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Abstract

Tropomyosin is a polymeric protein found in the musclc thin filamcnt together with actin

and troponin. The end regions, which encompass the first and last 10-11 amino acids, are

vital to its function. We have analyzed the role of the amino-terminal region by selective

removal of the first six amino acids. A method describing the hydrolysis of the sixth

peptide bond of tropomyosin by bacterial outer membrane protease T (amp T) is

described.

Compared to thc native counterparts, shortened fonllS of rabbit skeletal and Atlantic

salmon fast skeletal tropomyosins (residues 7 - 284), as well as the unacetylated

(residucs I ·284) version of the lauer, all display reduccd affinity for both troponin and

the amino-terminal fragment of rabbit skeletal troponin-T (N-Tn-T, residues I - 158), as

judged by affinity chromatography. Thus, loss of the hexapeptide, together with the

blocking group, weakens the binding of tropomyosin and troponin-T. amp T-digested

tropomyosin binds weakly to F-actin in the micromolar concentration range, but this

interaction is restored by troponin. At moderate ionic strength (50mM KCl), the apparent

Kds are: 0.26 uM (+EGTA) and 1.6 uM (+Ca2+). The inductive property of Iroponin is

attributable, in part, to troponin-l. But whereas the amino-terminal fragment of troponin

T (residues 1-158) enhances troponin-I-induced F-actin binding of two other tropomyosin

products which have weak affinity for F-actin, specifically, rccombinant unacetylated

tropomyosin (residues 1 - 284) and carboxypeptidasc-digestcd tropomyosin (rcsidues I 

273, I-Ieeley, D. H. el al (1987) J. BioI. Chern. 262,9971·9978), it is ineffective in the

case of the amp T-digestcd protein. These data are evidence for a troponin-T binding site

within the amino-temlinal region of tropomyosin.

In assays that contain myosin, thin filaments composed of amp T-digested tropomyosin

are less coopcrative than native thin filaments, consistent with thc disruption of physical

continuity within the filament. At the same time, however, the truncated systcm (+Ca2+,



ionic strength, 22mM) activates myosin to a greater extent than native tropomyosin, and

has stronger affinity for myosin-51-AD? (+EGTA; ionic strength, 70mM), the reverse of

what has been observed with the carboxy-temlinally-shortened protein. These results

suggest that the amino-terminal region of tropomyosin is an inhibitory thin filament

element, which stabilizes the off-state of the thin filament via an interaction with the tail

section of troponin-T, and that the two ends at the overlap complex have opposing

regulatory roles.

Finally, the conformational stability of tropomyosins from Atlantic salmon was

characterized under a variety of conditions (salt, pH and osmolytc). The most variable

sections of sequence encompass residues 9-49. 73-87 and 172-216. In two of these

hotspots there is a pair of closely-spaced glycines, namely at residues 24 and 27 in fast

skeletal tropomyosin and residues 83 and 87 in cardiac tropomyosin. Further, the isoform

from fast muscle does not have a "d" position alanine between residues 172-216 due to

the isomorphism Alai 79Thr and thus lacks the fifth alanine cluster. These substitutions

have reduced the conformational stability of the fish protein compared to the mammalian

counterpart and provide insight into the adaptation of tropomyosin to cold temperature.
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Chapter 1. Introduction

1.1 Striated muscle and its architecture

Muscle is the contractile tissue of the body that produces force and causes motion. In

vertebrates, voluntary movements such as locomotion depend on the ability of skcletal

muscle to contract on its scaffolding of bone (Figure 1.1 A), whereas involuntary

movements such as heart pumping or peristalsis depend on the contraction of cardiac and

smooth muscles, respectively.

Skeletal muscle fibers have been further divided into three types based on several criteria

such as the number of mitochondria present, the use of oxidative or glycolytic pathways

for ATP production, contraction time and their resistance to fatigue (Aidley 1971). These

are, slow oxidative, fast oxidative and fast glycolytic muscle fibers. The two types of fast

fibers constitute most of the skeletal muscle cells in vertebrates. The fast glycolytic fibers

are large in diameter, light in colour, contain large glycogen reserves and relatively few

mitochondria, and use anaerobic metabolism. Therefore, fast fibers produce powerful but

short-tenn contractions and can fatigue rapidly. In contrast, slow oxidative fibers are

smaller in diameter, contain the pigment myoglobin, mitochondria and a higher supply of

oxygen for aerobic metabolism, and are red in colour. They produce slow contractions for

an extended period and are resistant to fatigue. The properties of fast oxidative fibers arc

intemlediate between the other two, for they have a red colour, large amount of



mitochondria, high fatigue resistance, high glycogen and shon contraction times. The

percentages of the three fiber types in a skeletal muscle can be quite variable. Most

mammalian muscles contain an intermingled mixture of all three and so appear pink.

However, in certain vertebrate classes, like fish (round bodied), they arc anatomically

segregated. The slow muscle is confined to a scam along the laternlline running from the

back of the head to the caudal fin while the remainder of the trunk muscle is made up of

the fast muscle fibers.

Cardiac and skeletal muscles arc also termed striated muscles. The long thin muscle

ribers of striated muscle are multinucleated single cells (Figure 1.1 B). Immersed in the

cytoplasm are many parallel myofibrils (Figure 1.1 C and 0), which run along thc ribril

axis. Each myofibril consists of a chain of sarcomeres, or the contrnctile units, which

comprise a precisely arranged assembly of parallel and partly overlapping thick and thin

filaments (Hanson and Huxley 1953, Huxley 1957) (Figure 1.10). At high magnification,

the thick and thin filaments in each sarcomere can be seen as a series of dark and light

bnnds respectively, which gives the muscle its striated appearance. A dense line in the

center of each light band separates one sarcomere from the next and is known as the 'z'

line (Figure 1.1 E). Thin filaments comprised of actin, tropomyosin and Iroponin arc

attached to the 'z' discs at either end of the sarcomere with opposite polarily and extend

towards the middle where they overlap with the thick filaments, made up of myosin.

During muscle contraction, these IWO filaments slide past each other, due 10 a mechanical
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Figure 1.1. The architecture of the striated muscle and its components

A schematic representation of the skeletal muscle (A), muscle fibers (cells) (B and C), myofibrils (D), the sarcomere (E), and
the Ihin filament (F) are shown (Adapted from Encyc10peaedia Britannica with pcnnission).



force generated by the cyclic interaction of actin and myosin (Huxley 1969, Huxley

1971) coupled to the energy of ATP hydrolysis (Davies 1964).

1.2 Thin Filamenl

The striated muscle thin filament is an assembly ofthrcc proteins, actin, tropomyosin and

the troponin complex, that regulate acto-myosin ATPase activity (Figure 1.1 F). Actin

monomers polymerize into a double stranded helix making the core of thin filament.

Tropomyosin also exists in a polymeric foml. involving a head to tail aggregate of

individual molecules, which is located in each of the two grooves of the actin helix. One

tropomyosin molecule spans seven actin monomers. To each tropomyosin molecule is

then bound one complex of troponin composed of troponin C (TnC), Iroponin T (TnT),

and troponin I (Tnr). The core of the troponin complex is positioned at one third of the

distance from the carboxy-tenninal end of tropomyosin. Actin serves as a catalyzer of the

Mg-ATPase activity of myosin by accelerating ATP-hydrolysis product release

(phosphate and ADP). Tropomyosin, together with troponin, regulates the productive

interaction between actin and myosin in accordance with the ligands. Cal' and rigor

myosin (Weber and Murray 1973, Heeley et al. 2002).

1.2.1 Tropomyosin

Striated muscle tropomyosin is a coiled-coil molecule of approximately 66.000 Da that

dissociates into two 33,000 Da chains in denaturing media under reducing conditions



(Woods 1966, 1967, Smillie 1979). It was discovered by Bailey in 1946 (Bailey, 1946,

1948 and 1951). Each tropomyosin chain consists of 284 pairs of amino acid residues

(Stone et ai., 1975) and has a a-helical content exceeding 90%. Tropomyosin has an

isoelcctric precipitation point (PI) of 4.6, and, therefore, is negatively charged at neutral

p~l. II is a heat stable protein and binds end·to-end to itself at low salt eonccntrations, to

troponin T and to F·actin.

1.2.1.1 Genes, isoforms and distribution

Tropomyosin exists in multiple isoforms. This isoform diversity which was first observed

elcctrophoreticaJly (Cummins and Perry 1973) was latcr found 10 originate from different

combinations of expressing multiple genes, using alternative promoters, and alternative

splicing of primary RNA transcripts. Bascd on the size of the translation product,

Iropomyosins arc categorized into two main groups; a high molecular weight group

containing -284 amino acid residues; and a low molecular weight group containing -248

amino acids, the result of expression from alternative promoters. All muscle

tropomyosins so far identified belong to the fonner group while the latter group contains

some of the non-muscle tropomyosins. In yeast, tropomyosins with even [ower molecular

weights containing 199 and 161 residues exist (Drees et aI., 1995). Despite these

differences in size, every isotropomyosin is built up from segments of approximately 40

residues, each of which interacts with an actin monomer in the actin filament. So far there

is no evidence of tropomyosins in prokaryotes.



There arc four tropomyosin genes that have been characterized in vertebrates, which

appear to have arisen through duplication of an ancestral gene; namely, TPM-l, TPM-2,

TPM-3 and TPM-4 (Cutticchia and Pearson, 1993) (Figure 1.2A), although it is not

certain if the full complement is found in all vertebrates. Overall, through the use of

alternativc splicing and alternative promotcrs thesc four genes are known to exprcss 23

polypeplide chains that could assemble into 23 difTerent tropomyosin homodimers in

vertebrates (Hilchock-DcGregori ct al. 2007). Additional diversity can result from the

paring of the two chains in the coiled-coil as heterodimers and from post translational

modifications. TPM-I and TPM-2 genes correspond 10 alpha (a) and beta (P) genes thai

code for alpha and beta tropomyosins found in striated muscle (Helfman et al. 1986,

Ruiz-Opazo and Ginard, 1987). The alpha gene is the most complex of all four. It

contains IS exons, only fivc of which (exons 3, 4, 5, 7 and 8) are common to all nine

known isoforms which arise from this particular gene (Ruiz-Opazo and Nadan-Ginard

1987, Wieczorek ct al. 1988, Lecs-Miller I990a). Two promoters arc associated with

cxons Ia and Ib coding for high and low molecular weight proteins respectively and the

cxons 2, 6 and 9 contain altenmtive splice options. The striated muscle alpha

tropomyosin is encoded by exons Ia, 2b, 6b, 9a and 9b in nddition to the common exous.

One homologue is expressed in the smooth muscle and the rest of the seven isoforms arc

found in fibroblasts and the brain. Relative to the alpha gene, the beta gene from chicken

lacks exons 2a and 9b while that from rat lacks two additional regions; cxon 9c and the

internal promoter associated wilh exon Ib (Helfman et al. 1986, Forry-
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Figure 1.2: The gene organizafion and structure of IrolJornyosin

The intron-exon organization of tropomyosin genes (A). Boxes represent the cxons and
the horizontal lines represent the introl1s. TPM-I, TPM-2 and TPM·4 are from rat, and
TPM-3 is from human. The open boxes depict exons common to all genes. Cross section
of the coiled coil showing the amino acid positions, as denoted by the leiters from 'a' to
'g'. in the pscudohcplapcptide repeat (Perry SV, 2001, Vertebrate tropomyosin:
Distribution, properties and function. J Muscle Res Cell Motil, 22, 5-49 with kind
permission of Springer Science and Business Media) The interface between the helices
derives primarily from hydrophobic residucs in core positions a and d (8). The core
interface viewed parallel to the coiled-coil axis shows how residues from one chain
occupy the spaces betwecn the corresponding residues from the second chain to give
"knobs in holes" packing (C) (Stewart M, 2001, Structural basis for bending tropomyosin
around actin in muscle thin filaments. Proc Natl Acad Sci USA, 98, 8165-8166).



Schaudies et a1. I990b, Libri et a!' 1989). The TPM-2 gene codes for striated muscle beta,

smooth muscle beta and fibroblast TM I tropomyosin isofonns (Yamawaki-Kotaoka

1985). In chicken, it also codes for a low molecular weight fibroblast TM3 protein. The

TPM-3 gene was fonnerly known as hTMnm (Lin et al. 1997) after human fibroblast

TM30nm (Clayton et al. 1988) isofonn. Because of its structural similarity with the alpha

gene, TM3 has also been referred to as slow-twitch alpha tropomyosin (MacLeod and

Gooding 1988, Less-Miller and Helfman 1991, Muthuchamy et al. 1997). TPM-2 also

gives rise to a high molecular weight isofonn found in slow twitch skeletal muscle

(Gunning et a!' 1990, Smillie 1996), which is coded by the same combination of exons as

in the case of striated alpha tropomyosin. It is uncertain, however, if this gene contains

exons 2a and 9c, but it includes the intemal promoter at exon Iband altemative splice

choices at exons 6 and 9. The TPM-4 gene encodes a low molecular weight tropomyosin

isoform, fibroblast TM4 in rat and fibroblast TM30pl in human (Lees-Miller et at. 1990b,

Macleod et al. 1987). In chicken, it gives rise to a high molecular weight isofoml specific

to cardiac muscle that is homologous to the above two nonmuscle tropomyosins (Forry

Schaudies I990a).

The tropomyosin from rabbit striated muscle consists mainly of alpha and beta isofonns,

products of the TPM-I and TPM·2 genes respectively (Cummins and Perry 1973). The

alpha and beta chains distribute in the dimer mainly as aa and a~ forms (Eisenberg and

Keilley 1974, Lehrer 1975, Bronson and Sehaehat (982) with the fanner being the

dominant dimeric fonn in cardiac and fast twitch skeletal muscles. In slow twitch



muscles, beta is the major isofonn. The ratio of alpha to beta is dependent on the

developmental stage of the musclc ccll (Amplctt ct al. 1976) and can also vary between

different mature muscles of a given type (Heeley et al. 1983, Moore and Schachat 1985).

In addition to these two polypeptides, at least two other minor isofonns have been

identified in the fast skeletal muscle, namely gamma and delta (Cummins and Perry

1974, Bronson and Schachat 1982, Salviati et al. 1982, Heeley et al. 1983). A similar

heterogeneity has been seen with human, cat (Steinbach et al. 1980, Billeter et a1. 1982)

and chicken as well (Montarass et al. 1981). Although the origin of these isofonns is not

defined, at least one is thought to be coded from the TPM-3 gene, which is expressed

abundantly in the slow skeletal muscles of mouse and human (-30% of total

tropomyosin). It is also expressed in the cardiac muscle of targer mammals such as

human, pig and sheep (Pieples and Wieczorek, 1999,2000). There is no evidence for a

TPM-4 gene product in mammalian striated muscles. In contrast to mammals, a cardiac

specific isoform is expressed in other classes such as birds, amphibians and fish where it

is coded by the TPM-4 gene in the case of chicken (Forry-Schaudies 1990a).

1.2.1.2 Structure

Based on X-ray diffraction studies, Crick showed that tropomyosin has a leO-handed

coiled-coil structure involving two right-handed alpha helices inclined at an angle of

about 200 to each other (Crick, 1953). The sequence of tropomyosin satisfies the

requirements of a coiled-coil and can be considered as a repeating heptapeptide in which

the amino acid residues arc labeled from 'a' to 'g' with non-polar residues at positions 'a'



and 'd' (Figure 1.2A). With 3.6 residues per tum, residues at 'a' and 'd' positions from

one chain face those from the other and make a stTipe of non-polar residues that runs

down the side of each alpha helix. This represents the core or interface of the coiled coil

(Figure 1.2B). Since this scam is not parallel to the axis of the helices, the two chains

wind round each other with the so-called 'knobs and holes' packing arrangement (Figure

1.2C). Furthermore. a high proportion of positively charged amino acids occur in position

'g' and negatively charged ones in position 'e'. The 'g' position residues of one chain arc

suitably located spatially to form salt bridges with 'e' position residue of the preceding

hcptapcptidc in the other chain (Figure 1.2B) (McLachlan and Stewart, 1975). These

electrostatic interactions between the ionic side chains from the two helices and the

hydrophobic interactions between the interfacial non-polar residues stabilize the coiled

coil structure of tropomyosin.

Evidence for the parallel, in register, arrangement of the two chains in tropomyosin first

came from the observation thaI complementary Cys 190 residues in the two chains can be

cross-linked either by air or disulphide exchange oxidation (Woods 1967, Johnson and

Smillie 1975, Lehrer 1975, Stewart 1975 and Phillips et aL 1979). It was con!imled by

later studies, which found that the ncar UV circular dichroism and absorption spectra of

tropomyosin tyrosyl residues show ring-ring interaction in complementary strands

(Bullard et a1. 1976, Nagy 1977), and that the addition of pyrene maleimide labels to the

two Cys 190 residucs results in the appearance of an excited state dimcr (Betcher-Lange

and Lehrer 1978, Graceffa and Lehrer 1980).
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The fact that tropomyosin makes contact with seven monomeric actin units suggests that

some type of equivalent or quasi-equivalent interaction occurs al each of the seven

regions of contact. Analysis of the sequence (Hodges et al. 1972, Sodek et al. 1972) by

several authors revealed a grouping of acidic residues at non-interface positions repeating

fourteen fold through the entire molecule (Parry 1975, Stewart and Mclachlan 1975a,

McLachlan and Stewart 1976). These regions are spaced 19.7 residues apart, rotated 90

degrees with respect to their neighbors and arc arranged in two sets of seven zones,

namely alpha and beta. 11 was therefore speculated that these repeats represent the seven

actin binding regions corresponding to seven half turns of the coiled-coil and that they

may link to basic sites on actin subunits. Considering the importance of magnesium in

actin-tropomyosin complex formation (Yang et al. 1979), magnesium bridges between

acidic groups on both molecules arc also possible. Later, from tropomyosin crystal

structure analysis, Phillips et al. 1986 showed that there arc seven dominant acidic zones

situated on the outside of the tropomyosin supercoil with high periodicity. They arc

roughly equivalent to Stewart and McLachlan's alpha sites and therefore, concluded to

correspond to seven actin-contacting sites. Studies using deletion mutagenesis and

leucine zipper substitutions showed that the contributions of these individual periodic

sites, however, arc not equal for actin binding (Hitehcock-DeGregori and Varnell 1990,

Hitchcock Dc-Gregori and An 1996, Hammell and l-litchcock-DeGrcgori 1997 and

Hilchcock-DeGregori et al. 2002). Deletion of one internal period, either 2, 3, 4 or 6,

weakened actin affinity approximately by 10-30 fold while the deletion of the fifth period

eliminated any detectable binding with micromolar amounts of protein. Further, these

II



deletions showed severe conscquences on tropomyosin's rcgulatory propcrties as well.

For example, thin filaments (Ca2+) containing a mutant that was missing period 4

exhibited impaired myosin activation. Conversely, when period 6 was deleted thin

filamcnts (EGTA) failed to inhibit myosin activity (Landis et al. 1997, Landis et a\. 1999,

Tobacman and Bulters 2000, Hitcheoek-DeGregori et al. 2001 and Hitchcock-DeGregori

et al. 2002).

In addition, McLachlan and Stewan (McLachlan and Stewart 1976) noted a periodic

distribution of small non-polar amino acids (such as Ala) at the interface and suggested

that this allowed flexibility and bending of the tropomyosin molecule when binding to

actin filament (Brown et a\. 2001, Kwok and Hodges 2004). In general, there arc seven

alanine clusters (or destabilizing clusters) in striated muscle tropomyosin (Brown et al.

2001) where two of them occur within the alpha zones (in period I and 5). Replacing

alanines in the sccond and fifth cluster with canonical interface residues (Leu and Val)

increased tropomyosin stability and decreased affinity to actin as a result of decreased

flexibility to wind around actin (Singh and Hitchcock-DcGregori 2003, Singh and

Hitchcock·DeGregori 2006). Overall, using results from various mutation studies, it can

be inferred that both the interface stability and the periodic alpha bands arc necessary for

actin binding and that the periods I and 5 contribute more to the overall actin affinity

than the others.
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The two end regions of tropomyosin are another critical feature for tropomyosin function.

While the amino-tenninal region is highly conserved: eight of the first nine amino acids

are identical and eightccn of the first twenty are conserved in all vertebrate muscle

tropomyosins (Basi and Storti, 1986), the earboxy·temlinal region is more variable. In

addilion, the first methionine of tropomyosin is acetylatcd, a modification that has been

postulated to be importanl for the stability of the amino-tcnninal end (Greenfield et al.

1994 and Brown et al. 2(01). Another post translational modification that occurs in some

tropomyosins is phosphorylation at the opposite end, at Serine283. At lower ionic

slrength conditions (below physiological range), lropomyosin exists in polymeric fonn

and thus the solutions become highly viscous (Astbury et al. 1948). The polymerization

involves head·to·tail overlap between eleven residues from the carboxyl and amino

tennini of individual molecules into long filaments (Mclachlan and Stewart 1975). In the

7A tropomyosin crystal structure the ends arc not resolved (Whitby and Phillips 2000)

but model peptides of the two tennini have been studied using X-ray diffraction and

NMR (Greenfield et al. 1998, Brown et aJ. 2001, Li et aJ. 2002, Greenfield el aJ. 2003,

Greenfield et al. 2006). The recent NMR work on two model pcptides of the ends

proposed that, in the overlap, the amino termini lit into a 'jaw' that is created by the

opening of the coiled coil at the carboxyl end (Greenlield et oJ. 2006) (Figure 1.1 F). The

merger is stabilised, in part, by the amino- and carboxy· tenninal regions possessing

opposing net charges at physiological pH that explains its depolymerizalion in the

presence of high salt. The amino-tenninal chains separate only slightly to interact with

the splayed earboxy·tenninal chains. Further, according 10 this model, the planes of the
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amino- and carboxy- terminal coiled coils arc oriented perpendicular to each other

interlocking the chains.

Modification or deletion of residues involved in the overlap has been reported to

drastically impair tropomyosin function. The removal of carboxy-terminal residues by

carboxypeptidasc-A digestion or acetylation of Lys7 reduces tropomyosin polymerization

(Johnson and Smillie 1977, Veno et al. 1976). Exolytic digestion of the last cleven amino

acids (Mak and Smillie 1981, Mak et al. 1983, Heeley et al. 1987) as well as deletion of

the first nine (Cho et al. 1990, and Moraezewska and Hitchcock-OcGregori 2000), yields

shortened products which neither self-associate nor bind to F-actin under conditions

where the full-length protein displays the expected property. Troponin restores the

binding of carboxy-terminally truncated tropomyosin to actin at micromolar

concentrations regardless of the calcium concentration (Mak et al. 1983; Heeley et a!.

1987) but this was not observed in the case of the amino·tenninally truncaled protein

(Cho et al. 1990). As compared 10 the native molecule, Ihe former also displayed reduced

affinity to troponin (Pearlstone and Smillie 1981) and myosin-SI-AOI) (pan et al. 1989)

as well as reduced Ca2.,. activated myosin-S I ATPase (Walsh el al. 1984 and Heeley et al.

1989a). The entire carboxy-terminal region of tropomyosin encoded by exon 9a was

required for troponin to induce full tropomyosin binding to F·actin where the first

eighteen residues of it are critical (Hammel and l-litchcock-OeGregori 1996). Although

phosphorylation at 5er283 did not changc tropomyosin-binding properties to F-actin

(Heeley et al. 1989b), it strengthened tropomyosin head-to-tail interactions but not in the
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presence of N·TnT pcptide (the amino-tenninal region of troponin T, residues 1-158),

and also increased calcium activated myosin-S I ATPasc activity (Hecley 1994). The

abscnce of acetylation on the first methionine reduced hcad-to-tail association and actin

affinity (Hitchcock-DeGregori and Heald 1987, Heald and Hitchcock-DcGregori 1988,

Urbancikova and Hitchcock-DeGregori 1994). The effect of non-acetylation can howevcr

be overcome by fusing the dipeptide, Ala-Ser, at the beginning of the sequence (Monteiro

ct al. 1994).

1.2.1.3 Stability

Unfolding of the tTopomyosin native structure is a complex process consisting of several

discrcte steps (Potekhin and Privalov 1982). The molecule is comprised of distinct co

operative blocks having dilTerent stabilities, which depend largely on the state of the

neighboring blocks. Specifically, neighboring blocks destabilize each other. For the same

reason removal of one block can lead to stabilization of ncighbouring blocks. One site of

local instability in tropomyosin involves the rcgion containing Cys 190 and the stability

of the protein is dcpendent on the stale of oxidation (Potekin and Privalov 1978, Lehrer

1978, Krishnan et al. 1978, Williams and Swenson 1981). According to studies using

nuoresccnt (Graceffa and Lehrer 1980, Mihashi 1972) or spin (Chao and Holtzer 1975,

Graceffa and Lehrer 1983) labels, under reducing conditions, denaturation of rabbit alpha

tropomyosin either by guanidinium chloride or heat, begins with a local unfolding in this

region. This loss of structure is then propagated along the molecule in both directions as

suggcsted by intrinsic fluorescence, optical rotation, and lJ-I-NMR (Saloh et a1. 1972,
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Woods 1969, Pont and Woods 1971, Woods 1976). Further, several studies using pyrene

male imide or didansylcysteine labeled protein at Cys 190 showed that tropomyosin

equilibrates between two native conformational states: chain closed and chain open

(Betcher-Lange and Lehrer 1978, Graceffa and Lehrer 1980, Lehrer et al. 1981,

Betteridge and Lehrer 1983). In the closed state the molecule is fully helical and the

thiols arc further apart and are sterieally prevented from forming a disulfide bond. In the

open state, the protein is locally unfolded around Cys 190, whieh allows chain separation

to the extent that thiol groups can interact to form a disulfide bond. The presence of a

disulfide link destabilizes this low stability block but stabilizes its neighboring blocks.

Therefore, under oxidizing conditions, the local unfolding becomes more cooperative and

the melting temperature of the stabilized parts of the protein increases. Further, several

lines of evidence (Lehrer 1978, Phillips et al. 1980, William and Swenson 1981, Pato et

al. 1981 b) suggest that the carboxy-terminal half of rabbit tropomyosin is less stable than

the amino half and undergoes unfolding more easily.

1.2.2 Actin

Actin is one of the most abundant proteins in eukaryotic cells and is a main component in

the thin filament of the muscle cells and the cytoskeleton in the non-muscle cells. It was

isolated by Straub in 1942 (Straub 1942) as a water-soluble component of muscle acetone

powder. In low salt conditions it exists as a globular protein, called G-actin, with a

molecular weight of -42000 Da (Elzinga et al. 1973). It consists of about 375 residues in

which the amino acid sequence is highly conserved throughout evolution. At increased
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ionic strength, actin monomers polymerize into F·actin. This polymerization is reversible

and is the basis of actin methods of enrichmenl. Actin binds to one molecule of ATP or

ADP (Engel et al. 1977, Wegner 1977) and has a single high affinity metal·binding site

(StrLClccka-Golaszewska et al. 1973, Slrlelecka-Golaszewska et al. 1978, Frieden et aL

1980), which is usually Mgl+ in the cell, and several low affinity metal-binding sites.

These metal ions and nucleotide are necessary in G-actin to stabilize its teniary structure;

removal of either can lead to the irreversible denaturation of the protein and the loss of its

polymerizability (Frieden et al. 1980, agy and Jencks 1962, Lehrer and Kerwar 1972).

The polymerization of actin is initiated by an unfavorable nucleation step and propagated

by the addition of subunits to the two ends of the growing filament. The filament

fommtion accompanies hydrolysis of ATP (Straub and Feuer 1950, Mommaens 1952).

ADP remains tightly bound while the phosphate is released. The actin monomers attach

and detach at the ends of the filaments at different rates (Wegner and Engel 1975) and the

growing filament exhibits polarity as shown by the fomlation of arrowheads on addition

of myosin subfragment I or heavy-meromyosin. The two ends are called the 'barbed' and

'pointed' ends. Actin attaches preferentially to the barbed end of the filament, while

detachment is favored at the pointed end (Hayashi and Ip 1976, Woodrum et al. 1975,

Kondo and Ishiwata 1976). Therefore, at steady state, involving the exchange of ADP

actin units in the filament for ATP-actin units in solution (Pollard and Mooseker 1981,

Wegner and Neuhaus 1981, Wegner 1982) the net filament growth becomes zero with

one end showing a net positive growth while the other end shows a net negative growth
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(Wegner 1976, Coue and Korn 1985, Carlier et 31. 19863, Wegner 3nd Isenberg 1983,

Bonder et 031. 1983). Polymerization stops when the aClin monomer concentration drops

below a critical concentration (Hill 1980). Although polymer fornmtion stimulates ATP

hydrolysis, the release of phosphate from actin is slower than the formation of the

filament so that the growing filament has a cap of ATP-actin at its barbed end, while

monomers containing ADP·phosphate-actin accumulate in the rest of the filament. Thus,

at stcady state, F-actin is made up of ADP-actin except for the terminal ADP-phosphate

actin at the barbed end (Carlier 1991). Further, millimolar concentrations of both Ca2+

and Mg2+ are required for the fast exchangc of monomers and, depending on the divalent

metal concentrations, thc differences in the addition and dissociation ratcs at the filament

ends can be varied. However MgATP-actin exhibits a higher tendency to form nuclei, a

faster elongation rate and faster hydrolysis than C3ATP-actin (Cooper et a!. 1983,

Tobaeman and Korn 1983, Gershman et at. 1984, Carlier 1986b, Newman et a!. 1985,

Mozo-Villarias and Ware 1985). In addition to these cations, several other muscle

proteins including myosin, tropomyosin, and actin in can affect the rate or extent of actin

polymerization.

Thc structure of monomeric actin determined using electron microscopy and 3D

rcconstruction was !irst reported in 1983 (Smith et 031. 1983). The atomic structure W3S

rcvealed by a number of subsequent studies, first using erysI31s of actin eomplexed with

DNase I, which is shown in Figure 1.3 (Kabsch 1990), gelsolin (McLaughlin 1993) and

profilin (SchUll 1993) as well as using crystals of uncomplexed 3ctin (Otterbein 2001,
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Sub
domain
2

Figure 1.3: Actin structure

A schematic representation of the 3D structure of the actin monomer is shown. A
hypothetical vertical line divides the actin molecule into two domains which can be
subdivided further into two subdomains each domain being composed of either
subdomains I and 2 or subdomains 3 and 4. ATP and Call are located between the two
domains, in a region called the clen. Alpha helices arc shown in green while beta sheets
in blue.
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Graceffa and Dominguez 2003, Rould et al. 2006). The actin polypeptide is folded into

four subdomains surrounding the nucleotide-binding pocket The structure can be divided

into two similar major domains, each subdivided further into two subdomains

(subdomains I and 2 in one domain and subdomains 3 and 4 in thc other), suggesting that

the actin gene was formed by duplication. The protcin chain begins and cnds in

subdomain I, which is similar to thc secondary structural content of subdomain 3. These

two contain a central fivc-stranded beta sheet structure with shorl alpha helices on each

face. Subdomains 2 and 4 arc also alike, and arc primarily beta sheet but the latter has a

small amount of additional alpha helices making it much larger than subdomain 2. This

makes thc actin molecule polar in the direction from subdomains I and 3, called the

"barbed end", toward subdomains 2 and 4, called the "pointcd end". The apolar cavity in

the central cleft binds to the adenine base fonning numerous hydrogen bonds with ribose

hydroxyls and phosphate groups. The cation is coordinated (0 oxygens from the

nucleotide phosphates and to side chain oxygens from the cleft (Pollard ct al. 1994).

