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ABSTRACT 

 

Andrea Belanger 

BIOPHYSICAL STUDIES OF POTENTIAL THERAPIES OF HEMOGLOBIN-

ASSOCIATED DISEASES 

Dissertation under the direction of 

Daniel B. Kim-Shapiro, Professor of Physics 

 

 Hemoglobin (Hb), the most abundant protein found in the red blood cell (RBC), 

carries gases like oxygen and carbon dioxide throughout the body. However, various 

conditions, both genetic and environmental, can impede its ability to perform this (and 

other) necessary functions. We studied some of the most imperative properties of Hb and 

the RBC as they pertain to sickle cell disease (SCD): oxygen affinity and RBC 

deformability. A Hemox Analyzer, a dual-wavelength spectrophotometer, was used to 

measure oxygen affinity in sRBC treated with a potential drug intended to reduce sickling 

and  improve oxygen affinity. Deformability, the ability of the cells to elongate when 

exposed to shear, was measured as a function of osmotic pressure in a refurbished 

Technicon Ektacytometer. This characteristic of the cells is extremely important, 

especially in SCD, as rigid cells 1) are unable to traverse the narrow capillaries and 2) are 

more likely to get filtered out by the spleen prematurely, leading to severe anemia. The 

effects of  nitric oxide (NO) and its cogeners were rigorously tested and were shown to 

improve deformability under specific conditions. 



x 

 

 In addition to genetic abnormalities of Hb, alterations to the gaseous homeostasis 

of the body, such as the presence of carbon monoxide (CO), can lead to diminished Hb 

function and subsequent injury or even death. We used laser-assisted flash photolysis to 

measure the binding affinities of CO to Hb and a genetically modified neuroglobin (Ngb) 

that was designed to have a superphysiologically high affinity for ligands such as CO. 

We found that this mutated Ngb had a binding affinity for CO almost 500 times greater 

than that of Hb for CO, demonstrating its promising potential as an antidote for CO 

poisoning.  

 It is well understood that NO and nitrite play a major role in the modulation of 

blood flow and proper platelet function. Several proteins, including deoxygenated Hb, are 

capable of reducing nitrite to NO, however the mechanism by which this event occurs in 

vivo is still under much debate. We demonstrated that while several proteins are able to 

reduce nitrite to NO, the relatively high concentration of Hb in the vasculature casts 

doubt on the role other proteins play in nitrite bioactivation, at least by red blood cells.  
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 Hemoglobin (Hb) is a quarternary metalloprotein that transports oxygen, carbon 

dioxide and other ligands through the vasculature. Adult Hb is composed of two alpha 

and two beta subunits – each containing an iron-bound heme capable of binding one O2 

molecule. Hb can exist in two conformational states that are dependent on the oxygen 

pressure of the microenvironment: relaxed (R-state) and taut (T-state). R-state Hb has a 

high affinity for oxygen while T-state Hb has a low oxygen affinity. In the lungs Hb is in 

the R-state and can easily bind oxygen, while Hb in the tissues is primarily in the T-state. 

 Blood is a non-Newtonian fluid that exhibits a shear-thinning behavior[2], 

meaning as the shear stress increases, blood viscosity decreases. This is due to the 

deformation of the RBCs at high shear. Deformability of RBCs is important for passage 

through the vasculature as well as cell survival since older, less deformable cells get 

filtered out by the spleen[3]. Several techniques are used to measure RBC deformability 

including micropipette aspiration[4], atomic force microscopy[5], optical tweezers[6], 

filtration[7] and ektacytometry[8]. Most of the techniques (except filtration and 

ektacytometry) measure deformability of one cell at a time, making them impractical for 

making measurements on large populations of cells.  

 Under normal conditions, RBCs have a bi-concave shape with a diameter of  ~8 

µm and a height of ~2 µm. However, hemoglobinopathies such as spherocytosis or sickle 

cell disease (SCD) cause distortions in cell shapes and reduced RBC deformability. SCD 

is characterized by a genetic mutation of the sixth residue of the beta subunit of 

hemoglobin in which hydrophilic glutamate is replaced by a hydrophobic valine. This 

single point mutation causes the sickle hemoglobin (HbS) to polymerize upon 

deoxygenation and distort the red blood cells (RBCs) into the characteristic “sickle” 
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shape. This leads to vaso-occlusion and subsequent painful crises or even multi-organ 

failure in some patients.  

  The delay time of Hb –the amount of time for HbS to polymerize – is related to 

the mean corpuscular hemoglobin concentration (MCHC) via equation (1): 

    
 

  
  (

    

       
)
 

     (1) 

            

       

where [Hb] is the MCHC and [Hb]sol is the concentration of soluble Hb in the RBC. If 

MCHC increases even slightly, the delay time is decreased drastically, increasing the rate 

at which HbS polymerizes.  

 MCHC of the RBC correlates with the deformability of the cell which can be 

measured using osmotic gradient ektacytometry – a laser diffraction technique in which 

the elongation of a population of cells exposed to a shear stress are recorded as a function 

of osmotic pressure[9] (Figure 1). The elongation of the cells is defined as the difference 

of the length (L) and the width (W) of the diffraction pattern divided by the sum of the 

length and the width (eq. 2).  

        
   

   
     (2) 
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 Osmoscans of healthy RBC have some characteristic features that provide 

information about the cell such as MCHC, membrane flexibility and cell hydration 

(Figure 2). At very low osmolalities, the cells basically explode and therefore cannot 

align in the viscometer. At around 135 mOsm, the cells are essentially spherical and the 

deformability index is close to zero. A disappearance of this trough signifies reduced 

membrane flexibility as would occur in hemoglobinopathies like spherocytosis and sickle 

cell disease. As the osmolality approaches physiological 290 mOsm, the cells reach their 

maximum deformability. Osmotic shifts where the maximum deformability occurs is 

associated with dehydration (leftward shift) or hydration (rightward shift) of the curve. 

Figure 1. Schematic of 

ektacytometer.  Blood sample is 

suspended in viscous carrier 

solution and pumped into a couette 

visometer that elongates the cells. 

The laser diffracts off of the cells, 

creating an elliptical diffraction 

pattern that is recorded by a 

photodiode detector. 

Figure 2. Osmoscan of healthy RBC. 

Healthy RBC are nearly spherical at 

135 mOsm and have a near-zero 

deformability. Cells reach their 

maximum deformability at around 290 

mOsm. A decrease in deformability 

signifies a damaged membrane, and 

horizontal shifts of the curve are 

indicative of RBC hydration. 
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 Currently, there is no cure for SCD, and gene therapy for the disease is a 

formidable goal. Therefore, most studies aimed at the treatment and management of SCD 

aim to mediate the symptoms and prevent episodes that lead to hospitalization. One way 

in which this can be achieved is through manipulation of the cation channels that 

maintain hydration (or dehydration as is the case with SCD) of the cells. One pathway 

that has received a lot of attention in recent years[10] involves the calcium-activated 

potassium efflux channel first characterized by Gyorgi Gardos in 1958[11]. This channel, 

more commonly referred to as the Gardos channel, is a major player in sRBC hydration 

and, therefore, MCHC and disease severity. Upon an influx of calcium through native 

channels or membrane leakage, the Gardos Channel becomes activated causing 

potassium and water to leave the cell. There are several known inhibitors of the Gardos 

Channel, including Charybdotoxin (ChTX), Senicapoc and Clotrimazole, however they 

were unsuccessful in clinical trials. 

 Over the last couple of decades, several studies have emerged claiming that NO 

has beneficial effects on RBC deformability[12-14]. These papers claim that low, but 

very specific, concentrations of various NO donors, and precursors and inhibitors of nitric 

oxide synthase (NOS), have an effect on RBC deformability at selective shears. None of 

the papers, however, show raw data, nor is there a consensus amongst the authors for an 

explanation for this phenomenon. Attempts by us and others[15] to reproduce these 

results were unsuccessful.  

 In chapter III, I describe a series of experiments in which I tested the effect of 

sodium nitroprusside (SNP) on hydration and deformability of both healthy and sickle 

RBCs. SNP is used to treat acute hypertension via release of nitric oxide (NO), however 
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it is also capable of releasing a nitrosonium ion (NO
+
); or nitrosating or oxidizing 

thiols[16]. The effect of SNP on preventing calcium-induced loss of deformability in 

healthy cells was first discovered by Barodka et al[15]. In addition to having a protective 

effect in healthy cells, we found that SNP prevents hypoxia-induced dehydration of 

sRBC. Deformability and hydration of the cells were measured using osmotic gradient 

ektacytometry. Cation fluxes were measured using fluorescence microscopy or atomic 

emission spectroscopy. While we did not see an effect of SNP on calcium influx, we did 

see a dramatic effect on potassium efflux suggesting involvement of the Gardos channel.  

 In chapter IV I discuss experiments that were done in collaboration with the 

University of Pittsburgh Medical Center involving an antidote for carbon monoxide (CO) 

poisoning. If inhaled, CO – a colorless, odorless gas – binds very tightly to Hb, 

preventing oxygen delivery. Prolonged exposure to the gas can inhibit mitochondrial 

cytochrome c oxidase activity, decreasing cellular respiration and energy – particularly in 

high metabolic rate tissues such as heart muscle or the central nervous system[17]. 

 The binding affinity of a mutated neuroglobin (Ngb) with CO was found using 

laser-assisted flash photolysis to determine the association rate and NO replacement to 

determine the dissociation rate. Flash photolysis is a fast reaction technique in which a 

nanosecond laser pulse is used to dissociate a ligand from a heme while the 

recombination kinetics are recorded on a CCD camera for approximately 1 ms (Figure 3). 

This results in a matrix of intensities over m wavelengths by n time delays that gets 

converted to absorbance using equation (3). The matrix is then deconvoluted using 

singular value decomposition (equation 4)  
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      (   )     [
 (   )

 (   )
]                 (3) 

                               (4) 

 

for which A is the original m×n matrix, U contains an orthonormal set of m-dimensional 

vectors (basis spectra), Σ is an n×n matrix containing the singular values of A, and V
T
 is 

an n×n unitary matrix containing the time courses of the amplitude of each basis spectra. 

By separating the matrix into the special and time components the kinetics along a single 

wavelength can be fit, yielding a bimolecular rate constant. 

 To acquire the dissociation rate of CO with Ngb, I used an NO replacement assay 

which exploits the high affinity of hemes for NO. Ngb or Hb was saturated with CO 

under anaerobic conditions. Upon the addition of NO, the CO is replaced with NO and 

the change in absorbance versus time that occurs was observed using a Cary-50 UV-Vis 

spectrophotometer. Knowing the association rate and dissociation rate allows for the 

calculation of the overall binding affinity via  

        
   

    
     (5) 

 

Figure 3.    Flash Photolysis-schematic 

of the experimental setup. A YAG laser 

was used to dissociate the CO from the 

hemes of Hb and Ngb, after which point 

the CCD camera recorded the intensity at 

different wavelengths over time.  
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 Another molecule commonly found in the vasculature and rapidly scavenged by 

Hb is NO. NO is a vasodilator that acts through activation of soluble guanylate cyclase to 

relax the endothelium, thereby widening the blood vessels. More recently, it has been 

shown that nitrite also plays a role in vasodilation and platelet function[18]. It is 

hypothesized that this reaction involves the reduction of nitrite to NO, however the 

mechanism is highly debated. It is accepted that deoxygenated Hb reduces nitrite to 

methemoglobin (MetHb) and NO via the reaction below. 

 

Deoxygenated Hb then scavenges an NO molecule, forming HbNO.  

  

 Species of hemoglobin can be detected and quantified using absorption 

spectroscopy in the visible wavelength range. The absorbance versus wavelength spectra 

are fit to basis spectra (Figure 4) using an Excel Macro, providing the concentrations of 

the various species.  

 In chapter V I test the efficacy of carbonic anhydrase (CA) and xanthine 

oxidoreductase (XOR) as a physiological nitrite reductase. CA is an enzyme that converts 

carbon dioxide produced by the breakdown of sugar and fat in cells into carbonic acid 

and bicarbonate ions so that they may be transported to the lungs. CA in the lungs 

converts the carbonic acid and bicarbonate back to carbon dioxide to be exhaled. XOR is 

an enzyme abundant in the kidney and liver, but also on the RBC membrane, that is 

capable of generating both reactive oxygen species and NO through nitrite reductase.  

NO+𝐻𝑏𝐹𝑒  → 𝐻𝑏𝐹𝑒   𝑁𝑂 

𝑁𝑂 
 + 𝐻𝑏𝐹𝑒  + 𝐻 → 𝑁𝑂 + 𝐻𝑏𝐹𝑒  + 𝑂𝐻  
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Figure 4.   Basis spectra of hemoglobin species   Absorbance vs wavelength of 

four different common species of Hb: oxygenated Hb (red), deoxygenated Hb 

(green), methemoglobin (blue), and nitrosylated Hb (purple).  
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CHAPTER II 

EFFECT OF A2B RECEPTOR BLOCKER ON SICKLING AND OXYGEN AFFINITY 

IN sRBC 

Andrea M. Belanger, Tamir Kanias, Mark T. Gladwin, and Daniel B. Kim-Shapiro 
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Introduction 

 Vaso-occlusion and increased hemolysis are two harmful consequences of SCD. 

When an RBC lyses, free Hb is released that scavenges the valuable vasodilator NO. 

Additionally, amounts of RBC metabolites, including adenosine, increase in the 

bloodstream[1]. 2,3-DPG is known to stabilize the T-state of Hb and reduce its oxygen 

affinity thereby increasing polymerization which leads to vaso-occlusion. It was shown 

that increased amounts of adenosine correlated with increased 2,3-DPG as well as an 

increase in the percentage of sickled cells[1]. It was hypothesized that preventing the 

uptake of adenosine by the RBC, specifically via the A2B receptor, would result in lower 

concentrations of 2,3-DPG and, consequently, fewer sickled cells and improved oxygen 

affinity.  

 In this study we used adenosine analog, N’-ethylcarboxamidoadenosine (NECA), 

to increase concentrations of 2,3-DPG as demonstrated previously[1]. A drug was 

developed to prevent the increase in 2,3-DPG by blocking uptake of adenosine via the 

A2B receptor on the RBC. It is known that the presence of excess 2,3-DPG causes a 

rightward shift in the oxygen association and dissociation curves, signifying reduced 

oxygen affinity. Our goal was to determine if the drug was effective in 1) reducing the 

amount of T-state Hb caused by increased adenosine and 2,3-DPG concentrations and 2) 

improving oxygen affinity. 

Methods 

All samples were received from UPMC one day after the draw. The whole blood 

was centrifuged at 800 g for 10 minutes. The supernatant and buffy coat were removed 

and replaced with an equal volume of nutrient rich F-10 Hams buffer. This process was 
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repeated twice more or until the supernatant was clear. The cells were then diluted to 2.5 

mM in buffer and aliquotted into three samples of equal volume. The samples were 

incubated at 37°C in F-10 Hams buffer under normoxic conditions for 18 hours. 10 µM 

NECA in hydrochloric acid (HCl) was added to one of the samples and 20 μM GS6201 in 

dimethylsulfoxide (DMSO) was added in addition to the NECA in another sample.  

These were compared to the third sample which had neither NECA nor GS6201 added. 

Each sample was deoxygenated in the Hemox Analyzer, dual-wavelength 

spectrophotometer that measures oxygen affinity, to less than two torr, remained under 

nitrogen gas for thirty minutes to promote sickling, and was reoxygenated. A p50 was 

acquired for both deoxygenation and reoxygenation as calculated by the Hemox Analyzer 

via the Hill equation: 

  
   

 

       
 .          (1) 

where θ is the oxygen saturation of Hb and n is the Hill coefficient. 

Results 

 Cells that had been treated with NECA did not demonstrate a reduced oxygen 

affinity as would be expected. Thus, no protective effect of the drug against adenosine 

uptake was seen. The oxygen association curves were nearly identical for all three 

samples (Figure 1). The p50s for the association curves of the four patients is shown in 

Figure 2. The p50s for all three samples were nearly identical: 18.48±2.71 torr, 

17.91±1.85 torr, 18.64±2.86 torr for the control, +NECA, and +NECA + drug samples, 

respectively. Our collaborators at UPMC measured the percentage of sickled cells after  
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incubation with NECA and/or the drug and saw no effect of either compound (data not 

shown).  

Discussion 

It is difficult to say for sure whether or not the drug is an effective A2B receptor 

blocker that could be used to alleviate the symptoms of SCD, as we were unable to even 

reproduce the results of Zhang et al[1] showing reduced oxygen affinity with NECA 

alone[1]. This may have been due to the age of the cells (as indicated by low p50s). Their 
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Figure 1: Oxygen saturation 
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results showing the dramatic effect that small increases in 2,3-DPG had on promoting 

sickling were quite impressive[1]. Using the concentrations of 2,3-DPG that they 

observed when studying effects of NECA on sickle red blood cells[19] we could 

determine a p50 for each sample[20] and produce corresponding oxygen dissociation 

curves via the Hill Equation using n=2.5. Using these curves we calculated the oxygen 

saturation at each oxygen pressure where the percentage of sickle cells had been 

determined[19]. The solubility at each oxygen saturation was calculated using an 

empirical equation[21] 

                             +           +        +        +              (2) 

where    is the solubility of hemoglobin (
 

   ), T is the temperature (°C) and p is the 

fractional oxygen pressure (Table 1). This analysis shows us if the changes in 2,3-DPG 

concentration observed by Zhang are theoretically capable of inducing sickling to the 

extent they saw. Given that levels of 2,3-DPG above equimolar to Hb do not have a large 

effect on solubility[22], the largest effect of 2,3-DPG on sickling is likely to be indirectly 

through effects on oxygen saturation.  However, comparisons of our calculated 

solubilities with percent sickling observed by Zhang et al do not support the notion that 

2,3-DPG could account for the observed changes in percent sickling.   
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Experimental % Sickled[1]

 
Calculated Cs (mM) 

P(O2) 

(torr) 
Hypoxia +NECA 

+PEG  

ADA 
Hypoxia +NECA 

+PEG 

ADA 

5 50 60 35 10.365 10.362 10.372 

10 37 47 23 10.485 10.470 10.525 

20 29 33 18 11.094 11.020 11.278 

40 20 21 12 13.542 13.280 14.159 

P(O2) 

(torr)  
Δ  

(% sickled) 

Δ 

(% sickled)  
ΔCs 

(mM) 

ΔCs 

(mM) 

5 
 

10 15 
 

0.0028 0.0073 

10 
 

10 14 
 

0.0154 0.0394 

20 
 

4 11 
 

0.0739 0.1841 

40 
 

1 8 
 

0.2619 0.6162 

Table 1: Percent of sickled cells found by Zhang et al[1] with NECA and 

PEG ADA at specific oxygen pressures and subsequent theoretical solubility 

of Hb at those oxygen pressures. 
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CHAPTER III 

EFFECTS OF NITRIC OXIDE AND ITS CONGENERS ON SICKLE RED BLOOD 

CELL DEFORMABILITY 

 

Andrea M. Belanger, Christian Keggi, Tamir Kanias, Mark T. Gladwin, and Daniel B. 

Kim-Shapiro 
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Abstract 

 

BACKGROUND: Sickle cell disease is characterized by hemoglobin (Hb) 

polymerization upon deoxygenation. Polymerization causes the sickle cells to become 

rigid and misshapen (sickling). Red blood cell (RBC) dehydration greatly increases 

polymerization. Cycles of sickling and unsickling cause an influx of calcium that leads to 

loss of potassium via the calcium-activated Gardos channel which dehydrates the cells 

leading to increased polymerization.  In this study effects of NO and its congeners on 

RBC deformability were examined, focusing on sickle red blood cells. 

STUDY DESIGN AND METHODS:  Red blood cells from patients with sickle cell 

disease and from non-patients were exposed to various compounds that release NO or its 

congeners.  Intracellular calcium was increased using a calcium ionophore or cycling of 

oxygen tension for sickle red blood cells.  Deformability was measured by laser-assisted 

osmotic gradient ektacytometry. 

RESULTS: Consistent with a previous report, sodium nitroprusside (SNP) was found to 

protect against calcium-induced loss of deformability in normal red blood cells, but 

(contrary to some previous reports) no effect of any NO donors was observed when 

calcium influx was not induced.  Importantly, in studies of deoxygenation-induced 

dehydration of sickle RBCs, SNP resulted in substantial improvements in deformability 

(p=0.036) and hydration (p=0.024). Sodium nitrite showed similar trends.   SNP was 

shown to have no effect on calcium influx, but reduced potassium efflux.   

