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Abstract 

Myocardial ischemia is associated with coronary artery disease. Prolonged ischemia may lead to 

loss of viability of myocardial cells and reperfusion is imperative for the reversal of changes. 

However, reperfusion is associated with tissue injury. There is strong evidence for reactive 

oxygen species being involved in ischemia/reperfusion injury. Major targets of these reactive 

oxygen species are redox sensitive thiols. They have important regulatory, catalytic and 

structural significance in proteins involved in vital functions of heart. This study is aimed at 

developing and applying redox proteomic approaches to identify oxidative changes in protein 

thiols, and establishing how thiol protein changes relate to general oxidative stress during 

ischemia/reperfusion in isolated mouse heart using a Langendorff perfusion system.     

Mouse hearts were subjected to 20 min ischemia with or without aerobic reperfusion for 5 or 30 

min, or 30 min perfusion for controls. Two stages blocking with N-ethylmaleimide (NEM) just 

after excision and during protein extraction was performed. To study global changes two 

approaches were adopted: 1) oxidized thiols were labelled with thiol specific fluorescent tag and 

changes were measured as difference in fluorescence intensity between control and 

ischemia/reperfusion samples separated on 2 dimensional gels and 2) a global quantitative 

proteomics approach called Isotope Coded Affinity Tags (ICAT) modified to look at redox 

changes used by exploiting thiol specific nature of iodoacetamide (IAM) based isotopic tag i.e. a 

tag with same physical properties except mass. Oxidized thiols in control and treated groups 

were labelled with the light and heavy tags respectively and the relative proportions of heavy and 

light isotope labelled peaks for specific peptides used to quantify oxidative changes between the 

control and treated groups. Oxidative changes in specific proteins were monitored by labelling 

oxidized thiols with deuterium based NEM and free thiols with unlabelled NEM, then 

quantifying the ratio of reduced to oxidized peptide by mass spectrometry. To establish how thiol 

protein changes relate to general oxidative stress, oxidation of redox sensor peroxiredoxins, 

protein kinase G and changes in the oxidative biomarkers glutathione and protein carbonyls in 

the heart during ischemia/reperfusion were measured. 

Oxidative stress was evident from the protein carbonyl accumulation during 

ischemia/reperfusion. Global analysis using ICAT strategy picked up 18 changes out of more 
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than 100 peptides identified, mostly at redox sensitive sites (identified as undergoing oxidative 

change in other situations). Thiol oxidation occurred mainly during ischemia or early reperfusion 

followed by reversal with longer reperfusion. The study documented thiol oxidation in some of 

the proteins involved in vital heart functions. These included mitochondrial electron transport 

complexes namely complex I, II, III and ATP synthase crucial for energy generation, carnitine 

palmitoyltransferase II, long-chain specific acyl-CoA dehydrogenase crucial for fatty acid 

metabolism and sarcoplasmic/endoplasmic reticulum calcium ATPase crucial for cardiac 

contraction. In addition, its degradation was also noticed and was probably due to activation of 

protease during ischemia/reperfusion. Mitochondria appeared to be a main target of oxidative 

stress. Further evidence for this was the detection of reversible oxidation of mitochondrial 

peroxiredoxin 3 during ischemia with no changes in cytosolic peroxiredoxin 1 and 2. Oxidation 

activation of protein kinase G, a cardioprotective protein, during reperfusion was also noticed. 

Changes were modest in comparison to literature studies where external oxidants were used. In 

conclusion most of the oxidative changes during ischemia/reperfusion remain reversible up to 

certain duration; activation of cardioprotective system might be reason for that. However 

changes like protein carbonyl formation and, SERCA degradation could be deleterious for the 

ischemic heart subjected to reperfusion.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



 iv

Acknowledgements  

I bow in gratitude to the Almighty, who endowed me with courage and strength to 
complete this thesis.  

It is my heartful pleasure and great sense of indebtedness to offer my humble and sincerest 
thanks to my supervisor Prof. Christine Winterbourn, for her precious suggestions, 
academic excellence, incisive criticism and encouragement during the course of this study, 
which impelled me to work towards my goal.  

I am very grateful to my co-supervisor Dr. Mark Hampton, for his invaluable suggestions, 
adroit guidance and deep involvement in my work. I feel indebted to Prof Mark Cannell, 
from University of Auckland for his collaboration. I am very thankful to his Post Doctoral 
Fellows Dr Nailya Kitaeff and Dr Patricia Cooper for preparing the heart samples.     

I gratefully acknowledge the cooperation of Dr Torsten Kleffmann from Centre for Protein 
Research in carrying out mass spectrometry-based proteomics work. I also want to thank 
Jason Held, Buck Institute for Age Research, Novato, California for his suggestions 
regarding NEM work.  

I feel lucky to be part of Free Radical Research Group such a wonderful group. I am 
grateful to the group members for being so supportive. This work would not have been 
possible without their help. I owe my gratitude to all the members, especially Dr Peter 
Nagy, Dr Paul Pace, Dr Lousie Paton, Dr Sarah Cuddihy, Dr Akhil Hegde for their 
valuable suggestions and helping me to bring this thesis to final stage.  

My sincere thanks to Prof David Murdoch, Head of the Department, Department of 
Pathology, University of Otago, Christchurch for his help and support. I am also thankful 
for administrative staff for being so helpful. I gratefully acknowledge University of Otago 
and Health Research Council, New Zealand for providing me opportunity to do my PhD 
and the financial support.        

I take this opportunity to express my sincerest thanks to my Grandparents whose silent 
wishes made this endeavour of mine, a success. My parents and family have always been the 
pillars of strength behind me. Understanding of my wife and daughter during the period 
was admirable. I find it difficult to verbalize my deepest sense of indebtedness to them.  

 Vikas Kumar 



 v

Publication arising from the thesis 
 
 

Kumar, V., Kitaeff, N., Hampton, M.B., Cannell, M.B. and Winterbourn, C.C.  (2009) 
Reversible oxidation of mitochondrial peroxiredoxin 3 in mouse heart subjected to ischemia and 
reperfusion. FEBS Lett. 583: 997-1000.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vi

Table of contents 

Abstract ii 

Acknowledgements iv 

Publication arising from the thesis v 

Table of contents vi 

List of Tables xii 

List of Figures xiv 

List of abbreviations xix 

Chapter 1:  Introduction 1 

1.1 Cardiac physiology 2 

1.1.1 Cardiac contraction and excitation-contraction coupling 2 

1.1.2  Regulators of cardiac contraction and their redox 

modulation 

4 

1.1.2.1 L-type Ca2+ channels 4 

1.1.2.2  Ryanodine Receptor 5 

1.1.2.3  SERCA 6 

1.1.2.4 Na+/Ca2+ Exchanger 6 

1.1.2.5 Phospholamban 7 

1.2  Cellular oxidative stress 7 

1.2.1 Oxidative damage 8 

1.2.2 Superoxide 8 

1.2.3 Hydrogen peroxide 9 

1.2.4 Hydroxyl radicals 10 

1.2.5 Nitric oxide 10 

1.3 The cellular antioxidant defence system 11 

1.3.1 Peroxiredoxins 12 



 vii

1.3.1.1 Catalytic mechanism of peroxiredoxins 14 

1.3.1.2 Functional regulation of Peroxiredoxins 17 

1.3.2 Glutathione and low molecular weight antioxidants 18 

1.4 Cardiac ischemic/reperfusion injury 19 

1.4.1 Generation of ROS during ischemia/reperfusion 20 

1.4.2 Cardiac mitochondria and metabolism during 

ischemia/reperfusion 
21 

1.4.3 Cardiac ion regulation during ischemia/reperfusion 22 

1.4.4 Preconditioning in cardiac ischemia/reperfusion injury 23 

1.4.5 Glutathione in cardiac ischemia/reperfusion injury 23 

1.4.6 Peroxiredoxins in ischemia/reperfusion injury 23 

1.5 Thiol proteins in cardiac ischemia/reperfusion injury 24 

1.5.1 Thiols as regulator of protein function 25 

1.5.2 Protein thiols in cellular signalling 

 

27 

1.5.3 Thiol protein in ischemia/reperfusion injury 

 

28 

1.6 Redox proteomics in ischemia/reperfusion injury 29 

1.6.1 Electrophoresis based approaches 29 

1.6.2 Mass spectrometry based approaches 30 

1.7 Cardiac ischemia/reperfusion models 31 

1.8 Aim of thesis 32 

Chapter 2: Materials and Methods 34 

2.1 Materials 34 

2.1.1 Chemicals 34 

2.1.2 Antibodies 34 

2.2 Ischemia/reperfusion in isolated mouse hearts 35 



 viii

2.3 Protein quantification 37 

2.4 Polyacrylamide gel electrophoresis 37 

2.5 Immunoblot analysis 38 

2.6 Oxidized thiol proteins –IAF labelling 38 

2.7 2-D Electrophoresis 40 

2.7.1 2-D gel analysis 41 

2.8 Oxidized thiols - ICAT labelling 41 

2.8.1 Workflow of ICAT 43 

2.8.2 Protein extraction, Denaturing and reducing 47 

2.8.3 Labelling with ICAT reagents 47 

2.8.4 Digestion with trypsin 47 

2.8.5  Purifying and cleaning the sample 48 

2.8.6 Biotin purification 48 

2.8.7 Cleaving of ICAT reagent linker 49 

2.9 Oxidized thiols NEM (D5) labelling 49 

2.9.1 Sample preparation 50 

2.10 2-D LC MALDI TOF/TOF 50 

2.10.1 LC-separation of peptides 50 

2.10.2 Mass Spectrometry 51 

2.10.3 Data Analysis 51 

2.11 1-D LC LTQ Orbitrap MS/MS 53 

2.11.1 Sample preparation 53 

2.11.2 Typical Instrument Setting for the LTQ-Orbitrap 53 

2.11.3 Data Analysis 54 

2.12 Glutathione estimation 56 

2.13 Protein carbonyl assay 58 



 ix

2.14 Statistics 60 

Chapter 3: Regulation of thiol proteins during cardiac 

ischemia/reperfusion 

61 

3.1 Introduction 61 

3.1.1 Fluorescence thiol labelling for redox changes 62 

3.1.2 Isotope Coded Affinity Tags (ICAT) for examining redox 

changes 

64 

3.1.3 Experimental design 66 

3.2 Results 68 

3.2.1 Efficient thiol blocking 68 

3.2.2 Comparison of oxidized thiol proteins during cardiac  

ischemia/reperfusion by 1DE 

70 

3.2.3 Unique protein characterization by 2DE 72 

3.2.4 Screening of oxidized thiol proteins using 2 DE 74 

3.2.5 Protein identification from ICAT data in mouse heart 

ischemia/reperfusion 

77 

3.2.6 Estimating of distribution and bias of ICAT data from mouse 

heart ischemia/reperfusion 

79 

3.2.7 Identification of redox sensitive thiols during mouse cardiac 

ischemia/reperfusion using ICAT 

84 

3.2.8 Thiol oxidation in mitochondrial electron transport chain 

proteins during mouse heart ischemia reperfusion 

90 

3.2.9 Thiol oxidation of proteins involved in ion transport and 

other pathways during mouse heart ischemia/reperfusion 

91 

3.2.10 Estimation of basic level of oxidation in control samples used 

for ICAT study 

94 

3.2.11 Detection of specific oxidized thiol proteins using  

N-ethylmaleimide isotopes 

96 

3.3 Discussion 98 



 x

3.3.1 Proteomics methods and their application in study of redox  

sensitive thiol proteins 

98 

3.3.1.1 Gel based proteomics analysis of redox changes during  

ischemia/reperfusion 

98 

3.3.1.2 Mass spectrometry based proteomics analysis of redox 

changes during ischemia/reperfusion 

99 

3.3.2 Oxidative changes during cardiac ischemia/reperfusion 103 

3.3.2.1 Oxidative changes in mitochondrial electron transport 

chain complexes 

104 

3.3.2.2 Oxidative changes in ion channel and other proteins 106 

3.3.3 Studies in relation to ischemia/reperfusion injury 107 

3.3.4 General conclusion 109 

Chapter 4: Regulation of peroxiredoxins in cardiac 

ischemia/reperfusion 

110 

4.1 Introduction 110 

4.2 Results 112 

4.2.1 Efficient thiol blocking in peroxiredoxins 112 

4.2.2 Oxidative changes in peroxiredoxins during cardiac 

ischemia/reperfusion 

114 

4.2.2.1 Mitochondrial peroxiredoxin 3 during cardiac  

ischemia/reperfusion 

115 

4.2.3 Cytosolic peroxiredoxin 1 and 2 redox state during cardiac  

ischemia/reperfusion 

118 

4.3 Discussion 124 

Chapter 5: Oxidative stress markers in cardiac ischemia/reperfusion 127 

5.1 Introduction 127 

5.2 Results 128 

5.2.1 Protein kinase G oxidation during cardiac  

ischemia/reperfusion 

128 



 xi

5.2.2 Phospholamban modification during cardiac  

ischemia/reperfusion 

132 

5.2.3 Effect of cardiac ischemia/reperfusion on glutathione 133 

5.2.4 Protein carbonyl generation during cardiac  

ischemia/reperfusion 

135 

5.3 Discussion 137 

Chapter 6: General Discussion 141 

6.1 ICAT method for thiol redox proteomics 142 

6.2 Mitochondrial protein oxidation during ischemia/reperfusion 144 

6.3 Summary and Future Directions 146 

Bibliography 148 

Appendix – I 171 

Appendix – II 173 

Appendix – III 176 

 

  

 



 xii

List of Tables 

Table 1.1: Classification of mammalian peroxiredoxins and their  

properties 

13 

Table 1.2: Oxidation forms of thiol 25 

Table 2.1: IEF Conditions 40 

Table 2.2: ICAT reagent specifications (adapted from Applied Biosystems 

manual for ICAT kit) 

43 

Table 3.1: Ischemia/reperfusion protocol in Langendorff system 66 

Table 3.2: Groups of ICAT labelled pairs 67 

Table 3.3: List of peptides from control perfusion vs. ischemia/reperfusion 

heart with no significant change in oxidation 

86 

Table 3.4: Oxidation sensitive peptides showing significant change 89 

Table 3.5: Percentage oxidation of peptides in control perfusion sample 95 

Table 4.1: Percentage ratios obtained from densitometry of peroxiredoxin 

3 after taking average of two blots from each set of hearts subjected to all 

the treatments 

116 

Table 4.2: Percentage ratios obtained from densitometry of peroxiredoxin 

1 after taking average of two blots from each set of hearts subjected to all 

the treatments 

119 

Table 4.3: Percentage ratios obtained from densitometry of peroxiredoxin 

2 after taking average of two blots from each set of hearts subjected to all 

the treatments 

121 

Table 5.1: Percentage oxidation of Protein kinase G during cardiac 

ischemia/reperfusion 

130 

Table 5.2: Reduced glutathione (GSH) concentrations during cardiac 

ischemia reperfusion 

134 



 xiii

Table 5.3: Protein carbonyl concentrations during cardiac ischemia 

reperfusion 

136 

Table III.1: Unique peptides seen only in one of the sample pairs from 

control perfusion vs. ischemia/reperfusion hearts 

176 

 

 

 

 

 

 



 xiv

List of Figures 

Figure 1.1: Calcium flow inside ventricular myocytes 4 

Figure 1.2: Redox cycle of typical 2 Cys Prxs 15 

Figure 1.3: Reaction mechanism of atypical 2-Cys Prxs 16 

Figure 1.4: Catalytic mechanism of 1-Cys Prx 16 

Figure 1.5: Thiol/disulfide exchange reaction 25 

Figure 1.6: Protein reduction mechanism by thioredoxin system 26 

Figure 1.7: Glutaredoxin based reduction of Protein 27 

Figure 2.1: Experimental protocol for cardiac ischemia/reperfusion 36 

Figure 2.2: Method for labelling oxidized thiols 39 

Figure 2.3: Structure of ICAT reagent 42 

Figure 2.4: Schematic diagram showing ICAT protocol 45 

Figure 2.5: Overview of ICAT Protocol in ischemia/reperfusion 46 

Figure 2.6: Outline of method to obtain protein identification using Mascot 52 

Figure 2.7: Schematic overview of the TPP workflow 55 

Figure 2.8: Standard curve obtained from GSH standards 57 

Figure 2.9: Standard curve obtained from GSSG standards 57 

Figure 2.10: Standard curve obtained from Protein carbonyl standards 59 

Figure 3.1: Oxidized thiol labelling using IAF 63 

Figure 3.2: Comparison of ICAT strategies 65 

Figure 3.3: Protein identification and quantification strategies for ICAT 

labelled samples 

67 

Figure 3.4: IAF labelled controls showing effect of NEM blocking at 

different stages 

69 

Figure 3.5: Oxidized thiols during mouse heart ischemia/reperfusion 71 

Figure 3.6: 2D identification of serum albumin 73 



 xv

Figure 3.7: IAF gels showing reversibly oxidized thiol protein in mouse 

heart ischemia/reperfusion 

75 

Figure 3.8: Coomassie stained gels showing expression change in proteins 

during mouse heart ischemia/reperfusion 

76 

Figure 3.9: A section from Mascot analysis from search of ICAT labelled 

heart samples 

78 

Figure 3.10: Mass spectrum obtained from ICAT labelled control 

perfusion vs. ischemia sample 

80 

Figure 3.11: Scatter plot showing distribution of ICAT ratios of ischemia 

(I) over control perfusion (CP) 

81 

Figure 3.12: Scatter plot showing distribution of ICAT ratios of peptides 

of ischemia/reperfusion for 5 min (IR5) over control perfusion (CP) 

82 

Figure 3.13: Scatter plot showing distribution of ICAT ratios of peptides 

of ischemia/reperfusion for 30 min (IR30) over control perfusion (CP) 

83 

Figure 3.14: Change in oxidation level in the peptides from mitochondrial 

electron transport chain during cardiac ischemia/reperfusion 

91 

Figure 3.15: Changes in oxidation levels in the peptides from ion channels 

during cardiac ischemia/reperfusion 

92 

Figure 3.16: Immunoblot for sarcoplasmic/endoplasmic reticulum Ca2+ 

ATPase 

93 

Figure 3.17: Relative oxidation in peptide from Aconitase 2 protein during 

mouse cardiac ischemia/reperfusion 

97 

Figure 4.1: NEM blocking results in no further oxidation of thiols and 

prevents dimerization 

111 

Figure 4.2: Immunoblot of NEM blocking during sample preparation on 

the redox state of peroxiredoxin 2 

113 



 xvi

Figure 4.3: Immunoblot showing oxidized peroxiredoxin 2 is reducible 

after NEM blocking 

114 

Figure 4.4: Effect of cardiac ischemia/reperfusion on peroxiredoxin 3 115 

Figure 4.5: Combined data for percentages of dimer from densitometry 

scans of peroxiredoxin 3 immunoblots 

117 

Figure 4.6: Oxidized dimer formed during cardiac ischemia/reperfusion is 

reversible. 

117 

Figure 4.7: Effect of cardiac ischemia/reperfusion on peroxiredoxin 1. Non 

reducing SDS PAGE probed with antibody against peroxiredoxin 1 

118 

Figure 4.8: Combined data for percentages of dimer from densitometry 

scans of peroxiredoxin 1 immunoblots 

120 

Figure 4.9: Effect of cardiac ischemia/reperfusion on peroxiredoxin 2. Non 

reducing 12% SDS PAGE probed with antibody against peroxiredoxin 2 

121 

Figure 4.10: Combined data for percentages of dimer from densitometry 

scans of peroxiredoxin 2 immunoblots 

122 

Figure 4.11: Oxidized dimer formed during cardiac ischemia/reperfusion is 

reversible 

123 

Figure 4.12: Lack of hyperoxidation of peroxiredoxins during 

ischemia/reperfusion 

123 

Figure 5.1: Protein kinase G during cardiac ischemia/reperfusion 129 

Figure 5.2: Oxidation of protein kinase G during cardiac 

ischemia/reperfusion 

131 

Figure 5.3: Effect of cardiac ischemia/reperfusion on phospholamban 133 

Figure 5.4: Reduced glutathione depletion during cardiac 

ischemia/reperfusion 

135 

Figure 5.5: Protein carbonyl during cardiac ischemia/reperfusion 137 



 xvii

Figure I.1: Interface of GPS explorer software to specify parameters for 

ICAT quantitation (image adapted from Applied Biosystems manual) 

171 

Figure I.2: GPS explorer software result browser window for analysis of 

ICAT data (image adapted from Applied Biosystems manual) 

172 

Figure I.3: Parameters used in Mascot interface to obtain protein 

identification 

172 

Figure II.1: First set of hearts showing spots identified comparison in IAF 

labelled 2D gels 

173 

Figure II.2: Second set of hearts showing spots identified comparison in 

IAF labelled 2D gels 

174 

Figure II.3: Third set of hearts showing spots identified comparison in IAF 

labelled 2D gels 

175 

 



 xviii

List of abbreviations  
 

ATP  Adenosine triphosphate 

BSA   Bovine Serum Albumin 

Ca2+  Calcium  

cAMP  Cyclic adenosine monophosphate 

CHAPS 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulphonate 

CICR  Calcium-induced calcium release 

DIGE   difference gel electrophoresis 

DTPA  Diethylene triamine pentaacetic acid 

DTT  Dithiothreitol 

E-C  Excitation contraction  

EDTA  Ethylenediaminetetraacetic acid 

EGF  Epidermal growth factor 

eNOS  endothelial NOS 

ER   Endoplasmic reticulum   

GAPDH Glyceraldehyde 3-phosphate dehydrogenase  

GSH  Reduced glutathione  

GSSG   Oxidized glutathione  

H2O2  Hydrogen peroxide   

IAM   5-iodoacetamide 

IAF  5-Iodoacetamidofluorescein 

ICAT  Isotopic coded affinity tags  

IR  Ischemia/reperfusion 

LCAD  long chain specific acyl-CoA dehydrogenase 

NADPH Nicotinamide adenine dinucleotide phosphate-oxidase 

NCX  Na+–Ca2+ exchanger 

NDUFV1 NADH dehydrogenase 

NEM  N-ethylmaleimide 

nl  Nanoliter 

nm  Nanometer 



 xix

nNOS  neuronal NOS 

iNOS   inducible NOS 

NO  Nitric oxide 

NOS  Nitric oxide synthase 

PAGE  Polyacrylamide gel electrophoresis  

PBS   Phosphate buffered saline 

PDGF  Platelet derived growth factor 

PKG  Protein kinase G 

Prx  Peroxiredoxins  

ROS  Reactive oxygen species 

RyR  Ryanodine receptor 

SCX  Strong cation exchange  

SDH  succinate dehydrogenase 

SDS  Sodium dodecyl sulphate 

SERCA Sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 

SOD  Superoxide dismutase 

SR  Sarcoplasmic reticulum 

TCEP  Tris (2-carboxyethyl) phosphine 

Tris  Tris (hydroxymethyl) aminomethane 

VDAC  voltage-dependent anion channels 



 1

Chapter 1 - Introduction 

Cardiovascular diseases are among the major causes of morbidity and mortality in humans. 

According to the World Health Organization 17.5 million people died of cardiovascular diseases 

in year 2005, representing about 30% of total global deaths. These Figures are likely to rise, 

estimated to reach 20 million by the year 2015. This makes cardiovascular diseases a major 

global concern.  

Coronary artery blockage resulting from atherosclerotic plaques or vasospasms can lead to 

reduction of myocardial blood flow. This condition is termed ischemia, and is characterised by a 

lack of oxygen due to the reduced blood flow. Prolonged ischemia may cause cell injury and 

necrosis, leading to impaired cardiac function. Although ischemia reperfusion/injury is complex 

process but the main cause is development of contracture. Contracture can be Ca2+overload–

induced contracture or rigor-type contracture [1]. Ca2+ contracture results from rapid re-

energization of contractile cells with a persistent Ca2+ overload. Rigor-contracture which is 

independent of Ca2+ occurs when re-energization proceeds very slowly [1]. To reverse such a 

condition it is imperative to restore blood flow by reperfusion. This is achievable by various 

treatments, including the use of thrombolytic agents such as tissue plasminogen activator and 

streptokinase, or alternatively by percutaneous transluminal coronary balloon angioplasty. 

However the restoration of blood flow has deleterious effects that may also lead to cell 

dysfunction or necrosis. This is known as reperfusion injury. Although the mechanism is not 

completely understood at this stage, ischemia and reperfusion injury are associated with 

mitochondrial dysfunction, calcium accumulation and the generation of reactive oxygen or 

nitrogen species [2, 3]. While there are a number of studies covering different aspects of 

ischemia/reperfusion injury, it is a multifactorial and complex process and a lot of detail is 

unknown. This thesis is aimed at developing a better understanding of the mechanisms involved 

in ischemia/reperfusion damage, especially with respect to oxidative stress and the modification 

of oxidant sensitive thiol proteins. Here a Langendorff perfusion system has been used to prepare 

ischemia/reperfusion model to monitor redox changes in cardiac proteome of mouse hearts 

during ischemia/reperfusion. To achieve the goal this study is intended to measures general 

oxidative changes as well as changes to specific thiol proteins sensitive to oxidative stress for 
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example sarcoplasmic/endoplasmic reticulum Ca2+ ATPase, peroxiredoxins, protein kinase G  

that are known to have critical roles in cardiac function. 

1.1 Cardiac physiology 

In order to understand reperfusion injury it is very important to have knowledge of cardiac 

function, its contribution to the mammalian physiology and how it is affected by factors like 

oxidative stress. The heart is responsible for circulating blood through the mammalian body. It 

has two separate pumps; the right pump is responsible for circulating blood through the lungs 

and the left pump forces blood to the peripheral organs. Each of these pumps is divided into an 

atrium, which is a low intensity pump that pushes blood to the ventricle, and a ventricle that has 

high intensity and sends blood to the target organs. Ventricular filling volume regulates cardiac 

output by increase in stroke volume as a result of increase in end-diastolic volume [4]. During 

normal ventricular filling, the passive stretch of the ventricular myocardium is modulated by 

titin, a giant 3-4 MDa elastic protein that acts as a molecular spring. It help establish the 

sarcomere length of healthy cardiac myocytes just prior to electrical excitation of the ventricles 

[4]. The heart is made up of three types of cardiac muscles: atrial muscle, ventricular muscle and 

specialized excitatory and conductive muscle fibres. Atrial and ventricular muscles contract 

much like skeletal muscle, although for longer durations i.e. prolonged depolarization phase. Due 

to having only a few contractile fibres, excitatory and conductive muscle fibres contract weakly. 

They either exhibit automatic rhythmical electrical discharge in the form of action potentials, or 

conduct the action potentials through the heart, providing an excitatory system that controls the  

rhythmical beating of the heart [5]. The mechanism by which muscles contract from action 

potentials is called “excitation-contraction coupling”, and is described in the next section. 

1.1.1 Cardiac contraction and excitation-contraction coupling  

In order to circulate blood throughout the body, cardiac muscle must contract and relax several 

times a minute. Cardiac contraction results from a transient increase in intracellular calcium 

concentration, which in turn is triggered by membrane depolarization during the cardiac action 

potential. This process, called excitation–contraction (E-C) coupling, can also be defined as the 
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process coupling surface membrane depolarization to calcium (Ca2+) release from the 

sarcoplasmic reticulum (SR) [6]. 

The cardiac cycle begins with an action potential in cardiac myocytes, leading to activation of 

voltage gated Na+ channels which allow the entry of Na+ into the myocyte. This causes 

membrane depolarization and the activation of voltage gated L-type Ca2+ channels 

(dihydropyridine receptors) located in the T-tubules and peripheral sarcolemma. In a process 

called calcium-induced calcium release (CICR) this allows the influx of extracellular Ca2+ and 

gates a larger and graded release of Ca2+ from the SR through the SR Ca2+ release channel 

known as ryanodine receptor (RyR). The resulting overall increase in intracellular Ca2+ 

concentration enables Ca2+ to bind to the myofilament protein troponin C that turns on the 

contractile system. Mechanical relaxation is achieved by the removal of Ca2+ from the cytosol 

primarily by cardiac specific isoforms of the SR Ca2+ pump SERCA (sarcoplasmic reticulum, 

endoplasmic reticulum Ca2+ ATPase) 2a and the Na+–Ca2+ exchanger (NCX). 

This process is regulated by several specific Ca2+ binding proteins and various moieties on 

intracellular organelles as outlined in Figure 1.1. These are subject to numerous regulatory 

influences that are discussed in the next section [7, 8]. 
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Figure 1.1: Calcium flow inside ventricular myocytes 

Membrane depolarization leads to Ca2+ entering the cell through L type Ca2+ channels as inward Ca2+ current (ICa). 

This entrance of Ca2+ triggers the sarcoplasmic reticulum (SR) to release Ca2+ and brings about the rise in Ca2+ 

concentration inside the myocyte to such an extent that it can bind to Troponin C and activate the contractile 

apparatus. This Ca2+ has to be removed for relaxation. This is achieved by transportation of Ca2+ out of the cytosol 

by SERCA, NCX, and sarcolemmal Ca2+-ATPase or mitochondrial Ca2+ uniport (adapted from [7]). 

 

1.1.2 Regulators of cardiac contraction and their redox modulation 

Most of the EC-coupling involves Ca2+ regulation by various channels, transporters and 

regulatory proteins. These regulatory proteins mainly include L-type Ca2+ channels, RyR, 

SERCA, NCX, and phospholamban and contain several critical Cys residues that make them 

amenable to redox regulation [9, 10]. 

1.1.2.1 L-type Ca2+ channels   

L-type Ca2+ channels or voltage gated channels  are multimeric protein complexes consisting of 

five subunits, namely α1, α2, β, γ and δ [10, 11], which together total a molecular weight of 
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around 452 kDa [11]. In cardiac muscle the known isoforms of these channels are Cav1.2 and 

Cav1.3. Their main characteristic features are medium to high voltage activation, large single 

channel conductance, slow voltage dependent inactivation, regulation by cAMP-dependent 

pathways and specific inhibition by Ca2+ antagonist drugs like dihydropyridines [11]. α1 is the 

main functional subunit composed of four homologous domains (I-IV), each with six 

transmembrane segments. Positively charged arginine and lysine residues in the S4 segment 

perform its voltage sensory function [12] through a structural change, resulting in Ca2+ influx in 

response to membrane depolarization. It is also increasingly likely that the more than 10 cysteine 

(Cys) residues in this α1c subunit are potentially involved in the redox modulation of these 

channels [10]. For instance Fearon et al [13] found that the reducing agent dithiothreitol (DTT) 

could reverse the inhibition of the Ca2+ current through the human α1c subunit caused by 

oxidizing agents (thimerosal and para-chloromercuribenzenesulphonate). Similar effects in 

isolated guinea pig ventricular myocytes were observed (i.e. DTT reversed the Ca2+ current 

inhibition by thiol oxidants) [14]. However there are instances of opposite effects, for example in 

ferret ventricular myocytes, where reducing agents like DTT and reduced glutathione (GSH) 

cause inhibition of the Ca2+ current and oxidizing agents like 5,5'-dithiobis-(2-nitrobenzoic acid) 

(DTNB) showed stimulation [15]. Nevertheless, the evidence for some form of redox modulation 

of these channels is accumulating. 

1.1.2.2 Ryanodine Receptor      

RyRs are also called Ca2+ release channels as they release Ca2+ into the cytoplasm from SR 

stores upon Ca2+ stimulation. They exist as tetramers of identical subunits with a total molecular 

mass around 2500 kDa [10]. Three isoforms of RyR, namely RyR1, RyR2 and RyR3 are known. 

The RyR2 isoform is found in cardiac myocytes. Although the three isoforms are more than 50% 

identical there is sufficient diversity to allow for functional differences [16]. RyRs have multiple 

sites that could be subject to redox regulation. Each monomer contains around 89 Cys residues, 

although few of these have been found to be redox sensitive [10]. There have been various 

studies that show redox modulation of the RyR. For example S-nitrosylation of upto 12 Cys 

residues (3 per subunit) has been observed to reversibly activate the channels by Ca2+ [17, 18] 

and H2O2 in the presence of GSH leads to stimulation of Ca2+ induced Ca2+ release in rat cardiac 

myocytes [19] whereas S-glutathionylation of specific Cys residues might lead to channel 
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inhibition by Mg2+ [18]. Moreover RyRs are endogenously S-nitrosylated and are believed to be 

regulated by this process [20]. Redox modification is purported to alter the sensitivity of the 

channel to cytosolic Ca2+ and adenosine triphosphate (ATP). In general, oxidizing agents like 

DTNB enhance the activity of this channel whereas reducing agents like DTT reverse this effect 

[10]. 

