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Abstract  

 

Tropomyosin is a dimeric protein containing 284 amino acids per chain that is found, in 

association with F-actin and troponin, within the thin filament, a complex that regulates 

muscle contraction.  

The thesis is composed of three results chapters: 

i) The existence of beta tropomyosin (Tpm2) is demonstrated for the first time in fish 

(Salmo salar). Compared to the mammalian homologue, salmon Tpm2 has fewer cysteine 

(one per chain) and tyrosine (five per chain) residues. Tpm2 contributes half of the total 

tropomyosin in the jaw, tongue, and fin muscles. A Tpm1 isoform, either alpha-1 chain-

like isoform X1 (cheek dark, jaw and tongue) or alpha (fin), accounts for the remainder. 

Salmon tropomyosins are distinguishable based on electrophoretic mobility, affinity for 

troponin-Sepharose, tryptic peptide mapping, and variable carboxyl-terminal regions 

(residues 276 - 284): beta (Tpm2), Leu-Ala-Leu-Asn-Asp-Met-Thr-Thr-Leu; alpha-1 

chain-like isoform X1, His-Ala-Leu-Asn-Asp-Met-Thr-Ala-Ile, and alpha (Tpm1), Asn-

Ala-Leu-Asn-Asp-Met-Thr-Ser-Ile.  

ii) The relative instability of the most abundant isoform of Atlantic salmon, Tpm1, (20 

substitutions vs. mammal) is due to a neutral 77th amino acid (Thr in salmon; Lys in rabbit), 

and glycines at 24 and 27 (Ala and Gln in rabbit).  Incorporation of the respective 

mesophilic amino acid increases resistance to thermal unfolding as determined by 

calorimetry and chymotrypsin digestion at Leu-169, a site 100 amino acids far away from 

residue-77. PyMOL indicates ion pairing between Lys-77 and Glu-82 in the opposite chain. 
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Binding of Tpm1 to troponin-Sepharose is influenced by N-terminal acetylation and the 

mutation of residues 24, 27, and 77.  Furthermore, wild type Tmp1 displays a higher affinity 

for F-actin at 4 oC (KD, ╔ 0.1 µM) than 30 oC (KD,  ╔ 1.6 µM). In contrast, the mesophilic 

homologue binds less tightly to actin at lower temperatures.  

iii) Phosphorylation of serine 283 increases the susceptibility of mammalian Tpm1.1(Ŭ) to 

chymotrypsin (at Leu-169) and trypsin (at Arg-133), suggesting an induced opening of the 

center of the molecule >150 amino acids upstream, and shifts the corresponding portion of 

the circular dichroism unfolding profile. These results infer a change in exposure of actin-

binding periods 4 (residues 124 - 147) and 5 (residues 166 - 189). The proposal is consistent 

with a two-fold increase in affinity for F-actin in co-sedimentation experiments. 

 

 

 

 

 

 

 

 



 

iv 
 

Acknowledgments 

 

I would like to express my deep and sincere gratitude to my research supervisor, Dr. David 

H. Heeley, for his immense knowledge, patience, motivation, guidance, and support during 

all this time. It was a great privilege and an honor to work and study under his guidance. 

Without his guidance and persistent support, this thesis would not have been possible. 

I cannot express enough thanks to my supervisory committee members Drs. Sherri L. 

Christian and Martin E. Mulligan for the assistance, suggestions, guidance, and support 

throughout my project. 

To all the staff of the Department of Biochemistry, thank you - for all the support you gave 

me throughout this entire period. 

Finally, my loving family - mom, dad, sister, and my dearest friends, without all your love 

and support this thesis would not have been possible. 

 

 

 

 

 

 



 

v 
 

Table of Contents 

  

Abstract ................................................................................................................................ ii  

Acknowledgments ............................................................................................................. iv 

Table of Contents ............................................................................................................... v 

List of Tables ...................................................................................................................... x 

List of Figures .................................................................................................................... xi 

List of abbreviations and symbols .................................................................................. xv 

Appendix .......................................................................................................................... xvii  

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

1.1 Muscles in the body ............................................................................................................... 1 

1.2 Striated muscles .................................................................................................................... 3 

1.3 Striated muscle functional unit ñthe sarcomereò ............................................................... 4 

1.4 The thin filaments ................................................................................................................. 5 
1.4.1 Tropomyosin ................................................................................................................. 10 

1.4.1.1 Discovery ............................................................................................................... 10 

1.4.1.2 Genes and isoforms ................................................................................................ 10 

1.4.1.3 Tropomyosin structure and function ...................................................................... 18 

1.4.1.4 Tropomyosin flexibility ......................................................................................... 21 

1.4.1.5 Regions of variable stabilities ................................................................................ 25 

1.4.1.6 Additional modes of destabilization of coiled-coil as cold adaptations ................. 27 

1.4.1.7 The end-to-end interaction ..................................................................................... 29 

1.4.1.8 Actin binding sites on tropomyosin ....................................................................... 33 

1.4.1.9 Post-translational modifications ............................................................................. 34 

1.4.1.10 Tropomyosin and human diseases ....................................................................... 40 

1.4.2 Actin .............................................................................................................................. 43 

1.4.3 Troponin ........................................................................................................................ 48 

1.4.3.1 Troponin C (TnC) .................................................................................................. 49 

1.4.3.2 Troponin I (TnI) ..................................................................................................... 52 



 

vi 
 

1.4.3.3 Troponin T (TnT) ................................................................................................... 53 

1.5 Myosin and thick filament .................................................................................................. 57 

1.6 Muscle contraction .............................................................................................................. 61 
1.6.1 The Ca2+ switch of thin filament regulation .................................................................. 62 

1.6.2 The swinging cross-bridge cycle of muscle contraction ............................................... 65 

1.7 Results chapters of the thesis ............................................................................................. 68 