CONCLUSION: These data suggest SNP and perhaps certain nitrogen oxides (like 

nitrite) inhibit the Gardos channel and may be able to protect sickle cells from 

dehydration and thereby improve outcome in the disease.   
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Introduction 

Sickle cell disease is a hemoglobinopathy characterized by hemolysis and vaso-

occlusive crises caused by a mutation in the sixth amino acid of the β-globin subunit of 

hemoglobin wherein hydrophilic glutamate is replaced by hydrophobic valine. This 

mutation promotes polymerization of hemoglobin chains upon deoxygenation and 

formation of the T- quaternary state of hemoglobin.  Polymerization distorts the normal 

discoid shape of an RBC sometimes forming the distinctive “sickle” shape that leads to 

vasoocclusion and episodes of painful crises.[23]  

This deoxygenation-induced polymerization of sickle hemoglobin (HbS) creates a 

more permeable membrane[24] susceptible to diffusion of cations such as Na
+
, K

+
, Mg

2+
, 

and, most notably, Ca
2+

. It has been shown that repeated cycles of sickling and unsickling 

lead to activation of the Gardos channel (KCa3.1), a calcium-activated potassium efflux 

channel and thus a key component of RBC dehydration and reduced deformability.[25] 

Upon activation, K
+
 and water leave the cell at a rate limited by Cl

-
 permeability, leading 

to RBC acidification and dehydration.[26] The K:Cl cotransporter (KCC) –mediated KCl 

loss combined with K
+ 

efflux via the Gardos channel result in rapid dehydration of the 

sickle red blood cell (sRBC).[25] Dehydration increases the intracellular concentration of 

hemoglobin which enhances the rate of polymerization[27]. Consequently, considerable 

research has been focused on the Gardos channel as a target for SCD therapies.[10]  

Vasoocclusive and proinflammatory episodes are accompanied by increases in 

cytokine expression that have been shown to exhibit a positive correlation to the increase 

in dehydration in SCD.[28]
,
[29] These cytokines lead to stimulation of a membrane 

oxidoreductase, protein disulfide isomerase (PDI), which has been shown to exist in 
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higher concentrations in sRBC membranes compared with those on healthy RBCs. A 

recent study found a correlation between PDI redox status and Gardos Channel 

activity.[30] Oxidized PDI leads to disulfide formation on the substrate protein.  Reduced 

PDI leads to breaking of disulfides on the substrate protein (and subsequent potential 

rearrangement of substrate protein disulfides).  The work of Romero et al suggests that 

formation of disulfide bonds in PDI (oxidized) leads to a less active Gardos channel[30].  

Thus, disulfide formation would decrease Gardos activity.  Similarly, nitrosation could 

lead to reduced Gardos channel activity. In addition to PDI being a probable target for 

thiol oxidation and/or nitrosation reactions,  the Gardos Channel is also susceptible since 

residing in its transmembrane domain are nine cysteine residues, four of which are 

located adjacent to the pore.[31] The effects of nitric oxide (NO) on RBC deformability 

have been studied extensively with mixed results.[12]
,[13],

[15] One previous study 

examined effects on normal RBC deformability with SNP treatment prior to Gardos 

channel activation via addition of extracellular calcium and ionophore A23187, and it 

was determined that this treatment prevents loss of RBC deformability representative of 

cell dehydration.[15]  

Sodium nitroprusside [Fe(CN)5NO]
2-

2Na
+
 (SNP) is neither a nitro compound, nor 

a prusside, however the name has been commonly accepted.[16] In vivo, SNP is able to 

donate either NO or NO
+
, however in vitro studies have been unable to show any 

significant yield of either product. It has been proposed that NO is produced from the 

reaction of SNP and hemoglobin.[32] Under aerobic conditions SNP reacts with a 

thiolate anion to form a disulfide (Equation 1)[33]. Formation of disulfides has been 

suggested as a factor in Gardos Channel activity by others.[15, 30] 
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   +  𝐹𝑒( 𝑁) 𝑁𝑂     𝐹𝑒( 𝑁) 𝑁𝑂       (1)  

 𝐹𝑒( 𝑁) 𝑁𝑂     →  𝐹𝑒( 𝑁) 𝑁𝑂   +      

     →      
 

Nitrite reacts with deoxygenated Hb to form methemoglobin and NO (Equation 

2)[34], and reacts with oxygenated Hb to form methemoglobin (Equation 3).[34] 

However, several other nitrogen oxides and NO congeners are also thought to be 

produced in these nitrite/Hb reactions.[34] These reactions can lead to thiol modification 

(see appendix for more details).[34] 

𝑁𝑂 
  +  𝐻𝑏𝐹𝑒   +  𝐻  → 

(𝐹𝑒  𝑁𝑂  𝐹𝑒  𝑁𝑂 ) + 𝑂𝐻 → 

                      𝑁𝑂 + 𝐻𝑏𝐹𝑒  + 𝑂𝐻                                        (2) 

 

 

 𝑁𝑂 
 +  𝐻𝑏𝐹𝑒   𝑂 +  𝐻 →  𝐻𝑏𝐹𝑒  +  𝑁𝑂 

 + 𝑂 +  𝐻 𝑂      (3) 
 

We hypothesized that in addition to preventing the calcium-induced dehydration 

in healthy cells facilitated by ionophore A23187, SNP would protect sRBC from cyclic 

deoxygenation-induced dehydration and deformability loss and that nitrite may have 

similar effects. 

Materials and Methods 

All procedures involving human subjects were approved by the Wake Forest 

School of Medicine Internal Review Board.   

Direct effects of NO donors 

To test the effects of NO on RBC deformability, whole blood from 4 healthy 

volunteers was incubated with NO donors and agents that could affect nitric oxide 

synthase, and their deformability was measured via osmotic gradient ektacytometry. 
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Whole blood was drawn from healthy volunteers into vacutubes with sodium heparin 

(BD, 367871). One milliliter samples were incubated for one hour at room temperature 

with 10 µM SNP (MP Biomedicals, 152061), 10 µM DEA-NONOate (Cayman, 82100), 

1 Mm L-NAME (Cayman, 80210) or 3 Mm L-arginine (Sigma, A5006) as these 

concentrations of these compounds were previously shown to have significant effects on 

RBC deformability[35]. After one hour the samples were placed on ice and scanned in 

the ektacytometer.  

Protective effect of SNP in normal RBCs 

To confirm the protective effects of SNP on preventing calcium-induced RBC 

dehydration shown previously[15] we replicated the experiments with washed RBC, 20% 

Hct. As in the experiments conducted by Rifkind and colleagues, calcium chloride 

(Sigma, C7902) combined with ionophore A23187 (Sigma, C7522) was used to initiate 

red cell dehydration. The experiments were then repeated with whole blood and higher 

concentrations of SNP, calcium and A23187. Blood was drawn from 3 healthy volunteers 

into sodium heparin and used immediately. One milliliter samples of whole blood were 

treated with 80 µM SNP and incubated at 37˚C for 60 minutes before 10 µM ionophore 

A23187 and 20 µM Calcium Chloride were added, and the samples were incubated an 

additional 30 minutes. Samples were placed on ice and deformability was measured. 

Sickle RBCs 

Whole blood was drawn intravenously from 13 patients with sickle cell disease 

into sodium heparin tubes. Upon arrival of the samples (6-30 hours after draw), whole 

blood was aliquoted into four 1 ml samples.  Whole blood (rather than washed red blood 

cells) was used in these experiments to more closely replicate physiological conditions. 
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SNP (80 µM final concentration) was added to sample 3 and 10 µM nitrite was added to 

sample 4. All four samples were incubated at 37˚C for 30 minutes, then 2 mM calcium 

chloride was added to samples 2-4. In some experiments these samples were put under 

positive nitrogen pressure to deoxygenate samples and prevent air from leaking in for 3 

hours and then placed in an incubator at 37˚C overnight. The samples then underwent 

cycles of oxygenation and deoxygenation at room temperature for another 3 hours with 

samples being placed in the incubator for five minutes in between each cycle to induce 

sickling. In other experiments the samples were prepared in the same manner but were 

simultaneously degassed and incubated at 37˚C for 4 hours. The samples remained in the 

incubator while undergoing the same oxygenation and deoxygenation cycles described 

above. In both cases, the last cycle was reoxygenation with air. Sample 1 was kept as a 

control sample that was not degassed (did not undergo cycles of oxygenation and 

deoxygenation) but was incubated at 37˚C alongside the other samples (Table 1). Though 

it is possible that some irreversibly sickled cells (ISCs) had already formed in the samples 

before experiments began, the aim of this study was to see if SNP could lessen 

deformability loss (whether due to formation of ISC or otherwise) due to hypoxia and 

Gardos activity. The extent to which ISCs were present before starting in vitro 

experiments would tend to decrease effects of SNP (assuming SNP cannot reverse ISC 

formation, but only prevent it). The variation in time between blood draws and initial in 

vitro manipulation of samples had no effect on the results.  

RBC deformability 

Deformability of RBCs is extremely important for proper circulation through the 

vasculature as the diameter of the RBC is around 8 µm and the capillaries can be as 
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narrow as 2 µm. In addition to alterations in cytoskeletal integrity, the increase in mean 

corpuscular hemoglobin concentration associated with SCD increases the cytoplasmic 

viscosity, rendering the cells less flexible.[36] Osmotic gradient ektacytometry is a laser 

diffraction technique that quantifies deformability by the relation 

       
   

   
      

where L and W are RBC length and width, respectively, and DI represents the 

deformability index.[8] Cells are suspended in a viscous medium and exposed to a shear 

stress in a viscometer that causes them to elongate. Osmotic gradient ektacytometry 

subjects cells to increasing osmolality that causes the cells to swell and shrink according 

to the extracellular osmotic pressure. Healthy RBCs have a maximum deformability (DI 

Max) at around 290 mOsm, while dehydration of the cells causes a shift to the left (lower 

osmolality) in DI Max. Since sickle RBC are so dehydrated they have a much lower DI 

Max with a corresponding osmolality shift of the maximum peak to the left (lower 

osmolality). 

Table 1. Preparation of sickle RBC 

samples. SNP (80 µM) was added to 

sample 3 or sodium nitrite (10 µM) 

added to sample 4 and were incubated 

for 30 minutes at 37˚C. Calcium 

chloride (2 mM) was then added to 

samples 2-4 whereupon samples 2-4 

underwent the cycles of 

deoxygenation and reoxygenation as 

described in the methods section 

(represented by gray cells in the 

table). Sample 1 remained a control 

and was not cycled. 
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A refurbished Technicon osmotic gradient ektacytometer (Technicon Instrument 

Corp.) was used in all experiments to measure the deformability of the RBC. A 20 

centipoise (cP) carrier solution pH 7.4 was made from 31 g/L polyvinylpyrrolidone (PVP) 

(Sigma, PVP360), 0.24 g/L potassium phosphate monobasic (Sigma, S0751) and 0.90 g/L 

potassium phosphate dibasic (Fisher, BP332). Sodium chloride (Sigma, S7653) was used 

to make solutions of 40 mOsm (“low”), 290 mOsm (“sample”) and 750 mOsm (“high”). 

RBCs (150 µl) were diluted into a 4 ml sample solution and pumped into the 

ektacytometer where they were exposed to an increasing osmotic gradient produced by 

mixtures of low and high osmolarity solution. The cells are exposed to shear of 160 

dynes/cm
2
 in a couette viscometer and the diffraction pattern recorded. Data was fit using 

a custom MATLAB program (R2012a, Mathworks) with a Savitsky-Golay noise 

reduction filter of polynomial order n=3. 

Calcium influx 

Given the limited availability of samples of sRBCs, RBCs from three healthy 

volunteers were washed 3 times (1500xg, 10 min 18°C) with PBS Ca
2+

 Mg
+
 buffer 

(Sigma) containing 5 mM glucose. 40 mL of washed RBC pellets were suspended with 

1.2 mL of the buffer, and labeled with the calcium fluorophore, Fluo-3,AM (Life 

Technologies). Fluo-3,AM-labeled RBCs were diluted with the same buffer to a final 

hematocrit of 0.1%. Each RBC suspension was then divided into 1 mL aliquots, and 

treated with selected drugs.  

SNP was initially added at selected concentrations of 20, 40, 60 or 180 μmol/L. 

Triplicates (195 mL) of each sample were then transferred into a dark 96-well plate. 

Baseline Fluo-3,AM fluorescence (intracellular calcium) was monitored for 30 min with 
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1 min intervals using a fluorescent plate reader (Bio-Tek). After baseline evaluation, 5 

mL of A23187 (0.2 mM; final concentration in RBCs was 5 mM) were injected to all 

samples, and RBC Fluo-3,AM fluorescence was monitored for additional 90 min.  

Potassium Efflux 

To determine if the Gardos Channel plays a role in this mechanism, potassium 

efflux was quantified using atomic emission spectroscopy. For these experiments, whole 

blood was again drawn from three healthy volunteers directly into sodium heparin and 

used immediately. Blood was centrifuged at 1000 g for 10 minutes and the supernatant 

and buffy coat discarded. The cells were resuspended to 40% Hct with 0.01 M phosphate 

buffer pH 7.4, 290 mOsm. This process was repeated twice more or until supernatant was 

clear. RBC suspensions were aliquoted into three 1 mL samples. Sample 3 was treated 

with 80 µM SNP and incubated along with samples 1 and 2 at 37˚C for 60 minutes. A 

solution containing 2 mM calcium chloride and 1 mM A23187 was diluted 100x into 

samples 2 and 3 and incubated alongside the control for an additional 30 minutes. Sample 

1 was mock-treated as a control. Five hundred microliters were drawn, centrifuged and 

supernatants diluted 500x into Millipore water from each sample immediately after 

addition of the calcium mixture and again at t=0 minutes, t=10 minutes and t=30 minutes 

to measure potassium efflux as a function of time. 

Statistics 

Data from experiments examining effects of calcium and cycles of sickling and 

unsickling are presented as percent recovery, defined by the equation 

% Re  = 100 SNP Calcium

control Calcium

X X
c

X X




    (4) % Rec 
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where X represents either DI Max or Osm Max, and %Rec is the percent recovered using 

SNP compared to calcium treatment.  The percent recovery using nitrite was calculated 

similarly. All data was evaluated by a student paired t-test with p<0.05 defining 

significance.  

Results 

 Healthy RBCs have a maximum deformability (DI Max) at around 290 mOsm, 

while dehydration of the cells causes a shift to the left in DI Max. Since sRBCs are 

susceptible to dehydration, they have a much lower DI Max with a corresponding 

osmolality shifted to the left (lower osmolality) (Figure 1). Our goal in this study was to 

see if agents could be employed to improve sRBC deformability and hydration that 

results from cycles of sickling and unsickling. 

As previously reported by some[15], but contrary to reports from others[35], NO 

donors and agents that could affect nitric oxide synthase in the absence of excess calcium 

influx did not have an effect on DI Max (p≥0.30, Figure 2). SNP did, however, protect 

against loss in deformability due to calcium-induced dehydration in healthy cells. SNP  

alone had no effect on deformability (DI Max=0.458) compared with the mock-treated 

(control) cells (DI Max=0.456). The addition of calcium and A23187 caused a dramatic 

decrease in deformability (DI Max=0.292), however if the cells were pretreated with SNP 

before the addition of the calcium/ionophore solution, the deformability of the cells was 

comparable to that of the control or the cells treated with SNP alone (Figure 3).Sickle 

cells pretreated with SNP before inducing sickling and unsickling by oxy-deoxy cycling 

showed a significant improvement in DI Max when compared with untreated cycled cells.  

Representative data are shown in Figure 4A. Only one patient showed a decrease in  
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deformability of just over 14% with the addition of SNP. In addition to preventing 

deformability loss, preincubation of the cells with SNP showed a significant 

improvement in Osm Max (Figure 4C). Though we did not directly measure O hyper – 

the osmolality at which the deformability is at half its maximum[37] – it followed the 

same trend as Osm Max – a leftward shift in dehydrated cells. The increased 

deformability combined with a rightward shift in osmolality is consistent with the 

hypothesis of a protective effect of SNP from calcium-induced dehydration.When 10 µM 

sodium nitrite was used in place of SNP, there was an insignificant trend towards reduced 

dehydration regarding both DI Max and Osm Max. There was a percent recovery in DI  

 

Figure 1. Osmotic deformability curves 

for healthy (black) and sickle (gray) 

RBCs. Healthy RBCs are much more 

deformable with DI Max around 290 

mOsm, while dehydrated sickle RBCs are 

much more rigid and Osm Max much 

lower. 

 

Figure 2.     Average DI Max for 

healthy RBC treated with NO donors 

and agents that could affect nitric 

oxide synthase . NO donors DEA-

NONOate and SNP (10 µM), NOS 

substrate L-arginine (3 mM) and NOS 

inhibitor (1 mM) were added to 1 ml 

fresh whole blood and incubated for 1 

hour at room temperature (n=4, each 

trial from a different donor).  
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Figure 3.     Average DI Max for 

healthy RBC treated with or without 

SNP and/or the calcium with A23187. 
From left to right: control; +80 µM 

SNP; +20 µM Ca
2+

 +10 µM A23187; 

+80 µM SNP +20 µM Ca
2+

 +10 µM 

A23187 (n=3, each trials from a 

different donor) 

 

 

Max of 25.4% (p=0.11; Figure 5A) and Osm Max of 32.5% (p=0.092; Figure 5B) (n = 5 

patients).   

Lastly, the addition of SNP did not have an effect on calcium influx in healthy 

RBCs treated with calcium and ionophore A23187 (Figure 6A), however it reduced 

potassium efflux in ([K+]e) healthy RBC as shown by atomic emission spectroscopy 

(Figure 6B). At the end of the 30 minute incubation with 20 µM Ca
2+ 

and 10 µM A23187, 

potassium efflux was reduced drastically in the samples that had been pretreated with 80 

µM SNP. Samples pretreated with SNP showed an average [K+]e of 6.07 mM which was 

slightly higher than the control ([K+]e = 1.65 mM), but much less than cells treated with 

calcium and A23187 alone ([K+]e = 20.2 mM) for a total reduction in potassium efflux of 

74.2±19.2% (n=3). While measurements of calcium influx and potassium efflux were  

conducted using RBC from healthy donors, it is likely that the effects would translate to 

sRBC.  
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Figure 4.     SNP effects on 

deformability of sickle red blood cells 

A.  Osmotic deformability curves 

showing improvement in DI Max and 

Osm Max when sickle cells were 

precincubated with SNP. Sickle whole 

blood (black, DI Max=0.198) underwent 

several cycles of sickling and unsickling 

in the presence of 2 mM extracellular 

calcium (light gray, DI Max=0.147) to 

promote dehydration along with potential 

formation of irreversibly sickled cells. 

Samples that were pretreated with 80 µM 

SNP were protected from this calcium-

induced dehydration (dark gray, DI 

Max=0.189).  B. Percent control is the 

fraction of DI Max with Ca2+ and/or 

SNP to that of the control. All but one of 

the patients (grey) showed an increase in 

DI Max (p=0.036, DI Maxcalcium vs DI 

MaxSNP; n=7). The average (black) 

percent recovery of deformability loss 

with addition of SNP was 42.7 ± 36.7 % 

C. Percent control is the fraction of Osm 

Max with Ca2+ and/or SNP to that of the 

control. All of the patients’ RBC showed 

an increase in osmolality at DI Max 

when pretreated with SNP (p=0.024, 

Osm Maxcalcium vs Osm MaxSNP; n=8 

patients). The average percent recovery 

in osmolality was 81.5 ± 71.1%. 
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Figure 5. Nitrite effects on 

deformability and hydration of 

sickle red blood cells A.  Average 

DI Max for sickled RBC treated 

with or without sodium nitrite (10 

µM) and/or calcium chloride (2 

mM). Nitrite had a small though 

insignificant protective effect 

against hypoxia-induced 

deformability loss (p=0.11; n=5 

patients). B. Average Osm Max 

for sickled RBC treated with or 

without sodium nitrite (10 µM ) 

and/or calcium chloride (2 mM). 

Nitrite had a small though 

insignificant protective effect 

against hypoxia-induced 

dehydration (p=0.0.092; n=5 

 

 

Given previously published results showing effects of oxidizing agents on Gardos 

channel activity[30], we tested effects of several other oxidizing and nitrosating agents 

besides SNP and nitrite. Angeli’s Salt, a nitroxyl donor, did not demonstrate a protective 

effect against calcium-induced dehydration in healthy cells (Figure 7A). Bacitracin, a 

non-specific inhibitor of PDI, was also showed no significant effect (Figure 7B). 

