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Abstract

Myosin-Il is a family of myosin that contains fifteen different isoforms that vary in function, from
maintaining a critical role in sarcomeric contractions to non-muscle movement. Myosin-IIs
structure can be divided in to two key domains, the motor domain and the tail domain. It is the
motor domain that contains the proteins catalytic activity. The observed phenomenon of an
inverse relationship between organism size and heart rate tells us that heart rates do vary with
size. The larger the animal mass, the slower the heart rate. This phenomenon allowed us to
propose the idea that variations in the sequence of cardiac isoforms could be observed as mass of
the species increases, due to the variance of heart rates. If so, any divergence seen in the sequence
of the B-cardiac isoform would be reflected as species mass increases should not be seen in other
isoforms that do not rely on heart rate variability. Through analysing the sequences of twelve
mammalian species of varying mass, a strong divergence relationship was observed in the B-cardiac
motor domain with a correlation coefficient of -0.945 that was no observed in other isoforms. Key
results show that myosin sequence divergence does have a marked dependence on both

evolutionary separation and size difference between species.
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Introduction

The heart rate versus size phenomenon is one that is relatively accepted within the scientific
community. That is, as the body mass of an organism increases, the heart rate decreases
(Pellegrino, M., Canepari, M., Bottinelli, R. 2002). Knowing that there are many significant factors
that contribute to the metabolism and heart rate of an organism (Savage, V., Allen, A., Brown, J. et
al. 2007), relatively little is understood on the role myosin has in this relationship. Myosin is a key
functional component of muscle and non-muscle movement in the body, with isoforms involved in
processes from sarcomeric contractions to movements of cells. Mutations in these protein
sequences have generated a large interest over recent years due to the increasing burden of
cardiovascular diseases on economies both on a national and international scale. There have been
hundreds of mutations identified that affect a number of different genes all affecting the proteins
in cardiomyocytes (Moore, J., Leinwand, L., Warshaw, D. 2014). These mutations alter different
kinetic properties of myosin that result in a number of different cardiomyopathies, namely

hypertrophic cardiomyopathy and dilated cardiomyopathy.

At present, there are more than 300 mutations identified in the motor domain of the cardiac
myosin protein with little understanding of how the mutations cause a disease phenotype. A
possible way of understanding how mutations may affect kinetic properties of the protein would
be through conducting an analysis of sequences and identifying points of variation that could
possibly lead to either gain or loss of function. Any mutations found may lead to development of
detection systems where there is a greater risk of cardiomyopathy in patients. As evolution occurs,
different pressures are placed upon proteins in order to adapt and optimise processes for
individual organisms, allowing for survival. Taking in to consideration the heart rate versus size
phenomenon and the evolution of the protein, identifying residues that vary through a range of

organisms may aid scientific understanding of this approach.

This introduction will introduce the muscle types found within the body, and their cellular

organisations. The structures within these cells will be introduced, and the myosin motor protein’s
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structure and activity will be introduced to give an understanding of its importance in physiology.
The varying different isoforms of myosin will be discussed, with focus on the cardiac isoforms. The
importance of the heart rate versus size phenomenon will then be introduced to give context to
the introduction, and the importance of DNA will be discussed to show how the proteins structure

is affected from the genotype to the phenotype.

The human body utilises two main types of muscle, smooth and striated muscle, each innervated
in different ways. Smooth muscle is mainly involved in maintaining homeostasis of the body, and
lines the vascular system and gastrointestinal tract. Smooth muscle varies in function so much it is
difficult to classify, and is often categorised by: location, contraction pattern and the muscles
communication with nearby cells (Silverthorn, D. 2012). This muscle type is not the focus of this

project.

Striated muscle, aptly named due to the banding in the muscle as seen under the microscope, is
involved more so with voluntary movements of the sympathetic nervous system. Of the striated
muscle types, skeletal muscle differs from cardiac muscle in its appearance due to the cardiac
isoforms presence of intercalated disks. These intercalated disks allow for transduction of electrical
current across the cardiomyocytes allowing for more efficient, unanimous contractions
(Silverthorn, D. 2012). Skeletal muscles are syncytia, meaning they are multinucleate from cell

fusion and cardiac muscle is uninucleate (Alberts, B., Johnson, A., Lewis, J., et al. 2002).

A single muscle consists of many muscle fibres that are bunched together in what is known as a
muscle fascicle. Each fibre contains a number of myofibrils that are surrounded by sarcoplasmic
reticulum’s, modified endoplasmic reticulums that act as calcium stores for muscle contraction
(Silverthorn, D. 2012). A myofibril contains the sarcomere, as detailed in figure 1. This banding
occurs from thick and thin filaments of the muscle unit. Thin filaments consist of actin, a long chain
formed from individual 42 kDa globular actin units. Two of these chains twist together in skeletal

muscle to create the thin filaments of the myofibril. Actin acts as the substrate from which the
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active thick filament is able to pull on. The thick filament consists of conventional muscle myosin
Il, an ATP-dependent motor protein that creates movement. These two proteins make up the
majority of each sarcomere, where 60%-70% of the cell is myosin and 20%-25% is actin (Devlin, T.

2011). These structures are shown in figure 1.2 A and 1.2 B.

Muscle fiber

Myofibril

I band A band

My ofibril

Z line Z !ine
L

Sarcomere

Zline~_ '\ Mline
“"}( e SIS SO

e : »
m( e — =S LD

e L e PR

/
| ‘ | H zone

| band A band

Figure 1.1 The muscle and its organisation. The muscle fibre is depicted, with a number of myofibrils within it. This myofibril is banded
due to the structure of the muscle unit. An individual sarcomere is defined in between two Z lines, and are zigzag protein structures
that form attachment sites for thin filaments. The | band spanning these Z lines are areas only occupied by thin filaments of the
sarcomere, giving it a lighter appearance. The A band is the darkest of the bands and entails the thick filament, where overlapping
occurs with the thin filament at the edges. The centre of the H zone is lighter in appearance than the rest due to it only being occupied
by the heavy chain. The M line forms the attachment site for the thick filaments, and divides each A band in half. Adapted from
University of Wisconsin — Madison - Physiology
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Heavy chain

Figure 1.2 A The thin filament of the sarcomere. Single globular actin units, represented by the pink spheres, polymerise with
each other in order to form filamentous actin. Each globular actin unit has a myosin binding site for the globular protein to
bind to. Troponin and tropomyosin shown are regulatory units of the actin molecule, regulating the binding of the myosin
heads.

1.2 B The thick filament of the sarcomere,myosin. The dimerised protein has a long tail region in an a-helical coiled coil
formation leading to two globular heads. Each individual chain is about 230 kDa. The neck region of the protein contains the
essential light chain and regulatory light chain, both involved in aiding the protein in its rotational movements (Borejdo, J.,
Ushakov, D., Akopova, I. 2002) and are around 20 kDa each (Devlin, T. 2011). Figures adapted from Muscle: Actin and
Myosin and What is Myosin?.

When a sarcomere is activated, actin filaments are pulled over myosin filaments in a proposed
sliding filament theory that results in the shortening of the | band and the H zone (Huxley, A.,
Niedergerke, R. 1954). Alone, the contraction of a sarcomere does not generate enough force to
move a limb or organ, however the conjoined effect of all muscle sarcomeres in many different
fascicles generates enough force to move. The three-dimensional organisation of the myofibrils in

muscle fibres ensure that maximum potential is achieved upon contraction.

Myosin
filament
Actin
filament

| band H zone M line Outer edge of A band

thin filaments thick filaments thick filaments linked thick and thin
only only by accessory proteins  filaments overlap

Figure 1.3 The 3D organisation of thick and thin filaments. Diagrams show cross sections of the
sarcomere taken at different points, as shown. The arrangement of one thick filament for six thin
filaments allows for efficient use of all myosin motor domains in the cylindrical thick filament.
Adapted from Human Physiology Slide Player.
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Actin is highly conserved between species (Devlin, T. 2011) suggesting that any differences in
contraction rates are due to changes in the catalytic activity of the myosin protein. Different
isoforms of conventional myosin have different contraction rates or shortening velocities due to
their differing specialisations. Slow type myosins have been shown to be more common in larger
species in order to adapt to differing pressures and physiologies (Pellegrino, M., Canepari, M.,

Bottinelli, R. 2003).

The sliding filament theory introduces the kinetic properties of individual myosin and actin
dynamics that the cross-bridge cycle goes on to define. This cycle has been conserved throughout
all the different classes of myosin, each involved in individual cellular and physiological processes.
The culmination of all of these individual interactions in a single movement generates the forces
required for movement. At any single point, where the thick and thin filaments overlap in the H
zone, only about 50% of the cross bridges are attached, therefore only generating 50% of potential

force (Newsholme, E., Leech, T. 2009). The stages of the cycle are shown in figure 1.4.

Each individual myosin globular motor domain undergoes the cross bridge cycle independently of
others, it is not a synchronous contraction. Due to the differing activation of each individual myosin
protein, delayed dissociation of individual monomers can have an adverse effect. The amount of
time the myosin is attached to the actin filament is known as the duty ratio. This duty ratio varies
between myosins, where low-duty-ratio types will spend more time in the lower energy state
Myosin.ATP and Myosin.ADP.Pi states. Higher duty-ratio types will spend more time occupying the
Actin.Myosin and Actin.Myosin.ADP states (De La Cruz, E., Ostap, E. 2004). The conventional
myosin class that is focussed on within this project and all of the isoforms within it generate the
same force, even in their varied roles. It is the kinetic properties that differ (De La Cruz, E., Ostap,

E. 2004).
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A +MT

A-M-D

A'M'-D

D =ADP
Figure 1.4 The cross-bridge cycle (adapted from Geeves and Bloemink, 2011). The actin filament is shown in black circles and the
myosin protein is shown in three parts, red yellow and blue, with the central filled circle being the core of the myosin head that
contains the ATPase activity. The upper 50K domain is shown in yellow with switch 1 in the centre. The blue unit represents the
relay loop with switch 2 in the centre and the lever arm protruding outwards. The red unit is shown for a fixed reference point
throughout the cycle. In the first step (1), ATP binds to myosin in the nucleotide pocket and it dissociates from the actin filament.
The binding of ATP causes rotation of the upper 50K domain closes switch 1 onto the ATP, causing a conformational change that
opens the actin binding site, leading to the dissociation of myosin from the filament. (2) The hydrolysis of ATP and the recovery
stroke. The relay loop rotates to bring switch 2 in to contact with ATP, in turn rotating the converter domain to complete the
process, cocking the myosin in position. Once both the switches are closed, ATP is hydrolysed to form the stable myosin.ADP.Pi
complex. (3) On actin rebinding, the power stroke is initiated. After hydrolysis of ATP in to ADP the lower 50K domain rebinds
actin, the cleft closes and both Upper and Lower 50K domains bind actin. This rotation of the subunits causes a conformational
change in the ATP binding site, allowing release of Pi and furthermore, rotation of the lever arm, generating force. The exact
ordering of this process remains under debate. (4) The force generated from (3) allows the protein to move the load 5-10 nm
from the power stroke. (5) Once the force generated has been relieved through movement, the lever arm rotates further to
open the ATP binding site and allows ADP to dissociate. The process is then free to continue once again (Geeves and Bloemink,
2011).
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1.3 Myosin-Il

The superfamily of myosin contains a number of different groups of proteins that are all essential
for different processes in the body. They are an ATP-driven actin-based motor protein.
Conventional muscle myosin, or myosin-II, will be the main group of proteins focussed on within

this project.

MiMyo27

‘Myo34

Wmyo6

M Myo26
BMyoso  “gyivozs
A Bmyor4

Myo24

Mmyo2s

BMyo20

Wmyo3n ~—_ BMyo18
Bmyot1
M Myo32
.Myos ..My0|2
- Myol16
Bmyo13 MMyo3s Myo21
Wmyo22 Myo33

" Myo9
Myo3 Morphan Sequences

Bmyo28
Myo19

Figure 1.5 The 35 classes of myosin that have been identified. The group of conventional myosins studied in this project
highlighted with a red circle. Adapted from Myosin family analysis.

The myosin-Il protein is a dimer of two heavy chains. These chains consist of two, two-stranded a-
helical coiled coil tail regions that lead to two globular motor domains adjacent from one another.
The structure is shown in figure 1.6. It has previously been shown that these two domains have co-

evolved (Korn, 2000), suggesting both domains are important for function of the protein.
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Motor Domain
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|

Figure 1.6 The structure of a single dimer of myosin. The domains are marked on the protein, with the
blue circle indicating the motor domain from residues 1-778, the 1Q domain indicated in orange from
778-810, the S2 hinge region indicated in yellow from 810-950, and the tail region in blue from 950-1940.
Not to scale.

In sarcomeres, these tail regions aggregate together to form a symmetrical cylindrical thick
filament that aid the typical striated filament seen under a microscope (Chew, M., Squire, J. 1995).
The heptad repeat of the myosin protein, ubiquitous to all a-helices, contain the a-b-c-d-e-f-g

conformation, where residues at the a and d positions are hydrophobic.

