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Abstract

Tropomyosin is a dimeric protein containing 284 amino acids per thains found, in
association with--actin and troponinwithin the thin filamenta complexthat regulates

muscle contraction.

The thesiss composed aree results chapters:

i) The existence ofdia tropomyosinTpmz2) is demonstrated for the first time in fish
(Salmo salay. Compared to the mammalian homalegsalmon Tpm2 hagewercysteine

(one per chain) and tyrosine (five per chaegiduesTpm2 contributes half of the total
tropomyosin in thgaw, tongue, and fin muscles. A Tpm1l isoform, eithipha1 chainr

like isoform X1 (cheekdark jaw and tongue) or alpha (fin), accourds the remainder.
Salmon tropomyosins are distinguishable based on electrophoretic mobility, affinity for
troponinSepharose, tryptic peptide mapping, and variatdeboxytterminal regios
(resdues 276 - 284). beta (Tpm2)Leu-Ala-Leu-AsnAsp-Met-Thr-Thr-Leu; alphal
chainlike isoform X1, His-Ala-Leu-Asn-Asp-Met-Thr-Ala-lle, and alpha (Tpm1), Asn

Ala-Leu-Asn-Asp-Met-Thr-Sektlle.

i) The relative instabilityof the most abundant isoform of Atlantic salmon, Tpm1, (20
substitutionsys.mammal)is due to a neutral 77th amino a€ichr in salmon; Lys in rabbit),
and glycines at 24 and 27 (Alnd GInin rabbit). Incorporation of the respective
mesophilic amino @d increass resistance to thermal unfolding as determined by
calorimetry anathymotrypsin digestioatLeu-169,a site 100 amino acids fawayfrom

residue77.PyMOL indicateson pairingbetween Lys/7 and Glu82 in the opposite chain.



Binding of Tpm1to troponinSepharosés influenced by Nerminal acetylation and the
mutationof residues 24, 27, and 77. Furthermore, wild type Tmp1 displays a higher affinity
for F-actin at 4°C (Ko, O pM) than 30°C (Ko, 1 pM). In contrast, the mesophilic

homologue binds less tightly to actin at lower temperatures.

iy Phosphorylation of serine 283 increases the susceptibilihaaimalian Tpm1.1) to
chymotrysin (at Leu169) and trypsin (at Arg.33), suggesting an induced opening of the
center of the molecule >150 amino adigstream, and shifthe correspondingortionof

the circular dichroism unfolding profile. These results infer a changeposure of aat-
binding periods 4 (residues 12447) and 5 (residues 16@89). The proposal is consistent

with a twofold increase in affinity for Factin in cesedimentation experiments.
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Chapter 1. Introduction

1.1 Muscles in the body

Muscle tissue is specialized in contractions meaning it can shortegeaedate pulling

forces to enable movements in locomotion, heart contractions, blood circubegathing,

and digestion(Nelson & Cox, 2017. The contractions of some muscles are voluntary
whereas some are involuntary. Muscle tissue in the body aiwided mainly into smooth

and striated muscles depending on the ultrastructure of the cells. Smooth muscle cells have
no striations, do not function under voluntary control, contain only one nucleus per cell,
and are tapered at both ends. These occuhenwialls of hollow organs such as the
intestines, stomach, urinary bladder, and around passages such as the respiratory tract and
blood vessels. Striated muscles of the body on the other hand are highly organized and are
distinguished by their ultrastructiwith striation (Figure 1.1). These are comprised of
skeletal and cardiac muscles. The skeletal muscles attach to bones and control contractions
of physical activities such as locomotion, maintain posture, etc. Contractions by the skeletal
muscle tissuare consciously controllday the involvement of the somatic nervous system
Cardiac muscles make the walls of the heart and the contractions generated by this tissue

are controlled involuntarilypy the autonomus nervous system
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Figure 1.1. The organization of striated musclegA) Schematic presentation of skeletal
muscles. (B) Muscle bundle. (C) Muscle fascicle. (D) Muscle fiber (cell). (E) Sarcomere.
(F) Ultrarstructure of the sarcomere. Horizontal lines: Purghan filaments rich in actin

and Red thick filaments rich in myosin. Crossbridgédyosin heads. Aliscs- anchoring
points for thin filaments and demarcation of the sarcomdyandl- zone of thin fiaments.
A-band- zone of thin and thick filaments (length is equal to the length of thick filaments).
H-zone- the region of thick filaments. Mne - demarcation of the middle of the thin
filament (G) Shortened sarcomere during contraction showing redkiized length with
unchanged Aand length. Adapted from Encyclopedia Brittanica with permission.



