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Abstract

Salbutamol was synthesised in 1967 and is widely known now as a B-adrenergic agonist. It is
known that B-agonists cause hypertrophy in various mammalian muscles cells, however the
mechanisms by which this occurs are not fully understood. Recent studies have suggested
that there is great potential for using p-agonists, specifically B,-agonists, in restoring muscle
mass and strength in humans. Although, salbutamol is commonly used as a bronchodilator, it
has been identified as having an effect on muscle growth at a dose which is safe for humans.
However, like all steroids there are many side effects associated with B-agonists. By
understanding the mechanisms affected within muscle cells by treatment with salbutamol it
will enable not only the understanding of muscle hypertrophy but lead to more specific dugs
being designed.

The technical advances in mass spectrometry, sequencing and bioinformatics enable greater
understanding of the interactions within many different cell and tissue types. However,
combining these technologies to enable an understanding of the system as a whole is not yet
possible. Modern techniques are able to acquire large amounts of information on the
different components within a cell or organism but correlating, for example, gene expression
- and protein expression has not been achieved sucessfully. In this study, both proteomic and
transcriptomic technologies have been utilized to model changes in the development of
skeletal muscle cells in vitro in the presence of salbutamol in an attempt to gain a system
wide understanding. The first aim was to identify novel proteins and pathways that interact
with salbutamol, and could therefore be potential targets for B-agonists. The second aim was
to investigate the correlation between different research areas and methodologies
highlighting the importance of a system wide approach. Three proteomic methods have been
applied, Differential In-Gel Electrophoresis (DIGE) and SILAC (stable isotope labelling),
and label free peak intensity measurements. The data gained from these studies were
compared to transcriptomic data produced via RNA-seq.

By investigating the proteomic changes within rat skeletal muscle using the DIGE technique
a total of 31 proteins at 24 hr and 110 proteins at 96 hr were identified as being differentially
modulated. This initial study allowed a general insight into the types of proteins and different
pathways being affected within muscle cells. To continue to increase the knowledge known
on B-agonists a study to sequence the RNA gathered from treated and control mouse muscle
cells was undertaken. This reveled that between 161 and 2756 genes over four time points (2
hr, 6 hr, 24 hr and 96 hr) were statistically differently modulated. To investigate the
proteomic changes further, two mass spectrometry-based techniques were employed. SILAC
determined differences between control and treated protein abundance using stable isotopic
labeling, whereas the label free technique compared peak intensities of corresponding
peptides. The SILAC method identified 58 and 56 non-redundant proteins at 24 hr and 96 hr
respectively. Whereas, the label free techniques identified 14 and 19 proteins at 24 hr and 96
hr respectively.

Overall, the techniques identified a range of different proteins and genes but with similar
functions or participating within the same pathway. However, a much larger amount of
genomic modulation was observed compared to the proteomic investigations, suggesting the
process between gene transcription and protein expression cannot be explored fully using
these techniques. This study also determined the need for more than one technique to be used
in any study and that consideration over the bioinformatical analysis post biological
experimentation is essential.
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1 Chapter 1

Introduction



1.1 System wide approach

The need to understand the complexity, versatility, and robustness of each living
system is the fundamental issue in current biological research. Within any cell there
is constant state of organization and interactions between cellular networks that
enable complex processes to occur. There are number of components, such as genes,
proteins, and metabolites, in play which connect together allowing a variety of
different processes and functions to be carried out. The high calibre of current
technologies such as mass spectrometry and RNA sequencing has enabled a number
findings relating to each of these components. For example it is now possible to
sequence entire genomes, identify abundances in mRNA levels, determine relative
and absolute quantities of proteins and observe the rate of protein turn-over as well
as model possible interactions. However, without knowledge of the interplay

between genes, proteins and metabolites understanding the system as a whole cannot

be achieved.

For the last 50 years biological research has had a reductionist view, where the
understanding of complex processes, such as mechanisms within a living cell, are
determined by splitting them in to the individual components. Although, successfully
identifying many of the components and interactions within a number of living
systems, this approach offers little comprehension of how the system as a whole
functions. This type of system wide perspective, often termed “systems biology”
enables “cause and effect” in biological networks to be addressed by observihg and
quantifying multiple components simultaneously, as well as applying mathematical

models to the data (Kitano, 2002).



However, this approach is difficult and complex and comes with a number of
challenges. The ability to successfully identify and quantify all components at the
level of mRNA, proteins and small molecular weight metabolites as well as correlate
this data between all three areas; genome, proteome and metabolome, has proven
difficult. Despite the difficulties, Ishii et al., (2007) were able to perform a system
wide analysis using techniques spanning the three main components in a cell;
transcriptomics (mRNA), proteomics (protein) and metabolomics (metabolites). This
study measured the global response of Escherichia coli to genetic and environmental
changes and was the first to examine the relationship between these components and
the functional state of a metabolic network. Although, Ishii ef al., (2007) were able to
successfully use different techniques to investigate the global mechanisms within an
organism other studies have not been as fortunate. For example, studies analysing the
abundances of protein and mRNA have observed that the correlation is weak (Fu et
al., 2009; Gygi et al., 1999b) suggesting that there are still limitations to overcome
before a systems biology procedure can be obtained. Both biological factors and
methodological constrains, as well as the computational ability for analysis have a
role in the ability to correlate this data. The capability to integrate data from “omic”™.
data sets obtained from different sources via computational methods to allow for
seamless mapping of identified proteins to corresponding mRNA data is essential

with the systems biology philosophy.

Overall, the major challenge that faces systems biology is the acquisition and
interpretation of large quantitative data sets across multiple samples. Ultimately,
systems biology will allow not only the functional and biological aspects of

individual systems to be understood but allow biological systems to be reproduced in



terms of mathematical models and simulations, which enables further hypothesis and
medical possibilities to be explored. The ability to acquire accurate quantitative data
for all the components of a complex biological sample is essential. Current
technologies allow a range of data sets to be collected from a number of species on a
large scale. However, the capacity of each technology on their own to obtain all the
data required for a systems biological approach is not sufficient at present. By
adapting a systems biology approach to investigating a simple and well explored
’ model organism, such as the mouse or rat, under treatment with stimulus of known
function by using a number of techniques as well as exploring the bioinformatic
analyses methods available to link the corresponding data it is hoped the biological
advantages of system biology can be observed. It is also essential that any limitations
of the current technologies are explored to encourage any problems encountered to

be solved allowing the progression of both biological knowledge and technical

advances to continue.



1.2 Adrenergic agonists

In 1906, Dale, was the first to identify two distinctly different types of receptors for
epinephrine, a sympathomimetic amine (Barger & Dale, 1910). Today these
receptors are known as adrenergic receptors or adrenoceptors. In 1948, Ahlquist,
classified these adrenergic receptors as either o-receptors or B-receptors based on the
receptor mediating specific responses in different organs using five
sympathomimetic amines (epinephrine, norepinephrine, isoproterenol, a-
methylepinephrine and a-methylnorepinephrine).The effects of both naturally
occurring and manmade sympathomimetic amines on the body have been studied

since.

Sympathomimetric amines have been investigated since the 1920’s when epinephrine
was used in the relief of bronchospasms, however, it often had disagreeable side
effects such as cardiovascular and central nervous stimulation (Bresnick et al., 1949).
Konzett, H. (1940 a, b) found that N-isopropylnoradrenaline (isoproterenol) dilated
the bronchi and increased the heart rate and cardiac output in dogs. In the late 1940°s
studies were completed on the possibility of using isoproterenol for treating asthma
(Segal & Beakey, 1947). Since then research has been ongoing until this day to try

and find better compounds to act as bronchodilators without any harmful side effects.

Ahlquist, (1948) was the first to suggest the two types of receptors produce different
responses. He suggested that constriction results from stimulation of a-adrenergic
receptors in vascular smooth muscle, whereas dilation results from stimulation of p-

receptors. Most work investigating brochodilation focuses on B-receptor agonists,



however, from these studies other effects of B-agonists were identified. One of the

most interesting is their hypertrophic effect on muscle cells.

B-agonists produce a dramatic increase in skeletal muscle mass (Beermann et al.,
1987; Emery et al., 1984; McElligott et al., 1987; Reeds et al, 1986) and a
significant reduction in body fat content (Emery et al., 1984). It is thought that this
muscle hypertrophy is céused by the anabolic effect of these drugs by either
stimulating protein synthesis or inhibiting proteolysis. They also have an influence
on the contractile activity of muscle via the stimulation of the sodium/potassium
pump (Buur ef al., 1982; Clausen & Everts, 1989; Tashiro, 1973). This hypertrophic
effect seems to be selective for certain fibre types. Several studies have shown B-
agonists to increase the cross-sectional area of fast muscle fibres (Criswell et al.,
1996; Ricart-Firinga et al., 2000; Zeman et al., 1988). This effect has a potential use
in the prevention of muscle atrophy (Hinkle e al., 2002; Pellegrino et al., 2004) and
the improvement of the efficiency of muscle growth in production livestock

(Anderson D.B., 1991; Anderson, 1991; Mersmann, 1998; Moody D.E., 2000).

There are three classes of beta agonists; B;, Pz and Bs. The sub-division of the f-
adrenoceptors was proposed by Lands and Brown (1967) was based on the varying
responses of fat, heart and lung tissue as well as blood vessels to a number of
agonists. The lipolytic response correlated well with cardiac stimulation and was
classed as B;, whereas bronchodilatation and vasodepression correlated with neither
of these and were classed together as P,. However, there were some B-agonists
synthesised which stimulated the metabolic rate, adipose tissue thermogenesis, ileum

relaxation, and soleus muscle glycogen synthesis (Arch et al., 1984; Challiss et al.,
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1988; Wilson et al., 1984), but seemed to have a minimal effect at ; and B, sites. In
1989, a human gene was identified that encoded for a third adrenoceptor, classed as
B3 (Emorine ef al., 1989). The B, receptor agonists are of interest for this

investigation, specifically a compound called salbutamol.

1.2.1 Salbutamol

In 1967 Larsen, et al., synthesized a compound; 2-t-butylamino-1-(4-hydroxy-3-
hydroxymethyl) phenylethanol (salbutamol, Figure 1.1), which had very selective
action on bronchial muscle. This compound was made as an alternative to
isoprenaline, which was used as a bronchodilator preQiously (Konzett, 1940,
Stolzenberger-Seidel 1940), in an attempt to lessen side effects which arose from
isoprenaline treatment. The addition of a CH; group to the compound, although
small, would make a huge difference to the effect of salbutamol within the body.
From the 1940’s isoprenaline, was being used as a bronchodilator (Konzett, 1940,
Stolzenberger-Seidel 1940), in an attempt to lesson side effects which arose from
isoprenaline treatment. However it was only effective when given by aerosol or
sublingual routes due to its rapid inactivation by catechol-O-methyl transferase
(Ross, 1963). It was also found to cause distinct side effects because it stimulated
the B-adrenoceptive receptors in the cardiovascular system. As previously discussed,
Lands and Brown (1967) were the first to suggest that B-receptors can be divided into
two different groups; B; and B, These two types of receptors reside in different
organs within the body. It was proposed that a chemical that did not interact with the
receptors in the cardiovascular system would be the best option for a bronchodilator,

as the side effects would be reduced. Cullum et al,, (1969) went on to show that



salbutamol was more active on bronchial smooth muscle than on cardiac muscle as
well as showing that it has greater selectivity for B-receptors in bronchi than any

other B-receptors stimulant.

HO H
N
o X
HO
Salbutamol
HO H
HO \ N K
HO
Isoprenaline

Figure 1.1 Chemical structures of two sympathomimetric amines used as
broncodilators. The difference between the two compounds is the addition of a
methylene (CH,) group in salbutamol.

The P;-agonists being used as treatment for asthma are thought to act by stimulating
an increase in the intracellular level of cyclic adenosine monophosphate (CAMP), the
second messenger that plays a large part in the inhibitory effect of cellular responses
such as bronchial smooth muscle spasm and inflammatory mediator release (Lulich

et al., 1988). However, the mechanisms are still not fully understood.



Salbutamol is now widely used as a bronchodilator but it has recently been suggested
as a possible way to improve the efficiency of muscle growth in humans and
production livestock. Warriss, et al., (1990) showed that salbutamol increases the
quality of the meat in pigs, but did cause a slight toughening of certain muscles. Van
Baak, et al, (2000) identified that acute administration of salbutamol (4 mg)
increased maximal isokinetic strength (4-5%) of the knee flexors and knee extensors.
Collomp, et al, (2005) also found that the same oral acute salbutamol intake
improved peak power and mean power during supramaximal excerise in healthy
men. Soi¢-Vrani¢, et al., (2005), identified that after administrating denervated and
control rat soleus muscle with salbutamol for 14 days an increase in the cross-section
for both type I and type II fibres can seen. This ergogenic effect has been related to
the increased muscle tension production caused by enhanced sarcoplasmic reticulum
(SR) Ca*" release after B-agonist stimulation (Caimns ef al., 1993). Slack, et al,
(1997) identified that phosphorylation of the SR pump regulatory protein
phospholamban (PLB) in response to (,-agonist stimulation enhanced relaxation

rates within slow-twitch skeletal muscle.

Acute Pr-agonists can also cause increased stimulation in both twitch and titanic peak
tension in intact slow- and fast-twitch skeletal muscle fibres in non-fatigue states
(Cairns & Dulhunty, 1993; Caims et al., 1993). In intact skeletal muscle fibres, f,-
agonists act on some processes in the excitation-contraction coupling modulating
force and contractility characteristics (Crivelli et al., 2011). In this experiment the
effects were seen after only three days of administration. Zhang, et al, (1996)
showed that salbutamol can up regulate genes in slow-twitch fibres that are normally

expressed by fast-twitch fibres. Polla, ef al,, (1994) also identified that B-agonists



stimulate a transition from slow to fast fibres. Pellegrino, et al., (2003) noticed a
change in mouse muscle fibre composition when treated with B,-agonists. The
agonist seemed to stimulate expression of fast major histocompatibility complex

(MHC) -2B and -2X and repress the expression of MHC and MHC-2A.

There are several widely used B,-agonists which all have similar effects to each other
on the body. By comparing the research completed on all the B,-agonists it helps to

build a better picture of the mechanisms of action of these compounds.

1.2.2 Clenbuterol and other Bz-adrenergic agonists

As previously discussed f,-agonists are used as -treatment for asthma and other
conditions affecting the respiratory system. By analysing the methods of action for
all the different Pr-agonists it is hoped a better picture will be gained of the
mechanisms involved. It is thought that due to the presence of B,-adrenoceptors on
inflammatory cells P,-agonists may act through these receptors to contribute to the
beneficial effects on asthma. Py-adrenoceptors are present on postcapillary venular
endothelial cells. It has been shown that certain B,-agonists can inhibit plasnia
exudation by preventing separation of endothelial cells in postcapillary venules
(Baluk & McDonald, 1994; Bowden et al., 1994). Formoterol, a long acting B,-
agonist, has been identified as reducing the adhesion of neutrophils and eosinophils
to venular endothelial cells ;cmd so inhibiting the trafficking of granulocytes into the
airway wall (Bowden et al., 1994). There is also evidence to suggest that B-agonists
may have an effect on mast cells in vivo because nebulized -agonists have been seen

to have a greater effect on AMP-induced bronchoconstriction than on histamine- or
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methacholine-induced broncoconstriction (O'Connor et al., 1992; O'Connor ef al.,
1994). In addition, B-agonists can have an effect on peripheral blood monocytes
causing an inhibitory effect on secretion of the cytokines TNF-a and GM-CSF
(Seldon et al., 1995; Seldon et al., 1998). Peripheral blood lymphocytes express [3-
adrenoceptors as well and an increase in cAMP concentrations can occur due to
treatment with B-agonists (Conolly & Greenacre, 1976; Kariman, 1980). Intracellular
cAMP concentrations are also increased due to PBp-receptors being present on
neutrophils (Galant et al.,, 1980). This increase in intracellular cAMP results in
reduced expression of the adhesion molecule Mac-1, which allows neutrophils to
adhere to human airway epithelial cells (Bloemen et al., 1997). It has also been
shown that B-agonists interfere with leukocyte adhesion in the rat airway (Bowden ef
al.,, 1994) and PB,-receptors have beeﬁ found at high densities on human airway
epithelial cells (Carstairs et al., 1985; Davis et al., 1990). Airway epithelial cells are
able to secrete inflammatory mediators in asthma including nitric oxide, cytokines,
chemokines and growth factors. Although it is known that B;-agonists increase
ciliary beating (Devalia et al., 1992) it is not certain whether they also affect the
secretion of any of these mediators. Salbutamol and salmeterol have also been seen
to help reduce any increase in plasma histamines after exercise in mild asthmg
patients (Sichletidis ef al., 1993). Salbutamol can also inhibit the release of
eosinophil peroxidase and leukotriene Cy4 in human peripheral blood eosinophils in
vitro (Munoz et al., 1995). Eosinophils along with mast cells help control certain

mechanisms associated with asthma.

As discussed previously studies have shown that as well as being effective

broncodilators, B;-agonists also cause a very noticeable effect on muscle cells. There
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has been a lot more research carried out on clenbuterol compared to salbutamol.
Clenbuterol is well known to cause muscle hypertrophy. This effect is associated
with an increased rate of synthesis of certain proteins, for example actin and myosin
(Hesketh et al., 1992; Navegantes ef al., 2004) and decreased rates of proteolysis of
other proteins e.g. adenosine triphosphate (ATP)-dependant proteolysis (Busquets ef
al., 2004; Yimlamai et al., 2005) and calcium-dependant proteolysis (Navegantes et
al., 2001). In 1984, Emery, et al., (1984) first reported significant increases in muscle
protein synthesis in rats treated with clenbuterol by subcutaneous injections, which
was verified by MacLennan and Edwards (1989). Clenbuterol treatment increases the
proportion and size of fast fibres, as well as shifting the myosin heavy chain profile
towards faster isoforms and elevates the levels of glycolytic enzymes resulting in
larger, faster muscles (Criswell ef al., 1996; Polla et al., 2001; Ricart-Firinga ef al.,
2000; Zeman et al., 1988). Clenbuterol is used to complement ventricular assist
devices (Hon & Yacoub, 2003) and has also been proposed as a possible
anticachectic agent (Baracos, 2001). Anticachectic agents help combat weight loss,
wasting of muscle and general debility that can occur during a chronic disease.
Clenbuterol has also been shown to reduce or restore skeletal muscle loss in animal
models with muscle wasting such as denervation (Cockman et al., 2001; Fitton et al.,
2001; Maltin et al., 1986; Zeman et al., 1987), genetic muscular dystrophy (Rothwell
& Stock, 1985), bacterial endoxin injection (Choo et al., 1989) and burn injury of
30% of the body surface area (Martineau et al., 1993). Clenbuterol also enhanced the
recovery rate of skeletal muscle mass and carcass protein lost because of surgical
stress in senescent rats (Carter et al, 1991). There are also studies showing
salbutamol can also increase muscle mass and protein content in young rats (Choo et

al., 1992).
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Both compoundé work in similar ways though there is a worry that clenbuterol may
have more harmful side effects. Choo, J.J. et al., (1992) compared equimolar doses of
the two P,-agonists. They found that salbutamol increased weight gain in the rats
after four days of treatment but the increase was less than that produced by the
clenbuterol treatment. An elevated heart mass and a reduction in liver and
epididymal fat pad weights where observed in the clenbuterol treated animals but not
in the animals treated with salbutamol. However, when chronic infusions of the two
drugs were compared the increase in weight of gastrocnemius muscle and heart
muscle, the increase protein and RNA content and the increase in the ratio.of RNA to
protein of gastrocnemius muscle were all almost identical. This suggests that
salbutamol has a much shorter half life than clenbuterol in vivo. It was suggested that
clenbuterol may be used to help combat muscle wastage. However, the dosage of
clenbuterol needed to increase muscle mass in animal models (Carter et al., 1991;
Maltin er al., 1986), when scaled up for estimated human dosage, exceeds the
estimated safe dose for humans (Maltin ez al., 1992). Studies using salbutamol used a
| much lower dose, one which falls within the safe limit for humans (Price & Clissold,
| 1989). As can be seen from Figure 1.2, two hydroxyl groups and one hydrogen (H)
atom on salbutamol have been substituted with two chlorine groups and an additional
amine on clenbuterol which may explain the difference in side effects due to

different binding capacities.
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Figure 1.2 Chemical structures of two similar B; agonists. Clenbuterol has two
chlorine groups and an extra amine group which results in a different chemical
activity from salbutamol.

Many B,-agonists have also been shown to increase muscle strength as well as
muscle growth. To study the strength promoting effects of these chemicals, f,-
agonists were tested in young men by Martineau et al., (1993). They were able to
identify an increase in strength in both quadriceps and hamstring muscles after
treatment. The study consisted of twelve healthy men who were given an oral
sustained-release preparation of 8 mg salbutamol, twice daily for three weeks. The
isometric strength of the quadriceps muscles increased 12% bilaterally after the
second and third week of treatment. The dominant hamstring muscles increased in
strength by 22% after three weeks. These drugs are known to be taken b); body
builders to increase strength and muscle mass. However, even though these

compounds can increase muscle growth and strength it has been observed that there
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is a decrease in exercise capacity after administration of large doses of clenbuterol

(Duncan et al., 2000; Ingalls et al., 1996; Lynch et al., 1996).

Studie's have also shown that P,-agonists can cause a reduction of the body fat
content (Yang & McElligott, 1989) and have often been reportedly taken by
celebrities as a weight loss drug. Both clenbuterol and salbutamol have been seen to
reduce carcass fat content in young and old rats (Carter & Lynch, 1994). Clenbuterol
has also been seen to have a significant repartitioning effect in most livestock species
by increasing the growth of skeletal muscle at the expense of fat tissues (Anderson
D.B., 1991; Moody D.E., 2000). In adipose tissue, the binding of B-agonists to
adrenoceptors activates adenylate cyclise, cyclic AMP levels, the protein kinase
cascade and eventually leads to the activation of hormone sensitive lipase and

triacylglycerol hydrolysis (Yang & McElligott, 1989).

Clenbuterol can also induce cardiac hypertrophy in not only young rats but in
foetuses of treated dams (Malﬁn et al., 1990) which corresponds with evidence of
placental transfer during human pregnancy (Pelkonen ef al., 1982). It seems that the
result of drug treatment in utero is a reduction in myoblast proliferation and/or fusion
of myoblasté which reduces the degree of hyperplasia in the neonatal muscles

(Downie et al., 2008; McMillan et al., 1992).

Administration of clenbuterol also prevents the conversion of type II fibres to type I,
which occurs during the process of maturation of rat muscle, due to the effect of the

drugs on the increase in synthesis and accumulation of fast myosin light chains in
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soleus muscle of young rats (Zeman ef al., 1988). The authors suggested that the
drug may have the potential to override neurogenic effects during development.
Soi¢-Vranié, et al., (2005) showed that under the influence of salbutamol there was a
decrease in type I fibres in denervated soleus muscle compared to denervated
untreated muscle. However, after the sixth day the number of type I fibres were
higher in the treated muscle. It has been suggested that salbutamol re-established the

process of growth and development in denervated muscles using the process of

conversion of type II to type I fibres (Kugelberg, 1976).

As noted earlier the exact mechanisms of action of B-agonists in muscle cells are not
fully understood. One of the most noticeable responses to acute B-agonist treatment
is peripheral vasodilation, which increases blood flow to the skeletal muscles; this
may provide extra substrates for muscle growth. However, this response is only
temporary suggesting other processes are involved (Rothwell ef al., 1987). Insulin-
like growth factors (IGFs) have been reported to play an important role in the
hypertrophy of skeletal muscles (Awede et al., 2002; Sneddon et al., 2001). 1t is
thought that B-agonist treatment may modulate IGF’s to help increase muscle growth
(Bhavsar et al., 2010; Suzuki et al., 1999). The role of IGF-I in muscle hypertrophy
is well known (Adams & Haddad, 1996; Chen e al., 1994; Turner ef al., 1988) but it
is also thought that IGF-II plays a similar role. Sneddon, et al., (2001) identified an
increase in mRNA levels for IGF-1I after 2 days of treatment with clenbuterol. There
is also evidence that clenbuterol may act through specific targeting of protein kinase
C isoforms (Downie et al., 2008). Costelli, et al., (1995) reported that clenbuterol
administration to rats carrying a cachectic tumour was able to reverse muscle

wastage through inactivation of the ATP-dependent proteolytic pathway. In vitro
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studies in isolated skeletal muscle have shown that B,-agonists stimulate the Na*-K*
pump enhancing cellular uptake of K* (Clausen & Flatman, 1977) and loss of Na*
(Everts et al,, 1988). Stimulation via a B-agonist also alters the process of calcium
transport across the plasma membrane and the intracellular calcium movements
(Schmid et al., 1985). It has also been identified that B,-agonists can successfully
counteract muscle paralysis in patients suffering from hyperkalemic periodic
paralysis (HPP) (Hanna er al., 1998; Wang & Clausen, 1976). HPP is caused by
mutations in the gene encoding for the sodium channel expressed exclusively in the
skeletal muscle (Cannon, 2002) which again suggests the f-agonists have an effect
on other ion channels. Clenbuterol was also observed in blocking sodium currents in
native skeletal muscle fibres (Desaphy et al., 2003) further supporting the role of B-

agonists on ion channels.

Smith, et al, (1990) showed that P,-agonists raised blood glucose levels by
stimulating hepatic glucose output. However, p-agonists have also been seen to have
an effect on homoeostasis, through direct effects on both brown adipocytes and
skeletal muscle (Chernogubova ef al., 2005). Any adrenergic effects on glucose
métabolism are of interest in skeletal muscle due to the adrenergic system having a

large influence on whole body metabolism.

Although B,-agonists have the potential to be of benefit for muscle wastage there is
also evidence to suggest that use of these agents could lead to apoptosis of heart and
soleus muscle. In vivo, clenbuterol leads to the activation of caspase 3, the
externalization of phosphatidylserine and an increase in the sensitivity of myocyte

DNA to heat denaturation and strand breaks which all indicate apoptosis (Dumont et
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al., 2000; Frankfurt & Krishan, 2001; Saunders et al., 2000). It is thought that some
B-agonists can accumulate in the heart (Soma et al., 2004) which can cause effects
such as apoptosis. However, studies on adult rat ventricular myocytes in vitro
suggest that P;-adrenoceptor stimulation is proapoptotic but Br-adrenoceptor
stimulation is antiapoptotic (Communal ef al., 1999; Zaugg et al.,, 2000) which

indicates not all f-adrenoceptors have an apoptotic effect.

It is thought that B-agonists may have an effect on the central nervous system as well
as on muscles and it has been found that salbutamol stirﬁulation in the rat brain had
an antidepressant effect and increased serotonergic neurotransmission (Bouthillier
1991). Clenbuterol has also been shown to cross the blood-brain barrier to enhance
the regeneration of motor neuron axons in motor degeneration mice (Zeman et al.,
2004), as well as promoting regeneration of peripheral nerves (Frerichs ef al., 2001)

and to ameliorate denervation-induced atrophy in rats (Sneddon et al., 2000).

These studies suggest that there is great potential for using Bz-agonists in restoring
muscle mass and strength in humans affected by muscle wastage, especially elderly
patients. However, to use these drugs effectively an increase in the knowledge of the
mechanisms involved is needed. Although there is evidence suggesting that the
agonists can act directly on the cells most studies show that they act via the beta-

adrenoceptors.
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1.2.3 Beta-adrenoceptors

The B-adrenoceptor (beta-adrenergic receptor) is a member of the 7-transmembrane
family of receptors and is composed of 413 amino acid residues (Kobilka er al.,
1987). There are three types of receptors that respond to the three types of agonists;
Bi, B2 and B3, usually identified in cardiac, airway smooth muscle and adipose tissue.
Although they are predominantly found on these cells they can be found on almost
every cell type. The B,-adrenoceptor subtype is widely distributed in the lung, not
only in the smooth muscle but also on other resident and infiltrating cells implicated
in airway inflammation in respiratory disease. The B, subtype is also the predominant

B-adrenoreceptor present in the skeletal muscle cells.

These receptors are G protein-coupled receptors and their physiological function
works through phosphorylation of specific effects, such as ion channels, by cyclic
AMP-dependent protein kinase (Desaphy et al., 2003). The activation of this receptor
can also be mediated via the increase in intracellular cyclic adenosine
monophosphate (cAMP) levels via the Gs-protein. It is thought that these receptors
can exist in both an active and inactive form. The B,-receptor is in the activated form
when it becomes associated with the a-subunit of the G, protein with a molecule of
guanosine triphosphate (GTP) (Johnson, 2001). When GTP is replaced with
guanosine diphosphate (GDP) it catalyses a conversion of ATP to cAMP, which
reduces the affinity of the a-subunit for the receptor. Dissociation then occurs which
returns the receptor to its low energy inactive form. One hypothesis on how f,-
agonists work is by binding to and temporarily stabilising the receptor in its active

state (Onaran ef al., 1993).
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The active receptor site, where the P-agonists must interact to exert their biological
effects, lies about one-third of the way into the receptor core. Residues that have
been identified as being critical for agonist binding to the active site are an aspartate
(Asp)-residue 113, two serine (Ser) residues; 204 and 207 and two phenylalanines
(Phe) 259 and 290 (Strader et al., 1989). The B-agonist is anchored to the receptor by
nitrogen atoms which interact with the aspartate, and by the hydroxyl groups on the

phenyl ring interacting with the two serine residues.

All B-agonists have a $-OH group which causes the molecule to have an asymmetric
centre. This centre results in a pair of optical isomers, R and S enantiomers, in a
racemic mixture. The P-agonist/B-receptor interactions are stereospecific and the
activity lays predominantly in the R-enantiomer. In salbutamol the R-enantiomer is a

100-fold more potent as a P-agonist that the S-enantiomer (Johnson ef al., 1993).

In smooth airway muscle, salbutamol, which is a hydrophilic molecule, acts on the
B2-adrenoceptor by entering the active site directly from the extracellular aqueous
compartment (Johnson, 1992). Once the chemical binds to the active site there is a
rapid response causing relaxation in the tissue allowing bronchodilation to occur. If
receptor density is too low or coupling is inadequate, the B;-agonist may behave in a
partial manner meaning it may not be able to achieve the same maximal effect as an
agonist of higher efficacy and may even behave like an antagonist. This is due to a -
agonist potency relying on its efficacy as well as its receptor affinity. Agonists with
high efficacy are regarded as full agonists whereas a pure antagonist would have a

low or zero efficacy. Most PBy-agonists have an intermediate efficacy. If receptor

20



numbers are high this will allow the agonists to behave as a full agonist (Johnson,

2001).

The receptors have a feedback mechanism whereby desensitisation of the receptor
occurs, to prevent overstimulation of receptors in the face of excessive B,-agonist
exposure (van Koppen & Jakobs, 2004). The most common method for B,-agonist-
promoted desensitisation is phosphorylation of the receptor by the B-adrenoceptor
kinase or other related G protein-coupled receptor kinases. This results in the partial
uncoupling of the agonist-occupied receptor from the G; protein, limiting the
receptor function. This process is transient and is reversed within minutes of the
agonist being removed. Desensitization can also occur via cAMP-dependent PKA
following phosphorylation of serine and threonine residues present within the third
intracellular loop of the receptor in response to an increase in intracellular cAMP

(Lohse, 1993).