Figure 1.7 The heptad repeat of the myosin tail regions. Residues a and d are hydrophobic, allowing for
dimersation of the two tail regions. The blue circles show how the charged g and e residues interact with
eachother. Adapted from Hicks, M., Holberton, D., Kowalczyk, C., Woolfson, D. 1997
This hydrophobic stripe in the tail domains of the myosin allow for precipitation of the proteins at
physiological salt concentrations (Hicks, M., Holberton, D., Kowalczyk, C., Woolfson, D. 1997). It is

the tail domains that determine the cellular localisation and function of the myosin, i.e. whether

the protein should form filaments or bind certain cargo (Coluccio, L. Holmes, K. (2007).

The motor domain of the protein contains a number of different structural and functional sites that
are important for its activity. The motor domain is the functional domain of the protein where all
catalytic activity occurs. In order to perform experiments at physiological salt concentrations, this
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domain is often cleaved off the tail domain in to what is known as the S1 fragment, allowing the

protein to dissolve and not precipitate due to the tail regions. The motor domain structure is shown

in figure 1.8, indicating various sites and features of the protein.

Kink
Relay helix

i Converter
Lower 50K domain

Helix W

Essential light
chain

Loop 4 SR R 2 $ Regulatory
pt QX . Y, , light chain

) VR
Nucleotidebinding ¢ . e S
5 - b
Strut site & -« & &
Upper 50K domain %}:&
Switch 2 @ £
q w
gl

Figure 1.8 The ribbon diagram of the main sites in the myosin motor domain. Adapted from Holmes, K. and Geeves, M.
2005.

The ATPase activity of the S1 unit is found at the nucleotide binding site, known as the P-loop. The
sequence is identified through the sequence motif GXXXXGK(T/S) where X indicates any amino acid
(Ramakrishnan, C., Dani, V., Ramasarma, T. 2001). The important actin-binding site has a cleft
about 13 A by 13 A (Devlin, T. 2011), which is able to open and close in response to the binding and
dephosphorylation of ATP in to ADP. This dephosphorylation and release of energy also affects the
converter domain that is able to rotate around a 60° angle to allow for the power stroke of the
cross-bridge cycle as it binds the “lever arm” of the protein. It is this lever arm that binds the
regulatory light chains of the protein. S1 can further be divided in to domains that are involved
with the proteolytic activity of the protein. The 25K N-terminal, 50K and 20K C-terminal are the
proteolytic fragments of S1, named after their molecular weights. The 50K domain is broken up in

to the upper and lower domains, as shown in figure 1.9.
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Loop 2

Figure 1.9 The 25K, 50K and 20K domains of the motor domain of myosin and the loop structures
connecting them. The diagram also shows the cleft that distances the 50K upper and lower regions.
Adapted from Coluccio, L. Myosins, a superfamily of molecular motors.

Loop 1

This cleft extends from the nucleotide binding site to the actin binding site, outlined in figure 1.8.
The lower 50K subunit forms a critical part of the actin binding site, and the upper 50K subfragment
forms part of the central B-sheet complex. The 20K domain contains the SH1 and SH2 helices that

contain reactive thiol groups.

Converter domain
(= —F

' ? A} U50 subdomain

A \1/ Relay helix

SH-3 - like -
B - barrel
Figure 1.10 The roadkill map of myosin motor domain, adapted from Geeves, M. 2005. B-sheets are shown in triangles
and a-helices are shown in circles. The upper 50K domain is highlighted in pink, the lower 50K domain shown in green,
the converter domain in blue and the SH3-B-barrell complex is shown in yellow. The seven stranded B-sheet is shown in
the red triangles in the middle.

L50 subdomain

The ATP-binding site is located within the large B-sheet complex in the middle of the protein, where

switch 1 and 2 play critical roles in the catalytic activity. These two switches contact the highly
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unstable y-phosphate at the end of the ATP molecule in the nucleotide binding pocket and aid in
its hydrolysis. The converter domain is the joint for the C-terminal neck domain that communicates
with the active site. Loops 1 and 2 are vital for the function of myosin and are variable between
the different myosin classes (Bobkov, A., et al. 1996). Variable loop 2 has been shown to affect a
number of different product release rates, which may indicate it is a key structure to focus on when
considering contraction velocity rates in consideration with organism mass. The cardiomyopathy
loop is so called due to its important role for normal myosin activity. Mutations here are readily
associated with cardiomyopathies, such as the well-studied R403C mutation in the B-cardiac

sequence.

An isoform is loosely defined as a different form of the same protein (Brett, D., Pospisil, H., Bork,
P. et al. 2002). These different isoforms of myosin-Il have adapted specialised functions that are all
independent from one another. Each one of these isoforms are associated with myosinopathies
when they contain pathological mutations (Tajsharghi, H., Oldfors, A. 2013), further supporting
how important each isoform is in its specialised function. The various isoforms of myosin-Il are

listed in table 1.1.

Gene name Heavy Chain Isoform Short name
MYH1 MyHC-1 Skeletal 2B 2B
MYH2 MyHC-2 Skeletal 2A 2A
MYH3 MyHC-3 Embryonic EMB
MYH4 MyHC-4 Skeletal 2D/X 2D
MYH6 MyHC-6 a cardiac a
MYH7 MyHC-7 B cardiac B
MYHS8 MyHC-8 Perinatal PERI
MYH9 MyHC-9 Non-muscle A NMA
MYH10 MyHC-10 Non-muscle B NMB
MYH11 MyHC-11 Smooth Muscle SMTH
MYH13 MyHC-13 Extraocular EXOC
MYH7b MyHC-7b Slow Tonic (B-Cardiac) STB
MYH14 MyHC-14 Non-muscle C* NMC
MYH15 MyHC-15 Extraocular-2 ExtOC
MYH16 MyHC-16 Jaw JAW
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In myosin-Il, there are three main groups that each of these isoforms can be classified in to. These
are: the fast movers, slow/efficient movers and strain sensors. These different groups are based
on their different biochemical and kinetic properties (Bloemink and Geeves, 2011). For the fast
movers (2A, 2B, 2D/X), they have a very weak ADP affinity and a low duty ratio. The slow/efficient
movers such as B-cardiac and smooth muscle isoforms have a biphasic ADP-release step, and the
strain sensors non-muscle A and B have a tight ADP affinity with a higher duty ratio than the fast
movers (Bloemink and Geeves, 2011). The other isoforms can further be classified in to these three

groups.

Skeletal muscle isoforms 2B, 2D/X and 2A are all adult myosins that are expressed throughout the
developmental cycle. Although the skeletal isoform 2D/X is not expressed in humans at the protein
level (Kurapati, R., McKenna, C., Blanco, G. 2011), 2A and 2B are the two isoforms that are involved
in skeletal muscle contractions. 2A is the fast-twitch isoform and 2B is the slow-twitch isoform
(Tajsharghi, H., Oldfors, A. 2013). Embryonic and perinatal myosin is expressed during early stage
development of the foetus in the uterus, and is downregulated after birth. These isoforms are also
expressed during muscle regeneration. Non-muscle A and non-muscle B isoforms are involved in
cellular processes such as cytokinesis (Hindman, B., Goeckeler, Z., Sierros, K., Wysolmerski, R. 2015)
and smooth muscle is alternatively spliced to produce different isoforms that are involved with
smooth muscle contraction (Haase, H., Morano, I. 1996). The extraocular isoform is a fast twitch
located around the eyes that assist with its rapid movement (Tajsharghi, H., Oldfors, A. 2013). Non-
muscle C, slow tonic (B-cardiac), Extraocular (MYH15) and MYH16 are all ancient isoforms that have

a varied expression pattern system (Rossi, A., Mammucari, C., Schiaffino, S. et al. 2010).

The cardiac isoforms a and B are predominantly found within the heart muscle throughout
mammals. The slow-type B-cardiac myosin is found in slow twitch fibres too. The a-cardiac myosin
is expressed in the atrium of all mammals and predominantly in the ventricle of small mammals
such as mice; whereas the B-cardiac isoform is predominantly expressed in the ventricle of large
mammals. The a-cardiac isoform contracts faster than the slow B cardiac isoform, which is

important for the normal function of the heart as an organ, filling the ventricles with blood from
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the atria before pumping the blood out (Lowey, S., Bretton, V., Trybus, K. 2013). The a isoform
hydrolyses ATP ten-fold faster than f3, has a five-fold weaker affinity for actin, and has a ten-fold

faster ADP release.

Right Atrium (a) Left Atrium (a)

Left Ventricle (B)
Right Ventricle (B)

Figure 1.11 The key structures of the heart and locations of predominant a and B isoform presence in humans.
Deoxygenated blood enters the heart from the body to the right atrium and subsequently to the right ventricle,
where it is pumped in to the pulmonary artery for gaseous exchange in the lungs. Oxygenated blood enters the
left atrium via the pulmonary vein and pumped in to the left ventricle where it is pumped out to the body via
the aorta. Image adapted from The Wellington Hospital: The Heart.

The two cardiac isoforms share a 91% sequence similarity in their motor domains despite their
differences in characteristics and kinetics (Deacon, J., Bloemink, M., Leinwand, L. 2012). This
compares to the full length sequences of the other isoforms, where adult skeletal 2A, 2B and 2X/D

share identities from 78.9% - 94.8%.

1.5 Heart Rate vs Size Phenomenon

Where isoforms so obviously differ in their kinetic properties due to their different functions,
previous studies have established that external pressures such as mass can introduce evolutionary
pressures (Pellegrino, M., Canepari, M., Bottinelli, R. 2002). As mammals vary hugely in terms of
their body mass, for them to maintain similar locomotive speeds, an inverse shortening rate must
be related to limb length and body size (Hill, A. 1950). In much the same way, the heart rate of a
particular organism varies with their body size, where the larger the organism the slower the

heartbeat (figure 1.12). To compensate for this slowed rate, the heart will increase in size to pump
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out more blood across the body to sufficiently supply the extremities of the body (Savage, V., Allen,
A., West, G. 2007). While muscles will vary in size, cell sizes stay similar throughout changes in mass

(Pellegrino, M., Canepari, M., Bottinelli, R. 2002).

Average Body Mass (kg) vs Heart Rate (BPM)

1000

100

Heart Rate (BPM)

10

0.01 0.1 1 10 100 1000 10000
Body Mass (kg)

Figure 1.12 The heart rate versus size phenomenon. The average body mass has an inverse relationship with heart rate
as it increases. Each animal had its heart rate and body mass plotted in order to show a correlation. A trend line highlights
the negative correlation between the heart rate and body mass. Values for body mass and heart rate for each species

used was found in literature and compiled by Jeanfavre, S. 2014. The graph is in a log scale. Image adapted from
Jeanfavre, S. (2014).

The ability of a muscle to produce the necessary speed for movement is both dependent on the
predominant isoform present and the ratio expressed of different isoforms in the muscle. As figure
1.12 highlights this heart rate versus size phenomenon, it reflects on the isoforms present in the
heart and the rate of the cross-bridge interactions. It may therefore be stated that the myosin

kinetics may play a role in dictating the heartbeat.
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Figure 1.13 The shortening velocity of myosin decreases as body size increases. The
mouse, rat, rabbit and human myosin skeletal and slow isoforms had their average
shortening velocity (V) measured (Pellegrino, M., Canepari, M., Bottinelli, R. 2002).

Reflecting the importance of sequence changes on the difference of shortening velocity in similar
isoforms across species, slower rates are observed in larger animals (Pellegrino, M., Canepari, M.,
Bottinelli, R. 2002)(Malmgist, U., Aronshtam, A., Lowey, S. 2004). Through comparing these
different isoforms and observing point changes in the structure, it may be possible to determine

functionally important residues that control rates of the cross-bridge cycle.

1.6 The DNA of Myosin-II

Point mutations observed in structures of proteins result from nucleotide mutations observed in
DNA sequences of protein-coding genes. The genetic code maps 64 codon triplets to 20 amino
acids and three stop codons. These codons are then translated and transcribed in vivo to synthesise
a proteins structure. Looking at mutations at a nucleotide level gives an insight in to the
evolutionary pressures of the protein through the presence of synonymous and non-synonymous
mutations. Due to the degenerate nature of the genetic code, mutations in the nucleotide
sequence may not result in changes of residues in the structure of the protein, as seen in figure

1.14.
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Figure 1.14 The genetic code. The degenerate nature of the code allows for different codons to
code for the same amino acid. Stop and initiation codons are highlighted. Adapted from Ground
Rules for Gene Expression.

A synonymous mutation is defined as a nucleotide substitution that results in the same amino acid
being coded for, known as a silent mutation. A non-synonymous mutation is defined as a
nucleotide substitution that results in a different amino acids being coded for (missense mutation)
or a stop codon (nonsense mutation). Non-synonymous mutations affect a proteins structure,
whereas synonymous mutations can give an insight in to the evolutionary pressures placed upon a

particular gene (Yang, Z., Nielson, R. 2000).