1.1.2.3 SERCA 

SERCA is a member of the P-type ATPases and exists as a single polypeptide of molecular mass 

around 110 kDa localized both in SR and endoplasmic reticulum (ER). It has three major 

isoforms, namely SERCA1, SERCA2 and SERCA3. SERCA2a is the cardiac isoform. An 

interesting feature of these pumps is that they allow Ca2+ to cross the membrane using energy 

derived from ATP hydrolysis. Transfer of the terminal phosphate from ATP to an aspartate 

residue in the catalytic domain of SERCA results in a conformation change, each hydrolysis 

being coupled with the transfer of two Ca2+ ions [21]. SERCA contains around 25 Cys residues. 

Although only 1 or 2 of these has been suggested to be involved in the activity, these are 

important for redox modulation of SECRA. In contrast to RyR, SERCAs tend to be inhibited by 

oxidizing agents and reducing agents appear to provide protection from this inhibition [10]. The 

mechanism of inhibition is probably by oxidizing Cys249 a neighbouring residue of the ATP 

binding residue aspartate251 at the active site of SERCA [22]. On the other hand S-Glutathiolation 

of Cys674 by peroxynitrite seems to be responsible for channel activation [23]. 

1.1.2.4 Na+/Ca2+ Exchanger  

The Na+/Ca2+ Exchanger (NCX) belongs to a family of membrane transporters and has three 

known isoforms, namely NCX1, NCX2 and NCX3, with approximately 70% identity between 

them [24]. NCX1 is localized to both the surface and the T-tubular sarcolemma of 

cardiomyocytes in the heart. Its main function is to maintain Ca2+ homeostasis by efflux of 

intracellular Ca2+ to allow muscle relaxation after contraction is achieved. For every ion of Ca2+ 

export three ions of Na+ are imported [24, 25]. Cardiac NCX has nine transmembrane subunits 

and disulphide bonds within these subunits are believed to play a functional role [26]. Kato and 

Kako [27] showed that NCX can be stimulated by H2O2 or xanthene with xanthine oxidase. 
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However, a strong oxidant like hypochlorous acid (HOCl) can cause an inhibition of NCX that is 

reversible upon reduction [27]. Similarly, inhibition of NCX was observed under hypoxia and 

this could be reversed by reoxygenation [28], confirming there is a redox regulation of NCX. 

1.1.2.5 Phospholamban 

Phospholamban has an important role in the regulation of SERCA activity. It is a pentameric 

protein with identical subunits and has a total molecular mass of around 22 kDa (each subunit 

being around 6 kDa). Its activity is mainly controlled by the phosphorylation of serine and 

threonine residues by cAMP dependent protein kinase and Ca2+/calmodulin dependent protein 

kinase respectively. This phosphorylation releases SERCA from inhibition [29]. Thiols within 

phospholamban have also been shown to be involved in its modulation of SERCA activity [30]. 

As mentioned earlier there are a number of important regulatory proteins in heart that are redox 

sensitive. It is very important to understand processes in which oxidants are generated and their 

regulation within the cell. Section 1.2 discusses the main sources of oxidant generation inside the 

cell and addresses the cellular regulatory antioxidant system. 

1.2 Cellular oxidative stress  

Oxygen is a valuable resource for all aerobic organisms. It provides a dramatic increase in the 

amount of energy that can be captured from the oxidation of foods. The majority of the O2 is 

reduced to water by the mitochondrial cytochrome oxidase but a small percentage can end up as 

superoxide anions (O2
˙-), hydrogen peroxide (H2O2), hydroxyl radical (OH˙) and singlet oxygen 

(1O2) [31, 32]. 

O2 O2
.- H2O2 OH. H2O

ROS
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1.2.1 Oxidative damage 

Reactive oxygen species (ROS) are unstable and are able to oxidize lipids, proteins, and nucleic 

acids. This may lead to reversible or irreversible modifications that may affect the biological 

functions of these moieties [33]. 

Oxidation of proteins can generate aldehydes and ketones on amino acid residues. These 

modified proteins are generally marked for proteolysis, but some escape this degradation and 

irreversible and unrepairable reactive carbonyl products can accumulate [34, 35]. Protein 

carbonyls are considered good markers of oxidative stress [36] and elevated levels are seen in 

many diseases. Protein carbonylation has been found to be increased in mouse myocardial 

ischemia/reperfusion [37], and ischemia/reperfusion in the monkey brain led to an increase in 

carbonylation of the 70kDa heat shock protein HSP70 [38]. The contribution of protein 

carbonylation to disease pathology is unknown. 

ROS can participate in both normal and pathologic biochemical reactions depending on their 

abundance [39]. When they overcome neutralizing substances (i.e. antioxidants (refer next 

section for antioxidants)) the cell undergoes oxidative stress. In mammalian systems both 

endogenous and exogenous sources of ROS are possible. Exposure of cellular components to 

exogenous ROS generally leads to cell damage. However, damaging effects of endogenously 

generated radicals are variable, possibly depending upon the extent of their generation [3]. 

Among the endogenous sources of ROS the most important are those generated in mitochondria 

[32, 33, 40], NAD(P)H oxidases and xanthine oxidases [39]. Exogenous sources include the 

metabolism of xenobiotics or cellular exposure to UV or ionizing radiations [32, 41]. 

1.2.2 Superoxide 

In the mitochondrial respiratory chain ATP synthesis takes place through dissipation of a proton 

gradient created from a flux of electrons. These are extracted from reduced food substances and 

passed to molecular oxygen (O2) through a chain of enzymatic complexes I-IV. In the final stage, 

complex IV (cytochrome c oxidase) catalyzes the complete reduction of O2 to H2O. O2 can 

accept only one electron at a time because it has two unpaired electrons with parallel spin in its  

antibonding orbital [40, 42]. Interaction between O2 and other components of the mitochondrial 
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transport chain, namely complex I (NADPH dehydrogenase) [43, 44], complex II (succinate 

dehydrogenase) and complex III (ubiquinol-cytochrome c reductase) [33], enables some O2
˙- to 

escape [32]. There are a number of variables that influence mitochondrial O2
˙- generation, 

including whether the mitochondria are actively respiring (state 3) or if the respiratory chain is 

highly reduced (state 4). In isolated mitochondria two modes of operation lead to O2
˙- production, 

predominantly from complex I:  (i) when mitochondria are not making ATP as a result having a 

high protonmotive force and a reduced coenzyme Q pool; and (ii) when there is a high 

NADH/NAD+ ratio in the mitochondrial matrix [40]. There are also variations between different 

organs. For example complex III has a major contribution towards O2
˙- generation in the heart 

and lung mitochondria, whereas the contribution of complex I dominates in brain mitochondria 

[33]. 

O2
˙- itself is not a very strong oxidant but it can react with other radicals to form ROS. Enzymatic 

systems that generate O2
˙- include NADPH oxidases residing in the membrane of phagocytes and 

a range of other cell types [45-47], cytochrome P450-dependent oxygenases and xanthine oxidase 

(XO) [33]. 

        

Non-enzymatic production occurs when there is a direct transfer of electrons to oxygen from 

reduced coenzyme or prosthetic groups such as flavins or Fe-S clusters, or reduced xenobiotics 

[33]. 

1.2.3 Hydrogen peroxide 

H2O2 is generated from O2
˙- by spontaneous dismutation or the equivalent reaction catalyzed by 

superoxide dismutase (SOD). 

2 O2
.- + 2H+ H2O2 + O2

SOD

 

H2O2 is a strong oxidant but kinetically restrained. It can easily pass through the cell membrane 

because of its non-polar nature and small size [48]. H2O2 is thought to play an important role in 

N A D P H   + 2 O2 NADP+ + H+ + 2   O2   
. _ 
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signal transduction, pertaining to its ability to reversibly modify thiols. H2O2 can be generated 

from NADPH oxidases following treatment of cells with growth factors like epidermal growth 

factor (EGF), platelet derived growth factor (PDGF) and  insulin [32]. 

It is important to mention here that generation of oxidants like O2
˙- and H2O2 have many 

important physiological functions like cytoskeleton remodelling, gene expression, proliferation, 

differentiation, migration etc and ROS generation is tightly regulated in the process through 

molecules like NADPH oxidases [49]. It is only when there is excessive and uncontrolled 

generation of ROS occurs deleterious effects appear.       

1.2.4 Hydroxyl radicals 

Hydroxyl radicals (OH˙) are highly damaging species that are formed in the Fenton reaction by 

transfer of electrons from ferrous (Fe2+) [42] or other transition metals like copper to H2O2 

(shown in the following reaction). This radical is very short lived and highly reactive, posing a 

big threat to biomolecules. Under normal circumstances free intracellular iron is kept low 

through sequestration by ferritin. However under stress conditions excess superoxide might 

release iron from iron containing molecules and hence make the Fenton reaction possible [39]. 

H2O2  +  Fe2+ Fe3+  +  OH-  +  OH.
 

1.2.5 Nitric oxide 

Nitric oxide (NO) is another radical that plays an important role in controlling cardiovascular 

homeostasis. NO is formed when L-arginine is converted to L-citrulline by oxidation of one of 

the terminal guanidine nitrogen atoms [10]. This reaction is catalyzed by the NO synthase (NOS) 

family of enzymes. This family consists of three isoforms, namely endothelial (eNOS), neuronal 

(nNOS) and inducible (iNOS). eNOS is the predominant form in the heart [10]. NO is believed 

to have number of roles in the cardiovascular system. These include vasodilatation, signaling, 

inhibition of platelet and leukocyte adhesion, platelet aggregation as well as inhibition of 

vascular smooth muscle proliferation [50]. 
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According to a novel hypothesis, NO and cytokine mediated alterations in E-C coupling are 

proposed to contribute to myocardial depression and β-adrenergic desensitization [51]. NO also 

leads to S-nitrosylation of proteins at specific Cys residues to regulate their function. 

Interestingly, physiological levels of O2
˙- facilitate S-nitrosylation whereas high levels result in 

inhibition [52]. This is because at an optimal NO/O2
•– stoichiometry the crosstalk between NO 

and O2
˙- facilitates essential cellular processes, a relationship termed the nitroso-redox balance. 

On the other hand at high levels O2
˙- interacts with NO to form deleterious reactive molecules 

like peroxynitrite (as shown in the reaction below) [52]. These might involve in number of 

cytotoxic processes including lipid peroxidation, protein oxidation, and nitration, which might 

affect excitation–contraction coupling [53]. 

NO. + O2
.- ONOO-

 

However NO can also act as an antioxidant and inhibit the activation of XO and NADPH oxidase 

and maintain normal O2
˙-/NO homeostasis. This function is compromised by the formation of 

peroxynitrite [53]. 

Nitrosative and oxidative stress frequently target the same sites for redox modification, with 

ROS often inducing irreversible modifications while nitrosylation tends to be reversible [54]. 

Nitrosative stress mainly involve NO-derived species, including ONOO−, NO2, and N2O3, 

readily interact with protein thiols, to cause their oxidation or the formation of nitrosated thiols 

[55], oxidative stress has been explained earlier.   

1.3 The cellular antioxidant defence system 

Aerobic cells have evolved an intrinsic antioxidant system that counters ROS accumulation and 

maintains redox balance. This antioxidant defence system has both enzymatic and non-enzymatic 

components. 

The main enzymatic defences are superoxide dismutase (SOD), catalase, glutathione peroxidases 

(GPx) and peroxiredoxins (Prxs) [56, 57]. SOD (EC 1.15.1.1) provides the primary defence 

against the damage caused by O2
˙-

,
 by converting it to H2O2 and O2. Catalase (1.11.1.6) converts 

H2O2 into H2O and O2 very efficiently [58]. However it is generally confined to peroxisomes and 
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may not fully protect cells from H2O2. GPx (EC 1.11.1.19) decomposes H2O2, other 

hydroperoxides and lipid peroxides at the expense of GSH [58]. The thioredoxin system, 

including thioredoxin, thioredoxin reductase, and NADPH, forms an additional integrated 

antioxidant defence system, which operates as a powerful protein–disulphide oxidoreductase 

[53]. Prxs also break down peroxides. They have been less explored in the heart and are a major 

focus of this study. They are described in detail in the next section. 

1.3.1 Peroxiredoxins  

Peroxiredoxins (EC 1.11.1.15) are a ubiquitous family of thiol based antioxidant proteins with 

molecular sizes ranging from 20-30 kDa. They are involved in controlling the levels of cellular 

peroxides (e.g. H2O2 and organic hydroperoxides and peroxynitrite) and are important 

contributors to the cellular antioxidant defences and to the redox regulation of signal 

transduction (as reviewed in [59-62]). These proteins are widely distributed and highly expressed 

(around 0.1-1% of total soluble proteins in mammalian cells [61]) in most organisms. They 

appear to have evolved from a thioredoxin-like precursor protein [63]. There are six members of 

the mammalian Prx family (Prx 1-6) [64], grouped as typical 2-Cys, atypical 2-Cys and 1-Cys 

isoforms. Typical 2-Cys Prxs contain two catalytic Cys residues towards the N and C termini, 

which are conserved with a separation of 121 amino acids between them [65]. Atypical 2-Cys 

Prxs have the N-terminal Cys and require an additional non-conserved residue for catalytic 

activity. The 1-Cys Prxs require only one conserved Cys for the catalytic activity [59] (detailed 

description in Table 1.1). Prxs 1-4 are typical 2-Cys Prxs; they have more than 70% homology 

and completely conserved regions surrounding both the N-terminus and C-terminus active Cys 

residues [59, 65]. Prx 5 falls in the atypical category and shares only 10% homology with the 

first four members of the family [59]. Prx 6 is a 1-Cys peroxiredoxin. 
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Table 1.1: Classification of mammalian peroxiredoxins and their properties 

  Sub class 

[59, 66] 

Sub-cellular 

localization 

[61] 

Mature 

polypeptide 

length [61] 

Reactive Cys 

Peroxidatic and 

Resolving [66] 

Alternate 

names  [59, 

61] 

Prx 1 typical 2-

Cys  

Cytosol, nucleus 199 aa Cys 52 and Cys 

173 

TPx-A, PAG, 

NKEF A, 

MSP23, OSF3, 

HBP23,  

Prx 2 typical 2-

Cys 

Cytosol, 

membrane 

198 aa Cys 51 and Cys 

172 

TPx-B, Torin, 

NKEF B, PRP 

Calpromotin 

Prx 3 typical 2-

Cys 

Mitochondria 256 aa 

(cleaved at 

63-64) 

Cys 108 and Cys 

229 

AOP-1, MER5, 

SP22 

Prx 4 typical 2-

Cys 

ER [67]   271 aa 

(cleaved at 

36-37) 

Cys 124 and Cys 

245 

AOE372, 

Trank 

Prx 5 atypical 2-

Cys 

Mitochondria, 

peroxisomes, 

cytosol 

214 aa 

(cleaved at 

52-53) 

Cys 100 and Cys 

204 

AOEB166, 

PMP20, AOPP 

Prx 6 1-Cys Cytosol 224 aa Cys 45  ORF06, 

LTW4, AOP2 
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1.3.1.1 Catalytic mechanism of peroxiredoxins  

These proteins react rapidly with H2O2 and other peroxides [59, 60, 68] with rate constants 

around 106-107 M-1 s-1 [41, 63] and decompose these peroxides into H2O and alcohols 

respectively. In the case of typical 2-Cys Prxs, the catalytic reaction involves oxidation (as 

depicted in Figure 1.2) of the active site sulfhydryl group (termed the peroxidatic Cys) on one 

subunit to sulfenic acid (Cys-SOH). This reacts with a neighbouring Cys-SH on the other subunit 

of the dimer (called the resolving Cys) to generate a disulphide-linked homodimer. The 

peroxidatic Cys is stabilized as the more reactive thiolate (Cys-S-) by interaction with 

neighbouring arginine and threonine residues giving it a pKa of around 5-6. There is also a 

proline residue to shield the active site from water [63]. The disulphide is reduced by 

thioredoxin, which is regenerated by thioredoxin reductase and NADPH [59]. A small fraction of 

the Prx can also become hyperoxidized to the sulphinic acid (Cys-SO2H) during each catalytic 

turnover. A study on Prx 1 has shown that the rate of hyperoxidation is 0.072% per turnover at 

30°C in the presence of a low steady-state level (< 1 μM) of H2O2 [69]. The hyperoxidized form 

of Prxs can be slowly reversed by sulphiredoxins  [70], although this mechanism of reversal 

seems to be confined to 2-Cys Prxs [71]. 
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Figure 1.2: Redox cycle of typical 2 Cys Prxs 

This scheme depicts the mechanism of action by typical 2-Cys Prxs where thiol moiety of the peroxidatic Cys (Sp) 

near the N-terminus of one subunit is oxidized to sulfenic acid (S-OH) and forms a dimer by disulphide bridge 

formation with resolving Cys which is present towards C-terminus at the opposing subunit. This dimer is reduced 

back by thioredoxin/thioredoxin reductase system. Excessive exposure of oxidant can lead to hyperoxidation of 

group to the sulfenic acid  (Figure adapted from [72]). 

 

The reaction is slightly different for atypical 2-Cys Prxs because disulphide formation is 

intramolecular (as shown in Figure 1.3) and the position of the resolving Cys is not highly 

conserved at the C-terminus. The intramolecular disulphide is then reduced by the thioredoxin 

system [61, 63, 64]. 
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Figure 1.3: Reaction mechanism of atypical 2-Cys Prxs 

The reaction mechanism of atypical 2-Cys Prx in which the peroxidatic Cys is oxidized to the sulfenic acid form and 

forms an intramolecular disulphide rather than a dimer. 

 

The 1-Cys Prxs do not contain a resolving Cys and their sulphenic acid is reduced by GSH  in  a 

reaction that can be catalyzed by GSH S-transferases [61, 73] (Figure 1.4). 

 

 
Figure 1.4: Catalytic mechanism of 1-Cys Prx 
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Interestingly, in the case of 2-Cys Prxs, after formation of sulphenic acid the sulphur atom is 

buried by sulphenate oxygen and can no longer be accessed by solvent, which should make it 

difficult for reductants to access the Cys. The suggested mechanism for this reaction is that local 

unfolding exposes the peroxidatic Cys and then another unfolding around C-terminus exposes 

the resolving Cys as well, leading to formation of the disulphide bond. This is solvent exposed 

and thiol containing reductants can access this resulting in the reduction of Prx [61]. 

1.3.1.2 Functional regulation of Peroxiredoxins  

Prxs perform roles both as antioxidants and in cellular signal transduction (reviewed in  [59, 66]). 

Several pieces of evidence support the participation of Prxs in signal transduction. H2O2 acts as a 

secondary messenger in various cellular signalling pathways, initiated by various growth factors. 

Platelet derived growth factor and epidermal growth factor have been shown to induce 

production of H2O2 when they bind to their receptors and this is involved in signalling activities 

like cell proliferation, differentiation and apoptosis [61]. Prxs are highly abundant and should be 

efficient regulators of H2O2 levels [59, 74]. Like other molecules involved in cellular signaling 

activity Prxs can be regulated by post-translational modifications. Phosphorylation of threonine 

90 by cyclin-dependent kinases (CDKs) such as Cdc2 has been shown to reduce the activity of 

Prx 1, favouring accumulation of H2O2 [75]. Another regulatory mechanism is inactivation of 

Prxs by hyperoxidation of the catalytic Cys to sulphinic acid. This cannot be reversed by the 

thioredoxin system during catalysis [76] although there is another designated protein 

(sulphiredoxin) that performs this reduction in a manner specific to 2-Cys peroxiredoxins [71]. 

This reduction by sulphiredoxin is a very slow process, possibly enabling the H2O2 to have 

sufficient time to react with other molecules to perform its signalling role [59]. Interestingly, 

formation of higher order structures of Prx regulates Prx function. Studies with Prx 2 revealed 

that it forms redox-sensitive oligomers, with decamer formation supported by reduced and 

hyperoxidized forms, and dimer formation favouring disulphide bonded structures [77]. 

Phosphorylation of Prx in this decameric state has been suggested to introduce structural 

instability by placing two negatively charged phosphates in close proximity, resulting in the 

collapse of the decameric structure. This suggests that phosphorylation and hyperoxidation might 

probably be two ways to favour the dimeric and decameric states respectively, where the 
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decameric state is considered more functionally important [61]. A C-terminal truncation has also 

been suggested to make Prxs resistant to hyperoxidation [78]. 

1.3.2 Glutathione and low molecular weight antioxidants  

A number of non-enzymatic compounds act as antioxidants by reacting directly with ROS. These 

include glutathione (GSH) ascorbic acid (vitamin C), α-tocopherol (vitamins E), β-carotene, 

lycopene, ubiquinole-10, urate [79]. Among these ascorbate has diverse antioxidant function and 

can terminate chain reactions of radicals by serving as a stable donor in interactions with free 

radicals [79, 80] also α-tocopherol has the capacity to stop radical chain propagation by 

quenching peroxyl radical and hence limit the lipid peroxidation, similarly β-carotene and 

lycopene can quench singlet oxygen. Urate is another radical scavenger [79]. However other than 

glutathione their details are out of scope for this thesis. Here it is important to mention that 

antioxidant defence system controls the level of oxidants rather than completely eliminating 

them, so there is always some damage to the biomolecules which is detoxified by the repair 

system [81]. 

GSH (L-γ-glutamyl-L-cysteinyl-glycine) plays an important role in antioxidant defence and 

serve as an indicator of oxidative stress. It is synthesized inside the cell in a two step processes. 

The first step is formation of γ-glutamylcysteine from glutamate and Cys catalyzed by γ-

glutamylcysteine synthetase, and the second step is addition of glycine catalyzed by GSH 

synthetase. GSH is the most abundant low molecular weight antioxidant thiol compound in 

mammalian cell [82-84] its sulfhydryl (SH) group gives this molecule with its most appreciated 

antioxidant properties. GSH is good radical scavenger, and acts as substrate for GPx in reduction 

of H2O2 and lipid hydroperoxides as shown in scheme below, where ROOH and ROH are 

hydroperoxides and its corresponding alcohol [85]. It also regulates thiol protein activity through 

thiol/disulphide exchange. 

H2O2  + 2GSH
GPx

2H2O  + GSSG

ROOH  + 2GSH
GPx

2ROH  + GSSG  
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Glutathione disulphide (GSSG) is recycled back to GSH by NADPH through glutathione 

reductase (GR) as shown below  

GSSG + NADPH + 2H+
GR

NADPH+ + 2GSH  

Rise of GSSG is mostly transient during oxidative stress because of this rapid GR catalyzed 

GSSG reduction [85]. 

Thus GSH protects the cell from oxidative stress and maintains its redox balance. In addition it 

forms nucleophilic conjugates and participates in drug detoxification. 

In most reactions of GSH, the thiolate anion is the reactive form. With a pKa of 8.8, GSH is 

mostly protonated at physiological pH. However, its high intracellular concentration enable it to 

act as an antioxidant [86]. Intracellular concentrations vary from 1-10 mM. GSH largely exists in 

its reduced form; with GSSG making up less than 1% of total glutathione under normal 

circumstances. Oxidative stress can cause formation of GSSG, which through disulphide 

exchange can form protein mixed disulphide (protein-SSG). Most of the GSH (~85%) is within 

the cytosol, with the reminder found in mitochondria, peroxisomes, nuclear matrix and 

endoplasmic reticulum [83]. A significant amount of GSH is present in mitochondria where it is 

taken up through active transport, and makes a major contribution to the mitochondrial 

antioxidant system [84]. 

With an understanding of the cardiac physiology and oxidative stress, cardiac 

ischemia/reperfusion injury can be described. 

1.4 Cardiac ischemia/reperfusion injury  

Ischemia usually involves hypoxia (i.e. lack of oxygen) with a result that normal metabolism of 

heart is disturbed. Depending upon total or partial occlusion of a coronary artery, metabolic and 

functional changes are initiated within seconds. These changes are reversible in the beginning 

(by myocardial stunning), although if the ischemic condition persists for longer these might 

become irreversible (or an infraction) [31]. Reperfusion is necessary for the reversal of changes 
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induced by ischemia, but at the same time reperfusion following ischemia is associated with 

tissue injury. This phenomenon is called “reperfusion injury”. As reviewed in [87], it is still 

under debate whether most damage occurs during ischemia, during the early stage of reperfusion 

or at a later stage of reperfusion. However, treatment against early stage reperfusion proved to be 

more effective, suggesting that the major onset of damage occurs at that time. Signs of damage, 

such as caspase activation [88] and ion dysregulation [89], also occur during ischemia. The 

extent of the damage depends upon the duration of ischemia and if this is too long it dominates 

any further reperfusion injury. 

1.4.1 Generation of ROS during ischemia/reperfusion 

Over the last 50 years there has been interest in understanding the involvement of oxygen 

toxicity and ROS in cardiac pathophysiology [90]. Cardiac myocytes, like other cell types, 

generate ROS mainly because of leakage from the mitochondrial electron transport chain. Under 

normal physiological conditions this is estimated to be about 1-2 % of consumed oxygen, which 

can be detoxified by the antioxidant system [91]. However excess ROS generation might be the 

cause of the damage that occurs in the case of ischemia/reperfusion injury. Due to its high 

metabolic activity heart tissue is very sensitive to oxygen deprivation [91]. In vitro and in vivo 

studies have shown that ROS generation exerts a direct inhibitory effect on myocardial function 

[3]. This inhibition is directly related to the intensity of ischemia. 

As reviewed in [3, 31] there is evidence that implicates ROS in ischemia/reperfusion injury:  

I. Electron spin resonance based studies have observed radical formation in post-

ischemic hearts [92-94]. 

II. Exposure of the myocardium to ROS alters its function in a similar way to 

reperfusion injury [3, 93]. 

III. Introduction of antioxidants like SOD and catalase shows a reduction in damage and 

a decline in radical generation in ischemia/reperfusion injury [3, 31, 95]. 



 21

1.4.2 Cardiac mitochondria and metabolism during ischemia/reperfusion 

To meet its extensive energy demands heart tissue is rich in mitochondria. They are estimated to 

account for 25-35% of total cardiomyocyte volume [91]. As well as being a source of ROS, 

mitochondria are one of the most affected targets of damage during ischemia and reperfusion. 

Ischemic injury is mainly due to ATP depletion, which is a consequence of mitochondrial 

dysfunction [3]. About two thirds of the ATP produced in the heart is used by the contractile 

apparatus and one third to maintain ion balance. In the ischemic state there is lack of O2 for the 

respiratory chain, the TCA cycle is blocked and oxidative phosphorylation is diminished [91]. 

The cardiac system tries to maintain its energy supply from ATP synthesised in glycolysis [96] 

resulting in lactate accumulation and a lowering of cytoplasmic pH until finally glycolysis is also 

inhibited [91]. ATP depletion and lowering of pH set the cardiomyocytes on a course towards 

cell death by necrosis or apoptosis [91, 97]. 

The electron transport chain seems to be involved in both ischemia and reperfusion injury. 

Studies suggest that complex I is a major site of ROS generation [98] and is significantly 

affected during ischemia [99, 100], with up to 60% reduction in oxidation rate for NADH linked 

substrates [91]. This damage appears to be further exacerbated by reperfusion [100, 101]. 

However, there are some contradictions. Maklashina and associates [102] observed almost 

complete recovery of complex I, after reperfusion, from 40% loss in its activity after ischemia. 

In contrast, complexes II and III have been found to be relatively resistant to 

ischemia/reperfusion. Both Rouslin [99] and Veitch et al [100] observed a relatively slow decline 

in complex III activity with respect to complex I and no change in complex II. The role of 

complex IV is more controversial [103, 104]. Some studies suggest no change in complex IV 

activity during ischemia/reperfusion [99, 100, 105]. However, others show reduced electron flow 

through complex IV and a decrease in complex IV activity during ischemia [106, 107] as well as 

during reperfusion [108]. A decline in high energy phosphates due to ATP synthase working in 

reverse has also been seen during ischemia [91, 109]. 

The variations among different studies are probably dependent on factors like the animal model 

used, the degree of ischemia, and techniques used to measure changes. However, the data are 
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consistent enough to conclude that there is damage to the electron transport chain and complex I 

is affected, along with some reduction in electron flow to complex IV. 

1.4.3 Cardiac ion regulation during ischemia/reperfusion 

During ischemia/reperfusion cardiac ion regulation is impaired, resulting in disruption in cardiac 

contraction. Increased cytoplasmic acidification and extrusion of H+ from the cell via Na+- H+ 

exchange (NHE) leads to increase in Na+ [110]. Along with depolarization of the plasma 

membrane, this results in the sodium calcium exchanger (NCX) acting in reverse mode in 

response to cytosolic Ca2+ rises during ischemia. This rise in Ca2+ is a major cause of injury 

during reperfusion [111]. In support of this mechanism, mouse hearts lacking NHE [112] and 

NCX [111] showed protection from ischemia/reperfusion injury and inhibitors of NHE were also 

protective [113]. Steenbergen et al [89] suggest that attenuation of the increases in Ca2+, Na+ and 

H+, probably due to reduced stimulation of Na+-H+ and Na+-Ca2+ exchange, might be the reason 

why pre-conditioning reduces damage during ischemia/reperfusion. 

Different channels involved in Ca2+ regulation appear to be influenced by ischemia/reperfusion. 

Studying the effects of reactive oxidants (ROS) on EC-coupling, Goldhaber and Qayyum [114] 

observed contractile failure, rigor, and Ca2+ overload in ischemia/reperfusion myocardium. They 

suggested that myocardial Ca2+ handling impairment is a major contributor to heart failure from 

ischemia/reperfusion. As reviewed by Murphy and Steenbergen [87], high Ca2+ can impair ion 

channels activity, and accumulation of Ca2+ in mitochondria can increase ROS production, as 

well as cause the opening of mitochondrial permeability transition pores. Goldhaber et al [115] 

observed a large efflux of K+ leading to a decrease in action potential duration during ischemia. 

Intra and extracellular pH are acidic during ischemia. Extracellular pH returns to normal during 

reperfusion by expulsion of H+ as an exchange with Na+ through NHE. This rise in Na+ is then 

countered by expulsion either by Na+-K+-ATPase or NCX in exchange with Ca2+. In the case 

where NCX is used, it results in a further rise in Ca2+ and might cause arrhythmias as well as 

mitochondrial permeability, resulting in the opening of membrane permeability transition pores 

and ROS generation [87]. These studies indicate that this altered ion homeostasis, along with low 

ATP during extended ischemia, results in rupture of the plasma membrane and cell death, 

causing damage during reperfusion. 
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1.4.4 Preconditioning in cardiac ischemia/reperfusion injury 

It has been noted that a brief period of ischemia before ischemia/reperfusion might lead to some 

protection from the damage caused by ischemia/reperfusion. This process is called 

preconditioning. Preconditioning, although producing some radicals in itself, seems to decrease 

the generation of radicals and transiently protects the heart against injury during prolonged 

ischemia/reperfusion [116]. The mechanism of protection is only partially understood, with 

different studies implicating an iron dependent pathway [117], reduced ATP depletion [118], 

opening of mitochondrial KATP channels [119], upregulation of the anti-death gene Bcl-2 [120] 

and altered redox regulation [121]. 

1.4.5 Glutathione in cardiac ischemia/reperfusion injury  

Considering the importance of glutathione in cellular antioxidant defence, it might be expected 

that alterations in glutathione levels would alter the outcome of ischemia/reperfusion. A number 

of studies have shown this to be the case. In the rat heart, ischemia/reperfusion resulted in GSH 

depletion along with myocardial damage [122, 123], and pre-depletion of GSH resulted in less 

recovery of heart [124]. Interestingly, protection against ischemia/reperfusion injury by 

preconditioning was associated with less GSH depletion [125]. 

1.4.6 Peroxiredoxins in ischemia/reperfusion injury 

Prxs are abundant in the heart, especially mitochondrial Prx 3 [74], and they are attracting 

increasing interest as important factors in the cardiac response to oxidative stress. In view of 

their high reactivity with peroxides, 2-Cys Prxs should be among the most sensitive thiol protein 

targets for ROS generated during ischemia/reperfusion and could act as protective antioxidants 

or redox sensors in the ischemic heart. At this stage there are only a few reports examining the 

roles of Prxs in cardiac ischemia/reperfusion. Knockout studies indicate that Prx 6 may have a 

crucial role in protecting the heart from ischemia/reperfusion injury [126], and another study 

shows downregulation of Prx 2 in ischemia/reperfusion, and protection when it was 

overexpressed [127]. 
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1.5 Thiol proteins in cardiac ischemia/reperfusion injury 

Cysteine is one of the most conserved and least abundant amino acid residues out of the 20 

common amino acids [128]. Cys has a special place in redox biology, particularly in proteins 

involved in the regulation of many important oxidation/reduction based biological reactions, 

including stress responses, signal transduction, protein folding, transcription factor alterations 

and energy metabolism [128]. Thiol carrying Cys residues can basically be divided into three 

categories. 

