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Abstract 

Tropomyosin from the fast skeletal (trunk) muscle of Atlantic salmon (Salmo salar) is an alpha­

type isoform. It shares - 93% identity with a counterpart from rabbit skeletal muscle (20 amino 

acid substitutions out of a total of284) but is less thermally stable. 

An interesting aspect of the small heterogeneity is the replacement of lysine-77 in rabbit with 

threonine in salmon. In the case of the mammalian protein, the lys ine in question is positioned to 

form ion pairs with aspartate-SO in the next turn of the same helix and also w ith glutamate 82 in 

the opposing he li x of the coiled coil. Thus, at neutral pH, salmon tropomyosin loses two 

potential charge-charge ( ion pair) interactions. The contribution of residue-77 to the properties of 

sa lmon tropomyosin has been investigated by mutating it to the amino acid in rabbit using site­

directed mutagenesis, followed by circular dichroism, di fferenti al scanning calorimetry, affinity 

chromatography and limited proteolysis. A major finding of this research is that threonine in the 

77th position of salmon tropomyosin is destabilizing compared to lysine in the same position. 

Reducing the number of ion pairs is concluded to be part of the structura l means by which 

tropomyosin, and possibly other rod-shaped proteins, adapt to low temperature. 

The specific details are outli ned below in point form: 

I . Atlantic salmon fast skeletal muscle alpha-tropomyosin eDNA was mutated to replace 

the threonine at position 77 w ith lys ine using the QuickChange Lightning site directed 

mutagenesis kit. The mutation was confirmed by DNA sequencing. 
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2. Mutated and non mutated recombinant tropomyosins were obtained by expression in 

E. coli BL21 cells and chromatographically isolated. 

3. The mutant salmon tropomyosin, containing Lys-77, exhibited a faster electrophoretic 

mobility than the non-mutant (Thr-77), in the presence of the detergent sodium dodecyl 

sulfate, which is attributable to a difference in detergent binding due to the extra charge. 

This electrophoretic shift was useful in the identification of amino-terminal peptides (see 

below, #7). 

4 . Far-UV circular dichroi sm was used to investigate the conformational stability of the 

recombinant salmon tropomyosins (ionic strength 0.1 M, +OTT, pH 7.0). The observed 

melting temperatures ofthe mutant (~45 °C) and non mutant (~40 °C) recombinant 

proteins differ by approximately 5 oc. 

5. Differential scanning calorimetry was employed to monitor the thermal unfolding of non 

mutant and mutant recombinant tropomyosin (ionic strength 0.1 M, +OTT, pH 7 .0) by 

direct heating . The observed melting temperatures of the mutant ( ~44 °C) and non mutant 

(~40.5 °C) protein di ffer by approximately 4 oc. 

6. In an affinity chromatography experiment mutant tropomyosin bound more strongly to 

troponin-Sepharose 48 than the non mutant. 
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7. The time-cour e of limited chymotryptic or tryptic digestion (T, 25 °C) was monitored by 

SDS PAGE and found to be similar for mutant and non-mutant tropomyosins. Edman­

based sequencing showed that the initial chymotryptic cleavage site in salmon 

recombinant tropomyosin (both mutant and non-mutant) is between Leu- I I and Lys-1 2. 

The second chymotryptic site is between Leu-169 and Val-170 which corresponds to the 

preferred site reported previously in rabbit alpha-tropomyosin. 
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Chapter 1 

Introduction 

1.1 Structure of skeletal muscle 

Locomotion is an essential function for life in vertebrates; it is required for maintenance, 

reproduction and protection. This includes not only translocation but also the postural basis for 

stance and stability. The foundation for the buildup and regulation of force for locomotion is 

provided by skeletal muscle. Other types of muscle, such as smooth and cardiac, are involuntary 

muscles which are under control of the autonomic nervous system. 

Skeletal muscle is made up of anatomically distinct units, which are attached to bones (via 

tendons) or other muscles (via ligaments) to support specialized movement. Individual muscles 

are composed of fascicles- assemblies of muscle fibers that are surrounded by a connective 

tissue sheath that can span the entire length of a muscle (Fig. 1 A-C) (Lieber, 2002). 

Each fiber (diameter between I 0 and 100m) is one single cell , which is usually multinucleated, 

whose cytosol is confined by a sing le membrane call ed the sarcolemma. The sarcolemma 

protrudes into the muscle fiber at regular intervals forming transverse tubules (t-tubules). T­

tubules provide an important pathway for electrical signals from the surface to the core of the 

cell , where they lie adjacent to the cisterns of the sarcoplasmic reticulum (SR), the intracellular 

calc ium ion store of muscl e cells (King et al., 2004). 

- 1 -



I 

\ 
A . VVhole Muscle 

(centimeters) 

F. Myof'ilament:s 
in cross-sect:ion 

Actin cross­
sect ion 

M - line cross­
section 

Overlap region 
c ross-section 

Figure 1: Organization of skeletal muscle. Whole skeletal muscles are composed of numerous 

fascicles of muscle fibers. Muscle fibers are composed of myofibrils arranged in parallel. 

Myofibrils are composed of sarcomeres arranged in series. (from King A.M., Loise lle D.S., and 

Kohl P. (2004) Force generation for locomotion of vertebrates: Skeletal muscle overview. IEEE 

J. Ocean. Eng. 29(3): 684-69 1. Used w ith permission (© 2004 IEEE). 
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Fibers contain densely packed regular bundles ofmyofibrils, the contractile units of muscle. 

Myofibrils are made up of thick (myosin) and thin (actin, tropomyosin and troponin) protein 

filaments. Muscle also contains a host of other proteins which are required for various aspects of 

filament structure, including anchoring (e.g. a-actinin), end 'capping' (e.g. tropomodulin 

(Yamash iro eta( 20 I 0) and Cap Z) and spatia l organ ization (e.g. titin (Wang et al., 1979) and 

nebulin) as well as enzymes for the production of adenosine tri-phosphate and creatine phosphate. 

T hese filaments are arranged in a hexagonal pattern and interdigitate (Fig. I F). Myofibrils are 

organized in highly structured sarcomeres (Fig. I E) (King eta!., 2004). 

The regular packing of myofibrils in the sarcomere gives rise to the typical cross striation of 

skeletal muscle where the region of the sarcomere that contains the (thick) myosin filaments is 

optically more dense (anisotropic: A-band) than the remainder of the sarcomere that contains 

only the (th in) actin fi laments (isotropic: !-band). The center of the !-band is marked by a narrow 

dark line, referred to as the Z-line. The distance between two Z-lines is the sarcomere length . Z­

lines provide the anchor point for actin filaments, wh ich extend on both sides of each Z-line. It is 

important to note that, functionally, sarcomeres consist of two half-sarcomeres whose force 

generators have opposite polarity. 

Myosin fi laments (- 1.6 11m in length) consist of several hundred myosin molecu les that are each 

around 0.15 11m long (A lexander, 2003). The center part of the filament is smooth (no myosin 

heads) and interlinked with neighboring myosin fi laments ofthe same sarcomere at theM-l ine 

(Fig. I F) Within a sarcomere, myosin molecules are assembled " in register" by virtue oftitin- a 
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gigantic molecule that tethers each half of a myosin molecule to its adjacent Z-line (Gregorio et 

a!., 1999). Myofibril s also contain mitochondria known as the "power station" of the cel l, often 

arranged in parallel with individua l sarcomeres (King et a!. , 2004). 

Myobrils are comprised of overlapping thick and thin filaments , which slide past each other to 

produce muscle contraction (Huxley, 1974). The thick filament is composed primari ly of myosin, 

which contains the ATPase acti vity ofthe myofibril and forms cross-bridges w ith actin. About 

400 myosin molecules assemble to form a filament, which interacts with actin filaments 

containing about the same number of actin monomers (Hanson and Lowy, 1963 ; Huxley, 1963). 

Myosin therefore has multiple functions which include filament fo rmation, A TPase activity, and 

reversible combination with acti n. The use of proteolytic enzymes he lped reveal wh ich regions 

of the myosin molecul e were responsible for each of these diffe rent function s (Gergely, 

1950; Perry, 195 1 ). 

1.2 Tropomyosin 

Tropomyosin was di scovered by Bailey ( 1946). It is found in striated (skeletal and cardiac) 

muscle, smooth muscle and (at lower quantities) in non-muscle tissues (Smillie, 1979). The 

properties oftropomyosin have been unve iled in detail through biochemical and biophysical 

studies (Perry, 200 I). Studi es carried out in solution have shown that tropomyosin, in 

combination w ith troponin (a triple subunit complex), serves as an a llosteric regulator of striated 

muscle activity (Gordon eta!. , 2000). At the same time, tropomyosin has been proposed to shift 

in its physical position on actin. Such movement is central to the Steric Blocking hypothesis 
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(Huxley, 1969 and 1972). The hypothesis, origina lly based on observations from X-ray 

diffraction, has undergone revision over the years and in recent times the use of three­

dimensional imaging of thi n filament e lectron micrographs has provided a way oftesting it. 

Analysis of thin fil aments prepared under activating (high calcium, presence of rigor) or relaxing 

(low calcium, absence of rigor) conditions documents a shift in tropomyosin such that myosin 

binding s ites are either uncovered or covered. 

Tropomyosin is highly a -helica l (Cohen and Szent-Gyorgyi, 1957) and yields a characteristic 

circular dichroism spectrum with strong minima at 208 and 222nm. Sedimentation (Woods, 

1967) and sequencing studies (Hodges and Smi llie, 1972) indicated that the native structure is 

that of a double stranded coiled coi l (Figure 3). The production of a disulfide linkage between 

the two chains (Johnson and Smi llie, 1975, Lehrer 1975) confirmed this view and also 

demonstrated that the chains are paralle l to each other (i.e. theN-termini occur at the same end 

ofthe dimer) and non-staggered. 

The sarcomeric forms of tropomyos in contain 284 amino acids per chain (Stone and Smillie, 

1978) yielding a molecular weight of 66,000 Dalton (Woods, 1967). An outstanding feature of 

the primary structure is the presence of non-polar residues at the first (residue 'a') and fourth 

(residue ' d') of a heptapeptide uni t (where the seven residues are a,b, c,d,e,f,g). These so-named 

'core' residues create a hydrophobic stripe along the long axis of the he lix which promotes 

chain-chain association. Since the seam winds around this ax is, the two chains have to coil in 

order to maintain contact. Such an arrangement had been predicted by Crick (1953) . Crick's 

"knobs" and "holes" hypothesis envisaged that at the interface of the coiled-coil a side-chain in 
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one helix would pack into a space in the other. Subsequent research has confirmed that the 

stability of the coiled coi l is produced mainly by these hydrophobic interactions (Greenfield and · 

H itchcock-Degregori , 1995). Additional stability is provided by ionic interactions between 

charged residues in thee and g positions (Wi lliams and Swenson, 1981) as indicated in Figure 

28. 

Another feature of muscle tropomyosin is its abi lity to self-polymerise end-to-end. The nature of 

this interaction, which allows tropomyosin to form a continuous strand along the actin filament, 

was revealed by e lectron microscopy and low-angle X-ray diffraction of tropomyosin 

paracrystals (Cohen and Longley, 1966) to entail an overlap of two connecting (and elongated) 

dimers. The number of residues involved in the interaction was later investigated by removal of 

residues from e ither end of tropomyosin (Ueno et al. , 1976; Mak and Smillie, 1981; Dabrowska 

et al. , 1983; Goonasekara et al., 2007). Ultimately, NMR showed a merger of the first and last 

eleven amino acids (Greenfield et al. , 2006). E lectrostatic interactions are thought to play a role 

in overlap formation s ince these regions have opposing net charges at neutral pH. Presently, 

however, there is not a unified model as to the exact structural details of the overlap. Perhaps the 

dominant view entails theN-termini 'dovetailing' with an opening ofthe C-termini (Greenfield 

eta!., 2006 and Frye et a!. , 20 I 0). 

The task of structural determination at high resolution has been hampered by the very high water 

content of tropomyosin crystals . The best resolution achieved for the whole molecule is 7 

Angstroms (Whitby and Phillips, 2000) (Figure 3). However, atomic-level resolution has been 

obtained by crystallising sections oftropomyosin, specifically residues 1-80 (Brown et a!., 2001) 
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Figure 2: (A) Sequence of rabbit alpha-tropomyosin (after Hodges et al 1972). Core positions 

are indicated by boxes and circles. Orange bracket shows the position of the mutation of interest. 

(B) Heptad positions in coiled coil cross section (after Smillie 1979). Arrow indicates location of 

the mutation in the heptapeptide repeat and along the seven pseudorepeats of tropomyosin. 

Residues ' a' and'd ' are typically hydrophobic and maintain coiled-coil structure. Residues 'g' 

and ' e' are typically charged amino acids that additionally stabilize the protein through ionic 

interactions. 