The myosin genes for the many different isoforms are located on chromosomes 14 and 17 in
humans (Saez, L., Gianola, K., Leinwand, L. 1987). Skeletal isoforms cluster in chromosome 17,
whereas both the a and B genes cluster on chromosome 14. Analysis of these sequences may give
a further insight in to the evolution of myosin-Il in terms of both evolutionary distance and mass.
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Determining whether 3-Cardiac myosin has mutations that allow for different heart rates is the
main premise for this project. In order to investigate this correlation, five main aims have been

proposed to help evaluate the relationship B-cardiac myosin shares with other isoforms:

1: To investigate the rate of divergence in twelve myosin-Il isoforms from twelve
mammalian species. This will test whether the B-cardiac isoform diverges at a rate different to
other sarcomeric and non-muscle isoforms. Divergence rates will be determined from both

evolutionary distance and mass.

2: To investigate whether the rate of divergence in myosin isoforms seen in terms of
evolutionary distance and mass in the twelve mammalian species is representative when taking in

to consideration as many mammalian sequences as possible.

3: To investigate whether there are different evolutionary pressures placed on the motor
domain of B-cardiac myosin that are not present in the tail domain. Comparing these rates to other

myosin-1l isoforms will allow for comparison when considering both evolutionary time and mass.

4: To investigate primary sequence divergence in 3-cardiac myosin to verify residues of key

interest that may impact the cross-bridge cycle.

5: To investigate the DNA sequences of myosin to further determine rates of divergence
that may be seen in terms of synonymous mutations at the nucleotide level. These mutations may
affect intron/exon boundaries, or may show large degrees of variation within in introns that would

not be reflected in the protein structure.
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2.0 Methods

Myosin sequences for the different isoforms used (MYH1, MYH4, MYH9, MYH11, MYH13, MYH14)
that were compiled in addition to the data collated by a collaborator S. T. Jeanfavre (2014) for
other isoforms (MYH2, MYH3, MYH6, MYH7, MYH8, MYH10), were extracted from Uniprot
(Apweiler R., Bairoch A., Wu C.H, 2004), Ensembl (Hubbard, T., 2002) and NCBI (Wheeler, D.,
Chappey, C. et al. 2000). Primary sequences were downloaded in fasta format and accession
numbers were noted (Appendix A). These extracted sequences formed the basis for comparisons
between different species. Of the fifteen isoforms available, only twelve were studied due to their
universal existence within mammals and their good characterisation. Isoforms that were not

studied included were MYH14, MYH15 and MYH16.

Using the well characterised human myosin sequences as a reference for each individual isoform,
the quality of sequences was assessed depending on their Basic Local Alignment Search Tool
(BLAST) (Altschul, S., et al, 1990) score with the canonical human sequence for each isoform and
the length of the sequence. Queries with around the same number of amino acids as the human
sequences (varying from 1935-1976 amino acids with each isoform) and query coverage and
identity of over 90% with confidence scores of <0.001 were selected for in order to ensure
confidence and completeness of the sequence. Sequences with high BLAST scores but contained
unidentified residues, represented by an X, were excluded. A database was constructed initially for
twelve mammalian species in order to compare individual isoforms to one another. These twelve
species were selected for their well-sequenced genome, the availability of the isoform sequences
and gapless alignments. Not all genomes contained quality sequences or had sequences available,
and analyses performed on these sequences have the missing sequences identified where relevant.
A larger database was built in order to determine if the smaller sample size was representative of

the taxa as a whole. The same processes were applied, however if the complete quality sequence
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was present for that isoform it was included regardless of whether the same species sequence was

present for other isoforms, in order to consider as many sequences as possible.

In order to investigate divergence of the motor and tail domains of each isoform, each sequence
was split in to their appropriate domains (figure 1.7) from sequence motifs as identified on Uniprot,
excluding the 1Q domain located between these domains as it is too short for comparison. These
motifs are shown in table 2.1. Isoforms had differing sequence motifs due to changes in their
primary sequence. Evolutionary distances were determined from TimeTree.org (Hedges, S.,
Dudley, J., Kumar, S. 2006) where each species distance was calculated in million years (Myr) from
one another in order to create a matrix of evolutionary distance values. TimeTree.org uses a
hierarchical tree-based system, compiling published data on molecular time estimates between
the divergences of two taxa in to one database. TimeTree.org Identified that this data was difficult
for the scientific community to find on their own, so this database introduces a user interface that
generates data within seconds. Using an algorithm, query inputs are identified and the algorithm
generates phylogenetic trees from common gene sequences found in NCBI. This allows for
identification of a point at which the queries diverged through a common ancestor. Once this point
has been identified, literature from published studies that involve Bayesien statistics, fossil-
calibration and ribosomal RNA conservation on this time point is searched and an average time of
divergence is conceived (Hedges, SB, Dudley, J, & Kumar, S., 2006)(Hedges, S., Marin, J., Kumar, S.

et al. 2015).
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Isoform Head Motif Sequence Tail Motif Sequence

2B LEEMRD LLKSAE
2A LEEMRD LLKSAE
EMB LEEMRD LLKSAE
2D/X LEEMRD LLKSAE
a LEEMRD LKSAET
B LEEMRD LLKSAE
PERI LEEMRD LLKSAE
NMA LEEERD LLQVSR
NMB LEEERD LQVTR

SMTH LEEERD LLQVTR
EXOC LEEMRD LLKSAE
STB LEEERD LQVTR

When considering mass as a parameter, the average mass of the adults of both male and females
of the species was considered. Different databases were used in order to determine these weights,

each of which are listed in table 2.2.

Species Mass (kg) Database
Human 68 Animal Diversity Web: animaldiversity.org
Bonobo 45.5 Animal Diversity Web: animaldiversity.org
Macaque 6.55 ARKive: Arkive.org
Tarsier 0.1315 Primatology.net
Rat 0.325 ARKive: Arkive.org
Mouse 0.017 ARKive: Arkive.org
Guinea Pig 0.9 Animal Diversity Web: animaldiversity.org
Hamster 0.1125 Animal Diversity Web: animaldiversity.org
Cow 755 Animal Diversity Web: animaldiversity.org
Brandt’s bat 0.0069 ARKive: Arkive.org
Minke whale 9200 National Oceanic and Atmospheric Administration Fisheries:

nmfs.noaa.gov
Opossum 0.048 ARKive: Arkive.org

After splitting each sequence in to their appropriate motor and tail domains, Clustal Omega
(Sievers, F., Wilm, A., Dineen, D., et al, 2011) was used in order to generate a multiple sequence
alignment of the input sequences to determine areas of divergence and similarity. By ordering the
sequences in order of either their evolutionary distance or mass size, and setting parameters on

the server to keep the sequences in that order, patterns can be observed that highlight areas of
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key interest. Each query that is put through the server gives a percent identity matrix that
determines what percent each input sequence shares with another. After taking each of the scores
and conditionally formatting them, colour-gradient scales can be generated that easily indicate
areas of more or less divergence. Alignments were generated for the motor and tail domains of
each isoform to determine rates of divergence in both these domains. Multiple sequence
alignment outputs were annotated using ESPript (Robert, X., Gouet, P. 2014), that maps secondary
structures elements on the alignment using known secondary structures. As crystal structures are
limited for myosin-Il isoforms, the B-cardiac multiple sequence alignment was annotated using the

protein database structure 4DB1 (appendix C).

Once these were generated, further analysis involved the use of these percentage scores versus
the evolutionary distance calculated or the masses obtained from literature. Using Origin
(OriginLab, Northampton, MA), linear relationship fitting was used to calculate the divergence

rates.

After ensuring the completeness of sequences and alignments, a protein residue conservation test
was performed on alignments by way of the Jensen-Shannon sequence divergence (Capra, J. Singh,
M. 2007). This programme estimates the sequence conservation shared between proteins in
positions of a multiple sequence alignment. From this, a perl script was written to determine
protein divergence. The output file of the programme aligned the sequences in the order of their
input in a way that this bioinformatics tool was able to be developed. This perl script counted the
frequency of amino acids that share the same residue between species and the number of different
amino acids present at each position in the alignment. Through the use of Origins, structures were
marked on the motor domain of the protein that enabled further analysis to be done. This gave

indications as to where in the multiple sequence alignments variations occurred.
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To further determine any evolutionary pressures placed on the myosin-Il isoforms, databases of
DNA sequences from the twelve species originally analysed were collated from NCBI (Wheeler, D.,
Chappey, C. et al. 2000) and Ensembl (Hubbard, T., 2002). The golden hamster (Mesocricetus
auratus) sequence was excluded due to the presence of uncharacterised nucleotides (represented
by N), concluding that the sequence was incomplete. The sequences were aligned using the Clustal
Omega (Sievers, F., Wilm, A., Dineen, D., et al, 2011) DNA alignment software in order to analyse
the synonymous and non-synonymous mutations. These sequences were then submitted to a
Synonymous and Non-synonymous Analysis Programme (SNAP) that was able to determine the
number of mutations observed within a given open reading frame. DNA sequences were also
downloaded in .embl format to observe open reading frames within Artemis (Rutherford, K.,
Parkhill, J., Barrell, B. 2000) from the genes. These open reading frame sequences were extracted
to better compare variations in the coding sequences. Sequences were also compared using the
Artemis Comparison Tool (ACT) (Carver, T., Rutherford, K., Parkhill, J. 2005) to identify if
exon/intron regions are conserved between species. Using the boxshade server written by
Hoffman, K. and Baron, M., and hosted on ExPASy, these DNA exon sequences could be compared

to better show intron/exon conservation throughout species sequences.

22| Page



3.0 Results

The aims of this project were to analyse and identify any regions of variation in the myosin-II -
cardiac sequence and then examine any that would indicate a correlation between the mass of the
organism sequence divergence and evolution over time. In order to do this, databases were
constructed in order to complete analyses. Initially the sequence databases were searched to

identify all available myosin-Il sequences. These sequences are shown in table 3.1.

After obtaining these sequences, their domains were divided using sequence motifs as discussed
in methods. Due to the importance of the motor (head) domain in myosin’s activity, initial analysis
was performed on these sequences to determine if any divergence patterns could be observed
between species isoforms. The B-cardiac sequence was chosen as it is the isoform of interest in
these experiments and shows a mass dependence. Non-muscle A was chosen as a direct
comparison and a control, as it acts at the cellular level and would not be under the same stresses
as the sarcomeric B-cardiac. Embryonic myosin was also chosen as it is expressed in foetal

development and regeneration of muscle, and is downregulated after birth.
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3.2 Evolutionary Divergence of the Motor Domain in Three Isoforms

Sequences were ordered in terms of their evolutionary distance from humans, as discussed in
methods. Multiple sequence alighments were generated and percent identity matrices produced
as shown in figure 3.1. Initial analysis was conducted on the B-cardiac sequence, non-muscle A and
embryonic myosin, as they had a full set of sequences for each of the species listed and represented

isoforms from different groups (figure 3.1).

Species  Myr Head Domain Head Domain Head Domain
Human 0

Bonobo 6.3 B-cardiac Nonmuscle A Embryonic
Macaque 29
Tarsier 65.2
Rat 92.3

Mouse 92.3
Guinea Pig 92.3
Hamster 92.3
Cow 94.2
Brandts Bat 94.2
Minke Whale  94.2
Opossum 1626

Figure 3.1 The percent identity matrices for B-cardiac, non-muscle A and embryonic motor domains. Each coloured square
represents an individual comparison between two sequences. Red indicates a 100% sequence conservation, with a gradient

spanning down to blue with a 92% sequence conservation. All species listed are in order of how closely they are related to
humans in Myr.

Table 3.2 introduces the evolutionary distances each species shares with one another. These values

were used for evolutionary distance percentage identity plots.

Human | 0|

Bonobo 6.3 0

Macaque 29 29 0

Tarsier 65.2 65.2 65.2 0

Rat 923 923 923 923 0

Mouse 923 923 923 923 254 0

Guinea Pig 923 923 923 923 779 779 0

Hamster 923 923 923 923 439 439 77.9 0

Cow 94.2 942 942 942 942 942 942 942 0

Brandts Bat 942 942 942 942 942 942 942 942 81.6 0
Minke Whale 942 942 942 942 942 942 942 942 56 81.6 0
Opossum 162.6 162.6 162.6 162.6 162.6 162.6 162.6 162.6 162.6 162.6 162.6 O

Table 3.2 The evolutionary distance matrix for the percent identity matrices generated in figure 3.1. Values
are in Myr. Each of these individual evolutionary distance values equate to the percent identity scores from
figure 3.1.
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Overall, divergence between sequences seen in the B-cardiac motor domain are not seen in the
non-muscle A and embryonic myosin datasets. There is a higher rate of divergence in the B-cardiac
head, as indicated by the presence of sequence identities in the 94-98% range. Motor domains of
non-muscle A and embryonic isoforms have high sequence identity scores in the 99% region. In
order to visualise these relationships better, the species sequence identities were compared to

their evolutionary distance (table 3.2) and results are shown in figure 3.2.

