
 

Effect of air, peroxides and diabetes on antioxidant enzyme 

localization in red blood cells  

 

Zornitsa Stoyanova 

 

 

A Thesis 

In the Department  

of 

Chemistry and Biochemistry 

 

 

Presented in Partial Fulfillment of the Requirements 

for the Degree of Master of Science (Chemistry) at 

Concordia University 

Montreal, Quebec, Canada 

 

 

 

 

 

 

 

August 2013 

 

© Zornitsa Stoyanova, 2013



 

     

CONCORDIA UNIVERSITY  

School of Graduate Studies 

 

 

This is to certify that the thesis prepared  

 

By:                 Zornitsa Stoyanova 

 

Entitled:       Effect of air, peroxides and diabetes on antioxidant enzyme localization in 

red blood cells 

 

and submitted in partial fulfillment of the requirements for the degree of  

 

Master of Science (Chemistry) 

 

complies with the regulations of the University and meets the accepted standards with 

respect to originality and quality. 

 

Signed by the final Examining Committee: 

 

 

 

Approved by  

 

Chair of Department or Graduate Program Director 

 

 

  Sep 6
th
              2013 

Dean of Faculty 

 

                                                                                     

Chair 

 Dr.  Christine Dewolf  

                                                                                     

Examiner  

 Dr. Heidi Muchall  

                                                                                     

Examiner  

 Dr. Andreas Bergdahl  

                                                                                     

Examiner  

 Dr. Alisa Piekny  

                                                                                     

Supervisor  

 Dr. Ann English  



 

iii  

 

ABSTRACT 

 
Effect of air, peroxides and diabetes on antioxidant enzyme localization in red blood cells 

Zornitsa Stoyanova 

 

Red blood cells (RBCs) circulate through the lung and capillaries during their 

120-day life span, transporting oxygen and carbon dioxide. They are exposed 

continuously to reactive oxygen species (ROS) derived from hemoglobin autoxidation. 

Protection of the RBC membrane from ROS is critical since on oxidation the cell loses its 

ability to deform in narrow capillaries. We investigated by Western blotting and confocal 

microscopy membrane recruitment of the key antioxidant enzymes, CuZn-superoxide 

dismutase (CuZnSOD), catalase, peroxiredoxin-2 (Prx2) and glutathione peroxidase-1 

(Gpx1). 

 Prolonged air exposure of human RBCs, which likely increases their O2
ǒ
¯ levels, 

resulted in less membrane-associated CuZnSOD but more membrane-associated catalase 

and Gpx1. Prx2 membrane levels remained unchanged. 

 Challenge with H2O2 or cumene hydroperoxide recruited Gpx1 to the membrane 

to metabolize lipid peroxides. Localization of catalase, which is always present at the 

membrane, remained unchanged but membrane-associated Prx2 decreased after peroxide 

treatment.  

We also investigated membrane recruitment of the antioxidant enzymes in 

diabetic vs control rat RBCs. Notably, CuZnSOD increased at the RBC membrane in 

control animals at 2 versus 4 weeks. We attributed this to the observed increase in PTP1B 

activity, suggesting that CuZnSOD membrane localization is regulated by 
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phosphorylation of the cytoplasmic domain of Band-3 (CDB3). Catalase decreased at 

RBC membranes of 4-week diabetic rats whereas Prx2 levels increased. Gpx1 membrane 

levels did not change in diabetic RBCs suggesting that its membrane binding sites are 

always saturated to protect against lipid oxidation. Our results provide evidence that 

CuZnSOD, catalase, Prx2 and Gpx1 respond to damaging ROS in RBCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 

 

Acknowledgements  

  
I would like to express my gratitude to my colleagues who shared their 

knowledge and contributed to the successful completion of my MSc degree.   

I would like to thank my supervisor, Dr Ann M. English, for the opportunity to 

join her outstanding research team. In the past two years, I have realized that greater 

synergy is achieved by a diverse group of individuals working together. I acquired solid 

knowledge of basic and advanced biochemical techniques and principles. I learned how 

to apply this knowledge to results obtained in the laboratory and to critically analyze and 

present scientific information. Dr English has a dedication to research and her invaluable 

guidance has prepared me for a successful career in science. 

I would like to thank my research committee members, Dr Heidi Muchall, Dr 

Andreas Bergdahl, Dr Alisa Piekny and Dr William Zerges for their time and 

constructive feedback.  

I would like to express my gratitude to my group members for demonstrating 

professionalism and for sharing valuable skills and knowledge. It has been an honour to 

be a member of this diverse team and I was also energized in this dynamic learning 

environment. Thank you, Mr Marc Ouellet, Dr Maria Shadrina, Mr Dorival Martins, Ms 

Samaneh Dastpeyman, Mr Vinod Parmar, Ms Andrea Clarke, and Ms Meena Kathiresan 

for your consistent support and for a very enjoyable laboratory experience. 

Finally, I would like to thank my family and friends for their support throughout 

the years, and particularly to my very special friend Marika Dochia for her precious 

listening skills and encouragement.  

 



 

vi 

 

  

  
 

 

 

 

 

Dedication 

 

To my father Mr Nancho Stoyanov and my mother Ms Svetlana Stoyanova 

 

Mom and Dad, thank you for giving me life, for teaching me right from wrong, 

and for providing a loving home. 

You have taught me to pursue my goals with passion, to be independent, to 

respect and be respected. 

I hope to make a difference in the scientific community and change lives. 

Thank you for your relentless support!



 

vii  

 

 

Table of contents 

List of Figures........................................................................................................................... x 

Li st of Schemes .................................................................................................................... xiii  

List of Tables .........................................................................................................................xiv 

List of Abbreviations ............................................................................................................. xv 

Chapter 1:  Introduction ........................................................................................................... 1 

1.1 Organization and function of red blood cells ............................................................. 1 

1.2 Band-3 as major organizer of the RBC membrane.................................................... 2 

1.3 ROS and oxidative stress in RBCs ............................................................................. 5 

1.4 Nonenzymatic antioxidant defence systems in RBCs ............................................. 12 

1.5 Enzymatic antioxidant defence systems in RBCs ................................................... 13 

1.6 Copper, zinc-superoxide dismutase (CuZnSOD) .................................................... 15 
1.6.1 Properties of human CuZnSOD (SOD 1).............................................................. 15 

1.6.2 Superoxide dismutase (SOD) activity of CuZnSOD ............................................ 17 

1.7 Catalase ...................................................................................................................... 17 
1.7.1 Properties of human catalase ................................................................................. 18 

1.7.2 H2O2 decomposition by catalase ............................................................................ 20 

1.8 Peroxiredoxin-2 (Prx2) .............................................................................................. 21 

1.8.1 Properties of mammalian peroxiredoxins ............................................................. 21 
1.8.2 Antioxidant role of RBC Prx2 ............................................................................... 22 

1.9 Structure of Glutathione peroxidases (Gpx) ............................................................ 23 

1.9.1 Antioxidant role of RBC Gpx1 .............................................................................. 25 

1.10 Outline and scope of thesis ....................................................................................... 27 

Chapter 2: Materials and Methods ........................................................................................ 29 

2.1 Materials ..................................................................................................................... 29 

2.2 Antibodies used for Western blotting of isolated membranes from human and rat 

RBCs........................................................................................................................... 29 



 

viii  

 

2.3 Antibodies used for confocal microscopy of fixed and stained human RBCs ...... 30 

2.4 Methods ...................................................................................................................... 30 

2.2.1 Quantitation of membrane-associated proteins by Western blotting .................. 30 
2.2.1.1 Human blood collection and washing of RBCs .......................................... 30 