1.8 Rationale and Objectives .................................................................................................... 69 

1.9 Publications arising from this thesis .................................................................................. 72 

1.10 Chapter 1 References ........................................................................................................ 75 

Chapter 2. Demonstration of beta-tropomyosin (Tpm2) and alpha-1 chain-like 

isoform X1 in Atlantic salmon (Salmo salar). .............................................................. 130 

Abstract .....................................................................................................................................130 

2.1 Introduction .......................................................................................................................131 

2.2 Materials and Methods .....................................................................................................135 
2.2.1 Muscle tissue and sample extract preparation ............................................................. 135 

2.2.2 Electrophoresis ............................................................................................................ 135 

2.2.3 Salmon tongue and rabbit fast skeletal isoforms purification ..................................... 137 

2.2.4 Troponin affinity chromatography .............................................................................. 137 

2.2.5 Phylogenetic analysis .................................................................................................. 138 

2.3 Results ................................................................................................................................139 
2.3.1 Electrophoretic comparison of salmon and mammalian tropomyosins ...................... 139 

2.3.2 Fast skeletal trunk muscle is composed of a single form of tropomyosin .................. 141 

2.3.3 Beta and alpha-1 chain-like isoform X1 tropomyosin isoforms are present in the head 

and fin skeletal muscles. ...................................................................................................... 141 

2.3.4 Protein isolation .......................................................................................................... 148 

2.3.5 Troponin affinity chromatography of tongue tropomyosin ......................................... 150 

2.3.6 Phylogenetic tree ......................................................................................................... 153 

2.4 Chapter 2 Discussion ........................................................................................................155 

2.5 Chapter 2 Future directions .............................................................................................159 

2.6 Chapter 2 References ........................................................................................................160 



 

vii 
 

Chapter 3. Threonine-77 is a determinant of the low-temperature conditioning of the 

most abundant isoform of tropomyosin in Atlantic salmon. ...................................... 171 

Abstract .....................................................................................................................................171 

3.1 Introduction .......................................................................................................................173 

3.2 Materials and Methods .....................................................................................................178 
3.2.1 Protein isolation .......................................................................................................... 178 

3.2.1.1 Tropomyosin ........................................................................................................ 178 

3.2.1.2 Cyanogen bromide (CNBr) cleavage and isolation of fragments ........................ 179 

3.2.1.3 Troponin ............................................................................................................... 179 

3.2.1.4 Actin ..................................................................................................................... 179 

3.2.1.5 Concentration determination ................................................................................ 180 

3.2.2 Electrophoresis ............................................................................................................ 181 

3.2.3 Thermal Denaturation ................................................................................................. 181 

3.2.4 Proteolytic fragmentation ............................................................................................ 182 

3.2.5 Troponin affinity chromatography .............................................................................. 183 

3.2.6 F-actin binding ............................................................................................................ 184 

3.2.7 Molecular visualization ............................................................................................... 185 

3.3 Results ................................................................................................................................187 
3.3.1 Chromatography.......................................................................................................... 187 

3.3.2 Electrophoresis ............................................................................................................ 190 

3.3.3 Thermal Denaturation ................................................................................................. 192 

3.3.3.1 Full-length Tpm1s ................................................................................................ 192 

3.3.3.2 CNBr fragments ................................................................................................... 196 

3.3.4 Limited proteolysis ..................................................................................................... 199 

3.3.4.1 Chymotrypsin digestion on non-heat treated intact proteins ................................ 199 

3.3.4.2 Chymotrypsin digestion of heat-treated mutant (Lys-77) protein ........................ 205 

3.3.4.3 Chymotryptic digestion of CN1A fragments ....................................................... 208 

3.3.4.4 Trypsin digestion of non-heat treated intact proteins ........................................... 210 

3.3.5 Interaction with Thin Filament Partners. .................................................................... 212 

3.3.5.1 Troponin affinity chromatography ....................................................................... 212 

3.3.5.2 F-actin affinity ...................................................................................................... 215 

3.2.6 Molecular Visualization .............................................................................................. 217 

3.2.6.1 Ion-pairing interactions involving residue-77 ...................................................... 217 



 

viii 
 

3.2.6.2 Comparison of the N-terminal destabilized cluster. ............................................. 219 

3.4 Chapter 3 Discussion ........................................................................................................221 

3.5 Chapter 3 Future directions .............................................................................................229 

3.6 Chapter 3 References ........................................................................................................231 

Chapter 4. Further investigation into the biochemical effects of phosphorylation of 

tropomyosin Tpm1.1(Ŭ); Serine-283 is in communication with the mid-region. ..... 245 

Abstract .....................................................................................................................................245 

4.1 Introduction .......................................................................................................................247 

4.2 Materials and Methods .....................................................................................................250 
4.2.1 Protein Isolation .......................................................................................................... 250 

4.2.1.1 Tropomyosin ........................................................................................................ 250 

4.2.1.2 Actin ..................................................................................................................... 251 

4.2.2 Electrophoresis ............................................................................................................ 251 

4.2.3 Limited Proteolysis ..................................................................................................... 252 

4.2.4 Circular dichroism ....................................................................................................... 253 

4.2.5 F-actin binding ............................................................................................................ 254 

4.2.6 Molecular Visualization .............................................................................................. 256 

4.3 Results ................................................................................................................................257 
4.3.1 Chromatography.......................................................................................................... 257 

4.3.2 Effect of phosphorylation on the proteolytic susceptibility of tropomyosin. .............. 259 

4.3.2.1 Chymotrypsin ....................................................................................................... 259 

4.3.2.2 Trypsin ................................................................................................................. 265 

4.3.3 Effect of phosphorylation on conformational stability. .............................................. 270 

4.3.4 Effect of phosphorylation on the F-actin affinity of unlabeled tropomyosin .............. 272 

4.3.5 Molecular Visualization .............................................................................................. 275 

