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Abstract

Red blood cell-dependent hypoxic vasodilation is largely mediated via the 

delivery of NO through S-nitrosohemoglobin (Hb-SNO). Hb-SNO is regulated 

through allosteric and redox mechanisms that are not  well understood.  Part One 

of this dissertation explores the biochemical features of Hb micropopulations 

suggested to be involved in Hb-SNO synthesis. An NO-liganded mixed valency 

micropopulation was synthesized in vitro and identified spectroscopically as a 

ferric nitrosyl species (Fe(III)NO). Remarkably, this species was found to undergo  

a reaction that couples heme reduction and S-nitrosylation of β93C. The 

biochemical properties of this species were found to resemble those of Hb valency 

hybrids (VHy’s) identified by others in previous work.  The similarities between 

the two species are discussed, and a model for Hb-SNO formation, including the 

putative identification of the intermediates involved, is proposed. Part Two 

explores the insights provided by  this chemistry as it is relevant to human 

pathophysiology in the context of Hb-SNO depletion of RBCs in stored blood.  

Hb-SNO and membrane S-nitrosothiols were found to be depleted after only two 

days of storage. The vasoactive function of stored RBCs has been shown in 

previous work to be impaired relative to controls. These findings, in conjunction 

with the this study, could implicate NO dysregulation as a primary component in 

the etiology of hypoxic diseases and the negative sequelae associated with blood 

transfusions.  The results from Part Two suggest that NO blood gas measurements 

could serve an important role in improving clinical outcome of patients with 
iv



hypoxic diseases.  The goal of the work presented in Part Three is to begin to 

address this emerging need by developing an economical and pragmatic sensor 

platform for routine clinical use in both an outpatient and inpatient setting.
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1.  Hemoglobin S-nitrosylation

1.1 RBC-mediated hypoxic vasodilation

With the notable exception of the pulmonary system (5), the relative diameter of 

blood vessels in humans is inversely related to the concentration of oxygen (pO2).  

Consequently, tissue perfusion is regulated locally within individual vessels of the 

microvasculature in response to metabolic demand—a phenomenon referred to as 

hypoxic vasodilation (6-9).  Work by several groups has found a component of 

hypoxic vasodilation to be dependent on nitric oxide (NO) within red blood cells 

(RBCs) (10-14).  The majority  of NO within RBCs is found on cysteine β93 

(β93C) of hemoglobin (Hb) in the form of a S-nitrosothiol (S-nitrosohemoglobin, 

Hb-SNO) (10, 12, 13, 15, 16), the abundance of which is relatively low in 

comparison to the concentration of hemoglobin lacking NO ([Hb-SNO] accounts 

for ~ 0.1% of the total [Hb] in human RBCs).  S-nitrosothiols occur both in large 

proteins and small peptides (17), and are among the most potent vasodilators 

known (10).  Previous studies by our lab and others have found the relative 

response elicited by RBCs under hypoxia to be directly correlated with S-

nitrosohemoglobin content (4, 10-13).  Additionally, recent work has revealed 

RBC-mediated hypoxic vasodilation to be dependent upon the percent Hb oxygen 

saturation  (% HbO2), rather than pO2 (18-21).

 In response to these findings, our lab has offered a rationale for RBC-

dependent hypoxic vasodilation, which operates through S-nitrosohemoglobin 
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(10, 11, 14-16). Under O2-saturating conditions (normoxia; Figure 1 - bottom), 

NO within the vasculature is covalently stabilized within RBCs in the form of Hb-

SNO.  RBCs transiting through vessels which perfuse hypoxic tissue undergo 

decreases in % HbO2 that effect increases in RBC Hb-SNO reactivity  (hypoxia; 

Figure 1 - top).  These changes facilitate the delivery of NO bioactivity, which 

elicits vasodilation locally.

1.2  Biochemical mechanisms that could underlie the physiological 
model

Note to the reader:  Hemoglobin species with names or abbreviations containing 

“Hb” as a suffix or prefix correspond to heterotetramers ([αβ]2) (i.e. deoxyHb, 
metHb; Hb-[Fe(II)]4, Hb-[Fe(III)]4).  In some cases, only the components which 

are known of a tetrameric species are given. For example, Hb-Fe(II)NO could 
refer to any tetramer containing one NO-liganded ferrous subunit.  Hemoglobin 
species lacking “Hb” correspond to individual subunits of hemoglobin (i.e. Fe(II), 
Fe(III)).  When relevant, the identity of the subunit is specified (i.e. β-Fe(II) = β, 
β-Fe(III) = β+, α-Fe(II) = α, α-Fe(III) = α+).  All concentrations are given with 
respect to this nomenclature throughout the text. 
 
 The formation of Hb-SNO is a redox reaction that is thought to require the 

loss of one electron (14).  Where X is an electron acceptor:

1)  Hb-β93C SH( ) + X NO⎯ →⎯ Hb-β93C SNO( ) + X- + H+

Previous work has found ferric hemes (Fe(III)) in methemoglobin (metHb, Hb-

[Fe(III)]4) to serve as an electron acceptor, coupling heme reduction to Hb-SNO 

formation (22-25):
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2) Hb-β93C SH( ) + Fe(III) NO⎯ →⎯ Hb-β93C SNO( ) + Fe(II) + H+

Under normoxia, reduction of ferric hemes would enable O2 binding, which like 

Hb-SNO formation, would stabilize R-state (26):

3) 
Hb-β93C SH( ) + Fe(III) NO⎯ →⎯ Hb-β93C SNO( ) + Fe(II) + H+

Hb-β93C SNO( ) + Fe(II) O2⎯ →⎯ Hb-β93C SNO( ) + Fe(II)O2

The transition from T- to R-state is an exergonic reaction under physiological 

conditions (26), such that Eq. (4) would predict a larger shift towards product in 

Eq. (3) under normoxia than hypoxia:

4) R-state → T-state,  ΔGRT ≈ 11-15 kcal *(Mol tetramer)-1  

In principle, both NO-mediated heme reduction and S-nitrosylation of β93C could 

take place within the same Hb tetramer.  And to the extent that the allosteric 

effects of O2 binding and S-nitrosylation are additive (or perhaps even 

synergistic), Eq. (3) may be more likely to occur intramolecularly, rather than 

intermolecularly.

 In vivo concentrations of Fe(III) in human RBCs are approximately 1% of 

the total concentration of heme (27, 28), exceeding that of Hb-SNO by an order of 

magnitude or greater (11).  Surprisingly, Hb-Fe(III) in RBCs from healthy human 

subjects are found exclusively within partially oxidized tetramers (valency 

hybrids: Hb-[Fe(II)]2[Fe(III)]2 = Hb-[αβ+]2 or Hb-[α+β]2; Figure 2 - right, 

middle), rather than metHb (Figure 2 - left) (29).  The rate of autoreduction of 

methemoglobin that is fully saturated by nitric oxide is relatively  slow (9.67 x 10-4 
3



s-1) (30), leaving open the possibility  that additional factors might be involved  in 

accelerating this reaction in vivo.  Valency  hybrids (VHy’s) and Hb-SNO share the 

distinction of  being minority  species (micropopulations) that are found in vivo. 

More importantly, however, the biochemical properties of one micropopulation 
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Figure 1. Physiological  model  of RBC-dependent hypoxic vasodilation mediated by 
RBC Hb-SNO.   RBCs encounter fluctuating concentrations of O2 that alter the 
biochemical function of Hb while circulating between the pulmonary vasculature and 
respiring tissue beds.  Under normoxic conditions, the majority of Hb is saturated by O2, 
and in the R-state conformation.  NO within the vasculature is utilized by RBCs to form 
an S-nitrosothiol at β93C, the concentration of which is relatively low (Hb-SNO ~ 
0.1-0.01% of the total Hb).  This reaction requires a one electron oxidation of NO or 
cysteine thiol and is energetically favorable in R-state, which stabilizes Hb-SNO.  
Hypoxic conditions encountered by RBCs during arteriovenous transit shift  the allosteric 
equilibrium towards T-state.  Solvent accessibility of β93C is increased with this 
transition, which increases  Hb-SNO reactivity.  Ultimately, the increases in Hb-SNO 
reactivity mediate vasodilation through the delivery of NO-bioactivity by RBCs.  A 
transnitrosylation reaction is illustrated as an example of a possible mechanism for the 
transfer of NO-bioactivity  from Hb-SNO to proteins operating in distal pathways.  

(10, 11, 14-16). Under O2-saturating conditions (normoxia; Figure 1 - bottom), 

NO within the vasculature is covalently stabilized within RBCs in the form of Hb-

SNO.  RBCs transiting through vessels which perfuse hypoxic tissue undergo 

decreases in % HbO2 that effect increases in RBC Hb-SNO reactivity  (hypoxia; 
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are complementary  to the other, such that on exposure to NO within the 

vasculature, VHy’s could undergo an allosterically-regulated, intramolecular 

reaction that would rapidly facilitate formation of S-nitrosohemoglobin.
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Figure 2. Intramolecular organization of ferric subunits of Hb in vivo. Instead of Hb 
tetramers containing four ferric hemes (right), the vast majority of Hb-Fe(III) found 
within human RBCs are valency hybrids (29).  Under physiological conditions, Hb 
valency hybrids occur primarily in two forms:  Hb-[αβ+]2 (middle) and Hb-[α+β]2 (left). 
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2.  Hemoglobin valency hybrids

2.1  The Stereochemical model of Perutz

The stereochemical model of Perutz was introduced in 1970 (31), and since that 

time, has provided insight  into the relationship between structure and function of 

hemoglobin.   The model of Perutz predicts the allosteric mechanism of Hb to be 

mediated via an equilibrium between high and low spin structural conformations, 

each of which is exemplified in crystal structures of deoxyhemoglobin (low 

ligand affinity, T-state, high spin) and oxyhemoglobin (high ligand affinity, R-

state, low spin), respectively.  In the Perutz model, structure and function are 

proposed to be thermodynamically linked by spin state.  Spin state is a chemical 

property  that refers to the configuration of electrons within the molecular orbitals 

of each heme.  Excited, or high spin states (HS), refer to electronic configurations 

with more unpaired electrons than low spin states (LS).  Thus, a transition from 

HS to LS alone does not necessarily alter heme valency, but is exergonic.

 In Hb-Fe(II), spin state is correlated with the structural geometry of heme 

iron relative to the porphyrin ring, which is altered on binding ligand.  The heme 

iron is coordinated within the porphyrin ring by four pyrrole nitrogens.  An 

additional imidazole nitrogen (Nε2 of α87H or β92H; both residues are generally 

referred to as the proximal histidines) forms a fifth coordinating bond that lies 

normal to the plane of the other four. The sixth coordinating bond is formed 

between heme iron and ligand and is also normal to the porphyrin plane, but on 

6



the opposite side of the proximal histidine (an area referred to as the distal heme 

pocket).  When bound by ligand, ferrous hemes are favored to be hexacoordinate 

(Figure 3, left), with the iron lying within the plane of the porphyrin ring.  Ferrous 

hexacoordinate hemes are stabilized by LS configurations (S=0), which as 

mentioned previously, are less energetic than HS configurations (S=2).  

 In the absence of ligand, the force exerted by  the proximal histidine is 

unopposed, such that the heme iron descends from the porphyrin plane towards 

the proximal histidine, assuming a HS pentacoordinate configuration (Figure 3, 

right). Ligand disassociation is linked to the transition to HS and, therefore, is an 

7
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Figure 3. Relationship between heme  coordination and spin state.  In the 
stereochemical model of Perutz, the coordination state of heme irons in Hb are linked to 
spin state and Hb quaternary structure.  Hexacoordinate ferrous heme (on left, from PDB 
2DN3) irons lie within the plane of the porphyrin ring and have a low spin electronic 
configuration (S=0).  Pentacoordinate ferrous heme irons (on right, PDB 2DN2) are 
translated approximately 0.4 angstroms towards the proximal histidine relative to 
hexacooridinate heme irons, and have a high spin electronic configuration (S=2). 
Ultimately, the spin state of heme irons  dictate both the ligand affinity and redox 
potential of Hb subunits.
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endergonic reaction which elevates Hb to an excited state (T-state).  In T-state 

(HS), pentacoordinate hemes partially alleviate steric tensions imposed by salt 

bridges which tether pairs of proximal histidines across the dimer interface (α1β2 

and α2β1).  

 Stabilization of HS lowers the heme affinity  for ligand relative to R-state.  

As the concentration of ligand increases, the salt bridges found in T-state become 

increasingly  unstable and eventually rupture, triggering allosteric transition from 

T- to R-state.  The structural dependence on ligand concentration is manifested in 

the function of Hb as cooperative ligand binding.  Notable in this regard, the 

Perutz model prohibits conformations which are LS T-state or HS R-state.  

Therefore, it necessarily follows that any conformation containing both HS and 

LS subunits is also prohibited.

 The stereochemical model of Perutz initiated a paradigmatic shift  of great 

importance within the scientific community. For the first time, the rudimentary 

connection between protein structure and function had been conceptualized.  The 

specific precepts that comprised this conceptualization, however, would be a 

subject of continual debate.  In the midst of this dialogue, the functional 

properties of VHy’s have been cited as examples of Hb micropopulations that 

contradict the predictions made by the Perutz model (32-59).  It is important to 

note that the interest garnered by VHy’s is inexplicably intertwined with the 

allosteric effects exerted by the spin state of Fe(III) subunits, which is discussed 

in the following section. The function and biochemical properties of VHy’s are 
8



indeed peculiar, and even novel in some respects.  As a result, VHy’s have 

attracted the attention of multiple labs, each of which has contributed to a body of 

knowledge that has continuously expanded over four decades. 