2.2.1.2 Prolonged exposure to air of human RBCs ................................................. 31 
2.2.1.3 Human RBC exposure to H2O2 and cumene hydroperoxide (CHP) .......... 31 
2.2.1.4 Isolation of membranes from human RBCs ................................................ 32 
2.2.1.5 Rat blood collection and washing of rat RBCs ........................................... 33 

2.2.1.6 Isolation of membranes from rat RBCs ....................................................... 34 
2.2.1.7 SDS-PAGE and Western blotting of membrane-associated proteins from 

human and rat RBCs .................................................................................................. 34 

2.2.1.8 Densitometry of membrane-associated proteins from human and rat RBCs

 36 
2.2.1.9 Coomassie staining of PVDF as loading control ........................................ 37 

2.2.1.10 Standard plot preparation ....................................................................... 37 
2.2.2 Localization of proteins in fixed human RBCs by confocal microscopy ........... 38 

2.2.2.1 Preparation of human RBCs ......................................................................... 38 
2.2.2.2 Fixing and permeabilization of human RBCs ............................................. 39 

2.2.2.3 Staining of human RBCs for CuZnSOD, catalase, Gpx1 and Prx2 ........... 40 
2.2.2.4 Confocal microscopy of fixed human RBCs ............................................... 41 

Chapter 3: Characterizing controls for immunoblotting, immunofluorescence and 

hemolysis ................................................................................................................................ 43 

3.1 Standard plot preparation of the detection of CuZnSOD, catalase, Prx2 and Gpx1

..................................................................................................................................... 43 

3.2 Linear range for CuZnSOD, Prx2, catalase and Gpx1 analysis by Western blotting

..................................................................................................................................... 44 

3.3 Sum of Coomassie bands as a loading control in Western blot analysis ............... 48 

3.4 Confocal controls for CDB3 and Hb localization in human RBCs ........................ 49 

3.5 Prx2 visualization in fixed human RBCs ................................................................. 51 

3.6 Determination of most appropriate hemolysis method ........................................... 52 

Appendix 3.1 .......................................................................................................................... 63 

Appendix 3.2 .......................................................................................................................... 65 

Chapter 4: Effects of prolonged air exposure on membrane localization of CuZnSOD, 

catalase, Prx2 and Gpx1 in human RBCs ............................................................................. 67 

4.1 Introduction ................................................................................................................ 67 



 

ix 

 

4.2 Results ........................................................................................................................ 68 
4.2.1. CuZnSOD localization after air exposure ............................................................. 71 

4.2.2. Catalase localization after air exposure ................................................................. 71 
4.2.3. Prx2 localization after air exposure ....................................................................... 72 
4.2.4. Gpx1 localization after air exposure...................................................................... 73 

4.3 Discussion .................................................................................................................. 74 

Appendix 4.............................................................................................................................. 77 

Chapter 5 Membrane localization of CuZnSOD, catalase, Prx2 and Gpx1 in human RBCs 

on exposure to H2O2 and CHP .............................................................................................. 81 

5.1 Introduction ................................................................................................................ 81 

5.2 Results ........................................................................................................................ 82 

5.2.1. CuZnSOD localization after peroxide treatment .................................................. 82 
5.2.2. Catalase localization after peroxide treatment ...................................................... 82 

5.2.3. Prx2 localization after peroxide treatment ............................................................ 84 
5.2.4. Gpx1 localization after peroxide treatment ........................................................... 85 

5.3 Discussion .................................................................................................................. 85 

Appendix 5.............................................................................................................................. 89 

Chapter 6: Membrane localization of RBC antioxidant proteins in a diabetic rat model.. 92 

6.1 Introduction ................................................................................................................ 92 

6.2 Results ........................................................................................................................ 93 
6.2.1. CuZnSOD localization in diabetic RBCs.............................................................. 93 

6.2.2. Catalase localization in diabetic RBCs ................................................................. 94 
6.2.3. Prx2 localization in diabetic RBCs........................................................................ 95 
6.2.4. Gpx1 localization in diabetic RBCs ...................................................................... 95 

6.3 Discussion .................................................................................................................. 98 

Appendix 6............................................................................................................................ 101 

Chapter 7: Overall discussion and conclusions .................................................................. 110 

Chapter 8: Future studies ..................................................................................................... 113 

References............................................................................................................................. 115 

 



 

x 

 

 

List of Figures 

Fig 1.1 Top and cross sectional view of a red blood cell    1 

Fig 1.2 Two types of multiprotein complexes at the RBC membrane,  

Band-3 and 4.1R complexes       3 

Fig 1.3 Formation of ROS and RBC oxidative damage    8 

Fig 1.4 Crystal structure of human SOD1 homodimer    15 

Fig 1.5 Oxidized and reduced metal-binding sites of bovine CuZnSOD  16 

Fig 1.6 Structure of human catalase       19 

Fig 1.7 Active-site channel of human catalase     20 

Fig 1.8 Mechanism of H2O2 decomposition by Prx2     23 

Fig 1.9 Structure of GSH-dependent Gpx1      25 

Fig 1.10 Mechanism of catalysis by Gpx1      27 

Fig 2.1 Structure of cumene hydroperoxide (CHP)     32 

Fig 2.2 Structure of streptozotocin (STZ)      33 

Fig 2.3 Densitometry measurements       36 

Fig 2.4 Structure of acrolein        39 

Fig 2.5 Excitation (blue) and emission (red) spectra of Cy2 and FITC dyes  42 

Fig 3.1 Determination of the linear region in Western blots of CuZnSOD, 

catalase, Prx2 and Gpx1 in human RBC membranes    45 

Fig 3.2 Standard plots of CuZnSOD, catalase, Prx2 and Gpx1 in isolated 

membranes from human RBCs      46 

Fig 3.3 Four CuZnSOD, catalase, Prx2 and Gpx1 controls to be loaded  



 

xi 

 

on each gel for Western blotting      47 

Fig 3.4 Plot of summed band intensities vs total protein per lane   48 

Fig 3.5 Confocal immunofluorescence and corresponding bright field  

images of Hb and CDB3 in fixed intact human RBCs   50 

Fig 3.6 Confocal immunofluorescence and corresponding bright field  

images of Prx2 in fixed intact human RBCs     52 

Fig 3.7 Hb content of membrane fractions from human RBCs varies  

with the phosphate concentration in the hemolysis buffer  

but not after NEM addition       57  

Fig 3.8 Western blot of Prx2 from a non-reducing SDS- PAGE (no  

ɓ-mercaptoethanol) of membrane fractions of human RBCs 

lysed in 10 mM phosphate ± 30 min incubation or 40 mM  

phosphate ± 100 mM NEM       58 

Fig 3.9 Effect of hemolysis method on CuZnSOD, catalase, and 

Prx2 membrane localization       61 

Fig 4.1 Western blots of CuZnSOD, catalase, Prx2 and Gpx1 in  

membrane fractions isolated from human RBC following air 

exposure for 0 min (control), 30 min and 60 min    69  

Fig 4.2 Relative amounts of CuZnSOD, catalase, Prx2 and Gpx1 in  

membrane fractions isolated from human RBC following air  

exposure for 0 min, 30 min and 60 min     70 

Fig 4.3 Confocal immunofluorescence and corresponding bright  

field images of CuZnSOD, catalase, and Gpx1 in fixed intact  



 

xii  

 

human RBCs         75 

Fig 5.1 Western blots of CuZnSOD, catalase, Prx2 and Gpx1 in  

membranes isolated from human RBCs treated with 

H2O2 or cumene hydroperoxide (CHP)     85 

Fig 5.2 Relative amounts of CuZnSOD, catalase, Gpx1 and Prx2 in  

membranes isolated from human RBCs treated with H2O2  

or cumene hydroperoxide (CHP)      84 

Fig 5.3 Confocal immunofluorescence images of CuZnSOD, catalase,  

and Gpx1 in fixed intact human RBCs under H2O2 flux   87 

Fig 6.1 Western blots for CuZnSOD, catalase Prx2 and Gpx1 in  

isolated membranes from rat RBCs      96 

Fig 6.2 Densitometry of CuZnSOD, catalase, Prx2 and Gpx1 bands in  

Western blots from control and STZ-treated rat RBCs after  

removal of outliers        97 

Fig 6.3 Comparison of PTP1B activity in membrane fractions from  

diabetic and normal rat RBCs       98 



 

xiii  

 