1.2 Striated muscles

While being structurally and functionally similar, depending on the contractile and
metabolic phenotypes, the striated muscles are further categorized ax&lative/Type

|, fastoxidative/Type lla, and fagjlycolytic/Type llb (Peter et al., 1972Ruegg, 1988

The primary metabolic pathway used by the muscle type determines whether to be
categorized as an oxidative or anaerobic form. The slow oxidative muscleeseach
maximum tension relatively slowly andses oxidative phosphorylation to produce
adenosine triphosphate (ATP). These muscles contain many structural adaptations to
maximize ATP production through aerobic metabolism. They are smaller in diameter to
prevent large tension, include more mitochamdand contract for longer periods due to
their ability to produce more ATP. This tissue has an extensive supply of blood to carry
more oxygen and contains myoglobin giving the slow fibers its distinctive red color.
Additionally, slow fibers are also cdpa of withstanding fatigue for a long period, hence
becoming very useful inmaintaining posture, producing isometric contractions,
andstabilizing bones and jointBast glycolytic fibers generate fast contractions through
anaerobic glycolysis and genexad fewer number of ATP molecules per cycle, which
makes them highly susceptible to fatigue. These muscles are larger in diameter and contain
large amounts of glycogen reserves. They contain a low number of mitochondria and a
lower blood supply making tHéers attain a white color. Compared to both slow oxidative
and fast glycolytic fibers, fast oxidative fibers possess intermediary characteristics. They
contract faster while undergoing aerobic respiration to produce ATP, therefore, are capable

of generang fast and strong powerful movements due to their ability to produce high



tension. Additionally, due to oxidative respiration, they do not fatigue quickly. The
percentage of these three fiber types in mammalian skeletal muscles is variable and human
musdes contain a mix of all three. But in certain vertebrates such as fish (i.e., Salmonidae
family), there are distinguishable anatomical regions in the skeletal muscles that are
composed of one specific fiber type. For exantple main trunk muscle of Atfeic salmon

(Salmo salayis made of fast oxidative fibers whereas a stripe along the lateral line consists
of slow oxidative fibers making salmon an ideal model to obtain these muscle fibers

separatelyBone et al., 1995)

1.3 Striated muscle functional uni t it he s

The skeletal muscles in the bodse attached to the bones (Figure 1.1A) via tendons and
are made of bundles (Figure 1.1B) of muscle fibers named fascicules (Figure 1.1C). In both
skeletal and cardiac muscle cells, the muscle fibers (Figure 1.1D) are filled with myofibrils
(Figure 1.1E)which are filaments containing contractile proteimest occupyD85% of the
intracellular spac€Macdougall et al.,, 1982; Alway et al., 1988he remaining 15%
accounts for thearcoplasmthat containghe organe#ls such as sarcoplasmic reticulum,
mitochondrig and ribosomeg¢Claassen et al., 1989The striated muscles get their name
due to the ultrastructure under the microscope owing to the presence of sarcomeres (Figure
1.1E inset), which are the functional contractile units of myofibrils (muscls).cél
sarcomere is a defined area that is contained betwakscZ and consists of a central
anisotropic dark region rich with myosin identified ab&nds composed of thick filaments

that stretch towards-discs from the centefslanson & Huxley, 195andas reviewed in



Luther, 2009)(Figure 1.1F). The thick filaments are anchored to the middle of the
sarcomere (Mine) via myomesin (Figure 1.1F). Two actiominated light isotropic
regions, identified asthands are found on either side of thé@nd(Huxley, 1953onsists

of thin filaments and attach to thelide via alphaactinin (Figure 1.1F). The{one in the
middle of the Aband is comparatively lighter due to the existence of only thick filaments
(Figure 1.1F). An identical set of proteins make up the sarcomeres of cardiac, slow
oxidative, and fast oxidative skeletaluscles, but the existence of different isoforms
(Bandman, 1992yives rise to the unique properties of each muscle. In 1954 scientists
descibed the molecular basis of contraction using friggolution microscopyHuxley &
Niedergerke, 1954; Huxley & Henson, 195Agcording to this study, they observed A
band rich in myosin remains its length relatively constant where-ltla@d rich in actin
shortens during cudractions (Figure 1.1G) leading to the sliding filament thebiyxley