2.3  Spin state of ferric hemes

2.3.1  Aquo-ferric and hydroxide-ferric derivatives

  The spin state of Fe(III) is governed in part by a pH-dependent equilibrium 

between an aquo-ferric and hydroxide-ferric form, the former being HS (S=5/2) 

and the latter LS (S=1/2) (in the absence of allosteric effectors, the pKa = 7.5) 

(60):

5) Fe(III)H2O ↔ Fe(III)OH- + H+

 Consequently, cooperativity  of Hb oxidation/autooxidation increases with 

increasing pH, a phenomenon known as the oxidation Bohr effect. Inositol 

hexaphosphate (IHP) and 2,3-disphosphoglycerate  (DPG) bind aquo-ferric β-

subunits preferentially, increasing the pKa in Eq. (5) to 8.1 (60). As predicted by 

the Perutz model, binding of IHP/DPG to β-subunits stabilizes HS in α-subunits 

as well (60).  Covalent modification of β93C thiols abolishes the pH-dependent 

component of cooperative oxidation, such that the degree of maximal 

cooperativity (nmax) is ~ 2 at pH 6.0 and 9.0 (nmax of unmodified HbA0 at  pH 6.0 

and 9.0 are ~ 1 and 2.7, respectively) (61). 
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2.2.2  Hemichromes

Preferential binding of anions to β-subunits is one of several features that differ 

between Hb subunits (referred to in the literature as chain/subunit 

nonequivalence, chain/subunit 

h e t e r o g e n e i t y, f u n c t i o n a l 

heterogenei ty) (8).  Chain 

heterogeneity is a common feature of 

Hb.  For example, the structure of the 

heme pocket of the α-subunit enables 

it to more easily assume an LS 

hemichrome conformation (Hα+ ) 

under physiological conditions, in 

which both the proximal and distal 

histidines coordinate the heme iron 

(62-64).  The LS component of EPR 

spectra of metHb at pH 7.4 are comprised primarily of two subcomponents (65), 

one of which is a histidine-liganded hemichrome with a relative abundance of ~ 

25% (the other is attributed to Fe(III)OH-; see Eq. (5)). 

 In agreement with its assigned spin state, crystal structures obtained by 

Arnone and coworkers of equine Hb containing Hα+ illustrate the planer 

orientation of the hexacoordinate heme iron relative to the porphyrin ring (Figure 

4) (66).  In humans, hemichrome formation has been traditionally viewed as a 
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Figure 4.  Heme  hexacoordination in 
histidine-liganded hemichromes.   In some 
scenarios, oxidized Hb subunits utilize a 
histidine residue within the distal heme 
pocket as a ligand to form a low spin 
hemichrome.  Much like other 
hexacoordinate hemes, hemichromes are 
more favorable in R-state, and affect the 
allosteric equilibrium of Hb. - From PDB 

INS6, equine Hb,  !-subunit.
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degradation pathway (67, 68).   However, recent  work has revealed a role for α-

hemoglobin stabilizing protein (AHSP) in regulating the abundance of Hα+ in 

human erythrocytes (69), which may suggest a physiological function (70).  

2.3  Physiological and biochemical properties of hemoglobin 
valency hybrids

2.3.1 Valency hybrids found in vivo

VHy’s in human erythrocytes occur in vivo as [αβ+]2 or [α+β]2 (29).  Enzymatic 

reduction of methemoglobin by NADH- or NADPH-dependent cytochrome b5 

reductase both in fully-oxidized RBCs and reconstituted enzymatic systems acting 

on purified metHb in vitro produce VHy’s preferentially (50, 51, 71-73).

2.3.2  Kinetic and thermodynamic features of valency hybrids

In addition to H2O and OH-, Fe(III) also binds fluoride (F-), cyanide (CN-), and 

several other anions (74).  The spin state of Fe(III)F- and Fe(III)CN- are both pH-

independent, the former being HS and the latter LS (74).  This property can be 

employed as an experimental control of the spin state of VHy-Fe(III). 

Spectroscopic studies have indicated the structure of both LS and HS ferric 

derivatives of VHy’s ([Fe(II) || Fe(III)CN-]2 and [Fe(II) || Fe(III)F-]2, respectively) 

to be T-state (35).  Allosteric transition to R-state occurs rapidly  upon saturation 

of ferrous hemes with CO or O2 (35). 

 Oddly, even though both LS and HS ferric derivatives of VHy’s are found 

in T-state in the absence of CO or O2, Fe(II) subunits in LS ferric derivates have a 

much greater ligand affinity  than those in HS ferric derivatives (35, 53) .  In the 
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case of [αβ+CN]2, the dissociation constant in T-state (KT) exceeds that of R-state 

(KR) by  only three fold (53).  In contrast, the ratio of KT to KR of [αβ+F]2 ~ 100, 

which more closely matches documented values for HbA0 (35, 75).

Table 1.  P50, dissociation constants (KR, KT), and the difference in free energy 
between R- and T-state (ΔGRT) for valency hybrids and HbA0

a From ref  (52)
b From ref  (34)
c From ref  (27)

P50
(mmHg)

KR
(mmHg)

KT
(mmHg)

ΔGRT
(kcal*(mol heme)-1)

a, b[α+β]2

F- 3.1 0.4 9 1.8

H2O 2.2 0.4 7.3 1.7

CN- 0.9 0.4 1.8 0.9

a, b[αβ+]2

F- 5.8 0.4 42 2.8

H2O 3.0 0.4 16 2.1

CN- 0.8 0.4 1.1 0.6

cHbA0 ― 12.5 0.3 125 3.4

 Since the ligand affinity  of ferrous hemes in low spin ferric derivatives is 

increased in T-state, the difference in free energy between R- and T-state (ΔGRT) is 

reduced four fold relative to HbA0 (0.6 kcal*(mol heme)-1 vs. 3.6 kcal*(mol 

heme)-1, respectively) (27, 35, 53).  Since the energetic barrier between the two 

conformations is reduced, the allosteric effects of heterotropic ligands should be 

enhanced.  In line with this, the transition from R- to T-state is induced by IHP 

(76). 
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 To summarize, the quaternary structure of both LS and HS ferric 

derivatives of VHy’s is dependent on the ligation state of ferrous subunits.  

However, the ligand affinity  of ferrous subunits is dependent on the spin state of 

ferric subunits.  Conformational transitions are induced independently of 

homotropic ligands by heterotropic ligands.  Generally speaking, conformational 

transitions undergone by VHy’s appear to be rapid and are suggested to occur on 

sub-millisecond time scales (38).  The rate and responsivity  of allosteric redox 

chemistry that may be undergone by them, therefore, are expected to be 

comparably rapid as well.  

2.3.3  Generation of valency hybrids

Both forms of VHy’s found in human RBCs can be synthesized in high yield both 

in situ and in vitro (40, 45, 47, 50, 71, 77, 78).  The relative yield of each species 

is dependent on the substrates employed and the percent ligand saturation. 

Remarkably, even though the reduction potential (ΔE°) of β-subunits (113 mV) 

exceeds the value of  α-subunits (52 mV) by 61 mV (57), oxidation of deoxyHb 

by multiple reagents (potassium ferricyanide, sodium nitrite, cupric chloride, 

ferricytochrome c, and ferricytochrome b5) has been found in each case to 

produce [αβ+]2 preferentially, if not exclusively.  

 These findings can be reconciled thermodynamically, however.  In nearly 

every  case, the reaction mechanism has been found to be β93C thiol-dependent, 

explaining how preferential oxidation of β-subunits could occur.  In line with 

these findings, partial oxidation reactions in the presence of a catalyst that 
13



accelerates electron transfer between subunits (thionine) produce [α+β]2 in yields 

approaching 100% (79).  Intersubunit electron transfer does occur spontaneously 

under anaerobic conditions, but at a relatively slow rate (6 h-1) (80). 

2.3.4  Potential allosteric effects of hemichromes in valency hybrids

The observations regarding Hb oxidation mentioned above may be explained in 

part by the allosteric effects of Hα+. Aerobically, Hb-[Hα+β(O2)]2 would be a pure 

LS species.  Each subunit would contain a hexacoordinate heme (LS)—the β-

subunits being liganded by O2 and the α-subunits by histidine—and would be 

predominately within R-state tetramers.  Anaerobically, 84% of oxidized β-

subunits are high spin aquo-ferric at pH 7.4 and, consequently, nearly  all [αβ+]2 

would be a pure HS species—aquo-ferric β-subunits and ferrous α-subunits 

would each be HS and, thus, would most likely  occur within T-state tetramers. 

Therefore, conformational transitions could drive intramolecular electron transfer 

reactions between α- and β-subunits, or put more succinctly, αβ-valency 

switching:

6) HbT - αβ
+⎡⎣ ⎤⎦ 2

2O2⎯ →⎯⎯ HbR - Hα
+β (O2)⎡⎣ ⎤⎦ 2

 The hypothetical implications of this activity  on O2 binding are not 

immediately apparent.  However, αβ-valency  switching could have significant 

implications regarding redox chemistry undergone by  VHy’s and NO.  This 

possibility will be revisited in the results and discussion and may also provide 

insights into the findings of this study.
14



3.  Evidence suggesting an equilibrium between NO-
liganded valency hybrids and S-nitrosohemoglobin

3.1  Hemoglobin X

Hemoglobin X (HbX) was first discovered by Smith and coworkers in 1967 while 

studying hemoglobin oxidation in human erythrocytes (81).  In these experiments, 

fresh human RBCs were washed and suspended in buffer (Krebs-Ringers-

Glucose-Phosphate, pH 7.4).  

 Hb was fully  oxidized in situ using an excess of sodium nitrite.  The 

oxidized human RBCs were then washed, suspended in nitrite-free buffer, and 

incubated for 4 hr at 4°C in an atmosphere of oxygen or nitrogen. Prior to 

exposure to nitrite, the total Hb concentration was quantified using the method of 

Drabkin (82), and products were quantified at the completion of each experiment.  

Table 2. Species abundance of Hb in 100% oxidized RBCs after 4 hrs at 4°C

All values from (80)
Fe(II)O2 Fe(II) Fe(III) HbX

O2 31 ± 2 0 76 ± 2 0

N2 0 0.5 ± 0.8 76 ± 7 23.1

All values are stated as percent of total [Hb]

 Fe(III) was quantified by measuring the difference in absorbance at 630 

nm and 680 nm (81).  Fe(II)O2 was measured spectrophotometrically, by 
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manometric methods analogous to those used by Van Syke (83), and by 

absorption changes induced on oxidation of hemoglobin by ferricyanide (82).  

Fe(II) was quantified by measuring the difference in absorbance between oxygen 

saturated and unsaturated samples (81).  Surprisingly, under anaerobic conditions, 

nearly 25% of the total [Hb] could not be accounted for as Fe(II)O2, Fe(II), or 

Fe(III) (Table 2).

 The unknown Hb pigment that appeared under anaerobic conditions was 

named HbX. Despite several attempts that were undertaken soon after its 

discovery, the biochemical nature of HbX would not be discerned until two 

decades later.  In 1987, by using electron paramagnetic resonance (EPR), HbX 

was identified as a heme nitrosyl species (78).  Further work was undertaken from 

then through the following year that soon revealed the tetrameric makeup of HbX 

to be a NO-liganded VHy (77, 78).

 It is important to note that in these experiments that following oxidation, 

but prior to anaerobic incubation, methemoglobin accounted for 100% of the total 

hemoglobin.  However, after four hours of anaerobic incubation, a heme nitrosyl 

species appeared.  This indicates that a nitric oxide adduct—which was not a 

heme nitrosyl species—was present in the cell prior to incubation.  In more recent 

studies, prolonged anaerobic incubations of RBCs have been shown to lead to 

losses of S-nitrosohemoglobin that are matched equivalently by increases in the 

content of heme nitrosyl.  In conjunction with these findings, the appearance of 

HbX under anaerobic conditions could indicate a comparable degradation of S-
16



nitrosomethemoglobin.  If correct, this could suggest that VHy’s and S-

nitrosohemoglobin are reciprocally related, and are allosterically  regulated in 

vivo.  This possibility is explored further in the following sections.
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4.  Experimental methods, results, and discussion

4.1  Experimental Methods

4.1.1  Preparation of deoxyhemoglobin

Highly purified adult human hemoglobin (HbA0; Apex Biosciences, Durham, NC) 

was reduced with sodium dithionite in an anaerobic glove box. Excess dithionite 

was removed with gel filtration 

chromatography (Sephadex 

G 2 5 r e s i n ; A m e r s h a m 

Pha rmac i a B iosc i ences ) . 

Purified samples were prepared 

daily and stored anaerobically 

between experiments. 

4 . 1 . 2  R e a c t i o n o f 

d e o x y h e m o g l o b i n a n d 

nitrite

Five hundred micromolar 

deoxyhemoglobin and an equal 

volume of NaNO2 buffer 

solution (NaNO2 plus 100 mM 

phosphate, pH 7.4/0.1 mM 

E D T A / 0 . 1 m M 
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4.1.2  Reaction of deoxyhemoglobin and nitrite

Five hundred micromolar deoxyhemoglobin and an equal volume of NaNO2 

buffer solution (NaNO2 plus 100 mM phosphate, pH 7.4/0.1 mM EDTA/0.1 mM 

diethylenetriaminepentaacetate) were mixed inside an anaerobic glove box. 

Samples were placed in a 0.5 mm, 0.1 mm, or 0.2 mm screw-top  cuvette 

(Spectrocell, Oreland, PA). Initial nitrite concentrations used in spectroscopic 

measurements varied from 10–

500 !M, with deoxyHb 

concentration constant at 250 

!M, giving starting ratios of  

[NaNO2]/[Hb] between 1:25–

2:1.

4 . 1 . 3  U V- V i s i b l e 

wavelength spectroscopy

U V- Vi s i b l e w a v e l e n g t h 

spectroscopy  scans between 

480–700 nm were performed by 

u s i n g a C i n t r a 4 0 e 

spectrophotometer with a slit 

width of 2 nm, scan speed of 

240 nm/min, and step interval of 

1 nm. 
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Figure 5. UV-Vis data collection and analysis: 
deconvolution of hemoglobin  spectra between 
480-700 nm.  (A) UV-Vis reference spectra of 
ligated and oxidized hemoglobins. Fe(II)O2, Fe(II), 

and Fe(III) (top), and heme nitrosyl species 
(bottom). (B) Deconvolution of UV-Visible spectra. 
An exemplary Hb spectrum at t = 45 min in 
reaction of deoxyHb and nitrite is shown in black, 
and the calculated fit  is shown in red. The residuals 
between the calculated curve and that observed are 
shown underneath and were on the order of 10-3 
a.u., in line with the noise of the 
spectrophotometer.  During UV/Visible data 
collection, all experiments were performed 

anaerobically (pH 7.4, [Hb] = 250 µM, 0.1 M 

phosphate, 0.1 mM DTPA, 0.1 mM EDTA, 25°C). 
From PNAS  (2006) 103:8366-8371, © 2006 by The 
National Academy of Sciences of the USA
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diethylenetriaminepentaacetate) were mixed inside an anaerobic glove box. 