 

List of Schemes 

Scheme 1.1 CuZnSOD-catalyzed dismutation of O2
ǒ
¯ to O2 and H2O2  17 

Scheme 1.2 Two-step mechanism of H2O2 decomposition by catalase  21 

Scheme 2.1 Reaction of acrolein with proteins     40 



 

xiv 

 

 

List of Tables  

Table 1.1 Summary of properties for CuZnSOD in human RBCs   13 

Table 1.2 Summary of properties of the three major peroxide-metabolizing  

enzymes in human RBCs, catalase, Prx2 and Gpx1   14 

Table 3.1 Summary of linear regions and optimum protein loaded for  

CuZnSOD, catalase, Prx2 and Gpx1 as determined from  

standard plots in Fig 3.2 and detected by Western blotting   47 

Table 3.2 Total protein controls for Western blotting    47  

Table 5.1 Localization of catalase, Gpx1 and CuZnSOD in human RBCs 

after a steady-state generation of H2O2     86 



 

xv 

 

     

List of Abbreviations 

CDB3                    Cytoplasmic domain of Band-3 

CHP   Cumene hydroperoxide 

CpdI                      Compound I   

CuZnSOD             CuZn-superoxide dismutase 

DeoxyHb Deoxyhemoglobin 

GAPDH                Glyceraldehyde 3-phosphate dehydrogenase 

Gpx1                     Glutathione peroxidase-1 

G-PBS                   Glucose phosphate buffered saline 

GSH                      ɔ-glutamylcysteinylglycine or glutathione 

Hb                         Hemoglobin 

HRP                      Horseradish peroxidase 

Ht                          Hematocrit  

H2O2 Hydrogen peroxide  

MetHb                   Methemoglobin 

MDA                     Malondialdehyde 

NEM N-ethylmaleimide 

OxyHb                  Oxyhemoglobin 

PBS                       Phosphate buffered saline  

PFK Phosphofructokinase 

PMSF Phenylmethylsulfonyl fluoride 

Prx2                       Peroxiredoxin-2  



 

xvi 

 

PSS Physiological saline solution 

PTPase Phosphotyrosine phosphatase 

p-NPP p-nitrophenyl phosphate 

RBC                      Red blood cell 

ROS                      Reactive oxygen species 

STZ Streptozotocin 



 

1 

 

 

 Chapter 1:  Introduction  

1.1 Organization and function of red blood cells  

Blood is composed of cells and plasma. The most abundant cells in blood are red 

blood cells (RBCs, also called erythrocytes), which contain a high concentration of the 

heme protein hemoglobin (Hb). Hb reversibly binds O2 and greatly increases O2 

solubility in blood. 

 

 
 

 

 
Fig 1.1 Top and cross sectional view of a red blood cell. RBC has a biconcave disk shape and is ~2 µm 

thick with ~7 µm diameter. Adapted from http://www.easynotecards.com/print_cards/2967: accessed Mar 

5, 2013 

 

Human RBCs are produced in the bone marrow. As the RBCs emerge from the 

bone marrow to enter the blood, they lose their nuclei, ribosomes, and mitochondria and 

therefore all capacity for cell division, protein synthesis, and mitochondrial-based 

oxidative reactions (1, 2). The anucleated mature human RBC is one of the most 

specialized cells in the body. Human RBCs are small biconcave discs with high surface-

to-volume ratio (Fig 1.1) related to their main function of O2 transport to tissues and CO2 

~7 µm 

~2 µm 
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transport from tissues to the lungs (1). Approximately 25x10
12

 RBCs course through the 

human circulatory system. They travel through microcapillaries (1-2 µm in diameter) and 

must undergo extensive deformation and resist fragmentation, which is essential for 

function and survival (3-7). Membrane rigidity is an important factor in reducing cell 

deformability (8) and maintenance of deformability aids in the exit of mature RBCs from 

the bone marrow (9). RBCs cannot divide or maintain their structure for very long and 

have an average lifespan of 120 days (10).  

Plasma constitutes ~ 55% of whole blood and acts as a buffer to maintain human 

arterial blood pH at 7.35-7.45 while RBCs occupy ~ 45% of whole blood. White blood 

cells (WBCs or leukocytes) and platelets, occupy ~ 1% of whole blood. They participate 

in the immune response and blood clotting, respectively (1). 

 

1.2 Band-3 as major organizer of the RBC membrane 

The RBC plasma membrane consists of a lipid bilayer composed of ~50% 

protein, ~40% lipid and ~10% carbohydrate (11) and has a complex organization. It acts 

as a physical barrier, yet it readily passes ions, nutrients and information between the 

cytoplasm and the extracellular environment. Many transmembrane and cytosolic 

proteins are associated with the abundant anion channel protein Band-3, forming a 

metabolon (12). Two types of Band-3 containing multiprotein complexes at the 

membrane have been defined as shown in Fig 1.2. On the left side, tetrameric Band-3 is 

attached to spectrin via ankyrin, which is referred to as the Band-3 complex. On the right 

side of Fig 1.2, dimeric Band-3 interacts with protein 4.1 to form what is known as 4.1R 
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complex (13). It has been speculated that the RBC membrane is composed of repeating 

units of these Band-3 and 4.1R complexes (14). 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.2 Two types of multiprotein complexes at the RBC membrane, Band-3 and 4.1R complexes 

(modified from (15)). (Left) Band-3 complex: the N-terminal cytoplasmic domain of Band-3 (CDB3) 

contains binding sites for many proteins including deoxyHb, hemichromes and the glycolytic enzymes - 

aldolase, phosphofructokinase (PFK), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Note that 

carbonic anhydrase II (CAII) binds to the short C-terminus of Band-3.  (Right) 4.1R protein complex. (15). 

 

 

Band-3 constitutes the most abundant polypeptide in the RBC membrane, 

comprising 25% of the total membrane protein. Band-3 can be divided into two 

independent structural domains. The 55 kD membrane-spanning domain is thought to 

traverse the bilayer twelve times and serves to catalyze the exchange of anions (mainly 

Cl¯ for HCO3¯ across the membrane during gas transport in the blood (16). The 

membrane-spanning domain may also mediate removal of senescent RBCs from 

CDB3 
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circulation (17-19), and it has been shown to carry a number of common blood group 

antigens (20). The external domain of Band-3 contains many attached sugars (20).  

The 41 kDa N-terminal cytosolic domain of Band-3 (CDB3) from human RBCs 

was crystallized and characterized by Zhang et al. in 2000 (21). The first 54 residues at 

the N-terminus and the last 23 residues at the C-terminus at CDB3 were not resolved 

(21). Physical studies of CDB3 have shown a remarkable flexibility of this region (22, 

23). The first 54 residues form a strongly anionic region, containing 20 acidic residues, 

no basic residues and a blocked N-terminal methionine (24, 25). This region is also 

involved in peripheral protein interactions and contains a critical Tyr8 residue which is 

the main site of phosphorylation by protein kinases in the N-terminus of Band-3 (26). 