- 7 -



and 89-208 (Brown et al. , 2005). One of the insights provided by these structures concerns 

clusters of core alanines. These clusters are thought to destabilise tropomyosin (relative to larger 

non-polar side chains such as leucine) and thereby build flexibility into the molecule enabling it, 

for example, to wrap itself around an actin filament. 

Figure 3: Molecular ribbon diagram of a tropomyosin dimer 

Image from the RCSB PDB (www.pdb.org) ofPDB ID: lCIG 

Whitby F.G., Phillips Jr. G.N. (2000) Crystal structure of tropomyosin at 7 Angstroms resolution. 

Proteins 38: 49-59 
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1.2.1 Tropomyosin Isoforms 

Distinct isoforms oftropomyosins are present in muscle (skeletal, cardiac and smooth), and 

various non-muscle cells. The first evidence that there are multiple forms oftropomyosin came 

from e lectrophoresis separations performed in the presence of SDS (Cummins and Perry, 1973). 

Two variants were observed, called a and~ - The basis of the separation is not due to a true 

difference in mass but net charge which affects the interaction with SDS. ~-tropomyosin is 

predicted to have a higher net negative charge at neutral pH than a due to substitution at two 

positions (Ser229G iu and His276Asn) (Mak et al., 1980). Mammalian skeletal muscles contain 

both forms of tropomyosin but the molar ratio varies depending on the muscle (Heeley et al. , 

1985) and the stage of development (Amphlett eta!. , 1976). 

The various isoforms arise from the combination of multiple genes, a lternative splicing and 

multiple promoters. Four di fferent tropomyosin genes have been characterized in the vertebrates, 

although it is not certain that all species contain the fu ll complement. Each of the genes has been 

named after the prote ins they encode. For example, a and ~ genes are named after striated 

muscle a and ,8-tropomyosins, respectively. The TM-4 and TMnm genes are named after the rat 

fibroblast TM-4 and human fibroblast TM30 nm isoforms, respective ly (Lees-Miller and 

Helfman, 1991 ). In the Human Genome Project, tropomyosin genes are referred to as T PM I, 2, 

3 and 4. 
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1.2.2 Naturally occurring modifications of tropomyosin 

Acetylation of the amino-terminal a -amine of proteins is a widespread modification in 

eukaryotes. The reaction is cata lyzed by amino-terminal acetyltransferases, which occurs 

predominantly during prote in synthesis and appears to be irreversible. Acetylation of 

tropomyosin affects coiled-coil stability (Greenfield eta!., 1994), and is especially important for 

overlap fo rmation (McLachlan and Stewart, 1975). Bacteria lly-expressed (unacetylated) 

tropomyosi n polymeri ses poorly and binds weakly to F-actin (H itchcock-DeGregori and Heald 

1987) whereas tropomyosin expressed in an insect cell has s imilar properties to muscle 

tropomyosin (Urbanc ikova and Hi tchcock-DeGregori 1994). 

Phosphorylation can occur on amino acid Ser 283 of striated muscle tropomyosins (Mak eta!., 

1978) but this residue is not conserved in all isoforms such as those in smooth muscle (Sanders 

and Smillie 1985). Covalentl y bound phosphate was fi rst detected in tropomyosi n from the 

skeletal muscle of a frog that had been injected with 32 P-orthophosphate (Ribulow and Barany, 

1977). Subsequently, this modification has been found in the striated muscle tropomyosins of 

rabbit, chicken, fi sh, rat and mouse (Montarras et al., 198 1; Heeley et al., 1982; Heeley and 

Hong, 1994). Studies have shown that phosphorylation increases head-to-ta il polymerization as 

well as the steady-state rate of hydrolysis of regulated actomyosin MgA T Pase (Heeley et al. , 

1989 and Hee1ey, 1994) . Later research using phosphorylated and unphosphorylated shark 

tropomyosin confirmed the earl ier results (Hayley et al., 2008). 
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1.2.3 Association of tropomyosin with other proteins in the thin filament 

The skeletal-muscle thin filament (Figure 4) is composed of actin, tropomyosi n, and tropon in in 

a 7: I : I molar ratio (Potter, 1974, Yates and Greaser, 1983). Each of these thin-filament proteins 

has specific interactions with the other thin-filament proteins, which allow self-assembly of actin, 

tropomyosin, and troponin reconstituted after purification (Zot and Potter, 1987). 

1.2.3.1 Tropomyosin-Actin association 

Actin was discovered by Straub ( 1942). At low ionic strength, actin molecules are stable as 

monomers (G-actin). Upon addition of salt, especially divalent cations, actin polymerizes into 

huge filaments. The high asymmetry of the polymerized actin (F-actin) is indicated by its high 

viscosity and strong double refraction of flow (Straub, 1942). Actin filaments are polar entities as 

dramatically shown by decoration with rigor myosin heads (Huxley, 1963). The barbed and 

pointed ends respectively correspond to the ends of slower and faster extension (Woodrum et al., 

1975). Sarcomeric F-actin does not change in length because, as mentioned in the Introduction, 

the two ends are capped. 

Muscle actin contains 375 amino acids (Collins and Elzinga, 1975). The first atomic structure of 

G-actin was obtained in complexation with DNase 1 (Kabsch et al., 1990). Later, the structure of 

chemically modified G-actin was solved in the absence of an actin binding protein (Otterbe in et 

al. , 2001) . Although an atomic structure for F-actin is unavailable a model has been constructed 

using the structure of the monomer (Holmes et al., 1990). 
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A 

Tn-C 

ACTIN 

TROPOMYOSIN 

HEAD TO TAIL OVERLAP 

OF TROPOMYOSIN 

Figure 4: Major proteins of the thin filaments 

1-leeley eta!., 1987. J. Bioi. Chem. 262, 9971-9978 (Drawing provided by D.H J-leeley) 

Key, Tn-C (troponin C); Tn-1 (troponin I); Tn-T2 (carboxy-terminal chymotryptic fragment of 

troponin T) and Tn-T I (amino-terminal chymotryptic fragment oftroponin T). 
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The sequence of tropomyos in can be divided into actin binding segments (or periods) of 

approximately 40 amino acids. As stated earlier, one molecule of muscle tropomyosin (of284 

amino acids) spans seven actin monomers (Figure 4). The shorter forms of tropomyosin from 

non-muscle and yeast span s ix or five . Detailed sequence analys is of tropomyosi n revealed two 

sets of 7 quas i-equiva lent repeating regions of acidic and nonpolar residues throughout the length 

of each cha in that could serve as actin-binding sites (Parry, 1974 ; Stewart and McLachlan, 1975; 

Stone et al. , 1974). Stewart & McLachlan ( 1975) showed that there are 28 acidic zones in the 

tropomyosin dimer which are exposed on the surface ofthe molecule and arranged in 14 

opposing pa irs such that four sets of seven zones occur at 90° to each other. These acidic zones 

may interact w ith acidic regions on actin through Mg2
+ bridges or with posi ti ve regions on actin 

via salt bridges; hydrophobic interacti ons between nonpolar groups may prov ide add itional 

stability (Stewart & Mc Lachl an, 1975) . Phillips eta!. ( 1980) have suggested, based upon the 

apparent dynamic nature of tropomyosin in crystals, that interactions between tropomyosin and 

actin are not so strictly limited. This led to the proposition that tropomyosin is continual ly 

changing connecti ons w ith actin, producing a net effect of re laxation or contraction . 

An important step in investigating the interacti on between actin and tropomyosi n was the use of 

recombinant nuc leic acid technology to create deletions of varying length in the second actin 

binding period, residues 4 7-88 (H itchcock-DeGregori and Varnell , 1990). Reconstituted th in 

fil aments containing a non-fusion tropomyosin w ith half of, or the enti re, period 2 missing 

displayed good regul atory function. However, th is was not true oftropomyosin in which two­

thirds of period 2 had been removed (Hitchcock-DeGregori and Yarnell , 1990). These fi ndings 

show that there is a periodicity w ithin the tropomyosin sequence that governs actin binding. 
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More recent research (reviewed in H itchcock-DeGregori and Singh, 20 I 0) has demonstrated that 

the seven actin binding periods are not equivalent. Alteration of periods I and 5 strongly perturbs 

actin affi nity whereas the other five are less sensitive to manipulation in th is regard. 

The ability of tropomyosin to self-polymeri ze greatly strengthens actin binding (Wegner, 1979). 

Removal of e ither the first o r last 9-11 residues of striated muscle a -tropomyosin results in a 

large reduction in actin affinity (Ueno et al., 1976; Mak and Smill ie, 1981; Dabrowska et al. , 

1983; Goonasekara et al., 2007) . Since troponin interacts w ith tropomyosin in the region of 

Cys 190 (see be low) it is possible that Ca2
+ -dependent changes in this area could affect 

tropomyosin-actin binding through an effect on the overlap region of tropomyosin. Although this 

binding change could be mediated by conformational changes in tropomyosin, it now seems 

likely, based upon the above findings, that the change would additionally or altem ati vely be 

mediated by conformational changes in acti n (Butters et al. , 1993). 

1.2.3.2 Tropomyosin- Troponin association 

Tropon in was di scovered by Ebashi and Kodama ( 1965). The molecular masses ofthe three 

troponin subunits were first determined from the amino acid sequences of the proteins obtained 

from rabbit skeleta l muscle: troponin C (TnC, Mr = 18,000 Da) (Collins et al. , 1977), troponin T 

(TnT, Mr = 30,500 Da) ( Pearlstone et al., 1977a) and troponin I (TnT, Mr = 2 1,000 Da) 

(Wilkinson and Grand, 1975). TnC is the calcium binding subunit, TnT binds to tropomyosin 

and Tnl is the inhibitory subunit (Greaser and Gergely, 197 1, 1973). 
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The calci um-regulated control of striated muscle contraction involves the interaction of troponin 

with tropomyosin on the muscle filament (Pearlstone and Smillie, 1982). Stud ies have 

demonstrated that that the two regions of TnT are involved in interactions with tropomyosin 

(Mak and Smillie, 198 1 ) . One of these, represented by the soluble cyanogen bromide fragments 

CB I (residues 1-1 51) and CB2 (residues 7 1-1 5 1) and the chymotryptic fragment T I ( 1- 158), is 

bound close to or at the carboxy-terminal end oftropomyosin. The second region, represented by 

the chymotryptic fragment T2, is believed to bind close to cysteine-1 90 of tropomyosin (Cohen 

et af., 1972; Phillips et af., 1980; Stewart and McLachlan, 1975; Pato et af. , 1981 ; Morris and 

Lehrer, 1984). The CB2 subfragment (residues 71 -151 ) interacted with tropomyosin, but less 

effectively than CBI (Jackson et af., 1975). Subfragment CB3 (residues 1-70) did not bind to 

tropomyosin (Jackson et af. , 1975; Pearlstone and Smillie, 1977). However, Nuclear Magnetic 

Resonance ('H-NMR) study carried out at high concentrations of proteins indicated that CB3 

does contribute significantly to the specificity ofthe interaction between CBI and tropomyosin, 

and that the interaction of CB2 with tropomyosin is nonspecific (Brisson eta!., 1986). 

Ohtsuk i ( 1979) demonstrated that TnT is elongated and spans about 130 A along tropomyosin, 

and that TnC and Tnl bind together at one end of TnT. Circular dichroism data by Pearlstone and 

Smi llie (1978) show a high helical content in residues 71- 151 ofTnT; residues 159-227 contain 

a strong heptapeptide repeat similar to that in the tropomyosin sequence (Parry, 1981 ). Thus 

these two peptides of TnT may interact with tropomyosin in a coiled coi l or trip le-stranded 

coi led coi l (Mak et a l. , 1983). The interaction of troponin with tropomyosin may stabilize the 

overlap reg ion and/or have a role in the transduction of the Ca2
+ -binding signal for muscle 

activation (Phillips et al., 1980, Flicker eta!., 1982). 
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The atomic structure ofTnC was reported in 1985 (Herzberg and James, 1985) but the whole 

troponin complex proved more difficult to crystalise. Two atomic structures are available for the 

globular core oftroponin (Tnl+TnC+carboxy-terminal one-third ofTnT) in both Ca2
+ - bound 

and free forms (Takeda et al., 2003; Vinogradova et al., 2005). Missing from these structures is 

the elongated tail of TnT which comprises the amino-terminal two-thirds of the molecule. The 

globular core contains two important structura l elements: (i) the " IT" arm which is made up of 

the high affinity metal ion sites ofTnC and the aforementioned coiled-coil between subunits I 

and T and (ii) the regulatory head consisting ofthe 'trigger ' calcium sites ofTnC and the TnT 

inhibitory peptide (Syska et al., 1976, Talbot and Hodges, 198 1 ). These structures demonstrated 

that the orientation of the inhibi tory peptide is calcium-sensitive. 