Holmes et al. in 1990 described the structure of F·actin as 11 helix of actin monomers

where approximatcly 13 monomers make 6 left-handed turns with a helix pitch of 59.6 A.

Subsequent studies (AI-Khaya et a!. 1995, Lorenz et al. 1993, Oda et al. 1998) agreed

lllore or less with this model and made slight refinemcnts to the structure, but its essential

features remain. In the filament, actin monomers orient with subdomains 3 and 4 to the

inside of the filament where they interact with the same domains from other monomers.
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Subdomains I and 2 face 10 the outside of thc filament. Thc myosin-binding site is also

located in subdomain I in good agreement with its exterior location.

1.2.3 Troponin

In 1965. troponin was isolated (Ebashi and Kodama 1965) as a new protcin from Ihe so

called Ca2
+ sensilizing factor (or nalive tropomyosin) (Ebashi 1963, Ebashi and Ebashi

1964) obtained from minced muscle. It is a helerolrimeric complex comprised of

troponin C (TnC), troponin I (Tnl) and troponin T (TnT) and is only found in slriated

muscle. Troponin C is the calcium-binding component of the thin filament (Hartshorne

and Mueller 1968). Trapanin I binds 10 F-actin in the absence of TnC and inhibits

actomyosin ATPase aClivity (Wilkinson et al. 1972, Eisenberg and Kielley 1974, Eaton ct

al. 1975). Tropanin T binds to tropomyosin and thereby links the troponin complex to the

thin filamcnt (Hartshorne 1969, Schaub and Perry 1969, Greaser and Gergely 1973,

Ebashi 1972). Trapanin is distributed regularly along the entire length of thin filaments

with no physical connection between two neighboring molecules (Ohtsuki et a!. 1967,

Ohtsuki 1974). It consists of a globular head (or core complex) containing TnC, Tnl and

the carboxy-tenninal part of TnT, and a long tail containing the amino-tenninal part of

TnT (Flicker et al. 1982). This head region binds at the central region of tropomyosin

around residues 150-190 and the tail extends away from the core, along the carboxyl half

of tropomyosin. past the head-to-tail overlap spanning a short segment of the adjacent

tropomyosin molecule (first 10-15 residues) (White et al. 1987). The recent 3-D structure
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TnC Regulatory domain

I

III

TnC Structural
domain

Figure 1.4: Structure of the head region of the skelelal Iroponin complex.

The troponin subunits are color-coded as follows: brown, TnT2; blue, Tnl; and red, Tne.
Black spheres indicate Ca2

! The Icnnini of subunits are shown and color-coded as
described above. The Tile central helix, which Jinks the regulatory and the structural
domains, is orienlated perpendicular to the plane of Tnl and TnT2 coiled coil (IT arm).
The Tnl inhibitory (IR) and switch segments (H3) arc indicated. Roman numerals
indicate the Ca2+~binding sites (Vinogradova MV, Stolle DB, Malanina GG, Karatzafcri
C, Cooke R, Mendelson R A, Ca21 -regulated structural changes in troponin, Proc Nail
Acad Sci USA, 102,5038-5043).
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(Vinogradova et al. 2005) of the head region of skeletal troponin complex using x+ray

crystallography (3A resolution in the presence ofCa2
') is shown in Figure 1.4.

1.2.3.1 Troponin C

Troponin C (TnC), a well-characterized member of the calmodulin superfamily, is a

dumbbell shaped molecule with a molecular weighl of approximately 18000 Oa

(Hanshome and Pyun 1971, Wilkinson et al. 1972, Greaser and Gergely 1971) and a pi

of 4.1-4.4 (Hanshome and Oriezen 1972), Its two globular domains, a regulatory amino

tenninal domain and a structural carboxy+lenninal domain, are separated by a long

eentral a~helix (Figure 1.4). Each domain comprises two a-helix+loop-a-helix motif (EF·

hand) (Krctsinger and ockolds 1973) divalenl melal binding sites (Herzberg and James

1985, Sundaralingam et a!. 1985, Siupsky and Sykes 1995, I-Ioudusse el a\. 1997, Sia el

a1. 1997). The EF hands are numbered I-TV where sites I and II localed in the regulatory

domain and sites III and IV localed in Ihe structural domain (Figure 1.4). The sites in the

regulalory domain have a lower affinily to metal ions and arc referred to as Cah-specific

silcs while thosc in the stmctural domain arc high affinity metal binding sites and arc

called Cal'" and Mg2+ sites (Potter and Gergely 1975, Robertson et a1. 1971), In relaxed

muscle, the millimolar concentration of free Mg2
" would saturate the high affinity sites

whereas the low affinily sites would be vacant. In contracting muscle Ihc low affinity

sites will be occupied with Cal->" and binding of Cal-. to high affinity sites would be

limited by the slow off rate of Mg2
"', The binding of Ca2

'" to sites I and II was shown to

open a hydrophobic cleft 10 which the switch region of Tnl binds releasing the Tnl
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inhibition on actomyosin ATPase (Gagne et al. 1995, MeKay et al. 1997). However site I

in cardiac TnC is defunct due to several key amino acid substitutions (Van Eard and

Takahashi, 1975). Some other properties of TnC are (I) its low AlsclAlfAJ ratio

(Hartshorne and Pyun 1971, Greaser and Gergcly 1971), ascribable to the high

phenylalanine to tyrosine ratio coupled with the absence of tryptophan; (2) high thennal

stability; (3) the ability of the protein to refold after denaturation in 6M guanidine

hydrochloridc (Hartshorne and Mueller, 1968); and (4) the ability ofTnC to solubilize Ihe

other troponin subunits in low ionie strength media (Greaser and Gergely 1971).

1.2.3.2 Troponin I

Troponin I (Tnl) is an extended molecule with high degree of confonnational plasticity,

which gives it the ability 10 switch binding partners, cither TnC, TnT, and F-aetin

(Marlins et aI., 2002). Cardiac Tnl, which has a molecular wcight of 24000 Da, is

distinguished from skeletal Tnl (molecular weight 21000 Oa (Wilkinson and Grand

1975» by an amino-terminal extension of about 27-33 residues. It contains high densities

ofbasie residues and therefore has a pi of about 9.3 (Wilkinson 1974). According to Li et

al. 2004, Tnl can be divided into six distinct structural segments; thc amino-terminal

cardiac·specific extension, the amino-terminal region that binds the structural domain of

TnC, the TnT binding region that forms a coiled-coil with a part of TnT (IT ann) (Figure

1.4) (Parry 1981, Pearlstone and Smillie 1981, 1985, Stefancsik et al. 1998, Takeda et al.

2003, Vinogradova et al. 2005), the inhibitory region that binds both F-actin and TnC, the

switch region that binds the regulatory domain of TnC, and the carboxy·ternlinal region
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that binds F·actin. The inhibitory action of thc rcgulatcd actomyosin in thc abscnce of

Ca2
" is exerted by Tnl. Troponin I itself can inhibit actomyosin ATPase activity weakly,

which is accentuated if tropomyosin is present (Wilkinson et al. 1972, Eaton et al. 1975).

This inhibition is neutralized by TnC irrespective ofci" concentration when TnT is not

present. Troponin T makes the release of Tnl inhibition by TnC, sensitive to calcium

(Eisenberg and Kielley 1974, Greaser and Gergely 1981).

1.2.3.3 Troponin T

Tropanin T (TnT) is a rod shaped molecule (Ohtusuki 1975, Prendergast 1979, Flicker

1982, Byers and Key 1983) with a molecular weight of approximately 31000 Oa for

skeletal isofonns (Pearlstone 1976) and a pI of 9.1 (Wilkinson 1974). Like Tnl. cardiac

TnT's arc longer than skeletal isoforms at the amino tenninus by about 30 amino acids

(Anderson ct al. 1991; Townsend et al. 1995). Troponin T is a highly charged molecule

and is insoluble under physiological low ionic strength conditions. Charged residues arc

distributed along its entire sequence at the same time the amino-terminal region is rich in

negatively charged residues at pH 7 while the carboxy-terminal region is rich in

positively charged residues (Pearlstone ct al. 1976). Mild treatment with chymotrypsin

splils the protein into two long fragments (Ohtusuki 1979). an amino-terminal fragment

containing residues 1-158 (N-TnT) and a carboxy-tenninal fragment containing residues

159·258 (C-TnT). The C-TnT fragment locates in the head region of the tropanin

complex and displays Ca2
+ sensitive interactions with Tnl, TnC and tropomyosin (pato ct

al. 1981b, Ohtsuki et al. 1981, Tanokura et al. 1982, 1983, Ishi and Lehrer 1991). In the
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3A -resolution crystal structure of the head region oftroponin, C-TnT adopts a non-linear

V-shape stabilized by the IT coiled-coil, a confonnation that is thought to constrain the

positions of other components relative to tropomyosin. The N-TnT fragment forms the

troponin tail and binds strongly to 1T0pomyosin irrespective of the Ca2~ concentration

(Jackson et al. 1975, Pearlstone and Smillie 1982). This fragment, rich in helical content,

is thought to form a triple stranded coiled-coil structure with the carboxyl one third of

tropomyosin at least in some regions. Although the peptide runs towards the amino

terminal region of the adjacent tropomyosin molecule (White et aL 1987), its interactions,

if any, around the tropomyosin overlap site are not yet certain. However, this interaction

between N-TnT peptide and tropomyosin is thought to stabilize the overall position of

troponin head along the actin-tropomyosin filament as well as the tropomyosin overlap

structure (Pato and Smillie 1981, Ohtsuki 2007).

1.2 Myosin

Myosin is an enzyme that hydrolyses ATP (Engelhardt and Lyubimova 1939). It is a

largc family of protcins with 17 typcs, each of which compriscs a numbcr of isofonns

(Chency el a1. 1993). The one in thc muscle is myosin type II. Myosin 11 is a large and

highly asymmetric hexameric protein with several structural and functional domains

(Harrington and Rodgers 1984) (Figure 1.5A). It is composed of two heavy chains

(-230,000 Oa) (Molina et al. 1987, Maita et al. 1991), two essential light chains and two

regulatory light chains (Weeds and Lowey 1971) (16.000-20,000 Oa). The carboxyl ends

of the two heavy chains form the tail region, which is a long parallel, alpha helical
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Figure 1.5: Structure of myosin

(A) Schcmatic rcpresentation for myosin molecule structurc (Adapted from the website
edoc.hu·bcrlin.dc). The myosin heavy chains have a globular "head" with the ATP and
actin binding sites at thc amino-temlinal and a long a·hclical "tail" at the carboxy
terminal, which forms a coiled-coil. The essential myosin light chain and the regulatory
myosin light chain associate at the neck region. (B) The structurc of the myosin
subfragment 1 (Rayment et a1. 1993) showing thc actin binding and nuclcotidc binding
regions.
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coiled-coiL The amino-tenninal portion of each chain forms the globular head region

(Lowey et aL 1969, Elliott and OITer 1978). The ATPase activity of myosin resides in thc

head region as well as in the actin-binding site therefore it is also called catalytic or motor

domain. Linking the heads to the tail arc long alpha hclical regions, named thc neck or

the lever ann. An essential light chain and a regulatory light chain arc associatcd with

each neck rcgion. Light chains arc important for thc stability as wcll as for function of

myosin wherc upon their removal myosin loses its enzymatic properties (Gazith et al.

1970). Thc myosin head together with the neck can be separated from the rest of the

molecule by chymotryptic digestion and is known as myosin-S I. The structure of this

molecule as revealed by X-ray crystallography (Rayment ct al. (993) is shown in Figure

1.5B.

Thick filaments arc formed by the aggregation of myosin moleculcs in a bipolar fashion

(Huxley 1963). Myosin tails pack in an anti-parallel way in the middle of the filamellt,

while in a parallel fashion towards the outside. This arrangement makcs the middle of the

thick filament a head free region and either sidc of the filament to have myosin heads

with opposite polarity. Myosin heads protrude from the filament forming so called

crossbridges between the thick and thin filaments.

1.3 Muscle contraction

The sliding filament theory to explain the mechanism of muscle contraction

introduced by Huxley and Simmons in 1971. They observed that during muscle
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contraction, the sarcomeres become shoner without a change in the lengths of the thin

and thick filaments (Huxley and iedergerkc 1954, Huxley and Hanson 1954). In the

presence of ligands, Ca2
.,. and rigor myosin, and sufficient ATP, the thin filaments move

relative to the thick filaments towards the middle of the sarcomere, resulting in sarcomere

shonening, a process that adds up to contraction of the whole muscle. The packing of

myosin to make bipolar thick filaments is an imponant determinant in this regard.

The productive interaction of myosin heads protruding from thick filamenls with actin

monomers in the thin filaments generates tension (Figure 1.6). In the absence of

nucleotide, myosin interacts tightly with actin to form a "rigor" complex. The binding of

MgATP to myosin rapidly dissociates the actomyosin complex. This ATP is then

hydrolyzed by myosin into ADP and inorganic phosphate, which are stable products in

the presence of Mg2+. The reaction primes Ihe erossbridge fonnation again with actin.

Binding to actin accelerates the rate of release of these products (White et al. 1997),

phosphate first followed by ADP. Releasc of phosphate, the rate limiting step of steady

state ATP hydrolysis, causes the myosin crossbridge to change its shape, where the

myosin lever ann moves at an approximately 450 angle relative 10 the thick filament.

Because myosin is still attached to the actin filament, the thin filamellt also moves

(Huxley 1969) resulting in sarcomere shortening. This is called the power stroke. At the

end of the power stroke, ADP is released allowing a new molecule of ATP to bind to

myosin. Actomyosin is thereby dissociated and the process can be repeated. This cycle is

called the erossbri4ge cycle and was first proposed by Lymll and Taylor in 1971.
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Figure 1.6: The crossbridgc cycle (Lymn and Taylor 1971)

The binding of ATP to acto-myosin complex (I) leads 10 rapid dissociation of the
crossbridgc from actin (II). The myosin lever arm then undergoes a conformational
change followed by ATP hydrolysis (III). Subsequent rebinding 10 actin (IV) leads 10
release the products and 10 change the conformation of the lever ann to the sianing
confonnation (I). Since the crossbridge is still formed, the Ihil1 filament also moves along
with it. This is the power stroke. (Reprinted from Brown JH and Cohen C, 2005.
Regulation of muscle contraction by tropomyosin and troponin: How structure
illuminates function. Adv Protein Chern, 71. 121-159 with permission from Elsevier)
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1.4.1 Regulation of muscle contraction

The cyclic interaction of actin-myosin is regulated by changes in troponin-tropomyosin in

response to the alterations in the concentration of intracellular Ca2
'" or rigor myosin.

Whcn thc action potential spreads over the plasma membrane to the muscle cell

(Marshall et al. 1959), Ca2
+ is released from the sarcoplasmic reticulum and the frcc Ca2

'"

conccntration rises in the cytoplasm. Following this, Ca2
'" binds to the Ca2"'-specific

regulatory sites of TnC, inducing a series of conformational changes within the troponin

complex, which arc then propagatcd along the complcte thin filament.

1.4.1.1 Calcium induced changes in lhe Iroponin complex

Thc changes in the troponin complex as a result of calcium binding to TnC are shown in

Figures 1.7A and B. In the resting muscle, TnC is not bound with Ca2+. Thcrcfore the

hydrophobic cleft in the regulatory domain is c10scd and thc inter-domain ccntral hclix

appears to bc disordered. In addition, thc inhibitory segment and the carboxy-teoninal

regions of TnI arc both bound strongly to F-actin while the C·TnT fragment is bound to

the middle region of tropomyosin (Farah ct al. 1994, Talbot and l'lodges [981, Takeda ct

aL 1997, Chong and Hodges 1982, Tanokura ct a\. 1983, Malnic et al. [998). In this state,

the interactions within and between the troponin subunits arc weak, but it displays strong

linkages with tropomyosin and actin. The association of calcium with TnC however,

reverses these effects. The TnC central linker becomes ordered and the hydrophobic cleft

opens (Herzberg et al. 1986, Houdusse et a\. 1997, Strynadka et aL 1997). The switch

region of Tnl now binds to this cleft (Li et al. 1999, Takeda et al. 2003,
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Figure 1.7: Regulation of muscle contraction

Representation of the changes occurring (A) in troponin confonnation, (B) in troponin
and tropomyosin-actin interactions and (C) in tropomyosin position during muscle
contraction (A). The troponin subunits arc color-coded as follows: yellow, TnT; blue,
Tnl; and red, TnC. Calcium ions arc shown as black dots. The hydrophobic pocket
opened in the amino-terminallobc ofTnC, upon binding to Caz~, is colorcd in green. The
switch segment (1-13) and the inhibitory segment (IR) of Tn I arc also indicated in A and
B. In the absence of Ca2+, carboxyl regions of TnT and Tnl (including the IR region)
interact with tropomyosin-actin (B). In the presence of Caz

+ the switch scgmcnt is bound
to the TnC hydrophobic pocket (A and B) releasing the interactions of the troponin core
with tropomyosin-actin (B). Note that the interaction between TnT! and tropomyosin
actin is unchanged by Caz. binding. In the abscnce of Caz. tropomyosin conlacts actin's
outcr domain (which consists of sub domains I and 2) (C-a). In the presence of Ca

z
.,

tropomyosin moves away from the actin's outer domain to the outer edge of the inner
domain (C-b). Tropomyosin lies over the inner domain as a result of the subsequent
strong binding of myosin (C-e). ((Reprinted from Brown JH and Cohen C, 2005,
Regulation of muscle contraction by tropomyosin and troponin: How structure
illuminates function, Adv Protein Chcm, 71,121-159 with pennission from Elsevier and
from Vinogradova MV, Stone DB, Malanilla 00, Karatzaferi C, Cooke R, Mendelson R
A, Caz·-regulated structural changcs in troponin, Proc Natl Aead Sci USA, 102,5038
5043)
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Vinogradova et al. 2005) dragging the rest of the carboxyl region of Tnl including the

inhibitory region away from actin (Li et al. 2001, Luo et al. 2000). The tropomyosin

binding region ofC-TnT, which is adjacent to the IT ann, is also afTected by thc motions

of the Tnl inhibitory region and therefore weakens the interaction with tropomyosin

(Brown and Cohen 2005).

1.4.1.2 Structural changes in the thin filament

How the structure of the thin filament is modified by ligand binding has provided

considerable insight into the mC{;hanism of muscle contraction regulation (Figure 1.7C).

The stcric blocking mC{;hanism of acto-myosin regulation was first put forward after

observing a Ca2
• -induced movement of tropomyosin strand on thc actin filament

(Spudieh et al. 1972, Haselgrove 1972, Huxley 1972, Parry and Squire 1973), which was

later confinned by a number of other studies (Milligan and Flicker 1987, Milligan et al.

1990, Bivin et al. 1991, Vagi and Matsubara 1989, Lehman et al. 1994b). At low Cal"',

tropomyosin lies toward the periphery of the actin filament in closer association or

contact with the outer domain of actin that consists of sllbdomains I and 2. The position

of tropomyosin in this state overlaps with part of the myosin binding sites on actin

(Moore el al. 1970, DeRosier and Moore 1970), therefore, it was suggested that

tropomyosin sterically blocks the interaction between actin and myosin. In response to

increascd Ca2
", tropomyosin alters its posilion from the periphery lowards the central

grove belween two actin strands and now lies at the outer cdge of actin's inner domain.

The movement of tropomyosin exposes myosin-binding sites leading to muscle
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contraction. However, several observations from subsequent studies did not satisfaelorily

fit with this sterk blocking model. For example, the change in affinity of myosin

subfragment 1 (myosin·SI) to actin during the steady state ATP hydrolysis was small

(Chalovieh and Eisenberg 1981). In addition, rigor myosin can also activate acto-myosin

ATPase even in the presence of tropomyosin and troponin (+EGTA) (Breme! et al. 1972,

Bremel and Weber 1972) and tropomyosin alone can inhibit or activate actomyosin ATP

hydrolysis depending on the molar ratio of myosin-SI to thin filaments (Eaton 1976,

Williams et al. 1984, Lehrer and Morris 1984).

To address these inconsistencies, the three-state model (Lehrer and Morris 1982,

McKillop and Geeves 1993, Lehrer 1994, Lehrer and Geeves 1998, Maytum et aL 1999)

and Ihe Hill model (Hill et aL 1980) were proposed. In the three-stale model, supported

by X-ray diffraction, cryoclectron microscopy and 3D image reeonstruclion of negatively

stained filaments, the thin filamenl exists in three states not two (Lehman ct al. I994a,

1995, Poole et al. 1995. Homes 1995, Vibert et al. 1997, Xu et al. 1999, Narita el aJ.

200 I. Craig and Lehman, 2002). These correspond to a blocked stale, in which the

myosin binding sites arc completely occluded; a closed state where myosin-binding sites

arc partly uncovered penniuing weak interactions between actin and myosin but cannot

proceed to a tightly bound rigor myosin complex; and the open state in which productive

interaction between actin and myosin takes place fully activating the ATPase system. The

effects of Ca2
'" and rigor myosin on the positioning of tropomyosin were directly

visualized using negative staining, which revealed that there arc three positions of
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tropomyosin on the filament (Viben et al. 1997, Lehman et a\. I994a, 1995, Craig and

Lehman, 2002). In addition, using FRET (reviewed in Miki 2007) and site directed spin

labeled EPR (Arata et al. 2007), three motional states of the troponin comple:< on the thin

filament were detected in response to ligands (Miki 1990, Tao et al. 1990, Miki et al.

1998a, Kobayashi et al. 2001, Hai et al. 2002, Kimura et al. 2002) although the same

techniques failed to demonstrate any significant movement in tropomyosin (Miki and

Mihashi 1979, Lin and Dowbcn 1983, Tao et a\. 1983, Miki 1990, Miki et 1 1998b, Miki

et al. 2004). The three-state model suggests that in the absence of Ca2
" and rigor myosin

troponin holds tropomyosin in the blocked state. With increasing Ca2
-, confonnational

changes in troponin release tropomyosin, which now moves to the closed state. These

blocked and c10scd states correspond to the two positions of tropomyosin observed in the

steric blocking model. A funher movement of tropomyosin occurs with subsequent

binding of myosin, to the open state. It is also suggestcd that in the absence of calcium,

Tnl and myosin compete for actin but, if rigor myosin is present, its strong binding to

actin can displace tropomyosin-tTOponin from the blocked to the open state. Tropomyosin

is more evenly spread on actin in the open conformation where myosin and tropomyosin

cooperatively enhance each others binding to F-actin and the muscle is in the fully

activated state, called potentiated (Weber and Murray, 1973).

The role of tropomyosin in regulation, whether it is active or passive, is a question that is

currently under debate (Chalovich 2002, Perry 2003). The states of tropomyosin on F·

actin in the absence of the troponin complex arc thought to be the closed and the open
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states, dcpending on the myosin conccntration (Lehman et al. 1995, Vibert ct al. 1997).

Thcrefore, only a partial inhibition of acto-myosin ATPase is observed in the system with

tropomyosin and high F-aclin 10 myosin-S I ralios. Full inhibition is achieved upon the

addilion of lroponin (EGTA), particularly Tnl, Iherefore Ihe blocked slate requires Tnl

(Eaton et al. 1975). Tnl alone in the absence of lropomyosin can inhibit both myosin

binding 10 F·aclin and ATPase activity bUI requires one Tnl per aClin monomer for Ihe

full eITect. Instead, only one seventh of Tn I per actin molecule is required in the presence

of tropomyosin, which is consistenl with thc fact that one Tnl molecule can block only

one aClin monomer in Ihe filament (Eisenberg and Kielley 1974). In addition,

tropomyosin is essential for Ihc cooperative ATPase activation by myosin binding

(Lehrer and Morris 1982). It is more likely therefore Ihat the role of lropomyosin is to

transmil the eonfomlational changes in Ihe actin monomcr that binds the Tnl molecule or

myosin, to neighbouring actin monomers which are nOI in direct contact with the ligands.

This leads to the possibility that tropomyosin does not exert a direct blocking role on

myosin binding to actin, but rather moves as a consequencc of adapting to the

conformational changes occurring in the actin filament as a result of troponin (Ca2
+

IEGTA) and myosin binding (Rosol et al. 2000, Lchmn et al. 2000b, Pcrry 2001, Lcvine

etal. 1999).

In the alternate model, the Hill model (11m et al. 1980), thin filament exists in two slates;

the aClive stale and the inactive slale. Myosin binds to the inactive state only weakly

whereas it binds to the aClive stale strongly. The equilibrium belwecn the two states is
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determined by the concentration of the ligands, calcium. or rigor myosin. Myosin binding

weakly to actin exists in relaxed muscle but cannol gcnerate force, whereas myosin

binding strongly to actin produces force and therefore oceurs in contracting muscle.

Some recent sludies of ATPase measurements using a stop flow apparalus supported this

model (I-Ieeley et al. 2002, Heeley et al. 2006). They showed thai the predominant

mechanism of regulation is Ihe acceleration of product release, which is about 200 fold

higher in the presence of both ligands as compared to the inhibited state (no ligands).

Regulation by a change in myosin affinity to actin was only minor as would have

ex.pected for an active role of tropomyosin by blocking myosin-binding sites on F-actin.

They also demonstrated that the binding of rigor myosin-S1 alone was insufficient to

fully activate ATPase, an observation that was inconsistcnt with the three-state model of

McKillop and Geeves. The results suggested that binding of either Ca2
" or myosin shifts

the equilibrium between thin filament states in favor of the active state and both ligands

are rcquired for thc full effect.

1.4.1.3 Thill filamenl cooperativity

Tropomyosin is essential for coopcrativc regulation of the thin filament. Tropomyosin

bound to aClin induces cooperative binding of myosin-S I to actin as well as cooperative

activation of acto-myosin ATPase. The flexibility of the tropomyosin molccule is thought

to be a principal detenninant of the degree of eooperativity and the cooperativc unit size,

n. the number of actin monomers activated by binding of a single myosin-S I.

Tropomyosin-tropomyosin interactions, specifically the head-to·tail overlap, play an
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imponanl role in this regard. Tropomyosin isoforms with stronger head-to-Iail

interaclions show higher values for n, which can be greater than 7, the slructural unit size

of actin monomers (Lehrer et al. 1997, Geeves and Lehrer 1994). Troponin, in panicular

the N·TnT fragment, which bridges the overlap making it stronger, has been shown to

increase the n value (Schaen et aL 1995). When the head-to·lail interaction belween

tropomyosin molecules is slrong, tropomyosin filament can be considered as a semi

flexible strand capable of transmining signals in response to ligand binding not only

within one structural unit but also to the neighboring units (Lehrer et al. 1997, Gceves

and Lehrer 1994, Smith and Gceves 2003, Boussouf and Geevcs 2oo7).

Another model ofcooperativity, which was developed by Tobacman (Butters et al. 1993,

Tobacman and Buners 2000), is actin-actin cooperativity, Like tropomyosins, actins are

also in contact with each other. The fact that nonpolymerizable tropomyosins with

missing residues in the overlap bind to actin with only slightly reduced cooperativity

(Mak et al. 1983, Heeley ct al. 1987, Butlers et al. 1993) as compared to the native fonn,

suggested long distance propagation of confonnational changes through the actin

filament itselr. This model suggests that binding of either tropomyosin or myosin

generate changes in the actin filament, which influence each other's binding to the

filament in a cooperative manner.

39



1.5 Objectives of the study

The properties of tropomyosin were described in various sections of Chaptcr I. To

summarise, tropomyosin is an alpha-helical coiled coil protcin that participatcs in

interactions with: itself, seven actin monomers and at least two regions of troponin T. By

way of these interactions it responds to the association of ligand (either Ca2- or myosin)

with the thin filament and thereby regulates the enzymatic activity of striated muscle

myosin.

The physical connection between adjoining molecules of tropomyosin has long been

rccognized as being vital to this regulatory function. (Figure 1.1 F). The continuity of the

thin filament depends, in pan, upon this end-to-end overlap of contiguous tropomyosins,

inVOlving the amino-, and carboxy-tcnninal, ten or so amino acids in the sequencc.

Further, givcn the proximity of troponin T binding, this overlap is situatcd at a

eonvcrgcnce point in the thin filament (Figure 1.1 F). A major focus of this thesis is the

portion of tropomyosin that shows a high dcgree ofscquenee conservation and constitutes

the amino-terminal half of this overlap.

The end regions of tropomyosin have been investigatcd biochemically by subtraction of

the primary structure with a view to understanding their roles in muscle contraction

regulation. One example is the exolytie digestion of cleven carboxy-tenninal amino acids

(Mak and Smillie 1981, Mak et al. 1983, Heeley et al. 1987). Despite having weak

affinity for F-actin, the shortened tropomyosin (residues I - 273) could be incorporated
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back into thin filaments under typical experimental conditions (Mak and Smillie 1981.

Mak ct al. 1983, Walsh et al. 1984. Heeley et al. 1987, Heeley ct al. 1989a. Pan ct al.

1989). a feature that allowed the carboxy·tenninal region to be well explored.

If tropomyosin is made shorter at its amino-tenninal end by nine amino acids. the

consequences are drastic and the shortened molecule (residue 10 - 284). which did not

reassemble into thin filaments (Cho et al. 1990. and Moraczewska and Hitchcock·

DcGregori 2000), could not be deployed in actomyosin ATPase assays and was,

therefore. of limited use. As a result, currently, information regarding the amino-tenninal

region is scarce. However. an earlier observation encouraged us to return to this problem.

In 1996 Jackman et al. reported the unexpected cleavage of a muscle tropomyosin

expressed in Escherichia coli JM I09 cells. Truncation was attributed to the action of

outer membrane protease T (Omp T), since it did not occur with E. coli strain BL21

DE3s. which is deficient in this protease. Chain hydrolysis was shown to occur between

residues Lys6 and Lys 7 (Kluwe et al. 1995, Jackman et al. 1996). Preliminary

experiments, carried out at the beginning of the research term, suggested thai the unique

digestion product. encompassing residues 7 - 284. was potentially very useful. Since

Omp T·digested tropomyosin is missing only the first six residues. rather than the first

nine. we reasoned that it might behave differently to those prepared previously. And this

proved indeed to be the case. Specifically, Omp T digested tropomyosin was observed to

bind F-actin to saturation in the presence oftroponin. at low and high Ca2+ concentration.