1. Catalytic Cys.  Various proteins have cysteine residues involved in enzyme catalysis.  

These can be classified as redox-active, such as thiol oxidoreductases and proteins 

involved in disulphide bond formation, or non redox-dependent, such as the key cysteine 

residues of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and cysteine proteases.  

2. Regulatory Cys.  Cys of this category are involved in regulating or modulating protein 

activity without having direct catalytic activity. These types of Cys are generally present 

in transcription factors, kinases and phosphatases. Their reactions involve formation of 

inter or intra disulphide bonds or other redox modifications, including glutathionylation 

and S-nitrosylation. This category also includes cysteine residues that are targets for 

farnesylation, enabling targeting of proteins to membranes. 

3. Structural Cys.  Cys involved in the formation of intra or intermolecular disulphide bonds 

to stabilize the structure and folding of proteins. Metal-coordinating cysteines such as 

those in zinc finger or iron sulphur proteins. 

There are a variety of thiol redox modifications observed in biological systems (Table 1.2.)         
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Table 1.2 Oxidation forms of thiol 
 

 Formula Oxidation state Reversibility 

Thiol R-SH -2 - 

Disulphide R-SS-R’ -1 reversible 

Sulphenic acid R-SOH 0 reversible 

Sulphinic acid R-SO2H +2 slowly reversible (sulphiredoxin)

Sulphonic acid R-SO3H +4 irreversible 

S-nitrosothiol R-S-NO 0 reversible 

 

In general proteins involved in redox reactions have their active site Cys thiol group in the 

vicinity of arginine, lysine or histidine, which results in shifting their pKa below that of free Cys 

(8.5).  The thiolate (R-S¯) form is then more reactive at physiological pH and able to be involved 

in redox reactions more readily [86]. These thiols perform a number of biological functions. 

Those most relevant to this thesis are described below. 

1.5.1 Thiols as regulators of protein function 

Thiol groups control the function of different proteins via processes that include thiol/disulphide 

exchange, S-glutathionylation, and S-nitrosylation. Thiol/disulphide exchange reactions are 

frequent in biology. These are basically nucleophilic substitutions with the thiol group 

functioning as a nucleophilic agent as shown in Figure 1.5. 

        

 

Figure 1.5: Thiol/disulphide exchange reaction  
 
Figure shows the attack of a nucleophilic thiol on protein disulphide group leading to exchange of groups (adapted 
from [86])   
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The thioredoxin system and glutaredoxin system are two major thiol dependent systems involved 

in the redox regulation of thiol proteins inside the cell. Thioredoxin is a 12 kDa protein that can 

reduce oxidized target proteins. Its disulphide reductase activity is endowed by a CXXC motif, 

which upon reduction of target protein Cys residues gets oxidized to form an intramolecular 

disulphide bond. This disulphide bond is reduced back by thioredoxin reductase, which works in 

conjugation with NADPH (as shown in Figure 1.6). Some of the targets of thioredoxin are 

peroxiredoxins, ribonucleotide reductase, methionine sulphoxide reductase, and transcription 

factors like p53 and NF-kB [86, 129]. 
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Figure 1.6: Protein reduction mechanism by thioredoxin system 
 
Schematic diagram showing reduction of protein disulphide by thioredoxin (Trx), resulting in its oxidation and 
conversion back from oxidized to reduced form by NADPH dependent thioredoxin reductase (TrxR). 

 

Glutaredoxin has a similar function to thioredoxin and also contains a CXXC motif that reduces 

target proteins by a thiol/disulphide exchange reaction. However, unlike thioredoxin, 

glutaredoxin preferentially targets disulphides with GSH. Recycling of glutaredoxin is dependent 

on GSH (as described in Figure 1.7) [86]. 
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Figure 1.7: Glutaredoxin based reduction of Protein  
 
Schematic diagram showing reduction of protein disulphide by glutaredoxin (Grx) in a thiol/disulphide exchange 
reaction, which leads to oxidation of Grx. Grx, is then recycled by GSH, by oxidizing itself to GSSG. GSSG is 
reduced by glutathione reductase (GR) to GSH in an NADPH dependent manner. 
 

Protein S-glutathionylation, in which a protein thiol is linked to GSH, is a functionally important 

thiol modification. In the normal state of the cell, the proportion of S-glutathionylation is around 

1%. This can rise with oxidative stress. Roles proposed for this reversible process are to protect 

the protein against irreversible modifications due to overoxidation [86] and provide a reversible 

inhibition of thiol enzymes [130, 131]. 

S-nitrosylation or the covalent modification of sulfhydryl residues of proteins through the NO 

moiety, results in the formation of S-nitrosothiols (SNOs). This is a prevalent post-translational 

protein modification involved in redox-based cellular signalling. Protein S-nitrosylation has a 

role in protection from cellular oxidative and nitrosative stress. However, excessive stress can 

lead to defects in NO signaling and may contribute to the pathogenesis of cardiovascular diseases 

[132]. 

Peroxiredoxins have the ability to remove H2O2 and other peroxides. As was discussed in section 

1.3, they are important components of the thiol peroxidase antioxidant defence system [86] . 

1.5.2 Protein thiols in cellular signalling  

Under normal physiological conditions the cellular concentrations of oxidants is so well tuned 

that these potentially damaging species are used as second messengers in cell communication. 

Thiol proteins that undergo reversible oxidation by these oxidants are used to modulate redox 
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signal transduction pathways inside the cell. Oxidants regulate a number of signalling pathways 

by reacting with various key proteins like transcription factors and metabolic enzymes [133]. 

Many of these are thiol proteins, including protein tyrosine phosphatases (PTP) [134]. Some 

thiol proteins e.g. Prx, Trx have been shown to transmit their oxidation state to other proteins and 

serve as an effective way of signal transduction and modulation [86]. Regulation of PTPs is an 

interesting example, as signaling pathways are regulated by phosphorylation of proteins and 

kinases, and phosphatases determine the extent of phosphorylation by phosphorylation and 

dephosphorylation activities. The activities of PTPs involve a catalytic site Cys and can be 

modulated by reaction of Cys with oxidants such as H2O2. PTPs are inactivated by oxidizing 

their thiol to the sulphenic acid and conversion of sulphenic acid to sulphenyl amide [135, 136], 

and reactivated by reducing the thiol group. This oxidant inactivation and activation can thus 

dictate the balance between phosphorylation and dephosphorylation [134, 137]. 

The structural significance of Cys residues should also be mentioned, as the formation of an inter 

or intramolecular disulphide bond is very important for the correct folding of many proteins, 

especially membrane and secreted proteins [138]. 

1.5.3 Thiol proteins in ischemia/reperfusion injury 

Since thiol proteins are sensitive to redox changes and ischemia/reperfusion leads to the 

generation of oxidants, redox changes in thiol proteins are expected in this condition. Several 

such changes have been reported. In a study of rat hearts, Bnip3, as a mitochondrial sensor of 

oxidative stress, was shown to be activated by the formation of a reducible homodimer during 

myocardial ischemia/reperfusion [139]. In another study, changes in mitochondrial complex II 

redox thiols were identified in the post ischemic heart [140]. Proteomic analysis of 

cardiomyocytes or hearts subjected to oxidative stress or ischemia/reperfusion found them to be 

oxidatively modified at thiol sites [141, 142]. 

It is important to understand that proteomic methods have a very significant application to study 

redox changes. These methods can provide a promising tool to identify and quantify redox 

changes in thiol groups. 
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1.6 Redox proteomics in ischemia/reperfusion injury 

Most proteomic studies focus on comparing absolute levels of different proteins. An alternative 

approach that has so far been applied to only a limited extent is to study redox changes. Redox 

proteomics provide a powerful tool to identify and quantify redox changes in different thiol 

proteins in systems under oxidative stress. 

Proteomic methods in this era have presented us with a number of approaches to study redox 

changes, specifically for oxidative changes to the thiol moiety. The methods used to look at 

oxidative changes in the thiols generally rely on creating derivatives with iodoacetamide or 

maleimide, because of their tendency to alkylate thiol groups. Labelling can be carried out in two 

different ways. The first is based on the fact that the labelling agent will not react with oxidized 

thiols, so the extent of oxidation can be determined from the degree to which labelling is 

decreased. However, this approach has a limitation because the majority of intracellular thiols 

are in a reduced form and it becomes very difficult to identify changes in a sea of labelled spots. 

The second and more favoured approach works in the opposite manner. Reduced thiols are first 

blocked with an untagged alkylating agent such as N-ethylmaleimide (NEM) and samples are 

reduced with reducing agents such as dithiothreitol (DTT), β-mercaptoethanol (BME) or Tris (2-

carboxyethyl) phosphine (TCEP). A tagged alkylating agent i.e. derivative of IAA or NEM with 

a label that can be fluorescent, radioactive etc is then used to label the oxidized thiols and the 

extent of oxidation is determined by the degree of label incorporation. Two types of specific thiol 

labelling proteomic approaches are of particular relevance for this thesis: one is electrophoresis 

based and other one uses mass spectrometry. 

1.6.1 Electrophoresis based approaches   

A number of electrophoresis-based approaches employing different tags have been used. Hu et al 

[143] used activated thiol sepharose to enrich thiol containing proteins, which were eluted with a 

reducing agent and separated by two dimensional electrophoresis (2DE) to visualize the 

difference between control and treated samples. A thiol specific fluorescent tag, 5-

iodoacetamidofluorescein (IAF) was used by Wu et al [144] to label reactive Cys residues and 

then labelled proteins were detected by immunoblotting with antibodies against fluorescein. 
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They were able to identify a number of reactive Cys residues in human A431 cells. Gilter et al 

[145] used a thiol specific radioactive probe, N-iodoacetyl-[125I]-3-iodotyrosine, to identify 

oxidized thiols after blocking free thiols with NEM. They were able to detect redox sensitive 

vicinal thiols. Biotin tagged probes have also been used to study oxidative changes [146]. 

Another approach, using a combination of the above methods was used, to block free thiols with 

NEM and then to reduce and label the oxidized thiols with IAF. This method was developed by 

our group and shown to  detect around 200 proteins oxidized by diamide treatment [147]. This 

method has been used in this study and will be discussed in detail in Chapter 3. 

1.6.2 Mass spectrometry based approaches  

Current mass spectrometry-based approaches quantification of proteins employ isotope-coded 

affinity tags (ICAT) [148], stable-isotope labeling of amino acids in cell culture (SILAC) [149], 

and isobaric tags for relative and absolute quantification (iTRAQ) [150]. However, due to its 

thiol-specific nature, ICAT is most relevant for redox proteomics. It is based on iodoacetamide 

based isotopic tags that bind specifically to free thiol groups in cysteine residues. These Cys 

specific cleavable ICAT tags introduce a 9 Da difference between heavy and light isotopic 

labelled peptides. The difference is detected in mass spectrometry and, with the help of the 

appropriate software, relative quantities of two peptides can be obtained (refer to Chapter 2 for 

the method and Chapter 3 for interpretations). Sethuraman et al [151] were the first group to use 

ICAT for measuring redox changes. They successfully identified the redox sensitive Cys in 

creatine kinase and applied the same technique to identify Cys residues of proteins in a rabbit 

heart membrane fraction sensitive to a high concentration of H2O2 [152]. Later this technique 

was adopted by other groups including Fu et al [153], who identified 50 proteins with Cys 

residues sensitive to H2O2 in mouse hearts. In another study they identified 78 putative 

thioredoxin 1 target sites in 55 proteins. The technique was also used to identify the oxidation of 

specific Cys residues in nuclear proteins [154]. ICAT provides a good approach for identifying 

redox sensitive Cys residues with the advantage of being able to quantify extent of modification 

at the same time. 
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1.7 Cardiac ischemia/reperfusion models 

To study cardiac ischemia/reperfusion injury different types of models have been used, including 

myocyte cultures, isolated mouse hearts and animal models with different conditions. One study 

was carried out by Hoek et al [155] in cardiomyocytes from chick embryos and a perfusion 

chamber was used for introducing ischemia and reperfusion to study the onset of ROS during 

ischemia. A similar model was used by Becker et al [156] to study ROS generation during 

cardiac ischemia/reperfusion. Cardiomyocytes were also used in a proteomics study to see the 

effects of oxidative stress and Src kinase inhibition [157] and to study Rho kinase inhibition on 

cardiomyocyte apoptosis [158]. 

The method of choice for other groups has been isolated heart models. To induce 

ischemia/reperfusion in isolated hearts the Langendorff system (Figure 2.1) is the most preferred 

choice. This apparatus is for artificial perfusion of isolated heart. It provides the heart with 

oxygen and nutrients via a perfusate (physiological solution). The perfusate is stored in a 

reservoir and enters the coronary arteries via a cannula. This cannula is inserted into the aorta 

ascendants. Upon opening the reservoir the pressurized perfusate enters the ostia at the basal 

Aorta ascendens. The aortic valve closes due to the hydrostatic pressure, identical to the in situ 

heart during diastole. Modulated by systole and diastole, the perfusate passes through the 

coronary system. A number of studies have been carried out using this system. These include the 

study by Zweier et al [92], where isolated rabbit hearts were used and perfusion was carried out 

on the Langendorff system to study radical generation during ischemia/reperfusion. Likewise the 

effect of calpain activation was shown in isolated rat hearts [159] and the protective effect of 

Na/H exchange inhibition was found in isolated new born rabbit hearts [160]. To measure nitric 

oxide and peroxynitrite generation in postischemic hearts, a similar system of isolated hearts was 

used [94]. In another study the role of Bcl-2 gene upregulation, in the regulation of apoptosis 

during ischemia/reperfusion injury, was studied during preconditioning by using an isolated heart 

model [120]. Along with that a combined approach of isolated rat hearts and cultured myocytes 

was used by Zeng et al [161] to study the protective effect of apelin during cardiac 

ischemia/reperfusion. Apart from these models some authors also preferred animal models. The 

protective effect of oxytocin was observed using a rat heart model [162]. Similarly, the 
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protective effect of polydatin was also studied in an animal heart model by coronary artery 

ligation [163]. 

Each of these models has their own advantages and disadvantages. Cardiomyocytes are easy to 

use for various treatments, but their outcome might vary from in vivo outcome. The isolated 

heart model is more physiological than cultured cardiomyocytes, but any effect due to blood 

circulation is missing. Animal models for cardiac ischemia/reperfusion are ideal but relatively 

difficult to generate. The Langendorff system is well established and widely used. It was the 

model used in this thesis. 

1.8 Aims of the thesis 

Cardiac ischemia/reperfusion has been a topic of research for many years. However, there is still 

a lack of detailed understanding of mechanisms leading to oxidative damage, in particular which 

proteins become modified in the process. In this thesis my objective was to gain more 

understanding of the oxidative changes that take place during ischemia and different stages of 

reperfusion, with particular emphasis on characterising global and specific changes to the redox 

state of thiol proteins. I have used the mouse heart ischemia/reperfusion model established in 

Prof Mark Cannell’s laboratory, where they carried out the perfusion and provided me with 

samples for analysis. My specific objectives were: 

1. To develop and apply redox proteomic approaches to identify global changes as well as 

specific proteins during ischemia and different periods of reperfusion. This involved three 

methodologies: 

a. A gel based approach where a thiol specific fluorescent tag was used to selectively label 

oxidized thiols, and the changes were detected using 1D and 2D SDS-PAGE. 

b. A global quantitative proteomics approach called Ox-ICAT, in which oxidized thiols in 

control and treated groups were labelled with IAM-based isotopic tags of different mass, and the 

relative proportions of heavy and light isotope labelled peaks for specific peptides were used to 

quantify oxidative changes between the control and treated groups. 
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c. A protein-specific mass spectrometry proteomics approach, where oxidative changes in 

specific proteins were monitored by labelling oxidized thiols with deuterium based NEM and 

free thiols with unlabelled NEM. Then the protein of interest was immunoprecipitated and the 

ratio of reduced to oxidised peptides was quantified based on mass difference. 

2. To determine whether peroxiredoxins become oxidized during different stages of ischemia and 

reperfusion. 

3. To establish how thiol protein changes relate to general oxidative stress during 

ischemia/reperfusion, by measuring glutathione content and protein carbonyl formation in the 

heart as oxidative biomarkers. 
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Chapter 2: Materials and Methods 

2.1 Materials  

2.1.1 Chemicals 

N-ethylmaleimide (NEM), Igepal CA-630 (equivalent to Nonidet P-40), Tween-20, Coomassie 

G250, dithiothreitol (DTT), β-mercaptoethanol, diethylene triamine pentaacetic acid (DTPA), 5-

iodoacetamidofluorescein (IAF), glutathione (GSH), glutathione disulphide (GSSG), sodium 

dodecyl sulfate (SDS),  Ammonium sulfate, bromophenol blue, formic acid (HCOOH), Urea, 

Thiourea, phosphoric acid, ethylenediaminetetraacetic acid (EDTA), TCEP (tris(2-

carboxyethyl)phosphine), Bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St 

Louis, MO, USA). d5-N-ethylmaleimide, GSH ([glycine 1,2-13C2, 
15N]-GSH), was supplied by 

Cambridge Isotope Laboratories, (Andover, MA, USA). Glycerol and sodium chloride (NaCl) 

were acquired from Merck (Darmstadt, Germany). Protease inhibitor CompleteTM cocktail 

tablets, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulphonate (CHAPS) and 

Tris(hydroxymethyl)aminomethane (Tris) were purchased from Roche (Mannheim, Germany); 

acetonitrile, methanol, and ethanol from Malinckrodt Baker (Paris, KY, USA), 40% 

acrylamide/bis solution (37.5:1;2.6% crosslinker), Bio-Rad DC protein assay kit, Ampholytes, 

spin columns were from Bio-Rad (Hercules, CA, USA). Non-fat dried milk was obtained from 

General Distributors (Auckland, NZ). Cleavable ICAT® Reagent Kit was used for Protein 

labelling (Applied Biosystems, Foster City, CA, USA). Trypsin was from Promega (Madison, 

WI, USA). 

2.1.2 Antibodies 

Rabbit polyclonal antibodies to Prx1, Prx2, PKG and SERCA 2 were supplied by Abcam 

(Cambridge, UK), anti-phospholamban by Thermo-scientific (Rockford, IL, USA), anti-DNP 

antibody from Molecular Probes Inc. (Eugene, OR, USA), and anti Prx3 and overoxidized Prxs 

from AbFrontier (Seoul, Korea). Goat antirabbit horseradish peroxidase and goat antimouse 

horseradish peroxidase were from Sigma. 
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2.2 Ischemia/reperfusion in isolated mouse hearts 

Ischemia/reperfusion mouse hearts were prepared initially by Dr Nelly Kitaeff and later by Dr 

Patricia Cooper at Prof Mark Cannell’s laboratory at University of Auckland, Auckland, New 

Zealand. 

Hearts were rapidly excised from CD-1 mice killed by lethal injection of pentobarbital (approved 

by the Animal Ethics Committee of the University of Auckland), mounted on the Langendorff 

apparatus and retrogradely perfused with modified Tyrode solution (136.5 mM NaCl, 5.4 mM 

KCl, 1.8 mM CaCl2, 0.53 mM MgCl2, 5.5 mM glucose, and 5.5 mM HEPES, pH adjusted to 7.4) 

gassed with O2. Control hearts (C) were perfused briefly to remove blood. After 2 min 

stabilization, experimental hearts were either subjected to 30 min control perfusion (CP), or 20 

min global ischemia (I) by stopping the coronary flow. Coronary perfusion was then restored for 

5 min (IR5) or 30 min (IR30) min. After perfusion the hearts were quickly immersed into PBS 

containing 100 mM NEM for 5 min and then snap frozen in liquid nitrogen and stored at -80°C. 

Samples were packed and shipped to our laboratory on dry ice. 

For protein extraction, each frozen heart was placed in NP-40 lysis buffer (50 mM Tris HCl pH 

8, 137 mM NaCl, 10% glycerol, 1% NP-40, 2mM EDTA)  containing 100 mM NEM and 

Complete protease inhibitor cocktail at 300 μl per 5 mg of tissue. The tissue was homogenised 

using a glass hand homogeniser then left on a rotator for 2 hours at 4°C before centrifugation at 

12,000 rpm for 20 min at 4°C. The supernatant was aspirated, its protein content measured using 

the Bio-Rad assay, and aliquots were stored at -80°C. 
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Figure 2.1: Experimental protocol for cardiac ischemia/reperfusion  

Figure showing experimental procedure of ischemia/reperfusion and control perfusion as well composition of 

perfusate. Langendorff apparatus with different components to perform perfusion was also shown. Inset shows the 

heart sample.     
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2.3 Protein quantification 

The protein content of heart tissue extracts were measured with the Bio-Rad DC protein assay 

kit, using BSA as the standard. Using a 96-well plate, 5 µl of samples along with standards 

varying from 0.2 -2 mg/ml of BSA were added to a microtiter plate each in triplicate. 20 µl of 

reagent S (detergent SDS) and 1 ml of reagent A (an alkaline (NaOH) copper sulfate) were 

mixed and 25 µl was added to each well. Finally 200 µl of reagent B (a dilute Folin’s reagent) 

was added and the plate left for 10 min incubation and read at 750 nm on a SpectraMax 190 

microplate spectrophotometer using SoftMaxPro software, v. 2.6.1 (Molecular Devices, 

Corporation, Sunnyvale, CA, USA). A linear regression standard curve was constructed by 

plotting mg protein concentration of the standards against their absorbances and a value for each 

sample was calculated based on the standard curve. 

2.4 Polyacrylamide gel electrophoresis   

The Laemmli electrophoresis system [164] was used for all sample analysis unless otherwise 

stated. Proteins (10-30 µg per lane for heart tissue extracts) were diluted in reducing or non-

reducing SDS-sample buffer (65.8 mM Tris-HCl, pH 6.8, 10.5 % glycerol [v/v], 2.1% SDS 

[w/v], 0.053% bromophenol blue with or without 5% [v/v] β-mercaptoethanol respectively). 

Samples were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a Mini-

Protean 3 cell apparatus (Bio-Rad, Hercules, CA, USA). Molecular masses were estimated by 

inspection with BenchMarck or SeeBlue Pre-stained molecular mass standards (Invitrogen, 

Carlsbad, CA, USA). A 3% stacking gel and 12% resolving gel were used unless otherwise 

stated. Gels were run at 180 V for 50 min or until dye front had reached the bottom of the gel. 

To visualise total protein, gels were stained overnight with Coomassie Brilliant Blue solution 

(0.1% [w/v] Coomassie G-250 in 0.14 M phosphoric acid, 0.61 M ammonium sulfate and 20% 

[v/v] methanol). Background stain was removed with multiple washings in distilled water, and 

gels were imaged on a Bio-Rad Fluo-S MutliImager using Quantity One 4.6.1 software (Bio-

Rad, Hercules, CA, USA) where software does auto calibration. 
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2.5 Immunoblot analysis   

For immunoblot analysis, proteins (10-30 µg) from mouse heart extracts were resolved by SDS–

PAGE and then transferred to a PVDF membrane using a Mini trans-Blot apparatus (Bio-Rad 

Laboratories, Hercules, CA, USA). Electrotransfer was performed for 50-90 min depending on 

the protein of interest at 100 Volts. To avoid non-specific antibody binding, the membranes were 

blocked using 5% (w/v) non-fat dried milk in Tris-buffered saline 0.2% Tween for 1-2 hours at 

room temperature or overnight at 4 °C, then treated in the same buffer at 4 °C overnight with 

primary antibodies diluted according to manufacturer’s instructions. Bands were detected with 

goat-anti-rabbit horseradish peroxidase in case of rabbit polyclonal primary antibody and goat-

anti-mouse horseradish peroxidase in case of mouse monoclonal primary antibody using 

enhanced chemiluminescence reagents supplied by GE healthcare, and visualized with the 

ChemiDoc XRS gel documentation system (Bio-Rad, Segrate, Italy). Band intensities were 

quantified with Quantity One software (Bio-Rad, Hercules, CA, USA). 

2.6 Oxidised thiol proteins –IAF labelling  

The IAF labelling method for oxidised thiols was adapted from methods described by Baty et al 

[147]. Excess NEM was removed from extracted heart proteins using Sephadex G25 spin 

columns that had been equilibrated with NP-40 lysis buffer. Spin columns were centrifuged for 4 

min at 1,000 g. Then 75 mM DTT (in water) was added to the eluates to give a final 

concentration of 1 mM and samples were incubated for 10 min at room temperature. IAF (10 

mM stock in DMSO) to a final concentration of 200 M was added to each sample and 

incubated for 10 min at room temperature in the dark. After labelling with IAF, 75 l of each 

sample was pipetted onto a spin column, equilibrated with NP-40 lysis buffer if the samples were 

to be resolved by 1-D electrophoresis, or with sample/rehydration solution if the samples were to 

be resolved by 2-D electrophoresis, and centrifuged for 4 min at 1,000 g. 
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Figure 2.2: Method for labelling oxidised thiols 
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2.7 2-D Electrophoresis 

Before 2DE, samples were labelled with IAF and passed through spin columns as in Section 2.6. 

Each sample (containing 100-150 µg protein) was made to 100 µl with sample rehydration 

solution (7 M urea, 2 M thiourea, 10 mM DTT, 4% CHAPS (w/v) and 0.2% Bio-Lyte 3-10 

ampholytes (v/v)) and delivered into a rehydration/equilibration tray. Seven cm, non-liner pH 3-

10, immobilised pH gradient (IPG) strips were placed directly on the sample and overlaid with 

mineral oil to prevent evaporation [165]. The samples were absorbed into IPG strips overnight 

and then the rehydrated strips were transferred to the channels of a focusing tray. Pre-wetted 

electrode wicks were used to ensure good contact between the IPG strips and electrodes. The 

strips were overlaid with mineral oil and IEF was carried out on a Bio-Rad Protean IEF Cell with 

voltage increasing in a stepwise fashion as shown in Table 2.1. 

 

Table 2.1: IEF Conditions 

Step Voltage (V) Time (h) 

1 300 1 

2 1,000 1 

3 3,000 1 

4 4,000 15,000 Vhr (3.75 h)

5 100 HOLD (12 h) 

 

The focused IPG strips were prepared for the second dimension by soaking them for 15 min in 

equilibration solution (6 M urea, 20% glycerol (v/v), 2% SDS (w/v) and a few crystals of 

bromophenol blue in 375 mM Tris-HCl, pH 8.8). The strips were transferred into clean channels 

of the tray and fresh equilibration solution applied for another 15 min. For the second dimension, 

the strips were placed on 12% SDS-PAGE gels and embedded in 0.5% agarose (w/v). The 

second dimension and fluorescence scanning were performed as for the 1D SDS PAGE. 
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2.7.1 2-D gel analysis  

Sample separation by 2DE was followed by image acquisition using Bio-Rad Quantity one 

software. These gel images of IAF-labelled thiol protein were analysed with PDQuestTM version 

8.1 (Bio-Rad, Hercules, CA, USA). The PDQuest 2-D Analysis software allowed for in-depth 

analysis of the protein patterns between gels. The raw images scanned into the computer were 

cropped to contain the main portion of the gel containing the protein spots and excluding the dye 

fronts. All gel images were cropped in similar proportions. Background fluorescence was filtered 

from images using the software’s default settings and the majority of spots were automatically 

detected. Manual guidance of the master gel was done where a small, faint, and large spot were 

picked from the master gel. Normalisation was performed by the software using a local 

regression model. Protein spots on the gel were identified and quantified using the spot detection 

wizard. The Edit Spot tool allowed for deleting streaks that the PDQuest software incorrectly 

recognised as spots as well as adding spots that the PDQuest software did not recognise. 

Reference spots present in both control and treated gels were used to align the images until all 

the spots in the gel were matched with in the corresponding gel. Lists of spots showing changes 

were generated using PDQuestTM. Each spot nominated by the software was visually inspected to 

make sure the change was authentic. 

2.8 Oxidised thiols - ICAT labelling 

The main method employed to study oxidised thiols during ischemia reperfusion was a gel-free 

mass spectrometry based quantitative approach called Isotope Coded Affinity Tags (ICAT) 

method. This technique was originally developed by Aebersold’s group [148] as a method to 

study protein expression changes globally using tandem mass spectrometry. It uses 

iodoacetamide based isotopic tags that react selectively with free thiol groups in cysteine 

residues. The ICAT reagent (Figure 2.3 A) has three parts: a) a biotin affinity tag, which is used 

to select ICAT-labelled peptides, b) a linker containing stable isotope signatures, which can be 

differentiated by mass spectrometry, c) an iodoacetamide-based reactive group. ICAT depends 

upon two principles: 1) a short (5-25) but contiguous sequence from a protein is used to identify 

the tagged protein and 2) pairs of peptides tagged with ICAT reagents (light and heavy), are 

chemically identical and therefore serve as mutual internal standards for accurate quantification. 
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The ratios between the intensities of the lower and upper mass components of these pairs of 

peaks provide an accurate measure of the relative abundance of the peptides. 

 

 
Figure 2.3: Structure of ICAT reagent 

Figure showing components of the original ICAT reagent consisting of a biotin based affinity tag for purification, a 

linker group which can be cleaved by an acid after labelling, an isotopic tag which varies because heavy has 8 

deuteriums instead of hydrogen atoms in light, and an iodoacetamide based group which binds reduced cysteine in 

proteins. Figure adapted from [148]. An improved ICAT reagent produced Applied Biosystems used 9 13C as the 

heavy reagent, resulting in improved elution and better fragmentation. 

   

The method became popular for mass spectrometry-based protein quantification because of its 

reliability and reproducibility and it was soon commercialised by Applied Biosystems (Figure 

2.3 B). The main improvements were 1) incorporation of 13C rather than deuterium into the 

heavy reagent, which results in the co-elution of ICAT reagent labelled pairs from the reversed-

phase column and improves peptide quantification; 2) incorporation of an acid-cleavable site in 

the reagent, which lets you remove the biotin portion of the ICAT reagent tag prior to MS and 

MS/MS analysis; 3) reduction of the overall size of the tag, enabling the analysis of larger 

peptides; 4) reduction of tag fragmentation, which improves quality of MS/MS data and 

significantly increases the number of identified proteins, with high confidence per experiment; 5) 

improvement in reagent design, resulting in reduced formation of by-products of the alkylation 

reaction which improves overall MS data quality; 6) change in the mass difference between the 

heavy and light reagents from 8 to 9 Daltons, thereby avoiding possible confusion between 

oxidising methionine (+16) and two cysteines labelled with ICAT reagents in LC-ESI-MS 
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workflows. Masses and composition of Applied Biosystems ICAT reagent is provided in Table 

2.2. 

 

Table 2.2: ICAT reagent specifications (adapted from Applied Biosystems manual for ICAT kit) 

 

 
2.8.1 Workflow of ICAT  

ICAT labelling was carried out using the Cleavable ICAT® Reagent Kit for Protein labelling. The 

standard procedure to make sure the method was working was successfully performed according 

to manufactures instructions. 

The schematic flow of the ICAT procedure and protocol are shown in Figure 2.4 and 2.5 

respectively. Control and treated samples were initially reduced with TCEP, which exposes all of 

the reversibly oxidized thiols for alkylation, and then labelled with light and heavy ICAT reagent 

respectively. After labelling, samples were mixed in equal quantity and digested with trypsin, 

which cleaves at lysine and arginine amino acids. The digested peptides were then passed 

through a strong cation exchange (SCX) column (provided with the kit) to remove excess salts. 

