
PROTEOMIC ANALYSIS OF HEART FAILURE: INSIGHTS INTO 
MYOFIBRIL ASSEMBLY AND REGULATION  

 

 

by 

 

Brian Allan Stanley 

 

 

 

 

 

A thesis submitted to the Department of Physiology 

In conformity with the requirements for 

the degree of Doctor of Philosophy 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(December, 2007) 

 

Copyright ©Brian Allan Stanley, 2007 



  ii

Abstract 

Heart failure (HF) is a prevalent disease in society which is associated with decreased cardiac 

output.  This thesis describes the proteomic analysis of cardiac tissue obtained from HF patients 

and a transgenic animal model of HF. Initial experiments optimized one proteomic technology, 2-

dimensional gel electrophoresis (2-DE), to maximize the number of proteins which could be 

observed / resolved from human cardiac tissue.  Protein abundance changes in cardiac tissue 

between normal patients and those with a diagnosis of ischemic cardiomyopathy were determined 

by performing 2-DE and identifying proteins by mass spectrometry.  HF patients had a reduced 

abundance of proteins involved in energy production and the sarcomere.  Sarcomeres contain the 

myofilament subproteome consisting of thick and thin filaments with the thick filaments 

primarily myosin.  Thick and thin filament undergo Ca2+ induced ATP hydrolysis to form 

crossbridge cycles, resulting in muscle contraction.  An assembly chaperone for myosin, UNC-

45B, was found to be increased in HF patients.  Western blot analysis confirmed that the 

abundance of UNC-45B was increased in different etiologies of heart failure.  Follow up 

physiological measurements demonstrated that UNC-45B is most likely a protein necessary for 

transcriptional control of the α-isoform of myosin heavy chain.  In a second proteomics study, 

abundance changes occurring in a pacing induced model of HF in wild-type (WT) and transgenic 

(TG) rabbits with increased expression of the α-isoform of myosin heavy chain were examined.  

WT and TG rabbits had a different response in their myofilament and intermediate filament 

abundance changes following induction of HF.  TG rabbits had a decreased abundance of heat 

shock proteins and non-sarcomeric associated desmin.  As well, TG rabbits had an increased ratio 

of actin:myosin heavy chain and UNC-45B suggesting an altered ratio of thick to thin filaments.  

In conclusion, an altered abundance of contractile proteins, regulated in part by UNC-45B, may 

be one cause of the contractile dysfunction which occurs in HF.  



  iii

Co-Authorship 

In this thesis, I optimized 2-DE conditions and performed the separation of human HF tissue 

extracts which included the running of 1-DE, 2-DE, spot matching and protein identification by 

MALDI-TOF MS.  Dr. Sara Arab and Dr. Peter Liu (University of Toronto, Canada) obtained the 

ethical approval and human left ventricular tissue used for this analysis, whereas Dr. Dawn Chen 

(Johns Hopkins University, Baltimore, USA) obtained MS/MS sequence information for UNC-

45B.  Furthermore, I determined the appropriate amino acid sequence for the generation the 

UNC-45B antibody (BSG-1) and performed all 1-DE and 2-DE western blots. Immuno-

cytochemistry and siRNA experiments for UNC-45 on rat neonatal cardiomyocytes were 

performed by James Shaw and Dr. Lorrie Kirshenbaum (University of Manitoba, Canada).   

For the analysis of the TG rabbit model of HF, Dr. Jeannie James and Dr. Jeffery 

Robbins (University of Cincinnati, Cincinnati, USA) generated the α-MHC expressing rabbits 

and induced HFin both these and wild type rabbits and Dr. David Graham (Johns Hopkins 

University, Baltimore, USA) performed tissue extractions on cardiac tissue. Roberto Diez (Johns 

Hopkins University, Baltimore, USA) assisted in the running of gels for wild type and transgenic 

rabbits. I performed the statistical analysis of spot volumes, manually confirmed abundance 

changes and identified proteins using MALDI-TOF MS.  These identifications were confirmed by 

MS/MS analysis which was performed by Dr. Dawn Chen (Johns Hopkins University, Baltimore, 

USA). In addition, I isolated myofibril proteins from rabbit tissue, performed myosin ATPase 

assays and identified myofibril proteins by MALDI-TOF MS.     

 



  iv

Acknowledgements 

I would like to thank all of my co-authors for their collaboration and assistance in all aspects of 

this work.  I would like to thank the members of the Van Eyk lab both past and present for 

thoughtful discussions and assistance in developing my technical skills in proteomics.  I would 

also like to thank Lesley Kane for careful review of this manuscript.  Foremost, however, I would 

like to thank Dr. Jennifer Van Eyk for being an excellent mentor and for allowing me to grow as a 

scientist.  Considerable thanks must also go to my family for their support over the many years of 

this degree.   

 



  v

Table of Contents 
Abstract ............................................................................................................................................ii 
Co-Authorship ................................................................................................................................iii 
Acknowledgements......................................................................................................................... iv 
Table of Contents............................................................................................................................. v 
List of Figures ...............................................................................................................................viii 
List of Tables ................................................................................................................................... x 
List of Abbreviations ......................................................................................................................xi 
Chapter 1 Introduction ..................................................................................................................... 1 

1.1 Disease is Defined by a Specific Proteome ........................................................................... 1 
1.2 Proteomic Technologies Used in Obtaining a Disease Fingerprint ....................................... 5 

1.2.1 Tissue Extraction ............................................................................................................ 5 
1.2.2 Protein Separation Technologies in Proteomics: 2-DE................................................... 8 
1.2.3 Protein Separation Technologies in Proteomics: LC .................................................... 12 
1.2.4 Protein Identification .................................................................................................... 13 
1.2.5 Quantification of Protein Species from Gels ................................................................ 18 

1.3 Proteomic Analysis of Heart Failure.................................................................................... 19 
1.3.1 Role of Contractile Dysfunction and Heart Failure ...................................................... 21 

1.4 Different Strategies for Analyzing Heart Failure................................................................. 25 
1.4.1 Human Tissue ............................................................................................................... 25 
1.4.2 Animal Models of HF ................................................................................................... 28 
1.4.3 Genetically Engineered Rabbits and HF....................................................................... 28 

1.5 Outline of Thesis.................................................................................................................. 33 
Chapter 2 Materials and Methods .................................................................................................. 34 

2.1 Tissue Acquisition ............................................................................................................... 34 
2.2 Protein Extraction ................................................................................................................ 35 

2.2.1 Optimization of Extraction Conditions ......................................................................... 35 
2.2.2 Protein Extraction for the Analysis of Heart Failure .................................................... 35 
2.2.3 Isolating Myofibrils from Rabbits................................................................................. 37 

2.3 1-Dimensional Gel Electrophoresis  (1-DE; SDS-PAGE)................................................... 38 
2.4 2-Dimensional Gel Electrophoresis (2-DE)......................................................................... 38 

2.4.1 2-DE of Human Tissue ................................................................................................. 38 
2.4.2 2-DE Analysis of TG Rabbits ....................................................................................... 39 



  vi

2.5 Western Blotting .................................................................................................................. 41 
2.6 Image Acquisition................................................................................................................ 42 
2.7 Image Analysis..................................................................................................................... 43 
2.8 Protein Identification: .......................................................................................................... 43 

2.8.1 Peptide Extraction from Gel Pieces .............................................................................. 43 
2.8.2 MALDI-TOF MS.......................................................................................................... 44 
2.8.3 MS/MS Analysis........................................................................................................... 45 

2.9 Ca2+ Activated ATPase Assay ............................................................................................. 45 
2.10 Rat neonatal cardiomyocytes ............................................................................................. 46 

2.10.1 Expression of UNC-45B or UNC-45B siRNA ........................................................... 46 
2.10.2 Immunocytochemistry to MHC .................................................................................. 47 

Chapter 3 Optimizing Conditions for 2-Dimensional Gel Electrophoresis ................................... 48 
3.1 Optimizing Extraction Conditions for 2-DE of Human LV Tissue ..................................... 48 
3.2 Altering Isoelectric Focusing Conditions ............................................................................ 53 
3.3 Mix and Matching Detergents between Extraction and IEF................................................ 55 
3.4 Summary of Chapter 3 ......................................................................................................... 58 

Chapter 4 Analysis of Human Heart Failure Patients by 2-DE ..................................................... 60 
4.1 Tissue Acquisition and Protein Separation .......................................................................... 60 
4.2 Determining Abundance Changes and Protein Identity....................................................... 61 
4.3 Abundance Changes in UNC-45B ....................................................................................... 67 
4.4 Summary of Chapter 4 ......................................................................................................... 71 

Chapter 5 Characterization of the Role of UNC-45B in Heart Failure.......................................... 72 
5.1 Development of an Antibody Specific for Human UNC-45B ............................................. 73 
5.2 Quantitation of UNC-45B in Human HF............................................................................. 75 
5.3 Role of UNC-45 in Regulating MHC Expression and Hypertrophy ................................... 78 
5.4 Summary of Chapter 5 ......................................................................................................... 79 

Chapter 6 Proteomic Changes in Wild Type and Transgenic Rabbits with Heart Failure............. 80 
6.1 Proteomic Differences between Wild Type and Transgenic Rabbits .................................. 80 
6.2 Effect of pacing induced HF on the WT and TG proteome................................................. 87 
6.3 Direct Comparison of WT and TG Paced Rabbits............................................................... 91 
6.4 Examining the Myofibril Subproteome ............................................................................... 93 
6.5 UNC-45B in Rabbits Undergoing HF.................................................................................. 96 
6.6 Summary of Chapter 6 ......................................................................................................... 97 



  vii

Chapter 7 Discussion: .................................................................................................................... 99 
7.1 Technology ........................................................................................................................ 100 
7.2 Proteins with Altered abundance in End-Stage ICM Patients ........................................... 102 

7.2.1 Altered Abundance of Energetic Proteins in HF......................................................... 103 
7.2.2 Abundance Changes in Sarcomeric Associated Proteins............................................ 105 

7.3 Abundance Changes of UNC-45B in Heart Failure........................................................... 107 
7.3.1 Presence of UNC-45 in Human Myocardial Tissue.................................................... 107 
7.3.2 Total UNC-45 Increases in Human Disease ............................................................... 107 
7.3.3 UNC-45B is Critical for the Assembly of α-Myosin in Neonatal Cardiomyocytes ... 108 
7.3.4 UNC-45B Functions as a Transcriptional Regulator of α-MHC ................................ 109 
7.3.5 Implications of Alterations in UNC-45B on Sarcomere Assembly ............................ 111 
7.3.6 Future Directions for UNC-45B Research.................................................................. 112 

7.4 Limitations of Technology and Studies ............................................................................. 113 
7.5 Proteomic Analysis of Transgenic Rabbits ........................................................................ 113 

7.5.1 Differences in Sarcomeric Proteins between WT and TG Rabbits............................. 114 
7.5.2 Abundance changes in UNC-45B............................................................................... 119 
7.5.3 Abundance Differences in Energetic Proteins ............................................................ 120 
7.5.4 Abundance Differences in Stress Response Proteins.................................................. 122 

7.6 Benefits of a Proteomics Study.......................................................................................... 123 
7.7 Challenges Interpreting Data from Proteomic Studies....................................................... 123 
7.8 Summary of Discussion ..................................................................................................... 125 

Appendix A.................................................................................................................................. 139 

 

 

 



  viii

List of Figures 
Figure 1.1: Illustration of the complexity of protein formation/localization. ................................. 4 

Figure 1.2: Illustration of detergent structures. ............................................................................... 7 

Figure 1.3: Illustration of the relative separation of 1-DE and 2-DE............................................. 10 

Figure 1.4: Overview of the methodology of MS and MS/MS...................................................... 16 

Figure 1.5: Illustration of sarcomeric structure and proteins ......................................................... 20 

Figure 1.6: Illustration of increased α-MHC in TG rabbits ........................................................... 30 

Figure 1.7: Illustration of the method of inducing HF by pacing .................................................. 31 

Figure 3.1: Effect of different extraction buffers on protein solubility. ........................................ 50 

Figure 3.2: Effect of different types of detergents during extraction on 2-DE performance. ........ 51 

Figure 3.3: Effect of different zwitterionic detergents during extraction on 2-DE performance... 52 

Figure 3.4: Effect of altering detergent in IEF buffer on 2-DE performance. .............................. 54 

Figure 3.5: Effect of “mixing and matching” extraction/IEF buffers on 2-DE performance ........ 57 

Figure 3.6: Schema illustrating effect of different extraction/IEF buffers on 2-DE performance. 59 

Figure 4.1: Protein abundance changes between ICM and normal patients by 2-DE.................... 62 

Figure 4.2: MALDI-TOF and LC-MS/MS spectra for UNC-45B................................................. 68 

Figure 4.3: Summary of peptides identified by MS and MS/MS for UNC-45B ........................... 69 

Figure 5.1: 1-DE and 2-DE western blot of UNC-45B from human cardiac tissue ...................... 74 

Figure 5.2: Increased UNC-45B in two spots from ICM patients by 2-DE................................... 76 

Figure 5.3: Western blot analysis for UNC-45B in ICM and DCM patients................................. 77 

Figure 6.1: 2-DE of sham operated and paced wild-type rabbits................................................... 85 

Figure 6.2: Abundance changes between sham operated wild type and transgenic rabbits........... 86 

Figure 6.3: Abundance changes between sham operated and paced wild type rabbits.................. 88 

Figure 6.4: 2-DE of sham operated and paced transgenic rabbits.................................................. 89 

Figure 6.5: Abundance changes between sham operated and paced transgenic rabbits ................ 90 

Figure 6.6: Abundance changes between paced wild type and transgenic rabbits......................... 92 

Figure 6.7: Quantitation of sarcomere proteins from 2-DE of wild type and transgenic rabbits... 94 

Figure 6.8: Quantitation of sarcomere proteins from 1-DE of isolated myofibrils........................ 95 

Figure 6.9: Western blot quantitation of UNC-45B from wild type and transgenic rabbits .......... 98 

Figure 7.1: Illustration of a possible mechanisms of myosin regulation ..................................... 110 
Figure 7.2: Different pools of myofilament proteins exist in cardiomyocytes ............................ 116 

Figure A1: Immunocytochemistry for MHC in neonatal cardiac myocytes................................ 139 



  ix

Figure A2: α-MHC promoter activity in rat neontal ventricular cardiomyocytes during  knock-

down and over-expression of UNC-45B...................................................................................... 140 

Figure A3: Quantitation of actin and MHC from HF patients by 1-DE ...................................... 141 

Figure A4: 1-DE of isolated myofibrils from rabbits with molecular weight markers................ 142 

 

 

 

 



  x

List of Tables 
Table 1.1: Echocardiographic properties of rabbits before and after pacing protocol ................... 32 

Table 1.2: Hemodynamic properties rabbits before and after pacing protocol.............................. 32 

Table 2.1: List of 2-DE buffers used for optimizing tissue extraction........................................... 36 
Table 2.2: List of 2-DE buffers used for optimizing IEF............................................................... 36 
Table 3.1: Properties of select proteins and their abundance using different IEF buffers ............. 56 
Table 4.1: Proteins identified by MALDI-TOF MS from ICM patients........................................ 63 
Table 4.2: Physiochemical properties of the gene products of unc-45b splic variants .................. 70 
Table 6.1: MS identification of 2DE spots which had abundance differences in rabbits .............. 82 

Table A1: MS identification of proteins with an abundance change in ICM patients ................. 143 

Table A2: MS identification of myofibril proteins from rabbits.................................................. 143 

Table A3: Peptides identified by MS/MS for proteins changing in rabbits ................................. 144 

 

 

 

 



  xi

List of Abbreviations 
 

Units of Measure 

 

°C…………………. degrees Celsius 

cm………………….  centimetre 

Da…………………. Dalton 

g………………….... gram 

kDa……………….... kiloDalton 

kV…………………. kiloVolt 

kVh……………….... kiloVolt-hours 

mA…………………. milliAmpere 

mg…………………. milligram 

mL…………………. millilitre 

mM…………………. millimolar 

mm…………………. millimetre 

mol……………….... mole 

ms…………………. milliseconds 

mV…………………. milliVolts 

pI…………………... isoelectric point 

ppm………………... parts per million 

Vh…………………. Volt-hours 

μm…………………. micrometre 

μg…………………. microgram 

μL…………………. microlitre 

μM…………………. micromolar 

v/v………………..... volume/volume 

w/v……………….... weight/volume 

w/w………………... weight/weight 

 

 

 

 



  xii

 

Chemical Compounds/Reagents/Media 

 

ACN………………... acetonitrile 

ASB-14…………….. tetradecanoylamidopropyl-dimethylammonio-butanesulfonate 

ATP………………... adenosine triphosphate 

BDM……………….. 2,3 butanedione monoxide 

CA…………………. carrier ampholyte 

Ca2+………………... calcium 

CHAPS……………. 3-[3-cholamidopropyl]-1-propane-sulfonate 

CHCA……………..  α-cyano-4-hydroxycinnamic acid 

ddH2O…………….. distilled, deionized water 

DTT………………. dithiothreitol 

EDTA…………….. ethylenediaminotetraacetic acid 

EGTA…………….. ethylene glycoltetraacetic acid 

EtOH……………...   ethanol 

HCl………………..    hydrochloric acid 

HED………………. 2-hydroxylethyl disulfide 

HEPES……………. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

K+ ……………….... potassium ion 

K………………...... lysine 

KCl………………..    potassium chloride 

K3Fe(CN)6………...    potassium ferricynaide 

KH2PO4…………... potasium phosphate 

MOPS……………. 3-(N-morpholino) propanesulfonic acid

MES…………….... 2-(N-morpholino) ethanesulfonic acid 

MgCl2…………… magnesium chloride 

Na+………………. sodium ion 

NaCl…………….. sodium chloride 

NaF…………….... sodium fluoride 

NaN3…………….. sodium azide 

Na2CO3………….. sodium carbonate 

Na3VO4………….. sodium orthovanadate 



  xiii

Na2S2O3………….    sodium thiosulfate 

(NH4)HCO3……......    ammonium bicarbonate 

O2…………………. oxygen 

OH-………………... hydroxyl Ion 

PMSF……………... phenylmethylsulfonyl fluoride 

R…………………... arginine 

ROS……………….. reactive oxygen species 

SB3-10……………. n-Decyl-N,N-Dimethyl-3-Ammonio-1-Propane-Sulfonate 

SDS……………….. sodium dodecyl sulfate 

S…………………... serine 

TBS-t…………….... tris-buffered saline-Tween-20 

TFA……………….. trifluoroacetic acid 

T…………………... threonine 

Tris………………... 2-amino-2-hydroxymethyl-1,3-propanediol 

TX-100……………. triton x-100 

Y…………………... tyrosine 

 

Proteins/Macromolecules 

 

BSA………………. bovine serum albumin 

BSG-1…………….. chicken IgY antibody raised to human UNC-45B 

CCT……………….. chaperonine containing T-complex 1 

GC UNC-45……..... general cell UNC-45 

CP1………………... core protein 1 

GRP……………….. glucose regulated protein 

HSC……………….. heat shock cognate 

HSP……………….. heat shock protein 

MHC…………….... myosin heavy chain 

MLC-1……………. myosin light chain 1 

MLC-2…………..... myosin light chain 2 

mRNA…………….. messenger RNA 

PFK………………... phosphofructokinase 

RNA……………….. ribonucleic acid 



  xiv

siRNA……………..  small inhibitory RNA 

SM UNC-45……..... striated muscle UNC-45 

TG-2………………. transglutaminase 2 

Tm……………….... tropomyosin 

Tn…………………. troponin 

TnI………………... troponin I 

TnT………………... troponin T 

TnC………………... troponin C 

UNC-45………….... uncoordinated 45 

EGF………………... epidermal growth factor 

TCP-1…………….... T-complex protein 1 

 

Equipment/Techniques/Tools/Procedures 

 

1-D………………... 1-dimensional  

1-DE.…………….. 1-dimensional gel electrophoresis  

2-D………………... 2-dimensional  

2-DE.…………….. .  2-dimensional gel electrophoresis  

CBB………………... coomassie brilliant blue 

Cy…………………. cyanine 

ESI………………... electrospray ionization mass spectrometry 

g…………………... force of gravity (9.8 m/s2) 

ID………………..... identification 

IEF………………... isoelectric focusing  

IPG………………... immobilized pH gradient  

LC………………....      liquid chromatography 

LCQ………………. liquid chromatography quadrupole MS  

LTQ………………. linear ion trap quadrupole MS 

MS………………... mass spectrometry 

MS/MS…………... tandem mass spectrometry 

MALDI…………...      matrix assisted laser desorption ionization 

Mw………………... molecular weight 

NCBI..…………..... National Center for Biotechnology Information 



  xv

PE……………….... phenylephrine 

PMF……………..... peptide mass fingerprint 

PVDF…………….. polyvinylidenfluoride 

RPM…………….... rotations per minute 

SDS-PAGE………. sodium dodecyl sulphate polyacrylamide gel electrophoresis 

TOF……………..... time of flight 

pI…………………. isoelectric point 

Q…………………... quadrupole 

FT…………………. Fourier transform 

 

Structural/anatomical 

  

AMI……………….. acute Myocardial Infarction 

DCM………………. dilated cardiomyophathy 

+dP/dt……………... positive rate of pressure development   

-dP/dt……………... negative rate of pressure development 

HF………………... heart failure 

LVAD……………. left ventricle assist device 

PTM…………….... post translational modification 

TG………………... transgenic 

TGs………………... sham operated transgenic  

TGp………………... tachycardia paced transgenic 

WT…………………. wild type 

WTs………………... sham operated wild type 

WTp………………... tachycardia paced wild type 

 

 



 

  

Chapter 1 
Introduction 

Heart failure (HF) is a debilitating disease associated with decreased cardiac output which has 

high and increasing prevalence.  This thesis describes the proteomic analysis of HF patients and 

an animal model of HF in order to determine protein changes associated with the disease.  We 

initially optimized the proteomic technology, two-dimensional gel electrophoresis (2-DE) for 

human cardiac tissue in order to maximize the number of proteins examined using this 

technology.  The second study examined protein changes occurring in cardiac tissue from patients 

with end-stage HF.  This allowed for the discovery that a chaperone for myosin (a protein 

involved in cardiac contractility), was increased in abundance with HF with functional analysis 

carried out.  The third study focused on the proteomic analysis of a mammalian (rabbit) 

transgenic model of HF in which the myosin isoforms were altered to decrease the severity of HF 

occurring in the animals.  In order to judge the contribution of these studies to the understanding 

of HF, it is necessary to be aware of the advantages and limitations of proteomics.  Therefore, the 

introduction will first describe the different proteomic technologies before describing the 

background goals and physiological basis in these proteomic studies.  

1.1 Disease is Defined by a Specific Proteome 

The development of heart disease (or any disease) involves changes in one or more biochemical 

pathways in cells and organs of the body whose alterations result in the disease phenotype.  Both 

causal and compensatory pathways are activated (or depressed) via regulation of abundance or 

through post-translational modification (PTM) of proteins. PTMs are modifications to proteins by 

the addition of a modifying group to one or more amino acid residues or proteolytic cleavage 

which can affect protein activity, interactions, and cellular localization.  Protein changes 
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occurring in diseased tissue are considered a “fingerprint” of the disease.  One means to 

determine the “transcriptomic fingerprint” of a disease is to obtain the abundance of mRNA 

coding for the gene products of thousands of proteins present in diseased and control tissues using 

RNA micro-arrays.  A key assumption of this approach is that mRNA directly correlates with 

protein abundance. As such, it is possible to distinguish between two diseases which are clinically 

very similar but have significantly different mRNA profiles (Santin et al., 2004).  However, there 

is considerable debate as to whether the abundance of mRNA coding for a protein correlates with 

the protein abundance but little data has been garnered to date (at least in mammals). Studies have 

shown that changes in the abundance of mRNA may not correlate to the change in protein 

abundance (Ruest et al., 2002; Wang et al., 2004); however, these have been limited o a small 

number of proteins and large scale comparisons are currently lacking in the literature. In addition, 

the amount of mRNA for a given protein often gives limited or no information regarding possible 

splice variant or PTMs which can both drastically affect the function of a protein.  As such, a 

method which allows more physiologically relevant analysis of the biochemical pathways 

modified during a disease state is to directly examine the proteins present in a cell or tissue.  This 

is accomplished via a proteomics investigation, which is the analysis of the proteome or the 

“PROTEin complement of the genOME".    

The field of proteomics is a relatively new area of research (the term was coined in 1995 

(Wasinger et al., 1995)), and as such, experimental approaches and tools (both hardware and 

software) are continuously being developed.  The goal is to eventually achieve the “complete” 

proteomic analysis of an organism, tissue or cell.  Although this goal initially sounds achievable 

based on the success of the “complete” analysis of the human genome, it is in fact a daunting 

challenge.  Unlike genomics, where the relative complexity of the analysis is determined by the 

presence of alternative gene forms, proteomics must deal with virtually limitless differences in 
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protein chemistry and PTMs.  A typical gene for instance may have multiple different isoforms, 

which can be generated through alternative splicing of the transcript generating two different 

proteins; however, there is an exponential magnification in complexity of these proteins (Figure 

1.1).   

The complexity of the cellular proteome can be achieved through different mechanisms.  

For example, during transition through the secretory pathway there may be different degrees of 

folding in the endoplasmic reticulum.  Although folding is not a PTM, it can affect whether the  

potential sites for the addition of PTMs are available.  Upon proper folding, the protein is now 

able to travel through the Golgi, where it can be glycosylated.  Because there can be different 

degrees and types of glycosylation, each one of these now qualifies as a new protein species since 

each of these species may have a unique function or give a unique representation of a disease.  

Further export of a protein can reveal its cytoplasmic tail which can now be acetylated, 

ubiquinated, phosphorylated, or a combination of all or some of the above, in addition to many 

other PTMs.  In some cases, proteins can be targeted to specific cellular locations (e.g. 

mitochondria) based on a small leader sequence in the proteins which is sometimes cleaved upon 

transport into the organelle.  Considering only 3 potential differences at each of these steps, we 

now have at least 2(n*3) unique proteins where n represents the number of processing steps.   

Following translation, each different form of the protein can be modified by as many as 

500 known PTMs (Jager et al., 2002) producing a staggering array of protein products.  

Translocation of proteins to specific subcellular regions allows the same proteins to exert 

different biological effects or to act as an alternative form of protein control, often resulting in 

differing cellular phenotypes.  In contrast to the genome which is a static blueprint, the proteome 

is a dynamic system of production, modification, and degradation.  It is the dynamic nature of the 

proteome which determines the phenotype of the cell. 

             3



Figure 1.1: Illustration of the complexity 
of protein formation/localization. A 
schematic illustrating the increasing 
complexity of the proteome compared to 
the genome. ORF=open reading frame; 
mRNA = messenger RNA.

             4



 

  

  The complexity of the proteome is such that no single protein (or peptide) separation 

technology is able to resolve the proteome in its entirety. Most current proteomic studies only 

observe the top 100-1000 most abundant proteins present in a cell, rather than the entire 

proteome.  Because of this limitation in the dynamic range and number of proteins analyzed, the 

goal of a proteomics study is to discover a novel protein, or protein pathway previously not 

known to be involved in a disease or physiological state.   This pathway can then be further 

investigated using the traditional tools of protein biochemistry and physiology.  As such, 

proteomics can be effectively used as a discovery phase of a large research program involving 

several other tools from physiology and protein biochemistry.  

1.2 Proteomic Technologies Used in Obtaining a Disease Fingerprint 

In order to determine the proteomic fingerprint (or partial fingerprint) of a disease, the first step is 

to examine tissue (or blood) obtained from either an animal model (which simulates the human 

form of the disease), or from clinical patients (see choice of experimental setting below).  Once a 

disease system has been defined, the next choice is the proteomics method(s) used to identity 

proteins or protein PTMs exhibiting altered abundance in diseased tissue.  To obtain this 

information, proteins must be extracted from tissue, separated, quantitated, and identified. In the 

next section, these steps will be described individually.  

1.2.1 Tissue Extraction 

The effectiveness of a proteomic study can be increased by proper optimization of protein 

extraction and separation methodology.  Two-dimensional gel electrophoresis (2-DE) is a 

mainstay for protein separation in a proteomic analysis (Chevallet et al., 1998).  However, the 

representation of the proteome that one obtains with 2-DE is limited to those proteins that are 

soluble at all stages involved in 2-DE including the first step of cellular/tissue extraction and 
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solubilization.  Solubilization of a protein is achieved by breaking intermolecular and 

intramolecular interactions and then stabilizing the resultant polypeptide.  In application, 

denaturation is often achieved by the addition of chaotropic agents such as urea (and thiourea) 

whereas the presence of a detergent can stabilize the exposed hydrophobic residues (Rabilloud, 

1996, 1999).  Detergents are also key in the solubilization of membrane proteins, and can assist in 

the solubilization of cytoplasmic proteins containing larger numbers of hydrophobic residues 

(Rabilloud, 1999).  Although the detergent sodium dodecyl sulfate (SDS) is a very effective 

detergent, it is not often used during 2-DE due to its charged nature which interferes with the first 

dimension separation (discussed in more detail in section 1.2.2.2) (Ames & Nikaido, 1976; 

Harder et al., 1999).  As such, the zwitterionic (equal number of positive and negative charges) 

detergent 3-[3-cholamidopropyl]-1-propane-sulfonate (CHAPS) is the most commonly used 

detergent for 2-DE (Herbert, 1999).  However, zwitterionic detergents with long linear tails (i.e. 

n-Decyl-N,N-Dimethyl-3-Ammonio-1-Propane-Sulfonate (SB3-10), tetradecanoylamidopropyl-

dimethylammonio-butanesulfonate (ASB-14)) have been shown to possess a superior ability to 

solubilize membrane proteins such as the chloride transporter stomatin (Rabilloud et al., 1997; 

Chevallet et al., 1998; Molloy et al., 1998) (Figure 1.2).  Unfortunately, it is very difficult to 

predict a priori the ability of a detergent to solubilize a protein of interest and, due to variable  

protein expression between tissues, conditions that are optimal for one particular tissue type may 

not hold for the others.   

In cardiac tissue, there is an additional problem which is that there is a large dynamic 

range in the relative abundance of proteins present (e.g. abundant myofilament proteins are 

present along with lower abundant cellular proteins). Thus, solubility and dynamic range must be 

dealt with.  This demonstrates a need to optimize conditions to allow detection of the lower 

abundant proteins in cardiac tissue.  
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Figure 1.2: Illustration of detergent structures. The structures of detergents 
commonly used in proteomics.
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1.2.2 Protein Separation Technologies in Proteomics: 2-DE 

The technical difficulty in identifying and characterizing proteins is usually proportional to the 

complexity of the sample being analyzed.  Protein separation methods should ideally be able to 

separate protein mixtures into single protein species at sufficient quantity for downstream 

identification and characterization of PTMs.  This separation is usually based on one of the three 

intrinsic properties of proteins: charge, mass, or hydrophobicity.  Orthogonal separation based on 

more than one independent physical parameter is often necessary depending upon the complexity 

of the sample.  Based on the mathematical theory of Giddings (Giddings, 1987), when samples 

are orthogonally separated, the number of uniquely resolved proteins is the product of each stage 

of separation.  For instance, 100 proteins could be resolved using one step which separates 100 

proteins; 10,000 proteins could be separated using two orthogonal steps.  The human proteome 

has been estimated to have on the order of 100,000 protein species (includes PTMs, isoforms, etc) 

with as many as 30,000 expressed at a given time (Harrison et al., 2002)  This is many more 

products than can be separated using a single step separation technology.  It would be possible to 

resolve these 30,000 distinct protein species using multiple orthogonal separation steps.  For 

instance, the entire proteome could be separated using two orthogonal steps resolving 173 

proteins, or three orthogonal steps with each step resolving 31 proteins.   This means that in 

theory the entire human proteome could be resolved by three orthogonal separation stages.  In 

practice, no more than two stages of protein separation are simultaneously undertaken on a 

routine basis.  The two most common protein separation methods are gel electrophoresis and 

liquid chromatography. A number of different forms of liquid chromatography have been 

developed over the years which can successfully separate proteins or peptides based on either 

mass, charge, or hydrophobicity, but SDS-PAGE is more commonly used at this time for 

proteins.   
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1.2.2.1 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS polyacrylamide gel electrophoresis (SDS-PAGE)(Laemmli, 1974) separates proteins based 

on their molecular weight (Mw).  It has been used for protein separation for decades and is still the 

most common method of protein separation due to its ease of use and its relatively inexpensive 

start-up cost.  SDS is an anionic detergent that binds proteins at approximately one molecule per 

every 2 amino acids or 1.4 g SDS/g protein (Reynolds & Tanford, 1970; Nelson, 1971).  SDS-

protein complexes are almost always soluble in water (and most physiological buffers) and the 

incorporation of SDS onto a protein masks the inherent charge of the protein allowing the protein 

to migrate based solely on its molecular weight when exposed to an electric field in a 

polyacrylamide gel.  Some proteins, however, may migrate differently than their actual molecular 

weight due to altered binding of SDS. 