Included among the protein binding partners of ligands of CDB3 are Hb (35, 36), 

hemichromes (37), the protein tyrosine kinase (p72syk) (38), ankyrin (27), protein 4.2 

(28, 29), protein 4.1 (30, 31), GAPDH (32), PFK (33), and aldolase (34). Interestingly, 

oxidation of Cysɓ93 on the ɓ-chain of Hb has been proposed as a specific and sensitive 

marker for oxidative stress during storage (39), but the effect of Cysɓ93 oxidation on 

CDB3 binding affinity has not been reported. Note that CAII binds to the short cytosolic 

C-terminal domain of Band-3 and not to CDB3. It was reported that in vitro 

phosphorylation of the human purified CDB3 by a protein-tyrosine kinase (p40) results in 

the inhibition of binding of aldolase, GAPDH, PFK, and Hb, suggesting that CDB3 might 

be involved in regulation of glycolysis (40). Importantly, each of these Band-3 

interactions has nontrivial consequences for the structure and function of the cell, ranging 

from control of cell flexibility and shape (41), to regulation of glucose metabolism (42), 

ion transport (43), and cell lifespan (19). 
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1.3 ROS and oxidative stress in RBCs 

Molecular oxygen is beneficial and harmful to living systems. Partially reduced 

forms of O2 are damaging and are collectively termed reactive oxygen species (ROS) 

(44). ROS include the superoxide radical anion (O2
ǒ
¯), the hydroxyl radical (OH

ǒ
) and 

hydrogen peroxide (H2O2).  

During its lifetime, a RBC passes through the human circulation ~75,000 times 

(45) and reversibly binds O2 on each cycle (Fig 1.3, Panel A). As a result of their main 

physiological role, RBCs are subjected to constant oxidative stress. Moreover, the RBCs 

(~7 ɛm in diameter) need to withstand turbulent flow, and must be deformable to pass 

through capillary beds with 1-2 ɛm in diameter (46).  In most cells, mitochondria are 

major sources of endogenous ROS (47). Despite their lack of mitochondria, RBCs 

continuously produce ROS because these cells possess high O2 and heme concentrations 

(48). Various factors lead to generation of ROS such as O2
ǒ
¯, H2O2, and OH

ǒ
 in RBCs 

(49). Some exogenous sources of ROS in the blood are the phagocytic cells, neutrophils 

and macrophages (50). 

The main source of ROS in erythrocytes is the O2 carrier protein Hb. This protein 

has two forms (oxyHb and deoxyHb) and undergoes autoxidation. Since the intracellular 

concentration of oxyHb is ~5 mM, even a small rate of autoxidation can produce 

substantial levels of O2
ǒ
¯ with a concomitant formation of metHb (Fig 1.3, Panel B). The 

steady-state concentration of O2
ǒ
¯ inside RBCs is ~10 pM (51). MetHb formation results 

in the loss of the most important task of RBCs (52) because metHb cannot bind and 

transport O2.  During autoxidation an electron is lost from the heme Fe
II
 to give Fe

III
. 

Spontaneously generated O2
ǒ
¯ or O2

ǒ
¯ arises due to the effect of an exogenous source 
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such as certain drugs (53) and is capable of attacking the RBC membrane directly and 

causing structural alterations in lipids and proteins (54). Furthermore, dismutation of 

O2
ǒ
¯ readily generates a second ROS, H2O2 (Equation 1.1) (53).  

 

    O2
ǒ
¯   +    O2

ǒ
¯   +   2H

+
                     H2O2   +   O2  

 

 

Superoxide crosses membranes via transmembrane anion channels such as Band-

3, but its uncharged dismutation product, H2O2 (Equation 1.1), crosses membranes by 

passive diffusion (55) or via aquaporin (56). Human RBCs have a limited ability to 

synthesize new proteins to replace damaged ones (57). However, RBCs have strong 

antioxidant defences and H2O2 is not particularly damaging to the membrane and 

molecules within RBCs. Exported H2O2 could be harmful to the extracellular milieu 

because the plasma possesses few antioxidant defences (55). Thus, not only could 

oxidative stress harm the RBC itself, but the exit of large quantities of H2O2 from the 

RBC could damage other components in the circulatory system (58).  

The harmful effects of ROS causing potential biological damage are collectively 

termed oxidative stress. Oxidative stress results from ROS overproduction or a 

weakening of the antioxidant defence system. The most obvious oxidative damage is the 

formation of Heinz bodies. Heinz bodies are composed of denatured Hb and some 

membrane proteins, including Band-3. Although Heinz bodies may form by oxidation of 

internal sulfhydryl groups in Hb (59), hemichrome formation seems more important (37) 

in Heinz body formation. Reversible hemichromes, such as Hb hydroxide and 

bishistidine ferrihemochrome, are formed from metHb (Fig 1.3, Panel C). As the name 

indicates, the reversible hemichromes can be converted back to methemoglobin, and, 

Equation 1.1 
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eventually, to reduced Hb. If irreversible hemichromes (bishistidine ferrihemochrome or 

a mercaptide derivative) are formed, Hb denaturation cannot be stopped, and Hb 

aggregates to form hemichromes (60). Hemichromes have an increased affinity for CDB3 

and bind to it (37). The resulting Band-3-hemichrome complex promotes the aggregation 

of additional molecules to form a cluster that can be recognized microscopically as Heinz 

bodies. Because it is an integral protein and spans the lipid bilayer, this also results in 

Band-3 clustering on the outside of the RBC membrane, which creates a recognition site 

for auto-antibodies (17). Auto-antibodies against Band-3 clusters likely play a key role in 

recognizing senescent erythrocytes (61) since RBCs with attached auto-antibodies are 

trapped and degraded by macrophages in the spleen and liver. Heinz bodies can also be 

removed from RBCs by the spleen, and the repaired cells remain in circulation (62), a 

phenomenon known as splenic ñpittingò.  

Also, progressive hemichrome formation, oxidation and phosphorylation of Band-

3 have been observed in RBCs under oxidative stress, while in control RBCs Band-3 

oxidation and phosphorylation are transient and no hemichrome formation is observed. 

Hemichromes bind to Band-3 and promote the clustering of phosphorylated Band-3 (63). 

In Fig 1.3, Panel D, O2
ǒ
¯ generated in the production of metHb is converted into 

H2O2 by CuZn-superoxide dismutase (CuZnSOD). Hydroxyl radicals are produced with 

H2O2 and ferrous iron from denatured metHb products functioning as Fenton reagents 

(64).  

ROS can cause lipid peroxidation when OH
ǒ
 attacks polyunsaturated fatty acids 

within the membrane (54) as shown if Fig 1.3, Panel E. Hydroxyl radicals in the 

membrane attack unsaturated lipids to form lipid radicals (CH
ǒ
), then combine with 
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molecular oxygen to form lipid peroxyl radicals (HCOO
ǒ
), which in turn attack 

unsaturated lipid to complete the cycle. Lipid peroxidation leads to altered phospholipid 

fluidity, loss of membrane integrity and loss of cellular homeostasis (48). Also, 

malondialdehyde (MDA), a highly reactive bifunctional molecule, is an end product  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.3 Formation of ROS and RBC oxidative damage (taken from Yoshida et al. (64)). Panel A: 

Normal function of Hb-reversible binding of O2 to reduced (ferrous) heme in Hb. Panel B: Auto-oxidation 

of oxyHb to methemoglobin (metHb; ferric) with production of superoxide anion. In a steady-state, 1-2% 

of Hb exists as metHb in the circulation. Panel C: MetHb denatures first to óreversible hemichromesô, in 

which conformational distortions are minor and can still be reversed. Reversible hemichromes further 

denature to óirreversible hemichromesô, which subsequently dissociate to globins and heme. Panel D: The 

Harber-Weiss reaction produces hydroxyl radicals. Panel E: Lipid peroxidation cycle. 
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within cells of membrane lipid peroxidation (52) and has been shown to bind to proteins. 