This finding allowed a biochemical examination of the role of tropomyosin's amino-
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terminal region. Chapters 3, 4 and 5 pertain to this new proteolytic cleavage and its

application:

(i) Chapter 3 describes the proof of method. the digestion of several different muscle

tropomyosins (from mammal, bird and fish) by Omp T. as wcll as a method to prepare

hundred milligram quantities of product.

(ii) Chapter 4 comprises the characterisation of the binding properties of the shortened

tropomyosin (residues 7·284), under different buffer conditions. Compared to the full

length protein, Omp T digested tropomyosin shows weakened binding to the asymmetric

ponion of troponin T. This is of interest because there is uncertainty as to the precise

docking position of this portion of troponin T on tropomyosin. whether it stops shon of

the overlap site or extends into the next tropomyosin molecule in the filament. The

findings in this chapter are consistent with troponin T linking two tropomyosins.

(iii) Chapter 5 examines the regulatory consequences of removing the amino-terminal

hcxapeptide. It is evident that thin filaments (pCa 4) composed of Omp T digested

tropomyosin activate myosin to a greater extent than those which are fully integral.

Interestingly. this result is the reverse of what was observed with thin filaments

containing tropomyosin shortened at the carboxy-terminal end (Walsh et al. 1984. Heeley

et al. 1989a).
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The final Results Chapter (Chapter 6) is different. but 110t entirely unrelated. from the

other three. The focus is naturally occurring substitutions within tropomyosin.

substitutions, which correlate with a particular type of striated muscle. Protein isoforms

are of interest because they provide information on 'plasticity' - how a protein may be

altered to suit a particular structural and functional demand. Chapter 6 examines the

conformational stability of tropomyosins from Atlantic salmon. a cold water fish. One

isoform. which contains a substitution within the fifth alanine cluster (AlaI79Thr).

undergoes a low temperature structural transition (Tm. _25°C; pH 7; 0.1 M salt). The

results in this chapter provide insight into the adaptation of the coiled coil to cold.
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Chapter 2. Materials and methods

2.1 Extraction of muscle proteins

Fresh muscle samples were used for most preparations. Wild type tropomyosin, actin and

troponin were extracted from dried muscle fibres (acetone po\\der) prepared by

dehydrating muscle samples with cold ethanol and acetone. All procedures \\cre carried

out at 4°C unless othef"\vise noted. The pH of the buffers (and ever)' buffer featured in

this thesis) was set, at the appropriate temperature. using a pH meter (Beckman PHI +)2

pH mcter; electrode, Beckman futura™ Plus) which had been calibrated with the pH 4

and 7 standards (Fisher Scientific) having a same tcmperature as the buffer.

2.1. t Tropomyosin

Tropo01)'osins were isolated from fast and slow trunk (01)'otomal) muscles of Atlantic

salmon (Salmo ~;alar). cardiac muscle of rainbow trout (Sallllo gairdnerl) and back

muscle of New Zealand white rabbits according to the method described by Stone and

Smillie 1978 and described in more detail below.

2.1.1.1. Acetone powder preparation

In a typical preparation. SOOg of muscle tissue was minccd in a precooled stainless steel

grinder and then stirred in 500ml of distilled water (dH20) for 2·) min. After standing for

20 min. the liquid was strained through two layers of cheesecloth. The collected residue
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was then stirred for 2·3 min in 500ml of95% ethanol and the liquid was again separated

through cheesedoth. This procedure was repeated three times with 2L of 50% ethanol.

twice with 2L of 95% ethanol and twice with 2L of cold acetone (1', -20°C). The final

residue, acetone powder, was then air dried in a fume hood at room temperature. A yield

of approximately 50g was obtained. The dried powder was stored at 4°C till required.

2.1.1.2 Tropomyosin isolation.

30g of acetone powder was continuously stirred in 500ml of extraction butTer (I M KCI,

25mM Tris, 0.5 mM dithiothreitol (Drr), pH 8) for 2hr. To prevent unwanted

proteolysis, phenylmethylsulphonylnuoride (PMSF) was added to a final concentration of

-lmM at ll2hr intervals. The extract was centrifuged at 4200rpm (Beckman J6HC

centrifuge) for 20m in, the supernatant retained and the residue re-extracted with another

300ml of the buffer for lhr. After adjusting the concentration of combined supernatants

to lmg/ml (E280 Img/ml = I), crude tropomyosin was isoelectrically precipitated by

lowering the pH to 4.6 with 5M HCI. The solution was gently stirred for 30min and then

centrifuged at 8000rprn (Sorvall RC3 centrifuge; rotor, GS·3) for 30rnin. The pellet was

redissolved in IL of the extraction butTer, adjusted to pH 8. and clarified by

centrifugation at 8000rpm for 20min. Tropomyosin was then enriched by salting out

between 40% and 70% (NH4hS04' The 70% pellet was dissolved in dH20 (-250m I),

dialyzed against 4-5 changes of I0·15L dHp in the presence of -5mM (NH4)HCOJ and

-2rnM lllercaptocthanol, and lyophilized.
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Lyophilized powder (300 mg) was dissolved in Q·Sepharose Fast Flow chromatography

start buffer (50mM aCI, 30mM Tris, ImM OTI. pH 8.00). The solution was clarified

by centrifugation at 8oo0rpm for 20 min before loading onto the column (2.5 cm x 15

em). which had been equilibrated with two column volumes of the start buffer.

Tropomyosin was then eluted with a linear gradient of 50-500 mM NaC!. Protein

containing fractions were analyzed by measuring absorbance at 280nm and sodium

dadecyl sulfate polyacrylamide gel elCi:trophoresis (SD PAGE). Tropomyosin

containing fractions were pooled and loaded directly onto a hydroxylapatite column

(BioRad) (2.5 cm x 15 cm) equilibrated in 1M NaC!. 50 mM sodium phosphate. I mM

orr. 0.1 % (w/v) a ), pH 7.0 at room temperature. Tropomyosin was eluted with a

linear gradient of phosphate (50-250 mM). The fractions were analyzed by absorbance at

280nm and SDS PAGE. Fractions containing tropomyosin were pooled, dialyzed against

4-5 changes of 10-15L dHzO in the presence of -5mM (NH4)I-ICO) and -2mM

mercaptoethanol and thcn lyophilized. The yield of pure tropomyosin was approximately

200mg.

2.1.2 Trol)OlIin

Troponin was prepared from New Zealand rabbit skeletal muscle dissected from back and

hind legs following the protocol of Poner 1982 with a few modifications as described

below.
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2.1.2.1 Acetone Ilowder preparation

Minced muscle (5OOg) was stirred in 3 x volume of Guba Straub buffer (0.3M KCI.

O.IOM KH l P04. 0.05M K2HPO..) for 15 min and then centrifuged at 4200rpm for IOmin.

This step was repeated. The resulting residue was Ihen resuspended in I x volume of

0.4% NaHC03• following added 3 x volume of 0.05M alC03• stirred gently for 20 min

and then cenlrifuged for 15min. After resuspending Ihe residue in I x volume ofO.05M

NaHCO/O.05M N<L:!C03, 8L of 0.5mM CaCll was added. stirred for 5min and strained

Ihrough two layers of cheeseclolh. The drained residue was Ihen added 10 2L of acetone

cr. ·20oq, Slirred and slrained through cheesecloth Ihree limes. The final acetone powder

was air dried overnighl in a fume hood. A yield of approximately 45g was obtained.

2.1.2.2 Troponin isolafion

Troponin acelone powder (20g) was continuously stirred in 300ml extraction buffer (I M

KCI, 25mM Tris. O.lmM CaCI2, O.lmM DTI. pH 8) for 2hr. After centrifugation at

4200rprn (Beckman J6HC centrifuge) for 30m in. the supernatant was saved and the pellet

reextracted with 150ml of 1M KCI for 60min followed by centrifugation. The two

supernatants were combined and the pH of the mixture lowered to 4.6 with 5M HCI to

isoclectrically precipitate out tropomyosin. After 30min stirring, the solution was

centrifuged at 4200rpm (Beckman J6HC centrifuge) for 20min and the pH of the

supernatant raised to 8.0 with 1M KOH. The solution was then subjected to Ihree salt

cuts: 0-40%. 40-50% and 50-60% with {NH..)2S04 (w/v). The pellets (4200rpm for

10min) obtained at 500/0 and 60% salt were dissolved in the buffer (IOmM imidazole.
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SOmM KC1, O.lmM CaCI2, 0.02% NaN). pH 7.0), dialyzed against 2·) changes of 10·

ISL of dH20 in the presence of -SmM (NH~)HCO) and -2mM mcrcaptoethanol. The

dialysates were clarified by centrifugation and lyophilized.

2.1.2.3 Separation oftroponin subunits

Traponin subunits were separated using Q·Sepharose Fast Flow chromatography under

denaturing conditions. Isolated whole troponin (-740mg) dissolved in the start buffer

(6M urea, SOmM Tris, ImM EGTA, lmM DlT. pH 8) was applied to the column (2.5

em x IS em). which had been equilibrated with two column volumes of the same buffer.

Tropanin I eluted in the flow through while TnT and TnC eluted. after a aCI gradient

(0.0 - 7S0mM) was applied to the column, with peaks centered at aCI concentrations of

approximatcly ISOmM and 230mM respectivcly. Fractions werc analyzed by absorbance

measurements at 280nm as well as by SDS PAGE. Those fractions containing subunits

were pooled separatcly, dialyzed against dHp and lyophilized.

2.1.3 Actin

Actin was preparcd from skeletal muscle dissected from back and hind Icgs of New

Zcaland rabbit according to Spudich and Wall 1971.

2.1.3.1 Acetone powder preparation

Minced muscle (SOOg) was stirred in 12 x volume of dl-lp for 30 min and then allowed

to settlc for an additional 30 min. After centrifugation for 10min at 4200rpm (Beckman
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J6HC centrifuge) the residue was resuspended in 3 x volumes of 0.4% (w/v) NaHCOj

and stirred for 15min. The step was repeated with 0.05M a2COi 0.05M aHCO j and

cenlrifuged at 4200rpm for 10min. The residue was then stirred in 3 x volume ofO.2mM

CaCb and centrifuged as before. The resultant residue was stirred in 3 x volume of cold

95% ethanol (T, 4°C) for 2m in and then strained through two layers of cheesecloth. This

step \\as repeated three times with 3 x volume of cold acetone (T. -20°C) and then the

final acetone powder air-dried in a fume hood. Typically a yield of 30g of powder was

obtained.

2.1.3.2 AClin isolation

Acetone powder (5g) was gently stirred in 50mL of extraction butTer (2mM Tris, 0.2mM

CaCI2• 0.2mM ATP, O.lmM Drr, pH 8) for 30 min with solid Drr added to a final

concentration of O.5mM. The mince was centrifuged at 4200rpm (Beckman J6HC

centrifuge) for 15min and the residue washed with another 50ml of butTer. The

supernatant and the soaked residue were strained through two layers of cheesecloth. The

resultant filtrate was further filtered through 8.0um. 0.45ull1 and O.22u1l1 Millipore filters

sequentially. Extracted actin was then isolated by polymerization and dcpoly1l1erization.

Polymerization was initiated by the addition of O.05M KCI and 0.002M MgC12 with

stirring for one hour. Solid KCI was added 10 a final concentration of 0.8M and stirring

continued for another 1.5hr (These two steps were carried out at room temperature).

Polymerized actin was sedimented at 45,000rpm (Beckman L·90K ultracentrifuge: rotor,

70 Ti) for 1.5hr. the pellet redissolved in 34ml of extraction buffer and dialyzed against
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4L of the same buffer with 2-) changes. After dialysis depolymerized actin was clarified

by centrifugation at 45,OOOrpm for 1.5hr. The resulting G-actin was stored at 4°C in the

presence of 0.01% NaN)"

2.2 Expression of tropom)'osin in bacteria

A cD A encoding full-length salmon fast muscle tropomyosin (Heeley et al. 1995).

previously cloned into the expression vector pTrc 99A (Pharmacia 27-5007-01) and then

transfonncd into Escherichia coli BL21 DE3 (Jackman et al. 1996). was used to prepare

unacetylated full-length tropomyosin (residues 1-284). Typically. 3L (4 x 750 ml

aliquots) of Luria broth (LB) (Sigma) containing 50~glml ampicillin (Fisher) and

25~glml chloramphenicol (Fisher) was inoculated with a starter culture of E. coli BL21

DE3 al 37°C. When the absorbance of the culture at 600nm had reached 0.6-0.8, ImM

isopropyl B-D-thiogalaclopyranoside (uYrG) was added to induce expression. After an

overnight incubation, the cells were pcllctcd at 4200 rpm for 25 min, redissolved in

buffer containing 0.1 M Nael, 20mM imidazole pH 7 (3ml/g wet weight of cclls) and

passed through a French pressure cell, at 12000 psi. An additional 10mi of the same

buffer and 0.1 mM PMSF was added to the lysate before centrifugation at 8000 rpm

(Sorvall RC3 centrifuge; rotor, GS·3) for 25 min. The supernatant was then heated to

80°C in a water bath for 5 min, left 10 cool down to room temperature and then cooled on

ice for 15 min. Bacterial proteins were removed by centrifugation at 8000 rpm for 2S

min, and then tropomyosin in the supernatant was isoelectrically precipitated at pH 4.6.
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The resultant tropomyosin pellet (8000rpm for 30 min) was then subjected to Q

Scpharose Fasl Flow and hydroxylapatite column chromatography as described in section

2.1.1. Alternatively. to avoid the heating step. tropomyosin in the ccll Iysale was directly

isoelectrically precipitated at pH 4.6 and further enriched by salting OUI between 50 

70010 (NI·I~)~SO~. The final pellct was dialyzed against dH~O. lyophilized. and passed

through Q-Sepharose Fast Flow and hydroxylapatite columns. The yield of recombinant

(unacetylated) tropomyosin was approximately loomg.

2.3 I)reparation ofamino-lcrminaUy truncated tropom)'osin

Truncated tropomyosin (residues 7-284) was generated by an enzymatic cleavage of the

sixth peptide bond using the bacterial protease Omp T. Two methods were employed: by

inducing expression from a tropomyosin cDNA clone in E. coli JM 109 or by incubating

previously isolated tropomyosin with a cell suspension of E. coli JM I09.

2.3.1 Exprcssion of tropomyosin in E. coli JMI09

In order to express tropomyosin in E. coli JM109, total plasmid DNA was isolated from

E. coli BL21 DE3 cells. This preparation contained two plasmids. one was the salmon

fast muscle eDNA cloned in pTrc 99A (Jackman et al. 1996). lhe other was pLys S. In

order to separate the two, plasmid DNA was digested. individual bands were excised and

purified. and those corresponding to the salmon fast tropomyosin cD A and pTrc 99A

were religated. and then transfonned into E. coli JMI09 cells.
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2.3.1.1 Cloning tropomyosin cDNA into the expression vector

Total plasmid D A (pTrc 99A cloned with salmon fast muscle tropomyosin cDNA and

pLys) was isolated from a 50ml overnight cuhure of E. coli BUI DE3. Briefly. the cells

were centrifuged at SOOOrpm (Sorvell RC2·B centrifuge) for 25min and resuspended in

2ml of 50mM glucosc, 25mM Tris, 10mM EDTA. pH 8. To the suspension was added

4mlofO.2N aOH. 1% SDS followed by 3ml oDM potassium acctate. 88% formic acid.

After mixing and centrifugation at IO,OOOrpm (Eppendorf 5415 Microfuge) for 10min.

thc supernatant was removed to a new tube and 0.6 x volumc of isopropanol was addcd.

Aftcr mixing the centrifugation step was repeated.'"e D A pellet was washed with 700/0

cthanol. resuspended in 70ul ofTrislEDTA (fE) buffer (IOmM Tris. ImM EDTA, pH 8),

eXlracted wilh phenol/chloroform and Ihen precipitaled wilh 0.5 x volumc of 7.5 M

ammonium acetateJ 0.6 x volume of isopropanol. The DNA pellet was washed wilh 700/0

ethanol, air-dried and resuspendcd in 100ui of TE. Then. 25ul of plasmid 0 A was

digcsted wilh Hind III and Nco I in Ihe reaction buffer. 10mM Tris pH 8. 10mM MgCI2,

100mM NaCl, 10mM 2-mercaptoethanol at 37 "c overnight. The whole digest was

electrophoresed in 0.8% agarose, the gel bands with the DNA corresponding to pTrc 99A

vector (-4200bp) and salmon fasl muscle tropomyosin cDNA (1IOObp) were excised, the

DNA eleclroelutcd. extracled with phenol/chloroform. concentrated (10 10ul) by ethanol

precipitation and then religated using T4 ligase as described in S31ubrook et al. 1989. All

the reslriction enzymes and ligase were purchased from either Promega or Pharmacia.
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2.3.1.2 Transformation and induction

Ligatcd DNA was then transformed inlo E. coli JMI09 cells, as described below. A 2ul

aliquot ofligaled DNA was mixed wilh 100ui ofcompetent E. coli JM 109 cells (prepared

by Donna M. Jackman) and left on icc for 30min. Following a brief heat shock (90sec at

42°C and 2-3min on ice), 1011 of LB medium was added and Ihc sample was incubated at

HOC for Ihr. After centrifuging at 5,OOOrpm for 2min (Eppendorf 5415 Microfuge) and

discarding most of Ihe supernatant, leaving only approximately 100ul. the pelleled cells

were redispersed and plated on LB Agar medium containing Ihe antibiotic (Baclo Agar

(DIFCO laboratories), 15g1L; ampicillin. 50uglO1I). Following an overnight incubation at

37°C, a number of colonies on the plates were picked and grown in 5011 LB media in the

presence of 50J.lglml ampicillin. Whcn the absorbance of the cultures at 600nm had

rcached 0.6-0.8 (typically after 4-5hr of gro\\1h). 101M IPTG was added. After an

overnight growth, cultures were tesled for the induction of salmon fasl muscle

tropomyosin using SDS PAGE. The cultures that expressed the protein were used to

inoculate 50011 slal1er culture for a large-scale tropomyosin preparation as described in

section 2.2. In this case, amino tenninal truncation of tropomyosin is commensurate with

cell lysis (Jackman et al. 1996).

2.3.2 C1c3\'agc of isolated tropomyosin with:1 suspension of E. coli JMI09 cells

2.3.2.1 Analytical-scale digestion

The digestion conditions were cstablished by performing small-scale experiments. A

10mL ovemighl culture of E. coli JM109 was harvested by centrifuging at 5.000 rpm
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(Sorvall RC2·B) for 25 min and the cells rcsuspended in 1mL of digestion buffer (0.1 M

aC!. 5mM EDTA, ImM DTI, 50mM sodium phosphate. pH 7) after washing the cell

pellet with the same buffer. A small volume of substrate (-o.5mg of previously isolated

tropomyosin) was added and continuously agitated at either room temperature or 3'flC.

AliquolS of reaction mixture were withdrawn at different time intervals. centrifuged at

10.OOOrpm (Eppendorf 5415 Microfuge) for 2m in to remove the cells. and analyzed by

SDS PAGE.

2.3.2.2 Large-scale digestion

Large-scale processing of rabbit skeletal tropomyosin (IOOmg) was carried out as

follows. Three liters of overnight cuhure were sedimented by centrifuging at 4200 rpm

(Beckman J6HC centrifuge) for 25 min. The cells wcre washed once in digestion buffer

and resuspended in 300 ml oflhe same buffer. Tropomyosin (IOmL of 10mg/mL, in the

same buffer) was then added to the suspension. The reaction mixture was incubated at

370C with continuous agitation. When digestion was complctc (-4h), as detcrmined

elcclrophorctically, the cells were removed by sedimentation and thc truncated

tropomyosin-containing supernatant was subjected to tropomyosin cnrichment

proccdures as described in section 2.1.1.
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2.4. Electrophoretic melhods

SOS PAGE and isoclectric focusing were perfonned on a Bio·Rad mini-Protean II

apparatus (BioRad. Richmond. CA) with 0.750101 thick electropherograms.

Polymerization of acrylamide was initiated by the addition of N. N

tetramethylethylenediamine (fEMEO) followed by ammonium pcrsulfate. Agarosc gel

electrophoresis was carried out on a Bio-Rad DNA Sub Cell apparatus.

2.4.1 Sodium dodec)'1 sulfate pol)'acrylamidc gel eleclrophoresis (SOS IlAGE)

SOS PAGE was carried out according to lhe method of Laemmli (1970) using either 12%

or 15% (w/v) polyacrylamide slabs (thickness. O.75mm) consisting of an

acrylamideIN.N·methylene-bis-acrylamide (BioRad) (w/v) ratio of 37.5:1. All samples

were dissolved in 5DS sample buITer (a trace of Bromophenol blue. 13% (v/v) glycerol,

1.3% (w/v) 5DS, 0.02% (w/v) NaN) and 0.79% (w/v) Tris·I·ICI, pH 6.8 and -101M Dn')

to a final dilution as noted in the figure legends. Electrophoresis was carried out at l80V

until the bromophenol blue dye ran oIT the gel. The gels were stained using 0.2% (w/v)

Coomassie Brilliant Blue R·2S0 (Bio-Rad) in 50% (vlv) ethanol. 10 % (v/v) acetic acid

and then destaincd in 20% (vlv) ethanol, 10% (vlv) acetic acid.

2.4.2 Isoeleclrie focusing gel electrophoresis

lsoelectric focusing was perfonned on slab gels consisting of 9M urea. 2% (w/v)

ampholincs (pH 4-6.), 4% (w/v) acrylamide, 0.24% (w/v) N.N-methylene-bis-acrylamide
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and 0.022% (v/v) NP40. The samples were dissolved in salurated urea containing -lmM

DTf and a trace of bromophenol blue. and loaded onto the gels which had been brieny

pre-run. The inner tank was filled with 4mM NaOH and the outer tank with 15mM

H)PO~. After electrophoresing for 10OOVhr. gels were incubated first in 15%

trichloroacetic acid for 30 min and then in 200/0 (v/v) ethanol I I00/. (v/v) aeelie acid unlil

the gel became transparent. Finally gels were stained as described in seclion 2.4.1.

2.4.3 Agarose gel electrophoresis

The gels were composed of 0.8% agarose dissolved in TrisIBorale'EDTA (fBE) buffer

(O.Olo/o(w/v) aOH, 1.08o/o(w/v) Tris·base. 0.55o/o(w/v) boric acid. 0.074o/o(w/v) EDTA).

The samples were mixed with 2-4ul of loading dye (0.25% bromophenol blue. 0.25%

xylene cyanol, 50% sucrose. 10mM Tris pH 8) and electrophoresed at 100 V until the

bromophcnol blue tracking dye was ncar the end of the gel. The gels were slained with

ethidium bromide (Iug/ml) and destained with dH20.

2.5 Spectroscopic methods

2.5. t UV- Visible absorbance

Protein concentration determinations were carried out using ncar UV absorbance

mcasurcments in a Beckman DU·64 Spectrophotomctcr. Proteins werc dialyzed

overnight aI 4°C against a givcn butTer and thcn clarified by ccntrifugation at 12.000rpm

(Eppendorf 5415 Microfuge) for 2 min. First. the instrument was calibrated with dHP

and Ihcn the absorbanees of both the dialysis buffer and the protein sample were
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measured at the relevant wavelength. Measurements were between 0.1-1.0 absorbance

units. The following extinction coefficients. C210 Imglml. were used: tropomyosin. 0.25:

troponin, 0.47: Tnl, 0.4; N-TnT, 0.143: and myosin-51. 0.71. after correction for light

scattering by subtracting 1.5 x A
J20

• F-actin was determined using~ Imglml. 0.694 and

correcting for scatter by subtracting 1.34 x A}20 {Johnson and Taylor 1978}. The molar

masses (glmole) of proteins were taken as: tropomyosin. 66.000: troponin, 70,500; G

actin. 42.000; myosin-S I. 115,000; Tn!. 21.000; N-TnT. 18.600.

2.5.2 Matrix Assisted Laser Desorption Ionization - lime of flight (MALDI-tof)

Mass spectromelr")'.

The mass spectra were taken using a Matrix Assisted Laser Desorption Ionization, linear

time-of-night (MALDI-tof) mass spectrometer (Voyager-DETMPRO) at the CREAIT

facility, Memorial University, Newfoundland. Protein samples were dissolved in 70% (by

vol) aqueous acetonitrile, 0.1% (by vol) trifluoroacetic acid and mixed ]:] with the

matrix 3.5-dimethyloxy-4-hydroxy-cinnamic acid. Approximately 1-4pmol of protein

was present in each sample spot. All spectra were the summation of ]00 laser shots.

2.5.3 Circular Dichroism

Spectra were recorded using a Jasco-j-81O spectropolarimeter. Proteins were dissolved

and dialyzed against the buffer indicated in the respective figure legend. Thermal melting

of the protein was determined by heating the protein from 5-65·C and measuring the

ellipticity change at 222 nm (far UV) or 280nm (near UV). Temperature was controlled
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by a circulating thcrmostatted water bath. The percentage of cach transition Crable 3.1)

was estimated by expressing the change in ellipticity within each transition as a

percentage of the total ellipticity change from S-6S*C.

Far UV spectra at a given temperature were recorded from I98-300nm. A water-jacketed

cell of 0.05 cm path length and a protcin concentration of Img/ml were used. The mean

residue ellipticity at 222nm ([el) and the fractional helix (1;1) of the protein at S*C were

calculated using the following equations.

O. m(g/mol)

[OJ

10. L (em). C (mglml)

0- observed ellipticity at 222nm

/II - mean residue weight

L - pmh length

C - concentration

[01- [OJ,

111=--
[Oh,- [OJ,
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Following parameters are from Chen et al. (1994).

19JR:: 1580 at 222nm

r91 1l :: 39500 at 222nm

ear UV spectra were recorded from 250·340nm. A water·jacketed cell of 0.2 em

pathlength and a protein concentration of 10mglmi were used.

2.6 Protein blolting

Protein bands electrophoretically separated by SOS PAGE were transferred to PVOF

membranes (GelmanSciences) as follows. The gel and the membrane were soaked in

transfer buffer (JOmM CAPS. 10% methanol, pH II) for 30min, assembled into the

apparatus (Bio·Rad mini·PrOlean II) and electrophoresed for 2 hrs at 60V. The membrane

was stained in 0.02S%(w/v) Coomassie Brilliant Blue R2S0 and 40%methanol. destained

in 50% methanol, air·dried and submitted to the Advanced Protein Technology Centre 

Peptide Sequencing Facility (The Hospital for Sick Children. Toronto) for automated

Edman degradation,

2.7 AmniI)' chromatography

I)redialyzed samples of whole troponin (20mg) or tropomyosin (IOmg) were coupled to

C Br activated Sepharose 4B (Phannacia) following the manufacturer's instructions.
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Briefly. 5g of freeze dried CNBr-activated Sepharose 4B was suspended in ImM HCI.

The swollen gel was washed for 15min with ImM I·ICI (200ml/g of powder) and the

ligand dissolved in IOml of coupling buffer (0.1 M NaHCO). 0.5M NaCI. pH 8.3) was

mixed with the gel and rotated overnight at 4°C. The medium was washed with coupling

buffer and any remaining active groups were blocked with 0.1 M Tris-HCI. pH 8 for

overnight at 4°C. Coupling was >95% as judged by the A280 of the filtrale. The produel

was washed wilh Ihree cycles of alternating pl'l, each consisling of a \\ash with O.5M

aCt 0.1 M acetate. pH 4 buffer followed by a wash with 0.5M NaCI. 0.1 M Tris. pH 8

buffer. The final material was slored at 4°C in the presence of 0.01% NaN) until packed

into columns.

Samples (either Iropomyosin or Ihe amino-tenninal chymotryptic fragment of rabbit

skeletal troponin T. N-TnT. residues I - 158) were applied to columns (0.9cm x 8cm)

containing the appropriate ligand equilibrated in 10mM imidazole. 0.5mM EGTA, 0.25

mM on', 0.01% NaN). pH 7, at 4°C. Elution was cffcclCd by a linear gradient of 0 to

500111M NaC!. Fractions were analyzed elcclrophorctically, by absorbancc mcasurements

at 230nlll and by thc Bradford assay (Bradford 1976). Thc NaCI concentrations of

fractions were obtained by measuring the conductivity (Radiometer Copenhagen. COM

80 conductivity meter and CDC 114 electrode) and then converting into molarity using a

standard curve generated for conductivity vs. NaCI concentration.
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2.7.1 Bradford aSS3)'

To 100ui samples of affinity chromalography column fractions was added 700ul of Hp

:md 200ul of Bradford reagent and the tubes were gently mixed by invert ion. Following

IOmin incubation for colour development. absorbance at 595nm was read in the Beckman

OU-64 Spectrophotometer.

2.8 Tropomyosin binding to Actin

Binding was investigated by sedimentation in an airfuge (Beckman) at room temperature

(Eaton et al. 1975) or in an ultracentrifuge (TLA 100.2: rotor. TLA 100) at 4°C. For

qualiuuive analysis (gel electrophoresis) of binding. unlabeled tropomyosin was used

whereas 14C labeled protein was used for quantification.

2.8.1 Labeling tropomyosin with lodo[I-14C)acetamidc

Tropomyosin was labeled at cysteine 190 with lodoll· 14C1acctamide (Amersham

Bioscicnces) as described in Allen 1989 with a few modifications. Tropomyosin was

dissolved at 10mglmi solution in butTer containing 0.1 M Tris. ImM EOTA. 2mM Drr.

pH 8.3. Protein reduction was carried out for Ih at room temperature in a scaled container

and then excess DlT was dialyzed out at 4°C overnight against the same butTer

(degassed) with no added OlT. Finally. lodo[l·14qacetamide was added to give a 2-3

fold molar excess over thiol groups and reactions were incubated at room temperature

overnight. Labeled protein was dialyzed extensively against 2·3 changes of actin binding
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buffer to remove excess reagent unlil Ihe dialysate showed no radioactive counlS above

background. The labeled troJX)myosins yielded specific radioaclivities of 5.25 x IOJ cpm /

nmol (for rabbit skeletal truncated troJX)myosin). 1.1 x IOJ cpm / nmol (for salmon fast

muscle unacetylated lroJX)myosin) and 3 x 10J cpm / nmol (for salmon fast muscle

truncated troJX)myosin. residues 7-284).