& Simmons, 1971which states the sliding of actin filaments past myosin during muscle
contraction. Coupled with the energy from ATP hydrolykisrand, 1953; Davies, 1964)

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

interaction of actin and myos{iuxley, 1969)

1.4 The thin filaments

Selective extraction oftbands (Figure 1.1F and G) from the muscle fibers demonstrated
the release of tropomyosin along watttin suggesting that they are components in the thin
filaments(Corsi & Perry, 1958)Filamentous actin (actin) appears as a slowly twisted

doublestrand of actin monomers {&tin) (Figure 1.2). In the actin filament, thare 13



actin monomers per full tur(Fujii et al., 2010) The tropomyosin dimers in the thin
filament interact via entb-end (N to Gterminal) to form two long continuous helical
cables that wrap around theaEtin(Hanson & Lowy, 1964; Li et al., 201{frigures 1.2).

In a 2015 studyvon der Ecken showed that the tropomydsimding groove on factin is

lined with positively charged sidehains(von der Ecken et al., 2015pne tropomyosin
molecule spans seven actin monomers and interacts with one molec¢hést@iponin
complex.

Troponin is a complex that consists of three subutmidgonin C (TnC) which binds &3
troponin T (TnT) which interacts with tropomyosandtroponin | (Tnl)which carries out

an inhibitory function (Figure 1.2). Troponin is distributed at regular intervals along the
entire length of thin filaments with no physical connection between two neighboring
moleculeqOhtsuki et al., 1967; Ohtsuki, 197Zhe various subunits form a globular core
domain that is made of TnC, Tnl, andé&minaldomainof TnT (TnT2), and an extended

tail formed by the Nerminaldomainof TnT (TnT1) (Figurel.2). TnT provides binding
sites for tropomyosin notably at two sites. TnT1 attaches to either side overlap region of
the tropomyosin (binding site 1) (Figure 1.2) and TnT2 binds to the central region close to
cysteinel90 (binding site 2) (Figure 1.ZPDhtsuki, 1979; Pearlstone & Smillie, 1982;
Tanokura et al., 1983; Morris & Lehrer, 1984; Heeley et al., 1987; White et al., 1987;
Yamada et al., 2020 and Oda et al., 202@ditionally, the actiiitropomyosin interdices

of the troponin complex include the inhibitory region of Tnl, thee@niral regionof Tnl
(C-Tnl), and the @erminalregion of TnT2 (GTnT2) (Takeda et al., 2003). Recent cryo
EM structures (Yamada et al 2020 and Oda et al 2020) have shown tHat $mmi

tropomyosin, the troponin complex also spans seven actin monomers. The entire troponin



complex is extremely elongated, on the actin filament, the upper four units of one strand

are bound by &'nl and troponin core while TnHinker extends acrossdtactin filaments

down towards the Nerminus of tropomyosin spanning three actin units of the opposite

strand (Figure 1.2). The-Ner mi nal residues of-heliknh@itl f or r
interacts with the heamb-tail junction of tropomyosin in an anparallel mannerYamada

et al.,, 2020 and Oda et al., 202&ach component of the thin filament will be now

discussed in detail in the upcoming sdztions.



Site 2
| 1
'{1
Site 1 Tnl "'-‘ )
I \ e B4 TnC
N C TnT1-linker &




Figure 1.2. The arganization of thin filament complex in theCa?* free state.Ash - F-

actin. Green Tropomyosin coileetoiled positioning along the grooves ofaEtin as a
continuous cable via hedd-tail interactions. N N-terminal end of tropomyosin.-CC-
termind end of tropomyosin. OrangernC, Magenta Tnl. Blue- TnT. Black- Cys-190.

A) Cryo-EM structure, PDBID: 6KN7. Seven actin monomers interact with one
tropomyosin dimer and one heterotrimeric troponin complex. The TnT1 binds to site 1 at
the heaeto-tal overlap region and TnT2 binds to site 2 near-C98 of tropomyosin. The
entire troponin complex is extremely elongated. On the actin filament, the upper four units
of one strand are bound to the troponin core (TnC, Tnl, and TnT2) -dmd ®hile the
battom three of the opposite strand are bound by TnT1 that extends to thtoaiad
overlap region of tropomyosin in an aparallel manner. BlComparative shematic
representation of the thin filament.