Hydrogen sulfide and a mixture of DEA-NONOate with cyanide were also tested but  
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damaged the RBCs too severely to obtain good curves (data not shown).  Thus, SNP and 

perhaps nitrite seem to have unique reactivity. 

Discussion  

Consistent with some previous reports[15], but contrary to others[12], we did not 

see an effect of NO donors alone, NO precursor L-arginine or NOS inhibitor L-NAME 

on RBC deformability. One explanation for the contradictory results could be the 

different shear stresses used, though one would think that changes in cellular dehydration, 

membrane stiffness, and surface-to-volume ratio would affect all DI at all shear stresses.  

 

Figure 6. Effect of SNP on ion transport A. RBC Calcium influx in response to 

A23187 (5 μM) in the presence or absence of SNP: RBCs labeled with the calcium 

fluorophore, Fluo-3,AM, were treated with SNP at selected concentrations between 20 

μM and 160 μM. Control RBCs were not treated with SNP or A23187. NaOH 0.01 M 

was the vehicle control for the SNP treatments. RBC Fluo-3,AM was monitored for 

30 min, then A23187 was injected, and fluorescence was monitored for additional 90 

min (n=3).  B. Pretreating 40% Hct washed  RBC (blue) with SNP (green) before 

addition of calcium and ionophore A23187 (red) blunted potassium efflux by 

74.2±19.2% after 30 minutes (p=0.003, n=3, each trial from a different donor). 
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Figure 7. Effect of other 

nitrosating and oxidizing agents 

on calcium-induced RBC 

dehydration in healthy RBCs. A.  

RBCs were pretreated with 

Angeli’s Salt (100 µM) before 

addition of calcium chloride (20 

µM) and A23187 (10 µM). Gray 

bar graphs show average DI Max 

± standard deviation (from left to 

right: 0.389±0.007, 0.388±0.006, 

0.318±0.010, 0.313±0.006) and 

black line graph shows average 

Osm Max ± standard deviation 

(from left to right (in mOsm): 

234.5±3.4, 232.9±5.6, 109.9±2.6, 

120.3±1.9) (n=3 donors).B. RBCs 

were pretreated with Bacitracin (3 

mM) before addition of calcium 

chloride (20 µM) and A23187 (10 

µM). Gray bar graphs show 

average DI Max ± standard 

deviation (from left to right: 

0.357±0.006, 0.321±0.004, 

0.253±0.010, 0.256±0.005) and 

black line graph shows average 

Osm Max ± standard deviation 

(from left to right (in mOsm): 

230.9±10.7, 223.5±3.1, 94.2±2.3, 

122.1±2.9) (n=3 donors). 

 

While our experiments were performed at a constant high shear (160 dyn/cm
2
), other 

experiments were performed at a variable increasing shear and, in one study using SNP 

and Deta NONOate, only results at low shear were shown to have an effect[12]. In 

another study, DI max was calculated by fitting DI versus shear curves[14].  It is not 

specified which fitting method was applied in these studies, but a common fitting 
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technique, Lineweaver-Burke method, is known to be inaccurate at low shear.[38] The 

result of Bor-Kucukatay et al using Deta NONOate (half-life of 56 hours at room 

temperature) is also perplexing given how much NO must have been released in those 

experiments. After incubation for one hour at room temperature, the amount of NO 

provided by 1 µM Deta NONOate (which reversed decrease in deformability in the 

presence of NOS inhibitors and trended to increase deformability in absence of 

inhibitors[12]) would be about 10 nM.  This small amount challenges mechanistic 

explanations. In any case, the effects of these agents, when observed to have an effect, 

are very small compared to those when calcium is allowed to enter cells. 

We confirmed the results of Rifkind and colleagues[15] showing a protective 

effect of SNP on calcium-induced dehydration of healthy RBC using osmotic gradient 

ektacytometry. In new, important experiments we found that SNP protected against loss 

of deformability and dehydration in RBCs from patients with SCD after cycles of 

hypoxia and reoxygenation.  The deformability index and osmolality at peak 

deformability were both significantly improved when cells were pretreated with SNP 

before calcium influx via ionophore A23187 or cyclic hypoxia/oxygenation as was the 

case with sRBCs.  Nitrite trended to have similar effects as SNP. 

In the case of our experiments with healthy cells, we employed a calcium 

ionophore that is thought to bind to calcium on side of the membrane and diffuse through 

the membrane and then release the calcium on the other side. In our experiments with 

sickle cells we do not add an ionophore and calcium is thought to leak in through native 

channels due to cycles of sickling and unsickling which is associated with cellular 

deformation due to polymerization[39]. Due to these different mechanistic pathways of 
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calcium influx, we believe that SNP does not influence calcium entry into the cell. This 

hypothesis is supported by our fluorescence experiments showing only a mild effect of 

SNP at high concentrations on calcium influx into healthy RBC. Rifkind et al measured 

intracellular calcium directly and showed reduced calcium uptake in cells pretreated with 

SNP, and these authors therefore attributed the protective effect of SNP to inhibition of 

CA uptake.  However, our experiments measuring real-time calcium influx via 

fluorescence microscopy do not support this hypothesis. 

To test the involvement of the Gardos Channel in these experiments involving 

SNP, we measured potassium efflux by atomic emission spectroscopy. Samples 

pretreated with SNP before addition of calcium/A23187 showed a reduction in potassium 

efflux of over 74%. These findings support the hypothesis of SNP interacting with the 

Gardos Channel directly or with neighboring proteins influencing Gardos Channel 

activity. SNP does not affect CA influx, yet diminishes potassium efflux and associated 

RBC dehydration. 

There are many strong arguments supporting the hypothesis of an increased 

oxidative state in SCD. This imbalance between oxidant and antioxidant activity takes a 

toll on the cell and the surrounding tissue, leading to increases in cytokine expression and 

other adhesion molecules that further exacerbate the injurious conditions. Recently, it 

was discovered that activation of the ET-1 type B receptor led to increased activity of a 

ubiquitous oxidoreductase, PDI, residing in the RBC membrane that has been shown to 

have an effect on Gardos Channel activity in SAD sickle transgenic mice.[30] This same 

group found that impermeable oxidizing agents have the same effect on PDI activity as 

specific PDI inhibitors in reducing Gardos Channel activity. Similarly, they found that 
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thiol blocker phenylarsine oxide (PAO) had a smaller effect on blocking potassium efflux 

through the Gardos Channel. We propose that SNP interacts with either PDI or thiols in 

the Gardos Channel directly through nitrosation or oxidation, preventing [K+] efflux and 

corresponding RBC dehydration. However, other oxidizing or nitrosating agents tested 

did not have similar activity (Figure 7).  SNP thus appears to have unique reactivity in the 

red cells that leads to Gardos channel inactivation. Further studies are needed to fully 

determine the mechanism by which this unique reactivity of SNP protects against 

calcium-induced dehydration of the cells.  

It appears that NO alone is not capable of protecting against RBC stiffness caused 

by increased intracellular calcium as shown by us and Rifkind’s group who, in addition to 

some of the NO donors we used, tested nitroglycerine and acetyl-d-l-penicillamine at 

concentrations similar to those of SNP.[15] No effect was seen. Sodium ferrocyanide 

(Fe(CN)6
-4

) and sodium cyanide, both of which resemble SNP structurally, also had no 

effect. A biotin switch assay and the Cu
2+

/ascorbate-reductive chemiluminescence assay 

were performed to detect any S-nitrosylation of thiols along the Gardos Channel, 

however none were detected. Lastly, Rifkind and coworkers tested glutathione and S-

nitrosocysteine, neither of which had an effect. The unique reactivity of SNP is likely to 

modify PDI or the Gardos Channel directly through nitrosation and/or oxidation of thiols 

in ways that other nitrosating agents do not. Though our results with nitrite were not 

significant by student t-test, the trend we saw showing a protective effect similar to that 

of SNP supports our hypothesis of nitrosation or oxidation of PDI or Gardos Channel 

thiols.  
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Our results showing a protective effect of SNP warrant additional research. While 

the dose of SNP used in these experiments is substantially higher than that which has 

been used clinically without adverse effects[40], it has been demonstrated that an 

infusion of 2 µg·kg
-1

·min
-1 

yielding a concentration of 20 µM resulted in no adverse 

effects[41]. Others have found that toxicity is associated with the rate of infusion, but less 

so with the duration[40]. Thus, chronic use is better. With this in mind, the total SNP 

deliverable to a patient may be comparable or higher than that used in this study. Further 

work is required to see if such infusions would result in clinical benefit.  

The Gardos Channel is not a new target for potential therapies in sickle cell 

disease, as some specific blockers have been discovered and tested in recent years.[10] 

Nevertheless, new therapeutic agents that inhibit Gardos channel activity are worth 

exploring.  In addition, the finding that PDI and its oxidative state affect the activity of 

the Gardos Channel and RBC dehydration introduces a number of potential therapies.  
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Abstract  

Carbon monoxide (CO) poisoning remains the most common poisoning and a significant 

cause of death and disability. We introduce the first antidotal therapy for CO poisoning, 

based on the near-irreversible CO-binding by an engineered human neuroglobin. 

Neuroglobin is a 6-coordinate hemoprotein, with the heme iron coordinated by two 

histidine residues. We mutated the distal histidine to glutamine (H64Q), forming a 5-

coordinate heme protein. This molecule exhibits a very high affinity for gaseous ligands, 

with a P50 value for oxygen of <0.05 mm Hg. H64Q neuroglobin binds CO almost 500 

times stronger than hemoglobin, and incubation of H64Q neuroglobin with 100% CO-

saturated cell–free or red blood cell hemoglobin reduces the CO-Hemoglobin half-life to 

7- and 41-seconds, respectively.  Infusions of H64Q neuroglobin in CO-poisoned mice 

reduce the CO half-life from 24- to < 5-minutes, with improvements in hemodynamic 

stability within 5-minutes of infusion. These data support a new approach to CO 

poisoning using engineered hemoproteins as high affinity CO scavengers.  
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 Neuroglobin (Ngb) is a cellular heme globin expressed in brain and retina that has 

been shown to protect cells from death after ischemia and reperfusion injury[42-44]. 

While the mechanisms for this effect remain uncertain, this is likely not related to oxygen 

binding and storage as the concentrations of the globin are low (2-25 microM).  

Mechanisms proposed for this cytoprotective effect include the reduction of cytochrome 

c or the reduction of nitrite to form nitric oxide (NO)[45]. Unlike 5-coordinated globins 

such as hemoglobin (Hb) and myoglobin, neuroglobin has a distal histidine residue (H64) 

that binds to the heme iron resulting in a 6-coordinated heme. This bis-histidine structure 

is common to cytochromes and other globins (cytoglobin, plant Hbs, drosophila Hb).  In 

an effort to understand the mechanisms that regulate nitrite and other ligand binding to 

neuroglobin we generated H64 mutants that are constitutively 5-coordinated (free iron 

ligand position similar to Hb and myoglobin-see Figure 1 for wild type and H64Q 

mutant)[46-50].  In addition to finding that these 5-coordinated mutant neuroglobin 

molecules can reduce nitrite to form NO about 3,000 times faster than Hb[45], they also 

bind oxygen with a very high affinity (our estimated P50 of 0.06 torr for the H64Q 

neuroglobin compared with the normal 26 torr for hemoglobin, example in 

Supplemental Figure 4)[45]. This finding informs our primary hypothesis, that a mutant 

5-coordinated neuroglobin will bind CO with very high affinity and can be used as a new 

specific antidotal therapy to bind, chelate and eliminate CO. 
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Figure 1. Structure of wild-type and H64Q neuroglobin unliganded and with 

bound CO. Similarly to CO, one molecular oxygen can bind to H64Q 

neuroglobin. Under conditions of CO poisoning, oxygen is displaced by CO 

binding resulting in one CO molecule scavenged and delivery of one molecule of 

oxygen. The unliganded H64Q strutcture was obtained using the PyMOL 

mutagenesis tool from the wild type structure and the H64Q with bound CO from 

the CO-bound wild type structure. 

 

Results  

H64 substituted neuroglobin exhibits a high CO binding affinity compared with 

hemoglobin  

 

CO binding affinities from recombinant neuroglobin molecules and from 

hemoglobin were measured at room temperature (22° C) using laser flash photolysis to 

assess on-rates and nitric oxide (NO) displacement of CO for analysis of off-rates. Two 

neuroglobin mutants were evaluated, the H64Q (“Ngb-H64Q”) and H64Q combined with 

three surface thiol substitutions (C46G and C55S[45], and C120S; “Ngb-H64Q-CCC”) to 

increase protein solubility and limit oligomerization. The flash photolysis methodology is 

depicted in Figure 2a and allows for full release of CO from the heme and fast 

measurement of rebinding. In brief, the CO-saturated globins were photolysed with a 20 
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millijoule 6 ns Nd-YAG laser pulse at 532 nm and the recombination kinetics were 

recorded for 1200 μs and 100 μs for Hb and neuroglobins, respectively. The resultant 

absorption spectra were fit to first order kinetics using global analysis employing SpecFit 

software.[51-53] Both forms of neuroglobin had similar affinities for CO which were 

remarkably stronger than hemoglobin. Figure 2b shows initial and final absorption 

difference spectra of hemoglobin 1200 µs after the 20 mJ laser pulse and neuroglobin 100 

µs after the pulse. Note that the hemoglobin reaction is still incomplete after 1200 µs. 

The time decay and first order fit of the absorbance difference (absorbance at plotted time 

following photolysis minus absorbance prior to photolysis) at a single wavelength is 

shown in Figure 2c on a logarithmic scale. Compared with hemoglobin, both 

neuroglobin molecules bind CO faster with observed pseudo-first order association rate 

constants of 0.13± 0.04 
 
μs

-1
 and 0.16±0.04

 
μs

-1
 for H64Q and H64Q-CCC neuroglobins, 

respectively, and 0.0050±0.0014
 
μs

-1
 for hemoglobin (with [CO] = 1 mM and in excess). 

Interestingly, CO binds faster to the mutant neuroglobin in which surface thiol residues 

were replaced, suggesting the 5-coordinated iron heme pocket configuration is slightly 

altered and allows easier access of diatomic ligands. This is consistent with our earlier 

data showing that, when one of the two surface cysteine residues forming a disulfide 

bond is replaced in the wild type neuroglobin (6-coordinated heme iron), the E-helix 

becomes more flexible, allowing tighter binding of the distal histidine to the heme 

iron[45]. 

Kinetics of CO displacement by NO after mixing CO-saturated globins with a 

solution containing a high concentration of NO were followed spectroscopically to 

determine the dissociation rate of CO from both neuroglobin mutants, compared with 
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hemoglobin. This classical method measures the CO dissociation (off) rate.  Because the 

concentration of NO used is so high (mM), as the CO is released from the heme it is 

replaced by NO. Samples of 10 µM CO-saturated protein containing 100 µM sodium 

dithionite were prepared. A solution saturated with 1 mM NO was prepared using the NO 

donor ProliNONOate (Cayman Chemical # 82145) and was injected into each protein 

sample and immediately scanned on a Cary50 spectrophotometer. Absorption spectra 

were recorded for 45-minutes for hemoglobin and 270-minutes for neuroglobin. Figure 

2d shows the initial and final absorbance spectra of the proteins at the Soret bands for the 

CO and NO species after mixing the CO-saturated globins with the NO solution, while 

the corresponding absorbance decay at 419 nm is plotted in Figure 2e. As the spectra for 

both mutant neuroglobin molecules are similar, only one is shown. The measured 

dissociation rate constants were 5.2 x 10
-4

 ± 1.4 x 10
-4

 s
-1

 and 4.2 x 10
-4

 ± 1.8 x 10
-4

 s
-1

 

for neuroglobins H64Q and H64Q-CCC, respectively, and 0.0065 ± 0.002 s
-1 

for 

hemoglobin.  The overall measured affinities (kon/koff values shown in Figure 2f) were 

7.95 x 10
8
 for hemoglobin compared with 2.54 x 10

11
 and 3.80 x 10

11
 for neuroglobins 

H64Q and H64Q-CCC, respectively. When compared with hemoglobin, the neuroglobins 

exhibited 319- and 478-fold greater affinities for CO, respectively, for mutations H64Q 

and H64Q-CCC.  It is possible that the fast association rate constants measured for the 

neuroglobin mutants are actually not due to bimolecular (second order) binding kinetics, 

but rather due to binding of the photolysed CO prior to its leaving the heme pocket 

(geminate recombination). In order to rule out this possibility, we conducted experiments 

at low CO pressure which would only affect second order processes and not geminate 

recombination. As expected, the observed pseudo-first order rate constants at 0.1 atm CO 
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were one order of magnitude lower than when saturated under 1 atm CO, but the ratio of 

neuroglobin to hemoglobin rate constants remained relatively unchanged (data not 

shown). Association rates of Ngb-H64Q-CCC at 0.1 atm CO and 1 atm CO were 

k=0.0197±0.0038 µs
-1 

and k=0.158±0.040 µs
-1

, respectively. The results for hemoglobin 

were consistent with the published literature[54].  

Figure 2.  Kinetics of association and dissociation of CO with hemoglobin and 

neuroglobin.   (a) Flash Photolysis: Schematic of the experimental setup. A laser pulse 

dissociates CO from the heme. Recombination kinetics were recorded for 1200 μs, 100 

μs, and 50 μs for hemoglobin, neuroglobin mutant 1 and neuroglobin mutant 2, 

respectively. (b) Flash Photolysis: Difference between absorbance immediately after 

photolysis (unliganded protein) and absorbance of fully CO-saturated protein (“Initial 

Spectra”) and between absorbance of Ngb 100 µs, or Hb 1200 µs, after photolysis and 

that of CO-saturated Ngb or Hb (“Final Spectra”). Note: hemoglobin reaction is 

incomplete after 1200 µs. (c) Flash Photolysis: Kinetics (raw data and fits) of CO binding 

to the globins on a logarithmic scale, with 1 mM of excess CO (kHb=4.62 µs
-1

; kNgb1=139 

µs
-1

; kNgb2=188 µs
-1

) (d) Replacement by NO: Soret band of initial (CO-bound) and final 

(NO-bound) species for both Hb and Ngb after the addition of 1 mM NO solution. (e) 

Replacement by NO: Kinetics (raw data and fits) of CO dissociation from Hb and Ngb in 

presence of 1 mM excess NO (kHb=7.65x10-3 s
-1

; kNgb=4.27x10
-4

 s
-1

) (f) The overall 

affinity was found to be 7.95x10
8
 ± 2.87x10

8 
M

-1
 for hemoglobin and 2.54x10

11
 ± 

1.13x10
11

 M
-1

  and 3.80x10
11

 ± 9.64x1010 M
-1

  for neuroglobin mutants 1 and 2, 

respectively. *Error bars show standard deviation. 
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Rapid CO transfer from carboxy-hemoglobin to H64Q neuroglobin 

We next evaluated the transfer of CO at 37 °C from purified 100% carboxylated 

hemoglobin to H64Q-CCC substituted neuroglobin under aerobic (neuroglobin is 100% 

saturated with molecular oxygen at the beginning) and anaerobic (in presence of 

dithionite) conditions. In these types of in-vitro experiments with pure and red-cell 

encapsulated Hb, as well as in mice, we only used the triple cysteine-modified H64Q 

neuroglobin (Ngb-H64Q-CCC) as it has a slightly higher affinity for CO and is more 

soluble. Purified 100% CO-saturated Hb (CO-Hb) was prepared and rapidly mixed with 

equimolar solutions of unliganded H64Q neuroglobin. We calculated the lifetime of CO 

dissociation from hemoglobin in the presence of neuroglobin via single exponential fits 

(when Ngb-H64Q-CCC was equimolar or higher compared to CO-Hb) and measured 

initial rates. With purified Hb, equimolar amounts of Ngb-H64Q-CCC were used, while 

neuroglobin amounts were varied from 0.5 to 6 times red blood cell-encapsulated Hb. 