2.8.2 Actin binding assay

Stock solutions of various troJX)myosins were prepared in binding buffers of varying

ionic strength (as indicated in the respective figure legend). dialyzed overnight and stored

at 4°C. Whole troponin was dissolved in the same buffer and was used for 1-2 days after

the overnight dialysis. G-actin was JX)lymerized by overnight dialysis against the above

buffer. Proteins were combined, by adding them in the order F-actin. tropomyosin and

troponin (or Tnl +/- N-Tnn, at final concentrations of 7 uM, 0.25- 9 uM and 2uM

respectively. The total volume of the mixture was 100ul. Solutions were carefully mixed

by using a Gilson Pipctman with a cut off tip and set at 2/3 rd ofthc volume, incubated for

45 min at 4°C and thcn centrifuged in thc Airfuge (Bcckman) or ultracentrifuge

(Beckman TLA 100; rotor. TLA 100.2) for 30 min at 150.000 x g. Samplcs taken before

and aOcr ccntrifugation were analyzed on SDS PAGE. Alternatively, two 10ui aliquots

wcre removed before and aOer centrifugation for radioactivity counting. The difference

was attributed to the amount of tropomyosin bound. Correction for aggregation of

troJX)myosin was obtained by sedimentation in the absence ofactin.
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2.9 ATPase activit)' measuremenls

The assay was carried out in buffer 10mM MOPS. 4.5mM MgC12, I mM DTf. pH 7.0

(ionic strength. 18.5mM). The aClomyosin-S I Mg·ATPasc activity was measured as a

function of tropomyosin concentration. myosin-S 1 concentration or thin filament

concentration. F·actin. tropomyosin and troponin (if present). and S I were combined at

final concentrations as described in the figure legends. Protein mixtures (total volume.

3OOul) were then incubated at 4 C for 45 mins. The assay was initiated by adding 201M

Mg·ATP at 25
D

C in a thennostaltcd water bath. Samples were collected between 0·16

min depending on the concentration of myosin-S I or thin filaments. The reaction was

terminated by transferring 50ul of the reaction mixture into a test lUbe containing 100 ul

of SlOp solution (13.3% (w/v) SDS, 0.12M EDTA). The inorganic phosphate released was

determined colorimetrically according to White 1982. For each reaction, five time points

were taken in order to determine the ratc of reaction. Then 850ul of a developing solution

(0.5% (w/v) ferrous sulfate, 0.5% (w/v) ammonium molybdate, 0.5 M sulfuric acid) was

added. and aOer 10min. absorbance was read at 550nm.

2.10 Myosin binding assay

Myosin-S 1 binding to actin was detennined according to Chalovich and Eisenberg 1981.

Thin filaments containing either truncatcd or full length tropomyosin were mixed with

varying concentrations of myosin-S I in a buffer composed of 5.5 mM MgCI2' 50mM
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KCI. 10mM imidazole, 3mM MgAOP, 0.5mM EGTA/Ca2+. ImM OTI. 20uM

myokinase inhibitor (Sigma), pH7 (ionic strength 71.5mM). Thc final mixtures (total

volume, 100ul) contained 4.0uM actin. 2.28uM tropomyosin. 2.28uM troponin and 0

SuM myosin-S I. The samples were incubated at 4°C for Ihr and centrifuged in the

Airfuge (Beckman) for 30min at 150,000 x g. Free myosin·SI in the supernatant was

dctcnnined by NHJEOTA ATPase assay of free 51 (Pan ct al 1989). The supernatant

(30ul) was first mixed with 255ul of buffer 0.44M NH.4CI. 30mM EDTA. 28mM Tris, pH

8.0 and then 15ul of lOOmM ATP (to a final concentration of 5mM) was added to start

the rcaction. The reaction was carried out at 25°C in a thennostatted waterbath. The

reaction was quenched at five time points with SDSIEDTA stop solution and the

inorganic phosphate was determined colorimetrically as described in thc section 2.9. The

free myosin-S I concentration in the sample was obtained from a standard curve. which

was constructed by assaying known quantities of myosin·SI for NH.4IEDTA ATPase

activity.

2.11 Data fitling

All the binding and ATPase plots were filled using the GraphPad Prism software. Onc of

the following equations were uscd to obtain the best fit curve.

I. Sigmoidal dose-rcsponse (vari3ble slope)

y = B~/(I+IO"(logKd-logX)' nJ)

2. One site binding (hyperbola)

y"" B..-· X I (Kd+X)
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Chapter 3. Preparation and analysis of amino-terminally truncated
tropomyosin

3.1 Introduction

The bactcrial outer membrane protease T. Dmp T. produces a c1eavagc at the amino-

tenninal end of tropomyosin resulting in a product which is six residues shorter than the

intact tropomyosin. The observation has been reported previously (Kluwe et al. 1995.

Jackman et al. 1996). when tropomyosin cDNA expression was attempted in Escherichia

coli cells that contain a functional Dmp T gene. The tropomyosin product from Dmp T

digestion retains more amino acids at its amino-terminal end as compared to two previous

amino-tenninally truncated tropomyosins lacking the first nine residucs (Cho et al. 1990.

and Moraczewska and Hitchcock·DcGregori 2000), a fcature that promptcd us to use the

Dmp T cleaved protein as a model to revisit the problem of evaluating the Functional

significance of the tropomyosin amino-tenninal end. This chapler describes a method to

preparc hundrcds of milligrams of tropomyosins lacking the first six residues. from

various muscle sources, utilizing this bacterial outer lllembrane bound protease. This

proteolytic enzyme specifically cleaves between two consecutive positively charged

residues of the substrate [Sugimura and Nishihara 1988. Dekker et al. 2001. McCarter et

al. 2004}. The source of the enzyme was simply whole cells of the bacterial strain, E. coli

JM I09. Truncation was implemented in two different ways: by inducing tropomyosin

cDNA expression in E. coli JMI09 or by treating previously isolated full-length protein
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with a cell suspension of the same strain. The final product was then characterized in

terms of its purity. sequence, slability and ability 10 incorporate into thin filaments.

3.2 Results

3.2.1 Induction of tropomyosin expression ill E. coli JMI09

The expression of eDNA encoding full-length salmon fast muscle tropomyosin was

induced in E. coli JMI09 and was monitored by SDS gel electrophoresis (Figure 3.1).

There was no detectable tropomyosin in uninduced cells (Figure 3.1 A. lanes 3 and 4)

whereas a distinct band in the tropomyosin region of the gel was observed in induced

cultures (Figure 3.IA.lane 2). It should be nOied that although salmon 'fast' tropomyosin

is an alpha-type isoform by sequence, it exhibits a slower mobility in the presence ofSDS

than rabbit alpha-isoform (molecular weight markcr; Figure 3.IA. lane I) (Hcclc)' et al.

1995). Induction of three liters of culture yielded approximately 100 mg of tropomyosin.

SOS PAGE analysis of this prOlcin showed it to possess a slightly higher mobility than

the full-length countcrpart indicative of its shorter length (Figure 3.1 B. lane 3). Further,

no traces of the undigested. intact protein molecule werc observed in this sample. The

difference in migration between the product and intact protein is illustrated by co

electrophoresis (Figure 3.1 B. lane 4). Since Omp T is an extracellularly bound protease

the cleavage is effective only after cellular disruption in the French pressure cell. In

agreement with a previous report from this lab (Jackman et al. 1996) chain cleavage is

complctc and virtually instantaneous upon cell lysis. By comparison expression in E. CQIi
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Figure 3.1 : SOS PAGE analysis of salmon fast muscle trol)()myosin expressed in E.
coli JMI09.

A) Induction of salmon fast muscle tropomyosin cDNA expression in E. coli JMI09
cells. Sml LB (containing SOuglml ampicillin) was inoculated with a colony ofE. coli
JM 109 containing pTrc 99A cloned with salmon fast muscle tropomyosin eDNA.
After about 4·5 hr of growth at 37°C (absorbance at 600nm had reached 0.6-0.8)
protcin cxpression was induced by the addition of ImM IPTG. Following overnight
incubation at 3JOC a Iml sample was mixed I: I with SDS sample buffer and 20ul
loaded per lane for clectrophoresis. Lanes: I, molecular weight marker (actin and
rabbit alpha tropomyosin arc indicated by arrows); 2. induced culture (expressed
salmon TM is indicatcd by an arrow); 3 & 4. uninduccd culture.

13) A 12% SDS PAGE of purified tropomyosin isolaled from muscle and prepared by
exprcssing in E. coli JMI09 (truncalcd tropomyosin) or E, coli BllI DE3
(unacetylatcd tropomyosin). lanes: I, unacetylatcd; 2, wild typc; 3, truncated, 4,
mixturc of wild type + truncated (indicated by arrows). 1-2 ug of protcin was loaded
per lanc.
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BL21 DE3, an E. coli slrain lacking Omp T. yields a tropomyosin that migrated wilh

idenlical mobility as Ihe wild Iype prolein (Figure 3.IB. lanel) indiealing that the

Iruncation is specific 10 E. coli slrains such as JMI09 thai conlain a functional Omp T

gene.

3.2.2. Treatment oflropom)'osin with E. coli JMI09 cell suspension.

The amino-Ierminal lruncation can be implemenled in different ways. One. by inducing

the expression of protein in an appropriale baclerium (eg.. E. coli JM I09) as described

above. As an alternative method. cleavage was also allempted by exposing previously

isolated tropomyosin to a suspension of E. coli JM 109 cells. Formation of amino

Icrminally cleaved tropomyosin was again monilored clcctrophoretically. Once more the

removal of a small peptide resulted in an increase in mobility in SDS gels.

3.2.2.1 Time course and temperature.

The conditions for cleavage were optimized by carrying out small-scale digestions of

salmon fasl and rabbit skeletal tropomyosins. The cleavage was not instantaneous as in

thc earlier casc; Iherefore digestion was carried oul al varying temperatures and

monitored over timc lill complelion. This is shown for rabbit skeletal Iropomyosin in

Figure 3.2A. At room temperature, the prolcin is largcly intact aner 4 hrs of incubalion

(Figure 3.2A lanes 1-4). Conversely, at 37 °c (O.IM salt at pH7), processing of

mammalian tropomyosin is complete aner 4 hours (Figure 3.2A. lane 8). No inlact

prolein is detected after Ihis time, as determined by gel analysis. (It should be noted Ihat
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Figure 3.2 : Truncation of rabbit and salmonid tropomyosin with a E. coli JMt09
cell suspension.

IOmL of an overnight cullUre was centrifuged, the sedimented cells were dispersed in
ImL of butTer (0.1 M NaCI, 5mM EDTA, ImM dithiothreitol, 50mM phosphate, pH 7)
and mixed with tOO uL of 5mglmL rabbit skeletal wild type tropomyosin dissolved in the
same butTer and incubated at room temperature (lanes 1-4) or 37°C (lanes 5-8). Reaction
was terminated at times specified below by pelteting the cells, resuspending the
supernatant in an equal volume of SDS sample butTer and boiling. 1-2 ug of protein was
loaded per lane and electrophoresed in a 12 % SDS polyacrylamide gel. A) Rabbit
skeletal tropomyosin. Lanes: I & 5, at zero time; 2 & 6, after 60min; 3 & 7, after 120min;
4 & 8, 240 min incubation. B) Salmon fast muscle tropomyosin. Lanes: I & 8, at zero
time; 2 & 5, after 30min incubation; 3 & 6, after 60min, 4 & 7 after 120min incubation.
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the tropomyosin used in this experiment consists ofa preponderance of the alpha isoform

and a small fraction of beta tropomyosin. which is observed as a faint upper band.

Cummins and Perry 1973; Cummins and Perry 1974). The truncation is evident with the

beta isofonn as well (Figure 3.2A lanes 7 and 8). Longer times were required to achieve

o 0

complete reaction at temperatures below 37 C; room temperature (24 hrs) or 4 C (longer

than 48 hrs) (data not shown).

However, in the case of salmonid fast muscle tropomyosin, complete digestion was

achieved within 2 to 4 hours at room temperature. Only a marginal increase in the rate of

reaction was observed if it was perfonncd at 37 C. (Figure 3.2B, compare lanes 2 and 5).

The non-identical rates of digestion of the Atlantic salmon and mammalian wild type

tropomyosins can be attributed to their having distinct confonnational stabilities at the

two temperatures (William and Swenson 1981, Jackman et al. 1996).

3.2.2.2 Erreet of pH, divalent cations and cell lysate over cell suspension

Although the Omp T protease is reported to be optimally active slightly below neutrality

(pH 6) (Sugimura and Nishihara 1988), decreasing pH from 7 to 6.5 did not bring about a

noticeable change in reaction rate (data not shown). In addition. it has been reported that

the protease is inhibited by bivalent cations. Zn2+, Cu2+, Fe2+ (Sugimura and Nishihara

1988). Therefore SmM EDTA was routinely included in the assay buffers. However. no

detectable change was observed when the chclating agent was omitted. Further. in

accordance with the extracellular location of Omp T. no added advantage in tenns of
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reaction rate was observed by mixing wild type protein with a E. coli JM I09 cell Iysme

rathcr than a cell suspension. at either room temperature or 4 C. Using a cell suspension

is of practical significance because a lysate introduces bacterial proteins into the sample.

3.2.2.3 Digestion of other tropom)'osins

The same principle, that of incubating enriched protein with a cell suspension. can be

employed to effet:t cleavage of a variety of muscle tropomyosins from a variety of

classes. The elet:trophoretic analysis in Figure 3.3 shows fully truncated tropomyosins

produced from various muscle tropomyosins after 4hr of digestion with Omp T showing

its broad range applicability; bovine heart (lanes I and 2), shark skeletal trunk muscle

(lanes 3 and 4). bovine uterus (lanes 5 and 6), chicken breast (lanes 7 and 8) and chicken

gi72ard (lanes 9 and 10). A similar result was obtained with rabbit cardiac muscle

tropomyosin (data not shown).

3.2.2.4 Effeel of acetylation on digestion.

Thc experiment was repeated with unacetylated full·lcngth salmon fast muscle

tropomyosin obtained via expression of tropomyosin eDNA in the amp T minus strain,

E. coli BL2l DE3. The earliest time points obtained in these experiments werc at 30 min

and interestingly. cleavage was complete within this timc period at both room

temperature and 37 °e. One of these experiments performed at room temperature is

shown in Figure 3.4 (see lane 2). By contrast. the wild type countcrpart is largely intact

after 30min of incubation at either room temperature (Figure 3.4. lane 4) or 37 0c. II is
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Figure 3.3: Digeslion or various vertebrate muscle lropomyosins

Reaction and electrophoresis conditions arc as described in the legend to figure 3.2.
Lanes: I & 2. bovine cardiac; 3 & 4, Blue shark skeletal (trunk); 5 & 6. bovine uterus; 7
& 8. chicken breast and 9 & 10, chicken gizzard. Odd-numbered lanes, rull-length (wild
type) proteins (at zero time); even-numbered lanes, truncated prOicins (after 240min
reaction). T, room temperature. Note, an identical resull was obtained with Mako shark
skclctallropomyosin as Blue shark (not shown).
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Figure 3.4: The effect of:lcctylation on Omp T digcslion.

Reaction conditions are as described in the legend to figure 3.2. Lanes: I & 2,
unacclylaled salmon fast muscle tropomyosin at zero and 30 min incubation,
respectively; 3 & 4, wild type (acetylalcd), at zero and 30 min incubation, respectively. T,
room temperature. Arrows show the positions on the gel of full-length and truncated
tropomyosins. The results of this experiment infer Ihal the unacetylated tropomyosin is
fully truncated after 30 min reaction whereas the acetylated protein is mostly in the intact
form after the same incubation time.
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cvident therefore. that the blocking group has a bearing on the susceptibility of the

protein to hydrolysis by the bacterial enzyme. Thc scissile bond is more labile when Met I

is unacetylatcd. The rapid cleavage observed in the first method. that is expressing the

protein in E. coli JM 109, even at low temperatures (-4 0c) can also be attributed to the

same reason. as tropomyosin expressed in the bacterium is unacetrlatcd. This result is

compatible with the claim that the acetyl group stabilizes the structure of the amino

tenninal region of tropomyosin (Greenfield et al. 1994 and Brown et al. 2001).

3.2.2.5 Ilreparalive scale digestion

Digestion was successfully stepped up to a preparativc scale for the truncation of hundred

milligram quantities of rabbit skeletal, rabbit cardiac. salmon fast and Mako shark

tropomyosins. A preparative scale digestion carried out with rabbit skcletal tropomyosin

is shown in Figure 3.5A. Truncation was completc after 4hrs of incubation with a E. coli

JMI09 cell culture at 37°C (Ianc 2). The differencc in mobility is again demonstrated by

electrophorcsing protcolysed and intact protein in the same lane (sec lane 3).

It also has to bc noted that sometimes, whcn loaded in large quantities, the electrophoretic

analysis provided evidence of fragmentation at sccondary sites. Such breakdown of rabbit

skeletal tropomyosin Icads to production of two minor fragments; the more slowly

migrating one corresponding in length to roughly half of the molecule (Figure 3.5B, lane

2). At short incubation times these fragments are present in low amounts. as evidenced

from its faint staining. The unwanted products can be removed by subsequent enrichmem
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Figure 3.5: Preparative seale truncation of rabbit skeletal tropomyosin.

3L of an overnight culture was centrifuged, the sedimented cells were dispersed in 300mI
of buffer (0.1 M NaCl, 5mM EOTA, ImM dithiothreitol, 50mM phosphate, pH 7) and
mixed with 10mi of IOmglmL rabbit skeletal wild type tropomyosin dissolved in the
same buffer and incubated at 37 (le. Aliquots of samples were removed, mixed I: I with
SOS sample buffer, and run on SOS 12% polyacrylamide gels. 1-2 ug of protein was
loaded per lane. A). Lanes; I, wild type; 2, truncated after 240min incubation; 3, mixture
of wild type + truncated (indicated by arrows). B) Truncated product was cnriched by pi
precipitation and chromatography. Lanes I, wild type; 2, truncated after 240m in; 3,
chromatographically enriched truncated protein. The arrows in lane 2 show low
molecular weight tropomyosin fragments resulting from Omp T cleavage at sccondary
sitcs. which are not present after the truncated tropomyosin has been subjected to
enrichment. Loading -6ug per lane.
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(isoelectric precipitation and chromatography) of the main cleavage product (Figure

3.5B. lane 3). It should be further noted that the hydroxylapatite column chromatography

during the protein enrichmenl process separates the alpha isofonn from the beta in rabbit

skeletal tropomyosin (Eisenberg and Keilley 1974). which can be seen in lane 3 having

lesser amounts of beta in the purified truncated sample than the other two.

3.2.3. Analysis of truncated Iropomyosins.

3.2.3.1. Edman-based sequencing

Truncated tropomyosins were blotted onto PVDF membranes and subjected 10 amino

tenninal sequencing using the Edman degradation method. Five cycles of Edman-based

sequencing of purified truncaled samples from salmon fast muscle tropomyosin

(expressed in E. coli JM I09) and rabbit skeletallropomyosin yielded the sequence: Lys

Met-Gln-Leu-Lys (Table 3.1). Since this matches residues 7 - II of the known sequence

of salmon fast (Heeley et al. 1995) and rabbit skeletal (Stone and Smillie 1978) muscle

tropomyosins, the site of Omp T cleavage of the main product is described as Lys6 and

Lys7. in agreement with previous studies (Kluwc et a!. 1995, Jackman et al. 1996).

3.2.3.2 MllSS :lllalysis

In order to confirm that the truncated products arc intact at the carboxyl end. accurale

analysis of their masses was necessary. Some of the truncated products were therefore

analyzed by Matrix Assisted Laser Desorption lonization- time of flight (MALOI-IOf)

mass spectrometry. A major peak corresponding to a mlz of 31800 Oa (Figure 3.6) was
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Table 3.1: The amino-terminal sequences of various tropom)'osins

Amino terminal sequence

Acetylated
full-length

Unacetylated
full-length

Truncated
t ronomvol'l i n

lMet-Asp-Ala-lle-Lys-Lys-7Lys-Met-Gln-Leu-Lys

lLys-Met-Gln-Leu-Lys
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obtained for truncated salmon fast muscle tropomyosin. The sequence predicted value for

the protein with the above cleavage is 31805 Oa. only 5 Oa higher than the measured

value. The mass value obtained for the truncated rabbit skelctaltropomyosin was 31995

Oa (Figure 3.6). which is only I Oa higher than the sequence·based value. In addition.

truncated bovine cardiac and truncated chicken breast trapomyosins showed mass values

of 32004 Oa (sequence based value, 32007 Oa) and 32080 Oa (sequence based value,

32077 Oa) respectively. In all cases. no intact protein was observed indicating a complete

digestion with the protease. Further. in the case of rabbit skeletal and bovine cardiac

tfopomyosins. the detected signals corresponded to alpha isofomls but those

corresponding to beta forms were not detectcd. presumably due to their low abundance.

These rcsults from mass analysis confirm that the main cleavage site is between Lys6 and

Lys7 and in turn suggest that the truncated protcin is intact at the carboxy-terminal end.

Mass measurements of Omp T digested rabbit skeletal tropomyosin before and after

protein enrichment were also analyzed in the low molecular weight range to emphasize

the detection of fragments resulting from Omp T digestion at secondary cleavage sites.

Two prominent peaks with m/z values of 18460.5 Oa and 13517.0 Oa were evident in the

unpurified sample, in addition to the ones corresponding to the main Omp T cleavage

product (31994.8 Oa) and its doubly charged molecule (15994.6 Oa) (data not shown).

Thcir masses arc in agreement with the relative mobilities of the two minor pcptides

detected on the SOS gel (Figure 3.56. lanes I and 2) and can be thought to have

originated from Omp T cleavage at a stX:ondary site. Further. consistent with SOS PAGE
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Figure 3.6 : Matrix A5sistcd Laser Desorption Ionization, linear time-or-flight mass
spectral anal)'sis or truncated IrOpOm)'osins.

A) Rabbit skeletal (mass of the main peak. 31995 Oa): B) salmon fasl (mass of main
peak, 31800 Oa); C) bovine cardiac (mass of the main peak. 32004.1 Oa) and D) chicken
breast (mass of the main peak. 32080.7 Oa). Salmon fast was prepared by expressing in
E. coli JM 109 while the other three proteins were prepared by treating with a E, coli
JM109 cell suspension. X axis, mass (mix); Y axis, % intensity of the peak. Samples
were dissolved in 70% (by vol) aqueous acetonitrile. 0.1 % (by vol) triOuoroacetic acid
and mixed with matrix 3.5·0imethyloxy·4·hydroxy-cinnamic acid.
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analysis these two peaks are remarkably diminished following the enrichment procedure

(Figure 3.50. lane 3).

3.2.3.3. Circular Dichroism spectrometry oflruncated tropomyosins.

The secondary structure and melting profiles of truncated proteins were assessed by far

UV Circular Dichroism spectromctry (Figure 3.7) as dctailed below. to determine if the

proteins are properly folded. Thermostabilities of truncated salmon fast muscle

tropomyosin and truncated rabbit skeletal tropomyosin were compared with the

corresponding native proteins.

Mean residue ellipticity values of 34896.8 ± 3407.6 mdeg.mol-l.cm- l and 35040.9 ±

3769.5 mdeg.mol-1.cm·1 were obtained at 5°C for truncated salmon fast and truncated

rabbit skeletaltropomyosins respectively. indicating that the truncated proteins possess a

high degree of helical content. The average ellipticity valucs calculated for the wild type

protcins were slightly higher (38035 ± 1993 mdeg.mol· 1.cm·1 for salmon and 35260.3 ±

1811.9 mdeg.mol·1.cm· 1 for rabbit) but the diffcrcnce was within cxperimcntal error. One

rcason for the variability in mean residual ellipticity is attributable to small variations in

protcin concentration determination. The thermal melting prol1les of thc protcins were

obtained by measuring ellipticity at 222nm between 5·65°C. Thc buffcr was 20mM

Phosphate. 0.1 M KC1, ImM DIT, pH 7. Two transitions, a minor transition at 24.5 ± 1.4

°C and a major transition at 38.6 ± 2.2°C. both of which are characteristic of the full·
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Figure 3.7: Circular Dichroism spCClrometr")' of truncated frOpOIll)'osins.

Relative ellipticities for A) rabbit skeletal tropomyosins, B) salmon fast muscle
tropomyosins are plottcd as a function of temperature. Open symbols. wild type
lropomyosins; closed symbols, truncated tropomyosins. Buffcr. 20mM HE PES. 0.1 M
KCl t ImM DlT, pH 7; heating rate, 30°Clhr; wavelength. 222nm; scan speed.
100nm/min; prOlein concentration, -o.5-lmg/ml: light path. 0.05cm. Rabbit skeletal
truncated: Tm, 43.5 ± 0.5°C; [0], 35040.9 ± 3769.5mdeg.mol- l .em- l . Rabbit skeletal wild
type: Tm. 44.1 ± 1.7°C; [0], 35260.3 ± 1811.9mdcg.mol· l .cm- l . Salmon fast truncated:
TillS, 24.5 ± 1.4°C and 38.6 ± 2.2°C; [0], 34896.8 ± 3407.6 mdcg.mol· ' .cl1l"'. Salmon fast
wild type: TillS, 24.2 ± 1.06°C and 38.1 ±1.3°C; [OJ, 38035 ± 1993mdcg.lllol· l.cm·1.
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length protein were seen in the melting profile of the truncated salmon fast muscle

tropomyosin.

Observed melting temperatures for full-length proteins were 24.2 ± l.1°e and 38.1 ±

1.3°e (Figure 3.7). For rabbit truncated protein. a melting temperalure of 43.5 ± 0.5°e

was observed. The full-length counterpan showed a major transition with a melting

temperature of 44.1 ± 1.7°C. In both cases. the melting temperatures are in agreement

with previous repons (Jackman et al. 1996, Lehrer 1978. Krishnan et al. 1987. Graceffa

and Lehrer 1980, Graceffa and Lehrer 1984, Betteridge and Lehrer 1983) on the thermal

unfolding of corresponding intact proteins.

3.2.3.4. Ability 10 form thin filamenls

Finally. the ability to reconstitute thin filaments with the Omp T-digested tropomyosins

was assessed by actin binding experiments. To optimize the binding. moderate ionic

strength conditions were employed (5.5mM Mg2+, 50mM KCI; ionic strength, 71.5mM).

For these experiments, truncated and full-length tropomyosins from two sourccs, salmon

fast and rabbit skeletal muscles were selected. Regulatory protcins (tropomyosin and,

when present, troponin) were mixed with F-actin in the assay buffer and were sedimented

following a 45min incubation period. Fractions before and after sedimentation were

analyzed by SOS PAGE. The sections of the stained gels containing tropomyosin,

troponin T and actin, are presented in Figure 3.8. It should be noted that TnT is separately

visualized only when rabbit skeletal tropomyosins are used. because salmon
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Figure 3.8 : Binding of Iropomyosins to actin in the presence and absence of
troponin.

Actin. tropom)'osin and troponin (if present) were mixed at a 7uM : 4uM : 4uM ratio of
which 70ul was coscdimented at 150.000 x g at 4°C for 45 min. Buffcr: 10 mM MOPS,
50 mM KCI, 5.5 mM MgCI2, I mM orr. pH 7. and eithcr 0.5 mM EGTA or 0.5 mM

Ca2'. The samples beforc (I) and after (p. pellct and s, supernatant) were mixed with
SOS samplc buffer and loaded 10uL per lanc. onto a 12% SOS polyacrylamide gel. The
section of thc stained gel conlaining tropomyosin. troponin T and actin, is presented.
The absence of tropomyosin in the pellet fractions are indicatcd by red arrows.

A) Binding of salmon fast muscle troJX>myosins to actin at 4°C. The three gels are
rcspectivcly: in the absence of Iroponin, in thc presence of troJX>nin (EGTA) and in
the presencc of lroponin (Ca2+). Lanes: 1-3. unacctylated; 4·6. truncated; 7-9. wild
type.

B) Binding of rabbit skelctaltropomyosins to actin at rOOm tcmperature. The molar ratio
of regulatory proteins to actin was 4:7. Lanes: I. wild type tropomyosin + actin: 2.
wild type tropomyosin + actin + troponin (EGTA); 3, wild type tropomyosin + actin
+ troponin (Ca2+); 4, truncated tropomyosin + actin; 5. truncated tropomyosin + actin
+ troponin (EGTA) and 6, truncated tropomyosin + actin + troponin (Ca2+). In the
second gcl: molar ratio of regulatory proteins to actin was 2:7. Lanes: 1-3, truncated;
4·6, wild type.
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fast musele tropomyosin migrates with TnT on the gel. In the case of rabbit skelelal

tropomyosins. only the pellets after sedimentation are shown (Figure 3.8B). Binding to F·

actin was confirmed by the presence or absence of tropomyosin in the pellct fraction.

As anticipated given the ionic conditions, wild type tropomyosin complexes with actin in

the absence oftroponin (Figure 3.8A (gel-I. lane 9): Figure 3.8B (gel· I. lane I» but the

unacetyl::ned and the truncated tropomyosins do nol. (Figure 3.8A. (gel-I. lanes 3 and 6):

Figure 3.8B. (gel-I, lane 4». Although not explicitly detennined. the latter result can be

interpreted as an indication of the non-polymerisable nature of the unacetylated and

truncated proteins. Although unacetylated tropomyosin docs not bind to F-actin. it has

previously been reported that troponin induces its binding to actin in the presence or

absence ofCa2+ (Hitchcock-DeGregori and Heald 1987. Heald and 1-litchcock-DeGregori

1988). which is also seen in Figure 3.8A (gel-2 and -3. lanes 3). Intercstingly. in the

prcsence of troponin. rabbit truncated tropomyosin also co-sedimentcd with F-actin

(Figure 3.8B, (gel-I, lanes 5 and 6» at both high and low calcium conccntrations.

indicating its binding to F·actin. (Close inspection of the stained gel verifies the prescnce

of thc shortcncd tropomyosin in the actin pellct, sinec thc separation bctwccn it and

troponin T (in Figure 3.8B, lanes 5 and 6) is slightly wider than that of the intact (Figure

3.8B. lanes 2 and 3). With added CaH , however, sedimentation nceded to be carried out

at high molar ratio of regulatory proteins to F-actin. 4l7ths. rather than 2nths. At lower

molar ratios saturation is observed at low Ca2+. but not high (data not shown). suggesting

thattroponin's ability to induce binding is Ca2+ scnsitive. In the case of salmon truncated
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tropomyosin. under the protein concentrations used in the study (tropomyosin. 4uM; F·

actin. 7uM). troponin induction of binding to F-aclin was only detected at low Ca2+

(Figure 3.8A (gel-2 and -3, lanes 6». The result again illustrates the Ca2' dependency of

tropomyosin binding to F·actin. It may also imply that in the presence of high Ca2'. actin

affinity of salmon truncated tropomyosin is weaker such that the binding cannot be

induced at micromolar range of tropomyosin. onetheless. these results suggest that, at

moderate ionic strength, it is feasible to reconstitute thin filaments with some of the Omp

T-digested tropomyosins irrespective ofCa2+ concentration.

3.3. Discussion

This chapter describes a method for the preparation of a truncated tropomyosin. in which

six residues from the conserved amino-terminal end have been enzymatically removed.

The extracellular membrane bound baclCrial protease Omp T is responsible for the

cleavage. This proteolytic enzyme is an endopeptidase that specifically cleaves between

two conseclltive basic residues [Sugimura and Nishihara 1988, Dekker et al. 2001,

McCarter et 301. 2004]. Although vertebrate muscle tropomyosin contains several such

sequences, remarkably, hydrolysis occurs predominantly at one peptide bond, namely

between residues 6 and 7 as confirmed by Edman based sequencing and mass analysis.