1.4.1 Tropomyosin

1.4.1.1 Discovery

Identified in the contractile apparatus of skeletal muscle, tropomyosin was initially
recognized as an asymmetric protein and a prototype of myosin due to its similarity in both
amino acid composition and physical properties giving it the name tropon{Bzsiay,

1946; Bailey, 1948)The isoelectric range is between 4426 and precipitation occurs with

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

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

are madeoftwoalphlael i cal subunits of 284 amino aci
coll structurgAstbury et al., 1948; Woods, 1966; Frank Woods, 1967; Hodges et al., 1972;

Sodek et al., 1972; Smillie, 1979)

1.4.1.2 Genes and isoforms

The vertebree classes namely: fish, amphibians, avians, and mammals use four distinct
tropomyosin genes namely: TPM1, TPM2, TPM3, and TPM4. These genes produce more
than 40 isoforms via alternative promotors, alternative splicing of exons, and with different
C-termin (LeesMiller & Helfman, 1991, Pittenger et al., 1994, Perry, 2001; Gunning et

al., 2005) Each of these genes is named when first identified and described after the protein
they encoded. The first two isoforms whete also the predominant types, identified from
striated muscl es of r ab b-tropomyo&i2 8oded byntPM1lo a c i

and b erdp@myosgif) coded by TPM2, were given Greek letters as identifiers
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(Cummins & Pely, 1973, 1974; Stone & Smillie, 1978; Mak et al., 1980; Pato et al., 1981)
TPMS3 and TPM4, referred to as gamma and delta respectively were named after fibroblast
tropomyosingMacLeod et al., 1985; Leddiller et al., 1990) Isoforms of tropomyosin

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

et al., 2015)The tropomyosin genes are highly conserved in terms ofiexam structural
organization (Figure 3) and were generated by duplication of an ancestral gene. The
different exons are named 1a, 1b, 2a, 2b, 3, 4, 5, 6a, 6b, 7, 8, 9a, 9b, 9c and 9d. The
transcription is initiated at either exon 1a or 1b. Among all tropomyosins exons 3, 4, 5, 6,
7, 8, and Gare expressed. Exons 2 and 6 are expressed as a spliced variant, either 2a or 2b
and 6a or 6b. The-@rminus is encoded by the choice of a different exon 9. Traditionally
tropomyosin was also classified as high molecular weight (HMW) containing 284 amino
acids and low molecular weight (LMW) with 248 amino acids, which differ in the N
terminus with HMW having exons la and 2 and LMW having only exo(Chbhen &

Cohen, 1972; Fine & Blitz, 1975; Pattd982; Lewis et al., 1983; Pittenger et al., 1994)

In mammals Mus musculusTPM1 has the most complex gene structure comprising 15
exons. The use of two alternative promoters 1a and 1b combined with alternatively spliced
exons 2a, 2b, and 6a, 6bgdahe Gterminal exons 9a, 9b, 9c, and 9d (Figure 1.GA)iz-

Opazo & NadalGinard, 1987; Wieczorek et.a1988; LeedMiller et al., 199D gives rise

to skeletal muscle, smooth muscle and cytoskeletal isoffiexzorek et al., 1988; Lees

Miller et al., 1990 Goodwin et al., 1991)Exon 2a is found only in smooth muscle
tropomyosin(Ruiz-Opazo et al., 1985)hereas exon 9c is restricted to brain cytoskeletal

isoforms that consist of less than 284 amino atidesMiller et al., 1990rand which are