In figure 3.2, the data for the B-cardiac sequence is seen to have a steeper trend in its sequence
divergence than in both non-muscle A and embryonic myosin. The B-cardiac sequence shows a
large scatter of data around the 94 Myr point, suggesting that the comparison of evolutionary
distance with sequence divergence does not explain the correlation efficiently. The slope of
-0.049 has a strong Pearsons correlation coefficient of 0.958, suggesting that there is a relationship

between evolutionary distance and the divergence of the isoforms motor domain.
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Figure 3.2 The evolutionary distance comparisons for B-cardiac, non-muscle A and embryonic isoforms. The percent
identity scores each sequence shares with one another are plotted alongside each sequence comparisons evolutionary
distance from one another. These plots allowed the generation of linear relationship to show any correlations. The -
‘cardiac sequence does excludes opossum data from the analysis as the data suggests the trend is shown in mammals with
an evolutionary distance of up to 92 Myr. The opossum has a large distance of 162.6 Myr. B-cardiac sequence is
represented by black squares, the non-muscle A sequence is represented by blue squares and the embryonic myosin is

represented by green squares.
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trend. The opossum data showed differing divergence over time due to a wide range of
conservation and divergence between other species. As the opossum is equally distant to all
species included in the sample set due to its being the only marsupial, it is difficult to determine

whether this variance of divergence solely due to time.

Both non-muscle A and embryonic myosin have weaker rates of divergence with slopes of -0.01
and 0.016 respectively. Non-muscle A has a correlation coefficient of 0.931 and embryonic 0.928,
suggesting that although not as strong, there is a relationship with sequence divergence as

evolutionary distance increases.

After considering the relationship between sequence divergence and evolutionary distance, next
the relationship with average adult body mass was considered (figure 3.3). The Brandt’s bat (Myotis
brandtii) was found to be the smallest mammal in the dataset, and was used as a reference to
compare other sequences. Due to the excelled divergence of the protein, data was skewed and
reflected a divergence of physiology and use of the isoform in the bat as opposed to mass. A
literature search indicated that Myotis brandtii is the longest lived mammal for its size and
challenges a widely observed mass versus longevity relationship, where small mammals have
shorter lifespans than larger animals (Seim, I., Fang, X., Lobanov, A. et al. 2012). This provided
reasonable grounds to exclude it from being the reference sequence, and the well-studied mouse

was used in lieu of this.
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Figure 3.3 The percent identity scores each sequence shares with one another plotted alongside the average
adult body mass for that species. This analysis was performed only on the identity scores from the mouse as
body mass was used as a parameter instead of evolutionary distance. The plots are on a log scale and data

points are labelled.

Figure 3.3 showed a strong correlation between sequence divergence and mass in the B-cardiac

motor domain, with a slope of -0.936 and a correlation coefficient of -0.945. Shallower slopes for

both non-muscle A (-0.052) and embryonic (-0.022) motor domains suggested that there is no

relationship between mass and divergence. This is reflected by non-muscle A’s weak correlation

coefficient of -0.257 and the embryonic correlation coefficient of -0.053.

3.4 Evolutionary Divergence of the Tail Domain in Three Isoforms

The trends seen in the motor domain of B-cardiac, non-muscle A and embryonic myosin led to

guestion as to whether similar relationships could be observed in the tail domains. The equivalent

analysis was performed to determine whether the same sequences diverge at rates observed of

the protein as a whole or only certain domains. Due to the catalytic activity of the motor domain,

the majority of variations were expected to be observed here.
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Scale

Species  Myr Tail Domain Tail Domain Tail Domain -
Human 0 99
Bonobo 6.3 B-Cardiac Non-muscle A Embyronic 98
Macaque 29
Tarsier 65.2 97
Rat 92.3 96
Mouse 92.3
Guinea Pig 92.3
Hamster 92.3

Cow 94.2
Brandts Bat 94.2
Minke Whale 94.2
Opossum 162.6

Figure 3.4 The percent identity matrix scores each sequence shares with one another for the three main isoforms studied. Red
indicates total sequence conservation, spanning down to blue indicating there is a 92% sequence conservation.

This analysis provided a more detailed insight in to the evolution of the myosin-Il protein. Trends
seen in the motor domains for the protein appear to be the opposite in the tail domains. Where
the B-cardiac motor domain sequence shows more divergence than both non-muscle A and
embryonic myosin (figure 3.1), figure 3.4 shows that there is a greater divergence in both non-
muscle A and Embryonic than there is in B-cardiac. Non-muscle A myosin tail domain sequences
appear to show more sequences that show divergence in the 92-94% range than embryonic
myosin. B-cardiac tail domain sequences are highly conserved, with most sequences showing

conservation greater than 99%.

This prompted a more detailed investigation similar to that of the motor domains of the protein.
Evolutionary distance plots were generated in the same way the motor domain sequence plots

were, with the matrix scores plotted against the percentage identity scores.
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Figure 3.5 The evolutionary distance matrixes for the tail domains of B-cardiac myosin (black squares), non-muscle A
(blue squares) and embryonic myosin (green squares).

This analysis highlighted the result of a reverse rate of divergence seen in the three isoforms

between the domains. Where there is more divergence in the motor domain, there is more

conservation in the tail domain, and vice versa. The B-cardiac sequence shows a slope of -0.017

and a correlation coefficient of 0.96, whereas non-muscle A has a slope of -0.045 and a correlation

of 0.927 and embryonic has a slope of -0.038 and a correlation of 0.926.
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3.5 Mass as a Parameter for Tail Domain Divergence in Three Isoforms

Similar investigations were performed on the sequence comparisons with increasing mass of the

species to determine if the relationships observed for the motor domains held true in the tail

domains.
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Figure 3.6 The mass divergence of the tail domains of B-cardiac, non-muscle A and embryonic myosin. Graphs are in a

log scale.

Figure 3.6 comparisons showed that there is no mass dependence of the B-cardiac sequence tail

domain, with a slope of -0.122 and a correlation of -0.471. There appears to be stronger slopes

with both non-muscle A (-0.386) and embryonic (-0.403), however weak correlation coefficients of

-0.376 and -0.381 respectively indicate that these trends do not hold true to the relationship.
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3.6 Evolutionary Divergence of Motor Domains in other Isoforms

to draw conclusions.

The three main isoforms were studied due to the presence of all twelve sequences. The other

myosin-Il sequences were studied, however most had fewer complete sequences, making it harder
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Figure 3.7 The evolutionary distance matrix plots versus the percent identity scores for motor domains. A) shows the skeletal
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minke whale missing. C) shows smooth muscle, extraocular and slow tonic isoforms. Smooth muscle has the bonobo, tarsier,
hamster and brandt’s bat sequences missing, extraocular has the minke whale missing and slow tonic has the hamster and

opossum data sequence missing.
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Observations of the skeletal isoforms in figure 3.7 A indicate that there is a strong correlation
between the evolutionary distance and sequence divergence of the protein. 2D/X shows a slope of
-0.034 and a correlation coefficient of 0.918, 2A shows a slope of -0.041 and a correlation

coefficient of 0.921 and 2B shows a slope of -0.037 and a correlation of 0.918.

The a-cardiac isoform in figure 3.7 B appears to show a large scattering of data points around both
the 92 Myr and 162 Myr points. The line of best fit indicates a very similar slope to that of the
perinatal isoform (-0.036 and —0.034 respectively). High correlation coefficients (0.921 and 0.928)
indicate this is a strong relationship. Non-muscle B shows a large scattering of data points that are
as low as 88%, reflected in the high standard error score of 0.004. The species sequence that causes
these low conservation scores are from Myotis brandtii, suggesting that this isoform may be used
differently in the physiology of this organism. Many data points are grouped at the 99%

conservation rate, leading to a shallow slope of -0.022 with a correlation of 0.930.

Smooth muscle, extraocular and slow tonic all show similar slopes in their lines of best fit (-0.032,
-0.034 and -0.036). These slopes are supported through strong correlation coefficients of 0.92, 0.92
and -0.956 respectively. The opossum sequence was not available and therefore the analysis is

limited to a shorter evolutionary time frame.
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3.7 Mass as a Parameter for Motor Domain Divergence in Other /soé‘)orms
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Figure 3.8 The percent identity matrix plots against the mass values of the twelve species studied.
A) shows Skeletal isoforms 2A 2B 2D/X. 2A is missing the Hamster and Tarsier sequence, 2B and 2D/X are missing the
hamster and minke whale sequence.

B) shows the a-cardiac, perinatal and non-muscle B isoform sequences. The a-cardiac sequence has the minke whale
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C) shows smooth muscle, extraocular and slow tonic isoforms. Smooth muscle has the bonobo, tarsier, hamster and
brandt’s bat sequences missing, extraocular has the minke whale missing and slow tonic has the hamster and opossum
data sequence missing. Plots are on a log scale.

Skeletal isoforms in 3.8 A appear to show a general trend, but the low correlation coefficients of

-0.452, -0.607 and -0.435 for 2D/X, 2A and 2B respectively suggest that mass has a limited if any

factor in determining the rate of divergence in the motor domains. Stronger coefficients when

considering evolutionary distance suggest that this plays a greater role in the divergence of them.

Figure 3.8 B shows a slope in the a-cardiac myosin of -0.577 with a correlation coefficient of

-0.528. Although weak, it appears to suggest that the isoform may have some mass dependence in
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its evolution. The perinatal isoform shows a weaker slope (-0.301) and correlation (-0.332) and
non-muscle B shows a weak positive relationship (-0.481 with a correlation of 0.398), due to the
Myotis brandtii and Mesocricetus auratus having stronger divergence in the sequence. This may
reflect the use of the isoform in their physiology. A large majority of the sequences show

conservation in the 99% range.

Figure 3.8 C shows that for smooth, extraocular and slow tonic isoforms, mass dependence does
not affect the divergence of the protein to the same extent that evolutionary distance does. The
smooth muscle isoform shows a slope of -0.494 and a correlation of -0.446, extraocular shows a
slope of 0.101 and a correlation of 0.107, and slow tonic shows a slope of -0.310 and a correlation

of -0.446.
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3.8 Evolutionary Divergence of the Tail Domain in Other Isoforms
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Figure 3.9 The percent identity matrix plots for the tail domains of the other isoforms when considering evolutionary distance.
A) shows skeletal 2B, 2A and 2D/X isoforms where 2A is missing the Hamster and Tarsier sequence, 2B and 2D/X are missing the
hamster and minke whale sequence. B) shows the a-cardiac, perinatal and non-muscle B isoform sequences. The a-cardiac
sequence has the minke whale missing. C) shows smooth muscle, extraocular and slow tonic isoforms. Smooth muscle has the
bonobo, tarsier, hamster and brandt’s bat sequences missing, extraocular has the minke whale missing and slow tonic has the
hamster and opossum data sequence missing.

The skeletal isoform tail domains show weaker relationships when considering evolutionary
distance as a parameter than the motor domains. The larger scattering of data points suggests that

these relationships are poorly explained with increasing evolutionary distance.

For the a-cardiac isoform in 3.9 B, there is less of a spread of data points suggesting that increasing
evolutionary distance explains the divergence of the tail domain more so than the motor domain.

The linear fit is not as strong in the tail domain however it shows a correlation. Perinatal and non-
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muscle B both show strong linear relationships in their tail regions with relatively little scatter,

suggesting that this evolutionary distance parameter explains the divergence of the domain

reasonably well.

In figure 3.9 C, the relationships seen for smooth muscle, extraocular and slow tonic isoforms all

show a reasonable trend. Relatively little scatter around the trend line indicates that the

divergence of each isoforms tail domain is explained well as evolutionary distance increases.

3.9 Mass as a Parameter for the Divergence of the Tail Domain in Other
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Figure 3.10 The percent identity matrix plots for the tail domains of the other isoforms when considering mass as a
parameter. A) shows skeletal 2B, 2A and 2D/X isoforms where 2A is missing the Hamster and Tarsier sequence, 2B
and 2D/X are missing the hamster and minke whale sequence. B) shows the a-cardiac, perinatal and non-muscle B
isoform sequences. The a-cardiac sequence has the minke whale missing. C) shows smooth muscle, extraocular and
slow tonic isoforms. Smooth muscle has the bonobo, tarsier, hamster and brandt’s bat sequences missing, extraocular
has the minke whale missing and slow tonic has the hamster and opossum data sequence missing. Plots are on a log

scale.
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For figure 3.10 A, using mass as a parameter to describe the divergence of the tail domains of the
skeletal isoforms describes the relationships similarly to that of the evolutionary divergence plots.
2B has a slope of -0.36 and a correlation of -0.376, 2A has a correlation of -0.309 and a correlation
of -0.443 and 2D/X has a slope of -0.522 and a correlation of -0.691. A weak correlation in 2D/X
may indicate that mass has some dependence on the evolution of the tail domains, and weak

correlations for 2A and 2B suggest no mass dependence.

Figure 3.10 B shows weak slopes for a-cardiac (-0.23), perinatal (-0.371) and non-muscle B (0.014)
isoform tail domains. Correlation coefficients are -0.388, -0.330 and 0.016 respectively. These low
coefficients suggest that mass has no role in determining the divergence of the tail domains of

these isoforms.