The experiments with pure Hb were measured using rapid manual mixing (t<5 seconds) 

in a Cary spectrophotometer. Spectral deconvolution of time-resolved absorption data 

collected at 37
°
C was performed by a least squares fit using basis spectra as described 

previously, to determine the percentage of the following species: CO-saturated Ngb-

H64Q-CCC and Hb, unliganded Ngb and Hb, O2-bound Ngb and Hb.[45, 51-53, 55] 

Figure 3a shows the absorbance spectra of CO-saturated hemoglobin and unliganded 

H64Q-CCC neuroglobin before mixing them together and Figure 3b shows absorbance 

spectra measured every 2.4 s after the two proteins were mixed. As shown in Figure 3c, 

after mixing, the CO rapidly transferred from hemoglobin to H64Q-CCC neuroglobin in 

approximately 10-seconds. There was no significant difference between the rate of CO 
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transfer under anaerobic and atmospheric conditions with an average lifetime (n = 7) of 

9.3 ± 2.6 seconds based on single exponential fits and a life time of 11.5 ± 5.3 seconds 

based on the initial rates. Standard reference spectra used for least-squares deconvolution 

are shown in Supplemental Figure 1 and example aerobic data are shown in 

Supplemental Figure 2.  

The same experiments (pure CO-Hb mixed with unliganded Ngb-H64Q-CCC) 

were repeated at 22 °C. Interestingly, the observed rates were 2.4 times faster than the 

CO dissociation rates measured at 22 °C in presence of excess NO (0.014 ± 0.005 s
-1

 vs. 

0.0065 ± 0.002 s
-1

, Supplemental Figure 3), suggesting that neuroglobin may interact 

with hemoglobin, accelerating CO release as compared with its normal dissociation rate. 

Thus, the equilibrium affinity of CO for hemoglobin, kon/koff, is effectively halved in the 

presence of Ngb-H64Q-CCC. 

 Rapid CO transfer from 100% CO saturated red cells to extracellular H64Q 

neuroglobin 

Given that CO transfers from pure hemoglobin to H64Q-CCC neuroglobin in 

seconds, we wanted to measure how fast this process would occur across cellular 

compartments, from the red cell to extracellular neuroglobin. In order to evaluate this we 

prepared 100% CO-saturated red blood cells and incubated them at 37 °C with different 

stoichiometric ratios of intracellular hemoglobin to extracellular H64Q-CCC neuroglobin 

in the absence (Figure 4, panels a – d) and presence (Figure 4, panels e and f) of 

atmospheric oxygen (where the neuroglobin is 100% O2-bound at the start). For these 

experiments, after mixing, we collected time points in rapid succession by centrifuging 

samples in <5 seconds to separate erythrocytes from neuroglobin and measured CO 
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 bound to the intracellular hemoglobin and to the supernatant neuroglobin. 

The changes in absorbance spectra of hemoglobin and H64Q-CCC neuroglobin 

from a representative anaerobic experiment at 37 °C were shown in Figure 4, panels a 

and b, respectively. The hemoglobin spectra changes from the 100% carboxylated 

species to that of completely unliganded hemoglobin within 2-minutes, while the H64Q-

CCC neuroglobin spectra shows an opposite change of 100% unliganded deoxy-

Figure 3.  CO transfer from pure 

hemoglobin to neuroglobin. (a) Example 

absorption spectra of 40 M CO-saturated 

Hb and unliganded Ngb-H64Q-CCC 

before mixing the two together at 37 °C, 

in presence of 5 mM Dithionite. (b) 

Spectra measured every 2.4 s after mixing 

the two proteins together, arrows indicate 

the change in absorbance at specific 

wavelengths. (c) Kinetics (deconvoluted 

data and exponential fits) of the CO-bound 

Hb and Ngb-H64Q-CCC. The measured 

reaction rate was 0.11 s
-1

 (9 s reaction 

lifetime). Reference spectra used to obtain 

this data via least-squares optimization is 

shown in Figure 1 of Supplemental 

Methods.   
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neuroglobin to carboxylated neuroglobin at the same time. Figure 4, Panels c – f show 

example kinetics of the decrease in carboxylated hemoglobin and increase in 

carboxylated H64Q-CCC neuroglobin at different stoichiometric ratios of neuroglobin to 

hemoglobin under aerobic and anaerobic conditions. When atmospheric oxygen is 

present (Figure 4, Panels e and f), oxygen competes with CO for binding to Ngb, thereby 

reducing the magnitude of CO transfer from Hb to Ngb, although we do not  see any 

difference in the rate of CO removal from carboxy-hemoglobin  compared that measured 

in the absence of oxygen. The analysis of all experiments, including those with pure, 

unencapsulated, hemoglobin, indicates a 1:1 stoichiometric transfer of CO from 

hemoglobin to H64Q-CCC neuroglobin under both aerobic and anaerobic conditions 

(Figure 4g). When only atmospheric oxygen is available to displace CO from the 

hemoglobin in red blood cells, the observed carboxy-hemoglobin lifetime is 

approximately 140 minutes, while in the presence of H64Q-CCC neuroglobin, with and 

without atmospheric oxygen, it is reduced by more than 100-fold to only 1 minute 

(Figure 4h). With mixtures of purified carboxy-hemoglobin and H64Q-CCC neuroglobin 

the carboxy-hemoglobin lifetime is about 10 seconds. Interestingly, CO dissociation from 

purified hemoglobin only in the presence of atmospheric oxygen (at 37 °C) was two-fold 

slower than from red cell-encapsulated hemoglobin, presumably due to absence of 2,3-

diphosphoglycerate in our purified hemoglobin stock (Figure 4h). 
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Figure 4.  CO transfer from red cell-encapsulated hemoglobin to neuroglobin. (a 

– b) Example absorbance spectra of 40 M red cell-encapsulated Hb and 40 M Ngb-

H64Q-CCC, respectively, after mixing the CO-bound Hb (CO-Hb) with the 

unliganded Ngb at 37 °C, in presence of 10 mM Dithionite. Arrows indicate the 

direction of absorbance change at specific wavelengths. *The first spectra, of 100% 

CO-bound Hb and 100% unliganded Ngb were recorded before mixing. (c – d) 

Example time progressions (least squares deconvolution and exponential fits) of CO-

bound Hb and CO-bound Ngb-H64Q-CCC, respectively, after mixing together at 

37 °C, in presence of 3 – 10 mM Dithionite. The number next to each line indicates 

the ratio of Ngb to Hb, with the Hb always 30 – 40 µM. The same experiments are 

shown in both panels, with the exception of the control experiment in the absence of 

Ngb (panel c). The time courses shown for equimolar amounts of Hb and Ngb (ratio of 

1.0) are derived from the spectra shown in panels A & B, respectively. (e – f) Example 

kinetic data (least squares deconvolution and exponential fits) of 30 – 40 µM Hb 

(panel e) and Ngb-H64Q-CCC (panel f) under atmospheric Oxygen tension at 37 °C. 

(g) The calculated moles of CO dissociated from Hb (x-axis) plotted against the 

calculated moles of CO that bound to Ngb-H64Q-CCC, based on data in panels c – f 

and data in Fig. 3 in addition to similar experiments with red cell-encapsulated and 

purified Hb (n = 29). (h) The calculated life times of CO dissociation from Red Blood 

Cell-encapsulated Hb under atmospheric oxygen tension (RBC + Air, n = 4) and in 

presence of Ngb-H64Q-CCC (RBC + Ngb, n = 22), and from purified Hb in presence 

of atmospheric oxygen (Hb + Air, n = 4) and in presence of Ngb (Hb + Ngb, n = 7). 

*Error bars show standard deviation. 

 Neuroglobin rapidly removes CO in vivo 

In order to test whether H64Q-CCC neuroglobin can effectively remove CO in 

vivo we exposed mice to 1,500 ppm CO gas mixed with air (Figure 5a & b) for an 

average of 50-minutes, which increases systemic carboxy-hemoglobin levels to 64% ± 1% 

(n = 13, PBS- & Ngb-infused mice combined). Prior to exposure, the mice were 
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surgically instrumented with placement of femoral artery and vein catheters for blood 

pressure analysis, blood sampling and infusions of H64Q-CCC neuroglobin and 

phosphate buffered saline (PBS) as a control. We then infused 250 µL of 8 – 12 mM 

H64Q-CCC neuroglobin (unliganded or saturated with molecular oxygen) or a similar 

volume of PBS within 4-minutes. Immediately after the infusion and every 5 minutes, 5 

µL of blood was collected and the red cells were rapidly washed and lysed for the 

measurement of carboxy-hemoglobin. We observed that the H64Q-CCC neuroglobin was 

effective at rapidly removing CO. Figure 5c & d show representative absorbance spectra 

of hemoglobin from the blood of a CO-poisoned mouse that received an infusion of PBS 

(panel c) and from a mouse that received an infusion of H64Q-CCC neuroglobin (panel 

d). The first absorbance spectrum shown was measured at the time when CO-exposure 

was stopped and the animals were returned to normal atmospheric conditions. These 

spectra indicate 58% and 57% carboxylated Hb, respectively, for the mice with PBS and 

H64Q-CCC neuroglobin infusions. The subsequent spectra for both animals were 

recorded every 5 min for half an hour followed by two 10 min intervals and it is evident 

that the mouse receiving an infusion of Ngb has a much lower level of CO-Hb after the 

first 5 minutes than the mouse that received PBS. These experiments are summarized in 

Figure 5a and 5b.  Remarkably, 5-minutes after return to normal atmospheric conditions, 

which is at least 30-seconds after the end of infusions, the carboxy-hemoglobin levels 

dropped by an average of 32.8% ± 3.4% in the group that received H64Q-CCC 

neuroglobin versus 13.3% ± 0.6% in the group that received PBS (Figure 5e).  The 

decrease in blood pressure during CO exposure was similar between the two groups 

(Figure 5b) and consistent with severe hemodynamic instability during CO poisoning. At 
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the end of exposure, blood pressure in mice which received neuroglobin tended to be 

restored to near its pre-exposure values as compared to the lower blood pressure values of 

animals which received PBS, with low significance. This effect is likely mediated by 

improved cardiovascular function with rapid CO clearance rather than NO scavenging, as 

NO-bound neuroglobin was not detectable, either in blood plasma or urine, via spectral 

deconvolution.  Consistent with cell free plasma hemoglobin and myoglobin being 

cleared in the kidneys in humans, the carboxylated H64Q-CCC neuroglobin appeared to 

be rapidly cleared from the plasma into the urine.  In an average of 60-minutes after 

infusion, we measured high concentrations of neuroglobin (which was 86 – 94% 

carboxylated) in the bladder, indicating rapid removal of CO from blood to urine (Figure 

5f).  

Discussion 

 Carbon monoxide (CO) poisoning, effecting 50,000 patients a year in the US, is 

one of the leading causes of poisoning death.[56]  Despite knowing in the 19
th

 century 

that CO produces tissue hypoxia by binding avidly to hemoglobin (Hb), thus reducing its’ 

oxygen carrying capacity and producing tissue hypoxia, there is still no specific antidotal 

therapy[57].  The only current therapeutic options, 100% normobaric or hyperbaric 

oxygen (3-5 atmospheres), act by reducing the elimination half-life of CO from 320 

minutes to 74 and 20 minutes, respectively[56, 58-60]. The practical efficacy of 

hyperbaric oxygen therapy is quite limited due to significant time delay between 

diagnosis in the field, transportation to a hyperbaric therapy center, and actual 

treatment[56, 61-65].  Furthermore, the most unstable patients usually require mechanical 

ventilation and intensive care support, not easily administered within a hyperbaric  
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Figure 5.  In vivo CO transfer from red cell-encapsulated hemoglobin to 

neuroglobin. (a – b) The time progression of red cell-encapsulated, CO-bound, Hb 

(CO-Hb, panel A) and mean arterial pressure (MAP, panel B) during exposure of mice 

to 1500 ppm of CO and afterwards. The mice were exposed to 1500 ppm of CO 

equilibrated in 21% oxygen and balanced with nitrogen for an average of 50 minutes, 

until CO-Hb levels reached a steady state. At this point (x = 0 min) the CO was turned 

off and animals returned to normal atmospheric conditions. At the same time, 250 µL 

of either PBS or 8 – 12 mM Ngb-H64Q-CCC (unliganded or Oxygen-bound) were 

infused within 4 minutes. Red cell-encapsulated Hb and MAP were periodically 

measured until the CO-Hb decreased below 10% of total Hb. *The 5 min MAP 
increase point of Ngb group includes only 2 of 6 mice. *Data are expressed as 
mean ± SEM and * p < 0.03, ** p < 0.009, *** p < 0.005. p-values were calculated 
with the 2-tail unequal variances t-test. (c – d) Example absorbance spectra of 
mouse Hb after return to normal atmospheric conditions and an infusion of PBS (panel 

c) or Ngb-H64Q-CCC (panel d) Measurement of these spectra corresponds to the data 

points starting at time 0 in panel a, with the first seven spectra at 5 minutes apart. 

These and other spectra from a total of 13 experiments were used to calculate the 

kinetics shown in panel a. (e) The decrease in CO-Hb 5 minutes after end of CO 

exposure for mice that received PBS (13.3% ± 0.6%, n = 7) or Ngb-H64Q-CCC 

(32.8% ± 3.4%, n = 6). *The p-value was calculated with the 2-tail unequal variances 

t-test. *Error bars show standard error of the mean. (f) Absorbance of urine collected 

and measured after the mice were sacrificed, more than an hour after the end of CO 

exposure. The spectra have been corrected for dilution and normalized to a 0.1 cm path 

length cuvette. Three mice that received Ngb were found to have a very high CO-Ngb 

urine content while the mice that received PBS did not appear to have any heme 

proteins in the urine.  
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capsule.  Additionally, the studies that have examined hyperbaric oxygen in a controlled 

manner suggest that neurological impairment, while reduced, remains substantive[56, 66]. 

In a large randomized control trial, CO-poisoned patients who received hyperbaric 

oxygen within 24 hours of presentation manifest approximately one-half the rate of 

cognitive sequelae at 6 weeks, 6 months, and 12 months after treatment as those who 

were treated with normobaric oxygen (56% versus 25% at 6 weeks (p < 0.007)[65]. Even 

with best therapy, neurocognitive sequelae persist in 13-37% of patients up to 6 years 

after initial poisoning[62, 67]. The use of recombinant H64Q-CCC neuroglobin as an 

antidote provides the opportunity to deliver a drug in a point-of-care fashion in the field 

or in the emergency room, quickly after removing the patient from CO exposure. Many 

emergency rescue vehicles are now equipped with pulse oximeters for measuring CO-

hemoglobin saturation values in the field[68], to immediately diagnose CO poisoning and 

direct the patient to a hyberbaric facility. Diagnosis in the field could allow for the rapid 

placement of an intravenous angiocatheter and delivery of recombinant neuroglobin, 

which would be anticipated to immediately decrease the CO-Hb levels by 10% for every 

1 g/dL administered.  Similar amounts of hemoglobin based blood substitutes have been 

used safely in Phase I clinical trials in trauma and surgical patients (50-100 grams), 

suggesting potential feasibility for this dosing [69-71]. 

            While a major complication of the hemoglobin based blood substitutes was 

hypertension and multi-organ injury caused by NO scavenging[72-75], there are a few 

factors that may limit this complication in this case.  Firstly, the concentration of CO will 

be higher than the concentration of neuroglobin infused and much higher than the 

endogenous NO concentration. CO levels of  >30% carboxy-hemoglobin are greater than 
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3 mM, while NO concentrations in vivo are less than 0.5 µM. Therefore, CO should 

outcompete NO for binding to the infused neuroglobin. Any neuroglobin that is filtered in 

the kidney or other organs will be mostly CO-liganded, thus blocking both NO 

dioxygenation, fenton, and peroxidase reactions that scavenge NO and generate reactive 

oxygen species. Secondly, the H64Q neuroglobin has a nitrite reductase rate >3000 times 

faster than hemoglobin, suggesting that the molecule may generate NO and potentially 

offset effects of NO scavenging[45]. Alternatively, since hypotension is a characteristic 

effect of exposure to CO, scavenging some endogenous NO may help restore blood 

pressure to pre-exposure levels thereby facilitating faster oxygen delivery and improved 

clearance of CO-bound neuroglobin. As shown in Figure 5b, we observed that blood 

pressure in mice which received neuroglobin was restored to nearly its pre-exposure 

levels as compared with mice that were infused with PBS. 

 CO binds with high affinity to most ferrous heme containing proteins (Fe
+2

), 

exerting devastating consequences on both oxygen delivery and aerobic respiration. It 

binds to the heme globins, such as hemoglobin (Hb) in red blood cells and myoglobin in 

heart and skeletal muscle, as well as cytochromes, most notably cytochrome c oxidase of 

the mitochondrial electron transport chain. The binding of CO to Hb reduces binding sites 

for oxygen, reducing carrying capacity, but also increases Hb oxygen binding affinity (R-

state stabilizing effect), which reduces oxygen delivery[76].  Perhaps more importantly, 

CO inhibits mitochondrial respiration at complex IV, effectively shutting down oxidative 

phosphorylation, similar to the effect of cyanide.[77-80] The formation of CO-Hb was 

previously considered the major mechanism of CO toxicity. However, the clinical 

severity of the CO-poisoned patient does not directly correlate with the blood CO-Hb 
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level,[61, 66] and clinical improvement does not correlate with the rate of clearance of 

the blood CO-Hb level. Interestingly, as observed in canine studies, the toxicity of the 

same concentration of CO is greater when CO is administered by inhalation than by 

transfusion of CO-exposed red blood cells.[78]  These studies suggest that CO-Hb levels 

serve as a crude measure of CO exposure, but the toxic effects represent the global 

impact of CO inhibition of cellular heme-enzyme function and respiration.  It is now well 

appreciated that CO poisoning causes tissue ischemia-reperfusion injury, mitochondrial 

dysfunction and damage, cellular necrosis and apoptosis and down-stream activation of 

immunological and inflammatory events.[77-86] Our studies indicate that intravascular 

H64Q-CCC neuroglobin will scavenge CO systemically and increase the concentration 

gradients driving CO off hemoglobin and mitochondria, increasing CO clearance and re-

establishing oxygen delivery and aerobic metabolism. 

 

 

 The process of CO transfer from hemoglobin or other heme-containing proteins to 

H64Q neuroglobin is described by equations 1-3, where Ngb represents an unliganded 

H64Q-CCC neuroglobin and Hb represents an unliganded hemoglobin. Postulating that, 

at steady state, carboxylated hemoglobin (CO-Hb) disappears at the same rate as CO-
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bound neuroglobin (CO-Ngb) forms, we derive Equation 2. In this case the rate of CO 

release from hemoglobin depends, in theory, on the concentrations of both the CO-Hb 

and CO-Ngb. In practice, when n’[Ngb] is much higher than h’[Hb], the rate of CO-Hb 

disappearance will be effectively equal to the rate of CO dissociation from hemoglobin, 

h[CO-Hb]. This is analogous to the conditions of excess NO used to initially measure the 

CO off rate. However, because Ngb-H64Q-CCC has such a high affinity for CO (very 

high association rate and very slow dissociation), the rate equation above will be 

dominated by the CO off rate from Hb even at equimolar or lower levels of Ngb, until the 

CO-Hb decreases below about 90% of its original concentration. So Ngb-H64Q-CCC 

should always facilitate the removal of CO from hemoglobin at least at its intrinsic off 

rate, characterized by a single exponential process (Equation 3). 

The current studies support the use of recombinant neuroglobin as a biological 

therapeutic.  Despite recognition of the role of Ngb in cellular cytoprotection, this 

molecule has not been harnessed as a therapeutic. In addition to CO scavenging and 

oxygen delivery, this molecule may have other effects on cellular function via 

cytochrome c reduction or nitrite reduction to form nitric oxide (NO)[45, 87-89]. The 

triple cysteine-to-alanine substitutions to the H64Q neuroglobin reduce intramolecular 

cross-linking and increase protein solubility, allowing for the stable synthesis of 12 mM 

stock solutions. A high concentration of neuroglobin will allow for “unit” infusions of 

saline containing 50 – 100 grams of neuroglobin in the field by paramedics, necessary to 

increase the plasma levels to 3 – 5 g/dL and reduce CO-Hb levels by an absolute 

percentage of approximately 35% (e.g. from 60% carboxy-hemoglobin to 25%). 
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In conclusion, these studies identify a novel specific antidotal therapy for CO poisoning 

that may be given in the field by paramedics that can remove CO from red cells, tissues, 

and heart and brain mitochondria within minutes, providing for a potential paradigm 

changing approach to the most common human poisoning. 