Samples were placed in a 0.5 mm, 0.1 mm, or 0.2 mm screw-top  cuvette 

(Spectrocell, Oreland, PA). Initial nitrite concentrations used in spectroscopic 

measurements varied from 10–500 µM, with deoxyHb concentration constant at 

250 µM, giving starting ratios of  [NaNO2]/[Hb] between 1:25–2:1.

4.1.3  UV-Visible wavelength spectroscopy

UV-Visible wavelength spectroscopy scans between 480–700 nm were performed 

by using a Cintra 40e spectrophotometer with a slit width of 2 nm, scan speed of 

240 nm/min, and step interval of 1 nm. 

4.1.4  Product quantitation using UV-Visible spectra 

Spectra were collected periodically  throughout the time course of each reaction. 

Deconvolution analyses of full spectrum scans was performed using methods 

similar to those employed previously (22). A baseline deoxyHb spectrum was 

collected at time 0 for each experiment, analyzed for product purity, and 

incorporated into the deconvolutional analysis as a reference spectrum. Any 

sample with a baseline spectrum containing >1% metHb or oxyHb was discarded. 

Reference spectra  for 1 mM Fe(II)O2, Fe(II) (generated before each experiment), 

Fe(III), Fe(III)NO, and Fe(II)NO (Figure 5A) were fit to the sample spectra by 

using SYSTAT 11.0 with a least-squares method. Exemplary  fit and residual are 

shown in Figure 5B. 
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4.1.5  Measurement of S-

nitrosohemoglobin 

Hb-SNO production was measured 

via mercury-coupled photolysis-

chemiluminescence as described 

previously (10).

4 . 1 . 6  O x y g e n a t i o n o f 

d e o x y h e m o g l o b i n / n i t r i t e 

samples

Fifty microliter samples were treated 

with a gentle flow of compressed air 

for 15 sec.

4.2  Results

4.2.1  Introduction 

The reaction between Hb and nitrite 

has been utilized in this work as a 

tool for producing partially oxidized, 

NO-liganded Hb.  Under anaerobic conditions, one equivalent  of nitrite has been 

reported in previous work by Doyle and coworkers to produce an equivalent of 

Fe(II)NO and Fe(III) (84):

7) 2Fe(II) + NO2
- 2H+⎯ →⎯⎯ Fe(III) + Fe(II)NO + H2O

20

equivalent of nitrite has been reported in 

previous work by Doyle and coworkers to 

produce an equivalent of 

Fe(II)NO and Fe(III) (84):

The mechanism of this reaction is thought to involve an Fe(III)NO intermediate:

 Products formed in reactions of nitrite (10–500 µM) with deoxyHb (250 

µM) were extracted from experimental spectra via spectral deconvolution. A 

rudimentary  model that provided a reasonable profile of the experimental 

spectrum was identified, which included Fe(II), Fe(III), Fe(II)O2, and Fe(II)NO as 

basis spectra. Then, other potential components were added to this model, after 
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8)     Fe II( )  + NO2
-  !  Fe II( )--NO2

-

9)     Fe II( )--NO2
-  

2H+

" !""  Fe II( )--NO+  + H2O

10)     Fe II( )--NO+  !  Fe III( )NO

11)     Fe III( )NO + Fe II( )! Fe III( )  + Fe II( )NO

Figure 6. Mass balance  validates 
deconvolution methodology and 
theoretical  model  of nitrite reactions 
with hemoglobin. (A) Reaction 
products are accounted for over time. 
The ratio of the total mass at time (t)(X
(t)) to the average total mass at  all time 
points (X) is graphed as a function of 
time. (Data from an individual reaction 
is shown and is reflective of all other 
reactions in this study.) (B) Reaction 
products are accounted for at all 
concentrations. The theoretical model 
of nitrite utilization by deoxyHb is in 
ag reement wi th tha t found 

experimentally. ! is the sum of nitrite 

products found experimentally. The 

ratio of ! to [NaNO2]i is 1, 

demonstrating agreement with the 
theoretical model.  All UV/Visible data 
collection was performed anaerobically.  

(pH 7.4, [Hb] = 250 µM, 0.1 M 

phosphate, 0.1 mM DTPA, 0.1 mM 
EDTA, 25°C). From PNAS (2006) 
103:8366-8371, © 2006 by The 
National Academy of Sciences of the 
USA
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The mechanism of this reaction is thought to involve an Fe(III)NO intermediate:

8) Fe(II) + NO2
- → Fe(II)--NO2

-

9) Fe(II)--NO2
- 2H+⎯ →⎯⎯ Fe(II)--NO+ + H2O

10) Fe(II)--NO+ → Fe(III)NO

11) Fe(III)NO + Fe(II)→ Fe(III) + Fe(II)NO

 Products formed in reactions of nitrite (10–500 µM) with deoxyHb (250 

µM) were extracted from experimental spectra via spectral deconvolution. A 

rudimentary  model that provided a reasonable profile of the experimental 

spectrum was identified, which included Fe(II), Fe(III), Fe(II)O2, and Fe(II)NO as 

basis spectra. Then, other potential components were added to this model, after 

which the analysis was subsequently repeated and tested for significant 

improvements in fit. A significant improvement in fit was obtained when an 

Fe(III)NO component spectrum was included, which was not  observed after 

substituting other possible component spectra in the place of Fe(III)NO. 

Quantitatively, the improvement was significant within a 99.9% confidence 

interval (F-test) in every experimental trial at the point of maximal yield of 

Fe(III)NO.  Therefore, the Fe(III)NO spectrum was incorporated into the final 

model that   was employed in the analysis of each experimental spectrum.  Mass 

balance of total Hb verified this methodology as well (Figure 6).
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4.2.2  Reaction of NaNO2 with 
DeoxyHb Assessed by UV-Visible 
Spectroscopy

As suggested above, a trace concentration of 

a species which analyzed as Fe(III)NO was 

identified (Figure 7). The concentration of 

this species peaked ~ 40 min into the 

reaction and subsequently decayed to zero when the starting concentration of 

nitrite ([NaNO2]) was 400 µM (Figure 7A).  

 However, [Fe(III)NO] was observed to rise to a sustained level, without 

decay, when [Hb] exceeded [NaNO2] (Figure 7B).  Equilibrium concentrations of 
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Figure 7.  Reaction of deoxyHb 
with  nitrite: Product distribution 
depends on nitrite  concentration. 
(A) Reaction of deoxyHb (250 µM) 
with excess (400 µM; Left) or 
l i m i t i n g ( 7 5 µM ; R i g h t ) 
concentrations of nitrite.. When 
excess nitrite is used, the ratio of 
[Fe(II)NO] to [Fe(III)] approaches 
1:1 (and [Fe(III)NO] is detected only 
at  early time points and in trace 
amounts). In contrast, with limiting 
nitrite, [Fe(III)] is in significant 
excess over [Fe(II)NO], and 
[Fe(III)NO] accumulates over the 
time course of the reaction. (B) 
Fe(III)NO production. With high 
nitrite relative to Hb (400 µM nitrite, 
250 µM Hb; diamond), [Fe(III)NO] 
concentrations rise (over time) until 
50% of the hemes in Hb are either 
ligated by NO or oxidized (sum of 
all products divided by the heme 
concentration). Further reaction of 
nitrite with Hb (to achieve a 
concentration of products exceeding 
50% of hemes) induces the allosteric 
transition, which is coupled to 
isomerization of Fe(III)NO to Hb-
SNO. With limiting nitrite (75 µM 
nitrite, 1 mM heme; black and white 
diamonds), Fe(III)NO accumulates in 
T  state. Results are presented as mean 
± SE of three experiments. All UV/
Vis data collection was performed 
anaerobically (pH 7.4, [Hb] = 250 
µM, 0.1 M phosphate, 0.1 mM 
DTPA, 0.1 mM EDTA, 25°C).  From 
PNAS (2006) 103:8366-8371, © 2006 
by The National Academy of 
Sciences of the USA
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was significant within a 99.9% confidence interval (F-test) in every  experimental 

trial at the point of maximal yield of Fe(III)NO.  Therefore, the Fe(III)NO 
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Figure 7.  Reaction of deoxyHb 
with  nitrite: Product distribution 
depends on nitrite  concentration. 
(A) Reaction of deoxyHb (250 !M) 
with excess (400 !M; Left) or 
l im i t i ng (75 !M; R igh t ) 
concentrations of nitrite.. When 
excess nitrite is used, the ratio of [Fe
(II)NO] to [Fe(III)] approaches 1:1 
(and [Fe(III)NO] is detected only at 
early time points and in trace 
amounts). In contrast, with limiting 
nitrite, [Fe(III)] is in significant 
excess over [Fe(II)NO], and [Fe(III)
NO] accumulates over the time 
course of the reaction. (B) Fe(III)NO 
production. With high nitrite relative 
to Hb (400 !M nitrite, 250 !M Hb; 
d i a m o n d ) , [ F e ( I I I ) N O ] 
concentrations rise (over time) until 
50% of the hemes in Hb are either 
ligated by NO or oxidized (sum of 
all products divided by the heme 
concentration). Further reaction of 
nitrite with Hb (to achieve a 
concentration of products exceeding 
50% of hemes) induces the allosteric 
transition, which is coupled to 
isomerization of Fe(III)NO to Hb-
SNO. With limiting nitrite (75 !M 
nitrite, 1 mM heme; black and white 
diamonds), Fe(III)NO accumulates 
in T state. Results are presented as 
mean ± SE of three experiments. All 
UV/Vis data collection was 
performed anaerobically (pH 7.4, 

[Hb] = 250 µM, 0.1 M phosphate, 

0.1 mM DTPA, 0.1 mM EDTA, 25°
C).  From PNAS (2006) 
103:8366-8371, © 2006 by The 
National Academy of Sciences of the 
USA



Fe(III), Fe(II)NO, and Fe(III)NO 

are presented in Figure 8.   

 The trend in [Fe(III)NO] as 

a function of [NaNO2] is biphasic 

(Figure 8A).  Final yields of 

[ F e ( I I I ) N O ] a r e d i r e c t l y 

proportional to [NaNO2] up to 250 

µM, but decline after this point. 

The maximum yield of Fe(III)NO 

was observed when [Hb] and 

[NaNO2] were equal ([NaNO2] = 

250 µM), such that at equilibrium, 

50% of the total heme concentration was oxidized, liganded by NO, or both 

(percent heme ligation). The percent heme ligation at equilibrium increased in a 

proportional manner as [NaNO2] exceeded the concentration of [Hb], facilitating 

the allosteric transition from T- to R-state. 

4.2.3  Formation of Hb-SNO and Fe(III)NO are reciprocally related 
and allosterically coupled

The biphasic trend described above could be rationalized by a conversion from 

Fe(III)NO to Hb-SNO. To investigate this possibility, formation of Hb-SNO in 

reactions of deoxyHb with nitrite over the range 50–350 µM  were accessed at 

equilibrium.  The results are illustrated in Figure 9. Remarkably, the yields of Hb-
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Figure 8.  Reaction of deoxyHb and nitrite: 
distribution  of products at completion of 
reaction as a function of initial [NaNO2]. (A) 
[NaNO2] vs. [Fe(III)NO]. [Fe(III)NO] 
accumulates in reactions with limiting 
concentrations of nitrite ([NaNO2] < 250 µM). 
(B) [NaNO2] vs. [Fe(III)] and [Fe(II)NO]. 
L imi t ing (a lbe i t supraphys io logica l ) 
concentrations of nitrite yield an excess of 
Fe(III) over Fe(II)NO. All UV/Vis data 
collection was performed anaerobically.  (pH 
7.4, [Hb] = 250 µM, 0.1 M phosphate, 0.1 mM 
DTPA, 0.1 mM EDTA, 25°C).  From PNAS 
(2006) 103:8366-8371, © 2006 by The 
National Academy of Sciences of the USA

spectrum was incorporated into the final model that  was employed in the analysis 

of each experimental spectrum.  Mass balance of total Hb verified this 

methodology as well (Figure 6).

4.2.2  Reaction of NaNO2 with DeoxyHb Assessed by UV-Visible 

Spectroscopy

As suggested above, a trace 

concentration of a species which 

analyzed as Fe(III)NO was 

identified (Figure 7). The 

concentration of this species 

peaked ~ 40 min into the reaction 

and subsequently  decayed to zero 

when the starting concentration of 

nitrite ([NaNO2]) was 400 µM 

(Figure 7A).  

 However, [Fe(III)NO] was 

observed to rise to a sustained 

level, without decay, when [Hb] exceeded [NaNO2] (Figure 7B).  Equilibrium 

concentrations of Fe(III), Fe(II)NO, and Fe(III)NO are presented in Figure 8.   

 The trend in [Fe(III)NO] as a function of [NaNO2] is biphasic (Figure 8A).  