More prolonged exposure to the agonist could cause internalisation of the receptor
resulting in loss from the cell surface. It is usually possible for a full reversal to
occur, although the reversal process will take longer. The cellular pathways and
compartments that mediate internalisation are not fully understood. It has been
suggested that this proceés results from rapid translocation of receptors from the
plasma membrane to ensure the receptors are not degraded (Hertel et al., 1983) and
therefore, are recycled through this process (von Zastrow & Kobilka, 1992). It is
known that B-arrestin plays an important role in receptor desensitization and
internalisation (Figure 1.3). In internalisation, B-arrestin links the receptor to several

proteins of the endocytotic machinery, including clathrin, producing clathrin-coated
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vesicles (van Koppen & Jakobs, 2004). In the endosomes most of the receptors are
dephosphorylated and returned to the plasma membrane as resensitised receptors.
However, it has been seen that several G coupled-protein receptors do not need B-

arrestin for internalisation (van Koppen & Jakobs, 2004).
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Figure 1.3 Model of f-arrestin-regulated internalisation of a G protein-coupled
receptor. If the agonist has bound to the G protein-coupled receptor (GPCR) for a
prolonged period of time desensitisation will occur. This process starts with the
phosphorylation of the GPCR by G protein-coupled kinases and other kinases (not
shown). The B-arrestin is able to interact with the phosphorylated receptor to
uncouple the GPCR from the G proteins. The P-arrestin then helps the process
further by interacting with clathrin, chathrin adaptor complex AP-2 and several other
endocytic components (not shown). This results in the immobilisation of the receptor
within the clathrin-coated pit. Either before intracellular trafficking or after the
clathrin-coated vesicle is formed the B-arrestin will dissociate from the receptor.
After the release of this molecule the receptor is dephosphorylated by phosphatase
and recycled back into the plasma membrane (van Koppen & Jakobs, 2004).
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If the receptors are exposed to the agonist for hours then a net bloss of cellular
receptors occurs and transcription at the P,-receptor gene level is required to restore
the receptors. This process of desensitisation differs from tissue to tissue. It can be a
big problem in airway tissue due to asthma patients often having to repeatedly use
B2-agonists for treatment over long periods of time. Airway tissue is especially
affected as it is thought that inflammatory cells are more susceptible to
desensitization. This may be due to a low rate in transcription within these cells,
meaning that resynthesis of B,-receptors is slow. They may also have less receptor
reserve or an increased expression of f-adrenoceptor kinase, causing desensitization
to be greater. Glucocorticords increase the transcription of the B,-receptor gene in the
rat and human lung and may prevent desensitization (Mak et al., 1995a; Mak et al.,

1995b).

It is hypothesed that B-adrenoceptors play an important part in relieving asthma. A
study by Kubota, et al.,, (2000) identified that a reduced number of f,-receptors may
have an effect in the pathogenesis of exercise-induced asthma in children. Increased
airway smooth muscle growth is an important pathogenic mechanism of asthma
(Hirst et al., 2004). It has been reported that B-agonists can inhibit cultured airway
smooth muscle growth induced by various mitogens (Kassel ef al., 2008; Stewart et
al., 1997). Stimulation of the P,-adrenoceptor by these agonists causes activation of
the cAMP-dependent protein kinase (Penn, 2008). PKA activity has been shown to
antagonize mitogenic signalling and growth in multiple cell types. It has also been
demonstrated in several different cell types that G protein-independant signalling via

the By-adrenoceptor can occur. Stimulation of the P,-adrenoceptor is often mediated
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by arrestins and causes either receptor tyrosine kinase or MAPK superfamily

activation (Penn, 2008).

It is thought that there is a relationship between the autonomic and sympathetic
nervous system and the immune system. The sympathetic nervous system helps
regulate and modulate the differentiation and function of cells involved in the host
immune response, often involving the B,-receptor. All T lymphocytes, except the T
helper 2 cells (Th2), possess B,-adrenoceptors (Sanders et al., 1997). The stimulation
of these PBy-adrenoceptors appears to play a role in the proliferation of CD4", a sub
type of T lymphocytes. These CD4" cells are able to differentiate under the influence
of specific cytokines into either Thl or Th2. The Thl and Th2 cells are thought to
predominantly, but not exclusively, govern humoral and cell-mediated host responses
respectively (Wong, 2007). There is also evidence to suggest that the stimulation of
the Bz-adrenoceptor of the B lymphocyte results in an amplification of the humoral
host response. In vitro studies have also shown that stimulation of the f»-
adrenoceptors can reduce the production of the inflammatory cytokines IL-1, TNF-a,
IL-6 and IL-8 from the whole blood and monocytes (Gu & Seidel, 1996; Zetterlund

et al., 1998).

As stated earlier these receptors are not just found in the lung but also on cardiac
muscle. Stimulation of the B-adrenoceptor by B-agonists provides the most important
re‘gulatory mechanism for cardiovascular performance (Post et al., 1999). In cardiac
tissue the most primarily expressed B-adrenoceptor is the B, subtype (Bristow et al.,
1986). However, in cardiac fibroblasts the 3, subtype is the most expressed receptor

(Meszaros et al., 2000). The simulation of these receptors on the fibroblasts has been
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seen to promote DNA synthesis (Colombo et al., 2003; Kim et al., 2002) and

modulate collagen secretion (Ostrom et al., 2003).

However, Aranguiz-Urroz, et al, (2010) identified that activation of the p,-
adrenoceptor lead to a strong autophagic response, which increases autophagosome
formation and degradation. They identified the type II microtubule-associated protein
1 light chain 3 (LC3-II) as a critical component for autophagy induction when levels
increased. Both isoproterenol and salbutamol increased the levels of LC3-IL
However, it is unknown whether the role of autotrophy in the heart is detrimental or
protective, although this may depend on the severity and duration of autophagy.
Stimulation of B-adrenoceptors can also induce apoptosis in cardiac myocytes in
vitro and in vivo (Singh er al., 2001; Zaugg et al., 2000). Menon, et al., (2007)
showed that stimulation of the B-adrenoceptor can increase the activity of glycogen
synthase kinase-3B. The activation of this kinase plays a pro-apoptotic role in f-
adrenoceptor-stimulated apoptosis via the involvement of the mitochondrial death
pathway. There is evidence to suggest that there may be a fundamental difference
between the By-adrenoceptor in skeletal muscle and those found in the heart. The
skeletal muscle B,-adrenoceptor appears to function more like a pj-receptor than the
B2-receptor because it appears to stimulate cell death (Burniston ef al., 2005). The B,-
adrenoceptors of isolated cardiomyocytes are known to signal through both G protein
os and the G protein o; pathways, with protein a; signalling being predominant (Xiao
et al., 1999). Whereas it is likely that the B-adrenoceptor in skeletal muscle signals
predominately through the stimulation of the G protein as, in a similar way to the

cardiac f;-adrenoceptor.
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Activation of f,-adrenoceptors has also been shown to increase glucose uptake in
rodent skeletal muscle cells and skeletal muscle cell lines (Nevzorova et al., 2002).
These receptors seem to affect glucose uptake via cyclic AMP and P13K (Nevzorova
et al., 2006). Yamamoto, et al., (2007) identified that B,-adrenoceptors can induce
glycogen synthesis and phosphorylation of glycogen synthase kinase 3 as well as
effecting glucose uptake. These B-agonists can also affect glucose homeostasis
thrbugh direct effects on both brown adipocytes (Chernogubova et al., 2005) and

skeletal muscle (Ngala et al., 2008).

However, it is thought that not all effects of B-agonists are mediated through the -
adrenoceptors. There has also been pharmacological evidence suggesting there may
be an atypical B-adrenoceptor that mediates the effects of clenbuterol (Challiss ef al.,
1988; Maltin et al., 1989; Reeds ef al., 1988; Sillence & Matthews, 1994). However,
Hinkle, (2002) showed that clenbuterol lost its effect on skeletal muscle when ;-

adrenoceptors were removed.

1.2.4 Applications of beta agonists

The main application currently of B-agonists is for the treatment of asthma. However,
there seems to be great potential for using these compounds in increasing the strength
and growth of muscles. Presently there are few therapeutic approaches for the
reversal of muscle wasting, a condition that affects a significant number of people
worldwide. It would also be advantageous to patients suffering from muscle injuries.
Skeletal muscles can be injured as a consequence of extrinsic or intrinsic events.

Skeletal muscles have an ability to regenerate after injury, however this repair is
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often slow and incomplete and, once complete, the muscle often has reduced
functional capacity and‘ can be prone to re-injury (Ryall et al., 2008). Using B-
agonists would speed up this process. There have also been trials where B-agonists
have successfully counteracted muscle paralysis in patients suffering from

hyperkalemic periodic paralysis (Hanna et al., 1998; Wang & Clausen, 1976).

However, some data suggests that even though these agonists may be beneficial for
some therapeutic therapies they also have a detrimental effect on cardiac and skeletal
muscles even at low doses (Burniston et al., 2005). Although salbutamol can help
reverse muscle wastage its effects on the heart are problematic when treating elderly
patients with underlying heart conditions. The mechanism of B,-agonists induced
anabolism is unclear, though the evidence suggests there is direct involvement from
the Ba-receptors (Hinkle et al., 2002). By identifying the precise cellular activity
involved in muscle hypertrophy it is hoped that enhancement of drug development
for this condition will occur. A greater understanding is needed into the effects of p-
agonists within the cells before they can be used to their full potential within
medicine. By using a number of techniques, such as proteomics and transcriptomics
this study hopes to gain further knowledge of the mechanisms of salbutamol within
skeletal muscle cells. An introduction to these techniques and others that could be

used is given in the following sections.
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1.3 Proteomics

In 1996, Wilkins et al., first proposed the concept of the proteome which was defined
as the complete protein complement expressed by a genome. As proteins are
extremely important functional components of a cell, the recent growth within the
proteomic area has allowed further knowledge in protein pathways and interactions
that would not have been possible using genomic data alone. Proteomics now not
only focuses on which proteins are present in a cell but on protein turn-over, protein
interactions and pathways as well as any post-translational modifications. Using this
proteomic data it is becoming possible to gain a greater understanding of the
functioning of a cell. A variety of proteomic techniques will be essential to this
project in order to understand how muscle cells react when treated with anabolic
agents. It is necessary to investigate key aspects such as: the relative‘ differences in
protein expression; changes in absolute protein expression and turn-over; and
alterations in post-translational states of proteins. This data along with transcriptional
data will be used to provide a firm basis for identifying key cellular components and

pathways involved in the response to anabolic agents.

To undertake a comprehensive evaluation of protein function requires a high calibre
of techniques that span the different areas of interest. One of the most important
aspects of proteomics is accurate quantification of measured changes in protein
expression. At present there is no one technique that fills all the needs for high
resolution proteomics. It is often difficult to decide which proteomic techniques to

use for an experiment, as such a wide variety are available today. There is also a
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worry that different techniques can create bias in the biological results. In this

investigation more than one technique will be used to study this point.

1.3.1 Mass spectrometry

Mass spectrometry is vital to most proteomic techniques as it enables the
identification of peptides, and therefore the proteins, along with any modulation
occurring within a sample. This technology works by measuring the mass-to-charge
ratio (m/z) of charged molecules allowing determination of a mass of a particle, the
elemental composition of a sample and for identifying the chemical structure of
molecules. Mass spectrometers are comprised of three different components: an ion
source that converts molecules into gas-phase ions, a mass analyzer that separates
charged molecules according to their m/z and a detector that records the number of
ions at each m/z value. There are several different types of ionization sources, for
example, electrospray ionisation (ESI) and matrix assisted laser desorption jonisation
(MALDI) which can be utilised for current proteomic techniques, each one having its
own advantage and disadvantage (Ashcroft, 1997). The sample being analysed can
either be introduced directly into the ijonisation source or can undergo
chromatography before entering the ionisation source to separate complex mixtures.
There are a number of mass analysers currently available, including quadrupoles,
time-of-flight (TOF) analysers and quadrupole ion traps. Some mass spectrometer
instruments have more than one analyser and are termed tandem (MS/MS) mass
spectrometers. Briefly, tandem MS involves the ionisation of the sample followed by

separation by m/z allowing selection of precursor ions. These undergo a form of
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fractionation and run through the second analyzer to determine the m/z values for the

product ions.

1.3.2 Gel based Methods

1.3.2.1 Difference in gel electrophoresis

Two-dimensional gel electrophoresis (2-DE) is a well established technique that
separates proteins: firstly, according to their isoelectric point and secondly, by their
molecular weight. However, there are limitations to this method; often a lack of
reproducibility is seen and comparing results between gels is often unreliable. This is
because no two gels are identical due to inhomogeneities in the polyacrylamide gels,
electric and pH fields and thermal fluctuation, which affects the ability to accurately

match spots.

A modified version of this method developed in 1997 by Unlu, e al, known as
Difference In Gel Electrophoresis (DIGE), is more commonly used for observing
differences in protein expression between two or more samples of interest. DIGE
pre-labels different samples, such as treated and control samples, with two cyanine
dyes (Cy2, Cy5) to enable both samples to be run on the same gel. This diminishes
some of the problems seen with 2-DE as both samples will experience the same
conditiéns and there is no variability between gels. The dyes have been manufactured
so that they match the charge of the protein residue that they have modified and all
three dyes have similar molecular weights and charge. They also possess distinctive
fluorescence spectra allowing spots to be identified through fluorescence imaging.

An internal standard is also used and is created using pooled aliquots of all the
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samples in the experiment and labelled with Cy3. This is run on the same gel,
allowing the abundance of each spot in the two different samples, to be expressed as
a ratio compared to the internal standard. For accurate spot matching, spot
quantification and statistical analysis, softwgre such as DeCyder can be used. Once
spots of interest have been identified they are excised and digested before being

analysed by a mass spectrometer to obtain identifications.

The advantage of this method is its ability to compare two different samples on the
same gel, which diminishes any variability. Also the DeCyder software used in
conjunction with the DIGE experiments allows univariate statistical testing, meaning
the analysis of the data is more reliable than that of gel-to-gel comparisons (Nelson
et al, 2008). However, this procedure also has its disadvantages due to the

fluorescent dyes being expensive and the experiment being very labour intensive.

1.3.3 Non-gel based Methods

1.3.3.1 OFFGEL fractionation

Ros, et al., (2002) developed a method which allows separation of either proteins or
peptides by their isoelectric point without the use of a one dimensional
polyacrylamide gel electrophoresis (1D-PAGE) called OFFGEL fractionation. Due
its ability to fractionate at high resolution but also to recover the sample in-solution it
is beneficial for mass spectrometry and chromatography as the sodium dodecyl

sulphate (SDS) from gels can interfere with the down-stream analysis.
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The OFFGEL device contains either 12 or 24 chambers which are open at the top and
bottom extremities. These chambers are placed on top of an immobilized pH gradient
(IPG) strip where isoelectric focusing takes place. As there is no fluidic connection
between the chambers, proteins and peptides are forced to migrate through the IPG
strip where separation takes place when an electric current is applied to the strip.
Once the protein or peptide reaches the chamber in which the pH matches its pl it
loses its charge and can be recovered from the solution by precipitation (Horth ef al.,
2006; Lam et al., 2007). Poor recovery of the fractionated samples post precipitation

is the disadvantage of this technique.

However, an advantage of this technique is the ability to combine it with either
isobaric tags for relative and absolute quantification (iTRAQ) or stable isétope
labelling of amino acids in cell culture (SILAC) to allow for quantitative proteomics.
Pre-fractionation is important due to the complexity of most human and animal
models. By fractionating the samples before mass spectrometry analysis it has been
demonstrated that more information about the proteome content can be gained. This
fractionation technique combined with a labelling method can be used instead of

DIGE to allow analysis without the bias of gel fractionation.

1.3.3.2 Isotope-coded affinity tags

Another non gel based method that is used to gain quantitative protein profiles is the
Isotope-Coded Affinity Tag (ICAT) reagent method (Gygi et al, 1999a). The
reagents used consist of: a reactive group with specificity towards thiol groups; an

isotopically coded linker; and an affinity tag which is used to isolate ICAT-labelled
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peptides (Shiio & Aebersold, 2006; Tao & Aebersold, 2003). The reagent exists in
two forms: the original heavy form that contains eight deuteriums and the light form
that contains none. This gives the two different forms an 8 Dalton (Da) mass
difference that can be detected using a mass spectrometer. Another version of the
ICAT reagent uses carbon-13 insteéd of deuterium to create a heavy reagent, which
gives this cleavable reagent a mass difference of 9 Da. Also in this type of reagent
the affinity tag is connected to the rest of the molecule by an acid-cleavable linker.
The use of carbon-13 promotes co-elution of heavy and light ICAT-labelled peptides
that had partial separation on reverse-phase chromatography as a result of isobaric

shift in the original ICAT reagents (Shiio & Aebersold, 2006).

This method labels the samples from two different cell states with either the heavy or
light reagent. Any cysteine residues in the proteins are labelled, thus greatly reducing
the complexity of the peptide mixture prior to analysis because not all peptides will
contain a cysteine (Kirkpatrick et al., 2005). The two samples are mixed and then
digested to generate peptides. This, however, is a limiting factor, as any protein that
does not contain cysteine will not be monitored. The ICAT-labelled peptides are then
isolated by avidin affinity chromatography and finally separated and analysed using
mass spectrometry. The relative quantification is deduced from the ratio of signal
intensities of pairs of peptide ions of identical sequences that are tagged with the
heavy or light forms of the reagent, which differ in mass. By combining the data
collected by MS and MS/MS analysis relative quantities as well as sequence

identities can be determined (Gygi et al., 1999a; Shiio & Aebersold, 2006).
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1.3.3.3 Isobaric tag for relative and absolufe qﬁantification

Another alternative to using gel based methods for quantitative proteomics utilises
MS as well as stable isotope labelling. Isobaric tag for relative and absolute
quantification (iTRAQ) is a quantification technique that uses four isobaric amine
specific tags. These isobaric tags are placed at the N termini and lysine side chains of
peptides in a digest mixture (Ross et al., 2004). Once labelling has occurred, the
samples are fractionated using cation exchange. This is followed by analysis of
samples using LC-MS/MS. Each tag generates a unique reporter ion, 114.1, 115.1,
116.1 and 117.1 mass to charge ratio (m/z): by comparing the intensities of the four
reporter ions in the MS/MS spectra, protein quantification can be achieved
(Shadforth et al., 2005). The total mass for each tag is identical, which increases the
sensitivity. This allows the combination of two or more samples without there being
an increase in spectral complexity. This extra sensitivity is also seen at the MS/MS
level due to the peptide backbone fragment ions being isobaric. This technique can
also be used for absolute quantification of targeted proteins, using labelled synthetic
peptides of a known value and measuring the intensity of the reporter ion for this
peptide giving an absolute value which corresponds to the known amount added.
However, one potential drawback to this technique is that MS/MS spectra must be
acquired, which will then require more analysis time than performing result-
dependent analysis only on differentially expressed peptide pairs in MS (Ross et al.,
2004). However, another advantage of using this system is that the multiplex nature
of the experiment allows the removal of any quantitative variability from
chromatography that may be seen in sequential two-dimensional HPLC-MS analyses
of individual peptide mixtures (Washburn er al., 2003). Also, due to the relative non-

specific nature of the labelling, more proteins are identified by multiple peptides.
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This allows an increase in confidence in the ratio reports because quantification of

multiple peptides occurs (DeSouza et al., 2005).

1.3.3.4 mTRAQ

The mTRAQ methodology is a nonisobaric variant of iTRAQ, which was developed
to address some of the problems experienced using iTRAQ, for example, it’s
ineffectiveness in detecting specific proteins in a complex sample as well only
providing relative quantification. The mTRAQ technique applies a method called
multiple reaction monitoring (MRM) to target tryptic peptides from proteins of
interest. This method performs absolute quantification based on the isotope-dilution
mass spectrometry principle, which has been designed to take advantage of the MRM
mode. The mTRAQ labels are nonisobaric, which allows the increase in possible
differences in the MRM transition (Ross et al., 2004). There are two chemically
identical versions of the mTRAQ label. The lighter version is 141 Da, 4 Da lighter
than the lightest iTRAQ label and does not include 3C or ’N. The heavier version is
identical to iTRAQ 117 label and has a mass of 145 Da. A known quantity of a
synthetic peptide, which has an identical sequence to that of a selected tryptic peptide
from the protein of interest, is labelled with one version of the mTRAQ tags. The
second version of the tag is used to label the tryptically digested sample homogenate.
These two differently labelled samples are then mixed together and analysed using
either one-dimensional or two-dimensional liquid chromatography. Due to the
differences in mass of the two tags, the MRM transitions that are chosen for a
peptide labelled with one of the two versions are specific for that version. The

quantification of the peptide in the digested sample, as well as the quantification of
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the amount of protein in the original sample, is determined by calculating the areas

under the MRM traces for the respective tags (DeSouza et al., 2008). -

1.3.3.5 The absolute quantification strategy

The absolute quantification (AQUA) strategy is a method used for quantitative
analysis of proteins and post-translational modifications. This technique is designed
to specifically look for phoshorylated proteins giving it an added advantage to other
techniques. The difference between this method and other quantification methods is
that it relies on measurements made at the peptide level. The first stage of this
method involves introducing stable isotope labelled internal standard peptides into a
protein sample during proteolytic digestion (Kirkpatrick et al., 2005). The only
difference between the internal standard and the target peptide are their masses: the
labelling produces a shift in mass, which is detected by mass spectrometer (Gerber et
al., 2003). Liquid-chromatography selected reaction monitoring (LC_SRM) is used
to measure the AQUA peptide and the unlabelled peptide. SRM is a method used in
tandem MS/MS in which an ion of a particular mass is selected in the first stage of a
tandem MS and in the second mass spectrometry stage an ion product from the

fragmentation reaction of the precursor ion is selected for detection.

The second stage of the AQUA strategy is to quantify the native peptide from cell
lysates. A 1D-PAGE is commonly used to fractionate whole cell lysates; the region
of the gel where the protein migrates to is excised to perform further analysis
(Kirkpatrick et al., 2005). In-gel digestion is performed in the presence of the AQUA

peptide and then LC-SRM analysis (Gerber ef al., 2003). Due to an exact amount of
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the internal sample being added, the ratio between the internal standard and the
levels of peptide or the phosphorylated form can be determined by the mass spectra

(Gerber et al., 2003; Kirkpatrick et al., 2005).

For the quantification of phosphoylated proteins, the method is the same, except that
a phosphorylated internal standard peptide is generated as well as a non-
phosphylated internal standard peptide (Gerber et al., 2003). The phosphorylated
peptide is synthesized with a phosphorylated serine, threonine or tyrosine in addition

to the stable isotope labelled residue. The total amount of protein and the extent of

phosphorylation at that modification site can then be determined (Kirkpatrick et al.,

2005). However, a disadvantage to this method is the need to know the position the

protein will migrate to on the gel.

1.3.3.6 Stable Isotope Labelling by Amino Acids in Cell Culture

Stable Isotope Labelling by Amino acids in cell Culture (SILAC) is a labelling
method that uses isotope labelling of amino acids in growth medium to allow
quantification of proteins used in cellular processes of the target organism. Labelling
occurs during the growth of the cell cultures by using medium deficient in certain
essential amino acids that cells cannot synthesis themselves.v Isotopically labelled
analogs are synthesized separately and added to the medium and as these labelled
anologs are supplied instead of the natural amino acids they are incorporated into
each newly synthesised protein chain. There is no chemical difference between the
labelled amino acids and the natural ones enabling the cell to behave like the control

cell population (Ong et al., 2002).
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Due to there being no difference between populations the cells can be treated in
specific ways, allowing a comparison between treated and control populations. These
populations can then be harvested, and because the label is encoded directly into the
amino acid sequence of every protein, the extracts can be mixed. Quantification is
possible in exactly the same way as any other isotope labelling method. The
advantage of this method compared to ICAT is that the labelling is not restricted to
proteins containing cysteine residues, which is not as abundant as other amino acids.
Another advantage is that as the proteins are uniformly labelled several peptides
from the same protein can be compared to identify whether the change in modulation
is accurate (Ong ef al., 2002). Although SILAC was originally designed for use in
mammalian cells it has now been adapted for use in a number of species (Jiang &

English, 2002; Kerner et al., 2005; Nirmalan et al., 2004).

This method can also be applied in detecting changes in phosphorylation states
(Blagoev et al, 2004). Park et al, (2006), combined this method with
immunopreciption to identify phosphorylation sites for the ion channel Kv2.1.
Another use of this method is to study protein turnover as well as differential
expression. The most common experimental design using SILAC compares cellular
states in a binary comparison, however, it is often beneficial to undertake multiplex

experiments by using three isotopically distinct forms of arginine and lysine.

A possible drawback to this technique is the unintended conversion of some amino
acids used in the labelling processes, creating amino acids that could affect the
quantification of samples. Several studies have shown that conversion of

isotopically coded arginine to labelled proline can occur (Blagoev & Mann, 2006;
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Hwang et al., 2006; Ong et al., 2002; Ong & Mann, 2006; Schmidt et al., 2007; Van
Hoof et al., 2007). This can result in the relative abundance observed being affected
as well as complicating the mass spectrometry data by increasing the number of
peptide ion peaks. There are several possible ways to minimise this problem;
reducing the concentration of arginine in the SILAC media which méans it is
metabolically unfavourable as a precursor for proline synthesis (Blagoev & Mann,
2006), avoiding arginine altogether (Hwang et al., 2006), making mathematical
corrections post-analysis and supplementing SILAC media with standard L-proline
(Bendall et al., 2008). The latter of these suggestions seems to prevent the

conversion of arginine without affecting the results.

1.3.3.7 Label-free techniques

By removing the labelling step errors in quantification arising from the shortcomings
of the different labelling techniques are eliminated. There are currently two very
different protein quantification strategies used for label-free quantification: a)
spectral counting where the number of fragment spectra identifying a given peptide
are counted and compared (Wang ef al., 2008) and b) peptide chromatographic peak
intensity measurements in which the mass spectrometric signal intensity of peptide
precursor ions from a particular protein are measured and compared (Bantscheff er

al., 2007; Wang et al., 2008).

Spectral counting is based on the observation that if there is more of a particular
protein present, there will be more MS/MS spectra for the peptides of that protein.

Relative quantification can therefore be calculated by comparing the number of
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spectra between experiments. An advantage to this technique is that both protein
identification and protein quantification can be achieved simultaneously with
extensive MS/MS data collected across a chromatographic time scale. This technique
is controversial due to it not measuring any direct physical property of a peptide. It

also relies on the spectra quality.- and any error would lead to inaccurate

quantification. Another disadvantage to this technique is that it only provides relative

quantification and assumes that all peptides will respond identically during analysis
as well as being detected equally well during MS. Old et al., (2005) proved that often
peptides will not behave as anticipated by showing that in one experiment 90% of the
total peptides eluted in a single strong cation-exchange (SCX) chromatography

fraction.

Peptide ion intensity measurements integrate mass spectrometric peak areas for every
peptide over the chromatographic time scale. The intensity values for each peptide
can be compared between one or more experiments to gain relative quantification.
An advantage to this strategy is the possibility of distinguishing between distinct
peptide sequences with interfering signals of similar masses due to the zoom scan,
which allows a narrow mass window to examine ions, and MS/MS data. However, a
special algorithm is required to align LC-runs prior to identifying corresponding
peptides. The chromatographic profile needs be optimised to allow for
reproducibility and for corresponding peptides between experiments to be found
without too much difficulty (Bantscheff et al., 2007). An alternative method has been
proposed which involves the mass spectrometer no longer cycling between MS and
MS/MS mode, but instead to detect and fragment all peptides simultaneously by

rapidly alternating between high- and low-energy conditions in the mass
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spectrometer (Bantscheff et al., 2007). Label-free methods are probably the least
accurate within the mass spectrometer quantification strategies but cheaper than
labelling peptides. Also, it does not restrict the amount of experiments that can be

compared.

1.3.4 Bioinformatics analysis of proteomic data

Bioinformatics has become an integral part of proteomics, which has become more
dependent on bioinformatics for storing proteomic data in databases, as well as for
protein identification and interpretation (de Hoog & Mann, 2004). Databases are at
the core of bioinformatics, they are required to build a system that is able to capture,
store, retrieve and analyse all data concerned (Dhingra ef al., 2005). There are many
databases available which have different advantages and disadvantages. These
databases use mass spectrometry spectra to identify peptide fragments. For each
proteomic technique there are often one or two specific pieces of software which
allow analysis of the spectra and identification and quantification of the proteins
present. These software packages not only use the different databases but also have
their own algorithms and settings for identification and quantification. Without this
technology proteomics would not be a powerful tool, however, as each package is
slightly different the choice of package to use could result in bias. Once
identifications have been made and any proteins of interest identified there are again
a number of pieces of software which have the ability to use the list of proteins to

determine biological processes, cluster proteins and map to pathways.
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1.3.5 Biological implications of proteomics in investigating
mammalian muscle cells

Proteomic techniques currently available are enabling the understanding of cellular
processes on a protein level and are utilised for a number of different studies,
including those investigating the muscle proteome. Burniston ef al., (2007) employed
a 2-DE method to investigate the anabolic effect of clenbuterol on rat plantaris
muscle. They were able to ‘successfully identify five proteins modulated after
treatment; heat shock protein 72, B-enolase, aldolase A, adenylate kinase and
phosphoglycerate mutase. Stella ef al. (2011) were able to identify 19 non-redundant
differentially expressed proteins including actin, myosin and beta-enolase, when
analysing the effects of clenbuterol on cattle muscle using a DIGE method. Cui et al., |
(2009) were able to successfully use a SILAC method to identify differentially
expressed proteins between rat myoblasts and myotubes. In this study a total of 400
proteins were identified as differentially expressed. Using a different labelling
technique, ICAT, Toigo et al, (2005) investigated the subproteome of atrophying
mouse skeletal muscle and were able to identify 62 modulated proteins. The iTRAQ
technique has also been used to examine the muscle proteome. For example,
Hakimov et al, (2009) used this form of labelling to confidently catalogue 542
proteins in porcine muscle. Warren ef al., (2010) combined iTRAQ with OFFGEL
fractionation to study the cardiac proteome. Label free techniques have also been
combined with OFFGEL fraction as shown by Fraterman et al.,, (2007), who were
able to identify 61 proteins that were differently expressed between two extraocular
muscle types. Salem et al., (2010) were able to identify a total of 146 significantly
modulated proteins in atrophying muscles in rainbow trout using the peak intensity
label free method. Although a number of proteomic techniques have been used to
investigate the mechanisms with muscle cells on a protein level, most only utilise
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one technique per investigation. This may limit the data gained as each technique has
limitations and may not be able to analyse the complete proteome. In this study more
than one proteomic technique will be employed to hopefully increase the knowledge
on the effect of salbutamol on muscle cells. These techniques will also be compared
to each other in an attempt to ascertain how well the different techniques to correlate

with each other.
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1.4 Genomics

Genomics is able to give us an insight into the complex nature of all organisms,
however, there is an absence of a direct functional correlation between gene
transcripts and their corresponding proteins (Dhingra et al., 2005). Along with
proteomics data it is important to gain further knowledge on mechanisms within
muscle cells and identify any differences and similarities in the tfansciptomic data.
Relatively recently there has been a need to sequence entire genomes, which has
driven innovative developments to allow for sequencing technology to be faster,

cheaper and more accurate.