Complete separation of a protein mixture can only be accomplished using a single 

dimension SDS-PAGE (1-DE) if the number of proteins is small (Figure 1.3) and their molecular 

weights are distributed so no two weights are the same.  Protein resolution can be optimized 

further by altering the concentration of acrylamide present in the gel such that either high or low 

molecular weight proteins are better separated.  However, if a given protein mixture is too 

complex, each band resolved by SDS-PAGE will contain multiple protein species possessing a 

range of charges and hydrophobicity making gel-based quantification impossible but these can be 

identified (and quantified) using mass spectrometry. For such complex mixtures two dimensional 

gel electrophoresis (2-DE) may be a more appropriate method as it separates proteins based on 

two properties; isoelectric point (pI) and mass.   

In 2-DE, the first dimension utilizes isoelectric focusing (IEF) and the second dimension 

uses SDS-PAGE (Figure 1.3).  This allows a more extensive separation of different proteins as 

well as allowing PTMs and multiple isoforms to be resolved.  For instance, protein 
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Figure 1.3: Illustration of the relative separation ability of 1-DE 
and 2-DE.  An illustration of the properties by which 1-DE and 2-DE 
separate proteins.  Note that high molecular weight proteins are
poorly resolved by 2-DE (dashed box) with basic proteins 
horizontally elongated (circle).
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phosphorylation will result in an acidic shift in a protein’s pI such that the phosphorylated and 

non-phosphorylated forms of proteins will be separated by 0.1 pH units but have the same 

molecular weight.  A benefit of 2-DE is its superior ability to separate proteins with as many as 

10,000 species reported (Klose & Kobalz, 1995).  Unfortunately, high molecular weight proteins 

(>100 kDa) often do not resolve in the first dimension resulting in under representation 

(McDonough & Marban, 2005).  Highly hydrophobic proteins are also under represented in 2-

DE, due in part to their inability to enter the first dimension and difficulties in solubilizing these 

proteins.  However, the optimization of solubility conditions allows one to increase the 

observation of difficult proteins. 

1.2.2.2 IEF and Sample Preparation Requirements 

Proteins are amphoteric molecules with positive and negative regions distributed throughout the 

protein depending on the pH of the solution.  The net charge of a protein is the sum of all the 

charged amino acid side chains as well as the unmodified amino- and carboxy-termini.  This 

charge is a function of the pH of the medium.  When the pH of the medium is such that the 

number of positive and negative charges on a protein is equal, the pH is known as the isoelectric 

point (pI) of that protein.  Therefore, in solution, proteins are positively charged at a pH below 

their pI, and negatively charged at a pH above their pI.  Any PTM that affects the overall charge 

of the protein can alter its pI by shifting this charge ratio.  These types of changes can be 

separated by IEF. 

Similar to 1-DE, the migration of proteins through an acrylamide gel exposed to an 

electric field constitutes the first dimension of 2-DE.  However, in the case of IEF, a pH gradient 

is constructed in the gel prior to the addition of proteins.  When proteins enter the gel they are 

either negatively or positively charged and as such will migrate in the presence of the electric 

field.  They will migrate until they reach the pH equal to their pI, at which point they become 

             11



 

  

uncharged and stop migrating.  The degree of protein resolution is determined by the range of the 

pH gradient and the distance over which the gradient is formed.  The resolving power of IEF is 

illustrated by its ability to separate proteins with a pI difference of 0.0016 units when used on a 

large format gel focused on a single pH unit gradient (Gunther et al., 1988).  IEF was initially 

performed within tube polyacrylamide gels in which the pH gradients were created using 

hundreds of carrier ampholytes (CA-IEF) (Klose, 1975; O'Farrell, 1975).  In modern 2-DE, the 

pH gradient is no longer dependent upon the focusing of small molecules in solution but 

determined by the concentration of specific buffering groups covalently bonded in place to the 

acrylamide matrix.  This is known as an immobilized pH gradient (IPG).  The stability of the pH 

gradient generated within the IPG allows 2-DE analysis of basic pH ranges up to pH 12 (Gorg, 

1999).  A drawback to 2-DE is the requirement that the charge of the native proteins must not be 

altered during IEF focusing.  Consequently, buffers need to avoid strongly charged detergents 

such as SDS because they will alter this charge and inhibit focusing when present at 

concentrations greater than 0.25% (Harder et al., 1999).  The incompatibility of charged 

detergents such as SDS with IEF has also necessitated the adoption of uncharged or zwitterionic 

detergents such as CHAPS to enhance solubility of hydrophobic / membrane proteins, however, 

these proteins are still under-represented on 2-D gels. Optimizing the type of detergent present in 

IEF is one method of optimizing the final number and abundance of proteins observed by 2-DE.   

These drawbacks can discourage researchers from using 2-DE, however, the technology 

is one of the most robust methods of separating proteins that is currently available and as such 

deserves its premier position in a proteomic investigation.   

1.2.3 Protein Separation Technologies in Proteomics: LC 

An alternative method for separating proteins from a complex mixture is to use liquid 

chromatography (LC).  In LC, proteins are separated based on an affinity for the solid matrix 

             12



 

  

within a column.  The most common application of LC in proteomics involves the separation of 

protein or peptides based on their relative hydrophobicity (Neverova & Van Eyk, 2005; Mitulovic 

& Mechtler, 2006; Qian et al., 2006).  The reactive matrix consists of extended carbon chain 

attached to a porous support (e.g. a C18 column contains a chain of 18 carbon atoms).  

Proteins/peptides will bind to the support via a hydrophobic interaction between the carbon 

backbone of the protein/peptide and the chain attached to the support.  Proteins/peptides can be 

eluted using an increasing concentration of an organic solvent (e.g. acetonitrile) which inhibits 

this binding.  A benefit to using liquid chromatography is that proteins are eluted in a liquid phase 

and following digestion does not have to be removed from an acrylamide gel for identification 

which can lead to a higher number of peptides detected and increased sequence coverage during 

protein identification. 

In liquid chromatography, one is not restricted to separating proteins based on a single 

property (e.g. hydrophobicity).  The effluent from a LC separation can be sequentially separated 

by applying it to a different column which separates based on an independent physiochemical 

property.  For example, studies have demonstrated that proteins can be separated based on both 

their isoelectric point and their hydrophobicity, in an analogous manner to a 2-D gel (Sheng et al., 

2006; Shin et al., 2006; Ruelle et al., 2007).  These studies have further demonstrated that liquid 

chromatography separation and 2-DE have limited overlap in the protein observed (McDonald et 

al., 2006) suggesting that they are complementary techniques to the study of the proteome. 

1.2.4 Protein Identification 

Although the technology to separate proteins by 2-DE has existed since the 1970s, the only 

methods available to identify the separated proteins at the time was N-terminal sequencing, amino 

acid composition, or immunoblotting.  These methods require large quantities of protein which 

can be limited in gel analysis or require specific antibodies.  The difficulties associated with the 
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use of these methods is highlighted in the study by Baker et al. (Baker et al., 1992) who 

examined the human myocardial proteome.  Although Baker could separate the extract into over 

1500 protein spots, approximately 50 could be identified.  In a large part, these limitations were 

overcome by technical developments in mass spectrometry instrumentation in the 1990s.  The 

main components of a mass spectrometer (MS) are (a) protein ionization, (b) mass filter, and (c) 

detector.  A mass spectrometer is a very sensitive instrument which can measure the ratio of the 

mass to charge of a molecule.  This molecule can be virtually any small chemical structure.  

However, in a proteomics laboratory, the most common substance analyzed by mass 

spectrometers is peptide fragments generated by the enzymatic digestion of a protein sample. A 

mass spectrometer functions by ionizing a species and determining its mass with high precision 

through the spectrometer’s mass analyzer (a term which can refer to any of four current 

technologies). These mass analyzers can either be a Time-of-Flight (TOF), Quadrupole (Q), Ion 

trap, or Fourier Transform mass spectrometer (FT-MS).  Peptide ionization can occur via either 

electrospray ionization (ESI) or matrix assisted laser desorption ionization (MALDI) (Karas & 

Hillenkamp, 1988; Fenn et al., 1989).   ESI functions by ionizing small quantities of a sample 

from solution, whereas, MALDI ionizes peptides in a crystalline matrix (via laser pulses) on a 

solid support.  A single MS scan can be performed such that a list of the peptide masses present in 

the sample can be determined.  This has been historically the most common method of protein 

identification as this allows protein identity to be determined using a method known as peptide 

mass fingerprinting (PMF).  The identity of a protein can also be determined with higher 

confidence using MS/MS.  This involves selecting a single peptide from the initial MS scan using 

the mass filter, fragmenting it and analyzing the mass of the fragments with a second mass 

analyzer.  Each of these methods will now be discussed in greater detail.   
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1.2.4.1 Determining Protein Identity Peptide Mass Fingerprinting 

The most common method for the initial identification of proteins separated by 2-DE is peptide 

mass fingerprinting (PMF) (Figure 1.4(A)).  In this procedure, a protein of interest is excised 

from a portion of a gel (or a liquid chromatography elution peak) and then enzymatically digested 

using a protease that specifically cleaves the protein at known positions (e.g. trypsin cleaves 

following arginine or lysine).  This generates a reproducible and unique set of peptide fragments 

whose mass can then be observed using a single mass scan.  The most common mass 

spectrometer used to obtain this scan is a MALDI-TOF MS.  Individually, the mass of the tryptic 

fragments is of very little use.  However, these masses can be compared to theoretical digests of 

proteins obtained from genomic sequencing projects to determine the protein identity.  Search 

algorithms generate a list of possible proteins corresponding to the submitted peptides with 

different statistical rankings. This can lead to false identification if a different protein happens to 

have a similar digest pattern with slight differences in masses.  Additionally, not every peptide 

from the protein is observed in the spectra due to variations in ionization efficiency.  

Consequently, observing 40% of the tryptic fragments from a protein is often considered 

sufficient to confirm the presence of that protein given that the resolution and error are within set 

limits. 
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Figure 1.4: Overview of the methodology of MS and MS/MS. (A) Summary of the 
method of identifying proteins by peptide mass fingerprinting and MALDI-TOF MS.  
(B) Summary of the fragmenting of peptides to obtain amino acid sequence by MS/MS.
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1.2.4.2 Determining Protein Identity by MS/MS  

In order to increase the confidence on the identity of the peptide, a more precise method of 

identifying proteins using tandem mass spectrometry (MS/MS) can be utilized (Figure 1.4(B)).  

This method allows one to directly determine the peptide sequence rather than inferring the 

identity through the fingerprinting method.  However, it is important to realize that the amino 

acid sequence is also based on homology to known proteins but at the level of amino acid 

fragmentation.  MS/MS analysis involves two mass analyzers often separated by a collision cell 

which contains an inert gas.  The two mass analyzers are generally any combination of 

Quadrupole or Time-of-Flight mass analyzers.  The first mass analyzer allows a profile of the 

peptides present and the selection of a single fragment based on its mass.  This peptide alone is 

allowed to pass into the collision cell which contains an inert gas.  When the peptide of n amino 

acids collides with the inert gas, the peptide will fragment generating a list a fragments of varying 

size corresponding to n, n-1, n-2, etc amino acids.  These smaller fragments from the original 

peptide will then pass into the second mass analyzer allowing one to derive the amino acid 

sequence of the peptide.  By comparing the masses of closely spaced fragments differing by one 

amino acid (i.e. n vs. n-1) the mass difference will give the mass of the individual amino acid.  

The complete sequence of the peptide can then be determined using multiple fragments.  

However, it is impossible to distinguish between leucine and isoleucine because their masses are 

identical or between lysine and glutamine because their masses differ by only 0.03%.  MS/MS 

sequencing can also reveal the presence of PTM, as modified amino acids have a defined increase 

in mass (e.g. +80 Da for phosphorylation).  The increased power of MS/MS has traditionally 

come at the expense of a much higher equipment cost which often resulted in MS/MS becoming a 

secondary form of identification for proteins of higher interest following PMF.  However, 
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technological improvements are increasingly lowering the cost of a MS/MS instrument such that 

they are soon to become a standard MS instrument.  

1.2.5 Quantification of Protein Species from Gels 

In order to define the proteome of a cell, tissue, or body fluid, it is necessary to determine the 

abundance of individual protein spots/bands separated by 1-DE or 2-DE. Following gel 

electrophoresis, proteins are visualized using a general protein stain such as Coomassie Brilliant 

Blue (CBB), silver, or fluorescence.  CBB is a visible dye which functions by binding to arginine 

and hydrophobic residues on proteins and is by far the most commonly used stain owing to its 

linear increase in absorbance over two orders of magnitude.  The limitation of CBB is that it has a 

poor sensitivity.  Conversely, silver stain resolves some of these issues in that it possesses a 100X 

greater sensitivity than CBB but unfortunately its drawback is that it has a small linear dynamic 

range (< 1 order of magnitude) (Switzer et al., 1979; Giometti et al., 1991).  Silver stained gels 

can also suffer from the drawback that protein spots cannot be identified through MS due to the 

use of glutaraldehyde (which crosslinks proteins to the gel) in the staining process.  This can be 

overcome by removing glutaraldehyde during staining even though this reduces the sensitivity 

(Shevchenko et al., 1996) of the stain.  Fluorescent stains tend to be much better than either of the 

other stains in that they exhibit a linear response over 3 orders of magnitude (Patton, 2000) and 

possess a sensitivity that is slightly less than silver.  The major drawback to the use of fluorescent 

dyes is that they are very expensive and require imaging scanners that are also expensive.  

Fluorescent dyes can be used to stain proteins in-gel similar to CBB (Sypro Ruby, Molecular 

Probes ; Deep Purple, GE Healthcare) or covalently attached to the proteins prior to separation 

(Cyanine dyes, GE Healthcare).  It must be emphasized that staining is an indirect observation of 

a protein (with the exception of cyanine dyes) and variations in binding ability of stains can result 

in different proteins being observed by different stains.  For example, the contractile protein 
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troponin I is known to be visible by CBB, yet by the more sensitive silver stain, the protein is 

only weakly visible (Labugger et al., 2002). 

1.3 Proteomic Analysis of Heart Failure 

The work described in this thesis focuses on heart failure and the 2-DE analysis which was 

carried out on myocardium in order to identify changes in the highly abundant proteome. Heart 

failure is a leading cause of mortality in the world (AHA, 2004) and as such, contributes to high 

medical costs, lost work productivity and great personal loss.  Functionally, heart failure is the 

inability of the heart to pump sufficient blood to meet the metabolic needs of the body.  Multiple 

etiologies can lead to heart failure; however, the vast majority of cases are secondary to either an 

acute myocardial infarction (AMI) or chronic uncontrolled hypertension.  In each case, the heart 

is unable to efficiently or effectively beat (contract) making it more difficult to maintain cardiac 

output. There currently is no cure for heart failure but rather only the treatment of the 

physiological side effects that occur due to inefficient heart function, or a heart transplantation.  

The prognosis for a patient diagnosed with HF is poor – they have a 6 to 9 times higher rate of 

sudden cardiac death compared to the general population and greater than 85% of patients will 

die within 8-12 years (AHA, 2004).  As such, there exists a need to fully elucidate the 

mechanisms which define heart failure in order to develop targeted therapies.   

The ability of the heart to beat resides within the cardiac myocytes, the major cell type of 

the heart (over 95% of total cells of the heart).  Cardiac myocytes are a form of striated muscle 

that contain the sarcomeric contractile unit which, in turn, is composed of thick and thin 

filaments.  The thick filament is primarily composed of the protein myosin whereas the thin 

filament is primarily composed of actin, tropomyosin, and troponins (Figure 1.5).  Following an 

AMI, myocyte necrosis occurs and the ability of the heart to effectively pump blood is reduced.  

At this point, the heart remodels with the cardiomyocytes undergoing cellular hypertrophy  

             19



Sarcomere

Z-line
A bandI band

Figure 1.5: Illustration of the sarcomeric structure and composite proteins.
(A) A schematic of the sarcomeric structure (B) A schematic illustrating the most 
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(among other factors) to maintain cardiac output.  However, with time and further stress this 

remodeling is insufficient to maintain cardiac output and as such the heart is unable to meet the 

physiological demands of the body.  At this point, symptoms such as shortness of breath and 

lethargy result.  Eventually, the heart deteriorates to the point that further cell death occurs and 

more myocytes are lost.  Extensive investigations into heart failure have revealed that no single 

mechanism is responsible for the clinical phenotype.  Because of these interacting pathways, it is 

possible that an as yet unknown pathway functions in HF to initiate a portion of the pathology.  

1.3.1 Role of Contractile Dysfunction and Heart Failure 

Although no single cellular mechanism is responsible for the development of HF, one 

commonality in HF patients is decreased cardiac contractility (Gwathmey et al., 1987).  Reduced 

contractility is due, in part, to blunted calcium transients in cardiomyocytes (Bers, 2002; Wehrens 

& Marks, 2004) as well as fewer viable cells because of increased apoptosis and/or necrosis (Foo 

et al., 2005; Tavernarakis, 2007).  It is likely that a key portion of altered cardiac contractility in 

HF is due to direct alterations in the abundance of the contractile proteins.  Muscle contraction 

involves the binding of actin and myosin followed by a conformational shift of myosin and 

movement of the thick and thin filaments with respect to one another.  This shortens the length of 

the myocytes, which in turn is translated into the cardiac muscle as a whole.  Alterations in 

myosin have been extensively implicated in the development of HF. 

1.3.1.1 Myosin Regulation and Heart Failure 

Cardiac myosin is primarily composed of 6 proteins/subunits which include two copies each of 

myosin heavy chain (MHC, Mw=224 kDa), myosin light chain 1 (MLC-1, Mw=22 kDa) and 

myosin light chain 2 (MLC-2, Mw=19 kDa) (Harrington & Rodgers, 1984) (Figure 1.5).  In the 

heart, there are two isoforms of MHC (α-MHC, β-MHC) encoded by unique genes (Knotts et al., 
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1994; Molkentin et al., 1996; Morkin, 2000).  As such, different forms of myosin can form 

depending upon the isoforms of MHC present; αα-MHC forms V1 myosin, αβ-MHC forms V2 

myosin, and ββ-MHC forms V3 myosin (Hoh et al., 1978). V1 and V3 myosin are the forms of 

myosin found in the human heart (Palmer, 2005).  V1 myosin has been demonstrated to possess a 

higher rate of ATP hydrolysis than V3 myosin, and hence allows faster contraction/relaxation 

cycles of muscle fibers (Pope et al., 1980; Harris et al., 1994).  Therefore, animals with high heart 

rates (e.g. mice, rats) primarily possess V1 myosin whereas animals with slower heart rates (e.g. 

humans, rabbits) possess V3 as their primary form of myosin (Lompre et al., 1984; Lompre et al., 

1991; Morkin, 2000). Although humans primarily utilize β-MHC, a small percentage (5-10%) of 

the myosin protein pool is composed of α-MHC (Miyata et al., 2000; Reiser et al., 2001).   

Adult rats primarily normally possess V1 myosin. However, during HF, high levels of V3 

myosin are observed in the heart due to a suppression of α-MHC and an increased expression of 

β-MHC (Imamura et al., 1991).  A similar effect occurs in humans, since patients with HF 

demonstrate a significant reduction of α-MHC (it only accounts for 0-2% of the MHC protein 

pool in HF) (Miyata et al., 2000; Reiser et al., 2001).  This suggests that the dominant form of 

myosin present in the heart may contribute to the development of HF.     

 A decreased abundance of MHC in HF is controversial.  Although morphological 

analysis of tissues obtained from end-stage HF patients demonstrate that regions of the 

cardiomyocytes can undergo a complete abolishment of sarcomeric structure with decreased 

abundance of actin and myosin (Schaper et al., 1991; Hein et al., 1994), a number of studies  

have reported that the abundance of total MHC mRNA does not change in end-stage HF patients 

(Lowes et al., 1997; Nakao et al., 1997; Miyata et al., 2000). However, the mRNA level of a gene 

does not necessarily have to correlate with protein levels.  For example, discordance between 

MHC mRNA and protein abundance have been reported by Latif et al in cardiac tissue from 
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patients who had received a left ventricular assist device (LVAD) to reverse myocardial 

remodeling (Latif et al., 2007).  Following LVAD implantation, MHC protein abundance 

increased 1.9 fold (Latif et al., 2007) whereas no significant change was observed in MHC 

mRNA (Birks et al., 2005).  This result supports the idea that the level of MHC protein is not 

exclusively regulated at the transcriptional level but can also be regulated at the translational level 

as well as during subunit folding and / or thick filament assembly.  

1.3.1.2 Regulation of Myosin Assembly: Role of Chaperones 

We hypothesize that at least one molecular chaperone is necessary for the in vivo assembly of 

myosin. This is based on several lines of evidence including the observation that attempts to 

express a recombinant form of the motor domain (S1 domain which contains the ATP and actin 

binding sites) of MHC recombinantly in the absence of molecular chaperones results in protein 

aggregation (McNally et al., 1988).  However, in a cell free system at low temperatures, the S1 

domain of MHC can assemble in vitro in an energy independent manner (Chow et al., 2002).  The 

identity of all of the chaperones and the mechanism(s) by which they assemble MHC in striated 

muscle is presently unknown.  A number of additional questions regarding myosin assembly are 

also unknown.  These are (a) Are the factors necessary for the assembly of total MHC the same as 

that required for the assembly of the S1 domain? (b) Does the assembly of MHC differ between 

skeletal and cardiac muscle? (c) Do changes in the ability of MHC to assemble result in a disease 

state?  These questions are of importance in order to understand the mechanism by which cardiac 

muscle assembles and how dysfunction of this pathway may participate in the development of the 

pathophysiology of HF. 

 In contrast to cardiac muscle which contains α-MHC and β-MHC, skeletal muscle 

contains MHC II (fast; forms myosin II) and β-MHC (slow; forms V3 myosin).  Srikakulam and 

Winkelmann demonstrated that the chaperonin complex containing TCP-1, HSP 90 and HSC 70 
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was required for the assembly of myosin II , yet it was not sufficient for assembly of the S1 

domain (Srikakulam & Winkelmann, 1999, 2004).  Recombinant forms of the S1 domain of 

MHC II can assemble appropriately in C2C12 myotubules (adult skeletal muscle cell precursors), 

but not in the non-muscle COS7 cells (Chow et al., 2002).  As such, it is likely that the factors 

sufficient to chaperone the assembly of sarcomeric myosin exist in striated muscle cells.  To date, 

the identity of an equivalent chaperone in cardiac muscle or a chaperone specific for the S1 head 

is unknown. 

 There is a class of proteins termed UNC-45/Cro1p/She4p(Dim1p) domain (UCS) proteins 

which are required for myosin assembly in a number of species which may be a candidate for 

cardiac muscle MHC chaperone.  The canonical protein in this class, UNC-45, was first observed 

in C. elegans as a protein responsible for uncoordinated muscle contraction at restrictive 

temperatures (Epstein & Thomson, 1974). Its role in vitro as a myosin assembly chaperone was 

demonstrated by Barral et al who demonstrated that UNC-45 inhibited aggregation of the MHC 

S1 domain at elevated temperature in C. elegans (Barral et al., 2002).   

 UNC-45 has evolutionarily diverged from C. elegans into two homologous proteins in 

vertebrates.  Both mice and humans have been reported to contain mRNA for a general cell UNC-

45 (GC UNC-45; also known as UNC-45A) and a striated muscle specific UNC-45 (SM UNC-

45; UNC-45B) isoform (Price et al., 2002), however the protein products for these proteins have 

not been observed in vivo.  It is likely that UNC-45A functions primarily as a chaperone for non-

muscle myosin whereas UNC-45B is primarily involved in the assembly of sarcomeric myosin, 

because both skeletal and cardiac tissues are the primary sites of UNC-45B mRNA expression 

(Price et al., 2002).  The role for UNC-45B in the assembly of MHC II has been demonstrated by 

the observation that mRNA for UNC-45B is increased in C2C12 cells as they differentiate from 

myoblasts to myotubules.  Cells with decreased UNC-45B mRNA (siRNA silenced UNC-45B) 
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have no changes in their MHC II content, but there is a marked disarray of the MHC filaments.  

The role of UNC-45B in the assembly of cardiac MHC is unknown.  

1.4 Different Strategies for Analyzing Heart Failure  

A primary goal of heart failure research is to determine the mechanisms of the disease in humans. 

As such, a proteomics analysis of patients’ tissues and / or blood gives information directly 

correlated to the human disease.  However, there are difficulties in the analysis of human tissue.  

As such, experimenters often use animal models of heart failure which have many of the clinical 

features of the human disease, yet can be standardized in a controlled setting.  There are positive 

and negative attributes to each of these investigative strategies which will now be discussed. 

1.4.1 Human Tissue 

Tissue from patients can be obtained by either excising a small piece of tissue (biopsy) or 

removing the entire heart at the time of transplantation of a new heart. In the first method, a 

biopsy samples (20-50 mg of heart tissue) can be obtained from patients though a relatively non-

invasive method.  Corbett et al were able to successfully analyze biopsy tissue from either 

normal, ischemic cardiomyopathic or dilated cardiomyopathic patients by 2-DE and classify 88 

proteins which exhibited abundance changes (Corbett et al., 1998).  There are, however, major 

limitations with using human biopsy tissue.  Firstly, the risk to a patient undergoing a heart 

biopsy is not negligible and repetitive biopsies on a patient who already has cardiac complications 

would most likely be unwarranted and would not likely meet ethical approval.  The disclaimer to 

this however, is that in some clinical situations (e.g. following heart transplantation), repetitive 

biopsies are performed in order to determine the occurrence of rejection (e.g. 12 biopsies in 6 

months). For example, Borozdenkova et al (Borozdenkova et al., 2004) determined the identity of 
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proteins with altered abundance during rejection by examining sequential biopsy tissues by 2-DE 

from patients who received a heart transplant.   

The small quantity of tissue obtained from a biopsy places restrictions on the downstream 

proteomic technologies which can be used.  Twenty milligrams of tissue will generally give 

approximately 2 mg of a whole tissue protein extract.  This is sufficient for approximately four 

large format (20 cm x 20 cm) 2-D gels which may not be sufficient for MS-based identification of 

low abundant proteins.  This is also not sufficient material to analyze specific organelles (e.g. 

mitochondria).  

A more common method for analyzing human tissue for cardiac diseases is to obtain the 

entire heart at time of death or transplantation.  Obtaining the heart at the time of death is often 

impossible due to the need to obtain ethical approval, surgical timing and an inability to 

determine the time of death a priori (in order to harvest the heart tissue within minutes of death to 

minimize protein modifications).  With heart transplantation, one knows the time and place of 

heart explantation a priori.  In these situations, the explanted heart is removed, rinsed and flash 

frozen in a quick procedure which minimizes changes to the proteome and allows large 

(approximately 500 mg) quantities of tissue to be analyzed for a proteomics experiment.  The 

drawback to this setting is that only a single time-point can be obtained (end-stage), thus limiting 

the conclusions one can draw following a proteomics experiment. 

One major problem to obtaining the entire heart is the need for control tissue which does 

not exhibit cardiac disease.  However, hearts in this condition are generally used for heart 

transplantation and unfortunately for scientific research (but quite fortunate for patients) cannot 

be used in these studies.  As such, control tissue is restricted to hearts from patients who have 

died of non-cardiac related causes, but whose hearts are unsuitable for transplantation.  This often 

limits samples to trauma injuries such as vehicular accidents, gun-shot victims, etc.  Due to the 
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tendencies of youth, these injuries are often limited to younger patients whereas heart failure 

patients are generally composed of the elderly.  

Another drawback to the use of human tissue (through either collection method) is that 

human samples can be extremely heterogeneous because patients come from a range of genetic 

backgrounds which can result in large variation in the normal abundances of proteins in the heart.  

Secondly, in many cases, patients take a range of medications which differ significantly from one 

patient to another.  As such, one can not say for certain whether a protein change is due to the 

incidence of a disease or whether it is because a particular group of patients was (or was not) 

taking a given mediation.  Furthermore, patients with heart failure can also present with other 

diseases (e.g. diabetes, hypertension) which further complicates the issue of determining the 

disease which a protein change represents.  In addition to these issues, variables that one must 

deal with in the analysis of human tissue are differences in age, gender and the severity of the 

disease with which the patient presents. As such, the variation in protein abundance in humans 

often necessitates the use of large numbers of patients to determine significant results.  Of course, 

if patients could be classified into a small a group based on a particular experimental variables 

(e.g. similar genetic expression profiles, highly detailed analysis of genetic background and / or 

drug therapy), smaller cohort sizes could be utilized. 

A caveat which must be emphasized regarding the proteomic analysis cardiac tissue is 

that although the majority of cell types present in the sample will be cardiomyocytes, other cell 

types are also present (e.g. vascular smooth muscle cells, fibroblasts).  As such, proteomic 

analysis of cardiac tissue will reveal the average protein changes among all of these cell types and 

may not represent changes occurring in cardiomyocytes.  It may be necessary to confirm the 

change in isolated cardiomyocytes to confirm this increase is occurring in these particular cells.  
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1.4.2 Animal Models of HF 

An alternative to the analysis of human tissue is to artificially induce the clinical features of HF 

on in-bred animals to elucidate the mechanism of HF in a controlled setting.  Many animal 

models of HF have been developed including rodents (i.e. mice, rats) which have advantages of 

short reproduction times and their physical size minimizes the cost of housing the animals over 

extended periods of time.  The drawback of using these animals is that their cardiac physiology is 

quite different from humans, largely due to their high basal heart rate.  In order to maintain this 

higher heart rate, rodents contain primarily the α-isoform of MHC whereas humans contain 

primarily β-MHC (Lompre et al., 1984; Lompre et al., 1991).   

An alternative to using rodents is the use of larger mammalian species such as dogs, pigs, 

or rabbits.  These animals all have closer cardiac physiology to humans, and primarily contain β-

MHC in the sarcomere.  A practical problem with the use of these animals is that the high cost of 

housing often results in using out-bred animals from an assortment of genetic lineages and a lack 

of transgenic models (addressed in more detail later).  In spite of this limitation, proteomic studies 

have been carried out on animal models of heart failure (Heinke et al., 1998; Heinke et al., 1999; 

Weekes et al., 1999). For example, Heinki et al reported protein abundance changes in a model of 

heart failure in dogs, whereas Weekes et al has described protein abundance changes occurring in 

a bovine form of HF.   

1.4.3 Genetically Engineered Rabbits and HF 

The fact that stable genetic lineages are not routinely developed for large animals clearly 

demonstrates that the cost of genetically engineering pigs or dogs is outside the budget of most 

academic laboratories.  However, a strain of genetically engineered rabbits which exhibit forced 

expression of α-MHC has been developed in the laboratory of Dr. Jeffery Robbins (University of 
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Cincinnati, Cincinnati, USA).  These rabbits were generated in order to address the question of 

the role of α-MHC in the normal heart and hearts undergoing HF. 

To create the transgenic (TG) rabbits, a third chimeric form of cardiac MHC was inserted 

into the genome such that the rabbits also contained the gene for α-MHC under the control of the 

β-MHC promoter (Figure 1.6(A)). This resulted in an increase in the abundance of α-MHC to 

approximately 40% of the cardiac pool of MHC (Figure 1.6(B)) compared to approximately 5% 

of the pool in WT rabbits.  Interestingly, with the exception of this observed increase, no 

significant changes to cardiac hemodynamic properties were observed (Table 1.1 and Table 1.2). 