11



involved inthe development and plasticity of timervous system (Stamm et al., 1998).
birds Gallus gallug, the TPM1 gene is structurally similar to that in mammals with 15
exons and the braispecific exon 9c (Figure 1.3Alindquester et al., 1989; Lemonnier et
al., 1991) A striking difference is the existenoéexon 2a which only gets expressed in an
embryonic heart isoforn@Zajdel et al., 2003)Compared to the mammalian and avian
counterparts, amphibiaXénopus laev)sTPML1 lacks the aforementioned exon(Blardy

et al., 1991, Gaillard et al., 1998a; Gaillard et al., 199Bigure 1.3A).In speciessch as
pufferfish Fugu rubripe$ and zebrafish(anio rerig, TPM1 has been duplicated to
generate paralogs TPMland TPM12 (Figure 1.3A)lkeda et al., 2003; Toramoto et al.,
2004; Dube et al., 20L7TPM1-1 is structurally similar to that of avian and mammalian
isoform with the only exception at-ttrminus containing only three variations instead of
four (Figure 1.3A). TPM22 differs from its paralog due to the absence of exons 2a and 6a
(Toramoto et al., 2004Figure 1.3A). Another noticeable difference in the TPMand
TPM1-2 to the avian and mammalian counterparts is the lack of exon 9c (Figure 1.3A). The
Atlantic salmon $almo salay TPM1 is not duplicated and is structurally similar to
pufferfish and zelafish TPMX2. The protein product of this gene Tpml, (accession
numberAAB36559) (Heeley et al., 1995)hich is also called the alpHast tropomyosin

is found in the fast skeletal (lighter) mus¢fglva et al., 2026€) which supports higispeed

swimming(Bone et al., 1995)

Mammalian TPM2 gives rise to the skeletal and smooth muscle isoforms of beta
tropomyosin (Helfman et al., 1986) The gene contains 11 exons. Some of the

characteristics include a single promoter exon elgnexon la, a single second exon

12



namely 2a, mutually spliced exon 6a or 6b, and 9a and 9d (Figure 1.3B). The amphibian
TPM2 is analogous to the mammalian homolog in terms of its structure and the types of
isoforms generatéHardy & Thiebaud, 1992; Gaillard et al., 199®%)igure 1.3B). The
major difference between avian and mammalian TPM2 is the existence, in the former, of
the alternative promoter 1b that gives rise to cytoskeletal isoform (248 amino(adds)

et al., 1989; Fornschaudies et al., 199(Bigure 1.3B). As shown in mammals, the TPM2

of avians also gives rise to skeletal and smooth muscle iso(atigati & Murphy, 1984,
Forry-Schaudies et al., 1990; Xie et al., 19%i3h TPM2 unlike other vertebrates does not
contan exon 6gToramoto et al., 2004J-igure 1.3B). Although cDNA evidence suggests

the existence of beta isoform in fishhad not been documented at the protein level prior

to the research described in Chapter 2 of this thesiSiralet al., 202€

TPM3 of mammals contains 14 exons with the two promoters, exon 2b, a single mutually
spliced exon 6a or 6b, and foumt€&minal exons which code for slow skeletal muscle and
LMW cytoskeletal isoformgClayton et al., 1988; Gfour et al., 1998)Figure 1.3C). In
amphibians, although isoforms from TPM3 are not recorded, expressed sequence tag (EST
sequences) cDNA evidence shows a TPM3 correspondent that codes for LMW
tropomyosin with the accession number BC043980ri et al., 2020)(Figure 1.3C).

Details of the ampbian TPMS3 lack to this date&Similar to amphibians, EST sequences
demonstrate bird TPM3 to consast several isoform@26 - 332 amino acidsyvith at least

12 exonsno internal alternatively spliced exqgasid three @erminal exons (Figure 1.3C).

The Tpm3 variantaccession numbé#9L3K0) of chicken Gallus gallug corsists of 1a,

2b, 3, 4, 5, 6b, 7, 8, and 9a exoii$e pufferfish and Zebrafish TPM3 gene compared to

13



the mammalian counterpart contains no duplication. It contains a single promoter, no
internally mutually spliced exons, and twet€&minal exongToramoto et al., 2004; e

et al., 2017)Figure 1.3C). In early studies, Atlantic salmon was thought to contain a single
alphaslow (Tpm3,266490 (Heeley & Hong, 1994; Heeley et al., 1995; Jackman et al.,
1996)isoform which is restricted to the slow skeletal (darker) muscle along the lateral line
(which supports lowspeed cruising{Bone et al., 1995)in a recent survefSilva et al.,

202C) two paralogs of Atlantic salmon TPM3 were identified in slow skeletal muscle
having the samexon structure (Figure 1.3C) and which encode isoforms ThraBd
Tpm32 (accession numbers XP_014016883 and XP_013997720 respectively). The
Atlantic salmon TPM3 is different from zebrafish and pufferfish due to the existence of

alternative promoter exorbl(Figure 1.3C).