1.4.1 Next generation technologies

In the late 1970’s several publications came out that set the groundwork for
sequence-driven technologies. The most notable publication was by Sanger and
colleagues in 1977 on the development of the chain termination method (Sanger ef
al., 1977). Until recently Sanger sequencing has been the most commonly used DNA
sequencing technique. However, in recent years there have been a lot more
commercially available techniques. Next generation sequencing makes it possible to
obtain a much more detailed picture of the transcriptome or genome of any species.
Currently the high-throughput technologies available that are most commonly used
include: Roche's 454, Illumina's Genome Analyzer and Applied BioSystem's SOLiD
(Zhao & Grant, 2011). These technologies also allow for applications related to
target region deep sequencing, epigenetics(ChIP-seq), transcriptome sequencing
(RNA-seq) and megagenomics. These technologies offer opportunities to increase
our understanding of the functions and dynamics of the genome.
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1.4.1.1 Sanger sequencing

This method is based on the DNA polymerase-dependant syx;thesis of a
complementary DNA strand in the presence of natural 2’-deoxynucleotides (AINTPs)
and 2°3’-dideoxynucleotides (ddNTPs), the latter of which serve as non-reversible
synthesis terminators (Sanger, 1977). Fluorescent detection allows the four
terminators (ddATP, ddCTP, ddTTP and ddGTP) to be combined into one reaction
by having them labelled with different fluorescent dyes. Whenever a ddNTP is added
to the growing oligonucleotide chain the DNA synthesis is terminated. This results in
truncated products of various lengths with an appropriate ddNTP at their 3’ terminus.
The products are separated by their size using capillary gel electrophoresis and the

terminal ddNTPs are used to identify the DNA sequence of the template strand.

This technique has a lot of advantages and has a relatively low error rate. However, it
is an expensive technique which has allowed other technologies to be developed.
Another limitation of Sanger sequencing is the requirement of in vivo amplification
of DNA fragments that are to be sequenced, which is usually achieved by cloning
into bacterial hosts. However, this step is prone to host-related bias and is quite a
lengthy and labour intensive step. The 454 technology was marketed as a way of

bypassing this.

In this study the next generation sequencing technology will be utilised to identify
changes occurring within the genome under the influence of B-agonists. As
previously stated it is extremely impoﬁant to understand the mechanisms within a
cell at both the genomic and proteomic level which is why both areas will be

investigated.
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1.4.1.2 454 sequencing technology

This technique avoids the cloning requirement by using a highly efficient in vitro
DNA amplification method called emulsion PCR. In emulsion PCR the DNA is
fragmented and attached to streptavidin beads using adapters. Each bead contains
only one DNA fragment and is captured into separate emulsion droplets. Each
droplet acts as an individual amplification reactor producing around 10 clonal copies
of unique DNA template per bead (Margulies et al., 2005). The beads are then
transferred into a picotiter plate and clonally related templates are analysed using a
pyrosequencing reaction. Pyrosequencing is a sequencing by synthesis technique that
measures the release of inorganic pyrophosphate (PPi) by chemiluminescence. The
template DNA is immobilized and solutions of dNTPs are added one at a time.
Whenever the complementary nucleotide is incorporated the release of PPi is
detectable by light produced by a chemiluminescent enzyme present in the reaction
mix. The DNA sequeﬁce of the template is determined from a “program” which
corresponds to the order of correct nucleotides that that been incorporated. The
pyrosequencing approach is prone to errors as a result of incorrectly estimated

lengths of homopolymeric sequence stretches.

1.4.1.3 Illumina

The Illumina approach is able to achieve cloning-free DNA amplification by
attaching single-stranded DNA fragments to a solid surface known as a single-
molecule array and conducting solid-phase bridge amplification of single-molecule
DNA templates (Bennett ef al., 2005; Bentley, 2006). Briefly, this process involves
one end of a single DNA molecule being attached to a solid surface using an adapter.

The molecule is then bent over and hybridized to complementary adapters forming
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the “bridge” and so creates the template for the synthesis of the complementary
strands. After the amplification step more than 40 million clusters are produced; each
cluster is composed of approximately 1000 clonal copies of a single template
molecule. The templates are sequenced in parallel using a DNA sequencing-by-
synthesis approach that uses reversible terminators with rémovable fluorescent
mpieties and special DNA polymerases that can incorporate these terminators into
growing oligonucleotide chains. The terminators are labelled with four different
fluorescent dyes to allow the different bases to be distinguished at any given
sequence position. The template sequence of each cluster is identified by reading off

the colour at each successive nucleotide addition step.

This approach is more effective at sequencing homopolymeric stretches than
pyrosequencing. However, it does produce shorter sequence reads so cannot resolve

short sequence repeats.

1.4.1.4 SOLiD sequencing

Massively parallel sequencing by hybridization-ligation, implemented in the
supported oligonucleotide ligation and detection system (SOLiD) is the most recent
technique available. The ligation chemistry used in this approach is based on the
colony sequencing technique that was published in the same year as the 454 method
(Shendure et al., 2005). Constructing the sequencing libraries starts with an emulsion
PCR single-molecule amplification step which is similar to the one used in the 454
method. The amplification products are transferred to a glass surface where

sequencing occurs by sequential rounds of hybridization and ligation with 16
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dinucleotide combinations labelled with four different fluorescent dyes. Each
position is probed twice and the identity of the nucleotide is determined by the colour
seen which results from two successive ligation reactions. The two-base encoding
system enables the distinction between a sequencing error and a sequencing
polymorphism. A diagram outlining the process undertaken for SOLiD sequencing is

presented in Figure 1.4.
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Figure 1.4 Diagram describing the process of SOLID sequencing. The sequencing
is based on ligation chemistry. The process starts with constructing the sequencing
libraries using emulsion PCR. The amplification products are transferred to a glass
surface where sequencing occurs by sequential rounds of hybridization and ligation
with 16 dinucleotide combinations labelled with four different fluorescent dyes. Each
position is probed twice and the identity of the nucleotide is determined by the colour
seen which results from two successive ligation reactions. Images taken from Life
Technologies, Carlsbad, CA.

1.4.2 Transcriptome sequencing

When a gene is expressed in a cell, its code is transcribed to an intermediary
messenger RNA (mRNA) which is then translated into a protein. The identification
and quantification of mRNA in cells under different conditions or in different cell
types has long been of interest. The sequencing of cDNA rather than genomic DNA
allows the analyses to focus on the transcribed portion of the genome. Transcriptome

sequencing can be used for gene expression profiling and genome annotation.

One method for achieving gene expression profiling and genome annotation is using
microarrays where cDNA is hybridised to an array of complementary oligonuclotide

probes which correspond to genes of interest. The abundance of a particular mRNA
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is estimated from the hybridisation intensity to the probe (Schena et al, 1995).
However, the detection of genes on a microarray is limited due to the microarrays
 being designed for specific genomic annotations. Any non-annotated or any
incorrectly annotated genes will be missed. A second method uses sequenced cDNA
fragments to count the number of times a particular fragment is observed to measure
abundance (Velculescu er al, 1995). Direct sequencing is independent of any
annotation allowing novel transcripts and slice variants to be measured. With many
advantages including high resolution, the next generation RNA-seq is quickly
replacing microarray methods for transcriptomics. The only downside to this new
technology 1is the émount of data produced creating a challenge on a bioinformatics

level to deal with the large files and extract the relevant data.
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1.5 Aims and Objectives

Studies into B-agonists are increasing due to their interesting effects on muscle cells
as well as their better known use as bronchodilators (Bresnick et al., 1949; Emery et
al., 1984). Salbutamol is the Pr-agonist that is of interest in this study due to its
ability to increase muscle growth at a lower dose than other B;-agonists making it
safe for human use (Price & Clissold, 1989). Although there is a large amount of
knowledge about the effects of By-agonsits, the mechanisms by which they work
within the cells are poorly understood. By understanding the mechanisms of the ;-
agonist; salbutamol, within skeletal muscle cells it is hoped to not only help combat

the side effects of this drug but also to be used as a treatment for muscle wastage.

One aim of this project is to use proteomic and genomic technologies to model
changes in the development of mammalian skeletal muscle cells in vitro in the
presence of salbutamol, and to identify proteins and pathways within these cells that

interact with, and could therefore be potential targets for these agents.

The second and most important aim of this project is to determine the ability for
different techniques correlate to allow the system as ’a whole to be examined and not
just on one biological level. There are a number of techniques available with the
capacity to determine the protein and gene expression in a growing organism as well
as a variety of down-stream bioinformatic software packages that allow for further
analysis. However, it is unclear how successfully the results obtained using these
techniques and packages correlate with each other, not just between different fields

such as proteomics and transcriptomics but within the same field. This study hopes to
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determine whether a systems biology approach can be undertaken with the

techniques currently available.

This study of potentially very interesting aims will be achieved by:

> Using a variety of non-gel and gel-based proteomic techniques to analyse the
protein expression, biological processes and pathways affected in response to

exposure of salbutamol.

» Using next generation sequencing will to identify modulations within the

transcriptome after treatment with the B-agonist.

» Comparing the transcriptomic and proteomic data to further understand the
mechanisms of salbutamol as well as determining how efficient the

correlation between gene expression and protein expression is.

» Undertaking a bioinformatic analysis of all data sets using a variety of
programmes. The resulting identifications and quantifications from each
software package will be compared to determine if any bias occurs by using

different approaches.

It is hoped that this investigation will highlight the importance of utilising a number
of techniques to gain a greater insight into the mechanisms of salbutamol within
muscle cells as well as the consequences of not fully understanding how technologies

integrate with each other.
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2 Chapter 2

DIGE analysis of the modulation of the primary
rat cell proteome following treatment with
salbutamol
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2.1 Introduction

One of the main aims of this project is to identify modulation occurring within the
muscle proteome due to the treatment of salbutamol. Gel baséd separation is a
technique that is still frequently used within proteomics to identify proteins on a
quantitative level (Choi et al., 2010; Kosako & Nagano, 2011; Tafelmeyer ef al.,
2008; Thomas et al., 2011). Two-dimensional gel electrophoresis (2-DE) is a well
established technique that separates proteins: first, according to their isoelectric point
and then by molecular mass (Kenrick & Margolis, 1970). It is also an approach that
when combined with other techniques can produce different types of data, as well as
the relative abundance of differentially expressed proteiﬁs. For example, when
combined with immunoblotting it can be used to identify the existence of multiple
forms of a protein (Celis & Gromov, 1999). This method can also be used to reveal
any post-translational modifications within the sample. However, there are several
limitations to this method; often a lack of reproducibility is seen and the comparison
of results between gels is often unreliable. No two gels are identical due to
inhomogeneities in the polyacrylamide gels, electric and pH fields and thermal

fluctuation, which affect the ability to accurately match spots between different gels.

A modified version of this method, called difference gel electrophoresis (DIGE), is
more commonly used for observing differences in protein expression. In DIGE,
treated and control samples are labelled with two cyanine dyes (Cy3, Cy5) to enable
both samples to be run on the same gel (Unlu ef al., 1997). This diminishes some of
the problems seen with 2-DE as both samples will experience the same conditions

and there is no variability between gels. The dyes have been manufactured so that
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they match the charge of the protein residue which has been modified and all three .
dyes have similar molecular masses and charge. They also possess distinctive
fluorescence spectra allowing spots to be identified through fluorescence imaging
which has equal sensitivity to silver staining. An internal standard, created using
pooled aliquots of all the samples in the experiment and labelled with Cy2, is also
used. This is run on the same gel, allowing the abundance of each spot on the control,
or treated sample, to be expressed as a ratio compared to the internal standard.
Computer software allows these ratios to be measured and statistical analysis to be
performed. Four pairs of biological replicates, which are run on four different gels at
the same time, are needed for each experiment to minimize any biological variations
in the statistical test. (Karp et al.,, 2004) This method relies on the ability to
statistically determine the extent of differential protein expression between control
and treated samples accurately. A specifically designed piece of software for DIGE
using the internal standard experimental design called DeCyder is used to identify
proteins of interest and perform the statistical analysis (Yan et al., 2002). Figure 3.1

shows an overview to a DIGE method.
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Figure 2.1 Overview of DIGE workflow

Once primary skeletal muscles cells have been grown and harvested at
Pfizer they can be lysed and the protein labelled with one of the CyDyes. A
different dye is used for control and treated. A pooled sample is labelled
with Cy2. All three samples can be run on the same gel. Once the gel as
been run and scanned a piece of software called DeCyder can be used to
identify if any of the protein spots differ between conditions.

58



2.1.1 Beta agonists

Salbutamol and clenbuterol are two examples of B,-adrenergic agonists. Studies have
suggested that there is great potential in using P;-adrenergic agonists in restoring
muscle mass and strength in humans affected by muscle wastage especially elderly
patients (Carbo et al., 1997; Emery et al., 1984; Herrera et al., 2001; Maltin et al.,
1993). However, the dosage of clenbuterol needed to increase muscle mass in animal
models, when scaled up for estimated human dosage, exceeds the estimated safe dose
for humans (Bantscheff ef al., 2007). Salbutamol is most commonly used as a
bronchodilator, but when its ability to increase muscle mass was investigated it was
observed that much lower dose, which falls within the safe range, is needed to
produce the same effects (Ricart-Firinga et al., 2000). The underlying mechanisms of
the B,-agonist induced anabolism are unclear, though there is evidence to suggest
there is direct involvement from the B,-receptors (Hinkle 2002, Downie 2008). By
identifying the precise cellular activity involved in muscle hypertrophy it is hoped
that enhancement of drug development for this condition will occur. A greater
understanding is needed into the effects of p-agonists within the cells before they can

be used to their full potential within medicine.

It can be hypothesised that this study will highlight proteins associated with the
cytoskeleton, cell growth and energy production as B-agonists are known to cause
hypertrophy within muscle cells. The three most abundant muscle proteins are actin,
myosin and titin (Fulton & Isaacs, 1991). As titin is a large protein that will not enter
conventional 2-DE gels this protein will not be identified in the experiment, but the
other two proteins will most likely be seen as modulated due to their role as

structural proteins.
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Previous experiments using 2-DE have been undertaken to analyse the mechanisms
of B-agonists. Burniston ef al., (2007) identified five proteins modulated; heat shock
protein 72, B-enolase, aldolase A, adrenylate kinase and phosphoglycerate mutase,
within rat plantaris muscle after treatment with clenbuterol. Using SDS-PAGE gels
and western blotting, Oishi ef al., (2004) also identified Hsp 72 as béing modulated
by clenbuterol in rat skeletal muscle. More recent studies have identified heat shock
proteins, including Hsp 72, as having an important role in functional overload in
muscles (Huey et al., 2010). It is likely that heat shock proteins will be identified in
this study due to the cells being put under stress while growing from the treatment. A
recent experiment using 2-DE found that proteins within the functional classes of
signalling, hydrolase, cell organization, transcription, translation, chai)erone, Ca?*-
binding, energy metabolism and immune response are modulated in cardiomyocytes
treated with isoproterenol (Hong et al., 2011). Although this study is using heart
muscle, the proteome of heart and skeletal muscle is very similar (Raddatz et al.,
2008), it can be hypothesised that similar proteins and functional classes will be
affected by salbutamol, as the drug’s mechanisms should resemble those of other -

adrenergic agonists.

Studies completed with a range of other methods have identified possible
mechanisms of the B-agonists. It is already known that B-agonists interact with G-
coupled B-receptors. The stimulation of the G-protein by the B-agonists leads to the
production of cyclic adenosine monophoshate (cAMP) and activates adenyle cyclase.
It is hoped that this experiment may shed some more light on the role of the receptor
via modulations in related proteins. Shi ef al,, (2007) determined the involvement of

both the PKA signalling pathway, MAPK signalling pathway and ERK signalling in
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the hypertrophic process in fast-twitch muscle fibres caused by clenbuterol. It is
conceivable that proteins within these pathways will be detected within a DIGE
experiment. Although testosterone is not a B-agonist it has the same side effects and
mechanisms within muscles. Wu et al, (2010) found that testosterone-induced

hypertrophy is dependant also on the activation of erk.

2.1.2 Aims

In this chapter, a DIGE analysis of the effects of salbutamol on the rat skeletal
muscle cell proteome was undertaken. The aim of using this approach was to give a
simple overview of the effects on the cell, before going on to use other methods to
give a deeper understanding and quantification of any proteins identified within this
study. The first aim is to grow a cell culture system to determine the optimal
concentration of salbutamol needed for an effect to be seen. This will be followed by
identifying the differences in both cell morphology and at a protein level between
control and treated samples. The last aim will involve analysing different pieces of
software available for pathway analysis. Any results gained from this experiment
would be used to direct further investigations as well as helping to gain insight into

the mechanics of salbutamol.
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2.2 Method and Materials

2.2.1 Cell Culture

Primary rat skeletal muscle cells, prepared by Pﬁzer, were transferred into cell
growth medium (DMEM, 20% (v/v) FCS, 1.4% (v/v) antibiotic-antimycotic
sblution). Treatment occurred after three days of incubation, when cell layers were
approximately 90% confluent. First each well was washed with 5 ml phosphate
buffer saline (PBS) (137mM NaCl, 2.7mM KCIl, 10mM Na,HPO,, 2mM KH,PO,,
pH 7.2). Following this, 4.5 ml of cell fusion medium (2.5% DHS (v/v), DMEM and
antibiotic-antimycotic solution) was added to each well. On each six well plate 500
pl of 10*M salbutarhol, dissolved firstly in dimethyl sulfoxide (DMSO) then added
to a DMEM solution, the final concentration of DMSO being 1% (v/v), was used to
treat three of the wells. The other three wells were used as control wells and had 500
ul of 1% (v/v) DMSO in DMEM solution added. Cells were incubated for different
time lengths: 24 hr and 96 hr. For each time point six plates were collected and the
wells washed with PBS three times and frozen at -80°C. Images of cells (Figure 2.1)
at different time points under both conditions were provided by Adrian Thompson,

Pfizer.

2.2.2 Sample Preparation

2.2.2.1 Lysis of cells
One ml of lysis buffer (30mM Tris/H-Cl, 2M thiourea, 7M urea, 4% (w/v) CHAPS)
was added to each well and scraped thoroughly before being transferred to a

sterilized 1.5 ml tube. Samples were treated to a freeze/thaw process four times, and

62



then centrifuged at 16000 x g for 10 min and the pellet containing any insoluble
protein was discarded. For each time point and condition four biological replicates

were collected.

2.2.2.2 Protein Assay

Protein concentration was determined using the Bio-Rad Protein Assay. Standards of
10, 20, 30, 40 and 50 pg/ml were made using a 1 mg/ml stock solution of bovine
serum albumin (BSA). Samples were diluted 1 in 10, 1 in 50 and 1 in 100. A 100 pl
aliquot of standards, blanks and samples were all made in duplicate and placed into
the appropriate wells within a 96 well plate. Coomassie Plus Reagent was diluted 1
in 4 with water and 200 pl was added to each well. The plate was left at room
temperature for between 5 min and 1 hr before using a Multiskan Ascent microplate
photometer (Thermo Scientific) to read the absorbance at 540 nm. The software
plotted a graph of the absorbance readings for the standards verses the concentration
of protein in each standard, which was used to determine the concentrations of the

samples using their absorbance readings.

2.2.2.3 Acetone Precipitation

The required volume, to equal 100ug of each sample, was transferred to a 1.5 ml
tube. Five volumes of ice cold acetone were added to the tube, vortexed and
incubated overnight at -20°C. Samples were centrifuged at 2000 x g for 5 min at 4°C

before carefully removing the supernatant and leaving the pellets to air dry.
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2.2.3 Protein separation

2.2.3.1 Mini 2D-gel electrophoresis

2.2.3.1.1 Rehydration

To the precipitated protein pellet, 130 pl of rehydration buffer (8M urea, 2% (w/v)
CﬁAPS and 0.002% (w/v) bromophenol blue) including 0.02% (w/v) DTT and
0.02% (w/v) IPG buffer pH 3-10 (GE Healthcare), was added. This was left at room
temperature for 1 hr with occasional mixing. To remove any insolub)e material the
sample was centrifuged at 16000 x g for 3 min. An aliquot of 125 pl of rehydration
buffer sample mix was run along the bottom of the rehydration tray and the 7 cm pH
3-10 non linear (NL) IPG strip (GE Healthcare), positioned with the gel face down,
was placed on to the rehydration tray. The strip was covered with DryStrip cover
fluid and the lid to minimize evaporation. This was then incubated over night at room

temperature to rehydrate.

2.2.3.1.2 First dimensional Isoelectric focusing (IEF)

The rehydrated strip was placed on an Ettan™ IPGphor II™ (GE Healthcare)
following the manufacturer’s handbook. Strips were focused at 50 pA per strip
following a five step protocol involving; 3 hr Step at 300 V, 3 hr Gradient at 600 V,

3 hr Gradient at 1000 V, 3 hr Gradient at 8000 V and 4 hr Gradient at 8000 V.

2.2.3.1.3 Second Dimensional SDS-PAGE
The strip was equilibrated in 10 ml of SDS-equilibration buffer (2% (w/v) SDS,

SOmM Tris-HCL pH 8.8, 6M urea, 30% (v/v) glycerol and 0.002% (w/v)
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bromophenol blue) plus 1% (w/v) DTT for 15 min with shaking. The strip was then
incubated in 10 ml of SDS-equilibration buffer containing 2.5% (w/v) idoacetamide
(IAA) for 15 min with shaking. A gel was cast following the recipe set out in Table

2.1 for a 15% (v/v) resolving gel.

Table 2.1 15 % (v/v) Resolving Gel

Reagent Volume Additional information-

30 % (v/v) acrylamide 10 ml

1.5 M Tris-HCI pH

8.8 5ml
Ultrapure H,0 4.6 ml
10% (v/v) SDS 0.2ml
10% (v/v) ammonium
persulphate (APS) 0.2 ml Add fresh
TEMED 0.01 ml Add fresh

Once the gel was set the equilibrated IPG strip was slotted on to the top of the gel
with the acidic end to the left. The strip was overlaid with a 0.5% (w/v) agarose
sealing solution and assembled in to a PROTEAN™ 11 Slab Cell Kit (Bio-Rad).
Running buffer was prepared as a 10 x stock solution but diluted to 1 x (2.5mM tris-
base, 19.2 mM glycine, 0.02% (w/v) SDS) before use. The gel was run at 150 V and

30 mA for about an hour or until the dye-front had run to the bottom of the gel.
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2.2.3.14 Coomassie blue staining

After electrophoresis, the gel was removed from the gel plates and fixed (40% (v/v)
ethanol, 10% (v/v) acetic acid) for 2 hr. The gel was washed twice for 10 min with
ultrapure H,0 (resistivity 8.2 Qm, Milli-Q grade), before staining for 1-7 days using a
colloidal coomassie stain (1 part methanol, 4 parts colloidal stock (0.7M ammonium
sulphate, 1.2% (v/v) phosphoric acid and 1.9% (v/v) of a 5% (w/v) coomassie

stock)).

2.2.3.2 Large 2D-gel electrophoresis

2.2.3.2.1 Rehydration

A volume of 460 pl of rehydration buffer (§8M urea,' 4% (w/v) CHAPS and 0.001%
(w/v) bromophenol blue) was added to the protein pellet. Before adding rehydration
buffer to the samples, 3.4 mg dithiothreitol (DTT) and 5.5 pl! IPG buffer pH 3-10
(GE Healthcare) were added to 1 ml rehydration buffer. Dissolved pellets were
vortexed and left at room temperature for 1 hr. The sample was centrifuged at 6000 x
g for 5 min and then 450 pl of the rehydration buffer and sample mix were loaded
into one lane of the immobiline DryStrip reswelling tray (GE Healthcare). A 24cm
pH 3-10 NL IPG strip (GE healthcare) was placed gel side down in to the same lane.
DryStrip cover fluid was used to overlay the strip. Once the lid was in place the strip

was left over night at room temperature to rehydrate.
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2.2.3.2.2 First dimensional Isoelectric focusing (IEF)

The rehydrated strip was placed on an Ettan™ IPGphor II™ (GE Healthcare)
following the manufacturer’s handbook. Strips were focused at 50 pA per strip
following a five step prbtocol involving; 3 hr Step at 300 V, 3 hr Gradient at 600 V,

3 hr Gradient at 1000 V, 3 hr Gradient at 8000 V and 4 hr Gradient at 8000 V.

2.2.3.2.3 Second Dimensional SDS-PAGE

The strip was equilibrated using the same method as the mini 2D electrophoresis (see
section 2.2.3.1.3). Plates were treated with bind saline (80% (v/v) EtOH, 18% (v/v)
dd-H,0, 2% (v/v) acetic acid, 0.1% (v/v) y-methacryloxyproﬁyltrimethoxysilane)
and left for an hour to dry before being assembled. A gel was cast following the

recipe set out in Table 2.1 for a 12.5% (v/v) resolving gel and left overnight to set.

Once the gel was set, the IPG strip was slotted on to the top of the gel with the acidic
end to the left. It was covered with 0.5% (w/v) agarose sealing solution before being
assembled into the Ettan DAL Tsix System. It was then run in 1 x running buffer. The

system was set to run at 5W per gel for 30 min and then 4 hr at 17W per gel.

2.2.3.2.4 Sypro Staining

Once the gel had run, the gel was fixed (40% (v/v) methanol, 10% (Vv/v)
trichloroacetic acid) and left covered on a shaker for 3 hr. The gel was washed three
times in ultrapure H,0, for 10 min each time, then covered with SYPRO® Ruby

protein gel stain (Invitrogen) and developed overnight.
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2.2.3.3 Difference In Gel Electrophoresis

2.2.3.3.1 Sample preparation

The first steps of preparation were undertaken following the methods set out in
sections 2.2.2.1 and 2.2.2.2. After acetone precipitation the pellet was resolubilised
in lysis buffer, described in section 2.2.2.1, to give a final concentration of Spg/ul.
The pH level was checked to ensure it was at pH 8. The rat cell lysates were labelled
using CyDye™ DIGE Flour minimal dyes (GE Healthcare), according to the
manfacturer’s recommended protocol. 50ug of both the control protein sample and
the treated protein sample were added to 1 pl of working (400 pmols/ul) Cy3 or CyS5
(depending on sample) and mixed by vortexing. Control and treated samples were
alternately labelled with either Cy3 or Cy5 to normalize for dye specific effects.
Equal amounts of all samples were mixed together to produce an internal standard, to
minimise differences caused by sample preparation, which was labelled with Cy2.
The labelled mixtures were incubated on ice in the dark for 30 min and the reaction
terminated by the addition of 1pl of 10mM lysine, followed by further incubation on
ice for 10 min. Samples were mixed for each of the four gels as shown in Table 2.2.
An equal volume of 2x sample buffer (2M thiourea, 7M ureé, 4% (w/v) CHAPS) was
added to each of the four biological replicates. The volume of the samples was made
up to 450 pl using rehydration buffer (2M thiourea, 7M urea, 4% (w/v) CHAPS,

0.002% (w/v) bromophenol blue, 2% (w/v) DTT and 2% (v/v) pH 3-10 ampholytes).

68



Table 2.2 DIGE labelling ofsamples

Cy2 Cy3 Cy5
Gel 1 Internal standard Control plate A Treated plate D
Gel 2 Internal standard Control plate B Treated plate C
Gel 3 Internal standard Treated plate B Control plate C
Gel 4 Internal standard Treated plate A Control plate D

2.2.33.2 First dimension separation

Immobiline DryStrips, pH 3-10 Non-Linear 24 cm (GE Healthcare), were rehydrated
over night with the rehydration sample mix using a reswelling tray (GE Healthcare).
IEF was carried out on an EttanIM IPGphor 11IM (GE Healthcare) following the
instructions in the manufacturer’s handbook. Strips were focused at 50 pA per strip
following a five step protocol involving; 3 hr Step at 300 V, 3 hr Gradient at 600 V,

3 hr Gradient at 1000 V, 3 hr Gradient at 8000 V and 4 hr Gradient at 8000 V.

2.2.3.33 Second dimension separation

Low-fluorescence glass plates, 27 x 21 cm (GE Healthcare) were used to assemble
the gels. The back plates were treated with bind-silane solution (80% (v/v) EtOH,
18%  (viv)  dd-1120, 2%  (viv) acetic acid, 0.1% (v/v) V-
methacryloxypropyltrimethoxysilane), and left to dry for one hour at room
temperature. Reference markers were placed on the back plates before gels were cast.
Gel solution was made following the recipe in Table 2.1 for a 12.5 % (v/v) resolving

gel. The solution was made without APS and left in the fridge to cool. Once plates

have been assembled APS was added and the solution poured in to the caster. A
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solution of 0.1% (w/v) SDS was used to overlay each gel and then left overnight to

set.

Prior to the second dimension separation the strips were equilibrated in SDS-
equilibration buffer (2% (w/v) SDS, 50mM Tris-HCI pH 8.8, 6M urea, 30% (v/v)
glycerol and 0.002% (w/v) bromophenol blue) twice for 15 min. DTT 10 mg/ml was
present in the first equilibration and 25 mg/ml of idoacetamide was included in the
second round. The strips were immediately transferred to the 12.5% SDS-PAGE gel
before being covered with agarose sealing solution (0.5% (w/v) agarose, trace
bromophenol blue). Gels were run in the Ettan DALTsix System which was
assembled as guided by the handbook. The gels were run for 30 min at 5 W per gel

and then 4 hr at 17 W per gel or until the tracking dye reached the bottom edge.

A preparative gel was prepared using 400 pg of a pooled sample made from all
biological replicates of treated and untreated samples. This gel was run under the
same conditions as the previous gels and at the same time. The gel was fixed in 40%
(v/v) MeOH, 10% (v/v) acetic acid for 1 hr then washed twice with ultrapure H,O for
10 min before staining with SYPRO® Ruby gel stain (Invitrogen) overnight. The gel
was then washed in 10% (v/v) MeOH, 7% (v/v) acetic acid for 1 hr followed by two
5 min washes in ultrapure H,0. The preparative gel was compared to the DIGE gels

and spots of interest were picked from this gel for MS analysis.
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2.2.3.3.4 Gel imaging
All gels were scanned using Ettan™ DIGE Imager (GE Healthcare) following the
manufacturer’s guidelines. For the fluorescently labelled gels the scanner was set at

specific wavelengths for each dye shown in Table 2.3

Table 2.3 Recommended filters for each dye taken from the Ettan Dige System
User Guide (GE Healthcare)

Dye Excitation Filter (nm) Emission Filter (nm)
Cy2 480/30 530/40
Cy3 540/25 595/25
CyS5 635/30 680/30
Sypro 540/25 595/25

2.2.3.3.5 Gel image analysis

DeCyde:rTM Differential Analysis Software (GE Healthcare) was used to analyse the
gel images to allow spots of interest to be identified. The DeCyder programme works
by firstly importing the gel images into the DeCyder database using the Image
Loader tool. Twelve gel images of three dye channels from four gels were uploaded
into the programme. Every spot on each gel is identified using the batch processor
within the part of the software called DIA (Differential In-gel Analysis). The DIA
module also allows a comparison from a pair of image channels (Cy2/Cy3/CyS5) on
the same gel to be made. All the data is combined into a file which is uploaded to the
BVA (Biological Variation Analysis) section. The next step was to compare all
images from the different gels to gain statistical data on the protein expression levels
of each spot, allowing modulated proteins to be identified. Gel to gel spot matching

was undertaken using a match detection algorithm. A master gel was assigned to one
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of the Cy2 images and each image was then matched to it either by using the batch
processor or manually, enabling all common spots across the gel images to be
identified. To decide whether differences in spot volume between the different gels
were significant the Student’s t-test was performed. Any protein spots which
appeared in nine of the twelve gels and had a +/- fold change of 1.5 or above
(p<0.05) was highlighted as a spot of interest. The preparative gel image was
uploaded into the DeCyder software and assigned the pick gel status. This image was
then matched to the master gel and then any spots of interest were identified on the

preparative gel. These were manually checked before exporting the pick list.