4.4 Chapter 4 Discussion ........................................................................................................277 

4.5 Chapter 4 Future Directions ............................................................................................281 

4.6 Chapter 4 References ........................................................................................................282 

Chapter 5. General discussion ...................................................................................... 290 

5.1 Fish beta and alpha-1 chain-like isoform X1 tropomyosin isoforms ............................290 

5.2 Cold adaptations in Tpm1 of Atlantic salmon ................................................................291 

5.3 Phosphorylation of Ser-283 of Tpm1.1(Ŭ) .......................................................................293 



 

ix 
 

5.4 Conclusion .........................................................................................................................294 

5.5 Chapter 5 References ........................................................................................................296 

Appendix ......................................................................................................................... 299 

 



 

x 
 

List of Tables 

 

Table 2. 1. Mass spectrometric tryptic peptide mapping of spots from 2D-PAGE. ....... 146 

Table 3. 1. Comparison of residue positions in the most abundant isoform of vertebrate 

sarcomeric tropomyosin. .................................................................................................. 176 

Table 3. 2. Calculated melting temperatures of analyzed proteins. ................................ 198 

Table 3. 3. Tryptic peptide coverage by mass spectrometry analysis of chymotrypsin 

generated tropomyosin fragments 20 kDa (residues 11 - 169) and 15 kDa (residues 170 - 

284). ................................................................................................................................. 204 

Table 4. 1. Mass spectrometric tryptic peptide mapping of CT1 and CT2 chymotryptic 

fragments of rabbit cardiac Tmp1.1(Ŭ) ............................................................................ 264 

Table 4. 2. Mass spectrometric tryptic peptide mapping of T1 and T2 tryptic fragments of 

rabbit cardiac Tmp1.1(Ŭ). ................................................................................................ 269 



 

xi 
 

List of Figures 

 

Figure 1.1. The organization of striated muscles. ............................................................... 2 

Figure 1.2. The organization of thin filament complex in the Ca2+ free state. .................... 9 

Figure 1.3. Summary of TPM1, TPM2, TPM3, and TPM4 gene structures in vertebrates.

 ............................................................................................................................................ 17 

Figure 1.4. Tropomyosin coiled-coil structure. ................................................................. 20 

Figure 1.5. Schematic representation of destabilized regions on tropomyosin................. 24 

Figure 1.6. Tropomyosin overlap region. ......................................................................... 32 

Figure 1.7. The structure of actin. ..................................................................................... 47 

Figure 1.8. The structure of troponin. ............................................................................... 56 

Figure 1.9. The structure of myosin. ................................................................................. 60 

Figure 1.10. The Ca2+ induced regulatory mechanism of muscle contraction. ................. 64 

Figure 1.11. Schematic representation of the cross-bridge cycle with swinging lever arm.

 ............................................................................................................................................ 67 

Figure 2.1. Distribution of tropomyosin isoforms in Atlantic salmon (Salmo salar). .... 134 



 

xii 
 

Figure 2.2. One-dimensional PAGE of Atlantic salmon striated muscle tropomyosins. 140 

Figure 2.3. Two-dimensional PAGE of Atlantic salmon tropomyosins. ........................ 144 

Figure 2.4. Amino acid sequences of Atlantic salmon tropomyosins and mass 

spectrometric tryptic peptide coverage ............................................................................ 145 

Figure 2.5. Chromatography of Atlantic salmon tongue tropomyosin. .......................... 149 

Figure 2.6. Comparison of binding of tongue tropomyosins to troponin-Sepharose 4B.

 .......................................................................................................................................... 152 

Figure 2.7. Phylogenetic analysis of vertebrate striated muscle tropomyosins. ............. 154 

Figure 3.1. Chromatography profiles of acetylated and recombinant tropomyosins and 

CNBr fragments. .............................................................................................................. 189 

Figure 3.2. Electrophoretic analysis of Atlantic salmon Tpm1 (alpha-fast). .................. 191 

Figure 3.3. Effect of mutagenesis of residues-24, 27, and 77 on the thermal stability of 

Atlantic salmon Tpm1 (alpha-fast). ................................................................................. 195 

Figure 3.4. Effect of mutagenesis of residue-77 on melting properties of CN1A and 

CN1B fragments. ............................................................................................................. 197 



 

xiii 
 

Figure 3.5. Effect of mutagenesis of residue-77 on the chymotrypsin susceptibility of 

Atlantic salmon Tpm1 (alpha-fast). ................................................................................. 203 

Figure 3.6. Chymotrypsin susceptibility of heat-treated mutant (Lys-77) Tpm1. .......... 207 

Figure 3.7. Effect of mutagenesis of residue-77 on the chymotrypsin susceptibility of 

CN1A (residues 11 - 127) fragments. .............................................................................. 209 

Figure 3.8. Effect of mutagenesis of residue-77 on the trypsin susceptibility of Atlantic 

salmon Tpm1. .................................................................................................................. 211 

Figure 3.9. Affinity chromatography of Atlantic salmon Tpm1 on troponin-Sepharose 

4B. .................................................................................................................................... 214 

Figure 3.10. Effect of temperature on the affinity of wild-type Atlantic salmon Tpm1 

(alpha-fast) for rabbit F-actin. .......................................................................................... 216 

Figure 3.11. Putative ion-pairing interactions involving Lys-77(g), Asp-80(c), and Glu-

82(e). ................................................................................................................................ 218 

Figure 3.12. PyMOL visualization of destabilized cluster Lys15-Ala18-Ala22-Ala25-

Lys29-Ala32-Ser36 region of Atlantic salmon Tpm1. .................................................... 220 



 

xiv 
 

Figure 3.13. Schematic diagram of di and tri peptide fusions to the N-terminal region. 229 

Figure 4.1. Q Sepharose Fast Flow separation of rabbit cardiac tropomyosin, Tpm 1.1 