This suggests that although α-MHC consumes more ATP than β-MHC to produce the 

same amount of force, under basal resting conditions, the heart has sufficient energy reserves to 

maintain cardiac output. 

In order to address the issue of whether a decreased level of α-MHC was detrimental to cardiac 

contractility and the pathophysiology in HF, TG rabbits were induced into heart failure.  HF was 

induced by surgically implanting a pacemaker and increasing the heart rate to 380 bpm over a 

period of 30 days (Figure 1.7).  This is a method of inducing heart failure in a controlled manner 

which has been extensively used in several large animal models of heart failure.  Following 

pacing, animals have many of the symptoms of the human disease including decreased 

contractility, lowered cardiac output, increased ventricular filling pressures similar to dilated 

cardiomyopathy. 

A role for α-MHC as a cardioprotective agent was determined by Robbins’ group by 

comparing the hemodynamic properties of TG rabbits to wild-type rabbits.  TG rabbits had a 

significantly larger shortening fraction and smaller dilation as measured by the thickness of the 

interventricular septum. In addition, TG rabbits had significantly higher rates of ventricular 

pressure development (both +dP/dtmax and –dP/dtmin) (See Table 1.1, Table 1.2).  It is uncertain 
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Figure 1.6: Illustration of increased α-MHC in TG rabbits.
(A) A schematic illustrating the MHC genes present in WT 
rabbits (solid box) and TG rabbits (dashed box). (B) A 1-D 
SDS page gel demonstrating the isoforms of MHC present in 
both WT and TG rabbits for both sham operated and pacing 
conditions (Modified from James et al, 2005).
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Figure 1.7: Illustration of the method of inducing HF by pacing. A schematic 
illustrating the experimental method for inducing heart failure in rabbits.  At day 30, 
rabbits were sacrificed and hearts removed.  
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Table 1.1:  Echocardiographic properties of rabbits before and after 
pacing protocol (Modified from James et al, 2005). 
 

 LVED,  cm LVES, cm SF IVS, cm LVPW, cm ET, ms 

WT 1.37±0.24 0.89±0.19 36±4 0.32±0.03 0.31±0.07 139±15 

TG 1.34±0.25 0.84±0.18 38±3 0.34±0.10 0.33±0.10 127±17 

WT (paced) 1.80±0.35 1.50±0.33 17±5 0.26±0.03 0.24±0.01 119±11 

TG (paced) 1.69±0.29 1.29±0.23 24±2 0.33±0.02 0.28±0.05 111±9 

ΔWT 0.43±0.26 0.62±0.27 -19±5 -0.06±0.04 -0.07±0.06 -20±17 

ΔTG 0.46±0.22 0.53±0.16 -14±4 0.03±0.05 -0.03±0.09 -16±23 

p (WT vs. TG) 0.83 0.64 0.26 0.60 0.70 0.27 

p (ΔWT vs. 

ΔTG) 

0.84 0.50 0.02 0.22 0.46 0.50 

LVED, LV End-Diastolic Dimension; LVES, LV End-Systolic Dimension; SF, Shortening Fraction, IVS; 
Interventricular Septum Dimension, LVPW, LV Posterior Wall Thickness; ET, Ejection Time. All 
values are mean ± S.D 
 
 
Table 1.2 Hemodynamic properties rabbits before and after pacing protocol 
(Modified from James et al, 2005). 
 

 HR 

bpm 

SBP  

mm Hg 

DBP, 

mm Hg 

MAP  

mm Hg 

LVSP 

mm Hg 

LVEDP 

mm Hg 

dP/dTmax -dP/dTmin

 WT 241±28 n.d. n.d. n.d. 69±9 7±4 2893±443 2278±226 

TG 231±27 n.d. n.d n.d. 72±11 6±1 2608±445 2450±483 

WT (paced) 232±27 46±7 31±9 37±8 47±6 9±4 1288±300 1941±118 

TG (paced) 250±25 61±11 46±9 51±10 62±13 11±7 2049±679 3096±532 

p (WT vs. TG) 0.57 n.d. n.d. n.d. 0.68 0.37 0.35 0.46 

p (paced WT vs. TG) 0.27 0.04 0.03 0.04 0.05 0.57 0.05 0.001 

Abbreviations used: HR, Heart Rate; SPB, Systolic Blood Pressure; n.d. Not Determined; DPB, Diastolic Blood 
Pressure; MAP, Mean Arterial Pressure; LVSP, LV Systolic Pressure; LVEDP, LV End-Diastolic Pressure, n.d., Not 
Determined. All values are mean ± S.D. 
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whether the cardioprotective state of the rabbits was due to α-MHC alone or compensatory 

changes resulting from the higher abundance of α-MHC in the cardiomyocytes.  

1.5 Outline of Thesis 

This thesis involved proteomic investigations of HF.  The purpose of these studies was to provide 

insight into the subproteomes which are altered as a result of the disease.  One aspect of HF 

which was unknown prior to this study was the mechanisms by which myofilament assembly 

occurs during the development of hypertrophy and contractile dysfunction.  This is addressed by 

the investigation in Chapter 4 of protein changes in patients with HF, which found that the 

myosin assembly chaperone, UNC-45B is increased in heart failure patients.  The role of 

myofilament assembly / regulation was further analyzed in Chapter 5, whereby the function role 

of UNC-45B in cardiac myocytes and heart failure was investigated.  The importance of myosin 

in HF was investigated in greater depth in Chapter 6 whereby protein changes occurring in a 

transgenic rabbit with increased expression of the α-MHC were determined via a proteomics 

study.  
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Chapter 2 
Materials and Methods 

2.1 Tissue Acquisition 

Human myocardium was obtained from explanted hearts harvested from patients with end-stage 

heart failure undergoing heart transplantation at Toronto General Hospital, Toronto, Canada.  

These patients had previously been diagnosed with either ischemia induced cardiomyopathy 

(ICM) or dilated cardiomyopathy (DCM).  For comparative purposes, left ventricular tissue was 

also obtained from patients who had died of non-cardiac related causes (e.g. gun shot victim).  

The variability in abundance of individual proteins was minimized between patients by pre-

selecting patients who had been previously found to exhibit similar cardiac mRNA expression 

profiles (data not shown). The assumption was made that patients which exhibited similar mRNA 

expression patterns would have similar protein expression patterns and hence the variability 

between patients would be reduced.  At the time of either transplantation or death (in the case of 

normal patients), a portion of a patient’s tissue was rapidly rinsed with saline and snap frozen in 

liquid nitrogen and stored at -80oC until ready for further processing. For the optimization 

experiments, LV tissue was from a donor heart which was rejected approximately 5 days 

following implantation.  

Rabbit tissue, comprising both wild type and transgenic rabbits with forced expression of 

α-MHC, was obtained from Dr. Jeannie James in the laboratory of Dr. Jeffery Robbins 

(University of Cincinnati, U.S.A.).  Transgenic rabbits were previously described (James et al., 

2005) in the introduction along with the protocol used to induce HF.  LV tissue was removed, 

flash frozen, and stored at -80oC before transport to our laboratory. 
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2.2 Protein Extraction 

2.2.1 Optimization of Extraction Conditions 

In order to optimize the extraction of proteins from tissue, approximately 75 mg of normal human 

LV tissue was homogenized at 4oC in 1:10 (w/v) volumes of one of the extraction buffers listed in 

Table 2.2. Tissue was also homogenized in a traditional 1-D sample buffer (1-DE; 50 mM Tris-

HCl (pH 6.8) 100 mM DTT, 2% SDS, 10% glycerol) for a relative comparison of protein 

extraction efficacy. All buffers also contained a protease, kinase and phosphatase inhibitor 

cocktail (2 mM EDTA, 50 mM NaF, 200 μM Na3VO4, 250 μM PMSF, 1 μM leupeptin, 1 μM 

pepstatin, 0.36 μM aprotinin). Detergents were obtained from Fisher (SDS, CHAPS), Calbiochem 

(ASB-14) and Sigma (SB3-10). Homogenization was performed using a Duall (glass-on-glass) 

tissue grinder (Kontes, Vineland, NJ) attached to a high torque, low RPM press (Contorque, 

Eberbach, Ann Arbor, MI).  Homogenates were centrifuged at 16,000 x g at 4oC for 15 minutes. 

Protein concentrations were determined using a Bradford protein assay (BioRad, Hercules, CA).  

Supernatants were collected into aliquots and snap frozen in liquid nitrogen and stored at –80oC  

2.2.2 Protein Extraction for the Analysis of Heart Failure 

Proteins were solubilized from either human or rabbit tissues for the analysis of heart failure. 

Approximately 100 mg of frozen LV tissue from either normal (n=5), ICM (n=8) or DCM (n=8) 

patients was homogenized in 10 volumes per mass of tissue of extraction buffer containing 20 

mM Tris-HCl (pH 6.8), 7 M urea, 2 M thiourea, 4% ASB-14 (tetradecanoylamidopropyl-

dimethylammonio-butanesulfonate), 50 mM NaF, 1µM leupeptin, 1 µM pepstatin, 2.5 mM 

EDTA, 0.36 μM aprotinin and 0.2 mM Na3VO4.  For humans, the homogenization, centrifugation 

and storage conditions were the same as that described for the optimization experiments (see 

Section 2.2.1).  For the analysis of rabbits, tissue from either sham operated wild type (n=7) or 
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Table 2.1: List of 2-DE buffers used for optimizing tissue extraction

2-DE
2-DE +    
SDS

2-DE + 2-DE + 2-DE + 
CHAPS ASB-14 SB3-10

Buffer 20 mM Tris 
(pH 6.8)

20 mM Tris 
(pH 6.8)

20 mM Tris 
(pH 6.8)

20 mM Tris 
(pH 6.8)

20 mM Tris 
(pH 6.8)

Chaotrophs 7 M Urea,    
2 M Thiourea

7 M Urea,    
2 M Thiourea

7 M Urea,   
2 M Thiourea

 7 M Urea,   
2 M Thiourea

 5 M Urea,     2 
M Thiourea

Detergents None 2% SDS 4% CHAPS 4% ASB-14 2% SB3-10, 
2% CHAPS

Table 2.2: List of 2-DE buffers used for 
optimizing IEF 

CHAPS ASB-14 SB3-10

Buffer 2 mM EDTA, 
60 mM DTT

2 mM EDTA, 
60 mM DTT

2 mM EDTA, 
60 mM DTT

Chaotrophs 7 M Urea,    
2 M Thiourea

7 M Urea,    
2 M Thiourea

5 M Urea,    
2 M Thiourea

Detergents 4% CHAPS 4% ASB-14 2% SB3-10, 
2% CHAPS
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transgenic (n=7) rabbits as well as paced wild type (n=7) or transgenic (n=7) rabbits was 

homogenized using a dounce homogenizer (A and B) by hand.  Extracts were centrifuged at 

12,000 x g for 15 minutes at 4oC, with the supernatant collected and stored at -80oC. Protein 

concentrations were determined using the 2D-Quant kit (GE Healthcare, Uppsala, Sweden).  This 

work was performed in collaboration with Dr. David Graham (Johns Hopkins University, 

Baltimore, USA). 

2.2.3 Isolating Myofibrils from Rabbits 

Myofibrils were purified from paced wild-type rabbits (n=3) and paced transgenic rabbits (n=3).  

This involved rinsing approximately 100 mg of tissue in 10 volumes per mass of Relax buffer (75 

mM KCl, 10 mM imidazole (pH 7.2), 2 mM MgCl2, 2 mM EGTA, 1 mM NaN3, 4 mM 

phosphocreatine, 1 mM ATP, 50 mM BDM, 1 mM DTT, 1 mM benzamidine-HCl, 0.1 mM 

PMSF, 1 μg/mL leupeptin, 1 μg/mL pepstatin, 1% TX-100) and mincing the tissue into small 

pieces.  The buffer was then altered to include 10 mM EDTA and the tissue was homogenized 

using a Polytron (Kimatica AG, Littau-Lucerne, Switzerland) homogenizer at 55% of maximum 

speed for 12 seconds.  Homogenization was repeated five times.  The homogenized sample was 

centrifuged at 3,000 x g for 8 minutes at 4oC, the supernatant was discarded while the pellet was 

resuspended in 10 volumes / weight of standard buffer (5 mM KCl, 10 mM imidazole (pH 7.2), 2 

mM MgCl2, 2 mM EGTA, 1 mM NaN3, 1% TX-100).  The suspended pellet was homogenized 

with a Dual glass-on-glass homogenizer and then centrifuged at 3,000 x g for 8 minutes at 4oC.  

The supernatant was discarded and the pellet was suspended again in standard buffer (10 volumes 

/ weight) and allowed to sit on ice for 5 minutes to solubilize membranes and non-myofilament 

proteins.  Twice the suspension was centrifuged at 3,000 x g for 5 minutes at 4oC, and the pellet 

suspended in standard buffer as before.   The last two times, the pellet was suspended in standard 

buffer without TX-100 (wash) and centrifuged at 3,000 x g for 5 minutes at 4oC.  Following the 
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final wash, the pellet was highly enriched for myofibrils (myofilament subproteome).  The 

myofibrils were suspended in K-60 buffer (60 mM KCl, 20 mM MOPS, 2 mM MgCl2) and could 

be stored without loss of function for <24 hours at 4oC.  Protein concentrations were determined 

using a BCA protein assay (Pierce Biotech, Rockford, IL) 

2.3 1-Dimensional Gel Electrophoresis  (1-DE; SDS-PAGE) 

For 1-dimensional gel electrophoresis (1-DE), protein extracts were diluted into 1X SDS-Sample 

Buffer (70 mM Tris-HCl (pH 6.8), 33 mM NaCl, 1 mM EDTA, 10% (w/v) glycerol, 2% (w/v) 

SDS, 50 mM DTT, 0.001% bromophenol blue). Depending upon the experiments which were 

performed, different gel formats were used.  When testing various detergents (Chapter 3), 

discontinuous polyacrylamide gels (12% resolving, 4.5% stacking) were used following the 

protocol of Laemmli (Laemmli, 1974). Equal amounts of protein (10 μg, human myocardium) 

were loaded into individual lanes and gels were electrophoresed at 20 mA / gel for 1.5 hours in 

Tris/glycine running buffer (25 mM Tris-HCl, 192 mM glycine, 0.1% SDS).  For all other studies 

using 1-DE, 4-12% bis-Tris acrylamide gels (Invitrogen) with 3-(N-morpholino) 

propanesulfonicacid (MOPS) running buffer (50 mM Tris, 50 mM MOPS, 1 mM EDTA, 0.1% 

SDS).  Gels were stained with Coomassie R-250 stain and densitometric analysis of protein 

abundance was performed using Progenesis Workstation version 2005 software (Nonlinear 

Dynamics, Newcastle-upon-Tyne, UK) to obtain densitometry information. 

2.4 2-Dimensional Gel Electrophoresis (2-DE) 

2.4.1 2-DE of Human Tissue 

For the experiments which optimized buffer conditions for 2-DE (Chapter 3), 100 µg of each of 

the six tissue homogenates obtained in Section 2.2 was diluted into one of the three focusing 
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buffers listed in Table 2.2.  For the analysis of human HF patients, approximately 200 μg of 

protein from normal (n=5) or ICM (n=5) samples, was diluted into CHAPS IEF buffer.   

Each of these buffered extracts were loaded onto Immobilized pH gradient (IPG) Ready 

Strips pH 3-10 (17 cm, BioRad). Isoelectric focusing (IEF) was carried out according to the 

manufacturer’s protocol (Protean IEF cell (BioRad)). An IPG strip with this range was chosen in 

order to maximize the range of pH observed.  IPG strips were actively rehydrated at 50 V for 10 

hours, followed by a rapid-voltage ramping method was applied as follows: 100V for 25 Volt-

hours (Vh), 500 V for 125 Vh, 1000 V for 250 Vh, and then isoelectrically focused at 8000 V for 

60,000 Vh. 

Following focusing, the IPG strips were equilibrated for SDS-PAGE by incubating in 6 

M urea, 30% glycerol, 2% (w/v) SDS, pH 8.8, 1% (w/v) DTT for 15 minutes followed by an 

incubation in 6 M urea, 30% glycerol, 2% (w/v) SDS, pH 8.8, 4% (w/v) iodoacetamide for 15 

minutes.  The strips were then loaded onto 20 cm x 20 cm discontinuous polyacrylamide gels and 

run at 80 V overnight using Laemmli Tris/glycine running buffer (25 mM Tris, 192 mM glycine, 

0.1% SDS)(Laemmli, 1974).  For the optimization experiments, 12% acrylamide was used in the 

resolving gel and 4.5% acrylamide was used in the stacking gel.  For the analysis of human heart 

failure, the resolving gel contained 8.5% acrylamide and the stacking gel contained 4.5% 

acrylamide. Different concentrations of acrylamide were used between conditions because it was 

observed during the optimization procedure that the majority of highly abundant cardiac proteins 

had a molecular weight greater than 30 kDa.  The lower concentration of acrylamide allowed 

better separation of these proteins.   

2.4.2 2-DE Analysis of TG Rabbits 

For analysis of rabbit LV extracts by 2-DE, approximately 15 μg of tissue from each rabbit’s 

tissue extract was first labeled with cyanine dye.  To label proteins, extracts were diluted to 2 
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mg/ml into 50 mM Tris-HCl (pH 8.8), 7 M urea, 2 M thiourea, 4% CHAPS and incubated with 

either cyanine-3 (Cy3) or Cy5 at a ratio of 400 pmol of dye per 50 μg of protein for 40 minutes.  

The reaction was stopped by adding an excess of free lysine.  In order to separate the proteins by 

2-DE, 5 μg of labeled tissue extracts were then diluted into a total of 125 μL of CHAPS IEF 

buffer containing 1.5% (v/v) Destreak reagent (GE Healthcare) and 0.5% pH 4-7 ampholytes.  

Isoelectric focusing was performed by actively rehydrating 7 cm pH 4-7 Drystrips (GE 

Healthcare) in IEF buffer for 12 hours at 50 V, followed by a 1 h at 150 V, 1 h at 300 V, 1 h at 

600 V, and linearly ramping from 600 V to 4000 V over 3 hours.  Samples were then focused at 

4000 V for 10,000 Vh.  The second dimension separation (SDS-PAGE) was performed using 4-

12% bis-Tris gels (Invitrogen) and MES running buffer (50 mM MES, 50 mM Tris, 1 mM 

EDTA, 0.1% SDS).  IPG strips with a pH gradient of 4-7 were used here as we were primarily 

interested in the changes in the myofilament proteins which are located in this pH range.   

In order to determine the identity of proteins changed between rabbit groups, a higher 

protein load was examined on large format gels.  As such, approximately 250 μg of an unlabeled 

protein extract from a wild-type rabbit was diluted to 325 μl using IEF buffer (7 M urea, 2 M 

thiourea, 4% CHAPS, 1% DTT, 1.5% HED) and focused in 18 cm pH 4-7 Drystrips (GE 

Healthcare) using the following IEF conditions. Active rehydration at 50 V for 12 h, 1 h at 150 V, 

1 h at 300 V, 1 h at 600 V, 1 h at 1000 V, linear ramp from 1000 to 10 000V over 1 h and 10,000 

V for 40,000 Vh.  The second dimension separation was performed using 20 cm x 20 cm SDS-

PAGE gels using a resolving gel containing 10% acrylamide and a stacking gel containing 4% 

acrylamide.  Proteins were separated in MOPS running buffer (50 mM MOPS, 50 mM Tris, 1 

mM EDTA, 0.1% SDS).   
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2.5 Western Blotting 

For 1-D western blots, proteins were separated using 1-DE.  For the analysis of human tissues, all 

samples could not fit on a single gel, and therefore, an internal standard (one patient’s extract) 

was included for each gel/blot to assist in normalization between gels/blots.  For the analysis of 2-

D western blots, proteins were first separated using IPG strips (pH 3-10 Readystrips (BioRad)).  

Strips were then equilibrated with SDS and DTT/Iodoacetamide (as described for 2-DE), and then 

cut into 5.5 cm sections.  These sections were then applied to the top of 7 cm Protean III gels 

(8.5% acrylamide), run at 150 V for 1.5 hours in Tris/glycine running buffer (25 mM Tris, 192 

mM glycine, 0.1% SDS)   

Small format gels used for all Western blot analysis were electro-blotted onto 0.45 μm 

polyvinylidenfluoride (PVDF) Immobilon-P membranes (Millipore Corporation, Billerica, MA) 

at constant voltage of 100 V for 1 hour using a BioRad tank (wet) transfer apparatus (BioRad 

Laboratories, Hercules, CA) with NuPAGE transfer buffer (25 mM bis-Tris, 25mM bicine and 1 

mM EDTA, pH 7.2). Blotted membranes were stained with Direct Blue 71 staining solution 

(0.008% (w/v) Direct Blue 71 (Sigma-Aldrich, St. Louis, MO)) as described (Hong et al., 2000) 

for 5 minutes, rinsed with wash solution, dried, and scanned using a Powerlook II scanner (Umax, 

Techville Inc, Dallas, TX)). For UNC-45B immunoblotting, Chicken IgY antibodies to the N-

terminus of SM UNC-45 were generated by Genway Biotech (San Diego, CA) (described in 

Chapter 5) and were used at a 1:10,000 dilution along with rabbit anti-chicken secondary 

antibodies (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) conjugated to alkaline 

phosphatase were used at 1:20,000 dilution.  Signals were visualized using ImmunStar-AP 

Chemiluminescent Kit (BioRad Laboratories, Hercules, CA) and then developed using Kodak X-

Omat Scientific Imaging Film (Sigma-Aldrich, St. Lois, MO) and a Kodak X-OMAT 2000 

Processor (Kodak Company, Rochester, NY, USA). Films were scanned into a PC using a 
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PowerLook II scanner (UMax, Techville Inc, Dallas, TX) at 200 dpi and image analysis was 

performed using Progenesis Workstation version 2005 software (Nonlinear Dynamics, 

Newcastle-upon-Tyne, UK) to obtain densitometry information. 

2.6 Image Acquisition 

Two dimensional gels were silver stained using a non-glutaraldehyde protocol which was adapted 

from the protocol of Shevchenko et al (Shevchenko et al., 1996).  The protocol consisted of first 

fixing the proteins into the polyacrylamide gel by incubating the gel in a fix solution (50% (v/v) 

methanol, 5% (v/v) acetic acid) for at least 1 hour at room temperature following electrophoresis. 

The fix solution was then removed and gels were washed twice for 15 minutes with distilled, 

deionized H2O (ddH2O).  The gels were then incubated with an enhancer solution (1.26 mM 

Na2S2O3) for 1 minute and then washed twice for 1 minute with ddH2O.  Following the quick 

washes, the gels were incubated in cold (4oC) silver solution (5.9 mM AgNO3) for 15 minutes for 

visualization purposes, but only for 5 minutes if proteins were to be cut for future MS analysis.  

The silver solution was decanted and excess silver was removed by washing the gels twice for 1 

minute with ddH2O.  Proteins were visualized by incubating the gel in cold (4oC) developer 

solution (190 mM Na2CO3, 0.05% (v/v) formaldehyde) for approximately 5 minutes.  The 

development was stopped by adding a solution of 5% (v/v) acetic acid and allowed to incubate for 

30 minutes.  Gels were washed 3 times for 5 minutes in ddH2O to remove excess acid and then 

scanned using a Powerlook II scanner (UMax, Techville Inc, Dallas, TX) at 150 dpi.  

For the detection of proteins from cyanine labeled protein extracts, gels were twice 

washed for 15 minutes with ddH20 to remove excess SDS, and then scanned using a Typhoon 

9400 Imager (GE Healthcare).  For Cy3, excitation was performed using a laser at 533 nm and 

emission was detected using a 580 nm band-pass filter.  For Cy5, a 633 nm laser was used along 

with a 670 nm band-pass filter.     
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2.7 Image Analysis 

For human analysis, images of silver stained gels were imported into Genomics Solutions 

software program on a Sun Workstation. Protein spots were manually defined in-house and the 

integrated intensities were calculated.  For 2-D gels of rabbits, gel images were analyzed by 

Ludesi Inc (Lund, Sweden) for spot matching and quantitation.  The average integrated intensity 

for each spot was determined for each group and four comparisons were performed between the 

different groups: WT(sham) vs. WT(paced), TG(sham) vs. TG(paced), WT(sham) vs. 

WT(paced), WT(paced) vs. TG(paced).   

2.8 Statistical Analysis 

For 2-DE image analysis and western blotting quantification, the average integrated intensity was 

obtained.  In order to determine statistical significance between groups, a two-tailed, unequal 

variance student t-test was performed. A protein spot or western blot band was deemed to be 

significantly different between groups if the results of the student t-test gave a value of p <0.05. 

2.9 Protein Identification:  

2.9.1 Peptide Extraction from Gel Pieces 

In order to identify proteins, spots were excised from a silver stained gel and incubated in 400 μl 

of destain solution (15 mM K3[Fe(CN)6, 50 mM Na2S2O3) for 15 minutes and then washed 

multiple times with ddH2O followed by alternate washes using 400 μl of 50% (v/v) acetonitrile 

(ACN) in ddH2O and 400 μl of ddH2O.  Gel pieces were then reduced by incubating in 100 μl of 

reducing buffer (0.1 M NH4HCO3, 10 mM DTT) for 40 minutes at 55oC, followed by alkylation 

with 55 mM iodoacetamide in 0.1 M NH4HCO3 for 30 minutes at room temperature.  Alternate 

washes using 400 μl of 50% (v/v) ACN in ddH2O and 400 μl of ddH2O were then repeated to 

remove excess iodoacetamide. 100 μl of ACN was then added to allow the gel pieces to 
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completely dehydrate.  The ACN was then removed and gel pieces dried for 15 min at 37oC in a 

SpeedVac (Thermo Fisher Scientific, Waltham, MA) . Dried gel pieces were then hydrated with 

15 μl of a 12.5 ng/μl solution of trypsin (modified porcine trypsin, Sequence grade, Promega, WI, 

USA) in 25 mM NH4HCO3 and digestion was allowed to proceed for at least 15 hours at 37oC.  In 

order to extract the peptides that resulted from the digestion, the gel pieces were incubated with 

50 μl of 5% (v/v) formic acid for 15 minutes at which point the formic acid was diluted by adding 

an additional 50 μl of 100% ACN and samples were incubated for another 15 minutes.  This 

solution was then transferred to a clean epindorf tube, and the extraction repeated.  Peptide 

extracts were lyophilized at 37oC in a SpeedVac for future MS analysis. 

2.9.2 MALDI-TOF MS 

For MALDI-TOF analysis, lyophilized peptides were reconstituted in 5 μL of 50% (v/v) ACN, 

0.1% (v/v) trifluoroacetic acid (TFA).  Equal volumes (0.5 μL) of peptide solution and matrix (10 

mg/ml α-cyano-4-hydroxy-trans-cinnamic acid in 50% (v/v) ACN and 0.1% (v/v) TFA) were 

mixed either on a on a 2x96 well plate which contained a hydrophobic surface (ABI) or on a 386 

well plate (Kratos Analytical, Chestnut Ridge, NY) and left to air dry at room temperature.  Dried 

peptides were analyzed with either a Voyager DE-Pro MALDI-TOF (PerSeptive Biosystems, 

Framingham, MA, USA) or an AXIMA CFR MALDI-TOF MS (Kratos Analytical).  When using 

the Voyager DE-Pro, spectra were analyzed by Voyager Data Explore software and calibrated 

using external calibration (Sequazyme Peptide mass Standard Kit, PerSeptive Biosystems.  For 

the AXIMA CFR, spectra were analyzed using Kompact Software v2.1 (Kratos Analytical) and 

externally calibrated using a 7 point calibration.  Lists of component peptide masses were 

exported from the Voyager Data Explorer or submitted to Mascot Wizard Software (AXIMA). 

Protein identifications were obtained by submitting the peptide list to the online program protein 

prospector (http://prospector.ucsf.edu/) or Mascot Wizard Software (Matrix Science).   
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2.9.3 MS/MS Analysis 

For the analysis of human samples, dried peptides were solubilized in 0.5% formic acid and 

loaded onto a C18 column connected to a Famos autosampler and Switchos and Ultimate 

micropump.  Peptides were eluted at 200 nL/min with a 1.6% to 60% methanol gradient over 60 

minutes.  Eluted peptides were analyzed using a LCQ-MS (API QStar Pulsar, PE Sciex) and 

analyzed using Mascot software (Matrix Science) against the NCBInr database.  For the analysis 

of protein spots from rabbits, dried peptides were solubilized in 0.1% formic acid and loaded onto 

a C18 column connected to an Eksignent nano-2DLC pump.  Peptides were eluted at 300 nL/min 

over a 10% to 30% buffer B (0.1% (v/v) formic acid, 90% (v/v) ACN) gradient in 30 minutes.  

This was followed by a two successive 5 minute step gradient of 40% and 60% buffer B followed 

by an increase to 100% buffer B for 10 minutes. Eluted peptides were analyzed with a LTQ-MS 

(ThermoElectron) and Mascot software (Matrix Science) was queried against the NCBInr 

database.  This analysis was performed by Dr. Dawn Chen at the Mass Spectrometry/Proteomic 

Facility (Johns Hopkins University, Baltimore, U.S.A.). Some proteins (e.g. actin, desmin) from 

rabbits were analyzed instead with a TOF-TOF MS (4800, ABI Technologies) and searched 

against the NCBInr database using Mascot software. 

2.10 Ca2+ Activated ATPase Assay 

The myofibril ATPase activity, directly related to myosin ATPase rate, was determined for 

myofibrils purified from paced wild-type (n=3) and paced transgenic (n=3) rabbits.  Myofibrils 

were diluted to 0.5 μg/μL using K-60 buffer (60 mM KCl, 20 mM MOPS, 2 mM MgCl2) and 30 

μL of this suspension was added to 40 μL of K-60 buffer containing either 7 mM EGTA or 7 mM 

EGTA, 7 mM CaCl2.  Samples were heated at 31oC for 10 minutes after which point, 30 μL of 

4.67 mM ATP was added.  The samples were allowed to incubate at 31oC for 10 minutes after 

which point the reaction was stopped by adding 100 μL of Stop buffer (3.6% ascorbic Acid, 0.6 
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M HCl, 0.3% ammonium molybdate, 7.2% SDS).  Samples were allowed to sit for 10 minutes at 

room temperature at which point, 100 μL of Stabilizing Solution (68 mM sodium citrate, 16 mM 

sodium m-arsenite, 0.35 M acetic acid) was added.  Samples were allowed to sit at room 

temperature for 10 minutes at which point the absorbance at 595 nm was determined.  

Absorbance was matched to a concentration of free phosphate by performing the same 

experiment but with a standard curve of KH2PO4.  The ATPase rate was defined as the rate 

increase in the amount of free phosphate / μg of myofibril in 10 minutes. 

2.11 Rat neonatal cardiomyocytes 

Post-natal Sprague Dawley rats were obtained at day 2 following birth and euthanized by cervical 

dislocation.  Ventricular myocytes were isolated by percoll gradient centrifugation.  Cells were 

then cultured in DF for 24 hours at which point they were transfected by lipofection with 

plasmids to either overexpress UNC-45B or express siRNA directed to UNC-4B. 

2.11.1 Expression of UNC-45B or UNC-45B siRNA  

The level of UNC-45B mRNA was altered by transfecting cultured rat neonatal cardiomyocytes 

with a plasmid either expressing siRNA directed against rat UNC-45B (reduced) or rat UNC-45B 

(increased).  These genes were under the control of the CMV promoter. Cells were co-transfected 

with a plasmid containing the luciferase gene under the control of the α-MHC promoter for both 

experiments.  Cells were then cultured for 24 hours under serum free condition at which point the 

luciferase activity was determined by incubating cell lysate with luciferase assay substrate in a 

luminometer (Berthold Lumat 9501) measuring relative light units.  Cells were also co-

transfected with a plasmid constitutively expressing β-galactosidase which, following a β-

galactosidase assay, allowed the luciferase signal to be normalized for variable transfection 

efficiency.  
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2.11.2 Immunocytochemistry to MHC 

Control rat neonatal cardiomyocytes or cardiomyocytes transfected with siRNA to UNC-45B 

were incubated for 24 hours under serum free conditions.  The level / localization of MHC in 

these cells was determined by fixing cells in ice cold 70 % (v/v) ethanol for 15 min and washing 

3 times in PBS. Cells were blocked overnight at 4 °C in blocking buffer (2% skim milk powder, 

5% Bovine Serum Albumin in TBS pH 7.5). Myocytes were incubated with murine antibody 

1μg/ml directed against sarcomeric myosin MF20 for 2 hrs as previously reported (Kirshenbaum 

& Schneider, 1995). Cells were washed 3 times with PBS and incubated with NothernLights-557 

conjugated goat-anti-mouse antibody (1:250 dilution in blocking buffer, Molecular Probes Inc).  