2.2.3.3.6 Identification of protein spots

The pick list was uploaded to the Ettan™ Spot Picker (GE Healthcare) software and
the robotic spot picker was used to remove the spots from the preparative gel. Before
being able to identify the proteins each spot needed to be digested, this was

undertaken using trypsin.

2.2.4 Protein Identification

2.2.4.1 Trypsin digest

Trypsin digestion was performed on all the spots individually. The spots were
destained by incubating at 37°C with 10 pl of 50mM ammonium bicarbonate /50 %
(v/v) acetonitrile (ACN) for 10 min. The destain solution was carefully removed and
discarded and the destain process repeated. Following this, 10 pl of 100 % (v/v)
ACN was added to each spot and again incubated at 37°C for 15 min, at which point

the plug turned white showing dehydration. The solvent was removed and the
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samples replaced into an incubator for 10 min to allow the remaining solvent to
evaporate. Sequence grade trypsin (Roche) was diluted with 50mM acetic acid to
give a stock solution of 100ng/pul. This was then diluted 1/10 with 25mM ammonium
bicarbonate and 10 pl of this solution was added to each well. These were then
incubated for 30 min to 1 hr at 37°C. A further 10 pl of 25mM ammonium
bicarbonate was combined with the solution and left to incubate at 37°C overnight.
To stop the reaction 2 pl of 2.6M formic acid was applied. Samples were stored at

-20°C.

- 2242 LC-MS/MS

The LTQ (LC-MS/MS) (Thermo Fisher Scientific) was used to acquire protein
identifications for all spots. The LTQ is a linear quadrupole ion trap, which is similar
to a quadrupole ion trap, but it traps ions in a two dimensional quadrupole field. This
ion-trap mass spectrometer is coupled to an external electrospray ionisation (ESI)
source to introduce the gas-phase ions to the mass spectrometer. An electrospray is
formed by applying a strong electrical field, under atmospheric pressure, to a liquid
passing through a capillary tube with a weak flux. The field induces a charge
accumulation at the end of the capillary, causing highly charged droplets to form.
The droplets are then passed through either a curtain of heated inert gas or a heated
capillary to remove the last of the solvent. Following this the ions are held in the trap
and then expelled from it, separating the ions according to their m/z, due to the
stability of their trajectory in an oscillating electric field (de Hoffmann, 2002). The
ions expelled from the trap can be fragmented and subjected to MS/MS to give

sequence data for the parent peptide.
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Briefly, the method involves using a Dionex Ultimate 3000 HPLC system equipped
with a nano C18 Pepmap reversed phase column. An injection of 10 pl of the tryptic
peptides, diluted in 1% (v/v) formic acid (FA), was loaded on to a C18 TRAP,
desalted and washed before being transferred on to the column. The peptides were
eluted at a flow rate of 300 nl/min with a linear gradient of 0-50% (v/v) ACN/ 0.1%
(v/v) FA over 30 min, followed by 80% (v/v) ACN/0.1% (v/v) FA for 5 min. The
ionised peptides were analysed using the data-dependant “triple play” mode. This
allows the mass spectrometer to acquire data as an automated process without the
intervention of the user. After the initial MS scan a charge state is allocated to each
ion in the “zoom scan” mode. The threshold for peptides to be further analysed was
set at 20,000. The three most intense ions above the set threshold are selected to be
fragmented and subjected to a final MS/MS scan. The LTQ was tuned before and
after a run using a 500 fmol/uL solution of glufibrinopeptide (m/z 785.8). Once
spéctra (dta files) were collected for samples these were merged into mgf files using
Proteome Discoverer 1.1 (Thermo-Finnigan) before submitting to MASCOT.
MASCOT is a search engine that uses mass spectrometry data to identify proteins

from primary sequence databases.

2.24.3 MASCOT

Mascot Daemon (v 2.3.2) was used to analysis the merge files. The search was set to
use the ratIPI database (v 3.53) ‘with parameters of; fixed modification of
carbamidomethyl of cysteine residues, variable oxidation modifications, peptide
charge of +1,+2 and +3, peptide tolerance of +/- 1.5 Da, a maximum of 1 missed

cleavage and MS/MS tolerance of +/- 0.5 Da.
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2.2.4.4 Bioinformatics Analysis

The Database for Annotation, Visualisation and Integrated Discovery (DAVID v 6.7)
was also used in bioinformatics analysis to allow functional classifications as wells
as identifying which biological processes are enriched. Several different pathway
analysis software packages were used to identify any pathways the proteins of
interest may be involved in. Ingenuity’s Pathway Analysis software, Gene Go and
Pathway Studio 6.1 (Ariadine) were all used by uploading the IPI gene id’s of all

proteins of interest.
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2.3 Results

2.3.1 Optimisation of Cell Culture

The initial part of the experiment involved establishing a primary rat skeletal muscle
cell line which could be treated with salbutamol. Once cells were confluent, the cell
medium was changed to fusion medium including either salbutamol for the treated
cells or an equal amount of DMSO for the control cells. At the appropriate time, the
medium was removed from the plates, wells washed with PBS and plates containing
the cells frozen down at — 80 °C. Before completing this, images were taken of the
cells using high magnification microscopy by Adrian Thompson at Pfizer. A clear
difference can be seen between the control and treated cells when comparing images
taken at Pfizer. Elongation and fusion of the cells can already be seen after 24 hr for
both groups (Figure 2.2 A) but the effect is greater within the treated wells. The
elongation and fusion becomes more pronounced after 96 hr as well as visible
twitching of the cells (Figure 2.2 B). Again the effect is greater in the treated cells
and no twitching can be seen in the control cells. These images support previous
work using B,-adrenergic agonists, which stated that the agonists can cause increased

growth in muscle cells (Choo et al., 1992).
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Figure 2.2 Images ofprimary rat skeletal muscle cells after 24/ir and 96hr.

A) Images were provided by Adrian Thompson, Pfizer of control and treated
primary rat skeletal muscle cells at after 24 hr incubation. Cells were grown
in six well plates and either DMSO, for control samples, or a concentration
of 10'5 salbutamol, for treated cells was added. Samples were not selected
for muscle cells and contain fibroblasts.

Ii) Images of rat skeletal muscle cells under the same conditions as A) but after
96 hr of incubation.

Scale bar = 100pm *estimation
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| 2.3.2 Identification of proteins modulated at 96 hr

Samples from the 96 hr sample set were used for the first DIGE experiment. After
optimisation of the protocol, a successful DIGE run was completed; Figure 2.3
shows an example of one of the gels. Using DeCyder, each of the four gels were
analysed separately then compared to each other to identify all spots. Each spot was
compared between the four gels and to the internal standard before the fold change
between control and treated samples was determined, as well as several other -
statistical measurements. Any spot that was seen in 9 out of the 12 gels was
considered viable. A further requirement for the spot to be determined as
significantly different was the need for the fold change to be > 1.5. The T-test values
were also taken into consideration when deciding spot significance. Altogether 47
spots were determined to be statistically different. Unfortunately, the pick gel was
unusable due to the gel not casting properly and causing it to run inefficiently. A
second pick gel (Figure 2.4) was cast and run to repeat this analysis. However, as the
gel was run at a different time to the original experiment, variations between the gels
were likely. There is also a large amount of noise seen on the gel which makes it
difficult to identify individual spots. When the two pick gels were compared, they
seemed to be a good match, though they were not identical. Out of the original 47
spots identified for further analysis, only 35 of these spots could be matched with
confidence to the second pick gel. All spots identified and matched with DeCyder
were confirmed manually as being the same spots. Out of the 35 spots; 11 of the
spots had a decrease in ratio compared to the control and are assumed to be down-

regulated; the rest had an increase in ratio and are assumed to be up-regulated.
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Figure 2.3 2D Fluorescence Difference Gel Electrophoresis using 96 hr sample
set. Protein from one biological replicate containing control and salbutamol treated
rat skeletal muscles after 96hr of incubation were labelled with Cy3 and Cy5
lluorescent dye and separated two dimensionally using the GE Healthcare protocol
for DIGE on 24 cm strips pH 3-10. An internal standard, labelled with Cy2, was
run on each gel containing samples from all four biological replicates, both control
and treated. Four labelled gels were run in total for a complete DIGE experiment.
This image shows one of the internal standard images which was scanned with
Ettan DIGE Imager (GE Healthcare) at an excitation wavelength of 480/30 nm and

an emission wavelength of 530/40 nm.

The spots picked and identified are labelled on the pick gel in Figure 2.4. The 37
spots identified, were picked, digested and run through a LTQ mass spectrometer.
The search engine MASCOT was used to identify the proteins, using the rat IPI
database. The list of all the hits returned by MASCOT are shown in Appendix 1
fable 1, any hits with a score less than 50 and with only 1 peptide where excluded. A

total of 110 non-redundant proteins were identified for this experiment.
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A\ i S w » A
Figure 2.4 2D gel electrophoresis stained with Ruby Sypro stain with differentially expressed spots labelled.
Protein samples from both control and treated rat skeletal muscle cells (400 pg) was loaded on to the pick gel. This was separated and run under
the same conditions as the fluorescently labelled gels. Gels were then fixed and stained using Ruby Sypro stain and then scanned with an Ettan
DIGE Imager (GE Healthcare). Spots labelled in red have been identified with DeCyder as being up-regulated and those in blue as down-

regulated.



From each spot analysed, more than three hits were returned using MASCOT. A
likely reason for this is incomplete spot resolution. For example, spot 2111 is in an
area where it is difficult to identify individual spots and had 10 identifications
returned. However, this is not always the case, as spot 2588 also returned several hits
but seems to be an obvious individual spot, when viewed as a fluorescent 3D picture.
This may be due to the MS analysis being a more precise method for detecting
individual proteins. Often the same proteins appeared in different spots across the
gel, making it difficult for conclusions to be made, which is addressed further in the
discussion. To attempt to overcome some of these problems the samples could have
been separated further, either before running the gel or using different pH strips e.g.

3-5.6, 5.3-6.5, 6.2-7.5.

2.3.3 Identification of proteins modulated at 24 hr

An identical experiment was completed using the 24 hr sample set. Figure 2.4 shows
examples of the gels run. Only 17 spots were identified as being statistically
differentially modulated using DeCyder for this data set. The labelled pick gel is
shown in Figure 2.6. These spots were analysed using the same methods as
previously described and the hits returned from MASCOT for the 17 spots identified

are shown in Appendix I, Table 2.

81



Figure 2.5 2D Fluorescence Difference Gel Electrophesis of24hr sample set.
Protein samples from both control and treated rat skeletal muscle cells were
labelled with either Cy5 or Cy3 fluorescent dye before being combined with an
internal standard labelled with Cy2. This was then separated two dimensionally
using GE Healthcare protocol for DIGE on 24 cm strips pH 3-10 (GE Healthcare).
Ettan DIGE Imager (GE Healthcare) was used to scan the gels at different
wavelengths for each dye.
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From the MASCOT search most spots came back with between 1-4 identifications,
though one spot returned seven. Only four of the spots identified were down-
regulated. Altogether, 31 non-redundant proteins were identified and from this total
19 of the proteins identified are not found to be differentially expressed in the 96 hr
sample set, which suggests that different pathways are activated at different times
during the treatment. In both sample sets, spots are often dominated with cytoskeletal
proteins, predominately vimentin and desmin which appear in most spots. It is
unclear why certain proteins are constantly seen in several spots over different
experiments. It may be due to these proteins always being post-translationally
modified causing multiple forms, or poor separation is occurring during the
experiments. Whatever the reason it makes a firm conclusion difficult, firstly, as it is
not possible to determine exactly which protein is causing the modulation of the
spots. Secondly, protein modulation may be missed due to a spbt containing more
than one protein being up and down modulated but when accumulated seems

unchanged.
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Figure 2.6 2D gel electrophoresis using 24 hr sample set and stained using Ruby Sypro Stain.

Protein samples from all four replicates of control and treated rat skeletal muscle cells (400 pg) were loaded on to the pick gel. This was
separated and run under the same conditions as the fluorescently labelled gels. Gels were then fixed and stained using Ruby Syrpro stain and
scanned using an Ettan DIGE Imager (GE Healthcare). Spots identified using DeCyder as being statistically different are labelled. Numbers
in red correlate to up-regulated spots and those in blue are down-regulated.



2.3.4 Characterisation of proteins identified at 96 hr and 24 hr

Once a list of identified proteins had been produced, determining which pathways
and functional groups they may be involved in was the next task. By grouping the
proteins into their functional categories using their Gene Ontology
(http://www.geneontology.org/) terms (Figures 2.7 and 2.8) it helped give a better
understanding of which areas of cell biology were being affected by salbutamol. Any
protein which was unidentified or within a functional category with only one protein
identified was classed under “other”. For both 24 hr and 96 hr samples the largest
numbers of identified proteins were cytoskeletal proteins (25%, 26%) followed by

proteins grouped in “other” (18%, 24%), then those proteins involved with

transcription and translation (11%, 11%).

Translation/
Transcription

Cell prolifreation/differentiation Protein synthesis'degradation

Figure 2.7 Characterisation ofproteins identified as differentially modulated in the
rat muscle cells after 96 hr of treatment. Spots identified as being modulated after
96 hr of salbutamol treatment were analysed via the LTQ mass spectrometer.
MASCOT was utilised to make protein identifications using the spectra gained by
comparing peptides to the rat IPl database. The proteins identified were grouped
according to GO terms functions. Percentages of each function compared to the total
identified proteins are shown.
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http://www.geneontology.org/

Other
Cytoskeletal

Calcium binding

Structural protein

Pentose phosphate Protein folding

Hydrolase activity
ATP synthesis/binding
Cell Growth

Metabolic process Stress response

Tricarboxyl acid cycle Translation/Transcription

Glycolysis
Carbon metabolism

Figure 2.8 Characterisation ofproteins identified as being differentially modulated
in rat muscle cells after 24 hr of treatment. Spots identified as being modulated
after 96 hr of treatment were analysed via the LTQ mass spectrometer. MASCOT
was utilised to make protein identifications using the spectra gained by comparing
peptides to the rat IPI database. The proteins identified were grouped according to
GO terms functions. Percentages of each function, compared to the total identified
proteins, are shown.

However, at this point it was not possible to conclude whether the abundance of
cytoskeletal proteins was due to contamination on 2D gels, possibly because of
partial insolubility leading to smearing or, whether this reflected true modulation of
structural proteins relating to cell differentiation. As each modulated spot comprised
on average three protein ID’s, distinguishing the protein responsible for the change in
expression level is difficult. Assessing the MS data (the Mascot score, percentage
coverage and peptide count) for each protein can give a rough indication of
dominance within each spot, but in some spots it was still unclear. For some spots
this analysis enabled a decision on which protein was dominate as some proteins

were often identified with only one peptide or a very low coverage. However, in
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other cases there was a number of proteins still with high coverage, peptide counts .
and scores. The fold change in spot also indicates the degree of modulation. Taken
together, a clearer picture of which proteins were involved in salbutamol modulation
emerges, however without complete Spot resolution, the results must be viewed with

a degree of caution.

When the percentage of proteins from each group compared to the total number of
proteins identified are calculated for each sample set further conclusions can be
made. In Figure 2.9 it is possible to identify that proteins involved in ion binding and
transport, nucleosome assembly, cell interactions and protein binding seem to be
modulated only at 96 hr, whereas structural proteins and energy production proteins
are affected after 24 hr. However, the data set is small which needs to be taken into
consideration when analysing the results. To confirm these finds, further experiments
need to be undertaken. This could indicate that an immediate effect of the anabolic

agent is to produce a structural effect which needs a great deal of energy.
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Figure 2.9 Analysis of differences in percentage ofproteins within certainfunctional groups that are modulated at 24 hr and 96 hr

Functional groups were determined using GO terms. All proteins identified by MASCOT with a score greater than 50 and more than 1 peptide were
used. Percentages were calculated by the number of proteins within a certain functional group compared to the total number of proteins identified for
each time point.



2.3.5 Statistical Analysis of DIGE data

One of the biggest concerns with DIGE is its bias towards abundant proteins and the
inability to distinguish the exact protein within a spot that has caused the change in
ratio. To investigate the reliability of the data collected a separate pick gel (hereby
referred to as the statistical gel) was run under the same conditions as the previous
experiments and 50 random spots were picked and analysed in the same way. Figure
2.10 shows the functionaf groups identified from this experiment. As seen in the 24
hr and 96 hr data sets a large proportion of the proteins identified are cytoskeletal.
Altogether, 200 identifications were made for the 50 spots but there were only 88
non-redundant proteins within this total (Appendix I Table 3). A comparison
between the non-redundant proteins identified in the statistical gel, 24 hr and 96 hr
sample sets highlighted 27 proteins (~30%) in the statistical gel data set that were
found in either the 24 hr or 96 hr data sets. For only 25% and 19% of the proteins
identified at 24 hr and 96 hr, respectively, to be detected in a random selection of
spots suggests that the majority of proteins determined as significant have probably
been modulated. Also, several of the proteins identified in both the statistical test and
DIGE experiment were not always the top hit for their corresponding spot. If only
top hits were compared the correlation would decrease. Further analysis using the

data from this experiment is described in 2.3.6.
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Figure 2.10 Characterisation ofproteins identified after random sampling. Fifty
randomly picked spots from the statistical gel were picked and run through the LTQ
mass spectrometer. The spectra gained from these samples were run through
MASCOT wusing rat IPL database. The proteins identified have been grouped
according to function using there GO terms. Percentages of each function compared

to the total identified proteins are shown.

2.3.6 Analysis using the Database for Annotation, Visualisation
and Integrated Discovery (DAVID)

DAVID provides a set of data mining tools that combine functionally descriptive
data with graphical data. It also provides visualization tools that allow functional
classification, biochemical pathway maps, and conserved protein domain
architectures, which are linked to biological annotation (Dennis et al., 2003). Gene
ID’s for both data sets were separately uploaded on to the DAVID site and data on
functions and pathways were collected (Appendix I, Tables 4-5). DAVID is able to
annotate the data using protein GO terms (http://www.geneontology.org/), the KEGG

pathway database (http://www.genome.jp/kegg/) and INTERPRO
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(http://www.ebi.ac.uk/interpro/), a protein domain database. Once the data had been
compiled any result with a p value >0.01 was removed. The most significant
information gained from the annotation chart for the 24 hr data set was: the most
enriched biological processes involved the metabolic process; the cellular
components most involved are non-membrane bound organelles and the
cytoskeleton; the molecular functions are most likely to be structural activity and
motor activity. However, for the 96 hr data set different areas were enriched:
macromolecular assembly and protein assembly seem to be the most effected
biological processes; again the non-membrane bound organelles and the cytoskeleton
components are involved in the modulation of proteins after treatment but
intracellular organelles and lumen are also highlighted; after longer treatment the
molecular functions now involved according to DAVID are nucleotide and RNA

binding as well as structural activity.

DAVID can also perform clustering of all annotated genes. At 24 hr the main
functional clusters enriched were: “contractile fiber”, “cytoskeleton”, “calcium jon
binding” and “collagen biosynthetic process”. At 96 hr post treatment, the main
enriched functional categories were “cytoskeleton”, “tubulin”, “microtubule-based

movement”, “GTPase activity” “cellular protein complex assembly”, “contractile

fiber” and “regulation of ATPase activity” amongst others.

DAVID usually annotates data against all the genes in the database for the species
selected. As further analysis, the modulated genes for 24 hr and 96 hr samples were
searched against a background uploaded of the genes identified from the random

selection of 50 spots. By comparing with other proteins found within the gel, rather
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than all proteins in the rat genome, a decision can be made about which clusters may
actually be enriched. For the 24 hr experiment no clusters were found but at 96 hr
nine clusters are found (Appendix I, Table 6), all of which were seen in the previous

DAVID experiment.

2.3.7 Pathway coverage of differentially expressed proteins

To expand the examination of the data gained, pathway analysis software was used.
Three pieces of software were tested to assess the identified list of modulated
proteins gained from both the 24 hr and 96 hr sample sets. It was hoped that this
software would increase the understanding of how the proteins identified interact not
only with each other but within different pathways in the cell. The three different
pieces of software have different features which allow a slightly different analysis to

be undertaken.

The Ingenuity Pathway Analysis software is a well cited programme (Berry et al.,
2010; Kash et al., 2006; Li et al., 2007), using information extracted from PubMed to
manually curate a database. The 96 hr sample set was applied to this programme to
identify any pathways the proteins fell into. Using this software, five networks were
identified. The pathways which had the highest scores and related to muscle cells
included skeletal and muscular system development and function; tissue
morphology; cell cycle; carbohydrate metabolism; and cellular development. The
databases used involved all tissues rather than focusing on muscle cells which meant
that pathways involved in other organs were highlighted e.g. neurological disease

pathways, haematological disease and immunological disease pathways which
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although not relevant to muscle cells are still interesting. Proteins within these
pathways have been identified as modulated and these pathways may hold clues on
how the mechanisms of salbutamol induced hypertrophy occur. Only two networks
were identified using the protein list from the 24 hr sample set. The highest scoring
network had pathways involved with skeletal and muscular system development and

function, tissue morphology and cellular assembly and organisation (Figure 2.11).
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Path Designer Network 1

Figure 2.11 Pathways affected by the identified proteins at 24hr mapped using
Ingenuity's Pathway Analysis Software (Network 1).

The network was generated using all hits returned from MASCOT for the 24 hr data
set (Table 2, Appendix I). This image was the top scoring network with a score of 56.
Pathways are scored according to the fit of that network to the user defined set of
genes and derived from their p-value. The pathways shown are skeletal and muscular
system development and function, tissue morphology and cellular assembly and
organisation. Nodes represent proteins involved in the pathway. Different shapes are
used to show the different classes of the proteins; yellow circles represent complexes,
green circles are unknown, red spirals are enzymes, light purple sideways S shapes
are translational regulators, dark purple binocular shapes are transcriptional
regulators and blue upside down bells are transporters. Coloured nodes represent
proteins identified in the DIGE experiment, whereas clear shapes represent the same
groups but not identified. The gene names corresponding to proteins are listed in
Table 8, Appendix I.
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Pathway Studio 6 was also used to analyse the proteins identified from the 24 hr
sample set. This piece of software uses text mining to build its databases. Abstracts
and articles from PubMed are mined and can be referenced on the map. Figure 2.12
is an example of a map created using Pathway Studio 6. This map shows common
regulators and targets for proteins identified at 24 hr. However, not all of the proteins
identified are shown in this diagram as 13 of the proteins were not found to have

common regulators or targets as any other proteins identified.
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Figure 2.12 Map created using proteins identified as being statistically differentfront 24 Ur sample set.

Proteins identified as being modulated at 24 hr were uploaded into Pathway studio 6 analysis software to determine any pathways of interest.
Entities identified from the DIGE experiment are highlighted in pink. Common regulators of these proteins are highlighted in blue. All entities
not highlighted are common targets. Pathways are mapped in a cellular manner and include the mitochondria, nuclei and endoplasmic

reticulum.



The third piece of software used is called GeneGO, which is a manually created
database of experimentally proven protein-protein, protein-DNA and protein-
compound interactions. An example of the shortest pathway found when the 24 hr

protein list was uploaded into the software is shown in Figure 2.13.

Figure 2.12 Map of the shortest pathway found using 24 hr sample set and
GeneGO. Genes identified at 24 hr to be significantly different have been
mapped together, using GeneGO pathway analysis software, to only show those
that interact with each other. Blue entities represent binding proteins, red are
transcription factors, orange are enzymes and purple are compounds. Any
entities that are circled where identified after 24 hr of treatment. The green
arrows represent activation, those coloured in red are inhibition and those in
grey corresponds to transport or consumption/production of metabolic
intermediate.
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Unfortunately limited biological information was gained using the pathway analysis
software, mostly due to the functions not being designed for protein data but for
genomic data. Each programme identified different pathways and different important
genes, with no clear way of distinguishing between the reliability of each piece of

software.
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2.4 Discussion

This study was able to identifying several possible protein changes within muscle
cells after treatment with salbutamol via DIGE. Salbutamol definitely causes muscle
hypertrophy, as seen by other f,-adrenergic agonists (Emery ef al.,1984, MacLennan
& Edwards, 1989)(MacLennan & Edwards, 1989). The images of the primary rat
skeletal muscle cells (Figures 2.1) suggest that the response to this f;-agonist is very
rapid but continues for several days. Yang et al.,, showed that using clenbuterol,
another B,-adrenergic agonist, in vivo increased muscle growth after 2 days, which
reaches a maximum within 8 and attenuates after 14 days. Figure 2.1 clearly shows
that even though the increase in vivo is not seen until the second day, ‘the response

starts well before this.

The initial results of the study show that several key pathways are modulated by
treatment with salbutamol, with significantly more changes occurring at 96 hr post-
treatment. A possible reason for the difference at the two time points may occu;- due
to a greater expanse of pathways being involved at 96 hr as further differentiation
occurs. A large proportion of the proteins identified have effects on skeletal and
muscular development, as well as the celi cycle and glycolysis at both time points.
However, there are several limitations to DIGE which mean that the results obtained
from this study cannot be used to draw a definite conclusion relating to individual

proteins.
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Although there are limitations, this study has identified some potentially interesting
proteins and pathways which are affected by the B,-agonist, salbutamol, as well as
confirming some findings from studies done in other groups. Burniston et al., (2007)
found that heat shock protein (Hsp) 72 was up-regulated when treating rats for two
weeks with clenbuterol, a similar B,-agonsist. However, in experiments undertaken
by Oishi et al.,, (2004), after four weeks the amount of Hsp 72 was significantly
lower in treated rats compared to the control, though a larger dose was used. In the
96 hr sample set experiment, one of the spots included Hsp 70, which was seen to be
up regulated. Hsp 70 seems to have a close relationship with calcineurin (CaN). This
is a Ca®*/calmodulin dependent protein serine/threonine phosphatase, which appears
to be involved with the regulation of muscle fibre differentiation (Oishi et al., 2004).
In the experiment presented here, a serine-threonine kinase receptor-associated
protein was up-regulated as weli as calmodulin. Burniston et al., (2007) found that p-
enolase was also increased, which correlates with our data:. Enolase is a glycolytic
enzyme, however, it is thought it may have a role in other functions. It has been
identified on the surface of eukaryotic and prokaryotic cells and found as an effective
plasminogen receptor (Pancholi, 2001). It is also thought that it may play a role in the
degradation of extracellular matrix which facilitates tissue growth (Pancholi, 2001).
Several of the proteins, for example ATP synthase, triosephopﬁosphate isomerise and
phosphoglycerate kinase 1, found at both 96 hr and 24 hr to be differentially
expressed have a role in either glycolysis or ATP synthesis. It is expected that an
increase of energy would be needed for an increase in muscle mass. Downie ef al.,
(2008) cohcludes that it may be likely that the increase in protein caused by

clenbuterol is due to a drug-induced increase in transcription as opposed to an effect
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on translation, which correlates with the results presented here, where several

translation initiation factors have been up-regulated.

2.4.1 Limitations of DIGE

One of the main disadvantages to DIGE is the inability to distinguish between
different proteins in one spot. In nearly every spot picked (45 spots out of 52 picked
from both experiments) more than one protein was identified. This makes data
interpretation difficult as it is unclear which of the proteins identified will have
caused the ratio change. Also, results may have been lost due to changes in low

abundance proteins being hidden as high abundance proteins have co-migrated.

During this study it was observed that many of the proteins were identified in more
than one spot. This fact needs to be taken into consideration when analysing the
results for several reasons: firstly, the protein in question may have been separated
unsuccessfully causing it to appear all over the gel and effecting ratios of spots.
Secondly, it may reveal important information regarding any post-translation
modifications that may have occurred causing this protein to have a different
molecular mass or charge. For example, an isoform of troponin T was found in three
spots in the 96 hr data set. Troponin undergoes regulation by phosphorylation within
normal muscle cells (Brushia & Walsh, 1999), which would explain its positioning
across the gel. Thirdly, some spots were hard to distinguish as individual spots and
when sampling occurred adjacent spots may have contaminated the result. The pH
range for separation was chosen to ensure no information was lost, however using a

smaller pH range would have helped improve separation though would have
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increased work load and time of experiment. However, in an unrelated collaborative
study using primary rat heart muscle to investigate energy metabolism in low
capacity runners compared to high capacity runners, using a DIGE study under the
same conditions, the experiment was able to show good separation and identified 67
statistically significant proteins that differed between the two rat phenotypes

(Burniston et al., 2011).

When searching the literature these probvlems are not well discussed or analysed. By
reading a selection of ten DIGE papers (Ali et al., 2010; Briolant et al., 2010; Dautel
et al., 2011; Foth et al., 2011; Hamza et al., 2010; Hannan et al., 2010; Martinez-
Esteso et al., 2011; Oe et al., 2011; Paasch ef al., 2011; Tewari et al., 2011) from
multiple journals from the last three years it became clear that these problems are
common but often igﬂored. Most groups only list one protein per spot by only taking
the protein with the highest MASCOT score or using other specifications to narrow
down the proteins. This experiment shows that a large amount of information couid
be lost if post-translational modifications are not taken into account. It is also
possible to over look information by only identifying the most abundant protein in a
spot as the change in abundance could be due to one of the other proteins. In this
experiment if only the top hits were considered only cytoskeletal proteins would be
identified, whereas by analysing all the results we could identify proteins involved
with glycolysis and ATP production, which can be supported by other literature

(Burniston et al., 2007, Downie et al., 2008).
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A recent study by Petrak, J. et al.,, (2008) has shown that very similar proteins are
constantly identified with 2-DE experiments. Several of these proteins which are
highlighted as being commonly modulated appear within this study, such as
vimentin, pyruvate kinase M1/M2, peroxiredoxin and ATP synthase beta subunit. In
Petrak’s study the most frequently identified protein out of the 186 2-DE
experiments analysed was enolase 1. Although in this study enolase 1 was not found
beta-enolase was identified six times over the two time points. Out of the list of 15
top identified proteins listed in this paper, eight where seen in this DIGE experiment,
with two others seen as different isomers. Either these proteins are highly abundant
and are more easily detected or this group of proteins are involved in many different

functions and are far more important than originally thought.

Even with the limitations DIGE is able to identify a number of important proteomic
discoveries, for example, a collaboration with Burniston et al., was able to reveal that
selection on low running capacity in rats is associated with cardiac energy
metabolism and provided the first evidence that the cardiac proteome of low-capacity
runners is exposed to greater oxidative stress using a DIGE methodology (Burniston

etal, 2011).

2.4.2 Interpretation of results

Although DIGE has its limitations it is still widely used in proteomics to give basic
information about protein modulation and coverage. Within this study a smaller
experiment was undertaken to discover the reliability of DIGE results. By running a

typical pick gel under the same conditions and sampling 50 random spots it was
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hoped to identify if the same proteins were being identified no matter which spots
were picked. Encouragingly, less than 25% of proteins identified for both the 24 and
96 hr samples were identified in the statistical test. It has already been discussed that
certain proteins were identified in more than one spoi so it is not surprising that these
proteins would be identified in random sampling. The majority of proteins fell in the
category of cytoskeletél function, which mimicked the samples results. However, as
muscle cells were growing during the study it was predicted that this functional

group would be highly active.