Final yields of [Fe(III)NO] are directly  proportional to [NaNO2] up to 250 !M, 

but decline after this point. The maximum yield of Fe(III)NO was observed when 
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Figure 8.  Reaction of deoxyHb and nitrite: 
distribution  of products at completion of 
reaction as a function of initial [NaNO2]. (A) 
[NaNO2] vs. [Fe(III)NO]. [Fe(III)NO] 
accumulates in reactions with limiting 
concentrations of nitrite ([NaNO2] < 250 !M). 
(B) [NaNO2] vs. [Fe(III)] and [Fe(II)NO]. 
Limit ing (albei t supraphysiological) 
concentrations of nitrite yield an excess of Fe
(III) over Fe(II)NO. All UV/Vis data collection 
was performed anaerobically.  (pH 7.4, [Hb] = 

250 µM, 0.1 M phosphate, 0.1 mM DTPA, 0.1 

mM EDTA, 25°C).  From PNAS  (2006) 
103:8366-8371, © 2006 by The National 
Academy of Sciences of the USA



SNO at equilibrium were zero in samples with a percent heme ligation < 50%, 

which corresponded to conditions where yields of Fe(III)NO were found to 

increase proportionally with [NaNO2].  However, in samples where the percent 

heme ligation exceeded 50%, the yield of Hb-SNO directly correlated with the 
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Figure 9.  Conversion of Hb[Fe(III)NO] to Hb-SNO  with  transition from T state to 
R state. The allosteric transition is induced by nitrite (A) or oxygen (B). (A) 
Fe(III)NO builds up and then isomerizes to Hb-SNO on transition from T-state to R-state 
under anaerobic conditions. Product  concentrations (at reaction completion) are depicted 
as a function of percent  ligation of all hemes ([Hb] = 250 µM; [heme] = 4[tetramer]). 
Nitrite in excess of 250 µM (the concentration producing 50% “ligation,” including both 
ligated and oxidized hemes) facilitates the allosteric transition from T- to R-state through 
an anaerobic buildup of product (pH 7.4, [Hb] = 250 µM, 0.1 M phosphate, 0.1 mM 
DTPA, 0.1 mM EDTA, 25°C). (B) Anaerobic values of [Fe(III)NO] concentration are 
predictive of [Hb-SNO] after oxygenation. Product concentrations are shown as a 
function of starting nitrite concentration. For [NaNO2] < 250 µM, [Fe(III)NO] 
concentration preoxygenation (pre-O2) correlates directly with [Hb-SNO] after 
oxygenation (post-O2). For [NaNO2] > 250 µM, [Fe(III)NO] concentration decreases to 
zero and [Hb-SNO] (after oxygenation) plateaus, indicating that an Fe(III)NO 
intermediate accumulates and then isomerizes to Hb-SNO after the allosteric transition to 
R state (pH 7.4, [Hb] = 250 µM, 0.1 M phosphate, 0.1 mM DTPA, 0.1 mM EDTA, 
25°C). Results are presented as mean ± SE of three to four experiments. From PNAS 
(2006) 103:8366-8371, © 2006 by The National Academy of Sciences of the USA

[Hb] and [NaNO2] were equal ([NaNO2] = 250 µM), such that at equilibrium, 

50% of the total heme concentration was oxidized, liganded by NO, or both 

(percent heme ligation). The percent heme ligation at equilibrium increased in a 
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Figure 9.  Conversion of Hb[Fe(III)NO] to Hb-SNO  with transition from T state to 
R state. The allosteric transition is  induced by nitrite  (A) or oxygen (B). (A) Fe(III)
NO builds up and then isomerizes to Hb-SNO on transition from T-state to R-state under 
anaerobic conditions. Product  concentrations (at  reaction completion) are depicted as a 
function of percent ligation of all hemes ([Hb] = 250 !M; [heme] = 4[tetramer]). Nitrite 
in excess of 250 !M (the concentration producing 50% “ligation,” including both ligated 
and oxidized hemes) facilitates the allosteric transition from T- to R-state through an 

anaerobic buildup of product  (pH 7.4, [Hb] = 250 µM, 0.1 M phosphate, 0.1 mM DTPA, 

0.1 mM EDTA, 25°C). (B) Anaerobic values of [Fe(III)NO] concentration are predictive 
of [Hb-SNO] after oxygenation. Product  concentrations are shown as a function of 
starting nitrite concentration. For [NaNO2] < 250 !M, [Fe(III)NO] concentration 
preoxygenation (pre-O2) correlates directly with [Hb-SNO] after oxygenation (post-O2). 
For [NaNO2] > 250 !M, [Fe(III)NO] concentration decreases to zero and [Hb-SNO] 
(after oxygenation) plateaus, indicating that an Fe(III)NO intermediate accumulates and 
then isomerizes to Hb-SNO after the allosteric transition to R state (pH 7.4, [Hb] = 250 

µM, 0.1 M phosphate, 0.1 mM DTPA, 0.1 mM EDTA, 25°C). Results are presented as 

mean ± SE of three to four experiments. From PNAS (2006) 103:8366-8371, © 2006 by 
The National Academy of Sciences of the USA



decline of Fe(III)NO from its maximal value (proportionality  constant = 0.67 ± 

0.05; R = 0.98, Figure 9A). 

 To explore this point further, mixtures of deoxyHb and limiting amounts 

of nitrite were subjected to oxygenation after the reaction was completed. 

Remarkably, the yield of Hb-SNO after oxygenation was directly  proportional to 

the concentration of Fe(III)NO before oxygenation (proportionality constant = 

0.89 ± 0.06; R = 0.97) (Figure 9B). In other words, declines in [Fe(III)NO] 

induced by ligation of vacant hemes were matched by equivalent increases in 

[Hb-SNO]. Evidently, the Fe(III)NO species observed here is a precursor for Hb-

SNO, with chemical interconversion coupled to the allosteric transition of Hb 

from T to R state.

4.3  Discussion

Formation of an NO-liganded species with the spectral properties known to be 

representative of Fe(III)NO (30) was observed in this study.  Importantly, the 

yield of Fe(III)NO was dependent on the percent heme ligation and produced Hb-

SNO in high yields on oxygenation, triggering allosteric transition to R-state.  The 

yield at equilibrium of Fe(III)NO as a function of percent heme ligation was 

biphasic, and exhibited a maximum of ~16 µM Fe(III)NO at 50%.  Therefore, 

relative to the total heme concentration, the maximum yield of Fe(III)NO was 

~1.6%.   Such yields are relatively low, which should consequently decrease the 

occurrence of Hb tetramers containing more than one equivalent of Fe(III)NO.  

Given this to be valid, the maximum percent yield of Hb-Fe(III)NO is ~ 6.4.
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 By comparing these results with observations documented in previous 

work, the identity  of the other subunits of Hb-Fe(III)NO may be implied 

indirectly.  The production of VHy’s by nitrite and ferricytochrome c under 

aerobic conditions has been verified by Tomoda and coworkers.  The total percent 

yield of VHy’s ([αβ+]2 + [α+β]2) as a function of the percent heme oxidation was 

near identical when using either ferricytochrome c or nitrite (Figure 10A). Both 
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Figure 10.  Production of valency hybrids 
during the  oxidation of oxyhemoglobin by 
ferricytochrome c or sodium nitrite 
observed by Tomoda and coworkers, 
1981.  (A)  The total yield of all valency 
hybrids produced by ferricytochrome c 
(solid line, filled circles) or sodium nitrite 
(dotted line, empty circles) are plotted as a 
function of the percent  oxidized heme.  
Similar yields were obtained when using 
either substrate.  (B)  The percent yield of 
each va lency hybr id p roduced by 
ferricytochrome c are graphed as a function 
of percent oxized heme.  The production of 
both species (Hb-[αβ+]  solid line, empty 
squares; Hb-[α+β]  dotted line, filled 
squares) exhibits first order kinetics, and 
Hb-[αβ+] remains in excess of Hb-[α+β] 
throughout the reaction.  (C)  The percent 
yield of each valency hybrid produced by 
sodium nitrite are graphed as a function of 
p e r c e n t  o x i z e d h e m e .  U n l i k e 
ferricytochrome c, the relative yield of Hb-
[αβ+] (solid line, empty squares) marginally 
exceeds the relative yield of Hb-[α+β] 
(dotted l ine, f i l led squares) up to 
approximately 50% percent  oxidized heme.  
With further oxidation,  the yield of Hb-[α
+β] is surpased by the yield of Hb-[αβ+].  

! Production of VHy’s by ferricytochrome c exhibited first order kinetics, 

with yields of ["!+]2 exceeding that  of ["+!]2 throughout the reaction (Figure 

10B).  However, when using nitrite, yields of ["!+]2 exceeded yields of ["+!]2 up 

to 50% heme oxidation, at which point the trend reversed (Figure 10C). 

 The yields of ["!+]2 and ["+!]2 that were observed previously by Tomoda 

and coworkers where reanalyzed in the present analysis.  The difference in 

percent yield between  ["!+]2 and ["+!]2 when plotted as a function of percent 
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Figure 10.  Production of valency hybrids 
during the  oxidation of oxyhemoglobin by 
ferricytochrome c or sodium nitrite 
observed by Tomoda and coworkers, 
1981.  (A)  The total yield of all valency 
hybrids produced by ferricytochrome c 
(solid line, filled circles) or sodium nitrite 
(dotted line, empty circles) are plotted as a 
function of the percent  oxidized heme.  
Similar yields were obtained when using 
either substrate.  (B)  The percent  yield of 
each valency hybrid produced by 
ferricytochrome c are graphed as a function 
of percent oxized heme.  The production of 

both species (Hb-[!"+]  solid line, empty 

squares; Hb-[!+"]  dotted line, filled 

squares) exhibits first order kinetics, and 

Hb-[!"+] remains in excess of Hb-[!+"] 

throughout the reaction.  (C)  The percent 
yield of each valency hybrid produced by 
sodium nitrite are graphed as a function of 
percent  oxized heme.  Unlike 
ferricytochrome c, the relative yield of Hb-

[!"+] (solid line, empty squares) marginally 

exceeds the relative yield of Hb-[!+"] 

(dotted line, filled squares) up to 
approximately 50% percent  oxidized heme.  

With further oxidation,  the yield of Hb-[!
+"] is surpased by the yield of Hb-[!"+].  

† From Tomoda et al., 1981



ferricytochrome c and nitrite were found to oxidize β-subunit hemes more rapidly 

than α-subunit hemes. 

 Production of VHy’s by 

ferricytochrome c exhibited first 

order kinetics, with yields of [αβ

+]2 exceeding that of [α+β]2 

throughout the reaction (Figure 

10B).  However, when using 

nitrite, yields of [αβ+]2 exceeded 

yields of [α+β]2 up to 50% heme 

oxidation, at which point the 

trend reversed (Figure 10C). 

 The yields of [αβ+]2 and [α+β]2 that were observed previously by Tomoda 

and coworkers where reanalyzed in the present analysis.  The difference in 

percent yield between  [αβ+]2 and [α+β]2 when plotted as a function of percent 

oxidation produces a biphasic trend when using nitrite as an oxidant (Figure 11), 

which could suggest an equilibrium between the two that is shifted towards 

[α+β]2 as oxidation of oxyhemoglobin increases (44).

  This was compared with the percent yield of tetrameric Hb-Fe(III)NO 

reported in my work (under anaerobic conditions) (Figure 12).  The percent yield 

of Hb-Fe(III)NO plotted as a function of percent ligation demonstrates a biphasic 
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Figure 11.  The difference in  percent yield of 
αβ+ and α+β generated by oxidation of 
oxyhemoglobin by sodium nitrite observed by 
Tomoda and coworkers, 1981.  The difference 
between the percent yield of  αβ+ and α+β as a 
function of percent oxidized heme is biphasic.  
T h i s t r e n d i s n o t s e e n w h e n u s i n g 
ferricytochrome c as an oxidant.

oxidation produces a biphasic 

trend when using nitrite as an 

oxidant (Figure 11), which could 

suggest an equilibrium between 

the two that is shifted towards 

[! + !]2 as oxidation of 

oxyhemoglobin increases (44).

  This was compared with 

the percent yield of tetrameric 

Hb-Fe(III)NO reported in my 

work (under anaerobic conditions) (Figure 12).  The percent yield of Hb-Fe(III)

NO plotted as a function of percent ligation demonstrates a biphasic trend nearly 

identical—both in form and magnitude—to the reanalyzed Tomoda data.  The 

concentration of S-nitrosohemoglobin quantified anaerobically was zero in 

samples with percent heme saturation of 50% or less at equilibrium.  However, on 

exposure to oxygen, the concentration of S-nitrosohemoglobin in these samples 

was essentially  equal to concentrations of Hb-Fe(III)NO quantified anaerobically. 

 Under conditions similar to those used here, previous studies have shown 

the yield of ["!+]2 to markedly  exceed that of ["+!]2 (~4 fold), and the total 

percent yield of all VHy’s to comprise the vast majority  of the total product at 

equilibrium (45, 45, 77, 78, 81, 85).  This suggests that the Hb-Fe(III)NO species 

observed is also a VHy.  In addition, since both the rate of binding and the ligand 
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Figure 11.  The  difference  in percent yield of 

!"+ and !+" generated by oxidation of 

oxyhemoglobin by sodium nitrite observed by 
Tomoda and coworkers, 1981.  The difference 

between the percent yield of  !"+ and !+"  as a 

function of percent oxidized heme is biphasic.  
This trend is not seen when using 
ferricytochrome c as an oxidant.

† From Tomoda et al., 1981



trend nearly identical—both in form and magnitude—to the reanalyzed Tomoda 

data.  The concentration of S-nitrosohemoglobin quantified anaerobically was 

zero in samples with percent heme saturation of 50% or less at equilibrium.  

However, on exposure to oxygen, the concentration of S-nitrosohemoglobin in 

these samples was essentially equal to concentrations of Hb-Fe(III)NO quantified 

anaerobically.  Under conditions similar to those used here, previous studies have 

shown the yield of [αβ+]2 to markedly exceed that of [α+β]2 (~4 fold), and the total 

percent yield of all VHy’s to comprise the vast majority  of the total product at 

equilibrium (45, 45, 77, 78, 81, 85).  This suggests that the Hb-Fe(III)NO species 

observed is also a VHy.  In addition, since both the rate of binding and the ligand 

affinity for NO of oxidized β-subunits exceed α  -subunits (See Table 3), formation 

of Hb-Fe(III)NO would most likely  occur in [αβ+]2 VHy’s (86).  In considering 

28

Figure 12.  Correlation between the  yield of 
valency hybrids observed previously, and 
the  biphasic trend exhibited by Hb-
Fe(III)NO.    Comparison between the 
difference in percent yield of αβ+ and α+β 
(same as shown in figure 10) found by Tomoda 
and coworkers and the percent  yield of Hb-
Fe(III)NO observed in the present study during 
the reaction of deoxyhemoglobin and nitrite.  
As illustrated in figure 9, decreases in Hb-
Fe(III)NO are correlated with equivalent 
increases of Hb-SNO as a function of percent 
heme ligation.  A similar relationship was seen 
between αβ+ and α+β in reactions of 
oxyhemoglobin and nitrite as a function of 
percent heme oxidation.  The characteristics of 
the two trends are remarkably similar, both in 
form and magnitude.  The similarity between 
the two may likely have arisen from a single 
biochemical phenomenon, which has been  
experimentally manitfested in the quantitation 
of two biochemical properties.

affinity for NO of oxidized !-subunits exceed "  -subunits (See Table 3), formation 

of Hb-Fe(III)NO would most likely occur in [!"+]2 VHy’s (86).  In considering 

this reanalysis of the work of Tomoda and from the present study, two potential 

mechanisms may explain these findings.

Table 3.  Constants for the rate of association (k!), rate of dissociation (k), and 

equilbrium (Kd) of NO for oxidized subunits of hemoglobin. 

From Sharma et al., 1987 k!