This may result in the impairment of membrane-related functions that could ultimately 

diminish survival. MDA accumulation can affect Band-3 function as well as the function 

of its associated enzymes, such as GAPDH and PFK (49). It might also be involved in 

recruiting certain enzymes to the RBC membrane, such as glutathione peroxidase-1 

(Gpx1), as discussed later.  

ROS not only react with lipids but also with membrane and cytosolic proteins, 

resulting in cellular damage. ROS alter proteins by modifying amino acids such as 

sulfhydryl groups on Band-3 and calcium ATP-ase (Ca-ATPase). Dimer formation and 

tetramer formation is important for the proper function of Band-3 as this protein exists 

primarily as a mixture of dimers and tetramers in its membrane environment (65, 66). 

CDB3 has two oxidizable Cys residues, Cys201 and Cys317, which form an inter-subunit 

disulfide bond upon treatment with an oxidizing agent (21).  Formation of this S-S bond 

is critical for dimerization, tetramerization (67) and the proper function of CDB3. 

Therefore, it is important to prevent ROS accumulation to maintain proper function of 

CDB3 and control Band-3 clustering. 

Among other membrane proteins that are possible targets for oxidants, Ca-

ATPase is also essential for RBC survival. Ca-ATPase contains one or more reactive 

sulfhydryl groups that are susceptible to oxidation with resultant loss of enzyme activity. 

Because this enzyme is critical in maintaining the very steep gradient between 

extracellular and intracellular calcium, loss of activity is associated with decreased 

deformability and premature destruction of RBCs (68). 
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Like RBC membrane proteins, cytosolic proteins, such as Hb, are also susceptible 

to oxidation. Oxidative modifications in oxyHb as a result of H2O2 exposure have been 

proposed to act as selective signals for proteolysis in RBCs (69). In addition to the 

modification of Hb by H2O2, peroxidation may result in Hb crosslinking to membrane 

proteins, such as spectrin and Band-3, and also the aggregation of Band-3 (70, 71) as 

discussed in Fig 1.3, Panel C. Snyder et al. demonstrated that H2O2 induces complex 

formation between spectrin and Hb as well as altered phospholipid organization, RBC 

shape, membrane deformability, and cell surface characteristics (72). The formation of 

crosslinked spectrin and Hb causes the RBC membrane to become more rigid, less 

deformable and less adaptable (72). Thus, protection of the RBC membrane is essential to 

prevent hemolysis which increases in cells with rigid membranes (73). Loss of membrane 

flexibility has profound implications because the survival of many other cells depends 

upon the proper functioning of RBCs.  

When blood is stored under blood bank conditions, RBCs slowly lose their ability 

to survive following transfusion (74). Although preservation of adenosine 5ó-triphosphate 

(ATP) levels lengthen storage time, the ATP concentration is not the major determinant 

of proper RBC function. Erythrocyte membrane function seems to be abnormal in stored 

blood. The in vitro ability of spectrin to bind to actin in the presence of membrane protein 

4.1 decreases during blood storage. The membrane changes that occur in stored RBCs are 

partially reversed by dithiothreitol, suggesting sulfhydryl oxidation. Erythrocytes also 

lose phospholipids during storage, and that loss correlates with Hb leakage. 

Current blood storage practices are known to cause oxidative damage to RBCs, 

known as ñstorage lesionò that may alter their biological function, including delivery of 
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O2 to cells (75). In clinical settings, blood is stored in air-permeable bags for 42 days (76) 

at 4 ºC but deformation of the RBC membrane due to oxidation occurs after only five 

days of ambient air exposure (77). Accumulation of oxidized Hb and the formation of 

crosslinks between Hb and membrane proteins were recently demonstrated in RBCs 

subjected to prolonged hypothermic storage at 4 ºC (78). Another study demonstrated the 

progressive linkage of catalase and Prx2 to RBC membranes together with non-reducible 

membrane crosslinking of Hb after blood storage for 28 days (79). Thus, growing 

evidence indicates the involvement of oxidized Hb and protein re-localization in 

degenerative processes pertaining to blood storage and draws interest to the fields of 

transfusion medicine and blood banking.  

Diabetes also causes oxidative stress in RBCs (80). Diabetes results in decreased 

RBC membrane fluidity and loss of flexibility, due to the in vivo glycation of proteins as 

well as to changes in lipid composition (81). Glycated proteins include Hb and the 

membrane proteins, ankyrin, actin, and spectrin (82). This modification of Hb and 

membrane proteins by glucose is non-enzymatic and depends on blood glucose levels as 

well as erythrocyte age (82). The glycation of Hb increases its oxygen affinity and makes 

it more susceptible to oxidation (83). 

In humans, oxidative stress is involved in many pathological conditions, including 

atherosclerosis, hypertension, Parkinsonôs disease, nephropathy, inflammatory arthritis 

and diabetes (84).  
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1.4 Nonenzymatic antioxidant defence systems in RBCs 

The antioxidant system in human RBCs consists of non-enzymatic and enzymatic 

pathways. The non-enzymatic defences inside RBCs can be divided into lipophilic 

(vitamin E, vitamin A, ubiquinone, melatonin) and water-soluble compounds (vitamin C, 

glutathione, uric acid). Three antioxidant vitamins A, C, E provide defence against 

oxidative damage as chain-breaking antioxidants. Vitamin C reduces O2
ǒ
¯ and HCOO

ǒ
, 

radicals and participates in the recycling of vitamin E (48, 85). Vitamin C has been 

shown to play a protective role against peroxidation of RBC membrane lipids and 

vitamin E by t-butylhydroperoxide (tert-B-OOH), preserving lipids by up to 92% (86). 

Vitamin E is the most widely distributed antioxidant in nature. When vitamin E donates 

an electron to a lipid peroxyl radical, it is converted to free radical stabilized by 

resonance structure (87). Vitamin C and E work together to inhibit lipid peroxidation 

reactions in plasma lipoproteins and membranes. Vitamin A is a potent free radical 

scavenger (48) and addition of vitamin A in vitro to erythrocyte membranes has been 

shown to decrease lipid peroxide production.  

GSH (ɔ-glutamylcysteinylglycine, or glutathione) is the most important 

nonenzymatic, peptidic regulator of intracellular redox homeostasis. GSH is the major 

antioxidant in RBCs since it prevents disulfide formation in important structural proteins 

such as spectrin, which leads to increased membrane stiffness (88). GSH not only 

supports antioxidant defence, but is also an important sulfhydryl buffer, maintaining ïSH 

groups in Hb and enzymes in the reduced state (48).  

GSH is present at high levels (~5 mM) in RBCs. It protects against oxidative 

damage by directly interacting with H2O2 and organic peroxides, or as a substrate of 
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detoxification enzymes like Gpx. Importantly, GSH plays an essential role in maintaining 

a constant redox environment inside the RBC that is critical for the function of cellular 

proteins. GSH exists either in reduced GSH or oxidized GSSG forms and participates in 

redox reactions by the reversible oxidation of its active thiol. Inside cells GSH is 

predominantly present in the reduced form (89). Maintenance of high GSH-to-GSSG 

ratio is important in RBCs as it protects against oxidative stress. 