A further analysis was undertaken using DAVID, which allowed clustering of the
proteins identified. DAVID was used first to compare the identified modulated
proteins to the rat protcome then to the list of proteins produced via random
sampling. This second analysis produced no clusters for the 24 hr sample set and four
times fewer clusters for the 96 hr sample set in comparison to the first DAVID
analysis. These results help support the reliability of the DIGE experiments; as there
is a difference in clusters found it shows that very different proteins are being

identified for the two separate studies.

There are also other studies using B-agonists that highlight similar biological
functions or processes as being modulated to those identified in this investigation.
For example, Hong. et al.,, (2011) used a 2-DE method to identify the proteomic
changes within hypertrophic cardiomyocytes after treatment with carndothelin-1
(ET-1) and isoproterenol (ISO). By performing a database search using SEQUEST
the cellular functions of the differentially expressed proteins were obtained. They

found that the major functional classes represented by the differentially expressed
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proteins were signalling and hydrolase. They also. identified other functional classes
which the differentially expressed protein were part of including; cell organization,
transcription, translation, chaperone, Ca2+-binding protein, energy metabolism, and
immune response. Many of these functions were also identified within this study
using a similar agonist which produces the same hypertrophic response in muscle.
Stella et al., (2011) investigated the protein changes within cattle skeletal muscle
after the treatment of 17p-oestradiol or clenbutérol. Using a DIGE methodology they
were able to identify 19 non-redundant differentially expressed proteins. To
determine which proteins were statistically different a fold chaﬁge between treated
and control groups of <0.80 and >1.20, and test p-value >0.05 was used. These
values are a lot less stringent than those used in this study and produced less proteins
identified as differentially expressed. However, several of proteins that were
identified are also observed in this study, for example, actin, desmin, myosin, heat
shock protein beta-1 and beta-enolase. As similar functions and proteins have been
identified in previous studies, which in some cases use less strigent methods for
determining statistically different changes, it enables the reliability of the results

gained to be strengthened.

2.4.3 Overall conclusions

In summary, proteins involved in ion binding and transport, nucleosome assembly,
cell interactions, protein binding and structural proteins seem to be modulated at 96
hr, whereas only structural proteins and energy production proteins are affected after
24 hr. An immediate effect of the anabolic agent is to produce a structural effect
which needs a great deal of energy. It appears a more complex later effect is
observed, involving a number of cellular pathways. It is easy to conclude that
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salbutamol causes muscle hypertrophy, which suggests it may have a similar mode of
action as other B,-adrenergic agonists. This effect on the muscle cell is rapid, and is
clearly seen using high magnification microscopy. As anticipated many of the
differentially expressed proteins identified are cytoskeletal proteins. A significant
number are also involved in transcription or translation. Skeletal development
pathways are activated both at the early and later time points. Up-regulation of ATP
synthesis, glycolysis and phosphoryalation also seems to be occurring, which is

important for growth and differentiation.

There are some limitations of the DIGE results, not least that true quantitgitive ratios
cannot be linked to individual protein identities, since the sensitivity of tandem MS
revealed that most spots on the gels contained more than one protein. However, the
ontology el_‘nrichment analysis is able to show clearly that many of the protein groups
highlighted are likely to be direct or indirect targets for salbutamol, since the
enriched functional categories fit plausible hypotheses of the effects of an adrenergic
agonist. This study has enabled a good first insight into the mechanisms of this
adrenergic agonist. A more in depth study of these interesting findings is discussed in
the next few chapters. It has also come to light how important a technique is to
producing reliable and useful data. Further analysis into proteomic techniques are

also to be investigated.
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3 Chapter 3

A transcriptomic approach to
investigating the effects of salbutmol on
mouse skeletal muscle
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3.1 Introduction

The transcriptome of a cell comprises the total complement of mRNA in that cell at
any given moment. This transcriptome forms the template for protein synthesis,
resulting in the corresponding proteome. Understanding the transcriptome is essential
for interpreting the functional elements of the genome, understanding the working of

cells and tissues, and also for understanding development and disease.

Transcriptomics is a robust, high-throughput technology capable of quantifying tens
of thousands of mRNA species. Proteomics is more limited in breadth and depth of
coverage due to variations in protein abundance, hydrophobicity, stability, size and
charge. Being able to compare transcriptomié and proteomic data is beneficial in
gaining greater knowledge of any overlaps or differences. However, this feat is not
easy due to post-transcriptional gene modifications and the different stabilities and
biological half-lives of RNA and proteins. Post-translational and transcriptional
modifications of proteins and genes are common occurrences that are difficult to
identify and measure. Post-translational mechanisms not only control ‘ gene
expression through mechanisms such as translational control but also the control of
protein and RNA half-lives (Varshavsky, 1996). It is evident that a bridge across
these two disciplines is vital. However, while different scientific disciplines are still
struggling to produce methods to analyse these modifications, it is important that all
transcriptomic and proteomic data are collected with precision and accuracy to

enable understanding of cell biology that is as accurate as it possible can be.
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To investigate the workings of different cells and tissues gene expression is often
observed. There are currently several techniques available that allow gene expression
to be monitored by sequencing the whole genome. These techniques are often
referred to as “next generation sequencing”. Currently this high-throughput
methodology is used on platforms such as Roche's 454, Illumina's Genome Analyzer
and Applied BioSystem's SOLiD. Roche’s 454 technology works by generating a
single stranded template DNA library and amplifying each template read using
emulsion PCR before sequencing the ampiiﬁed templates through sequencing-by-
synthesis (pyrosequencing) (Margulies et al., 2005). This method enables deep
sequencing up to 1000 bp read lengths and up to 1.1 Gb of sequence per run. This is
useful when there is a limited genome due fo the long reads meaning that there is
more overlapping sequence, which helps in piecing a genome together. The Illumina
approach uses a slightly different technique which enables cloning-free DNA
amplification by attaching single-stranded DNA fragments to a solid surface known
as a single-molecule array and conducting solid-phase bridge amplification of single-
molecule DNA templates (Bennett et al., 2005; Bentley, 2006). The Illumina
approach gives reads of up to 150 bp with up to 6.5 Gb of sequence per 24 hr run.
This approach is more effective at sequencing homopolymeric stretches than
pyrosequencing. However, it does produce shorter sequence reads so cannot resolve
short sequence repeats, as well as making it more difficult to assemble data if there is
no genome available. The SOLID system is based on sequencing by ligation. Whole
DNA/RNA samples are used and fragmented with an enzyme before hybridising
with SOLiD based adaptors. The fragments are reverse transcribed, size selected and
amplified by emulsion PCR before the resulting bead with a clonal DNA colony is

positioned on a glass slide ready for sequencing (Schuster, 2008). The SOLiD
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sequencing process creates reads of 50 bp and up to 30 Gb of sequence per seven day
run. This technology also allows up to eight samples to be run at the same time. For
this experiment the Applied BioSystem's SOLiD will be used due to the ability to
perform large scale sequencing, the high accuracy and due to a compréhensive
genome available meaning that short reads will not cause a problem for sequence

assembly.

3.1.1 RNA-Seq

RNA-Seq (RNA sequencing) is a technique that has been developed to use the novel
high-throughput DNA deep-sequencing methods available. This provides a new
method for both mapping and quantifying all transcribed RNA sequences within a
given tissue. It is able to utilise next generation technologies to allow sequencing of
millions of base pairs in a relatively short space of time (Meyerson et al., 2010). This
method has several advantages over current techniques for looking at the
transcriptome. Figure 3.1 shows an outline to the method that will be utilised for this
experiment. Briefly, once a population of RNA, either in total or fractionated form,
such as poly(A), is collected from cell samples it is converted into a cDNA library.
Each molecule is then sequenced in a high-throughput manner‘ to obtain short
sequences from one end (single-end sequencing) or both ends (pair-end sequencing)
(Wang et al., 2009). After sequencing, the acquired reads can either be aligned to a
reference genome or assembled de novo (without the genomic sequence), producing
a tra'nscription map consisting of both the transcriptional structure and/or level of
expression for each gene (Bullard et al., 2010; Griffith ef al., 2010; Marioni ef al.,

2008; Wang er al., 2009). Depending on the sequencing used RNA-Seq has the
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ability to analysis genomes from organisms without a complete genomic sequence,
though those producing short reads can encounter problems in data analysis due to

the lack of gene annotations or the lack of a sequenced genome (Vera et al., 2008).
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Figure 3.1 Overview of transcriptomics workflow

During the first half of the method the cells are grown at the same time as the SILAC
and Lable Free cells in media equivelent to that of the SILAC light media to allow all
three techniques to be compared. Once the cells have been grown and half treated
with salbutamol samples can be collected at four different time points. Earlier time
points are taken as a genomic change would be expected before a proteomic change.
The creation of the cDNA library through to the sequencing and then the mapping of
the reads obtained will be undertaken by the Center for Genomic Research at the
University of Liverpool.
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RNA-Seq can be used to quantify gene expression, as the number of mapped reads to
a given gene or transcript is an estimation of the level of expression of that feature
(Marioni et al., 2008). As a quantitative technique, RNA-Seq is more accurate than
microarrays as it has a large dynamic range which allows the quantification of very
low and high expression levels (Mortazavi et al., 2008). RNA-Seq can also give
information about how two exons are connected using short reads, whereas using
longer reads or pair-end short reads reveals information about connectivity between
multiple exons. All of these factors make RNA-Seq useful for studying complex

transcriptomes and informing genome annotations.

A treatment on any cell type can be accompanied by significant or subtle changes in
the expression of many genes and/or their protein products. In general the transcript
levels of genes are regulated through interplay of transcription factors, chromatin
modifications and RNA degradation rate. By using this technique in this study, it is
hoped that a better understanding of the effects of salbutamol on gene expression will
be understood. This method will allow all genes to be relatively quantified between

an untreated control and a treated sample highlighting any differences.

3.1.2 Muscle cell transcriptome

At the time of writing there was very little known about the effect salbutamol has on
the mouse or rat muscle transcriptome. However, Sato et al., (2008) showed that
clenbuterol significantly increased the RNA concentration and the total RNA content
of fast-twitch fibre rich extensor digitorum longus (EDL). It was also demonstrated

that clenbuterol decreased the B,-adrenoceptor mRNA expression of EDL muscle. It
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has been found that the activation of cAMP response element binding protein
(CREB) by protein kinase A (PKA) is related to B-adrenoceptor mRNA transcription
(Collins et al., 1990; Collins et al., 1989; Mak et al., 1995). Clenbuterol has also
been seen to effect the expression of Cdknla and GHR, two genes that have well-
established roles in muscle growth and development (Guo et al., 1995; Mukherjee et
al., 2004). Spurlock et al, (2006) additionally discovered three differentially
expressed genes which are involved in critical steps of the biosynthesis of
polyamines. Polyamines have been associated with cardiac hypertrophy resulting
from treatment by B-agonists (Cubria er al., 1998). Furthermore, they witnessed a
general up-regulation of translational machinery occurring shortly after the

administration of clenbuterol.

Pearen et al., (2009) used Illumina BeadArray gene expression profiling to examine
the genc expression in skeletal ml;scle in response to formoterol, another B2-agonist.
They found that the gene expression of Stat3, and Smad3, Acvr2b altered after the
treatment. These three genes are directly associated with the regulation of muscle
hypertrophy. Pcaren et al,, (2009) also hypothesis that B-agonist treatment may
enhance myogenesis, which could lead to proliferation, differentiation, and/or
recruitment of satellite cells into muscle fibers to promote muscle growth. Significant
changes are observed in lighlbp3, Smadl, Smad3, FoxOl and Ildbl, all genes
believed to have a role in regulating myogenesis. Their most interesting finding
highlighted a limited number of significantly differentially expressed genes, which
are regulated in the circadian transcriptome of adult mouse skeletal muscle. They
then go on to implicate the PB-agonist signalling pathway in coordinating

communication between central and peripheral circadian clocks in skeletal muscle.
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Although, there is limited information of the effects of B-agonists on a gene level
there has been research published investigating the changes in transcription and
translation on growing and differentiating muscle cells. Choi er al., (2005) identified
an increase in mRNA expression of Fos, Jun, Cdknla, Ccna2, and Myodl was
shown to be associated with cell proliferation. Mancini et al, (2011) have
investigated the activation of the muscle-specific transcriptome using RNA
interference (RNAi) during myoblast differentiation in C2C12 muscle cells. This
cellular process involves expression of the muscle-specific transcriptional process
and changes in cellular morphology. They also identified Dbn1, encoding drebrin, as
a gene that is induced during myoblast differentiation. Their results in turn suggested
that one or more p38-regulated transcription factors are involved, directly or
indirectly, in the expression of Dbnl during myoblast differentiation. It is known that
the p38 MAPK signalling pathway plays an important role in myogenic
differentiation (Guasconi & Puri, 2009; Lluis ef al., 2006). Perdiguero et al., (2007)
demonstrated that p38a is the central p38 MAPK in myogenesis. In this chapter,
fully differentiated cells will be investigated but it is possible that the B-agonist may
cause further fusion of cells, which Dbnl and other genes involved in myogenesis,

may be part of.

3.1.3 Aims

This chapter investigates the mouse transcriptome in an attempt to discover the
effects of salbutamol in skeletal muscle cells at a gene level. Although not directly
comparable it is hoped that the data collected may complement the data already
collected using the DIGE technique, as well as identifying differences that may occur

at a gene level compared to a protein level. These results will also be compared with
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further proteomic work using the same cell line in other chapters. As a different cell
system was used, the first aim was to optimise growth conditions for the
immortalised cell culture system in a medium suitable for this experiment but also
for the SILAC (Chapter 4) and label free (Chapter 5) proteomic analysis. The next
aim involved producing enough depleted RNA to use for RNA-Seq. The last aim was
to analyse the data and identify any differently expressed genes, what their biological

meaning is and whether this correlates with any data already gained.
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3.2 Method and Materials

3.2.1 Cell Culture

3.2.1.1 Growing C2C12 cells

C2C12 mouse cell line were grown as myoblasts in 25 cm? bottom (T25) vented cell
culture flasks (BD Falcon™) and incubated at 37°C in a 5% CO, humidified
incubator. Initially they were grown in filter sterilised DMEM medium (Sigma-
Aldrich) supplemented with 10% (v/v) FCS and 1% (v/v) L-glutamine (Sigma-
Aldrich) and 1% (v/v) penicillin-streptomycin (Sigma-Aldrich). A stock medium
(DMEM low glucose minus arginine and lysine media (Sigma-Aldrich) including:
0.0159 g/L Phenol Red, 0.0001g/L proline, 0.105g/L L-leucine, 0.11g/L sodium
pyruvate, 4.5g/L. D-glucose, 1% (v/v) penicillin-streptomyocin, 10% (v/v) fetal calf
serum) is initially assembled. Before the cells could be transferred L-arginine and L-
lysine needed to be added to complete the medium. They were made up as stock
solutions of 0.1g/ml in DMEM low glucose media. L-arginine 0.08% (v/v) and L-
lysine 0.15% (v/v) from the stock solutions were combined with the stock medium.
This media is suitable to use for other proteomic techniques (Chapters 4 and 5) to

enable a fair comparison.

3.2.1.2 Splitting Cells

C2C12 cells need to be split before they become confluent to sustain the culture, as
they start to differentiate into myotubes once confluent. To split a 25 cm® flask of
cells, the old medium was first removed and the flask washed with 5 ml of HEPES

buffer (Sigma-Aldrich). The buffer was then disposed of and 5 ml of trypsin (Sigma-
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Aldrich) was added and incubated for 2-7 min until the cells started to cleave away
from the flask bottom. Cells were then extracted and placed in a universal tube. Next,
10ul cells were taken to use on a haemocytometer to count them. The remaining cells
were spun at 1500 g for 5 min and then the trypsin is carefully discarded. Fresh
medium in the volume of 5 ml was used to resuspend the cells. Another 5 ml of fresh
medium was added to new flasks before the correct volume of cells were added to

equal a concentration of 1 x 10* cells per flask.

A total of 64 flasks were prepared consisting of four biological replicates with eight
flasks for the two conditions (treated and untreated). These eight flasks equalled two
flasks for each of the four time points: 2 hr, 4 hr, 24 hr and 96 hr. Once the cells were
confluent the medium was changed for lower serum medium (DMEM low glucose
minus arginine and lysine media (Sigma-Aldrich) including: 0.0159 g/L Phenol Red,
0.0001g/L proline, 0.105g/L. L-leucine, 0.084g/L arginine, 0.146g/L lysine, 0.1 lg/L.
sodium pyruvate, 4.5g/L. D-glucose, 1 % (v/v) penicillin-streptomyocin, 2% (v/v)
horse serum). By lowering the serum the cells were able to differentiate into
myotubes. Cells were left for six doublings to become fully differentiated. Medium

was changed every two days.

Fresh low serum medium was prepared and either salbutamol at a concentration of 1
x 10*M, made in DMEM low glucose medium, or the same volume of just DMEM
low glucose medium was added to the correct flasks. Treatment was staggered every

15 min to allow for collection, as described in 3.2.1.3.
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3.2.1.3 Harvesting cells

After 2 hr, 6 hr, 24 hr and 96 hr of treatment, cells were harvested from all four
biological replicates. Harvesting cells from a 25 cm?® flask of cells involved first
removing the old medium and washing with 5 ml of HEPES buffer (Sigma-Aldrich).
The buffer was then disposed of and 5 ml of trypsin (Sigma-Aldrich) was added and
incubated for 4-7 min until the cells started to cleave away from the flask bottom.
Cells were then extracted and placed in a universal tube and spun at 1500 g for 5 min
before carefully discarding the trypsin. To wash the cell pellet 10 ml of 1 x PBS
(0.14 M sodium chloride, 8 mM disodium phosphate, 1.5 mM mono-potassium
phosphate and 2.7 mM potassium chloride) was added and the pellet resuspended. .
This was then spun for another 5 min at 1500 g at 4°C. The PBS was then removed
and a fresh 1 ml added to resolubilise and transfer the cells to an ependorf tube. This
time the cells were spun at 16000 g for 4 min. The PBS was removed and the pellet

was snap frozen in liquid nitrogen and stored at -80°C.

3.2.2 Preparation of total RNA

3.2.2.1 RNA extraction

RNA was extracted from the treated and control cell pellets using an RNeasy Kit
(Qiagen) following the manufacture’s protocol. Briefly, this involves first disrupting
the cells by adding 300 pl of RLT buffer included in the kit. The lysate was directly
pipetted into a QIAshredder spin column (Qiagen) and spun at full speed for 2 min,
to help homogenize cells fully. One volume of 70% ethanol was mixed with the
lysate and transferred to an RNeasy spin column provided within the kit. This is then

centrifuge at 8000 g for 15 sec and any flow through discard. Next, 700 pul of wash
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buffer RW1 is added to the spin column and spun for another 15 sec at 8000 g to
wash the membrane. Again the flow through was discarded but being careful not to
touch the column in the process. Then 500 ul of Buffer RPE is transferred to the spin
column and spun for 15 sec at 8000 g. Once the flow through has been removed this
wash step was repeated, but was spun for 2 min to ensure that no ethanol was carried
over. The spin column was then placed into a new 2 ml collection tube and
centrifuged for 1 min to eliminate any possible carry over. The spin column was then
transferred to a 1.5 ml collection tube and 50 pl of RNase-free water was added to it.
To elute the RNA the column was spun again for 1 min at 8 000 g. The eluted sample
was then passed through the column again to gain a higher concentration of RNA. A
10 pl aliquot was removed to a separate tube to use to calculate the concentration as

described below. All samples were stored at -80°C.

3.2.2.2 Agarose gel electrophoresis

A 1.5 % (w/v) agarose gel, containing ethidium bromide and 1 x TBE (0.4 M Tris-
base, 0.44 M boric acid and 16 mM ethylenediaminetetraacetic acid (EDTA)) buffer,
was used. 1 pl of each sample was mixed with 1 pl of sample loading buffer. The gel

was run for 1 hr at 100 V to assess the integrity of the RNA.

3.2.2.3 RNA Quantitation and Qualitation

Quantitation of the total RNA for each individual sample, performed in triplicate,
was conducted using 1 pl of each sample on a Nano-drop (Thermo Scientific)
according to the manufacturer’s instructions. Quality of individual samples was

assessed with a Bioanalyzer (Agilent Technologies Inc.).
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3.2.2.4 DNase treatment

TURBO™ DNase (Ambion) was used to treat the sample before depletion to
degrade DNA in the presence of RNA. This product has a greater efficiency than
conventional DNase I and is RNase free. The sample was diluted to 10 pg nucleic
acid/50 pl followed by adding 10 X TURBO DNase Buffer (Ambion) to form a 1X
concentration with the sample. To complete the process, 1 pl of TURBO DNase for

up to 10 ug RNA was mixed with the sample before incubating at 37°C for 30 min.

3.2.3 Preparation of depleted RNA for RNA-Seq

3.2.3.1 Concentration of the RNA sample

To concentrate and clean the sample Invitrogen’s RiboMinus™ Concentration
Module was used. To the DNase treated sample Binding buffer (Invitrogen) of equal
volume to the sample was added along with 1X volume of sample of 100% (v/v)
ethanol. The solution was loaded on to the column and centrifuged at 12,000 g for 1
min at room temperature and the flow through discarded. Next, 200 pl of buffer
(supplied) was transferred to the column and spun at 12,000 g for 1 min at room
temperature. The wash step was repeated and then centrifuged again for 3 min at
maximum spéed to remove any residual wash buffer. The column was placed into a
clean recovery tube and 50 pl of RNase-free water added to the centre of column
before incubating at room temperature for 1 min. The column was finally spun at

maximum speed for 1 min.
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3.2.3.2 rRNA depletion
Ribosomal RNA needs to be depleted in order for other less abundant RNA to be
detected and analysed via RNA-seq. Depletion was undertaken using the

RiboMinus™ Eukaryote Kit for RNA-Seq (Invitrogen A10837-08).

For each time point equal amounts of the four biological replicates were combined to
give a total of 10 pg in 10 pl. The manufacture’s guidelines were followed to use the
depletion kit, which starts with a hybridization step. The extracted RNA was
combined with 10 pl of RiboMinus probe (15 pmol/ul) and 100 pl of hybridization
buffer in a sterile, RNase free 1.5 ml microcentrifuge tube. This was incubated for 5
min ét 70-75 °C to denature the RNA. The sample was then allowed to cool to 37°C

slowly over a period of 30 min by being placed in a water bath to promote sequence-
specific hybridization. Magnetic beads and a magnetic separator are ¢ssentia1 to this
procedure. The beads bind to 5S, 5.8S, 18S and 28S ribosomal RNA allowing
separation. The beads need to be prepared before use, which involves taking 750 pl
of beads per sample and washing them twice with DEPC water. The magnetic
separator was used to isolate the beads from the supernatant allowing it to be
discarded. The beads were resuspended in hybridization buffer and separated into
250 pl and 500 ul and kept at 37 °C until needed. The tube that contained 500 pl of
beads was again placed on the magnetic separator to allow the supernatant to be
discarded and the beads resuspended in 200 pl of hybridisation buffer. Once the
sample had cooled it was transferred to tube containing 250 ul of the prepared beads
and incubated at 37 °C for 15 min. Again the magnc;tic separator was used to allow
collection of the supernatant which contains the RiboMinus RNA. The supernatant

was then mixed with the tube containing 200p1 of the prepared beads and the process
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repeated to ensure complete depletion. Each time point was depleted separately. A
total of two 10 pl aliquots of each time were depleted. Once depletion had occurred
the supernatant from both rounds of depletion were mixed together before being
concentrated down to ensure there was enough mRNA for SOLID sequencing. To
normalise the data equal amounts of mRNA from all four biological replicates are

mixed together to be run as one sample on the SOLiD sequencer.

3.2.3.3 Concentrating depleted RNA

To concentrate the 300 pl of depleted RNA into a smaller volume a method provided
in the RiboMinus™ Eukaryote Kit for RNA-Seq was used. To each sample 1 pl of a
20 pg/pl solution of glycogen (Invitrogen), 1/10™ of the sample volume of 3 M
sodium acetate (Invitrogen) and 2.5 x the sample volume of 100% (v/v) ethanol was
added. This mixture was incubated for a minimum of 30 min at -80°C. After
incubation, samples were centrifuged for 15 min at 12,000 g at 4°C and then the
supernatant discarded without touching the pellet. Samples were then rewashed in
1500 pl of 70% (v/v) cold ethanol. This was spun for 15 min at 12,000 g at 4°C, the
supernatant discarded and the process repeated. The pellet was then left to air-dry

before being resuspended in 10 pl of DEPC-treated water and stored at -80 °C.

3.2.4 Creation of cDNA library

The creation of the ¢cDNA libraries, emulsion PCR (¢PCR) and SOLiD sequencing
was performed by Miss Pia Koldkjaer and Mr John Kenny at the Centre for Genomic
Research, School of Life Sciences, University of Liverpool. Briefly this involved

firstly fragmenting the RNA using the SOLiD™ Total RNA-Seq Kit. RNase III from
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this kit is used to fragment the RNA into a suitable size for SOLiD sequencing. Once
the RNA was cleaned using a Ribominus Concentration Module (Invitrogen K1550-
05), the Quant-iT™ RNA Assay Kit with the Qubit® Fluorometer (Invitrogen) and
the RNA 6000 Pico Chip Kit with the Agilent® 2100 Bioanalyzer (Agilent) was used

to analyse the yield and size distribution of the fragmented RNA.

Once fragmentation was completed sufficiently the RNA could then be hybridised
and ligated. This was achieved using an adaptor mix from the SOLiD™ Total RNA-
Seq Kit. The adaptor mix contains a set of oligonucleotides with a single-stranded
degenerate sequence at one end and a defined sequence required for the SOLiD

system sequencing at the other end.

This was followed by reverse transcription and purification of the RNA. A re;'erse
transcription master mix was made for each of the samples comprising of nuclease-
free water, reverse transcription buffer, dNTP mix, SOLiD™ RT Primer and
ArrayScript™ Reverse Transcriptase from the SOLiD™ Total RNA-Seq Kit. The
master mix was then added to the RNA ligation reaction and incubated to allow the
reaction to take place. Once this process was completed the cDNA was purified
~using MinElute® PCR Purification Kit (Qiagen). In order to amplify the cDNA of
the correct size the samples must be run on a gel and bands of the correct size for
SOLID sequencing excised. The cDNA needed resides between 150-250 nucleotides
(nt) on the gel. Once this material had been collected the cDNA was amplified to
ensure there was sufficient amount for SOLID sequencing. Again more components
from the SOLiD™ Total RNA-Seq Kit where used. To prepare sufficient cDNA for

the emulsion PCR step of SOLiD sequencing two PCR reactions were performed for
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each sample each using one of the gel pieces excised during size selection. The
amplified cDNA was purified using the PureLink™ PCR Micro Kit (Invitrogen) to
remove unincorporated primers which may have affected the final quantitation and
emulsion PCR. At this point the two PCR reactions are combined. Again the
NanoDrop spectrophotometer and the 2100 Bioanalyzer with the DNA1000 Kit

(Agilent) was used to assess the yield and size distribution of the amplified DNA.

3.2.5 Emulsion PCR

When less than 20% of the amplified DNA was in the 25-200 bp range, the
SOLiD™ System templated bead preparation stage was performed. This was where
each library template was clonally ampliﬁed on SOLiD™ P1 DNA Beads by
emulsion PCR. Emulsions are made up of an oil phase containing emulsifiers and an
aqueous phase, which includes PCR components. The oil was used to create droplets
of solution which aim to contain a single DNA bead and a single DNA fragment
template. The emulsion was then placed on a thermal cycler and a standard PCR
conditions run according to manufacturer instructions and during this amplification
>30 000 copies of each template were amplified onto each SOLiD P1 DNA bead.
After the emulsion PCR Was complete, 2-butanol was used to break the micro-
reactors in the emulsion. The templated beads and non-amplifying beads were then
‘washed to clear away the oil and emulsifiers. An enrichment step was undertaken to
isolate the templated beads from non-amplified or poorly amplified beads. In the
enrichment step, polystyrene beads with a single-stranded P2 Adaptor attached were
used to capture templated beads. The mixture of enrichment beads, enrichment bead-

templated bead complexes, and non-amplifying beads were centrifuged on a 60%
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(v/v) glycerol cushion. The enrichment beads were extracted and denatured using
denaturing buffer to dissociate the templated beads from the enrichment beads. The
enriched DNA beads were then prepared for the SOLiD sequencer by covalent

bonding to a glass slide.

3.2.6 SOLiD sequencing

Primers hybridize to the P1 adapter sequence on the templated beads added during
the ePCR step. A set of four fluorescently labeled di-base probes were then added.
These probes compete for ligation to the sequencing primer. The fluorescent tag
attached to the probe was cleaved once the di-base probe had ligated to the sequence.
When the tag is cleaved it emits a fluorescent colour which is recorded. Multiple
cycles were performed to repeat the process to extend the sequence. The extended
sequence was then removed from the template sequence and a new primer added to
the adapter sequence. However this primer attached at a position n-1 of the first
primer. The di-base probes were again added and the ligation cycle starts over. As
before, once the sequence had been extended it was again removed and the whole
process repeated with another three primers that are positioned at n-2, n-3 and n-4
from the original primer. This allows for each base of the template sequence to be

analysed twice to ensure any errors in sequencing are minimal.

3.2.7 Read mapping
When the reads had been generated by the SOLiD sequencer they were then mapped
onto the mouse genome. This process was performed by Dr. Xuan Liu at the Centre

for Genomic Research, School of Life Sciences, University of Liverpool. The mouse
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genome (mm9) was downloaded from UCSC genome  browser
((http://genome.ucsc.edu/cgi-bin/hgGateway?hgsid=241934113&clade=mammal&
org=Mouse&db=0). The Bioscope pipeline was used to map the SOLID reads onto

the mouse genome.

3.2.8 Analysis

A list of counts of each gene for both control and treated samples at all time points
was compiled. The treated counts were normalised using the log ratios of all genes
with a count over 50. Once data had been normalised the fold change was calculated
to identify which genes had been modulated significantly. Gene ID’s for any gene
that appeared in all four time points with a read count over two and a fold change
greater than two were uploaded on to the DAVID site (http://david.abce.nciferf.gov/)
and data on functions and pathways were collected. A software package called R
(http://www.r-project.org/) was used to create heatmaps of the differentially
expressed genes using their log ratios at all four time points. There are several
systems and programmes to determine differential expression including; poisson
distribution (Oshlack ef al., 2010), DESeq (Andefs & Huber, 2010) and Edge R
(Robinson et al., 2010). As the biological repeats were combined into one sample,
therefore producing one technical run a different approach to the statistical analysis
was performed using a recommended statistical package. The control count data for
the four time points were used as replicates, allowing each treated sample set to be
compared to the four controls which allowed an exact t-test to be performed using
EdgeR (http://www.bioconductor.org/packages/2.3/bioc/html/edgeR.html) which

determined the genes that were differential expressed. Once the files containing the
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counts had been uploaded into the software the low counts were removed. Next, the
normalisation factors were calculated, followed by estimating the common
dispersion. An exact test was performed on this data and a list of differentially
expressed genes with a p value <0.01 was compiled. A pathway analysis software
KEGG (http://www.genome.jp/kegg/) allowed the lists of identified genes to be

visualised in the pathways they belonged to.
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3.3 Results

3.3.1 Analysis using the Database for Annotation, Visualisation
and Integrated Discovery (DAVID)

DAVID was used to allow visualization of functional classifications, biochemical

pathway maps and conserved protein domain architectures, which are linked to

biological annotations for all four time points.