1.3 Cold-adaptation of tropomyosin 

Despite the fact that a much greater proportion of the earth 's envi ronment is cold rather than hot, 

much less is known about psychrophilic, cold-adapted organisms compared with mesophiles or 

thermophiles living at high temperatures. Psychrophiles are extremoph ilic organisms that are 

capable of growth and reproduction in cold temperatures below 15 °C. Mesophiles grow best in 

moderate temperature, neither too hot nor too cold, typically between 20 and 45 °C. 

Thermophiles thri ve at re latively high temperatures greater than 50 oc (Gerday et al., 1997; 

Greaves and Warwicker, 2007). 
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Recent accumulati on of structural data on psychrophilic proteins is beginning to shed light on 

their functional and structural characteristics (e.g. Feller and Gerday, 1997). Most of the research 

that has been carried out on proteins from psychrophilic organisms is on globular proteins. 

Gianese et a!. (200 I) described the general features of structural adaptation of proteins to low 

temperatures. Their results indicated that charged residues (e.g. Glu, Arg and Lys) tend to be 

replaced in psychrophilic proteins at exposed si tes within a-hel ices or coil regions and that this 

replacement is one ofthe mechanisms of low-temperature adaptation shared by most of the cold­

adapted proteins. It has been suggested by several other authors (e.g. Greaves and Warwicker, 

2009; Xiao and Honig, 1999) that ion pairs, hydrogen bonds and electrostatic interactions in 

which charged residues are involved play an important role in protein stabilization, particularly 

at high temperature. In view of thi s, psychrophiles have increased loop sizes and decreased 

numbers of ion pairs, hydrogen bonds and hydrophobic contacts (Greaves and Warwicker, 2009; 

Greaves and Warwicker, 2007; Gianese el al., 2002) compared to mesophiles and thermophiles. 

These differences provide psychrophil ic proteins with the necessary flexi bility to function at low 

temperature. They also account for the fact that such proteins are general ly unstable at 

mesophilic temperatures and higher. 

Some research has been done on the stability of the non-globular protein tropomyosin which 

confirms that the core pos ition amino acids ("a "and "d" ) are critical to its stability. Hayley eta!. 

(2008) reported that shark tropomyosin has three core amino acid substitutions compared to 

rabbit tropomyosin (Stone and Smillie, 1978). In each case, the equivalent amino acid is replaced 

by a hydroxyl-containing one (e.g. Thri 79Aia, Seri 90Cys and Ser2 11 Ala). Examination of 

shark and rabbit tropomyosin indicates that the shark isoform has a reduced conformational 
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stability through most of its structure compared to the rabbit isoform which is a result ofthe core 

amino acid substitutions (Hayley et al., 20 II). 

1.4 Fish Tropomyosin 

Fish have been under utilized as a source of muscle tissue and muscle protein for biochemical 

studies. However, the musculature of fish offers a number of advantages to the research of 

muscle contraction. Bony (teleost) fi sh contain a s imple and long range, structural order of 

myofilament lattices which is well suited for X-ray diffraction studi es (Harford and Squire, 

1990). Further, while most mammalian muscles are composed of an intermingled mixture of fast 

and slow fibres, these cell types are anatomically separated in the swimming muscles in the trunk, 

thereby facilitating the dissection of muscle for the isolation of fibre-specific protein isoforms 

(Heeley and Hong, 1994). In the majority ofround-bodied fish, the slow-contracting (darker) 

muscle is confined to a seam along the lateral line, running from the back of the head to the 

caudal fin . This muscle is needed for constant low-speed swimming (Johnston eta!., 1975; 

Johnston, 1980; Bone and Marshall , 1982). The fast-contracting (lighter) muscle (>90% of total 

myotome, in most species) represents an 'emergency power pack ' (Bone and Marshall , 1982) for 

the purposes of predation or escape. 

The skeleta l (fast and slow) and cardiac muscles of Atlantic salmon (Salmo salar) have been 

shown to comprise a simple pattern of tropomyosin isoforms (Heeley and Hong, 1994; Jackman 

et a!. , 1996). Fast and cardiac muscle contain one unique variant. Slow muscle conta ins two (in 

unequal proportions). The fast muscle type of Atlantic salmon tropomyosin was used for th is 

- 18 -



study. Based on its eDNA sequence (accession number NP _ 00 1117 128, Heeley eta/. , 1995) it is 

an alpha-type isoform which contains 20 amino acid substitutions compared to the rabbit 

counterpart (accession number NM_OO II 05688) (Stone and Smillie, 1978). However, despite the 

small number of replacements, N P _ 00111 7128 varies signifi cantly from the mammalian version 

in terms of its conformational stability (Heeley eta!. , 1995). Both halves of the salmon protein 

were found to be of comparati vely lower stability (Goonasekara and Heeley, 2008). 

The sequence of Atlantic salmon fast skeletal tropomyosin, containing 284 amino acid residues, 

is shown below in single-letter code: 

mdaikkkmqm lkldkenald raegaegdkk aaedkskqle ddl val qkkl k g tede l d ky 

seslkdaqek levaektatd aeadvaslnr riqlveeeld raqerlatal tkleeaekaa 

desergmkvi enraskdeek melqdiqlke akh iaeeadr kyeevarklv iiesdlerte 

eraelsegkc seleeelktv tnnlksleaq aekysqkedk yeeeikvltd klkeaetrae 

faersvakle ktiddl edel yaqklkykai seeldnalnd mtsi 

Ofthe 20 substitutions alluded to above (Table 1), only one affects a core amino acid specifically, 

residue-1 79 which is a threonine in salmon and an alanine in rabbit (this residue was recently 

studied in thi s laboratory) . Of interest in the present study is residue-77 which is a threonine in 

salmon and a lysine in its rabbit counterpart. Given the ionic interactions which can occur in 

tropomyosin (F igure 2) this particular substitution was viewed as one of the potentially important 

determinants of the unique properties of salmon tropomyosin and was se lected for investigation. 
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Table 1: Differences between the rabbit and salmon fast muscle tropomyosin 

Position Heptapeptide Salmon Rabbit 

designation 

24 c Gly Gin 

27 f Gly Ala 

35 g Lys Arg 

42 g Asp Glu 

45 c Ala Ser 

63 g Ser Ala 

73 c Val Leu 

111 f Thr Gin 

132 f Asn Ser 

135 b Ser Gin 

143 c Leu lie 

145 e Asp Glu 

157 c Glu Asp 

179 d Thr Ala 

191 b Ser Ala 

229 e Thr Ser 

247 b Ala Thr 

252 g Thr Ser 

276 c Asn His 
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1 .5 Mutation in tropomyosin sequence 

The pattern of charged residues in the "e" and "g" positions favours interhelical ion pair 

formation. The amino acid in position "77" ( 'g') is threonine in salmon and lysine in its rabbit 

counterpart. In the case of the mammalian protein, the lysine is positioned to form ion pairs with 

aspartate-SO in the next turn ofthe same helix and also glutamate-82 in the opposing helix of the 

coi led coil. Thus, at neutrality, salmon tropomyosin loses two charge-charge interactions. By 

inference, adjusting the number of ion pairs is one way in which to retain flexibility of 

tropomyosin at low temperature. The mutant Thr77Lys was made to examine the individual and 

additive effect of that residue on the conformational stability. 

The threonine residue was mutated to a lysine because lysine is the residue that is present at the 

same position in rabbit ske leta l tropomyosin (Stone and Smillie, 1978). 

1.6 Sites of proteolytic digestion in tropomyosin 

In this present study, chymotrypsin and trypsin were used to study the digestion patterns of 

mutant recombinant tropomyosin and non-mutant recombinant tropomyosin . Pato eta!. ( 1981 a) 

examined the digestion patterns of rabbit striated a-tropomyosin by limited trypsin and 

chymotrypsin proteolysis. They showed chymotrypsin initially cleaved tropomyosin on the 

carboxy-terminal side of Leu-1 69. This residue is in the core of the protein and was believed to 

be fairly inaccessible to the enzyme. The researchers proposed that this residue is in a 

destabilized area due to the presence of several bulky hydrophobic residues at positions 169-1 72 
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(-Leu-Val-lle-IIe-). They also specul ated that an aspartic acid (Asp 175) in a 'g' position results 

in an e lectrostatic repulsion w ith Glu 180 which contributes to that region's instabil ity. 

1. 7 Goals of study 

The main goal of this study was to characterize the influence which a particul ar amino acid in 

salmon fast muscle tropomyosin has on the prote in 's stab ility. The residue of interest was 

threonine77 . It was hypothesized that the threonine77 increases flexibility because it is a 

hydrophilic amino acid located in the e lectrostatic region of the protein . 

In this present study, the contribution of residue-77 to the properties of salmon tropomyosin has 

been investigated using si te-directed mutagenesis, limi ted proteolysis in conjunction with 

Edman-based sequenc ing, affinity chromatography, di fferentia l scanning calorimetry and 

circular dichro ism. The findings described herein offer insight into the factors which modulate 

conformati ona l stabi lity of rod-shaped proteins in psychrophiles, which have not been studied to 

the same extent as g lobular proteins. 

The specific a ims are: 

I. Create a Thr77Lys mutant of salmon fast ske letal tropomyosin using site directed mutagenesis 

2. Isolate enriched protein samples using salt-precipitation and ion-exchange and hydroxyapatite 

chromatography 
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3. Use a circular dichroism spectrophotometer and differential scanning calorimeter to monitor 

and compare the heat-induced unfolding of the mutant and the non-mutant recombinant 

tropomyosins in order to determine their melting temperatures 

4. Use chymotrypsin and trypsin digestion to compare the cleavage patterns of the non-mutant 

and mutant tropomyosin 

5. Determine initial proteolytic cleavage sites by Edman-based sequencing 

6. Determine the binding affini ty of the tropomyosins to troponin using affini ty chromatography 

Most of the results of this thesis were presented in preliminary form at the 56111 Annual 

Biophysical Society Meeting in San Diego: lge, T.O, Fudge, K.R. and Heeley, D. H (20 12) 

Mutagenesis of a tropomyosin isoform from Atlantic salmon. 
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Chapter 2 

Materials and methods 

2.1 Reagents 

Unless otherwise stated, all reagents were obtained from Sigma-Aldrich (Oakville, ON) or Fisher 

Scientific (Mississauga, ON). A ll chromatography columns and media were obtained from GE 

Healthcare (Uppsala, Sweden). Custom-made oligonucleotide primers were obtained from 

Operon (Huntsville, Alabama). 

2.2 Standard protocols 

2.2.1 pH meter 

A refillable combination calomel g lass electrode (Futura ™, J2x 130 mm, Beckman) attached to a 

Beckman <1>32 pH meter was used for al l pH measurements. The electrode was calibrated daily 

using standard so lutions of pH 4.00 and pH 7.00. 

2.2.2 Dialysis 

Dialysis was performed using I 0 mm or 45 mm width; 12,000- 14,000 M WCO (Molecular 

Weight Cut Off) dialysis tubing (Spectrum, Californ ia). Dialysis tubing was prepared by heating 

in 2 L of approxi mately 10 mM Sodium bicarbonate, I mM EDTA to 70°C. This was fo llowed 

by extensive washing (3-4 changes) with deionised water. The tubing was left to soak overnight 

in deioni sed water and then stored in 70% (v/v) ethanol at 4 °C. Prior to use, the dia lys is tubing 

was washed thoroughly with deionised water. 
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2.2.3 Freeze Drying 

Dialysed samples were frozen w ith liquid nitrogen and freeze dried on a FreeZone(R) CFC-Free 

Freeze Dry System (LABCONCO). The freeze-dried samples were then stored in the fridge 

until further analysis. 

2.2.4 Determination of sample concentration 

2.2.4.1 UV-Visible and Diode Array spectrophotometry 

Protein concentrations were determined by UV absorbance measurements in either a Beckman 

DU-64 spectrophotometer or an Agilent 8453 Diode Array spectrophotometer. Freeze-dried 

tropomyosin samples were dialysed using narrow dialysis tubing (I 0 mm) overnight in the cold 

against a given buffer and undissolved protein was removed by spinning in an Eppendorf micro 

centrifuge 54150 (F45-24-II rotor) at 12,000 rpm for I min. For both Beckman and Diode 

Array spectrophotometers, the instruments were calibrated using deionized water (dH20) and the 

absorbance of both the d ia lys is buffer and the protein sample was measured at relevant 

wavelengths. Measurements were between 0.1- 1.0 absorbance units (samples were di luted so 

that absorbances reading fa ll in this range). An exti nction coefficient, E2so I mg/ml, of 0.25 was 

used after correction for scatter by subtracting 1.5xA32o. The molar mass of tropomyosin was 

taken to be 66,000 g/mole. 