After this cleaning step samples were purified and enriched for ICAT peptides using affinity 

purification by avidin columns. After this enrichment step samples were analyzed by LCMS. 
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In the mass spectrometer, the MS scan provides quantitative information about peptides with 

peaks appearing 9 Da apart (mass difference between ICAT pairs). From this, the relative 

abundance of the Cys peptide from the two samples can be calculated from peak areas. Peptides 

with MS peaks are individually passed to the collision cell and fragmentation generates MS/MS 

spectra with signature peaks corresponding to the masses of the constituent amino acids. Based 

on this fragmentation pattern the identity of the peptide along with the site of modification with 

the ICAT reagent was obtained. 
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Figure 2. 4: Schematic diagram showing ICAT protocol 

Samples are first labelled with heavy or light isotope reagent individually then mixed and subjected to tryptic 

digestion following affinity purification. Finally quantification and identification are achieved by mass spectrometry 

from MS and MS/MS data respectively. 
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Figure 2.5: Overview of ICAT Protocol in ischemia/reperfusion   
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2.8.2 Protein extraction, denaturation and reduction   

As described earlier, heart tissue was extracted using NP-40 lysis with 100 mM NEM, so that all 

the reduced thiols were blocked irreversibly around 7-10 mg of protein was obtained from each 

heart . Three different hearts from each treatment group were pooled in equal proportions and 

labelled with light (control) and heavy (treatment) ICAT reagent respectively. For each sample, 

exactly 100 µg of protein was placed in a 1.5 ml vial and denatured with 80 µl denaturing agent 

(50 mM Tris pH 8.5 with 0.1% SDS) to disrupt hydrogen, hydrophobic, and electrostatic bonds. 

2 µl of reducing agent (50 mM TCEP), provided with the kit, was added to reduce all the 

oxidized thiols thereby making them available for labelling with ICAT reagents. These samples 

were then placed in a boiling water bath for 10 min. Solutions were vortexed and briefly 

centrifuged at 5,000 g after each step. 

2.8.3 Labelling with ICAT reagents  

To label the samples with cleavable ICAT reagents, vials containing light and heavy reagents, 

provided in the kit, were brought to room temperature and centrifuged so that all the powder was 

at the bottom of the vials. To each vial 20 µl of acetonitrile was added, then the vials were 

vortexed and briefly centrifuged at 5,000 g to transfer all the contents to the bottom of the tube. 

After mixing, the entire contents of each reagent vial were transferred to vials containing the 

extracted heart proteins. Light ICAT reagent was added to triplicate control perfusion samples 

and heavy ICAT reagent to each of the ischemia/reperfusion samples (I or IR5 or IR30). These 

samples were incubated at 37°C for 2 h, vortexed and briefly centrifuged. The samples 

containing both light and heavy reagent were mixed by transferring the entire contents of a vial 

containing control samples to each vial containing an ischemia/reperfusion sample. 

2.8.4 Digestion with trypsin 

Samples containing light- and heavy-labelled protein were digested using trypsin provided with 

the kit. Individual vials of trypsin were reconstituted in 200 µl of Milli-Q water and the entire 

contents were transferred to a vial containing the sample. After digestion at 37°C for 12-16 h, the 

samples were vortexed and centrifuged. 
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2.8.5 Purifying and cleaning the sample 

The entire content of each digested sample was transferred to a 4 ml tube and diluted with cation 

exchange buffer-load (10 mM potassium phosphate (KH2PO4)/25% acetonitrile pH 3.0), 

provided with the kit, and mixed by vortexing. Sufficient cation exchange buffer-load was added 

to bring the pH to between 2.5 and 3.3. The cation exchange cartridge (POROS 50 HS, 50-µm 

particle size) provided with the kit was then assembled and conditioned with cation exchange 

buffer-load as directed. The diluted sample mixture was loaded onto the column by slowly 

injecting (~1 drop/s) sample mixture. The flow through was collected in a tube, and the column 

was washed with 1 ml of cation exchange buffer to remove TCEP, SDS, and excess ICAT 

reagents. Finally, peptides were eluted with 500 µl of cation exchange buffer-elute (10 mM 

KH2PO4/25% acetonitrile/350 mM KCl, pH 3.0) provided with the kit. The cartridge was then 

cleaned with 1 ml of cation exchange buffer-clean (10 mM potassium phosphate (KH2PO4)/25% 

acetonitrile/1 M KCl, pH 3.0), stored with cation exchange buffer-storage (10 mM potassium 

phosphate (KH2PO4)/25% acetonitrile pH 3.0 + 0.1% Sodium azide), until needed again. 

2.8.6 Biotin purification  

After cation exchange, ICAT labelled peptides were enriched using biotin affinity purification. 

First, the avidin cartridge provided with the kit was assembled and 2 ml of affinity buffer–elute 

(30% acetonitrile + 0.4% TFA) was injected and the flow through diverted to waste. This step 

was to make sure that even low affinity binding sites were free for binding. Then 2 ml of affinity 

buffer–load (2x PBS, pH 7.2) provided with the kit was injected to condition the column. The 

eluate from the cation exchange cartridge was neutralized by adding 500 µl of affinity buffer–

load, and if necessary the pH was adjusted to around 7 by adding more buffer. Neutralized 

samples were vortexed to mix and briefly centrifuged to the bottom of the tube. The entire 

sample was slowly (~1drop/s) injected onto the avidin cartridge. The flow through was collected 

into a 1.5 ml tube along with the eluate from another 500 µl affinity buffer–load application 

analysis. Then 1 ml of affinity buffer–wash 1 (1x PBS, pH 7.2) was injected onto the cartridge, 

and diverted to waste. To remove non-specifically bound peptides, 1 ml of affinity buffer–wash 2 

(50 mM ammonium bicarbonate [NH4HCO3]/20% methanol, pH 8.3) provided with the kit was 

injected onto the cartridge, followed by 1 ml of Milli-Q water. To elute the ICAT labelled 
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peptides, 800 µl of affinity buffer-elute was slowly injected onto the cartridge. First 50 µl of 

eluate was discarded then the remainder was collected into a 1.5 ml tube and labelled as elute. 

All collected washes were stored until the final analysis in the event that samples needed to be 

recovered due to procedural problems. 

2.8.7 Cleaving the ICAT reagent linker 

Affinity eluted samples were dried using a centrifugal vacuum concentrator (Thermo Scientific, 

San Jose, CA, USA). In a fresh tube, cleaving reagents A (trifluoroacetic acid) and B (a 

scavenger that reduces side reactions during the cleaving reaction) provided with the kit were 

mixed in ratio of 95:5 respectively. After vortexing and brief centrifugation, 90 µl of the mixture 

was added into each tube containing ICAT labelled peptides then left for 2 h at 37°C for 

cleavage of linker. These samples were then dried using the vacuum concentrator and sent to the 

Central Proteomics Facility in the Department of Biochemistry, University of Otago, Dunedin, 

New Zealand. Sample analysis by LC/MS/MS was carried out by Dr Torsten Kleffmann. 

2.9 Oxidized thiols NEM (D5) labelling 

This method, developed following discussions with Jason Held at the Oxidative Posttranslational 

Modifications conference at Boston University Medical Centre (2008) utilizes the fact that all 

free thiols are labelled with NEM and then reversibly oxidized thiols can be reduced and labelled 

with NEM containing five deuterium atoms in place of hydrogen, adding 5 Da to its mass. 

Specific proteins of interest can be examined by immunoprecipitation, or by excision of bands of 

interest from gels. To quantify the relative proportions of oxidized thiols samples they are 

analyzed by LC/MS/MS. Initially heart samples were extracted using the same method as 

described in Section 2.2 where 100 mM NEM was used with NP-40 lysis buffer to block reduced 

thiols. Each sample (100 µl) was then passed through a spin column to separate the protein from 

excess NEM. Oxidized thiols were reduced using 1 mM TCEP (final concentration). Samples 

were left for 10 min in a boiling water bath to ensure complete reduction. 10 mM NEM (D5) was 

then added to the solution and left for 30 min at 50°C for complete labelling. SDS sample buffer 

was added and the samples were separated by SDS PAGE on 12% gels for 50 min. These gels 

were stained with Coomassie blue and bands localized near SERCA (as the primary band of 
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interest) were excised and sent to the Central Proteomics Facility where in-gel digestion, LC 

separation and mass spectrometry were carried out as described below. 

2.9.1 Sample preparation 

Excised protein spots/bands were subjected to in-gel digestion with trypsin using a robotic 

workstation for automated protein digestion. The protocol for automated in-gel digestion is based 

on the method of Shevchenko et al [166]. Bands or spots were excised from the gel and cut into 

smaller pieces. They were destained with acetonitrile 70-80% in MQ-water for 5-10 min and 

washed in ABC buffer 2X (100 mM ammonium bicarbonate pH>7.9) for 10-20 min. This 

procedure was repeated until the gel pieces were completely destained. Dehydration was 

performed by incubating gel pieces in 70-80% acetonitrile solution in MQ-water. This was 

carried out twice and then the gel slices were rehydrated completely by incubation in ABC buffer 

(50 mM ammonium bicarbonate pH>7.9). Digestion was performed with a trypsin: protein ratio 

of 1:5 in 1X ABC-buffer. The gel pieces were covered with liquid and incubated overnight at 

37°C. Acetonitrile solution (acetonitrile 70-80% in formic acid 0.1 %) was added for rehydration 

and the supernatant was collected in a vial. This step was repeated, supernatants were pooled and 

the eluted peptides dried using a centrifugal concentrator. 

2.10 2-D LC MALDI TOF/TOF 

2.10.1 LC-separation of peptides 

The ICAT – labelled samples were prepared as described in Section 2.8. Dried samples were re-

solubilised in 40 µl of solvent A (4% [v/v] acetonitrile (ACN), 0.1% [v/v] TFA in water) and 16 

µl were loaded onto a strong cation exchange column (FUS-10-CP, 300 um ID x 10 cm packed 

with Poros 10S, (Dionex Co, CA, USA) using an Ultimate 3,000 LC-system (Dionex Co, CA, 

USA). Peptides were eluted with 5 salt steps of 40 µl of NaCl in solvent A (flow through, 5 mM, 

20 mM, 100 mM and 1 M) onto a C18 u-precolumn (C18 PepMap 100, Dionex Co, CA, USA). 

Peptides of each salt step were then separated on a nano-flow reversed phase column (PepMap 

C18 column, 75 um ID, 30A pore size; Dionex Co., CA, USA) by an acetonitrile gradient from 

4% [v/v] acetonitrile, 0.05% [v/v] TFA to 90% [v/v] acetonitrile, 0.05% [v/v] TFA in water over 
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105 min (flow through and fraction), 75 min (5 mM and 1,000 mM fractions) or 60 min (20 mM 

and 100 mM fractions). 1,600 fractions were collected from each sample. Fractions were 

automatically mixed with matrix (7 mg alpha cyano-4-hydroxycinnamic acid (CHCA) dissolved 

in 1 ml of 75% [v/v] aqueous acetonitrile containing 0.1% [v/v] TFA) and spotted onto a 

MALDI sample plate (Opti-TOF LC/MALDI Insert, Applied Biosystems, MA, USA) using a 

Probot fraction collector (Dionex Co., CA, USA). 

2.10.2 Mass Spectrometry 

Sample plates were analysed on a 4800 MALDI Tandem Time-of-Flight Analyzer (MALDI 

TOF/TOF, Applied Biosystems, MA, USA). MS spectra were acquired in positive-ion mode 

with 1 280 laser pulses per sample spot. The six strongest precursor ions of each fraction spot 

were selected for MS/MS collision-induced dissociation (CID) analysis. CID spectra were 

acquired with 2,000 laser pulses per selected precursor using the 2 kV mode and air as the 

collision gas at a pressure of 1x10-6 torr. 

2.10.3 Data Analysis 

I performed all of the data analysis following separation and data acquisition at the Proteomics 

Center. For protein identification MS/MS data was searched against the muridae database from 

NCBI (downloaded in June 2009) using the Mascot search engine 

(http://www.matrixscience.com) step-by-step procedure as described below. The search was 

set up for full tryptic peptides with a maximum of two missed cleavage sites. ICAT heavy and 

light cysteine and oxidized methionine were included as variable modifications. The precursor 

mass tolerance threshold was 75 ppm and the maximum fragment mass error was 0.4 Da. 

Quantification was carried out using GPS explorer software. 

Samples reserved for MALDI TOF/TOF were subjected to 2D-LC i.e. cation exchange and 

reverse phase separation, 1,600 fractions were collected from each sample and MALDI 

TOF/TOF acquisition was performed. Each significant peak from the MS spectrum was 

subjected to MS/MS spectrum for fragmentation. The data acquired on MALDI TOF/TOF was 

subjected to GPS explorer software for quantification. Figure I.1 (Appendix I) shows the 

parameter settings for the software. ICAT light and heavy was given as variable modifications 
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for the peptides. The ICAT quantification box was checked and a mass difference of 9 Da 

between heavy and light labelled peptides was specified. The results were analyzed with the help 

of Window shown in Figure I.2 (Appendix I). Data obtained from GPS explorer software is 

given in Chapter 3. 

The MS/MS data was submitted to an in-house Mascot server at University of Otago 

(http://biocwinserve.otago.ac.nz/mascot) for identification of peptides and their parent proteins 

and associated modifications. The general procedure to obtain a protein identification using 

Mascot is outlined in Figure 2.6. Mass data was converted to a peak list file with the parent ion 

and fragment ion masses are listed. This list was searched against an in-silico created list of 

masses from a protein database. 

 

 
Figure 2.6: Outline of method to obtain protein identification using Mascot  
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The different parameters used to search the ICAT data is shown in Figure I.3 (Appendix I). The 

NCBInr database was used for the search, the digestion enzyme was trypsin and one missed 

cleavage was permitted. To allow for the possibility of air oxidation methionine oxidation was 

selected as a variable modification. Mouse heart samples were labelled with ICAT, so the ICAT 

option was selected in the quantification field. Mass errors for peptide mass and MS/MS spectra 

of ±1.2 Da and 0.6 Da respectively were allowed. Peptides with +1, +2 and +3 charge were 

selected for in the search, higher charges are less likely. A file in the Mascot generic format was 

generated and used in the search as shown in Figure I.3 (Appendix I). 

2.11 1-D LC LTQ Orbitrap MS/MS 

2.11.1 Sample preparation 

ICAT and NEM samples were prepared as described in Section 2.9 and 2.10 respectively. The 

samples were re-solubilised in 2% [v/v] acetonitrile, 0.2% [v/v] formic acid in water and injected 

onto an Ultimate 3,000 nano-flow LC-System (Dionex Co,CA, USA) that was in-line coupled to 

the nano-electrospray source of a LTQ-Orbitrap XL hybrid mass spectrometer (Thermo 

Scientific, San Jose, CA, USA). Peptides were separated on an in-house packed emitter-tip 

column (75 µm ID fused silica tubing packed with C-18 material, 8-9 cm) by a gradient 

developed from 2% [v/v] acetonitrile, 0.2% [v/v] formic acid to 90% [v/v] acetonitrile, 0.2% 

[v/v] formic acid in water over 130 min at a flow rate of 300 nl/min. 

2.11.2 Typical Instrument Setting for the LTQ-Orbitrap 

Full MS in a mass range between m/z 300-2,000 was performed in the Orbitrap mass analyzer 

with a resolution of 60,000 at m/z 400 and an AGC target of 2x 105. Preview mode for the FTMS 

master scan was enabled to generate precursor mass lists. The strongest five signals were 

selected for CID (collision induced dissociation)-MS/MS in the LTQ ion trap at a normalized 

collision energy of 35% using an AGC target of 1x 105 and two microscans. Dynamic exclusion 

was enabled with two repeat counts during 30 s and an exclusion period of 180 s. The exclusion 

mass width was set to 0.01. 
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2.11.3 Data Analysis 

For protein identification MS/MS data were searched against the SWISS-PROT amino acid 

sequence database (downloaded in June 2006) using the Mascot search engine 

(http://www.matrixscience.com). Details of analysis are given in Chapter 3. The search was set 

up for full tryptic peptides with a maximum of four missed cleavage sites. Carboxyamidomethyl 

cysteine, oxidized methionine and pyroglutamate (E, Q) were included as variable modifications. 

The precursor mass tolerance threshold was 10 ppm and the maximum fragment mass error was 

0.8 Da. Protein quantification was carried out using trans proteomics pipeline (TPP) version 4.3 

(jetstream) rev 1 by the Institute of Systems Biology (http://www.systemsbiology.org). TPP is an 

open source proteomics data analysis software, details of which are discussed below. 

A fraction of ICAT-labelled samples reserved for Orbitrap analysis was subjected to reverse 

phase liquid chromatography separation followed by LTQ Orbitrap acquisition for verification of 

the data obtained from the previous experiment. MS and MS/MS data were also acquired, and 

based on the peptide identified the corresponding protein was identified and quantified. For 

identification, the Mascot server was used as explained in Section 2.10.3. For validation of these 

results and quantification, open source software developed by Seattle Proteomics Centre trans 

proteomics pipeline was used [167]. As shown in Figure 2.7, after acquisition the mass 

spectrometer data was converted to open format mzXML. These mzXML files were converted to 

Mascot generic files and a database search with the help of the Mascot search engine was 

performed. The results were converted to pepXML, and XPRESS tool was used for 

quantification. 
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Figure 2.7 Schematic overview of the TPP workflow  

Raw data files were converted to mzXML and analyzed with the search engine Mascot. The search results, in 

pepXML format, were processed with the tools PeptideProphet for initial spectrum level validation, iProphet for 

peptide-level validation, and finally ProteinProphet for protein-level validation and final protein inference. 

Quantification tools XPRESS and ASAPRatio were used on labelled data. The final output was protXML, which 

can be imported into a variety of analysis tools (image adapted from [167]). 
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2.12 Glutathione estimation 

Reduced (GSH) and oxidized glutathione (GSSG) were measured by LC/MS/MS as described by 

Harwood et al [168]. This method was carried out with the help of Dr Tim Harwood and Dr 

Rufus Turner (Free Radical Research Group, Department of Pathology, University of Otago, 

Christchurch, New Zealand). GSH was monitored as its NEM alkylated adduct. To measure 

GSH-NEM and GSSG accurately isotopically labelled versions of these compounds were used. 

As described earlier, heart tissue extraction of cardiac ischemia/reperfusion samples were carried 

out in the presence of 100 mM NEM, and the protein concentration measured (Section 2.3) 40 

µg of protein was taken from each sample and four times the volume of ice cold ethanol was 

added to the samples. The samples were stored at -80°C for 30 min. After centrifugation at 

13,000 rpm, supernatants were dried using a centrifugal vacuum concentrator and redissolved in 

194 µl of PBS and 6 µl of internal standards (13C forms of GSH-NEM and GSSG). Samples were 

vortexed and centrifuged at 10,000 rpm for 1 min. To prepare a standard curve (as shown in 

Figure 2.8) for GSH 0-250 pmol/50 µl injection of 12C and 20 pmol of 13C was used. To prepare 

a standard curve (as shown in Figure 2.9) for GSSG, 0-100 pmol/50 µl injection of 12C and 5 

pmol of 13C was used. 
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Figure 2.8 Standard curve obtained from GSH standards 

A standard curve for GSH-NEM was obtained by plotting an area ratio (standards/internal standards) on the y-axis 

vs. concentration of the standards in pmols on the x-axis.  Y=0.077, R2=0.99. 

 

 

Figure 2.9 Standard curve obtained from GSSG standards 

A standard curve for GSSG was obtained by plotting an area ratio (standards/internal standards) on the y-axis vs. 

concentration of standards in pmols on the x-axis.  Y=0.217, R2=0.99. 
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LC/MS/MS was performed in positive ion mode on a LCQ Deca XP Plus ion trap mass 

spectrometer (Thermo Finnigan, Waltham, MA, USA) coupled to a Surveyor HPLC system 

(Thermo Finnigan, Waltham, MA, USA). A Hypercarb column (Thermo Finnigan, Waltham, 

MA, USA) was used for chromatographic separation using 100% water (0.5% formic acid) as 

Solvent A and 50% acetonitrile and 50% propan-2-ol (0.1% formic acid) as Solvent B. A flow 

rate of 0.2 ml/min was used and 50 µl was injected onto the column. GSH-NEM and GSSG were 

eluted using a linear gradient of 0–20% solvent B over 20 min. At 20 min the column was 

flushed with 100% solvent B for 5 min before re-equilibration at initial conditions. The 

electrospray needle was held at 4,500 V. Nitrogen, the sheath gas, was set at 45 units. The 

collision gas was helium. The temperature of the heated capillary was 275°C. Selective reaction 

monitoring of GSSG (613484), and GSH–NEM conjugate (433304) was performed with the 

collision energies optimized for each compound. Peak areas were normalized by dividing the 

area of the compound of interest by the area of the internal standard. The LC conditions 

remained the same as for the quantification of GSSG and GSH. Spectra were monitored between 

m/z 250–650. 

2.13 Protein carbonyl assay 

The protein carbonyl method used in this study was based on the method described by Buss et al 

[169]. Heart tissue extraction for cardiac ischemia/reperfusion samples was performed using 

chloride-free phosphate buffer with 500 µM DTPA (final concentration). NEM was avoided in 

the buffer because it interferes with the assay. The protein concentration was typically around 2 

µg/µl. The routinely used protein carbonyl standards, ranging from 0 – 1.07 nmol/mg of protein 

were diluted 10 times with EIA buffer (PBS) to be in the same concentration range. A volume 

containing 20 µg of protein was transferred from each sample into a 0.5 ml tube and the volumes 

equalized using deionized water. The samples were vacuum dried, 5 µl of EIA buffer and 15 µl 

diluted DNP solution (1 ml of dinitophenylhydrazine (DNP) to 9 ml of guanidine hydrochloride) 

were added and the samples incubated for 45 min at room temperature. A complementary set of 

1.5 ml tubes containing 1 ml of EIA buffer were prepared and 5 µl of DNP-treated standard or 

sample was added to each. Tubes were thoroughly votexed and 200 µl of each sample was added 

to a 96-well ELISA plate. Standards were added in duplicates and samples in triplicate. The plate 

was covered with sealing tape and left overnight at 4°C, followed by five washes with 300 µl of 
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EIA buffer, 250 µl of diluted blocking solution (phosphate buffer saline with 0.1% tween) was 

added to each well and incubated for 30 min at room temperature. Samples were again washed 

five times with 300 µl EIA buffer before 200 µl of diluted (1:1,000 in blocking solution) anti-

DNP biotin antibody was added per well and the plate incubated at 37°C for 1 h. After five 

washes using the same method, 200 µl of diluted (1:1,000 in blocking solution) streptavidin-HRP 

(Amersham International, Buckinghamshire, UK) was added and the plate was incubated for 1 h 

at room temperature. Washing was performed five times and 200 µl of chromatin reagent was 

added. After 5 min of colour development the reaction stopping reagent was added and the 

absorbance was measured at 450 nm on a SpectraMax 190 microplate spectrophotometer using 

SoftMaxPro software, v. 2.6.1. A linear regression standard curve was constructed by plotting 

nmol/mg protein carbonyl concentration of the standards against their absorbance (as shown in 

Figure 2.10) and a value for each sample was calculated based on the standard curve. 

Protein carbonyl standards (nmol/mg protein)
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Figure 2.10 Standard curve obtained from Protein carbonyl standards 

A standard curve for protein carbonyl standards were obtained by plotting optical density of standards at 450 nm on 

the y-axis vs. concentration of protein carbonyl standards in nmol/mg protein on the x-axis.  
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2.14 Statistics 

Data are expressed as mean  standard deviation (SD) of n independent experiments, or mean  

range of two independent experiments. Statistical analysis was performed using SigmaStat 

version 3.1 (Sysstat Software, San Jose, CA, USA). To compare difference among more than 

two groups, a one way analysis of variance (ANOVA) was used. Significance between treatment 

groups was determined with the Holm-Sidak method. Differences in data were taken as 

statistically significant when P<0.05. In samples where batch to batch variation was observed 

significance was confirmed by using single sample t –test on ratios of groups subjected to 

comparison with H0 =1, if ratios were significantly different with p 0.05 null hypothesis was 

rejected.  
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Chapter 3: Regulation of thiol proteins during cardiac 

ischemia/reperfusion 

3.1 Introduction 

The thiol (-SH) moiety on the side chain of the amino acid cysteine (Cys) is particularly sensitive 

to redox reactions and is an established redox sensor. Redox sensitive thiols possess a lower pKa 

than others making them more ionised at physiological pH and hence susceptible to rapid 

oxidative modifications [153]. Thiols can react with a variety of oxidants, in many cases forming 

a reversible covalent modification. These species, which include protein disulphides or mixed 

disulphide formation with glutathione (glutathionylation) could serve as a mechanism by which 

protein function can be controlled [170]. Oxidant generation during cardiac ischemia reperfusion 

is well established [171] and therefore thiol oxidation would be expected to occur during this 

process. Major oxidative changes introduced into the proteome by using external oxidants or 

extreme stress conditions are easily identifiable by various proteomic methods. However, in vivo 

induced oxidative stress generally leads to subtle and transient changes and identification of such 

changes is a challenging task. However a recently developed technology improves our capacity 

in achieving this goal. It also serves as an effective proteomics method with thiol specificity and 

quantitative capability for addressing some of the key questions related to oxidative 

modifications, such as which proteins get oxidized, what are the sites of oxidative modification, 

and what is the extent of oxidation at each site. The main goal of this chapter is to address these 

questions and identify reversible oxidative changes in the thiol proteome during cardiac ischemia 

and reperfusion in mouse hearts. 

There are various methods available for studying oxidative changes in thiol proteins. Most rely 

on derivatisation with iodoacetamide or maleimide because of their ability to alkylate thiol 

groups. These agents can be linked to different reporter groups including fluorescent [144], 

radioactive [145], and biotinylated [146] tags. In general two different approaches are used. The 

first one is based on the fact that the labelling agent will not react with oxidized (or bound) 

thiols, and the extent of oxidation can be determined from the degree of decrease in labelling. 

However, this approach is limited because the majority of intracellular thiols are in reduced 
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form. It becomes very difficult to observe changes within a sea of labelled spots. The second 

approach works in the opposite manner with thiols being first blocked with an untagged agent, 

then reduced and labelled. Two variations of this second approach, one gel based and another 

involving mass spectrometry were used in this study. 

3.1.1 Fluorescence thiol labelling for redox changes  

The gel method used was that of Baty et al [147] in which free thiols are blocked with NEM and 

the oxidized thiols are reduced then labelled using 5-iodoacetamidofluorescein  (IAF) as shown 

in Figure 3.1. This is a  slight modification of the initially described method [145, 146]. With 

2DE separation Baty et al were able to identify approximately 200 proteins oxidized by diamide 

treatment. In this study, proteins were separated by 1D or 2DE and spots were visualised using a 

FX molecular imager. 



 63

 
Figure 3.1: Oxidized thiol labelling using IAF 

Samples are lysed in presence of 100 mM N-ethylmaleimide (NEM) using 300 µl NP 40 lysis buffer per 5mg of 

tissue to block free thiols and then reduction is performed using 75 mM Dithiothreitol (DTT) to reduce all the 

oxidized thiols followed by 10mM Iodoacetamidofluorescein (IAF) labelling. Here P stands for protein in different 

oxidation states i.e. reduced sulphydryl (-SH), oxidized disulphide (S-S), hyperoxidized sulphinic acid (SO2H),  G 

for glutathione, F for fluorescein (image adapted from [147]). 
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3.1.2 Isotope Coded Affinity Tags (ICAT) for examining redox changes  

ICAT method is a mass spectrometry-based quantitative approach where iodoacetamide-based 

isotopic tags specific for thiols are used to introduce a 9 Da difference between control and 

treated samples. The control and treated samples are individually labelled with either light or 

heavy isotope, mixed in equal proportions and affinity purified using biotin. This effectively 

reduces the complexity of the peptide mixtures. In the human proteome only 27% of the total 

tryptic peptides contain one or more cysteines, but this represents 96% of all human proteins. 

Therefore this method allows quantification of most human proteins while reducing the 

complexity about fourfold [172]. The ICAT method is used as a general proteomics quantitative 

application. However, because the method is based on the specific binding of the reagent to 

cysteine, it has the potential for monitoring thiol protein oxidation (Figure 3.2). This application 

of the ICAT reagent was developed by the Cohen group [151]. Their method is based on the 

principle that only free thiols are susceptible to modification by the IAM moiety of the ICAT 

reagent, thus oxidation of thiols will result in a decrease in ICAT labelling with respect to a 

sample that was not exposed to oxidants. This decreased labelling can be quantified using mass 

spectrometry. They showed successful application of the method in H2O2 –treated creatine kinase 

[151] as well as in complex mixture of proteins in rabbit heart membrane fraction [152]. Other 

groups also followed a similar approach [154, 173-176], indicating a growing interest in the 

application. This method has certain advantages over the other techniques. In a single 

experiment, information can be obtained about the relative levels of protein oxidation by 

comparison of peak intensities of the reduced and oxidized peptides, the identity of the oxidized 

protein and the peptide in which oxidized cysteine is located.   

 

 

 



 65

 
Figure 3. 2: Comparison of ICAT strategies 

(A) A general strategy used for Isotope Coded Affinity Tags (ICAT),  in which all reversible (reducible) thiols are 

reduced and labelled with ICAT. (B) A modified ICAT method used to study oxidized thiols; free thiols are blocked 

with N-ethylmaleimide (NEM) and reversibly oxidized thiols are labelled with ICAT.  
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3.1.3 Experimental design  

Cardiac ischemia/reperfusion study was carried out using mouse hearts treated in the 

Langendorff perfusion system as shown in Table 3.1. Details of the protocol are given in section 

2.2. The aim was to study changes occurring during ischemia (I) or ischemia and reperfusion 

(IR) with respect to control perfusion (CP). To see what changes were induced by perfusion 

alone, a control (C) where heart samples were only perfused to remove blood was included. In 

the samples a two step NEM blocking after excision and during extraction was performed to 

prevent artefactual oxidation during processing. 

  

Table 3.1: Ischemia/reperfusion protocol in Langendorff system 
 

GROUP ABBREVIATION TREATMENT 

Control  C hearts were taken out from mice 
and were only perfused to 
remove blood 

Control 
perfusion  

CP hearts were excised from mice 
and perfused for 30 min 

Ischemia  I hearts were excised from mice 
and subjected to ischemia (I) for 
20 min by stopping the flow of 
reperfusion buffer 

Ischemia 
Reperfusion  

IR5 or IR30 hearts were excised from mice 
and subjected to ischemia (I) for 
20 min and reperfused for 5 or 
30 min   

 

For the gel-based approach the NEM blocked control and treated samples were reduced with 

DTT and labelled with IAF. These samples were then separated using 1D or 2D electrophoresis 

and scanned to visualize major changes in band or spot fluorescence intensity. Each sample was 

run at least in duplicate with at least three hearts from each treatment group. 

A similar labelling approach was used for ICAT based study, except that samples from each 

group were first pooled and labelled with either the light ICAT or heavy ICAT reagent. The 
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pooling was performed as a compromise between the high cost of running multiple samples 

individually and still having mean data from 3 replicates, mainly to develop a strategy to look at 

protein oxidation globally. Pooling has been suggested to minimize experimental variation in the 

data as well the number of files for data analysis [177]. The combination in Table 3.2 were 

undertaken to enable identification of redox changes between control perfusion and ischemia 

alone or in combination with periods of reperfusion. 

 

Table 3.2: Groups of ICAT labelled pairs  
 

Groups 

CP (L) vs. I (H) 

CP (L) vs. IR5 (H) 

CP (L) vs. IR30 (H)

 

These samples were then processed according to the manufacturer’s instructions (details in 

chapter 2) and sent to the Proteomics Centre at University of Otago for LC/MS/MS analysis. 

These samples were then divided into two parts. One was subjected to LC MALDI TOF/TOF 

analysis where peptide identification and quantification was achieved by Mascot and GPS 

Explorer respectively (as shown in Figure 3.3). The other was analysed by LC Orbitrap and 

Mascot and trans-proteomics pipeline softwares (as shown in Figure 3.3). 

 

.  
Figure 3.3: Protein identification and quantification strategies for ICAT labelled samples 
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3.2 Results   

3.2.1 Efficient thiol blocking   

Efficient blocking of the free thiols to avoid artefactual oxidation is a key part of both the gel-

based and ICAT methods. It was crucial to decide at what stage NEM should be added to heart 

samples to maintain the redox state of thiol proteins close to native condition. To achieve this, 

control hearts were extracted as described in section 2.2, with NEM added at different stages. 

The samples were reduced, labelled with IAF and separated by SDS-PAGE. 