Data gained from the RNA-Seq gave the number of read counts detected for every
gene in the mouse proteome. These read counts were the basis of determining
modulation of genes. Genes identified in all four time points, with a read count over
two and a fold change > 2, were analysed via DAVID site first, as it is assumed that
if the gene is modulated across all time points there is a greater chance this
modulation has actually occurred rather than occurring by chance. However, when
assessing the data there was little data with a p value < 0.01. The most significant
information gained from the annotation chart was that phosphoproteins may be
involved. When the criterion was tightened so that only genes with a count over 20

reads and a fold change >2 are included there are no significant results.

To examine any relevance the genes modulated have across the time points (2 hr, 6
hr, 24 hr anci 96 hr) the analysis was repeated with a list of gene ID’s that were seen
in three or more time points with counts >2 and a two-fold change. This time
DAVID identified, via the annotation chart, that: the most enriched bioldgical
processes involved the DNA metabolic process, replication and transcription; the

cellular components most involved were the non-membrane bound organelles,
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mitochondrion and the ribosome, as well as the nuclear lumen; the molecular
functions most likely to be modulated were DNA binding, transcription regulator
activity and damaged DNA binding. Clusters for this data set included: “non-
membrane-bounded organelles”, “ribosomal proteins”, “DNA replication” and
“regulation of transcription” with enrichment scores of 5.3, 3 and 2.4 respectively.
With counts over 50 DAVID produced a stricter analysis of the modulated genes
across the time points. Under these parameters, it showed that DNA replication was
the main biological process. However, the molecular function involved DNA
binding, which was the same as the previous parameters, but does also highlight
phosphostransferase activity as being modulated. The clusters identified not only
have much lower enrichment scores but are similar to the previous findings. “DNA
replication” was the most enriched with a score of 1.6, followed by “ribosomal

proteins” with enrichment scores of 1.3.

As it appeared that the modulation of the genes at the four time points were not
necessarily related, individual times points were then analysed to access any
modulation differences. At 96 hr, when analysing genes with a count > 20 and a fold
change > 2, there were over 50 biological process affected with a p value < 0.01
(Appendix II, Table 1-4). This allowed the criteria to be further tightened by focusing
on the results with a DAVID count greater than 100 as well as a p value < 0.001.
These indicated that regulation of transcription was being effected, as well as protein
localisation and transport, macromolecular catalytic process and the intracellular
signalling cascade. The cellular components identified as being most abundantly
involved using the same standards as above are; the lumen including membrane-

enclosed, intracellular organelle and nuclear lumen, the mitochondria, non-
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membrane bound organelles, the nucleoplasm and the golgi apparatus. Ion binding,
nucleotide binding, DNA binding and adenyl nucleotide binding were displayed as
the most modulated molecular functions for this data set. When compared to the data
set at 2 hr, with the same criteria, very similar top hits for all three categories were
recorded despite there being 423 more genes modulated at 96 hr. At 6 hrs analysis
also identified transcription as the biological process modulated, DNA binding as a
molecular function involved and non-membrane bound organelles used. Although a
number of results were given at 6 hr the majority of them did not have a DAVID
count >100. As DAVID will not allow over 3000 genes to be uploaded at one time
the data set for 24 hr could not be compared, so the fold change criteria was
increased to 2.5. This data demonstrated that again very similar functions were
affected, though those with the lowest p value highlight catabolic process. If the limit
of 100 DAVID counts is lifted then the results with lower DAVID counts are often
different. For example, apoptdsis functions were seen at 24 hr but there were more
cell cycle processes at 6hr. A summary is listed in Table 3.1 of the top three DAVID
results for time points 2 hr, 6 hr and 96 hr with parameters of read counts of 20, two-
fold change, p value < 0.01 and DAVID counts >100 as well as 24 hr with
parameters of read counts of 20, 2.5 fold change, p value < 0.01 and DAVID counts

>100. As stated previously a full set of results are listed in the Appendix II
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Table 3.1 DAVID results when examining the modulated genes found at different time points
Genes seen to be modulated in mouse muscles cells, when treated with salbutamol and collected at different time points were uploaded in to
DAVID. To create the list of modulated genes a parameter was set to only include genes with a read count >50 and a two-fold change between
control and treated cells. An exception was made for 24 hr as this gave a list too large for DAVID. In this case the parameter was increased to
read counts greater than 50 and a fold change of 2.5. A list of biological process, cellular components and molecular functions were obtained. A
summary of these results are shown, comprising of the top three results for each section with a p value less than 0.01 and a DAVID count greater
than 100. At 6 hr the majority of results had a count lower than 100.

Top biological Processes

Top cellular components

Top molecular function

P value | Count P value Count P value Count
Transcription 1.398E-13 256 | Membrane-enclosed lumen | 1.36E-15 181 Zinc ion binding 1.45E-10 278
2 hr | Regulation of transcription 2.081E-07 | 276 | Mitochondrion 1.845E-15 197 | Transition metal ion 1.369E-10 331
binding
Protein localisation 0.000123 102 | Intracellular organelle 3.626E-15 175 | Cation binding 1.583E-07 442
lumen
Transcription 0.000372 103 | Intracellular non- 7.575E-08 117 | DNA binding 2.684E-05 105
6 hr membrane-bounded '
organelle
Regulation of transcription 0.000952 122 | Non-membrane-bounded 7.575E-08 117
organelle
Protein localisation 1.389E-07 124 | Membrane-enclose lumen 2.544E-17 209 | Nucleotide binding 5.364E-10 299
24 hr | Macromolecule catabolic process | 2.557E-07 110 | Intracellular organelle 6.892E-16 | 200 | ATP binding 3.958E-08 205
lumen
Cellular macromolecule catabolic | 2.79E-07 104 | Organelle lumen 9.162E-16 | 200 - | Adenyl ribonucleotide 6.292E-08 206
_process binding
Transcription 2.121E-08 | 279 | Membrane-enclosed lumen | 5.103E-21 | 236 | Transition metal ion 1.359E-12 | 400
96 hr binding
Cell cycle 1.245E-07 114 | Intracellular organelle 2.404E-20 | 228 | Zinc ion binding 1.812E-12 335
lumen
Regulation of transcription 1.02E-06 324 | Organelle lumen 3.888E-20 | 228 | Cation binding 3.707E-10 543




When the criterion was increased to only include genes with a read count greater
than 50, the 24 hr data set could also be compared via DAVID using a 2 fold change.
For this data any clusters with a p value greater than 0.01 were examined. The
majority of the clusters were the same over the three time points suggesting the same
pathways and functions were affected by the drug, but it may be affecting different
genes within the one pathway explaining the difference in the number of genes
modulated. There were a few clusters highlighted in each time point which were not
seen in either of the other data sets. At 2 hr DAVID identified “DNA replication”,
“zinc fingers” and “purine nucleoside binding” as being unique. Whereas, at 6 hr
there was an effect on the “ribosome”, “protein localization”, “DNA repair” and
“apoptosis” which was not seen at 2hr or 96hr. When the same analysis was
perforrhed on the 96 hr data set DAVID suggests that “non-membrane bound
organelles”, “transcription regulation”, “chromatin modification”, “limb
morphogenesis”, “nucleotide binding”, “transcription activator activity”, “negative

regulation of transcription” and “protein-tyrosine phosphatise” were only modulated

at this time point after treatment with salbutamol.

3.3.2 Using Kyoto Encyclopedia of Genes and Genomes (KEGG) to
link modulated genes in pathways

By using Kegg to analyse each individual time point a better understanding on which
pathways were affected and if there is a correlation across the time points could be
gained. Gene lists with counts greater than 50 and a 2 fold change were uploaded
onto the KEGG Mapper. A total of 102 genes at 2 hr were involved in metabolic
processes, whereas 41, 202 and 146 genes are identified as modulated in the same

overview for 6 hr, 24 hr and 96 hr respectively. The MAPK pathway was seen at all
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time points to contain a large portion of the modulated genes identified. Figure 3.2
illustrates the genes present in this pathway that have been identified as significantly
changing using data from all time points. Both the JAK-STAT and the ErbB
signalling pathways, which lead on to the MAPK pathway, are identified with high
number of genes modulated by KEGG. Another pathway identified, which has 66
genes in the pathway modulated at one or more of the time points, is the regulation of
actin pathway (Figure 3.3). This is another pathway that is expected to be highly
modulated in changing muscle cells. A large number of other pathways that would be
expected to be involved in growing muscles in response to a stimulus were identified
with several modulated genes, for example; purine metabolism, ubiquitin mediated
proteolysis, endocytosis, cell cycle, insulin signalling pathway, calcium signalling
pathway and glycerophospholipid metabolism. There were several pathways
highlighted that suggest the cells may also have been under stress such as; apoptosis,
p53 pathway and wnt signalling pathway. There were also a significant number of

pathways seen to be involved in cancer or infection.
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Figure 3.2 MAPK signalling pathway identifying modulated genes using KEGG Mapper
Using the KEGG Mapper a list of genes from all four time points (2 hr, 6 hr, 24 hr and 96 hr), with read counts over 50 and a two-fold

change between the control and treated, were annotated to different pathways. A total of 82 genes were identified as being present in
the MAPK signalling pathway. Genes are labelled corresponding to the four data sets they belong to; 2 hr - Red, 6 hr- Orange, 24 hr -
Purple and 96 hr - Blue. Yellow nodes represent genes that were seen in more than one time point as changing.
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Figure 3.3 Regulation ofactin pathway identifying genes modulated in mouse muscle cells after treatment with salhutamol.

Using KEGG Mapper a list of modulated genes (read counts over 50 and a two-fold change between the control and treated samples) from all
four time points (2 hr, 6 hr, 24 hr and 9 6hr), were annotated to different pathways. A total of 66 genes were identified as being present in the
actin regulation pathway. Genes are labelled corresponding to the data sets they belong to; 2 hr - Red, 6 hr - Orange, 24 hr - Purple and 96 hr

Blue. Yellow nodes represent genes that are modulated in more than one time point.



3.3.3 Visualisation of genes modulated from all time points

To allow any patterns in gene expression over time to be identified, a heat map was
constructed using the gene lists used in the previous analysis (count great than 50
with a two-fold change). There were 1399 genes identified as being modulated at 2
hr with a count of over 50 reads and with a two-fold change. With the same
parameters there were 519 genes at 6 hr, 2600 genes at 24 hr and at 96 hr there were
1873 genes. A heat map (Figure 3.4) of all genes with a count greater than 50 reads,
with a two-fold change and seen in two or more time points was created using R, a
statistical analysis program. The genes up-regulated in the treated cells are shown in

green, those down-regulated in red and any in black show no change.

From the heat map (Figure 3.4) it can be ascertained that there were very few
patterns in modulation across the time points. There were a large group of genes
highly up-regulated at 24 hr with a similar number of genes down-regulated but less
intensely. There seems to be a similar number of down-regulated genes at 96 hr but
they were different to the ones seen at 24 hr. This heat map only groups genes with
similar log ratios so it is unclear whether there are patterns within genes involved in

similar functions.
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Figure 3.4 Heat map displaying the modulation ofall the genes identified atfour time points after treatment with salbutamol.
C2C12 mouse muscle cells were treated with salbutamol and collected after 2 hr, 6 hr, 24 hr and 96 hr after treatment. Samples were depleted,

cleaned and concentrated in order to be sequenced using the SOLID sequencer at the University of Liverpool. The results were mapped to the
mouse database and a list of identified genes and their corresponding read counts obtained. Fold changes were calculated for treated compared to
control sample counts. Any gene with a fold change >2 with a read count >50 and seen in two or more time points are shown. The heat map was
created using R and the log fold change for each of the genes. Those shown as green are thought to be up-regulated and those in red down-

regulated. The genes are clustered due to their fold change.



3.3.4 Further statistical analysis using EdgeR

To gain better statistical validation of the results aquired from RNA-Seq the software
package EdgeR was used. Normally a statistical analysis would involve comparing
repeats with each other to discover the p value, allowing a decision to be determined
on whether true differences are seen. As the four biological replicates were combined
before running on the SOLID sequencer it is not possible to do this. However, by
comparing each individual treated data set against the four control data sets, one
from each time point, a variant of the statistical analysis explained previous can be
undertaken. As the control data sets should stay the same over the time course they
were used in this analysis as repeats. Using this analysis for the four time points; 2
hr, 6 hr, 24 hr and 96 hr, a list of 161, 299, 2756 and 1346 differentially expressed

genes respectively were found.

When comparing the lists from each time point with each other, there were two genes
which are seen in all four time points. These genes code for iodothyronine deiodinase
type I and G protein-coupled receptor 141. A total of 38 genes were identified in
three or more of the time points. This gene list was also uploaded into DAVID to
determine if similar results as previously described were identified. Only five
clusters are identified for these 38 genes; “cell adhesion”, “ion binding”, “alternative
splicing” “membrane” and “glycosylation and signal peptides”. However, the
enrichment scores for these clusters range between 1.18 and 0.05, which is very low.
When the gene list was increased to include all genes seen in more than one time
point, DAVID identified nine clusters but with higher enrichment scores. The top

two clusters were “ion binding and transcription” and “DNA-binding” with scores of

9.97 and 5.57. These enrichment scores are higher than those found using a larger
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data set in the previous DAVID analysis (Section 3.3.1.). Next, analysis of gene lists
identified as being statistically different for the individual time points were
completed. Using the 2 hr data set, biological processes with a p value < 0.01
involved those in the positive regulation of transcription. The biological processes
identified as being the most significant (p value <0.01 and DAVID counts >100) at
24 hr and 96 hr also included transcription, whereas at 6 hr it is cell-cell adhesion
which is flagged. Interestingly, DAVID identified (p value < 0.01) the molecular
function of steroid hormone receptor activity at 2 hr. However, in all other time
points the molecular functions identified were related to ion binding or DNA/RNA

binding.

There were a total of 696 genes that were found in two or more time points. If genes
are seen to be modulated at two consecutive time points, it may indicate the constant
modulation of this gene after a certain time. There are 587 genes modulated at both
24 hr and 96 hr. At 2hr and 6hr there are 29 genes and between 6 hr and 24 hr there
are only 12 genes modulated. Appendix II Table 5 indicates how the 785 genes are

differently modulated across the four time points.

To determine whether the statistical analysis has had any effect on the protein
pathways identified earlier, the new lists of modulated genes were uploaded to
KEGG mapper. The MAPK paihway was again identified as a pathway being
modulated. This time only 46 genes were modulated in the pathway (Figure 3.5). The

majority of the modulated genes were seen at 24 hr.
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Figure 3.5 The MAPKpathway with highlighted genes which are modulated in mouse muscle cells after treatment with salbutamol.

Using KEGG Mapper a list of modulated genes (p value <0.01) from all four time points (2 hr, 6 hr, 24 hr and 96 hr), were annotated to different
pathways. A total of 46 genes were identified as being present in the MAPK pathway. Genes are labelled corresponding to the data sets they
belong to; 2 hr - Red. 6 hr - Orange, 24 hr - Purple and 96 hr - Blue. Yellow nodes represent genes that are modulated in more than one time

point.



The KEGG results also suggest that a number of the genes code for proteins involved
in cytokine-cytokine receptor interaction, another process expected to be seen in cells
changing their morphology and being treated with a chemical. In this analysis, only
30 genes were modulated in the pathway responsible for actin regulétion, whereas,
36 genes were seen in the cell cycle pathway (Figure 3.6). Once again the majority of
genes identified were seen in the 24 hr data set. Many of the resulting pathways
produced by KEGG were the same as the first analysis but with fewer genes

identified as significantly different.

The overall the results from this experiment indicate that a change is occurring
within the mouse muscle cells after treatment with salbutamol. It also seems that
many pathways are involved with implementing this change in morphology, which

would be expected in a large physical change.
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Figure 3.6 KEGG Mapper identifies modulated genes,from mouse muscle cells treated with salbutamol, in the cell cycle pathway.

Using KEGG Mapper a list of modulated genes (p value <0.01) from all four time points (2 hr, 6 hr, 24 hr and 96 hr), were annotated to different
pathways. A total of 36 genes were identified as being present in the cell cycle pathway. Genes are labelled corresponding to the data sets they
belong to; 2 hr - Red. 6 hr - Orange, 24 hr - Purple and 96 hr - Blue. Yellow nodes represent genes that are modulated in more than one time

point.



3.4 Discussion

In this chapter, RNA-Seq has been used to characterise any changes in the
transcriptome of mouse muscle cells after treatment with the B-agonist, salbutamol.
By using the SOLID sequencing platform it was possible to relatively quantify
transcripts from C2C12 cells treated after differentiation with salbutamol, across four
time points. This technique allowed the identification of several thousand genes
being modulated within mouse immortalised muscle cells after treatment.
Differential modulation was determined by comparing the number of reads counted
for each gene within the whole mouse genome. Statistical analysis was performed
which reduced the list of identified genes but still identified over 700 genes seen to

be modulated at more than two time points (p value < 0.01).

3.4.1 ldentification of differentially expressed genes

Data gained after RNA-Seq comprises a list of all genes within the mouse genome
and the number of identified reads for each gene under different conditions at four
time points. It was assumed that similar number of reads would be mapped to its
gene, under different conditions, if there was no difference between the cells. The
read count has been found to be linearly.related to the abundance of the target
transcript (Mortazavi ef al., 2008). The aim of the experiment was to use these read
counts to decide whether a given gene is differentially expressed. This means that the
observed difference in read counts must be significant, for example, whether it is
greater than what would be expected due to natural random variation. However,
identifying which genes have true changes becomes difficult when no technical
replicates have been undertaken. In this experiment, four biological replicates were
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mixed prior to sequencing to help normalise any differences. Normalization enables
a more accurate comparison of the expression levels between samples by removing
systematic technical effects that occur in the data to ensure that technical bias has

minimal impact on the results.

There have been several studies (Anders & Huber, 2010; Bullard et al., 2010;
Oshlack et al., 2010; Robinson & Oshlack, 2010) investigating the importance of
using the correct statistical analysis and normalising data after using next generation
sequencing techniques. Two techniques were undertaken in this study to identify
differentially expressed genes, including normalisation of the data sets. The original
analysis of the data involved normalising the read counts of the treated cells using
the log ratio between the two conditions. This allowed the normalised fold change to
be calculated and therefore identify any changes between conditions. Deciding on
whether all genes should be evaluated or only those with a read count above a certain
threshold for both conditions was the next problem encountered. When both samples
have zero reads, it is clear that nothing is differentially expressed. Problems are
encountered when analysing the data where the gene has zero reads for one condition
and a value for the other. It is possible that this represents an interesting biological
phenoﬁenon, where a gene in one condition is completely unexpressed according to
sequencing. It could be that this phenomenon is due to technical error which
prevented the gene from being detected. By completing a repeat of the experiment it
would allow further analysis to be undertaken to see if these genes continued to have
0 counts. In that case, these genes may be extremely interesting as a large change is
occurring. However, as it is difficult to determine the meaning of the 0 counts and

the statistical test fail with data including zero in one condition, all genes including
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zero counts were removed. Bullard e# al, (2010) observed that some statistical
analysis methods were failing to detect many cases of differential expression, such
as, genes with large differences in expression between the two conditions. Before
any further statistical analysis was completed, any genes with a count over 50 were
recorded as being of interest due to the lower count genes being difficult to

determine significance.

As this first analysis did not include statistical validation, a further statistical analysis
was undertaken. Due to the lack of technical runs choosing a statistical test was more
difficult. Using the control count data for the four time poinfs as replicates EdgeR
was able to perform a statistical analysis. Each treated sample set was compared to
the four controls and a list of gene with a p value < 0.01 was compiled. Again, a
large amount of genes were identified as being modulated. Over 4000 genes were
identified as being differential expressed in total, with 696 being seen in two or more
time points. There was also a large proportion of each gene list that was duplicated in
the time points either side of the original data set. Altogether, these results support

that the changes being seen are true changes and not due to technical variations.

However, one thing that is not taken into account is the length of each gene. Bullard
et al, (2010) determined that a gene length-related bias can occur in RNA-Seq
differential expression results due to longer genes tending to have more significant
differential expression statistics. The resulting lists compiled could favour lohg genes -
with small underlying effects as compared to short genes with large effects, which

means that the results here may not be the complete picture.
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3.4.2 Identification of possible pathways involved

KEGG mapper is a very useful online software programme which allows a list of
genes to be uploaded and mapped onto different pathways. All genes not identified in
any of the pathways provided are highlighted and ény nodes of interest can be colour
coded. In this experiment KEGG identified numerous pathways, ranging from one to
over 60 genes of interest present within them. Those with only a few genes of
interest present within them were avoided due to the likelihood of these pathways
being regulated by one gene is extremely small. The pathways identified are involved
in many different tissues which means some are not as relevant, however, they are
still interesting as these genes have been idenﬁﬁed so similar pathways may be
_occurring. Two of these ambiguous pathways are involved in Alzheimer’s and
Huntington disease. Although not relevant in this study, it would be interesting to
discover whether these B-agonists can cross the blood brain barrier and if the genes

modulated in this experiment are the same in different tissues.

One of the pathways with a considerable amount of genes of interest present was the
mitogen—activated protein kinase (MAPK) pathway. It is thought that G-protein-
coupled receptors may activate the MAPK cascade (Malarkey et al., 1995) which
supports the finding that B-agonists, a G-protein-coupled receptor agonist, encourage
growth via the MAPK signalling pathways. Markou et al. (2008) investigated an ;-
adrenergic agonists called phenylephrine, which has a similar mode of action to B-
agonists. This agonist, as well as similar agents, has been seen to initiate a
programme of changes that suggest a hypertrophic phenotype (Chien ef al., 1991).In
Markou’s study, the hypertrophy of cardiac muscle was related to signalling

mechanisms activating c-jun. It was also identified that ERK1/2 and JNKs are the
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principal kinases responsible for phosphorylation of c-Jun. Although c-Jun is not
identified in this experiment, other genes in the MAPK pathway which can regulate
the expression of c-Jun were identified as being modulated. Before statistical
analysis JNK was seen to be up-regulated in the treated samples at 2 hr. However, in
Markou’s study they only analysed the effects between 0-60 min which means that
other proteins in the MAPK pathway may have been identified if early time points
had been taken in this study. One gene which is identified both before and after
statistical analysis as being significantly changing is P38 MAPK. The activation of
p38 MAPK is a major event during myogenic differentiation in myoblasts (Cabane et
al., 2003; de Angelis et al., 2005; Puri et al., 2000; Wu et al., 2000). Although the
cells used were fully differentiated, salbutamol may work by encouraging the cells to
further fuse and elongate. Bogoyevitch et al., (1996) showed that simulation of the
adrenergic receptor activates the MAPK cascade in cardiac myocytes via at least two
distinct signalling pathways. Vaniotis et al., (2011) studied the involvement of B-
adrenergic receptors, which are activated by B-agonists, on gene expression in the
heart. They discovered that the MAPK signalling pathways, although not directly
activated by the B-adrenergic receptors in the nucleus, modulate the ability of the
receptors to mediate transcriptional events. Overall, there is much evidence to
suggest a role of MAPK in the regulation of gene expression as well as its ability to
phosphorylate a number of transcription factors (Seth et al., 1992). NF«B is also
identified in the pathway analysis as being modulated within the MAPK pathways.
Previous work by Vaniotis et al., (2011) suports this as a target for B-agonists as it
was seen to be down-regulated in response to treatment with isoproterenol. In this
study, Nfkbl was identified as being down regulated at 96 hr whereas Nfkb2 was

down-regulated at 24 hr.
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Although there is a lot of supporting evidence that this signalling pathway plays a
role in the effects of salbutamol, most of the genes identified as statistically
significant were from the 24 hr data set. This suggests that this is later process rather
than the initial response. However, when considering the raw data counts it can be
seen that at 2 hr there are several genes from the MAPK pathways that have a two-
fold change. There is also a lack of a pattern across the pathway over the time points,
possibly suggesting this pathway is constantly being modulated with the continuous
addiction of the B-agonist but with greater changes happening at 24 hr. As well as the
evidence that the MAPK pathway is being modulated there were also several
pathways highlighted by KEGG that can lead on to the MAPK pathway, such as
parts of the calcium signalling pathway, WNT signalling pathway and the Jak-STAT

pathway.

A pathway which was not displayed in the previous section but has been identified
with KEGG was the ubiquitin mediated proteolysis. Protein ubiquitination plays an
important role in eukaryotic cellular processes. It mainly functions as a signal for
26S proteasome dependent protein degradation. During this degradation process
ubiquitin is added to those proteins being degraded, which is performed by a reaction
cascade consisting of three enzymes; named E1 (ubiquitin activating enzyme), E2
(ubiquitin conjugating enzyme), and E3 (ubiquitin ligase). Members of the ankyrin
repeat and SOCS-box (Asb) containing gene family have been shown to act as an E3
ligase tq target specific proteins for degradation through the ubiquitin-proteasome
degradation pathway (Chung et al., 2005; Wilcox et al., 2004). McDaneld et al.,.
(2006) identified that the over-expression of Asbl5 could stimulate muscle

hypertrophy in vivo, and that its over-expression caused a delay in differentiation and
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an increase in protein synthesis within C2C12 cells. Spurlock et al., (2006) then
provided further support for the hypothesis that Asb family members participate in
the regulation of intracellular signalling by showing that multiple members of the
Asb family are coordinately regulated at the mRNA level at 10 and 24 hr. In their
experiment they derived that the Asb family members act via B-adrenergic receptors.
Results obtaining in this Chapter show that although Asbl5 was not seen to be
regulated, 4sb] was down-regulated at two time points. A total of 21 genes were
statistically differentially expressed within the ubiquitin mediated proteolysis
pathways supporting previous findings that this process plays a part in muscle

hypertrophy.

It has been reported that the JAK/STAT pathway is activated by hypertrophic
agonists such as cardiotraphin-1 and angiotensin II (Kunisada et al., 1996; Pennica et
al., 1996). As B-agonists seem to have a hypertrophic effect within muscle cells it is
not surprising that this pathway was identified as having modulated genes. As
discussed early, B-agonists have an effect on myogenesis. Pearen et al., (2009)
identified several genes (Stat3, Idbl, Smadl, Smad3, Hk2, Pdk4, Sorbsl, Pgcla,
Lipinla, FoxOl, Ucp3, Nfil3, Dbp, Nurrl, Crem, and Cebpb) at 1 and 4 hr after
treatment associated with regulation of myogenesis but in this study only one,
FoxOl, was identified as being differential expressed at 96 hr. This could suggest
that once differentiation is complete the B-agonists no longer encourage myogenesis
but increase growth in other ways. There were also many pathways involved in
cancer and apoptosis suggesting the cells were under stress. However there has been
some research to indicate that B-agonists can cause apoptosis and cell. cycle arrest in

cancer cells (Liao et al.,, 2010). There have been several interesting pathways and
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genes identified that need further work investigating their involvement to fully

understand the mechanisms of salbutamol.

3.4.3 Overall conclusions

In summary, the addition of the B-agonist salbutamol had an effect on the mouse
muscle cells within the transcriptome. Several hundred different genes have been
identified as being differentially expressed between control and treated samples at
four different time points. It appears that the same pathways were involved at all time
points but usually different genes. The pathways that seem to have had the most
genes modulated are the MAPK pathway and others linked with this pathway.
However, several other pathways not related to the MAPK pathway were also
identified with a high number of genes modulated. This either suggests that the effect
of the addition of the p-agonist effects numbers pathways, each involved in ailowing
the cells to change and grow or that this transcriptomic experiment has limitations,
such as the read counts do not fully relate to the abundance of the gene. To further
investigate these results a repeat of this experiment would be necessary, including
more time points to gain a greater insight. This would allow for the statistical
analysis to be performed with several actual repeats ‘rather than using the controls.
Further work would also include an in-depth analysis of the relationship between
gene length and read counts. A lot of the previous work performed took samples at
24 hr or later. As it can be seen from the data collected in this study there is a
dramatic increase in genes modulated between 2 hr and 6 hr which suggest there are
some interesting changes occurring during this time. To explore this future work may
also include more time points before 24 hr and after 96 hr to see if the high number

of modulated genes is still observed.
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It is still unclear how well genomic data links with that of the proteome. To further
investigate the mechanisms of salbutamol experiments need to be undertaken to look
at the proteomic effect. This will hopefully give a better understanding on the
correlation between genes and proteins, as well as helping to identify important

targets for the increase in hypertrophy caused by B-agonists.
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4 Chapter 4

Investigation of the effect of salbutamol on a
mouse muscle cell line using a SILAC
approach
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4.1 Introduction

Stable Isotopic Labelling of Amino acids in cell Culture (SILAC) is a method that
allows quantification of proteins and post-translational modifications, as well as
being applicable to the measurement of protein turnover (Amanchy et al., 2005;
Doherty et al., 2009; Ong et al., 2002). Labelling occurs by growing the cells in a
medium deficient of certain essential amino acids that cells cannot synthesis
themselves and only gain from medium. Isotopically labelled amino acids can be
synthesized separately and added to the medium. As these labelled anologs are
supplied instead of the natural abundant amino acids, they will be incorporated into
each newly synthesised protein chain. As there is no chemical difference between
the labelled amino acids and the natural ones, the cells should behave identical to a
control cell population (Ong et al., 2002). The most commonly used labelled amino
acids are arginine and lysine as this allows every peptide to be labelled when
digested with trypsin. Labelling with these amino acids can be achieved using
isotopes containing heavy carbon (**C), nitrogen (**N) or hydrogen (H). Using *C
and "N can simplify data analysis because the labelled and unlabelled pairs do not
separate as frequently during LC-MS compared to deuterium (Ong & Mann, 2006).
For this experiment arginine and lysine will be used with both carbon and nitrogen

labelling to enhance the quality of labelling.

Due to there being no difference between the cell populations, half of the cells can
be treated with a stimulus, such as a B-adrenergic agonist used in this study,
allowing a comparison between treated and control populations. By labelling only

the control or only the treated cells these populations can then be harvested, and due
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to the label being incorporated directly into the amino acid sequence of every
protein, the extracts from both conditions can be mixed. Purified peptides will
maintain the exact ratio of the labelled to unlabelled protein, as protein synthesise is

no longer occurring, allowing for quantification by comparison of these ratios..

Figure 4.1 shows an outliné of a SILAC method. Once the labelling has occurred
and samples collected from cell culture, the next task is to prepare the protein and
peptides for mass spectrometry analysis. The sample preparation is an extremely
important part of the SILAC methodology. Sample preparation will often include
separation of the sample to simplify the mixture before mass spectrometry analysis.
This can be achieved by either separating the proteins themselves before digestion,
using for example; 1D gel electrophoresis or separating the peptides using
techniques such as isoelectic focusing. However, protein separation may introduce
sample losses through either additional handling steps or through the limitations of
the separation technologies, for example; 1D gels shoW favouritism for abundant
proteins. There are also many arguments for separating peptides due to the lack of
clean up steps which occur when separating proteins due to detergents being utilised
for solubilisation. These detergents can damage the mass spectrometer and
overwhelm the spectra resulting in complications in the analysis so must be
removed. By investigating separation of proteins and peptides as well as the effects
of no separation, a greater understanding of the effects these procedures have on

proteomics would be gained.
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Figure 4.1 Overview of SILAC workflow

During the first half of the SILAC method the cells are grown in heavy and light
SILAC media until the heavy cells have fully incorporated the heavy amino acids
(). The spectra show how the labelling can be seen throughout the growth of the
cells. This allows the cells to be pooled and when MS data has been acquired, to
distinguish between the two (%and M indicate the heavy and light peptides,
respectively). Once the heavy amino acids are fully incorporated, the cells can be
differentially treated to identify changes in the proteome. The cells can be collected
at different time points to gain information of changes in the proteome over time. A
variety of different sample methods can be used before mass spectrometry analysis.
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The Agilent 3100 OFFGEL fractionator employs a fairly new technology which has
been developed to allow separation of both proteins and peptides using the same
principles as IEF separation but avoiding the disadvantages of SDS gels by keeping
samples in solution. Isoelectric focusing is performed on proteins or peptides in an
immobilized pH gradient (IPG) gel strips. By applying a high voltage to the ends of
the gel strip the protein or peptide molecules migrate through the gel until they reach
the position where the pH equals the pl of that molecule and sit in the liquid of the

corresponding well.