2.2.4.2 Nanodrop spectrophotometry 

A Thermo Scientific Nanodrop 2000 spectrophotometer was used to determine the concentration 

of DNA. The instrument was first blanked using 2 Jl l of nuclease free water and then the 
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absorbance of the sample was measured. The ratio of the two absorbance measurements at 260 

and 280 nm indicated the nucleic acid purity ofthe sample. 

2.2.4.3 Bradford Assay 

The Bradford assay (Bradford, 1976) was used to determine the elution profile from affinity 

chromatography (see section 2.7). Column fractions (I ml) were mixed carefully with 100 111 of 

Bradford reagent (Bio-Rad) by gentle inversion. The absorbance at 595 nm was recorded using 

the Diode Array spectrophotometer. Column buffer ( l ml) was used to calibrate the instrument. 

2.2.5 Gel Electrophoresis 

SDS PAGE was performed according to the methods described by Laemmli (1970) using a 12% 

(w/v) acrylamide (Bio-Rad) separating gel. To prepare the gel, stock acrylamide solution (30% 

(w/v) acrylamide and 0.8% (w/v) bis acrylamide) was diluted with separating buffer (0.75 M 

Tris-HCI , 0.21% (w/v) SDS, pH 8.8) to a total volume of20 mi. The solution was polymerized 

by adding 20 11! N , N, N', N'- tetremethylethylenediamine (TEMED, Promega) and 100 111 of 

I 0% (w/v) ammonium persulfate solution (APS, Promega). Stacking gel was diluted to 3% (w/v) 

aery lam ide from the stock solutions to a total volume of 5 ml and polymerized with 80 11! APS 

and 6 11! TEMED. A Bio-Rad Protean II apparatus was used for the electrophoresis sandwich. 

Gels were generally 7 .0 em long, I 0 .0 em wide and 0.75 mm thick. Prior to loading onto the gel, 

protein samples were diluted at a ratio of I: I using 2x Laemml i buffer composed of 50 mM Tris­

HCI , pH 6.8, 2% (w/v) SDS, 0. 1% (w/v) bromophenol blue, I 0% (v/v) glycerol and 2-5 mM 

dithiothreitol (freshly added). A volume of I 0 111 of Precision Plus Protein Unstained Standards 

(BioRad, cat # 161-0363, I 0-250 kDa) was loaded into one of the lanes. 
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Electrophoresis was carried out at 180 V and stopped when the tracking dye ran off the gel. Gels 

were stained in 0.25% (w/v) Coomassie Brilliant Blue R-250 (BioRad), 50% (v/v) ethanol and 

10% (v/v) acetic acid and then destained in 15% (v/v) acetic acid and 20% (v/v) ethanol. 

2.3 Mutagenesis 

2.3.1 Oligonucleotide primers 

Custom made oligonucleotide primers were obtained from Operon (Huntsville, Alabama) and 

were used for the site directed mutagenesis: 

The primers had a melting temperature of 71.5 °C. The underlined nucleotide is the one that 

differs from the original eDNA. 

2.3.2 Purification of pTRC99A plasmid from E. coli BL21 cells 

Unless otherwise stated, all centrifugation steps were performed in an Eppendorf microcentrifuge 

5415D (F45-24-11 rotor) at room temperature. 60 f.!l of E. coli BL21 cells containing the 

expression vector pTRC99A (Pharmacia, 27-5007-01), which contains the Atlantic salmon fast 

skeletal muscle tropomyosin eDNA (Accession # NM _ 00 1123656) (Jackman et al. , 1996), was 

used to inoculate 6 ml of LB broth containing 25 f-lg/ml chloramphenicol and 100 f-lg/ml 

ampicillin and incubated overnight at 37 °C with agitation. The DNA from the overnight culture 
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was isolated using the Wizard Plus Miniprep kit (Promega) in accordance with manufacturer's 

instructions. Briefly, the cells were sedimented at 12,000 rpm for 2 mins and resuspended in 300 

111 of cell resuspension solution. Cell lysis solution (300 111) was added and sample was inverted 

several times. Neutralization solution (30 Jll) was added and again the sample was inverted 

several times. Samples were pelleted at 15,000 rpm for I 0 mins and supernatant was purified 

using the resin provided in the kit. The mini-column was washed using the wash solution 

provided and by centrifugation at 12,000 rpm for 2 mins. Nuclease-free water (50 Jl l) was used 

to elute the DNA and by a short centrifugation at 12,000 rpm. 

2.3.3 Site-directed mutagenesis 

Site-directed mutagenesis was carried out by means of the polymerase chain reaction usi ng the 

QuickChange Lightning Site-Directed Mutagenesis kit (Stratagene). All reagents were provided 

in the kit. Briefl y, double stranded DNA template (I 0-100 ng) was mixed with 5 111 of I Ox 

reaction buffer, I 111 of dNTP mix, 1.5 111 of QuikSolution reagent and 125 ng of each of the two 

custom-made oligonucleotide primers (see section 2.3.1 ). The sample was diluted to a final 

volume of 50 111 with sterile dH20 and then IJ.ll of QuickChange Lightning enzyme was added. 

DNA was amplified using a MJ Research Peltier Thermal Cycler 200 machine using the 

following parameters: 
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Segment Cycles Temperature Time 

I I 95 uC 2 minutes 

2 18 95 uC 20 seconds 

60 uC I 0 seconds 

68uC 30 seconds/kb of plasmid 

length 

3 I 68°C 5 minutes 

Following amplification, 2 J .. tl of Dpn I was added and the reaction mixture was incubated at 

37 oC for 5 min. 

2.3.4 Transformation of E. coli XLI 0-Gold Ultracompetent Cells 

Beta-mercaptoethanol (2 J..LI ) was added to 45 J.ll of XL I 0-Gold ultracompetent cell s in a pre­

chill ed tube which were then incubated on ice for 2 min. 2 J.ll of Dpn I treated reaction mixture 

(above) was added to the tubes which were incubated on ice for 30 min. After 30 min, tubes were 

heat pulsed in a 42 oc water bath fo r 30 sec fo llowed by incubation on ice for 2 min. 0.5 ml of 

NZY+ broth (preheated in a water bath to 42 °C) was added to the mixtures and tubes were 

incubated at 37 oc for I hr with shaking. I 00 and 200 J.ll of the transformation mixtures were 

plated onto LB agar plates containing 25 11g/ml chloramphenicol and 100 J..Lglml ampici llin. The 
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plates were incubated overnight at 37 °C. Fol lowing overnight incubation, a colony from the 

plate was used to inoculate 5 ml of LB broth containing 25 llg/ml chloramphenicol and I 00 

llg/ml ampici llin. The culture was incubated overnight at 37 oc with shaking. 

2.3.5 Transformation of E. coli BL21 Cells 

CaCb (450 111 , 0.1 M) was added to 50 111 of competent E. coli BL21 cells in pre-chilled tubes. 

DNA (I 0-100 ng) was added and the sample was incubated on ice for 30 min. The sample was 

heat shocked for 60 sec at 42 oc and incubated on ice for 2 min. 900 11! of preheated ( 42 °C) 

Super Optimal broth with Catabolite repression (SOC) (Invitrogen) was added and the 

transformation reaction was incubated at 37 oc for I hr with shaking. The cells were 

concentrated by centrifugation at 12,000 rpm for 2 min and the entire transformation reaction 

was spread onto LB agar plates containing 25 11g/ml chloramphenicol and I 00 11g/ml ampicillin. 

The plates were incubated overnight at 37 °C. A white colony was used to inoculate I 0 ml of LB 

broth containing 25 llg/ml chloramphenicol and I 00 llg/ml ampicillin. The cel l cul ture was 

incubated at 37 oc overnight with continuous agitation and finally stored at -80 oc in equi­

volume glycerol. 

2.4 DNA Sequencing 

Mutations were confirmed by DNA sequencing at CREAIT, Genomics and Proteomics Facility, 

Memorial University ofNewfoundland, Canada. The primers (from Operon) used to sequence 

the tropomyosin insert of the expression vector were: 

M13/pUC reverse 5 ' AGCGGATAACAATTTCACACAGG 3' 

pBad- rev 5 ' ATCAGACCGCTTCTGCGTTC 3 ' 
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C REAIT uses an Appli ed Biosystems ABI3 730x I sequencer that is automated except for some 

preliminary set-up. For each sample, 2 111 of Sx sequencing buffer, 0.5 111 of sequenc ing mix, 3.2 

pmol o f a primer, DNA template (at least 500 pmol) and nuclease-free water to obtain a volume 

of20 111 was added at RT. Samples were mi xed by vortexing briefly in a table top 

microcentrifuge. pG EM was set up as a control. A 9800 thermocycler (Applied Biosystems) was 

used for PC R amplificati on using the following program: 6 minutes at 96 °C, 25 cycles at 96 oc 

for I 0 seconds each, 50 °C for 5 seconds, 60 oc for 4 minutes and then 4°C until the samples 

were removed from the thermocycler. The samples were again briefly centrifuged at RT. 

The Agencourt C leanSEQ system (Agencourt Bioscience) was used to purify the PC R product 

for sequenc ing. Briefl y, I 0 111 of Agencourt C leanSEQ magnetic beads was added to each sample 

fo llowed by 62 111 of 85% ethanol (v/v) and mixed thoroughly . Sam ples were p laced onto a 

magnetic plate (Agencourt SPRIP!ate 69R). When the solution was clear (3 -5 min), it was 

aspirated from the sample and discarded. A I 00 111 a liquot of 85% ethanol (v/v) was added to the 

sample and after 30 seconds, the ethano l was d iscarded. This ethanol wash was performed again 

and the sample left to air dry fo r I 0 min. Deionized water ( 40 11!) was added to the sample after 

which it was removed fro m the magnetic tray. After 5 min, the sample was returned to the 

magnetic tray to isolate the DNA. After 5 min , 35 111 of sample was loaded into the ABI 3730x I 

fo r sequenc ing . Sequenc ing resul ts were ana lyzed using FinchTV from Geospiza and compared 

to the eDNA of Atlantic sa lmon fast muscle tropomyosin (Accession # NM _ 00 11 23656). 
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2.5 Protein expression and isolation 

Bacterial expression of the recombinant tropomyosin (mutated and non-mutated) was performed as 

described by Jackman et a!. (1996). Briefly, 40 ml of LB broth containing 25 !J.g/ml chloramphenicol 

and I 00 !J.glml ampicillin was inoculated with 400 ~-tl of E. coli cells. The cell culture was incubated 

overnight at 37 °C with agitation . 4 L of LB broth containing 25 !J.glml chloramphenicol and I 00 

!J.glml ampicillin was inoculated with the 40 ml of overnight cell culture. The cul ture was 

incubated at 37 °C wi th shaking and the absorbance at 600 nm was moni tored. When the 

absorbance reached 0 .6 - 0.8 , expression of tropomyosin was induced using 0.5 mM isopropyl ~-

0-thiogalactopyranoside (IPTG) (overnight, 37 °C, with shaking) . The following morning, the 

ce lls were pelleted in a Beckman J6-HC centrifuge at 4 ,000 rpm and 4 oc for 20 minutes. The 

cell s were dispersed in I 00 ml of 0 .2 M NaCI, 50 mM MOPS, I mM OTT at pH 7.0 and passed 

through a French pressure ce ll at room temperature (RT). The lysate was mixed with 1200 ml of 

the above buffer and stirred for 15 min (RT) following the addition of pheny lmethylsulfonyl 

(PM SF) fluoride (saturated, in isopropano l). Samples were centrifuged at 4 ,000 rpm and 4 °C for 

20 min . The supernatant was pi precipi tated by adjusting the pH to 4.6 and centri fuged at 4,000 

rpm and 4 °C for 30 min. The pell ets were dispersed in 800 ml total of buffer (0 .2 M NaCI, 50 

mM Tris, 0.5 mM EOTA, 0.25 mM OTT pH 7.9) at ~ I 0 oc for 15 min (again wi th addition of 

PM SF). Samples were centri fuged at 4,000 rpm and 4 oc for 20 min in a Beckman J6-HC 

centrifuge. The supernatant was precipitated by ammoni um sulfate (4 5%) fo llowed by 

centri fugation at 4,000 rpm and 4 oc for 30 min in a Beckman J6-HC centrifuge. Centrifugation 

was fo llowed by 70% ammonium sulfate precipitation of the supernatant. The sample was then 

centrifuged at 8,000 rpm for 45 min in a Beckman J2-2 1 centrifuge (JA-1 0 rotor) at 4 °C. The 

pe llets were dissolved in dH 20 and dia lyzed against dH 20 (containing ammonium bicarbonate 
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and mercaptoethanol) in the cold for 2 days with 4 water changes (for a tota l of20 L). Finally, 

the dialyzed sample was lyophilized. 