("M-1 s-1)

k

(s-1)

Kd

("M)

Methemoglobin
!+ 1.7 x 10-3 0.65 380

"+ 6.4 x 10-3 1.5 230

Hemoglobin 

Valency 

Hybrids

!+"(CO) 1.2 x 10-3 1.4 1.2 x 10-3

!(CO)"+ 7.3 x 10-3 1.4 190
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Figure 12.  Correlation between the yield of 
valency hybrids observed previously, and 
the  biphasic trend exhibited by Hb-Fe(III)
NO.    Comparison between the difference in 

percent yield of "!+ and "+! (same as shown 

in figure 10) found by Tomoda and coworkers 
and the percent yield of Hb-Fe(III)NO 
observed in the present study during the 
reaction of deoxyhemoglobin and nitrite.  As 
illustrated in figure 9, decreases in Hb-Fe(III)
NO are correlated with equivalent  increases of 
Hb-SNO as a function of percent heme 
ligation.  A similar relationship was seen 

between "!+ and "+! in reactions of 

oxyhemoglobin and nitrite as a function of 
percent heme oxidation.  The characteristics of 
the two trends are remarkably similar, both in 
form and magnitude.  The similarity between 
the two may likely have arisen from a single 
biochemical phenomenon, which has been  
experimentally manitfested in the quantitation 
of two biochemical properties.



this reanalysis of the work of Tomoda and from the present study, two potential 

mechanisms may explain these findings. 

 Model 1.  In this scenario, oxygenation of valency hybrids produced by 

nitrite treatment leaves the valency state of [αβ+]2 unaltered.  Oxygen oxidizes 

β93C, generating superoxide and a cysteinyl/tyrosyl radical species involving 

β93C and β145Y (87-89), which may also involve tyrosine residues that  lie in 

close proximity across the dimer interface in the α-subunit.   Ultimately, this 

species would undergo formation of S-nitrosohemoglobin:

12) Hb-
αβ +

αβ +(NO)
⎡

⎣
⎢

⎤

⎦
⎥β93 SH( ) 3O2⎯ →⎯⎯ Hb-

α(O2 )β
+

α(O2 )β
+

⎡

⎣
⎢

⎤

⎦
⎥β93 SNO( ) + O2

- + H+

 Oxygen binding and S-nitrosylation of a ferric β-subunit would stabilize 

LS configurations in three of the four subunits.  The spin state of the remaining 

ferric β-subunit lacking a thiol modification could be affected by pH (see Eq. (5)), 

heterotropic allosteric effectors (see chapter 2), and the spin state of the other 

neighboring subunits (see chapter 2).

 Model 2.  In addition to S-nitrosohemoglobin formation as described in 

Model 1, transition from T to R-state could also trigger the transfer of an electron 

from the α- to the β-subunit (potentially  driven by  hemichrome formation).  Like 

in the previous model, exposure to oxygen would ultimately generate a 

delocalized cysteinyl/tyrosyl radical species and superoxide.
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Table 3.  Constants for the rate of association (ḱ), rate of dissociation (k), and 
equilbrium (Kd) of NO for oxidized subunits of hemoglobin. 

From Sharma et al., 1987 ḱ
(μM-1 s-1)

k
(s-1)

Kd
(μM)

Methemoglobin
α+ 1.7 x 10-3 0.65 380

β+ 6.4 x 10-3 1.5 230

Hemoglobin 
Valency 
Hybrids

α+β(CO) 1.2 x 10-3 1.4 1.2 x 10-3

α(CO)β+ 7.3 x 10-3 1.4 190

 Reactive oxygen species have been found to generate protein radicals in 

five residues within a local region that spans the dimer interface: β145Y, β93C, 

α20H, α24Y,  and α42Y (84). These residues could significantly participate in 

delocalizing the cysteinyl/tyrosyl protein radical, which—due to their structural 

positions near the heme of each subunit—would enhance redox interactions 

across the dimer interface (α1β2 or α2β1).  The delocalized electronic 

configuration of [αβ+]2 would be a transition state, that ultimately would 

accelerate the rate of electron transfer from the α- to β- subunit on S-nitrosylation 

of β93C:

13) Hb-
αβ +

αβ +(NO)
⎡

⎣
⎢

⎤

⎦
⎥β93 SH( ) 3O2⎯ →⎯⎯ Hb- Hα

+β(O2 )

Hα
+β(O2 )

⎡

⎣
⎢

⎤

⎦
⎥β93 SNO( ) + O2

- + H+

 As discussed in chapter 2, oxidized α-subunits are capable of assuming a 

LS hemichrome conformation (Hα+), and currently  are thought to do so more 
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readily than oxidized β-subunits. Therefore, all four subunits produced in this 

reaction would favor LS, and would thus favor the R-state.

 A common feature of these two 

models is generation of cysteinyl/tyrosyl 

radical species  in Fe(III)-containing VHy’s 

through an oxygen-dependent mechanism.  

Indeed, generation of a radical species upon 

oxygenation of anaerobic Hb-Fe(NO) 

preparations has been observed in EPR 

spectra previously, which was also shown in 

the same study  to disappear on re-

deoxygenation (Figure 13) (11).  

 In the present study, the generation 

of this species in the presence of oxidized β-

subunits is proposed to enhance the yield of 

S-nitrosohemoglobin. Both models are thermodynamically favored to occur on 

oxygenation, since in both cases, a reduction in free energy would be predicted to 

occur.  Notably, the number of oxidized subunits before and after oxygenation in 

these two models is the same.  This may suggest that oxidized Hb subunits of 

valency hybrids function as catalysts in this reaction, rather than substrates.

 The present analysis has attempted to gain new insights into the 

physiological mechanism of S-nitrosohemoglobin formation, by comparing the 
31

F i g u r e  1 3 . O x y g e n a t i o n /
deoxygenation-dependent NO 
reactions in hemoglobin. The 
Fe(II)NO EPR spectrum (dark blue) 
in a deoxyhemoglobin preparation 
disappears upon oxygenation, and a 
free-radical signal (red) appears. Re-
deoxygenation removes the globin 
radical signal and restores the 
Fe(II)NO signal (light blue).  From 
Mcmahon  et al., Nature Medicine  
8:711-717.

This may suggest that oxidized Hb subunits 

of valency hybrids function as catalysts in 

this reaction, rather than substrates.

 The present analysis has attempted to 

gain new insights into the physiological 

mechanism of S-nitrosohemoglobin 

formation, by  comparing the data attained in 

the current study, with observations 

documented in previous studies by  several 

groups.  When taken together, the analyses  

of these findings suggest that the 

physiological mechanism of hemoglobin S-

nitrosylation involves both a cysteinyl/

tyrosyl radical species, and an NO-liganded Hb-[!"+]2 micropopulation.  If 

correct, this would imply  that  a cysteinyl/tyrosyl radical species, NO, and         

Hb-[!"+]2 are sufficient to carry out  this chemistry rapidly, in an allosteically 

regulated fashion.  Additionally, it  could indicate that all three of these 

components are required to carry out this reaction in vivo.

 Further work is needed to verify  either of the two models suggested. 

Fortunately, the methodology for purifying large quantities of either form of VHy 

have been well characterized previously  (48).  Because of the transient properties 

of this chemistry, however, future experiments will require stringent conditions (2, 
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Figure 13. Appearance of a radical 
species on oxygenation of Hb-
[FeNO].  The EPR spectrum of Hb-
[FeNO] (green) in a deoxyHb 
preparation disappears upon 
oxygenation, and is  replaced by the 
spectrum of free-radical species (red).  
H b - [ F e N O ] w a s g e n e r a t e d 
anaerobically from 300 !M nitrite and 

250 !M Hb (tetramer)   EPR data 

from Mcmahon et al., Nature 

Medicine  8:711-717.
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data attained in the current study, with observations documented in previous 

studies by several groups.  When taken together, the analyses  of these findings 

suggest that the physiological mechanism of hemoglobin S-nitrosylation involves 

both a cysteinyl/tyrosyl radical species, and an NO-liganded Hb-[αβ+]2 

micropopulation.  If correct, this would imply that a cysteinyl/tyrosyl radical 

species, NO, and Hb-[αβ+]2 are sufficient to carry  out this chemistry rapidly, in an 

allosteically regulated fashion.  Additionally, it could indicate that  all three of 

these components are required to carry out this reaction in vivo.

 Further work is needed to verify  either of the two models suggested. 

Fortunately, the methodology for purifying large quantities of either form of VHy 

have been well characterized previously (48).  Because of the transient properties 

of this chemistry, however, future experiments will require stringent conditions (2, 

14, 90).  The conditions encountered by RBC Hb in vivo are continuously altered 

during AV-transit (14).  This necessarily leads to the conjecture that these 

conditions have impacted the functional adaptations undergone by Hb, such that 

the physiological properties of these reactions will remain elusive in future 

experiments if conditions are not  honed to emulate the local environment 

encountered in vivo by Hb within  RBCs. (2, 15, 16, 91).  Nevertheless, future 

studies will undoubtedly provide new insights into this chemistry. If either of the 

models presented here is proven valid in whole or in part, it may  serve to explain 

the connection between the novel findings of Smith, Tomoda, Kruszyna, Perrella, 
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Mawatari, Taketa, and others, and the physiological phenomenon of RBC-

dependent hypoxic vasodilation.
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5.  Time-dependent and allosteric properties of RBC 
Hb-SNO

The principal determinant of oxygen delivery  to tissues is blood flow, which 

itself, is related directly to vasodilation (19, 21). In recent years, much progress 

has been made in understanding the mechanism through which graded changes in 

blood O2 content lead to regulated vasodilation or vasoconstriction. In particular, 

it has been established that, under hypoxic conditions, RBCs trigger vessel 

dilation through  the delivery of NO-bioactivity (9, 10, 92).  In doing so, RBCs 

regulate blood flow by acting as O2 sensors and responsive transducers of NO 

signals (8, 9, 19-21, 93, 94).   

 Although mechanistic details continue to be debated, it is generally  

accepted that Hb-SNO is formed in vivo and that circulating concentrations are 

capable of dilating blood vessels (6, 8, 9, 94-96).  Regulation of blood flow that  is 

mediated by  RBC Hb-SNO appears to be optimized and potentiated by 

fluctuations in ligand concentration experienced by RBCs during arteriovenous 

transit.  Hb oxygen saturation and Hb-SNO reactivity respond accordingly to 

these changes through allosteric mechanisms that regulate ligand affinity  and 

delivery of NO-bioactivity (14). Under optimal conditions, periodic fluctuations 

in ligand concentration can potentiate the lifetime of Hb micropopulations that are 

favored kinetically, but not thermodynamically (38, 80, 97).  Thus, these species 

are sustained by an intrinsic rate of transition between T- and R-state, and 

therefore should decline over time if held in a single conformation for prolonged 
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periods (38).

 For example, the Hb-SNO concentration of RBCs from healthy  subjects is 

approximately ~ 80% of the total [NO] in samples exposed to room air promptly 

after venipuncture (< 5 mins) (13).  However, identical samples held under 

hypoxia for relatively brief periods (20-30 mins) prior to oxygenation are depleted 

of Hb-SNO (13).  Depletion of RBC Hb-SNO is matched quantitatively with 

enrichment of nitrosyl Hb, which is not vasoactive (13).  In line with these 

findings, the vasoactivity of SNO-depleted RBCs are attenuated relative to 

controls (4, 13). 

  To the extent that  similar physiological disturbances occur in disease, 

depletion of RBC Hb-SNO could be an etiology of metabolic mismatching of 

blood flow in human pathophysiology.  Recent  observations have found levels of 

Hb-SNO to be altered in several diseases that are characterized by disordered 

tissue oxygenation (12, 13, 98-102). Where examined, RBCs from these patients 

exhibited impaired vasodilatory capacity  (12, 13, 99). These data suggest that 

RBC-derived NO bioactivity could play  an important role in the respiratory cycle, 

and that impairment of this activity might contribute to the pathophysiology of 

ischemic conditions in general.

 With this in mind, the possible role of RBC Hb-SNO depletion is explored 

in this work within the context of blood transfusions.  The interval between RBC 

donation and administration appears to be an independent risk factor for 

transfusion-associated morbidity  and mortality (103). Procured blood undergoes 
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several time-dependent changes, including loss of RBC shape and flexibility (104, 

105), decreases in the concentration of molecular modulators of oxygen binding 

such as 2,3-diphosphoglycerate (106), and increases in RBC adhesiveness (107). 

It has been proposed that the 

increased affinity of stored blood for 

O2, combined with alterations in RBC 

rheo logy and adhes ion , may 

exacerbate, rather than correct, 

ongoing ischemia (and thus account, 

at least partly, for the adverse effects 

of blood transfusion). 

 However, it remains to be 

shown that any  biochemical or 

molecular measure of RBC function 

is correlated directly with oxygen 

delivery in vivo. Moreover, even freshly processed blood has been observed to 

decrease tissue oxygenation (108). Thus, additional factors are likely  to contribute 

to storage-mediated alterations in RBC physiology that underlie impaired oxygen 

delivery. Based on this, impaired vasoregulation that  is associated with 

administration of stored blood (108-112) may be a result, wholly or in part, of 

RBC Hb-SNO depletion.  In the next section, some of the biochemical 
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anaerobically (k ~ 6 hr s-1) (80), and 

virtually non-existent aerobically 

(113).  To the extent that one form of 

VHy is more reactive towards NO 

than the other, sustained hypoxia could alter the ability  of RBCs to form Hb-SNO 

by enhancing electron transfer from !- to !-subunits. 

 Additionally, the rate of disassociation of NO from the !-subunit 

(hexacooridinate) is 4 fold less than the !-subunit (97).  This results in the 

migration of NO from "-Fe(II) to !-Fe(II), a process that reaches 95% completion 

within 50 mins of hypoxia (k = 10-3 s-1) (13) (97):

" Unlike !-Fe(II)NO, !-Fe(II)NO often undergoes a change in heme iron 

cooridination state caused by a break between the proximal histidine and heme 

iron (Figure 14), producing a HS pentacooridinate species that exerts a prominent 

allosteric preference for T-state (8):

" The EPR spectrum of !5-Fe(II)NO has a distinctive triplet hyperfine 

structure that was noticed by Kruszyna and coworkers 1987, when HbX was first 
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Figure 14. Pentacooridinate alpha 
nitrosyl  subunits.   Under limiting 
conditions of ligand, the alpha subunit 
can become pentacooridinate when 
liganded by NO, and thus high spin.   
This occurs when the bond between 
heme iron and proximal histidine is 
broken (From PDB 1RPS).