Smooth muscle myosin shown in 3.10 C has a slope of -0.493 and a correlation coefficient of
-0.471, extraocular has a slope of -0.028 and a correlation coefficient of -0.014, and slow tonic
has a slope of -0.416 and a correlation of -0.506. Weak correlations seen in slow tonic and
smooth muscle may indicate mass has a small role in determining the divergence of the tail

domain of these isoforms, where no dependence is seen in the extraocular tail domain.
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3.10 Comparing the heads and tails of the myosin isoform domains

By comparing all of the isoform motor and tail domains separately, it was clear to see that certain
relationships were seen with either evolutionary distance or mass in one domain that were not
seen in other domains. This lead to further question how these domains compared with the same
isoform and to better analyse whether domains in an isoform as a whole diverge at faster or slower
rates when considering evolutionary distance and mass.
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Figure 3.11 The motor domain and tail domain comparisons of each of the myosin isoforms. The B-cardiac, non-
muscle A and embryonic myosin are all shown with the sequence identity and evolutionary distance on the left,
and mass on the right. The mass plots are on a log scale. The head domains are marked in black squares and the
tail domains are red circles, as indicated in the legend. The opossum data is shown but excluded from the analysis
in the B-cardiac sequence due to odd data. The bat data are excluded from the B-cardiac mass plot due to differing

physiology.
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Figure 3.11 shows the motor and tail domains of B-cardiac myosin, non-muscle A and embryonic
myosin. The evolutionary distance plot for B-cardiac myosin shows a better relationship in the tail
domain than in the motor domain. The motor domain presents with a large spread of data
suggesting that using the evolutionary distance of the species does not explain the protein
divergence as well. The opposite is true when considering the mass data, the data points for the
motor domain fit the trend well. When considering mass as a parameter for the tail domain, the
data points fit the trend very well and show a high degree of conservation, suggesting that there is
a high dependence on the protein to conserve its tail domain sequence as the motor domain
diverges. The motor domain has a strong negative correlation in both the evolutionary distance
plot (R =0.958) and mass plot (R = -0.945) whereas the tail shows a strong correlation (R =0.96) in

terms of evolutionary distance, but not in mass (R =-0.471).

For non-muscle A, the tail is seen to diverge at a faster rate with a slope of -0.045 (R = 0.927) than
the motor domain with a slope of -0.01 (R = 0.931) when considering evolutionary distance. There
is scatter of data points around 94 Myr, however to a lesser extent as seen in B-cardiac. When
considering the data points in mass order, the tail domain has a large spread of data that has no
relationship (R = -0.376) observed. The motor domain of the protein has less scatter, but shows no
relationship (R =-0.257), suggesting that mass does not have an effect on the conservation of the

motor domain.

For the embryonic myosin in figure 3.11, the tail domain also diverges at a faster rate with a slope
of -0.038 (R = 0.926) than the motor domain (slope of -0.016 R = 0.928) when considering
evolutionary distance. Both domains show scattering of data points, suggesting the relationship is
not explained using this parameter effectively. When considering mass, no relationships are seen
through the presence of low correlation scores of -0.053 for the motor domain and -0.381 for the

tail domain.

40| Page



= Head

MyHC-1 Skeletal 2x/d o Tail
100 =g |
S 1
98 s B s |
e ™ ] o -
‘\ h ] = "
96+ o N TR
! ! ' .
94 . »
924 : A RS
MyHC-2 Skeletal 2a
<
> 1004 | P
> .\\\*: .
T 98 = ks : %
[} g W T ®
© \‘ g . . S .
e . l\‘ . H ° . . n
o 9% R '
c \ | 5
(O] o e .
g_ 941 : ' o 1
(O]
o0 92 , , . . , ; :
MyHC-4 Skeletal 2b
100{ =, , | A .
\“e-\ .
98{ * " | »
96| i : | o
: .1 N i ' -
94 i e
LI
921 . ; ; e s s e v
0 50 100 150  1E3T001 01" 177 10106 1000

Evol Dist (Myr) Mass (Kg)

Figure 3.12 The motor domain and tail domain comparisons of each of the myosin isoforms. The
skeletal 2D/X, 2A and 2B myosin are all shown with the sequence identity and evolutionary distance
on the left, and mass on the right. The mass plots are on a log scale. The head domains are marked
in black squares and the tail domains are red circles, as indicated in the legend.

For the skeletal isoforms, the evolutionary trends seen in both the motor domain and tail domains
are similar, as can be seen in figure 3.12. For skeletal 2D/X, when considering evolutionary distance
as a parameter, both the motor and tail domain show similar slopes of -0.034 (R = 0.918) and
-0.026 (R=0.92), suggesting that both domains co-evolved at a similar rate, with the motor domain
diverging slightly faster. When considering mass, the motor and tail domains show a very weak

relationship with correlation coefficients of -0.452 and -0.691 respectively.
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The skeletal 2A isoform shows a strong evolutionary distance relationship in both the motor and
tail domains, with slopes of -0.041 (R =0.921) and -0.033 (R = 0.92) respectively. The motor domain
appears to diverge at a slightly faster rate than the tail domain, however both show a strong linear
regression. When considering mass, the strong relationship is lost, and it is the motor domain that
appears to diverge at a faster rate than the tail domain. Weak correlation coefficients for the motor
(R =-0.607) and tail (R = -0.443) domains suggest that there may be a weak relationship seen with

the isoforms divergence as mass increases.

Skeletal isoform 2B in figure 3.12 shows similar divergence between the motor and tail domain
when considering evolutionary distance, with slopes of -0.037 (R = 0.918) and -0.040 (R = 0.919).
This suggests that both of the domains coevolved at similar rates. Scattering of data points suggest
that there are other pressures on the evolution of this protein. When considering mass, the
relationship is lost with poor correlation coefficients in the motor domain of -0.435 and -0.376 in

the tail domain.
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Figure 3.13 The motor domain and tail domain comparisons of each of the myosin isoforms. The a-cardiac,
perinatal and non-muscle B myosin are all shown with the sequence identity and evolutionary distance
on the left, and mass on the right. The mass plots are on a log scale. The head domains are marked in
black squares and the tail domains are red circles, as indicated in the legend. The dotted lines on both
perinatal and non-muscle B isoforms are to indicate a 90% sequence identity.

For the a-cardiac isoform, the tail domain diverges at a slower rate (-0.027) than the motor domain
(-0.036) when considering evolutionary distance, similar to that of the B-cardiac isoform. The rate
of divergence is not as great as the B-cardiac isoform. The trend appears to explain the motor
domain divergence poorly, as there is a large spread of data at 92 Myr. The tail domains data has
little scatter. When considering mass as a parameter, the same relationship holds true, where the

motor domain diverges at a faster rate than the tail domain, as seen in the B-cardiac isoform,
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however a weak correlation coefficient for the motor domain (-0.528) makes it difficult to draw
any conclusions. The poor correlation coefficient for the tail domain of -0.388 suggests that the

mass dependence on the divergence of this isoform is not as important.

The perinatal isoform appears to show a strong correlation between the divergence of the protein
and the evolutionary distance of the species. Both the motor and tail domain appear to diverge at
fast rates with slopes of -0.034 and -0.048 respectively, with the tail domain diverging more so.
The large standard error of the slopes reflect the Myotis brandtii and Mesocricetus auratus
sequences that diverge at rates not following the trend, possibly due to differing physiologies. A
large majority of the sequences show conservation in the 99% range. When taking mass in to
consideration, both the motor and tail domain lose their relationships with low correlation
coefficients of -0.332 and -0.33 respectively. This suggests that the increasing mass of a species

does not impact the evolutionary pressures of the isoform.

For non-muscle B, there is a large divergence of the motor domain around 92 Myr when
considering evolutionary distance as a parameter. This indicates that the tail domain diverges at a
faster rate than the motor domain through the slopes, but the large standard error is due to the
divergence of Myotis brandtii’'s motor domain. When considering mass as a parameter, the talil
domain appears to show a degree of conservation, but a poor correlation coefficient of 0.016
suggests no relationship. The motor domain shows no relationship with mass, suggesting that it

does not explain the divergence of the non-muscle B isoform in either of the domains.

44 |Page



MyHC-11 Smooth Muscle - ?:i?d

1004 = : .
X "
9 N ] . S e e
~ \ , L]
L]
941 : - i .
" | ] . -
92 . T

100{ oy, = 1 . .
N TE— 8 [ T T E—
—~ 5 e =
o\o 96 4 PR Sy l, g B o "
=~ - i 1 = . o0
3 ' L ° . .
Qe ® o A I
ke,
© 88 ] R
o 3
T 841 1 ’
3
g
o 801 ]
76+— : ; . S S -
MyHC-7B Cardiac Beta
100+ 1 =
98+ s g 1 S
96 -1 1 & s e,
. . .V.
941 i 1
92 E
80 0 50 100 150  1EZ00T 04" 1 " 10 " 1001000'
Evolutionary Distance (Myr) Mass (Kg)

Figure 3.14 The motor domain and tail domain comparisons of each of the myosin isoforms. The smooth
muscle, extraocular and7B Cardiac Beta myosin are all shown with the sequence identity and evolutionary
distance on the left, and mass on the right. The mass plots are on a log scale. The head domains are marked
in black squares and the tail domains are red circles, as indicated in the legend. The dotted lines in the
extraocular graphs indicate a 90% sequence conservation.

In figure 3.14, for the smooth muscle isoform, a large spread of data is seen in the motor domain,
which can possibly be explained by the isoforms innate process of being alternatively spliced
(Haase, H., Morano, I. 1996). This may account for the grouping of motor domain data points
around the 92% sequence identity, and reflects a high standard error of 0.005. When considering

mass, both domains show large scattering and poor correlation coefficients of -0.446 for the motor
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and -0.471 for the tail domain, suggesting that mass is not important in determining the divergence

of the protein domains.

The extraocular isoform shows a strong divergence in the tail domain with a slope of-0.094 when
considering evolutionary distance. With the tail domain diverging at a rate much faster than the
motor domain (-0.034) and little scatter of data points, it suggests that evolutionary divergence is
responsible for the divergence of this domain. The motor domain data points also have little scatter
and a generous slope of -0.034, suggesting time also plays a role in the divergence of the domain.
When considering mass, there is no relationship observed of the protein in either the motor or tail

domain, suggesting that mass is not a factor for this isoform.

The slow tonic isoform shows a reasonable trend in both the motor and tail domains when
considering evolutionary distance. The tail domain appears to diverge at a faster rate than the
motor domain with slopes of -0.036 and -0.043 respectively, however there appears to be a spread
of data around the 92 Myr point, suggesting the relationship is poorly defined. When considering
mass, the relationships are weak and suggest mass has no/little influence on the divergence of the

protein.
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Table 3.4 shows the evolutionary divergence graph analysis for both the head and tail domains.
This data includes the standard error and Pearson’s correlation coefficient. Table 3.5 shows

similarly derived data for the mass data plots discussed.

Correlation Coefficient Data for Evolutionary Divergence Number of
Species (n)
Motor Domain Tail Domain
Isoform MyHC | Slope  SE R Slope SE R
B-Cardiac 7 -0.049 0.002 0.958 -0.017 0.001 0.960 12
Non-Muscle A 9 -0.010 0.001 0.931 -0.045 0.001 0.927 12
Embryonic 3 -0.016 0.001 0.928 -0.038 0.001 0.926 12
Skeletal 2D/X 1 -0.034 0.002 0.918 -0.026 0.002 0.920 10
Skeletal 2A 2 -0.041 0.002 0.921 -0.033 0.002 0.920 10
Skeletal 2B 4 -0.037 0.002 0.918 -0.040 0.002 0.919 10
Alpha Cardiac 6 -0.036 0.002 0.921 -0.027 0.001 0.921 11
Perinatal 8 -0.034 0.002 0.928 -0.048 0.002 0.925 12
Non-Muscle B 10 -0.022 0.004 0.930 -0.028 0.001 0.925 12
Smooth Muscle 11 -0.032  0.005 0.920 -0.042 0.002 0.916 8
Extraocular 13 -0.034 0.002 0.920 -0.094 0.004 0.907 11
Slow Tonic 7B -0.036 0.001 -0.956 -0.043 0.001 -0.955 10

Table 3.4 The linear slopes of the lines of best fit for each of the isoforms when considering evolutionary distance. The
calculated standard error (SE) and Pearson’s correlation coefficient (R) are all included to three significant figures.
These have been calculated for both the motor and tail domains, with the number of species for each isoform included.
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Correlation coefficient data for Mass vs Sequence Divergence

Motor Domain Tail Domain Number of
Isoform MyHC | Slope SE R Slope SE R Species (n)
B-Cardiac 7 -0.936 0.108 -0.945 | -0.122 0.076 -0.471 12
Non-Muscle A 9 -0.052 0.062 -0.257 | -0.386 0.301 -0.376 12
Embryonic 3 -0.022 0.132 -0.053 | -0.403 0.309 -0.381 12
Skeletal 2D/X 1 -0.410 0.286 -0.452 | -0.522 0.193 -0.691 10
Skeletal 2A 2 -0.566 0.262 -0.607 |-0.309 0.221 -0.443 10
Skeletal 2B 4 -0.433 0.317 -0.435 | -0.360 0.314 -0.376 10
Alpha Cardiac 6 -0.577 0.310 -0.528 | -0.230 0.182 -0.388 11
Perinatal 8 -0.301 0.271 -0.332 | -0.371 0.336 -0.330 12
Non-Muscle B 10 0.481 0.350 0.398 | 0.014 0.277 0.016 12
Smooth Muscle 11 -0.494 0.405 -0.446 | -0.493 0.377 -0.471 8
Extraocular 13 0.101 0.310 0.107 |-0.028 0.794 -0.012 11
Slow Tonic 7B -0.310 0.220 -0.446 | -0.416 0.251 -0.506 10

Many trends observed were from a small sample set that may have biased any results seen. In
order to test whether these sample sizes were representative, sequences for as many species as
possible were collected in order to determine if the relationships seen still held true. Figure 3.15

represents the percent identity matrices that were generated for the B-cardiac sequences.

