phase, the middle two peaks decreased as Heme-Fe(II)NO
formed. UV-VIS spectra were fit using linear least squares fitting and kinetic profiles
were created. Representative profiles are shown in Figure B-2. With limiting NO,
MetN3- is converted to MetHb in a similar reaction to the MetMer- + DEANO reaction
under aerobic reactions; however, experiments with excess NO were quite different.
With excess NO, Heme-Fe(III)NO began to form immediately. It reached a maximum
and then began to decrease. Heme-Fe(II)NO did not start forming until after HemeFe(III)NO formed. Once Heme-Fe(III)NO reached its maximum, it decreased to 0 µM.
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Figure B-1: Representative UV-VIS absorbance spectra for MetN3- + DEANO with a
0.529 Heme to 1 NO ratio under aerobic conditions. Three distinct phases were seen. In
the first phase (top left), the two middle peaks decreased indicating a decrease in MetN3-.
In the second phase (top right), the middle peaks shifted to a lower wavelengths and
increased, forming Heme-Fe(III)NO. In the last phase (bottom), the middle peaks
decreased and shifted to higher wavelengths while the outer two peaks increased as
MetHb and Heme-Fe(II)NO formed and Heme-Fe(III)NO and MetN3- decreased.
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Figure B-2: Representative kinetic profiles for MetN3- + DEANO under aerobic
conditions with a 0.529 Heme to 1 NO (top left) and a 6.48 Heme to 1 NO ratio (top
right). Profiles were created by linear least squares fitting of derivative absorbance
spectra. Representative derivative absorbance fit spectra are shown in the bottom two
graphs.

Kinetic analysis was not conducted on MetN3- + DEANO experiments under
aerobic conditions. Suitable kinetic profiles were only created for 2 experiments. More
experiments are needed in order to conduct a global kinetic analysis.
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NO Quantification
Griess and Saville assays were performed at the end of each experiment and the
results are shown in Table B-1. In addition, Heme-Fe(II)NO and Heme-Fe(III)NO
concentrations at the end of each experiment were determined via linear least squares
fitting. It is interesting to note that essentially no SNO-Hb was measured at the end of
any MetN3- + DEANO kinetic experiment under aerobic conditions. This is not due to
bad reagents because within 24 hrs of each experiment under scrutiny, Griess and Saville
reactions were performed on MetMer- + DEANO experiments under aerobic conditions.
In those experiments, significant SNO was measured (See Table 3-1). It is unclear at this
time why no SNO-Hb was detected in aerobic experiments of MetN3- + DEANO when
over 100 µM SNO-Hb was measured for analogous experiments under anaerobic
conditions.

Table B-1: Quantification of all NO products measured at the end of each reaction.
The total NO added was determined by the Griess assay on diluted stock DEANO
solutions. Heme-Fe(II)NO and Heme-Fe(III)NO were determined by linear least
squares fitting of derivative absorbance scans at the end of each reaction. NO2- and
SNO-Hb were determined by Griess and Saville assays.

Heme to NO Ratio

Total NO
Added
(µM)

HemeFe(II)NO
(µM)

HemeFe(III)NO
(µM)

NO2
(µM)

SNO-Hb
(µM)

0.301 Heme to 1 NO
0.362 Heme to 1 NO
0.529 Heme to 1 NO
6.48 Heme to 1 NO

1522
1375
998.8
97.9

222.77
182.63
68.46
12.3

0
83.3
3.4
0

991.29
872.13
662.5
46.2

0
0
0
15.5

-
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EPRs samples were taken before adding NO and after each reaction. The g-values
were calculated and determined to be 2.81, 2.20, and 1.71. Crystal field values were
calculated to determine that a H-type hemichrome was formed. After DEANO addition,
the low-spin MetN3- peaks decreased and a Heme-Fe(II)NO peak formed. Representative
EPR spectra are shown in Figure B-3. The Heme-Fe(II)NO was compared to the basis
EPR spectra and a β-NO preference was detected. Representative EPR spectra are shown
in Figure B-3.
MetN3- reactions with DEANO under aerobic conditions demonstrated reductive
nitrosylation by the formation and consumption of Heme-Fe(III)NO. The β-subunits
were preferentially reduced to Heme-Fe(II) which then bound NO forming HemeFe(II)NO. This was evidenced by analysis of Heme-Fe(II)NO EPR spectra. One
difference from reductive nitrosylation is that no SNO-Hb was detected in any
experiment of MetN3- + DEANO under aerobic conditions.
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Figure B-3: Representative EPR spectra for MetN3- + DEANO before NO (top left)
and with NO (top right) with a ratio of 0.529 Heme to 1 NO. The top two graphs have
a field center of 2100 G and a scan range of 4000 G. The bottom graph is the HemeFe(II)NO peak from the 0.529 Heme to 1 NO experiment. The field center was 3270 G
and had a scan range of 400 G. A β-NO preference was seen for all experiments,
including ones with a large excess of NO.
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APPENDIX C

ADDITIONAL PLOTS
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Figure C-1: Kinetic profiles for experimental data (solid) and COPASI fits (dashed)
from the 4-Subunit NO Assisted Reduction Model for MetMer- + DEANO reactions
under aerobic conditions (Table 3-5).
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Figure C-2: Kinetic profiles for experimental data (solid) and COPASI fits (dashed)
from the De Minimis Model for MetMer- + DEANO reactions under anaerobic
conditions (Table 3-9).
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Figure C-3: Kinetic profiles for experimental data (solid) and COPASI fits (dashed)
from the De Minimis Model for MetMer- + DEANO reactions under anaerobic
conditions (Table 3-9).
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Figure C-4: Kinetic profiles for experimental data (solid) and COPASI fits (dashed)
from the NO Assisted Reduction of MetN3- Model for MetN3- + DEANO reactions
under anaerobic conditions (Table 4-2).
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Figure C-5: Kinetic profiles for experimental data (solid) and COPASI fits (dashed)
from the NO Assisted Reduction of MetN3- Model for MetN3- + DEANO reactions under
anaerobic conditions (Table 4-2).
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Figure C-6: Kinetic profiles for experimental data (solid) and COPASI fits (dashed)
from the NO Assisted Reduction of MetNO2- Model for MetNO2- + DEANO reactions
under anaerobic conditions (Table 5-3).
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Figure C-7: Kinetic profiles for experimental data (solid) and COPASI fits (dashed)
from the NO Assisted Reduction of MetNO2- Model for MetNO2- + DEANO reactions
under anaerobic conditions (Table 5-3).