Online Methods 

Reagents and Standard Sample Preparation.  Blood was used fresh or up to 4 weeks 

after collecting from human volunteers and hemoglobin was prepared as described 

previously [90].  All chemicals were purchased from Sigma (St. Louis, MO) unless noted 

otherwise. Visible absorbance spectra and kinetic data were collected on a Cary 50 and a 

HP8453 UV-visible spectrophotometer (Agilent Technologies, Palo Alto, CA). All 

experiments were performed in phosphate buffered saline (Sigma). CO-saturated buffer 

was prepared by bubbling 10 – 20 mL of PBS with CO gas for at least 15 minutes. Stock 

sodium dithionite solution was prepared by adding PBS degassed by Argon flow-through 

to a degassed vial of dry sodium dithionite.  

Neuroglobin Expression and Purification.  

 Site-directed mutagenesis of the wild type neuroglobin to H64Q and H64Q 

combined with three surface thiol substitutions (a C46G, C55S, and C120S mutation), 

referred to as H64Q and H64Q-CCC, respectively, was performed using QuikChange II 

kit (Stratagene, Palo Alto, CA), as described previously [91]. Details of cloning, 

expression, purification, endotoxin removal, and globin oxidation and reduction, are 

provided in supplemental methods. 
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Determination of Neuroglobin CO Binding Affinities.   

Flash photolysis was used to determine the on-rate of CO on Hb and both Ngb 

mutants. For these experiments, the samples of wild type and recombinant Ngbs 

(described below) and Hb are saturated with CO gas and then are photolysed with a 20 

millijoule 6 ns Nd-YAG laser pulse at 532 nm and the CO recombination kinetics are 

recorded using an extremely fast streak camera which collects spectral data with 

submicrosecond time resolution, with fits to first order kinetics using global analysis 

employing SpecFit software.[51-53]  This methodology is available in the physics 

laboratories of Dr. Kim-Shapiro at Wake Forest University and our investigative team 

has extensive experience in these measurements. Each protein was diluted into a 

phosphate buffer containing 10 mM sodium dithionite that had been degassed with CO. 

The samples remained under CO pressure for an additional 15 minutes and then were 

photolysed.  The recombination kinetics were recorded for 1200 μs and 100 μs for Hb 

and Ngb, respectively. The resultant absorption spectra were fit to first order kinetics 

using global analysis employing SpecFit software.[92] To further investigate the binding 

kinetics, the H64Q-CCC neuroglobin was incubated under 0.1 atm CO and the above 

assay was repeated with the same laser parameters. The time scale was changed to 0-3 ms 

and 0-6 ms for neuroglobin and hemoglobin, respectively. 

Absorption spectroscopy kinetics were used to determine the off-rate of CO on 

both Ngb mutants, as well as Hb. Samples of 10 mM protein and 100 mM sodium 

dithionite were saturated with CO.  Then 1 mM NO solution was prepared using 

ProlinNONOate (Cayman Chemical # 82145) and was injected into each sample and 

immediately scanned on a Cary50 spectrophotometer. Absorption spectra were recorded 
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for 45 minutes and 270 minutes for Hb and Ngb, respectively. The data was once again 

fit to first order using SpecFit software. 

Hb-to-Ngb CO Transfer Kinetics.   

Pure Hb kinetics – CO-saturated Hb (CO-Hb) was prepared by adding an excess 

of sodium dithionite to thawed Hb and mixing with CO-saturated buffer in a ratio of at 

least 4:1. Excess CO was removed by passing through a desalting column inside an 

anaerobic glove box. For anaerobic experiments an excess of sodium dithionite was then 

added to the CO-Hb. To measure CO transfer kinetics, CO-Hb inside a cuvette of 1 cm 

path length was placed in the cell holder of a Cary 50 spectrophotometer at 37 °C. The 

reaction was initiated by injecting Ngb-H64Q-CCC into the CO-Hb solution for a final 

concentration of 30 – 40 µM of both proteins.  Red Blood Cell kinetics – Red cells were 

obtained by washing 50 – 100 µL of packed red cells with PBS 3 to 5 times by 

centrifugation at 2000 x g for < 1 min. The washed red cells were diluted in 1 to 2 ml of 

PBS and deoxygenated while on ice and slowly stirring by a passing flow of argon gas 

for up to 1 hour. Sodium dithionite was then added to the red cells such that the 

concentration after dilution in CO-buffer would not exceed 7 mM. Carboxylated red cell-

encapsulated Hb was obtained by diluting the deoxygenated red cell solution with a ratio 

of at least 4:1 of CO buffer to red cells. Excess CO was removed by diluting the red cells 

5-fold with degassed PBS (containing 5 – 10 mM dithionite for anaerobic experiments), 

followed by centrifugation and removal of the supernatant. Afterwards, the red cells were 

resuspended to a final concentration of 100 – 300 µM in heme, with an excess of sodium 

dithionite for anaerobic experiments. 100% carboxylated red blood cells were 

equilibrated to 37 °C in a 1 cm septum-capped cuvette inside the cell holder of a Cary 50 
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spectrophotometer and the reaction was initiated by injecting Ngb-H64Q-CCC into the 

red cell solution. Sets of experiments with ratios of Ngb to Hb of 0.5, 1, 1.5 and 5.6:1 

were performed. The reaction mixture contained 2 – 10 mM dithionite under anaerobic 

conditions, while under aerobic conditions the cap was removed from the cuvette before 

injecting Ngb-H64Q-CCC. All reaction mixtures were stirred continuously. 0.3 mL 

samples were removed from the reaction mixture in immediate succession and, after 

centrifugation, supernatants were removed and saved in pre-labeled microcentrifuge 

tubes, while 0.3 mL of 10 mM dithionite with 0.5% NP40 in PBS was added to the red 

cell pellets for cell lysis and absorbance measurement. Absorbance measurement of the 

saved supernatants and lysed red cell pellets was initiated immediately after 

centrifugation of the last time point. Control experiments were performed similarly, but 

without addition of neuroglobin. 

Least Squares Deconvolution.   

Standard reference spectra of the oxidized (met), unliganded with the iron charge 

of +2, oxygenated (O2-bound), carboxylated (CO-bound), and nitrosylated (NO-bound) 

forms of hemoglobin (Hb) and neuroglobin (Ngb-H64Q-CCC) were obtained. All 

standard spectra were collected on a Cary 50 spectrophotometer. Spectral deconvolution 

of time-resolved absorption data collected at 22, 25 or 37
°
 C was performed by a least 

squares fit using basis spectra as described previously and summarized in detail in 

Supplemental methods.[45, 51-53, 55] 

Mouse model of CO poisoning.  

 Femoral artery and vein catheters were surgically implanted to allow three days 

of recovery prior to CO exposure. The arterial catheter was used for sampling blood and 
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measuring blood pressure. The venous catheter was used to inject either phosphate 

buffered saline (PBS) or Ngb-H64Q-CCC. Mice were exposed to 1500 ppm of CO 

equilibrated in 21% oxygen and 79% nitrogen. Bold samples for CO-saturated 

hemoglobin (CO-Hb) measures were collected by first drawing a 70 µL volume from the 

arterial catheter to clear the dead space, followed by 20 µL of blood (by a different 25 µL 

syringe) at various time points. 5 µL of the drawn blood were washed and the absorbance 

spectrum was immediately measured at 200-fold dilution using deconvolution absorption 

spectrophotometry to calculate the percentage of CO-Hb out of the total amount of Hb. 

After an average 50 minutes of CO exposure, the animals were returned to normal 

atmospheric conditions as a 275 µL infusion (delivering 250 µL to the animals) of either 

PBS or Ngb-H64Q-CCC was started simultaneously and was finished within 4 minutes. 

Blood samples were collected every 10 minutes during CO exposure, every 5 minutes for 

half an hour after exposure and again every 10 minutes until the HbCO levels decreased 

below 10%. At this point the animals were sacrificed and urine (if present) was 

immediately drawn from the bladder for analysis. Blood sample supernatants were stored 

on dry ice until after the end of an experiment, when measured via absorption (to check 

for cell lysis via presence of Hb and for CO-bound neuroglobin). 
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ABSTRACT 

Nitrite signaling likely occurs through its reduction to nitric oxide (NO). Several 

reports support a role of erythrocytes and hemoglobin in nitrite reduction, but this 

remains controversial, and alternative reductive pathways have been proposed.  In this 

work we determined whether the primary human erythrocytic nitrite reductase is 

hemoglobin as opposed to other erythrocytic proteins that have been suggested to be the 

major source of nitrite reduction. We employed several different assays to determine NO 

production from nitrite in erythrocytes including electron paramagnetic resonance 

detection of nitrosyl hemoglobin, chemiluminescent detection of NO, and inhibition of 

platelet activation and aggregation. Our studies show that NO is formed by red blood 

cells and inhibits platelet activation. Nitric oxide formation and signaling can be 

recapitulated with isolated deoxyhemoglobin. Importantly, there is limited NO 

production from erythrocytic xanthine oxidoreductase and nitric oxide synthase. Under 

certain conditions we find dorzolamide (an inhibitor of carbonic anhydrase) results in 

diminished nitrite bioactivation, but the role of carbonic anhydrase is abrogated when 

physiological concentrations of CO2 are present. Importantly, carbon monoxide, which 

inhibits hemoglobin function as a nitrite reductase, abolishes nitrite bioactivation. Overall 

our data suggest that deoxyhemoglobin is the primary erythrocytic nitrite reductase 

operating under physiological conditions and accounts for nitrite-mediated NO signaling 

in blood. 
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INTRODUCTION 

At one time, nitrite was thought to be biologically inert[93]. However, it is now 

recognized that nitrite plays important roles in various physiological processes, such as 

blood pressure control, hypoxic vasodilation, and the inhibition of platelet activation, and 

its use is being explored for various therapeutic applications[94-96]. For example, 

administration of nitrite by infusion has been shown to increase blood flow and its 

physiological administration through dietary nitrate has been shown to decrease blood 

pressure[97-102]. These actions have been associated with production of NO from nitrite 

reduction in the vasculature [97]. Moreover, reduction of nitrite to nitric oxide (NO) has 

been shown to occur preferentially under hypoxic conditions [97], suggesting a role in 

hypoxic-NO signaling. 

Although the ability of nitrite to modulate blood flow is now widely accepted, its 

mechanism of bioactivation remains controversial. Deoxygenated (HbFe
2+

), or partially 

deoxygenated, hemoglobin (Hb) was originally hypothesized to be responsible based on 

the reaction originally proposed by Brooks [103]  

- 2+ + 3+

2NO + HbFe + H NO + HbFe H  + O   (1)  

Here, deoxygenated hemoglobin (deoxyHb) reduces nitrite to NO and forms 

methemoglobin (metHb). The reaction is potentiated in hypoxia and acidosis [97, 104, 

105].  

A major challenge to the notion that deoxyHb is responsible for nitrite reduction to 

NO is that once NO is formed in the red blood cell, it will quickly bind to another 

deoxyHb   
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2+ 2+NO + HbFe HbFe O-N  (2)  

or react with oxygenated hemoglobin (oxyHb) to form metHb and nitrate. 

2+ 3+ -

2 3NO + HbFe O HbFe  + NO-   (3)  

Both of the these reactions are extremely fast (3-7 × 10
7
 M

-1
s

-1
) [106-110] and the 

formation of nitrate from NO is irreversible in blood. Thus, based on an analysis of these 

rate constants, NO formed in the red blood cell is not likely to escape scavenging. Several 

pathways have been proposed that could potentially lead to the export of NO activity 

from the red cell [34, 111-118], but none of these proposed mechanisms have been 

proven and all have been challenged [119, 120].  

Other proposed mechanisms to explain nitrite’s role in modulating blood flow include 

reduction to NO in the vessel by xanthine oxidoreductase (XOR) [101, 121, 122], 

aldehyde oxidase [121], or smooth muscle myoglobin [123, 124]. However, several lines 

of evidence support a role for the erythrocyte. Experiments performed with aortic ring 

bioassays showed that nitrite mediated vasodilation, which increases as the oxygen 

tension decreases, is increased when red blood cells are present [97]. While this action of 

red blood cells was challenged in one study [125], subsequent studies clearly demonstrate 

that NO scavenging by Hb is counterbalanced by nitrite mediated NO production from 

deoxyHb [126, 127]. 

More recently, significant support for a physiological role of the red blood cell in the 

bioactivation of nitrite and NO signaling comes from studies examining platelet 

activation by nitrite and red cells [126, 128, 129]. NO is known to inhibit platelet 

activation via soluble guanylate cyclase activation and cGMP signaling [130-133]. 

Whereas nitrite alone has no effect on platelet activation, when nitrite is added in 
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combination with red blood cells platelet activation is inhibited in association with 

intracellular platelet cGMP formation [128]. The inhibition of platelet activation by 

nitrite and red blood cells is abrogated by the NO scavenger 2-(4-Carboxyphenyl)-

4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (CPTIO) and promoted by deoxygenation 

of the red blood cell [126, 128, 129]. Importantly, two groups have now shown that 

nitrite also inhibits platelets systemically in humans, however this effect only occurs in 

vitro with exposure of nitrite to whole blood, with no effects observed on isolated platelet 

rich plasma[126, 129]. This in vivo effect is potentiated under hypoxia, again consistent 

with hemoglobin deoxygenation[126]. Thus, there is substantial evidence supporting a 

role of the red blood cell in nitrite bioactivation.  

In addition to hemoglobin, XOR, erythrocytic endothelial nitric oxide synthase 

(eNOS), and carbonic anhydrase (CA) have been proposed to be responsible for red 

blood cell-mediated nitrite reduction[101, 122, 134]. The resolution of these 

controversies is central to our understanding of red cell signaling in the vasculature. In 

the current study we critically evaluate all proposed pathways for nitrite bioactivation by 

the red blood cell. 

EXPERIMENTAL PROCEDURES 

Blood was drawn from either normotensive or hypertensive volunteers into sodium 

heparin tubes under protocols approved by an Internal Review Board at Wake Forest 

University. Normotensive volunteers had not taken any anti-inflammatory nonsteroidal 

medication within a week at the time of blood draw. Hypertensive volunteers in this 

study were taking blood pressure medication.  All hypertensive volunteers were required 

to have a systolic blood pressure over 130 at an office screen visit in order to be qualified 
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for the study (the average systolic blood pressure was 137.8 ± 4.8, n = 18). RBCs from 

hypertensive volunteers were used only when it is stated in the text; otherwise, RBCs 

from normotensive volunteers were employed. Allopurinol was freshly prepared in 0.1 M 

NaOH and used within 24 hours. Immediately before use, allopurinol was diluted either 

in phosphate buffered saline (PBS) at pH 7.4, pH 6.8, or pH 6.5.  Trusopt, used as an 

ophthalmic solution (22 mg/mL) of Dorzolamide (DZ), was purchased from Merck was 

diluted in PBS before experiments. L-NAME, sodium nitrite, and ADP were also 

prepared in PBS either at pH 7.4, pH 6.8, or pH 6.5. DEANONOate was first dissolved in 

0.01 M NaOH and then further diluted with PBS just prior to use in experiments. Sodium 

nitrite (NaNO2), Allopurinol, XOR, sodium dithionite, and ADP were purchased from 

Sigma (St. Louis, MO). L-NAME and DEANONOate were purchased from Cayman 

Chemical (Ann Arbor, MI). Monoclonal antibodies against anti-human CD 61 labeled 

with PerCP fluorescent tag and FITC labeled GP Iib/IIIa receptor neoepitope (PAC-1) 

antibodies were purchased from Becton Dickinson (San Jose, CA). Human xanthine 

oxidase and beta actin antibodies were purchased from Santa Cruz Biotechnology (Dallas, 

TX). HRP labeled secondary antibodies were purchased from Jackson ImmunoResearch 

Laboratories (West Grove, PA). Normal Human and mouse liver tissue lysates were 

purchased from BioChain (Newark, CA). Premade SDS 4-20% linear gradient gels were 

purchased from BioRad (Hercules, CA). Protease inhibitor cocktail for mammalian 

tissues was purchased from Sigma Aldrich (St. Louis, MO). ECL Prime Western 

detection kit was purchased from GE Healthcare life Sciences (Piscataway, NJ). 

RBCs Solution and Cell-Free Hemoglobin Solution Preparation-Immediately 

following blood draw, whole blood was used in platelet aggregation assays or washed for 
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other assays. Red blood cells were washed by centrifugation in phosphate buffered saline 

(PBS) at pH 7.4 pH 6.8, or pH 6.5 at least three times or until the supernatants were clear. 

After the final wash, red blood cells were resuspended at 0.7 hematocrit (Hct). All the 

experiments were conducted within 24 hours after the blood samples were drawn. Cell-

free hemoglobin was prepared as described previously [135]. Deoxygenated washed red 

blood cells were prepared by blowing wet nitrogen across the suspension with gentle 

rocking at room temperature for one hour for the platelet activation assay or at least three 

hours for other assays. The average deoxygenation percentage of red blood cells was 87.2 

± 7.9% as determined by absorption spectroscopy using a Cary 100 spectrometer 

equipped with an integrating sphere detector. CO-saturated RBC solutions (RBC-CO) 

were prepared by exposing washed red blood cells samples to 100% carbon monoxide for 

at least three hours with gentle rocking at room temperature. The spectra of CO bound 

RBCs were collected using a Cary 100 spectrometer to confirm the saturation of CO. 

Deoxygenated cell-free hemoglobin was prepared by deoxygenating cell-free hemoglobin 

using nitrogen and the average deoxygenation percentage was 96.8 ± 1.5% as determined 

by absorption spectroscopy using a Cary 50 spectrometer. 

Time-resolved absorption spectroscopy- Stock solutions of sodium dithionite (400 

mmol/L), NADH (200 mmol/L), XOR (1 mmol/L), and nitrite (100 mmol/L) were 

prepared in deoxygenated HEPES buffer (100 mmol/L, Ph 6.5). The allopurinol stock 

(100 mmol/L) was prepared in 0.1 N NaOH. Samples were prepared in 1 cm quartz 

cuvettes purged with nitrogen and filled with 4 ml deoxygenated HEPES buffer. Sodium 

dithionite (100 µL, 10 mmol/L final concentration), deoxygenated Hb (100 µmol/L final 

concentration) and NADH (20 µL, 1 mmol/L final concentration) were added to each 
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cuvette.  Relative importance of XOR was studied by addition of 0, 1 µmol/L or 10 

µmol/L XOR. Allopurinol (4 µL, 100 µmol/L final concentration) was used to examine 

XOR inhibition. Nitrite (20 µL, 500 µmol/L final) was added to each cuvette to initiate 

the reaction. Spectra were taken every 128 seconds or 180 seconds at 37˚C in a Cary 100 

UV-Vis spectrometer.  Half-lives were determined by examination of kinetic fits to basis 

spectra and determination of when deoxygenated Hb fell to 50% of its initial value.  Each 

experiment was repeated three times. 

Nitrite Reduction to NO by Deoxygenated RBCs Measured using EPR-Washed RBCs 

(0.7 Hct) from either normotensive or hypertensive volunteers were deoxygenated and 

mixed with deoxygenated hemoglobin (100 µmol/L). The mixture was equally separated 

into two aliquots. One aliquot was incubated with inhibitors: either allopurinol (100 

µmol/L) for 30 min, L-NG-Nitroarginine Methyl Ester (300 µmol/L) for 30 minutes, or 

Dorzolamide or Trusopt (750 µmol/L) for 15 minutes. The other aliquot was incubated 

with vehicle (PBS solution at the same concentration) correspondingly for 15 or 30 

minutes prior to other procedures.  NADH (100 µmol/L) was added to RBCs from 

hypertensive individuals in some experiments at 37 ºC to examine if this increased XOR 

activity.  In other experiments 1 mmol/L NADH or xanthine (10 µmol/L) was included.  

In one set of experiments XOR (10 µmol/L) was also added. Nitrite (100 µmol/L) was 

added to the mixture and incubated with the mixture at pH 7.4 pH 6.8, or pH 6.5 for 30 

minutes at room temperature or 37 ºC. PBS was used to bring the final hematocrit of the 

mixture to 0.5.  During the incubation, mixtures were collected at 15 and 30 minutes (or 5 

and 30 minutes for experiments at pH 6.5) and were frozen in EPR tubes. The rest of the 

mixture was centrifuged at 3000 g for 2 minutes. The supernatant containing cell-free 
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hemoglobin was collected in an EPR tube and frozen at 50 minutes after the initiation of 

the reaction. During the experiment, mixtures were either mechanically rocked (at room 

temperature) or gently rocked manually (at 37 ºC). The concentration of the product 

nitrosyl hemoglobin (HbNO) at each time point was determined by electron paramagnetic 

resonance (EPR) using a Bruker EMX 10/12 spectrometer as described previously [136].   