These matrices were generated in terms of evolutionary distance from humans. The overall trend
of the datasets indicated a similar relationship to that of the smaller 12 mammals that were
previously studied (figure 3.1 and 3.4), where the motor domain of B-cardiac myosin shows more
divergence than the tail domain that is highly conserved. As the relationships are seen to be
conserved in mammals, it was clear that it was not seen in other taxonomic groups. For reptiles
and birds, there appears to be similar divergence rates in both the motor and tail domain. Fish
showed their sequence divergence to be so great and their physiology so different, the protein was

not comparable.
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In order to determine if the relationships seen in these domains were reflected when considering
mass as a parameter, the sequence identities were generated and plotted, shown in figure 3.16.
Mammals see the relationship holds true, where the motor domain diverges at a faster rate than
the tail domain and the data points have little scatter. Through separating out the reptiles, birds
and fish sequences, it was clear to see that these sequences did not fit in with the mass relationship

observed in mammals and reinforced the fact this phenomenon was exclusive to mammals.

100
95
9
2 904 . :
= * Fish Head-Myosin
S Fish Tail-Myosin
o
; 85 A Reptile/Bird Head-Myosin
8 A Reptile/Bird Tail-Myosin
% ®  Mammal Head
g 80 1 \* e Mammal Tail
(7)) i
75 *
*
70 LR SRR | LS AL LR ALY ) L s A LR B RN LB LAY | R |
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Mass (kg)

Figure 3.16 The percent identity scores each B-cardiac sequence shares with one another plotted using mass as a
parameter. Red circles and black squares indicate the mammalian sequences, green triangles represent reptile and bird
sequences, blue stars indicate fish sequences. The two bat mammalian sequences are shown but excluded from the
analysis, and are marked in green circle and squares.

Determining if the relationship was exclusive to mammals led to further investigations to see
whether the data points used in the original analysis were representative of mammals as a whole.
By combining the data used with the new sequences obtained, the relationships could be

determined, as seen in figure 3.17.

50| Page



B Head
e Tail
3 O Head Original 12
O Tail Original 12
100
;\; |
3 98 -
b=
q.) -
o
8 96
| e
o)
3 ]
O
&
94 -
C
92 T llllllll T llllllll L T lllllll T lll|lll| L T llll|l| T l|lllll| T llll|ll|
1E-3 0.01 0.1 1 10 100 1000 10000

Mass (kg)

Figure 3.17 The percent identity scores for 23 mammalian B-cardiac sequence shares with one another plotted using mass
as a parameter. These plots allowed the generation of linear relationship to show any correlations. Original data points
from the 12 species used are indicated with clear squares and circles, and the additional 11 sequences are indicated in
black squares and circles for motor and tail domains respectively. The brandt’s bat and little brown bat sequences are
shown but excluded from the dataset and are surrounded with a grey circle.

The strong trend seen indicates that the 12 species chosen for previous analysis are representative
of a larger set of mammals. With the extra sequences fitting the trend very well and
complementing the already established data points for both the motor and tail domains,
confidence was established in the previous sample size. The motor domain showed a strong
correlation and divergence with increasing mass, and the tail domain maintains a higher degree of

conservation as the motor domain diverges, as seen in table 3.6.

Correlation coefficient data for Mass vs Sequence Divergence in the B-cardiac isoform with 23
mammalian sequences

Isoform MyHC | Slope SEM R Slope SEM R Number of
Species (n)
B-Cardiac 7 -0.809 0.136 -0.808 |-0.018 0.175 -0.024 23

Table 3.6 The linear slopes of the lines of best fit for the 23 mammalian isoforms when considering mass as a
parameter.
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Percent identity matrices were generated for both non-muscle A and embryonic isoform
mammalian sequences to further determine if similar relationships were seen. Figures 3.18 and
3.19 show similar trends to that observed previously in the twelve species set, including 19 species
sequences for each isoform. In the motor domain of non-muscle A in figure 3.18, sequences are
more conserved than in the tail domain where there is a higher degree of divergence. In figure
3.19, both the motor and tail domains of the embryonic myosin show similar degrees of

conservation, as previously observed (figure 3.4).

Human Myh9- Nonmuscle Myosin
Bonobo Head Domain
Macaque
Tarsier

Galago

Rat

Mouse

Golden Hamster
Squirrel

Guinea Pig
Degu

Jaculus

Cow

Dog

Minke Whale
Dolphin
Brandt's Bat
Little Brown Bat
Opossum

Tail Domain

Figure 3.18 The percent identity matrices for 19 mammalian non-muscle A myosin motor and tail domains. As many sequences were
collected as possible from Uniprot. Red indicates a 100% sequence conservation spanning down to blue with a 92% sequence
conservation.

Myh3- Embryonic
Head Domain

Human
Bonobo
Macaque
Marmoset
Tarsier

Rat

Mouse
Hamster
Squirell
Guinea Pig
Degu
Jaculus

Cow

Dog

Minke Whale
Dolphin
Brandt's Bat
Little Brown Bat
Opossum

Tail Domain

ﬂ‘l

Figure 3.19 The percent identity matrices for 20 embryonic myosin motor and tail domains. As many sequences were collected as
possible from Uniprot. Red indicates a 100% sequence conservation spanning down to blue with an 88% sequence conservation.
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Residue Frequency and Number of Residues

3.12 Determining Points of Variation within the Proteins Structure

After analysing the relationships between isoforms and their domains, determining where the

variations occurred within the protein structures was next. After our datasets proved

representative, a perl script was written to calculate for each position both the most frequent

amino acid and the number of amino acids present at each residue position. This was done for B-

cardiac, non-muscle A and embryonic sequences (n=12).

B-cardiac

Embryonic Non-muscle A

Head IQ S2 Tail
|| |
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6
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Figure 3.20 The variation analysis perl script output. The number of residues at a specific site and the number of sequences
sharing the same amino acid were counted. The whole protein sequence was analysed and is divided in to its various
domains via the blue line. The black line indicates the number of sequences that share the same residue at that point and
the red line indicates how many amino acids are present at that site. Key structures of interest were marked on and are
shaded over to highlight and see if any variations are seen at these sites. These analyses were done for B-cardiac, non-
muscle A and embryonic myosin as indicated.

The whole protein was analysed in order to determine where variations occurred in the structures.

Important structural sites of the motor domain were marked on to highlight any regions of

importance that could give an insight in to the impact these variations would have on the protein.
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Where the number of sequences sharing the same amino acid (figure 3.20 black line) vary, clusters
of variation can be seen in the motor domain of the B-cardiac domain that are not seen in non-
muscle A and embryonic isoforms. The inverse is true of these two isoforms, where there is greater
variation in the tail domain than the motor domain. This further highlights the variation seen from

the percent identity matrices.

Through marking on the key structures of the motor protein, relatively little conclusions were
determined from this. Clustering of variation outside of these regions were more prominent than
variations inside them. This may indicate that residues affecting near-by sites of key structural
elements of the protein in-vivo have a more important role in determining its speed than mutations

inside them.

For the 12 species sample size, counting the number of amino acids at each residue provided
further insight in to any biochemical properties of the variations. Where there appears to be a
sequence variation, the number of amino acids are shown at that site (red line, figure 3.20). This
quantitative analysis allowed for the identification of sites that had multiple residues at a particular
site, or for the identification of sites that has a variation in its sequence that was also seen in other

species.

Identified Residues from Myh7 Sequence Divergence Structure Plot That Have 4+ Residue Difference

Residue Position Within a Structure? Amino Acids Number of Amino Acids at Position

51 SH3 B-Barrell VLMI 7V 3L 1M 11
64 SH3 B-Barrell YHNF 1y 3H 7N 1F
209 Loop 1 SGNTA 1S 1G 3N 6T 1A
420 CM Loop IASV 21 5A 4S 1V
606 No GADE 7G 3A 1D 1E
618 Before Loop 2 TNSI 4T 6N 1S 11
850 No STNL 2S5 7T N1 L2
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Residue Frequency and Number of Residues

For the B-cardiac sequence, where residue locations had 4 or more variations, these were noted
and analysed in order to determine their biochemical properties, as shown in table 3.7. Four or
more variations at a single point appeared to be high, warranting investigations as to what these
residues were. At residue 51, all amino acids present are hydrophobic, suggesting that there would
be little impact on the proteins structure. Residue 64 has mutations that vary from hydrophobic
residues to positively charged residues and polar residues. This site may play a role in affecting the
proteins structure. Position 209 sees the presence of five amino acids at that point, which is high.
It is only two sequences that have serine and glycine present, suggesting that these residues are

not conserved between species.

As this small sample size generated data of interest and larger datasets were available, the script
was also done for the larger sample sizes that were collected. The plot with larger sample sizes

(figure 3.21) did not generate results that were significantly different from the data for the 12
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Figure 3.21 The variation analysis perl script output for the large sets of mammalian sequences. The number of residues at a
specific site and the number of sequences sharing the same amino acid were counted for B-cardiac (n=23), non-muscle A (n=19)
and embryonic (n=19) isoforms. The black line indicates the number of sequences that share the same residue at that point and
the red line indicates how many amino acids are present at that site.
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species, further suggesting that the sample size was representative of the larger set of mammals.
Similar patterns are seen, but are amplified due to the presence of more sequences. The motor
domain in the B-cardiac sequence appears to show more variation than the tail domain, and the

inverse is true for non-muscle A and embryonic isoforms.

Through identifying areas of variation that lead to significant interest, analysis was done on the
multiple sequence alignments of species ordered in mass size. Residue locations that contained
two or more amino acids that appeared to show a pattern of conserved residues with

smaller/larger mammals that varied as mass increased/decreased.

These 35 identified sites were all chosen due to them showing a trend with mass, some more clear
than others (table 3.8). Residues 77, 434, 610, 616, 627 and 629 are all sites that have amino acids
conserved in smaller mammals. Residues 20, 164, 366, 569, and 580 are sites that have amino acids
conserved in larger mammals. These variable patterns between smaller and larger mammals may

give an insight in to why contraction speeds of the B-cardiac isoform varies as mass increases.

Residue 77 represents a residue site that shows high conservation rates in mammals of smaller
sizes, and a variation in the sequence as average adult body mass increases, in the dolphin, cow
and minke whale. This residue variation from methionine to leucine is a shift from a methionine to
leucine, which are both hydrophobic side chains. This variation can therefore be predicted to have
less of an effect on the structure of the protein, but may interact with surrounding residues which

would alter its activity. This site is located in the SH3 B —barrell that may affect the proteins activity.

Residue 125 represents a residue site that shows conservation of valine in smaller mammals apart
from the brandt’s bat and the little brown bat, and isoleucine in the larger dolphin, cow and minke
whale sequences. Here, where mass may be indicative of the presence of an isoleucine in the larger
mammals, the importance of the physiology of the mammal is also highlighted. This residue may
play a role in affecting the activity of the protein due to the presence of isoleucine in the bats that

have shown to have a rate of divergence in the B-cardiac sequence that does not follow the trend
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seen, as discussed. Valine and isoleucine are both hydrophobic residues, meaning the variation

may not affect the structure of the protein, but may affect interactions with surrounding residues.

Residue 627 highlights a residue that is conserved throughout smaller mammals and varies in the
larger dolphin, cow and minke whale. This residue variation from alanine to phenylalanine
introduces a bulky residue to the sequence that may affect the proteins structure. Although both
negatively charged residues, alanine does not contain an aromatic ring whereas phenylalanine
does. This may interact with surrounding residues at the site, or, due to its location within loop 2,

may restrict its movement.

Residue 610 highlights a residue that is conserved throughout smaller species and varies in the
larger dolphin, cow and minke whale sequences. The change from glutamine, a polar uncharged
residue, to the positively charged lysine residue may impact both the structure of the protein and
the interactions with other residues surround the site in the protein. This site is located near to
loop 2, however has the possibility form electrostatic interactions with other residues due to the

tertiary structure of the protein.

Residue 20 demonstrates a residue that is conserved throughout larger mammals and varies in the
smaller tarsier, brandt’s bat and little brown bat. Here, the change from glutamic acid to aspartic
acid would have little impact on the interactions of the site with surrounding residues due to them
both being negatively charged. This site is located before the SH3 B-barrell, early in the motor

domain sequence, which may have little effect on the interactions of the protein.