(Ŭ). .................................................................................................................................... 258 

Figure 4.2. Chymotryptic digestion of P-Tpm1.1(Ŭ) and UnP-Tpm1.1(Ŭ). .................... 263 

Figure 4.3. Tryptic digestion of P-Tpm1.1 ..................................................................... 267 

Figure 4.4. Comparison of the normalized unfolding profiles of phosphorylated and 

unphosphorylated rabbit tropomyosin Tpm1.1(Ŭ). .......................................................... 271 

Figure 4.5. Effect of phosphorylation of rabbit tropomyosin Tpm1.1(Ŭ) on its interaction 

with F-actin. ..................................................................................................................... 274 

Figure 4.6. PyMOL visualization of the effect of phosphorylated serine-283 on the 

arrangement of N- and C-terminal residues of Tpm 1.1(Ŭ). ............................................ 276 

 

 

 

 

 



 

xv 
 

List of abbreviations and symbols 

 

ADP   Adenosine diphosphate  

ATP  Adenosine triphosphate  

C-  Carboxy terminal domain 

CAPS  N-cyclohexyl-3-aminopropanesulfonic acid  

C-cTnT C-terminal region of human cardiac troponin  

CNBr  Cyanogen bromide 

cTnC  Cardiac TnC  

C-TnC  C-domain of TnC  

C-TnI  C-terminal region of TnI 

C-TnT2 C-terminal region of TnT2  

DTT  Dithiothreitol  

EGTA  Ethylene glycol tetraacetic acid 

EST   Expressed sequence tag  

IPTG  Isopropyl beta-D-1-thiogalactopyranoside 

MOPS   3-morpholinopropanesulfonic acid  

myosin-S1  Myosin subfragment I 

N-  Amino terminal domain 

N-cTnI  Cardiac exclusive N-terminal domain of TnI 

NMR  Nuclear magnetic resonance 

NP40  Nonyl phenoxylpolyethoxylethanol40 

N-TnC  N-domain of TnC 

Pi  Inorganic phosphate 

PMSF  Phenylmethylsulfonylfluoride  

PVDF  Polyvinylidene difluoride 

RCSB PDB Structural Bioinformatics Protein Data Base  



 

xvi 
 

SDS-PAGE  Sodium dodecylsulfate polyacrylamide gel electrophoresis  

Tm   Melting temperature 

TnC  Troponin C  

TnI  Troponin  I  

TnT  Troponin T  

TnT1  N-terminal domain of TnT  

TnT2  C-terminal domain of TnT  

TPM  Tropomyosin gene 

Tpm  Tropomyosin protein 

UV  Ultraviolet



 

xvii 
 

Appendix  

 

Copyright Licenses 1 ....................................................................................................... 299 

Copyright Licenses 2 ....................................................................................................... 300 

Copyright Licenses 3 ....................................................................................................... 301 

 



 

1 
 

Chapter 1. Introduction  

 

1.1 Muscles in the body 

 

Muscle tissue is specialized in contractions meaning it can shorten and generate pulling 

forces to enable movements in locomotion, heart contractions, blood circulation, breathing, 

and digestion (Nelson & Cox, 2017). The contractions of some muscles are voluntary 

whereas some are involuntary. Muscle tissue in the body can be divided mainly into smooth 

and striated muscles depending on the ultrastructure of the cells. Smooth muscle cells have 

no striations, do not function under voluntary control, contain only one nucleus per cell, 

and are tapered at both ends. These occur in the walls of hollow organs such as the 

intestines, stomach, urinary bladder, and around passages such as the respiratory tract and 

blood vessels. Striated muscles of the body on the other hand are highly organized and are 

distinguished by their ultrastructure with striation (Figure 1.1). These are comprised of 

skeletal and cardiac muscles. The skeletal muscles attach to bones and control contractions 

of physical activities such as locomotion, maintain posture, etc. Contractions by the skeletal 

muscle tissue are consciously controlled by the involvement of the somatic nervous system. 

Cardiac muscles make the walls of the heart and the contractions generated by this tissue 

are controlled involuntarily by the autonomous nervous system. 
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Figure 1.1. The organization of striated muscles. (A) Schematic presentation of skeletal 

muscles. (B) Muscle bundle. (C) Muscle fascicle. (D) Muscle fiber (cell). (E) Sarcomere. 

(F) Ultra-structure of the sarcomere. Horizontal lines: Purple - thin filaments rich in actin 

and Red - thick filaments rich in myosin. Crossbridges- Myosin heads. Z-discs - anchoring 

points for thin filaments and demarcation of the sarcomere. I-band - zone of thin filaments. 

A-band - zone of thin and thick filaments (length is equal to the length of thick filaments). 

H-zone - the region of thick filaments. M-line - demarcation of the middle of the thin 

filament (G) Shortened sarcomere during contraction showing reduced I-band length with 

unchanged A-band length. Adapted from Encyclopedia Brittanica with permission. 
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1.2 Striated muscles  

 

While being structurally and functionally similar, depending on the contractile and 

metabolic phenotypes, the striated muscles are further categorized as slow-oxidative/Type 

I, fast-oxidative/Type IIa, and fast-glycolytic/Type IIb (Peter et al., 1972, Ruegg, 1988). 

The primary metabolic pathway used by the muscle type determines whether to be 

categorized as an oxidative or anaerobic form. The slow oxidative muscle reaches 

maximum tension relatively slowly and uses oxidative phosphorylation to produce 

adenosine triphosphate (ATP). These muscles contain many structural adaptations to 

maximize ATP production through aerobic metabolism. They are smaller in diameter to 

prevent large tension, include more mitochondria, and contract for longer periods due to 

their ability to produce more ATP. This tissue has an extensive supply of blood to carry 

more oxygen and contains myoglobin giving the slow fibers its distinctive red color. 