Figure 14. Pentacooridinate alpha nitrosyl 
subunits.   Under limiting conditions of 
ligand, the alpha subunit  can become 
pentacooridinate when liganded by NO, and 
thus high spin.   This occurs when the bond 
between heme iron and proximal histidine is 
broken (From PDB 1RPS).



mechanisms that could rationalize these findings are reviewed, and are followed 

by the results and discussion of the present study.
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6.  Possible mechanisms to explain the effects of 
prolonged hypoxia on RBC Hb-SNO

6.1  Redox and ligand equilibria between the α- and β-subunit  

As discussed in Part I, section III, the reduction potential of the β-subunit is ~ 61 

mV greater than the α-subunit, but the rate of electron transfer is relatively slow 

anaerobically (k ~ 6 hr s-1) (80), and virtually  non-existent aerobically (113).  To 

the extent that one form of VHy  is more reactive towards NO than the other, 

sustained hypoxia could alter the ability of RBCs to form Hb-SNO by enhancing 

electron transfer from α- to β-subunits. 

 Additionally, the rate of disassociation of NO from the α-subunit 

(hexacooridinate) is 4 fold less than the β-subunit (97).  This results in the 

migration of NO from β-Fe(II) to α-Fe(II), a process that reaches 95% completion 

within 50 mins of hypoxia (k = 10-3 s-1) (13) (97):

14) β(NO) + α ↔ β + α(NO)

 Unlike β-Fe(II)NO, α-Fe(II)NO often undergoes a change in heme iron 

cooridination state caused by a break between the proximal histidine and heme 

iron (Figure 14), producing a HS pentacooridinate species that exerts a prominent 

allosteric preference for T-state (8):

15) α6 (NO)→ α5 (NO)

 The EPR spectrum of α5-Fe(II)NO has a distinctive triplet hyperfine 

structure that was noticed by Kruszyna and coworkers 1987, when HbX was first 
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identified as an NO-liganded VHy (78).  This spectrum was also seen by 

McMahon and co-workers in Hb-SNO depleted RBCs (13).  Hb-SNO depleted 

RBCs generated by prolonged hypoxia were enriched in α5-Fe(II)NO and  also 

exhibited impaired vasoactivity (8, 12, 13). 

Table 4. Dissociation (Kd) and rate constants (kon, koff) for Hb-[αβ]2 ferrous 
subunits.

a From (110)
b From (111)
c From (112)
d From (93)

NO O2

kon
(µM-1*s-1)

koff
(s-1)

Kd
(µM)

kon
(µM-1*s-1)

koff
(s-1)

Kd
(µM)

R-statea,b α 14 4.6 x 10-5 3.3 x 10-6 33 13 0.39

β 14 2.2 x 10-5 1.6 x 10-6 33 21 0.64

T-statec,d α 24 3.3 x 10-4 1.4 x 10-5 2.9 180 62

β 24 1.3 x 10-3 5.4 x 10-5 12 2.5 x 103 210

 

 In summary, current evidence suggests RBC Hb-SNO to be stabilized in 

the presence of O2, but lost when held under hypoxia, even subsequent to 

oxygenation (13).  The stabilization of RBC Hb-SNO appears to arise as a result 

of the conformational state of oxyHb (R-state) (8, 10, 15, 16, 26, 117).  Hypoxic 

conditions are known to favor slow reactions that alter the redox state of one 

subunit relative to the other and generate α5(NO) at the expense of β(NO)  (8, 80,  

97).  Importantly, reactions under hypoxia in principle do not significantly alter 

the total concentration of NO or the total amount of oxidized heme within the 
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time frame that they occur.  However, the distribution of NO-liganded 

micropopulations should be dramatically altered by these reactions, which is 

correlated with losses in RBC-mediated vasoactivity.

40



7.  Experimental methods, results and discussion

7.1  Methods

7.1.1  Procurement and maintenance of human RBCs

Assessments on banked blood prior to its expiration were done using packed 

RBCs purchased from a commercial supplier (Interstate Blood Bank; Memphis, 

TN). All processed blood was leukocyte-depleted at the time of procurement, 

stored in CPD AS-1, and was maintained at 4° C during shipment and throughout 

the study. Serial samples from blood bags were performed aseptically and 

employed an a docking device. Blood bags were gently shaken on a daily  basis 

and the atmosphere of the storage area (a walk-in cold room) was confirmed to 

have an oxygen partial pressure of  ~ 150 mm Hg (21%). Fresh RBCs (i.e., 

storage day 0) were derived from the venous blood of healthy donors; cells were 

separated from plasma by centrifugation (3,000 g x 2 min) and immediately 

oxygenated.

7.1.2  Quantitation of red blood cell nitric oxide 

Cells were washed twice with 0.1 mM diethylenetriaminepentaacetic acid (DTPA) 

in PBS at pH 7.4 and then lysed by placement in excess deionized water (1:4 

volume ratio x 10 min) also containing 0.1 mM  DTPA; osmotic hemolysis was 

assumed complete after 10 min. The released Hb was partially  purified by 

centrifugation (20,000 x g for 120 min) to separate membranes and cytosol. 

Cytosolic Hb was desalted by centrifugation (3,000 x g for 1 min) by passing 
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samples through G-25 fine Sephadex G-25 chromatographic spin columns 

(Pharmacia, Uppsala, Sweden)). The amount of Hb in the eluents was determined 

spectrophotometrically, adjusted to a final concentration of 200 µM, and then 

incubated with either PBS alone or with 6-fold molar excess of mercuric chloride 

(which selectively cleaves thiol-bound NO groups) prior to quantitation using 

UV photolysis-coupled ozone chemiluminescence. Standard curves were 

generated daily with S-nitrosoglutathione. Concentrations of Hb-SNO and Hb-

FeNO was were calculated as the difference between the amount of NO liberated 

by UV-photolysis in the absence  and presence of mercuric chloride  (13, 118):

16) α6 (NO)→ α5 (NO)

17) Fe(NO)[ ] = Sample[ ]+Hg

18) C(SNO)[ ] = Sample[ ]-Hg − Sample[ ]+Hg

7.2  Experimental Results

7.2.1  RBC NO and Bioactivity Analyses of Banked Blood

The RBC NO content of fresh and leukocyte-depleted banked blood was accessed 

(Figure 15). Measurements on banked blood were performed on a single cohort  of 
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Figure 15.  Change  in 
Hb-SNO  concentration 
over time.  Blood bags 
were obtained on day 2 of 
storage (n=6). Hb-SNO is 
significantly reduced at  all 
time points compared to 
fresh venous blood.  

disposition (heme vs. thiol) 

of NO, was analyzed (14, 

1 1 8 ) . H b - S N O 

c o n c e n t r a t i o n s w e r e 

markedly reduced at  day 2 

relative to fresh blood and 

remained low throughout storage. Furthermore, the amount of SNO in RBC 

membranes (previously identified to significantly  correlate with vasodilatory 

activity (14, 118)) was depleted by more than 90% at days 2-35 compared to 
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Figure  16.  Depletion of Hb-SNO (A) and membrane-SNO (B)  in stored blood and 

hypoxic disease.  (A) RBC Hb-SNO content has diminished considerably by day 2 of 

storage.  RBCs obtained from patients with pulmonary hypertension (PTH) and sickle 

cell disease (SS) also have diminished concentrations of Hb-SNO and impaired 

vasoactivity.  (B)  Membrane-SNO in stored RBCs is drastically reduced.  The maximum 

value observed in stored RBCs did not exceed the amount found in RBCs obtained from 

sickle cell patients.  Values for PTH RBC and SS RBC/SS RBC membrane-SNO are from 

Mcmahon et al., 2005 and Pawloski et al., 2005, respectively.  

Figure 15.  Change in Hb-SNO  concentration over 
time.  Blood bags were obtained on day 2 of storage 
(n=6). Hb-SNO is significantly reduced at all time 
points compared to fresh venous blood.  



packed cells (n=6 individual donors) which were obtained at day  2 of storage. The 

effect of storage on the amount, cellular distribution (membrane vs. cytosol) and 

disposition (heme vs. thiol) of NO, was analyzed (14, 118). Hb-SNO 

concentrations were markedly reduced at day 2 relative to fresh blood and 

remained low throughout storage. Furthermore, the amount of SNO in RBC 

membranes (previously identified to significantly  correlate with vasodilatory 

activity (14, 118)) was depleted by more than 90% at days 2-35 compared to 

historical controls (12). Similarities between the results of this and prior studies 
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storage.  RBCs obtained from patients with pulmonary hypertension (PTH) and sickle 
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are illustrated in Figure 16.  These data demonstrate that storage of banked blood 

rapidly depletes RBCs of bioactive NO.

7.3  Discussion

The results presented here reveal the storage of blood to lead to rapid losses of 

Hb-SNO. Donated blood is stored in CPD-AS1 at a pH of approximately  6.5—

conditions which have been previously shown to accelerate Hb-SNO decay  (3). 

Potential benefits of blood transfusions notwithstanding (119, 120), there is 

currently little doubt as to the inability of stored blood to function like native 

RBCs:  raising hematocrit  into the normal range is not advocated, and clinical 

designs are instead focused on identifying transfusion triggers that do not produce 

adverse outcomes (119, 121). The observed losses in RBC Hb-SNO that occur 

with storage are relatively large in comparison to the amount of NO produced in 

vivo (~1 mmol/day/70 kg) (4).  The time required for Hb-SNO depleted RBCs to 

normalize subsequent to transfusion is currently  unknown. Accordingly, stored 

RBCs might  adversely affect NO homeostasis, and thus increase the risk of 

ischemic insult.

 The relationship between the amount of oxygen transported by blood and 

the amount of oxygen delivered to tissues is not straightforward. Efforts to 

increase the oxygen content often fail to improve oxygen delivery  (122), and 

paradoxically, can even make it worse. This problem is exemplified in the 

administration of packed RBCs, which might not only fail to improve oxygen 

delivery (108, 121, 123), but may even increase the incidence of ischemic 
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coronary  events (124-126).  The oxygen affinity  of RBCs is increased during 

storage (127, 128), which could shift the recipient’s oxygen dissociation curve to 

the left (109, 127, 128) (see chapter 1.).  However, since increases in oxygen 

affinity of stored RBCs are relatively minor, the etiology of ischemic events 

which are associated with blood transfusions is difficult to rationalize based on 

this exclusively. 

 The disconnect between oxygen content and oxygen delivery underscores 

the fact that tissue blood flow, rather than blood oxygen content, is the primary 

determinant of oxygen delivery (6-9). In this regard, tissue perfusion is regulated 

significantly by hypoxic vasodilation, in which tissue oxygen requirements are 

directly  coupled to blood flow (6, 7). RBCs react to local changes in tissue 

oxygenation and adjust NO bioavailability to bring blood flow in line with 

metabolic demand (6, 8, 9, 129) using Hb as an O2 sensor and Hb-SNO as a 

hypoxia-responsive transducer of NO signals  (8, 9, 19-21, 93). Increases in the 

affinity of Hb for oxygen are linked directly  to increases in the affinity of Hb-

SNO for NO (8, 130), and recent studies have reported that increases in Hb O2 

affinity are in fact associated with impaired vasodilation by RBCs (99). 

 The results of this study contribute to a larger body of work, which when 

considered as a whole, have broad implications in the diagnosis and treatment of 

numerous diseases.  The volume of data generated thus far sufficiently supports 

the need to evaluate this paradigm clinically.  The insights revealed by NO 

biology  are already bearing fruit in the treatment of patients suffering from 
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chronic asthma (131, 132). Multicenter clinical studies are needed to further 

elucidate the clinical relevance of this work.  In large part, such studies would 

involve minimally invasive diagnostics (i.e. venous blood draws) which carry 

negligible risk to the patient—and that more often than not— already occur 

during the course of inpatient care.  The cost would be relatively inexpensive, and 

may ultimately decrease the total cost of care by providing improved diagnostics 

and therapeutics for patients suffering from chronic diseases.  

 However, the validity of any multicenter study relies on standardized 

diagnostic measurements.  By  this criteria, the equipment and methodology that 

are currently  used to measure Hb-SNO/Hb-FeNO in blood samples are too 

complex and costly for wide scale deployment in clinical laboratories.  With the 

goal of meeting this need, preliminary work for developing a device for clinical 

laboratories that could measure NO in whole blood is underway.  These efforts 

have already produced a patent-pending device and design that could perform 

standardized measurements and could, thus, facilitate the clinical studies that are 

needed to translate the insights of NO biology to the bedside. 
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8.  Introduction

The results from the previous section suggest that NO blood gas measurements 

could serve an important role in reducing the incidence of negative outcomes 

resulting from blood transfusions (57, 103, 125, 133-137).  Unfortunately, a 

simple method for measuring NO in blood is not commercially available.  The 

disconnect between clinical research and clinical diagnostics illustrated here is not 

uncommon. For decades, the medical community  has known that the vast 

majority  of sinus infections are of viral origin.  However, antibiotics are grossly 

over prescribed because bacterial infections cannot be easily ruled out on a 

routine basis (138-141).  The prohibitive cost and complexity of genomic and 

proteomic arrays limit their use almost exclusively  to academic and commercial 

research.  Expired CO2 and NO home monitoring devices could revolutionize 

treatment of chronic pulmonary diseases (142-145).  Again, however,  cost and 

complexity have proven prohibitive.

 These examples highlight how the priority  given to medical research 

relative to clinical translation and diagnostics  has been misappropriated.  The 

goal of the work presented in this section is to begin to address this need by 

developing a generalized sensor platform that could be clinically implemented.  

The work presented in Section 9 is part of an ongoing effort examining the use of 

porphyrinated indium arsenide (InAs) in gas sensing (146-148).  The development 

and implementation of an electronic immunosensor using InAs and monoclonal 

antibodies are detailed in Section 10.
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 Surprisingly, the fundamental issues encountered in developing a gas 

sensor  have a great deal in common with  those encountered while developing an 

immunosensor for aqueous media.  The goal in both scenarios is to measure a low 

abundance species within a very large background of non-target  species.  The 

strategy employed in both cases is to utilize naturally occurring biomolecules 

exhibiting a high affinity  for the species of interest.  Lastly, the current work 

suggests that  both sensors may potentially circumvent problems arising from non-

specific interactions by using sensor arrays and combinatorial analysis.  
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9.  Functional properties of FeP-VDP NO sensors

9.1  Experimental Methods

9.1.1  Sensor Fabrication

InAs functionalization.  Degreasing of 1x1 cm InAs samples was carried out via 

consecutive 5 minute soaks in acetone and methanol, respectively.  Samples were 

subsequently  wet etched for 3 min using 3M  HCl-MeOH.  Samples  were  dipped 

in MeOH immediately after wet etching 

and were then immersed 500 µM  iron 

mesoporphyrin (FeP)/1 mM benzoic 

acid dimethylformamide solution.  