Residue 135 reflects a relationship of evolutionary divergence as opposed to mass. Here, the
primates of the dataset conserve a threonine in their sequence, whereas other species conserve
an asparagine. Both of these residues have polar uncharged side chains, in which the variation
would not cause large disruption to the proteins structure surrounding the site. The variation may

interact with residues when in tertiary conformation.
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Through detailing possible mutations that may lead to the differences in contraction rates of B-
cardiac myosin in mammals, it was questioned whether mutation rates seen in the DNA of the -
cardiac isoform reflected these changes. Due to the degenerate nature of the genetic code,
mutations seen in the nucleotide sequences of proteins may not result in the change of an amino
acid. Where this change is not disadvantageous to an organism, natural selection over evolution
will retain it. Where the primary sequence of the protein reflects non-synonymous, residue
changing mutations, analysing the DNA sequence allows for synonymous mutations to be
observed. Investigating these nucleotide sequences allows for the analysis of selection pressure
within a given system. Through comparing the 12 mammalian species DNA sequences, these levels

of synonymous and non-synonymous mutations could be observed, as seen in table 3.9.

Species sequence comparisons Myr Synonymous (dS) Non-synonymous (dN)  Ratio of dS/dN
Mouse Brandt’s Bat 94.2 441.0 53.0 39.8
Mouse Opossum 162.6 704.8 63.2 74.1
Mouse Tarsier 65.2 424.5 41.5 48.5
Mouse Rat 25.4 252.0 7.0 1494
Mouse Guinea Pig 77.9 447.5 48.5 44.5
Mouse Macaque 92.3 405.2 42.8 43.9
Mouse Bonobo 92.3 407.7 51.3 36.8
Mouse Human 92.3 409.2 56.8 33.4
Mouse Cow 94.2 437.5 121.5 16.9
Mouse Minke whale 94.2 414.0 78.0 24.6
Brandt's Bat  Opossum 162.6 680.5 94.5 46.0
Brandt's Bat  Tarsier 94.2 366.0 60.0 27.5
Brandt's Bat  Rat 94.2 431.0 56.0 36.4
Brandt's Bat  Guinea Pig 94.2 422.7 75.3 26.4
Brandt's Bat Macaque 94.2 348.7 65.3 23.7
Brandt's Bat  Bonobo 94.2 346.7 75.3 20.3
Brandt's Bat Human 94.2 347.7 75.3 20.4
Brandt's Bat  Cow 81.6 375.2 134.8 124
Brandt's Bat  Minke whale 81.6 329.2 89.8 15.9
Opossum Tarsier 162.6 713.3 84.7 57.0
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Opossum
Opossum
Opossum
Opossum
Opossum
Opossum
Opossum
Tarsier
Tarsier
Tarsier
Tarsier
Tarsier
Tarsier
Tarsier
Rat

Rat

Rat

Rat

Rat

Rat
Guinea Pig
Guinea Pig
Guinea Pig
Guinea Pig
Guinea Pig
Macaque
Macaque
Macaque
Macaque
Bonobo
Bonobo
Bonobo
Human
Human

Cow

Rat

Guinea Pig
Macaque
Bonobo
Human

Cow

Minke whale
Rat

Guinea Pig
Macaque
Bonobo
Human

Cow

Minke whale
Guinea Pig
Macaque
Bonobo
Human

Cow

Minke whale
Macaque
Bonobo
Human

Cow

Minke whale
Bonobo
Human

Cow

Minke whale
Human

Cow

Minke whale
Cow

Minke whale

Minke whale

162.6
162.6
162.6
162.6
162.6

162.6
162.6
92.3
92.3
65.2
65.2
65.2
94.2
94.2
77.9
92.3
92.3
92.3
94.2
94.2
92.3
92.3
92.3
94.2
94.2
29
29
94.2
94.2
6.3
94.2
94.2
94.2
94.2
56

711.8
701.3
681.8
690.8
696.8
690.8
686.8
419.0
393.2
334.5
303.7
311.7
347.3
318.5
442.5
424.0
427.0
424.0
424.3
390.5
394.5
384.0
382.0
415.2
375.0
148.0
155.0
360.8
344.0

36.0
346.8
3125
350.8
318.5
222.0

57.2
79.7
81.2
94.2
96.2
152.2
108.2
37.0
53.8
39.5
52.3
52.3
125.7
79.5
42.5
37.0
47.0
51.0
115.7
72.5
36.5
50.0
51.0
111.8
72.0
27.0
25.0
103.2
62.0
7.0
112.2
65.5
115.2
66.5
100.0

83.5
58.2
53.7
47.2
47.2
29.0
40.6
53.3
33.7
374
24.9
25.8
12.1
17.3
49.9
54.0
42.7
39.0
17.0
24.5
49.9
35.0
34.1
17.2
23.5
21.2
24.2
15.5
244
18.7
13.5
204
13.3
20.6

8.9

Overall, it is clear to see that the number of synonymous mutations in all sequence comparisons

are higher than the observed non-synonymous mutations seen. Rates of synonymous mutations
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reach a peak of up to 713.3, however these high values are seen with the opossum where
evolutionary distance is at its greatest. With correlations previously shown from the domain
divergences over time, higher rates of synonymous and non-synonymous mutations are expected
to be seen with increased evolutionary distance. The highest rate of non-synonymous mutations
seen is 152.2, between the opossum and the cow. The dS/dN ratio varies throughout these
comparisons, and has the highest ratio of 149.9 between the mouse and rat sequences, showing
that there is a high positive selection for mutation between these two sequences. This high ratio is
due to the presence of a lot of synonymous mutations and very little non-synonymous mutations,

which may be explained through their close evolutionary distance of 25.4 Myr.

3.15 Intron/Exon Boundary Conservation

Through investigating the synonymous and non-synonymous mutation rates found in the DNA
sequences of isoforms, observing whether intron/exon boundaries were conserved throughout

species would give an insight in to the evolution of sequences.

9 Mouse gt..agACATGCTGCTGATCACCAACAACCCCTACGATTATGCETTCATCTCCCAAGGAGAGAC

9 Brandts Bat gt..agACATGCTGCTGATCACCAACAACCCCTAIGATTATGCATTCATCTCCCAAGGAGAGAC

9 opossum gt..agACATGCTGCTGATHACCAACAACCCCTARGABTATGCHTTCATCTCHCAAGGAGAGAC

9 tarsier gt..agACATGCTCTGATCACCAACAACCCCTACGATTATGCATTCATCTCCCAAGGAGAGAC

9 rat gt..agACATGCTGCTGATCACCAACAACCCCTACGATTATGCETTCATCTCCCABGGAGAGAC

9 Guinea Pig gt..agACATGCTGCTGATCACCAACAACCCCTAGATATGCATTCATCTCCCAAGGAGAGAC

10 Macaque gt..agACATGCTGCTGATHACCAACAACCCCTACGATTATGCATTCATCTCCCAAGGAGAGAC

9 Bonobo gt..agACATGCTGCTGATCACCAACAACCCCTACGATTATGCATTCATCTCCCAAGGAGAGAC

9 Human gt..agACATGCTGCTGATCACCAACAACCCCTACGATTATGCATTCATCTCCCAAGGAGAGAC

9 Cow gt..agACATGCTGCTGATCACCAACAACCCCTAGABTATGCATTCATCTCCCAAGGAGAGAC

9 Minke gt..agACATGCTGCTGATCACCAACAACCCCTABGABTATGCATTCATCTCCCAAGGAGAGAC
AKhkhkhkhkhkkhkkhk K khkhkkhk KAAXAAXAAAAAAAA**, *k *hkhkkhk *khkkhkkhkk kk k kk,k * %k | kkkkk*x%

9 Mouse EACTGTGGCCTCCATTGATGACTCTGABGAGCTCATGGCCACEGATt . . ag

9 Brandts Bat CACTGTGGCHTCCATTGATGACTCTGAGGAGCTCATGECCACHGAT Gt . . ag

9 opossum CACTGTGGCCTCCATHCATGACTCTGABGAGCTCATGGCCACTGAT Gt . . ag

9 tarsier CACHGTGGCCTCHAT TGATGACTCTGAGGAGCTCATGGCCACHGAT t . . ag

9 rat ACTGTGGCCTCHATEGATGACTCTGABGAGCTCATGGCCACEGATGE . . ag

9 Guinea Pig CTGTGGCCTCHATTGATGACTCTGABGAGCTCATGGCCACTGAT L . . ag

10 Macaque CACTGTGGCCTCCATTCABGACHCTGAGGAGCTCATGGCCACTGAT Gt - . ag

9 Bonobo CACBGTGGCCTCCATTGATGACHCTGAGGAGCTCATGECCACTEAT Gt . - ag

9 Human CACEBGTGGCCTCCATTGATGACBCTGAGGAGCTCATGECCACTGAT Gt . . ag

9 Cow CACTGTGGCCTCHATTGATGACHCTGABGAGCTCATGGCCACTGAT Gt . . ag

9 Minke EacrercBecrclATTGATGABGCHGAGGAGCTATGGCCACTGAT t . . ag

*kk kkk k kk kk k**x k% * kk khkkkk Akhkkkkhkikkk Kkhkkkk

Figure 3.22 Exon 9 (10 in macaque) of the B-cardiac sequence DNA alignment showing conservation of the ag-gt
boundaries Areas of conservation are highlighted grey, areas of divergence are highlighted in white with the
nucleotides that vary from the consensus highlighted in dark grey. The golden hamster was not included in this
sequence due to the presence of unidentified nucleotides in the sequence. Ends of exon 8 (9 in macaque) boundaries
are shown and beginning of exon 9 (11 in macaque) boundaries are shown. The intron/exon boundaries are important
for their involvement in splicing. Along with other important features conserved within introns (nucleating adenine
and pyrimidine rich region), the GU (GT in DNA) region is recognised by the U1, U2 and U4-U6 snRNPs of the
spliceosome, and is cleaved at the 5’ site where it forms a lariat with the nucleating adenine. The 3’ AG region is
cleaved and the two resulting exons are ligated together (Lewin, B., Goldstein, E., Kilpatrick, S. 2013).
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Use of the Artemis Comparison Tool allowed for analysis showing that intron/exon boundaries are
conserved throughout species coding DNA. This indicates that despite the considerable
synonymous and non-synonymous mutation rates observed at the DNA level, there is no tolerance
for the loss of these boundaries. Figure 3.22 highlights this, with exon 9 (10 in the macaque) having
both the AG and GT boundaries that are important in splicing of the introns between coding DNA.
This exon also reflects the mutation rates that are observed in table 3.8, with a considerable
amount of variation between species. Similar patterns were observed for all the introns in the B-

cardiac sequence across the sample set.

|
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Figure 3.23 The Artemis Comparison Tool showing regions of DNA conserved between the human,
mouse, rat and cow B-cardiac sequences. Regions of high similarity are indicated by red boxes, blue lines
indicate areas where sequences of similarity appear inverted. Exons are indicated in yellow squares.
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Figure 3.23 further highlights that there is considerable variation within the sequences but also
areas of conservation between species. Using the human, mouse, rat and cow exon coding
sequences, the figure shows regions of DNA that are similar between the species. The human and
mouse DNA comparisons show that there are a number of sequences, often located in exons, that
are conserved. This reflects that conservation in these areas are important for the function of the
protein, and mutations that are seen in introns do not affect the protein. The blue lines indicate
areas of similarity that are seen in the protein, however are inverted from one another. The mouse
and rat comparison shows a vast amount of conservation between the two sequences, both within
exons and introns. There are small regions of variance, however the high rates of conservation
reflect the close evolutionary distance these two species share from one another (25.4 Myr). There
is less conservation between the rat and cow than the rat and mouse, which can be expected as
the evolutionary distance is greater. The conservation regions are often located within exons,
reflecting that the conservation of the exon sequences in the B-cardiac isoform is important,
however intergenic regions are able to undergo greater divergence without affecting the proteins

expression.
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4.0 Discussion
Analysis of the 130 sequences available throughout this project provided reasonable grounds to

determine the evolution between myosin-Il isoforms as opposed to the evolution between
different myosin classes. This gave this project novelty and has allowed for the potential to
progress the analyses performed further. The main aim of this investigation was to determine
whether divergence rates seen in B-cardiac myosin were reflective of the changes seen in heart
rate, and whether other isoforms showed similar divergences. Through analysing the divergence

rates in terms of both evolutionary distance and mass, the following aims were achieved:

1. To determine the rate of divergence between myosin isoforms and whether similar rates
were seen between B-cardiac myosin and other isoforms.

2. To determine where evolutionary pressures lie within the protein for each isoform and
how this pressure relates to the isoforms function.

3. To identify and investigate any patterns of divergence in the proteins sequence that may
be due to the increasing mass and therefore slower heart rate in mammals.

4. To determine whether the rates of DNA evolution seen in the B-cardiac sequence give an

insight in to the proteins evolution through synonymous and non-synonymous mutations.