For the sample with no NEM blocking at any stage (Ctrl in Figure 3.4) IAF would label all 

accessible thiols and give a very strong signal. With NEM blocking performed both during lysis 

and after perfusion (A), only a small fraction of the proteins were labelled. This is consistent 

with the knowledge that most cell proteins are present in a reduced form and indicates that the 

procedure provided effective blocking of these thiols. However, adding NEM only after 

perfusion (B) or only during lysis (C) allowed significant proportions of the proteins to become 

oxidized. From this experiment it is evident that immediate blocking is crucial after perfusion as 

well as during lysis to minimize the possibility of artefactual oxidation. Furthermore, these data 

also suggest that studies performed without efficient blocking may lead to incorrect 

interpretation. Mainly because of the fact that minor changes might not be apparent under high 

background of oxidation. In this system a falsely high oxidation state would be seen if the NEM 

blocking were not 100% efficient. However, the NEM step would have to be selectively less 

efficient in samples from a particular treatment group (3 samples in each group) for this to  give 

a false positive in this system. Although this can’t be ruled out, it is probably a minor factor.   
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Figure 3.4: IAF labelled controls showing effect of NEM blocking at different stages 

Image showing fluorescent scan of mouse heart tissue extracts in NP-40 lysis buffer resolved by 12% SDS-PAGE 

with 10 µg of protein loaded onto each well. Samples were reduced and labelled for oxidized thiols (refer to chapter 

2 for the method). Iodoacetamidofluorescein (IAF) labelled control samples are shown together with different 

treatments namely, no N-ethylmaleimide (NEM) (Ctrl), NEM addition after perfusion as well as in lyses buffer (A), 

samples soaked in NEM buffer after perfusion (B), and NEM added in lyses buffer (C).  
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3.2.2 Comparison of oxidized thiol proteins during cardiac ischemia/reperfusion by 

1DE  

Oxidized thiols were selectively labeled with the thiol specific fluorescent probe, IAF, in the 

extracts from control and IR hearts after reduced thiols had been pre-blocked with NEM. 

Samples were resolved on 1D gels where the proportion of oxidized thiol can be estimated from 

fluorescent intensities. No major differences in IAF fluorescence were evident between samples, 

apart from a major band above 64 kDa molecular weight marker with increased intensities in the 

I and C samples (arrow on Figure 3.5 A), when IAF labelled control and treated samples were 

compared using 1DE. To assess possible differences in sample loading, gels were also stained 

with coomassie blue (Figure 3.5 B). This also gave similar protein patterns for the different 

treatments. However the difference in the band that stood out on the IAF gels was also present in 

the coomassie stained gels as indicated by the arrow on Figure 3.5 B, suggesting a difference in 

protein level among the groups rather than an oxidative change. As the change was quite 

considerable, further experiments were performed to identify the protein. 
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Figure 3.5: Oxidized thiols during mouse heart ischemia/reperfusion  

Image showing (A) fluorescent scan and (B) coomassie stained gel of mouse heart tissue extracts resolved by 12% 

SDS-PAGE with 20 µg of protein loaded onto each well. Samples were reduced and labelled for oxidized thiols 

(refer to chapter 2 for the method). IAF labelled heart samples with different treatments namely ischemia (I), control 

perfusion (CP), ischemia/reperfusion (IR) and control (C).     
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3.2.3 Unique protein characterization by 2DE 

To characterize the protein band that stood out in 1D SDS-PAGE, the samples were resolved by 

2DE and stained with coomassie (Figure 3.6). In agreement with 1DE similar protein patterns 

were observed by 2DE for the different treatments except for the above discussed band. These 

Figures clearly show that the equivalent spot is much more prominent in control and ischemia 

samples than in control perfusion and ischemia/reperfusion samples. With a molecular weight of 

approximately 64 kDa and pI of approximately 5 this band has similar characteristics to serum 

albumin, which has a molecular weight of around 65 kDa and a pI of 5.2 (swiss protein accession 

no P07724). Because control and ischemia samples were only briefly perfused there is greater 

probability that serum albumin is present in these samples and this provides a likely explanation 

for the results. Because this observation is not directly relevant to IR injury it was not 

investigated further. 
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Figure 3.6: 2D localisation of band in position of of serum albumin   

Samples of (A) control (B) control perfusion (C) ischemia and (D) ischemia/reperfusion hearts contain 100 µg of 

protein extracts in NP-40 lysis buffer. They were resolved in the first dimension using pH 3-10 non-linear gradient 

isoelectric focusing strip and in the second dimension using 12% SDS-PAGE followed by coomassie staining. 

Differential band representing serum albumin is shown by arrow heads.    
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3.2.4 Screening of oxidized thiol proteins using 2 DE   

To screen for changes in reversibly oxidized thiol proteins during mouse heart 

ischemia/reperfusion, 2DE with specific labelling for oxidized thiol proteins using IAF was 

carried out. Samples were treated with NEM and oxidized thiols were reduced with DTT, and 

labelled with IAF as described in sections 2.6 and 3.1.2. The same treatments as 1DE were 

included plus another group of samples reperfused for 5 min to look for possible changes during 

the early phase of reperfusion. 

The results from one set of hearts are shown in Figures 3.7 with corresponding coomassie 

staining to ensure equal protein loading, illustrated in Figure 3.8. Visual inspection showed no 

obvious changes between the IAF-stained gels. PDQuest software from Bio-Rad was used for 

more in depth analysis and the software reported subtle variations between some spots, but the 

significance was not obvious upon closer manual inspection. A major limitation was absence of 

consistent 2DE patterns between experiments (appendix II), which is necessary to determine if 

any difference in spot intensity is biologically significant or due to random variation between 

gels. At this point I decided to focus my efforts on an alternative technique. 
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Figure 3.7: IAF gels showing reversibly oxidized thiol protein in mouse heart ischemia/reperfusion   

Figure shows representative gels of 2D separation of IAF labelled proteins from control perfusion (A) ischemia (B) 

ischemia/reperfusion for 5 min (C) and ischemia/reperfusion for 30 min (D) samples. These proteins were resolved 

using pH 3-10 non-linear gradient isoelectric focusing strip in the first dimension and 12% SDS-PAGE in the second 

dimension. The gels were scanned using FX-imager.    

. 
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Figure 3.8: Coomassie stained gels showing expression change in proteins during mouse heart 

ischemia/reperfusion   

Details as shown in figure 3.7 Coomassie blue stained gels were scanned using fluor-S multiimager.  
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3.2.5 Protein identification from ICAT data in mouse heart ischemia/reperfusion  

To look for subtle changes in thiol protein oxidation a sensitive mass spectrometry-based ICAT 

approach was adopted. Mouse heart tissue extract samples labelled with ICAT were analysed by 

mass spectrometry using MALDI TOF/TOF and Orbitrap. The data obtained were subjected to 

Mascot search engine (refer to section 3.1.2) for protein identification. Figure 3.9 shows 

examples of Mascot outcomes from the MALDI TOF/TOF data. Most of the identified peptides 

contained Cys and had the ICAT modification, suggesting that the ICAT enrichment method was 

successful. Moreover Mascot search engine identified peptides along with their modifications 

and mapped them to their parent protein. It also provided us with a tool to decide if protein and 

peptide identification was adequate, based on different parameters like score, expect, rank etc. 

This information was then utilized for quantification to identify thiol proteins being oxidized 

during cardiac ischemia/reperfusion. 
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Figure 3.9: A section from Mascot analysis from search of ICAT labelled heart samples 

The Mascot output provides information on 1) outcome number e.g. 9 in the Figure; 2) protein database accession 

number e.g. P08249; 3) mass of protein; 4) score of protein based on of the theoretical number of  peptides for that 

protein; 5) queries matched is the number of peptides identified for that protein. “Query” is the serial number of the 

mass spectrum against which that peptide was identified, “Observed” is the mass observed in the mass spectrum, 

“Mr (expt)” is the experimental mass based on observed mass i.e. neutral mass of the peptide, “Mr(calc)” is the 

theoretical mass of the peptide, “Delta” is error between the two masses, “Miss” shows if there is any missed 

cleavages by trypsin, “Score” gives an indication of the strength of the peptide identification (with the higher the 

score the better the hit and >40 being generally good) and a score in brackets suggesting a second hit of the same 

peptide, “Expect” is a measure of probability that the protein hit is by chance (the lower the value the better the hit), 

“Rank” is another measure suggesting priority of the peptide identified (with 1 considered a good rank), then 

“Peptide” gives us the sequence of the peptides identified along with modification e.g. here ICAT_heavy or light 

peptides come up as bold and red suggest top hit and first hit respectively. Proteins identified by the search belonged 

to mouse proteins suggesting an accurate match of species.        
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3.2.6 Estimating the distribution and bias of ICAT data from mouse heart 

ischemia/reperfusion  

The ICAT method was used to study redox changes during mouse heart ischemia/reperfusion. 

Those in the control perfusion samples were labelled with light isotope and those in the ischemia 

or reperfusion samples with the heavy isotope. The data output of the MALDI TOF/TOF and 

Orbitrap analysis displayed ICAT ratios of heavy vs. light (H/L) isotopic peaks representing the 

relative quantity of each peptide. In the mass spectra ICAT pairs are separated by 9 Da 

difference. Their intensity ratios were calculated by the GPS explorer software for MALDI 

TOF/TOF data and by Trans proteomics pipeline (TPP) for Orbitrap. Table 3.3 and 3.4 show the 

relative intensity ratios for some peptides. The values represent the average and range of data 

obtained from MALDI TOF/TOF and Orbitrap. The process might ignore pairs where intensity 

of one of the pair is too low to be estimated. These ratios indicate no change in oxidation if 

H/L=1, increased reversible oxidation if H/L>1, decrease in oxidation or irreversible oxidation 

(also resulting in less labelling of thiol) if H/L<1. A change in protein expression might also lead 

to change in the H/L ratio. Further experimentation is needed to account for these effects. 
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Figure 3.10: A representative mass spectrum of an ICAT labelled control perfusion vs. ischemia sample  

One spectrum from fraction obtained from 2D LC separation i.e. fraction number 179 and plated onto MALDI plate 

at position E19. Several ICAT pairs are shown and the inset shows an enlarged view for one of these separated by 9 

Da. The x-axis is mass/charge (m/z) of the peptide peaks and y-axis on left side gives % intensity of peaks and on 

right side intensity of base peak.      

Only peptides that had at least one ICAT-modified cysteine, and a confidence interval of   95% 

and Mascot scores > 40 were selected for the analysis. The geometric means of ratios were taken 

because arithmetic means may not represent variation appropriately for the peptides appearing 

multiple times possibly because of a different charge state i.e. +2 or +3, or different 

modifications like methionine oxidation. Known serum proteins such as serotransferrin, serum 

albumin, alpha-2-HS glycoproteins were excluded. Scatter plots of the ICAT data from each pair 

of control perfusion vs. treatment were used to analyze their distribution. Median ratios were 

calculated for each pair to estimate data bias. The distribution of the data obtained from the three 

groups is shown in Figure 3.11 – 3.13. Peptide selection was carried out with stringent conditions 

to avoid the false positives. Based on these criteria, 202, 123 and 116 peptides were selected (and 

displayed on  the plots) out of 3948, 4484, and 1962 total detected peptides from groups CP vs. I, 
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CP vs. IR5, CP vs. IR30, respectively. Medians calculated from each plot were 0.96, 1.01, and 

0.99 for CP vs. I, CP vs. IR5 and CP vs. IR30 respectively. 
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Figure 3.11: Scatter plot showing distribution of ICAT ratios of peptides of ischemia (I) over control 

perfusion (CP) 

The Figure includes 202 individual peptides with a median of 0.96, where the spots represent the ICAT ratio for 

each peptide. The x-axis corresponds to peptide numbers and the y-axis to the intensity ratios of ICAT pairs (H/L). 

H/L >1 suggests oxidation, H/L=1 indicates no change and H/L <1 represent reduction or irreversible oxidation. 
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Figure 3.12: Scatter plot showing distribution of ICAT ratios of peptides of ischemia/reperfusion for 5 min 

(IR5) over control perfusion (CP) 

The Figure includes 123 individual peptides with a median of 1.01. Other parameters are as in Figure 3.11  
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Figure 3.13: Scatter plot showing distribution of ICAT ratios of peptides of ischemia/reperfusion for 30 min 

(IR30) over control perfusion (CP) 

The Figure includes 116 individual peptides with a median of 0.99. Other parameters are as in Figure 3.11. 

 

 

 

 

 

 

 



 84

3.2.7 Identification of redox sensitive thiols during mouse cardiac 

ischemia/reperfusion using ICAT 

Studies by other groups [153, 173] have suggested that ICAT pair ratios that show differences 

between two samples of greater than 20% are more likely to be biologically relevant and only 

these should be considered as representing changes. Of the ratios (H/L) measured for the ICAT 

samples 99% lie between 0.93 and 1.03; this is within 7% of a ratio of 1 which indicates no 

change. In this study a change was considered only if it was more than 20% greater or lower than 

1 i.e.  if the ratio  was > 1.22 or <0.8. There are 18 peptides listed in table showing change (table 

3.4) and this proportion is more than 1% expected by chance outliers of 99% confidence interval. 

Hence the changes reported are more likely to be biologically relevant. Based on this criterion, 

the majority of the detected changes in the ICAT peptides were insignificant. It is also worth 

mentioning that oxidative changes found in negative control i.e. peroxiredoxin 1 (refer table 3.3) 

and positive control i.e. peroxiredoxin 3 (observed after thesis submission) showed similar trends 

as observed using immunoblotting experiments (refer chapter 4).   

Table 3.3 lists the seventy peptides showing no significant change between control and I, IR5 or 

IR30. The Table shows only peptides that are present in at least two groups so that a comparison 

could be made. However, some peptides were only detected in one of the groups (unique 

peptides; refer to appendix III for the list of these peptides in each group). There were 64, 9 and 

22 unique peptides in ischemia, short reperfusion and longer reperfusion samples respectively, 

showing that the majority was observed in ischemia treatment samples. A significant proportion 

of mitochondrial proteins were identified from the experiments (M in Table 3.3 and Table 3.4). 

Table 3.4 shows ICAT labelled peptides with change in oxidation for any of the mouse heart 

ischemia/reperfusion treatment groups. Change in oxidation is demonstrated by colour coding 

where Red shows increase in oxidation, Green shows no change and Blue shows decrease or 

irreversible oxidation. Only a small proportion (around 5-10%) of the total peptides identified 

were observed to undergo a change during treatment as compared to the control samples. Also, 

the largest observed change was no more than 1.8 fold. It is important to mention here that based 

on this information alone it is difficult to distinguish between changes that are related to 



 85

expression versus oxidation in proteins. It is, however, interesting to note that many of the 

proteins that exhibit oxidative changes (as listed in Table 3.4) are from the mitochondrial.  
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Table 3.3: List of peptides from control perfusion vs. ischemia/reperfusion heart with no  change in oxidation 

 ICAT ratio (H/L) Mean  range 

Protein Name Peptide Sequence CP vs. I CP vs. IR5 CP vs. IR30

AconitaseM VAVPSTIHCDHLIEAQVGGEK 1.0   0 1.1   0 0.9   0.1 

Actin, alpha, cardiac CPETLFQPSFIGMESAGIHETTYNSIMK 0.9   0.1 1.1   0 0.9   0.1 

 LCYVALDFENEMATAASSSSLEK 1.1   0 1.1   0 0.9   0.1 

ADP/ATP translocase 1M YFAGNLASGGAAGATSLCFVYPLDFAR 1.0   0 1.1   0 - 

 GADIMYTGTLDCWR 1.0  0 - 0.9  0 

Aldehyde reductase 1 HIDCAQVYQNEK - 0.9  0 1.0   0 

Arylacetamide deacetylase-like 1 TYILTCEHDVLR 0.9  0 - 0.9  0 

Aspartate aminotransferase, mitochondrial M HFIEQGINVCLCQSYAK 0.9   0.1 - 0.9   0.1 

ATP synthase, H+ transporting, mitochondrial F0 
complex M 

SCAEFVSGSQLR 1.0  0.1 1.0  0.1 1.0  0.1 

ATPase, Na+/K+ transporting, alpha 2 polypeptide ACVVHGSDLK 1.0  0.1 - 1.1  0.1 

 DANFHCAAHYDLPSGQHGR 1.0  0 1.0  0 - 

Calreticulin precursor HEQNIDCGGGYVK 1.0  0.1 1.0  0.1 0.9  0.1 

Carnitine palmitoyltransferase II M HSVGELQHMMAECSK 1.1  0.2 1.0  0 - 

Cathepsin B precursor GENHCGIESEIVAGIPR 1.0  0 1.0  0 - 

CD 81 antigen, isoform CRA_c TFHETLNCCGSNALTTLTTTILR 1.0  0 0.9  0 - 

CD36 antigen FVLPANAFASPLQNPDNHCFCTEK 0.9  0.1 - 0.9  0.2 

COX17 homolog, cytochrome c oxidase assembly 
protein 

GEEHCGHLIEAHK 0.9  0.1 1.1  0  

Chain B, VcpP97 COMPLEXED WITH ADP LADDVDLEQVANETHGHVGADLAALCSEAALQAIR - 0.9  0 0.9  0 

Creatine kinase FCTGLTQIETLFK 1.0  0.1 1.2  0 - 

Creatine kinase, muscle GYTLPPHCSR 0.9  0.1 0.9  0 - 

 AGHPFMWNEHLGYVLTCPSNLGTGLR 0.9  0 1.1  0 - 

Creatine kinase, sarcomeric mitochondrial M MTPSGYTLDQCIQTGVDNPGHPFIK 0.9  0 1.0  0 - 

 LIDDHFLFDKPVSPLLTCAGMAR 1.0 0.1 1.0  0 0.9  0 

Cyc1 protein M HLVGVCYTEEEAK - 1.0  0.1 0.9  0.1 

Cytochrome b-c1 complex subunit 1, mitochondrial M NALVSHLDGTTPVCEDIGR 1.0  0.1 1.1  0.1 1.0  0 

 YFYDQCPAVAGYGPIEQLPDYNR 1.1  0 1.2  0 - 

Cytochrome c oxidase subunit VIb isoform 1 M GGDVSVCEWYR 1.1  0.1 1.0  0 0.9  0 
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 NCWQNYLDFHR 1.1  0.1 1.1  0 1.1  0.1 

D-dopachrome decarboxylase STEPCAHLLVSSIGVVGTAEQNR 0.9  0 1.1  0 - 

Electron transferring flavoprotein, alpha 
polypeptideM 

QFSYTHICAGASAFGK 1.1  0.2 - 1.0  0.2 

Electron transferring flavoprotein, dehydrogenase, 
isoform CRA_a M 

FCPAGVYEFVPLEQGDGFR 0.9  0 1.0  0 0.9  0 

 LQINAQNCVHCK 0.9  0.2 0.9  0.1 - 

Enolase 1, alpha non-neuron SGETEDTFIADLVVGLCTGQIK 1.0  0.1 0.9  0.1 - 

Fructose-bisphosphate aldolase A YASICQQNGIVPIVEPEILPDGDHDLK 0.9  0.1 1.0  0.1 - 

 ALANSLACQGK - 1.0  0.1 1.0  0 

Fumarate hydratase, mitochondrial precursor M FEALAAHDALVELSGAMNTAACSLMK 1.0  0 1.0  0 - 

Glucose phosphate isomerase 1 MIPCDFLIPVQTQHPIR 0.9  0 0.9  0 - 

Glycogen phosphorylase, muscle form WLVLCNPGLAEVIAER 1.0  0 0.9  0 - 

Histidine triad nucleotide-binding protein 1 CLAFHDISPQAPTHFLVIPK 0.9  0 1.0  0 1.0  0 

Hydroxyacyl-coenzyme A dehydrogenase, 
mitochondrial M 

TLSCLSTSTDAASVVHSTDLVVEAIVENLK 1.0  0 0.9  0 - 

Integrin beta 1 EKLPQPVQVDPVTHCK 0.9  0 1.1  0.2 - 

lactate dehydrogenase B ITVVGVGQVGMACAISILGK 1.1  0.1 0.9  0 - 

 GMYGIENEVFLSLPCILNAR 1.1  0.1 1.0  0 - 

Malate dehydrogenase, mitochondrial precursor M EGVVECSFVQSK 1.0  0 - 1.1  0.1 

 GCDVVVIPAGVPR 1.0  0.1 - 1.0  0.1 

Myoglobin HGCTVLTALGTILK 1.0  0 1.0  0 - 

Myosin ITYGQCGDVLR 1.0  0.1 1.1  0.1 - 

NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex  5 M 

TTGLVGLAVCDTPHER 0.9  0 0.9  0 - 

NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex 11 M 

EKPDDPLNYFIGGCAGGLTLGAR 0.9  0 0.9  0.1 - 

 FFESYHEVPDGTQCHR 1.0  0 1.1  0.1 - 

NADH dehydrogenase (ubiquinone) 1, alpha/beta 
subcomplex, 1 M 

LMCPQEIVDYIADK 1.1  0.1 1.0  0.1 - 

 MLFLLGADGGCITR 1.1  0.1 0.9  0 - 

NADH dehydrogenase (ubiquinone) flavoprotein 1 M GAGAYICGEETALIESIEGK 0.9  0.1 0.9  0.1 1.0  0 

 LFNISGHVNHPCTVEEEMSVPLK 0.9  0 1.1  0 - 

NADH dehydrogenase (ubiquinone) flavoprotein 2 M YHIQVCTTTPCMLR 0.9  0.1 - 1.0  0.1 

NADH dehydrogenase [ubiquinone] 1 beta 
subcomplex subunit 7 M 

HEQHDWDYCEHLDYVK 1.0  0 - 0.8  0 
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NADH dehydrogenase [ubiquinone] iron-sulfur 
protein 6, mitochondrial M 

IIACDGGGGALGHPK 1.0  0.1 1.0  0 - 

NADH dehydrogenase subunit 5 M AMLFMCSGSIIHSLADEQDIR 0.9  0 0.9  0 - 

Ornithine aminotransferase M QYFDFLSAYGAVSQGHCHPK 0.9   0 0.9  0 - 

PDZ and LIM domain 5, isoform CRA_c SEPVSVQKPTVTSVCSESAQELAEGQR 0.9  0 1.0  0 - 

Peptidyl-prolyl cis-trans isomerase, mitochondrial M VIPAFMCQAGDFTNHNGTGGR 0.9  0 1.0  0 1.0  0 

Peroxiredoxin 1 HGEVCPAGWKPGSDTIKPDVNK 1.0  0 1.0  0 1.0  0 

Phosphoglycerate mutase 2  YAGLKPEELPTCESLKDTIAR - 0.9  0.1 1.0  0.1 

Selenium binding protein 2 FLHDPSATQGFVGCALSSNIQR 0.9  0 1.1  0 - 

 EEIVYLPCIYR 1.0  0.1 1.0  0 - 

Triosephosphate isomerase VSHALAEGLGVIACIGEK - 1.0  0 0.9  0 

Troponin I, cardiac muscle CQPLELDGLGFEELQDLCR 0.9  0 1.0  0 - 

Tyrosine 3-monooxygenase activation protein DICNDVLSLLEK 1.0  0.1 1.0  0.1 - 

Ubiquinol-cytochrome c reductase hinge protein M SQTEEDCTEELFDFLHAR 1.0  0.1 1.1  0.1 1.0  0 

 

Only peptides present in at least two groups were taken (single group will give no comparison). The Table shows the name of the protein and peptide in which 

the thiol group was modified with ICAT reagent. ICAT ratios for each peptide are shown as average of MALDI Tof/Tof and Orbitrap data plus the variation 

between the two analyses. A dashed line indicates that the peptide was not detected in the sample. M represents mitochondrial protein.     
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Table 3.4: Oxidation sensitive peptides showing oxidative change  

 ICAT ratio (H/L) Mean  range
Protein Name Peptide Sequence CP vs. I CP vs. IR5 CP vs. IR30
NADH dehydrogenase ubiquinone flavoprotein 1 M YLVVNADEGEPGTCK (112-126) 

[178]
 1.15  0 1.30  0 1.13  0.02 

Succinate dehydrogenase ubiquinone flavoprotein 
subunit M 

TYFSCTSAHTSTGDGTAMVTR (254-274) 1.42  0.11 1.26  0 1.07  0.01 

Ubiquinol cytochrome c reductase core protein 2 M NALANPLYCPDYR (184-196) 1.24   0.12 1.36  0.11 1.18  0.07 
Ubiquinol cytochrome c reductase hinge protein M EHCEQLEK (33-40) 1.63  0 1.28  0 0.87  0 
ATP synthase, H+ transporting, mitochondrial F1 
complex M 

LYCIYVAIGQK (242-252) 
[179]

 1.27  0 1.39  0 1.01  0 

Voltage-dependent anion channel 1 M EHINLGCDVDFDIAGPSIR (121-139) [152, 153]
 1.04  0.08 1.26  0 1.10  0 

Sarcoplasmic/Endoplasmic reticulum Ca2+ 
ATPase  

VSFYQLSHFLQCK (864-876)
[153, 180]

 0.66  0.11 0.79  0 0.70  0 

Carnitine palmitoyltransferase II M CLEDMFDALEGK (643-654) 1.00  0 1.31  0 1.07  0.01 
Creatine kinase, sarcomeric mitochondrial 
precursor M 

SEVELVQIVIDGVNYLVDCEK (379-399) 0.75  0.03  0.79  0.04 0.74  0 

Dihydrolipoamide S-acetyltransferase M DVPVGSIICITVEKPQDIEAFK (155-176) 1.25  0 0.84  0 0.59 0  
Dihydrolipoyl dehydrogenase, mitochondrial M VLGAHILGPGAGEMVNEAALALEYGASCEDIAR 

(450-482) 
0.31  0.05 0.80  0 1.11  0 

Glyceraldehyde-3-phosphate dehydrogenase  VPTPNVSVVDLTCR (233-246) 
[153, 173]

 0.51  0.02 0.72 0.06 0.89  0 

Long-chain specific acyl-CoA dehydrogenase M AFVDSCLQLHETK (346-358) 
[153]

 1.06  0.10 1.52  0.01 0.92  0 

Long-chain-fatty-acid--CoA ligase 1 M GLQGSFEELCR (617-627) 0.72  0 0.97  0 1.20  0 
phosphoglucomutase 2 LSLCGEESFGTGSDHIR (389-405) 1.29  0 1.10  0 0.87  0 
Annexin A2 GLGTDEDSLIEIICSR (120-135) 1.00  0 1.66  0  1.37  0 
Troponin C, cardiac muscles  AAFDIFVLGAEDGCISTK (22-39) 

[181]
 1.81  0.01 1.54  0.10 1.63  0 

Tu translation elongation factor mitochondrial M KGDECELLGHNK (286-297) 0.59 0 0.70  0.07 1.47  0 

 
Only peptides present in all the groups were taken and variation of at least 20% from control value. i.e. Table shows name of the protein and peptide sequence 

where thiol group was modified with ICAT reagent along with their position in protein. ICAT ratios for each peptide are an average of MALDI TOF/TOF and 

Orbitrap data for same and variation is shown. Colour coding Red = increase in oxidation in treatment group (I, IR5, IR30) as compare to control (CP), Green = 

no change in oxidation, Blue = decrease or irreversible oxidation, all the reactive Cys are shown in pink colour M represents mitochondrial protein         



 90

3.2.8 Thiol oxidation in mitochondrial electron transport chain proteins during 

mouse heart ischemia reperfusion 

The mitochondrial electron transport chain (ETC) is a sequence of multimeric protein complexes 

located in the inner mitochondrial membrane. These proteins are essential for providing energy 

for cardiac function [182]. Oxidative changes in mitochondrial ETC components are shown in 

Figure 3.14. 

An increase in oxidation of more than 20% of Cys125 from Complex I component NADH 

dehydrogenase ubiquinone flavoprotein 1 (NDUFV1) was observed during early phase of 

reperfusion as shown by dark green circled line in Figure 3.14. This trend appears to start from 

ischemia and decline during the later stage of reperfusion. An increase in oxidation of almost 

40% of Cys258 from Complex II component succinate dehydrogenase ubiquinone flavoprotein 

(SDH) was also observed immediately after ischemia as shown as red inverted triangle line in 

Figure 3.14. A time dependent decline in this effect was observed during reperfusion. Around 

60% increase in oxidation of Cys35 in complex III component cytochrome C reductase hinge 

protein (CRHP) was observed after ischemia, as shown by light green square line in Figure 3.16. 

This was followed by a decline in oxidation during the reperfusion period. A more than 20% 

enhancement in oxidation of Cys244 of the alpha subunit of ATP synthase, mitochondrial F1 

complex was also observed during ischemia as shown in yellow diamond line Figure 3.14. It 

further increased to almost 40% during early reperfusion followed by a decrease after 30 min of 

reperfusion. 
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Figure 3.14: Change in oxidation level in the peptides from mitochondrial electron transport chain during 

cardiac ischemia/reperfusion  

Relative oxidation in form of ICAT ratios (y-axis) with respect to duration of reperfusion in minutes (x-axis) are 

shown for different components of mitochondrial electron transport chain. Each component represented by line with 

different colour symbols as indicated in Figure legends.    

 

3.2.9 Thiol oxidation of proteins involved in ion transport during mouse heart 

ischemia/reperfusion 

Proteins involved in ion transport and in general metabolism play critical roles in cardiac 

function. Oxidative changes to these proteins might also affect heart function. Oxidative changes 

were identified in some of these proteins as described below. 

A increase in oxidation of Cys140 of VDAC1 was observed after early reperfusion as shown by 

green circled line in Figure 3.15. A subtle increase was observed right after short reperfusion, 

which appears to be reversed with 30 min reperfusion. Almost 20-40%, decrease in the ICAT 
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ratio of Cys875 of SERCA was observed with ischemia and throughout the reperfusion period, as 

shown by line with inverted red triangles in Figure 3.15.The observed decline in the ICAT ratios 

was surprising. Because SERCA is very important in Ca2+ regulation during cardiac contraction, 

we decided to further investigate the observed changes by analysing the protein extracts from the 

samples by western blotting against an anti-SERCA antibody (Figure 3.16). A decrease in band 

intensities during reperfusion and an increase during ischemia was observed with respect to the 

control. Taking into account this western blot data a quite different picture emerges compared to 

the conclusions that could be drawn from the ICAT experiment alone. Based on both of the data 

sets it appears that there is a decrease in oxidation during ischemia. However, taking the decrease 

in overall SERCA content (based on Figure 3.16) into account during reperfusion suggests a 

relative increase in oxidation of the protein. 
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Figure 3.15: Changes in oxidation levels in the peptides from ion channels during cardiac 

ischemia/reperfusion 

Other parameters are as in Figure 3.14 
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Figure 3.16: Immunoblot for sarcoplasmic/endoplasmic reticulum Ca2+ ATPase  

40 μg of protein extracts with NP-40 lysis buffer from mouse heart tissue loaded onto each lane and resolved by 8% 

SDS PAGE. It was blotted against an anti-SERCA mouse monoclonal antibody (1:2,000) and goat anti-mouse HRP 

conjugated (1:10,000). Blots were developed with ECL kit and visualized using Chemi-Doc XRS with the help of 

Quantity one software from Bio-Rad.     

Oxidative changes in peptides from number of other proteins involved in metabolism and 

different cardiac functions as listed in Table 3.4 were also observed. 
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3.2.10 Estimation of basic level of oxidation in control samples used for the ICAT 

study 

After the identification of the redox sensitive thiol proteins that changed during treatment of the 

hearts it was important to assess what proportions of the proteins were already oxidized in 

control heart samples. This was important to have a feel whether the detected relative changes 

reflect a minor or a major amount of oxidative change. To determine percent oxidation levels, a 

sample from a control perfused heart was taken without blocking the thiols with NEM and after 

reduction with TCEP (refer to chapter 2 section 2.8 for method details) it was labelled with 

heavy ICAT. This was then mixed with an equal amount of protein from a NEM-blocked control 

perfusion sample, reduced and labelled with light isotope as for the ICAT experiment (refer 

chapter 2 for the details of the method). The mixed sample was then analysed in a similar way as 

the previously discussed ICAT procedure. A total of 232 peptides from a total of 692 were 

identified with confidence (based on score > 40) and out of these around 81 had percentage 

oxidation below 20%, 107 had between 20-40% and remaining 44 had more than 40% of 

cysteine oxidized in control hearts. Out of these 232, only 26 were selected here based on the 

criterion that they were detected in at least two of the three groups used in other ICAT 

experiments. Peptides from only a few of the proteins showing oxidative change during 

ischemia/reperfusion could be detected using this method. Using the percentage oxidation 

Figures in Table 3.5 for control perfusion and the changes reported in Table 3, the percentage 

oxidation of these proteins were calculated as follows: for glyceraldehyde-3-phosphate 

dehydrogenase there was 15% oxidation during control perfusion and this decreased to 8% with 

ischemia which later reversed with reperfusion i.e.  12% with 5 min reperfusion and 13% with 30 

min reperfusion, for succinate dehydrogenase ubiquinone flavoprotein oxidation changed from 

25% to 33% during ischemia, 32% with 5 min reperfusion and 27% with 30 min of reperfusion, 

ubiquinol cytochrome c reductase core protein 2 oxidation was estimated 18% during control 

perfusion and it further increased to 24% during ischemia and 5 min reperfusion and 22% during 

30 min reperfusion. Oxidation levels for ubiquinol-cytochrome c reductase hinge protein were 

24% during control perfusion,  28%  during ischemia, 31% and 26% with 5 and 30 min 

reperfusion respectively. 
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Table 3.5: Percentage oxidation of peptides in control perfusion sample  
.     