Nuclei were visualized using the TO-PRO-3 dye.  Glass cover slips were mounted and visualized 

for sarcomeric organization in the presence and absence of siRNA UNC-45B on an Olympus 

Fluoview confocal microscope. 
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Chapter 3 
Optimizing Conditions for 2-Dimensional Gel Electrophoresis 

The goal of this study was to determine high abundant proteome changes in the left ventricular 

tissue obtained from normal and end-stage heart failure patients, as well as from control rabbits 

and rabbits with induced heart failure. Although previous studies have examined the proteome of 

both heart failure patients and different animal models of heart failure (Corbett et al., 1994; 

Corbett et al., 1998; Heinke et al., 1998; Heinke et al., 1999; Weekes et al., 1999), these studies 

used traditional extraction and focusing conditions which utilized the same zwitterionic detergent 

(CHAPS) for both the extraction and isoelectric focusing (IEF) of proteins.  The use of the same 

detergent for both extraction and IEF may be overly simplistic as the requirements for the two 

milieus may differ. Therefore, before examining the proteome of different forms of heart failure, 

a detergent screen was performed on human left ventricular tissue for both extraction and 

isoelectric focusing.  It is possible that previous studies missed some protein changes due to an 

inefficiency of the detergent CHAPS to solubilize proteins from ventricular tissue.  We 

hypothesized that proteins were not detected because the detergent(s) present in the extraction 

buffer were not appropriate for IEF.  The work presented in this chapter has been published 

(Stanley et al., 2003). 

3.1 Optimizing Extraction Conditions for 2-DE of Human LV Tissue 

The optimum extraction of proteins from tissue involves the release and solubilization of as many 

proteins as possible in order to fully represent the proteome.  This procedure generally utilizes a 

chaotropic agent (e.g. urea) and a detergent.  We examined the relative ability of the ionic 

detergent SDS and three zwitterionic detergents (CHAPS, SB3-10, ASB-14) for their ability to 
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extract proteins from LV tissue. When these protein extracts were separated by 1-DE, minimal 

differences were observed between the various detergent homogenates (Figure 3.1). 

 When three of these detergent extracts (2DE, 2DE+SDS, 2DE+CHAPS) were subjected to 2-DE 

using the detergent CHAPS for IEF, the SDS-homogenized tissue was found to be superior to 

others as seen by an approximate 2.5 fold increase in the number of protein spots resolved on a 2-

D gel compared to when no detergent was used in the homogenization (570 compared to 232) 

(Figure 3.2(A) versus Figure 3.2(B)).  When CHAPS was used for protein extraction, only 400-

460 protein spots could be resolved (Figure 3.2(C)).  Although inspection of the SDS versus the 

CHAPS solubilized extracts suggests that there is more protein resolved from the CHAPS extract, 

this higher apparent load was due to the fact that the same quantity of protein was distributed over 

a fewer number of proteins, thus increasing the abundance of each individual protein spot.  

Although ionic detergents such as SDS are more effective at extracting and solubilizing proteins 

from cardiac tissue, SDS (due to its charged nature) is incompatible with IEF in concentrations 

greater than 0.2%.  Because of this, the homogenates containing SDS needed to be diluted with 

an uncharged or zwitterionic detergent (in order to out-compete the SDS), thus reducing the 

quantity of protein that could be loaded onto a 2-D gel.  

Each of the three zwitterionic detergents (CHAPS, ASB-14, SB3-10) were then examined 

in order to determine their relative efficacy for solubilizing proteins from LV tissue for 2-DE.  

This investigation demonstrated that distinct proteins can be selectively solubilized depending 

upon the detergent utilized.  The protein abundance changes between detergents were most 

notable in the lower molecular weight region (Figure 3.3).  Both ASB-14 (Figure 3.3(B)) and 

SB3-10 (Figure 3.3(C)) appeared to solubilize proteins better than CHAPS (Figure 3.3(A)) when 

examined by 2-DE.  A select number of these proteins were excised from gels and identified 

through MALDI-TOF MS.  This revealed that SB3-10 tended to have the ability to extract a wide 
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Figure 3.1: Effect of different extraction 
buffers on protein solubility. 1-DE (10 μg 
load, 12% acrylamide, Tris/Glycine running 
buffer) of human myocardial tissue 
homogenates extracted in the following buffers 
(1) 1-DE ; (2) 2-DE +SDS ; (3) 2-DE + 
CHAPS ;(4) 2-DE + ASB-14 ; (5) 2-DE + SB3-
10 ; (6) 2-DE

1 2 653 4
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(A)

(B)

(C)

Figure 3.2: Effect of different types of detergents 
during extraction on 2-DE performance . Human 
myocardial tissue homogenates extracted using 
different buffers isoelectrically focused on pH 3-10 
IPG strips using CHAPS rehydration buffer. The 
extraction buffers used were: (A) 2-DE (No 
detergent); (B) 2-DE + SDS ; (C) 2-DE + CHAPS 
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Figure 3.3: Effect of different zwitterionic 
detergents during extraction on 2-DE 
performance. Enlarged view of 2D gels 
(Mw ~ 20-45 kDa,  pI ~ 4.5 -8) from human 
cardiac tissue extracted with different 
detergents and isoelectrically focused on 
pH 3-10 IPG strips using CHAPS 
rehydration buffer.  The extraction buffers 
used were: (A) 2-DE + CHAPS; (B) 2-D + 
ASB-14 ; (C) 2-DE + SB3-10. 
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variety of acidic proteins (pI ~3-6).  This was exemplified by such proteins as antioxidant protein 

2 (pI 6.0) and enoyl-CoA hydratase (pI 5.8).  Conversely, ASB-14 exhibited an increased ability 

to extract more neutral/basic (pI 6.4-9.0) proteins such as triosephosphate isomerase (pI 6.4) and 

Mn-superoxide dismutase (pI 8.3).  One limitation with using SB3-10 is its insolubility in buffers 

containing more than 5 M urea, 2 M thiourea compared to a solubility limit of 7 M urea, 2 M 

thiourea for ASB-14 and CHAPS.  This decrease in urea concentration appears to limit the 

number of higher molecular weight proteins observed in homogenates prepared with SB3-10, a 

result also observed by Rabilloud et al for SB3-10 extracts of D. discoideum (Rabilloud, 1996).  

Therefore, although an increased solubility is observed in the low molecular weight region, the 

trade off is that one loses the ability to solubilize higher molecular weight proteins.   

3.2 Altering Isoelectric Focusing Conditions 

An ideal detergent, in addition to allowing efficient homogenization of proteins from tissue, must 

maintain the solubility of a protein during the isoelectric focusing stage.  However, because the 

operating conditions differ between these two stages, a detergent useful for homogenization may 

not be suitable for IEF.  To investigate the effect of the detergent present during IEF on protein 

resolution and solubility, homogenates from each of the detergent extractions were diluted into an 

excess rehydration buffer containing CHAPS, SB3-10 or ASB-14, isoelectrically focused and 2-

DE performed (See Chapter 2.1).  This demonstrated that the resolution of proteins (as 

determined by horizontal streaking and sharpness of spots) differed between focusing conditions. 

The three detergents can be ranked for overall (Mw and pI) resolution in the following order SB3-

10 > CHAPS > ASB-14.   

In order to determine the identity of proteins preferentially focused using either ASB-14 

or SB3-10, certain protein spots were excised and identified by MALDI-TOF MS.  The locations 

of these proteins are circled in Figure 3.4 and their relative abundance depending on whether  
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Figure 3.4: Effect of altering detergent in 
IEF buffer on 2-DE performance. Enlarged 
view of a subsection of 2D gels (Mw ~ 15-40 
kDa, pI ~ 4.5 -8.5) from human myocardial 
tissue extracted with 2-DE + SB3-10 buffer 
and isoelectrically focused using pH 3-10 
IPG strips.  The following IEF buffers were 
used: (A) 2-DE + CHAPS, (B) 2-DE + ASB-
14 , (C) 2-DE + SB3-10.  Circled spots were 
excised and identified by MALDI-TOF MS 
(See Table 3.1)
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CHAPS, SB3-10 or ASB-14 was used in the IEF buffer is listed in Table 3.1.    Each focusing 

condition improved protein resolution in discrete regions of the gel. For example, SB3-10 was 

better for general acidic proteins (L-lactate dehydrogenase β-chain (pI 5.7), peroxiredoxin I (pI 

5.7) whereas ASB-14 was found to be better for certain more neutral to basic proteins (e.g. 

carbonic anhydrase (pI 6.6), phosphoglycerate mutase (pI 6.7).   

The choice of detergent used should be determined not only by its performance for the 

preparation of tissue homogenates and IEF, but its compatibility with technical parameters of the 

equipment.  For instance, the presence of ASB-14 in the focusing buffer results in large 

horizontal streaking towards the basic end of the strip.  Interestingly, this streaking appears to be 

an interaction between ASB-14 and the cathode rather than purely an issue with basic proteins, as 

the effect was independent of the pH range of the IPG strip (pH 3-10 or pH 4-7).  

3.3 Mix and Matching Detergents between Extraction and IEF  

The ability to vary the homogenization and focusing conditions can allow one to obtain an 

optimum balance between the spot resolution and number of protein spots obtained.  Figure 3.5 

illustrates that when proteins were extracted from tissue without detergent, simply changing the 

detergent in the IEF buffer from CHAPS (Figure 3.5(A)) to SB3-10 (Figure 3.5(B)) increased the 

number of proteins which could be analyzed by 2-DE.  Similarly, if one then changes the 

extraction conditions to contain ASB-14 and focuses with SB3-10 (Figure 3.5(C)), an increased 

number of basic proteins could be resolved.  This demonstrated that SB3-10 is likely the best over 

all detergent to use for IEF purposes; however, due to the insolubility of SB3-10 at concentrations 

of urea greater than 5 M, it was determined that SB3-10 was not appropriate for the analysis of 

higher molecular weight proteins.  It was decided that for future proteomic work on human LV 

tissue, optimum extraction conditions should utilize the detergent ASB-14 whereas for IEF 

purposes CHAPS should be used because of its ability to solubilize in high concentrations of  
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Table 3.1:  Properties of select proteins and their abundance using different IEF buffers 
 

Spot 
from 

Fig. 3.4 
Identified Protein Accession# 

(Swiss-Prot) 
Prot. 
Seq. 
Cov. 

Theor
pI 

Theor 
Mw 

(kDa) 

CHAPS /  SB3-
10 / ASB-14 

Ratio‡ 
1 Apolipoprotein A-I P02647 35% 5.27* 28.1* 1: 1.75: 0.43 

2 NADH-ubiquinone oxidoreductase 30 kDa 
subunit 

O75489 45% 5.48* 26.4* 1: 2.43:1.05 

3 Peroxiredoxin 2 P32119 44% 5.66 21.9 1: 1.77: 0.28 

4 L-lactate dehydrogenase β chain P07195 52% 5.72 36.5 1: 1.26: 0.77 

5 HSP27 P04792 48% 5.98 22.8 1: 0.29: 0.06 

6 Carbonic anhydrase I P00915 68% 6.63 28.7   1: 4.13: 11.33 

7 Phosphoglycerate mutase 1 P18669 59% 6.75 28.7 1: 1.84: 5.42 

8 Superoxide dismutase [Mn] P04179 34% 6.86* 22.2* 1: 0.88: 1.92 

9 α crystalin β chain P02511 38% 6.76 20.1 1: 1.20: 2.30 

10 α crystalin β chain P02511 48% 6.76 20.1 1: 0.95: 1.19 

11 α crystalin β chain P02511 63% 6.76 20.1 1: 1.02: 1.65 

12 Phosphatidyl ethanolamine binding protein P30086 47% 7.43 20.9 1: 1.40: 8.11 
 

Abbreviations used: Prot.Seq.Cov. = Protein sequence coverage (percentage of total amino acids contained in tryptic fragments observed 
by PMF).  Theor pI = theoretical isoelectric point ; Theor.Mw = theoretical molecular weight 
‡ Ratio of integrated intensities based on optical densitometry of gels from Figure 3.4. 
*Based on the removal of mitochondrial translocation sequence. 
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Figure 3.5: Effect of “mixing and matching”
extraction and IEF buffers on 2-DE performance.  
Enlarged view of basic range (pI ~ 7-10) from 2-D 
gels of human myocardial tissue homogenates 
focused on pH 3-10 linear IPG strips under the 
following conditions: (A) Extraction Buffer: 2-DE ; IEF 
Buffer: 2-DE+ CHAPS (B) Extraction Buffer: 2-DE ; 
IEF Buffer: 2-DE + SB3-10 (C) Extraction Buffer: 2-
DE + ASB-14 ; IEF Buffer 2-DE + SB3-10.

(A) (B) (C)
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Urea.  See Figure 3.6 for a summary of the efficacy of the different zwitterionic detergents for 

either extraction and/or IEF 

3.4 Summary of Chapter 3 

The work described in this chapter demonstrates that the choice of detergent present during tissue 

extraction and / or IEF can affect the proteome that is observed by 2-DE.  Of particular note was 

the observation that switching the detergent present during protein extraction and IEF can allow 

increased solubility of proteins which would not be observed if a single buffer was used for both 

steps of 2-DE.  It was decided that extracting in 2-DE + ASB buffer followed by IEF in a CHAPS 

buffer allowed optimum spot abundance and resolution.  This optimization allowed us to observe 

an increased number of proteins in the analysis of heart failure in both humans (Chapter 4) and 

rabbits (Chapter 6). 
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Figure 3.6:  Schema illustrating effect of 
different extraction/IEF buffers on 2-DE 
performance. Qualitative (lack of protein 
streaking) and quantitative (number of protein 
spots) assessment of the ability of different 
buffer combinations was performed. 
Checkmarks imply that the condition was 
acceptable for 2-DE.  “X” implies that the 
condition was unacceptable for 2-DE.  CHAPS 
was relatively ineffective at protein extraction 
whereas ASB-14 resulted in horizontal 
streaking.  The green checkmark refers to the 
conditions used for the analysis of HF in 
chapters 4 and 6.
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Chapter 4 
Analysis of Human Heart Failure Patients by 2-DE 

The purpose of the study presented in this chapter was to analyze the highly abundant proteome 

of heart failure on end-stage HF patients.  A determination of those proteins exhibiting abundance 

changes may give insight into the altered biochemical pathways responsible for pathophysiology 

of the disease.  To determine protein abundance differences, 2-DE was performed on left 

ventricular (LV) tissue obtained from either normal patients or patients with end-stage heart 

failure and proteins were identified using mass spectrometry. 

4.1 Tissue Acquisition and Protein Separation 

Left ventricular tissue was obtained from explanted hearts of patients with end-stage HF (who 

had a prior diagnosis of ischemic cardiomyopathy (ICM)) undergoing heart transplantation 

operations. Normal LV tissue was obtained from patients who had died of non-cardiac related 

means (e.g. trauma).  These patients’ hearts were deemed inappropriate for future transplant 

purposes due to structural damage but acceptable for proteomic analysis.  In order to attempt to 

reduce the biological and pathological variability in protein abundance between explanted hearts 

patients were selected based on similar trends in their mRNA profile as previously determined by 

Dr. Peter Liu.   

Proteins from these patients’ LV tissues were extracted and separated by 2-DE using the 

optimized conditions described in Chapter 3.  Because the majority of high abundant proteins in 

the human myocardium were found to have a molecular weight greater than 20 kDa (See Chapter 

3), 8.5% polyacrylamide gels were used for the second dimension.  Following SDS-PAGE, gels 

were silver stained and protein abundance changes occurring between normal and ICM patients 

were determined by comparing the optical density of the spots.  Figure 4.1(A) demonstrates a 
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representative 2-D gel of LV proteins from a normal patient.  Figure 4.1(B) illustrates those 

proteins with significant abundance difference between normal and ICM patients.  

4.2 Determining Abundance Changes and Protein Identity 

In addition to the protein spots that were altered in abundance (shown in Figure 4.1(B)), 

additional protein spots not exhibiting an abundance change were excised, digested, and analyzed 

by MALDI-TOF MS (see circled proteins on Figure 4.2) in order to determine the class/type of 

proteins observed by 2-DE.  Since the majority of proteins existed as multiple isoforms (as well 

as post-translational modifications (PTM)), it was important to determine whether a spot with 

altered abundance constituted a change in abundance of the protein, a change of isoform, or a 

PTM.  Table 4.1 lists the proteins identified and their abundance based on average integrated 

intensities of spot volumes between normal and ICM patients determined through densitometric 

analysis.  The theoretical and observed molecular weights (Mw) and isoelectric points (pI) for the 

identified proteins are listed in the table.  Note that some spots were observed very close to their 

theoretical molecular weight (e.g. α-enolase, GRP 75) whereas others (e.g. fumarate hydratase, 

ATP synthase α -subunit) were observed at a lower molecular weight than their theoretical value.  

These discrepancies may result from cleavage of the mitochondrial targeting sequence (or 

possibly degraded protein) or due to further processing.  In some cases, multiple spots with the 

same Mw but different pIs were identified as the same protein (e.g. 6-phosphofructokinase). These 

additional spots are likely due to PTM of the protein which affect the physiochemical properties.   

Statistical analysis of the integrated spot intensities demonstrated significant (p<0.05) 

differences in 11 protein spots between ICM and normal patients (see Table 4.1).  The majority 

(7/11) of these proteins were involved in energy metabolism.  As well, the majority of proteins 

(8/11) were decreased in abundance in HF patients. For example, α-enolase (single spot), 78 kDa  
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(A)

Figure 4.1: 2-DE of ICM and normal patient cardiac extacts. (A) Representative 
silver stained 2D gel of normal human LV tissue. (B) Zoomed-in regions of 2D gels 
from normal (n=5) and ICM patients (n=5) illustrating protein abundance changes 
between groups.  Proteins spots are circled (red) and identified at left with spot 
number given (in brackets).  The average fold change in spot volume between ICM 
patients and normal is shown to the right with the student t-test value shown. 

α-Enolase (8)

Fumarate 
Hydratase (25)

ATP synthase α
(30, 31)

Desmin (45)
ATP synthase β (34)

GRP 78 (36)

α-actinin 2 (13)

UNC-45B (43)

Normal ICM

6-PFK (3,4)

30 31

3 4

45
34

(B)
-1.95x
(p=0.04)

-1.48x
(p=0.04)

-1.76x
(p<0.01)

-1.75x, -1.31x
(p=0.01, p=0.04)

-1.41x, -1.35x
(p=0.04, p=0.02)

-1.70x
(p=0.01)

+2.54x, +1.95x
(p=0.02, p=0.04)

+2.17x
(p=0.01)

Fold Change
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Table 4.1:  Proteins identified by MALDI-TOF MS from ICM patients.  Spot number refers to circled spot on Figure 4.1. Accession Number is 
the accession number from Swiss-Prot (www.expasy.ch) protein database. Theorectical pI / Mw were generated by ProtParam program 
(www.expasy.ch) based on full length sequence (i.e potential mitochondrial targeting sequences were not removed). Average I.I = average 
integrated intensity of spot volumes from 2-DE of normal (n=5) and ICM (n=5) patients. p value is the results of a student-t-test based on the 
integrated intensities. 

 † May be located in mitochondria, and as such, have a targeting sequence removed

Glycolysis

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

1 P08237 8.2 85.1 7.8 80 0.145 0.203 1.40 1.40 0.27 6-phosphofructokinase, muscle type
2 P08237 8.2 85.1 8.2 80 0.219 0.395 1.80 1.80 0.07 6-phosphofructokinase, muscle type
3 P08237 8.2 85.1 8.5 80 0.310 0.786 2.54 2.54 0.02 6-phosphofructokinase, muscle type
4 P08237 8.2 85.1 8.7 80 0.388 0.756 1.95 1.95 0.04 6-phosphofructokinase, muscle type
5 P14786 8.0 57.9 8.1 48 0.930 1.021 1.10 1.10 0.67 Pyruvate kinase, M2 isozyme (or M1)
6 P14618 8.0 57.9 8.0 60 1.890 2.043 1.08 1.08 0.50 Pyruvate Kinase, M1/M2 isozyme
7 P14618 8.0 57.9 7.8 62 2.955 2.917 0.99 -1.01 0.92 Pyruvate kinase, M1 isozyme (or M2)
8 P06733 7.0 47.2 6.7 45 1.950 0.998 0.51 -1.95 0.04 α enolase (Enolase 1)
9 P06733 7.0 47.1 6.9 45 1.012 0.674 0.67 -1.50 0.25 α enolase (Enolase 1)
10 P13929 7.6 47.0 7.0 45 0.533 0.466 0.88 -1.14 0.68 β enolase (2-phospho-D-glycerate hydrolyase)
11 P13929 7.6 47.0 7.8 45 2.792 1.753 0.63 -1.59 0.31 β enolase (2-phospho-D-glycerate hydrolyase)
12 P17174 6.5 46.2 6.9 41 3.120 2.636 0.84 -1.18 0.66 Aspartate aminotransferase, cytoplasmic
13 P17174 6.5 46.2 6.9 39 1.649 1.460 0.89 -1.13 0.56 Aspartate aminotransferase, cytoplasmic
14 P17174 6.5 46.2 7.0 39 5.057 4.123 0.82 -1.23 0.08 Aspartate aminotransferase, cytoplasmic
15 P04075 8.3 39.4 8.4 40 4.889 3.473 0.71 -1.41 0.07 Fructose-bisphosphate aldolase A
16 P04075 8.3 39.4 8.7 40 10.122 9.040 0.89 -1.12 0.43 Fructose-bisphosphate aldolase A
17 P40925 6.9 36.4 6.6 34 1.453 1.414 0.97 -1.03 0.96 Malate dehydrogenase, cytoplasmic
18 P40925 6.9 36.4 6.9 33 2.318 2.818 1.22 1.22 0.44 Malate dehydrogenase, cytoplasmic
19 P04406 8.6 36.0 8.9 37 19.033 16.716 0.88 -1.14 0.22 Glyceraldehyde 3-phosphate dehydrogenase
20 P11217 6.6 97.1 6.8 85 0.190 0.408 2.14 2.14 0.09 Glycogen phosphorylase, muscle form
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Table 4.1:  Continued

Leucine Catabolism

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

21 Q96RQ3 7.7 80.4 6.9 70 0.402 0.547 1.36 1.36 0.30 Methylcrotonyl-CoA carboxylase α chain†
22 Q9HCC0 7.6 61.3 6.8 60 2.060 1.760 0.85 -1.17 0.50 Methylcrotonyl-CoA carboxylase β-chain†

Citric Acid Cycle

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

23 Q02218 6.6 113.5 6.5 100 1.490 2.195 1.47 1.47 0.40 α-ketoglutarate dehydrogenase 
24 P09622 7.6 54.1 6.9 60 4.251 3.576 0.84 -1.19 0.10 Dihydrolipoamide dehydrogenase†
25 P07954 8.8 54.6 6.9 42 1.645 0.934 0.57 -1.76 0.00 Fumarate hydratase†

26 P40926 8.9 35.5 8.7 37 4.144 3.734 0.90 -1.11 0.72 Malate dehydrogenase WITH Glyceraldehyde 3-
phosphate dehydrogenase

27 P40926 8.9 35.5 9.4 36 18.850 18.227 0.97 -1.03 0.83 Malate dehydrogenase WITH Sucinyl-CoA ligase WITH 
Glyceraldehyde 3-phosphate dehydrogenase

28 P36957 9.0 48.6 6.2 51 0.543 0.792 1.46 1.46 0.13
Dihydrolipoamide succinyltransferase component of 2-
oxoglutarate dehydrogenase complex

Electron Transport Chain

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

29 P28331 5.8 79.6 5.5 77 0.304 0.381 1.25 1.25 0.53 NADH-ubiquinone oxidoreductase 75 kDa subunit†

30 P25705 9.2 59.8 6.9 50 2.037 1.447 0.71 -1.41 0.04 ATP synthase alpha chain†

31 P49821 8.5 50.8 7.8 48 1.447 0.975 0.67 -1.48 0.67 NADH-ubiquinone oxidoreductase 51 kDa subunit†

32 P25705 9.2 59.8 8.5 50 19.982 14.800 0.74 -1.35 0.02 ATP synthase alpha chain†

33 O95299 8.7 40.8 7.2 38 0.917 0.759 0.83 -1.21 0.40 NADH-ubiquinone oxidoreductase 42 kDa subunit†

34 P06576 5.3 56.6 5.0 55 22.400 17.100 0.76 -1.31 0.04 ATP synthase beta chain†
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Table 4.1:  Continued

Heat Shock Proteins

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

35 P08238 5.0 83.2 5.2 76 3.366 2.544 0.76 -1.32 0.35 Heat shock protein 90 (α or β isoform)
36 P11021 5.1 72.3 5.0 70 2.944 1.984 0.67 -1.48 0.02 78 kDa glucose-regulated protein (GRP 78)
37 P38646 5.9 73.7 5.6 75 0.569 0.386 0.68 -1.47 0.20 Stress-70 protein (GRP 75)†
38 P11142 5.4 70.9 5.5 67 3.926 2.918 0.74 -1.35 0.50 Heat shock cognate 71 kDa protein
39 P10809 5.7 61 5.7 62 3.649 2.624 0.72 -1.39 0.15 60kDa heat shock protein (HSP 60)†

Cytoskeletal Proteins

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

40 24657579 5.8 116.7 6.2 110 0.439 0.193 0.44 -2.28 0.44 Vinculin

41 Q14896 6.2 140.8 6.4 110 0.400 0.703 1.76 1.76 0.15 Myosin-binding protein C WITH Metavinculin

42 P35609 5.3 103.9 5.5 100 8.091 4.747 0.59 -1.70 0.01 α-actinin 2
43 27477061 8.0 103.7 8.2 90 0.097 0.212 2.17 2.17 0.01 Striated muscle UNC-45
44 P08670 5.1 53.7 5.2 50 18.985 13.684 0.72 -1.39 0.21 Vimentin
45 P17661 5.2 53.5 5.5 50 9.770 5.567 0.57 -1.75 0.01 Desmin
46 P45379 4.9 35.9 5.4 38 5.420 3.429 0.63 -1.58 0.08 Troponin T, cardiac
47 P07951 4.7 32.9 4.5 36 1.359 1.331 0.98 -1.02 0.94 Tropomyosin β chain
48 P07355 7.6 38.6 7.8 35 2.184 2.066 0.95 -1.06 0.86 Annexin II

Ketolysis

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

49 P55809 7.1 56.1 6.5 55 0.784 0.819 1.04 1.04 0.87 Succinyl-CoA:3-ketoacid-coenzyme A transferase†

50 P55809 7.1 56.1 6.7 55 2.027 1.793 0.88 -1.13 0.57 Succinyl-CoA:3-ketoacid-coenzyme A transferase†
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Table 4.1:  Continued

Fatty Acid Metabolism

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

51 P33121 6.8 78.0 7.0 72 0.925 1.328 1.44 1.44 0.24 Long-chain fatty acid CoA ligase 2
52 P23786 8.4 73.8 7.6 67 0.424 0.377 0.89 -1.12 0.57 Carnitine O-palmitoyltransferase II†

53 P49748 8.9 70.4 7.5 65 1.183 1.152 0.97 -1.03 0.93
Acyl-CoA dehydrogenase, very-long chain specific 
(VLCAD) †

54 P49748 8.9 70.4 7.9 64 2.337 2.293 0.98 -1.02 0.92
Acyl-CoA dehydrogenase, very-long chain specific 
(VLCAD) †

55 16924265 8.5 35.7 6.3 30 1.325 0.293 0.22 -4.52 0.14 Δ3,5,Δ2,4 Dienoyl CoA isomerase (ECH1)
56 16924265 8.5 35.7 6.6 30 1.418 2.184 1.54 1.54 0.28 Δ3,5,Δ2,4 Dienoyl CoA isomerase (ECH1)

"Other" Proteins

Accession Theoretical Actual Average I.I. Ratio Fold *=kDa
Spot Number pI Mw pI Mw Norm ICM I/N Change p  value Protein Identification

57 P13639 6.4 95.3 6.9 90 0.698 0.901 1.29 1.29 0.33 Elongation factor 2 (EF-2)
58 P08133 5.4 75.9 5.6 70 1.354 1.552 1.15 1.15 0.87 Annexin VI
59 P30153 5.0 65.2 5.0 65 0.845 0.880 1.04 1.04 0.88 Protein phosphatase 2A, 65 kDA subunit A 
60 O95831 9.0 66.9 7.3 67 0.440 0.370 0.84 -1.19 0.34 Programmed cell death protein 8†
61 O95831 9.0 66.9 7.8 67 1.047 0.951 0.91 -1.10 0.59 Programmed cell death protein 8†
62 O95831 9.0 66.9 8.0 60 1.890 2.043 1.08 1.08 0.50 Programed cell death protein 8†
63 P05091 6.6 56.3 6.3 52 0.850 0.986 1.16 1.16 0.60 Aldehyde dehydrogenase†

64 P11182 8.7 53.5 6.4 50 0.306 0.344 1.12 1.12 0.66 Lipoamide acyltransferase component of branched 
chain α keta acid dehydrogenase complex

65 Q9Y512 6.4 51.9 6.8 52 0.288 0.231 0.80 -1.25 0.44 Protein CGI-51
66 P00367 7.7 61.4 7.0 52 1.538 1.304 0.85 -1.18 0.50 Glutamate dehydrogenase 1†
67 Q14192 7.6 32.2 7.6 30 2.841 2.304 0.81 -1.23 0.43 Skeletal musle LIM protein 3 (with VDAC-2)
68 P21796 8.6 30.8 9.4 33 7.033 5.250 0.75 -1.34 0.20 VDAC-1 and 2,4 dienyl-CoA reductase 
69 P26038 6.1 67.8 6.6 72 0.348 0.585 1.68 1.68 0.06 Moesin
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glucose regulated protein (GRP 78; single spot), fumarate hydratase (single spot), ATP synthase 

β-chain (single spot), desmin (single spot), ATP synthase α –chain (two spots, pI shift) and α -

actinin 2 (single spot) each were decreased 2.0, 1.5, 1.8, 1.3, 1.8, 1.4, and 1.7, fold, respectively.  

In contrast, 6-phosphofructokinase, (2 spots, pI shift) and striated muscle UNC-45 (single spot) 

exhibited a 2.5, 1.9, and 2.2 fold increase, respectively in ICM patients. See Table A1 for the 

number of peptides and amino acid sequence coverage obtained for each protein.   

4.3 Abundance Changes in UNC-45B 

Striated muscle UNC-45 (UNC-45B) was of particular interest because the gene product had not 

been reported previously in humans, nor in mammalian cardiac tissue (although the existence of 

the gene had been published).  Additionally, different studies (Barral et al., 2002; Price et al., 

2002) had demonstrated a role for UNC-45B in the stabilization / assembly of myosin heavy 

chain in C. elegans and murine C2C12 myotubules (Price et al., 2002) (skeletal muscle)  In order 

to confirm the identity of this protein spot as UNC-45B, LC-MS/MS peptide sequencing was 

performed on the tryptic fragments obtained from the protein spot.  Figure 4.2 demonstrates both 

the MALDI-TOF MS spectra and two MS/MS spectra corresponding to two UNC-45B peptides.  

A total of 8 peptides from UNC-45B were sequenced using LC-MS/MS (Figure 4.3(A)).  Figure 

4.3(B) shows a graphical representation of the amino acid sequence of UNC-45B and the location 

of the peptides masses identified by MALDI-TOF MS and LC-MS/MS.     