To enable protein quantification of the label and unlabelled samples an LTQ
Orbitrap Velos mass spectrometer (Thermo Scientific) was used. This machine
combines the separation techniques of the LTQ with orbitrap technology (Makarov,
2000). The LTQ is capable of detecting MS spectra at very high sensitivity but low
resolution and mass accuracy. The Velos comprises of two identical linear
quadrupole cells separated by a centre lens. Ions accumulated in the LTQ are then
transferred into the C-trap, the RF-only quadrupole, which accumulates and stores
the ions. The C-trap refers to the shape of the RF section. In the C-trap, ions are
collisionally damped by a low pressure of nitrogen, and they come to rest in the
middle of the trap. The storage quadrupole is required to couple the continuous
electrospray ion source with the orbitrap, which operates using high voltage electric
pulses. Once injected into the orbitrap, these ion packets start to circle around the
inner electrode and spread into rings that oscillate along the electrode without the
need for any additional excitation. All ions have exactly the same amplitude, but

those that have different mass/charge ratios will oscillate at their respective
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frequencies. Data from the orbitrap is collection by customized control and

acquisition software.

The next stage, once samples are prepared and run on a mass spectrometer, is
analysing the data. MaxQuant (http://maxquant.org/) is a software package that can
be used for the analysis of the SILAC spectra. It is able to produce peak lists,
quantitation, false positive results determined from search engine results, peptide to
protein group assembly and data filtration and presentation (Graumann et al., 2008).
The MaxQuant workflow is compatible with SILAC experiments involving
prefractionation of proteins, as well as double or triple labelling with heavy amino
acids. In addition to these, the MaxQuant software can handle a variety of SILAC
comparisons including replicate measurements, time courses with common reference
points, label switches and multi-sample comparisons. Briefly, the pipeline for
MaxQuant involves acquiring the raw files from the mass spectrometer and loading
them into the ‘Quant’ module. In this module, advanced three-dimensional peak and
isotope pattern detection is performed as well as assembling the SILAC pairs.
Andromeda is used to identify the peptides. The ‘Identify’ module uses the search
engine results and the raw files to perform statistical validation, as well as
converting peptides into proteins and quantifying the proteins. This data is displayed
in several‘tab-separated text files. These can then be used for further down_stream

bioinformatic analysis (Cox et al., 2009).
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4.1.1 Proteomic analysis of the growth of skeletal muscle using
C2C12 cells and labelling techniques

It is known that muscle is formed from small cells called myoblasts which fuse
together under myogenesis to produce myotubes. These fibers contain multiple
nuclei as they are formed from many myoblasts. Once fusion is complete, skeletal
muscle loses the ability to undergo mitosis and any further growth is through
hypertrophy. C2C12 is a subclone obtained by Blau et al, (1983) from a myoblast
cell line derived from regenerating adult mouse skeletal muscle (Yaffe & Saxel,
1977). C2C12 cells are used as a model system to study different types of muscular
diseases and functions often with the focus on differentiating muscle cells (Andrés
& Walsh, 1996; Pieper et al., 1987). When deprived of serum, C2C12 myoblasts
cells undergo cell cycle arrest and fuse together to form multi-nucleated myotubes.
As myotubes serve as the building blocks for skeletal muscle, understanding both
the differentiation process of skeletal myoblasts and the growth of myotubes are
equally important. Skeletal muscle growth and differentiation is a complicated

process which is continuing to be understood.

Although the genomics-based analyses of muscle cell growth have been highly
informative, the molecular mechanisms by which proliferating myoblasts become
fused multinucleated myotubes, as well as further muscle growth initiated from
exercise or steroids, cannot be fully understood from transcriptomic data alone. This
is because genes can encode for several proteins which can then go through different
types of modification which means gene expression is just the beginning of the
story. Therefore, it is desirable to complement the differential gene expression
identified in the transcriptomic analysis with studies examining the proteomes of

differentiated C2C12 cells undergoing treatment with salbutamol.
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Once myogenesis has completed there is a second wave of proliferation and
differentiation when muscle fibres are formed. The molecular mechanisms
regulating these later stages of muscle development are still not fully understood. It
is known that certain signalling pathways and transcriptional factors are implicated
in controlling slow versus fast fibre phenotypes. As this study will be utilising a cell
line that progresses through myogenesis to give myotubes before being treated it is
possible that the involvement of some of these pathways may be highlighted in this
experiment. There are many previous studies looking at the proteome of muscles
undergoing hypertrophy, for example, Olson & Williams (2000) have shown ihat a
calcineurin-activated Ca?*-dependent pathway acting through the nuclear factor of
activated T cells (NFAT) transcription factor plays an important role in controlling
gene expression in slow fibres. Another study has found that Ras signalling through
a MAPK/ERK pathway is another important mediator of slow muscle specific gene
activation (Murgia et al., 2000). This pathway and those adjoining were identified as
the most highly modulated in the transcriptomic analysis carried out in this study

(Chapter 3).

Most work using C2C12 cells investigate any modulation within differentiating
muscle cells. As this experiment plans to use fully differentiated cells it is difficult
from the literature to hypothesise what proteins may be identified. However, Tannu
et al, (2004) identified that myotubes accumulated muscle-specific actins and
proteins which associate with actin. Tropomyosin, binds to actin and along with
troponin regulates calcium-dependent contraction. The pathway involved in

regulating actin was identified in Chapter 3 so proteins that interact with actin may

160



be identified in this study. As well as tropomyosin, serine/threonine protein kinase

Akt2/PKB also accumulated in C2C12 myotubes (Tannu et al., 2004).

There is limited research into muscle growth using SILAC. However, Cui et al,
(2009) used SILAC to identify differentially expressed proteins between rat
myoblasts and myotubes. They were able to identify around 400 proteins
differentially expressed with two or more peptides identified for each protein.
Although this study focused on the difference in differentiating muscles, several
proteins identified are in common with proteins and genes identified in Chapters 2
-and 3, for example: eukaryotic translation elongation factor, actin and pyruvate
dehydrogenase. It is most likely that proteins involved in differentiation will be
identified when the cell goes through hypertrophy as there will again be cytoskeletal
growth and the use of energy. Toigo et al., (2005) used a different labelling method,
ICAT, to look at a subproteome of atrophying mouse skeletal muscle. Using this
technology they were able to identify 62 altered proteins with association to atrophy.
In the cytosolic subproteome there seems to be proteins involved in alcohol
catabolism, carbohydrate metabolism and energy pathways among others. Another
similar labelling technique is iTRAQ, which was discussed in Chapter 1.The iTRAQ
technique has been a useful for examining the proteome in muscles. Hakimov ef al.,
(2009) used this form of labelling to confidently catalogue 542 proteins in porcine
muscle. When investigating the effects of propranolol, a chemical which also acts
through the B-adrenoceptors, Sui et al., (2008) were able to identify the secretion of
T-kininogen in treated smooth vascular muscle cells by employing iTRAQ. Warren
et al., (2010) combined iTRAQ with OFFGEL fractionation to delve into the cardiac

proteome. Although this study is unable to help with hypothesising what proteins
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may be seen in this experiment it is a very good example about how
prefractionation, when used in conjunction with labelling method, can be of great
use in investigating the proteome of many cells. When Warren e al., (2010)
compared data gained from samples analysed with no fractionation prior to LC-
MS/MS with those fractionated via the OFFGEL the identifications of proteins

improved by approximately four fold.

4.1.2 Aims

The aim of this chapter is to use SILAC to understand the proteomic effect of
salbutamol on an immortalised mouse cell line. The cell line C2C12, are mouse
myotubes that can differentiate into fibroblasts once confluent. These cells are a
good model for muscle tissue. The first aim was to fully label the mouse cells
without effecting their growth. The second was to perform method optimisation to
allow for efficient sample collection and preparation. Lastly, to determine the most
suitable software package to be used for data analysis. This experiment should give
additional information on the data already gained from the transcriptomic study. The
results, compared with the findings made in chapter 3, would give further
knowledge to the workings of this anabolic agent as well as allowing further

analysis on the correlation between transciptomics and proteomics.
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4.2 Materials and Methods

4.2.1 Cell Culture

4.2.1.1 Growing C2C12 cells

The C2C12 cell line was used and grown as myoblasts in 25 cm? bottom (T25)
vented cell culture flasks (BD Falcon™) and incubated at 37°C in a 5% CO
humidified incubator. As previously described in chapter 3, the cells were initially
grown in filter sterilised DMEM medium (Sigma-Aldrich) supplemented with 10%
(viv) FCS, 1% (v/v) L-glutamine (Sigma-Aldrich) and 1% (v/v) penicillin-
streptomycin (Sigma-Aldrich). Once the culture was established in this media
several flasks were split into heavy or light labelled media to.be used for the SILAC
experiment. The original cells were kept growing to harvest for preliminary
experiments. The separate heavy and light labelled medium was made by first
making a stock solution of media (DMEM low glucose minus arginine and lysine
media (Sigma-Aldrich) including: 0.0159g/L phenol red, 0.0001g/L proline,
0.105g/L. L-leucine, 0.11g/L. sodium pyruvate, 4.5g/L D-glucose, 1 % (v/v)
penicillin-streptomyocin, 10% (v/v) fetal calf serum) without the arginine or lysine.
At this point the medium was split and supplemented with either light or heavy
labelled arginine or lysine at 0.08% (v/v) and 0.15% (v/v) respectively from a stock

solution of 0.1g/ml, made in DMEM low glucose media.

4.2,1.2 Splitting Cells
As stated in chapter 3, cells need to be split before they become confluent. To split a

25 cm? flask of cells, the old medium was removed, the flask washed with 5 ml of
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HEPES Buffer (Sigma-Aldrich), buffer disposed of and 5 ml of trypsin (Sigma-
Aldrich) added before incubating for 2-7 min. Cells were then extracted and placed
in a universal tube. Next, 10 pl of cells were used on a haemocytometer for
counting. The remaining cells were spun at 1500 g for 5 min and the trypsin then
carefully discarded. Fresh medium in the volume of 5 ml was used to resuspend the
cells. Another 5 ml of fresh medium was added to new flasks before the correct

volume of cells were added to equal a concentration of 1 x 10 cells per flask.

4.2.1.3 Labelling of cells

Cells were split from the original media into light media and grown for one passage.
After a week the cells were ready to be split again, this was undertaken using the
method described above. However, when splitting cells for the labelling experiment,
the cells were resuspended in DMEM stock medium before being transferred into
the correct flasks. This allowed the same cells to be used for both the heavy and
light experiments. There were four biological replicates for the SILAC experiment
and each biological replicate had two time points. Figure 4.1 describes how the

flasks were labelled.
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Light Media
A +8
B +S

C [x ]

Heavy Media
A
B’
c +S

D D[ x4 ]+8

Figure 4.2 Schematic showing flask labelling and treatment.

A-D represents the four biological replicates containing either light amino acids
arginine and lysine or the heavy variations of these amino acids. The image depicts
the need for four flasks per biological replicate; +S symbolises which flasks were
treated with salbutamol. Two biological replicates from each media were treated
with the salbutamol to normalise any variation that may occur due to the labelling.

All flasks were left for six doublings, at which point, all medium was removed and
either a heavy or light low serum media (DMEM low glucose minus arginine and
lysine media (Sigma-Aldrich) including: 0.0159g/L phenol red, 0.0001g/L proline,
0.105g/L L-leucine, 0.084g/L arginine, 0.146g/L lysine, 0.11g/L sodium pyruvate,
4.5g/L D-glucose, 1% (v/v) penicillin-streptomyocin, 2% (v/v) horse serum) was
added to the correct flasks. Cells were then left for another six doublings to allow
them to become fully differentiated. Medium was changed every two days to prevent
any effect on the cells growth due to limited nutrients or salbutamol. Treatment was
staggered over 15 min intervals to allow for collection at a later stage (4.2.1.4).
Fresh heavy or light medium was prepared and either salbutamol at a concentration
of 1 x 104, made in DMEM low glucose medium, or the same volume of just
DMEM low glucose medium was added to the correct flasks. Fresh control or

treated medium was added each day.
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4.2.1.4 Harvesting cells

After 24 hr and 96 hr of treatment, cells were harvested from all four biological
replicates. Harvesting cells from a 25 cm® flask of cells involves first removing the
old medium and washing with 5 ml of HEPES buffer (Sigma-Aldrich). The buffer
was then disposed of and 5 ml of trypsin (Sigma-Aldrich) was added and incubated
for 4-7 min to cleave the cells. Cells were then extracted and placed in a universai
tube and spun at 1500 g for 5 min before carefully discarding the trypsin. To wash
the cell pellet 10 ml of PBS was added and the pellet resuspended. This was then
spun for another 5 min at 1500 g at 4°C. The PBS could then be removed and a fresh
1 ml added to resolubilise and transfer the cells to an ependorf tube. This time the

cells were spun at 16000 g for 4 min. The PBS was removed and the pellet was

stored at -20°C.

4.2.2 Sample preparation for protein separation

4.2.2.1 Lysis of cells

An aliquot of 500 pl of lysis buffer (8M urea, 2M thiourea, 2% (w/v) CHAPS, 1%
(w/v) DTT) was added to each sample pellet. Samples were treated to a freeze/thaw
process five times, which involved; freezing with liquid nitrogen followed by
quickly thawing to room temperature and vortexing for 1 min. A protein assay was

undertaken on the lysed sample before precipitation. Samples were stored at - 20 °C.
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4.2.2.2 BSA assay

The Thermo Scientific Pierce Coomassie Plus Protein Assay was used to measure
the protein concentration of the samples. A set of protein standards, ranging from
2.5 - 25 pug/ml BSA, were prepared in ultrapure water. An aliquot of 150 pl of each
standard and the samples were transferred to different wells on a 96 well plate. An
equal volume of Coomassie Plus reagent was added to all the standards and samples
before being left to incubate at room temperature for 10 min. To determine the
concentration of the samples a Multiskan Ascent microplate photometer (Thermo

Scientific) was used to read the absorbance at 595 nm.

4.2.2.3 Acetone precipitation for protein separation

An acetone precipitation was performed to remove any salts or detergent left by the
lysis buffer. Five volumes of ice cold acetone was added to the sample, mixed and
left at -20 °C overnight. The sample was then spun at 16000 g for 20 min at 4 °C and
the supernatant removed. A further 200 pl of ice cold acetone was used to wash the
sample before being centrifuged at 16000 g for 20 min at 4 °C. The supernatant was

again removed and the pellet stored at —20 °C.

4.2.2.4 TCA precipitation

An alternative to the acetone precipitation is to use trichloroacetic acid (TCA),
which performs the same function as the acetone precipitation but can sometimes be
more effective. Six volumes of 100% (v/v) TCA were combined with four volumes
of sample. This was left for 2 hr at 4°C before being centrifuged at 16000 g for 5

min at 4°C. The supernatant was removed leaving the protein pellet intact and then
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washed with 200 pl of ice cold acetone. The samples were centrifuged again at
16000 g for 5 min at 4°C. After the acetone washes‘ were repeated twice more,
pellets were dried in a heat block at 95°C for 5-10 min to evaporate any remaining

acetone.

4.2.3 Sample preparation for peptide separation

4.2.3.1 Lysis of cells
Two different lysis buffers were used for preliminary experiments to identify which

provided the best optimisation for protein recovery and clean up.

4.2.3.1.1 Lysis buffer 1

An aliquot of 300 pl of lysis buffer 1 (8M urea, 2M thiourea, 0.6% (w/v) CHAPS,
1% (w/v) DTT) was added to the sample pellet, mixed thoroughly and subjected to a
freeze/thaw process five times. A protein assay was undertaken on the lysed sample

before precipitation. The samples were kept at —20 °C.

4.2.3.1.2 Lysis buffer 2

The pellet was resolubilised in 1 ml of lysis buffer 2 (8M urea, 2M thiourea, 0.6%
(w/v) CHAPS in 100mM HEPES buffer pH 8.5) and vortexed thoroughly before a
BSA protein assay was performed ahead of precipitation. No freeze/thaw step was

used here to help prevent any detergent dropping out of solution. Samples were

stored at -20°C.
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4.2.3.2 BSA assay and mixing of heavy and light samples

The BSA assay was undertaken following the same method described in section
4.2.2.2. Once concentrations of both the heavy and light samples had been
determined an equal amount of protein for the differently labelled samples, for each
time point, were mixed together. This was repeated for all biological replicates. The

total amount of protein combined equalled 500 pg.

4.2.3.3 Acetone precipitation for peptide separation

Before precipitation the samples were diluted in double distilled water to reduce the
concentration of urea from 8M down to 2M. Five volumes of ice cold acetone were
mixed with each sample, vortexed and left over night at -20°C. Centrifuging the
samples at 16000 g, 4°C for 20 min allowed the supernatant to be carefully removed.
Consequentially samples were washed with 500 pl of ice cold acetone, spun at
16000 g for 10 min at 4°C and finally the supernatant decanted. This was repeated

for a second wash before leaving to air dry to remove any remaining acetone.

4.2.3.4 In solution trypsin digestion

Each sample was resuspended in 180 pl of 25mM ammonium bicarbonate after
precipitation. An aliquot of 10 pl was removed to run on a 1D gel as a control
(section 4.2.3.5). The addition of 10 pl of a 60 mM dithiothreitol (DTT) solution
occurred once the aliquot was taken. This was vortexed and left to incubate for 10
min at 60 °C before being allowed to return to room temperature and then briefly
spun. After reduction, an alkylation step was performed by adding 10 pl of a 180

mM solution of idoacetamide (IAA) and vortexing. Incubation followed at room
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temperature in the dark for 30 min. Sequence grade trypsin was diluted in 25 mM
ammonium bicarbonate to give a concentration of 1 pg/ul before being mixed with
the sample in a 50:1 protein:trypsin ratio. This was then incubated overnight at 37

°C.

4.2.3.5 SDS-PAGE 1D gel electrophoresis

A 10pl aliquot of the digested sample and the 101 undigested aliquot were run on a
1D electrophoresis gel to check for complete digestion. Samples were run on a 16
cm wide and 1 mm thick SDS-PAGE gel using Mini-PROTEAN™ Tetra cell kit
(Bio-Rad). A 12% (v/v) SDS-PAGE gel was cast following the recipes in Table 2.1

Chapter 2 for the resolving gel and Table 4.1for the stacking gel.

Table 4.1 5 % (v/v) Stacking Gel

Reagent Volume Additional information
30 % (v/v) acrylamide 10 ml
1.5 M Tris-Cl pH 8.8 Sml
ultrapure H,0 4.6 ml
10% (w/v) SDS 0.2 ml
10% (w/v) ammonium
persulphate (APS) 0.2 ml Add fresh
TEMED 0.01 ml Add fresh

Running buffer was prepared at 1 x concentration (2.5mM tris-base, 19.2mM
glycine, 0.02% (w/v) SDS) before use. The aliquots of both samples were mixed
with 20 pl of sample buffer, Laemmli 2x concentrate (Sigma Aldrich) before being

heated at 100°C for 5 min. The protein was separated by running the gel at 200 V for
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1 hr or until the dye had reached the end of the gel. The gel was then removed from
the plates and fixed for 2 hr in 40 % (v/v) ethanol, 10% (v/v) acetic acid. Once fixed
the gel was washed twice for 10 min in ultrapure H,0 and stained in colloidal
Coomassie blue (1 part methanol to 4 parts colloidal stock (Chaipter 2 Table 2.2)) for

1-7 days.

4.2.4 Separation using an Off-Gel Fractionator

4.2.4.1 Protein Separation

The protein pellet formed after acetone precipitation was resuspended in 1.44 ml of
the protein OFFGEL stock solution (7M urea, 2M thiourea, 0.07M DTT, 10% (v/v)
glycerol and 1% (v/v) 3-10 pH ampholytes) and 360 pl of dd-H,O. The OFFGEL
trays were assembled following the manufacturers guidelines. Proteins were
separated using 12cm 3-10 pH IPG strips (GE Healthcare). Each strip was
rehydrated for 15 min with 40 pl rehydration buffer (80% Protein OFFGEL stock
solution) in each well, before 150 pl of sample was loaded into each well. Proteins
were either separated by the standard protocol; 20 KVhr at 4500 V, 50 pA and 50
mW or a by a programmed method of 500 — 1000 V over 4 hrs then up to 8000 V for

50 kVhr.

171



4.2.4.1.1 Collection of samples

4.2.4.1.1.1 Acetone precipitation for fractionation

Precipitation was undertaken using the method described in section 4.2.3.3. but
using 1ml to wash the samples and only completing one overnight precipitation to

minimise the protein loses.

4.24.1.1.2 In solution digestion

Digestion was performed as described in section 4.2.3.6. Again aliquots of the
samples before and after digestion were run on a 1D gel electrophoresis to check for

complete digestion.

4.2.4.1.1.3 Clean up of samples using C18 stage tips

A second clean up step was performed to ensure the samples were suitable to be run
on a mass spectrometer. C18 stage tips (Proxeon) with a capacity to bind 10pg of
protein in a max volume of 200 pl, were used for this process. To start the tips were
spun at 300 g for 1 min before following with an initializing step, this involved
passing 20 pl of 80% (v/v) ACN, 5% (v/v) formic acid through the tips by
centrifuging at 300 g for 1 min. To re-equilibrate the tips 20 ul of 5% (v/v) formic
acid was added to the tips and spun for 1 min at 300 g. The sample was then
transferred to the tips, to which 20ul 5% (v/v) formic acid was added, before being
spun at 700 g until all the liquid had passed through. The tips were then washed with

another 20 pl of 5% (v/v) formic acid and centrifuged at 300 g for 1 min. To elute
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the peptides 20 pl of 80% (v/v) ACN, 5% (v/v) formic acid was passed through the

tips twice by centrifuging at 300 g.

4.2.4.2 Peptide Separation

The peptide sample was added to HPLC H;O to give a total volume of 360 pl. This
was then combined with 1.44 ml of the OFFGEL peptide stock solution (0.1% (v/v)
glycerol, 1.2% (v/v) 3-10 pH ampholytes). The OFFGEL trays were assembled
following the manufactures guidelines. Again, 12 cm pH 3-10 IPG strips from GE
Healthcare were used to separate the peptides. The strip was rehydrated for 15 min
by applying 40 ul of the rehydration solution (80% (v/v) peptide OFFGEL stock
solution) to each well before pipetting 150 pl of the sample into each well. The
peptides were separated using the standard protocol: run for 20 kVhr at 4500 V, 200

mW and 50 pA then holding at 500 V, 20pA and 50 mW.

4.2.4.2.1 Clean up of peptide samples

Each well was collected separately. No acetone precipitation is needed in this
separation method but the glycerol still needs to be removed from the samples. To
complete the clean up, each well was applied to a C18 stage tip following the

protocol set out in section 4.2.4.1.1.3.

4.2.5 Sample preparation involving no separation
To enable the comparison of data gained by cither the separation of peptides before

mass spectrometry analysis via the OFFGEL, to data from a whole cell lysate run on
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a mass spectrometer, the samples must be the same. For this sample preparation the
samples were taken from the same preparation explained in section 1.2.3. An aliquot
was taken from the digest which equalled 10 pg of protein and was cleaned up via

C18 stage tips (section 4.2.4.1.1.3) before analysed on the mass spectrometer.

4.2.6 Sample preparation using RapiGest

4.2.6.1 Lysis of cells

Samples were collected as stated in section 4.2.1.4. A 10 mg vial of RapiGest
(Waters MS technologies) was reconstituted in 1ml of 50mM ammonium
bicarbonate to give a 1% (w/v) stock solution. A sample of this was taken and
diluted down to 0.05% (v/v) in 25mM ammonium bicarbonate before 500ul was
added to each sample. Samples were mixed thoroughly before being subjected to
five rounds of freeze/thawing with intense votexing between each round. The
samples were then heated for 10 min at 80°C before being spun for 10 min at 16000
g. The supernatant was carefully transferred to a new tube and an aliquot was taken

for a protein assay (section 4.2.2.2).

4.2.6.2 Digestion of samples

Equal amounts of control and treated sample were taken and mixed together to give
a total protein amount of 100ug. To this, 25mM ammonium bicarbonate was used to
adjust the final volume to 160ul. To this 10pl of a 9.2mg/ml DTT solution was
added, votexed and incubated at 60°C for 10 min. After briefly centrifuging the

sample, 10pl of a 33mg/ml IAA solution was added. The samples were votexed and
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incubated at room temperature in the dark for 30 min. Sequence grade trypsin
(Sigma-Aldrich) was diluted in 25 mM ammonium bicarbonate to give a
concentration of 1 pg/ul before being mixed with the sample in a 50:1
protein:trypsin ratio. This was then incubated overnight at 37 °C. After running a 1D
gel to check for complete digestion the samples were analysed by mass

spectrometery.

4.2.7 Protein identification

4.2.7.1 Mass spectrometry analysis

4.2.7.1.1 LC-MS/MS

Two types of MS were used for the analysis of the SILAC data, LTQ and Orbitrap.
The LTQ, as described in Chapter 2 section 2.2.4.2, was used for two reasons; a) for

a preliminary check of the samples, b) as a comparison to the Orbitrap.

4.2.7.1.2 LTQ Orbitrap Velos (Thermo Scientific)

Samples were run on the Velos by Dr Stuart Armstrong, University of Liverpool.
Peptide mixtures were analyzed by on-line nanoflow liquid chromatography using
the nanoACQUITY-nLC system (Waters MS Technologies) coupled to an LTQ-
Orbitrap Velos (ThermoFisher Scientific) mass spectrometer equipped with the
manufacturer’s nanospray ion source. The analytical column (nanoACQUITY
UPLC™ BEH130 C18 15c¢m x 75pm, 1.7pum capillary column) was maintained at.
35°C at a flow-rate of 300nl/min. The gradient consisted of 3-40% acetonitrile in

0.1% formic acid for 90 min then a ramp of 40-85% acetonitrile in 0.1% formic acid
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for 3 min. Full scan MS spectra (m/z range 300-2000) were acquired by the Orbitrap
at a resolution of 30,000. Analysis was performed in data dependant mode. The top
20 most intense ions from MS1 scan (full MS) were selected for tandem MS by
collision induced dissociation (CID) and all product spectra were acquired in the

LTQ ion trap. A total of 500ng per sample was injected on to the column.

42.72 MaxQuant

Raw files of Orbitrap data were processed using version 1.1.1.36 of MaxQuant
(http://www.maxquant.org/). For protein identification the ipiMOUSE protein
database v3.87 (http://www.ebi.ac.uk/IPL/IPImouse.html) was uploaded to
MaxQuant. Carbamidomethylation was set as fixed modification and variable
modifications as oxidation (M). Initial peptide mass tolerance was set to 20ppm and
fragment mass tolerance was set to 0.8 Daltons (Da). Two unique peptides per
protein were required for high-confidence protein identifications. The peptide and
protein false discovery rates (FDR) were set to 0.01. The maximal posterior error
probability (PEP), which is the probability of each peptide to b¢ a false hit
considering identification score and peptide length, was set to 1. Raw files were
uploaded separately but all data was retrieved in one file to compare the fold

changes between experimental runs and time points.
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4.3 Results

4.3.1 Sample pre-fractionation

Before determining if pre-fractionation before mass spectrometry analysis had any
benefits, a decision on whether to separate in protein or peptide space needed to be
achieved. Test samples of light labelled cells were used for both separation methods.
To test the suitability of the focusing method for this experiment, the samples were
separated in protein space originally. This method allowed the resulting samples to
be inspected on a gel after separation (Figure 4.3). From this figure, separation of
the different proteins present in different pI ranges can be witnessed. However, in
several fractions the same band could be identified suggesting that focusing could be
optimised further or that several of the proteins have isoforms which cause them to
appear at different pl values. When attempting to change the focusing options to
allow better separation the OFFGEL fractionator had trouble reaching the intended
higher voltages. This was most likely due to the high salt content in the samples.
When focusing the samples for the DIGE experiment a similar problem was
encountered resulting in separation occurring via a low voltage for a longer time

which can also cause incomplete separation.
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Figure 4.3 SDS-PAGE ID gel ofprotein samples collected after separation on an
OFFGEL fractionators. A 13 cm pH 3-10 IEF strip was used to separate a lysed
sample of C2C12 cells into 12 fractions (lanes 1-12). The lane labelled C2C12
contains a sample before fractionation. Gel is stained with commassie plus reagent
to allow visualisation of the proteins present in each fraction.

Once the protein samples had been fractionated they needed to be recovered
efficiently and cleaned to be compatible with mass spectrometry analysis.
Substances, such as CHAPS and glycerol, can cause problems in the analysis by
damaging the column or the trap. The samples were originally precipitated using
acetone prior to being separated on the OFFGEL. However, this still resulted in a
large amount of CHAPS being present (Figure 4.4). To allow for efficient
precipitation, each well was washed with distilled water after the sample had been
removed. This was added to the original sample to dilute the concentration of urea

from 8M to 2M.
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Figure 4.4 Spectra showing contamination in a OFFGEL separated sample of
lysed C2CI2 celts. A sample of C2C12 cells grown in light amino acids were lysed
in a buffer containing CHAPS. It was then separated on the OFFGEL fractionator
for 20 kVIIr at 4500 V. Acetone precipitation was performed on each well after
being diluted four fold. The samples were then digested using trypsin and run on an
L1Q. Ihe highlighted peak indicates CHAPS (615 m/z).

When repeating the experiment with peptide separation CHAPS contamination was
again identified but it was not as significant a problem as in the protein separation.
Not only was this an advantage but the time to prepare, separate and clean the
samples were significantly reduced when using peptides. Separation of peptides also

produced more protein identifications in MASCOT. Due to the reasoning stated.
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peptide separation was chosen as the preferred method of separation for the SILAC

experiment.

4.3.2 Protein modulation

4.3.2.1 SILAC1

At 24 hr the mean identifications recorded was 656 +52 across the four replicates.
However, only an average 338 % 15 proteins were identified with a heavy to light
ratio score by MaxQuant. Those proteins identified with only one unique peptide or
with a heavy to light count <2 were discarded before ratios were calculated. At 96 hr
the average number of proteins identified was also 656 + 65, with 347 + 35 proteins

fitting the criteria to produce heavy to light ratios.

Table 4.2 Table listing the number of proteins identified and considered
modulated using MaxQuant. C2C12 cells were labelled with heavy or light arginine
and lysine before being treated with salbutamol. Samples of both the treated and
control cells were collected after 24 hr and 96 hr of treatment. These were analysed
using an Orbitrap Velos and the spectra run through MaxQuant to identify proteins
from the corresponding peptide peaks. MaxQuant only calculated the heavy:light
ratio for those proteins that appeared in all four replicates with more than one
peptide. The averages from the four replicates are displayed.