Additionally, slow fibers are also capable of withstanding fatigue for a long period, hence 

becoming very useful in maintaining posture, producing isometric contractions, 

and stabilizing bones and joints. Fast glycolytic fibers generate fast contractions through 

anaerobic glycolysis and generate a fewer number of ATP molecules per cycle, which 

makes them highly susceptible to fatigue. These muscles are larger in diameter and contain 

large amounts of glycogen reserves. They contain a low number of mitochondria and a 

lower blood supply making the fibers attain a white color. Compared to both slow oxidative 

and fast glycolytic fibers, fast oxidative fibers possess intermediary characteristics. They 

contract faster while undergoing aerobic respiration to produce ATP, therefore, are capable 

of generating fast and strong powerful movements due to their ability to produce high 
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tension. Additionally, due to oxidative respiration, they do not fatigue quickly. The 

percentage of these three fiber types in mammalian skeletal muscles is variable and human 

muscles contain a mix of all three. But in certain vertebrates such as fish (i.e., Salmonidae 

family), there are distinguishable anatomical regions in the skeletal muscles that are 

composed of one specific fiber type. For example, the main trunk muscle of Atlantic salmon 

(Salmo salar) is made of fast oxidative fibers whereas a stripe along the lateral line consists 

of slow oxidative fibers making salmon an ideal model to obtain these muscle fibers 

separately (Bone et al., 1995). 

 

1.3 Striated muscle functional unit ñthe sarcomereò 

 

The skeletal muscles in the body are attached to the bones (Figure 1.1A) via tendons and 

are made of bundles (Figure 1.1B) of muscle fibers named fascicules (Figure 1.1C). In both 

skeletal and cardiac muscle cells, the muscle fibers (Figure 1.1D) are filled with myofibrils  

(Figure 1.1E), which are filaments containing contractile proteins that occupy Ḑ85% of the 

intracellular space (Macdougall et al., 1982; Alway et al., 1988). The remaining 15% 

accounts for the sarcoplasm that contains the organelles such as sarcoplasmic reticulum, 

mitochondria, and ribosomes (Claassen et al., 1989). The striated muscles get their name 

due to the ultrastructure under the microscope owing to the presence of sarcomeres (Figure 

1.1E inset), which are the functional contractile units of myofibrils (muscle cells). A 

sarcomere is a defined area that is contained between Z-discs and consists of a central 

anisotropic dark region rich with myosin identified as A-bands composed of thick filaments 

that stretch towards Z-discs from the centers (Hanson & Huxley, 1953 and as reviewed in 
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Luther, 2009) (Figure 1.1F). The thick filaments are anchored to the middle of the 

sarcomere (M-line) via myomesin (Figure 1.1F). Two actin-dominated light isotropic 

regions, identified as I-bands are found on either side of the A-band (Huxley, 1953) consists 

of thin filaments and attach to the Z-line via alpha-actinin (Figure 1.1F). The H-zone in the 

middle of the A-band is comparatively lighter due to the existence of only thick filaments 

(Figure 1.1F). An identical set of proteins make up the sarcomeres of cardiac, slow 

oxidative, and fast oxidative skeletal muscles, but the existence of different isoforms 

(Bandman, 1992) gives rise to the unique properties of each muscle. In 1954 scientists 

described the molecular basis of contraction using high-resolution microscopy (Huxley & 

Niedergerke, 1954; Huxley & Henson, 1954). According to this study, they observed A-

band rich in myosin remains its length relatively constant where the I-band rich in actin 

shortens during contractions (Figure 1.1G) leading to the sliding filament theory (Huxley 

& Simmons, 1971) which states the sliding of actin filaments past myosin during muscle 

contraction. Coupled with the energy from ATP hydrolysis (Lorand, 1953; Davies, 1964) 

the two filaments slide past each other by a mechanical force generated by the cyclic 

interaction of actin and myosin (Huxley, 1969).  

 

1.4 The thin filaments 

 

Selective extraction of I-bands (Figure 1.1F and G) from the muscle fibers demonstrated 

the release of tropomyosin along with actin suggesting that they are components in the thin 

filaments (Corsi & Perry, 1958). Filamentous actin (F-actin) appears as a slowly twisted 

double-strand of actin monomers (G-actin)  (Figure 1.2). In the actin filament, there are 13 
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actin monomers per full turn (Fujii et al., 2010).  The tropomyosin dimers in the thin 

filament interact via end-to-end (N- to C-terminal) to form two long continuous helical 

cables that wrap around the F-actin (Hanson & Lowy, 1964; Li et al., 2011) (Figures 1.2). 

In a 2015 study, von der Ecken showed that the tropomyosin-binding groove on F-actin is 

lined with positively charged side-chains (von der Ecken et al., 2015). One tropomyosin 

molecule spans seven actin monomers and interacts with one molecule of the troponin 

complex.  

Troponin is a complex that consists of three subunits: troponin C (TnC) which binds Ca2+, 

troponin T (TnT) which interacts with tropomyosin, and troponin  I (TnI) which carries out 

an inhibitory function (Figure 1.2). Troponin is distributed at regular intervals along the 

entire length of thin filaments with no physical connection between two neighboring 

molecules (Ohtsuki et al., 1967;  Ohtsuki, 1974). The various subunits form a globular core 

domain that is made of TnC, TnI, and C-terminal domain of TnT (TnT2), and an extended 

tail formed by the N-terminal domain of TnT (TnT1) (Figure 1.2). TnT provides binding 

sites for tropomyosin notably at two sites. TnT1 attaches to either side overlap region of 

the tropomyosin (binding site 1) (Figure 1.2) and TnT2 binds to the central region close to 

cysteine-190 (binding site 2) (Figure 1.2) (Ohtsuki, 1979; Pearlstone & Smillie, 1982; 

Tanokura et al., 1983; Morris & Lehrer, 1984; Heeley et al., 1987; White et al., 1987; 