 

1.5 Enzymatic antioxidant defence systems in RBCs 

In addition to non-enzymatic defences, RBCs also rely on abundant antioxidant 

enzymes including CuZnSOD, catalase, Prx2 and Gpx1. CuZnSOD rapidly dismutates 

O2
ǒ
¯ to H2O2 (Table 1.1), which is a substrate for catalase, Prx2 or Gpx1. The latter three 

enzymes react rapidly with H2O2, organic hydroperoxides or lipid peroxides (Table 1.2) 

and whether they carry out nonredundant functions is a matter of considerable debate. 

Catalase degrades H2O2 without consuming cellular reducing equivalents (NADPH), 

which is an energy efficient way of removing H2O2. In addition to catalase, Prx2 and 

Gpx1, RBCs contain glutaredoxin and glutathione S-transferase, which can act as 

peroxidases themselves, but at much slower rates (90). 

Table 1.1 Summary of properties for CuZnSOD in human RBCs 

 

 

 

 

 

Substrate O2
ǒ

 ̄

k2*  2x10
9
 M

-1
s

-1
 

K m 0.0029 mM 

kcat 1.7 x 10
4
 s

-1
 

MW monomer  / 

# amino acids monomer 
16 kDa / 153 aa 

Copies per RBC / Concentration 2.7 x 10
5  

copies / 1.8 ï 10 µM
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Table 1.2 Summary of properties of the three major peroxide-metabolizing enzymes in human RBCs, 

catalase, Prx2 and Gpx1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The altered activities of these antioxidant enzymatic systems have been documented 

during oxidative stress conditions, making them reliable markers of oxidative stress. 

Ample experimental reports exist in support of the elevation of oxidative stress during 

redox imbalance leading to the development of a number of pathological changes in 

RBCs (88). A significant decrease in the activities of enzymatic antioxidant defence 

system has also been reported in diabetic patients (89). 

RBC Enzyme Catalase Prx2 Gpx1 

Substrates 

 

H2O2 

 

 

H2O2, ROOH 

 

 

H2O2, ROOH, lipid peroxides 

 

k2
a
 10

7
 M

-1
s

-1
 

 

kH202/tert-B-OOH = 2.2 × 10
6
-

7.0 × 10
7 
M

-1
s

-1
 

 

 

ktert-B-OOH = 4.2 x 10
6 
M

-1
s

-1
 

kH2O2 = 4.1 x 10
6 
M

-1
s

-1 

kL-OOH = 4.0 x 10
6 
M

-1
s

-1 

 

K m 25 mM <0.001 mM (for H2O2) 0.24 mM (for H2O2) 

kcat 2.25 x 10
7
 s

-1
 4.0 x 10

7 
s

-1
 (for H2O2) 

4.1 x 10
7 
s

-1
 (for H2O2) 

4.1 x 10
6 
s

-1
 (for tert-B-OOH) 

MW monomer / 

# amino acids 

monomer 

60 kDa / 527 aa 22 kDa / 198 aa 23 kDa / 203 aa 

Copies per RBC / 

Concentration 

 

1.4 x 10
5
 copies / 2.3 µM 

 

14 x 10
6
 copies / 240 µM

 
4 x 10

5
 copies / 6.7 µM 

Reducing 

substrate 
H2O2 Thioredoxin GSH 

 
a 

k2 = bimolecular rate constant for reduction/oxidation of enzyme by the substrate L-OOH, linoleic acid 

hydroperoxide; tert-B-OOH, tert-butyl hydroperoxide 
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1.6 Copper, zinc-superoxide dismutase (CuZnSOD) 

The SOD family of enzymes is comprised of three major classes based on the metal 

cofactor. The first class contains Cu and Zn at the active site, the second class contains Fe 

or Mn, and the third class contains Ni. Three forms of SOD are present in humans: SOD1 

is found in cytosol (Cu and Zn at active site), SOD2 is found in the mitochondrion (Mn at 

active site) and SOD3 is extracellular (Cu and Zn at active site). The best known function 

of SOD is the protection of cells from ROS, particularly O2
ǒ
¯ (Equation 1.1). 

1.6.1 Properties of human CuZnSOD (SOD 1) 

Human RBCs contain only CuZnSOD (SOD1) which is a 32 kDa homodimer with 

one Cu- and one Zn-binding site per 153ïresidue subunit (Fig 1.4). The distance between 

the two active sites in the homodimer is over 30 Å. Each monomer is essentially a ɓ-

barrel with two functional loops, called the electrostatic and zinc loops, which encase the 

metal-binding region. This region of CuZnSOD is fully contained within each subunit 

and the Cu and Zn are in close enough proximity to share an imidazolate ligand, His63 

(Fig 1.5). The two subunits are held together primarily by hydrophobic interactions and 

an intrasubunit disulfide bond as shown in red in Fig 1.4. 

 

Fig 1.4 Crystal structure of human SOD1 

homodimer (PDB ID: 2C9S) (adapted from 

(90)). Copper and zinc ions are shown as blue 

and orange spheres, respectively. The zinc loop 

is depicted in orange and the electrostatic loop in 

teal and the intrasubunit disulfide bond is shown 

in red. 
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The Cu and Zn ions have catalytic and structural roles respectively in CuZnSOD. 

In the oxidized cupric (Cu
II
) form of the enzyme, the copper

 
is bound to four His 

residues, His63, His46, His48, and His120, and a water molecule (Fig 1.5). In the 

reduced cuprous (Cu
I
) form of the enzyme, the copper undergoes a 1.3 Å shift in position, 

moving away from the bridging His63 and releasing the water ligand, thereby switching 

from an irregular five-coordinate geometry to a nearly trigonal planar three-coordinate 

configuration. At the same time, the bridging imidazolate of His63 becomes protonated 

and binds exclusively to the zinc ion, which remains tetrahedrally-coordinated (91) (Fig 

1.5).  

 

 

Fig 1.5 Oxidized and reduced metal-binding sites of bovine CuZnSOD (SOD1) (taken from ref (90)). 

The oxidized enzyme (top, from PDB ID: ICBJ) possesses an intact imidazolate bridge between Cu
II 

and 

Zn
II
. Cu

II 
is five-coordinate and is bound to four His and one water molecule. In the reduced (bottom, from 

PDB ID: IQ0E) the imidazolate bond is broken between the bridging His63 and Cu
I
, which is bound to 

three His side chains only.  
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1.6.2 Superoxide dismutase (SOD) activity of CuZnSOD 

RBCs are well protected against ROS by CuZnSOD, which is abundant (1.8 ï 10 

µM) and efficiently scavenges O2
ǒ
¯ (Table 1.1). In nucleated cells, CuZnSOD synthesis 

is induced by O2
ǒ
¯ and also its activity is increased in the presence of O2

ǒ
¯ with 

activation of regulatory genes (49). CuZnSOD is very stable and its activity is pH-

independent in the range of 5.0 to 9.5 (90).  

A two-step dismutation of O2
ǒ
¯ to O2 and H2O2 (84) (Equation 1.2) occurs at the 

active-site copper of CuZnSOD. First, one molecule of O2
ǒ
¯ reduces Cu

II
 to form O2 and 

then a second molecule of O2
ǒ
¯ reoxidizes Cu

I
 to form H2O2.  The enzymeôs catalytic 

cycle is described as a ping-pong mechanism (92) (Scheme 1.1). Under non-saturating 

conditions, the rate-limiting step in the dismutation is the diffusion of O2
ǒ
¯ to the active-

site cavity. Based on the estimated diffusion rates of O2
ǒ
¯ and CuZnSOD, the catalytic 

rate constant of 2×10
9
 M

-1
 s

-1
 corresponds to that of a diffusion-controlled reaction (93). 