2.6 Enrichment of Tropomyosin 

2.6.1 Ion-Exchange Chromatography 

Approximately 300 mg of protein was dissolved in 40 ml of filtered starting buffer of 75 mM 

NaCI, 30 mM Tris, I mM dithiothreitol , pH8.0, at I 0 oc. A 2.5 x 14 em Q Sepharose Fast Flow 

column (volume of - 70 ml) (GE Healthcare Biosciences) was equilibrated wi th - 300 ml of the 

above buffer (filtered) at a flow rate of - 15 ml/hr, in the cold room. The dissolved protein 

solution was centrifuged at 6,500 rpm for II minute; the supernatant was decanted and then 

loaded onto the column at a rate of - 20 ml/hr. The column was washed with - 100 ml of starting 

buffer, at the same rate. The protein was eluted from the column by a salt gradient (300 ml+300 

ml) of75 - 500 mM NaCI. El ution occurred at a rate of - 30 ml/hr and fractions were collected 

every 9 min us ing a LKB 7000A UltroRac fraction collector. The collected fractions were 

analyzed via absorbance at 280 nm and by conductivity measurements (COM 80 conductivity 

meter, Radiometer) to determine which fractions contained tropomyosin . Fractions believed to 

contain tropomyosi n were confirmed via SDS 12% PAGE. 

2.6.2 Hydroxyapatite Chromatography 

A 2.5 x I 0 em hydroxyapatite column (volume of- 50 ml) (B io-Rad) was equilibrated at room 

temperature with 200 ml of filtered starting buffer conta ining I M NaCI, 0 .0 I% NaN3, 30 mM 

sodium phosphate, I mM d ithiothreitol, pH 7.0 at a rate of - 15 ml/hr. The combined 

tropomyosin containing fractions from the Fast Q column were directly loaded onto the column 
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at 15 ml/hr. The column was then washed with ~ 100 ml of starting buffer. Protein was eluted 

with a sodium phosphate gradient (300 m1+300 ml) of30 mM- 250 mM at a rate of ~ 20 ml/hr. 

Fractions were collected every 8 min using a LKB 7000A UltroRac fraction collector. SDS 12% 

PAGE and absorbance measurements at 280 nm were used to determine the tropomyosin 

containing fractions. These fractions were combined and dialyzed over two days against dH20 

(containing ammonium bicarbonate and mercaptoethanol) while changing the water four times 

(for a total of20 L) . The sample was then lyophilized. The enrichment of the protein was 

assessed by SDS 12% PAGE. 

2. 7 Affinity chromatography 

Five grams of freeze dried CNBr-activated Sepharose 48 (GE Healthcare, Biosciences) was re­

suspended in I mM HCI to a final volume of20 mi. The swollen gel was washed for 15 minute 

with I mM HCI (200 mllg ofpowder) and filtered until semidry. The ligand (10 mg/ml troponin 

from rabbit skeleta l muscle) di ssolved in 20 ml of coupling buffer (0.1 M NaHC03, 0.5 M NaCI, 

pH 8.3) was mixed with the gel and rotated overnight at 4 oc. It was washed with I 00 ml 

coupling buffer to get rid of excess ligand and any remaining active groups were blocked with 

0.1 M Tris-HCI, pH 8 for 16 hours at 4 °C. The next step was to wash the Sepharose (containing 

immobili sed troponin) w ith three cycles of a lternating pH, each consisting of a wash with 0.5 M 

NaCI, 0. 1 M acetate, pH 4 buffer followed by 0.5 M NaCI, 0. 1 M Tris, pH 8 buffer. Finally the 

affinity medium was stored at 4 °C in the presence of 0.0 I% NaN3 until packed into columns. 

Samples (either mutant or non-mutant tropomyosin) were applied to the column ( 0.9 cm x6 em) 

containing the ligand equilibrated in a start buffer containing I 0 mM imidazole, 20 mM NaCI, 

0.5 mM EGTA, 0.5 mM dithiothre itol , 0.01 % NaN3, pH 7, at 4 oc. Elution was effected by a 
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linear gradient (50 ml+50 ml) o f 20-500 mM NaCI at a rate of 12 ml/hr. Protein detection was by 

Bradford assay and Coomassie R-250 staining of SDS polyacrylamide gels. The N aCI 

concentrations of fractions were obta ined by measuring the conductivity (Radiometer 

Copenhagen, COM 80 conducti vity meter and CDC 114 electrode) and then converting into 

molarity us ing a standard curve generated for conductivity versus NaCI concentration. 

2.8 Thermal stability studies 

2.8.1 Circular dichroism 

Approx imate ly I 0 mg of freeze-dried tropomyosin (either mutated or non-mutated) was 

dissolved in 2 ml of buffe r (0.1 M KCI, 20 mM potassium phosphate, 0.0 1% NaN3, I mM EGTA, 

1.5 mM dithiothreito l, pH 7.0) and di alysed overnight against I L of the buffer in the cold room. 

Follow ing dia lys is, the sample was centrifuged to remove any insoluble prote in. A protein 

concentration of either I or 2 mg/ml sample was used. Spectra were recorded using a Jasco 810 

spectropolarimeter. Heat induced unfolding of mutant and non-mutant tropomyosins was 

determined by heating the protein from 5 oc to 70 °C in a water j acketed cell of O. I mm light 

path length and monitoring the ellipticity change at 222 nm. The temperature was controlled by a 

CTC-345 circul ating water bath. The temperature increase was perfo rmed at a rate of I °C/min. 

The scanning speed of the instrument was set at I 00 nm/min w ith normal sensitivity. The 

melting temperature was obta ined by determining the temperature of the normalized data at 50% 

unfo lding. 
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2.8.2 Differential scanning calorimetry 

Unfolding of tropomyosin was studied using a NANO DSC (TA instrument) high sensitivity 

differential scanning calorimeter. Heat capacity profiles were obtained by increasing the 

temperature at a rate of 1 °C/min. Samples were dialysed against 2 ml buffer (0.1 M KCI, 20 mM 

potassium phosphate, 0.01% NaN3, 1 mM EGTA, 1.5 mM dithiothreitol, pH 7.0) in the cold 

overnight. Approximately 800 ul buffer and sample (mutant or non-mutant recombinant 

tropomyosin, 2-3 mg/ml) was loaded to reference and sample cells respectively. A temperature 

gradient of 5-70 oc was used as per the circu lar dichroism experiments. For a single sample, at 

least three cycles of heating, cooling, and reheating was performed. 

2.9 Proteolytic methods 

2.9.1 Chymotrypsin and trypsin digestion 

Limited proteolysis by chymotrypsin and trypsin were carried out as described by Pato eta!. 

( 1981 ). The enzyme (2 mg) was dissolved in 2 mM HCI and dialyzed (I 0 mm dialysis tubing) 

overnight. Generally, I 0 mg of tropomyosin was dissolved in 2 ml of buffer: 50 mM NH 4HC03, 

0.1 M NaCI , I mM OTT, pH 8.5. The protein was dialyzed (I 0 mm dialysis tubing) overnight 

against I L of buffer in the cold room. Tropomyosin ( 400 flg) was digested with 0.6 flg of 

chymotrypsin (Worthington Biochemical Corporation) or trypsin (Sigma, Aldrich)(~ I :500 

enzyme to substrate mole ratio) at room temperature for 30 minute. At intervals, 20 fll of reaction 

mixture was removed and inhibited using 1 ~LM lima bean trypsin inhibitor (Worthington 

Biochemical Corporation) (dissolved in 20 mM Tris, pH 7.5). Digestion patterns were analyzed 

on a SDS 12% PAGE. 
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2.10 Electroblotting of digested samples 

Western blotting was performed on the proteolytic digest of mutant recombinant tropomyosin as 

described by Heeley and Hong ( 1994). The protein was transferred from unstained SDS­

polyacrylamide gels to polyvinylidene diflouride membrane in a mini-Trans-Blot Electrophoresis 

Transfer cell (Bio-Rad). Blotting was carried out in a buffer of I 0 mM CAPS (N-cyclohexyl-3-

aminopropanesul fonic acid), I 0% (v/v) methanol, pH 11 .00 at 60 V for 3 hrs. The membrane 

was briefly stained (2 min) in 40% (v/v) methanol, 0.1% Coomassie Brilliant Blue R-250 and 

destained in 50% (v/v) methanol(< 5 min). The membrane was then left to air dry. Edman-based 

sequencing was performed in the Advanced Protein Technology Center at Sick Children's 

Hospital, Toronto. 

2.11 Data manipulation 

2.11.1 eDNA sequences 

A ll eDNA sequences were analyzed using FlinchTV (Geospiza) to perform blast searches and 

visua lize e lectrograms. 

2.11.2 Graphing 

Graphing was done using Graphpad Prism. 
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Chapter 3 

Results and Discussion 

3.1 Purification of DNA from BL21 Plasmids 

The pTrc99A expression vector with tropomyosin eDNA insert from the E. Coli BL21 cells was 

used to express sufficient quantities of recombinant tropomyosin for biochemical analysis. The 

concentration was assessed by using a Nanodrop (Thermo scientific) spectrophotometer. The 

Nanodrop gives the ratio for the measurements of A260/A280, which indicates the nucleic acid 

purity. A value between 2.0 - 2.2 indicates an acceptable level of protein content. The DNA 

samples that were used had an A260/A280 ratio of 1.8-2.1. The concentrations ofthe DNA were 

determined to be between 80-120 ng/11!. 

3.2 Deoxyribonucleic Acid Sequencing 

The mutation of the tropomyosin at position '77' was confirmed prior to any experimental 

analysis. The nucleotide sequencing was carried out in CREAIT and the sequence results were 

compared to that of Salmo salar (Atlantic salmon) fast myotomal muscle tropomyosin mRNA 

(Accession # NM _ 00 1123656). Six candidates of the mutant tropomyosin were submitted for 

sequencing and only the samples (five of six) that contained the desired mutated nucleotide base 

were used for further experiments. Figure 5 shows the mutation from threonine (ACA) to lysine 

(AAA) at position 231 . 
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AGAGCTGAGGGAGCCGAGGGAGACAAGAAGGCAGCAGAGGACAAGAGCAAACAGCTCGAG 121 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
AGAGCTGAGGGAGCCGAGGGAGACAAGAAGGCAGCAGAGGACAAGAGCAAACAGCTCGAG 

GATGACTTGGTAGCTCTGCAGAAGAAGCTGAAGGGAACAGAGGATGAGTTGGACAAGTAC 181 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
GATGACTTGGTAGCTCTGCAGAAGAAGCTGAAGGGAACAGAGGATGAGTTGGACAAGTAC 

TCTGAGTCTCTTAAGGATGCACAGGAGAAACTTGAGGTGGCTGAGAAGAAAGCCACGGAC 241 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
TCTGAGTCTCTTAAGGATGCACAGGAGAAACTTGAGGTGGCTGAGAAGACAGCCACGGAC 

GCTGAGGCCGATGTCGCTTCCCTTAACAGACGTATCCAGCTAGTTGAGGAGGAGTTGGAT 301 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
GCTGAGGCCGATGTCGCTTCCCTTAACAGACGTATCCAGCTAGTTGAGGAGGAGTTGGAT 

CGTGCTCAGGAGCGTCTGGCAACTGCCCTGACCAAGCTGGAGGAGGCTGAGAAGGCGGCT 361 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
CGTGCTCAGGAGCGGCTGGCAACTGCCCTGACCAAGCTGGAGGAGGCTGAGAAGGCGGCT 

GATGAGTCTGAGAGAGGCATGAAGGTCATTGAGAACAGGGCCTCCAAGGATGAGGAGAAG 421 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
GATGAGTCTGAGAGAGGCATGAAGGTCATTGAGAACAGGGCCTCCAAGGATGAGGAGAAG 

Figure 5: Confirmation of the Thr77Lys tropomyosin mutation compared to the eDNA of 

Atlantic salmon fast muscle tropomyosin 

Only a partial DNA sequence is shown to confirm the mutation. The mutated base (# 231) is in 

bold red and underlined. The central base of the indicated ACA codon was changed to adenine to 

encode lysine, AAA. 
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3.3 Expression of Tropomyosin 

Isopropyl ~-0-1 th iogalactopyranoside (IPTG) (500 11M) was used to induce the expression of 

tropomyosin from cultures of E. coli BL21 cells. Small scale (approximately 8 ml of bacterial 

culture) induction of tropomyosin (Figure 6) was carried out prior to large scale ( 4 L) induction 

to ensure that the tropomyosin would be expressed. In the case of the non-mutant (control), the 

electrophoretic analysis of a tota l cell lysate (Figure 6, right-sided gel) shows that tropomyosin is 

one of the major protein components (Figure 6, right-side gel, centre lane). Conversely, the 

appearance of an induced protein band is not clearly evident in the case of the Thr77Lys mutant 

(Figure 6, left-sided gel). This can be explained by an alteration in the e lectrophoretic mobi lity of 

the mutant rather than a lack of induction for the fo llowing reasons. When protein was isolated 

from an induced lysate by isoelectric-precipitation and subjected to SDS PAGE but with 5 M 

urea in the separating phase (Sender, 197 1 ), which is a well -known test for tropomyosin, a band 

migrating at approximately 55,000 Da was observed (data not shown) which was not seen in 

Figure 6, signify ing the presence of tropomyosin (Sender, 197 1 ). Further, from close inspection 

of the stained gel in Figure 6 it is evident that the bacterial prote in band positioned just below the 

37, 000 Da marker is more intensely stained in the induced mutant sample compared to the 

uninduced sample. This would arise if the electrophoretic mobili ty ofThr77Lys tropomyosin in 

the presence of SDS (and with no urea in the separating phase) is increased relative to the control, 

a point that is substantiated later in the thesis, such that the mutant runs together with this 

particular bacterial protein. 
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Such shifts in tropomyosin have been reported before, the classic case being the separation ofthe 

alpha and beta isoforms in rabbit skeletal muscle (Cummins and Perry, 1973). Based on amino 

acid seq uence information (Mak eta!., 1980) it has been hypothesized that the presence of 

additiona l positively charged groups in tropomyosin leads to the binding of more detergent 

molecules rather than any difference in shape. 