According to Dekker et 301. 200 I, Omp T shows a preference for cleavage of different

positively charged sequence combinations in the order of; Lys-Lys > LysiArg -
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LyslArgfHis > Arg·Arg. If the residues immediately prior to and following the scissile

bond are tenned PI and PI' (see Table 3.2). their nanking residues, P2 and PZ' also have

an impact on the proteolytic activity. For example negatively charged residues at either

PZ or P2' diminish all activity of Omp T towards any of the above positi\'ely charged

cleavage siles. Certain amino acids. such as Ala. Phc. lie. Val. Lys at these positions

favor high reactivity however. In addition. McCartcr et al. 2004 showed that residues at

P31P3' and P41P4' are also of importancc in dClcnnining protease activity. Arginine or

tryptophan arc preferred residues at these positions.

Analysis of rabbit alpha and salmon fast musclc tropomyosin sequences. respectively.

revealed 8 and 7 sequences comprising two consecutive positively charged residues (at

ncutral pH) including the main cleavage site, Lys6-Lys7 (Figure 3.9). These sites with

their flanking residues arc tabulated in Table 3.1. Using a synthetic hexapeptide

containing the Omp T recognition sequence, Ala-Arg-Arg-Ala. and varying each position

in the recognition sequence one at a time. Dekker et al. 200 I reported varying levels of

preference by Omp T towards each of the 20 amino acids at P2. PI, PI' and PT

positions. Based on their results, thesc Omp T preferences for each residuc in

tropomyosin recognition sites arc indicated with highlights in Table 3.2.

Thrcc sites in rabbit alpha tropomyosin (Lys29-Lys30. Lys76·Lys77. ArgI60·ArgI61)

and two in salmon fast muscle (Lys29-Lys30. ArgI60-ArgI61) contain an acidic residue

in the P2 position (Table 3.Z) making those sites resistant to cleavage.

Both the Lys5-Lys6 and Lys6-Lys7 sites appear
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Figure 3.9 : Sequences of salmon fast muscle and rabbit alpha trol}Om)'osins.

Sequences are from NCBI gene bank with the accession numbers of AAB34957 (rabbit.
upper sequence) and AAB36559 (salmon, lower sequcnce). Consecutive positively
charged residues with Lysl Arg at PI and LyslArgll-lis at PI' positions are highlightcd.
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Table 3.2 : Omp T susceptible sequences in rabbit skelel'al alpha and salmon fast
muscle tropom)'osins showing P4,P3,1)2,PI,PI ',P2',P3',P4' positions.

cleavage site
~

P4 P3 .2 PI '" P2' '3' P4'

Lys5-Lys6
Asp AI, --- Ly. Met Asp

Lys6-Lys?
AI, Ile - - - - Asp Met

Lys29-Lys30
Ala! AI, - - - - AI, Glu
Gly

Lys48-Lys49 Serf Leu GIn -- Leu Lys Gly
AI,

Lys76-Lys77
Leu AI, ----- Asp

Arg90-Arg91 Ser Leu Asn --- GIn Leu

Lys152-His153
Lys Glu ----At. Glu

Arg160-Lys161 Asp! AI, ---Tyr Glu Glu
Glu

Arg167-Lys168 Glu V,l ----Leu V,l

Possible Omp T cleavage sites on rabbit skeletal and salmon fast muscle tropomyosin
sequences are shown with their flanking sequences (Dekker et al. 2001). Green colour
indicates residues giving -100% susceptibility at the corresponding position, while blue.
yellow and red colors indicate respectively -50%, -30% and <5% susceptibility.
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highly susceptible to the enzyme by having the most favored positively charged residue

combination and highly favored PZ residues (isoleucine and lysine respectively) with the

fonner being the highest if the residue at PZ' is considered. In the laller case. although a

methionine at PZ' position is an unfavorable scenario, the effect should be compensated

by the rest of its favored factors. One or more of the remaining four sequences can be

expected to be responsible for the minor cleavages that were detected during the

digestion procedure (Figure 3.58). Possible explanations for their low reactivity as

compared to the main site can be given as follows (Dekker et al. Zool): Lys48-Lys49

constitute glutamine and leucine at P2 and PZ', which are less favored (Table 3.Z): the

Arg90·Arg91 combination is only -50% susceptible for cleavage and also asparagine at

PZ position is a less favored residue at that position (Table 3.1); LysI5Z-HisI53. although

containing residues at PI, PZ and PZ'that arc highly preferred by the enzyme, may not be

as susceptible as it appears because of the uncertainty ofthc fractional charge of histidine

(which ionizes in the neutral pH mnge); Arg167·Lys168 has highly favored residues at

the PI and P2 positions, but moderately and less favored residues at the PI' and 1)2'

positions, respectively (Table 3.2). It should also be appreciated thaI any influence by the

residues al P3/P4/P3'/P4'/ also has a bearing on rendering some oflhesc four sites morc

susceptible than the others.

Attention was also given to the position of the cleavage site in the heptad repeat. This

revealed that five of the above positively charged sequences occupy 'f and 'g' positions

(Lys6-Lys7. Lys29-Lys30. Lys48-Lys49. Arg90-Mg91. Arg160-Lys161
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Table 3.3: Omp T cleavage sires showing their positions in .he heptad-repeat of the
tropomyosin coiled-coil.

Heptad· repea t

position

Lys5-Lys6 e-f

Lys6-Lys7 f-o

Lys29·Lys30 a-h

Lys48-Lys49 f_ ,

Lys76-Lys77 f- ,

Arg90·Arg91 f- ,

Lys152·His153 e-f

Arg160-Lys161 f- ,

Arg167-Lys167 f-o

The Qmp T cleavage sites in tropomyosin were identified according to their position in
the tropomyosin coiled-coil heptapeptide repeal. The residues at c,/and g are the most
exposed being at the outer phase of the eoiled·coil. Therefore the peptide bond between!
and g position residues is the most susceptible bond to cnzymalic hydrolysis.
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and ArgI67-LysI68) in the repeal. This is shown in Table 3,3, The 'r, 'co and 'g' sites

are the most exposed sites in the coiled-<:oil structure and as a result the peptide bond

belween :f and 'g' positions is the most exposed, When this infonnalion is combined

with the earlier analyses. from the two cleavage sites most susceptible to Omp T, the

preference of Lys6-Lys7 over Lys5-Lys6 as the main site can be rationalized, by the

fonner being a well-exposed :f'-'g' site while the laller is a less exposed 'e'-:f' sile.

Now the next queslion is: 'whal is the secondary Omp T cleavage site?" There are five

more sites at 'f'- 'g' positions, out of which. two are resistant by virtue oflheir having an

adjacent negative charge, Although it is not overt evidence. laking into account Ihe Omp

T preferences for different positively charged and nanking residues at the remaining three

cleavage sites, then Arg167-Lys168 is the most likely secondary site. The sccondary

Omp T cleavage at Arg167-Lys168 is also in agreement wilh the mass analysis data.

Cleavage at this site yields an amino-terminal fragment with a mass value of 18498.52

(residues 7-167) and a carboxy-lenninal fragment (residues 168-284) with a mass of

13513.06 for rabbit skeletal tropomyosin. These arc very close to the observed mass

spectromctry values (m/z 18460.22 and 13517.01 rcspectively) of the minor fragments

detectcd after four hours incubation of wild type rabbit skclctaltropomyosin with Omp T

before the chromatographic enrichment step (data nOI shown).

The amino-terminal truncation can also be undertaken by expressing tropomyosin within

a baclerium that contains a functional Omp T gene, such as E. coli JM 109. but Ihe real
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strength of the method was found in the processing of hundred milligram quantities of

protein obtained from a natural source (tropomyosin extracted from a muscle). In

accordance with the extracellular location of Omp T. whole cells from the E. coli strain

JMI09 provide a convenient enz)'me source and the protcolysis proceeds to completion

in a timely fashion thereby limiting unwanted breakdown. The method of truncation by

expressing tropomyosin in E. coli JM 109 resulted in an instantaneous digestion, which is

attributed to the lack of an amino-terminal acetyl group in tropom)osins expressed in

bacteria. Likewise. a faster truncation was observed with unacetylated salmon fast muscle

tropomyosin digested with a cell suspension of E. coli JM 109. The same observation has

previously been reported by Kluwe et al. 1995, with unacetylatcd rabbit skeletal

tropomyosin. Therefore the above results strengthen the claim that the acetylation

stabilizes the secondary structure of the first few residues at the tropomyosin amino

terminus (Greenfield et al. 1994. Brown et al. 200 I). Truncation by the second method.

that of treating wild type (acetylated) tropomyosins with a E. coli JM 109 cell suspension.

while slower, can be taken to completion within 4 hours of reaction at 37°C. Several lines

of evidence confirmed that the main product arises from cleavage of the sixth peptide

bond. In addition, the slower rate of cleavage supports the protective role of the acetyl

group. The second method is of greater practical significance because: (i) the product cun

be directly compared to the full-length protein. from which it originated and (ii) the

protein is expressed and folded in a eukaryotic muscle cell rather than in a bacterial cell.

Further. the ubility to digest tropomyosins from a range of species including mammals,
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birds and fish. by this bacterial protease Omp T. strengthens the applicability of the

method.

The ability of Omp T cleaved truncated tropomyosin to fonn thin filaments under both

high and low Cal> conditions (with rabbit) is a promising result. The result may rencet

the effcet of three extra residues at the amino-tenninal end of Omp T-digested

tropomyosin as compared to the previously truncated proteins (Cho et al. 1990. and

Momczewska and Hitchcock·DeGregori 2000). On the other hand. it may be the effect of

moderate ionic strength condition used in this study as opposed to the high ionic strength

conditions used in previous studies. In terms of secondary structure and thennostability,

Omp T.-digested tropomyosins are highly helical indicating that any functional change

that would be observed with these proteins can be allributed to the sequence

modification.

In conclusion, the cleavage of tropomyosin by Omp T protease is a useful one. Its ability

to incorporatc into thin filaments at salt conccntrations. which arc compatiblc with

functional assays. permits further evaluation orthe role of the conserved amino-terminal

region.
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Chapter 4. Binding of Omp T-digested tropomyosin to other thin

filament proteins

4.1 Introduction

The goal in this section of the thesis is to investigate. in greater detail. the troponin

induced binding of Omp T-digested tropomyosin to F-actin that was observed in the

previous chapter (Figure 3.8). As outlined in the introduction. troponin possesses a

finger-shaped domain, the amino-terminal fragment of troponin T. N-TnT. that extends

all of the way from the core of the complex towards the tropomyosin overlap region.

However, there is no consensus as to how much of tropomyosin is in physical contact

with this section of troponin T. Some, but not all. findings are consistent with this

troponin T tail making contact with the next tropomyosin in the filamcnt (White et al.

1987. Brisson et al. 1986). In this chapter, wc have addressed this question by studying

the intcraction of troponin and N-TnT with the Omp T·eleaved tropomyosin. As

discussed in the previous chapler, binding ofOmp T-digcsted tropomyosin to F-actin can

be induced by troponin at an ionic strength of -70mM. This chapter describes the

quantification of the amnity of truncated tropomyosin for F-actin under various ionic

strength, salt and [Ca2+J conditions and in the presence of different components of the

Iroponin complex. These experiments were carried out again with various tropomyosins

from only two selected sources, rabbit skeletal and salmon fast skeletal muscles.
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4.2ltesults

4.2. t Binding of truncated tropomyosin to troponin or its constiluenls

The interaction between tropomyosin (full-length and truncated) and troponin was

initially investigated by affinity chromatography. Firstly. different tropomyosins were

chromatographed over troponin-Sepharose. Secondly. the amino-terminal fragment of

troponin T. -TnT, was chromatographed over various tropomyosin-Sepharose. Proteins

applied to the respective columns were eluted by a linear gradient of aCI from 0

SOOmM. The conductivity values of column fractions were converted to molarity using a

standard curve generated for conductivity (ms/cm) against Nael concentration (M). The

NaCI concentration of the fraction of maximal protein concentration was taken as an

indication of the strength of binding to the affinity medium.

4.2.1.1 Uinding to whole tropollin

It was a consistent observation that removal of the first six amino acids of rabbit skeletal

tropomyosin weakened its interaction with imll10biliscd troponin. This was demonstrated

by chromatographing a mixture comprising equal amounts of truncated and full-length

protcins on the same column, followed by electrophorctic analysis of the eluant. Fractions

arc ordered across the gel presented in Figure 4.1 A such that the salt gradient increases

from leO to right. The shortened-derivative of alpha-tropomyosin (lower band) is clearly

seen to elute ahead of the full-length counterpart.

The availability of unacetylated tropomyosin allowed assessment of any contribution

101



figure 4.1: Affinity chromatograph)'.

Chromatography was perfonned in the cold (4°C). BufTer. IOmM imidazole. 0.25mM
orr, 0.0 I% NaN)" pH 7; salt gradient. zero to O.5M NaCI (total volume. IOOml);

fraction volume. 1.2ml; flow rate, 0.24ml/min; amount of protein loaded. tropomyosin,
Img and N·TnT. O.4mg; protein detection was by Coomassie R·250 staining of
electrophoresed protein and Bradford assay of the eluant. Conductivity values were
converted to molarity using a standard curve of conductivity (mslcm) vs. Nael (M)
concentration. The mean NaCI concentrations at peak elution are averages of between
two and four determinations. Fractions arc ordered across the gels such that the salt
gradient increases from left to right.

A) Binding of wild type and truncated rabbit skcletaltropolllyosin to troponin-Sepharose.
A mixture of wild type and truncated proteins was applied to the column and fractions
were analyzed by 12% SDS PAGE. Column fractions were diluted 1:1 (by vol) with
sample buffer and 20ul per lane was loaded: lane I. starting sample; lanes 2-7,
column fractions 32, 36, 38. 40, 42. 44 respectively (profile not shown). The arrows
indicate the elution of truncated tropomyosin in earlier fractions than the wild type
tropomyosin.

B) Elution profiles of different salmon tropomyosins from troponin·Sepharose. The
profiles are for separate experiments, which have been superimpoSed for purpose of
comparison. The NaCI concentrations at peak elution: truncated tropomyosin. 0.10
±0.002 M (I); unaeetylated tropomyosin. O. t I ±0.002 M (II) and wild type
tropomyosin. 0.19 ±0.004 M (III).

C) A mixture of wild type and unacetylated salmon tropomyosins was applied to
troponin-Sepharose and fractions were analyzed by isoclectric focusing, pH gradient
4 - 6. The gel is oriented with the alkaline end as the upside (acid end. down).
Column fractions wcre diluted 1:1 (by vol) with sample butTer and 12ul per lane was
loaded: lanes I & 8; starting sample, lanes 2-7; column fractions 30, 34. 38. 42, 46,
50 respectively. Arrows indicate the elution of unacetylated tropomyosin (upper
band) in earlier fractions as compared to the wild type tropomyosin (lower band).

D) A mixture of unacetylated and truncated salmon tropomyosins was applied to
troponin-Sepharosc and fractions were analyzed by 12% SDS PAGE after diluting
1:1 (by vol) with sample buffer. 20ul per lane was loaded: lanes 1·8; column fractions
40,42, 43, 44, 45, 46, 47, 48 respectively. Arrows indicate the elution of truncated
protein (lower band) in earlier fractions than the unacctylated one (upper band).

E) Elution profiles of N-TnT peptide from tropomyosin-Sepharose. Profiles from
separate experiments have been superimposed for purpose of comparison. The NaCI
concentrations at peak elution are: truncated tropomyosin, 0.10 ±O.OOt M (I);
unacetylated tropomyosin. 0.13 ±O.OOI M (II) and wild type tropomyosin. 0.15
±o.oOI M (III).
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arising from the amino-terminal acetyl group. Towards this end. various salmon fast

muscle tropomyosins; full-length acetylated (wild type). full-length unacetylated

(recombinant) and truncated were passed. separately, over troponin·Sepharose. The

respct:tive elution profiles appear together superimposed in Figure 4.1 B for ease of

comparison. Wild type protein was the most strongly bound. The chromatography profile

of this tropomyosin peaked at a salt concentration of 0.19 M. The profiles of both

unacetylated and truncated tropomyosins were shifted towards lower aCI concentrations

by comparison. The former eluted at 0.11 M aCI and the laller at 0.1 M. It is evident.

therefore. that Ihe free alpha-amino group causes a significant decrease in affinity. This

can be explained by the charge on the terminal group inducing the local disruption of a

region (Greenfeld et al. 1994 and Brown et a!. 2001) containing a troponin-binding site.

Comparison of the binding affinities of wild type and unacetylated tropomyosins was

again allempted by co-chromalography. In this instance. the column fractions were

analyzed by isoclectric focusing (Figure 4.1C). It is apparent that the unacetylated

protein. which has a slightly lower pi, elutes ahead of wild type (compare Figure 4.1C,

lanes 3 . 6). Further. when these two tropomyosins are loaded together in the presence of

0.12 M salt, the unacetylated protein elutes in the now through whereas the wild type is

retained (data not shown). The absence of residues I - 6 produces a further. but marginal,

decrease in affinity. This is more evident when the unacetylated and the truncated were

chromatographcd together (Figure 4.1 D). As monitored by SDS PAGE analysis the

truncated protein eluted before the unacetylated counterpart.
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4.2.1.2 Binding to N·troponin T

Intcrprctation of the findings from troponin·Scpharosc chromatography is complicated by

the fact that tropomyosin is expected to bind to multiple sites on troponin. It was also a

concern that the above results may merely be renecting differential polymerization of

wild type tropomyosin versus unacetylated and truncated tropomyosins. With these

considcrations in mind. the experiment was repeatcd but with tropomyosin as the

immobilised ligand and the N-TnT fmgment (residues I - 158 of rabbit skclctal troponin

T) as the test sample. This fmgment constitutes one of the major sites of tropomyosin

binding in the troponin complex. In addition, in this instance. it is assumed that the

immobilized tropomyosin is in the unpolymerized fonn as the coupling to Seph:uose is

carried out in the presence of O.5M salt. The N·TnT peptide was applied to a separate

affinity medium prepared using a given fonn of tropomyosin from salmon and eluted

with a NaCI gradient as before. The superimposed profiles for separate elutions show that

affinity increases in the order: truncated < unacctylated < wild type (Figure 4.1 E). The

peptide eluted from cach column containing either wild type, unacctylated or truncated at

NaCI concentrations of 0.15. 0.13 and 0.1 M respectively. Thus, a contextual requirement

for the first six amino acids as well as the blocking group has been demonstrated.

4.2.2 Binding of truncated tropomyosin to F-actin

4.2.2.1 Errect of whole troponin

The induction of binding of amino-tcrminally shortened tropomyosin to actin was

investigated by sedimentation with a view to measuring the affinity of the interaction.
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I>rotcins were dispersed in buffers of various ionic compositions. Binding curves were

constructed by increasing the concentration of tropomyosin between O·IOuM. while

maintaining troponin (or constituents) and F-actin concentrations constant at 2uM and

7uM, respectively. The apparent constant for the binding of tropomyosin to actin. Ka. is

expressed as the reciprocal of the free tropomyosin at half saturation of the actin

filaments. The following tropomyosins were included in the study: full length

unacetylatcd salmon fast muscle tropomyosin (residues 1-284). Omp T digested salmon

fast muscle tropomyosin (residues 7-284), Omp T digested rabbit skeletal tropomyosin

(residues 7-284). The wild type tropomyosins were excluded due to their strong binding

to actin in the presence of troponin. In the case of salmonid proteins. the sedimentation

steps were perfonned at 4°C due to the observed temperature dependency of their binding

to actin.

The F-actin binding curves of truncated tropomyosin depicted in Figure 4.2A are for

experiments performcd with truncated rabbit skeletal tropomyosin at an intennediate

ionic strength (50 mM KCI, 5.5mM MgCI2) in the presence oftroponin and EGTA or

Ca2~. In control experiments. (in the absence oftroponin) truncated tropomyosin did not

co-sediment with F-actin to any mcasurable extent. These data clearly show the ability of

the Iroponin complex 10 restore stoichiometric binding of truncated tropomyosin to actin

at bolh Ca2~ concentrations. Binding in the presence of EGTA was strongcr than that with

added Ca2.... which is reflected in the corresponding apparent binding constants of 3.9 x

1()6 M·l and 6.2 x lOS M·l. The difference in binding is approximately six fold. The
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Figure 4.2: The induc'ion of binding of truncated rabbit skeletal tropom)'osin 10 F
aclin by tl'"oponin (in the pl'"esencc 01'" absence of Ca2.) at 700lM ionic stl'"cngth.

Buffel'": 10 mM MOPS, 50 mM KCI, 5.5 mM MgCI2• I mM orr. pH 7. and either 0.5
mM EGTA or 0.5 mM Ca2<-. Actin and troponin concentrations in each experiment were
kept constant at 7 uM and 2uM respectively, while lropomyosin concentration was
varied. Sedimentation was performed in the Airfuge at 150.000 g for 30 min. room
temperature. The sedimentation ofF-actin was taken as 100% as there were no significant
amounts of F-actin left in the supernatant (Figurc 3.8). Curvcs were fit using the
equation. Sigmoidal dose-response (variablc slope) Y == Y - Bma.~ I (I +IO"(logKd-logX) •

n». GraphPad Prism software (section 2.11).

A) Binding of truncated rabbit skeletal tropomyosin (residues 7-284) in the presence of
Iroponin (EGTA or Ca2t). Filled circles, EGTA; Opcn circles, Calt.

B) Scatchard plot of data calculated directly from' A)' Symbols used arc the same as in
'A)'. Left y axis denotes data with EGTA while right y axis denotes dala with Ca2t.
r'" bound tropomyosin Itolal aClin.
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sigmoidal nature of the binding curves illustrates the presence of residual cooperativity.

This is also demonstrated in the Scatchard analysis of the same data (Figure 4.2B).

The isotherms of various salmon fast muscle tropomyosins under the same ionic

conditions are presented in Figure 4.3. The weakened affinity for actin when the first six

residues of tropomyosin are removed is clearly evident. Unacetylatcd tropomyosin

showed a stronger affinity to actin than the truncated tropomyosin. which is renected by

their Ka values of2.9 x \07 M·I and 5.0 x 1()6 M-I respectively in the presence ofEGTA

(Figure 4.3A). The actin affinities of the two truncated prOleins appeared not significantly

different from each other. At high Ca2" concentrations. the calcium sensitivity of

tropomyosin binding to actin was again evident but only the full-length protein showed

saturated binding to actin (Ka, 1.0 x 107 M·l) at least under the tested tropomyosin

concentration range (Figure 4.3B). These results suggest that the F-actin affinity of

truncated tropomyosin from salmon is weaker than that from rabbit.

To test the effect of ionic strength, experiments were pcrformcd using buffers ofdiffering

composition. Binding carried out using a lower ionic strength buffer, 5.5 111M MgCI2 and

5mM KCI (ionic strength. 26.5 mM). with the rabbit protein. showed apparent binding

constants of 5.3 x 1()6 M·l and 1.3 x \()6 M·I in the presence of EGTA and CaH •

respectively (Figure 4.4A) which is twice as strong as the binding at 70 mM ionic

strength (Figure 4.2A). The experiments were repeated in a higher salt buffer. 140 mM
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Figure 4.3: The induclion of binding of ,'arious salmon fast muscle tropom)'osins 10

F-aclin by troponin (in the presence or absence of Cal..) at 70mM ionic strength.

Buffer: 10 mM MOPS, 50 mM KCI, 5.5 mM MgCI2• 1 mM DIT, pH 7. and either 0.5
mM EGTA or 0.5 mM Cal +. Actin and troponin concentrations in each experiment were
kept constant at 7 uM and 2uM respectively. while tropomyosin concentration was
varied. Sedimentation was performed in a TLA 100.2 (Beckman) ultracentrifuge at
150,000 g for 45 min, 4°C. Curves were fit as in Figure 4.2.

A) Binding of salmon fast muscle tropomyosins in the prescnce of Tn (EGTA). Squares,
unacetylatcd; circles, truncated (residues 7-284).

Il) Binding of salmon fast muscle tropomyosins in the presence of Tn (Cal"). squares,
unacetylatcd; circles, truncated (residues 7-284).
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Figure 4.4: The effect of ionic strength on the induction of binding of rabbit
truncated tropomyosin to F~actin by troponin (in the presence or absence of Ca2+).

Burrer: 10 mM MOPS, 5mMI 140mM KCI, 5.5 mM MgCl2, I mM OlT, pH 7, and either

0.5 mM EGTA or 0.5 mM Ca1+. Actin and troponin concentrations in each experiment
were kept constant at 7 uM and 2uM respectively, while tropomyosin concentration was
varied. Sedimentation was performed in TLA 100.2 (Beckman) ultracentrifuge at
150,000 g for 45 min, 4°C for salmon tropomyosins and in the airfuge at 150,000 g for 30
min. room temperalure for rabbit skeletal tropomyosin. Curves were lit as in Figure 4.2.

A) Binding in the presence of5mM KCl and Tn (EGTA or Ca2+). Filled circles. EGTA;
Open circles, Ca2+.

B) Binding in the presence of 140mM KCI and Tn (EGTA or Ca2+). Filled circles,
EGTA; Open circles, Ca2+.
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KCI. 5.5 mM MgCI 2, IOmM Mors pH 7 (ionic strength. 163 mM) (Figure 4.4B). This is

equivalent to the ionic conditions used in a previous study involving chicken and rat

skeletal muscle tropomyosin lacking the first nine residues (Cho et al. 1990. and

Moraczewska and Hitchcock·DeGregori 2000). Raising the concentration of neutral salt

also weakened induction in our system. With added EGTA, the apparent binding constant

was approximately five fold reduced to a value of 7.6 x lOS M·l, compared to an ionic

strength of 70mM. With added Ca2+. binding was too weak and saturation was not

attained within the tropomyosin concentration range used in the study.

Interestingly. when neutral salt is replaced with an equivalent amount of potassium

acetate (140mM). the isotherms shifted leftward and stoichiometric binding is achieved

under both Ca2+ conditions (Figure 4.5). In the presence of EGTA, the Ka was 3.1 x I()6

M-I. which is four times stronger than that observed in the presence of KCI. With added

Ca2+ binding was observed to saturation with an apparent Ka of 3.6 x lOs M·I confinning

that the binding is now stronger. The sigmoidal binding curves further rel1ected the fact

that the binding was cooperative.

4.2.2.2 Effect oftroponin sub-components 1rolJollin I :lIld N-trol)onin T

Next we investigated whether or not sub-components oftroponin could restore binding of

OmpT digested tropomyosin to F-actin (Figure 4.6). Proteins were dispersed in 70 mM

ionic strength buffer as per Figure 4.2. Two experiments were performed: in the presence

of troponin I, Tnl, alone; and in the presence of Tnl and N·TnT. The unacetylatcd

114



0.15,-----------------,

5

Free TM (uM)

~.s
c

~ 0.10

~.s
::;
>- 0.05

§
S

Figure 4.5: The effect of potassium acetate on the induction of binding of truncated
rllbbit skeletal tropomyosin to F-aclin by lroponill (in Ihe presence or absence of
Ca2~).

Buffer: 10 rnM MOPS, 140 mM KAc, 5.5 mM MgCI2• 1 mM orr, pH 7, and either 0.5
mM EGTA or 0.5 mM Cal.... Actin and troponin concentrations in each experiment were
kept constant at 7 uM and 2uM respectively, while tropomyosin concentration was
varied. Sedimentation was performed in the Airfugc at 150.000 g for 30 min, room. Filled
circles. EGTA; Open circles, Cal"'. Curves were fit as in Figure 4.2.
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Figure 4.6. The effccts of troponin I and N-troponin T on binding of truncated
tropomyosin to F-actin.

ButTer: 10 mM MOPS, 50 mM KC1, 5.5 mM MgCI2, 1 mM DlT, pH 7. Actin and

troponin subcomponents were kept constant at 7 uM and 2uM respectively, while
tropomyosin concentration was varied. Sedimentation was performed in TLA 100.2
(Beckman) ultracentrifuge at 150,000 g for 45 min, 4"C for salmon tTopomyosins and in
the airfugc at 150,000 g for 30 min, room temperature for rabbit skeletal tropomyosin.
Actin, tropomyosin and troponin I (filled triangles), Actin, tropomyosin, Iroponin I and
amino·tcrminal fragment of rabbit skeletal troponin T (N·TnT, residues 1-158) (open
triangles). A), truncated rabbit skeletal tropomyosin; B), truncated salmon tropomyosin;
C), unacelylated salmon tropomyosin. Curves were fit using the equation, One site
binding (hyperbola) Y =Bmax • X I (Kd+X), GraphPad Prism software.
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salmon fast muscle tropomyosin here served as the control. As was noted in a parallel set

of experiments performed with carboxy-terminally shortened tropomyosin, which had

been digested with carboxypeptidase-A to remove eleven residues (I·leeley et al. 1987).

tfoponin I by itself can restore interaction ofOmp T digested rabbit skeletal tropomyosin

with F-actin (Ka, 1.07 x I()6 M-l) (Figure 4.6A). When the soluble amino-terminal

chymotryptic peptide oftroponin T. N-TnT. is included in the assay mixture (ie F-actin +

tropomyosin res. 7-284 + troponin I + -TnT, 70mM ionic strength) the isotherm is

virtually superimposable to the one generated with troponin I alone (Figure 4.6A). A

similar result was observed for truncated (7-284) salmon tropomyosin as well (Figure

4.6B). The measured apparent binding constants in the presence of Tn I alone and Tnl +

-TnT were -0.8 x 1()6 M-l. This is an interesting result because the peptide enhanced

the effect of troponin I for inducing tropomyosin binding to F·actin in the case of

carboxy-terminally shortened tropomyosin, which is intact at the amino·terminal end

(Heeley et al. 1987). Like the carboxypeptidase·treated tropomyosin. the control

experimcnt also showed stronger binding to F·actin when Tnl and the N·TnT peptide

wcrc prcsent together (Ka, I x 107 M-l) than ifTnl was present alone (Ka. 4.2 x 1()6 M-I)

(Figure 4.6C). This observation therefore implies that in the C:lse of truncated

tropomyosin, the interaction between N-TnT and the tropomyosin overlap has been

weakened such that it does nol accentuate the interaction.
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4.3 Discussion

In two previous studies to elucidate the significance of the tropomyosin amino·tenninal

region for F·actin binding, two mutants lacking the first nine amino acids were prepared

respectively using chicken and rat striated muscle tropomyosin cD A (Cho et al. 1990.

and Moraczcwska and Hitchcock-DeGregori 2000). With the fomler protein. F-actin

binding was not observed under any tested condition (Cho et al. 1990) while with the

lalter one binding was observed in the presence of whole troponin and added EGTA but

not added Ca2t- (Moraczewska and Hitchcock-DcGregori 2000). The prescnce of extra

amino acids in the tropomyosin product prepared by Omp T cleavage. therefore.

prompted us to revisit the problem of preparing thin filaments wilh amino·lcnninally

shonencd muscle tropomyosin. Working with solutions of moderate ionic strength

(-70mM) and micromolar amounts of protein. we obscrved full incorporation of

tropomyosin (res 7·284) into thin filaments. both in thc presence of added Ca2t-. as well

as added EGTA (Figure 4.2). This finding has also permilled evaluation oflhe functional

consequence of removing this halfof the overlap as will be discussed in chapter 5.