Samples were covered and left 

undisturbed for 1 hr, at which point the 

s e n s o r s w e r e r i n s e d w i t h 5 % 

chloroform/hexane and dried with 

compressed N2 (UHP grade).

Sensor mounting and electrical contacts.  Functionalized sensor elements were 

mounted on metalized glass slides using double sided tape.  Electrical connections 

between contacts found on the sensor surface and corresponding contacts on the 

glass slide were made using a gold wire bonder.  Completed devices were 

subsequently  connected to the data acquisition system using 28 awg flat ribbon 

cable and a 40 pin card edge connector.
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9.1.2  FeP-VDP sensor exposure to NO

Gas sensor chamber and manifold.  Sensor devices were sealed inside a stainless 

steel sensor chamber incorporated into the gas manifold.   The flow rate, relative 

composition, and duration of gas mixtures was controlled by an eight-channel 

mixer proximal to the sensor chamber.   In most experiments, gas was directed 

through a single sensor chamber prior to disposal via a fume hood.  In some 

experiments, two measurements were acquired  at points positioned in series 

relative to one another along the flow path, such that gas outlet of the more 

proximal point was directly connected to the inlet of the more distal point.  A FeP-

VDP sensor was used at  the most proximal point.  Depending on the experiment, 

the distal point was occupied by an additional FeP-VDP or a Nitric Oxide 

Analyzer (Sievers, Inc.).

Experimental Design.  Sample measurement order was randomized relative to NO 

concentration.  In total, each sensor was exposed to a minimum of 60 gas samples 
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during each experiment.  No sensor was used in more than one experiment.  Each 

experiment was comprised of three segments.  Constant pressure and flow rate (1 

atm and 200 cm3 min-1, respectively) were maintained throughout each 

experiment.  Each experiment began with a 1 hr preconditioning period where a 

stable baseline signal was reached.  During this time, pure N2 (UHP grade) gas 

transversed the inner compartment of the sensor chamber.  At the end of this time, 

FeP-VDP sensors were exposed to gas samples consisting of N2 and trace levels 

of NO ranging between 0 -104 ppb.  Sensors were exposed to each gas sample for 

5 min.  At the end of this period, the sensor chamber was flushed with N2 for 10 

min to remove residual amounts of NO.  This 15 min two part sequence was 

repeated for each gas sample mixture.   

9.1.3  Data acquisition

Voltage was measured throughout 

the time course of each experiment 

using a Keithley 2790 SMU and 

Ke i th l ey  3370 20 channe l 

multiplexing switch card.  The 

four sensor contacts and electrical 

terminals on the SMU were 

connected by 28 awg, 40 lead 

ribbon cable via a card edge connector.  Separate pairs of contacts were used for 

current sourcing (100 µA - 3 mA) and voltage sensing.  Voltage measurements 
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were acquired at a sampling rate of 0.5-1/sec.  Integration time for each 

measurement was 20 PLC.   New readings stored in the onboard data buffer 

within the SMU were transfered at periodic intervals to a desktop PC running 

Labview 8/8.5 and Windows XP/Server 2003.

9.1.4  Signal analysis

FeP-VDP sensor signals elicited on exposure to gas samples under the conditions 

described exhibited a prominent peak morphology.  Initial analysis revealed that 

the quantitative features of each peak was proportional to the NO concentration of 

the corresponding gas sample.  Two statistical methods were used to extract 

measurement values from the raw data.  In the first method, measurement values 

were extracted by  integrating over the interval of raw data corresponding to each 

sample measurement.   In the second method, measurement values were extracted 

by fitting the interval of each sample to a simplified model using least squares 

linear regression (LSLR).   Model fitting was performed using MatLab 7.7 for 

Windows XP or Plot 0.997 for Macintosh OS 10.5.

9.2  Results

9.2.1  InAs functionalization by FeP

Reaction kinetics.  SE spectroscopy was used to quantify changes in the surface 

thickness of InAs samples during the reaction between InAs and FeP.  The rate 

constant (k) and surface thickness at equilibrium (!Teq) were calculated using 

LSLR and a pseudo-first order kinetic model (149):
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19) !T = !Teq(1! e!kt)

A scatter plot of the raw data and calculated fit are shown in Figure 20.     Final 

values for !T (!Tf) found experimentally were in agreement with predicted 

values for !Teq  (16.6± 1.2  Å).  

Notably, the values of !Tf  and !Teq  

fell within estimated range for the 

length of the long axis of FeP (PDB: 

1BBB).  This result, in conjunction with 

the 1st-order character of the reaction, 

suggests the total yield of  InAs 

functionalization is single monolayer 

(ML) of FeP.

Surface features of FeP-InAs.  The surface morphology of FeP-InAs was found to 

be significantly  affected by the concentration of FeP used during 

functionalization.  Areal density and uniformity  of FeP MLs was higher in 

samples that were fabricated with 0.5 mM FeP.  Higher concentrations yielded 

non-uniform MLs and significant aggregation (Figure 21B).

9.2.2  Detection of NO using FeP-VDP sensors

The NO-sensing ability  of FeP-VDP devices was accessed in multiple 

experiments.  Each device was used in 60 or more sequential measurements.
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Quantitative methods for extracting 

m e a s u re m e n t s f ro m r a w d a t a .  

Correlations between extracted  and 

known values were analyzed, and 

sources of systematic error were 

accessed.   Extracted values were 

calculated by integrating (Figure 22A) 

or fitting (Figure 22B) raw data within 

the interval of each sample to a 

quantitative model based on the 

Langmuir equation.

The error of extracted values (RMSE)  

depended significantly on the analysis 

time interval (Figure 23A).   The performance of LSLR regression was more 

robust when using analysis intervals < 4 min.  Beyond this point, the RMSE  of 

LSLR regression and peak integration converged to a common minimum of ~ 8 

ppb.  Because a 15 min analysis time interval was used in the present work, 

differences in the RMSE of each method were insignificant.  Therefore, the 

computational simplicity makes peak integration a more practical method to be 

used here.

Sensitivity, noise, and drift.  Sensor response as a function of sample 

concentration is illustrated in Figure 24A.   In concentrations between 0-104 ppb, 
54

4.1 4.3 4.5 4.7

20

18

16

14

12

10

2 mM Hemin

1 mM Hemin

0.5 mM Hemin

Energy (eV) 

A B

InAs, etched

2 mM hemin

1 mM hemin

0.5 mM hemin

!
2

Figure 21.  Aggregate formation during 
InAs functionalization.  (A) SE analysis 
sugges ts tha t  re la t ive to h igher 
concentrations, InAs functionalization 
using 0.5 mM hemin produced more 
compact and ordered monolayers which 
exhibited a higher refractive index. (B)  
The concentration dependence of the size 
and frequency of hemin aggregates 
formed during InAs functionalization is 
revealed by AFM.



the response (Aj) to NO 

was linearly dependent on 

sample concentration (Sj) 

( F i g u r e 2 4 A ) .  N o 

significant correlation 

between measurement 

o rde r (i ) and s enso r 

response (Ai) was found.  

Potential sources of drift in 

was further evaluated 

using the residuals of Aij  

(Ri).  Where Aij  is the response of the ith measurement to a sample with NO 

concentration Sj:

20) Ri = Aij ! Āj

The dependence of Ri on i is illustrated in Figure 24D.  Where i is  less than ~ 60, 

the distribution of Ri  is uniform and nonsystematic.   As i  increases further, 

moderate, but significant drift in  Ri becomes apparent.

Effects of source current on sensor performance.  To examine how current affects 

sensor measurements, RMSE of sensor measurements acquired with three 

different FeP-VDP devices driven at varying levels of current (100 µA - 2.4 mA) 
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was examined.  The results of 

measurements acquired at each 

current value are shown in the 

Figure 25A.  RMSE of the 

measurements in each array 

element is illustrated in Figure 

25B.  With exception of an outlier 

in sensor two, an overlapping 

trend is seen as a function of current in all three sensors.  Measurements acquired 

at between 200-400 µA had the lowest RMSE.

Effects of source current on reaction kinetics.  Sensor measurements were 

acquired under continuous gas flow.  Sensor response increased in the presence of 

NO and returned to baseline when NO was removed.  Therefore, sensor response 
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can be treated as being proportional to 

the average rate of detection at a given 

rate of delivery. To examine the 

relationship  between source current and 

the reaction kinetics underlying sensor 

function, data sets attain at each current 

value were fitted to a model based on 

the Michaelis–Menten equation (149):

21) A =
AmaxS

Km + S

Remarkably, an inverse relationship between RMSE and the reaction rate was 

observed (Figure 25C).  

9.2.3  NO consumption by FeP-VDP sensors

To determine whether  the concentration of NO is altered in the course of 

measuring it, a second measurement was performed on outlet gas from the sensor 

chamber (Figure 26) using an additional FeP-VDP device or ozone 
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c h e m i l u m i n e s c e n c e a n a l y z e r .  

Interestingly, a significant difference in 

the value of the first and second 

measurement was found (Figure 27).  

The results of two-point measurements 

a c q u i r e d u s i n g e i t h e r d e v i c e 

configuration both indicate that the NO 

concentration is reduced between the 

first and second measurement by 

23-27%.

9.2.4  Binding capacity

Using dimensional data from crystal 

structures, the maximum surface density 

(!Fe) of FeP molecules permitted under 

steric restrictions was calculated.  Where  PFe is the area of the 2D projection of 

one FeP molecule onto the InAs surface:  

21)  !Fe =
1

PFe

The ML surface thickness determined by SE analysis suggests a vertical 

orientation, such that FeP molecules lie normal to the InAs surface.  Under these 

conditions, the value of PFe  and !Fe would be 4.8! 10!19  and 2.08! 1018 , 
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respectively.  Total binding capacity 

(Cb) of a square device with surface area 

l2 is:

22)  Cb = nl2!Fe

where n  is the number of binding sites 

for one FeP molecule.  For n = 1 , the 

value of Cb is 2.08! 1014.

9.2.5  Sensing capacity

The maximum rate of detection, defined 

here as the sensing capacity, of Fe-VDP 

sensors was calculated using Eq. 21.  

Where A! Amax , the relationship 

between A and Sis approximately linear (149): 

23) A = mS + ao

The value of S at Amax (Smax) can be calculated using Eq. 23:

24)  Smax =
Amax ! ao

m

The ideal gas law can be used to solve for the sensing capacity (Cs):  

25) Cs =
gPNASmax

RT
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where g is the gas flow rate in liters per 

second and NA  is Avogadro’s number.  

The resultant value for Cs  is 

1.03! 1013 NO molecules per second.

9.2.6  Functional capacity 

A similar approach was used to 

calculate the maximum rate of NO 

removal by Fe-VDP sensors, defined 

here as the functional capacity (Cf ).  

The difference between proximal and distal sensor measurements (Ap  and Ad , 

respectively) as a function of S  was fitted as described in the previous section:

26) !A = Ap !Ad

27) !A =
!AmaxS

!Km + S

!A  represents the response corresponding to the concentration of NO that is 

removed between proximal and distal measurements.  S at !Amax  (Smax) can be 

found using Eq. 27:

28) !Smax =
!Amax ! ao

m
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which can then be used in solving for Cf:

29) Cf =
gPNA!Smax

RT

The resultant value for Cf  is 2.32! 1012 NO molecules per second.

9.2.7  Sensing efficiency

The rate of removal relative to the rate of detection is given  by  the ratio of Cf  to 

Cs, defined here as the sensing efficiency (E):

30) E =
Cf

Cs
 

Under the conditions used here, E for Fe-VDP sensors is 22.5%.   

9.3  Discussion

In this study, the electrical and biochemical properties of Fe-VDP sensor function 

were further characterized.  The detection limit of Fe-VDP sensors used in the 

current study  was 8 ppb or less (concentrations below 8 ppb could not be 

produced with the present manifold configuration).  Sensor response remained 

linear over 60 consecutive measurements, exhibiting the least amount of noise 

when driven with 400-800 µA of current.  Lastly, the results indicate that a portion 

of the total amount of NO is removed from the gas stream during measurement.  

9.3.1  Catalytic consumption of NO

The properties observed in the present work  provide clues into the mechanism of 

VDP sensor function.  More specifically, sample throughput, range of 
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measurement, and the sequestering behavior of FeP-VDP devices that  were 

observed are more characteristic of a degradative mechanism that consumes NO 

o v e r a n o n - d e g r a d a t i v e 

mechan i sm.  Degrada t ive 

mechanisms catalytically convert 

NO into a product, and in 

principle, could process an 

unlimited amount of substrate.  

Under steady state conditions, the 

amount of NO removed over time 

is linear (Figure 29, red line) 

(149).  

 In contrast, the amount removed over time by a non-degradative 

mechanism is an exponential function that approaches a maximum value equal to 

Cb  (Figure 29, black line) (149).  The restricted range permitted by a non-

degradative mechanism is difficult  to reconcile with experimental values (Figure 

29, dotted line).  In the absence of a catalytic mechanism, the binding sites of an 

Fe-VDP sensor operating at  22.5% efficiency would reach full saturation after no 

more than half a dozen samples, thus prohibiting any further response.  If the 

same rate of removal observed in two-point measurements were to occur in 

experiments consisting of 60 or more samples, a non-degradative mechanism 
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would require a total binding capacity exceeding the maximum theoretical value 

by nearly two orders of magnitude. 

9.3.2  Redox coupling between FeP and InAs

The functional properties observed in this work are most consistent with a 

reduction mechanism.  These reactions can occur in gas phase and in anaerobic 

environments (90).  NO reduction by metal porphyrins proceeds at rates 

consistent with sensor response time (151).  Most importantly, however, unlike a 

non-degradative mechanism,  the catalytic rate of FeP binding sites undergoing 

these reactions could account for the amount of NO removed during sensor 

measurements.