Yamada et al., 2020 and Oda et al., 2020). Additionally, the actinïtropomyosin interfaces 

of the troponin complex include the inhibitory region of TnI, the C-terminal region of TnI 

(C-TnI), and the C-terminal region of TnT2 (C-TnT2) (Takeda et al., 2003). Recent cryo-

EM structures (Yamada et al 2020 and Oda et al 2020) have shown that similar to 

tropomyosin, the troponin complex also spans seven actin monomers. The entire troponin 
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complex is extremely elongated, on the actin filament, the upper four units of one strand 

are bound by C-TnI and troponin core while TnT1-linker extends across the actin filaments 

down towards the N-terminus of tropomyosin spanning three actin units of the opposite 

strand (Figure 1.2). The N-terminal residues of TnT1 form the terminal Ŭ-helix that 

interacts with the head-to-tail junction of tropomyosin in an anti-parallel manner (Yamada 

et al., 2020 and Oda et al., 2020). Each component of the thin filament will be now 

discussed in detail in the upcoming sub-sections.  
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Figure 1.2.  The organization of thin filament complex in the Ca2+ free state. Ash - F-

actin. Green - Tropomyosin coiled-coiled positioning along the grooves of F-actin as a 

continuous cable via head-to-tail interactions. N- N-terminal end of tropomyosin. C- C-

terminal end of tropomyosin. Orange - TnC, Magenta - TnI. Blue - TnT. Black - Cys-190. 

A) Cryo-EM structure, PDB ID: 6KN7. Seven actin monomers interact with one 

tropomyosin dimer and one heterotrimeric troponin complex. The TnT1 binds to site 1 at 

the head-to-tail overlap region and TnT2 binds to site 2 near Cys-190 of tropomyosin. The 

entire troponin complex is extremely elongated. On the actin filament, the upper four units 

of one strand are bound to the troponin core (TnC, TnI, and TnT2) and C-TnI while the 

bottom three of the opposite strand are bound by TnT1 that extends to the head-to-tail 

overlap region of tropomyosin in an anti-parallel manner. B) Comparative schematic 

representation of the thin filament.



 

10 
 

1.4.1 Tropomyosin 

 

1.4.1.1 Discovery 

 

Identified in the contractile apparatus of skeletal muscle, tropomyosin was initially 

recognized as an asymmetric protein and a prototype of myosin due to its similarity in both 

amino acid composition and physical properties giving it the name tropomyosin (Bailey, 

1946; Bailey, 1948). The isoelectric range is between 4.2 - 4.6 and precipitation occurs with 

50 - 60 % ammonium sulfate. At low ionic solutions, it shows an enormous viscosity due 

to spontaneous aggregation. The variants of the protein that exist in the muscle thin filament 

are made of two alpha-helical subunits of 284 amino acids of  33 kDa arranged in a coiled-

coil structure (Astbury et al., 1948; Woods, 1966; Frank Woods, 1967; Hodges et al., 1972; 

Sodek et al., 1972; Smillie, 1979).   

 

1.4.1.2 Genes and isoforms  

 

The vertebrate classes namely: fish, amphibians, avians, and mammals use four distinct 

tropomyosin genes namely: TPM1, TPM2, TPM3, and TPM4. These genes produce more 

than 40 isoforms via alternative promotors, alternative splicing of exons, and with different 

C-termini (Lees-Miller & Helfman, 1991; Pittenger et al., 1994; Perry, 2001; Gunning et 

al., 2005). Each of these genes is named when first identified and described after the protein 

they encoded. The first two isoforms which are also the predominant types, identified from 

striated muscles of rabbit  (284 amino acids) were alpha (Ŭ-tropomyosin) coded by TPM1 

and beta (ɓ-tropomyosin) coded by TPM2, were given Greek letters as identifiers 
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(Cummins & Perry, 1973, 1974; Stone & Smillie, 1978; Mak et al., 1980; Pato et al., 1981). 

TPM3 and TPM4, referred to as gamma and delta respectively were named after fibroblast 

tropomyosins (MacLeod et al., 1985; Lees-Miller et al., 1990). Isoforms of tropomyosin 

are termed in accordance with their gene of origin, namely Tpm1 through Tpm4 (Geeves 

et al., 2015). The tropomyosin genes are highly conserved in terms of exon-intron structural 

organization (Figure 1.3) and were generated by duplication of an ancestral gene. The 

different exons are named 1a, 1b, 2a, 2b, 3, 4, 5, 6a, 6b, 7, 8, 9a, 9b, 9c and 9d. The 

transcription is initiated at either exon 1a or 1b. Among all tropomyosins exons 3, 4, 5, 6, 

7, 8, and 9 are expressed. Exons 2 and 6 are expressed as a spliced variant, either 2a or 2b 

and 6a or 6b. The C-terminus is encoded by the choice of a different exon 9. Traditionally 

tropomyosin was also classified as high molecular weight (HMW) containing 284 amino 

acids and low molecular weight (LMW) with 248 amino acids, which differ in the N-

terminus with HMW having exons 1a and 2 and LMW having only exon 1b (Cohen & 

Cohen, 1972; Fine & Blitz, 1975; Potter, 1982; Lewis et al., 1983; Pittenger et al., 1994). 