To reconcile our results with the previously published work (Cho et al. 1990, and

Moraczewska and Hilchcock·DeGregori 2000). we repeated the sedimentation

experiments in a compatible butTer having the same ionic slrengh. l63mM, as in those

studies. Under these conditions (and micromolar protein), Ihin filament reconstitution is

successful only at low [Ca2t-) (Figure 4.4B). The apparent binding constant obtained at
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low [Ca2+]. -7.6 x 105M-l, is also in agreement with what was reponed for the slightly

shoner tropomyosin product (Moraczewska and Hitchcock-DeGregori 2000) (rabbit, 7.6

x 105 M-'; rat, 7.1 x 105 M-I). Interestingly. the ionic strength dependency can be

managed by manipulation of the buffer composition. By replacing chloride with acetate it

is feasible to prepare thin filaments in a buffer of 'physiological' ionic strength

containing millimolar Ca2+ (Figure 4.4C). A possible explanation for the differential

effect of thcse two ions comes from their positioning in the Hofmeister series. where

acetate exists more towards the end of protein stabilizing ions than chloride (Kunz et al.

2004). Therefore. at a concentration of 140mM, chloride may be acting as a chaotrope

while acetate as a kosmotrope, thereby yielding respectively unfavourable and favourable

effects on thin filament protein interactions. Collectively. thcse findings indicate that the

concentration and nature of the salt employed in the binding buffer is more imponant

than the number of subtracted amino-terminal residucs.

One approach to working out the details of thc association between tropomyosin and

Iroponin T has been the lise of large fragments in conjunction with chromatographic

methods [Mak and Smillie 1981b, Pato ct al. 1981 and I)carlstone and Smillie 1982J.

These experimcnts shed considerable light on the respective surfaces of interaction. It

was demonstrated that whereas the carboxy-tenninal halfoftroponin T docks ncar to the

center of tropomyosin, the remainder of the moleculc, the so-called 'tail', runs along the

carboxy-tcrminal onc third of tropomyosin. The question of how far the 'tail' extends

along tropomyosin is not precisely known. However, there is reason to assume that it
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spans the overlap site and attaches 10 the next tropomyosin in the filament in effect

fonning a bridge (Pato et al. 1981a; Brisson et al. 1986; White et al. 1987). One line of

supporting evidence is provided by the study of White et al. 1987 in which N-TnT was

observed by X-ray diffraction 10 cover the first 10-15 amino acids of glutaraldehyde

fixed cryslals of tropomyosin. The ability 10 remove the first six amino acids from

tropomyosin afforded an opportunity to repeat some of the earlier chromatography

experiments. Affinity chromatography was performed two ways. Firstly. by

chromatographing tropomyosin on troponin-Sepharosc (Figure 4.2B) and secondly, by

chromatographing a soluble fragment of rroponin T that comprises most of the tail on

tropomyosin-Sepharose (Figure 4.2D). In both instances. we observed that any change in

the amino--tenninal region of Iropomyosin. whether it be the loss of the acetyl group or

the hexapcptide, weakened the affinity of interaction. These findings add to the body of

evidence, which suggests that this part of tropomyosin. which requires the blocking group

to stabilize it confonnationally, 'participates' in troponin T binding.

This proposal also fits nicely with the results of the F·actin binding studies of Omp T

digested tropomyosin in the presence of troponin subunits. The shortened tropomyosin

associated with F-actin in the presence solely of lroponin I (Fig. 4.6). Troponin I has a

substantial effect in inducing tropomyosin binding to actin by having interactions with

both actin and tropomyosin (Mak el al. 1983. Heetey et al. 1987). However, whereas the

N-TnT fragment enhanced Ihe effect of sub-saturating amounts of troponin 1 in the case

of carboxypeptidase-treated tropomyosin (Heeley et al. 1987), it is ineffectual in the case
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of the product of Omp T digestion (Figure 4.6). As mentioned above, there is reasonable

evidence to assume that the troponin T subunit bridges the overlap making contact with

the next tropomyosin in the filament. If it docs. the allachment at the amino-terminal

region of tropomyosin would contribute only a fraction of the total binding surface.

Thereforc one can expect that the disruption of this end of the protein would have a

greater impact on forming this teniary complex than deleting the opposite end. If the first

six amino-terminal residues have a significant contribution for the interaction between

tropomyosin amino terminus and the N-TnT peptide. then the lack of potentiation effect

ofN-TnT can be accounted for by the inability to form the teniary overlap structure at the

ends of Omp T-digested tropomyosin molecules. In the case of carboxypeptidase-treated

tropomyosin. therefore, the bridge can still be formed by N-TnT binding to its residual

binding sites al the intact amino terminus and shonened carboxy terminus. Overall. the

data strongly agree with the idea that the conserved tropomyosin amino tenninus

constitutes a binding surface for N-TnT peptide.

F-actin binding of amino-terminally truncatcd tropomyosin from rabbit also bears

comparison with that of carboxypeptidase-treated protcin (Heeley et a1. 1987). First. both

shonem.'d tropomyosins bind to actin with similar affinity in the presence of troponin

(EGTA), Ka 4-6 x 106 M·l. Second, calcium weakens the binding in both instances, but

more so for Ihe product which has been processed al the amino-terminal end (Ka:

Carboxypeptidase-trealed. 3.0 x 1()6 M-l; Omp T-digested. 6.2 x lOS M·I). This is an

interesting result in view of the fact that the number of subtracted amino acids from the
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amino end is only half of that from the carboxyl end (six and eleven respectively). In

addition, at an ionic strength of 163 mM. the F-actin affinity of tropomyosins lacking the

last nine or cleven residues \Vas higher than that of the protein lacking residues from the

opposite end (Moraezewska and Hitchcock·DeGregori 2000; Mak et al. 1983). These

results suppon the idea that the amino-terminal end has a greater innuence on the affinity

of tropomyosin to F-actin than the carboxyl end (Moraczewska and Hitchcock·DeGregori

2000). A clue to understanding this distinction is obtained when induction of

tropomyosin binding to F-actin is attempted with individual components of troponin

(Figure 4.6 and Heeley et al. 1987). The troponin T tail has no induction towards the

Omp T-digested tropomyosin binding 10 F-actin. The greater difference between the two

tropomyosins with whole troponin (Ca!"") can be explained by the tighter binding of

troponin I and troponin T to troponin C and the weaker binding of these subunits to actin

and tropomyosin: therefore the induction of tropomyosin binding to F-actin by the head

region oftroponin is reduced.

With regard to truncated salmon tropomyosin, it llppcars this panicular variant has II

weaker affinity to F-actin in the presence of high Ca2' concentrations (Figures 4.38) as

compared to rabbit skeletal tropomyosin. We also observed weaker binding of this

protein to F-actin when the experiments were performed at room temperature even under

70mM ionic strength and with troponin (EGTA). This can be rationalized on the basis of

ils having a local unfolding transition occurring at _24°C. in a region within the fifth

actin binding period (see Chapter 6), which has been found to have the greatest influence
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on F·actin affinity out of the five inlcmal actin binding periods. Further. this particular

isoform has dcstabilized regions in both halves of its sequence as compared to the rabbit

skeletal tropomyosin (see Chapter 6). The differences in the F-3ctin binding between

these truncated molecules can be attributed 10 the different confonnational stabilities of

n31ive rabbit skeletal and salmon fast skeletal tropomyosins as reflected by isomorphisms

3t key positions of their sequence (discussed in Chapter 6).
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Chapter 5. Effects of removal of the amino-terminal six amino acids of
tropomyosin on the regulatory properties and myosin binding of the

striated muscle thin filament

5.1 Introduction

The ability 10 prepare thin filamenls with Omp T-digested tropomyosin as a conslituent

as demonstraled in the previous chaplcr, has pennitted examinalion of the functional role

of Ihe amino-Ienninal region of tropomyosin. As discussed earlier, full binding of this

tropomyosin to F-actin can be obtaincd under both low and high calcium concenlrations.

In this chapter, we have evaluated the myosin ATPase regulatory propcnies of amino-

lenninally truncated tropomyosin as compared to native tropomyosin. The affinity of

myosin·S I to thin filaments containing each tropomyosin was also investigated.

5.2 Rcsulls

5.2.1 Activlltioll of myosin subfrllgment I.

The steady state activation of myosin-S I MgATPasc activity by thin filamcnls containing

Omp T digestcd truncated tropomyosins was performcd as a function of tropomyosin,

myosin-S I and thin filament concentration. Thin filaments comprised of wild type

protcin served as the control. Each comparison bctwecn the two tropomyosins was

performed on the same day with the samc prolcins. The experimcnts were carried out in a

low ionic slrength bulTer containing 4.5 mM MgCl z and zero salt at which prolein
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interactions would be much stronger. In addition. only the rabbit skeletal tropomyosins

were used in the study since truncated tropomyosin from salmon fast could not be

incorporated into thin filaments under high Ca2• concentrations and micromolar prolein

concentrations (Figure 4.3B).

5.2.1.1 Effcrt of varying tropom)'osin concentration

In Figure 5.1, relative ATPase activity is plotted as a function of the concentration of

tropomyosin (either truncated or full-length). In this experiment. troponin. actin and

myosin-5lA I concentrations were kept constant at a molar ratio of 1.5: 5: I uM while the

tropomyosin concentration was varied from 0-6 uM. This molar ratio of 51: aClin is such

that the association of regulatory proteins with actin brings about a net inhibition of the

steady-slate MgATP hydrolysis rate (Eaton 1976. Williams et a\. 1984. Lchrer and

Morris 1984). Relative ATPase activities were calculated by normalizing ATPase

activities (nmolls) at varying protein combinations to the ATPase activity of actin-S I

alone.

Troponin is known to inhibit the ATPase rate by itsclf in the absencc of tropomyosin

(Eaton et al. 1975). It has a greater effect at high pCa than at low (-50% inhibition with

EGTA and -20% inhibition with Ca2\ i.e. 80% acto-5 I activity). Gradually raising the

concentration oflropomyosin (either wild type or truncated) is seen to enhance the effect
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Figure 5.1. Comparison of rcgul:ltory properties of thin filaments containing either
truncated or wild type rabbit skclclallropomyosin.

BufTer: 10 mM MOPS, 4.5 111M MgCI2• I mM orr, pH 7, an either 0.5 mM Ca2+ or

O.SmM EGTA (ionic strength, 63mM); T, 25°C. Myosin-S 1, actin and troponin were
employed at 1 uM. 5 uM and I.SuM respectively, while tropomyosin was varied in
concentration. All rates are expressed relative 10 the MgATPase activity ofaClin-S 1 alone
(100% = .042 nmol/s). Activities were corrected for the ratc of S I alone. Filled circles
and squares, EGTA; open circles and squares, Ca2+; squares, wild type tropomyosin;
circles, truncated tropomyosin. Curves were fit using the equation, Sigmoidal dose
response (variable slope) Y = B,,-.a,J (I +IO"(logKd-logX) • n)), GraphPad Prism software

(section 2.11).
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oflroponin in the presence ofEGTA. AI saturation. this inhibition was approximately 95

% with wild type tropomyosin and approximately 90 % with truncated tropomyosin

(Figure 5.1). In both inslances. maximum inhibition was achieved at roughly

stoichiometric concentrations of tropomyosin to actin (I uM: 7 uM). Slightly less

inhibition was observed for the thin filament containing truncated tropomyosin than for

those containing the full-length counterpart. When Cal" was added to the assay buffer.

inhibition is released but to different extents. Titration with wild type tropomyosin

yielded a final percentage inhibition of approximatcly 50 % (Figure 5.1). Interestingly,

maximum inhibition attained with truncated tropomyosin was only 35 % (Figure 5.1).

Also apparent is the fact that more of the truncated protein (approximately 417ths of actin

concentration) is required to reach the end point of the titration. This is presumably due to

thc weaker induction by troponin (Ca2+) as shown in Chapter 4 (Figures 4.2 and 4.4).

5.2.1.2 Effecl of varying myosin-SI concentration

AI low concentralions of regulated actin. activation of myosin-SI MgATPase shows

coopcrative dependence on the myosin-51 concentration, for whieh tropomyosin is

essential (Murray el al. 1982; Bremel et a!. 1972; Lehrer and Morris 1982). Specifically,

at low 5 I: actin ratios tropomyosin inhibits the actomyosin ATPase activity while at high

SI: actin ratios it potentiates the ATPase activity. To study the importance of the amino

lerminal region in Ihis phenomenon, the same experiment was perfonned with thin

filaments containing Omp T-digested tropomyosin. Again. wild type tropomyosin served

as a control.
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The experiment was performed with myosin-5 I conccntralions increasing from I to 8 uM

while actin. tropomyosin and troponin were kept at 4 uM. 2.3 uM and 1.15 uM

respectively. A tropomyosin concentration of4n that ofactin (4uM) was used in order to

ensure full binding of truncated tropomyosin to F-actin in the presence of high Ca2+.

because under these conditions the induction by troponin is weaker (as is reflected in

Figure 5.1 and F-actin binding in 5.5 mM MgCI2 and 5mM KCI buffer (Figure 4.4A».

The results for this ATPase experiment are shown in Figure 5.2A. In the presence of

troponin and tropomyosin (wild type or truncated) and added EGTA. inhibition was

observed at all concentrations of S 1 tested (O-8uM). In the presence of Ca2+, both

tropomyosins inhibited myosin-S I MgATPase activity at low S 1: actin molar ratios and

potentiated it at high 51: actin molar ratios (Figure 5.2A). As reflected by the myosin-SI

concentration at which the regulated activity intersects the unregulated activity. filaments

containing truncated tropomyosin commcnce potentiation at a lower myosin-S I (2uM)

concentration than the filaments containing the full-length protein (4.5uM). With

truncated tropomyosin, the ATPase activity remained higher than that of wild type

tropomyosin up to a 51 concentration of8 uM. at which activations by both systems were

equal (Figure 5.2A). This observation suggests that the cooperativity in the system in

response to increasing S I concentration is reduced, when truncated tropomyosin replaces

the full-length molecule. The less pronounced curvature evident in Fig 5.2A and the line

with a shallower gradient in Figure 5.2B for truncated tropomyosin as compared to the

wild type. also reflect the same idea.
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Figure 5.2. Activation ofm)'osin-SI by different thin filaments as a function of
myosin-51 concentration.

BufTer: 10 mM MOPS, 4.5 mM MgCI2• I mM orr. pH 7. and either 0.5 mM Cal' or 0.5

mM EGTA; T, 25°C. Actin, tropomyosin and troponin concentrations in each experiment
were kept constant at 4 uM and 2.3 uM and 1.15 uM. respectively, while myosin-S I
concentration was varied. A) MgATPase activity as a function of myosin-S I
concentration. B) Data shown in 'A)' are expressed as specific activity and corrected for
the rate of S I alone. Filled circles and squares: EGTA; open circles and squares: Ca2+;
sqU<lrcs, wild type tropomyosin; circles, truncated tropomyosin; open triangles,
unregul<lted actin; closed triangles. myosin-S I alone. Curves in 'A' were fit as in Figure
5.1
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5.2.1.3 E(fect oharying thin filament concentration

Regulation was investigated funher by detennining the thin filament concentration

dependence of the steady·state rate of ATP hydrolysis (Figure 5.3) In this case. the

myosin-5 I concentration was kept constant at 0.25 uM and the concentration of thin

filaments reconstituted with either wild type or truncated tropomyosin was increased

from zero to 70 uM (by the concentration of actin). The consequence of trimming the

amino-tenninal region is clearly evident in this experiment (Figure 5.3). Over this

concentration range, thin filaments (Ca2") containing the shonened tropomyosin produce

about two-fold greater myosin activation than the control. Extrapolation of the curves

demonstrates that the effect is primarily on Vmax: 6.8 S"l (control). 16 S·l (tropomyosin 7

_ 284) with little. ifany, change in myosin binding amnity (-5 x 10
4

M·I). It should be

noted that comparison of the two types of thin filaments was perfonned on the same day.

In addition, sedimentation analysis showed that F-actin remains saturated with regulatory

proteins in the presence of myosin-51, MgATP and added Ca2" (data not shown). Thus,

the difference in activation can not be attributed to dissociation. In the presence of

EGTA. the two systems produced an equivalent level of inhibition.

5.2.2 Myosin-51 binding to thin filaments containing truncllted or full~lcngth

trol)Omyosin.

Binding of S I-ADI} to thin filaments involved first separating actin-S I from unbound S I

by sedimentation and then measuring the free S I concentration in the supernatant using
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Figure 5.3. Dependence of the aclomyosin MgATl'ase activil)' on the eoncentralion
of thin filaments containing eilher truncated or intllcilrollomyosin.

Buffer: 10 mM MOI)S, 4.5 mM MgCI2, I mM Drr, pH 7. and either 0.5 mM Ca2+or 0.5

mM EGTA; T, 25°C. Myosin-S 1 concentrations in each experiment were kepI conslant at
0.5 uM. AClin, lroponin and tropomyosin concentrations were varied. At each actin
concentralion, lhe molar ratio of actin: troponin: tropomyosin was maintained al 7: 2: 4.
Activilies were corrected for lhe rale of 51 alone. Filled circles and squares: EGTA; open
circles and squares: Ca2>; squares, wild type tropomyosin; circles. truncated tropomyosin.
Curves were fil using lhe equation, One site binding (hyperbola) Y = Bmax • X I
(Kd+X). GraphPad Prism software.
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the ammonium ATPase activity of myosin-S I (see inset 10 Figure 5.4A). Again, only

rabbil proteins were used since thin filaments could not be fonned with truncated salmon

fast muscle tropomyosin at high Ca2. and micromolar amounts of protein. Binding was

measured in the presence of both high and low Ca2+. The results are shown in Figure 5.4.

Binding of SI-ADP to unregulated F-actin was non-cooperative as indicaled by the

hyperbolic binding curve with a binding constant of 4 x 1()6 M-l. In the presence of

EGTA. the sigmoidal curves show that the interaction of the ligand to each type of Ihin

filament is cooperalive (Figure 5.4A). However. as judged by the steepness oflhe binding

curves, it appears binding to Ihe filamenlS conlaining full-length prolein is more

cooperative than the binding to the ones containing truncatcd protein (Hill cooefficients;

3.8 and 3.1 respectively). The apparent binding constants to the two types of filaments

were; 2.7 x 1()6 M-l (control) and 3.7 x 1()6 M-l (truncaled). [t was a consislent

observation Ihat 51-ADP showed slightly stronger affinity towards the thin filaments

containing truncated lropomyosin as compared to the full-Ienglh counlerpart. However, in

Ihe presence of added Ca2• no detectable differences in cooperativity or apparent binding

constants were evidenced in the two isotherms (Figure 5.413) (Ka: Full-length, 6.33 x 106

M-l; truncated, 6.25 x I()6 M~l), indicating that the subslitution of truncated tropomyosin

for wild type did not significantly affecl SI-ADP binding to regulated F-actin.
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Figure 5.4: Binding of myosin-51 to thin filaments containing truncated or full
length rabbit skclclallropomyosins.

ButTer 5.5 rnM MgC12, 50mM KC1, IOmM Imidazole, 3mM MgADP, 20mM myokinase
inhibitor, lmM D1T, pH7, and either O.5mM EGTA or 0.5 mM Ca1+. Actin, tropomyosin
and troponin were kept constant at 4.0uM, 2.28uM and 2.28uM while myosin-S 1 varied
from 0 to SuM. The samples were incubated at 4c C for 1hT and centrifuged in the Airfuge
for 30min at 150,000 x g. The supernatant was subjected to NH,/EDTA ATPase activity

of free 51 al 25°C. A), EGTA; B), Ca2+; squares, wild type tropomyosin; circles,
truncated tropomyosin; triangles, unregulated actin. Free myosin-S I concentration was
obtained using a standard curve generated for NH/EDTA ATPase activity of myosin-S I
against SI concentration (inset in A). The 'bound SI/Actin' values for the plots in the
presence ofEGTA have been normalized to one. Curves for regulatory actin were fit as in
Figure 5.1, and curves for unregulatory actin were fit as in Figure 5.3.
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5.3 Discussion

Elucidating the functional properties of an amino-terminally shortened tropomyosin has

not been previously possible as a consequence of the inability to incorporate such a

protein into thin filaments at low pCa. As outlined in the previous chapter, we have been

able to devise conditions to reconstitute thin filaments with amino-terminally truncated

tropomyosin at both high and low Ca]- concentrations. Thus, we have been able to

characterize how truncated tropomyosin molecules. lacking the amino-tenninal ends can

function in a thin filament complex in the presence or absence ofCa]",

On the issue of regulation, results obtained for the ATPase activity measured as a

function of tropomyosin concentration (Figure 5.1) with the wild type protein were

similar to those described by other workers on the basis of percentage maximal inhibition

and stoichiometries of the proteins required to achieve maximal inhibition (Bremel et al.

1972; Lehrer and Morris 1982; Murray et al. 1981; Eaton et al. 1975; Williams et al.

1985; Heeley et al. 1989), When wild type tropomyosin was replaced with truncated

tropomyosin, at low Ca2". very little difTerence between the two proteins was observed in

their abilities to accentuate inhibition by troponin. A similar result was observed over a

range of SI concentrations or thin filament concentrations. However. at high Ca2" the

ATPase activity of the system with truncated tropomyosin was significantly above that of

the system with wild type protein. This is a very interesting result. It is the opposite of

what was seen with carboxypeptidase-treated tropomyosin. which showed reduced
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ATPase activity as comparcd to the wild type counterpart (Heeley et al. 1989a). Opposite

effects on the regulalory properties by removing the two ends may reflect their having

different roles in thin filament assembly and function.

The amp T·digested tropomyosin showed higher activation than the native prOiein at

molar ratios of S I: actin below 8uM: 4uM (Figure 5.2). Al molar ratios above that.

ATPase activity with wild type tropomyosin appeared to exceed that of truncated

tropomyosin. This can be explained in terms of the reduced cooperativity in the

potentiation effect with increasing SI concentrations by truncaled tropomyosin as

compared to the wild type tropomyosin. The result that reduced coopcrativity occurred

with truncalcd tropomyosin containing systems was expectcd, since amp T digestion

may have intcrrupted a line of continuity within the thin filament, which is involved in

long-range communicalion between functional units (Edwards and Sykes 1978; 1980;

1981; Graceffa and Lchrer 1980). Despite this fact. thc regulatcd actin filaments

containing truncated tropomyosin were able to potentiatc actomyosin ATPase with some

degrce or retained coopcrativity either becausc of the communication that can still occur

through tropomyosin within one thill filament unit or because of the communication that

occurs through actin filaments (Bulters et al. 1993, Tobacman and Bulters 2000).

The effect of amino·terminaltruncation on Cal' induced myosin-S 1 ATPase activity was

more pronounced in the thin filament titrations (Figure 5.3). Thin filaments (Cal +)

composed of tropomyosin missing the amino--tcrminal hexapeptide. produced twice as
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much myosin aclivalion lhan the control. The primary effect was a change in the Vmax of

the ATPase reaction with no significant change in apparent binding conSlant. This

suggests. thai at high Ca2". the absence of firsl six residues in tropomyosin causes an

equilibrium shift in lhe regulalory units more towards the lumed·on (open) state. A

simple explanalion to rationalize the results would be: since N·TnT has been shown to

exert a tropomyosin-dependent inhibition of actomyosin MgATI}ase, by stabilizing the

turned-ofT (blocked) state of thin filament (Nakamura ct a1. 1981; Onoyarna and Ohtsuki

1986; Heeley 1994; Tobacrnan el a1. 2002). it follows that it would be less effective in

this capacity when the first six amino acids of tropomyosin are absent lx:cause the

interaction betwccn N·TnT and Omp T·digesled tropomyosin has becn disrupted

(discussed in Chapler 4). This lesser inhibition observed in lhe systcm constitutcd .... ith

truncated tropomyosin therefore yields a greater activation than the system with \\ ild lype

protein. In this rcgard, lropomyosin phosphorylated at Serine283. bears some degree of

resemblance to the Omp T-digested lropomyosin. The phosphorylatcd molecule also

showed higher activation when reconstituted in to thin filaments, as well as lcsser

inhibition with N·TnT peptide than if the modification was absent (Heeley 1994. Heeley

et al. 1989). However. in this case, the latter effect cannot be allributed to thc samc

explanation mentioned above. that is to thc wcakened affinity of phosphorylated

tropomyosin to -TnT. since both phosphorylated and unphosphorylated protcins showed

equal affinities to N-TnT fragment (Heeler et al. 1989). The alternative (or an additional)

explanation is therefore. that the amino·tenninal region of tropomyosin could itself be
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inhibitory: thus, removal of this element fully or partly causes reduced amounts of

inhibition.

A result that is opposite to that of carboxypeptidase-treated tropomyosin was observed

wilh Omp T-digested tropomyosin in S I-ADP binding experiments 10 thin filaments

(figure 5.4 and Pan et al. 1988). Myosin-S 1 showed higher affinity to filaments with

tropomyosin lacking amino-tenninal residues than ones lacking carboxy-tenninal

residues (Pan et al. 1988). In addition, it is consistent with the suggestion that the removal

of the first six residues causes the regulatory thin filaments to shift more towards the

open statc in correlation with the ATPase experiment results. The effect of troponin to

keep tropomyosin filaments in the tumcd-off (blocked) state. in other words the amount

of inhibition. seems 10 be reduced in Ihe case ofOmp T-digested tropomyosin-containing

system. Therefore. binding of SI-ADP is more favored. However. it should also be

mentioned that the results from these two lines of experiments might not be directly

linked with each other, due to the fact that myosin-S I-ADP is 110t the true substrate in the

ATI)ase experimental system. It is either myosin-S I-ATP or myosin-S I-ADP-I)i. Binding

of myosin-S I carrying these different nuclcolides is not the same: myosin-51-ADP is in

the rigor form and binds tightcr to actin turning-on the system than either myosin-51

ATP or myosin-SI-ADP-Pi. Nonetheless, decreased cooperativity ofSt-ADP binding to

the system with truncated tropomyosin can be rationalizcd again on the basis of the

missing part of the overlap: a corollary would be that the residual cooperativity observed
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in the isotherms in the presence of EGTA stems either via tropomyosin within one unit or

from changes occurring within actin.

In agreement with Moraczewska and Hitchcock·DcGregori (2000). collectively these

results suggcst that the amino and carboxyl ends of tropomyosin have independent

functions. The amino-tenninal region of tropomyosin through its interaction with

troponin T. in particular the N-TnT region. can be suggested to facilitate the tumcd.-off

(blocked) state of the thin filament. Thus the disruption of this intcraction, as in the case

with Omp T-digested tropomyosin, favors switching the thin filamcnts from the tumed

off (blockcd) to the tumed-Qn (open) statc. Knowledge of the atomic structure of the

overlap complex would facilitate a fuller understanding of these results.
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Chapter 6. Sequence diversity and the conformational stability of
salmon tropomyosins.

6.1 Introduction

The cold·water fish. Atlantic salmon (5ofmo safar) possesses different tropomyosin

isofonns in each type of striated muscle: single and distinct proteins in fast trunk and

cardiac muscles. and two distinct isofonns in slow trunk muscle (Heeley and Hong 1994.

Heeley et al. 1995). One of the slow isofonns. however, constitutes only about 10010 of

the total tropomyosin (Heeley et al. 1995). The amino acid sequence comparisons of the

three major salmonid isofonns with each other show: 15% difference (8%

nonconscrvative) between slow and cardiac, 13% difference (7% nonconservative)

between fast and cardiac and II % differences (6% nonconservative) between fast and

slow (Jackman et al. 1996). Differences in the confonnational stabilities and the primary

sequences between these isoforms as well as betwcen salmonid and mammalian

tropomyosins provide insight into adaptation to cold.

Thc tcmpcrature-dependent unfolding of the threc salmonid muscle tropomyosin

isoforms and the recombinant form of the fast isofonn was analyzed using Circular

Dichroism (CD) (Greenfield et al. 1967, Grccnfield and Fasman 1969. Saxena and

Wetlaufer 1971. Lehrer 1978, Brahms and Brahms 1980, Hennessey and Johnson 1981)

under various solvent conditions (varying pH. salt (Kel), osmolytc (trimethyl N·amino

oxide. TMAO), and added divalent cations). Coiled.coil alpha-helical secondary structure
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has a characteristic far UV CD spectrum consisting of a maxima at 190nm and double

minima at 208 and 222nm due to differential absorbance by the peptide bond. with the

minima at 222nm being more negative than that at 208nm (Cooper and Woody 1990).

The magnitude of thc minima at 222nm is used to eSlimatc mean residue elliplicity and

fractional helix values of tropomyosin at 5°C. Further. near UV CD can be used as a

probe for aromalic residues (Chao and Holtzer 1975, Bullard et al. 1976. Lehrer 1978.

Holtzer el al. 1989). The mehing temperatures (Tm) were obtained by recording

ellipticity (at 222nm or 280nm) with increasing temperalure and by plotting the first

differential of Ihe ellipticity change due to loss of prolcin sct:ondary structure as a

function of temperature.

6.2 Results

6.2.1 Char:lctcrizalion of the thcrmoslabililies of wild lypc and recombinant salmon

faslllluscic lropomyosins

Figure 6.IA shows CD spectra of wild type salmon fast muscle tropomyosin in the far

UV range as the temperature is increased in intervals of 10°C. As anticipated, the

magnitude of the double minima becomes less pronounced as the temperature is raised.

At low temperatures (<25°C) the spectrum was indicative of predominately coiled-coil

alpha helix. The mean residue ellipticity value at 5°C was 38035 ± 1993 mdeg.cm2.mol·]

corresponding to a fractional helical content value of 0.97 ± 0.05. indicaling the presence

of high alpha helical content in this isofonn as has been previously reported for other
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Figure 6.1 : Thcrmostability of wild type salmon fast muscle tropomyosin

A) Circular dichroism UV spectra from 198·3000m al different temperatures.
Buffer, 20mM potassium phosphate, 0.1 M Ket, 1mM OTT, pH 7; healing
rale, 30"Clhr; scan speed, JOOom/min; protein concentration, -lrng/tnt; light
path,O.SOlm.

B) First derivative orthe ellipticity change al 2220m as a function of temperature.
Experimental conditions arc the same as in A). The protein healed to 65"C
was slowly cooled back 10 SoC with the same ratc as the heating step
(30"Clhr). The sample was then reheated to 65"C. Main ligurc, first run; inset,
second run.
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tropomyosins (Oikawa et al. 1968. Pato et al. 1981 a. "Ieeley and Hong 1995). Above

50°C it is evident that the protein has undergone thermal denaturation and is a random

coil (Figure 6.1A). An unfolding profile was obtained by continuously monitoring the

ellipticity change at 222nm as a function of temperature (Figure 6.1 B). At 0.1 M KCL

1mM orr. pH 7 the thennal melting profile consists of two asymmetric transitions: a

prominent minor transition with a Tm value of24.2°C preceding a major transition with a

Tm value of 38.1°C. This asymmetry suggests the existence of more than one cooperative

unfolding step.