 Protein name Peptide Average % oxidation 
in control samples 

Aconitase hydratase, mitochondrial VAVPSTIHCDHLIEAQVGGEK 36 

ATP synthase H+ transporting mitochondrial F0 complex, subunit 
d 

SCAEFVSGSQLR 32 

Cytochrome c oxidase subunit VIb  GGDVSVCEWYR 23 

 NCWQNYLDFHR 25 

Cytochrome c-1 HLVGVCYTEEEAK 19 

Electron-transferring-flavoprotein dehydrogenase LQINAQNCVHCK 16 

Enolase 1, alpha non-neuron SGETEDTFIADLVVGLCTGQIK 18 

Fructose-bisphosphate aldolase A ALANSLACQGK 30 

Fumarate hydratase, mitochondrial FEALAAHDALVELSGAMNTAACSLMK 38 

Glyceraldehyde-3-phosphate dehydrogenase VPTPNVSVVDLTCR 15 

L-lactate dehydrogenase B GMYGIENEVFLSLPCILNAR 27 

Malate dehydrogenase 2, NAD (mitochondrial) EGVVECSFVQSK 57 

Malate dehydrogenase, mitochondrial GCDVVVIPAGVPR 33 

Myoglobin HGCTVLTALGTILK 20 

NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1 LMCPQEIVDYIADK 34 

NADH dehydrogenase (ubiquinone) Fe-S protein 6 IIACDGGGGALGHPK 42 

NADH dehydrogenase ubiquinone 1 alpha subcomplex subunit 11 FFESYHEVPDGTQCHR 17 

Peroxiredoxin 1 HGEVCPAGWKPGSDTIKPDVNK 21 

Phosphoglycerate mutase 2  YAGLKPEELPTCESLK 27 

Sarcomeric mitochondrial creatine kinase MTPSGYTLDQCIQTGVDNPGHPFIK 13 

 SEVELVQIVIDGVNYLVDCEK 22 

Succinate dehydrogenase Fp subunit TYFSCTSAHTSTGDGTAMVTR 25 

Tyr 3-monooxygenase/tryp 5-monooxygenase activation protein DICNDVLSLLEK 32 

Ubiquinol cytochrome c reductase core protein 2  NALANPLYCPDYR 18 

Ubiquinol-cytochrome c reductase core protein 1 NALVSHLDGTTPVCEDIGR 12 

Ubiquinol-cytochrome c reductase hinge protein EHCEQLEK 24 

 
Protein names (column 1) along with corresponding peptide with sequence (column 2) containing oxidized Cys are listed in the Table. Column 3 represents 
proportion of oxidized protein present in control perfusion (CP) samples. ICAT method was used for the study. Table showing only peptides present in all the 
treatment groups as well. This data was obtained using Orbitrap mass spectrometer.
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3.2.11 Detection of specific oxidized thiol proteins using N-ethylmaleimide isotopes  

In an attempt to confirm whether the observed changes in SERCA were due to oxidation, an 

NEM isotopic labelling method was used [183]. The free thiols in the heart tissue extracts were 

already blocked with NEM. To use this for quantitation the oxidized thiols were reduced with 

TCEP and then labelled with NEM which has five hydrogen replaced with deuterium. This adds 

5 Da to each modified cysteine. Each sample was separated by 1D SDS PAGE and an area of the 

gel in the region of 100 kDa was excised to look for changes in SERCA oxidation. The gel bands 

were digested with trypsin and the peptides fractioned using online HPLC with reverse phase 

column. These fractions were directly transferred to mass spectrometry for identification and 

quantification of the target peptide. Identification was performed using Mascot search engine and 

quantification was carried out manually. The pairs were picked on the basis of masses obtained 

from Mascot search result. Although SERCA could not be identified with this approach, 

aconitase 2 was detected and appeared to become oxidized as shown in Figure 3.17. Almost 

65%, increase in oxidation of Cys385 in aconitase 2 was observed after early phase of reperfusion. 

The peptide identified was different from the one picked up by ICAT. A decrease during 

ischemia and reversal of oxidation with longer reperfusion was noticed. 
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Figure 3.17: Relative oxidation in peptide from Aconitase 2 protein during mouse cardiac 

ischemia/reperfusion 

Relative changes in NEM ratios (y-axis) for each treatment (x-axis). Control perfusion (CP) (a control for all the 

treatments) is set to 100, I = ischemia, IR5 = ischemia and reperfusion for 5 mins, IR30 = ischemia and reperfusion 

for 30 min. Heading shows peptide sequence and position of the oxidant sensitive cysteine residue (underlined). 

Results are from mouse heart extracts where free thiols are labelled with NEM and reversible oxidized thiols with 

heavy NEM (D5). Error bars show the range from two different hearts.  
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3.3 Discussion   

Oxidative changes in a mouse model of ischemia/reperfusion were studied using two proteomics 

approaches: a gel-based 2D electrophoresis approach and a mass spectrometry- based ICAT 

approach. Most of the proteins remained unchanged during the treatment. However, some 

proteins showed oxidation during ischemia/reperfusion. Interestingly, many of these changes 

were in proteins involved in crucial processes, including components of mitochondrial electron 

transport and ion transport channels. This suggested that oxidative changes were confined to 

selective proteins rather than global changes in the redox proteome. The changes were subtle (the 

largest changes were no greater than two fold) and transient in nature (indicated by mostly 

reversible oxidation), rather than permanent, Moreover, it is still under debate whether most of 

the damage occurs during ischemia, early stage of reperfusion or late stage of reperfusion. The 

majority of treatments targeting early stage reperfusion proved to be the most effective, 

suggesting that the major damage occurs at this time [87]. Although oxidative changes picked up 

in this study were not very strong still the chapter present an interesting application of ICAT 

method to study reversible oxidative changes in thiol proteins in cardiac ischemia/reperfusion 

injury in mouse model using Langendorff system.    

3.3.1 Proteomics methods and their application in study of redox sensitive thiol 

proteins 

In undertaking studies of oxidative changes in proteins, artefactual oxidation is a major issue. To 

limit this, reduced cysteine residues were blocked with NEM before processing. Preliminary 

experiments clearly demonstrated that it was necessary to include NEM immediately after the 

excision of heart and then during protein extraction. 

3.3.1.1 Gel based proteomics analysis of redox changes during ischemia/reperfusion  

The two step NEM blocked mouse heart tissue extracts were analyzed for oxidative changes 

during ischemia/reperfusion with thiol specific IAF labelling methods using 1D SDS-PAGE (as 

shown in Figure 3.4). No obvious differences among ischemia, short reperfusion, and long 

reperfusion could be found when they were compared to control. Although a unique band near 
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64 kDa was seen in control and ischemia samples. This particular band could also be noticed 

when IAF gels were stained using coomassie blue, suggesting an expression rather than oxidative 

change. 1D SDS-PAGE will only display the most obvious changes, so 2DE was performed on 

the same samples. When these gels were stained with coomassie, the previously mentioned 64 

kDa band exhibited a pI around 5 (Figure 3.5), a position indicative of serum albumin. Hence it 

was identified as serum albumin. It could have arisen because the period of perfusion was less 

for control and ischemia samples and might not have been sufficient to get rid of all the blood in 

the vasculature of the heart, which could be the source of albumin. It was therefore concluded 

that this change did not reflect oxidation. 

No major differences were detectable between ischemia and reperfusion samples when compared 

with control perfusion. Subtle changes that were picked up by PDQuest software were either 

artefacts or in clusters that were difficult to differentiate when they were inspected manually, 

giving us a lack of confidence, whether the changes were real. Also, the slight changes observed 

in samples could have been due to gel variation rather than treatment. There are various 

limitations of the 2DE method, including the inability to monitor proteins that are strongly 

acidic, basic, hydrophobic, very large, very small or in low abundance. It is also problematic to 

analyze proteins in clusters or masked by streaks. Even when a change is detected, spot excision 

and mass spectrometry is required for exact identification of the spots. This needs to be done by 

aligning the IAF image with the coomassie stained gel, and with such subtle changes it is a 

challenging task. In spite of these drawbacks the method has proven successful in some models. 

For example, Baty et al [147] found 200 thiol proteins that were oxidized by diamide treatment, 

and 50 redox sensitive proteins in cells treated with  H2O2 [184]. 

3.3.1.2 Mass spectrometry based proteomics analysis of redox changes during 

ischemia/reperfusion  

To identify oxidative changes during cardiac ischemia/reperfusion, an ICAT based study was 

carried out. The same principle as with IAF was employed, with ICAT labelling of oxidized thiol 

proteins. ICAT labelling resulted in 9 Da difference between control and treated samples, and the 

information was used to quantify the extent of oxidation. Samples were subjected to Mascot 

analysis after obtaining mass spectrometry data for identification of peptides and the protein they 
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were derived from. Mascot search results provided qualitative information on the data. Most of 

the peptides identified in the search were either light or heavy ICAT labelled, suggesting 

successful labeling. Although between 1962 and 4484 peptides were identified in each sample, 

only those with score > 40 and confidence interval of at least 95% were selected in the analysis. 

Although some information would have been lost, it was important to have these criteria because 

ICAT ratios obtained from low scoring peptides might not be reliable. Only 5-10 % of the total 

peptides identified were able to pass this window. After obtaining qualitative information, data 

obtained from samples were subjected to quantitative analysis. Quantitative data obtained from 

the software was in the form of ICAT ratios (H/L) of Cys oxidation in the ischemia or 

reperfusion samples relative to control perfusion. Median ratios calculated for all the data were 

around 1 (Figures 3.10-3.12) suggesting no bias in sample preparation. Median were used instead 

mean to estimate central value in spite of outliers. 

It was surprising to note that a number of proteins with redox active cysteines that might have 

been expected to be part of the list including sodium calcium exchanger, ryanodine receptor, 

phospholamban and peroxiredoxin 3 could not be observed. A number of factors might have 

resulted in this outcome: one possibility is that the reactive Cys residues were fully reduced and 

therefore blocked with NEM. The alternative that they were irreversibly oxidised, is unlikely, 

especially in control samples. Otherwise, peptides could be masked by other peptides, as a result 

of inappropriate tryptic fragments or poor mass spectra, or too hydrophobic to exhibit a 

reasonable retention time on our reverse phase column. Alternatively, other proteins with redox 

active cysteines such as aconitase, Na+/K+ ATPase, malate dehydrogenase, did not show any 

change. In these cases either there is no change or the active site Cys was missing due to above 

mentioned reasons. For most of the peptides showing oxidative change, the modified Cys has 

previously been identified as redox sensitive. Although the Cys residue identified in GAPDH 

(Cys245) is not the active Cys149 [185], the nucleophilic nature of Cys 245 is demonstrated by 

previous mass spectrometry based studies [153, 173], which have reported Cys 245 to be modified 

by hydroxynonenal. 

For the peptides that showed a change in ICAT ratio between treatments (Table 3.4), to 

differentiate whether it was due to oxidative or expression changes is a challenging task. Specific 

use of ICAT for oxidative changes has resulted in problem. Whereas normal use of ICAT does 
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not result in this. An assessment can be made where more than one peptide from the same 

protein was identified. If protein expression is changing then all the peptides should change in 

the same direction and to the same extent, whereas oxidative changes should only affect redox 

sensitive thiols. This approach was feasible for a few of the proteins namely carnitine 

palmitoyltransferase II, creatine kinase, sarcomeric, NADH dehydrogenase ubiquinone 

flavoprotein 1, ubiquinol-cytochrome c reductase hinge protein. In each case only one of the 

peptides showed an increased H/L ICAT ratio, suggesting that the peptides showing change are 

redox sensitive. However, as the ICAT method picks up only proteins that already have some 

degree of reversible thiol oxidation in the control, many Cys containing peptides were not 

detected. Another approach would be to use western blotting. This was carried out for 

peroxiredoxin 1 and SERCA (results are discussed below in sections 3.3.2.2) but would not be a 

feasible option for all the proteins. Another option would be to perform an experiment like 

iTRAQ where by labelling amine groups independent of oxidation status, expression for all the 

four samples could be studied in a single experiment. This option was not economical. It is 

therefore difficult to distinguish between expression changes and oxidation changes for all the 

proteins shown in Table 3.4. Assumptions in some cases were made on the basis of available 

information from the literature. For example, Cys125 from NDUFV1 [178], Cys244 ATP synthase 

[179] and Cys140 from VDAC1 [152, 153], are known to be redox sensitive Cys residues. 

However, for some of the proteins the possibility that we were detecting a change in expression 

rather than oxidation could not be ruled out. 

Knowing that some proteins became oxidized during ischemia/reperfusion, it was important to 

estimate the extent of oxidation in these proteins. To achieve this, an ICAT based study was 

designed (section 3.2.9) to assess basal levels of oxidation in control samples. Of the peptides 

also detected in the ischemia/reperfusion study, most were 20-40% oxidized. This is higher than 

expected from Figure 3.3 where IAF labelling of reversibly oxidised proteins in comparison with 

the whole thiol proteome was carried out and samples were separated by 1D SDS-PAGE. The 

data suggests almost 5-10% basal oxidation and are consistent with the literature that 

intracellular thiol proteins are mostly reduced [186]. This suggests that most of the peptides 

identified in the ICAT experiment only represent a fraction of the total proteome that is already 

oxidized in control cells. This problem is due to the difficulty of estimating ICAT ratios when 
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one of the peaks is very low in intensity. Not all the peptides from the ischemia/reperfusion 

experiments could be matched because in this experiment many new peptides contain reduced 

thiols that would have been blocked with NEM in the ischemia/reperfusion experiment. Still this 

experiment provides information on the proportion of oxidized proteins under normal conditions. 

Moreover, the data can be very nicely correlated with data obtained from the peroxiredoxin 1 and 

peroxiredoxin 3 (obtained after thesis submission) immunoblot experiments (refer to chapter 4) 

where percentage oxidation measured as the dimer/monomer ratio was similar to the value 

obtained by ICAT.  

ICAT appears to be the method of choice to study oxidative changes in thiol proteins. Some 

advantages of using this method include: 1) Protein thiols are a major site for oxidative 

modification and the specific nature of the ICAT reagent to these thiols provide an advantage for 

selective labelling. 2) Non specific peptides are efficiently eliminated by affinity purification 

using a biotin tag for the ICAT labelled peptides. 3) Hydrophobic proteins e.g. SERCA [153] 

that are poorly resolved by 2DE can be identified with this method. 4) Proteins having pI values 

exceeding the limits of 2DE e.g. cytochrome c oxidase (pI 8.96) can be identified with this 

method. 5) This method provides information about protein identity and site of modification. 6) 

It is potentially powerful due to the large number of peptide ratios that can be identified from the 

same sample. However there are drawbacks as well. As already noted, peptides may be missed 

with the ICAT method, including those having poor retention on reverse phase liquid 

chromatography or poor ionization and/or fragmentation of certain peptides in the mass 

spectrometer. Peptides with poor tryptic digestion could be problematic to identify. Expression 

changes could also be misinterpreted as oxidation. Relative quantification may not be accurate if 

the intensity of one of the ICAT pairs is too low. In spite of all these disadvantages the method 

seems to be a good way of looking at global oxidative changes. In this study ICAT method was 

able to pick up oxidative changes that could not be detected with thiol specific IAF 2DE method. 

Further refinement in the method might present ICAT as method of choice for looking at 

oxidative changes in vivo under physiological conditions of oxidative stress, where many 

changes are subtle and transient in nature. To the best of my knowledge, no study has reported 

global oxidative changes during cardiac ischemia/reperfusion. However, there are other studies 

that were looking at the thiol redox proteome using the same approach. Leichert et al [176] 
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identified specific target proteins of H2O2 and hypochlorous acid (HOCl) in E.coli with 30-90% 

oxidatively modified thiol groups. The same approach was used to identify specific thioredoxin 

targets successfully in germinated barley seeds [174] and mouse [173]. 

A complementary MS method for examining the redox state of specific thiol proteins involves 

the use of NEM (D5) (results are in section 3.2.10). This study was designed to utilise that all the 

free thiols in the mouse heart extracts were already blocked with NEM, so oxidized thiols could 

be reduced and labelled with NEM (D5). In theory, specific proteins could be 

immunoprecipitated and separated by SDS-PAGE. Ratios of the heavy/light isotope label, 

obtained after in gel digestion and LC/MS/MS, can provide information on the extent to which a 

specific protein is oxidised in a sample. Pilot experiments with SERCA were carried out, 

although without IP and just analyzing the relevant region of the gel. Unfortunately SERCA 

peptides were identified with very low score. However, at the same time aconitase peptides were 

identified with much better scores including the one containing the redox sensitive thiol. This 

observation is discussed in more detail in section 3.3.2.1. The NEM labelling method has a 

number of advantages: 1) The protein of interest can be studied in isolation rather than in a 

complex mixture. 2) A number of proteins can be extracted from a single experiment using 

different antibodies for different immunoprecipitations. 3) The method is relatively economical 

because all the free thiols are blocked with light NEM and a smaller amount of NEM (D5) is 

needed for oxidized thiol labelling. However further work is need to optimize the method, 

especially the immunoprecipitation step for each protein of interest. Also, a computer program 

for data quantification would be desirable as currently manual quantification is required. 

3.3.2 Oxidative changes during cardiac ischemia/reperfusion  

The ICAT method was employed to determine whether changes in thiol protein oxidation state 

were apparent during ischemia/reperfusion using a Langendorff mouse model, and also to see if 

these oxidatively modified proteins have known associations with ischemia/reperfusion injury. 

Changes were limited to selected proteins after ischemia and were quite modest. However, they 

are potentially important because they affected proteins involved in critical cardiac functions like 

metabolism, ion regulation, and the mitochondrial electron transport chain. It was interesting to 

note that some of the protein thiols appeared to become oxidized after ischemia. Ischemia is 
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generally considered to be a reduced state, as oxygen is depleted, with the reintroduction of 

oxygen during reperfusion being the stage of oxidant generation [91]. However, there are some 

studies [156, 187] where oxidant generation has been demonstrated during ischemia, with 

superoxide formation in the mitochondrial electron transport chain as the source. In the current 

study, oxidation of other proteins was evident after the early phase of reperfusion. On exposure 

to oxidants, free thiols (RSH) are generally oxidized to form a sulfenic acid (RSOH)[188]. This 

reaction plus the subsequent reaction of the sulfenic acid with another thiol to give a more stable 

disulphide are reversible in nature. However, further oxidation can cause irreversible oxidation to 

the sulphinic acid (RSO2H) or sulfonic acid (RSO3H). The protein oxidation observed during 

ischemia and/or early reperfusion appeared to reverse with longer reperfusion. Along with this 

reversal, the possibility of further irreversible oxidation cannot be excluded. However, from the 

limited amount of observed oxidation, and the absence of over-oxidation of peroxiredoxins (refer 

chapter 4), the latter seems less likely. In the case of cardiac ischemia the extent and duration of 

ischemia as well as conditions of reperfusion are very crucial in deciding the damage [91, 189]. 

As a major site of ROS generation with the ability to release sequestered apoptotic factors, 

mitochondria have a major role to play in ischemia/reperfusion injury [91]. A number of studies 

have implicated mitochondria, its ion channels and electron transport chain in the damage [91, 

99, 100, 104, 190]. Many of the proteins that became oxidized in my model are also associated 

with mitochondrial electron transport or ion channels. Complex I or NADH dehydrogenase 

(NDUFV1), complex II or succinate dehydrogenase (SDH,), complex III or CRHP, complex V 

or ATP synthase, and VDAC1 showed increased oxidation. The increase in oxidation occurred 

during ischemia and/or early phase of reperfusion in these complexes and appeared to reverse 

during late phase of reperfusion. Detailed discussion for each of these is given below. 

3.3.2.1 Oxidative changes in mitochondrial electron transport chain complexes 

Mitochondria are highly abundant in cardiac cells due to the high energy needs of the heart 

muscle, and mitochondrial proteins were also suggested by the peptides identified. Overall, the 

proportion of the proteins that were mitochondrial observed in this study, i.e. around  43%, 

matches closely with a proteomic study carried to look at cardiac proteome [191]. However in 

protein showing oxidative change there are 13 mitochondrial out of 18 might be over 
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representing mitochondria because of it being main site of oxidant generation. An increase in 

oxidation in hearts exposed to ischemia and short reperfusion was shown for NDUFV1 (Figure 

3.14). NDUFV1 is a 51 kDa subunit of the 900 kDa complex I. The complex consists of >46 

subunits with the main function to oxidize NADH, transfer electrons to coenzyme Q and in the 

process pump protons across the inner membrane [192]. In complex I, the main regulatory thiols 

are located in NDUFV1. Zhang et al [178] have shown that Cys125 is one of the regulatory 

cysteines located in the FMN binding subunit that is sensitive to oxidative stress. In this study we 

also observed almost 30% rise in oxidation in Cys125 during early phase of reperfusion. 

Tompkins et al [192] also reported thiol modification of NDUFV1 during cardiac 

ischemia/reperfusion. 

SDH showed a rise in thiol oxidation during cardiac ischemia with a decline during the 

reperfusion period (Figure 3.14). SDH is part of complex II, a crucial membrane complex in the 

tricarboxylic acid cycle and involved in the oxidation of succinate to fumarate in the 

mitochondrial matrix. This oxidation is coupled to reduction of ubiquinone in the ETC. Complex 

II has regulatory thiols and has been observed to be redox modulated during 

ischemia/reperfusion [140]. 

Similar to SDH, oxidation of CRHP increased during ischemia (Figure 3.14). CRHP is a subunit 

of complex III. Its function is to transfer electrons from ubihydroquinone to cytochrome c while 

generating a proton gradient across the membrane [193]. Involvement of Cys35 in an 

intramolecular disulphide linkage with Cys79 has been predicted by uniprot database. Complex 

III along with complex I are suggested to be major sources of mitochondrial ROS production and 

contributors to cardiac ischemia reperfusion injury [194]. Chen et al [187] have shown that 

ischemia increases the net production of H2O2 in isolated cardiac mitochondria from rat and 

proposed that complex III is the major site of this ROS production. This might explain the almost 

60% oxidation of Cys35 I observed for CRHP. However, the reversal during long term 

reperfusion observed in this study was not seen by Chen et al [187], possibly because of 

differences in the conditions used. 

A rise in oxidation during ischemia and further increase with short reperfusion was observed for 

the alpha subunit of F1 complex of ATP synthase (Figure 3.14). The alpha subunit is part of the 
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catalytic core of this complex (complex V) of the mitochondrial ETC. This is involved in ATP 

synthesis using the proton gradient across the membrane. Cys244 has also been found by West et 

al [179] to be a reactive site. They showed it to be a site of NO-regulated glutathiolation in rat 

hearts overexpressing iNOS. This suggests that further investigation is needed to establish 

whether the oxidation observed here is due to stress generated oxidants or due to NO-based 

glutathiolation, which might have a protective role. In aconitase the oxidative change was shown 

for Cys385, a redox sensitive cysteine  [153]. No change in oxidation was noticed in the identified 

peptide using the ICAT method, whereas another peptide with oxidative changes was picked up 

by the NEM method. Aconitase is one of the Krebs cycle enzymes that converts citrate to 

isocitrate. It is one of the more sensitive enzymes to oxidative inactivation and is a commonly 

used biomarker for oxidative damage [195]. Its activity has been suggested to decline during 

cardiac ischemia reperfusion [196]. Bulteau et al [195] found 65% decrease in aconitase activity 

after 5 min of reperfusion and it was restored with extended reperfusion of 15 and 60 min. They 

were able to establish that reversible thiol modification in aconitase is responsible for activity 

modulation during ischemia reperfusion. My results agree with this change in redox status. 

3.3.2.2 Oxidative changes in ion channel and other proteins  

Increased oxidation with short reperfusion following ischemia was seen in VDAC1 (Figure 

3.15). VDAC1 is a voltage dependent ion channel located on the outer mitochondrial membrane. 

VDAC1 plays an important role in the crosstalk between the mitochondria and the cytosol by 

transporting ions and metabolites, including Ca2+, ATP, glutamate and NADH across the outer 

mitochondrial membrane [197, 198]. Cys140, which was observed to be oxidized in this study, is 

one of the redox sensitive cyteines in VDAC1 [152, 153]. Although the exact mechanism of how 

an alteration in redox state of VDAC1 might regulate its function is not clear, redox changes in 

VDAC1 can have profound effects on mitochondrial metabolism [199]. Oxidant generation 

during ischemia reperfusion has been suggested to cause mitochondrial dysfunction through 

VDAC [200]. 

In SERCA, a decrease of almost 20-40% in the amount of the peptide containing Cys875 was 

observed after ischemia and 30 min of reperfusion (Figure 3.15). Cys875 is a known redox 

sensitive site [153, 180] involved in disulphide bond formation with Cys887 [180]. However, 
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Cys887 could not be identified mainly because the tryptic peptide possessing Cys887 is 47 amino 

acids long, so less likely to generate good MS/MS fragmentation to be identified by mass 

spectrometry. Cys875 is involved in regulating a Ca2+ pump , forming a redox regulated 

disulphide bond between Cys875 and Cys887 to gate the influx of Ca2+ and oscillation frequency 

[153]. However, the decrease in the amount of the peptide observed during ischemia/reperfusion 

is debatable. It may be explained with the help of the study by Sing et al [201], who observed 

that during ischemia reperfusion, activation of the Ca2+ activated protease, calpain, resulted in 

almost 55% SERCA degradation. This is supported by results obtained from immunoblot 

showing an apparent decrease in total SERCA protein during reperfusion (Figure 3.16). Another 

possibility is that modification during reperfusion decreased the solubility of the modified 

protein, which would have caused a lesser amount being dissolved in the extraction buffer [202]. 

A rise in oxidation after short reperfusion was noticed for long chain specific acyl-CoA 

dehydrogenase (LCAD) (Table 3.4). LCAD is involved in lipid metabolism and responsible for 

conversion of acyl CoA to 2, 3-dehydroacyl-CoA. Cys351 from LCAD was shown to be redox 

sensitive and undergo oxidation during oxidative stress in other studies as well [153, 173]. A 

similar trend was shown for carnitine palmitoyltransferase II, another enzyme involved in fatty 

acid metabolism, with increased oxidation observed after early reperfusion (Table 3.4). These 

data suggest that fatty acid metabolism could be affected during cardiac ischemia reperfusion 

due to oxidation. However it seems to be reversible under the conditions of this study. 

3.3.3 Studies in relation to ischemia/reperfusion injury 

A number of studies have looked at oxidant generation, other types of oxidative change and 

alterations in gene expression in ischemia/reperfusion models. Chen et al [140] studied rat hearts 

and observed overproduction of ROS using ESR by complex I and III after 30 min ischemia, 

with reoxygenation for 24 h resulting in complex II impairment and mitochondrial dysfunction. 

Oxidation of components of complex I, II and III was also noticed during ischemia/reperfusion 

in my study. Others have observed reduced electron flow through complex IV and a decrease in 

complex IV activity during ischemia [106, 107] as well as reperfusion [108]. Kim et al  [197] 

found major expression changes in rabbit hearts after 30 min of ischemia followed by 60 min of 
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reperfusion. Interestingly, their changes were also mainly in the proteins involved in 

mitochondrial electron transport chain and metabolism. 

In agreement with this study there are reports where oxidative changes were subtle and transient. 

Tompkins et al [192] showed no major change in mitochondria apart from thiol modifications of 

complex I. ROS generation was observed after 25 min of ischemia and 30 min of reperfusion. 

White et al [189] also saw subtle and transient changes with a brief period of ischemia and 

Maklashina et al [102] observed almost complete recovery in complex I after reperfusion from 

40% loss in its activity during ischemia. 

In a 2DE-based ischemia reperfusion study looking for expression changes during cardiac 

ischemia/reperfusion, no major changes were observed by Fert-Bober et al after 15 min of 

ischemia [141], whereas major differences could be seen when the duration of ischemia was 

increased to 30 min. Kim et al [197] showed a change in expression of 25 mitochondrial proteins 

with 30 min of ischemia and 60 min of reperfusion in rabbit hearts. Similarly another 2DE based 

proteomics study looked for changes in rabbit heart due to reperfusion following both brief (15 

min) and long (60 min) ischemia [189]. The study suggested that that brief period of ischemia 

reperfusion may lead to subtle, rapid and potentially transient expression changes whereas 

changes happening with longer duration of ischemia are more prevalent. Although these studies 

of expression have a different focus from the current one where the main interest is oxidation, 

they suggest that short duration of ischemia might be a contributing factor to the subtle and 

transient changes observed here. 

Although there are no directly comparable studies in the literature of oxidative changes in the 

global proteome during cardiac ischemia/reperfusion, various studies have shown thiol redox 

changes in hearts or myocytes exposed to external oxidants, or hypoxia reoxygenation. Fu et al 

[153] identified a number of redox sensitive proteins oxidized in mouse hearts treated with H2O2 

using difference gel electrophoresis (DIGE), a 2DE based multiplex labelling and ICAT 

approach. Brennan et al [203] used diagonal gel electrophoresis to detect intermolecular protein 

disulphides in cardiomyocytes treated with H2O2, S-nitroso-N-acetylpenicillamine, doxorubicin, 

simulated ischemia, or metabolic inhibition. They found an increase in global intermolecular 

protein disulphide formation with increasing cellular oxidation potential. Rat hearts perfused 
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with H2O2 also showed increased disulphide bond formation [204]. Protein glutathionylation and 

mixed disulphide formation was also enhanced in rat hearts after 60 min of hypoxia and it did 

not changes further with reoxygenation [205]. 

3.3.4 General conclusion  

Oxidative stress is a major factor in ischemia/reperfusion damage. Excess oxidant generation can 

result in oxidative modification to protein thiols. These modifications can be reversible or 

irreversible depending upon the extent of oxidation. Irreversible modification generally 

inactivates proteins, whereas reversible modifications can have important regulatory functions 

[153, 206]. The results of this study suggest that there is a good possibility that under the 

conditions of ischemia/reperfusion in the model used, oxidant generation starts with the onset of 

ischemia and further enhanced with early reperfusion. Many common redox sensitive cysteines 

showing oxidative changes found in this study have already been observed by other groups; these 

include: Cys125 from NDUFV1 [178], Cys244 ATP synthase [179], Cys140 from VDAC1 [152, 

153], Cys875 from SERCA 2 [153, 180], Cys245 from GAPDH [153, 173], Cys351 from LCAD 

[153], Cys35 troponin C [181], Cys385 from aconitase 2 [153]. This suggests that these proteins 

might be important in redox regulation during cardiac ischemia and reperfusion. However, 

changes observed in this study are less prominent than the ones observed in other studies where 

external oxidants such as H2O2 have been used. It is also important to mention here that region 

specific oxidative changes due to differential sensitivity of heart might have been lost during 

whole heart homogenization in this study.  

Proteomics methods were able to identify a number of interesting changes. However, some of the 

important redox sensor proteins that are abundant in the heart, like peroxiredoxins 2 and 3, could 

not be identified due to limitations of the method. An independent study looking at oxidative 

changes using immunoblotting was undertaken and reported in the next chapter. 
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Chapter 4: Regulation of peroxiredoxins in cardiac 

ischemia/reperfusion 

Part of the results in this chapter have been published in: Kumar, V., Kitaeff, N., Hampton, M.B., Cannell, M.B. and 
Winterbourn, C.C. (2009) Reversible oxidation of mitochondrial peroxiredoxin 3 in mouse heart subjected to 
ischemia and reperfusion. FEBS Lett. 583: 997-1000.  

The objective of this chapter was to study oxidative changes in peroxiredoxins (Prxs) during 

cardiac ischemia/reperfusion. The Prxs have an important role in cellular redox regulation 

because of their reactive thiol groups and their abundance and reactivity with hydroperoxides. 

These properties make them potential targets for oxidative changes during cardiac 

ischemia/reperfusion. Moreover, because they form intermolecular dimers upon oxidation, 

monitoring the ratio of oxidized dimer to reduced monomer can serve as an indicator of 

oxidative stress. In this chapter, mitochondrial Prx3 and cytosolic Prx 1 and 2 were investigated 

in the mouse cardiac ischemia/reperfusion model. 