In mammals (Mus musculus) TPM1 has the most complex gene structure comprising 15 

exons. The use of two alternative promoters 1a and 1b combined with alternatively spliced 

exons 2a, 2b, and 6a, 6b, and the C-terminal exons 9a, 9b, 9c, and 9d (Figure 1.3A) (Ruiz-

Opazo & Nadal-Ginard, 1987; Wieczorek et al., 1988; Lees-Miller  et al., 1990) gives rise 

to skeletal muscle, smooth muscle and cytoskeletal isoforms (Wieczorek et al., 1988; Lees-

Miller  et al., 1990; Goodwin et al., 1991). Exon 2a is found only in smooth muscle 

tropomyosin (Ruiz-Opazo et al., 1985) whereas exon 9c is restricted to brain cytoskeletal 

isoforms that consist of less than 284 amino acids (Lees-Miller  et al., 1990) and which are 
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involved in the development and plasticity of the nervous system (Stamm et al., 1993). In 

birds (Gallus gallus), the TPM1 gene is structurally similar to that in mammals with 15 

exons and the brain-specific exon 9c (Figure 1.3A) (Lindquester et al., 1989; Lemonnier et 

al., 1991). A striking difference is the existence of exon 2a which only gets expressed in an 

embryonic heart isoform (Zajdel et al., 2003). Compared to the mammalian and avian 

counterparts, amphibian (Xenopus laevis) TPM1 lacks the aforementioned exon 9c (Hardy 

et al., 1991; Gaillard et al., 1998a; Gaillard et al., 1998b) (Figure 1.3A). In species such as 

pufferfish (Fugu rubripes) and zebrafish (Danio rerio), TPM1 has been duplicated to 

generate paralogs TPM1-1 and TPM1-2 (Figure 1.3A) (Ikeda et al., 2003; Toramoto et al., 

2004; Dube et al., 2017). TPM1-1 is structurally similar to that of avian and mammalian 

isoform with the only exception at C-terminus containing only three variations instead of 

four (Figure 1.3A). TPM1-2 differs from its paralog due to the absence of exons 2a and 6a 

(Toramoto et al., 2004) (Figure 1.3A). Another noticeable difference in the TPM1-1 and 

TPM1-2 to the avian and mammalian counterparts is the lack of exon 9c (Figure 1.3A). The 

Atlantic salmon (Salmo salar) TPM1 is not duplicated and is structurally similar to 

pufferfish and zebrafish TPM1-2. The protein product of this gene Tpm1, (accession 

number AAB36559) (Heeley et al., 1995) which is also called the alpha-fast tropomyosin 

is found in the fast skeletal (lighter) muscle (Silva et al., 2020c) which supports high-speed 

swimming (Bone et al., 1995). 

Mammalian TPM2 gives rise to the skeletal and smooth muscle isoforms of beta 

tropomyosin (Helfman et al., 1986). The gene contains 11 exons. Some of the 

characteristics include a single promoter exon namely exon 1a, a single second exon 
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namely 2a, mutually spliced exon 6a or 6b, and 9a and 9d (Figure 1.3B). The amphibian 

TPM2 is analogous to the mammalian homolog in terms of its structure and the types of 

isoforms generate (Hardy & Thiebaud, 1992; Gaillard et al., 1999) (Figure 1.3B). The 

major difference between avian and mammalian TPM2 is the existence, in the former, of 

the alternative promoter 1b that gives rise to cytoskeletal isoform (248 amino acids) (Libri 

et al., 1989; Forry-Schaudies et al., 1990) (Figure 1.3B). As shown in mammals, the TPM2 

of avians also gives rise to skeletal and smooth muscle isoforms (Fatigati & Murphy, 1984; 

Forry-Schaudies et al., 1990; Xie et al., 1991). Fish TPM2 unlike other vertebrates does not 

contain exon 6a (Toramoto et al., 2004) (Figure 1.3B). Although cDNA evidence suggests 

the existence of beta isoform in fish, it had not been documented at the protein level prior 

to the research described in Chapter 2 of this thesis and Silva et al., 2020c. 

TPM3 of mammals contains 14 exons with the two promoters, exon 2b, a single mutually 

spliced exon  6a or 6b, and four C-terminal exons which code for slow skeletal muscle and 

LMW cytoskeletal isoforms (Clayton et al., 1988; Dufour et al., 1998) (Figure 1.3C). In 

amphibians, although isoforms from TPM3 are not recorded, expressed sequence tag (EST 

sequences) cDNA evidence shows a TPM3 correspondent that codes for LMW 

tropomyosin with the accession number BC043980 (Mori et al., 2020) (Figure 1.3C). 

Details of the amphibian TPM3 lack to this date. Similar to amphibians, EST sequences 

demonstrate bird TPM3 to consist as several isoforms (226 - 332 amino acids) with at least 

12 exons, no internal alternatively spliced exons, and three C-terminal exons (Figure 1.3C). 

The Tpm3 variant (accession number H9L3K0) of chicken (Gallus gallus) consists of 1a, 

2b, 3, 4, 5, 6b, 7, 8, and 9a exons. The pufferfish and Zebrafish TPM3 gene compared to 
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the mammalian counterpart contains no duplication. It contains a single promoter, no 

internally mutually spliced exons, and two C-terminal exons (Toramoto et al., 2004; Dube 

et al., 2017) (Figure 1.3C). In early studies, Atlantic salmon was thought to contain a single 

alpha-slow (Tpm3, Z66490) (Heeley & Hong, 1994; Heeley et al., 1995; Jackman et al., 

1996) isoform which is restricted to the slow skeletal (darker) muscle along the lateral line 

(which supports low-speed cruising) (Bone et al., 1995). In a recent survey (Silva et al., 

2020c) two paralogs of Atlantic salmon TPM3 were identified in slow skeletal muscle 

having the same exon structure (Figure 1.3C) and which encode isoforms Tpm3-1 and 

Tpm3-2 (accession numbers XP_014016883 and XP_013997720 respectively). The 

Atlantic salmon TPM3 is different from zebrafish and pufferfish due to the existence of 

alternative promoter exon 1b (Figure 1.3C). 