Nitrite Reduction to NO by CO Saturated RBCs Measured using EPR-We further 

explored erythrocytic nitrite reduction using carbon monoxide to block hemoglobin 

mediated nitrite reduction using washed RBCs from normotensive volunteers. Nitrite 

(100 µmol/L) was incubated with the RBC-CO solution for 30 minutes.  To confirm that 

NO can displace CO from Hb, we added nitric oxide donor, DEANONOate (100 µmol/L), 

and examined HbNO formation in CO-saturated and deoxygenated RBCs during a 30-

minute incubation. Samples were collected and frozen at 15 and 30 minutes and the 

HbNO concentration was examined using EPR. 

NO Production Examination from Nitrite and RBCs Measured by a 

Chemiluminescent Nitric Oxide Analyzer (NOA)-An in-line NOA assay was employed 

using a three-neck round bottom flask similar to that was described previously [104]. One 

of the side necks was connected to incoming argon gas and the other one was connected 

to the NaOH trap of a Nitric Oxide Analyzer (Sievers). The flask was sitting in a water 

bath at 37º C throughout the experiment.  A nitrite solution (20 mL at 20 mmol/L) at pH 

7.4, pH 6.8, or pH 6.5 was degased in the three-neck round bottom flask using the neck in 

the middle for at least 20 minutes.  Washed red blood cells (0.5 Hct) from either 

normotensive or hypertensive individuals were deoxygenated and incubated with 

allopurinol (100 µmol/L), L-NAME (300 µmol/L), DZ (750 µmol/L), or vehicle (NaOH 
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or PBS solution at same concentration) at 37 ºC and pH 7.4, pH 6.8, or pH 6.5 for 30 

minutes. An aliquot (100 µl) of the washed RBC mixture was added to the deoxygenated 

nitrite solution and NO production was detected in the purged gas which traveled in-line 

to the analyzer. The released NO was recorded for 20 minutes. The area below the 

increased NO signal curve and above the baseline was calculated as the amount of NO 

produced from nitrite reduction. A ratio of the amount of NO produced by RBCs 

incubated with inhibitors or vehicles, (+inhibitor)/(-inhibitor), was calculated.  

Additional experiments were conducted using RBCs from normotensive volunteers. 

First, instead of deoxygenated RBCs, oxygenated RBCs were incubated for 30 minutes 

with allopurinol (100 µmol/L), L-NAME (300 µmol/L), DZ (750 µmol/L), or vehicle and 

were added to a deoxygenated nitrite solution. Second, deoxygenated RBCs incubated 

with and without allopurinol (100 µmol/L), L-NAME (300 µmol/L), or DZ (250 µmol/L) 

were added to a CO saturated nitrite solution which was prepared by bubbling the nitrite 

solution using 50% CO balanced with nitrogen for 20 minutes.  

Effects of NO Production from Nitrite, RBCs, and Hemoglobin on Platelet Activation 

and Aggregation-Inhibition of platelet activation by nitrite in the presence of red blood 

cells or cell-free hemoglobin was examined and further explored using allopurinol, L-

NAME, and DZ. Platelet rich plasma (PRP) was prepared by centrifuging whole blood at 

100 g for 15 minutes at room temperature. PRP was removed by plastic disposable pipets 

without disturbing the buffy coat and was stored in polypropylene tubes for use within 2 

hours. CO2 was measured in PRP by Carbon dioxide enzymatic Kit from BIOO Scientific, 

Austin, TX according to the manufacturer’s recommendations. 
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All necessary materials were placed inside an air tight glove bag filled with nitrogen 

gas. PRP was diluted 1:10 in deoxygenated PBS (pH 7.4), nitrite was added as indicated, 

washed RBCs were added to 0.2 Hct and the samples were incubated at 37   C for 5 

minutes. After 5 minutes, 20 µmol/L ADP was added and allowed to incubate for 10 

minutes at 37º C.  Samples were then transferred into PAC-1 and CD61 antibodies for 15 

minutes in the dark, and diluted 1:50 in 1% formaldehyde. The procedures were similar 

for hemoglobin.  For hemoglobin experiments, instead of adding RBCs, hemoglobin was 

added to a concentration of 100 µmol/L and allowed to incubate with platelets and nitrite 

for 5 minutes at 37º C before 2.5 µmol/L ADP was added. The average RBC oxygen 

saturation was 20% and the average Hb oxygen saturation was 50% for deoxygenated 

samples as determined by absorbance spectroscopy. A BD FACSCalibur flow cytometer 

and Cell Quest Pro software were used for data collection and analysis.  The activation 

threshold was set so 99% of baseline platelets were beneath the threshold.   

Platelet activation was further explored using allopurinol (100 µmol/L), L-NAME 

(100 µmol/L), or DZ (250 µmol/L). Washed red blood cells (0.5 Hct) were mixed with 15 

µl PRP and 10 µmol/L nitrite in the presence or absence of allopurinol, L-NAME or DZ 

at pH 7.4 or pH 6.8. The total volume of the assay mixture was 105 µl and the hematocrit 

was 0.15. After 5 minutes of incubation at 37 ºC, 20 µmol/L ADP was added to each 

reaction mixture and incubated for another 10 minutes. Monoclonal antibodies against 

human CD 61 and PAC-1 were then added and the samples was further incubated for 15 

minutes in the dark at room temperature. Finally, cells were fixed with 1% buffered 

formalin and kept in a refrigerator before examination by flow cytometry.  
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Platelet aggregation was examined using whole blood in the presence or absence of 

nitrite, allopurinol or L-NAME and determined by impedance aggregometry using a 

Multiplate 5.0 Analyzer from diaPharma (West Chester, OH) at Wake Forest University 

School of Medicine. Multiplate® analysis takes place in a single-use test cell which 

incorporates dual sensors and a 72teflon-coated stirring magnet. Three hundred and fifty 

microliters of whole blood was incubated in the presence or absence of 10 µmol/L nitrite, 

100 µmol/L allopurinol or 300 µmol/L L-NAME for 5 minutes at 37 ºC. After 5 minutes 

of incubation, 300 µl of the reaction mixture were added to the micro cell of the 

Multiplate 5.0 Analyzer. Aggregation was induced by 20 µmol/L ADP in presence of 0.9% 

NaCl and 1.5 mmol/L CaCl2 according to the manufacturer’s recommendation. 

Aggregation was induced for 5 minutes at 37 ºC and platelet aggregation was recorded. 

Xanthine Oxidase Fluorometric Assay-A xanthine oxidase fluorometric Assay 

(Cayman Chemical) was performed following the manufacturer’s instructions.  This 

assay was used to confirm that the ability of our allopurinol preparation to inhibit 

xanthine oxidoreductase. The fluorescence from standard samples with allopurinol (100 

µmol/L) was only 24% of that from standard samples with control vehicle. Thus, the 

allopurinol we used for this study effectively inhibits XOR activity. 

Xanthine oxidase Western blotting. For western blotting, hemoglobin-free ghost 

RBCs were prepared from normal human blood as described previously [137] with some 

modifications. Briefly, RBC ghost cell membranes were prepared in cold hypotonic 

phosphate buffer pH 7.4 (20 milliosmolar) with protease inhibitor cocktail. Ghost 

membranes were isolated and washed four times in cold PBS in presence of protease 

inhibitor cocktail. Proteins were extracted from ghost membranes by modified RIPA 
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buffer with phosphatase and protease inhibitors. Fifty two micrograms of total ghost 

membrane proteins were loaded onto the SDS PAGE (4-20% linear gradient). Proteins 

from SDS PAGE were transferred onto the PVDF membrane and probed for xanthine 

oxidase. Polyclonal xanthine oxidase antibody at a dilution of 1:500 was added to the 

membrane and incubated at 4 
0
C overnight. HRP labeled second antibody at a dilution of 

1:10,000 was used to detect primary antibody. For protein loading control the same blot 

was stripped and re-probed with beta actin antibody at a dilution of 1:500. In some of the 

experiments we also used washed human RBCs to look for xanthine oxidase expression 

in western blotting. Due to high content of Hb in RBCs, SDS gels were smeared. Thus, 

we used only with Hb free RBC ghost membranes for xanthine oxidase expression. RBCs 

from eight individual donors were used for ghost membrane preparation and were probed 

for xanthine oxidase expression in western blotting. All the experiments were repeated 

three times.  

Statistical Analysis-A student’s t-test was used to test for statistical significance. 

Results were considered significant when P < 0.05. All values are presented as mean ± 

SD. 

RESULTS 

Time-resolved absorption shows relative efficacy of nitrite reduction by deoxyHb vs 

XOR-  In order to test the relative efficacy of XOR in reducing nitrite compared to 

deoxygenated hemoglobin, we performed time-resolved absorption spectroscopy (Figure 

1).  In the presence of sodium dithionite, the reaction of Hb and nitrite results in complete 

conversion of deoxyHb (characterized by a single absorption peak at 555 nm) to HbNO 

(characterized by two peaks at 540 and 560 nm).  The kinetics of the reactions (insets 
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Figure 1) should increase to the extent XOR simultaneously reduces nitrite to NO.  In the 

absence of XOR (Figure 1A), the average half-life of the reaction was 9.3 ± 0.8 min.  

With the addition of 1 µmol/L XOR (Figure 1B) the half-life decreased to 6.7 ± 3.6 min, 

and 10 µmol/L XOR (Figure 1C) decreased the half-life to 2.3 ± 0.7 min. Incubation of 

allopurinol with 10 µmol/L XOR (Figure 1D) slowed the reaction down giving an 

average half-life of  6.6 ± 0.1 min).  These results show that with only 100 µmol/L of Hb 

(about 100 times less than what is in whole blood), about 1 µmol/L of XOR is needed to 

contribute to NO generation from nitrite; this is greater than the amount of XOR found in 

the liver [121].   

Allopurinol, a Xanthine Oxidoreductase Inhibitor, does not Inhibit NO Production from 

Red Cells Incubated with Nitrite-The role of xanthine oxidoreductase on erythrocytic 

nitrite reduction was studied by measuring NO production from nitrite in erythrocytes in 

the presence and absence of allopurinol using EPR detection of nitrosyl hemoglobin. In 

the assay, nitrite was added to a mixture of deoxygenated RBCs and cell-free Hb (to 

capture NO released from the red cell) at pH 7.4, 6.8, or 6.5 to monitor production of NO 

by deoxyHb and/or XOR. Since red cell encapsulated Hb was present at about 100-fold 

excess to cell-free Hb, most Hb mediated nitrite reduction is expected to be from inside 

the red cell (unlike in the case of NO, nitrite does not preferentially react with RBC-

encapsulated Hb since the nitrite/Hb bimolecular rate constant is so small). NO produced 

from nitrite reduction will bind to deoxyHb to form HbNO. EPR was used to determine 

the concentration of HbNO formed in the mixture at 15 and 30 minutes (and at 5 minutes 

and 30 minutes for data collected at pH 6.5). The supernatant was also collected at 50 

minutes to assess NO export from the red cell. Allopurinol was used to assess 



 

75 

 

Figure 1. Effect of XOR on nitrite reduction by Hb.  Time resolved absorbance spectra after 

mixing deoxy hemoglobin (100 µmol/L) and nitrite (500 µmol/L) in the presence of sodium 

dithionite (10 mmol/L) with  A. NADH (1 mmol/L) (T1/2=9 min) B) NADH (1 mmol/L), and 

XOR (1 µmol/L) (T1/2=7.8 min)  C. NADH (1 mmol/L) and XOR (10 µmol/L) (T1/2=3 min)  D. 

NADH (1 mmol/L), XOR (10 µmol/L) and allopurinol (100 µmol/L) (T1/2=6.6 min).  Insets 

show the percentage of deoxyHb (blue) and HbNO (red) as a function of time.  Spectra were 

recorded at 37˚C every 128 seconds for data shown in panels A, C, and D and every 180 seconds 

for data shown in Panel B. Samples were all prepared in 100 mmol/L HEPES buffer, pH 6.5. 

 

 contributions from XOR (Figure 2 and Table 1). Representative EPR spectra from these 

 experiments conducted with blood drawn from normotensive or hypertensive volunteers 

and room temperature are shown in Figure 2A and B respectively. Spectra appeared 

similar in the presence or absence of allopurinol. When RBCs from normotensive 

volunteers were incubated with allopurinol at pH 6.5 and 37
o
 C (Figure 2C), there is no 

significant difference between the amount of HbNO formed in mixtures with and without 
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allopurinol at 5 minutes, or 30 minutes in mixtures or 50 minutes in supernatants. No 

effect of allopurinol was also observed when RBCs from normotensive volunteers were 

incubated at pH 7.4 or pH 6.8 at room temperature or 37
o
 C (Table 1).  Addition of 

xanthine (10 µmol/L or NADH (1 mmol/L) also did not result in an observable difference 

when allopurinol was added, even though these have been shown to enhance erythrocytic 

XOR activity [122]. When RBCs from hypertensive volunteers were incubated at room 

temperature and pH 7.4 (Figure 2D), no statistically significant difference is found 

between the amounts of HbNO formed with and without allopurinol in mixtures at 15, or 

30 minutes or at 50 minutes in the supernatants. 

To further explore a contribution to erythrocytic nitrite reduction by XOR, additional 

experiments that were performed in which 10 µmol/L XOR was added to the RBCs. In 

this case, where the experiments were carried out at 37 ºC and pH 6.5 for erythrocytes 

from normotensive individuals, NO production (as measured by HbNO formation) was 

significantly less when allopurinol was added (Figure 2E). .  

In addition, experiments with red blood cells from hypertensive volunteers were 

conducted with the addition of NADH at 37 ºC, pH 7.4 and the concentrations of HbNO 

were measured after inclusion or exclusion of allopurinol (Figure 2F). The amounts of 

HbNO formed in the mixture with allopurinol are not significantly different from those 

formed without allopurinol.  

Erythrocytic nitrite reduction by XOR was also determined by chemiluminescent 

detection of NO in the presence or absence of allopurinol. Deoxygenated RBCs incubated  

with allopurinol or vehicle were added to a deoxygenated nitrite solution and NO was 

produced from nitrite reduction at pH 7.4, 6.8 or 6.5 and 37 ºC (Figure 3 and Table 1). 
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Figure 3A shows representative raw signals of NO production at pH 7.4 and 37 ºC using 

RBCs from normotensive volunteers. It is apparent that the NO signal produced when 

RBCs were incubated with allopurinol almost overlaps with the NO signal produced in 

the absence of allopurinol. Figure 3B quantified the ratio ((+Allo)/(-Allo)) between NO 

productions when RBCs were incubated with or without allopurinol for red blood cells 

from normotensive (0.99 ± 0.1, n = 5) and hypertensive volunteers (0.94 ± 0.1, n = 5) at 

pH 7.4 and 37 ºC. There is no significant difference in NO production by RBCs in the 

presence or absence of allopurinol using RBCs from either normotensive or hypertensive 

volunteers. NO production was also examined at pH 6.5 and 37
 
ºC using RBCs from 

normotensive volunteers (Figure 3C) and no significant difference was found between 

RBCs incubated with and without allopurinol. In addition, oxygenated RBCs that had 

been incubated with allopurinol or vehicle were added to a deoxygenated nitrite solution 

and NO production was observed at pH 6.5 (Figure 3C). The signals from NO production 

with and without allopurinol overlapped (not shown). Allopurinol had no effect on nitrite 

reduction when oxygenated RBCs were added to deoxygenated nitrite solution at pH 7.4 

or 6.8.  Allopurinol also did not have any effect on NO production when experiments 

were conducted at pH 6.8 (Table 1). 

To examine whether our observed lack of activity of erthrocytic XOR correlated with 

low levels of this protein on erythrocytes we performed Western blots (Figure 3D).  

Whereas substantial detection of the XOR monomer was observed with an XOR positive 

control as well as with human and rat liver tissue, no XOR was detected from RBC ghost 

preparations. In all preparations using blood from eight different individuals, no staining 

was ever observed from red cell ghosts. Thus, overall, our experiments using EPR and 
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TABLE 1. Nitrite Bioactivation by RBCs  

*, the amount of NO detected by chemiluminescence is calculated based on a standard 

curve  

†, percent reduction is calculated by ((+RBCs+nitrite)-(RBCs))/RBCs.  

#,EPR samples were prepared at 5 minutes 

Red color indicates significance, P < 0.05 comparing + vs. - inhibitor.  

N/A: not available. 

NT, normotensive 

HT, Hypertensive 

 

 

 

 

 

 HbNO (µM) 

by EPR (15 

min) from 0.1 

mM nitrite  

HbNO (µM) 

by EPR (30 

min) 

from 0.1 mM 

nitrite 

HbNO 

(µM) 

supernatant 

from 0.1 

mM nitrite 

NO (pmoles) 

by 

chemilumi-

nescence* 

% reduction 

in platelet 

activation 

from 10 µM 

nitrite 

% reduction 

in platelet 

aggregation 

from 10 µM 

nitrite 

RBC NT 

pH 7.4 +/- 

allopurinol 

41.8±9.7/ 

38.5±10.9 

57.2±13.7/ 

54.9±13.2 

4.8±1.2/  

4.5±1.3 

520.9±60.9/ 

529.5±61.5 

29.5%±14.7%

/33.7%±16.2

% 

36.3%±11.3%

/32.3%±16.3

% 

RBC HT 

pH 7.4 +/- 

allopurinol 

33.6±4.1/ 

31.8±5.5 

48.4±4.9/ 

47.4±5.0 

4.3±2.0/ 

3.7±1.1 

328.6±98.2/ 

361.3±140.7 

N/A N/A 

RBC NT 

pH 6.8  

+/- allopurinol 

65.6±3.3/ 

64.4±3.6 

74.9±14.2/ 

77.5±15.0 

3.7±2.2/ 

3.4±0.6 

2117.1±289.9

/ 

2229.4±590.4 

20.4%±14.1%

/29.7%±5.6% 

N/A 

RBC NT 

pH 6.5  

+/- allopurinol 

36.9±3.0/ 

37.9±4.0# 
71.0±23.8/ 

84.6±6.3 

0.7 (±0.1)/ 

0.7 (±0.1) 

3345.9±161.8

/ 

3314.9±353.1 

N/A N/A 

RBC NT with 

XOR (10 µM) 

 pH 6.5  

+/- allopurinol 

46.5±11.4/ 

45.4±8.4# 
77.3±7.7/ 

102.9±4.3 

1.1±0.4/  

1.1±0.4 

N/A N/A N/A 

RBC HT 

pH 7.4 with 

NADH +/- 

allopurinol 

31.6±4.3/ 

30.9±6.1 

48.9±5.2/ 

49.3±6.0 

N/A N/A N/A N/A 

RBC NT 

pH 7.4  

+/- L-NAME 

32.8±3.8/ 

28.2±1.8 

43.5±15.8/ 

39.1±7.7 

2.6±1.5/ 

2.4±1.0 

382.0±134.9/  

381.0±165.5 

16.7%±3.7%/ 

17.7%±5.4% 

20.8%±20.3%

/ 
26.3%±13.3% 

RBC NT 

pH 6.8  

+/- L-NAME 

52.7±2.5/ 

48.5±9.7 

77.6±2.6/ 

69.6±8.8 

5.9±0.6/ 

4.5±1.0 

2038.9±155.7

/ 2072.5±58.7 

27.9%±23.4%

/29.7% ±5.6% 

N/A 

RBC NT 

pH 7.4 +/- DZ 

25.7±7.7/ 

21.4±4.8 

29.7±6.5/ 

28.3±9.4 

1.3±1.1/ 

1.0 ±0.8 

377.8±141.0/ 

376.2±120.0 

1.1%±12.6%/ 

18.3%±7.2% 

N/A 

RBC NT pH 

6.8 +/- DZ 

N/A N/A N/A 2104.7±142.0

/ 2123.5±79.9 

N/A N/A 

RBC NT  

with 5% CO2 

pH 7.4 +/- DZ 

N/A N/A N/A N/A 7.1%±19.7%/ 

11.1%±9.0% 

N/A 
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time-resolved absoprtion spectroscopy show that the contribution of XOR to NO 

production from native erythrocytes is severly limited and that we could only oberve an 

allopurinol inhibitable signal when endogenous XOR was added at levels substantally 

higher than that found in the liver. 