When the thennally unfolded protein (at 65°C) is slowly cooled to 5°C over 2hrs. it

allains a mean residue ellipticity value similar to the native protcin indicating a return to

complete helical content. However upon reheating. the minor transition becomes

significantly diminished or unobserved and the amplitude of the major transition is

increased (Figure 6.\ B, inset). The results show that the low temperature transition

observed in native salmon fast muscle tropomyosin is not complctely reversible within

the time frame the protein was allowed to refold as monitorcd by CD spectrometry.

Interestingly, under the same buffer conditions. the recombinant form of the same

protein. prepared by cDNA expression in E. coli BL2 [ DE3. lacks a pronounced minor

transition as well (Figure 6.2A). The bactcrially expressed protein is identical to the wild

type in terms of the sequence except for the absence of an amino-tenninal acetylation

(Jackman ct al. 1996). Therefore we investigated whether the disappearance ofthc minor
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Figure 6.2: Thcrmostability of recombinant salmon fast muscle tropomyosin

First derivative of the ellipticity change at 2220m as a function of temperature for
recombinant fast tropomyosin prepared with (A) and without (B) a healing step are
shown in main figures. Insets, second run. Buffer, 20mM potassium phosphate. a.IM
KCI. ImM Drr, pH 7; healing rate, 30°Clhr; scan speed. JOOom/min: protein
concentration, -Imglml; light path. O.Smm.
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transition could be due to the heating step (to -80°C) included in the isolation protocol of

recombinant tropomyosin to remove bacterial proteins. When the protein was isolated

omining the heating step. a prominent minor transition (Tm. 23.2°C) was observed as in

the case with the wild type counterpart (Figure 6.2B). Like the wild type tropomyosin.

when this material was heated to 65°C. cooled and reheated the minor transition was lost

(Figure 6.2B, inset). In addition, either method of isolation yielded a product displaying a

major transition not significantly different from the wild type (with and without heating.

38°C and 38.7°C respectively). The calculated mean residue ellipticity and the fractional

helical content for heat-treated recombinant salmon fast muscle tropomyosin were 36431

± 3455 mdeg.cm1.mol·1 and 0.93 ± 0.08 (n, >5). Thc same protein isolated without a heat

treatment showed a mean residue ellipticity value of 36675 ± 2368 mdeg.cm2.mol·1 (n,

>5) corresponding to a fractional helical value of 0.94 ± 0.06. I)art of the variability in

mean residual ellipticity values can be anributed to small errors in protcin concentrations.

In Table 6.1, the change in cllipticity within each transition is expressed as a percentage

of tolal ellipticity change from 5-65°C. For wild type and non heat-treated recombinant

fast tropomyosins. the minor transition accounts for 16.4% and 16.9%. while the major

transition accounts for 71.7% and 73.3% of the original helix. respectively. When the

proteins have been heated once, the minor transitions decrease to 11% and 8.1)010 while

the major transition increases to 78.1% and 82.6% respectively. The percentages of

structural change occurring within the minor transition and major transition for heat-

148



Table 6.1 : Comparison of relative ellipticity changes of wild type and recombinant
salmon fast muscle tropomyosins.

Wild type
tropomyosin

Non-heal treated
Recombinant
tropomyosin

Heat treated
Recombinant
tropomyosin

(%) Minor (%) Major (%) Minor (%) Major (%) Minor (%) Major
transition transition transition transition transition transition

First 16.4 ± 73.0 ± 16.8 ± 73.3 ± 9.7± 79.4 ±
heating 2.4 3.3 4.1 1.2 2.3 4.5

Second 11.0 ± 80.0 ± 8.9± 82.6 ± 8.4 ± 83.1 ±
heating 2.4 2.3 3.2 1.7 2.8 3.5

Relative ellipticity change within minor and major transitions of wild type, non-heat
treated recombinant and heal treated recombinant in the first and the second runs. The
percentage of each transition was estimated by expressing the change in ellipticity within
each transition as a percentage of the total ellipticity change from 5·65°C. Buffer, 20mM
potassium phosphate, 0.1 M KCI, ImM DTr, pH 7; heating rate, 30°Clhr; scan speed,
100nmlmin; protein concentration, -lmglml; light path, O.5mm. Number of
determinations, n >5; batches of protein, 5(wild type), 3 (hcatlreated recombinant) and 2
(heat treated recombinant).
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treatcd rccombinant protein are 9.6% and 78.1%. Thcse values are significantly different

from those of native wild type and non heat-treated recombinant protcins. but are

comparable to those if the laner two proteins have been previously heated.

6.2.1.1 Effect of different heating and cooling prolocols on Ihe minor transition of

salmon fast muscle tropomyosin.

To learn whether periods of prolonged cooling. or a slowcr rate of cooling of thermally

unfolded fast tropomyosin could return the minor transition. wild type tropomyosin was

heated to 6SoC and allowed to cool to SoC differently: rapid cooling (sample was left in

the CD with water running through the CD-cell jacket and the watcr bath was rapidly

cooled back to SoC within IOmin by mixing with icc); slow cooling (samples were left to

cool down to room temperature (-lhr) and then transferrcd to the fridge) followed by

extended incubations for either 2hrs, 24hrs or 48hrs. Following a given cooling procedure

the protein was reheated (Figure 6.3A). Buffer conditions were O.IM KCI. ImM D'n,

and pH 7. Thc thennalmclting profile ofprotcins, which had bccn coolcd rapidly lacked

a pronounced minor transition, Slow cooling and then extended incubation at low

temperature for up to 48 hrs did not enhance the magnitude of the minor transition any

further, although small shifts (-I-2°C) in thc minor transition Tm values were evident.

Further, the ellipticity value at SoC upon rapid cooling was a slightly smaller negative

number than that for the native protein (-178 mdeg for native vs -166 mdeg) possibly due

to insufficient refolding time. However, all the samples subjcctcd to a slow cooling

process for 2hrs or more showed the same ellipticity values as the native protein. The
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Figure 6.3 : The effeci of different heating and cooling prolocols on the minor
transition ofsalmon fast muscle t..-opom)'osin

A) First derivatives of the ellipticity change at 222nm as a function of temperature are
shown. Protein was heated 10 65°C (black) and cooled 105°C for differenl time
periods before reheating: rapid cooling (sample was left in the CD with water running
through the CD-cell jacket and the waler bath was rapidly cooled (blue) back to 5°C
within 10min by mixing with ice); slow cooling (samples were left to cool down to
room temperature (-Ihr) and then to 4°C in the fridge) and eXlended incubation for
either 24hrs (red) or 48hrs (green). BufTer, 20mM potassium phosphate. 0.1 M KC1,
ImM D'IT, pH 7; heating rate, 60°Clhr; scan speed. IOOnm/min: protein
concentration, -1 mg/ml; light path, 0.5mm.

B) First derivatives of the ellipticity change at 222nm as a function of temperature arc
shown. Starting from the lowest temperature a single protein sample was heated to
25°C. 35°C. 45°C (solid lines) and again 45°C (dolled line) with cooling back to 5°C
between the healing steps. As soon as the sample reaches 5°C the next heating step
was started. Run conditions are the same as in (A).
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magnitudes of the major transitions were also noted to be higher in the case of previously

heated proteins as compared to the native (Figure 6.3A).

To further study the reversibility of the minor transition. the wild type protein (0.1 M KCL

ImM OIT, pH 7) was subjected to heating and cooling cycles with 10°C incremental

increases. Starting from Ihe lowest temperature, protein was heated to 25°C. 35°C. 45°C

and 55°C. Belween each heating step. Ihe protein was slowly cooled to 5°C before

starting Ihe next heating step (Figure 6.3B). Heating 10 25°C and cooling to 5°C did not

reduce the magnitude of the minor transition significantly. A major loss of the minor

transition was observed after heating to 35°C. A slight reduction in the magnitude of the

minor transition was evident upon further heating to 45°C and cooling to 5°C. Therefore,

reversibility of the minor transition seems to be significantly lost after the protein has

been heated to a temperature where unfolding of the region responsible for the minor

transition is complete.

6.2.1.2. Thermostllbilities of the two CYUIIOgCIl bromide frllgmcllts.

To determine the regions of the salmon fast muscle tropomyosin sequence which give

rise to the observed transitions, the thermal melting profiles of the two large cyanogen

bromide fragments were analyzed. These were the amino-tenninal half, CNIA (residues

11-127) and the carboxy-terminal half. CN IB (residues 142-281) of the protein. Figure

6.4 shows thermal melting profiles of both amino- and carboxy-terminal fragments
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Figure 6.4 Thermostability of the CNBr fragments of salmon fast muscle
Iropomyosin.

First derivative of the ellipticity change al 2221101 as a function of temperature for A)
CNIA (residues 11-127) and B) eNIB (residues 142-281). ButTer, 20rnM potassium
phosphate, O. [M KCI, ImM DlT, pH 7; heating rale, 60°C/hr; scan speed, IDOllm/min;
protein concentration, -lmglml; light path. O.5mm.
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at 0.1 M KCI, pH 7, ImM OTT consisting of a single transition centered at DOC and 36

°C respectively, corresponding to the major transilion observed for the intact molecule.

There was no evidence of the minor transition in either fragment in the above or various

other buffer conditions that were tested such as in the presence of 1M KCl or 1M TMAO.

This can be rationalized by the locally destabilized part of the protein being already

unfolded in the peplides. Potekhin and Privalov 1982 showed that a cleavage of the

protein within a cooperative block leads to destabilization of the regular structure of the

complete block up unto its tenninal points. A control experiment \\here native protein

was treated with fonnie acid did not reduce or change the minor transition indicating that

the result is not an effect of the fonnic acid used for the CNl3r digestion (data nol shown).

6.2.1.3 Thermoslability of the oxidized protein

Thennal melting of the isoform was then perfonned with the oxidized protein (Figure

6.5A). With the cysteines oxidized, the unfolding profile is more complicated. This is

mostly due (0 the appearance of a new transition centered at 60°C. The transitions at 

24°C and - 38°C are still apparent but, compared to what is observed in the presence of

OTT, they arc now more equal in magnitude (compare Fig. 6.113 and Fig 6.5A). The

results show that the effect of oxidation is both slabilizing and destabilizing on the

tropomyosin structure. It also agrees with the idea that the minor transition involves a

region. which is affected by the presence or the absence of a disulphidc bond. The region

around Cysl90 has been previously shown to unfold at low temperatures in the case of

rabbit skeletal tropomyosin (Lehrer et. aI., 1978. Potekhin et at. 1982). Funher, the
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Figure 6.5 : Effecl of disulphide bond formation on the Ihermoslabilit)' of salmon
fast muscle tropom)'osin in far and ncar V range.

A) First derivative of the ellipticity change at 222nm as a function of temperature for
oxidized wild type salmon fast muscle tropomyosin. Buffer. 20mM potassium
phosphate. O.IM KCI. pH 7; heating rate. 60°Clhr; scan speed, lOOnm/min: protein
concentration. -Img/ml; light path. O.Smm; insct. SDS PAGE of reduced (lane I)
and oxidized proteins (lane 2).

B) First derivative of the ellipticity change at 280nm as a function of temperature for
oxidized wild type salmon fast muscle tropomyosin. Buffcr. 20mM potassium
phosphatc, 0.1 M KCI, pH 7; heating rate, 30°Clhr; scan speed. IOOnm/min; protein
concentration, -IOmg/ml; light path, Smm.

C) First derivativc of the ellipticity changc at 280nm as a function of tcmperaturc for
rcduced wild type salmon fast musclc tropomyosin. Buffer. 20mM potassium
phosphatc, O. IM KCl, ImM DTT, pH 7; heating rate, 30°Clhr; scan speed,
IOOnrn/min; protcin concentration, -IOmg/rol; light path. Smm.
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oxidized CNIB fragment. as monitored in the far UV range, unfolded mainly at 60°C

(this experiment was done by Donna Jackman, data not shown) indicating that the higher

temperature transition observed with the oxidized intact protein corresponds to the

unfolding of the carboxyl region of the molecule.

6.1.2.4 Ncar UV Circul:lr Dichroism

The next step was to investigate the temperature dependent ellipticity change of the

protein at 280nm (Figure 6.58 and C) under both reducing and oxidizing conditions.

Tropomyosin (which is tryptophan-free) contains six tyrosines at the following positions:

Tyr60, Tyr 162, Tyr 214, Tyr 221. Tyr 261 and Tyr 267. Five of the six are located in the

carboxy~terminal half. Thus, the near·UV CD signal is a convenient means of probing the

conformation of this part of the molecule. For the reduced protein, a single transition with

a Tm of - 40°C was observed, which coincides with the major transition observed in far

UV measurements. Under oxidized conditions, the low temperature unfolding was also

evident, but at a slightly lower temperature (-18°C) than in the far UV range. Two other

transitions are observed at _40°C and - 60°C. In Ihis case. however, the peak at 40°C is

lower in magnitude as compared to that in the far UV range indicating that this transition

may represent the unfolding of a region with proportionately fewer number of tyrosines.

thus it may represent the unfolding of the amino-terminal halfofthe molecule, which has

only one tyrosine.

158



6.2.2 Effect of pl'I, salt, trimerh)'lene N-amino oxide, di\'alent cations, 011 the stability

of salmon fast muscle tropom)'osin.

The effect of solurion pH on the confonnarional stability of wild Iype fasl tropomyosin

(0.1 M KCI. ImM OlT) is shown in Figure 6.6. Both transilions observed at nculrality

(Figure 6.113) are shifted to higher temperatures (30.7°C and 53.7°C respectively) at the

lower pH of 6 (Figure 6.6A). At Ihis pH. the minor transition is more pronounced and it

may consist of more Ihan one component. When the pH is increased to 8. the melting

temperature of the major transition decreased to 36.3°c and the minor lransition was less

prominent or not detecled (Figure 6.69). As in the case at pH 7, previously heated wild

Iype protein did not show a pronounced minor transilion al pH 6. These results are

summarized in Figure 6.6C.

Raising the concentration of neutral salt (KCI) from 0.1 to I M was noted to increase the

Till values of major transitions at both pH 7 and 6 (48.2°C and 59.9°C respectively)

(Figure 6.7A). Minor transitions were broadencd and consistcd of two or more

components at both pHs. In the presence of 1M TMAO. a.IM KCI, Tms of both

transitions increased at pH 7 (35.1 °C and 51.1 0c) (Figure 713), but only that of minor

transition at pi-I 6 (34.5°C) indicating that the stabilization by TMAO depends on the

solvent conditions. For example, unlike KCI, TMAO docs nOI provide additional

slabilisation at pH 6. Further. in contrast to neutral salt. all transitions appeared sharper in

the presence of 1M TMAO_ such that they took place over a narrower temperature range.

When present logelher, 1M TMAO and 1M KCI shifted all transitions to higher
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Figure 6.6: Errecl of pH on the stabiliC)' of salmon fast muscle tropomyosin

First derivative of the ellipticity change at 222nm as a function of temperature in the
buffer 20mM PIPES, O.IM KCI, 101M Drr, pH 6 (A) or 20mM HEPES, O.IM KCI.
101M Drr, pH 8 (B); healing rate, 60°Clhr; scan speed, 100nm/min; protein
concentration, -Img/ml; light path, 0.50101; insets. second run. (C) The melting
temperatures of minor and major transitions are plolted as a function of pH. Circle, major
transition; diamond, minor transition.
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Figure 6.7 : Effect of salt and osmolyte 011 the stability of salmon fast muscle
troJlomyosin

First derivative of the ellipticity change at 222nm as a function of temperature for wild
type salmon fast muscle tropomyosin in the presence of 1M KCI (A), 1M TMAO (B).
1M KCI and 1M TMAO (C). Buffer, 20mM PII)ES I potassium phosphate, 1.0M Kel,
ImM DlT, pH 6 (dotted line) or 7 (solid line); heating rate, 60°Clhr; scan speed.
lOOnm/min; protein concentration, -Imglml; light path, O.Smm; insets, second heating.
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temperatures, wilh no significant dilTerence between pH 6 and 7 as shown in Figure 6.7C

(al pH 6 and 7 respectively: minor transitions, -34.5 and 35.1 °C; major transitions,

-59.6 and 59. 1°C). Interestingly. approximately 50% of the minor Iransilion was

reversible when the wild type fasl tropomyosin was heated, cooled and reheated under

these bulTer conditions (Figure 6.7C, inset). The unfolding profiles of recombinant

tropomyosins (heated and unheated) were similar to Ihe wild type al varying pH, salt and

TMAO conditions except for the minor transition of the heat-treated protein, which was

less pronounced (data not shown).

The effeci of divalent cations, specifically Ca2+and Mg2+, was invesligated in 0.1 M KCI,

pH 7 (Figure 6.8A and B). The basal measuremenl for zero cation concentration was

performed in the presence of ImM EDTA 10 remove any residual cations (profile not

shown). As the concentration of Ca2+ or Mg2+ was increased from zero 10 1.0 mM, Till

values of the major transition were only slightly alTected (38.9°C and 39.4°C at 0.1 mM;

41 and 40.2°C at ImM for Ca2+ and Mg2+ respectively). A more substantial change was

observed when the cation concentration was raised to IOmM (48.1 oC and 45.3°C

respectively). In this instance, the minor transition consisled of two or more Iransitions.

The results are summarized in Figure 6.8C. To confirm that the elTect ofCa2+and Mg2+ is

not simply due to an increase in the ionic strength of the solulion, the experiment was

repeated in the presence of 0.13M neutral salt, which has the same ionic strength as

10mM divalent cation. The Tm value for the major transition increased only to 39.7°C

(data not shown) indicating that divalent cations have a specific effect on tropomyosin
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Figure 6.8 : The effect of divalent cations on the st:lbility of sallllon fast muscle
tropomyosin.

First derivative of the ellipticity change at 222nm as a function of temperature in the
presence of varying concentrations of Mgl+ (A) or Cal+ (B), concentrations. Buffer,
20mM potassium phosphate, 0.1 mM (solid line), ImM (doned line) or 10 mM (dashed
line), O.IM KCI, lmM DlT, pH 7; heating rate, 60"C/hr; scan speed, IOOnm/min; protein
concentration, -Img/ml; light path, 0.5mm. (C) The melting temperatures of the major
transitions are ploued as a function or cation concentration. Circle, Cal'; diamond. Mgl+.
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stability. Under none of the divalent cation concentrations was the minor transition

observed when the proteins which had been once healed were used. Further, there were

no significant dilTerences in the mean residual ellipticitics of the protein at SoC as the pH.

ncutral salt. TMAO and divalent cation concentrntion "cre varied.

6.2.3 Thermosfability of salmon cardiac and slow muscle tropom)'osins

Structural stability of the salmon slow and cardiac muscle tropomyosins was studied as

previously described for the salmon fast isofonn. In the presence of 0.1 M KCI. 1mM

DTI, pI-! 7. a single transition with a Tm of 36.3°C was observed for cardiac muscle

tropomyosin (Figure 6.9A). whereas I\vO major transitions having Tms of 38.6°C and

46.7°C were observed for the slow isoform (Figure 6.9B). The cardiac isoform, like the

fast isofonn, was completely unfolded by heating to SO°c. 0 further significant change

in CD minima was detected for those two isoforms at temperatures above SO°C.

Conversely, the slow isofonn needed higher temperalures to achieve complete unfolding.

In this instance the ellipticity at 222nm cominued to decrease up to about 60°C. The

mean residual ellipticity value at 5°C for cardiac and slow muscle tropomyosins ranged

from 39000-40000 mdeg.cm 2.mol·1 corresponding to a fractional helical value around l.

As the bulTer pH was increased to 8, stability of cardiac and slow isoforms was

decreased. The Tm of the single transition in cardiac decreased to 35.2°C, and that of two

major transitions in slow decreased to 36.4°C and 45°C respectively at 0.1 M KCI.
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Figure 6.9: Thcrmostability of salmon cardiac and slow lropomyosins and the effect
of pH.

First derivative of the ellipticity change al222nm as a function of temperature for salmon
cardiac, (A) & (C), and slow, (8) & (D), tTopomyosins. ButTer, 20mM potassium
phosphate I PIPES I HEPES, O.IM KCI, lmM Dn" and pH 7 «A) & (8», pH 6 (dolted
line in (C) or pH 8 (solid line in (C) & (D»; heating rate, 60°Clhr; scan speed,
100nrn/min; protein concentration, -Imglml; light path, O.5mm.
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ImM D'IT, pH 8 (Figure 6.9C). In the melting prolile of cardiac isoform. two transitions

wcrc cvident at pH 6: a minor transition with a Tm of 33.4°C and a major transition with

a Tm of 47.2°C (Figure 6.9D). The profile for the slow isofoml was more complicated.

The protcin appeared to be unfolding as a broad transition with a low amplitude starting

around 30°C and extending beyond 65°C (data not shown).

At 1M KCI. ImM DTI, pH 7. both isofonns showed major transitions having higher Tm

values (cardiac. 47°C; slow, 43.2°C and 55.3°C) ho\\ever additional components were

also noticeable (Figure 6.IOA and B). The Tm values were also increased (cardiac.

48.5°C: slow, 48.4 and 56.SoC) in the presence of 1M TMAO. 0.1 M KCI and the

transitions were sharper than in its absence. (Figure 6.1 DC and D). The magnitude of this

increase in the melting temperatures with added IM neutral salt or 1M TMAO was

similar 10 that obtained for the fast isofonn (approximatcly 10°C increment). A summary

of the mclting temperatures of three salmonid isofonns as a function of pH. neutral salt

and osmolytcs is given in Table 6.2.

6.2.4 Sequence comparison of tropomyosin isoforms.

The primary structures of the thrce salrnonid striated muscle tropomyosins were

compared with each other and with that of rabbit alpha tropomyosin. Fifty three (of the

284) amino acids in salmonid striated TM are non-conserved. [This number is obtained

by aligning the sequences of the three isofonns (fast. slow and cardiac)l. The most
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Figure 6.10 : The effect of salt and TMAO on the slability of sal mOil cardiac and
slow muscle tropomyosins.

First derivative of the ellipticity change at 222nm as a function of temperature for cardiac
(A) and (C» and slo\\l,«B) and (D» tropomyosins in the presence of 1M KCI «A) and
(B» or 1M TMAO «C) and (D». BufTer, 20mM potassium phosphate, 1M KCI, ImM
DTT, pH 7; heating rate, 60"C/hr; scan speed, 100nm/min; protein concentration,
-Imglml; light path, O.5mm.
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Table 6.2 : A summary of the melting temperaturcs of thrcc salmonid fast, cardi:lc
and slow tropomyosin isoforms.

pit 0.11\1 KCI 1M KCI 0.1 1'1 KCI, 1M KCI
IMTMAO IMTMAO

30,7 II.8 24.8± 0.7 3-1.5 IO,6 33.9 I},}
53.7 ± 1.0 59.9±0.9 53.7±0.9 59.6±0.3

Fast 24.2 II.I 26.4 I 1.3 35,} I 3.3 3-1. II 2.5
38.1 ± 1.3 48.2±0.8 51.1 ±3.6 59.1 ±0.8

36.3 ±O.l

CNIA 33.5± 1.2

CNIB 37.1 ±0.7

Slow

Cardiac 7

38.7± 1.1

46.7±0.2

36.4 ± 2.9
45.0±2.3

33.4 ±O.1
47.2 ±0.9

36.3 ±O.I

35.2 ±O.?

43.2 ± 1.7
55.3 ±O.8

47.0±0.3

48.4 ±O.3
56.5 ±O.8

48.5± 1,2

Number of batches of protein or fragmcnt: fast muscle TM (five), slow muscle TM (two),
cardiac muscle TM (two), CNIA (three) and CNIB (three). Note: only the melting
temperature of the most prominent peak in a given unfolding profile is included in the
table, even though cvidecnc of additional components may have been observed. l/a!ic.\·,
minor transition for fast muscle tropomyosin. Where n=2, ± indicates the range.
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heterogeneous parts of the molecule are clustered in three regions of the molecule: (i) and

(ii), in the amino-terminal half of the molecule, respectively between residues 17 - 49

(sixteen substitutions) and 73 - 87 (eight substitutions), and (iii), in the carboxyl half of

the molecule between residues 172 - 2 [6 (fourteen substitutions) (Figure 6.11). The latter

region is of particular interest as it coincides with the region of local instability in the

mammalian protein (Lehrer et al. 1978) and also includes disease-related point mutations

(Thierfeilder et al. 1994, Bing et al. 1997. Bing et al. 2000). [n this part of the molecule,

there are eleven substitutions between fast and cardiac muscle tropomyosins, five

between fast and slow muscle tropomyosins and twelve between cardiac and slow muscle

Iropomyosins. Each salmonid tropomyosin contains two (fast), ten (cardiac) and five

(s[ow) substitutions in this region when compared to rabbit alpha tropomyosin. The

number of substitutions between four sequences in the other two regions are as follows:

variable fastvs fast vs fast vs cardiac vs cardiac vs slowvs
region cardiac slow rabbit slow rabbit rabbit

17-49 13 15 14
73-87 4 7 4

All of the substitutions between the three salmonid tropomyosin isoforllls that occur at a

core position of the tropomyosin coiled-coi[ ("a" or "d" position), of which there are nine

(2 x a and 7 x d): residues 25, 36. 39. 46. 74. 172, [79, 186 and 211, fall within the above

mentioned three clusters (Figure 6.12). In five instances (residues 25, 74,179,186 and

211) the resident amino acid is either alanine or an hydroxylated amino acid. Some of
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" "Sal-f
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Sal-c NA E T DKKA A DKCKQL
Sal-s T A E I DKKA A DKSKQH
Rab-a:: NA E ADKKA A DRSKQL

IS
Sal-f

~rrnL
VAL Q K

w
Sal-c E DEL L S L Q KN
Sal-s D D A L I Q M Q KK
Rab-a:: E DEL VS L Q KK

(ii) n 83 ~

Sal-f v AE
KwArn

DAE[]V AmSal-c Q S E K T A A D A E G D V AG
Sal-s v AD K K A A D A E A E V AS

Rab-a:: L AE K KAT D AE A D v A S

(iii) In 119 IS' ""
Sal-f wE[]L

R[!r
RA

E[]EwK C[]LSal-c LEG E L RAE RAEVS ELK C S D L
Sal-s lEG D L RT E RAELAEGK CAE L
Rab-a:: I E S D L RAE RAELSEGK CAE L

" "Sal-f

KwVwN
NL L A[]E K Y smSal-c K N V T N NL L ASS E K Y S E

Sal-s K N V S N NL L A Q A E K Y S Q

Rab-a:: K T V T N NL L A Q A E K Y S Q

Figure 6.11: Distribution of amino acid substitutions ill salmonid and rabbit-alpha
muscle tropomyosins.

The amino acid sequences of the most heterogeneous parts (residues; 17-49 (i), 73-87 (ii)
and 172-216 (iii)) of Atlantic salmon fast muscle tropomyosin (Sal-I), Brown trout
cardiac muscle tropomyosin (Sal-c), Brown trout slow muscle tropomyosin (Sal-s) and
Rabbit alpha tropomyosin (Rabbit-a::) are compared. Amino acid substitutions between
the four sequences arc outlined with boxes. The core positions arc indicated in bold
leners.
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these substitutions that occur in the variable region (iii) have affected the fifth alanine

cluster in the fast muscle tropomyosin isoform (Figure 6.13). The variable region (iii)

contains four of the nine core position substitutions at three consecutive "d" positions,

residucs 172 (lie in fast/rabbit/slow and Leu in cardiac), 179 (Thr in fast/slow and Ala in

cardiac/rabbit) and 186 (Ser in fast/cardiac/rabbit and Ala in slow), and at an "a" position,

rcsidue 211 (Ala in fast/slow/rabbit & Ser in cardiac). As a result of these changes the

fast muscle tropomyosin is completely devoid of a "d" position alanine in this region and

therefore of the fifth alanine-cluster unlike the other three isoforms. Further, the residucs

at all the above three "d" positions of the fast muscle tropomyosin are predicted

destabilising amino acids for the coiled-coil structure.

There are seven charge substitutions (although the "d" His at 39 in the 'slow' isoform

may be deprotonatcd at neutrality) (Figure 6.12). Five of these bunch within residues 20 •

80 in the variable regions (i) and (ii). The residues are; 21 (Arg in fast, Glu in cardiac &

Ala in slow), 39 (Leu in fast/cardiac & His in slow) 42 (Asp in fast/cardiac & Ala in

slow), 49 (Lys in fast/slow & Asn in cardiac) and 77 (Thr in fast/cardiac & Lys in slow).

The sixth is at residue 216 where glutaminc in fast and slow isoforms is replaced by

glutamic acid in cardiac. The other change is of particular interest as it falls in the overlap

region: residue 276 (Asn in fast and His in slow/cardiac). An obvious consequence of

these charge substitutions is a change in isoclectric points (pi) in a denaturing solvenl: pI

of the threc salmonid muscle tropomyosins increases in the order, cardiac < fast < slow.
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CORE 'E' 'G' CHARGE
F S C F S C F S C F S C

251d) Ala Ser Ala 19 Leu Leu Ile 21 Arg Ala Arg 21 (g) Arg Ala Arg
361a) Ser Ser Cys 40 Giu Asp Giu 42 Asp Ala GIu 39 (d) Leu His Leu
391d) Leu His Leu 75 Glu Asp Giu 49 Lys Lys Asn 42 (g) Asp Ala Glu
461d) Leu Met Leu 145 Asp Giu Giu 63 Ser Ala Ala 49 (g) Lys Lys Asn
741d) Ala Ala Ser 201 Thr Ser Thr 77 Thr Lys Thr 77 (g) Thr Lys Thr

172ld) Ile lIe Leu 229 Thr Thr Ser 84 ASp Glu Asp 216 (f) GIn GIn Glu
1791d) Thr Thr Ala 175 Asp Asp Giu 276 (c) Asn His His
186 (d) Ser Ala Ser 210 GIn GIn Ser
211 (a) Ala Ala Ser 245 Ser Ser Thr

Charge
+1 +3

-1
(pH?) .,

252 Thr Thr Ser

Figure 6.12: Amino acid sequence comparisons of salmonid lropomyosins.

Amino acid substitutions between salmonid fast (F), cardiac (C) and slow (5) tropomyosins at core, 'E', 'G' and charge
positions. The predicted overall change in the charge at pH 7 as a result of charge substitutions is also shown.