Three different alternative spliced forms of the mRNA for the human gene, unc-45b, 

have been described in the literature (Gerhard et al., 2004).  Using the online-software program 

protparam (http://ca.expasy.org/tools/protparam.html), the theoretical Mw and pI of the protein 

corresponding to the different splice variants of unc-45b were determined.  These are summarized 

in Table 4.2.  The major isoform differences are between isoform 1 and isoform 2 as illustrated in 

Figure 4.3(B).  Isoform 2 has a deletion of 80 amino acids (485-565), whereas isoform 3 only has  
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(A)

(B)

(C)

Figure 4.2: MALDI-TOF and LC-MS/MS spectra for UNC-45B.
(A) MALDI-TOF MS spectra of spot 43 identified as UNC-45B. 
(B,C) MS/MS spectra of 2 tryptic peptides from UNC-45B. MS/MS analysis 
was performed by the Mass Spectrometry /Proteomic Facility (Johns Hopkins 
University, Baltimore, U.S.A.).  The amino acid sequence of the peptides are 
shown in upper right.
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Figure 4.3: Summary of peptides identified by MS and MS/MS for UNC-45B.
(A) MALDI-TOF and MS/MS identification of striated muscle UNC-45.  
(B) Amino acid sequence of striated muscle UNC-45 demonstrating both MALDI-TOF 
(underlined residues)  and MS/MS (yellow highlight) sequence coverage.  The residues 
shaded in grey are not present in isoform 2.

(A)

(B)
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Table 4.2: Physiochemical properties of the gene 
products of unc-45b  splic variants

Theoretical
# Residues Mw (kDa) pI

Isoform 1 931 103.7 8.03
Isoform 2 850 94.8 8.09
Isoform 3 929 103.6 8.03
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a deletion of 2 residues (564 and 565).  Using these sequence differences, we were able to 

determine that the form of UNC-45B identified by 2-DE was not isoform 2.  This was based on 

the fact that the molecular weight of the observed form was greater than 95 kDa and the tryptic 

fragment “LGSAGGTDYGLR”, which is only present in isoforms 1 and 3, was detected by LC 

MS/MS.  It is difficult to distinguish between isoforms 1 and 3 as the difference between them is 

so small (a deletion of an alanine and a glycine residue in isoform 3).  It is possible that this 

sequence, which has been attributed to isoform 3 in a single report, is due to a polymorphism in 

the population or due to a sequencing error.  Consequently, for the sake of this study, it was 

decided to define isoform 1 as the form of UNC-45B observed by 2-DE.  

4.4 Summary of Chapter 4 

This chapter examined protein abundance changes in LV tissue between normal and ICM 

patients.  With HF, the majority of protein changes were decreased and clustered in the energy 

metabolism and sarcomeric subproteomes. In contrast, the myosin assembly chaperone UNC-45B 

displayed an increased abundance with HF. MS analysis showed that this protein spot potentially 

corresponded to isoform 1 of UNC-45B.  This observation led to the in-depth analysis of UNC-

45B in cardiomyocytes and in HF (Chapter 5). 
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Chapter 5 
Characterization of the Role of UNC-45B in Heart Failure 

In Chapter 4, UNC-45B was shown to increase in abundance in LV tissue obtained from ICM 

patients based on a 2-DE proteomics screen of whole tissue homogenate.  In this chapter, the 

function of UNC-45B and its role in HF was investigated  We hypothesized that increased 

abundance of UNC-45B is, in fact, a common feature of HF and that UNC-45B functions to 

regulate both the assembly of myosin and transcription of cardiac MHC.  The initial set of 

experiments which were conducted examined the abundance of UNC-45B in Normal, ICM and 

DCM patients by western blot analysis.  This allowed us an independent method to both confirm 

an increase in UNC-45B in ICM patients and determine if increased UNC-45B was common to 

the physiology of HF of different etiologies.   

A role for mammalian UNC-45B as an assembly chaperone for myosin heavy chain 

(MHC) is based on studies carried out in C. elegans or murine C2C12 myotubules (skeletal 

muscle). However, studies examining the function of UNC-45B in mammalian cardiomyocytes 

are currently lacking in the literature.  Consequently, in collaboration with Dr. Lorrie 

Kirshenbaum (University of Manitoba), we examined the role of UNC-45B in mammalian 

cardiomyocytes using an in vitro assay in mouse neonatal cardiomyocytes in which UNC-45B 

mRNA was altered and the effects on myosin assembly / promotion were examined.  We 

theorized that a reduced abundance of UNC-45B would result in a decreased abundance of MHC 

based on the requirement for an assembly chaperone.  A key requirement for this analysis was the 

generation of an antibody specific to UNC-45B which we first performed. 
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5.1 Development of an Antibody Specific for Human UNC-45B 

In order for an antibody to be an effective investigative tool, it must be specific for a unique 

epitope of the protein.  If the antibody is to be used for immunoprecipitation or 

immunocytochemistry the epitope must be available (solvent exposed) under non-denaturing 

conditions (often these sites are located at the C- or N-terminus of the protein).   Further rationale 

for the selection of the N-terminus was based on literature reports which suggested that the N-

terminus of UNC-45B bound HSP 90 whereas the C-terminus bound Myosin Heavy Chain 

(MHC).  Because the strength of the affinity for UNC-45 and MHC was unknown, the C-

terminus was not considered as a viable target for antibody development because MHC may 

block the binding site.  To determine whether the N-terminus sequence (amino acids 1-56) of 

UNC-45B was unique, a BLAST search was performed to identify similar sequences in the 

human protein database including the general cell isoform of UNC-45 (UNC-45A).  The 

sequence of the N-terminal 56 amino acids of human UNC-45B was submitted to Genway 

Biotech Inc. who generated BSG-1, a chicken anti-human UNC-45B IgY antibody.   

The specificity of BSG-1 was determined based on tissue extracts from LV of normal, 

ICM and dilated cardiomyopathic (DCM).  Tissue samples were separated by 1-DE and Western 

blots were performed using BSG-1 (Figure 5.1).  This analysis demonstrated that BSG-1 interacts 

primarily with a single protein with a molecular weight of approximately 100 kDa which matched 

the theoretical mass of 103 kDa for UNC-45B.   Because only a single prominent band was 

observed (no doublet), it is likely that the previously described splice variant (isoform 2 ; see 

Chapter 4), which has a molecular weight of 94.8 kDa, does not contribute to a significant degree 

to the pool of UNC-45B in the human myocardium either under normal or disease states.  In 

addition to splice variants, UNC-45B has a homologous protein in the human genome referred to 

as UNC-45A, but the protein product has not been reported.  Using the online sequence  
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Figure 5.1: 1-DE and 2-DE western blot of UNC-45B from human cardiac tissue.
(A) 1-DE Western blot for UNC-45B using protein extracts from LV tissue of normal (N), 
ICM (I) and DCM (D)  patients. Two examples for each sample group are shown. 
(B) 2-DE Western blot of protein extracts from LV tissue of an ICM patient.  A 1-DE lane 
was included as a positive control for UNC-45B.
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comparison program ClustalW (http://www.ebi.ac.uk/Tools/clustalw/index.html), we determined 

that these proteins have a sequence similarity of approximately 55%.  Even though these proteins 

have similar molecular weights (103.1 kDa (UNC-45A) vs. 103.7 kDa (UNC-45B)) they have 

different isoelectric points (pI-5.80 (UNC-45A) vs. pI=8.03 (UNC-45B)), necessitating the use of 

2-DE Western blot analysis.  The 2-DE Western blot using BSG-1 on tissue homogenates (Figure 

5.1(B)) shows that BSG-1 does not interact with a protein within the range 5.5<pI<7.7, but rather 

to two spots between, 7.7<pI<10.  This suggests that BSG-1 exclusively binds UNC-45B and that 

there may be a protein modification that alters its pI in the cardiomyocytes.   

5.2 Quantitation of UNC-45B in Human HF 

Western blot analysis may be used to identify 2-D protein spots which are too weakly abundant to 

be identified by MALDI-TOF MS.  The knowledge that UNC-45B exists as two forms differing 

by 0.l pI mandated a closer inspection of the 2D gels from Chapter 4.  There was an additional 

fainter spot (spot 1 from Figure 5.2) with a slightly more acidic pI next to the protein spot 

identified as UNC-45B (spot 2 from Figure 5.2).  The quantity of protein in spot 1 was 

insufficient for identification by MS.  However, it is likely that both spots are UNC-45B as they 

correspond to the two spots observed by 2-DE Western blot.  Quantitation of the two spots 

revealed that spot 2 contained the majority of the UNC-45B protein pool, and both protein spots 

showed an increased abundance in HF of approximately the same magnitude (Figure 5.2(B)).  

This indicates that the two forms of UNC-45B were not differentially altered with HF.   

The total abundance of UNC-45B (both isoelectric forms) from LV tissue of normal, 

ICM and DCM patients was examined by 1-D western blot to determine whether the abundance 

of total UNC-45B was altered in diseased tissue.  Figure 5.3(A) shows that total UNC-45B was 

increased 1.4 fold in LV tissue from ICM patients (p=0.006) and 1.2 fold in DCM patients 

(p=0.05).  Due to the number of patients examined, not all samples could fit onto a single gel.  
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Figure 5.2: Increased UNC-45B in two spots from 
ICM patients by 2-DE. (A) Zoomed-in portion of silver 
stained 2-D gels from normal and ICM patients 
demonstrate the presence of two spots for UNC-45B. 
(B) Relative abundances of spots 1 (n=4) and spot 2 
(n=5) between normal (shaded) and ICM (hatched) 
patients. * indicates p<0.05.
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Figure 5.3:  Western blot analysis for UNC-45B in ICM and DCM 
patients. (A) 1-DE Western blot for UNC-45B in normal (N, n=5), ICM (I; 
n=8) and DCM (D; n=8) patients demonstrates a 1.4 fold increase 
(p=0.01) in ICM patients and a 1.2 fold (p=0.05) increase in DCM patients. 
An internal standard (S) was used to normalize signal over multiple blots. 
(B) Direct blue staining of blots from (A). 
(C) Quantitation of (B) demonstrates equal protein loading was performed 
between blots. * indicates that p<0.05 compared to normal patients.
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Consequently, LV tissue from a single ICM patient was included onto each gel as an internal 

control against which samples could be normalized (Lane S on Figure 5.3(A).)  In order to 

confirm that equal protein loading was performed, PVDF membranes were stained with the 

protein dye Direct Blue 71 (Figure 5.3(B)).  This dye has previously been reported to exhibit a 

large linear dynamic range (Hong et al., 2000) thus allowing quantitation of relative amount of 

protein loaded per lane.  Quantitation of these values (Figure 5.3(B)) demonstrates that equal 

protein loading was performed between groups.  No degradation bands were observed for UNC-

45B in the samples examined. 

5.3 Role of UNC-45 in Regulating MHC Expression and Hypertrophy 

To elucidate the cellular function of UNC-45B in mammalian cardiomyocytes, the abundance of 

UNC-45B mRNA was either increased or decreased.  Initial experiments examined the effect of a 

knock-down of UNC-45B mRNA on the abundance of α-MHC protein and α-MHC transcription.  

To accomplish this, rat neonatal cardiomyocytes were transfected with a plasmid expressing 

UNC-45B siRNA and a plasmid containing the luciferase reporter under the control of the α-

MHC promoter.  Tentative results for these experiments suggest that following cell culture for 24 

hours, a dramatic reduction in the abundance of myosin filaments occurs based on the results of 

immunocytochemistry (Figure A1).  This was accompanied by a 49% reduction in α-MHC 

promoter activity (p=0.01), suggesting that in addition to regulating MHC assembly UNC-45B 

can alter the activity of the α-MHC promoter (Figure A2).   

In addition to the experiments knocking down the abundance of UNC-45B mRNA, a 

separate set of experiments increased the level of UNC-45B mRNA by transfecting rat neonatal 

cells with a plasmid expressing UNC-45B.  These cells were also transfected with a plasmid 

expressing the luciferase gene under the control of the α-MHC promoter. Increasing the 

abundance of UNC-45B resulted in a 2.1 fold increase (p=0.03) in the activation of the α-MHC 
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promoter (Figure A2).  Activation of the α-MHC promoter in these cells could be inhibited by the 

inclusion of another plasmid expressing siRNA to UNC-45B, thus confirming a role for UNC-

45B in the regulation of α -MHC transcription.  The specificity of activation was supported by the 

observation that transfecting cells with a plasmid expressing siRNA to GAPDH had no 

significant effect on α-MHC promoter activity (Figure A2).  It should be noted that these are early 

results of an ongoing analysis and are not final at this time.   

5.4 Summary of Chapter 5 

In this chapter we have confirmed that an increased abundance of UNC-45B occurs in LV tissue 

of ICM patients through Western blot analysis.  In addition, we have determined that an increased 

abundance of UNC-45B is a hallmark of HF as it was also observed to be increased in LV tissue 

of DCM patients.  2-DE Western blot analysis has demonstrated that UNC-45B exists as two 

forms with different isoelectric points which may be due to post-translational modification.  

Tentative functional analysis of UNC-45B in neonatal cardiomyocytes carried out in the 

laboratory of Dr. Lorrie Kirshenbaum suggest that UNC-45B has a role as a regulator of α-MHC 

transcription. 
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Chapter 6 
Proteomic Changes in Wild Type and Transgenic Rabbits with 

Heart Failure 

 

One of first transgenic (TG) rabbits has been developed by the laboratory of Dr. Jeffery Robbins 

(University of Cincinnati, Cincinnati, USA).  These rabbits have an increase in their α-MHC 

content from 5% of the total MHC pool to 40% (See Section 1.4.3 for background on these 

rabbits).  Analysis of their hemodynamic parameters demonstrated that this increase had little 

effect on the physiology / health of the rabbits.  However, following the induction of tachycardia 

induced heart failure (HF) hemodynamic differences between the wild type (WT) and TG rabbits 

became apparent.  Transgenic rabbits had less dilation and higher positive (+dP/dtmax) and 

negative (-dP/dtmin) pressure development suggesting that the increase in α-MHC was 

cardioprotective.   

We hypothesized that incorporation of the transgene would result in compensatory 

changes to myofilament proteins in order to maintain similar hemodynamics between the WT and 

TG rabbits at rest.  The primary defect would most likely reside in the myofilament or Ca2+ 

handling subproteome.  We started our analysis by examining the high abundant proteome 

followed by an in-depth analysis of the myofilament subproteome.   

Through a collaboration with Dr. Robbins, we obtained hearts from WT and TG rabbits 

which had either been sham operated or had tachycardia induced heart failure.  Left ventricular 

tissue extracts were analyzed using 2-DE as described below.   

6.1 Proteomic Differences between Wild Type and Transgenic Rabbits 

It was important to first determine the abundance changes due to increased α-MHC in resting 

(sham operated) WT and TG rabbits.  This allowed for a baseline to interpret differential protein 
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changes induced by pacing (and the induction of HF) between WT and TG rabbits (shown in next 

section).  Proteins which exhibited significant (p<0.05) differences in abundance between sham 

operated WT and TG rabbits are listed in Table 6.1.  Figure 6.1(A) shows a representative 2-D gel 

image of the left ventricular free wall from sham operated WT rabbits and the protein spots which 

had an altered abundance between sham operated WT and TG rabbits are circled with their 

identities shown.  Figure 6.2 shows a representative gel region for each protein in the different 

experimental groups.  These proteins were identified by excising proteins from a 2-D gel, 

digesting with trypsin and analysis by MS/MS.  The sequences of the peptides identified by 

MS/MS are listed in Table A3.  Proteins observed as multiple protein spots are likely due to PTM 

and / or cleavage of the precursor (e.g. mitochondrial targeting peptide).    Interestingly, in 

contrast to the hemodynamic data which demonstrated little difference between WT and TG 

rabbits, TG rabbits had changes in the abundance of a number of proteins.  Proteins which had a 

decreased abundance in the TG rabbits relative to WT rabbits were: actin (2 spots), complex I (75 

kDa subunit; 3 spots), complex III (core protein 1, 2 spots), and transglutaminase 2 (single spot) 

were observed.    Conversely, proteins which exhibited increased abundance in the TG rabbits 

(relative to WT) were: MLC-2 (single spot), complex I (24 kDa subunit, single spot), 3-

hydroxyisobutryate dehydrogenase (single spot), and peroxiredoxin 6 (single spot).   

Only a subset of the protein spots corresponding to actin and complex I (75 kDa subunit) 

exhibited significant abundance changes between groups.  However, when the sum of all spots 

identified as these proteins were examined, the total abundance of these proteins were found to be 

significantly reduced in the TG rabbits when compared to the WT. 
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Table 6.1:  MS identification of 2DE spots which had abundance differences in rabbits
MS/MS identification of proteins from sham operated WT and TG rabbits (WTs, TGs) and paced (WTp, TGp). SwissProt accession 
numbers, theoretical pI and molecular weight (www.expasy.ch) are shown. Observed pI and Mw were manualy determined. Average 
integrated intensities were determined based on 2-D spot volumes. Changes are highlighted if they were increased (green) or decreased 
(yellow). Student-t-test p  values are shown.

Relative Change in Spot Integrated Intensity

Protein ID
Accession Theoretical Observed Average Integrated Intensity TG in Sham Pacing in WT Pacing in TG TG in Pacing

Number pI Mw pI Mw
WTs 
(n=7)

WTp 
(n=7)

TGs 
(n=7)

TGp 
(n=7)

(TGs/WTs) (WTp/WTs) (TGp/TGs) (TGp/WTp)

Actin (sum of spots 1-4) 0.81 (p =0.03) 0.87 (p =0.12) 1.26 (p =0.05) 1.16 (p =0.15)

Actin (1) Q3ZC07 5.2 42.0 4.8 36 9607 8185 8462 10624 0.88 (p =0.33) 0.85 (p =0.20) 1.26 (p =0.09) 1.30 (p =0.04)

Actin (2) Q3ZC07 5.2 42.0 4.9 36 28681 25754 24439 31058 0.85 (p =0.12) 0.90 (p =0.23) 1.27 (p =0.05) 1.21 (p =0.09)

Actin (3) Q3ZC07 5.2 42.0 5.0 36 23069 19969 17210 21671
0.75 (p =0.01) 0.87 (p =0.10) 1.26 (p =0.06) 1.09 (p =0.42)

Actin (4) Q3ZC07 5.2 42.0 5.1 36 8497 7146 6331 7455 0.75 (p =0.01) 0.84 (p =0.09) 1.18 (p =0.27) 1.04 (p =0.77)

Myosin Light Chain 2 
(MLC-2) (sum of 
spots 1-4)

1.21 (p =0.06) 1.33 (p< 0.01) 1.29 (p =0.06) 1.18 (p =0.18)

MLC-2 (1) P10916 4.9 18.8 4.4 18 2705 2836 3006 3543
1.11 (p =0.37) 1.05 (p =0.59) 1.18 (p =0.21) 1.25 (p =0.07)

MLC-2 (2) P10916 4.9 18.8 4.6 18 8204 10189 9077 12579
1.11 (p =0.34)  1.24 (p =0.04) 1.39 (p =0.04) 1.24 (p =0.13)

MLC-2 (3) P10916 4.9 18.8 4.8 18 10659 15271 13521 18537
1.27 (p=0.05) 1.43 (p< 0.01) 1.37 (p =0.03) 1.21 (p =0.14)

MLC-2 (4) P10916 4.9 18.8 4.9 18 2433 3641 3408 2863
1.40 (p =0.11) 1.50 (p =0.09) 0.84 (p =0.34) 0.79 (p =0.26)

Desmin (sum of spots 1-3) 1.11 (p =0.34) 2.07 (p <0.001) 1.38 (p =0.05) 0.74 (p =0.03)

Desmin (1) O62654 5.2 54.0 5.2 54 3211 6515 3419 4695
1.07 (p =0.60) 2.03 (p <0.001) 1.37 (p =0.09) 0.72 (p =0.05)

Desmin (2) O62654 5.2 54.0 5.3 54 5199 10501 6016 8505
1.16 (p =0.20) 2.02 (p <0.001) 1.41 (p =0.02) 0.81 (p =0.07)

Desmin (3) O62654 5.2 54.0 5.4 54 1802 4141 1933 2446
1.07 (p =0.64) 2.30 (p< 0.01) 1.27 (p =0.19) 0.59 (p =0.02)
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Table 6.1:  Continued
Relative Change in Spot Integrated Intensity

Protein ID
Accession Theoretical Observed Average Integrated Intensity TG in Sham Pacing in WT Pacing in TG TG in Pacing

Number pI Mw pI Mw
WTs 
(n=7)

WTp 
(n=7)

TGs 
(n=7)

TGp 
(n=7)

(TGs/WTs) (WTp/WTs) (TGp/TGs) (TGp/WTp)

Annexin A5 P81287 4.9 36.1 4.7 28 578 708 522 973 0.90 (p =0.72) 1.23 (p =0.40) 1.86 (p< 0.01) 1.37 (p =0.05)

Complex I - 75 kDa 
subunit (sum of 
spots 1-4)

0.63 (p =0.02) 0.57 (p =0.01) 1.16 (p =0.36) 1.27 (p =0.15)

Complex I - 75 kDa (1) Q5R911 5.9 79.5 5.4 72 870 287 370 623
0.425 (p< 0.01) 0.33 (p< 0.01) 1.69 (p =0.02) 2.17 (p =0.01)

Complex I - 75 kDa (2) Q5R911 5.9 79.5 5.5 72 1546 927 1064 1469
0.69 (p =0.04)  0.60 (p =0.01) 1.38 (p =0.15) 1.58 (p =0.05)

Complex I - 75 kDa (3) Q5R911 5.9 79.5 5.6 72 3568 2396 2589 2636
0.73 (p =0.06)  0.67 (p =0.03) 1.02 (p =0.90) 1.100 (p =0.52)

Complex I - 75 kDa (4) Q5R911 5.9 79.5 5.7 72 1493 675 667 714
0.45 (p =0.04)  0.45 (p =0.04) 1.07 (p =0.76) 1.058 (p =0.78)

Complex I -                  
30 kDa subunit P23709 6.6 30.3 5.8 23 2722 3040 3285 2671

1.07 (p =0.28) 0.99 (p =0.85) 0.84 (p =0.01) 0.91 (p =0.22)

Complex I -                  
24 kDa subunit P19404 8.2 27.4 6.2 21 2411 3223 2500

1.34 (p =0.03) 1.17 (p =0.17) 0.78 (p< 0.01) 0.88 (p =0.22)

Complex III - core 
protein 1 (sum of 
spots 1-2)

0.72 (p< 0.01) 0.72 (p< 0.01) 1.45 (p =0.04) 1.45 (p =0.04)

Complex III - CP1 (1) P31930 5.9 52.6 5.7 48 1320 1003 922 1815
0.70 (p =0.04) 0.76 (p =0.08) 1.97 (p =0.01) 1.81 (p =0.02)

Complex III - CP1 (2) P31930 5.9 52.6 5.8 48 3705 2630 2705 3449
0.73 (p <0.01) 0.71 (p <0.01) 1.28 (p =0.10) 1.31 (p =0.08)

GTP Specific 
Succinyl-CoA Ligase Q96I99 6.2 46.5 5.9 42 4284 3334 3701 3238

0.86 (p =0.06) 0.78 (p =0.01) 0.88 (p =0.l4) 0.97 (p =0.74)

ATP Specific 
Succinyl-CoA Ligase Q9P2R7 7.1 50.3 6.1 42 2151 1825 2087 2267

0.97 (p =0.76) 0.85 (p =0.06) 1.09 (p =0.46) 1.24 (p =0.05)

3-Hydroxyisobutrate 
Dehydrogenase P31937 8.4 34.3 5.7 29 202 262 424 167  2.10 (p =0.02) 1.30 (p =0.47) 0.39 (p =0.01) 0.64 (p =0.27)
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Table 6.1:  Continued
Relative Change in Spot Integrated Intensity

Protein ID
Accession Theoretical Observed Average Integrated Intensity TG in Sham Pacing in WT Pacing in TG TG in Pacing

Number pI Mw pI Mw
WTs 
(n=7)

WTp 
(n=7)

TGs 
(n=7)

TGp 
(n=7)

(TGs/WTs) (WTp/WTs) (TGp/TGs) (TGp/WTp)

Peroxiredoxin - 6 O77834 6.0 25.1 6.3 23 3134 3068 3885 2869 1.24 (p =0.01) 0.98 (p =0.75) 0.74 (p< 0.01) 0.94 (p =0.46)

HSP 60 (sum 1-4)
1.04 (p =0.66) 0.94 (p =0.52) 0.738 (p <0.01) 0.82 (p =0.03)

HSP 60 (1) P10809 5.7 61.1 5.2 60 1384 1229 1307 1148
0.95 (p =0.72) 0.89 (p =0.27) 0.88 (p =0.46) 0.93 (p =0.57)

HSP 60 (2) P10809 5.7 61.1 5.3 60 3079 2994 3384 2620
1.10 (p =0.35) 0.97 (p =0.78) 0.77 (p <0.01) 0.88 (p =0.12)

HSP 60 (3) P10809 5.7 61.1 5.4 60 5481 5177 5713 4151
1.04 (p =0.64) 0.94 (p =0.59) 0.73 (p <0.01) 0.80 (p =0.02)

HSP 60 (4) P10809 5.7 61.1 5.5 60 1553 1347 1537 892
0.99 (p =0.95) 0.87 (p =0.36) 0.58 (p< 0.01) 0.66 (p =0.01)

HSP 71 (sum 1-3) 0.96 (p =0.47) 1.09 (p =0.18) 0.94 (p =0.36) 0.83 (p =0.02)

HSP 71 (1) P11142 5.4 70.9 5.3 66 1687 2004 1714 1725
1.02 (p =0.75) 1.19 (p =0.01) 1.01 (p =0.92) 0.86 (p =0.05)

HSP 71 (2) P11142 5.4 70.9 5.4 66 3553 4032 3533 3400
0.99 (p =0.92) 1.14 (p =0.08) 0.96 (p =0.56) 0.84 (p =0.03)

HSP 71 (3) P11142 5.4 70.9 5.5 66 6427 6683 5922 5373
0.92 (p =0.33) 1.04 (p =0.61) 0.91 (p =0.27) 0.80 (p =0.02)

GRP 78 P11021 5.1 72.3 5.0 68 3986 4869 4766 3278
1.20 (p =0.04) 1.2  (p <0.01) 0.69 (p <0.01) 0.67 (p< 0.01)

GRP 94 O18750 4.9 82.6 4.7 94 3384 3665 3341 2321
0.99 (p =0.93) 1.08 (p =0.65) 0.70 (p =0.01) 0.63 (p =0.02)

Transglutaminase 2 P21980 5.1 77.3 5.1 72 1184 1680 553 2370
0.47 (p =0.02) 1.42 (p =0.24) 4.29 (p <0.01) 1.41 (p =0.13)
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(A)

Figure 6.1: 2-DE of sham operated and paced wild type rabbits.
(A) Representative 2D gel from a sham operated wild type rabbit.  Proteins with 
abundance differences between sham operated wild type (n=7) and transgenic 
(n=7) rabbits are shown in red . (B) Representative 2D gel from a paced wild 
type rabbit.  Proteins with abundance differences between sham operated (n=7) 
and paced (n=7) wild type rabbits are shown in red. Gels were run by the Mass 
Spectrometry /Proteomic Facility (Johns Hopkins University, Baltimore, U.S.A.)
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WT Sham TG Sham

Actin

Complex I (75 kDa)

3-Hydroxyisobutyrate 
Dehydrogenase

MLC2

Transglutaminase 2
GRP 78

Peroxiredoxin-6
Complex I – 24 kDa

Complex III – CP1

Figure 6.2: Abundance changes between sham operated 
wild type and transgenic rabbits. Enlarged areas of 2D gels 
from sham operated wild type (WT Sham; n=7) and transgenic 
(TG Sham; n=7) rabbits. Those proteins which had an difference 
in abundance between conditions are circled in red.  When not all 
forms of the protein had a significantly altered abundance, those 
forms which were significant are marked with a green arrow. Gels
were run by the Mass Spectrometry/Proteomic Facility (Johns 
Hopkins University, Baltimore, U.S.A.)
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6.2 Effect of pacing induced HF on the WT and TG proteome 

James et al reported that α-MHC TG rabbits exhibited a less severe form of heart failure when 

they were paced for extended periods of time (James et al., 2005).  Consequently, we were 

interested in determining the mechanism(s) by which this cardioprotection was imparted (in 

addition to increased α-MHC).  2-DE analysis was performed on myocardium (LV) from WT and 

TG rabbits which were paced at 300-380 bpm for 30 days at which time they exhibited numerous 

characteristics of HF (James et al., 2005) (See Section 1.4.3 for detailed description of HF 

model).  The protein spots which exhibited statistically significant (p<0.05) difference in 

integrated intensity between paced and sham operated WT rabbits are shown in Figure 6.1(B) 

with the zoomed in regions of portions of 2-D gels shown in Figure 6.3.  A decreased abundance 

in complex I (75 kDa subunit, 4 spots), complex III (core protein 1, single spot) and succinyl-

CoA ligase (single spot) were observed whereas there was an  increased abundance of MLC-2 (2 

spots), desmin (3 spots), HSP 71 (single spot) and glucose regulated protein 78 (GRP78; single 

spot).  Only a subset of the protein spots identified as complex III (core protein 1) and succinyl-

CoA ligase were significantly altered following pacing; however, when the total abundance of 

these proteins were summed together, the total abundance of these proteins was found to be  

significantly decreased following pacing. 

When compared to paced WT rabbits, the TG rabbits had a unique set of proteins which 

had an altered abundance following pacing (Figure 6.4(A)).  Figure 6.5 shows zoomed in regions 

of portions of 2-D gels in which proteins that differed between their comparative groups were 

resolved.  Compared to sham operated TG rabbits, paced TG rabbits had a decreased abundance 

of complex I (30 kDa subunit, single spot), complex I (24 kDa subunit, single spot), 3-

hydroxyisobutyrate dehydrogenase (single spot), peroxiredoxin 6 (single spot), HSP 60 (3 spots), 

GRP 78 (single spot), GRP 94 (single spot).  Proteins which were increased in abundance in the 
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Figure 6.3: Abundance changes between sham operated and 
paced wild type rabbits. Enlarged view of sections of 2D gels 
from wild type sham operated (WT Sham; n=8) and paced (WT 
Paced ; n=8) rabbits demonstrating those proteins which had an 
abundance differences between groups (circled in red). When 
not all forms of the protein had a significantly altered abundance, 
those forms which were significant are marked with a green 
arrow. Gels were run by the Mass Spectrometry/Proteomic 
Facility (Johns Hopkins University, Baltimore, U.S.A.)
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Figure 6.4: 2-DE of sham operated and paced transgenic rabbits. 
(A) Representative 2D gel of a sham operated transgenic rabbit.  Those 
proteins with an abundance change between sham operated (n=7) and 
paced (n=7) transgenic rabbits are circled in red.  (B) Representative 2D 
gel of paced transgenic rabbit.  Proteins with an abundance difference 
between paced wild type (n=7) and transgenic (n=7) rabbits are circled in 
red. Gels were run by the Mass Spectrometry/Proteomic Facility (Johns 
Hopkins University, Baltimore, U.S.A.)
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Figure 6.5: Abundance changes between sham operated and 
paced transgenic rabbits. Enlarged 2D gels from sham operated 
(TG Sham; n=7) and paced (TG Paced; n=7) transgenic rabbits.  
Proteins which had an abundance change between conditions are 
circled (red).  If not all forms of protein changed, those forms
significantly changed were marked with a green arrow. Gels were 
run by the Mass Spectrometry/Proteomic Facility (Johns Hopkins 
University, Baltimore, U.S.A.) 
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TG rabbit upon pacing were: actin (single spot), desmin (single spot), annexin A5 (single spot), 

complex I (75 kDa subunit; single spot), complex III (core protein 1, single spot) and 

transglutaminase 2 (single spot).  For the fold change of the proteins described here, see Table 

6.1. 

6.3 Direct Comparison of WT and TG Paced Rabbits 

The proteome of a paced TG rabbit is an amalgamation of protein changes which occur as a direct 

result of the incorporation of the TG insert as well as pacing.  Those proteins which had an 

abundance difference between each of these groups have been described in section 6.1 and 6.2.   