The comparisons of the isoforms lead to a number of conclusions. Of the three main isoforms
compared, B-cardiac, non-muscle A and embryonic, the percentage identity matrices (figures 3.1
and 3.4) were indicative that patterns of divergence observed in B-cardiac were not seen in the
other 9 isoforms. Through dividing these sequences in to their motor and tail domains, we were
able to more clearly see where any relationships lied. Comparing the B-cardiac motor domain to
the non-muscle A and embryonic motor domain sequences (figure 3.1), it was clear that there was
a greater divergence in B-cardiac sequence that wasn’t observed in other isoforms through the
presence of sequence identities in the 94-98% range. As the B-cardiac function is different from
both non-muscle A and embryonic myosin, it is indicative that this isoform has had a greater

pressure to diverge in order to compensate for different needs of the organisms over time. The
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high conservation of the sequences motor domain in non-muscle A shows that the isoform has
maintained a steady state in the samples over time, suggesting that there is little tolerance for
changes in the catalytic activity of the protein. The embryonic myosin shows total conservation
throughout all of the species listed in terms of their evolutionary distance from humans apart from
the Opossum, which shows a slight increase in its variance compared to other species. This may be
due to the differing physiology of this mammal, or the large evolutionary distance between other
mammals. Being a marsupial, it gives birth to a neonate that then feeds on a teat in a pouch of the
mother as opposed to undergoing full foetal development, like the rest of the mammals included.
As embryonic myosin is expressed during foetal development, this small increase in divergence

may be reflected by this differing reproductive cycle.

The Brandt’s Bat also raised the importance of taking in to consideration the physiology of each
mammal when considering the isoforms sequence identity. As the Brandt’s bat was the smallest
mammal in the set, it was originally the reference sequence to compare all other mammals to.
However, the sequence proved to be more divergent from other mammals at a rate that was not
indicative of mass, causing it to become an outlier where other sequences would more closely
match in similarity. This led to an investigation as to question whether the Brandt’s bat used
myosin-Il isoforms in the way that other mammals did. Literature revealed that the bat already
tested the longevity versus size relationship, and is the longest lived mammal for its size. This
provided reasonable grounds to not use it as the reference sequence but to use the mouse as it is

more widely studied.

In terms of evolutionary distance, the B-cardiac motor domain appears to diverge at a faster rate
over time than both non-muscle A and embryonic myosin. When taking in to consideration
standard protein divergence from the highly conserved Histone H2 and Haemoglobin B, Histone
H2 diverges at a rate around 0.25 point mutations per 100 residues per 100 million years
(Mut/100Myr) and Haemoglobin B diverges at a rate around 30 Mut/100Myr. Taking these proteins
divergence rates as guidelines for whether proteins are more or less divergent, the rates of myosin-

Il divergence fall within this range. With the slope of the B-cardiac motor domain being -0.049 with
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a Pearson’s correlation coefficient (R) of 0.958, this strong slope fits a linear relationship very well.
Non-muscle A and embryonic myosin’s slopes of -0.010 and -0.016 with R values 0.931 and 0.928
respectively, show B-cardiac motor domain diverges at a faster rate. Where there appears to be
correlations in both non-muscle A and embryonic myosin motor domains with divergence over
time, it is at a rate slower than B-cardiac. Compared to all the other myosin motor domains, B-

cardiac has the strongest negative slope in terms of evolutionary distance (table 3.3).

The different sample sizes make it difficult to draw conclusions from, which was why B-cardiac,
non-muscle A and embryonic myosin were primarily used as comparators and controls. However,
for all of the isoforms, evolutionary distance explained the relationship between divergence quite
well. Where there is a large scattering around a certain evolutionary distance (e.g. figure 3.2 B-
cardiac 94 Myr), this indicates that there may be other factors involved. B and a —cardiac, skeletal
2D/X and 2A motor domains all show a large scattering around the 94 Myr point when considering
evolutionary distance, suggesting the relationship is not clearly explained by evolutionary

divergence alone.

When considering mass as a parameter for protein evolution, the B-cardiacs motor domain
maintains a strong correlation (R = -0.945) as seen in the evolutionary distance plots (R = 0.958),
suggesting that the protein does diverge over time as expected, but also appears to diverge when
average adult body mass increases in the mammal. Any trends from all other isoforms observed in

the evolutionary distance plots are lost when considering mass.

Overall, all isoforms show that the motor and tail domains do show sequence divergence is
correlated with evolutionary divergence, through the presence of strong correlations (table 3.3). It
is the rates of divergence in the domains that differ, with some diverging at a faster rate (B-cardiac,
slope -0.049) and some at a slower rate (Non-muscle A, slope -0.01). What can be noted is that it
is the B-cardiac motor domain that shows the fastest rate of divergence out of all the isoforms

when considering evolutionary divergence.
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The mass relationships seen for all isoforms are much weaker in both motor and tail domains.
However, the B-cardiac motor domain is the only sequence that shows a strong correlation in this

analysis, reflecting the variations seen in the proteins structure as mass increases.

Confidence in these values can be taken from the larger analysis considering 23 mammals. Small
sample sizes proved difficult to draw conclusions from, as it may have not reflected relationships
shown in the taxonomy as a whole. Figure 3.6 highlighted that this relationship with mass and
divergence is only applicable to mammals, due to other taxonomic groups having different
physiologies. Figure 3.17 shows that the original species reflect the relationship well when
combined with other sequences that were available. This increased sample size generated a strong
negative slope in the motor domain (-0.809) with a strong correlation coefficient of -0.808,
reflecting the strong relationships seen in the motor domain of the isoform in the smaller sample
set. The tail domain goes on to show no relationship with divergence when considering mass also.
Similar patterns of divergence can be seen in larger sample sizes for both non-muscle A and
embryonic myosin also, as shown in figures 3.18 and 3.19. Non-muscle A shows a greater rate of
conservation in its motor domain than its tail domain where there are greater rates of divergence,
possibly reflecting its function and adaptation. Embryonic myosin also shows similar trends (3.19)

as seen in figure 3.1, where both domains show similar conservation rates.

The rates of variation observed indicated that there are relationships seen when considering
evolutionary distance and mass of species. This led to investigating what these variations were,
and where they lied in the sequences of these isoforms. Whole protein sequences were analysed
and the frequency of each amino acid was counted alongside the number of different amino acids
at each position. Key structures of the motor domain were highlighted to detail if these points of
variation occurred in areas they would have been predicted to be seen. Figure 3.20 reflects
patterns seen in the matrices from figure 3.1, where there appears to be more variations in the

motor domain of the B-cardiac as opposed to non-muscle A and embryonic isoforms.
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Structures of the domains were marked on, and showed that areas of more divergence in the
proteins are not actually found within the structures themselves. This observation may indicate
that the residues involved in these structures are functionally important and there is little tolerance
for variations at these points. In the B-cardiac sequence, high numbers of variations outside of
these structures may show that it is surrounding residues of these structures that play an important

role in the variance of the proteins activity as body mass increases and heart rate decreases.

For non-muscle A, the high variation observed in the tail domain may reflect its role in vivo where
it acts at the cellular level. The catalytic domain may not have a significant need for difference in
its kinetics, whereas the tail domain may have different pressures to bind different structures in

the cell, causing a pressure and increasing the variation.

The SH3 B-barrell shows consistent variation between all three isoforms, highlighted in figure 3.21.
The B-barrells function remains relatively unknown, however evidence suggesting that the
structure is involved in the binding of the extension of the essential light chain may reflect this
variation (Lowey, S., Saraswat, L., Hanein, D., et al. 2007). Whether different affinities for actin of
isoforms in different species alters remains unknown, however variation in this B-barrell may

indicate slight variations that are significant in determining the kinetics of the interactions.

By identifying locations of residues that contain variations, further detail in to these locations in
the B-cardiac was done to identify residues that may impact the structure of the protein when
considering mass (table 3.8). A list of 35 residues were identified from a multiple sequence
alignment that reflected a trend with mass, with either presence of residues in small mammals that
varied in larger animals and vice versa. Some residues reflected relationships more clearly, such as
residue 77 where there is a conservation of methionine in species up to the dolphin, cow and minke
whale where the variation of a leucine is introduced. The opposite pattern can be seen in residue
580, where valine is present in the mouse, brandt’s bat, little brown bat and golden hamster,

however isoleucine is present in all other species at this point. These varying residues may play a
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role in affecting the contraction rates of the protein to compensate for the varying heart rates

observed as mass changes.

The physiology of the bats and their use of the B-cardiac isoform is also reflected in these analyses.
An example is at residue 591 where the presence of leucine and isoleucine in the majority of
mammals is present, however the bats both express glutamine, suggesting that they have
permitted a variation that other species have not, which may be due to their use of the isoform as

opposed to a mass dependence.

These analyses would have been better supported through their mapping on to the structure of
the myosin protein, allowing for mutations to be visualised within the structure to see how they

interact with surrounding residues.

High rates of synonymous mutations in the sequence indicate that silent mutations are constantly
playing a part in these isoform sequences over their divergence that are not reflected at the protein
level. These evolutionary pressures identified may indicate that the proteins are under
evolutionary pressure, however little tolerance is accepted for missense mutations, as shown in
lower rates of non-synonymous mutations. The ratios indicated in the sequence suggest that the

sequence comparisons are under positive selection.

Although there are high synonymous mutation rates in the coding sequence of the proteins, their
intron/exon boundaries are highly conserved throughout the evolution of the B-cardiac sequence.
This shows that the mutations observed in the coding sequences do not affect the splicing activity
of introns and exons throughout the species comparisons and any variations seen are not due to

the introduction of an intron.
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Many comparisons were done in this project that highlighted the variations seen in the B-cardiac
sequence. Although the sample sizes included proved to be representative, there also appeared to
be exceptions to the rule through the variations observed in Myotis brandtii. The lack of sequences
available for all isoforms also limited conclusions that were able to be drawn. Future work would
involve investigating more mammalian sequences for the isoforms to better determine any
evolutionary rates of proteins, as strong correlations were seen in all isoforms, justifying further
investigations. For the B-cardiac sequence, evolutionary distance explained the divergence of the
motor domain up until 94 Myr, where the opossum did not follow the same divergence. Whether
this was down to the physiology of the organism or evolutionary distance is not clear, so further
investigations using mammals that diverged further than 94.2 Myr from humans could be
performed to determine the lack of relationship seen with the opossum sequence. The 12 species
sample size contain species from the Boroeutheria classification, which may not reflect the
relationship seen throughout mammals as a whole. Further investigations using sequences from
mammals that lie outside of this classification, such as Eutheria, Metatheria and Prototheria may
indicate more accurate relationships of isoform divergences across species. However, it should be
taken in to consideration that any relationships seen may reflect what the isoform is used for in

the organisms due to differing physiology.

Problems of finding completed sequences that were of good quality were also regularly
encountered throughout the project. Although these sequences may have contained correct exon
sequences, misalignment of the sequences justified removal for this project. Future work could be
performed on these exon sequences that contain key structures to determine any variation within

them, which would expand the number of sequences included for comparison drastically.

Biochemical work could be carried out on the myosin proteins in order to better determine the
kinetics between the isoforms from different species. Bioinformatic analysis revealed variations
that do occur as mass increases in the B-cardiac isoform, justifying the investigation of how

variations affect the kinetics of the protein as heart rate decreases. In vitro motility assays of the
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whole protein could be performed to visualise the movement of fluorescently labelled actin across

a cover slip. This would give an insight in to the variation of kinetics the proteins have.

Following on from biochemical analysis, further bioinformatics work could be done to determine
how mutations outside of key structures are predicted to affect the proteins activity, as found
through the variation analysis. Mapping the variations on to the proteins structure through the use
of PyMol (The PyMOL Molecular Graphics System, Schroédinger) and other programmes would
provide insights in to any interactions wild type and mutated residues would have with surrounding
structures. However, limited crystal structures of myosin-Il throughout all stages of the cross-
bridge cycle may prove this difficult to predict, due to the conformational changes that are seen in
the protein. Molecular dynamic studies could be done to better determine how the variations
observed in the B-cardiac sequence from small to large mammals affect its activity. Molecular
dynamics simulates the movements of atoms within a given system, which would indicate at the

atomic level how variations affect the protein.

Overall, it has been shown that the B-cardiac sequence has a correlation between its divergence
and mass that is not seen in other isoforms. This project highlighted that all other isoforms are
shown to have a correlation with divergence over evolutionary distance, but this relationship is lost
when considering mass as a parameter. By further characterising the mass dependence on
divergence of the B-cardiac isoform, future investigations can be carried out on the variations
observed in the sequence. Where this relationship has been shown in the B-cardiac sequence,
residues that may play a role in affecting the activity of the protein have been identified through
analysing where in the sequence the variations are. Characteristics for other isoforms have also
been defined, for instance in non-muscle A, where there is pressure on the tail domain of the
protein that may be due to its function. While there still maintains to be a wide scope of further
work to be completed on each of the aims discussed for this project, conclusions from the analyses

performed have justified further work.
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Appendix C) Multiple Sequence Alignment for B-cardiac myosin with annotated structures.
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