TPM4 of mammals encodes for cardiac tropomyosin and a cytoskeletal isoform that is 

composed of 248 amino acids (Yamawaki-Kataoka & Helfman, 1987; Lees-Miller  et al., 

1990). The rodent gene, which comprises 8 exons, lacks alternatively spliced exons 2a, 6a, 

9a, 9b, and 9c (Figure 1.3D). In humans, although exon 9a is present, no isoform is reported 

to carry this exon. The avian and amphibian TPM4s have 11 exons with the two alternative 

promotors, exons 2a and 6b, and C-terminal encoding exons 9a and 9d carrying the 

possibility to code for smooth muscle isoforms (Lindquester et al., 1989; Hardy et al., 1995) 

(Figure 1.3D). Similar to that of the TPM1, the TPM4 gene in zebrafish and pufferfish is 

also duplicated generating the two paralogs TPM4-1 and TPM4-2 (Ikeda et al., 2003; 

Toramoto et al., 2004; Dube et al., 2017) which are structurally similar to the avian and 

amphibian gene with the two promotors, two alternatively spliced exons and two alternative 
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C-terminal exons (Figure 1.3D). Similar to TPM1 in Atlantic salmon, TPM4 is also not 

duplicated. Salmon TPM4 which codes for the variant in the heart, Tpm4 (accession 

number Z66527, Jackman et al., 1996) contains exons 1a, 2b, 3, 4, 5, 6b, 7, 8, and 9a. 
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Figure 1.3. Summary of TPM1, TPM2, TPM3, and TPM4 gene structures in 

vertebrates. Representative species for each vertebrate class: Mammals - House mouse, 

rat, and human. Amphibians - African clawed frog. Birds - Chicken. Fish - Puffer fish, 

zebrafish, and Atlantic salmon. The name of the vertebrate class appears on the left of each 

row. Exons are presented as boxes for each class out of the total 15 exons (1a, 1b, 2a, 2b, 

3, 4, 5, 6, 7, 8, 9a, 9b, 9c, and 9d) and exon numbers are included above each exon. The 

number of amino acids coded by each exon is indicated below. The 3ô and 5ô non-coding 

regions of each exon are indicated in white. Purple- alternate promotors (1a and 1b). Green 

(2a and 2b) and Blue (6a and 6b) - internally spliced exons. Black - conserved exons (3, 4, 

5, 7, and 8). Yellow (9a), Orange (9b), Brown (9c) and Red (9d) - C-terminal exons. (A) 

TPM1 gene structure. Duplicated TPM1 genes in fish (puffer fish and zebrafish) - TPM1-

1 and TPM1-2. (B) TPM2 gene structure. (C) TPM3 gene structure. Predicted gene 

structures are indicated for bird and amphibian classes. TPM3 is not duplicated in puffer 

fish and zebrafish. Duplicated TPM3 genes in Atlantic salmon - TPM3-1 and TPM3-2. (D) 

TPM4 gene structure. The gene structure of humans varies from that of house mouse and 

rat due to the presence of exon 9a. Duplicated TMP4 genes in fish (puffer fish and 

zebrafish) - TPM4-1 and TPM4-2. 

 

 



 

18 
 

1.4.1.3 Tropomyosin structure and function 

 

Following its first identification by Bailey in 1946, X-ray crystallography studies revealed 

tropomyosin to belong to the alpha-helical class of proteins (Astbury et al., 1948). Later it 

was suggested that tropomyosin contains a repeating heptad of amino acid sequences that 

enables the formation of a supercoiled structure. The amino acids of the heptad sequence 

were assigned to an alphabetical letter: a, b, c, d, e, f, and g. (Figure 1.4A). The ñaò and ñdò 

positions are occupied by non-polar side chains that fit as knobs into holes holding the two 

chains together to form the supercoil (Crick, 1953) which later found out to make an 

adhesive seam along the molecule facilitating the dimerization as well as forming of the 

core (Figure 1.4B) (Greenfield & Hitchcock-DeGregori, 1995). The ñeò and ñgò positions 

occupied by charged residues, provide extra cohesion through electrostatic interactions to 

opposing helices (Figure 1.4A) (Parry, 1975; McLachlan et al., 1975). The tropomyosin 

structure deduced using the primary amino acid sequence (Sodek et al., 1972; Stone & 

Smillie, 1978) of rabbit skeletal tropomyosin confirmed the structure proposed by Crick, 

1953 and demonstrated that identical helices can pack in a parallel orientation containing 

an uninterrupted coiled-coil structure. Tropomyosin molecules polymerize to make a 

filamentous structure via end-to-end interactions involving 8 to 9 residues of the overlap 

region. The first high-resolution structure of tropomyosin at 7 Å resolution revealed it to 

be 20 Å in diameter, 400 Å long, and to contain approximately 3 full turns per molecule 

(Whitby & Phillips, 2000). More recently, the X-ray crystallography structure of the N-

terminal 81 amino acid fragment at 2 Å resolution revealed that the two-fold symmetry of 

the identical sequences of the molecule is broken by 1.2 Å of an axial stagger and an axial 
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register allowing bends that ultimately enables the molecule to adopt a conformation with 

multiple bends (Brown et al., 2001). Despite its continuous alpha-helical coiled-coil 

structure, tropomyosin contains non-canonical regions with atypical amino acids occurring 

in heptad positions (explained further in section 1.4.1.4) along its length which have shown 

to be important in maintaining the flexibility which is critical for binding to the actin, 

troponin, or to another binding partner. Additionally, the comparison of different 

tropomyosin isoforms has revealed the flexibility varies from one to the other (Swenson & 

Stellwagen, 1989).  
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Figure 1.4. Tropomyosin coiled-coil structure. (A) Arrangement of the amino-acid 

heptad repeats. The core of the coiled-coil is formed by the interactions of hydrophobic 

residues in ñaò and ñdò positions. The ñeò and ñgò positions are occupied by charged 

residues, hence capable of forming salt bridges (red). (B) ñKnobs into holesò arrangement 

of core residues and formation of the adhesive seam along the core facilitating the 

dimerization. 




















































































































































































































































































































































































































































































































































