It was possible that small changes that were not significant between each stage were additive such 

that a protein was significantly different between paced WT and TG rabbits but not significant 

between each of the comparisons examined so far.  As such, a direct comparison of both paced 

WT and TG rabbits was undertaken.  2D gels described in Section 6.2 were re-examined to 

determine significant (p<0.05) changes in integrated intensity between these two groups.  Figure 

6.4(B) shows those proteins which had a significantly different abundance between paced WT 

and TG rabbits (Figure 6.6 is an enlarged view of those proteins).  Compared to paced WT 

rabbits, paced TG rabbits had a significantly lowered abundance in the following proteins: desmin 

(2 spots), HSP 60 (2 spots), HSP 71 (2 spots), GRP 78 (single spot), and GRP 94 (single spot).  

Conversely, proteins with increased abundance in the paced TG rabbits were: actin (single spot), 

annexin A5 (single spot), complex I (75 kDa subunit; single spot), complex III (core protein I; 

single spot), and succinyl-CoA ligase (single spot).  The total abundance of desmin, HSP 60, and 

HSP 71 were significantly reduced in the paced TG rabbits compared to WT, whereas total 

complex III (core protein I) was increased in the paced TG rabbits. For the fold change of these 

proteins, see Table 6.1.  
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Figure 6.6: Abundance changes between paced wild type and transgenic 
rabbits. Enlarged areas of 2D gels from paced transgenic (TG Paced; n=8) and 
wild type (WT Paced; n=8) rabbits.  Those proteins having an abundance change 
between conditions are circled in red. When not all forms of protein had a 
significantly altered abundance, those forms significantly changing were marked 
with a green arrow. Gels were run by the Mass Spectrometry/Proteomic Facility 
(Johns Hopkins University, Baltimore, U.S.A.)
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6.4 Examining the Myofibril Subproteome 

The results of the proteomic analysis performed in Sections 6.1 through 6.3 revealed that the 

contractile proteins actin and MLC-2 as well as the sarcomeric associated protein desmin 

exhibited an altered abundance either as a result of TG incorporation and / or pacing.  Figure 6.7 

shows the relative abundance of sarcomeric (and sarcomeric associated) proteins identified by 

MS from 2-D gels.  MS sequence coverage and MS confidence are shown in Table A2.  This 

demonstrates that actin exhibited a significant total reduction (19%, p=0.03) in abundance in the 

TG rabbits and increased 26% (p=0.05) when the TG rabbits were paced.  In contrast, MLC-2 

trended towards a higher abundance in the TG rabbits (21% increase, p=0.06) and also trended 

towards higher abundance (29% increase, p=0.06) when paced.  Wild type rabbits had a 

significant increase in MLC-2 (33% increase, p=0.03) when they are paced into HF.  In contrast 

to the increase in MLC-2, no corresponding increase was observed for MLC-1.  Interestingly, in 

contrast to changes in the abundance of actin, no significant changes could be observed in the 

abundance of other thin filament proteins (e.g. tropomyosin, troponin T).   

Because the method of protein extraction selected for both functional myofilament 

proteins and protein in the process of being assembled / degraded, it was impossible to determine 

whether the changes to the myofilament proteins were due to changes in the functional 

myofilaments.  To resolve this issue, a method to isolate functional myofilaments was utilized.   

Myofilament proteins were purified from LV free wall from both paced WT (n=3) and paced TG 

rabbits (n=3) and separated by 1-DE.  Proteins were pre-labeled with a fluorescent dye to 

optimize the dynamic range of quantification.  Figure 6.8(A) shows an image of a 1-DE gel of 

myofilament proteins from paced WT and TG rabbits with proteins identified by MS listed. The 

abundance of each of these proteins is shown in Figure 6.8(B).  Compared to paced WT rabbits, 

total MHC, MLC-1 and MLC-2 were unchanged in paced TG rabbits.  However, both actin and 
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Figure 6.7:  Quantitation of sarcomere proteins from 2-DE of wild type and 
transgenic rabbits. Relative average volume of 2D gel spots corresponding to 
cytoskeletal / sarcomeric proteins from sham operated WT (WTs; n=7) and TG (TGs; 
n=7) rabbits as well as paced WT (WTp; n=7) and TG (TGp; n=7) rabbits. 
*corresponds to p<0.05 between groups shown.
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Figure 6.8: Quantitation of sarcomere proteins from 1-DE of isolated myofibrils.
(A) 1-DE of representative myofibril preparation and the identity of the most abundant 
bands. (B) Relative quantitation of band abundance for paced WT (WTp; n=3) and 
TG (TGp; n=3) rabbits. MHC = myosin heavy chain, TnT = troponin T; Tm =
tropomyosin, MLC1 = myosin light chain 1; MLC2 = myosin light chain 2 
(C) Average in vitro ATPase rates for myofibrils from WTp and TGp rabbits.  Values 
were calculated with Ca2+ (7 mM CaCl2) and without Ca2+ (7 mM CaCl2 + 7 mM 
EDTA). * indicates that p<0.05.

0

50

100

150

200

250

300

Titin MHC α-Actinin Desmin Actin TnT Tm MLC1 MLC2

Protein Identification

N
or

m
al

iz
ed

 In
te

gr
at

ed
 In

te
ns

ity

NTGp
TGp

*

WTp
TGp

A
TP

as
e 

R
at

e 
(n

m
ol

 o
f P

i /
 m

in
 / 

m
g 

pr
ot

ei
n)

             95



 

  

troponin T had a significant increase (20% and 24% respectively) in abundance in the TG rabbits 

when compared to the WT rabbits under pacing conditions.  Interestingly, titin (identity 

confirmed by MS) was observed to have a 35% reduction in abundance in the TG rabbits under 

pacing compared to the WT rabbits.  Because the observed Mw of approximately 500 kDa (see 

Figure A4), is less than the whole protein Mw of 3800 kDa, the identity of this form of titin is 

uncertain.  It is possible that this is a degraded form, but it is also possible that this is an 

alternative splice form of titin as a 700 kDa splice isoforms has been described in the literature 

(Bang et al., 2001). 

In addition to identifying the protein abundance differences in the functional myofilament 

preparation, a calcium activated myosin ATPase assay was performed to assess the relative 

activity of myofilaments isolated from both WT (n=3) and TG (n=3) rabbits following pacing  

(Figure 6.7(C)).  Both calcium independent and calcium dependent ATPase rates were increased 

in the paced TG rabbits compared to paced WT.   WT rabbits had a Ca2+ independent ATPase rate 

of 28.48 ± 2.01 nmol/min/mg protein which increased to 60.90 ± 3.40 in the presence of 7 mM 

Ca2+.  Conversely, TG rabbits had a Ca2+ independent ATPase rate of 60.34 ± 1.86 nmol/min/mg 

protein which increased to 99.50 ± 6.41 in the presence of 7 mM Ca2+.  These values were 

consistent with the incorporation of increased α-MHC as described by James et al (James et al., 

2005), which demonstrated that the altered abundance of actin, TnT and titin which were 

described above participate in the altered structure of functional myofilaments. 

6.5 UNC-45B in Rabbits Undergoing HF 

The results in Chapters 4 and 5 demonstrate that increased UNC-45B is a common protein 

increased in HF.  In addition, the results in Chapter 5 demonstrate that UNC-45B is a 

transcriptional regulator of the α-MHC promoter.  We investigated whether increased UNC-45B 

also occurred in rabbits undergoing pacing induced heart failure in a similar manner to humans as 
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well as whether increased abundance of a-MHC had a corresponding effect on the abundance of 

UNC-45B in rabbit myocardium.  1D western blot for UNC-45B were run on whole tissue 

extracts of both sham operated and paced WT and TG rabbits (Figure 6.9).  This revealed that 

UNC-45B does not increase in pacing induced HF in rabbits.  However, increased abundance of 

α-MHC in the TG rabbits results in a 1.8 fold increase (p=0.05) in the abundance of UNC-45B.   

6.6 Summary of Chapter 6 

In this chapter, we have demonstrated that WT and TG rabbits exhibit a differential change in 

their proteome during pacing induced HF.  This is consistent with the different severity of HF 

which developed in the TG rabbits.  One aspect of the TG rabbits which was striking was a 

decreased abundance of heat shock proteins and non-sarcomeric associated desmin.  As well, 

following the development of HF, TG rabbits have a decreased abundance of sarcomeric actin 

and tropomyosin with no change in the abundance of MHC suggesting an alteration in the ratio of 

thick to thin filaments.  This may be a reason for the increased contractility in the TG hearts 

during HF.  Compared to WT rabbits, TG rabbits also exhibit increased abundance of UNC-45B.  

This suggests that not only does UNC-45B function as a transcriptional regulator of the α-MHC 

promoter, but also that α-MHC may correspondingly regulate the abundance of UNC-45B. 
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Figure 6.9: Western blot quantitation of UNC-45B from wild type and 
transgenic rabbits. (A) 1D Western blot for UNC-45B in rabbit LV 
extracts from sham operated wild-type (WTs; n=7), paced wild-type 
(WTp; n=7), sham operated transgenic (TGs; n=7), and paced transgenic 
(TGp; n=7) rabbits.  Lane “S” is an internal control as westerns were from 
multiple gels.  (B) Normalized integrated intensity of Western blot signals 
from (A) demonstrating increased abundance of UNC-45B in TGs
compared to WTs rabbits. * indicates that p<0.05 compared to WTs.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

WTs WTp TGs TGp

Type of Rabbit

R
el

at
iv

e 
A

bu
nd

an
ce

(n=8) (n=8) (n=8) (n=8)

*

             98



 

  

Chapter 7 
Discussion: 

The research described in this thesis has investigated proteome changes occurring in left 

ventricular tissue as a result of heart failure.  Heart failure (HF) is a multifaceted disease that 

results in alteration to cellular subproteomes. An understanding of these alterations can be done 

through 2-DE analysis and the identification of the proteins that undergo changes to either their 

abundance or post-translational modification states with disease (the protein “fingerprint” of the 

disease).  To determine a proteomic fingerprint of end-stage HF, we examined soluble protein 

extracts from patients with HF and compared their abundance to protein extracts from normal 

patients.  This study revealed that: 

(A) HF patients had altered abundance in select proteins involved in energy metabolism  

(B) Not all isoelectric forms of proteins show abundance changes 

(C) HF patients have an altered abundance of proteins associated with the sarcomere 

(D) UNC-45B, a novel protein associated with HF, is possibly a dual regulator of 

myosin assembly and transcription and increased in abundance in both ICM and 

DCM patients 

Furthermore, we examined the proteome changes occurring under conditions of HF in both wild-

type (WT) rabbits and transgenic (TG) rabbits with increased α-MHC.  These rabbits have 

previously been shown to be cardioprotected and have less severe HF with pacing.  This study 

revealed that: 

(A) The proteomes of sham operated TG and WT rabbits were strikingly different even 

though they had similar hemodynamics and cardiac function. 

(B) Proteins associated with the sarcomere were differentially regulated between TG 

and WT rabbits following pacing 
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(C) Paced TG rabbits had higher levels of actin and tropomyosin in myofibrils 

compared to paced WT rabbits suggesting there is a general increase in the ratio of 

the sarcomeric thin:thick filaments. 

(D) Paced WT rabbits had a higher amount of non-sarcomeric desmin compared to 

paced TG rabbits which could contribute to reduced contractility. 

 

Before either of these proteomic investigations could be performed, it was first necessary to 

optimize the proteomic technology used in this study to maximize the number of proteins 

resolved.   

7.1 Technology 

The primary proteomic technology used in this series of studies was 2-DE.  Although this is a 

method extensively used in proteomics, suboptimal protocols are commonly used that can limit 

the number of proteins resolved.  As such, the initial studies for this thesis focused on optimizing 

buffer conditions to maximize the number of proteins which could be resolved by 2-DE from 

cardiac tissue for the proteomic analysis of HF. 

Over the past few years, it has become evident that each proteomic technology can only 

observe a small portion of the proteome (Guo et al., 2005; McDonald et al., 2006).  Thus, it is 

important that any proteomics technology be optimized to maximize the number of proteins 

resolved.  Previous analysis of human HF patients used a single buffer for both tissue extraction 

and the first dimension isoelectric focusing (IEF) (Corbett et al., 1998).  This is limiting, as the 

IEF buffers must contain either a zwitterionic or non-ionic detergent (most commonly CHAPS) 

which may not be optimal for the extraction of protein from tissue (particularly membrane 

proteins).  Therefore, both the tissue solubilization buffer and IEF buffer were changed in order to 

observe proteins that may have been missed in previous proteomics studies, including UNC-45B.   
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Different detergents (i.e. SDS, CHAPS, ASB-14, and SB3-10) were tested for their 

ability to solubilize proteins from cardiac tissue, SDS was found to be superior to any of the 

zwitterionic detergents examined (i.e. CHAPS, ASB-14 and SB3-10) based on the number of 

protein spots observed by 2-DE.  ASB-14 and SB3-10 were superior to CHAPS for tissue 

extraction, but CHAPS was a better detergent for the IEF step.  This highlights that buffers with a 

different composition of detergents are necessary for solubilizing tissue extracts versus 

solubilizing proteins for IEF and both steps may be optimized prior to a 2-DE study.     

Of particular interest was the observation that the choice of detergent allowed for the 

selective solubilization of proteins presumably based on their physiochemical properties.  For 

example, SB3-10 solubilized more acidic proteins than other detergents whereas ASB-14 

selectively solubilized more basic proteins.  This demonstrated that the inclusion of a detergent 

into a homogenization buffer is not purely for the solubilization of membrane proteins, but can 

also assist in the solubilization of other classes of proteins.  This work (presented in Chapter 3) 

was published in 2003 (Stanley et al., 2003).  More recent observations of pH dependent 

solubility of these detergents have also been described.  For example, Chinnasamy and Rampitsch 

demonstrated that SB3-10 is better for solubilizing acidic proteins from wheat seeds than CHAPS 

based the number of spots observed using 2-DE (Chinnasamy & Rampitsch, 2006).  Martins et al 

demonstrated that including ASB-14 in the extraction buffer significantly increased the ability to 

solubilize basic proteins from human brain tissue (Martins et al., 2007).  Interestingly, they also 

showed that extending the carbon chain of ASB-14 to ASB-16 decreased the relative protein 

solubilization, suggesting that a 14 carbon chain detergent of this structure is the most efficient at 

solubilizing proteins.  Although a number of the proteins solubilized by these detergents are 

likely to be membrane proteins, the selectivity of specific detergents for differently charged 
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proteins suggests that effective solubilization of a protein requires the coordination of a specific 

detergent molecule. 

SDS is a superior detergent for tissue extraction, but its use in a 2-DE experiment 

requires that it be diluted into a buffer containing CHAPS.  The amount of dilution possible is 

limited by the volume one is able to load on an IEF strip.   If the extraction buffer contains 2% 

SDS, a maximum load of 250-300 μg can be loaded onto an 18 cm format IPG strip (based on 10 

mg/ml extraction efficiency). Although this limitation on protein load does not necessarily restrict 

the ability to perform protein quantitation by optical densitometry, it does limit the ability to 

identify proteins by mass spectrometry where it is often necessary to run preparative protein loads 

(500 – 1000 μg).   

The qualification discussed above is based on the common requirement that IPG strips 

are loaded with a small volume of buffer containing the proteins for IEF.  An alternative protocol 

has been developed in which large volumes of buffer can be loaded onto a single IPG strip using 

paper wicks.  This allows the proteins to migrate into the strip without the excess buffer swelling 

the strips and inhibiting focusing.  Therefore, it is possible that the use of paper wicks would 

allow SDS solubilized tissue extracts to be routinely loaded onto IPG strips.  

The fact that different proteins were detected by 2-DE depending on the type of 

extraction or focusing buffer highlights that one should be extremely cautious when conducting 

(or interpreting) a proteomic analysis.  Additionally, one should also be careful when comparing 

different proteomic studies since differences that arise could be due to these different 

experimental conditions.   

7.2 Proteins with Altered abundance in End-Stage ICM Patients 

Left ventricular tissues from normal and end-stage ischemic cardiomyopathic (ICM) patients 

were examined by 2-DE.  This showed that there was an altered abundance in ICM patients 
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which were primarily associated with energy metabolism (energetic proteins) or associated with 

the sarcomere.  The majority of these changes (8/11) involved a decline in protein abundance 

which is in agreement with other proteomic experiments of HF in both patient and animal models 

(Corbett et al., 1998; Heinke et al., 1999; Weekes et al., 1999).  Although many of the proteins 

specifically observed had not been previously reported to be associated with HF, the biochemical 

pathways to which these proteins belong have been implicated in the pathology of HF.  

7.2.1 Altered Abundance of Energetic Proteins in HF 

Under normal physiological conditions, the heart generates ATP by β-oxidation of fatty acids 

(Stanley et al., 2005).  In HF patients, there is a reduction in β-oxidation and an increased reliance 

on glucose as a substrate (Remondino et al., 2000; Davila-Roman et al., 2002).  This switch 

towards glycolysis is consistent with the protein abundance changes observed by 2-DE. Two of 

four protein spots corresponding to the protein 6-phosphofructokinase (6-PFK) (see Table 4.1) 

were increased in ICM patients.  6-PFK is an enzyme in the glycolytic pathway which catalyses 

the ATP dependent conversion of fructose-6-phosphate to fructose-1,6-bisphosphate (Zhao et al., 

1991).  This is a key gateway step in the glycolytic pathway and as such, an increased abundance 

of 6-PFK in patients with HF is consistent with a switch towards glycolysis.  Of particular interest 

was the observation that only the two most basic of the four protein spots identified as 6-PFK 

(which had the same molecular weight but different pIs) had significantly altered abundance in 

the failing hearts.  The observed acidic shift of 6-PFK by approximately 0.1 pI using 2-DE, with 

no noticeable change in mass, indicates a post-translational modifications and could represent a 

phosphorylation.  6-PFK is known to be post-translationaly phosphorylated at three sites (T2, 

S377, S775) (Zhao et al., 1991; Molina et al., 2007).  If the PFK is phosphorylated at these sites 

in the heart,  one would expect a spot corresponding to the non-phosphorylated form and a more 

acid spot for each of the single, double and triply phosphorylated states by 2-DE (which is 
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possibly the four protein spots observed).  Since phosphorylation of 6-PFK has been shown to 

make 6-PFK more sensitive to ATP dependent inhibition (Zhao et al., 1991), the absence of a 

significant increase in these isoforms could imply an increase in glycolysis in the failing heart.  

Another protein involved in glycolysis which was observed to have an altered abundance 

in HF patients was α-enolase. Two protein spots were identified as α-enolase, but only the most 

acidic form exhibited a significant reduction in abundance in HF (See Table 4.1).  Like the 

example given above for 6-PFK, the two spots for α-enolase are consistent with phosphorylation, 

with the “phosphorylated” form exhibiting a decreased abundance in HF.  Although α-enolase is 

phosphorylated by Src-dependent kinase, a tyrosine specific kinase (Tanaka et al., 1995),  the 

functional effect is not known. However, like 6-PFK, α-enolase is also a glycolytic enzyme, but 

differs in that it functions to convert 2-phosphoglycerate to phosphoenolpyruvate.  As such, it is 

possible that reduction in this form of α-enolase functions to increase its activity.  

In the heart, enolase is present as two (α/β) isoforms.  In contrast to the abundance 

change in α-enolase in HF, the abundance of β-enolase was not different from that of normal 

patients (in either of 2 spots) (See Table 4.1).  Given this, it is possible that the decreased 

abundance of α-enolase represents a switch to increased reliance on β-enolase for glycolysis 

during HF.  Although the relative activities of α and β enolase are unknown, a switch in the 

isoforms of enolase towards increased α-enolase has been previously reported in hypertrophied 

rat hearts (Keller et al., 1995).  It has been hypothesized that increased α-enolase could be 

energetically favorable for the heart (Keller et al., 1995).  As such, a switch to β-enolase in HF 

patients would be consistent with a decreased energetics in end-stage HF. 

Other proteins involved in energy utilization which exhibited a difference in abundance 

in the failing hearts were fumarate hydratase and two subunits (α/β) of the F1F0 ATP synthase 

complex.  Fumarate hydratase is a member of the citric acid cycle whereas ATP synthase is the 
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primary site for ATP formation in the cell.  Decreases in both of these proteins are consistent with 

the theory that heart failure can be described as a “tired” heart, characterized by a state of 

insufficient ATP generation / stores (Neubauer, 2007).  Specifically, Sawicki and Jugdutt 

reported decreased abundance of the α-subunit of ATP synthase in a dog model of heart failure 

(Sawicki & Jugdutt, 2004). As well, Korstjens et al have reported a decreased abundance of the 

β-subunit of ATP synthase in a pharmacological model of heart failure in rats (Korstjens et al., 

2002). 

7.2.2 Abundance Changes in Sarcomeric Associated Proteins  

In addition to a state of reduced energy generation, HF is known to involve contractile 

dysfunction (Gwathmey et al., 1987).  As such, it is not surprising that we have observed an 

altered abundance of proteins associated with the sarcomere function / assembly. Specifically, we 

observed a decreased abundance of desmin and α-actinin 2 as well as an increased abundance of 

UNC-45B. 

The protein desmin was decreased in abundance in the failing hearts.  Desmin is the 

primary intermediate filament present in cardiac cells and surrounds the z-disk of the sarcomere 

(Capetanaki et al., 2007).  It functions to connect multiple sarcomeres together in the transverse 

direction as well as connecting them to the sarcolemma, and is believed to assist the transmission 

of force across multiple sarcomeres (Capetanaki et al., 2007).  In addition to connecting to the 

sarcolemma, desmin filaments connect the z-disk to the nuclear pore (Lockard & Bloom, 1993) 

and to the mitochondria (Milner et al., 2000) demonstrating a multifaceted function.  A reduction 

in desmin would result in an inability of contractile force generated by the sarcomere to be 

transferred to the cellular surface and hence result in decreased cardiac contractility.  As such, 

changes in the abundance of desmin in HF are likely one of the causes of decreased contractility 

in HF.     
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Mutations in the sequence of desmin are associated with an inherited form of HF 

(Goldfarb et al., 1998) and abundance changes in desmin have been observed in both HF patients 

and multiple animal models (Collins et al., 1996; Wang et al., 1999; Heling et al., 2000).  Knock-

out mice, deficient for desmin develop skeletal and cardiac myopathies (Fountoulakis et al., 

2005).  Furthermore, a decreased abundance of desmin has been observed in dog models of HF, 

which is consistent with a decrease observed here (Heinke et al., 1998).  However, it is possible 

that an increased abundance of desmin may also be detrimental.  This is based on the fact that an 

increased abundance of desmin has been observed in both end stage DCM patients as well as 

pressure overload animal models of HF (Collins et al., 1996; Wang et al., 1999; Heling et al., 

2000).  In some of the cases where desmin was increased in abundance it was associated with 

decreased abundance of other sarcomeric proteins (Heling et al., 2000).  As such, it has been 

hypothesized that increased desmin is a compensatory mechanism of the heart to bypass these 

missing contractile units in order to maintain effective contractile force.  However, this is not a 

complete story and the true mechanism is still not clear. 

We have observed a decreased abundance of α-actinin 2 in end-stage HF patients.  Like 

desmin, α-actinin is a protein located at the z-disc of the sarcomere and is important for 

maintaining the structural integrity of the sarcomere since it is known to cross-link sarcomeric 

actin and function to connect the thin filaments to the z-disc (Pyle & Solaro, 2004).  This would 

be consistent with decreased contractility in HF patients as a decreased abundance of proteins 

comprising sarcomeric skeleton can affect the structural integrity of the cardiomyocytes (Sharov 

et al., 2005).   A reduced abundance of α-actinin in HF has been previously reported by Hein et al 

in DCM patients (Hein et al., 1994), and by Sharov et al in a dog model of HF (Sharov et al., 

2005).   
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7.3 Abundance Changes of UNC-45B in Heart Failure 

As mentioned previously, one protein which was found to exhibit increased protein abundance in 

ICM hearts was the protein UNC-45B. As mentioned in the Introduction, UNC-45B is the striated 

muscle form of a myosin assembly chaperone.  In collaboration with Dr. Lorrie Kirshenbaum 

from the University of Manitoba, Canada, we focused our investigations on further characterizing 

UNC-45B and its role in HF. Four main conclusions can be drawn from this investigation.  These 

are: (i.) UNC-45B is present in human myocardial tissue as two species separated by 0.1 pI units; 

(ii.) changes in the abundance of UNC-45B are associated with the pathophysiological state of 

both ICM and DCM HF patients; (iii.) UNC-45 can function to enhance the transcription of the α-

MHC promoter as well as to assemble myosin filaments; (iv.) UNC-45 is localized to the 

cytoplasm suggesting its role as a signaling protein and not a transcription factor. 

7.3.1 Presence of UNC-45 in Human Myocardial Tissue 

This is the first reported in vivo observation of the protein form of UNC-45B in mammals and the 

first reported observation of two isoelectric forms of UNC-45B in any species examined to date.  

The difference in pI of the two forms is consistent with a PTM such as phosphorylation.  This 

possibility is supported by the identification of a peptide from UNC-45B previously reported to 

contain a phosphorylated serine 567 (S567).  Phosphorylation of this residue has been previously 

reported in a global screen of phosphorylated peptides from HeLa cells treated with EGF (Olsen 

et al., 2006).  However, phosphorylation of S567 must still be considered a tentative 

identification as it was not confirmed through additional methods. 

7.3.2 Total UNC-45 Increases in Human Disease 

By 2-DE, UNC-45B was observed to increase in abundance in cardiac tissue obtained from end-

stage ICM patients.  As well, we confirmed an increased abundance of UNC-45B in ICM patients 
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by 1-D western blot and determined that UNC-45B is also increased in abundance in DCM 

patients. Landsverk et al demonstrated that increased levels of UNC-45 lead to myosin 

degradation in C. elegans (Landsverk et al., 2007).  However, it is unlikely that this mechanism 

applies to this system.  This is based on our observation that MHC abundance levels were not 

reduced in HF patients (Figure A3). Therefore, it is likely that a different mechanism of UNC-

45B interaction with MHC is occurring in human patients than that described by Landsverk et al.  

UNC-45B in C. elegans is an ancestral form of this protein and may not have the same 

functionality as UNC-45B.  The abundance of UNC-45 examined in the study by Landsverk et al 

was much higher than the increase that we observed. 

The absence of change in the abundance of MHC from Coomassie stained 1-D gels 

(Figure A3) is in agreement with studies which reported that total level of MHC did not change in 

HF (Lowes et al., 1997; Nakao et al., 1997; Miyata et al., 2000) (based on mRNA data) but 

contrary to studies which have reported a decrease in MHC protein abundance (Schaper et al., 

1991; Hein et al., 1994).  It is possible that the discrepancy may lie in the differential expression 

of UNC-45B between these cohorts.  The similar level of MHC observed here is consistent with a 

functional myosin assembly pathway, possibly due to increased UNC-45B.    

7.3.3 UNC-45B May be Required for the Assembly of α-Myosin in Neonatal 
Cardiomyocytes 

Our work suggests that UNC-45B is essential for the formation of thick filaments in cardiac 

myocytes, since a large decrease in MHC abundance was observed when rat neonatal 

cardiomyocytes were treated with siRNA to UNC-45 (Figure A1).  This observation differs from 

the report by Price et al in mouse C2C12 skeletal myotubules (Price et al., 2002) where they 

observed a marked decrease in striation but no reduction in MHC content when cells were treated 

with siRNA to UNC-45B.  It is possible that the dissimilarity between these cell types is due to 
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differences in myosin isoform composition.  Thick filaments in C2C12 cells are primarily 

composed of fast skeletal MHC IIa and IIb with a small percentage of β-MHC (Artaza et al., 

2002), whereas mouse and rat cardiac myocytes are primarily α-MHC. 

It should be emphasized that the conclusions one can make here are confined to neonatal 

cardiomyocytes.  This is because neonatal cardiomyocytes are known to have a different gene 

expression pattern compared to adults and as such the biochemical pathways present in the adult 

cardiomyocytes may differ from that observed here.  However, a cardiac specific role for UNC-

45 is supported by the observation that when the abundance of UNC-45B is reduced in zebra fish, 

the thick filaments are abolished in the truck muscle leaving only disorganized actin filaments 

(Wohlgemuth et al., 2007).  

7.3.4 UNC-45B Functions as a Transcriptional Regulator of α-MHC 

A surprising discovery was the observation that the level of cardiac muscle UNC-45B altered the 

activity of the α-MHC promoter. The α-MHC promoter is known to contain a number of different 

regulatory units which result in increased transcription (Molkentin et al., 1996; Morkin, 2000).  

However, UNC-45B has not been previously known to interact with any of these regions.  UNC-

45B could directly interact with the α-MHC promoter in vivo or it could function as a member of 

a signaling cascade which indirectly regulates α-MHC expression (See Figure 7.1).   

This raises the question of the identity of the mechanisms by which UNC-45B regulates 

the transcription of α-MHC.  Interestingly, there is a nuclear targeting domain in UNC-45B 

(http://prodomweb.univ-lyon1.fr/), suggesting that UNC-45B may function as a nuclear based 

signaling protein.  
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7.3.5 Implications of Alterations in UNC-45B on Sarcomere Assembly 

The sarcomere is a complex macroscopic structure composed of multiple proteins that must be 

folded appropriately and assembled into the correct orientation.  In the case of the assembly of the 

thick filaments, the sarcomeric structural proteins titin (Gregorio et al., 1999) and obscurin 

(Kontrogianni-Konstantopoulos et al., 2004)  have been identified as critical proteins necessary 

for the assembly of myosin into A bands.  Interestingly, these proteins have been found to also 

contain either a kinase domain (Lange et al., 2005) (titin) or a RHO-GEF domain (Young et al., 

2001) (obscurin) which are involved in intracellular signaling.  Thus it is possible that UNC-45B 

is a member of sarcomeric assembly proteins which function as both assembly and signaling 

proteins.   

UNC-45B is likely involved in the folding of the tertiary structure of MHC whereas the 

other proteins are involved in the assembly of the macrostructure of the sarcomere.  In addition, 

UNC-45B is unique in that it regulates both the expression and assembly of its target protein.  

Neither titin nor obscurin has been demonstrated to regulate MHC transcription.   

The results of Price et al (Price et al., 2002) suggest that there is a role for UNC-45B in 

the orientation of MHC IIa and IIb in the myofilaments, in that the reduction in UNC-45B mRNA 

results in disorganized myofilaments but does not alter the abundance of these forms of MHC.  In 

contrast, our data illustrates that UNC-45 is critical for both the abundance and orientation of 

UNC-45B in cardiac muscle.  As such, it is possible that UNC-45B functions as a folding / 

assembly factor for both MHC II and α-MHC but it also has the additional function as a 

transcriptional activator for α-MHC.  
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7.3.6 Future Directions for UNC-45B Research 

There are a number of outstanding questions regarding UNC-45 apparent following the 

experiments described in this thesis.  These are (i.) Is UNC-45B phosphorylated in vivo, and if so, 

which amino acid residue(s)? (ii.) What kinases and phosphatases are involved? (ii.) Does UNC-

45B act specifically for α-MHC or β-MHC as an assembly chaperone and/or transcriptional 

regulation? (iii.) Is UNC-45B required for the development of hypertrophy or a result of 

decompensation at end-stage HF? 

To resolve the question of whether UNC-45B binds specifically to one isoform of MHC 

in the heart, one could immunoprecipitate UNC-45B from both ventricles and atria.  

Immunoprecipitate UNC-45B should co-precipitate its binding partners.  Because atria primarily 

contain α-MHC and ventricles contain β-MHC, co-precipitation from could provide insight into 

the relative ability of UNC-45B to bind different isoforms of MHC.  In order to determine 

whether UNC-45B has a functional effect on MHC isoform during the development of 

hypertrophy, one could perform similar experiments as this described here (e.g. knock-down or 

over-express UNC-45B) but in cardiomyocytes expressing β-MHC (rather than the rat neonatal 

cells examined here which express α-MHC).  Rabbit neonatal cardiomyocytes could be used for 

this purpose. 