 

 

H2O2

2H + O2 CuI

O2

O2

CuII

 

1.7 Catalase 

Catalase catalyzes the decomposition of H2O2 to water and oxygen and is found in 

most aerobic organisms. It was first reported in 1811 in living tissue as the molecule 

responsible for H2O2 breakdown (94) and was given the name ócatalaseô in 1900 (95). In 

Scheme 1.1 

O2
ǒ¯ 

O2
ǒ¯ 
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1969, the amino acid sequence of bovine liver catalase was determined (96), and by 2004 

over 300 catalase sequences were available (97).  

Catalases can be organized into four main groups (98). The first group is most 

widespread and includes monofunctional, heme-containing enzymes, which are 

subdivided based on subunit size (>75 kDa or <60 kDa) (97). The second group is 

comprised of bifunctional, heme-containing catalase-peroxidases. Third group is 

nonheme or Mn-containing catalases. The fourth group includes miscellaneous proteins 

with minor catalatic activities.  

1.7.1 Properties of human catalase 

Human catalase, a homotetramer of 60-kDa subunits (Fig 1.6A), belongs to the 

group of monofunctional catalases. Each subunit contains an active-site heme 

(ferriprotoporphyrin IX) and requires a NADPH cofactor. One NADPH molecule binds 

per monomer to a pocket located ~19 Å from the heme (99). Two dimers assemble to 

form the tetramer, which is roughly square with overall dimensions of 100 Å x 100 Å x 

70 Å (Fig 1.6B) (99). Tetramerization forces the threading arms from the arm-exchanged 

dimer to cover the hemes in the other dimer. Tetramerization is likely critical for 

sequestering the hemes allowing the enzyme to complete its reaction cycle rather than the 

generation of OH
ǒ
 from exposed hemes (99). 

The heme is at the bottom of a 25-¡ channel extending from the enzymeôs 

surface. A 3-Å-wide hydrophobic constriction, lined by the side chains of Val74, Val116, 

Phe153, Phe154, and Trp186 (Fig 1.7), is located directly above the heme. Thus, only 

H2O or other small molecules can reach the heme. Throughout the catalase structure, H2O 
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fills packing defects in each subunit, and between subunits within the tetramer. At either 

end of the hydrophobic constriction, well-ordered H2O molecules form hydrogen bonds 

to the protein, which promotes selection of H2O2 (99). This is known as ómolecular ruler 

recognitionô mechanism for H2O2. 

Human catalase is a very stable enzyme and works at an optimum physiological 

temperature of 37 °C (100). When the solution pH falls outside the range of 3.5-11, the 

heme dissociates from the active site and catalase loses its enzymatic activity (101). 

Catalase exhibits strong absorbance in the Soret region (Ů405 nm = 3.24 x 10
5 

M
-1
 cm

-1
) 

(94) and possesses one of the highest known enzymatic rates with a turnover number of 

2.25 × 10
7
 s
ï1

 for H2O2
 
(59) at its pH optimum of ~7.0 (101). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.6 Structure of human catalase (pdbID: 1QQW).  (A) Stereo view of an individual subunit with 

active-site heme in red. (B) Stereo view of the catalase tetramer. Note that formation tetramer formation 

buries the hemes from the solvent. Tetramerization forces the threading arms from an arm-exchanged dimer 

to cover the hemes in the other dimer. This figure was created using PyMol (DeLano Scientific). 
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Fig 1.7 Active-site channel of human catalase (taken from ref (99)). A 25-Å channel leads from the 

enzymeôs surface to the heme active site and forms a hydrophobic constriction 3-Å wide immediately 

above the heme. Side chains making up the hydrophobic channel and the proximal Tyr358 ligand are 

displayed in green. The backbone is shown in white, water in red, and the heme in dark red. 

 

1.7.2 H2O2 decomposition by catalase 

Catalase catalyses the dismutation 2H2O2 Ÿ 2H2O + O2 (Scheme 1.2) and 

removes H2O2 from RBCs, protecting them from oxidative stress. The first step involves 

oxidation by H2O2 of the heme iron to form compound I (Cpd I), an oxyferryl group with 

a cationic porphyrin radical. In the second step, reduction of Cpd I regenerates the 

resting-state enzyme (Enz) by reacting with another H2O2 molecule (99). 

In RBCs, catalase functions alongside other systems including Gpx1 and Prx2 to 

prevent oxidation of Hb by H2O2. Moreover, the amount of metHb generated in RBCs by 

25 Å 

3 Å 

µm 
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exposing them to H2O2 has been found to be inversely proportional to their catalase 

content (101), suggesting that catalase is a critical enzyme in the defence against 

oxidative damage and inactivation of Hb in RBCs (99). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 1.2 Two-step mechanism of H2O2 decomposition by catalase. The first step involves oxidation 

of the heme iron by H2O2 to form compound I (Cpd I). In the second step, Cpd I is reduced back to the 

resting enzyme (Enz) (99). 

 

 

1.8 Peroxiredoxin-2 (Prx2)  

1.8.1 Properties of mammalian peroxiredoxins 

The peroxiredoxins (Prxs) constitute a family of homodimeric peroxidases that 

reduce H2O2 and alkyl hydroperoxides to water and alcohol, respectively. They rely on a 

conserved cysteine residue to catalyze peroxide reduction. There are six known 

mammalian isoforms (Prx1-6), classified as typical 2-Cys, atypical 2-Cys, or 1-Cys Prxs 

 

Enz CpdI 
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based on the mechanism and number of Cys residues involved in catalysis (102). It has 

been suggested that overoxidation of the active-site Cys to sulfinic (-SO2H) or sulfonic 

acid (-SO3H) allows intracellular accumulation of H2O2, which can then function as a 

signal transducer for various pathways, also known as the floodgate hypothesis (103, 

104).  

1.8.2 Antioxidant role of RBC Prx2 

All six isoforms except Prx3 exist in human RBCs (105). Prx2 is the third most 

abundant RBC protein after Hb and carbonic anhydrase (106) and has previously been 

called calpromotin for its ability to regulate calcium-activated potassium efflux (107). For 

a long time, it was considered that catalase and glutathione peroxidase-1 (Gpx1) 

constitute the erythrocyteôs defence against H2O2, and there has been continuous debate 

about which of these is the more significant in H2O2 metabolism (108-113). Recently, it 

was found that modeling peroxide metabolism in Gpx-deficient erythrocytes required the 

inclusion of Prx2 to fit the data (58). It has also been shown that circadian oscillation of 

Prx2 oxidation occurs in human RBCs (105). Prx2 is able to protect Hb from exogenous 

oxidation (114) and is thought to remove peroxides at the RBC membrane (115).  

When Prx2 (a typical 2-Cys Prx) reacts with peroxide, the peroxidatic cysteine (Sp) 

at the active site on one subunit is oxidized to a sulfenic acid (-SpOH) (Fig 1.8). A second 

conserved cysteine at the C-terminal end of the other subunit (the resolving cysteine, SR) 

then reacts with the sulfenic acid to form a disulfide bridge. Reduction of the disulfide by 

thioredoxin (Trx) regenerates Prx2 and completes the cycle. Trx is in turn regenerated by 

thioredoxin reductase (TrxR), with reducing equivalents derived from NADPH (116). 
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RBCs are notable among other cells because they are highly resistant to Prx2 

overoxidation to sulfinic acid (-SpO2H) (117). Also, low TrxR activity has been reported 

in RBCs (117) and has been speculated that Prx2 accumulates as a dimer. In its dimeric 

form, Prx2 has been proposed to act as a chaperone for Hb or as a regulator of Ca
2+

-

activated K
+ 

transport (117). This is in contrast to other mammalian Prxs, which are 

overoxidized to -SpO2H or sulfonic acid (-SpO3H) by high levels of peroxide (118). 