Nitrite reduction by XOR was also determined by the inhibition of platelet 

activation. We confirmed earlier reports [128] that nitrite inhibits platelet activation in the 

presence of red blood cells (Figure 4A). Nitrite had no effect on platelet activation in the 

absence of red blood cells (data not shown), as established previously [128]. These data 

strongly support the notion that nitrite is reduced by erythrocytes, producing bioavailable 

NO. As a first step in showing that deoxyHb is the predominant nitrite reductase 

responsible for this activity, we showed that cell-free deoxyHb can inhibit platelet 

activation in the presence of nitrite (Figure 4B). To further explore the mechanism of 

nitrite dependent reduction in platelet activation by red cells, we employed specific 

inibitor allopurinol as in our studies using EPR and chemiluminescence at pH 7.4 (Figure 

4C and Table 1) and 6.8 (Figure 4D and Table 1) under 37 ºC. Addition of red blood cells 

to human PRP and ADP reduces platelet activation at pH 7.4 (P = 0.0001, n = 7) and 6.8 

(P = 0.03, n = 4), probably due to ADP uptake by red blood cells. Addition of nitrite (10 

µmol/L) further reduces platelet activation at pH 7.4 (P = 0.0005, n = 7) and 6.8 (P = 

0.004, n = 4). Addition of allopurinol did not have any additional effect on inhibition of 

platelet activation at either pH 7.4 or 6.8. In addition, we found that allopurinol had no 

effect on inhibition of platelet aggregation at pH 7.4 and 37 ºC (P = 0.5, Table 1). 
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Figure 2. Allopurinol (100 µM) does not affect HbNO yield detected by EPR. EPR for 

experiments conducted with blood drawn from normotensive (NT) (A, C and E) and hypertensive 

(HT) volunteers (B, D and F). (A) Representative EPR spectra for samples with allopurinol (red) or 

vehicle (blue) collected from mixtures at 5 (dashed) and 30 min (solid) and from supernatants (SPT) 

at 50 min (dotted) from NT volunteers at pH 6.5 and 37
o
 C . (B) Representative EPR spectra for 

samples using RBCs from HT volunteers at pH 7.4 and room temperature. (C) Average HbNO 

concentrations in RBCs from NT volunteers at pH 6.5 and 37
o
 C (n = 3). No significant differences 

were found for HbNO formed at 5 min (P = 0.8) and 30 min (P = 0.3) in mixtures and 50 min in 

SPT (P = 0.2). (D) Average HbNO concentrations from experiments when RBCs were drawn from 

HT volunteers at pH 7.4 and room temperature (n = 6). No significant difference was found for 

HbNO formed at 15 min (P = 0.4) and 30 min (P = 0.7) in mixtures and 50 min in SPT (P = 0.5). 

(E) Upon addition of exogenous XOR (10 µM) addition of allopurinol reduces HbNO formation 

measured at 30 min after nitrite addition at pH 6.5 and 37 ºC using RBCs from NT individuals (P = 

0.03, n = 3).  No effect of allopurinol was observed at 5 min after nitrite addition in the mixture at 5 

min (P = 0.8) or in the SPT at 50 min (P = 0.6). * vs. –allo, P = 0.03, n = 3. (F) HbNO 

concentrations from experiments conducted using RBCs from HT volunteers with addition of 

NADH at pH 7.4 and 37 ºC. No significant difference was found between the amounts of HbNO 

formed in the mixture in the presence or absence of allopurinol (P > 0.6). 
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Figure 3. Further studies examining role of XOR in nitrite reductase activity of 

XOR using chemiluminescent detection of NO at 37 ºC. (A) Representative signals 

of chemiluminesence due to NO production from nitrite reduction by adding 

deoxygenated RBCs to a deoxygenated nitrite solution using RBCs from normotensive 

volunteers in the presence (+Allo in red) or absence of allopurinol (-Allo in blue) at pH 

7.4. Deoxygenated RBCs (0.5 Hct) were added to a nitrite solution (20 mL, 20 mmol/L) 

after about 5 minutes after recording the baseline signal and NO production was 

observed for 20 minutes. (B) The ratio of NO production by deoxygenated RBCs (n=5) 

in the presence or absence of allopurinol at pH 7.4. No significant difference was found 

in the presence or absence of allopurinol using RBCs from normotensive (P = 0.7) or 

hypertensive (P = 0.2) volunteers. (C) The ratio of NO production using RBCs at pH 

6.5 (n = 3). No significant difference was found between NO production in the presence 

or absence of allopurinol.  The ratio of NO production in the presence or absence of 

allopurinol from nitrite reduction by adding oxygenated RBCs to a deoxygenated nitrite 

solution (20 mL, 20 mmol/L) at pH 6.5 was 0.98 (n = 3) and by adding deoxygenated 

RBCs to a deoxygenated nitrite solution (20 mL, 20 mmol/L) was 1.01 (n = 3). No 

significant difference was found in the presence or absence of allopurinol for 

oxygenated (P = 0.8) or deoxygenated (P = 0.8) RBCs.  (D) Western blot for 

erythrocytic XOR.  Panel A is immunostaied for XOR and B for beta actin.  Lanes were 

loaded as follows: Lane 1; human purified XOR (lane 1) , mouse liver lysate (lane 2), 

human liver lysate (lane 3), empty (lane 4), human RBC ghost lysates ((lanes 5-8).  The 

purified bovine XOR, mouse and human liver lysates show staining consistent with the 

monomer of XOR at 135 kDa, whereas RBC ghost preparations do not. 
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No Effect on NO Production from Nitrite in the Presence of L-NAME-The effect of 

eNOS on erythrocytic nitrite reduction was studied by measuring NO production from 

nitrite in erythrocytes in the presence of L-NAME using EPR detection of nitrosyl 

hemoglobin, chemiluminescent detection of NO, and inhibition of platelet activation 

(Table 1). Similarly to the experiments conducted using allopurinol, EPR was used to 

determine the concentration of HbNO formed at 15 and 30 min in the mixture and 50 min 

Figure 4. Nitrite inhibition of platelet activation at 37 ºC. Nitrite was added to PRP and 

deoxygenated RBC (0.2 Hct) (A) or deoxygenated Hb (100 µmol/L) (B) and allowed to 

incubate for 5 minutes before platelets were activated by ADP. (A) Nitrite together with RBCs 

(80% deoxygenated) inhibits platelet activation at nitrite concentrations of 1 µmol/L and higher 

(P < 0.05, n = 6). (B) Nitrite together with partially deoxygenated cell-free Hb (50% 

deoxygenated) inhibits platelet activation at nitrite concentrations of 1 µmol/L and higher (P < 

0.05, n = 5). (C) Allopurinol (100 µmol/L) does not affect the inhibition of platelet activation 

by nitrite (10 µmol/L) and RBCs (0.15 Hct) at pH 7.4 (P = 0.2, n = 7). (D) Allopurinol (100 

µmol/L) does not affect the inhibition of platelet activation by nitrite (10 µmol/L) and RBCs 

(0.15 Hct) at pH 6.8 (P = 0.2, n = 4). * P < 0.05.   
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in the supernatant in the presence or absence of L-NAME at pH 7.4 (Table 1) or 6.8 

(Table 1) under 37 ºC. The results show that NO synthase inhibitor L-NAME does not 

affect HbNO yield at pH 7.4 or 6.8. The detection of NO by chemiluminescence was also 

employed and the results are shown in Table 1. Deoxygenated RBCs incubated with or 

without L-NAME were added to a deoxygenated nitrite solution and NO was produced 

from nitrite reduction at pH 7.4 or 6.8 and 37 ºC. The ratios between NO productions by 

deoxygenated RBCs in the presence or absence of L-NAME were calculated at pH 7.4 

(1.02 ± 0.1, n= 3) and 6.8 (0.98 ± 0.1, n = 3). No significant difference was found due to 

L-NAME at pH 7.4 (P = 1) or 6.8 (P = 0.7). In addition, oxygenated RBCs incubated 

with or without L-NAME were added to a deoxygenated nitrite solution at pH 7.4 or 6.8 

and 37 ºC (data not shown). The ratios between NO productions by oxygenated RBCs in 

the presence or absence of L-NAME were calculated at pH 7.4 (1.00 ± 0.1, n= 3) and 6.8 

(1.01 ± 0.03, n = 3). There was no significant difference due to L-NAME at pH 7.4 (P = 

0.9) or 6.8 (P = 0.7). Additionally, we examined the nitrite dependent reduction in 

platelet activation by eNOS. Similarly to allopurinol, L-NAME did not significantly 

affect the inhibtion of platelet activation by nitrite and RBCs at pH 7.4 (P = 0.8, n = 5, 

Table 1) or 6.8 (P = 0.9, n = 4, Table 1). In addition, we did not observe a significant 

effect of L-NAME on nitrite-mediated inhibition of platelet aggregation (Table 1). 

Effects of Inhibition of Carbonic Anhydrase on Erythrocytic Nitrite Bioactivation-We 

tested the effects of inhibtion of CA on HbNO formation due to nitrite (100 µmol/L) 

reduction using EPR at pH 7.4 and 37 ºC (Figure 5A and Table 1). We used two 

formulations of CA inhibitor dorzolamide (labeled DZ and Trusopt) and neither one had 

a significant effect on NO production from nitrite as measured by EPR. We also saw no 
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effect of DZ on HbNO formation by RBCs using 10 µmol/L nitrite (P > 0.3, data not 

shown). Similarly, we detected no effect of DZ on NO production by RBCs using 

chemiluminescent detection of NO (Figure 5B and Table 1). However, DZ did 

significantly blunt nitrite-mediated inhibition of platelet activation when 10 µmol/L 

nitrite was used (Figure 5D and Table 1) and trended towards blunting nitrite-mediated 

inhibition of platelet activation when 1 µmol/L was used (Figure 5C), but had no effect 

when 100 µmol/L nitrite was employed (Figure 5E). Use of DZ did not directly affect 

platelet inhibition when a NO donor was used (Figure 5F) and also did not directly react 

with nitrite as determined by chemiluminescent detection of nitrite in the presence of up 

to 10 mmol/L DZ (data not shown).  

Evidence that Hemoglobin is the Primary Erthrocytic Nitrite Reductase under 

Physiological Conditions-When red blood cells were partially deoxygenated by 5% CO2 

balance nitrogen instead of pure nitrogen, nitrite (10 µmol/L) –mediated inhibition of 

platelet activation was no longer significantly affected by DZ (Figure 6A, Table 1). In 

addition, 100 µmol/L nitrite stongly inhibited platelet activation when RBCs were 

deoxygenated with 5% CO2 balance nitrogen and DZ had no effect (Figure 6B). 

Importantly, use of 5% CO2 had no effect on inhibition of platelet  
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Figure 5. DZ 

does not 

affect 

erythrocytic 

nitrite 

reduction. 

(A) Two 

formulations 

of CA 

inhibitor 

dorzolamide 

(labeled DZ 

and Trusopt, 

750 µmol/L) 

do not affect 

HbNO yield 

from nitrite 

(100 µmol/L) 

reduction at 

pH 7.4 and 

37 ºC 

detected by 

EPR (n=3). 

No 

significant 

differences were found for HbNO formed at 15 minutes (P = 0.1) and 30 minutes (P = 

0.7) in mixtures and 50 minutes in supernatants (P = 0.3). (B) The ratio between NO 

productions by deoxygenated RBCs in the presence or absence of DZ (750 µmol/L) was 

determined by chemiluminescent detection of NO at pH 7.4 (0.99 ± 0.05, n = 3) and 6.8 

(0.99 ± 0.03, n = 3) at 37 ºC. No significant difference was found due to DZ at pH 7.4 (P 

= 0.9) or 6.8 (P = 0.7). (C) DZ (250 µmol/L) trended towards affecting the inhibition of 

platelet activation by nitrite (1 µmol/L) and RBCs (0.15 Hct) at pH 7.4 and 37 ºC (P = 

0.07, n = 8). * P = 0.01, n = 8. (D) DZ (250 µmol/L) affects the inhibition of platelet 

activation by nitrite (10 µmol/L) and RBCs (0.15 Hct) at Ph 7.4 and 37 ºC. * P = 0.01, n 

= 6. † P = 0.04, n = 6. (E) Nitrite (100 µmol/L) enhanced platelet inhibition and DZ (250 

µmol/L) does not affect the inhibition of platelet activation by nitrite and RBCs (0.15 Hct) 

at Ph 7.4 and 37 ºC (P = 0.4, n = 10). * P < 0.01, n = 8. (F) Use of DZ (250 µmol/L) does 

not directly affect platelet inhibition when a NO donor (2 µmol/L) was used. 
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activation using NO donors (data not shown). Further evidence that Hb, rather than CA, 

is primarily responsible for RBC mediated nitrite bioactivation is shown in Figure 6C 

where we confirm that nitrite bioactivation is more potent when the RBCs are 

deoxygenated as opposed to oxygenated (percent reduction is 10.2% ± 8.5% for deoxy 

RBCs and 1.7% ± 4.9% for oxy RBCs, P = 0.02).  

To further examine whether Hb is primarily responsible for nitrite reduction in the red 

blood cell, we inhibited its activity using CO. The nitrite reduction activity of any 

enzymes other than deoxygenated hemoglobin, such as XOR, Enos,and CA could be 

elucidated by examining HbNO production using EPR (Figure 7a). Additionally, the NO 

donor DEANONOate was added to RBC-CO solution to ensure HbNO could form with 

NO replacing CO due to Hb’s higher affinity for NO compared to CO.[138] 

DEANONOate was also added to deoxygenated RBCs to determine the exact amount of 

NO released. Figure 7a shows the representative raw EPR signals of HbNO formed at 15 

and 30 minutes during experiments. The signals of HbNO formed during the incubation 

of nitrite and RBC-CO at 15 and 30 minutes are flat. Three repeats of the experiment 

gave us all zero values for HbNO concentration (data now shown). Lack of HbNO 

formed during the incubation of RBC-CO and nitrite demonstrate that other enzymes, 

such as XOR, eNOS, and CA, do not play a big role in erythrocyte associated nitrite 

reduction compared to deoxygenated hemoglobin.  
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CO was also employed in the detection of NO production using chemiluminescence. 

The signals of NO production were observed when deoxygenated RBCs that had been 

Figure 6. Evidence of 

hemoglobin as the primary 

erthrocytic nitrite reductase 

under physiological 

conditions. (A) DZ (250 

µmol/L) no longer affects the 

platelet activation in the 

presence of 10 µmol/L nitrite 

when red blood cells (0.15 Hct) 

were partially deoxygenated by 

5% CO2 balance nitrogen at pH 

7.4 and 37 ºC. *, P = 0.03, n = 

10. (B) 100 µmol/L nitrite 

stongly inhibits platelet 

activation when RBCs (0.15 

Hct) were deoxygenated by 5% 

CO2 balance nitrogen. DZ (250 

µmol/L) no longer has effect on 

the platelet activation. *, P < 

0.001, n = 7. (C) Nitrite (10 

µmol/L) dependent platelet 

inhibition in erythrocytes under 

oxygenated (percent reduction 

is 1.7% ± 4.9%) and 

deoxygenated (percent 

reduction is 10.2% ± 8.5% ) 

conditions. *, P = 0.005, n = 8.  
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incubated with or without allopurinol (Figure 7B), L-NAME (Figure 7C), or DZ (Figure 

7D), were added to a CO saturated nitrite solution at pH 7.4 and 37º C. None of these 

enzymatic inhibitors has any effect. NO production was greatly attenuated because 

deoxygenated RBCs bind CO at a very fast rate and the hemoglobin mediated nitrite 

reduction was blocked by CO. The small bumps of signals can be explained by the NO 

production from nitrite reduction by a small amount of deoxygenated hemoglobin with 

free heme sites that is present prior to CO binding. After that, NO production was 

blocked and no signal was observed. 

We attempted to see if CO would blunt nitrite-mediated inhibition of platelet 

activation by RBCs, but we found interestingly that CO itself blunts NO-mediated 

inhibition of platelet activation using an NO donor (data not shown), probably because 

CO displaces NO on the platelet soluble guanylate cyclase, (sGC) and CO does not 

activate sGC as well as NO does. 

DISCUSSION 

Experiments demonstrating that nitrite only inhibits platelet activation in the 

presence, but not the absence, of red blood cells, and that this inhibition is abrogated 

when a NO scavenger is employed [128], strongly support a role of the RBC in mediating 

bioactivation of nitrite. In this work we have explored different pathways that have been 

previously suggested to be responsible for nitrite bioactivation by RBCs: Hb [97], XOR 

[101, 122], CA [134] and NOS [122]. Our EPR experiments using specific inhibitors of 

XOR, NOS, and CA clearly show that these do not contribute significantly to NO 

production in the RBC. Moreover, measurement of HbNO in the supernatant by EPR 

suggests that they do not contribute to NO export from the RBC either. These results 
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Figure 7. NO formation from erythrocytic nitrite reduction in the presence or absence of 

specific inhibitor is diminished by CO.  (A) CO diminishes NO formation from erythrocytic 

nitrite reduction. Representative raw EPR signals of HbNO formed by incubating RBC-CO 

with nitrite (100 µmol/L), RBC-CO with NO donor (DEANONOate, 100 µmol/L), or 

deoxygenated RBCs with NO donor (DEA NONOate, 100 µmol/L) at pH 7.4 and room 

temperature. No signals of HbNO formed by incubating RBC-CO with nitrite (indicated by the 

black arrow). (B) Representative raw signals of NO production from nitrite reduction by 

adding deoxygenated RBCs that had incubated with (in red) or without (in blue) allopurinol 

(100 µmol/L) to a CO saturated nitrite solution at pH 7.4 and 37 ºC. Deoxygenated RBCs was 

added to nitrite solution at about 2 minutes and the signal of NO production was observed for 

5 minutes. (C) Representative raw signals of NO production from nitrite reduction by adding 

deoxygenated RBCs that had incubated with (in red) or without (in blue) L-NAME (300 

µmol/L) to a CO saturated nitrite solution at pH 7.4 and 37 ºC. (D) Representative raw signals 

of NO production from nitrite reduction by adding deoxygenated RBCs that had incubated 

with (in red) or without (in blue) DZ (250 µmol/L) to a CO saturated nitrite solution at pH 7.4 

and 37 ºC. 

 
were confirmed in our experiments using chemiluminesent detection of gas-phase NO 

export. The fact that CO abrogated NO production as measured by EPR supports a 

primary role of Hb in NO production by the RBC. Inhibitors of XOR and NOS had no 

effect on nitrite-mediated  
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inhibition of platelet activation by RBCs, as also observed recently[129]. However, the 

CA inhibitor DZ did blunt inhibition of platelet activation under certain conditions, but 

not when 5% CO2 was employed.  

Previous work has demonstrated a substantial reduction in nitrite mediated NO 

production by RBCs as measured by chemiluminesence when employing NOS and XOR 

inhibitors at pH 6.8[122] and XOR was found to be especially important in nitrite 

bioactivation from RBCs obtained from individuals with hypertension[101]. In 

experiments where we added exogenous XOR, we found that amounts greater than that 

found in the liver were necessary to compete with deoxyHb for reduction of nitrite to NO 

(Figures 1 and 2). In our studies where we did not add exogenous XOR, we did not 

observe any effects of XOR or NOS inhibition on RBC mediated nitrite bioactivation 

using EPR detection of HbNO, a chemiluminesence assay, or inhibition of platelet 

activation assays. Apparent discrepancies between these results and previous ones using 

the chemiluminescence assay may be largely due to subtle differences in methods 

employed, including the fact that our chemiluminence assay employed 10 mmol/L nitrite 

whereas previous measurements employed 10 mol/L to 100 mol/L nitrite[101, 122]. 

Differences in solution conditions that may have led to different populations of XOR vs 

xanthine dehydrogenase may also account for some discrepancies. In addition, it is 

important to point out that whereas we examined RBCs from patients with controlled 

hypertension who were taking medication, the previous study examined RBCs from drug-

naive patients[101].  Further work would be useful to elucidate conditions where 

erythrocytic XOR or NOS contribute to NO production from nitrite by RBCs, but 
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contributions from these enzymes under conditions studied here using various assays 

were minimal. 

We found that inhibition of CA by DZ affected nitrite-mediated inhibition of platelet 

activation by RBCs only under certain non-physiological conditions, yet DZ had no 

significant affect on NO production from RBCs. When CO2 was maintained at 5%, DZ 

no longer had an effect. One possible explanation for these data is that CA forms a 

species that can become NO in the platelet, but CO2 or bicarbonate competitively inhibit 

formation of this species. Overall, our results suggest that Hb is the main protein 

responsible for nitrite bioactivation from RBCs. 
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 The goal of this dissertation was to test the efficacy of several potential therapies 

for the treatment of hemoglobinopathies and other vascular disorders. We tested an 

adenosine receptor blocker to reduce sickling in SCD, the role of SNP as a potential 

Gardos channel blocker or inhibitor to improve hydration and deformability in sRBC, a 

genetically modified protein with an impressive affinity for CO to be used as an antidote 

to CO poisoning, and studied the physiological relevance of other erythrocytic enzymes 

as nitrite reductases and sources of NO. 