Our observation that UNC-45B is a critical protein for the formation of myosin filaments 

in rat neonatal cardiomyocytes suggests that UNC-45B might be necessary for the development 

of cellular hypertrophy as well as embryonic development.  Cellular hypertrophy often follows an 

ischemic insult to the heart.  To compensate for the damage, the heart induces the nearby cells to 

increase the density of sarcomeres in order to increase their ability to generate force.  However, 

this process is often detrimental to the cell in the long run, and results in eventual decompensation 

and death.  Because there is a correlation between the extent of hypertrophy of a patient’s heart 
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and their mortality, it is possible that inhibiting this process would be beneficial to a patient (or 

animal model of HF).  As such, future experiments should investigate whether retroviral 

treatment of siRNA to UNC-45B reduces the effect of hypertrophy in animal models of HF.  

7.4 Limitations of Technology and Studies 

Not all protein members of the energetic pathways were observed by 2-DE.  Low molecular 

weight proteins were not observed because low percentage gels were used which selects for high 

molecular weight proteins. This decision was based on the prior observation that a large number 

of proteins from cardiac tissue observed by 2-DE had molecular weights >30 kDa.  Future 

proteomic studies of HF should examine the lower molecular weight range in greater detail.   

Another reason for the limited number of proteins changing in HF may be due to 

biological variation as seen in other studies (McGregor & Dunn, 2006).  Although all of the 

patients examined here had end-stage HF, it is possible that some of them may have had 

compensatory mechanisms still functioning which led to only a few highly specific proteins 

exhibiting an abundance difference.  The use of alterative proteomic technologies such as liquid 

chromatography could be used in the future to resolve different classes of proteins (e.g. more 

hydrophobic) than 2-DE (McDonald et al., 2006).  As such, these should be considered for use in 

concert with 2-DE for future proteomics studies.   

7.5  Proteomic Analysis of Transgenic Rabbits 

Transgenic (TG) rabbits which express approximately 40% of the MHC pool as the α-isoform of 

MHC (James et al., 2005) were developed in the laboratory of Dr. Jeffery Robbins.  These rabbits 

have similar hemodynamic properties as wild type (WT) rabbits at rest, but following tachycardia 

induced HF, they exhibit a decreased severity of disease compared to WT.  This conclusion was 

based on hemodynamic data which showed maintenance of force development (both +dP/dtmax 
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and -dP/dtmin) and less dilation of the heart.  We hypothesized that increased incorporation of α-

MHC would result in a modification of the proteome such that TG rabbits were predisposed to a 

differential response following pacing.  Because TG rabbits have increased contractility 

compared to WT rabbits following pacing induced HF, it is likely that myofilament proteins are 

key proteins which are modified in this process, a finding confirmed by 2-DE analysis. 

 

7.5.1 Differences in Sarcomeric Proteins between WT and TG Rabbits 

7.5.1.1 Abundance Changes in MLC-2 

When protein abundances of sham operated TG rabbits were compared to sham operated WT 

rabbits by 2-DE, the protein spots corresponding to the contractile protein actin were decreased in 

abundance although one spot corresponding to myosin light chain 2 (MLC-2) was increased. 

Although it is difficult to determine how these changes could be compensatory without further 

characterization, insight can be gained from the differential response of these proteins under 

pacing conditions.   

Following pacing, the two most abundant spots corresponding to MLC-2 were increased 

in both the paced WT and TG rabbits.  However, MLC-1 demonstrated no change in abundance 

regardless of pacing.  This is puzzling as an equal ratio of MLC-1 and MLC-2 are present in the 

functional myosin complex.  A lack of MLC-1 may limit the quantity of myosin complex which 

can form and hence the amount of thick filaments.  In support of this theory, we found that 

purified myofibrils contained an equal abundance of both MLC-1 and MLC-2.  Interestingly, 

MLC-2 differs from MLC-1 in that its rate of synthesis and degradation are approximately twice 

that of MLC-1 (Samarel, 1989).  As such, a large component of MLC-2 protein will likely be in-

transit, being assembled and degraded.  These additional pools of MLC-2 were likely resolved by 
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2-DE because a whole-tissue extract was performed for this analysis in order solubilize the 

maximum amount of protein from tissue.  Figure 7.2 is a schema which illustrates this effect. 

7.5.1.2 Abundance Changes in Actin 

It is possible that one of the mediators which impart the cardioprotection in the TG rabbits is due 

to changes in the relative abundance of thin filaments.  When 2-D gels were examined for 

changes following pacing in the WT and TG rabbits, only the TG rabbits had an increase in the 

abundance of actin. However, a direct comparison of paced WT and TG rabbits showed only 1 

spot increased in the paced TG rabbits compared to paced WT rabbits.  The “conflict” was 

resolved when 1-DE analysis of purified myofibrils confirmed an increased abundance of total 

actin in the paced TG rabbits compared to the paced WT rabbits.  It is possible that the difference 

between the analysis of whole tissue extracts by 2-DE and isolated myofibrils by 1-DE, was due 

to the inclusion of additional  pools of actin being assembled and degraded as discussed for MLC-

2. This result could also be explained by the detection of different isoforms of actin by the two 

methods (See Figure 7.2 for example of different pools of actin).  

Actin is the major protein comprising the sarcomeric thin filament, but additional 

cytoskeletal forms of actin exist in the cell.  Sarcomeric actin is composed of α-actin, whereas 

cytoskeletal actin is composed of β-actin and γ-actin.  β/γ-actin possess high sequence similarity 

to α-actin (93% and 94% for β- and γ-actin compared to α-actin, respectively) and as such are 

difficult to distinguish from one another both by MS and Western blot. Because a large 

component of the myocardial protein pool consists of sarcomeric proteins, the cytoskeletal  
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schema illustrating the different “pools” of myofilament proteins and their differential 
abundance depending upon the experimental protocol used.
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isoforms of actin are generally considered to be only a minor component of the total actin pool in 

cardiomyocytes.  However, the results observed here suggest that even this small pool can skew 

the significance of a small abundance change in sarcomeric actin. To address this issue, we 

carried out further analysis on isolated myofilaments which contain only sarcomeric actin.  The 

data also suggest that although total cellular actin is not significantly different between paced WT 

and TG rabbits, the sarcomeric form of actin is increased in the TG rabbits compared to WT 

rabbits under pacing conditions.  

In addition to actin, the thin filament protein troponin T increased in the myofibril 

preparation from paced TG compared to paced WT rabbits (Figure 6.8(B)).  As well, the thin 

filament protein tropomyosin trended towards an increased abundance (p=0.10).  These results 

were in contrast to the thick filament proteins (e.g. MHC, MLC-1, MLC-2) which did not 

increase in abundance in the paced TG animals.   This is striking, as it suggests that the paced TG 

rabbits exhibited an increased ratio of thin:thick filaments compared to the paced WT rabbits.  As 

well, although we did not isolate sarcomeric actin directly from sham operated animals, the 

observed reduction in actin in sham WT and TG rabbits by 2-DE suggests that although the paced 

TG rabbits had an increased ratio of thin:thick filaments, the sham operated TG rabbits had a 

decreased ratio. No difference was observed between these groups when analyzed by 2-DE.   

The dogma has been that the ratio of thick to thin filaments is a constant, however, recent 

work is beginning to question this assumption.  For example, Clark et al demonstrated that when 

cultured feline cardiomyocytes were treated with the hypertrophic agent isoproteronol (ISO), the 

abundance of actin increased faster than the abundance of MHC (Clark et al., 1994).  Because of 

the difference in abundance, the ratio of actin:MHC was increased to 160% of pre-treatment 

values initially following treatment.  MHC expression eventually increased such that the ratio of 

actin to myosin decreased to about 80% of untreated levels.   
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In addition to this in vitro study, Riley et al have reported that a disproportionate loss of 

thin filaments (compared to thick filaments) occurs in soleus skeletal muscle of patients who were 

bed ridden for extended periods of time (Riley et al., 1998) or in astronauts following spaceflight 

(Riley et al., 2000).  This decreased abundance of thin filaments was associated with an increase 

in the velocity of contraction without a change in the isoform of MHC (Widrick et al., 1997; 

Widrick et al., 1999).  Detailed analysis of this effect on isolated skinned fibers from rat soleus 

muscle has further demonstrated that the shortening velocity of skeletal muscle containing β-

MHC was inversely correlated with density of the thin filament.  

Taken together, these data suggest that the paced TG rabbits compensate for the higher 

abundance of α-MHC by increasing the thin:thick filament ratio.  Although α-MHC will have a 

faster velocity of contraction, the higher thin:thick filament ratio will decrease the speed of 

contraction.  This would likely increase the force of contraction and allow the heart to maintain 

cardiac output during tachycardia.  In this case, the alteration in the thin:thick filament ratio is one 

of the key compensatory mechanisms which impart the cardioprotection in the TG rabbits.  

Another sarcomeric protein which was found to exhibit a differential effect upon pacing 

was desmin.  In the paced WT rabbits, desmin was found to increase 2 fold compared to sham 

operated WT rabbits.  This was in contrast to the blunted response in the paced TG rabbits, in 

which desmin was increased only 1.4 fold following pacing.  As mentioned previously, an 

increased abundance of desmin is common in both DCM patients and animal models of HF 

(Collins et al., 1996; Wang et al., 1999; Heling et al., 2000).  However, an increased abundance 

of desmin per se is not detrimental to the health of the animal.  Robbins’ group has determined 

that TG mice which over-express desmin are fertile, and healthy (Wang et al., 2001).  The 

difference between over-expressed desmin in a TG mouse and HF appears to be in the 

localization of desmin.  In the TG mice, desmin is localized to the z-disc in a normal striated 
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pattern, whereas in DCM patients, desmin is disorganized and localized to the cytoplasm (Heling 

et al., 2000; Kostin et al., 2000). 

In our study, a comparison of desmin from isolated myofibrils from paced WT and TG 

rabbits demonstrated equal abundance of desmin between the groups (Figure 6.8).  This suggests 

that the increased desmin in the WT rabbits is not in the sarcomere but localized in the cytoplasm 

similar to that observed in DCM patients.  It has been proposed that increased desmin is a 

compensatory mechanism to bypass missing sarcomeric proteins and allow force transmission 

(Heling et al., 2000).  It is possible that is the case here as we have observed more desmin in the 

experimental group which had a lower abundance of thin filaments.  Interestingly, the TG rabbits 

were associated with both an increased ventricular force and a lowered abundance of non-

sarcomeric desmin.  Increased non-sarcomeric desmin which is distributed throughout the 

cytoplasm would likely have the effect of stiffening the heart and redistributing contractile force 

in a non-effective manner.  Thus, it is likely that the increased abundance of desmin observed in 

models of HF is detrimental to the function of the heart and not compensatory as previously 

proposed. 

7.5.2 Abundance changes in UNC-45B 

The abundance of UNC-45B was not found to differ as a result of pacing induced heart failure in 

either WT or TG rabbits (Figure 6.9).  This differs from our observation in humans, whereby 

UNC-45B was found to increase under conditions of HF.  During pacing induced heart failure in 

rabbits, hearts directly undergo dilation with a lack of hypertrophy (Masaki et al., 1993). In 

contrast, during the compensated phase of HF in humans, cellular hypertrophy often occurs.  As 

such, increased UNC-45B in humans could be due to a remnant of this hypertrophic phase and 

does not occur in rabbits due to a lack of hypertrophy.  
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 An increased abundance of UNC-45B was observed in sham operated TG rabbits when 

compared to sham operated WT.  This is of particular interest considering the observation that 

UNC-45B was found to regulate the activity of the α-MHC promoter.  Consequently, this result 

suggests that there may be a feed-back system whereby UNC-45B regulates α-MHC promotion 

and α-MHC correspondingly regulates UNC-45B abundance.  However, this is tentative and 

would require further analysis of the mechanism of UNC-45 transcription to confirm.  

7.5.3 Abundance Differences in Energetic Proteins 

In addition to alterations in the sarcomeric associated proteins, differences in the abundance of 

proteins involved in energy generation were also observed between WT and TG rabbits.  This 

includes complex I (NADH-ubiquinone reductase) and complex III (ubiquinone-cytochrome c 

reductase) of the electron transport chain.  Protein spots corresponding to the 75 kDa subunit of 

complex I (I-75 kDa) and core protein 1 (CP1) of complex III were decreased in abundance 

between sham operated WT and TG rabbits.  This was similar to the abundance changes which 

were observed when the WT rabbits were paced.  This is surprising as it suggests that proteins 

involved in maintaining the pool of ATP may be reduced at a time when higher levels of ATP are 

necessary. One potential reason the paced WT and sham operated TG sham rabbits had a similar 

change to their proteome was due to a common, higher demand for ATP compared to normal 

hearts. This implies that these changes may in fact be compensatory - initiated to maintain ATP 

reserves during pacing or increased levels of α-MHC.  It is uncertain how these changes might 

maintain enough ATP to match the demands of the heart.  However, as the 75 kDa subunit of 

complex I is the only subunit of complex I which was observed to be have a reduced abundance 

in the two groups (note that the 30 kDa subunit is increased in abundance in TG sham rabbits), it 

suggests that the effect may be due to a change in the relative subunit stoichiometry.   
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In addition to changes in the 75 kDa subunit of complex I following pacing, the protein 

spots corresponding to CP1 of complex III had a different response to pacing.  Two protein spots 

of the same mass but different pIs were identified as CP1.  Although there was no change in the 

basic spot of CP1 in TG rabbits following pacing, this spot was observed to decrease in 

abundance in WT rabbits.  In contrast, the acidic spot of CP1 increased in abundance in the TG 

rabbits, but was unaltered in the WT rabbits.  As mentioned previously, an acidic shift in pI is 

consistent with protein phosphorylation.  Recent studies which have attempted to characterize the 

phosphoproteome of the mitochondria have demonstrated that CP1 selectively binds a stain 

optimized to bind to phosphorylated proteins (Murray et al., 2004; Hopper et al., 2006).  

Consequently, it is possible that the acidic spot for CP1 observed by 2-DE is due to 

phosphorylation.  If this were the case, it would be difficult to determine the role of this change 

on the function of CP1.  This is because studies which examine the role of phosphorylation on the 

function of mitochondrial proteins are still in their infancy, and the knowledge of whether 

proteins are dynamically phosphorylated in the mitochondria is uncertain.  

The observation that abundance changes were observed in complex I and III is striking as 

these are considered key sites for the generation of reactive oxygen species (ROS) in the cell 

(Camello-Almaraz et al., 2006).  During the process of traveling along the electron transport 

chain, electrons have an increased probability of interacting with oxygen and generating O2
· 

radicals which in turn can lead to higher levels of H2O2 and OH- (Nohl et al., 2003).  An 

increased abundance of free radicals is likely detrimental to the cellular components which will 

reduce their ability to generate ATP (Ferrari et al., 2004).  Consequently, we speculate that 

abundance changes to the different forms of CP1 in the TG rabbits will result in a decreased 

abundance of free radicals.  This is supported by the decreased abundance of peroxiredoxin-6 (a 

protein involved in protection from oxidative damage) in the paced TG rabbits.  
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7.5.4 Abundance Differences in Stress Response Proteins 

Stress response proteins exhibited a differential response between the WT and TG rabbits with 

pacing.  Specifically, the 60 kDa heat shock protein (HSP 60), and glucose regulated protein 78 

and 94 (GRP 78, GRP 94) were decreased in abundance in the TG hearts following pacing but not 

in WT rabbits.  Stress response proteins bind and stabilize proteins to maintain their structure 

(Soti et al., 2005).  During increased cellular stress, the abundance of heat shock proteins and 

other stress response proteins can be increased.  The lower abundance of stress response in the 

TG rabbits could be interpreted as hearts which are “less stressed” and require lower levels of 

chaperones to maintain their cellular functions.  However, since not all stress response proteins 

are reduced in these animals, it is likely that more complex mechanisms occur here.  Future 

experiments which increase / decrease the abundance of each of these proteins would be 

necessary to elucidate their individual function under these experimental conditions.   

One possibility for the decreased abundance of these stress response proteins is that they 

have been covalently cross-linked to other proteins so that they run at a higher molecular weight.  

This would reduce the apparent quantity of the protein at its normal molecular weight.  Although 

there is little evidence in the literature to support this hypothesis, the protein transglutaminase-2 

(TG-2) was found to be selectively increased in abundance by approximately 4 fold in the paced 

TG rabbits, whereas in sham operated TG rabbits it exhibited a 2 fold reduction in abundance 

compared to WT.  This suggests that TG-2 functions in an important process selective to the TG 

rabbits, resulting in the protected phenotype observed.  Although TG-2 is a protein which is 

primarily involved in cross-linking proteins together (Fesus & Piacentini, 2002), it is also known 

to function as a G-protein in signaling transduction pathways (Nakaoka et al., 1994).  Given all of 

these points, TG-2 is an intriguing protein to pursue in order elucidate the mechanism of 

cardioprotection in the TG rabbits. 
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7.6 Benefits of a Proteomics Study 

Proteomics is a method to detect proteins which are differentially present between different 

conditions.  The usefulness of a proteomics study lies in the fact that one can observe proteins 

which one would not normally expect based on a targeted biochemical analysis. The difficulty is 

that there is a limited control on what proteins are observed.  This can make it difficult to 

determine how they link together.   

In the studies presented here, we observed increases in the protein UNC-45B in patients 

with end-stage HF.  At the time of this discovery, very little was known about UNC-45B and its 

role in the regulation of MHC assembly.  As such, based on the literature available at the time, it 

is questionable whether one would invest the resources necessary to investigate the role of this 

protein in heart failure. Our observation that it exhibited increased abundance in HF patients 

allowed us the confidence to further investigate its function in cardiomyocytes.   Another 

example of the benefits of proteomics is demonstrated by our observation that the sarcomeric 

proteins from paced TG and WT rabbits were differentially expressed.  It is uncertain whether 

such a study would have been suggested based on the literature of the time as it is generally 

thought that thick and thin filaments are regulated together and such an effect would not be 

expected.  However, how this affects other changes seen in these experiments can only be 

speculative unless other functional analysis is carried out. The non-targeted nature of proteomics 

can lead to a number of challenges when interpreting the data which are generated.    

7.7 Challenges Interpreting Data from Proteomic Studies 

A common result of a proteomics study is a catalogue of protein spots and their relative 

abundance between two states.  Along with this information, a corresponding identification is 

attributed to each spot.  In many cases, a single protein will appear as multiple spots on a gel (e.g. 

6-PFK) likely due to degradation or PTM.  Although the spots are all forms of the same protein, 
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PTMs or degradations can alter the function or localization of the protein.   As such, one may get 

the same identification for multiple spots but the proteins could have drastically different 

functions. 

Proteomic technology for the determination of PTM and the identification of modified 

residue(s) is difficult and time consuming; however, it is feasible. For example, using metal 

affinity chromatography one can enrich for phosphorylated peptides and determine the site of 

phosphorylation.  Our laboratory has identified phosphorylated residues from the β-subunit of 

ATP synthase (Arrell et al., 2006) as well as connexin 43 (data not published). Other post-

translational modifications which are possible to detect by MS include glycosylation, oxidation, 

acetylation, deamidation, and S-nitrosylation to name a few. In practice, a thorough 

characterization of a single modified protein can often take a lot of time with a skilled MS 

operator and the results are not guaranteed.   

In addition to the difficulty in determining the specific identification of a protein spot, a 

researcher is faced with the problem of interpreting the results of a proteomics experiment in the 

context of the current literature.  Specifically, the researcher must understand the relevance of 

protein abundance changes to the phenotype observed.  For example, we have observed a change 

in the abundance of both 6-PFK and α-enolase in human heart failure.  This naturally leads to the 

question, “Are these the key protein changes which are responsible for the development of the 

disease or are they compensatory changes which help the patient?”  To resolve this question, one 

could look at each of the protein changes individually; however, a synergistic effect could also be 

occurring whereby all of the proteins must be changing in the specific manner to get the observed 

phenotype.  As such, understanding the change in isoform/PTM of the different members of a 

given pathway is of prime benefit.  This requires a detailed understanding of the literature of 

multiple complex biochemical pathways.   
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Traditionally a physiological/biochemical researcher is one who has become an expert in 

a very small niche and understands the nuances of how a handful of proteins interact.  In contrast, 

a proteomics researcher is required to have a rudimentary understanding of how multiple, 

seemingly unconnected biochemical pathways interact to interpret the results of the study.  This is 

one of the key difficulties in interpreting the results of a proteomics experiment versus a 

traditional biochemical study. 

7.8 Summary of Discussion 

This thesis describes proteomics studies which identified proteins with altered abundance under 

conditions of HF in humans.  This work revealed that the myosin assembly chaperone UNC-45B 

increased in abundance in hearts from patients with end-stage HF.  As well, we demonstrated that 

UNC-45B also localizes to the nucleus of rat neonatal cardiomyocytes and functions to regulate 

the activity of the α-MHC promoter.  It is currently uncertain as to whether this is a compensatory 

change or whether it is involved in the pathology of the disease progression.       

In addition to the study of patients with heart failure, we examined protein abundance 

changes occurring in WT and TG rabbits as they develop heart failure due to tachycardia.  This 

demonstrated that TG rabbits with increased abundance of α-MHC express a different ratio of 

thick:thin filaments compared to WT rabbits under pacing conditions.  It is possible that 

regulating the ratio of thick:thin filaments is a physiological mechanism in addition to MHC 

isoform changes to regulate cardiac muscle contractility.   The eventual goal of this line of 

research is to determine the proteins which can be targeted for future characterization and 

possible therapeutic intervention to protect the heart against the pathophysiological effects of HF.   

The observation that UNC-45 is important for the transcription and assembly of MHC suggests 

that it is necessary for the development of hypertrophy and future experiments should examine 

whether this protein can be altered to inhibit the hypertrophic process.  In addition, the results 
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from the TG rabbits demonstrate that research should investigate the differential signaling 

pathways which regulate the members of the thick and thin filaments so that pharmaceuticals can 

be developed which increase contractile force selectively at the level of the thin filaments.  
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Figure A1: Immunocytochemistry for MHC in neonatal 
cardiac myocytes. Immunocytochemistry for MHC in 
neonatal cardiac myocytes demonstrate decreased MHC 
in siRNA treated cells.  Nuclear dye (blue) was Hoechst 
33258 and MHC (red) was detected using NorthernLights-
557 conjugated secondary.  Cells were transfected with a 
control plasmid or a plasmid expressing siRNA to UNC-
45B.  This work was performed by James Shaw in the 
laboratory of Dr. Lorrie Kirshenbaum (University of 
Manitoba, Canada).
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Figure A2: α-MHC promoter activity in rat neonatal 
ventricular cardiomyocytes during  knock-down and over-
expression of UNC-45B. Relative luciferase signal 
demonstrating altered activity of the α-MHC promoter in rat 
neonatal ventricular cardiomyocytes transfected with different 
plasmids. *corresponds to p<0.05 from control. See methods 
for content of plasmids.  This work was performed by James 
Shaw in the laboratory of Dr. Lorrie Kirshenbaum (University of 
Manitoba, Canada)  
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Figure A3: Quantitation of actin and MHC from HF patients by 1-DE.
(A) Representative Coomassie stained 1-DE lanes of tissue extracts from 
human LV tissue from Normal (N), ICM (I), or DCM (D) patients. (B) Relative 
band intensities MHC and Actin from Normal (n=5), ICM (n=8), and DCM 
(n=8) patients. * indicates that p<0.05 compared to normal patients.
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Figure A4:  1-DE of isolated myofibrils from rabbits with 
molecular weight markers. Coomassie stained 1DE lane of 
isolated myofibrils from wild type rabbit with two types of 
molecular weight standards shown. This demonstrates that 
the top band identified as Titin has an approximate Mw of 
500 kDa.
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Table A1:  MS identification of proteins with an abundance change in ICM patients

Protein Identity Accession # MOWSE Score Spot # Sequence 
Coverage (%) # Peptides

6-Phosphofructokinase, muscle type P08237 2.9 x 1019 3 43 33
6-Phosphofructokinase, muscle type P08237 1.6 x 107 4 47 30
α-enolase (2-phospho-D-glycerate hydrolyase) P06733 9.7 x 1011 8 60 25
Fumarate hydratase P07954 1.0 x1014 25 63 32
ATP synthase α-chain P25705 3.2 x 1015 30 49 30
ATP synthase α-chain P25705 1.6 x 1010 32 43 28
ATP synthase β- chain P06576 3.4 x 1011 34 40 19
78 kDa glucose-regulated protein precursor (GRP78) P11021 2.9 x 1011 36 47 28
α-Actinin 2 P35609 8.7 x 1018 42 48 48
Striated Muscle UNC45 27477061 4.7 x 1010 43 40 35
Desmin P17661 6.0 x 1013 45 68 26

Table A2: MS identification of myofibril proteins from rabbits

Protein ID Accession # Mascot Score Expect Sequence 
Coverage (%) # Peptides

Titin* Q8WZ42 89,85 2 (MS/MS)
β-MHC P02564 107 2.1 x 10-6 38% 52
α-Actinin P35609 201 4.3 x 10-16 53% 38
Desmin P17661 173 2.7 x 10-13 60% 28
α-Actin Q3ZC07 73 2.8 x 10-3 49% 15
Troponin T P02646 86 1.2 x 10-4 40% 17
Tropomyosin P58771 159 6.7 x 10-12 70% 26
Myosin Light Chain 1 P08590 93 2.9 x 10-5 62% 14
Myosin Light Chain 2 Q7M2V4 62 3.9 x 10-2 69% 10
*Titin was identified by MS/MS. The peptides VTGLTEDHEYEFR (Confidence 89) and LIEGNEYIFR (Confidence 85) we detected using a TOF-TOF 
MS
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Table A3:  Peptides identified by MS/MS for proteins changing in rabbits.y y q
peptides shown.  SwissProt accession numbers for each protein are shown with sequence of peptides identified by 
MS/MS as well as post-translational modifications  The ion score is also shown.  If multiple prortein spots were 
identified as the same protein, spots were numbered from low to high pI.  See Table 6.1 for further information on 
location and abundance changes betwen groups of rabbits.

ACTIN (1)
Protein group Accession # Peptide sequence Ion Score Modifications
α-Actin Cardiac Q3ZC07 SYELPDGQVITIGNER 63
This protein was run on MALDI-TOF TOF MS and ID was confirmed by PFM as Q3ZC07 with Mascot score of 62, Expect value of 0.032

ACTIN (2)
Protein group Accession # Peptide sequence Ion Score Modifications
α-Actin Cardiac Q3ZC07 SYELPDGQVITIGNER 71
α-Actin Cardiac Q3ZC07 QEYDEAGPSIVHR 88
This protein was run on MALDI-TOF TOF MS and ID was confirmed by PFM as Q3ZC07 with Mascot score of 83, Expect value of 0.002

ACTIN (3)
Protein group Accession # Peptide sequence Ion Score Modifications
α-Actin Cardiac Q3ZC07 SYELPDGQVITIGNER 88
α-Actin Cardiac Q3ZC07 QEYDEAGPSIVHR 88
α-Actin Cardiac Q3ZC07 GYSFVTTAER 50
This protein was run on MALDI-TOF TOF MS and ID was confirmed by PFM as Q3ZC07 with Mascot score of 152, Expect value of 1.8 x 10-10

ACTIN (4)
Protein group Accession # Peptide sequence Ion Score Modifications
α-Actin Cardiac Q3ZC07 QEYDEAGPSIVHR 38
This protein was run on MALDI-TOF TOF MS and ID was confirmed by PFM as Q3ZC07 with Mascot score of 65, Expect value of 0.02
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MLC-2 (1)
Protein group Accession # Peptide sequence Ion Score Modifications
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EAPGPINFTVFLTMFGEK 98.3 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EEVDQMFAAFPPDVTGNLDYK 79.8 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 FSKEEVDQMFAAFPPDVTGNLDYK 77.8 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 LEGGSSNVFSMFEQTQIQEFK 82.7 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 RAGGANSNVFSMFEQTQIQEFK 44.3 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 VNVKNEEIDEMIK 68.8 Ox (+16)

MLC-2 (2)
Protein group Accession # Peptide sequence Ion Score Modifications
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EAFTIMDQNR 65.6
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EAFTIMDQNRDGFIDK 55.7
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EEVDQMFAAFPPDVTGNLDYK 61.4 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EMLTTQAER 41.2 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 FSKEEVDQMFAAFPPDVTGNLDYK 97.7 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 LEGGSSNVFSMFEQTQIQEFK 74.1 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 NEEIDEMIK 62.5 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 NEEIDEMIKEAPGPINFTVFLTMFGEK 114 Ox (+16) x 2
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 NLVHIITHGEEK 91.2
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 NLVHIITHGEEKD 84.7
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 RLEGGSSNVFSMFEQTQIQEFK 88 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 VNVKNEEIDEMIK 68.8 Ox (+16)

(O95169) NADH dehydrogenase 1 β-subcomplex subunit 8 O95169 VEDYEPYPDDGMGYGDYPK 71.5 Ox (+16)

MLC-2 (3)
Protein group Accession # Peptide sequence Ion Score Modifications
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 DGFIDKNDLR 45.7
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EAFTIMDQNRDGFIDK 57.8 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EAPGPINFTVFLTMFGEK 102 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EEVDQMFAAFPPDVTGNLDYK 78.2
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EMLTTQAER 49.3 Ox (+16)
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Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 FSKEEVDQMFAAFPPDVTGNLDYK 69.7 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 GADPEETILNAFK 81.2
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 GVLKADYVR 49.8
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 LEGGSSNVFSMFEQTQIQEFK 98.2
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 LKGADPEETILNAFK 45.7
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 NEEIDEMIK 59.9
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 NEEIDEMIKEAPGPINFTVFLTMFGEK 67.5 Ox (+16) x 2
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 NLVHIITHGEEK 82.2
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 NLVHIITHGEEKD 80.8
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 RLEGGSSNVFSMFEQTQIQEFK 83.3 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 VNVKNEEIDEMIK 55.6 Ox (+16)

(O95169) NADH dehydrogenase 1 β-subcomplex subunit 8 O95169 VEDYEPYPDDGMGYGDYPK 66.3 Ox (+16)

MLC-2 (4)
Protein group Accession # Peptide sequence Ion Score Modifications
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 EAFTIMDQNR 43.9 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EAFTIMDQNRDGFIDK 50.4
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EAPGPINFTVFLTMFGEK 96.2 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 EEVDQMFAAFPPDVTGNLDYK 68.4 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P10916 FSKEEVDQMFAAFPPDVTGNLDYK 85.1 Ox (+16)
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 GADPEETILNAFK 67.8
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 LEGGSSNVFSMFEQTQIQEFK 86.7
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 LKGADPEETILNAFK 72.5
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 NLVHIITHGEEK 72.5
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 NLVHIITHGEEKD 75.4
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 RLEGGSSNVFSMFEQTQIQEFK 54.3
Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 VNVKNEEIDEMIK 55.2 Ox (+16)

Desmin (1)
Protein group Accession # Peptide sequence Ion Score Modifications
Desmin O62654 VAEIYEEELR 38
This protein was run on MALDI-TOF TOF MS and ID was confirmed by PFM as O62654 with Mascot score of 62, Expect value of 0.032
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Desmin (3)
Protein group Accession # Peptide sequence Ion Score Modifications
Desmin Q5XFN2 FLEQQNAALAAEVNR 88
Desmin Q5XFN2 FASEASGYQDNIAR 73
Desmin Q5XFN2 VAEIYEEELR 62
This protein was run on MALDI-TOF TOF MS and ID was confirmed by PFM as Q5XFN2 with Mascot score of 109, Expect value of 7.1 x 10-7

Annexin A5
Protein group Accession # Peptide sequence Ion Score Modifications
Annexin A5 (Annexin V) (Lipocortin V) (Endonexin II) P81287 ETSGNLEQLLLAVVK 89
Annexin A5 (Annexin V) (Lipocortin V) (Endonexin II) P81287 GAGTDDHTLIR 74.6
Annexin A5 (Annexin V) (Lipocortin V) (Endonexin II) P81287 DLLDDLKSELTGK 75

Myosin regulatory light chain 2, ventricular/cardiac muscle isoform P08733 DGFIDKNDLR 48.5