Overoxidation to SpO2H is reversed by sulfiredoxin (Srx) (119). 

 

 

 

 

 

 

 

 

 

 

Fig 1.8 Mechanism of H2O2 decomposition by Prx2 (modified from ref (120)). One of two active sites 

within a functional dimer is shown. SP and SR (red) designate the sulfur atoms of the peroxidatic and 

resolving cysteines, respectively. Note that Sp and SR come from different subunits within the dimer.  

 

1.9  Structure of Glutathione peroxidases (Gpx)  

The term Gpx was introduced by Mills in 1957. He discovered peroxidase activity 

with H2O2 in enzyme preparations from human RBCs (121) and Gpx was suggested to 
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protect RBCs against hemolysis by oxidation. Bovine Gpx1 was identified as the first 

selenoprotein to be discovered (122). Of the numerous mammalian Gpx isoforms only 

four or five have a selenocysteine (Sec) at the active site, and the rest possess a Cys 

residue (123). In 1992, Rocher et al. showed that a selenocysteine to cysteine substitution 

significantly reduces Gpx activity and that a serine mutant is completely inactive (124). 

Furthermore, among the numerous Gpx isoforms that have been identified in all domains 

of life, non-mammalian Gpxs usually have a Cys at the active site (125). The various Gpx 

isoforms use either Trx or GSH as reducing substrate (126).  

Gpx1, the most abundant of the four mammalian types, is found in the cytosol of 

nearly all mammalian cells including RBCs. In all species, Gpx1 is a homotetramer with 

four spherical subunits, each with an active-site Sec in a depression near the surface 

(127). Gpx1 or cytosolic Gpx rapidly metabolizes H2O2 and organic peroxides, including 

cholesterol and lipid peroxides (128). The reducing substrate for Gpx1 is GSH. Gpx2, a 

cytosolic gastrointestinal tetrameric enzyme, has ~65% amino acid sequence identity 

(129) and similar substrate specificity to Gpx1 (130). Gpx3 is an extracellular tetrameric 

glycoprotein (131) with ~50% homology to human Gpx1 (132). It has activity against 

phospholipid hydroperoxides, suggesting a role in the protection of RBC membrane 

extracellularly (133). Gpx4 is a monomer and has a high preference for phospholipid 

hydroperoxides (134).  

Several important structural features of Gpx1 are shown in Fig 1.9. Helix Ŭ2 

contributes to the monomerïmonomer contact site in crystallized homotetrameric Gpx1 

(127). Moreover, the Ŭ2 helix often contains a cysteine residue and is termed the Cys 

block (135), because it is mechanistically relevant for Trx-dependent Gpx-isoforms, such 
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as yeast Gpx2 (136). The active-site Sec residue is found at the N-terminal end of helix 

Ŭ1. Another Cys residue in a FPCN-motif at the end of strand ɓ2 is highly conserved 

among all Gpx classes but its role remains unclear (137). The oligomerization loop 

covers a part of the active site and mediates the contact between two dimers in 

crystallized homotetrameric bovine Gpx1 (127). 

 

 

 

 

 

 

 

 

 

Fig 1.9 Structure of GSH-dependent Gpx1 (taken from ref (126)). View along the 2-fold axis of two 

subunits of homotetrameric Gpx1. Two subunits interacting with the so called oligomerization loops are 

omitted. The selenocysteine (Sec) residue is highlighted and further structural elements are labelled.  

 

1.9.1 Ant ioxidant role of RBC Gpx1 

Gpx1 is the only Gpx isoform present inside RBCs (138). The physiological role 

of Gpx1 in RBCs is difficult to evaluate because Prx2 and catalase also decompose H2O2 

in RBCs. Although Gpx1 shares its substrate, H2O2, with catalase and Prx2, Gpx1 can 

also react with lipid and other organic hydroperoxides.  

Gpx1 has been suggested to be a minor antioxidant in RBCs since the RBCs of 

mice lacking Gpx1 appear normal unless stressed with lipid hydroperoxide. The primary 
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physiologic substrate of Gpx1 in mouse RBCs may be lipid hydroperoxide rather than 

H2O2 (139, 140). Humans deficient in RBC Gpx1 activity demonstrate hemolysis (141), 

suggesting that Gpx1 might be more important in human than mouse RBCs. Lipid 

oxidation is low in normal RBCs because the O2
ǒ
¯ and H2O2 produced as a result of Hb 

autoxidation are removed efficiently by CuZnSOD and Prx2, respectively. However, in 

diseased states such as Sickle cell disease, the rate of Hb autoxidation is increased, the 

activity of CuZnSOD and Gpx1 is decreased (142, 143), and Prx2 is partially inactivated 

as a result of overoxidation to ïSO2H (143), all of which may promote lipid peroxidation.  

Kinetic measurements revealed that Gpx1 acts via a ping-pong mechanism (144). 

There is no ternary complex between Gpx1, the hydroperoxide and GSH, and the reaction 

can be subdivided to an oxidation half-reaction and reduction half-reaction. During the 

oxidation half-reaction, the active-site Sec is deprotonated to a selenolate (E-Se¯, pKa = 

5.47) (145) and acts as a nucleophile. Its activation depends on the side chains of three 

proximal residues Gln, Trp and Asn, whose precise role remains unclear (123). After the 

highly reactive anionic nucleophile is formed (Fig 1.10), the substrate (H2O2, ROOH or 

lipid hydroperoxide) is irreversibly turned over. Based on the high reactivity of the 

active-site Sec, it was suggested that no real binding site for the hydroperoxide substrate 

exists, explaining the rather low substrate specificity (123). The oxidative half-reaction 

ends with the release of H2O or alcohol (ROH), depending on the substrate (Fig 1.10). A 

conformational change has been proposed to occur at the end of this step to position the 

active site in the correct orientation.  

During the reduction half-reaction after formation of the unstable selenenic (E-

SeOH) or sulfenic acid, the first GSH molecule enters the active site and is turned over 
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yielding a water molecule as the second product (Fig 1.10). Since Gpx1 is highly specific 

for GSH (123), there has to be a defined GSH-binding site. However, a structure of a 

GSH-Gpx1 complex has not been solved to date. A second GSH molecule binds to Gpx1, 

yielding GSSG as the third product (Fig 1.10). It is not well understood which GSH 

molecule occupies which surface area during the catalytic mechanism. 

 

H2O2  (ROOH or lipid peroxide) + 2GSH   GSSG   +   2H2O   

 

 

 

 

 

 

 

 
 

 

 

 

 

 

  

 

 

 
Fig 1.10 Mechanism of catalysis by Gpx1 (modified from (127)). During the oxidation half-reaction of 

Gpx1, the selenolate form of the enzyme (E-Se¯) reacts with peroxides (ROOH) to give the selenenic acid 

(E-SeOH), which is trapped by a GSH molecule to form E-Se-S-G (first reduction half-reaction). During 

the second reduction half-reaction, the E-Se-S-G is reduced back to E-Se¯ by another GSH molecule and 

GSSG is released as a by-product (146). 

 

1.10  Outline and scope of thesis 

The antioxidant enzymes, CuZnSOD, catalase, Prx2 and Gpx1 are critical for 

protection of the RBC membrane against ROS and maintaining cell viability and thus 

Equation 1.2 

 

 

 

 

 

 


















































































































































