Tropomyosin is not the only protein to display anomalous migration during SDS PAGE. Other 

examples include proteins that contain a large number of aspartates and glutamates (Matagne et 

a!. , 1991 ), carbohydrate (Grefrath and Reynolds, 1974) and hydrophobic residues (Rath eta!., 

2009). In these instances the mass ratio of SDS to protein varies from the value of 1.4 g per g 

(Reynolds and Tanford, 1970). The present findings were useful in that they cater for the 

identification of fragments contain ing Lys77 (see section 3.6). 
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Figure 6: SDS PAGE analysis of a lysate ofiPTG-induced E. coli BL21 cells containing 

recombinant tropomyosins 

Five ml of LB broth (containing 25 11g/ml of chloramphenicol and 100 11g/ml of ampicillin) was 

inoculated using 5 111 of E. coli BL21 cells. The samples were induced with 500 11M IPTG when 

the A600 was between 0.6-0.8 and then incubated overnight at 3 7 °C. 100 111 of sample was 

pelleted and dissolved in 50 111 of SDS buffer. 10 111 of sample was run on 12% (w/v) SDS 

polyacrylamide gel and stained in Coomassie Brilliant Blue R-250. Mutant contained the 

Thr77Lys mutation, non-mutant recombinant tropomyosin was used as control. 'Ind ' represents 

induced cultures, 'Un-ind ' represents un-induced cultures, Mr is a molecular weight marker; 

arrows point to the induced tropomyosin in both control and mutant samples. 
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Enrichment of tropomyosin was carried out on a large scale by isoelectric point precipitation and 

sa lt-induced precipitation followed by ion exchange and hydroxyapatite chromatography. Figure 

7 shows the elution profile of protein from a Q Sepharose Fast Flow column with a salt gradient 

of 75-500 mM NaCI. Fractions were analysed via absorbance at 280 nm and electrophoresis 

(Figure 7 and 8 insets) confirmed that the protein was eluting in fractions 171-193. These 

fractions were pooled and loaded directly onto a hydroxyapatite column. This column works 

because negatively charged groups within tropomyosin are adsorbed by Ca2
+ sites and then 

eluted by a phosphate gradient (30-250 mM phosphate). Tropomyosin eluted in fractions 121-

150 (Figure 8) were pooled, dialyzed against dH20 and lyophi lized. The level of enrichment of 

the final sample was assessed by SDS PAGE using loadings of > IO j.lg (Figure 9). At such a high 

load ing a few trace contaminants are evident, but it is clear that the main component of the 

protein samples is tropomyosin. The yield was ~ 20 mg of enriched tropomyosin per litre of 

growth medium. A final point is that Figure 9 demonstrates the mutant protein (lanes 2 and 3) to 

possess a slightly faster electrophoretic mobility than the non-mutant (lane I). This shift causes 

the mutant to co-migrate with a bacterial protein making it harder to detect in a whole cell lysate 

(Figure 6). 
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Figure 7: Q Sepharose Fast Flow chromatography profile of crude recombinant 

tropomyosin 

Column dimensions, 2.5 x 14 em (volume, 70 ml); buffer, 30 mM Tris, I mM OTT, pH8.0; salt 

g radient, 75-500 mM NaCI; cold room. Absorbance was measured at 280 nm using a Beckman 

DU-64 spectrophotometer. Horizontal bar indicates tropomyosin contain ing fractions as 

confirmed by SDS PAGE (inset). Lane numbers 1-9 correspond to fraction numbers 84, 110, 166, 

173, 176, 178, 182, 190, and 195, respectively. Lane I 0 is tropomyosin standard. Tropomyosin 

band was more intense at fraction number 176. 

- 44 -



1 .2 

0.8 

E 
c 

0 
00 
N 

~ 0. 6 
c 
Ill 
.Q ... 
0 

"' .Q 
<( 

0 .4 

0.2 

0 
0 20 40 60 

6 

80 

10 

ropomyos1r 
stanrlard 

100 

Fraction II 

120 140 160 180 

Figure 8: Hydroxyapatite chromatography profile of recombinant tropomyosin 

200 

Column dimensions, 2.5 x 16 em (volume, 80 ml); buffer, I M NaCI , 0.0 I% NaN3, I mM OTT, 

pH 7.0 ; phosphate gradient, 30-250 mM sodium phosphate; temperature, - 25 °C. Fractions 121-

150 contained tropomyosin (ind icated by a horizontal bar) as assessed on SDS gel (inset). Lane 

numbers 1-9 correspond to fraction numbers 18, 64, 115, 120, 124, 128, 134, 138, and 148, 

respectively. Lane I 0 is tropomyosin standard. 
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Figure 9: SDS PAGE analysis of highly-enriched mutant and non-mutant tropomyosins 

I - Non-mutant recombinant tropomyosin; 2 and 3 - two loadings of Thr77Lys mutant 

recombinant tropomyosin; 4 - Molecular weight markers. More than I 0 ug of protein was loaded 

into lanes 1-3 . Lane 4 contained molecular weight markers. The 12% (w/v) polyacrylamide gel 

was stained in Coomassie Brilliant Blue R-250. 
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3.4 Thermal stability studies 

3.4.1 Circular dichroism 

Figures I 0 to 16 document the use of circular dichroism (CD) to observe the heat-induced 

unfolding of the mutant and non-mutant recombinant tropomyosin(- 2 mg/ml in 0. 1 M KCI , 20 

mM potassium phosphate, 1.5 mM OTT, 0.01 % NaN3, pH 7.00). Unfolding profiles were 

developed by monitoring the ellipticity at 222 nm as a function of temperature. The signal at 222 

nm is sensitive to the a-hel ical content of the molecule (Greenfield and Fasman, 1969). This 

wavelength was chosen because it is well known that the secondary structural elements of 

tropomyosin are mainly a-hel ical (Cohen and Szent-Gyorgyi , 1957). The samples were exposed 

to temperatures from 5-70 °C, at a rate of I oc I min. The average of the first 4 data points (5-

9 °C) was taken to be the starting ( 100%) ellipticity and the average ofthe last 4 data points (67-

70 °C) was taken to be the end (0%) ellipticity. Each sample was analyzed at least five times and 

the results were averaged in order to create a normalized melting curve of the samples. The 

formula used to ca lculate the normalization was: 

8- 8end x I 00 

8start-8end 

Where: 8 is the el li piticity of the sample at the particular temperature 

8end is the average ending ellipticity and 

8start is the average starting ellipticity 

The melting temperature (Tm) was taken to be the temperature at which there was a 50% signal 

change. The change in relative ellipticity at 222 nm as a function of temperature showed that the 
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transition temperature for unfolding of non-mutant and mutant tropomyosin are 40 °C and 45 oc 

(Figures I 0 and 13), respectively, at 0. 1 M salt (pH 7 + OTT) when heated at a rate of I °C/min, 

indicating that non-mutant tropomyosin is the least conformationally stable of the two (Table 2). 

Since there is only a single amino acid difference between the two tropomyosins this reduction in 

melting temperature is directly attributable to the presence of threonine in position 77 (as 

opposed to lysine). Comparing the 20 amino acid differences among salmon and rabbit 

tropomyosins (Table I), the mutation of threonine (salmon) to lysine (rabbit) occurs at a 'g ' 

position which, as mentioned earlier, is important for salt bridge formation. On this point the 

salmon protein may (compared to rabbit) lose an intra-helical ion pair (between Lys-77 and Asp­

SO) as well as an inter-helical ion pair (between Lys-77 and Glu-82) (Figure 2A). 

- 48 -



20 

0 

·20 

CD(md g] 

.oi l 

rt..! 

2 ) 

/ 
/ 

'-) 

,. 

dT 

' I 
/ 

·, I 

'. •.' 

I 
; 

/'v 
I •, 

I 

' 
,-,.,~r .. lu• ;:.;J 

• l 2 l' I ) 

Figure 10: Circular dichroism and thermally induced unfolding of the Thr77Lys mutant 

recombinant tropomyosin from Atlantic salmon 

Ellipticity of mutant tropomyosin(~ 2mg/ml in O.lM KCI, 20mM potassium phosphate, 1.5mM 

DTT, 0.01% NaN3, pH 7 .00) at 222nm was monitored constantly over a linear temperature 

gradient of 5-70 oc using a Jasco-81 0 spectropolarimeter. Heating rate was at 60 oc per hour and 

light path length, 0.1 mm. Main graph is a wavelength scan at 5 °C. Inset is the first derivative of 

the ellipticity change monitored at 222nm over the temperature gradient. Average melting 

temperature of five repeated experiments is 45 °C ± 0.2. 
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Figure 11: Normalized curve of the melting profiles of five samples of Thr77Lys 

--Trial 1 

-- Trial2 

Trial3 

-- Tr·ia14 

--Trial 5 

Unfolding was monitored at 222 run from 5-70 oc in a 0.1 mm cell. Five samples of tropomyosin 

from the same stock (2 mg/ml in 0.1 M KCl, 20 mM potassium phosphate, 0.01% NaN3, 1 mM 

EGTA, 1.5 mM OTT pH 7.0) were analysed. The first three trials were performed on a freshly 

dialyzed material. The last two trials were performed the next day on frozen sample. There was 

no detectable difference between the trials on the two different days. 
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Figure 12: Thermally induced unfolding of the Thr77Lys mutant recombinant 

tropomyosin from Atlantic salmon as monitored by far-UV circular dichroism. 

First order derivative of ellipticity of mutant tropomyosin (~2mg/ml in 0.1 M KCI, 20mM 

potassium phosphate, 1.5mM OTT, 0.01% NaN3, pH 7.00) as monitored at 222nrn over a linear 

temperature gradient of 5-70 oc using a Jasco-81 0 spectropolarimeter. Heating rate was at 1 oc 

per minute and light path length, 0.1 mm. The melting experiments were repeated at least five 

times with an average melting temperature of 45 °C ± 0.2. Partial unfolding, in the twenty degree 

range, of salmon fast tropomyosin has been observed before (Jackman et a! 1996). However, the 

above traces are too noisy for a firm conclusion to be made. 
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Figure 13: Circular dichroism and thermally induced unfolding of the non-mutant 

recombinant tropomyosin from Atlantic salmon 

Ellipticity of mutant tropomyosin (~2mg/ml in O.lM KCl, 20mM potassium phosphate, 1.5mM 

OTT, 0.01% NaN3, pH 7.00) at 222nm was monitored constantly over a linear temperature 

gradient of 5-70 oc using a Jasco-81 0 spectropolarimeter. Heating rate was at l oc per minute 

and light path length, 0. l mm. Main graph is a wavelength scan at 5 °C. Inset is the first 

derivative of the ellipticity change monitored at 222nm over the temperature gradient. The 

average melting temperature of five repeated experiments is 40 oc ± 0.24. 
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Figure 14: Normalized curve of the melting profiles of five samples of non-mutant 

recombinant tropomyosin 

Unfolding was monitored at 222 run from 5-70 oc in a 0.1 mm cell. Tropomyosin sample, 2 

mg/ml, in 0.1 M KCI, 20 mM potassium phosphate, 0.0 I% NaN3, 1 mM EGT A , 1.5 mM OTT, 

pH 7.0 
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Figure 15: Thermally induced unfolding of the non-mutant recombinant tropomyosin from 

Atlantic salmon as monitored by far-UV circular dichroism. 