Figure 6.13: Alanine c1uslers oflrOpOm)'osins

The 'a' and 'd' coiled-coi1 position residues of the three salmonid tropomyosin sequences
are shown with alanine residues highlighted. The seven alanine clusters are indicated in
red highlights. The's' position alanines not involved in cluslCring with 'do position
alanines are indicated in yellow. Note: salmon fast muscle tropomyosin lacks the fifth
cluster due to the substitutions at residues 179 and 186.
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Thc number of substitutions, between thc threc salmonid tropomyosins. at non-conserved

inner ("c" or "g") positions. which are involvcd in ionic interactions betwccn two hclices

in thc coiled-coil. is sixteen (6 x "e" and 10 x "g") (Figure 6.12). Of these, there is a

change in charge (either positive to neutral or negative to neutral) at four "g" residues

(see Figure 6.12. at residues 21. 42. 49 and 77). Consequenctly. one ion pair ("g" to "c")

interaction is lost in slow (res. 21 Ala to 26 Glu) and cardiac (res. 49 Asn to 54 Glu).

Thus. thc fast variant is predicted to form more attractive interactions (for a dimeric

molecule) compared to thc other two isoforms. However. it contains a smaller number of

attractive interactions than rabbit alpha tropomyosin on account of a substitution at

position 77 (Thr in fast and Lys in rabbit). The number of rcpulsive "g" • "c" intcractions

is thc same for each salmonid protein. which arc six.

Finally, it is worth noting that the fast and cardiac muscle tropomyosins each contain a

closely-spaced pair of glycincs (Figurc 6.12). which are separated from each othcr in the

primary structure by two amino acids in fast (at rcsidues 24 and 27) and three in cardiac

(at rcsidues Gly 83 and 87). Further. these are absent in slow musclc tropomyosin and

rabbit alpha tropomyosin. To our knowledge, thc former p:lir (Gly 24 and 27) and thc Gly

87 arc unique to fast and cardiac muscle tropomyosins respectively.

6.2.5 Constructing a phylogenetic tree for tropomyosin

A phylogenetic tree based on the tropomyosin amino acid sequences was constructed

(Figure 6.14) to understand the origin of the thrce sahnonid tropomyosin isoforms and

their evolutionary relationship with each other. There are four tropomyosin gencs that
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Figure 6.14: The phylogenetic lmalysis of tropomyosin

A phylogenetic tree was constructed for tropomyosin based on amino acid sequences
using the MEGA 4 program for building phylogenetic trees with Poisson model,
Neighbour joining algorithm and 1000 bootstrap replicates. Tropomyosin sequence
information was obtained from NCBI and the accession numbers arc as follows: 1·louse
mouse alpha, CAA46043; House mouse beta; X12650; House mouse slow, AAA03725;
1·luman alpha, AAA61225; Human beta. CAA29971; Human slow, P06753; Rabbit
alpha, AAB34957; Rabbit beta, P58776; Chicken alpha, AAN75276; Chicken bela,
AAA49117; African clawed frog alpha, QOI173; African clawed frog beta, AAA18100;
African clawed frog cardiac, AAA91763; Atlantic salmon fast, AAB36559; Brown troul
cardiac, CAA91434; Brown troul slow, CAA91251; Zebra fish alpha, AAH62870; Zebra
fish beta, NP 001002119; Dog fish shark, AAK38348; Ycsso scallop. BAB17858;
Fruitny, NP_996216. The chicken cardiac sequence was taken from Forry-Scaudies cl al.
1990. Note: Salmon slow and cardiac sequences wcre obtained from brown lrout slow
and and cardiac muscles respectively (Jackman ct al 1996).

181



TMI (alpha tropomyosin)
Codedfrom TPM·I gene

TM3 (slow twitch alpha
tropomyosin)
Codedfrom TPM-3 gene
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have been characlerized in vertebrates: (I) TPM-I (alpha). prominently found in

mammalian cardiac muscle and in fast skeletal muscle; (2) TPM-2 (bela), found in

skeletal muscle; (3) TPM-3 (slow twitch alpha). abundant in slow skeletal muscle and (4)

TPM-4 (cardiac), specific to cardiac muscle (Lees-Miller ct al.. 1991. Cuuicchia and

Pearson. 1993). Fruitfly and scallop tropom)'osins were included in the lree as an out

group. Two main branches diverging from an ancestral Iropomyosin gene arc evident:

each later on diverged into two groups: (i) alpha and slow twitch alpha. and (ii) beta and

cardiac. In other words. first. the ancestral cardiac and beta tropom)'osins separated from

ancestral alpha and slow twitch alpha tropomyosins and then they further separated 10

make four genes. Therefore. cardiac muscle tropomyosin is evolutionarily more related to

beta tropomyosin than the alpha or slow twitch alpha tropomyosin. At the same time slow

twitch alpha is more rclatcd to alpha than the other two isofonns. As expected. based on

the evolutionary tree. salmonid fast tropomyosin clusters with alpha tropomyosins

indicating that its origin is thc TPM-I gene. Salmonid cardiac muscle tropomyosin

groups with the TPM-4 gene product whereas salmonid slow musclc tropomyosin with

TPM-3 gcnc product.

6.3 Discussion

This chapter describes evidence for the divergence of tropomyosin from Atlantic salmon

as an adaptation to the cold environment. These fishes arc cold-water dwellers. Salmonid

tropomyosins arc less resistant to thennal denaturation than the mammalian proteins
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(William and Swenson 1981). It follows that strategies for low·temperature adaptation

should be 'encoded' within the respective primary structures. dctcrmined previously

(Heeley et a!. 1995). Towards this end. discussion will mainly focus on the isoforms.

which exist as homodimers in the natural seuing, i.e. those variants that are present in fast

skeletal muscle and heart. The properties of salmonid slow skeletal muscle tropomyosin

are harder to evaluate due to the fact that there are two isoforms (thereby allowing for the

possibility ofheterodimer formation) of which only one has been sequenced.

It is evident. as well as from a recent report (Goonasckara et al. 2007), that the salmon

fast muscle tropomyosin. which is the only salmonid isoform that produces a low

temperature transition (Figure 6.1 B), is destabiliscd in each half of its structure relative to

rabbit (William and Swenson 1981). This is consistcnt with the positioning of regions in

the coiled-coil that contain clusters of substitutions. Two such clusters occur in the

amino·terminal halfofthe molecule. Another. namely residues 172 - 216. resides in a

section of the molecule thai is known to be unstable.

Beginning with the cluster between residues 172·216, the region of tropomyosin around

Cys 190 has been suggested in a number of previous studies to have an inherent

instability. Using fluorescent probes (Lehrer 1978. Graceffa and Lehrer 1980, Betteridge

and Lehrer 1983) and spin labels attached to Cys190 (GracelTa and Lehrer 1984), and

enzyme digestion (Ueno 1984), rabbit skelctal tropomyosin was observed to show a pre·

transition in the 30-45°C temperature range. which was related to a local unfolding at a
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region closer to Cys 190. This transition was dependent on the state of oxidation and only

observed with the oxidized protein in the case of rabbit (William :md Swenson 1981).

The presence of a disulphide linkage between the two cysteines increases the instability

in this region making the unfolding more cooperative whilst stabilizing other parts of the

molecule (Lehrer 1978. William and Swenson 1981. O·Shea.et al. 1989. Hodges et al.

1990. Engel et al. 1991). Similarly. in both far and ncar UV regions. the minor transition

of salmon fast muscle tropomyosin was more cooperative if the molecule was oxidized

(compare Figures 6.1 Band 6.5A), indicating that it involves a low stability region in the

vicinity ofCysl90. Moreover. as denoted by the 60°C transition. the carboxyl halfofthe

molecule was more stable in the oxidized protein than in the reduced (Figure 6.5A and

B). Therefore. the effect ofoxidation is both stabilizing and destabilizing. The distinction

of the minor transition of the fish protein is; although it is similar in the proponion of

unfolding to the pre-transition of mammalian counterpart (-20%). it is more cooperative.

observed at a lower temperature and detected even in the reduced form (Figure 6.1 B).

Looking into the sources for this instability. substitutions within the variable segment

between residues 172 - 210, between salmonid isoforrns and rabbit alpha deserve

attention. Of these, the core ('d') position replacements at 179 and 186, near Cys 190 are

of particular interest. These two sites together with Ala 183 at the adjacent 'a' position.

constitute the fifth 'Alanine cluster' of the protein giving flexibility to the coiled~coil

(Figure 6.13) (Brown et al. 2001. Singh and Hitchcock-DeGregori 2003. Singh and

Hitchcock·DcGregori 2006). Replacement of these core positions with residues of greater
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hydrophobicity and packing effect, such as leucine and valine, have been proposed to

cause the molecule to be less flexible but more stable (Singh and l-litchcock·OeGregori

2003. Kwok and Hodges 2004, Singh and !·litchcock·OeGrcgori 2006). At the same time.

alanine is more favored at a core 'd' position than a branched polar residue like threonine

(friplet et al. 2000). In the fast isofonn. both alanines at 179 and 186 are substituted to

destabilizing threonine and serine respectively and as a result it is devoid of the particular

'alanine cluster'. On the other hand, all the other isofonns have one alanine at either 179

(in rabbit alpha and cardiac) or 186 (in slow) 'd' positions therefore retaining the cluster.

Thus, the replacement of a key alanine by a dcstabilizing residue appears to have

accentuated the rcsponse oflhe unstable region around Cys190 in the fast isofonn to heat.

elTecting a cooperative transition as opposed to one which proceeds more uniformly with

changing temperature such as in the case of rabbit skeletal tropomyosin. Since the "d"

residues on either side ofThr179 in fast tropomyosin arc the same in rabbit alpha (1Iel72

and Ser186) and since there is only one other substitution in this section between the two

molecules (Ala191 in rabbit and Ser in fast), the isomorphism at 179 is, in our opinion.

the best candidate for this accentuated instability.

Turning to the amino·terminal half, the CNIA (residues 11· 127) peptide of salmon fast

muscle tropomyosin was less stable than CNID (residues 142- 281) (Figure 6.5); the

opposite to what was reported for rabbit alpha tropomyosin (Williarn and Swenson 1981).

A conspicuous distinction between the fish and rabbit proteins in this regard is the

presence, in the former. of a 'glycy1 pair' (fast. at residues 24 and 27: cardiac, at residues
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Gly 83 and 87). In addition, there is a change in thc number of "g" 10 "c" interaclions

(Figurc 6.12). For the dimeric molecules, rabbit alpha lropomyosin will pOlentially fonn

two morc inlcractions than fast muscle Iropomyosin and four more than cardiac muscle

tropomyosin. Thc significance of two 'corc' substitutions at 36 (Scr in fast and rabbit,

Cys in cardiac) and 74 (Ala in fast and rabbit. Ser in cardiac) (Figure 6.12) is not clear

because the presence of a polar side chain at both inlerfacial positions is not exclusive to

fish. These gl)'cines combined with an electroSialic component appear 10 be the main

candidales for modulation of stability in the first halfof the molecule.

A possible mechanism for thennal denaturation and renaturation of fast lropomyosin can

be described as follows. Unfolding begins with a local chain separation and an associated

loss of coiled coil hclix in a rcgion close to Cys 190 when a temperature around 25°C is

reached (minor transition). As inferred by the similar Till values of cach CNBr fragment.

which were close to 40°C. under reducing conditions, the initial unfolding is followed by

the cooperative mclting of the complcte moleculc towards thc two tcrmini (major

transition). At tcmperatures above 50°C the protcin is mostly in a random coil

configuration (Figurc 6.IA). The fact that prcviollsly heated protein displays only the

major transition (Figure 6.1 A, inset) may Icad one to think that, in this case. the region

that unfolds at thc minor transition is denatured. However, the heat-denaturcd protein

attains the same mean residue ellipticity as the native protcin upon slow cooling (for

2hrs) indicating thai it is not the case. This suggests that the heated prolcin regains its

complcte secondary structure upon refolding but adopts a confonnalion. which is slightly
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different from the native fonn. Previous CD studies on mammalian tropomyosin

unfolding and refolding have suggested that an intermediate state. partially containing

conventional alpha helix. is fonned before the maximal amount of coiled coil is attained

(Greenfield and Hitchcock-DeGregori 1993). In the case of salmon fast muscle

tropomyosin. it can be thought that when the protein is heated and allowed to refold, the

region involved in the minor transition remains as a conventional alpha helix rather than

refolding to a complete coiled coil. Since the new confonnation is also highly helical. it

shows the same molar ellipticity as the native form at JOC. This conventional alpha

helical structure in the new confonnation is stable at room temperature and remains

folded until the main transition. This is also evident from the increase in relative

ellipticity change observed in the major transition comparable to the decrease in the

minor transition after the protein is heated, cooled and reheated (Table 6.1). Longer

cooling periods produce no further changes (Figure 6.3A) in the melting profiles thus

suggesting that the molecule does not reacquire its native state, which is consistent with

the lack of a minor transition in heaHrcated recombinant tropomyosin (Figure 6.2A).

Further. this loss of the minor transition appcars to bc occurring after the protein is heatcd

to about 3jQC at which unfolding of thc low stability region is complcte (Figurc 6.38).

The cffcct is accentuatcd whcn the protein is heatcd to elevatcd temperatures, at which

point the complcte molecule is fully unfolded.

Recombinant salmon fast muscle tropomyosin is identical to the wild type in sequence

except for the absence of the amino-tcrminal acetylation (Jackman cl. al.. 1996). This

188



modification is of particular importance for a number of Iropomyosin properties.

Repulsion between Ihe two posilively charged melhionines is predicted to destabilize the

amino-terminal region of the molecule. As a result recombinant tropomyosin does not

show an eITective end-to-end polymerization (Hitchcock-DeGregori and Heald. 1987;

Urbanchikova and Hilchcock-DeGregori, 1994: Jackman CI al.. 1996). The similarity in

the Ihennal melting profiles observed for wild Iypc and non heat-lreated recombinant

tropomyosins suggests that the two prole ins are equivalent in confonnational stability

despite the lack of terminal acetyl group (Figure 6.2). The lack of a minor transilion in

heat-treated recombinant lropomyosin is therefore attributed to healing 10 temperatures

around 80°C during isolalion. A study using amino-tenninal pcplides showed low

fractional helical contents and lower stabilities for unacetylated pcptides compared to

acetylated peplides (Greenfield el al. 1994). However. such errects of acetylation on the

stabilily and helical content would be masked by the greater length and high helical

content of the complete inlacltropomyosin coiled coil.

The e(fects of pH and neutral salt (Figures 6.6 and 6.7A) can be interpreted in terms of

the models for coiled-coil tropomyosin structure by McLachlan and Stewart 1975;

l'lodges et al. 1975 and Sodek et a1. 1978. The coilcd--coil structure of tropomyosin is

stabilized by interchain electrostatic (between ionic amino acids in positions 'e' and 'g')

and hydrophobic (between apolar amino acids in positions 'a' and 'd') interactions. Since

tropomyosin has a pi value of 4.6, it has a net negative charge at pH 7. Therefore.

decreasing the pH or increasing salt, reduces or shields the negative charges, thereby
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minimizing repulsive interactions between the chains (William and Swenson 1981).

Further. the presence of additional unfolding steps is more evident aI 1M KCI and pH 6.

II appears that some cooperative blocks are stabilized to a higher extent by high salt and

low pH. Therefore under these conditions. additional transitions are observed. Given the

low stability and the pH dependence, the minor transition of fast tropomyosin can be

thought to occur in a region with a high proportion of excess ncgativc charges. One of

these regions is between 173-196 where there are only three positive charges for eleven

negative charges (Williams et al. 1981; Lehrer 1978). Intcrestingly. the minor transition

of the fast tropomyosin greatly diminishes at pH 8. Further. perhaps for the same reason.

rabbit cardiac muscle tropomyosin did not show a minor transition in low or no salt

buffers (Bellerridge et al. 1983). The disappearance of the minor transition may be a

consequence of greater instability in that part of the molecule at high pH or low salt

buffer, causing it to undergo the transition at much lower temperatures, thus undetected

from the background. Other.vise, the lowcred melting tcmperatures of the main transition

may be masking the minor transition.

The osmolytc and the divalent cations are considcrcd to be kosmotropes. Kosmotropes

arc highly soluble and hydrogen bond extcnsively with watcr. They stabilize the structure

of macromolecules by reducing hydration of denatured protein surfaces, thereby tcnding

to prevent the denaturing process (Yanccy and Somero 1979. Arakawa and Timasheff

1985. Lin and TimashefT 1994, Zou et al. 2002). The additive effl'Cts of KCI and TMAO

on tropomyosin structure can be attributed to their differcnt mechanisms of protein
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stabilization. The 50% reversibility of the minor transition observed in the presence of

1M KCI and 1M TMAO (Figure 6.7C) appears to favor the protein properly refolding to

its native confonnation. In the muscle cell. molecules like chaperones aid the folding

process of proteins. When the protein is refolding in non-cellular conditions. the presence

of protein stabilizing agents may be required to mask unfavorable repulsive interactions

and to facilitate maximal coiled coil fonnalion. The onsct of increased stability by

divalent cations occurs at concentrations which are much lower than that required for

significant stabilization by sail. This implies specific interactions between Ca!+. Mg!+ and

tropomyosin.

Finally. from this study it is apparent that the three major muscle tropomyosin isofonns

of salmonids: fast. slow and cardiac, have arisen from three separate genes: TPM·1.

TPM-3 and TPM-4 respectively (Figure 6.14). The expression of a beta tropomyosin

isoform encoded from the TPM-2 gene was not evident among salrnonid tropomyosins

although it is abundantly found in slow twitch muscles in other vertebrate groups. We

were interested in the possibility that the minor isoform in slow muscle tropomyosin is a

beta form. Considcring the fact that beta tropomyosin contains two cysteines, slow

skeletal muscle tropomyosin was reacted with iodoacetate and then analyzed the

carboxymethylated and control tropomyosins electrophoretically. No differential shift in

mobility was observed for the two isofonns (data not shown) indicating that unless these

fishes synthesize a beta tropomyosin with only one cysteine per chain. this isoform is

absent in the adult salmon striated muscle. However. the possibility that a beta isoform
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may be developmentally regulated such that it is replaced by a different isoform in the

adult organism still exists.
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Chapter 7. General Disclission

This thesis profiles a new proteolysed version of tropomyosin encompassing residues 7 

284. In "iew of the fact that the cleavage site falls within a conserved region. the

digestion procedure should be applicable to all muscle tropomyosins and the product can

be prepared in large quantities. The digested material proved useful in probing the

structural and functional roles of tropomyosin's amino-terminal region. Especially

exciting is the fact that this new shortened tropomyosin can be reconstituted into thin

filaments at both high and low Cal + concentrations. This had not been demonstrated with

previous tropomyosin lacking the first nine amino acids (Cho et al. 1990. and

Moraczewska and Hitchcock-DeGregori 2000).

As outlined elsewhere, the hexapeptide which is removed by Omp T occurs in a

'crowded' region of the thin filament. Firstly, it occurs within the overlap site of

tropomyosin. Secondly, the tail section oftroponin T extends all of the way from the core

of the troponin complex to this site (Figure 1.1 F). As yet. there is no consensus as to how

much of tropomyosin is in physical contact with the tail. But new information is obtained

when Omp T digested tropomyosin is brought to bear on the problem. This information

was acquired using two independent methods: affinity chromatography and

sedimentation assays. In each instance. the measured parameter (either chromatographic

elution or induction of binding to F-actin) was disrupted (Figure 4.1) or abolished (Figure

4.2). in the case of the shortened protein relative to one which is full length. The
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inference. at least from the methods used here. is that the hexapeptide (including the

tenninal acctyl group) is 'rcquired' for the full association of tropomyosin with troponin

T.

This raises the question of whether the amino·tcnninal rcgion of tropomyosin interacts

directly or indirectly with troponin T. In the latter scenario. troponin T would be

envisaged to bind solely to the carboxy·tenninal region of tropomyosin with the amino-.

tcnninal region serving merely as a scaffold. to facilitatc the intcraction. While this

possibility can not be ruled out entirely, it appears that it is not the whole story. The

finding that Dmp T-digested tropomyosin has weakened amnity for the N·TnT peptide.

compared to the full·length molecule (Figure 4.1) is indicative of a direct linkage. And

this is consistent with the observation that N-TnT acccntuates troponin I induction of F·

actin binding of carboxy-terminally truncated tropomyosin (Heeley et al. 1987) but not

that of amino-tenninally shortcncd tropomyosin (Figurc 4.6). These findings can be

interpreted in terms oftroponin·T bridging the ovcrlap by forming an interaction with the

amino-terminal portion of tropomyosin. that this, at Icast in part, direct.

How much of tropomyosin's amino-tcrminal region is involvcd in tropanin T binding?

The 1987 crystallographic study of White et al., in which glutaraldehyde cross-linked

crystals of tropomyosin soaked with eithcr troponin or N-TnT. showcd that the troponin

T tail covered the first 10·15 amino acids of tropomyosin. Although co-localisation

(resolution, 17A) could only infcr that an interaction is taking place, when the current
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observations arc combined with those obtained previously (White et al. 1987). it is clear

that the binding site is short in length; particularly when compared to the extensive

interaction that occurs between the carboxyl-terminal region of tropomyosin and N-TnT

(Jackson et a1. 1975, Pearlstone and Smillie 1982). That said. we can not define the exact

limits of the binding site. or can we say that the amino-terminal hexapcptide represents

most. or all. of this site. Indeed, the involvement of the hcxapeptide in troponin-T binding

may only be to maintain the conformation of residues 7 - 15. as the hexapeptide might be

unavailable to bind to troponin T on account of its participation in overlap formation. If

this is valid. a corollary would be that Omp T digestion has destabilized a troponin T

binding sile slightly downstream of the hexapeptide either by loss ofcovalent structure or

the generation, al pH 7, of a positively charged alpha-amino group. or both. That

unacetylated tropomyosin (residues I - 284) exhibits weakened affinity for N-TnT (Fig

4.1) can be rationalised in terms of a local destabilization (Greenfield et al. 1994 and

Brown et al. 2001), one which can not be detected by CD but which is sufficient to

disturb a small binding site. This issue, that of the fine architecture of the thin filament,

may only be truly worked out by analyzing the overlap complex in atomic detail. To

conclude, we propose that the tail portion of troponin T is able to interact with two

successive tropomyosins in the thin filament. The majority of the binding surface is

supplied by the tropomyosin to which the core of the troponin complex is anchored,

which was already known. But this thesis provides new evidence which indicates that the

troponin T tail binds to a short segment within the adjoining tropomyosin.
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The two 'ends' (as defined by the first and the last ten amino acids) of muscle

tropomyosin differ in terms of nett charge at pH 7. sequence conservation (Mak et al

1980 and Sanders and Smillie 1985) and structure (Greenfield et al 2006). The amino

termin.al region bears a nen positive charge while the carboxyl-terminal region a nett

negative charge at pH 7. The fonner end is evolutionary conserved whereas the latter end

is less conserved. As mentioned before. the carboxyl-tenninal end is less folded than the

other. In this thesis we have shown more differences in the properties of the two ends of

tropomyosin.

Firstly. the comparison of F-actin affinities of Omp T and carboxypeptidase digested

tropomyosins under the same buffer compositions. clearly sho\\ed that removing six

residues from the amino-tenninus is more deleterious than removing eleven residues

from the carboxyl-terminus. In the presence of added calcium (pCa 4). troponin-induced

binding to F-actin was diminished to a greater extent with amino-terminally shortened

tropomyosin (Figure 4.2) as compared to the carboxy-terminally shortened tropomyosin

(Heeley et ,,1 1987) even though the number of removed residues is smaller. Further, the

N-TnT fragment showed no effect on the induction of Omp T-digested tropomyosin

binding to F-actin (Figure 4.6), but this was not the case with carboxypeptidase-digested

tropomyosin (Heeley et al 1987).

ext. in ATPase experiments carried out at pCa 4. thin filaments containing Omp T

digested tropomyosin activated myosin to a greater extent than fully integral thin
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filaments (Figure 5.3), whereas thin filaments composed of carboxypeptidase-treated

tropomyosin generated lesser activation than the native filaments (Heeley et al I989a).

Thus. the removal of each end of tropomyosin appears to have opposing effects in

regulation. From these findings. we suggest that the amino-terminal region of

tropomyosin promotes the tumed-off state of thin filament (Figure 7.1). indirectly. via its

interaction with -TnT fragment. Disruption of this interaction, in the case of Omp T

digested tropomyosin. would be expected to interrupt the line of continuity within the

thin filament. It follows that this could decrease troponin-indueed tropomyosin binding to

F-actin as well as myosin ATPase inhibition exerted by the N-TnT fragment. Further,

Ihese effects appear 10 be more pronounced al low pCa and low myosin concentrations.

At high pCa, there are two portions oftroponin: Tnl and -TnT fragment, contributing to

the stability of the turned-off state of thin filament. thereby inhibiting myosin ATPase

activity. Of the two. the inhibition of only the latter is alTected by the removal of the

amino-terminal hexapeptide of tropomyosin; therefore, the consequences of this defect

are less significant. because, Tnl alone could exert almost the full inhibition. Howevcr. in

the calcium bound form of thin filament, intcractions between the troponin core and

tropomyosin arc weakened and. therefore. Tnl inhibition is released. Although, the

interaction between the TnT tail and tropomyosin overlap is not affected directly by

added calcium, it is partly disrupted in the case ofOmp T·digested protein due to its lack

of first six residues. Therefore, at low pCa, the effects of removing this hexapcptide on

troponin-induced tropomyosin binding to F-actin and myosin ATPase inhibition become

more prominent.
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A) Thin filament S)'Slem containing wild Iype tropomyosin

high CII>- 111111 high myosin

l-+:"oI!!iil:+l-+-I-++++++++lc+-H

B) Thin filament syslcm containing Omp T-digested IrOpOm)'osin

....,
in lJl ~

~ '-

Figure 7.1: A model depicting Ihe consequence of removing :1I11ino-termimti six
residues of tropomyosin on tlte st:tte oflhe thin filament

The model shows the changes in the positioning of regulatory prOleins; tropomyosin and
trol>onin, relative to actin upon binding of ligands (c:llcium and myosin). Each individual
rectangle represents an actin monomer. The brown line shows a flexiblc continuous
tropomyosin chain and. in the case ofOmp T-digested tropomyosin, the white gap in the
filament shows the missing hexapeptide (the length of the gap is exaggerated for
illustrative purposes). Traponin is indicated by either green (calciulll free) or yellow
(calcium bound). Myosin heads are shown by red triangles. Note that there arc more
regulatory units in the thin filaments comaining amp T-digestcd tropomyosin (ll) in the
turned-on state as compared to those in the nalive system (A).
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The above-presented proposal is also compatible with myosin-S I-ADP binding

experiments. Again. the consequence of removing the hexapeptide was opposite to that

incurred by removal of the carboxyl end (Pan et a1. 1989). The increased affinity of

myosin-SI-ADP for thin filaments containing Omp T-digested protein (Figure 5.4) is

indicative of the equilibrium regulatory units in this system being shifted more towards

the tumed-on state. At this point however. we can not explain why this effect is only

observed at high pCa. unlike in ATPase experiments. It could be an effect of different

nuclcotides used in the two experiments. ADP versus ATP.

An altemative explanation for the role of the amino-terminal hexapcptide of tropomyosin

is that this region itself is an inhibitory clement of the thin filament. However. the above

statement is unlikely to be true because this hexapeptide has no sequence homology with

any known actin-binding site (Cho et al. 1990). Therefore. we conclude that the amino

terminal region of tropomyosin provides a binding surface for troponin T. through which

it serves an inhibitory role in the regulation of myosin ATPase activity.

Above. we discussed the role of the amino-terminal end of tropomyosin, a region of the

coiled-coil with high sequence conservation. The variability among tropomyosin

sequences confers specialization of the molecule to a particular muscle. although this is

not always obvious. Details of sequence heterogeneity. therefore. arc the key to

understanding structural and functional adaptations of tropomyosin in correlation with the
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environment. The structural adaptation of a tropomyosin coiled-coil operating in a low

temperature regime is discussed below.

Atlantic salmon is a cold-water fish containing three main tropomyosin isoforms: each

originates from a separate gene and is confined to one type of striated muscle (fast

skeletal. slow skeletal and cardiac) (Heeley et al 1995). Unlike mammals. this fish does

not utilize a tropomyosin isofonn encoded by the beta gene (Figure 6.14). These salmon

tropom)'osins are less confonnationally stable than rabbit skeletal tropomyosin (William

and Swenson 1981. Jackman et al 1996), consistent with the idea that they ha\'c adapted

to their environment. Of particular interest, in this respect. is the isofonn in fast skcletal

muscle. which displays a unique unfolding at room temperature (Figure 6.1). The loss of

a core Ala and its replacement by a branched. polar side-chain (the isomorphism at

residue 179. alanine to threonine) (Figure 6.11) in this protcin appears to have

'accentuated' the thermal-induced unfolding of a low stability region around Cys190

(Lehrer 1978). The fast isoform and the cardiac isoform contain another strategy to life in

the cold waters of the Atlantic: again in context of a coiled coil. appears to be the

inclusion of pairs of closely-spaced glycines (Figure 6.12). As a result the amino tenninal

half of the fonner isoform is destabilized relative to the carboxyl half. which is the

opposite of what has been detected with rabbit skeletal tropomyosin. The disparity in the

susceptibilities of salmon fast muscle and rabbit skeletal tropomyosins to Omp T (Figure

3.2) also supports the above suggestion that the tropomyosin amino-terminal region from

fish is less stable than that from mammal. Thus. amino acid substitutions at key positions
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in the coiled-coil have changed the stabilities of tropomyosin. which in tum alYcet its

functions. in accordance to the environment.

Future dircclions

As a continuation of the myosin ATPase regulation by the thin filamenl system

containing Ihe Omp T-digested tropomyosin at steady Slate. il would be inleresting to

perfonn Ihese experimenls at pre·steady state using a fast mixing {stop·now) apparatus.

This would also allow an opportunity to delenn;ne the cooperative unit size of this

sySlem. The knowledge about the cooperative unit size of this system will provide insight

into the extent Ihat the removal of the first six residues alYects continuity of the thin

filament.

It will also be of interest 10 identify key residues wilhin the amino·tenninal hexapeptide

that are more crucial to lropomyosin function. In this regard. the charged amino acids,

which might be important for interactions with the amino·terminal peptide oftroponin-T.

would be prime candidates. This can be achieved by making full-length tropornyosins

that have single or a few substitutions at key positions, like the ones mentioned above.

using site directed mutagenesis. Similarly. the way to conlinn the effeci of core

substitutions (179, alanine to threonine: 186, alanine to serine; 211 alanine to serine) in

the fifth period of tropomyosin on its confonnational stability is to mutate those residues

in the sahnonid tropomyosin sequences back to alanines and analyze the changes in Iheir

conformational stabilities using CD. The mutants can also be investigated for their actin
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affinities to see if those substitutions have an impact on actin binding, as was previously

observed with the F-actin affinity of the fast isoform at room temperature. The innuence

of the glycyl pair on the stability of the amino terminal half of the molecule could also be

examined the same way by mutating Gly24 and Gly27 to Asp and Ala respectively, as in

the rabbit alpha tropomyosin. These studies will provide insight into the key

isomorphisms in the primary structures of salmonid tropomyosins that have enabled them

to adapl to a cold environment.
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