TPM4 of mammals encodes for cardiac tropomyosin and a cytoskeletal isoform that is
composed of 248 amino aci(damawakiKataoka & Helfman, 1987; Leddiller et al.,

1990) The roent gene, which comprises 8 exons, lacks alternatively spliced exons 2a, 6a,
9a, 9hand 9c (Figure 1.3D). In humans, although exon 9a is present, no isoform is reported
to carry this exon. The avian and amphibian TPM4s have 11 exons with the two alternative
promotors, exons 2a and 6b, anee@minal encoding exons 9a and 9d carrying the
possibility to code for smooth muscle isoforghmdquester et al., 1989; Harét al., 1995)
(Figure 1.3D). Similar to that of the TPM1, the TPM4 gene in zebrafish and pufferfish is
also duplicated generating the two paralogs TRMEnd TPM42 (lkeda et al., 2003;
Toramoto et al., 2004; Dube et al., 20Which are structurally similar to the avian and

amphibian gene with the two promotors, two alternatively spliced exons and two alternative

14



C-terminal exonsKigure 1.3D). Similar to TPML1 in Atlantic salmon, TPM4 is also not
duplicated.Salmon TPM4 which codes for thariant in the heart, Tpm4 (accession

numberZ66527,Jackman et al., 199@pntains exons 1a, 2b, 3, 4, 5, 6b, 7, 8, and 9a.
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TPM1

la 2a 2b 1b 3 4 56a6b7 8 9a 9b 9c 9d
Mammals
38 42 44 45 39 24 25 21 2327 36 24 27
1a 2a 2b 1 3 4 56a6b7 8 %a Sb 9¢ 9d
Birds
38 42 44 45 39 24 25 212327 36 24 27
la 2a 2b ib 3 4 56a6b7 B 9a 9b od
Amphibians
38 42 44 45 39 24 25 212327 36 27
TPM1-1
1a 2a 2b 1b 3 4 56a6b7 8 9a 9b od
38 42 44 45 39 24 25 212327 36 27
Fish TPM1-2
la 2b 1b 3 4 5 6b7 8 9a 9b 9d
38 a2 44 45 39 24 25212327 36 27
TPM2
1a 2a 3 4 56a6b7 8 9a 9d
Mammals
38 42 45 39 24 25 212327 27
1a 2a 1b 3 4 5 6a6b 7 8 9a 9d
Birds
38 42 44 45 39 24 25 21 2327 27
1a 2a 3 4 56a6b7 8 9a 9d
38 42 45 39 24 25 231 2327 27
1a 2a 3 4 5 6b7 89a 9d
Fish
38 42 45 39 24 25212327 27
TPM3
1a 2b 1b 3 4 56a6b7 8 9a 9b  9c 9d
Mammals
38 42 44 45 39 24 25 212327 36 24 27
la 2b 1b 3 4 5 6b7 8 9a 9c 9d
s [(—— SR W )
(Predicted) — 38 42 44 45 39 24 2521 2327 24 27
1ib 3 4 56a 78 9d
Amphibians
(Predicted) 44 45 39 2425 2123 27
Zebrafish ad
la Pufferfish 2b 3 4 5 6b7 8 9a
38 42 45 39 24 2521 23 27 27
Fish TPM3-1/ TPM3-2
12 samon 2b 1b 3 4 5 6b7 B 9a od
38 42 45 39 24 25212327 27
TPM4
Mouse
la Rat 2b 3 4 5 6b7 8 9d
Mammals 38 42 45 39 24 252123 27
18  Humans 2b 3 4 5 6b7 8 9a 9d
38 42 45 39 24 2521 2327 27
1a 2b ib 3 4 5 6b7 8 9a od
Birds .. W]
38 42 44 45 39 24 25212327 27
la 2b 1b 3 4 5 6b7 8 9a 9d
38 42 44 45 39 24 2521 2327 27
TPM4-1
la 2b 1b 3 4 5 6b7 8 9a 9d
38 42 44 45 39 24 2521 23 27 27
Fish TPM4-2
la 2b ib 3 4 5 6b7 8 9a 9d
38 42 44 45 39 24 2521 23 27 27
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Figure 1.3. Summary of TPM1, TPM2, TPM3, and TPM4 gene structures in
vertebrates. Representative species for each vertebrate class: Mamidalsse mouse,