4.1 Introduction  

Due to high demand of ATP generation to maintain cardiac contractile function, cardiac 

myocytes are rich in mitochondria [207]. In cardiac myocytes mitochondria are a major source of 

ROS generation [208]. Prolonged ischemia leads to a loss of viability of myocardial cells, and 

while reperfusion is necessary to reverse the changes induced by ischemia, the reperfusion 

results in a burst of reactive oxygen species (ROS) production as oxygen re-enters the heart 

[209]. Damage to the myocytes mitochondrial electron transport chain can also stimulate 

increased ROS production. Prx 3, a mitochondrial isoform, is a very important component of 

mitochondrial antioxidant defence system and its major target is H2O2
 generated in mitochondrial 

matrix [210-212]. Prxs are highly abundant in heart [204] and are attracting increasing interest as 

important factors in the cardiac response to oxidative stress. In view of their high reactivity with 

peroxides, 2-Cys Prxs should be among the most sensitive thiol protein targets for ROS 

generated during ischemia/reperfusion and could act as protective antioxidants. Araki et al [210] 

provide evidence for protection against oxidative stress in rat myocardium by Prx 3. Similarly, 

increased Prx 3 expression prevented ventricular remodelling and failure after myocardial 

infarction [211]. 
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As described in detail in chapter 1, Prxs are a ubiquitous family of thiol-based antioxidant 

proteins that are involved in controlling cellular peroxide levels and in redox regulation of signal 

transduction [204, 210, 211]. There are six members of the mammalian Prx family (Prx 1-6), 

grouped as typical 2-Cys, atypical 2-Cys, and 1-Cys Prxs. This study focuses on the typical 2-

Cys Prxs, Prx 1 and Prx 2 which are cytosolic, and Prx 3 which is strictly localized to 

mitochondria [60]. These proteins react rapidly with H2O2 and other peroxides [59, 60, 68]  In 

this reaction, the active site sulfhydryl group (Cys-SH) on one subunit is oxidized to the sulfenic 

acid (Cys-SOH) which reacts with a neighbouring Cys-SH on another subunit to generate a 

disulphide-linked homodimer. The disulphide is reduced by thioredoxin, which is regenerated by 

thioredoxin reductase and NADPH [59] mechanism described in detail in chapter 1. Prxs can 

also become hyperoxidized to the sulphinic acid, in a process that is slowly reversed by 

sulphiredoxins. To capture Prx in their native state in the system their free thiols can be 

irreversibly blocked using NEM. Mechanism of NEM blocking is demonstrated by Figure 4.1. 

 

 

Figure 4.1: NEM blocking results in no further oxidation of thiols and prevents dimerization 
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Oxidative changes in Prx 3 were interesting. However, along with mitochondrial isoform it was 

important to study oxidative change in cytosolic Prxs, as this could also help us to understand if 

there is differential oxidative stress between mitochondrial and cytosolic compartments. In this 

study redox changes in Prx 1, Prx 2 and Prx 3 have been investigated during ischemia and/or 

reperfusion in a mouse heart Langendorff perfusion system (described in chapter 2). 

4.2 Results  

It was evident from chapter 3 where we tried optimized protocol for protein extraction to study 

oxidized thiols with thiol specific florescent tag (IAF) that some thiol proteins react very quickly 

and become oxidized when exposed to air during extraction. Prxs are among the thiol proteins 

that are extremely sensitive to oxidation during isolation [68] and this can be avoided by 

blocking reduced cysteines with NEM. 

4.2.1 Efficient thiol blocking in peroxiredoxins   

Before investigating changes during mouse cardiac ischemia/reperfusion, it was necessary to 

establish optimal conditions for NEM blocking of Prxs within the heart and determine their 

redox state. Mice were killed and the heart was immediately excised and added to extraction 

buffer. To determine the optimal conditions of NEM alkylation 100 mM NEM was added at 

different stages i.e. no NEM at any stage, either samples were soaked in NEM buffer or NEM 

added only in the extraction buffer. Finally NEM added at both stages to provide complete 

blockage. These samples were then resolved by non-reducing SDS-PAGE, in which the reduced 

Prxs run as 22 kDa monomers and the oxidized forms as dimers at approximately 45 kDa. 
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Figure 4.2: Immunoblot of NEM blocking during sample preparation on the redox state of peroxiredoxin 2  

20 µg  of protein sample loaded from mouse heart tissue extracts in NP-40 lysis buffer (described in chapter 2) and 

samples were run under non reducing 12% SDS PAGE probed with rabbit polyclonal peroxiredoxin 2 antibody 

(1:10,000) and goat anti-rabbit-HRP conjugated (1:10,000) . Blots were developed with ECL kit and visualized 

using Chemi-Doc XRS with the help of Quantity one software from Bio-Rad. 1) NEM added only in lysis buffer 2) 

intact hearts were soaked in NEM 3) without NEM 4) intact heart was soaked in NEM buffer and NEM was added 

in lysis buffer. 

      

Blotting for Prx 2 showed that with NEM added only to the lysis buffer, the protein was partially 

dimerized as shown in Figure 4.2, lane 1. When the heart was soaked in NEM but no NEM 

added to the lysis buffer, most of the Prx 2 was present as the dimer as shown in lane 2 and with 

no NEM added at any stage it was completely dimerized as shown in lane 3. However, with 

NEM added to the intact heart and the lysis buffer, the majority of the Prx 2 was monomeric as 

shown in lane 4. 

 



 114

 

Figure 4.3: Immunoblot showing oxidized peroxiredoxin 2 is reducible after NEM blocking.  

Reduced 12% SDS PAGE probed with peroxiredoxin 2 antibody other details as in figure 4.2. 

To confirm if the dimers formed during NEM blocking experiment were reducible, the samples 

were run on a reducing gel. Each sample gave only a monomeric Prx 2 band as shown in Figure 

4.3, indicating that dimerization was fully reversible. From this it can be concluded that Prx 2 at 

steady state in the heart is predominantly reduced, and great care is needed to avoid oxidation 

during tissue isolation and extraction. 

4.2.2 Oxidative changes in peroxiredoxins during cardiac ischemia/reperfusion  

The redox state of the Prxs was studied in hearts subjected to ischemia/reperfusion using a 

Langendorff system. Samples were taken after the 20 min ischemia period and after 5 and 30 

min reperfusion to investigate early and longer term changes respectively. 
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4.2.2.1 Mitochondrial peroxiredoxin 3 during cardiac ischemia/reperfusion 

Immunoblots of non reducing SDS PAGE were carried out as shown for one set of hearts in 

Figure 4.4. There were 5-7 hearts in each treatment group. At least duplicate blots were carried 

out for each heart and an average was taken of each duplicate to calculate mean and SD as shown 

in Table 4.1. The combined data are graphed in Figure 4.5. Results for ischemia and reperfusion 

were compared with those from untreated and control perfused hearts. Immunoblots revealed 

changes in Prx 3. The majority of Prx 3 was reduced in control hearts. There was a significant 

increase in the amount of dimer present after ischemia (p < 0.05 compared with the other 

treatments) and this decreased early in the reperfusion period. A possible increase at 30 min 

reperfusion did not reach significance. 

 

 

Figure 4.4: Effect of cardiac ischemia/reperfusion on peroxiredoxin 3  

 

20 µg  of protein sample loaded from mouse heart tissue extracts in NP-40 lysis buffer (described in chapter 2) and 

samples were run under non reducing 12% SDS PAGE probed with rabbit polyclonal peroxiredoxin 3 antibody 

(1:10,000) and goat anti-rabbit-HRP conjugated (1:10,000) . Blots were developed with ECL kit and visualized 

using Chemi-Doc XRS with the help of Quantity one software from Bio-Rad. Sample loaded were control (C), 

control perfusion (CP), ischemia (I), ischemia/reperfusion for 5 min (IR5) and ischemia/reperfusion for 30 min 

(IR30).   
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Table 4.1: Percentage ratios obtained from densitometry of peroxiredoxin 3 after taking average of two blots 

from each set of hearts subjected to all the treatments  

 

Set C CP I IR5 IR30 

1 3.8 4.0 28.1 3.8   

2 5.7 3.9 22.9 7.0  

3 10.6 6.1 21.1 5.9 6.5 

4 9.9 5.1 20.2 4.1 6.5 

5 11.4 9.9 26.2 16.4 17.9 

6 16.9 16.8 39.9 30.6 20.0 

7 11.7 9.6 22.3 10.4 21.1 

Mean 10.0 7.9 25.8 11.1 14.4 

SD 4.3 4.6 6.8 9.6 7.3 

 

Each set of hearts shown in Table were run separately and on different occasion. Conditions for running these sets 

and abbreviation used were same in the Table as shown in Figure 4.4 (representing set 7 from the Table). Stats 

information provided in figure 4.5. Where treatments are control perfusion (CP), ischemia (I), ischemia with 

reperfusion for 5 min (IR5)  and ischemia with reperfusion for 30 min (IR30).        



 117

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

50.00

C CP I IR5 IR30

Treatment

P
rx

 3
 O

x
id

iz
e

d
 (

%
to

ta
l)

 
Figure 4.5: Combined data for percentages of dimer from densitometry scans of peroxiredoxin 3 

immunoblots 

Each immunoblot (five to seven hearts in each group) was done in duplicate. Percentage of peroxiredoxin 1 oxidized 

is shown on y-axis and treatments are on x-axis these include control perfusion (CP), ischemia (I), ischemia with 

reperfusion for 5 min (IR5)  and ischemia with reperfusion for 30 min (IR30). Results are means ± SD; 
*significantly different from other treatments (P < 0.05) by one way analysis of variance (ANOVA) using SigmaStat 

3.1.  

 

 
Figure 4.6: Oxidized dimer formed during cardiac ischemia/reperfusion is reversible.   

 

Reducing SDS PAGE probed with antibody against peroxiredoxin 3 other details as in figure 4.4 
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To establish whether the Prx 3 dimers could be completely reduced, the heart samples were 

separated by SDS PAGE under reducing conditions and then probed with Prx 3 antibody. The 

results showed that dimerization was reversed with dithiothreitol, confirming formation of 

disulphide-linked intermolecular dimers as shown in Figure 4.6. 

4.2.3 Cytosolic peroxiredoxin 1 and 2 redox state during cardiac 

ischemia/reperfusion  

To study oxidation of Prx1 and Prx2 during cardiac ischemia reperfusion, the same heart extracts 

as used to investigate Prx3 were separated by non reducing SDS PAGE and blotted with 

respective antibodies. A representative blot for Prx1 is shown in Figure 4.7. The results for 

individual samples are given in Table 4.2 and combined data plotted in Figure 4.8. Results were 

compared with those from untreated and control perfused hearts. Prx1 predominantly reduced in 

control or perfused heart in contrast to Prx3, no significant changes after ischemia or reperfusion 

for 5 or 30 min. 

 
Figure 4.7: Effect of cardiac ischemia/reperfusion on peroxiredoxin 1.  

 

Rabbit polyclonal peroxiredoxin 1 antibody (1:10,000)  was used other details are as in figure 4.4.  
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Table 4. 2: Percentage ratios obtained from densitometry of peroxiredoxin 1 after taking average of two blots 

from each set of hearts subjected to all the treatments  

 
Set C CP I IR5 IR30 

1 33.2 33.4 31.9 30.9  

2 25.7 25.1 24.7 29.9  

3 35.2 39.5 37.6 36.5 36.6 

4 37.6 36.9 31.3 31.4 30.8 

5 6.2 5.9 6.1 5.6 8.8 

6 14.6 11.7 12.6 13.4 12.5 

7 21.1 21.2 24.6 20.7 21.0 

Mean 24.8 24.8 24.1 24.1 21.9 

SD 11.6 12.8 11.2 11.2 11.7 

 

There were 5-7 hearts in each treatment group. At least duplicate blot was carried out representing each heart and 

then average was taken from duplicate to calculate mean and SD as shown in Table 4.2 to represent overall effect of 

ischemia/reperfusion on peroxiredoxin 1. Where treatments are control perfusion (CP), ischemia (I), ischemia with 

reperfusion for 5 min (IR5)  and ischemia with reperfusion for 30 min (IR30).     
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Figure 4.8: Combined data for percentages of dimer from densitometry scans of peroxiredoxin 1 

immunoblots 

 

Each immunoblot (five to seven hearts in each group) was done in duplicates. Results are means ± SD. Percentage 

of peroxiredoxin 1 oxidized is shown on y-axis and treatments are on x-axis these include control perfusion (CP), 

ischemia (I), ischemia with reperfusion for 5 min (IR5)  and ischemia with reperfusion for 30 min (IR30).   
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A representative blot and the densitometry data for the equivalent samples probed for Prx2 are 

shown in Figure 4.9 and Table 4.3 respectively. Although no significant change was observed in 

Prx1, it was important to study other cytosolic Prx i.e. Prx 2. To study Prx2 oxidation during 

cardiac ischemia reperfusion immunoblots on non reducing SDS PAGE were carried out as 

shown by Figure 4.9. 

 
Figure 4.9: Effect of cardiac ischemia/reperfusion on peroxiredoxin 2. 

 

Rabbit polyclonal peroxiredoxin 2 antibody (1:10,000) was used here other details are as in figure 4.4.  

 
Table 4.3: Percentage ratios obtained from densitometry of peroxiredoxin 2 after taking average of two blots 

from each set of hearts subjected to all the treatments  

 
Set C CP I IR5 IR30 

1 3.6 8.5 11.9 8.7  

2 13.5 14.2 12.7 31.1  

3 15.7 16.4 15.1 16.7 18.7 

4 26.5 20.3 12.8 21.2 20.0 

5 9.2 7.4 9.4 11.3 15.8 

6 18.3 11.6 18.6 13.9 16.3 

7 10.1 7.1 9.2 10.1 14.7 

Mean 13.8 12.2 12.8 16.1 17.1 

SD 7.3 4.9 3.3 7.8 2.2 

 

There were 5-7 hearts in each treatment group. At least duplicate blot was carried out representing each heart and 

then average was taken from duplicate to calculate mean and SD as shown in Table 4.3 to represent overall effect of 

ischemia/reperfusion on Prx 2 
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Figure 4.10: Combined data for percentages of dimer from densitometry scans of peroxiredoxin 2 

immunoblots 

Each immunoblot (five to seven hearts in each group) was done in duplicate. Results are means ± SD  

 

Results were compared with those from untreated and control perfused hearts. Control and 

control perfusion heart samples showed less oxidized Prx2 and no significant change during 

ischemia/reperfusion for 5 and 30 min. This data is shown in Figure 4.10 for one set of samples 

and their combined densitometry data is listed in Table 4.3 and is plotted in Figure 4.10. 

For both Prx1 and Prx2 dimerization was reversed with dithiothreitol, confirming formation of 

disulphide-linked intermolecular dimers as shown in Figure 4.11 A for peroxiredoxin1 and B for 

peroxiredoxin2. 
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Figure 4.11: Oxidized dimer formed during cardiac ischemia/reperfusion is reversible   

 

Reducing 12% SDS PAGE probed with antibody against (A) peroxiredoxin 1 and (B) peroxiredoxin 2 details as in 

figure 4.4.   

 

 
Figure 4.12: Lack of hyperoxidation of peroxiredoxins during ischemia/reperfusion 

 

10 µg of protein from heart tissue extracts in NP-40 lysis buffer were separated by 12% SDS-PAGE and blotted 

with hyperoxidized Prx polyclonal antibody (1:2,000) and goat anti-rabbit-HRP conjugated (1:10,000) . Blots were 

developed with ECL kit and visualized using Chemi-Doc XRS with the help of Quantity one software from Bio-

Rad.. The first lane contains extract from Jurkat cells (where 10 µg of protein was loaded) that had been treated with 

200 µM H2O2. Other lanes labelled as in Fig 4.11.  



 124

It is possible that the Prxs could have undergone oxidation to the hyperoxidized (sulphinic acid) 

form rather than the disulphide. As the hyperoxidized forms would run in monomer position this 

would not be detected by non-reducing SDS-PAGE. This possibility was eliminated by blotting 

with an antibody to the sulphinic acid forms of the Prxs. The antibody recognizes Prxs 1, 2 and 3 

and detected no hyperoxidation during any of the treatments as shown in Figure 4.12. As a 

control, Jurkat cells treated with H2O2, which causes Prx hyperoxidation, gave a positive band. 

4.3 Discussion  

Peroxiredoxins are now recognized as important components of cellular antioxidant defence, and 

the evidence from overexpression and knockout studies with Prx 3 [211]  Prx 2 [127] and Prx 6 

[126] indicates that they are important for maintaining cardiac function. Intracellular Prx 

oxidation and recycling by the thioredoxin/thioredoxin reductase system could play a vital 

antioxidant role during cardiac ischemia/reperfusion by preventing oxidative injury to other 

critical molecules. We therefore investigated whether ROS generation during ischemia and/or 

reperfusion in mouse heart results in oxidation of 2-Cys Prxs. 

Initial examination of freshly isolated heart revealed that the Prxs exist predominately in a 

reduced form, but are prone to oxidation during isolation. Ex vivo oxidation was minimized by 

treating the heart with NEM before as well as during tissue extraction. Without such treatment, 

oxidation during isolation could confound interpretation of experiments investigating changes in 

Prx oxidation state. For example, it could have contributed to the high levels of Prx dimers 

reported by Schroder et al [204] for control rat hearts. Some dimer would be expected due to 

ongoing redox cycling, with the dimer to monomer ratio reflecting the difference in rates of 

oxidation by endogenous oxidants and reduction by thioredoxin reductase/thioredoxin/NADPH. 

Our data suggests a balance in favour of the reduced form. 

With ischemia/reperfusion, significant oxidation of Prx 3 to the disulphide was observed, but 

there were no changes in the cytoplasmic Prxs. No hyperoxidation was evident. Other studies 

also showed differential response by mitochondrial Prx 3 and cytosolic Prx 1 and 2 to oxidant 

generation by apoptotic inducers and thioredoxin reductase inhibitor [212-214]. Our findings are 

indicative of oxidative stress in the mitochondrial matrix and consistent with increased 
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mitochondrial ROS production or alternatively, a decreased capacity to recycle Prx 3 via the 

mitochondrial thioredoxin reductase/thioredoxin/NADPH system. The selective oxidation of Prx 

3 contrasts with the extensive Prx oxidation that others have observed with H2O2. Perfusion of 

rat hearts with 10-100 µM H2O2 caused substantial dimerization of all the 2-Cys Prxs and at the 

higher concentrations, hyperoxidation [204]. Hyperoxidation was also seen in H2O2-treated 

cardiomyocytes [215]. It is worth noting that although the H2O2 concentrations used seem low, 

the amounts present in perfusate or culture medium are much greater than would be generated 

endogenously. Therefore, caution is needed in extrapolating results with added oxidant to 

ischemia/reperfusion. Furthermore, the addition of H2O2 to the perfusate does not mimic the 

naturally occurring gradient of ROS which should be directed from mitochondria to the 

cytoplasm rather than vice versa. 

There is substantial evidence for excessive production of mitochondrial oxidants in reperfusion 

injury [87, 116, 209, 216]. It was surprising, therefore, to observe that most of the Prx 3 

oxidation occurred during ischemia and was reversed within 5 min reperfusion. The prevailing 

view is that the main burst of ROS production occurs at the start of reperfusion, when oxygen 

becomes available to cells that have been compromised during the ischemic period [187, 210, 

215, 217]. However, others have detected leakage of reactive oxidants from mitochondria [187] 

and reversible oxidation of an intracellular thiol probe [218] during cardiac ischemia. It was 

speculated that oxidation occurs before oxygen is fully depleted, during a period of hypoxia 

when the electron transport chain can generate more superoxide [187]. Decreased mitochondrial 

ROS production following return to normal oxygenation could explain the reversal of Prx 3 

oxidation in our model. Alternatively, the ability of the mitochondria to reduce Prx 3 could be 

decreased during ischemia. This depends ultimately on availability of NADPH. The 

mitochondrial NADPH/NADP ratio is partially set by the action of the transhyrogenase, which is 

reliant on the mitochondrial membrane potential [219]. If the mitochondria were to become 

energized during ischemia, NADPH could be depleted. Reperfusion could reverse these changes 

and restore their reducing capacity. 

Although ischemia and/or reperfusion did not cause Prx 1 or Prx 2 dimerization (data for Prx1 

also supported by mass spectrometry data shown in chapter 3) redox cycling of these forms 

could still have increased, provided the reducing capacity of the cytoplasmic 
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thioredoxin/thioredoxin reductase system was sufficient to keep up with enhanced oxidation. 

Hyperoxidation is proposed to occur during redox cycling, with a small proportion of the 

sulfenic acid form of the Prx becoming further oxidized before it can dimerize [59]. The absence 

of cytoplasmic Prx hyperoxidation in this study implies that the cytoplasm was not exposed to 

high enough levels of H2O2 to dramatically increase turnover. In connection with this point, the 

selective oxidation of Prx 3 at the site of metabolic oxidant formation could be viewed as a 

protective system for cytoplasmic proteins. Selectivity of mitochondrial Prx 3 has been 

suggested by other studies where mitochondrial Prx 3 oxidation was noticed during jurkat T 

lymphocytes undergoing apoptosis as an early event [212, 214]. However cytosolic Prx 1 and 2 

remained unaffected during these studies. These studies might imply that Prx 3 is a selective, 

sensitive and early indicator of oxidative stress. In cardiomyocytes this might be more feasible 

because they are rich in mitochondria. 

Our finding imply that Prx 3 dimerization could be a sensitive indicator of mitochondrial ROS 

production and highlight a potential use of Prxs as sensors. Sensors have been developed using 

thiol peptides derived from oxyR or HSP-33 coupled to probes that undergo a fluorescence 

change when the thiols are oxidized to disulphides [218, 220]. The 2-Cys peroxiredoxins are 

more reactive with H2O2 than these sensors [68], and have the additional benefit of being already 

present in cells without requiring an expression system. 
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Chapter 5 – Oxidative stress markers in cardiac ischemia/ 
reperfusion 

 

5.1 Introduction   

The main goal of this chapter was to measure important indicators of oxidative stress during 

cardiac ischemia/reperfusion in mouse model. In previous chapters global oxidative changes in 

thiol proteome (chapter three) and redox sensitive peroxiredoxins (chapter four) were studied. To 

relate these changes to some of the well established markers of oxidative stress, the loss of 

reduced glutathione (GSH) and the formation of protein carbonyls was measured. The redox 

state of protein kinase G, which has been described as a redox sensor in the heart [221], and of 

phospholamban (PLB), a Ca2+ ATPase regulator involved in cardiac contraction during cardiac 

ischemia/reperfusion [222], were also investigated. 

To study oxidative changes during cardiac ischemia/reperfusion the mouse hearts were divided 

into the same five groups as in earlier chapters. These groups included two controls i.e. hearts 

just perfused to remove blood (C), hearts perfused for 30 min after 2 min of stabilization, and 

three treatments i.e. after 2 min stabilization no flow ischemia for 20 min (I) then reperfusion for 

either 5 min (IR5) or 30 min (IR30). All treatments were carried out using the Langendorff 

system and modified Tyrode solution gassed with O2 was used for perfusion. Thiol groups were 

blocked with NEM before extraction of the hearts. 
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5.2 Results  

5.2.1 Protein kinase G oxidation during cardiac ischemia/reperfusion 

PKG oxidation can be monitored by formation of an intermolecular disulphide that can be easily 

visualized by immunoblotting, where the reduced form can be seen as monomer around 75 kDa 

and disulphide linked dimer can be seen at around 150 kDa [221]. PKG oxidation was studied 

using immunoblotting on non-reducing SDS-PAGE during cardiac ischemia/reperfusion. Figure 

5.1 A is a representative blot showing a major band running in the predicted position of reduced 

monomer (75kDa) and an upper band in the predicted oxidized dimer position. Data obtained 

from all the blots are given in Table 5.1. Although there was some variability between the sets of 

hearts in each case the extent of PKG dimerization was higher after ischemia. Analysis of the 

combined data (Figure 5.2) shows significant oxidation of PKG after 30 min of reperfusion after 

ischemia with respect to control groups. No significant increases in oxidation after ischemia and 

early phase of reperfusion were seen. 

To check if the dimer was a reversibly oxidized form of PKG an immunoblot on reducing SDS 

PAGE was carried out. As shown in Figure 5.1 B, no dimer band was evident when samples 

were treated with DTT. 
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Figure 5.1 Protein kinase G during cardiac ischemia/reperfusion 

 

Representative blots of relative intensity of PKG reduced (monomer) and oxidized (dimer) under cardiac 

ischemia/reperfusion conditions: control (C), control perfusion (CP), ischemia (I), ischemia with reperfusion for 5 

min (IR5) and ischemia with reperfusion for 30 min. 10 % SDS PAGE was run under non-reducing (A) and 

reducing (B) conditions and probed with PKG antibody.   
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Table 5.1 Percentage oxidation of Protein kinase G during cardiac ischemia/reperfusion 

 
 PKG oxidized (%total) 

Set C CP I IR5 IR30 

1 37 33 26 37 47 

2 6 6 8 15 30 

3 26 11 20 21 32 

4 17 13 14 16 23 

Mean  21 16 17 22 33 

SD 11 10 6 9 9 

 

Percentage ratios of dimer/monomer during cardiac ischemia reperfusion conditions for four different sets of hearts 

subjected to each treatment. Control (C), control perfusion (CP), ischemia (I), ischemia with reperfusion for 5 min 

(IR5) and ischemia with reperfusion for 30 min. Results were obtained from immunoblot intensities as in Figure 5.1 

using  Quantity One software from Bio-Rad. The percentage of oxidized form was calculated from the densities of 

the dimer and monomer bands. 
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Figure 5.2 Oxidation of protein kinase G during cardiac ischemia/reperfusion   

 

The Figure shows combined data (four hearts in each group) for percentages of dimer from densitometry scans of 

PKG immunoblots as in Figure 5.1. Results are means ± SD; *significantly different from CP (P < 0.05) by using 

single sample t-test on ratios, where treatments control perfusion (CP), ischemia (I), ischemia with reperfusion for 5 

min (IR5)  and ischemia with reperfusion for 30 min (IR30).   
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5.2.2 Phospholamban modification during cardiac ischemia/reperfusion  

PLB is a 5 kDa protein in its monomeric form that is known to form a homopentamer under 

physiological conditions and these two states can be visualized by immunoblotting as bands 

around 5-6 kDa and 25-30 kDa respectively [223]. Pentameric state is mainly stabilized by steric 

properties of Cys residues rather than disulfide bonds and has been observed to be stable under 

conditions of SDS-PAGE [224]. Oxidative changes in PLB during cardiac ischemia/reperfusion 

were studied using immunoblotting. Three different bands could be seen (Figure 5.3 A) from 

non-reducing immunoblots using anti-phospholamban antibody. The lowest band with high 

intensity and below 10 kDa marker seems to be phospholamban monomer band. The middle 

band around 25 kDa is likely to be the pentameric form of PLB. This data suggests that the band 

representing pentameric state migrates faster during ischemia condition as compared with control 

perfusion and short reperfusion after ischemia. However, this pentameric band was observed as a 

faint band in longer reperfusion group. 

In the same PLB immunoblot another band of >100 kDa was observed. This mass is what would 

be expected for combined masses of SERCA (110 kDa) and PLB (5 kDa) raising the possibility 

that it could be PLB bound with SERCA as observed by another study [223]. This band appeared 

intense during ischemia and faint during reperfusion following ischemia when compared to 

control perfusion. To determine whether any of the bands involved disulfide linkage, 

immunoblot for PLB was carried out under reducing conditions. Disappearance of the slower 

moving pentameric bands as well as the bands in upper row was observed (Figure 5.3 B). 
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Figure 5.3 Effect of cardiac ischemia/reperfusion on phospholamban 

 

Representative blot of phospholamban (PLB) under cardiac ischemia/reperfusion conditions i.e. control perfusion 

(CP), ischemia (I), ischemia with reperfusion for 5 min (IR5)  and ischemia with reperfusion for 30 min (IR30). 12% 

SDS PAGE was run under non-reducing (A) and reducing (B) conditions and probed with rabbit polyclonal anti-

phospholamban antibody (1:2,000) and goat anti-rabbit-HRP conjugated (1:10,000) . Blots were developed with 

ECL kit and visualized using Chemi-Doc XRS with the help of Quantity one software from Bio-Rad. Showing 

bands near 100 kDa (SERCA + phospholamban region), 25 kDa (phospholamban pentamer) and 5-6 kDa 

(phospholamban monomer). 

 

5.2.3 Effect of cardiac ischemia/reperfusion on glutathione  

GSH content was measured during cardiac ischemia/reperfusion using liquid 

chromatography/mass spectrometry. This method measures the NEM derivative of GSH  [168] 

and is therefore appropriate for measuring extracts of hearts that had been NEM blocked. Data is 

shown for the individual sets of treated hearts (Table 5.2) and the combined data (Figure 5.4). 

GSH levels were maintained during ischemia/reperfusion with a trend of GSH depletion during 

reperfusion. Although the difference from control was not significant at 5 min there was a 

significant decline in GSH content after 30 min of reperfusion. Although GSH levels declined 

during cardiac ischemia/reperfusion no accompanying significant changes in GSSG were 



 134

apparent. The GSSG content was below the detection limit of the assay. This is almost 1,000 fold 

lower than the GSH content of the samples. 

Table 5.2 Reduced glutathione (GSH) concentrations during cardiac ischemia reperfusion  

 

 GSH nmol/mg protein 

Set C CP I IR5 IR30 

1 15.2 15.6 15.8 11.2 6.2 

2 13.5 17.6 15.3 11.4 8.1 

3 20.7 12.8 9.5 11.2 8.8 

4 16.2 18.8 19.2 14.0 9.4 

5 12.2 12.4 12.4 11.0 8.6 

Mean 15.6 15.4 14.4 11.8 8.2 

SD 3.2 2.8 3.7 1.3 1.2 

   

GSH concentrations were measured in cardiac ischemia/reperfusion samples: control (C), control perfusion (CP), 

ischemia (I), ischemia with reperfusion for 5 min (IR5) and ischemia with reperfusion for 30 min. Hearts were 

extracted as in section 2.2 and the method used for the measurement is described in detail in section 2.12. Results 

presented here are from the individual hearts in each treatment group.  
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Figure 5.4 Reduced glutathione depletion during cardiac ischemia/reperfusion  

Graph shows combined data from Table 5.2. Results are means ± SD; *significantly different from C, CP, and I 

(P < 0.05) by one way analysis of variance (ANOVA) using SigmaStat 3.1. Where treatments are control perfusion 

(CP), ischemia (I), ischemia with reperfusion for 5 min (IR5)  and ischemia with reperfusion for 30 min (IR30)..  

 

5.2.4 Protein carbonyl generation during cardiac ischemia/reperfusion   

Protein carbonyl formation during cardiac ischemia/reperfusion in mouse hearts was also 

estimated. Each treatment group contained at least five mouse hearts. Individual values obtained 

for proteins carbonyl content are shown in Table 5.3 and combined data is shown in Figure 5.5. 

Protein carbonyls were detected in the heart samples using ELISA based method where quantity 

of carbonyls in protein samples can be estimated by derivatisation with DNP and measuring it 

immunologically (refer chapter 2 for details), with no significant difference between the 

ischemia and control. Mean protein carbonyl values increased progressively following 

reperfusion with a significant 1.5 fold increase after 30 min. 
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Table 5.3 Protein carbonyl concentrations during cardiac ischemia reperfusion  

 

 Protein carbonyls (nmol/mg protein) 

Set C CP I IR5 IR30 

1 0.36 0.49 0.55 0.47  

2 0.45 0.35 0.38 1.30  

3 0.41 0.46 0.31 0.39 1.16 

4 0.37 0.52 0.47 0.43 0.48 

5 0.49 0.52 0.53 0.50 1.24 

6 0.69 0.64 0.64 0.60 0.68 

7 0.55 0.55 0.59 0.73 0.84 

Mean 0.47 0.50 0.49 0.63 0.88 

SD 0.12 0.09 0.12 0.32 0.32 

 

Table showing concentrations of protein carbonyls measured from cardiac ischemia/reperfusion treatment namely 

control (C), control perfusion (CP), ischemia (I), ischemia with reperfusion for 5 min (IR5) and ischemia with 

reperfusion for 30 min (IR30) using ELISA based method [225] as described in section 2.13. Only 5 of the 7 sets 

were analyzed at IR30, but significance remains if only the data from these sets are considered.     
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Figure 5.5 Protein carbonyl content during cardiac ischemia/reperfusion  

 

Graph shows combined data from Table 5.4. Results are means ± SD; *significantly different from CP (P < 0.05) by 

using single sample t-test on ratios. Where treatments are control perfusion (CP), ischemia (I), ischemia with 

reperfusion for 5 min (IR5)  and ischemia with reperfusion for 30 min (IR30). 