First order derivative of ellipticity of non-mutant tropomyosin ( ~2mg/ml in 0.1 M KCI, 20mM K 

(P), 1.5mM OTT, 0.01% NaN3, pH 7.00) as monitored at 222nm over a linear temperature 

gradient of 5-70 °C using a Jasco-81 0 spectropolarimeter. Heating rate was at 1 oc per minute 

and light path length, 0.1 mm. The melting experiments were repeated at least five times with an 

average melting temperature of 40 oc ± 0.24. As with Figure 12, on account of the noise we are 

cautious about attributing the peaks in the twenty degree range to an unfolding event. 
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Figure 16: Comparison of the averaged, normalized melting curves of the mutant and the 

non-mutant tropomyosin. 

The curves are colour coded: Mutant Thr77Lys in blue, non-mutant in red. 
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3.4.2 Differential scanning calorimetry 

A calorimeter was used to monitor the thermal denaturation of non-mutant and mutant 

recombinant tropomyosin by direct heating (Figure 17 and 18). This procedure was carried out in 

order to corroborate the results obtained using circular dichroism. Calorimetry was conducted 

with protein solutions at a concentration (5 mg/ml) higher than those used fo r circu lar dichroism 

(2 mg/ml) but the same buffer composition and pH (7.00) was used for both experiments. The 

melting temperatures of non-mutant and mutant tropomyosin were determined to be 40.5 and 

43.5 oc respectively. Thus, like circular dichroism, calorimetry indicates that the mutant is less 

thermally stable. An unfo lding study of rabbit and shark tropomyosins by Hayley et al. (20 I I) 

also revealed agreement between the two methods, indicating that the change in secondary 

structure measured by circular dichroism and the overall thermodynamic phase change measured 

by calorimetry are not independent events. 
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Figure 17: Thermal denaturation of non-mutant recombinant ta-opomyosin as monitored 

by differential scanning calorimetry. 

Experimental detail s are as follows: protein concentration, 5 mg/ml ; buffer, 0.1 M KCI , 20 mM 

phosphate, 1.5 mM OTT, 0 .0 I% NaN3, pH 7.00; scan rate, I °C/min; cell vo lume, 0 .3 mi. 

Exothermic heat of reaction profiles is presented as the first derivative of the progress ive curve 

versus temperature. Melting temperature, 40.5 °C. 
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Figure 18: Thermal denaturation of mutant recombinant tropomyosin as monitored by 

differential scanning calorimetry. 

Experimental details are as indicated in Figure 17. Melting temperature, 43.5 °C. 
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3.5 Affinity Chromatography 

3.5.1 Effect of T77K mutation on the binding of tropomyosin to troponin 

The binding affinity of mutant and non-mutant recombinant tropomyosin to troponin was 

assessed on troponin-Sepharose 4B using a linear gradient of sodium chloride. Protein elution 

was determined by Bradford assay of the chromatography fractions and Coomassie R-250 

staining of electrophoretically separated protein bands. Figures 19 and 20 show the elution 

profiles and conductivity measurements . At a loading of~ 15 nmoles both recombinant 

tropomyosins bound to the column. The affin ities of interaction were compared by taking the 

conductivity reading of the fraction having the highest absorbance. When this was done, it is 

evident that the non-mutant eluted earlier in the salt gradient than the mutant. The conductivities 

are: non-mutant, 4.3 mS/cm (Figure 19) and mutant, 6 .5 mS/cm (Figure 20). Using a NaCI 

standard plot, these conductivities correspond to NaCI concentrations of 30 and 55 mM (Table 2). 

Thus, under the experimental conditions used, the mutation of threonine to lysine at position 77 

in the amino acid sequence can be said to enhance adhesion oftropomyosin to its thin filament 

partner, troponin. 

There are a number of published reports (Brisson eta!., 1986; White et a!. , 1987; Goonasekara et 

a!. , 2007, and Goonasekara and Heeley, 2009) which point to the existence of a troponin-T 

binding site within the amino-terminal region oftropomyosin such that troponin-T form s a 

' bridge' across the overlap site . On the surface, the current findings are consistent with this 

postulate but there are a number of complicating factors. One, due to the difficulty in preparing 

troponin from fi sh (D. Heeley, personal communication), the source of the immobilised troponin 
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was rabbit skeletal muscle. It follows that a different result may have occurred w ith the true 

physiolog ica l form oftroponin. Two, since tropomyosin can be likened to a protein transmission 

cable, the consequence of the mutation, while not grossly altering the structure, may not be 

restricted to the locality ofresidue-77. That is, there could well be ramifications for the down­

stream and up-stream flanking parts of the molecule . Three, unacetylated tropomyosin is 

expected to be essentially monomeric (i.e. non-polymerised) even in the low ionic strength 

chromatography start buffer. If troponin-T attaches to sequences at either end of tropomyosin, a 

mixture of interactions can be envisaged. On this point, a simpler future experiment would be to 

use the cyanogen bromide fragment oftroponin-T (res. I - 151) in conjunction w ith 

tropomyosin-Sepharose. Either way, it would not be possible to rule out a non-specific charge 

effect involving c lusters of negative charges in troponin-T (Pearlstone eta!., 1977 a and b) as the 

bas is for the altered interaction (Figures 19 and 20). Further, it should be noted that the loss of 

the amino-terminal acety l group has a big negative effect on troponin-T binding (Palm eta!, 

2003 and Goonasekara et al, 2007). 

Despite the limitations of the chromatography method which was used in this research project, 

the results represent a start and provide suffic ient grounds to warrant further investigation . 
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Figure 19: Affinity chromatography profile of non-mutant recombinant tropomyosin 

Buffer: I 0 mM imidazole, 0.5 mM OTT, 0.5 mM EGTA, 0.0 I% NaN3, pH 7 in cold room with a 

NaCI gradient of20 to 500 mM . Column dimensions, I em (width) x 6 em (length); fraction 

volume, I .2 ml; fl ow rate, 0.2 ml/min; amount of tropomyosin loaded, - I mg ( 15 nanomoles). 

Protein detection was by Bradford assay (A595) (Panel A) and Coomassie R-250 staining ofSDS 

polyacrylamide gels (Panel B). 

B: SDS PAGE of eluted fractions . Lane 1-3 with fraction numbers 12, 20, and 22 and molecular 

weight marker (lane 4) of about I 0 111 were loaded on the gel after heating mixture of eluted 

sample (50 Ill) and sample buffer (50 Ill). Binding affin ity is apparent from the intensity of the 

stained bands as a function of fraction numbers. 
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Figure 20: Affinity chromatography profile of mutant T77K recombinant tropomyosin 

The experimental conditions were the same as mentioned in Figure 19. 

B: SDS PAGE of eluted fractions. Lane 1-4 with fraction numbers 25, 35 , 38, and 42 and 

molecular weight marker (lane 5) of about I 0 111 were loaded on the gel after heating mixture of 

eluted sample (50 11!) and sample buffer (50 ~d ) . Bind ing affinity is apparent from the intensity 

of the stained band as a function of fraction numbers. 

- 62 -



Table 2: Comparison of mutant and non-mutant tropomyosin 

Affinity Circular Dichroism Differential Scanning 
Chromatography Calorimetry 

(mM) 
(T °C) (T °C) 

Control 30 40±0.24 40.5 

Mutant T77K 55 45±0.2 43.5 

• Affinity chromatography: The NaCl concentration (mM) corresponds to the 

chromatography fraction containing the greatest amount of tropomyosin as determined by 

Bradford assay and staining of polyacrylamide gel. 

• Circular dichroism: The temperature corresponds to the mid-point of the 8222 versus 

temperature unfolding profile. Standard deviation ±. 

• Differential scanning calorimetry: Exothermic heat of reaction profiles versus 

temperature. 
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3.6 Proteolytic analysis 

3.6.1 Chymotrypsin and trypsin digestion 

Limited proteolysis was used to examine the effect that a threonine at position 77 has on the 

conformational stability of Atlantic salmon tropomyosin compared to lysine in the same position, 

as occurs in rabbit tropomyosin . Chymotrypsin cleaves peptide bonds on the carboxy-terminal 

side of phenylalanine, tyrosine and tryptophan and sometimes leucine and methionine. The initial 

cleavage site of chymotrypsin in rabbit tropomyosin is residue 169 (leucine) (Pato and Smillie, 

1981 ). Trypsin cleaves peptide bonds on the carboxy-terminal side of lysine and arginine. 

Time studies were performed at a temperature of 25 °C. Digestion was halted by addition of a 

protein inhibitor fo llowed immediately by heating in SDS-containing buffer. The time samples 

were then applied to the same gel (Figures 21 and 22) whereupon, after electrophoresis and 

staining, the shifted mobi li ty of mutant Thr77Lys is once more evident. In the case of 

chymotrypsin (Figure 2 1) the first proteolytic product, observed after I 0 minute incubation, runs 

just under the band corresponding to intact protein (Figure 21 , lanes 3 and 4). This result 

indicates that the preferred site of cleavage involves the removal of a short peptide from one of 

the ends of the molecule leading to a small change in mobility. Judging from the staining 

intensities (Figure 2 1, lane 3 and 4), at the ten minute mark roughly 50% cleavage has occurred 

at the preferred site in both tropomyosins. At this stage in the experiment no fragments are 

observed farther down the gel (Figure 21 lane 3 and 4) but continued incubation leads to the 

appearance of smaller fragments, apparent masses ~ 15 kDa and ~ 12 kDa (F igure 2 1, lanes 5 - 8). 

Based on their sizes, it can be assumed that these polypeptides emanate from cleavage within the 
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centre of the molecul e. In addition to the smaller pieces, the later time samples also contain the 

long fragment but no intact protein. 

Interestingly, the ~ 15kDa polypeptide exhibits the mobility-shift that has been described earl ier, 

but the ~ 12 kDa polypeptide does not (Figure 21 , lanes 5 - 8). A simple interpretation is that the 

larger of these two fragments contains residue 77 and the smaller represents the carboxy-terminal 

portion which is of equival ent length (mutant and non-mutant). Another observation is that there 

is no dramatic difference in susceptibility ofthe two tropomyosins to chymotrypsin, although the 

two smaller fragments are present in greater abundance based on their darker staining (and the 

intact molecule is in correspondingly lower abundance) in the mutant compared to the non­

mutant (see lanes 7 and 8 of Figure 2 1 ). Thus, it is possible that the Thr77Lys is s lightly more 

susceptible to proteolysis in the middle of the molecule than the control. 

When the experiment is repeated with trypsin it is c lear that mutation of residue 77 does not 

markedly alter the timing pattern of digestion (Figure 22). The outcome of treatment w ith trypsin 

is more complicated than with chymotrypsin in that more fragments are generated. From 

prev ious work (Goonasekara et al. , 2008) one of these is expected to arise from cleavage w ithin 

the triple lys ine seq uence between residues 5 - 7. Such an event is consistent with the band in 

lanes 5 and 6 of Figure 22 positioned under the one corresponding to full - length protein. At the 

earliest time sampled of 5 minutes, four major fragments are detected in the middle of the gel 

(Figure 22, lanes 3 and 4). The mobility of two ofthese species is shifted (mutant versus non­

mutant), suggesting that they contain residue-77 whereas the other two are not sh ifted . In terms 

of susceptibility to trypsin, the mutant tropomyosin appears to be breaking down at a s lightly 
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faster rate re lative to the contro l, but as in the chymotrypsin experiment the d ifference is not 

dramatic. 

Figure 21: Comparison of the susceptibility of mutant T77K and non-mutant tropomyosins 

to limited chymotryptic digestion at room temperature. 

Buffer: 50 mM N H4HC03, 0. 1 M NaCI, I mM OTT, pH 8.5. 400 1-1g tropomyosin digested with 

0.6 1-1g chymotrypsin (- I :500 enzyme to substrate mo le ratio). The reaction was stopped by 

mixing with lima bean trypsin inhibitor. Samples were heated in the presence of SDS, 

electrophoresed and stained using Coomassie R-250. The two tropomyosins were digested side­

by-side. 

Mutant T77K - Lanes I , 3, 5, and 7. Non-mutant - Lanes 2, 4, 6, and 8. Lane I 0- Molecular 

weight marker. Lanes I and 2 have no chymotrypsin and the ensuing lanes represent increasing 

intervals oftime (10, 20, and 30 minutes.) 
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The fragments that were sequenced following western blotting are indicated as I, 2, and 3. 

) 3 5 6 7 8 9 10 

33K.Da 

Figure 22: Comparison of the susceptibility of mutant T77K and non-mutant tropomyosins 

to limited tryptic digestion at room temperature. 

The experimenta l conditi ons were the same as mentioned in fi gure 22. 