rat, and human. AmphibiansAfrican clawed frog. Birds Chicken. Fish- Puffer fish,
zebrafish, and Atlantic salmon. The name of the verteblase appears on the left of each

row. Exons are presented as boxes for each class out of the total 15 exons (1a, 1b, 2a, 2b,
3,4,5,6, 7,8, 9a, 9b, 9c, and 9d) and exon numbers are included above each exon. The
number of amino acids coded by eachexan i ndi cat ed belcodmg The
regions of each exon are indicated in white. Pumgdternate promotors (1a and 1b). Green

(2a and 2b) and Blue (6a and 6lmternally spliced exons. Blackconserved exons (3, 4,

5, 7, and 8). Yellow (9aQrange (9b), Brown (9c) and Red (9d}-terminal exons. (A)

TPM1 gene structure. Duplicated TPM1 genes in fish (puffer fish and zebrafiBhj1-

1 and TPM22. (B) TPM2 gene structure. (C) TPM3 gene structure. Predicted gene
structures are indicated foirth and amphibian classes. TPM3 is not duplicated in puffer

fish and zebrafish. Duplicated TPM3 genes in Atlantic salnidPM3-1 and TPM32. (D)

TPM4 gene structure. The gene structure of humans varies from that of house mouse and
rat due to the presenad exon 9a. Duplicated TMP4 genes in fish (puffer fish and
zebrafish} TPM4-1 and TPM42.
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1.4.1.3 Tropomyosin structure and function

Following its first identification by Bailey in 1946,-Ky crystallography studies revealed
tropamyosin to belong to the alpheelical class of proteinf@stbury et al., 1948)Later it

was suggested that tropomyosin contains a repeating heptad of amino acid sequences that
enables the formation of a srpoiled structure. The amino acids of the heptad sequence
were assigned to an alphabetical l etter:
positions are occupied by ng@olar side chains that fit as knobs into holes holding the two
chainstogether to form the supercdiCrick, 1953)which later found outo make an

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

a,

core (Figure 1.4BJGreenfield & HitchcockDeGregori, 1995) The fAed and fAgo

occupied by charged residuespyide extra cohesion through electrostatic interactions to
opposing helices (Figure 1.4Aarry, 1975; McLachlan et al., 1979)he tropomyosin
structure deduced using tipeimary amino acid sequen¢8odek et al., 1972; Stone &
Smillie, 1978)of rabbit skeletal trpomyosin confirmed the structure proposed by Crick,
1953 and demonstrated that identical helices can pack in a parallel orientation containing
an uninterrupted coiledoil structure. Tropomyosin molecules polymerize to make a
filamentous structure via ertd-end interactions involving 8 to 9 residues of the overlap
region. The first highesolution structure of tropomyosin at 7 A resolution revealed it to
be 20 A in diameter, 400 A long, and to contain approximately 3 full turns per molecule
(Whitby & Phillips, 2000) More recently, the Xay crystallography structure tfie N
terminal 81 amino acid fragment at 2 A resolution revealed that théotd/symmetry of

the identical sequences of the molecule is broken by 1.2 A of an axial stagger and an axial

18



register allowing bends that ultimately enables the molecule td adamformation with
multiple bends(Brown et al., 201). Despite its continuous alpteelical coiledcoil
structure, tropomyosin contains roanonical regionwith atypical amino acids ocaing

in heptad positions (explainedrfier in section 1.4.4) along its length which have shown

to be important in maintaining the flexibility which is critical for binding to the actin,
troponin, or to another binding partner. Additionally, the comparison of different
tropomyosin isoforms has revealed the flexipiliaries from one to the othé€8wenson &

Stellwagen, 1989)
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Figure 1.4. Tropomyosin coiledcoil structure. (A) Arrangement of the aminracid

heptad repeats. The core of the coited is formed by the interactions of hydrophobic
residues i n fAaodo and 0 ¢asitiopsoaseiotcupea By.charfdde f e
residues, hence capable of forming salt br
of core residues and formation of the adhesive seam along the core facilitating the
dimerization.
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