 

5.3 Discussion 

The data indicate that there is gradual rise in oxidation during reperfusion following ischemia, in 

particular, the depletion of GSH (section 5.2.3) and elevation of protein carbonyls (section 

5.2.4). This rise in oxidation is also accompanied with formation of an oxidized PKG dimer 

(section 5.2.1). 

GSH depletion during reperfusion following ischemia has been observed in mouse hearts when 

compared with control samples (Figure 5.4). However, this decline in GSH does not appear to 

coincide with the formation of GSSG. In general, GSH depletion can occur through three 

different ways, namely oxidation, conjugation and expulsion through the plasma membrane [84]. 

I can exclude oxidation to GSSG, but another major route of oxidation is glutathionylation. It 

could be part of protein oxidation observed in Chapter 3. The alternate explanation is increased 

GSH efflux. In a similar type of study in rat hearts Darley-Usmar et al [226] suggested that the 
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GSH depletion they observed could be due to loss of GSH into perfusate during hypoxia 

reoxygenation. They also suggested that larger changes are more likely when the cardiac system 

is exposed to external oxidants like H2O2, compared with smaller localized changes during 

hypoxia and reoxygenation. My results support this scenario. 

An increase in protein carbonylation during reperfusion, which became significant with longer 

duration, was also detected (Figure 5.6). These data are consistent with the rise of protein 

carbonylation observed in a number of related studies [205, 227-230]. Oxidative stress can result 

in the generation of aldehydes and ketones on protein amino acids. These protein are generally 

marked for proteolysis, but some escape degradation and accumulate as irreversible and 

unrepairable reactive carbonyl products [34, 35]. An increased level was detected in rat hearts 

following ischemia and further elevation was observed after reperfusion [227, 231]. In another 

study using rat hearts increased protein carbonylation was observed in myofibrillar protein actin 

after reperfusion [230]. Similarly, elevation in protein carbonyl content after 60 min of hypoxia 

was shown by Park et al [205]. Other studies have shown that preconditioning reduces protein 

carbonyl content [229, 231], resulting in some protection from ischemia/reperfusion injury. 

Protein carbonylation is generally considered to be an irreversible oxidative modification [36], in 

contrast to the reversible thiol oxidation observed in a number of proteins in chapter 3. 

PKG is a guanosine 3’, 5’–monophosphate (cGMP) – dependent protein kinase. It has been 

shown that oxidation of PKG to its dimer also results in activation [221]. The PKG activation 

pathway is normally activated through NO and mediated by cGMP. In spite of some 

disagreement, it is generally considered that cGMP declines after 20-30 min of ischemia [232-

236]. Interestingly, activation of PKG as a result of dimer formation was found to be 

independent of NO and the cGMP pathway [221]. In the case where cGMP falls below the 

needed concentration, activation of PKG might be an alternative cardio protective pathway for 

cardiomyocytes during ischemia/ reperfusion. Increased oxidation of many thiol proteins was 

observed during either ischemia or early phase of reperfusion (Chapter 3) and these appeared to 

reverse during later phase of reperfusion. There may be a PKG-dependent protective system 

activated during the process of ischemia/reperfusion. A cardio-protective function of PKG has 

been established previously [237, 238]. Since oxidative damage is one of the main contributors 

in ischemia/reperfusion injury, oxidative stress makers like PKG can be very useful clinically. 
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Oxidized form of PKG can be easily detected can serve as good indicator of oxidative damage in 

heart. There are various mechanisms through which PKG has been suggested to play this 

protective role. One of those is by regulating Ca2+ concentration inside cardiomyocytes. Ca2+ 

overload is one of the factors responsible of ischemia/reperfusion injury. Several proteins 

involved in direct or indirect regulation of Ca2+ inside cardiomyocytes were affected during 

ischemia/reperfusion. These proteins include SERCA and PLB [239-242]. 

Three different sets of bands at molecular weights of approximately 5, 25 and 115 kDa (Figure 

5.3 A) were observed when PLB immunoblotting of non-reducing gels was undertaken. The 

smallest protein at approximately 5 kDa represents monomeric PLB and no significant change in 

intensity of bands during any of the treatments was noticeable. Moreover the way it appeared 

interpretation was difficult. The middle set of bands corresponds to the pentameric position of 

PLB, with the band from ischemia treatment migrating faster as compared with control perfusion 

and short reperfusion. The upper band of the two became faint following reperfusion. Although it 

is difficult to explain the loss of this band, it might be due to a reversible oxidative modification 

at the antibody recognition site. In the high molecular weight complexes a strong band was 

observed during ischemia when compared to control perfusion, and these bands decreased 

following reperfusion. 

The higher region band is predicted to be SERCA and PLB complex because they are known 

interactors and several studies have observed their co-existence in that region [30, 223]. The 

disappearance of bands might be due degradation of SERCA as discussed in Chapter 3 (Figure 

3.19). The increase in the intensity of the high molecular weight bands suggests that PLB binds 

more strongly with SERCA during ischemia as compared with control perfusion, and the binding 

is likely to be via disulfide bridging (covalent bond formed between pair of cysteines [243]) as it 

can be reduced (Figure 5.3 B). From the data it can be suggested that PLB may be inhibiting 

SERCA during ischemia. One interesting study suggested that formation of disulfides in PLB 

resulted in relieving SERCA from its inhibition [30]. That might be the case here because the 

reduced form of the PLB pentamer is competent to form a disulfide with SERCA during 

ischemia. Formation of disulfide is consistent with protein oxidation observed during ischemia in 

chapter 3 and 4 of this study for example peroxiredoxin 3 forms more disulfide during ischemia. 

The activation state of SERCA is dependent on PLB, which normally exists in a pentameric state 
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but it dissociates to form an inhibitory complex with SERCA [29, 223, 242]. SERCA inhibition 

by PLB during ischemia could be one of the contributing factors for Ca2+ accumulation during 

cardiac ischemia/reperfusion. This Ca2+ might  result in activation of the protease calpain [201] 

and this can explain SERCA degradation during reperfusion. Ca2+ overload is one of the main 

contributors for cardiac ischemia/reperfusion damage. Inside cardiomyocytes, the sarcoplasmic 

reticulum (SR) is a major source of Ca2+ and its re-uptake by the SR is regulated by SERCA. 

Phosphorylation or dephosphorylation at Ser16 or Thr17of PLB determines whether it is activated 

or deactivated. In its active state PLB is bound to SERCA and decreases its affinity for Ca2+. 

When PLB is phosphorylated it undergoes a conformational change that renders it inactive. This 

activates SERCA, resulting in Ca2+ reuptake [30, 223, 244]. In an interesting study [223] 

crosslinking between Cys30 of PLB and Cys318 of SERCA was observed. More experiments are 

required before firm conclusions can be made. 



 141

Chapter 6: General Discussion 

The heart is a primary organ required to continuously pump circulating blood to the entire body. 

To accomplish the task, multiple contractions and relaxations per minute are necessary and the 

process of excitation-contraction coupling serves as the controlling mechanism [5]. This process 

is regulated by a number of proteins [7, 8] many of which are sensitive to oxidative changes [9, 

10]. Along with these, a number of other proteins involved in vital processes like oxidative 

phosphorylation and metabolism are redox sensitive [91]. One condition where these oxidative 

changes prevail is ischemia/reperfusion due to elevated reactive oxygen species generation [87, 

139, 187]. It is a complex process and is associated with mitochondrial dysfunction and calcium 

accumulation [2, 3] resulting in degradation of proteins with vital function in cardiac contraction 

[201]. These changes are accompanied by depletion of reduced glutathione[122] and 

accumulation of protein carbonyls [245]. This study attempted to enhance understanding by 

looking at both global and specific oxidative changes to thiol proteins, and relating these changes 

to general oxidative markers during ischemia/reperfusion in an isolated mouse heart model. 

The main finding of this study is that during ischemia/reperfusion thiol protein oxidative changes 

were mainly subtle, transient and targeted towards selective proteins. Many of the identified 

proteins are involved in crucial cardiac functions like energy production, ion transportation, 

redox regulation and metabolism. The reversibility is consistent with evidence in the literature 

[31, 102] that cardiac recovery by reperfusion after ischemia is possible, providing that the 

duration of ischemia does not exceed the limits where damage is irreversible. 

Ischemia/reperfusion injury can cause short-term reversible contractile dysfunction, intermediate 

myocardial stunning i.e. prolonged reversible contractile dysfunction, cellular necrosis and 

infarct with irreversible loss of function [3, 91, 246]. There are a number of studies showing 

major expression and oxidative changes to the cardiac proteome with longer durations of 

ischemia reperfusion [140-142, 189, 195] or exposure to external oxidants [152, 153]. However, 

it will be important to study the transient changes, as they might set the platform for major 

changes. In my study, oxidative changes were mainly evident during ischemia and early 

reperfusion, whereas reperfusion at the later stage was associated with recovery, except in the 

example of protein carbonyl accumulation that would take longer for the cells to remove. 
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Identification and validation of these transient changes is a challenging task, due to the fact that 

many of the proteins are in low abundance. However, I had success using modern proteomic 

techniques, and as this technology continues to evolve valuable new insight will be obtained. 

6.1 ICAT method for thiol redox proteomics  

Advanced proteomics approaches have great potential in the field of redox biology. Thiol protein 

oxidation can play a protective or regulatory function when it is reversible, as in disulfide 

formation [203], sulfenation [247], nitrosylation [248] and glutathionylation [249]. The effect is 

more damaging if the modification is irreversible, like formation of sulfonic acid or adducts with 

oxidation products such as 4-hydroxynonenal [250]. Identifying and monitoring these 

modifications will be vital in understanding the role of these redox changes. 

Although there are methods described in the literature for carrying out global comparative 

proteomics, the ICAT approach appears to be the method of choice. An IAF labelling approach 

for oxidized thiols with prior blocking of free thiols with NEM, described by Baty et al [147] 

was used in this study. The approach is a very quick and effective way of looking at oxidative 

changes but it is difficult to pick up subtle but potentially important changes. This approach 

shares all the disadvantages of 2DE and is further complicated by needing to align fluorescent 

images with protein staining images to excise spots for identification by mass spectrometry. 2DE 

suffers from drawbacks including poor resolution of certain proteins, for example hydrophobic 

membrane proteins or those with out of range pI like succinyl-CoA ligase (pI 9.46), cytochrome 

c oxidase VIb-1 (pI 8.96). Low abundance proteins may be masked with high abundance ones. 

Many of the disadvantages mentioned above might be cause of failure of the 2DE method used 

in this study, where oxidative changes were subtle and difficult to pick. ICAT itself is not perfect 

as there can be problems with identifying peptides from proteins with poor tryptic digestion, 

weak retention on the reverse phase HPLC column, and poor ionization and/or fragmentation in 

MS. These issues can be solved to some extent by using alternative enzymes like chymotrypsin, 

or altering HPLC parameters. It served as an effective approach for detecting oxidative change in 

this study. Still there is room for improvement by overcoming these limitations.  
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The ICAT strategy used in this study was unable to distinguish between types of reversible 

modification. However, it could be adapted to include specific reduction strategies. The thiol 

specific reagents, IAM and maleimide, attached to biotin or fluorescent tags, have been used to 

identify reversible oxidative modifications by combining them with specific reduction steps. For 

example, S-nitrosothiols have been identified by reduction with ascorbate [251, 252], mixed 

disulfides (S-glutathionylation) with glutaredoxin [253], protein disulfides with thioredoxin 

[254], and sulfenic acids with arsenite [255]. ICAT in combination with specific reduction 

strategies might be a valuable addition to the current approach. However there are other 

oxidative modifications like protein carbonylation, tyrosine nitration which are irreversible in 

nature so alternative approaches like ELISA [225] or western blotting [256] to detect protein 

carbonylation and mass spectrometry [257] or anti NT antibody [250] to detect tyrosine nitration 

are also required. 

The ICAT approach in this study identified 18 peptides showing oxidative change during 

ischemia/reperfusion, whereas more than 100 remained unchanged. Some of the changes were 

very interesting, suggesting that mitochondrial proteins are a main target of oxidants during 

ischemia/reperfusion, along with proteins involved in regulating important cardiac functions. It is 

interesting to compare these findings with other ICAT studies looking at global thiol oxidation. 

The main studies are by 1) Sethuraman et al [152] who identified heart membrane protein thiols 

sensitive to H2O2 treatment, 2) Fu et al [153] who looked at oxidized thiols in heart extracts 

treated with H2O2, and 3) Leichert et al [176] who looked at oxidant (H2O2, NaOCl) sensitive 

thiol proteins in E. coli. Sethuraman et al and Fu et al used a forward labelling approach to detect 

thiol oxidation and identified 18 and 50 H2O2 sensitive peptides respectively. In their systems 

free thiols were labelled with ICAT and oxidized thiols remain unlabelled. Thus a decrease in 

labelling was considered to represent oxidation of thiols. Forward and backward labelling have 

their own pros and cons. A forward labelling strategy could be affected by spontaneous cysteine 

oxidation during sample extraction and analysis, whereas the backward strategy needs extra 

reagent cleanup steps and is reliant on effective blocking and reduction steps. The added 

advantage of the backward strategy is labelling many proteins thiols that could be buried inside 

the protein and be inaccessible to ICAT reagent if no reduction is performed. Leichert et al 

labelled free thiols with light ICAT tag and reversibly oxidized thiols with heavy tag following 
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reduction with TCEP. They identified around 120 peptides. Their method could be advantageous 

because the proportion of oxidation is monitored within each sample. The possibility of false 

positives due to artefactual oxidation still cannot be excluded from the method. All the above 

mentioned studies picked up more oxidant sensitive peptides than in this study. This might be 

explained by the fact that they used external oxidants as compared with this study where 

oxidants were internally generated. 

Combining light with heavy NEM isotopic labelling for quantification of oxidized thiols in 

specific protein is an alternative to the ICAT method. Successful application of the method for 

global quantitative proteomics has been already shown [258]. For redox proteomics the strategy 

was to label free thiols with NEM (H5) and then reduce oxidized thiols to label with 5 Da 

heavier NEM (D5). The ratio of heavy/light can estimate proportion of oxidized thiols. The 

method has great potential when used in combination with a method like ICAT but it had limited 

success in the pilot experiments with SERCA performed in this study. The major barrier was 

finding an antibody with good immunoprecipitation capabilities. However, further improvements 

in the method should be achievable and might make it the method of choice for examining the 

oxidation state of specific thiol proteins of interest. 

6.2 Mitochondrial protein oxidation during ischemia/reperfusion  

A consensus is emerging from a number of studies that mitochondrial dysfunction is a major 

causative agent in tissue injury during cardiac ischemia and reperfusion [87, 91, 259]. ATP is 

depleted following ischemia, ion pumps are impaired and as consequence, Ca2+ starts 

accumulating in the cardiomyocytes leading to further depletion of ATP. Reperfusion restores 

ATP to some extent, but by that time damage to the electron transport chain increases ROS 

production [40, 87, 91]. Oxidative stress has been extensively studied as a major cause of 

ischemia/reperfusion damage [218], and there is evidence of H2O2, O2
·-, OH· and ONOO- 

production during ischemia/reperfusion [260-264]. 

Interestingly, changes happened during ischemia or the early phase of reperfusion. In spite of 

some discrepancies, the generation of ROS has been observed during ischemia [156, 265] and 
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reperfusion [265, 266]. However, it is difficult to distinguish between the two because of 

technical issues in producing complete ischemic stage [87]. 

Mitochondrial proteins are likely targets of the oxidants generated during ischemia/reperfusion 

[87]. In this study oxidative changes were observed in the ion channels VDAC and SERCA, and 

in components of the electron transport chain. Sensitivity of mitochondrial electron transport 

chain complexes in the form of damage and reduced activity of complex I, II and III to 

ischemia/reperfusion has been observed by a number of authors [100, 104, 267]. VDAC was also 

observed to contribute to ischemia/reperfusion damage by forming mitochondrial permeability 

transition pores in association with other proteins [268]. These ion channels regulate the process 

of excitation-contraction coupling by using energy from ATP [7], and oxidative changes during 

ischemia/reperfusion might impair the cardiac contraction [114]. Other ion channel proteins 

involved in the process of cardiac contraction are NCX and RyR. It would have been interesting 

to determine if these proteins underwent redox changes. Unfortunately this was not possible, 

either because they were not extracted or they were not compatible with the ICAT technique. 

This might be overcome with a better extraction method like the one suggested by Babu et al 

[202], or by using the NEM (D5) approach in combination with specific antibodies. Another 

important protein found to be oxidized during ischemia was the antioxidant peroxiredoxin 3. 

This mitochondrial protein underwent oxidation during cardiac ischemia whereas cytosolic 

peroxiredoxins 1 and 2 did not, suggesting that oxidative stress may be localized. Peroxiredoxin 

3 [269] is reported to have a protective role in heart mitochondria [270]. 

It is potentially possible to manipulate the processes described above to limit injury [87], 

provided protection occurs before irreversible changes [239]. Different strategies have been used 

for cardioprotection including pre-conditioning [118, 119], post-conditioning [271], or treatment 

with antioxidants [272, 273], Na+-H+ exchange inhibitors [113], kinase activators [274], protein 

kinase C inhibitors [275], or inhibitors of mitochondrial permeability transition pore [276]. Pre- 

conditioning is most widely used, and it involves a brief period of ischemia separated by another 

brief period of reperfusion. The mechanism of protection is not completely understood but hearts 

have been observed to have less anaerobic glycolysis, reduced acidosis, and slower depletion of 

ATP during sustained ischemia [89, 277]. Activation of signalling pathways is also known to 

provide protection following pre-conditioning. These include activation of PI3 kinase via G 
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protein-coupled receptors and consequent activation of other signalling cascades via 

phosphoinositide-dependent protein kinase 1 [87]. 

Intervention with free radical scavengers and other antioxidants has shown beneficial effects on 

ischemia/reperfusion injury [278, 279]. Overexpression or knockout studies of antioxidant genes 

appear to support these observations [280-282]. In contrast, antioxidants may inhibit the 

cardioprotective function of oxidants [283-285]. Activation of PKG by dimer formation during 

oxidative stress was reported by Burgoyne et al [221] and confirmed in this study. This active 

form of PKG has cardioprotective function, possibly through inhibition of mitochondrial 

transition pore opening. Antioxidants might impair the activation of PKG. 

Overproduction of NO can cause irreversible damage during ischemia/reperfusion damage [91, 

216], however it also appears to have protective activity at lower concentrations [286, 287]. 

Nitric oxide synthase (NOS) enzyme is the main source of endogenous NO generation and it is 

regulated by number of signalling pathways that are activated during ischemia/reperfusion and 

preconditioning [216]. In mice overexpressing eNOS, a reduction in myocardial infarct size and 

preservation of left ventricular pressure was noticed during ischemia or ischemia/reperfusion 

[288-290]. NO-based protection was compromised when the NOS inhibitor, N(G)-nitro-L-

arginine methyl ester (L-NAME) was used [288, 289]. Likewise eNOS knockout studies 

suggested augmentation of infarct size [291] and myocardial necrosis [281] after 

ischemia/reperfuson injury. The exact mechanism is not clear, but the possible cardioprotective 

effects of NO include reversible inhibition of electrons entering electron transport chain, a 

reduction in ROS generation activating cardioprotective cascades, and the inhibition of 

cytochrome c oxidase activity [216]. NO can protect proteins from irreversible oxidation via S-

nitrosylation of proteins [87]. 

6.3 Summary and Future Directions 

A powerful proteomics strategy was utilized to identify 18 proteins that became oxidized during 

ischemia and reperfusion. Many of the modified proteins are known to be redox-sensitive and 

their oxidation is expected to contribute to tissue injury. There are a number of follow-up 

experiments that would provide valuable insight. The first would involve validation and 
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characterisation of the initial set of target proteins. First, the ICAT methodology could be 

adapted to enable concurrent measurement of oxidative and expression changes by choosing to 

label either selectively oxidized (or reduced) cysteine or all the cysteines respectively. It would 

also be valuable to directly measure the oxidation of target proteins, thereby confirming 

oxidation with a second method, and also making it easier to monitor redox changes in tissues at 

a greater number of times. This would provide more detailed understanding of the sequence of 

events during ischemia and reperfusion. Selection of mitochondrial and non-mitochondrial 

proteins would enable monitoring of oxidation in different compartments. 

Another approach of interest would be to compare the pattern of thiol changes observed in this 

study with those triggered by other inducers of oxidative stress. Hearts could be reperfused with 

solutions that contain oxidants such as H2O2, or a drug such as antimycin A that stimulates free 

radical production from mitochondria. Comparison of the redox changes may provide insight 

into the nature and source of the oxidants generated during ischemia and reperfusion. 

The other aspect of this study that would be of interest to follow up would be improving the 

methodology to detect thiol protein oxidation. The ICAT method is capable of detecting 

thousands of peptides, and it would be great if changes in thiol status could be achieved for all of 

them. Attempted improvements could include sub-cellular fractionation and selective 

purification procedures. Also, it would be of interest to use more selective reductants than DTT 

to monitor specific oxidative modifications. Monitoring of specific proteins involved in ion 

channels and calcium metabolism including the sodium calcium exchanger, ryanodine receptor 

and L type calcium channels, with the NEM method would also provide useful information. 

Finally, the ultimate goal would be the development of interventions that protect the heart from 

ischemia/reperfusion injury. From the results in this study it can be proposed that if thiol 

oxidation contributes to cardiac dysfunction, there is an opportunity for antioxidant protection 

during the reperfusion phase, in an attempt to prevent the irreversible damage and serious 

myocardial dysfunction. 
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Appendix - I 

 

 

Figure I. 1: Interface of GPS explorer software to specify parameters for ICAT quantitation (image adapted 

from Applied Biosystems manual)    
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Figure I. 2: GPS explorer software result browser window for analysis of ICAT data (image adapted from 
Applied Biosystems manual) 
 

 

Figure I. 3: Parameters used in Mascot interface to obtain protein identification 
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Appendix - II 

 

Figure II. 1: First set of hearts showing spots identified comparison in IAF labelled 2D gels   

(A) Control perfusion (B) ischemia (C) ischemia/reperfusion for 5 mins and (D) ischemia/reperfusion for 30 mins 

treated mouse heart samples. Tissue extraction was carried out using NP-40 lysis buffer with 100 mM NEM (refer 

chapter 2 for methods). Tissue extracts were resolved in first dimension using pH 3-10 non-linear gradient 

isoelectric focusing strips and in second dimension using 12% SDS-PAGE. IAF labelled gel image were viewed 
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using FX imager by Bio-Rad. Same letter was assigned to corresponding spots in each gel. Circles as shown in C 

where spots were unmatched.   

 

Figure II. 2: Second set of hearts showing spots identified comparison in IAF labelled 2D gels  

Conditions same as Figure II.1  
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Figure II. 3: Third set of hearts showing spots identified comparison in IAF labelled 2D gels 

Conditions same as Figure II.1  
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Appendix III 

Table III.1: Unique peptides seen only in one of the sample pairs from control perfusion vs. ischemia/reperfusion hearts  

Protein Name Ischemia ICAT ratio (H/L) 
Inorganic pyrophosphatase 2, mitochondrial precursor  ADCKEEHDIPR 0.82 
Alpha-2-HS-glycoprotein precursor  ANLMHNLGGEEVSVACK 1.32 
isovaleryl coenzyme A dehydrogenase  ASGAVGLSYGAHSNLCVNQIVR 1.06 
Vinculin  CDRVDQLTAQLADLAAR 1.27 
laminin, alpha 2  CECEHNTCGESCDR 1.17 

60 kDa heat shock protein, mitochondrial CEFQDAYVLLSEK 0.45 

myosin binding protein C, cardiac  CEVSDENVR 0.81 
transmembrane emp24 protein transport domain containing 9  CFIEEIPDETMVIGNYR 3.10 

Pyruvate kinase isozymes M1/M2  CLAAALIVLTESGR 0.92 
ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 isoform b  CLALATHDNPLKR 0.77 

vesicle-associated membrane protein, associated protein B and C  CVFELPAENAKPHDVEINK 1.01 
ceruloplasmin isoform b DCNKPSPEDNIQDR 1.03 
Calreticulin precursor  DMHGDSEYNIMFGPDICGPGTK 0.87 
NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 7  DSFPNFLACK 1.04 

Dihydrolipoyllysine-residue succinyltransferase component of 2-
oxoglutarate dehydrogenase complex,  

EAQNTCAMLTTFNEVDMSNIQEMR 0.92 

basal cell adhesion molecule, isoform CRA_b  EGVSCEASNIHGK 0.93 
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein, gamma polypeptide 

ELEAVCQDVLSLLDNYLIK 0.71 

translocase of inner mitochondrial membrane 10 homolog  EVKPEEVTCSEHCLQK 0.74 

malic enzyme 3, NADP(+)-dependent, mitochondrial (predicted), 
isoform CRA_b 

FGINCLIQFEDFANANAFR 1.21 

PDZ and LIM domain protein 1  GHFFVEDQIYCEK 0.56 
Pyruvate kinase, muscle GIFPVLCK 2.29 
FK506 binding protein 1a GQTCVVHYTGMLEDGKK 1.18 
peroxiredoxin 5 precursor  GVLFGVPGAFTPGCSK 1.03 
Sarcalumenin precursor GYPFNDVCQWFIDR 0.81 
sulfite oxidase HEVTVTLQCAGNR 0.93 
Cytochrome c1, heme protein, mitochondrial precursor  HGGEDYVFSLLTGYCEPPTGVSLR 1.04 
nidogen 1  HQCSVHAECR 1.04 
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Tu translation elongation factor, mitochondrial HYAHTDCPGHADYVK 0.59 
Adenylosuccinate synthetase isozyme 1  ICDLLSDFDEFSAR 0.80 
phosphoglycerate mutase 2  IEFDICYTSVLK 0.74 
myosin binding protein C, cardiac IHLDCPGSTPDTIVVVAGNK 0.78 
Acetyl-CoA acetyltransferase, mitochondrial precursor  IHMGNCAENTAK 0.90 
glutamate dehydrogenase 1 IIKPCNHVLSLSFPIR 0.92 
peptidylprolyl isomerase A  IIPGFMCQGGDFTR 1.13 
3-hydroxyisobutyryl-CoA hydrolase, mitochondrial precursor  INSCFSANTVEQIIENLR 0.90 

Aspartate aminotransferase, mitochondrial precursor  IPEQSVLLLHACAHNPTGVDPRPEQWK 1.01 
ubiquitin-conjugating enzyme E2D 1, UBC4/5 homolog  IYHPNINSNGSICLDILR 0.74 
Glutathione S-transferase Mu 3  KHNLCGETEEER 0.96 
COX17 homolog, cytochrome c oxidase assembly protein KPLKPCCACPETK 0.65 
coiled-coil-helix-coiled-coil-helix domain containing 2 LCEGFNEVLR 1.20 
Creatine kinase, sarcomeric mitochondrial precursor  LGYILTCPSNLGTGLR 1.05 
ATP synthase, H+ transporting, mitochondrial F1 complex, alpha 
subunit, isoform 1, isoform CRA_a  

LYCIYVAIGQK 1.27 

thioredoxin  MIKPFFHSLCDK 1.10 
NADH dehydrogenase (ubiquinone) flavoprotein 1, isoform CRA_a  NACGSDYDFDVFVVR 0.77 

AFG3-like protein 2  NAPCILFIDEIDAVGR 0.93 
eukaryotic translation initiation factor 1 NICQFLIEIGLAK 0.74 
Sarcalumenin precursor NPGAPNCDKTGCGETPK 0.45 
methionine sulfoxide reductase B2 QCEAHLGHVFPDGPKPTGQR 1.17 
NADH dehydrogenase (ubiquinone) flavoprotein 1, isoform CRA_a  QIEGHTICALGDGAAWPVQGLIR 0.88 

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10 RVPDITECK 0.74 

acetyl-CoA synthetase 2-like  SCPTVQHVLVAHR 1.10 
Fibulin-5 precursor SCQDINECEHR 1.06 
LRP16-like protein  SCYLSSLDLLLEHR 0.96 
caveolin 1  SFLIEIQCISR 1.71 
eukaryotic translation elongation factor 1 alpha 2  SGDAAIVEMVPGKPMCVESFSQYPPLGR 0.95 
basigin isoform 2 SGEYSCIFLPEPVGR 0.88 
histidine triad nucleotide binding protein 2  SLPADILYEDQQCLVFR 0.84 
oxoglutarate dehydrogenase  SMTCPSTGLEEDVLFHIGK 0.97 
eukaryotic translation elongation factor 1 beta 2  SYIEGYVPSQADVAVFEAVSGPPPADLCHALR 0.62 

fumarylacetoacetate hydrolase TFLLDGDEVIITGHCQGDGYR 0.67 
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myosin binding protein C, cardiac  THCVVSELIIGNGYYFR 0.77 

electron transferring flavoprotein, alpha polypeptide TIYAGNALCTVK 1.36 

malate dehydrogenase 1, NAD (soluble), isoform CRA_c  VIVVGNPANTNCLTASK 1.02 

coiled-coil-helix-coiled-coil-helix domain containing 3  YEYHPVCADLQTK 0.91 
 Ischemia 5 min reperfusion  
Fructose-bisphosphate aldolase A  ALSDHHVYLEGTLLKPNMVTPGHACTQK 0.58 
Isocitrate dehydrogenase [NADP], mitochondrial DLAGCIHGLSNVK 0.71 
oxoglutarate dehydrogenase FGLEGCEVLIPALK 1.78 
thiosulfate sulfurtransferase, mitochondrial HVPGASFFDIEECR 1.13 
acetyl-Coenzyme A dehydrogenase, short chain  IGIASQALGIAQASLDCAVK 0.79 
myoglobin KHGCTVLTALGTILK 1.03 
transferrin KPVDQYEDCYLAR 0.78 
Glycogen phosphorylase, muscle form QLLNCLHIITLYNR 1.01 
NADH dehydrogenase ubiquinone flavoprotein 1 precursor YLVVNADEGEPGTCK 1.30 
 Ischemia 30 min reperfusion  
Thioredoxin-dependent peroxide reductase, mitochondrial precursor 
(Peroxiredoxin-3)  

AFQFVETHGEVCPANWTPESPTIKPSPTASK 0.89 

mitochondrial short-chain enoyl-coenzyme A hydratase 1 ALNALCNGLIEELNQALETFEQDPAVGAIVLTGGDK 0.84 
heat shock protein 90kDa alpha  CLELFSELAEDKENYK 0.69 
Aconitate hydratase, mitochondrial precursor  CTTDHISAAGPWLK 1.10 
ubiquinol-cytochrome c reductase hinge protein DHCVAHKLFK 0.97 
NADH dehydrogenase (ubiquinone) Fe-S protein 5 EWIECAHGIGGTR 0.88 
CDGSH iron sulfur domain 1  FPFCDGAHIK 1.07 
Isochorismatase domain-containing protein 2A, mitochondrial GLQVHVVVDACSSR 0.81 
Malate dehydrogenase, mitochondrial  GYLGPEQLPDCLK 0.99 
triosephosphate isomerase  IAVAAQNCYK 1.04 
Peptidyl-prolyl cis-trans isomerase, mitochondrial precursor  KIVITDCGQLS 0.77 
D-dopachrome decarboxylase  LCAATATILDKPEDR 0.87 
Cytochrome b-c1 complex subunit 1, mitochondrial LCTSATESEVTR 1.12 
heat shock 70kDa protein 9A MEEFKDQLPADECNK 0.87 
perlecan NIGASVEFHCAVPNER 0.88 
ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d SCAEFVSGSQLR 0.97 
nucleoside-diphosphate kinase 2 SCAHDWVYE 1.04 
Dihydrolipoyl dehydrogenase, mitochondrial precursor  VCHAHPTLSEAFR 0.96 
Aspartate aminotransferase, mitochondrial precursor  VGAFTVVCK 0.89 
Cytochrome b-c1 complex subunit 1, mitochondrial precursor  VYEEDAVPGLTPCR 0.89 
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NADH dehydrogenase (ubiquinone) flavoprotein 1 YLVVNADEGEPGTCK 1.13 
oxoglutarate dehydrogenase  YPNAELAWCQEEHK 0.87 

 

The Table shows the name of the protein and peptide where thiol group was modified with ICAT reagent. ICAT ratios for each peptide are shown as average of 

MALDI TOF/TOF and Orbitrap data.. 

 
 
 
 