Mutant T77K - Lanes I, 3, 5, 7, and 9. Non-mutant - Lanes 2, 4 , 6, 8, and I 0. Lanes I and 2 

have no chymotrypsin and the ensuing lanes represent increasing intervals of time (5 , 15 30 and 

60 minutes). Only one fragment ( I) was sequenced. 
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3. 7 Sequencing of Proteolytic Fragments 

Aliquots of the samples from the proteolysis experiment (Figures 22 and 23) were also 

electroblotted with a v iew to performing Edman-based sequencing. Three fragments from the 

chymotrypsin digestion and one from the trypsin digestion were selected. For chymotrypsin, 

fragment I (as indicated in Figure 22 lane 4) was the large fragment fro m non-mutant 

tropomyosin. It was subj ected to II cycles of sequencing. Fragments 2 and 3 (as indicated in 

Figure 22 lane 5) from mutant tropomyosin each underwent 6 sequencing cycles. For trypsin, 

only one fragment was sequenced (as indicated in Figure 23) from mutant tropomyosi n. It 

underwent 6 cycles as well. The results are summarised in Table 3. 
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Table 3: Amino-terminal sequences of electroblotted fragments of recombinant Atlantic 

salmon tropomyosin. 

Chymotrypsin 

Fragment I: Lys12-Leu-Asp-Lys-Giu-Asn-A ia-Leu-Asp-Arg-Aia22 

Fragment 2: Lys12-Leu-Asp-Lys-Giu-Asn 17 

Fragment 3: Val 17o-lle-IIe-G iu-Ser-Leu 175 

Trypsin 

Fragment I: Metl-X-Aia-Jie-Lys-Lys6 

The partial sequences were aligned with the published sequence of Atlantic salmon fast muscle 

tropomyosin (Heeley et al., 1995). X, unidentified phenylthiohydantoin amino acid. 
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Comparison w ith the complete sequence of salmon skeletal tropomyosin (Heeley et al., 1995), 

demonstrates that the amino-terminal residue for chymotryptic fragments I and 2 is Lys 12. Since 

fragment I is the first proteolysed product (Figure 21 ), th is shows that the ini tia l chymotrypsin 

cleavage site on recombinant salmon tropomyosin (using a temperature of25 °C) is the peptide 

bond between residues Leu 11 and Lys 12. Further, since there is no reported evidence of 

chymotrypsin c leaving c lose to the carboxy-terminal end of the molecule, the large fragment can 

be assumed to encompass residues 12 - 284. The initial internal cleavage site in the mutant 

tropomyosin was not determined by sequencing but appears to be the same as the non-mutant. 

This statement is based on the fact that the distance on the gel (F igure 21) between the large 

fragment and the corresponding intact protein is the same for both tropomyosins. 

The mutation at position 77 had no detectable effect on hydrolysis of the peptide bond between 

Leu- 11 and Lys- 12. Figure 2 1 shows that following 10 minutes of digestion (lanes 3 and 4) the 

two samples oftropomyosins had roughly equal amounts ofthe large fragment. Although 

chymotrypsin usually cleaves proteins on the carboxy-terminal side of aromatic amino acids, it 

occasionall y cleaves on the carboxy-terminal side of leucine. The same is true for rabbit skeletal 

tropomyosin, however, in the case ofthe mammalian protein a di fferent leucine is involved, 

residue 169 (Pato and Smi llie, 198 1). Interestingly this particular leucine occurs at theN­

terminus of fragment 3 (Table 3). Since this fragment is produced after fragment I in the time 

study (Figure 2 1 ), Leu- 169 is considered a secondary c leavage s ite in recombinant tropomyosin. 

- 70 -



Thus, putting all of the ev idence together, the first product of chymotryptic digestion is a large 

fragment spanning residues 12 - 284 and a smaller fragment that ran off the gel. Subsequent 

cleavage of this fragment yields two fragments, residues 12 - 168 (fragment 2) and residues 169 

- 284 (fragment 3). It should be pointed out that fragment 2, which contains the mutated amino 

acid, displays a mobility shift whereas fragment 3 does not (Figure 21 ). 

What is the reason for the di fferent action of chymotrypsin on skeletal tropomyosins from fish 

and mammal? One possible explanation is that the recombinant tropomyosin is unacetylated. 

Research has shown that having an unacetylated methionine at residue I causes the protein to be 

more destabilized at theN-terminus (Hitchcock-DeGregori and Heald, 1987; Greenfield et al., 

1994; Frye et al. , 20 I 0) . This destabilization could be the reason as--te why the recombinant 

sa lmon tropomyosin is initially cleaved by chymotrypsin near theN-terminus. A second possible 

explanation for the di fference in initial cleavage is the presence of a unique pair of glycines at 

positions '24' and '27' in salmon tropomyosin which makes it more fl exible and thus more 

susceptible to proteolysis (Fudge and Heeley 20 II). 

The tryptic fragment (Figure 22) that was selected for sequencing gave methionine in the first 

cycle (Table 3). Although it was not possible to assign an amino acid in second cycle, the 

subsequent cycles show that thi s fragment contains the fi rst six amino acids in tropomyosin 

(Table 3). This is an important result because it demonstrates that the mutant tropomyosin is 

intact at this end. 
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Chapter 4 

General Discussion and Future Experiments 

4.1 General Discussion 

Molecular motion is temperature-dependent. In the absence of compensation, large biomolecules 

such as proteins becomes excessively rigid at low temperature and cease to function. 

Investigations of the strategies which prevent this from happening have been carried out mostly 

on g lobular proteins. Structural comparisons across different temperature reg imes have revealed 

that no two protein families are exactly alike in how they deal with the cold. However, certain 

trends are apparent. In general , the number of intermolecular interactions decreases with 

decreasing growth temperature. For example, compared to the mesophilic (e.g. mammals and 

birds) and thermophilic homologues, proteins from psychrophilic organisms (growth temperature, 

lower than 15 °C) may possess fewer ion pairs and hydrogen bonds, a smaller hydrophobic 

contact area and larger loops (Greaves and Warwicker, 2009; Greaves and Warwicker, 2007; 

Gianese et a!., 2002). In comparisons of amino acid composition and sequence, psychrophilic 

proteins may conta in, in critical regions, a lanine in place of val ine and more proline and g lycine 

compared to the counterparts that operate at higher temperature. 

Less is known about how rod-shaped proteins deal with cold . In view ofthe changes in physical 

position on the thin filament which it undergoes during contraction and relaxation, adaptation to 

cold is of direct relevance to tropomyosin. In the wild, the salmonidae (salmon, trout, and char) 
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are pelagic species, inhabiting the top 200 meters ofthe ocean column. They are cold-blooded; 

body temperature depends upon that of the environment. The Atlantic ocean hovers around the 

I 0 oc mark with seasonal fluctuations making it somewhat warmer in the summer and somewhat 

cooler in the winter. In fresh water, which salmon return to in order to spawn, temperatures are 

higher but still far below 37 °C. Under such thermal conditions, how does salmon tropomyosin 

acqu ire adequate flexibility so that it can serve as an effective regulator of muscle activity? 

Work performed in this laboratory has started to document flexibi lity-enhancing (cold­

combative) characteristics within tropomyosin. For example, shark skeletal tropomyosin (twenty 

substitutions compared to rabbit-alpha skeletal) contains three closely-spaced core residues 

having a more hydrophilic amino acid than what occurs in the counterpart from mammal (Hayley 

eta!., 2008). These substitutions which occur at positions 179 (d), 190 (a) and 211 (a), were 

proposed to collectively reduce the conformational stabi lity (i .e. increase flexibil ity) of a section 

that spans two th irds of the molecule in shark (Hayley et al. , 20 II ). In the case of Atlantic 

salmon fast muscle tropomyosin, Thr-179 (which is conserved in shark) and a unique pair of 

glycines present at positions 24 and 27 have been investigated by mutagenesis (Fudge and 

Heeley, 2011 ). Changing these residues to alanine increased stabi li ty either globally, as 

determined by circular dichroism or locally, as determined by limited proteolysis. These data 

demonstrate that greater fl exibility is conferred on tropomyosin by the presence of polar side­

chains within the hydrophobic seam of the coi led-coil and increasing the number of glycines, 

strategies that have been documented in g lobular proteins. 
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In this current work a third strategy to increase flex ibil ity has been identified which centers on 

the interaction between a pair of oppositely charged side-chains. As stated above, proteins 

including tropomyosin from pyschrophilic sources tend to contain a smaller number of ionic 

interactions compared to mesoph iles (Greaves and Warwicker, 2009). Replacement ofThr-77 in 

sa lmon with the corresponding residue (lysine) in rabbit resulted in an increase in resistance to 

heat denaturation (Table 2). From this it can be stated that the amino acid at position 77 in 

sa lmon tropomyosin is destabilizing compared to that in rabbit. 

What can be said about the relative contributions of each class of substitution - (i) polarity of 

co iled coil interface, (ii) glyc ine content and (iii) ion pair? Some information can be obta ined by 

comparing the effects of various mutations. Compared to the respective control, mutations 

directed at (i) and (iii) shifted the melting temperature to a greater extent (by between 3 and 

5 °C) than those aimed at (ii). Replacing the two glycines with a lanines, yie lded a smaller such 

change, one which bordered on experimental error (Fudge and Heeley, 20 II). It would appear 

therefore that the loss of an ion pair at position 77 of salmon tropomyosin is simi lar in 

consequence to inserting an hydroxyl s ide-chain in the hydrophobic seam at position 179, at 

least when the melting temperature is measured by circular dichroism. Thus, it appears that the 

unique conformational properties of salmon tropomyosin stem from the adjustment of a variety 

of structura l forces. 
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Fina lly, what advantage is there in salmon in having a neutral am ino acid at residue 77 ('g ' )? The 

answer to the questi on may lie in the presence of clusters of 'core' alanines which occur in 

specific regions a long tropomyosin. On account of a lanine having a small side chain, these 

clusters have been proposed to create bends in the molecule allowing it to wind around 

fil amentous actin (Brown et a!. , 200 I). Al ternatively, the methyl group may produce local 

destabilization (S ingh and Hitchcock-DeGregori , 2003), relative to larger non-polar residues in 

the same position. In both instances the outcome is the same: to permit fo rmation of the actin­

tropomyosin complex. Inte restingly, the second actin binding period conta ins three 'core' 

alanines at 74, 78, and 8 1 residues which are conserved in salmon tropomyosin. Further, 

mutation of the a lanines to amino acids with larger side-chains, Leu and Val, increases thermal 

stability and weakens actin affini ty (Singh and Hi tchcock-DeGregori, 2003). The current 

findings are consistent w ith the stability theory of Singh and Hi tchcock-DeGregori (2003), in 

that the presence of a threonine instead of lysine in the middle of an a lanine cl uster causes 

further destabi I ization of this region of the molecule. We propose that Thr-77 occurs in salmon 

tropomyosin due to the need to maintain the 'proper ' interaction with actin at low temperature. It 

is .also possible that the interaction wi th troponin may be altered as implicated by the results of 

affinity chromatography (Figures I 9 and 20). Either way, we conclude that th is particular 

threonine is part of an adaptive strategy fo r the effective operation of fast skeletal muscle in the 

cold waters such as the Atlantic Ocean. 
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4.2 Future Experiments 

Site-directed Mutagenesis. 

The conformational properties of salmon tropomyosin could be further explored by mutating the 

Thr77Lys mutant which was eng ineered in the current study. Specifically, one or both of the 

carboxylic side-chains at positions 80 and 82 could be exchanged for alanine. A double mutation 

removing both ofthe negative charges is practicable given the closeness ofthe two groups in the 

sequence. Characterization of these new mutants, using the methodologies described in the thesis, 

would provide information on the network of ionic interactions occurring in this part of the 

molecule. 

The effect of the Thr77Lys mutation on the interaction of tropomyosin with actin 

Investigating the effect ofthe T77K mutation on the interaction of tropomyosin with actin wil l 

reveal if the amino acid is essentia l for actin binding. The interaction between tropomyosin and 

actin can be studied by sedimentation in an ultracentri fuge. However, in th is instance a 

requirement would be to express the protein in a eukaryotic cell line so that the tropomyosin is 

acetylated, because as stated early in thi s thesis unacetylated tropomyosin binds weakly to actin 

(Hitchcock-DeGregori and Heald 1987). A lternative ly a short (unacetylated) peptide cou ld be 

fused to the bacterially-expressed protein in order to restore end-to-end polymerisation and actin 

affini ty (Monteiro et al., 1994) . 

- 76 -



Characterisation of cyanogen bromide fragments 

Like other vertebrate striated muscle tropomyosins, Atlantic salmon tropomyosin can be cleaved 

with CNBr according to the method of Gross ( 1967) into two long peptides w hich are largely 

representative of each ha lf of the protein, name ly, residues 11-127 and 142-28 1. Characterization 

of the fragment containing the Thr77Lys mutation, using circular dichroism and limited 

proteolysis, would a llow investigation of the effects of this substitution upon the conformational 

stability of tropomyosin 's amino-terminal ha lf. The expectation is that a larger shift in Tm would 

be observed for the isolated fragment compared to intact tropomyosin. 
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