Complex I - 75 Kda subunit (1)
Protein group Accession # Peptide sequence Ion Score Modifications
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 AVTEGAQAVEEPSIC 85.8 CM (+57)
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 FASEIAGVDDLGTTGR 129
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 FEAPLFNAR 54.1
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 IASQVAALDLGYKPGVEAIRK 97
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 MHEDINEEWISDK 78.1 Ox (+16)
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 VAGMLQSFQGK 80.7 Ox (+16)
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 VALIGSPVDLTYR 90.8
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 VAVTPPGLAR 43.9

NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 VVAACAMPVMK 66.3
CM (+57),        

Ox (+16) x 2

Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P13540 KVQHELDEAEER 41.9
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P13540 LAEQELIETSER 37.4
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 QAEEAEEQANTNLSK 102
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 VQHELDEAEER 59.3
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) YEESQSELESSQK 79.7
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Serum albumin precursor (Allergen Bos d 6) (BSA) P02769 KVPQVSTPTLVEVSR 65.1

Complex I - 75 Kda subunit (2)
Protein group Accession # Peptide sequence Ion Score Modifications
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 DFYMTDSISR 55.7 Ox (+16)
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 FASEIAGVDDLGTTGR 123
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 IASQVAALDLGYKPGVEAIR 93.6
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 IASQVAALDLGYKPGVEAIRK 101
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 LEEVSPNLVR 47.8
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 LLFLLGADGGCITR 96.5 CM (+57)
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 LVNQQLLADPLVPPQLTIK 78.7
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 MHEDINEEWISDK 72.4 Ox (+16)
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 SATYVNTEGR 61.7
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 SNYLLNTTIAGVEEADVVLLVGTNPR 92.6
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 VAVTPPGLAR 55.8

NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 VVAACAMPVMK 78.6
CM (+57),        

Ox (+16) x 2
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 YDDVEGANYFQQASELSK 82.2

Myosin heavy chain, cardiac muscle beta isoform (MyHC-beta) P12883 ELENELEAEQK 63.1
Myosin heavy chain, cardiac muscle beta isoform (MyHC-beta) P12883 QAEEAEEQANTNLSK 85.6
Myosin heavy chain, cardiac muscle beta isoform (MyHC-beta) P12883 VQHELDEAEER 55.6

Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 TTPSYVAFTDTER 75.9
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 TVTNAVVTVPAYFNDSQR 40.5
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Complex I - 75 Kda subunit (3)
Protein group Accession # Peptide sequence Ion Score Modifications
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 IASQVAALDLGYKPGVEAIRK 108
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 LLFLLGADGGCITR 91.6 CM (+57)
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 LVNQQLLADPLVPPQLTIK 104
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 MHEDINEEWISDK 80.1 Ox (+16)
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 SATYVNTEGR 60.5
NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 VAVTPPGLAR 65.4

NADH-ubiquinone oxidoreductase 75 kDa subunit Q5R911 VVAACAMPVMK 51
CM (+57),        
Ox (+16)

Complex I - 75 Kda subunit (4)
Protein group Accession # Peptide sequence Ion Score Modifications
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 FASEIAGVDDLGTTGR 131
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 FEAPLFNAR 40.3
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 GNDMQVGTYIEK 72.2 Ox (+16)
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 SATYVNTEGR 62.3
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 VALIGSPVDLTYR 97.5
NADH-ubiquinone oxidoreductase 75 kDa subunit P15690 YDDVEGANYFQQASELSK 65.1
NADH-ubiquinone oxidoreductase 75 kDa subunit
NADH-ubiquinone oxidoreductase 75 kDa subunit P38646 EQQIVIQSSGGLSK 105
NADH-ubiquinone oxidoreductase 75 kDa subunit P38646 TTPSVVAFTADGER 93.5
NADH-ubiquinone oxidoreductase 75 kDa subunit P38646 VQQTVQDLFGR 81.9

Neurolysin (Neurotensin endopeptidase) P42675 TMLDFPQHVSTDR 78 Ox (+16)

Actin, alpha cardiac (Alpha-cardiac actin) P68032 AGFAGDDAPR 61.1

β-lactoglobulin precursor (Beta-LG) (Allergen Bos d 5) P02754 TPEVDDEALEK 64.5
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Complex I - 30 kDa subunit
Protein group Accession # Peptide sequence Ion Score Modifications
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 DFPLSGYVELR 82.5
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 EIWDMFGVFFANHPDLR 77.3 Ox (+16)
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 FDLNSPWEAFPAYR 64.5
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 ILTDYGFEGHPFRK 73.3
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 KFDLNSPWEAFPAYR 115
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 QNRFEIVYNLLSLR 65.6
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 RVVAEPVELAQEFR 66.6
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 SLADLTAVDIPTR 94.6
NADH-ubiquinone oxidoreductase 30 kDa subunit P23709 VVAEPVELAQEFR 80.7

Putative ATP-dependent Clp protease proteolytic subunit O88696 GQATDIAIQAEEIMK 128 Ox (+16)
Putative ATP-dependent Clp protease proteolytic subunit O88696 IMIHQPSGGAR 42.2 Ox (+16)
Putative ATP-dependent Clp protease proteolytic subunit O88696 QSLQVIESAMER 74 Ox (+16)
Putative ATP-dependent Clp protease proteolytic subunit O88696 VLVHPPQDGEDEPELVQK 72
Putative ATP-dependent Clp protease proteolytic subunit O88696 YMSPMEAQEFGILDK 90.4 Ox (+16) x 2

Complex I - 20 kDa subunit
Protein group Accession # Peptide sequence Ion Score Modifications
NADH-ubiquinone oxidoreductase 24 kDa subunit P19234 AAAVLPVLDLAQR 87.5
NADH-ubiquinone oxidoreductase 24 kDa subunit P19404 DIEEIIDELK 72.6
NADH-ubiquinone oxidoreductase 24 kDa subunit P19234 DTPENNPDTPFDFTPENYER 69.5
NADH-ubiquinone oxidoreductase 24 kDa subunit P19234 FCCEPAGGLTSLTEPPK 59.1 CM (+57)
NADH-ubiquinone oxidoreductase 24 kDa subunit P19404 FSCEPAGGLTSLTEPPK 100 CM (+57)
NADH-ubiquinone oxidoreductase 24 kDa subunit P19404 FSCEPAGGLTSLTEPPKGPGFGVQAGL 67.6 CM (+57)
NADH-ubiquinone oxidoreductase 24 kDa subunit P19404 NSDSILEAIQK 62.4
NADH-ubiquinone oxidoreductase 24 kDa subunit P19234 NYPEGHRAAAVLPVLDLAQR 105
NADH-ubiquinone oxidoreductase 24 kDa subunit P19234 VYEVATFYTMYNR 102 Ox (+16)

NADH-ubiquinone oxidoreductase 24 kDa subunit P19234 YHIQVCTTTPCMLR 60.9
CM (+57) x 2,     

Ox (+16)
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Ras-related protein R-Ras2 (Ras-like protein TC21) P62070 FQEQECPPSPEPTR 86.2 CM (+57)
Ras-related protein R-Ras2 (Ras-like protein TC21) P62070 KFQEQECPPSPEPTR 108 CM (+57)
Ras-related protein R-Ras2 (Ras-like protein TC21) P62070 LDILDTAGQEEFGAMR 78.4 Ox (+16)
Ras-related protein R-Ras2 (Ras-like protein TC21) P62070 QVTQEEGQQLAR 72.9

Growth factor receptor-bound protein 2 (Adapter protein GRB2) P62993 FGNDVQHFK 53.8
Growth factor receptor-bound protein 2 (Adapter protein GRB2) P62993 FNSLNELVDYHR 77.4

Protein-L-isoaspartate(D-aspartate) O-methyltransferase P22061 LILPVGPAGGNQMLEQYDK 111 Ox (+16)
Protein-L-isoaspartate(D-aspartate) O-methyltransferase P22061 SGGASHSELIHNLR 50.1

Glutathione S-transferase Mu 5 P48774 VDIMENQIMDFR 54.7 Ox (+16) x 2
Glutathione S-transferase Mu 5 P48774 CLDEFPNLK 49.1 CM (+57)

Cytochrome c oxidase subunit 2 P98049 ILYMMDEINNPSLTVK 41.9 Ox (+16) x 2
Cytochrome c oxidase subunit 2 P98049 VVLPMELPIR 62 Ox (+16)

Complex III - core protein 1 (1)
Protein group Accession # Peptide sequence Ion Score Modifications
Ubiquinol-cytochrome-c reductase complex core protein I P31930 DVVFNYLHATAFQGTPLAQAVEGPSENVR 109
Ubiquinol-cytochrome-c reductase complex core protein I P31930 EHTAYYIK 50.1
Ubiquinol-cytochrome-c reductase complex core protein I P31800 IAEVDARVVR 43.8
Ubiquinol-cytochrome-c reductase complex core protein I P31930 IPLAEWESR 67.1
Ubiquinol-cytochrome-c reductase complex core protein I P31930 MVLAAAGGVEHQQLLDLAQK 124
Ubiquinol-cytochrome-c reductase complex core protein I P31930 NALVSHLDGTTPVCEDIGR 90.5
Ubiquinol-cytochrome-c reductase complex core protein I P31800 NNGAGYFVEHLAFK 70.7
Ubiquinol-cytochrome-c reductase complex core protein I P31930 VASEQSSQPTCTVGVWIDVGSR 85.7
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Complex III - core protein 1 (2)
Protein group Accession # Peptide sequence Ion Score Modifications
Ubiquinol-cytochrome-c reductase complex core protein I P31930 ALSKDLPK 38.3
Ubiquinol-cytochrome-c reductase complex core protein I P31930 DVVFNYLHATAFQGTPLAQAVEGPSENVR 82.8
Ubiquinol-cytochrome-c reductase complex core protein I P31930 IPLAEWESR 67.2
Ubiquinol-cytochrome-c reductase complex core protein I P31930 MVLAAAGGVEHQQLLDLAQK 118
Ubiquinol-cytochrome-c reductase complex core protein I P31930 NALVSHLDGTTPVCEDIGR 106 CM (+57)
Ubiquinol-cytochrome-c reductase complex core protein I P31800 NNGAGYFVEHLAFK 99.2
Ubiquinol-cytochrome-c reductase complex core protein I P31930 RIPLAEWESR 35.3
Ubiquinol-cytochrome-c reductase complex core protein I P31930 SGMFWLR 44.6 Ox (+16)
Ubiquinol-cytochrome-c reductase complex core protein I P31930 VASEQSSQPTCTVGVWIDVGSR 83.1 CM (+57)

GTP Specific Succinyl-CoA Ligase
Protein group Accession # Peptide sequence Ion Score Modifications
Succinyl-CoA ligase [GDP-forming] β-chain Q9Z218 DIFAMDDKSENEPIENEAAR 35.7 Ox (+16)
Succinyl-CoA ligase [GDP-forming] β-chain Q96199 EAQVYQAFK 52.5
Succinyl-CoA ligase [GDP-forming] β-chain Q96199 EQIDIFEGIK 54.5
Succinyl-CoA ligase [GDP-forming] β-chain Q9Z218 IDATQVEVNPFGETPEGQVVCFDAK 0 CM (+57)
Succinyl-CoA ligase [GDP-forming] β-chain Q96199 INFDDNAEFR 50.3
Succinyl-CoA ligase [GDP-forming] β-chain Q3MHX5 MAENLGFLGPLK 83.9
Succinyl-CoA ligase [GDP-forming] β-chain Q96199 SCNGPVLVGSPQGGVDIEEVAASNPELIFK 0 CM (+57)
Succinyl-CoA ligase [GDP-forming] β-chain Q9Z218 SENEPIENEAAR 39.3
Succinyl-CoA ligase [GDP-forming] β-chain Q96199 VEAILVNIFGGIVNCAIIANGITK 0 CM (+57)
Succinyl-CoA ligase [GDP-forming] β-chain Q3MHX5 VMVAEALDISR 80.1 Ox (+16)
Succinyl-CoA ligase [GDP-forming] β-chain Q96199 VMVAEALDISRETYLAILMDR 0 Ox (+16) x 2

Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 LHGGTPANFLDVGGGATVHQVTEAFK 0
Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 VLAILVNIFGGIMR 90.5 Ox (+16)
Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 ILACDDLDEAAR 92.3 CM (+57)
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ATP Specific Succinyl-CoA Ligase
Protein group Accession # Peptide sequence Ion Score Modifications
Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 CDVIAQGIVMAVK 0
Succinyl-CoA ligase [ADP-forming] β-chain O97580 EPIDIVEGIK 54.4
Succinyl-CoA ligase [ADP-forming] β-chain O97580 EPIDIVEGIKK 0
Succinyl-CoA ligase [ADP-forming] β-chain Q3MHX5 IDATQVEVNPFGETPEGQVVCFDAK 63.2
Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 ILACDDLDEAAR 61.4
Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 INFDSNSAYR 69.9
Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 LHGGTPANFLDVGGGATVHQVTEAFK 93.1
Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 LSEIVTLAK 68.4
Succinyl-CoA ligase [ADP-forming] β-chain Q3MHX5 SENEPIENEAAR 63.6
Succinyl-CoA ligase [ADP-forming] β-chain Q9P2R7 VLAILVNIFGGIMR 85.7
Succinyl-CoA ligase [ADP-forming] β-chain O97580 YDATMVEINPMVEDSDGAVLCMDAK 92.5

Serum albumin precursor P49065 DTYGDVADCCEK 47.3
Serum albumin precursor P49065 ECCDKPILEK 40.8

3-Hydroxyisobutrate
Protein group Accession # Peptide sequence Ion Score Modifications
3-hydroxyisobutyrate dehydrogenase P31937 DLGLAQDSATSTK 90.5
3-hydroxyisobutyrate dehydrogenase P31937 GSLLIDSSTIDPAVSK 113
3-hydroxyisobutyrate dehydrogenase P31937 KGSLLIDSSTIDPAVSK 90.5
3-hydroxyisobutyrate dehydrogenase P31937 MGAVFMDAPVSGGVGAAR 96.8 Ox (+16) x 2
3-hydroxyisobutyrate dehydrogenase P31937 SPILLGSLAHQIYR 70.6

L-lactate dehydrogenase B chain P07195 IVADKDYSVTANSK 94.2
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Peroxiredoxin - 6
Protein group Accession # Peptide sequence Ion Score Modifications
Peroxiredoxin-6 P30041 FHDFLGDSWGILFSHPR 113
Peroxiredoxin-6 O77834 LKLSILYPATTGR 72.3
Peroxiredoxin-6 O77834 LPFPIIDDK 49.3
Peroxiredoxin-6 P30041 LPFPIIDDRNR 54.4
Peroxiredoxin-6 O77834 NFDEILR 48.1
Peroxiredoxin-6 O77834 NGDSVMVLPTIPEEEAK 75.4 Ox (+16)
Peroxiredoxin-6 O77834 PGGLLLGDEAPNFEANTTIGR 137
Peroxiredoxin-6 O77834 VATPVDWK 43.6
Peroxiredoxin-6 P30041 VVFVFGPDK 57.2
Peroxiredoxin-6 P30041 VVFVFGPDKK 40.4

Serum albumin precursor (BSA) P02769 EYEATLEECCAK 65.3 CM (+57) x 2
Serum albumin precursor (BSA) P02769 KVPQVSTPTLVEVSR 85.1
Serum albumin precursor (BSA) P02769 LCVLHEK 42.3 CM (+57)
Serum albumin precursor (BSA) P02769 YICDNQDTISSK 69.2 CM (+57)

HSP 60 (1)
Protein group Accession # Peptide sequence Ion Score Modifications
60 kDa heat shock protein (Hsp60) Q5NVM5 CIPALDSLTPANEDQK 64.1 CM (+57)
60 kDa heat shock protein (Hsp60) Q5NVM5 GIIDPTK 42.5
60 kDa heat shock protein (Hsp60) Q5NVM5 IGIEIIK 53.8
60 kDa heat shock protein (Hsp60) Q5NVM5 ISSVQSIVPALEIANAHR 116
60 kDa heat shock protein (Hsp60) Q5NVM5 KPLVIIAEDVDGEALSTLVLNR 126
60 kDa heat shock protein (Hsp60) Q5NVM5 LVQDVANNTNEEAGDGTTTATVLAR 187
60 kDa heat shock protein (Hsp60) Q5NVM5 TALLDAAGVASLLTTAEVVVTEIPKEEK 74.6
60 kDa heat shock protein (Hsp60) Q5NVM5 VGEVIVTK 40.1
60 kDa heat shock protein (Hsp60) Q5NVM5 VGGTSDVEVNEK 93.1
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HSP 60 (2)
Protein group Accession # Peptide sequence Ion Score Modifications
60 kDa heat shock protein (Hsp60) P10809 AAVEEGIVLGGGCALLR 118 CM (+57)
60 kDa heat shock protein (Hsp60) P10809 CEFQDAYVLLSEK 103 CM (+57)
60 kDa heat shock protein (Hsp60) P10809 CIPALDSLTPANEDQK 93.5 CM (+57)
60 kDa heat shock protein (Hsp60) P10809 DDAMLLK 43.3
60 kDa heat shock protein (Hsp60) P10809 EIGNIISDAMK 52.9 Ox (+16)
60 kDa heat shock protein (Hsp60) P10809 GIIDPTK 47.8
60 kDa heat shock protein (Hsp60) P10809 GVMLAVDAVIAELKK 90.6 Ox (+16)
60 kDa heat shock protein (Hsp60) P10809 GYISPYFINTSK 52.2
60 kDa heat shock protein (Hsp60) P10809 KPLVIIAEDVDGEALSTLVLNR 162
60 kDa heat shock protein (Hsp60) P10809 LVQDVANNTNEEAGDGTTTATVLAR 179
60 kDa heat shock protein (Hsp60) P10809 QSKPVTTPEEIAQVATISANGDK 65
60 kDa heat shock protein (Hsp60) P10809 TALLDAAGVASLLTTAEVVVTEIPK 146
60 kDa heat shock protein (Hsp60) P10809 TALLDAAGVASLLTTAEVVVTEIPKEEK 94.7
60 kDa heat shock protein (Hsp60) P10809 TLNDELEIIEGMK 88.7 Ox (+16)
60 kDa heat shock protein (Hsp60) P10809 TLNDELEIIEGMKFDR 55.7 Ox (+16)
60 kDa heat shock protein (Hsp60) P10809 TVIIEQSWGSPK 53.3
60 kDa heat shock protein (Hsp60) P10809 VGEVIVTK 39.8
60 kDa heat shock protein (Hsp60) P10809 VGEVIVTKDDAMLLK 48.2 Ox (+16)
60 kDa heat shock protein (Hsp60) P10809 VGGTSDVEVNEK 58.8
60 kDa heat shock protein (Hsp60) P10809 VGGTSDVEVNEKK 68.1
60 kDa heat shock protein (Hsp60) P10809 VTDALNATR 75.2
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HSP 60 (3)
Protein group Accession # Peptide sequence Ion Score Modifications
60 kDa heat shock protein (Hsp60) P10809 AAVEEGIVLGGGCALLR 118 CM (+57)
60 kDa heat shock protein (Hsp60) P10809 CEFQDAYVLLSEK 103 CM (+57)
60 kDa heat shock protein (Hsp60) Q5NVM5 CEFQDAYVLLSEKK 83.7 CM (+57)
60 kDa heat shock protein (Hsp60) P10809 CIPALDSLTPANEDQK 93.5 CM (+57)
60 kDa heat shock protein (Hsp60) Q5NVM5 EIGNIISDAMK 52.9 Ox (+16)
60 kDa heat shock protein (Hsp60) Q5NVM5 GIIDPTK 47.8
60 kDa heat shock protein (Hsp60) P10809 GVMLAVDAVIAELKK 90.6 Ox (+16)
60 kDa heat shock protein (Hsp60) P10809 GYISPYFINTSK 52.2
60 kDa heat shock protein (Hsp60) Q5NVM5 KISSVQSIVPALEIANAHR 136
60 kDa heat shock protein (Hsp60) P10809 KPLVIIAEDVDGEALSTLVLNR 162
60 kDa heat shock protein (Hsp60) P10809 LVQDVANNTNEEAGDGTTTATVLAR 179
60 kDa heat shock protein (Hsp60) Q5NVM5 QSKPVTTPEEIAQVATISANGDK 65
60 kDa heat shock protein (Hsp60) P10809 TALLDAAGVASLLTTAEVVVTEIPK 146
60 kDa heat shock protein (Hsp60) P10809 TALLDAAGVASLLTTAEVVVTEIPKEEK 94.7
60 kDa heat shock protein (Hsp60) P10809 TLNDELEIIEGMK 88.7 Ox (+16)
60 kDa heat shock protein (Hsp60) P10809 TLNDELEIIEGMKFDR 55.7 Ox (+16)
60 kDa heat shock protein (Hsp60) Q5NVM5 TVIIEQSWGSPK 53.3
60 kDa heat shock protein (Hsp60) Q5NVM5 VGGTSDVEVNEK 58.8
60 kDa heat shock protein (Hsp60) Q5NVM5 VGGTSDVEVNEKK 68.1
60 kDa heat shock protein (Hsp60) P10809 VTDALNATR 75.2

Actin, α-cardiac P68032 AGFAGDDAPR 78
Actin, α-cardiac P68032 SYELPDGQVITIGNER 52.2

HSP 60 (4)
Protein group Accession # Peptide sequence Ion Score Modifications
60 kDa heat shock protein (Hsp60) P10809 CEFQDAYVLLSEK 98.6 CM (+57)
60 kDa heat shock protein (Hsp60) P10809 GANPVEIR 53.5
60 kDa heat shock protein (Hsp60) P10809 GIIDPTK 42.1
60 kDa heat shock protein (Hsp60) P10809 GVMLAVDAVIAELKK 97.8 Ox (+16)
60 kDa heat shock protein (Hsp60) P10809 KPLVIIAEDVDGEALSTLVLNR 148
60 kDa heat shock protein (Hsp60) P10809 LVQDVANNTNEEAGDGTTTATVLAR 179
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60 kDa heat shock protein (Hsp60) P10809 VGGTSDVEVNEK 64.3

Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 ELENELEAEQK 63
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 LAEQELIETSER 91.9
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 QAEEAEEQANTNLSK 108
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 VVDSLQTSLDAETR 93.1

Heterogeneous nuclear ribonucleoprotein K (hnRNP K) P61978 GSYGDLGGPIITTQVTIPK 79.9
Heterogeneous nuclear ribonucleoprotein K (hnRNP K) P61978 NTDEMVELR 45.8 Ox (+16)

HSP 71 (1)
Protein group Accession # Peptide sequence Ion Score Modifications
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 FEELNADLFR 65.8
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 IINEPTAAAIAYGLDK 111
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 NQVAMNPTNTVFDAK 103 Ox (+16)
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 RFDDAVVQSDMK 54.1 Ox (+16)
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 TTPSYVAFTDTER 94.1
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 VQVEYK 41.7

Actin, α-cardiac P68032 QEYDEAGPSIVHR 59.4
Actin, α-cardiac P68032 VAPEEHPTLLTEAPLNPK 71.5

Serum albumin precursor (BSA) P02769 KVPQVSTPTLVEVSR 55.2

HSP 71 (2)
Protein group Accession # Peptide sequence Ion Score Modifications
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 CNEIINWLDK 61.1 CM (+57)
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 DAGTIAGLNVLR 90
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 GPAVGIDLGTTYSCVGVFQHGK 131 CM (+57)
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 IINEPTAAAIAYGLDK 130
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 LLQDFFNGK 49.9
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 NQTAEKEEFEHQQK 83.7
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 NQVAMNPTNTVFDAK 106 Ox (+16)
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Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 QTQTFTTYSDNQPGVLIQVYEGER 95.6
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 RFDDAVVQSDMK 60.8
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 SQIHDIVLVGGSTR 81.1
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 STAGDTHLGGEDFDNR 64.6
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 TTPSYVAFTDTER 61.2
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 TVTNAVVTVPAYFNDSQR 70.3

HSP 71 (3)
Protein group Accession # Peptide sequence Ion Score Modifications
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 ARFEELNADLFR 60
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 EIAEAYLGK 41.4
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 FDDAVVQSDMK 49.2 Ox (+16)
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 FEELNADLFR 65.2
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 GPAVGIDLGTTYSCVGVFQHGK 135 CM (+57)
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 IINEPTAAAIAYGLDK 121
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 IINEPTAAAIAYGLDKK 85.2
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 LLQDFFNGK 46.3
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 QTQTFTTYSDNQPGVLIQVYEGER 112
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 SFYPEEVSSMVLTK 77.2 Ox (+16)
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 SINPDEAVAYGAAVQAAILSGDK 114
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 SQIHDIVLVGGSTR 86.3
Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8) P11142 TLSSSTQASIEIDSLYEGIDFYTSITR 94.3

Annexin A6 (Annexin VI) (Lipocortin VI) P79134 TNEQIHQLVAAYK 76
Annexin A6 (Annexin VI) (Lipocortin VI) P79134 TTGKPIEASIR 45.6
Annexin A6 (Annexin VI) (Lipocortin VI) P79134 GTVRPAGDFNPDADAK 44.5
Annexin A6 (Annexin VI) (Lipocortin VI) P79134 DLEADIIGDTSGHFQK 83.8

Stress-70 protein, (75 kDa glucose-regulated protein) (GRP 75) P38647 QAVTNPNNTFYATK 75.4
Stress-70 protein, (75 kDa glucose-regulated protein) (GRP 75) P38647 STNGDTFLGGEDFDQALLR 96.6
Stress-70 protein, (75 kDa glucose-regulated protein) (GRP 75) P38647 VEAVNMAEGIIHDTETK 68.9 Ox (+16)

Heat shock 70 kDa protein 1 (HSP70.1) (HSP70-1/HSP70-2) P08107 AAAIGIDLGTTYSCVGVFQHGK 82 CM (+57)
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Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 KVQHELDEAEER 58.5
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 QAEEAEEQANTNLSK 103
Myosin heavy chain, cardiac muscle β-isoform (β-MHC) P12883 YEESQSELESSQK 100

GRP 78
Protein group Accession # Peptide sequence Ion Score Modifications
78 kDa glucose-regulated protein precursor (GRP 78) P11021 DNHLLGTFDLTGIPPAPR 108
78 kDa glucose-regulated protein precursor (GRP 78) P11021 ELEEIVQPIISK 67.7
78 kDa glucose-regulated protein precursor (GRP 78) P11021 FEELNMDLFR 46.1 Ox (+16)
78 kDa glucose-regulated protein precursor (GRP 78) P11021 IEIESFYEGEDFSETLTR 104
78 kDa glucose-regulated protein precursor (GRP 78) P11021 IEWLESHQDADIEDFK 122
78 kDa glucose-regulated protein precursor (GRP 78) P11021 IINEPTAAAIAYGLDK 115
78 kDa glucose-regulated protein precursor (GRP 78) P11021 ITPSYVAFTPEGER 79.4
78 kDa glucose-regulated protein precursor (GRP 78) P11021 KSDIDEIVLVGGSTR 54.8
78 kDa glucose-regulated protein precursor (GRP 78) P11021 KSQIFSTASDNQPTVTIK 93.3
78 kDa glucose-regulated protein precursor (GRP 78) P11021 KVTHAVVTVPAYFNDAQR 50.5
78 kDa glucose-regulated protein precursor (GRP 78) P11021 LTPEEIER 51.8
78 kDa glucose-regulated protein precursor (GRP 78) P11021 LYGSAGPPPTGEEDTAEK 107
78 kDa glucose-regulated protein precursor (GRP 78) P11021 LYGSAGPPPTGEEDTAEKDEL 112
78 kDa glucose-regulated protein precursor (GRP 78) P11021 NELESYAYSLK 68
78 kDa glucose-regulated protein precursor (GRP 78) P11021 NQLTSNPENTVFDAK 91.9
78 kDa glucose-regulated protein precursor (GRP 78) P11021 SDIDEIVLVGGSTR 98.7
78 kDa glucose-regulated protein precursor (GRP 78) P11021 SQIFSTASDNQPTVTIK 127
78 kDa glucose-regulated protein precursor (GRP 78) P11021 TFAPEEISAMVLTK 94.7 Ox (+16)
78 kDa glucose-regulated protein precursor (GRP 78) P11021 TWNDPSVQQDIK 85.1
78 kDa glucose-regulated protein precursor (GRP 78) P11021 VTHAVVTVPAYFNDAQR 120

ATP synthase β-chain P06576 AHGGYSVFAGVGER 84.2
ATP synthase β-chain P06576 AIAELGIYPAVDPLDSTSR 96.5
ATP synthase β-chain P06576 DQEGQDVLLFIDNIFR 108
ATP synthase β-chain P06576 FLSQPFQVAEVFTGHMGK 67.2 Ox (+16)
ATP synthase β-chain P06576 FTQAGSEVSALLGR 84.1
ATP synthase β-chain P06576 IGLFGGAGVGK 57.3
ATP synthase β-chain P06576 IMDPNIVGSEHYDVAR 83.4 Ox (+16)
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ATP synthase β-chain P06576 IPSAVGYQPTLATDMGTMQER 73.4 Ox (+16) x 2
ATP synthase β-chain P06576 IPVGPETLGR 62.4
ATP synthase β-chain P06576 LVLEVAQHLGESTVR 103
ATP synthase β-chain P06576 TIAMDGTEGLVR 40.8 Ox (+16)
ATP synthase β-chain P06576 TVLIMELINNVAK 87.4 Ox (+16)

Protein disulfide-isomerase A4 precursor P13667 YGIVDYMIEQSGPPSK 88.1 Ox (+16)
Protein disulfide-isomerase A4 precursor P13667 FDVSGYPTIK 57.1
Protein disulfide-isomerase A4 precursor P13667 GESDPAYQQYQDAANNLR 100

GRP 94
Protein group Accession # Peptide sequence Ion Score Modifications
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) P41148 DISTNYYASQK 62.5
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 EEASDYLELDTIK 53.7
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 ELISNASDALDK 64.9
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 FQSSHHPTDITSLDQYVER 99.9
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 GLFDEYGSK 44.3
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 GVVDSDDLPLNVSR 112
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 IYFMAGASR 57.8 Ox (+16)
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 KEAESSPFVER 53.5
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 LSLNIDPDAK 53
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 SGYLLPDTK 50.8
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 SILFVPTSAPR 69.3
Endoplasmin (94 kDa glucose-regulated protein) (GRP94) O18750 TFEINPR 49.3

Transglutaminase 2
Protein group Accession # Peptide sequence Ion Score Modifications
Protein-glutamine γ-glutamyltransferase 2  (Tranglutaminase-2) P21980 DLYLENPEIK 64.4
Protein-glutamine γ-glutamyltransferase 2  (Tranglutaminase-2) P21980 SEGTYCCGPVPVR 67.3 CM (+57) x2
Protein-glutamine γ-glutamyltransferase 2  (Tranglutaminase-2) P21980 SSPVYVGR 51.7
Protein-glutamine γ-glutamyltransferase 2  (Tranglutaminase-2) P21980 VVTNYNSAHDQNSNLLIEYFR 81.4
Protein-glutamine γ-glutamyltransferase 2  (Tranglutaminase-2) P21980 LVVNFESDKLK 56.4
Protein-glutamine γ-glutamyltransferase 2  (Tranglutaminase-2) P21980 LVVNFESDK 50
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ATP synthase β-chain P06576 AHGGYSVFAGVGER 43.3
ATP synthase β-chain P06576 AIAELGIYPAVDPLDSTSR 77.5
ATP synthase β-chain P06576 FTQAGSEVSALLGR 86.3
ATP synthase β-chain P06576 IGLFGGAGVGK 49.6
ATP synthase β-chain P06576 IMDPNIVGSEHYDVAR 83 Ox (+16)
ATP synthase β-chain P06576 IPSAVGYQPTLATDMGTMQER 84.2 Ox (+16) x 2
ATP synthase β-chain P06576 VALVYGQMNEPPGAR 115 Ox (+16)
ATP synthase β-chain P06576 VLDSGAPIK 52.5
ATP synthase β-chain P06576 VLDSGAPIKIPVGPETLGR 75.5
ATP synthase β-chain P06576 VVDLLAPYAK 47
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