 Previous studies have employed a wide variety of synthetic and naturally 

occurring metallic reagents as reductants that convert NO into nitrogen (N2), 

nitrous oxide (N2O), hydroxylamine (NH2OH), ammonia (NH3), and water 

(152-156).  This taken with the current work suggests two possible mechanisms 

of FeP-VDP sensor function (Figure 30).   In both mechanisms, electron transfer 

proceeds from InAs to porphyrin iron and from porphyrin iron to the bound 

substrate or intermediate.  Thus, FeP catalyzes the reaction by coupling InAs 

oxidation to NO reduction.   Step  1 is the same in both models.  FeP and NO react 

to form a ferric nitroxyl species:
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31)  a.  Fe2+ NO⎯ →⎯ Fe2+NO → Fe3+NO−

 b.  Fe3+ NO⎯ →⎯ Fe3+NO e−⎯ →⎯ Fe3+NO−

In step 2, the two models diverge.  In model 1, ferric nitroxyl reacts with a second 

equivalent of NO:

32) 
Fe3+NO− NO⎯ →⎯ Fe3+N2O2

−

Reduction of this intermediate produces N2O:

33) 
Fe3+N2O2

− e−⎯ →⎯ Fe3+N2O + H2O

In model 2, two electron reduction of ferric nitroxyl yields NH2OH:

34) Fe3+NO− 2e−
2H +⎯ →⎯⎯ Fe3+NH2OH

N2O or NH2OH produced in model 1 or 2 may then dissociate and be removed 

from the sensor chamber.  Alternatively, the product from either model may 

undergo a 2e- reduction to produce water and NH3 or N2:

35) Fe3+N2O
2e−⎯ →⎯ Fe1+N2O

2H +

⎯ →⎯⎯ Fe3+ + N2 + H2O

36) Fe3+NH2OH
2e−⎯ →⎯ Fe1+NH2OH

2H +

⎯ →⎯⎯ Fe3+ + NH 3 + H2O

To be consistent with experimental findings, the response of an FeP-VDP sensor 

or ozone chemiluminescence analyzer to NO reduction products would be less 

relative to NO.  Since N2 was used as a carrier gas, trace increases in its 

concentration would be unresolvable over baseline signals.  Trace levels of N2O 

64



and NH3 are undetectable 

u s i n g o z o n e 

c h e m i l u m i n e s c e n c e 

(157-159).  The response of 

FeP-VDP sensors to NH3 is 

negative and ~1% the value of 

NO, while the response to 

N 2 O i s n o t  k n o w n 

(unpublished data).  However, 

considering the overlap 

between measurements made with FeP-VDP sensors and ozone 

chemiluminescence, a significant response to N2O would seem unlikely.

9.3.3  Future work

Based on current data, a single functional mechanism cannot be determined.  

Further work that examines the composition of gas samples and surface density of 

FeP may lead to a more specific and refined model.

GC-MS compositional analysis of gas samples.  Reduction products generated 

during NO measurements by FeP-VDP devices can be identified using gas 

chromatography  and mass spectroscopy (GC/MS).  Products can be collected and 

cryogenically-concentrated using inline cold traps located proximal and distal to 

the sensor chamber.
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GC-MS analysis of deuterated reduction products.  Indium oxide, arsenic oxide, 

and water are potential sources of protons that may be utilized in the reactions 

proposed in both models.  Isotope analysis on gas samples exposed to sensors that 

were functionalized using deuterated reagents can be employed in determining the 

origin of protons incorporated into reduction products.

C14 isotope labeling.  The value for FeP surface density used in the current study 

was calculated using simplified models that assume certain properties about the 

system of interest.  FeP surface density can be determined directly  using C14-

labeled FeP-VDP devices and a scintillation counter.
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10.   Design and implementation of an electronic immunosensor

10.1  Experimental Methods

10.1.1  InAs surface analysis

Surface ellipsometry.  Surface ellipsometry spectra were collected within the 

photon energy range of 0.75-6.5 eV with 10 meV resolution, using incident angles 

of 60 and 70 degrees.

X-ray photoelectron spectroscopy.  The surface properties of Fe-VDP samples 

were analyzed using X-ray photoelectron spectroscopy.  Fe 2p, N 1s, In 3d, and 

As 3d core level and valence band spectra were measured.    

10.1.2  Aqueous sensor assembly

Metalized, 1x1 cm InAs samples were 

mounted on metalized glass slides 

using double sided tape.  Electrical 

connections between the slide and the 

mounted device were made using a 

gold wire bonder.  Circuit continuity 

between InAs and glass slide circuit 

was confirmed using a  voltmeter.  After verifying continuity, a cylindrical quartz 

reservoir 1 cm in length with  OD 1 cm was mounted to the center of the InAs 

surface using a solvent resistant resin (Resinlab EP1785), such that the reservoir 

lumen was parallel to the InAs surface.  Solvent-resistant resin was subsequently 

applied to exposed electrical contacts on the glass slide, gold wire bonds between 
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the slide and InAs device, and portions of the InAs surface lying outside the inner 

diameter of the quartz reservoir.  The encapsulated device was then allowed to 

cure for 24-48 hr prior to use.

10.1.3  InAs surface functionalization

Similar to gas FeP-VDP sensors,  the InAs surface within the inner lumen of the 

sample reservoir was degreased using acetone and methanol.  200 µL of acetone 

was added to the sample reservoir and allowed to stand for 5 minutes.  The 

reservoir was then emptied and replenished with an equal volume of methanol.  

After 5 min, the methanol in the reservoir was discarded and replaced with 100 

mM HF/MeOH for 2 min.  The reservoir was briefly rinsed with MeOH 

immediately after removing HF/MeOH, and was then filled with an antibody 

functionalization solution (stock commercial antibody diluted 1:10-1:100 in 

distilled water).  The quartz reservoir was covered (Parafilm) and left overnight.  

On the following morning, the InAs surface and sample reservoir were rinsed 

with 5% chloroform/hexane and dried with N2 immediately after aspirating the 

antibody functionalization solution.

10.1.4  Preparation of protein stock solutions

Purified proteins obtained from commercial vendors were equilibrated with an 

appropriate assay  buffer prior to experimental use.  Buffer exchange was carried 

out using centrifugal filtration devices with a molecular weight cutoff of 10 kD 

(Amicon).  Protein stock solutions were diluted 1:20 in assay  buffer, placed in a 

centrifuge with a swinging bucket rotor, and spun at 3000 RCF for 10 min.  
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Protein-free filtrate was subsequently discarded.  This procedure  was repeated 

three times, giving a total dilution factor of 1:16000. 

10.1.5  Sensor preparation

Ab-VDP sensors were first equilibrated with the assay buffer.  200 µL of buffer 

was added to the sample reservoir and left undisturbed at room temperature for 30 

min.   After aspirating the buffer, the sample reservoir was rinsed and dried using 

with 5% CHF/Hexane and N2, respectively.  As described in Section 9.2.2, the 

Ab-VDP sensor was connected to the data acquisition system through a card edge 

connector and immobilized to a sensor platform in a fume hood.

10.1.6  Baseline measurements

Baseline sheet  resistance measurements were collected prior to exposure to 

aqueous samples.  Sensor voltage at current values between 20 µA - 3 mA was 

measured and used to extract a baseline value for sheet resistance.  The sensor 

was then exposed to assay buffer for 30 sec, rinsed and dried with 5% CHF/

hexane and N2, and an additional sheet resistance value was acquired as just 

described.  This procedure was repeated two more times giving four sheet 

resistance values―one initial baseline value and three values obtained after 

exposure to buffer.  The percent standard deviation of  the last three sheet 

resistance values attained after exposure to buffer was calculated.  The sheet 

resistance was considered stable if the percent standard deviation was < 0.5%.  

Higher percent  standard deviations were taken to reflect elevated sensor noise.  In 
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these cases, additional measurements after exposure to buffer were carried out 

until the percent standard deviation of three consecutive values was < 0.5%.

10.1.7  Exposure to antigen and control samples

After attaining baseline values, 200 µL of a sample containing PBS (pH 7.4) and 

either the relevant antigen or control protein was added to the sample reservoir of 

each Ab-VDP sensor.  The sensors were covered (Parafilm) and left overnight (15 

hr).  After the sample reservoir was emptied, the sensor was washed and dried 

with CHF/hexane and N2.  Sheet resistance measurements for each sensor were 

then performed as described above.

10.1.8  Data analysis

The normalized change in sheet resistance occurring upon exposure to antigen or 

control protein  was calculated using the following formula:  

37) 
! =

Rbefore !Rafter

Rbefore

The percent standard deviation for the normalized change in sheet resistance of 

each sensor was treated as being equal to the percent standard deviation of 

Rbefore.  Each set of Ab-VDP sensors was split into antigen and control groups.  

Differences in the average normalized change in sheet resistance of antigen and 

control groups were evaluated  for statistical significance.
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10.2  Results

10.2.1  Stability of FeP-InAs in aqueous media

Solvent tolerance of FeP MLs on FeP-VDP samples was accessed using XPS 

(Figure 32).  N 1s and Fe 2p spectral components from pyrrole nitrogen and heme 

iron FeP were observed in sample spectra before and  after functionalization.  

Spectra acquired after incubation in water for 15 hr exhibited insignificant 

changes.

10.2.2  InAs functionalization using anti-albumin IgG

SE spectroscopy was used to quantify changes in the surface thickness of InAs 

samples during the reaction between InAs and anti-HSA IgG.  The rate constant 
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Figure 32.  XPS spectra of FeP-InAs.  (A) Pyrrole nitrogen and (B)  heme iron can be 
seen in XPS spectra of FeP-InAs.  These features were not observed in control samples 
(bottom graphs).
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(k) and surface thickness at equilibrium (!Teq) were calculated using least 

squares linear regression (LSLR) and a pseudo-first order kinetic model (Eq. 19)

(149).  A scatter plot of the raw data and calculated fit are shown in Figure 33B.     

Final values for !T (!Tf ) found experimentally were in agreement with 

predicted values for  !Teq  (124.6± 4.8  Å).  Both experimental and calculated 

values fell within the estimated range for the long axis of IgG  (PDB: 1BBB).  

This result, in conjunction with the 1st-order character of the reaction, suggests 

the total yield of InAs functionalization is a single monolayer (ML) of IgG.

10.2.3  Specific binding of antigen to Ab-VDP sensors

Functional stability of Ab-VDP sensors in physiological buffer solutions.  In each 

experiment, the response of Ab-VDP sensors to buffer (PBS, pH 7.4) was 

accessed prior to sample measurement.  Control values for 15 Ab-VDP devices 
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Figure 33.  Changes in the SE spectrum of wet-etched InAs on exposure to anti-
HSA.  (A)  Spectra were acquired at time 0 (dotted line) and after 30 min, 2.5 hr, and 16 
hr exposures (solid lines).  (B)  Time course of InAs functionalization using IgG.



are shown in Figure 34.  Mean 

s tandard dev ia t ion in shee t 

resistance of control measurements 

was 0.4%.

Surface thickness of samples 

exposed to antigen (HSA) vs. 

control (BSA).  Results of SE surface analysis of InAs samples functionalized 

with anti-HSA suggest specific binding of antigen by the immobilized antibody 

(Figure 35).  Significantly  greater increases in surface thickness (21.4± 5.3  nm  

vs  8.8± 3.3  nm) were observed in samples incubated with 0.1 mg/ml HSA 

(antigen) over those incubated with BSA (control).
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Figure 34.  Baseline stability of Ab-VDP 
sensors in phosphate buffered saline.
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10.2.4  Detection of serum cytokines at picomolar concentrations

In addition to mAb-HSA-VDP, Ab-VDP sensors were fabricated using mAbs 

specific for human TNF-α, IL-1β, and IL-6 (mAb-TNFα-VDP, mAb-IL1β-VDP, 

mAb-IL6-VDP).  Multiple Ab-VDP sensors of each type were exposed to samples 

containing 10 ng/mL of antigen or control protein (PBS pH 7.4).  Overall, the 

sensor response was significantly higher to antigen relative to control (Figure 36).

10.3  Discussion

The original VDP gas sensor design outlined in the previous section was modified 

for measurement of protein in aqueous media.  Metalized surfaces were 

encapsulated with a solvent-tolerant resin.  The sample volume needed for 

measurement was drastically reduced by incorporating the sample reservoir into 

the design.  The methods used for functionalization with metal porphyrins were 

modified as well.  Organic reagents were replaced with aqueous solutions.  

Functionalization with IgG was slower than with FeP, but ultimately had produced 

the same yield on reaching equilibrium (1 ML).            
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Figure 36.  Specific detection of antigens using Ab-VDP sensors.
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 Most importantly, Ab-VDP sensors constructed around the modified 

design responded specifically to antigen binding.  Exposure to picomolar 

concentrations of antigen exerted a direct effect on sheet resistance.  The 

interaction between antigen and antibody was confirmed using SE spectroscopy.  

Furthermore, all measurements were performed using physiologically-relevant 

buffers that contained serum concentrations of salt, electrolytes, and transition 

metals.

 However, Ab-VDP sensors did not respond specifically to antigen when 

diluted into human serum.  These results may indicate a flaw that is specific for 

anti-HCG-VDP devices.  Currently, anti-HCG-VDP devices have not been used in 

measuring protein in PBS.   The general function of anti-HCG-VDP devices could 

be impacted by suboptimal reagents or functionalization methods.

 Alternatively, the obstacles encountered with anti-HCG-VDP devices may 

reflect broader issues.  Human serum is only 60% water by volume, containing 

lipids, fatty acids, and millimolar quantities of carrier proteins (160, 161).  

Impaired sensor function could be caused by  side reactions between the sensor 

surface and any of these.  Without continuous mixing, the bulk viscosity of serum 

may significantly reduce the rate of antigen-antibody interactions (162-165).  

Cross reactivity  could lead to non-specific responses as well.  Serum contains 

hundreds of proteins in concentrations varying from 10!6 to 10!18 M. 

 The current work represents preliminary efforts being made to produce an 

electronic sensor platform that can specifically detect protein in biological 
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samples.   Ab-VDP devices would be particularly useful in clinical diagnostics.  

Viability in this arena would require high sample throughput, high sensitivity, a 

low rate of false positives, and short measurement time.  Ab-VDP array devices, 

columnar InAs surfaces, epitope sub-arrays, and SAW-mixing are potential 

strategies for addressing each of these challenges (Figure 37). 
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