 

EFFECTS OF A2B RECEPTOR BLOCKER ON SICKLING 

 SCD disease is a perfect example of how a deceptively simple single point 

mutation can have such a complex physiology and cascade of deleterious consequences. 

Despite all of the mechanistic and biochemical pathways that lead to polymerization and 

sickling there is no cure or treatment for the disease. One proposed pathway that could be 

altered to reduce sickling and improve quality of life for the patients was the adenosine 

cascade that led to increased 2,3-DPG. By inhibiting the uptake of adenosine into the 

RBC via the A2B receptor, intracellular concentrations of 2,3-DPG could be reduced, and 

therefore, oxygen affinity and percent sickling could be improved.  

 We attempted to induce formation of T-state Hb and, consequently, sickling via an 

adenosine analog, NECA. We were sent a drug intended to block this effect. Since we did 

not even see an effect of NECA on oxygen affinity, we certainly could not determine if 

the drug was successful in blocking this pathway. There was also no effect of NECA on 

percent sickling.  
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EFFECTS OF NO AND ITS COGENERS ON RBC DEFORMABILITY 

 RBC deformability is an extremely important characteristic of the cell as cells 

must pass through capillaries that are a fraction of their diameter. Several papers[12-14] 

have emerged over the past decade claiming NO improves RBC deformability. No 

consistent hypothesis has been provided for this effect, nor do many of the papers show 

any actual data from which they are generating these results. A thorough comprehension 

of both the mechanical properties of RBCs and the ektacytometer itself could be 

improved. The laser-assisted optical rotational cell analyzer (LORCA) is a device 

commonly used to measure RBC deformability. Interestingly, the significant effects of 

NO published by others fall within the relative error of the machine itself[139] generating 

some doubt on the validity of their results.  

 Perhaps unsurprisingly, we were unable to reproduce these results in our machine 

and saw no effect of NO alone on RBC deformability. We were, however, impressed with 

the protective effect of SNP on calcium-induced loss of deformability in healthy cells 

first demonstrated by Rifkind’s group and were able to reproduce their findings. We 

expanded this phenomenon to sRBC and saw a significant protective effect there as well. 

While we saw no effect of SNP on calcium influx, we did see a dramatic blunting effect 

on potassium efflux, suggesting an interaction with the Gardos channel or its neighbor, 

PDI. Our observations showing a protective effect of SNP on both healthy and sickle 

RBC supports this hypothesis, since the mechanism for calcium influx in the two cell 

populations is different. We tested several compounds known to affect the Gardos 

channel or PDI and were unable to find an equivalent to SNP. 
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 We were warned against using SNP as an NO donor by colleagues, as the 

chemistry of SNP is too complex and even unpredictable. Nevertheless, SNP works 

where other NO donors and oxidizing agents do not. Why? Unfortunately, we were 

unable to answer that question right now. There are many experiments that could be done 

to gain a better understand of the reactivity of SNP with membrane-bound proteins and 

thiols in general – an Ellman’s assay could be done to determine under which specific 

conditions SNP forms disulfide bonds; a Biotin Switch assay could be conducted to check 

for nitrosation of thiols on each of the two proteins of interest; other PDI or Gardos 

channel inhibitors could be tested for their ability to imitate SNP; and iodoacetamide, a 

compound that attaches to free thiols, could be used to determine if thiols even play a role 

in this phenomena or not by incubating the cells with iodoacetamide before or after 

incubation with SNP and looking for changes in the protective effect of SNP.  

  

MUTATED NGB AS ANTIDOTE TO CO POISONING 

 In chapter IV I discussed a potential antidote to CO poisoning invented by our 

collaborators at UPMC. Ngb, a heme-containing protein found in the brain and retina is 

hypothesized to act as a nitrite reductase in vivo since it reduces nitrite to NO 

impressively fast. This reaction was expedited upon mutation of the distal histidine, and 

this mutation proved to have a high affinity for other ligands as well.  

 To determine if this mutated protein could bind CO better than Hb, we used laser-

assisted flash photolysis to measure the association rates of CO to Ngb and CO to Hb. 

The rates were obtained by deconvoluting the wavelength vs time spectra and fitting the 

data along a single wavelength to an exponential. Since how tightly the Ngb binds CO is 
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just as important as how quickly it binds, we measured the dissociation rate by NO 

replacement. NO was added to the CO saturated proteins and the absorbance was 

measured over time as the spectra went from CO-bound to NO-bound. By fitting the 

absorbance at the Soret band to a decaying exponential, the first-order dissociation rate 

was obtained. The overall binding affinity is easily calculated by dividing the association 

rate by the dissociation rate.  

 Our experiments showed that this Ngb mutant could potentially be an effective 

antidote to CO poisoning. Currently, the only treatment for CO poisoning is time and, in 

severe circumstances, a hyperbaric oxygen chamber. With application of this discovery, 

first responders can inject patients with this special protein, and within minutes the CO 

will bind to it, allowing Hb to transport oxygen. 

 

BIOACTIVATION OF NITRITE 

 NO is an extremely important signaling molecule that assists in the modulation of 

blood flow and platelet function. Nitrite has been shown to have similar effects as NO 

regarding vasodilation and platelet function, and it most likely involves a reduction to 

NO. Several mechanisms have been proposed as primary biological nitrite reductases, 

and while they have been shown to work in vitro, could they compete with Hb in vivo? 

 I used absorption spectroscopy to measure the rate of nitrite reductase by carbonic 

anhydrase or xanthine oxidoreductase in the presence of hemoglobin. Experiments were 

performed under several conditions in which pH, CO2 concentration, and oxygen 

pressures varied. We concluded that while these enzymes are capable of nitrite reductase, 

it is unlikely that they are a source of NO in vivo since Hb is such a robust nitrite 
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reductase and exists in high concentrations in the vasculature. The rate of HbNO 

formation was unaffected by the presence of CA or XOR, thus they did not contribute to 

NO production.  
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Appendix 

Under aerobic conditions SNP reacts with a thiolate anion to form a disulfide[33] 

as in equation (1). 

   +  𝐹𝑒( 𝑁) 𝑁𝑂     𝐹𝑒( 𝑁) 𝑁𝑂       (1)  

 𝐹𝑒( 𝑁) 𝑁𝑂     →  𝐹𝑒( 𝑁) 𝑁𝑂   +      

     →      
 

Nitrite reacts with deoxygenated Hb to form methemoglobin and NO (eq. 2[34]).  

 

𝑁𝑂 
  +  𝐻𝑏𝐹𝑒   +  𝐻  → 

(𝐹𝑒  𝑁𝑂  𝐹𝑒  𝑁𝑂 ) + 𝑂𝐻 → 

               𝑁𝑂 + 𝐻𝑏𝐹𝑒  + 𝑂𝐻                            (2) 

 

The intermediate species formed in eq. 2 represents NO bound to methemoglobin.  

This species, the ferric (Fe
3+

) nitrosyl is known to have character of the ferrous 

nitosonium (NO
+
).  The NO

+
could nitrosate thiols.   

Nitrite also reacts with oxygenated Hb to form methemoglobin[34] (eq. 3). 

 

 𝑁𝑂 
 +  𝐻𝑏𝐹𝑒   𝑂 +  𝐻 →  𝐻𝑏𝐹𝑒  +  𝑁𝑂 

 + 𝑂 +  𝐻 𝑂      (3) 
 

Supplemental Methods 

Neuroglobin Expression and Purification.  

 Site-directed mutagenesis of the wild type human neuroglobin to H64Q and 

H64Q combined with three surface thiol substitutions (a C46G, C55S, and C120S 

mutation), referred to as Ngb-H64Q and Ngb-H64Q-CCC, respectively, was performed 

using QuikChange II kit (Stratagene, Palo Alto, CA), as described previously [91]. For 

expression, cDNA was cloned in the E. coli competent cells RosettaTM 2(DE3) or the 

BL21 (DE3) from Novagen, with the Ngb-H64Q-CCC gene carried by PET28 plasmid. A 

25% glycerol stock of the cells was stored at -80 °C. Expression of cells grown in LB 
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broth at 37 °C was induced upon reaching OD600 of 0.9 with 1 mM isopropyl 1-thio-β-D-

galactopyranoside and included δ-aminolevulinic acid (0.4 mM) in the media. Expression 

of cells grown in autoinducing media[140] was induced upon reaching OD600 of 0.45 by 

switching incubation temperature from 37 to 18 °C. 30 µg/ml Kanamycin was added to 

media containing either BL21 or Rosetta cells while 34 µg/ml Chloramphenicol was 

added only to the Rosetta cells. For cells in autoinducing media, the incubation 

temperature was raised from 18 to 30 °C the next day (after ~20 hrs.) and they were 

grown for an additional ~ 7 hrs. Cells were harvested on the third day at 11000 RCF for 

10 min in 500 mL centrifuge bottles, weighted and either frozen at -80 °C or lysed 

immediately for purification. 

 Cells were lysed in 50 mM MOPS (pH 7.0) containing 1 Mm EDTA, 1mg/ml 

lysozyme, 1 mM PMSF and 0.5 mM DTT, filtered using 0.22 µm SteriTop vacuum 

filters (Millipore) and loaded unto an HPLC DEAE anion exchange column. The bound 

protein was then washed with 10 mM NaCl followed by 30 – 35 mM NaCl (in 50 Mm 

MOPS), each time washing until absorbance intensities at 215 and 280 nm decreased 

back to baseline. The protein was then eluted with a gradient to 115 mM NaCL in 

approximately one column volume, monitored via absorbance at 415 nm. Fractions were 

pulled together and concentrated using 30 KD Centricon centrifugal filter units (Millipore) 

to 3 mL or less. The concentrated protein was passed through a 0.22 µm filter, loaded 

onto an HPLC gel filtration column and eluted (Absorbance of protein monitored at 415 

nm). The eluted fractions were again pulled together and Endotoxins were removed with 

Pierce High Capacity Endotoxin Columns.  
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 After endotoxin removal, an excess amount of ferricyanide was added to oxidize 

the protein and removed via gravity G25 size-exclusion columns. For in vitro 

experiments, the oxidized protein was concentrated and frozen at -80 °C. For in vivo 

experiments, the protein was further reduced by an excess amount of sodium dithionite. 

For infusions of unliganded Ngb-H64Q-CCC, the sodium dithionite was removed by a 

gravity size-exclusion column inside an anaerobic globe box. The protein was then 

concentrated inside the glove box, sealed inside anaerobic glass vials and frozen at -80 °C. 

For infusing O2-saturated Ngb, the sodium dithionite was removed from the protein at 4° 

C in atmospheric conditions. The neuroglobin was then concentrated, in atmospheric 

conditions, at 4° C to slow down autoxidation and frozen at -80° C. Then, the protein, 

was exposed to cycles of vacuum and nitrogen gas to remove dissolved O2, sealed in 

glass vials, and replaced at -80° C. 

Preparation of Reduced, Oxidized and Ligand Bound Neuroglobin and Hemoglobin.  

Thawed Ngb-H64Q-CCC was mixed with an excess of potassium ferricyanide 

and passed through a desalting column to obtain the oxidized (met) form. Unliganded 

(Fe
+2

) neuroglobin was obtained by adding an excess of sodium dithionite to the oxidized 

form. For aerobic experiments, the O2-bound form was obtained by passing the 

unliganded form through a (spin) desalting column under aerobic conditions immediately 

before mixing with CO-Hb. CO-Hb was obtained by adding an excess of sodium 

dithionite to degassed, O2-bound hemoglobin and diluting with PBS containing an excess 

of dissolved CO. To remove remaining dissolved CO the CO-Hb solution was passed 

through a desalting column inside an anaerobic glove box and sodium dithionite was 

added back to CO-Hb in case of anaerobic experiments.  
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Least Squares Decovolution.   

Standard reference spectra of the oxidized (met), unliganded (Fe
+2

), oxygenated 

(O2-bound), carboxylated (CO-bound), and nitrosylated (NO-bound) forms of 

hemoglobin (Hb) and neuroglobin (Ngb-H64Q-CCC) were obtained. All standard spectra 

were collected on a Cary 50 spectrophotometer.  For each species of a protein, spectra 

were recorded sequentially at 20, 25 and 37° C. After thawing protein on ice, spectra of 

the oxidized form were obtained by mixing with an excess of potassium ferricyanide and 

passing through an Econo-Pac 10DG Desalting Column (Bio-Rad Laboratories, Hercules, 

CA). Spectra of deoxygenated species were recorded after adding an excess of Sodium 

Dithionite to the oxidized form (2 – 5 mM). Spectra of the oxygenated form were 

recorded immediately after passing deoxygenated species through the desalting column 

under aerobic conditions at 4 °C. Spectra of the carboxylated form were measured after 

mixing the deoxygenated species with CO-saturated buffer in a ratio of 1:4. Spectra of 

the nitrosylated species were obtained similarly by mixing with NO buffer. For both Hb 

and Ngb-H64Q-CCC the oxidized and diatomic ligand-bound forms were also converted 

to denatured forms, which have the same absorbance spectra of an oxidized heme, with 

the QuantiChrom Heme Assay Kit (BioAssay Systems, CA, USA). All of the basis 

spectra were standardized to an absorbance of Mm
-1

cm
-1

 using an extinction coefficient 

of 68.1 mM 
-1

cm
-1

 of the oxidized heme. This extinction coefficient was calculated by 

converting the same solution of oxidized (met) Hb to the denatured, oxidized heme, form 

and to cyanomet Hb. The extinction coefficient used for cyanomet Hb was 11 mM 
-1

cm
-1

 

at 540 nm[141, 142]. Deconvolution of experimental spectra was perfomed with a least-

squares fitting routine in Microsoft Excel. Because the change in absorbance of some 
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kinetic experiments is not great, all spectra composed of both Hb and Ngb-H64Q-CCC 

were always fit between 450 and 700 nm, 490 and 650 nm, and 510 and 600 nm; with 

and without constraining the Hb and Ngb-H64Q-CCC concentrations to be equal to each 

other (for equimolar experiments) and to their pre-calculated concentrations, in order to 

confirm the accuracy of the deconvolution. For the same purpose, sometimes, a 

parameter that could shift the spectra horizontally, along the wavelength axis, was also 

included in the fit (not used in any of the data shown). Absorbance spectra from 

anaerobic experiments were deconvoluted using carboxylated and deoxygenated 

standards of Hb and Ngb-H64Q-CCC. Absorbance spectra from aerobic experiments 

were deconvoluted using the standards of the oxidized, carboxylated and oxygenated 

forms of Hb and Ngb-H64Q-CCC. For the red cell experiments where Hb was separated 

from Ngb and dithionite was afterwards added to either red cells in aerobic experiments 

or to the supernatant in anaerobic experiments, deoxygenated standards were used in 

deconvolution instead of the oxygenated and oxidized forms. 

P50 estimate of Molecular Oxygen (O2) of Ngb-H64Q at 37 °C. 

 Unliganded and reduced neuroglobin was obtained by adding an excess of 

Sodium Dithionite and passing through a desalting column inside a glove box. It was then 

sealed inside a tonometer, inside the glove box. Increasing amounts of oxygen were 

added to the tonometer from a secondary sealed vessel that contained air, inside the glove 

box, to achieve specific partial pressures of oxygen. Absorbance spectra of the 

neuroglobin were recorded twice at each partial pressure of oxygen. These data were then 

deconvoluted to obtain the fractional saturation of Ngb-H64Q with molecular oxygen at 

each partial pressure and fit to the normal and logarithmic forms of the Hill equation 
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assuming non-cooperative binding (Hill coefficient = 1) to estimate the P50 (partial 

pressure of oxygen at which half of the neuroglobin is bound with molecular oxygen). 

Because a significant portion of the Ngb-H64Q can become oxidized during 

measurements, fractional O2 saturation of the neuroglobin was taken as the O2-bound 

form only and also as the sum of the O2-bound and oxidized (met) forms to estimate the 

upper and lower bounds of P50, respectively. One of the two experiments performed is 

shown in Supplemental Figure 4. The average P50 estimate was 0.06 mmHg. 

 

Supplemental Figures 

 

 

 

Supplemental Figure 1.  

Standard absorbance 

reference spectra at 37 °C. 

(a) Absorbance of human 

hemoglobin per mM per cm 

measured in PBS (Phosphate 

buffered saline, pH 7.4). Blue: 

unliganded heme iron with 

charge of +2. Brown/dark red: 

unliganded heme iron with 

charge of +3 (oxidized or 

“met” form). Magenta – CO-

bound heme iron with charge 

of +2 and golden – O2-bound 

heme iron. (b) H64Q-CCC 

neuroglobin absorbance per 

mM per cm of the same forms 

as described for hemoglobin. 
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Supplemental Figure 2. CO transfer 

from pure hemoglobin to 

neuroglobin under atmospheric 

conditions. (a) Example absorption 

spectra of 33 µM CO-saturated Hb and 

30 μM O2-saturated Ngb-H64Q-CCC 

before mixing the two together at 

37 °C, in presence of atmospheric 

oxygen. (b) Spectra measured every 2.4 

s after mixing the two proteins 

together, arrows indicate the change in 

absorbance at specific wavelengths. (c) 

Kinetics (deconvoluted data and 

exponential fits) of the CO-bound Hb 

and Ngb-H64Q-CCC. The measured 

reaction rate was 0.11 s-1 (9 s reaction 

life time, equal to analogous example 

in the absence of oxygen, Figure 3). 

The reference spectra in Supplemental 

figure 1 was used to obtain this data via 

least-squares optimization. 
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Supplemental Figure 3. Dissociation of CO from Hb at room temperature in 

presence of excess H64Q-CCC neuroglobin and nitric oxide. (a) Example 

absorption spectra of CO-saturated 23 µM Hb and 36 µM unliganded Ngb-H64Q-

CCC before mixing the two together at 22 °C, in presence of 5 mM Dithionite. (b) 

Spectra measured every 9 s after mixing the two proteins together, arrows indicate 

the change in absorbance at specific wavelengths. (c) Kinetics (deconvoluted data 

and exponential fits) of the CO-bound Hb and Ngb-H64Q-CCC. The measured 

reaction rate was 0.017 s-1 (60 s reaction life-time). Reference spectra used to obtain 

this data via least-squares optimization is similar to those shown in Supplemental 

figure 1, but measured at 22 °C. (d) CO dissociation rate from Hb measured in 

presence of small excess of Ngb-H64Q-CCC (0.014 ± 0.005 s-1, n = 4) compared 

with that measured in presence of large excess (100 – 200 fold) of Nitric Oxide (vs. 

0.0065 ± 0.002 s-1, n = 3) under anaerobic conditions. *Error bars show standard 

deviation. 
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Supplemental Figure 4. Example 

measurement of P50 of O2 of H64Q 

neuroglobin. (a) Absorbance spectra of 16.5 

M  Ngb-H64Q at increasing partial pressures 

of molecular oxygen (two spectra at each 

pressure) at 37 °C. The first spectra measured 

at O2 partial pressure of 0.025 mmHg indicates 

mostly unliganded neuroglobin with an heme 

iron charge of +2 (maximum absorption peak 

near 550 nm). As more oxygen is added the 

protein forms O2-bound and oxidized species. 

Arrows indicate the direction of change in 

absorbance at selected wavelengths. (b) 

Oxygen saturation of Ngb-H64Q taken as only 

the O2-bound from or as the sum of the O2-

bound and oxidized (met) forms plotted vs. the 

partial pressure of oxygen (circles). The Hill 

equation fit (assuming a Hill coefficient of 1) 

is shown by the solid lines. Calculated P50 

values were 0.13 and 0.06 mmHg using only 

the O2-bound form or also including the 

oxidized (met) form, respectively. (c) Fit of the 

logarithmic form of the Hill equation (solid 

lines) to the data (circles). Here, y represents 

the fractional O2-saturation that is plotted in 

panel b, again using O2-bound form only or 

also including the oxidized (met) form. 

Calculated P50 values were 0.12 and 0.05 

mmHg using only the O2-bound form or also 

including the oxidized (met) form, 

respectively. 
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