Replicates | Total identifications Total proteins Total number of No.
identified with proteins modulated | up-regulated
heavy:light ratio
24 hr 96 hr 24 hr 96 hr 24 hr 96hr | 24 hr | 96 hr
A 710 749 350 397 7 9 5 5
B 648 632 333 340 6 10 4 4
C 679 644 350 332 6 11 3 6
D 588 598 318 317 4 5 2 3
Average 656 656 338 347 6 9 4 5
Standard 52.1 65.1 154 35 1.3 2.6 1.3 13
Deviation '
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Surprisingly, only an average of 6 proteins per replicate were identified as having a
fold change > 1.5, with a total of 18 non-redundant proteins from all four replicates
(Table 4.3). At 96 hr a similar result was seén with an average of 9 proteins being
highlighted per replicate with the same criteria, but with 27 non-redundant proteins
identified when the four replicates are combined (Table 4.4). In the data from both
time points just under half of the identified proteins are down-regulated. This
suggests that either there is very little change in the proteome after treatment or an
error occurred during treatment which is discussed in Chépter 7. A new batch of
salbutamol was purchased and tested in differentiating C2C12. As a difference in the
differentiating treated and control cells could be seen by eye it was confirmed that
the salbutamol was able to produce the desired effect. The experiment was then

repeated under the same conditions with the new salbutamol.
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Table 4.3 Modulated proteins after 24hr of treatment in four repeats. MaxQuant
was used to gain heavy:light ratios for every protein identified. This was achieved
using the raw data files produced from the LTQ-Velos. Only those proteins with two
or more unique peptides were included when determining ratios. All those with a
fold change, either up or down, equal to or >1.5 have been listed in the table for each
of the biological replicates.

Fold
Sample Protein ldentified change Modulation Labelling
A24 Cytokeratin-2e 2.5198 | Down regulated | Light -treated
Thrombospondin-1 1.7889 | Down regulated | Light -treated
Histone H1.2 1.9815 Up regulated Light -treated
Myristoylated alanine-rich C-kinase substrate 2.166 Up regulated Light -treated
Neuronal axonal membrane protein NAP-22 2.396 Up regulated Light -treated
Cytokeratin-10 3.8354 Up regulated Light -treated
Cytokeratin-1 4.5486 Up regulated Light -treated
B24 Thrombospondin-1 2.723 Down regulated | Light -treated
Annexin AS 1.6584 | Down regulated | Light -treated
Heterogeneous nuclear ribonucleoproteins A2/B1 2.136 Up regulated Light -treated
35 kDa lectin 2.2604 Up regulated Light -treated
Golgi reassembly-stacking protein 2 2.2719 Up regulated Light -treated
Eukaryotic translation initiation factor 3 subunit 9 2.2868 Up regulated Light -treated
C24 ADP-ribosylation factor 1 1.8245 Up regulated | Heavy-treated
Calcium-transporting ATPase sarcoplasmic .
reticulum type 1.7527 Up regulated | Heavy-treated
Flotillin-1 1.507 Up regulated | Heavy-treated
Thrombospondin-1 1.8173 | Down regulated | Heavy-treated
Rho-related BTB domain-containing protein 3 2.3098 | Down regulated | Heavy-treated
Cytokeratin-1 3.7114 | Down regulated | Heavy-treated
D24 Pyrophosphate phospho-hydrolase 2.2198 Up regulated | Heavy-treated
Chaperonin subunit 2 (Beta), isoform CRA_a 1.6631 Up regulated Heavy-treated
Thrombospondin-1 2.3061 | Down regulated | Heavy-treated
Cytokeratin-1 6.3155 | Down regulated | Heavy-treated
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Table 4.4 Modulated proteins after 96hr of treatment in four repeats.MaxQuant
was used to gain heavy:light ratios for every protein identified. This was achieved
using the raw data files produced from the LTQ-Velos. Only those proteins with two
or more unique peptides were included when determining ratios. All those with a
fold change, either up or down, equal to or > 1.5 have been listed in the table for
each of the biological replicates.

Fold
Sample Protein Identified change Modulation Labelling
A96 Endophilin-B1 2.9866 | Down regulated Light -treated
Histone H4 1.7713 | Down regulated Light -treated
Gamma-coat protein 1.6141 | Down regulated Light -treated
Integrin alpha-7 1.5959 | Down regulated Light -treated
Ribosomal protein S5 1.8133 Up regulated Light -treated
Myristoylated alanine-rich C-kinase substrate 19376 Up regulated Light -treated
Tetratricopeptide repeat, ankyrin repeat and
coiled-coil domain-containing protein 2 2.0392 Up regulated Light -treated
Cytokeratin-10 2.2775 Up regulated Light -treated
Cytokeratin-1 3.7757 Up regulated Light -treated
B96 Thrombospondin-1 2.0935 | Down regulated Light -treated
Neuronal axonal membrane protein NAP-22 1.9485 | Down regulated Light -treated
Myosin heavy chain 2b 1.7842 | Down regulated Light -treated
Myosin heavy chain 8 1.646 Down regulated Light -treated
Capping protein (Actin filament), gelsolin-like 1.5133 | Down regulated Light -treated
Erythrocyte band 7 integral membrane protein 1.5073 | Down regulated Light -treated
Ras-related protein Rab-5C 1.6785 Up regulated Light -treated
Cytokeratin-10 3.8695 Up regulated Light -treated
Cytokeratin-1 4.6677 Up regulated Light -treated
Cytokeratin-2e 6.0197 Up regulated Light -treated
C96 ADP-ribosylation factor 1 1.8624 Up regulated Heavy-treated
Hsc70/Hsp90-organizing protein 1.8498 Up regulated Heavy-treated
Twinfilin-1 1.7191 Up regulated Heavy-treated
Sulfide:quinone oxidoreductase, mitochondrial 1.6338 Up regulated Heavy-treated
ATP synthase subunit gamma, mitochondrial 1.6091 Up regulated Heavy-treated
Butyryl-CoA dehydrogenase 1.5108 Up regulated Heavy-treated
Eukaryotic initiation factor SA isoform 1 1.7081 | Down regulated Heavy-treated
Neuronal axonal membrane protein NAP-22 2.234 Down regulated Heavy-treated
Thrombospondin-1 2.6319 | Down regulated Heavy-treated
Cytokeratin-10 3.4917 | Down regulated Heavy-treated
Cytokeratin-1 6.8484 | Down regulated Heavy-treated
D96 Calponin-2 1.9162 Up regulated Heavy-treated
Annexin A4, isoform CRA_b 1.5942 Up regulated Heavy-treated
Cytosolic prostaglandin E2 synthase 1.5524 Up regulated Heavy-treated
Cytokeratin-10 2.0107 | Down regulated Heavy-treated
Cytokeratin-1 2.485 Down regulated Heavy-treated
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4.3.2.2 SILAC2

The results for the second SILAC experiment were similar to those previously
found. At 24 hr, an average of 481 + 63 more protein identifications are made with a
mean of 413 £+ 12 more proteins with calculated heavy over light ratios. However,
the number of proteins with a fold change >1.5 averaged at 13 + 9 per repeat. The 96
hr data set has similar results with 482 + 61 more identifications on average with
763 + 5 of these identifications having heavy over light ratios calculated by
MaxQuant (Table 4.5). When the data from the four replicates were combined a total
of 43 and 32 non-redundant proteins were identified with a fold change >1.5 for 24
hr and 96 hr respectively (Table 4.6 and 4.7). Sample S, the fourth replicate, had
over twice the number of proteins identified as being modulated compared to the

other three replicates.

Table 4.5 Table listing the average number of proteins identified and considered
modulated using MaxQuant. A second SILAC experiment was performed under the
same conditions. C2C12 cells were labelled with heavy or light arginine and lysine
before being treated with salbutamol. Samples of both the treated and control cells
were collected after 24 hr and 96 hr of treatment. These were analysed using an
Orbitrap Velos and the spectra run through MaxQuant to identify proteins from the
corresponding peptide peaks. MaxQuant only calculated the heavy:light ratio for
those proteins that appeared in all four replicates with more than one peptide. The
averages from the four replicates are displayed.

Replicates | Total identifications Total proteins Total number of No.
identified with proteins modulated | up-regulated
heavy:light ratio
24 hr 96 hr 24 hr 96 hr 24 hr 96hr | 24 hr | 96 hr
P 1126 1148 759 767 7 6 2 1
Q 1153 1125 751 758 10 10 5 5
R 1122 1132 750 752 7 7 3 5
S 1145 1145 746 774 26 20 22 11
Average 1137 1138 751 763 13 11 8 6
Standard 149 10.8 54 9.7 9.1 6.4 94 4.1
Deviation
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Table 4.6 Modulated proteins after 24 hr of treatment in four repeats after a
repeat of the SILAC experiment. An identical SILAC experiment was perform
using heavy and light arginine and lysine to label C2C12 cells. Samples were
collected after 24 hr of treatment and analysed via an Orbitrap. MaxQuant was used
to gain heavy:light ratios for every protein identified. This was achieved using the
raw data files produced from the LTQ-Velos. Only those proteins with two or more
unique ‘peptides were included when determining ratios. All those with a fold
change, either up or down, equal to or > 1.5 have been listed in the table for each of
the biological replicates.

Fold
Sample Protein Identified change Modulation Labelling
P24 Citrate hydro-lyase 2.149 Up regulated Heavy-treated
Septin-11 1.5808 Up regulated Heavy-treated
C-terminal LiM domain protein 1 1.8487 | Down regulated | Heavy-treated
DNA-binding protein NEFA 3.0854 | Down regulated | Heavy-treated
Cytokeratin-1 41616 | Down regulated | Heavy-treated
Cytokeratin-10 4.8548 | Down regulated | Heavy-treated
Cytokeratin-9 13.4562 | Down regulated | Heavy-treated
Q24 Elongation of very long chain fatty acids protein 1 2.6445 Up regulated Heavy-treated
Long-chain acyl-CoA synthetase 3 2.0859 Up regulated Heavy-treated
5'-AMP-activated protein kinase subunit gamma-1 1.6248 Up regulated Heavy-treated
Naphthalene dehydrogenase 1.5078 Up regulated Heavy-treated
Rab-12 1.5075 Up regulated Heavy-treated
Carboxypeptidase C 1.6924 | Down regulated | Heavy-treated
17-beta-hydroxysteroid dehydrogenase 12 3.7135 | Down regulated | Heavy-treated
Aldehyde dehydrogenase 18 family, member Al 5.9776 | Down regulated | Heavy-treated
Cytokeratin-9 7.6313 Down regulated { Heavy-treated
Cytokeratin-1 29.4664 | Down regulated | Heavy-treated
R24 Long chain 3-hydroxyacyl-CoA dehydrogenase 2.0223 | Down regulated | Light-treated
3-ketoacyl-CoA thiolase, mitochondrial 1.8452 | Down regulated | Light-treated
Formyltetrahydrofolate synthetase 1.6869 | Down regulated | Light-treated
Elongation factor Tu, mitochondrial 1.5371 | Down regulated | Light-treated
Tubulin beta-2A chain 1.7018 Up regulated Light-treated
UPF0568 protein C14orf166 homolog 2.3383 Up regulated Light-treated
Aidehyde dehydrogenase 18 family, member Al 2.3459 Up regulated Light-treated
524 High mobility group nucleosomal binding domain2 | 3.9858 | Down regulated | light-treated
Thymosin beta-10 1.9358 | Down regulated | Light-treated
GTPase-interacting protein 2 1.6739 | Down regulated | Light-treated
Calcium-transporting ATPase sarcoplasmic
reticulum type, fast twitch skeletal muscle isoform 1.5378 | Down regulated | Light-treated
Ribosomal protein L23 1.9633 Up regulated Light-treated
ATP synthase subunit gamma, mitochondrial 2.0211 Up regulated Light-treated
Neuroendocrine-specific protein-like 1 2.1969 Up regulated Light-treated
Electron transfer flavoprotein subunit beta 2.2982 Up regulated Light-treated
3-oxoacid-CoA transferase 1 2.4112 Up regulated Light-treated
Electron transfer flavoprotein subunit alpha,
mitochondrial 2.516 Up regulated Light-treated
Serine carboxypeptidase 1 2.5248 Up regulated Light-treated
2-methylbutyryl-coenzyme A dehydrogenase 2.6699 Up regulated Light-treated
Hydroxysteroid (17-beta) dehydrogenase 10 2.747 Up regulated Light-treated
Phosphatidylinositide phosphatase SAC1 2.8013 Up regulated Light-treated
Succinyl-CoA ligase [GDP-forming] subunit alpha,
mitochondrial ' 3.6049 Up regulated Light-treated
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Glycine amidinotransferase, mitochondrial 3.747 Up regulated Light-treated
ATP synthase subunit beta, mitochondrial 3.9518 Up regulated Light-treated
Isocitrate dehydrogenase [NADP], mitochondrial 3.9703 Up regulated Light-treated
3-ketoacy!-CoA thiolase 4.2781 Up regulated Light-treated
Cytokeratin-9 4.4877 Up regulated Light-treated
ATP synthase subunit alpha, mitochondrial 4.9085 Up regulated Light-treated
ATP-specific succinyl-CoA synthetase subunit beta 5.1414 Up regulated Light-treated
Long chain 3-hydroxyacyl-CoA dehydrogenase 6.3099 Up regulated Light-treated
Cytokeratin-1 6.6212 Up regulated Light-treated
Cytokeratin-10 17.0369 Up regulated Light-treated
Cytokeratin-2e 38.0387 Up regulated Light-treated

Table 4.7 Modulated proteins after 96 hr of treatment in four repeats after a
repeat of the SILAC experiment. An identical SILAC experiment was perform
using heavy and light arginine and lysine to label C2C12 cells. Samples were
collected after 96 hr of treatment and analysed via an Orbitrap. MaxQuant was used
to gain heavy:light ratios for every protein identified. This was achieved using the
raw data files produced from the LTQ-Velos. Only those proteins with two or more
unique peptides were included when determining ratios. All those with a fold
change, either up or down, equal to or > 1.5 have been listed in the table for each of
the biological replicates.

Fold

Sample Protein Identified change Modulation Labelling
N-ethylmaleimide-sensitive factor attachment

P96 protein alpha 1.5322 Up regulated Heavy-treated
Cytokeratin-10 3.376 Down regulated | Heavy-treated
Acetoacetyl-CoA thiolase 3.399 Down regulated | Heavy-treated
Proteasome (Prosome, macropain) 26S subunit
ATPase 3 5.3084 | Down regulated | Heavy-treated
Cytokeratin-1 7.3975 Down regulated | Heavy-treated
Cytokeratin-9 13.2723 | Down regulated | Heavy-treated

Qs6 UV excision repair protein RAD23 homolog B 2.2698 Up regulated Heavy-treated
Long chain 3-hydroxyacyl-CoA dehydrogenase 1.8169 Up regulated Heavy-treated
Actopaxin 1.7604 Up regulated Heavy-treated
Nuclear matrix protein 200 1.7266 Up regulated Heavy-treated
Septin-11 1.5008 Up regulated Heavy-treated
Cytokeratin-10 2.0511 | Down regulated | Heavy-treated
FAS-associated factor 2 2.1625 | Down regulated | Heavy-treated
C33 antigen 2.6159 | Down regulated | Heavy-treated
Utrophin 5.3758 | Down regulated | Heavy-treated
Cytokeratin-1 5.4324 | Down regulated | Heavy-treated

R96 IFN-response element binding factor 2 1.9266 | Down regulated | Light-treated
SH3 domain-binding glutamic acid-rich-like protein 3 1.7369 | Down regulated | Light-treated
APOBEC1-binding protein 2 241 Up regulated Light-treated
Hepatoma-derived growth factor 2.8184 Up regulated Light-treated
Cytokeratin-10 5.139 Up regulated Light-treated
Cytokeratin-9 5.6709 Up regulated Light-treated
Cytokeratin-1 6.5686 Up regulated Light-treated

$96 Thymosin beta-10 2.6147 | Down regulated | Light-treated
Calcyclin-binding protein 2.5895 | Down regulated | Light-treated
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Thymosin beta-4 2.3691 | Down regulated | Light-treated
SH3 domain-binding glutamic acid-rich-like protein 3 2.0248 | Downregulated | Light-treated
NADH dehydrogenase [ubiquinone] iron-sulfur

protein 8, mitochondrial 1.8572 | Downregulated | Light-treated
Prothymosin alpha 1.8339 | Down regulated | Light-treated
Heterogeneous nuclear ribonucleoprotein A0 1.5308 | Down regulated | Light-treated
Microtubule-associated protein 7 domain 1.5285 | Down regulated | Light-treated
Eukaryotic initiation factor 5A isoform 1.5267 | Down regulated | Light-treated
Proteasome chain 13 2.0434 Up regulated Light-treated
Proteasome (Prosome, macropain) 26S subunit, non-

ATPase, 12 2.0776 Up regulated Light-treated
Protein kinase C and casein kinase il substrate

protein 3 2.1725 Up regulated Light-treated
Hepatoma-derived growth factor 2.4305 Up regulated Light-treated
Cytosol aminopeptidase 2.7178 Up regulated Light-treated
Aldehyde dehydrogenase 18 family, member A1l 2.8961 Up regulated Light-treated
Proteasome (Prosome, macropain) 26S subunit

ATPase 3 4.3885 Up regulated Light-treated
Cytokeratin-10 4.6352 Up regulated Light-treated
Cytokeratin-9 6.8951 Up regulated Light-treated
Cytokeratin-2e 8.0444 Up regulated Light-treated
Cytokeratin-1 12.4642 Up regulated Light-treated

In the first experiment at 24 hr, thrombospondin-1 (Table 4.3) is identified in all four
repeats as being down regulated. This protein is found in two of the repeats in the 96
hr sample set (Table 4.4) but not identified in the second SILAC experiment (Tables
4.6 and 4.7). Cytokeratin 1, 2¢, 9 and 10 are seen throughout both experiments and
the two time points. At least one of these proteins was identified in 14 of the 16
replicates taken over the two experiments. Interestingly, when comparing proteins
identified at each time point separately it was noticed that the cytokeratins were
sometimes identified as being up regulated in one replicate and down regulated in
another. Very few proteins are identified in more than one replicate but as this may
be due to the mass spectrometry analysis the total protein list of modulated proteins
were analysed further to identify if the proteins had similar functions. Figure 4.6
visualises the different numbers of similar functions or biological processes of the
58 non-redundant proteins identified over the two experiments (8 replicates) at 24

hr. The biological process of each identified protein was determined using
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UniProtKB (http://www.uniprot.org). The most modulated processes are regulation
of transcription and translation, cytoskclctal and fatty acid regulation. The same
analysis was performed for the data collected over the two experiments at 96 hr,
resulting in 56 non-redundant proteins. From Figure 4.6 it can be observed that
cytoskeletal proteins, fatty acid regulation and regulation of transcription and
translation are processes containing a large amount of the modulated proteins.
However, there are more proteins identified involved in cell morphology. A total of
9% are also proteins identified with degradation, apoptosis and DNA damage

functions, suggesting the cells are undergoing different changes to those at 24 hr.

Identified proteins

Figure 4.5 Pie chart representing the protein functions of those identified as
modulated over Hreplicates at 24 hr. A SILAC study using heavy or light arginine
and lysine to label C2C12 mouse muscle cells was undertaken. Half the cells were
treated with salbutamol. Control and treated samples were collect at 24 hr after
treatment, mixed, digested and analysed via an Orbitrap. Proteins were identified
with MaxQuant. This experiment was repeated equalling a total of 8 replicates.
n=58. All proteins with a fold change >1.5 were identified and functions determined.
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Identified proteins

Amino acid biosynthesis ATP synthesis

Other
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Cytoskeletal
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Muscle contraction
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Regulation of transcription/translation

Electron transport

Protein transport

Figure 4.6 Pie chart representing the protein functions of those identified as
modulated over 8 replicates at 96 hr. A SILAC study using heavy or light arginine
and lysine to label C2C12 mouse muscle cells was undertaken. Half the cells were
treated with salbutamol. Control and treated samples were collect at 96 hr after
treatment, mixed, digested and analysed via an Orbitrap. Proteins were identified
with MaxQuant. This experiment was repeated equalling a total of 8 replicates,
n=56. All proteins with a fold change >1.5 were identified and functions determined.
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4.4 Discussion

SILAC was chosen for this study over other labelling techniques due to its added
advantages; the labelling is not restricted to proteins containing cysteine residues as
in ICAT and the proteins are uniformly labelled enabling several peptides from the
same protein to be compared to identify if the changes are the same (Ong et al,
2002). This technique has, however, presented an interesting phenomenon within
this sfudy. From the results gained it would seem as if the C2C12 cells undergo very
little change at a protein level after treatment with salbutamol. However, Chapter 3
identified several hundred gene modulations suggesting a large protein change
would be occurring. To understand the meaning behind the data collected each

possible scenario and limitation needs to be analysed.

A small number of proteins were identified with a fold change > 1.5. For example;
in the first experiment, thrombospondin-1 is identified in all four repeats as being
down regulated. This protein is an adhesive glycoprotein that mediates cell-to-cell
and cell-to-matrix interactions. When C2C12 cells undergo differentiation, the
myoblasts fuse together forming myotubes. As this protein is down regulated it
suggests that the growth induced by salbutamol is not due to continuous fusion and
cell-cell interaction. However, this protein was not identified when the experiment
was repeated. This may be due the differences occurring at a mass spectrometry run
level. If peptides perform slightly differently in each run or the sample is very
complex meaning not all peptides may be identified, this would cause varying
results. A large number of cytoskeleton proteins in the form of cytokeratin were

identified in both experiments in more than one repeat. Cytoskeleton proteins in the
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form of keratin have often been identified as contaminates in mass spectrometry
analysis, as these proteins were seen as up-regulated in one repeat but down-
regulated in another it is difficult to determine if these are true changes. There are
other cytoskeletal proteins identified such as tubulin, thymosin and twinfilin which
suggest that there is an effect within the structure of the cells, which are involved

with the organisation of the cytoskeleton as well as filament forming.

Although only a few proteins were identified in all the replicates, when comparing
the biological processes of those found there was a similarity across the repeats but
differ slightly across time points. There were a number of proteins indentified, at
both 24 and 96 hr, which are involved in the acetyl-CoA conversion and fatty acid
regulation as well as the regulation of transcription and translation. All the proteins
with a role in fatty acid metabolism, such as long-chain acyl-CoA sythetase 3 and 2-
methylbutyryl-coenzyme A dehydrogenase, were identified as being up-regulated.
However, 3-ketoacyl-CoA thiolase was identified as being down-regulated in at 24
hr in one repeat but up-regulated in another. This may be due to an isoform or a
post-transcriptional modification on the protein. Eukaryotic initiation factor SA
isoform was one of the translation and transcriptional proteins identified. This
protein is observed at 96 hr as being down-regulated in both SILAC experiments
with similar fold changes in both studies (1.5 and 1.7). Eukaryotic initiation factor
5A (eIF5A) is an mRNA-binding protein involved in translation elongation. Several
different functions have been attributed to eIF5A, including its role in cell
proliferation (Hanauske-Abel et al, 1994; Parreiras-e-Silva et al, 2010) and
apoptosis (iin et al., 2003) as well as its interaction with specific sequences of

mRNAs suggesting a possible role in mRNA decay (Zuk & Jacobson, 1998). This is
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not the only protein identified as modulated with a role in apoptosis and autophagy.
At 96 hr both endophilin-B1 and FAS-associated factor 2, known to have a role in
apoptosis (Imai et al., 2002; Takahashi et al., 2005; Yang et al., 2010), are identified
as being down regulated. Energy production is another important process during and
cell differentiation or growth. At 24 hr several proteins involved in energy
regulation and ATP synthesis are identified as up-regulated, such as ATP synthase,
glycine amininotransferase and 5°-AMP-activated protein kinase. Although there are
several interesting proteins and biological process highlighted, due to the lack of
identification of proteins across more than one repeat it is difficult to draw a

statistically significant conclusion.

4.4.1 ldentification of scenarios resulting in little differentiation
of the proteome

This study has identified only a small number of differentially modulated proteins
compared to the number of genes modulated in Chapter 3. This difference may be
due to limitations which could prevent the analysis of the proteome occurring.
Potential problems and limitations can arise in both the experimental procedure as
well as the methodology itself. These limitations are discussed below in an attempt

to further understand the results gained.

44.1.1 Determining the effectiveness of the labelling process
To deter any error occurring from the labelling technique, systematic checks were
undertaken during the experiment by sampling the cells and analysing randomly

picked peptides to determine the amount of labelling. Previous studies of a similar
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type have used a standard of greater than five doublings in the heavy media to allow
for complete labelling (Cui ef al., 2009; Graumann et al., 2008; Ong et al., 2002;
Pan et al., 2008). For C2C12 cells one doubling is equal to one day. For this
experiment six doublings were chosen as a suitable value for the labelling as this
allowed for the heavy amino acids to be incorporated as well as leaving the cells in a
position to be treated before reaching cell death. To confirm that the cells were fully
labelled, a sample of each biological replicate was taken after six doublings, prior to
treatment verify the absence of light peptides. A random selection of peptides
identified as being labelled with the heavy amino acids were chosen and the spectra
was manually checked to assess for any light peptide peaks for the corresponding
peptide. As only the weight of the peptides should have changed when labelled with
the heav‘y amino acids the corresponding peptide should be found at a shift of either
8 Da or 10 Da depending on which amino acid it is labelled with. These did not
highlight any light peptides but when run through MASCOT a small number of
peptides appeared without labelling,‘ which means a 100% labelling has not
occurred. This number was less than 1% of the total peptide count and so was
assumed to be reasonable. Normalisation of the results would overcome this

problem.

It is unlikely that the results gained were due to a lack of labelling as this was
carefully examined. SILAC is a well used technique that has been proved to work
efficiently in other studies so it is mostly likely due to some other limitation or

biological phenomenon.
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4.4.1.2 Loss of sample could cause bias in results

As part of the sample preparation for mass spectrometry analysis the collected cells
needed to be lysed. To achieve this, the cells were mixed with a lysis buffer and
subjected to a freeze/thaw technique. To allow for solubilisation of the proteins a
detergent called CHAPS was present. CHAPS, along with urea, thiourea and
glycerol for the OFFGEL samples needed to be removed before samples could be
run on the mass spectrometer. Although the precipitation step was able to remove
the glycerol, urea, tris and thiourea the CHAPS was still present in an amount
determined as high enough to cause damage to the instrument. Precipitation of the
sample before focusing as well as after was then undertaken. Again CHAPS was
present in the sample but at a much lower level. Unfortunately, there was a loss of

peptides and MASCOT was unable to identify as many proteins as usual. A

Using different precipitation methods produced similar results. The first
precipitation was then removed and instead the peptides were cleaned using stage
tips after digestion. Although this reduced the loss of sample the problem with the
CHAPS reappears. A desalting column was also tested as an alternative clean up
method. Again, this procedure was able to clean the sample but resulted in a huge
loss of the sample meaning it was not a viable method. An attempt to reduce the
amount of CHAPS in the lysis buffer was then tested. The concentration of CHAPS
was reduced to its lowest amount (0.6 % (w/v)) before being ineffective and the
solution buffered using HEPES buffer. This, along with removing the freeze/thaw
step, was to reduce any CHAPS dropping out of solution during the precipitation.
Eventually, this solution combined with a two day precipitation method and using

non-binding tubes was able to produce a result where the CHAPS peak did not
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overwhelm the peptide results. With all of these methods protein loss was seen, if
the loss of protein in these steps is directed only at a specific group of proteins a bias

in the results could be obtained.

Overall, using a lysis buffer containing a detergent, as well as urea and thiourea was
causing large sample losses during the clean up stages performed after lysis. By
using RapiGest instead of the lysis solution more of the protein could be recovered
and taken forward. Although this decreased any bias in the result due to the reduced
losses, not all the protein could be recovered, for example the insoluble proteins are
lost at the lysising stage. For the second SILAC experiment, the insoluble proteins
were collected and stored at -20°C. With more time it would have been highly
informative to be able to study these proteins to determine if there was a change that
was not identified using this method which only studied the soluble proteins. The
results using the RapiGest instead of the lysis buffer are similar to the original
suggesting the sample loss is not a cause of the limited change detected in the

proteome.

44.13 vBiological explanation of results

When cells are grown in the presence of a stimulus, it is extremely unlikely that no
change within the cell would be seen. The cell would be under ar type of stress
resulting in at least a response to protect itself. In this case, the lack of response may
be due to the cell line used. The cells were left to become fully differentiated to
allow the cells to model mammalian muscle cells without using live animals.

However, due to this decision the problem may have arisen. It is possible that once
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the cells become differentiated they are unable to grow any further and so do not
respond to stimulus. Another reason behind the results gained may be due to the
protein change being extremely small and not identified using this method. It is
possible that a much larger change in gene expression is needed to produce a small
change in the protein. A third reason could be due to the time lag between gene
expression and protein modulation. The majority of gene mddulations occurred at 24
hr and 96 hr meaning that a large protein change may not occur until after these time
points in the proteome. This theory is supported by the fact there were a much
smaller number of modulated genes at 2 hr and 6 hr (Chapter 3 section 3.3.4) which
would correlate with the small protein change at 24 hr and 96 hr. However, although
a smaller number of genes were identified as modulated compared to data collected
at 24 hr and 96 hr a total of 161 and 299 genes at 24 hr and 96 hr, respectively, were
identified. This is considerably higher than the number of proteins observed as
modulated in this study. As the link between these two areas is still not fully
understood, differences between these two experiments may not correlate due to
limitations causing different identifications to be made. Other studies have identified
similar differences between gene expression and protein expression. Griffin et al,
(2002) observed differences between the abundance ratio of the messenger RNA
transcript and the corresponding protein product in Saccharomyces cerevisiae. Fu et
al,, (2009) investigated the gene expression and protein expression of human brain
samples and observed a moderate correlation between RNA-Seq expression

measurements and protein expression data (Pearson correlation of 0.36).
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4.4.1.4 Analysis of pre-fractionation

Due to the minimal changes in protein expression it is difficult to analyse the
benefits of separation before mass spectrometry analysis. Using fractionation a total
of six samples from one cell lysate were obtained as the 12 wells are combined into
6. Each of these 6 samples was run on the LTQ-Velos and all the spectra combined
to analyse the changes within the one cell lysate. However, without fractionation the
one cell lysate was digested and run once on the LTQ-Velos. As the pre-
fractionation method allowed one cell lysate to not only be simplified but also to
have a total of 6 runs on the mass spectrometer the total data was much greater. To
investigate further the benefits of separation, the same amount of runs for both
samples should be undertaken to remove this variation. If more changes had been
identified it would have also been possible to compare the results gained to see if the
same group of proteins were identified by the two methods. Overall, a larger number
of protein identifications were made using the OFFGEL fractionators. For one
sample over 1800 identifications were made compared to the 656 made without

separation.

4.4.2 Modulated proteins identified from the literature

From the results of the DIGE and transcriptomic experiments, a large number of
proteins being modulated were expected in the SILAC experiment. The DIGE
experiment identified a larger number of proteins being modulated in 3 out 4 of the
repeats then the SILAC experiment. The transcriptomic highlight a very large
number of genes being differentially expressed which would suggest a number of
proteins would be modulated though the increase may not be large. As the DIGE

experiment used rat primary muscle cells, and the correlation between gene
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transcripts and protein products is still unclear, it was hypothesised that a number of
proteins previously identified as not being modulated due to salbutamol may be
highlighted. Previous studies that have examined the hypertrophic effects of
salbutamol and other B-agonists have highlighted results which relate to our
previ‘ous findings. For example, recent reports suggest that B-agonists increase the
expression of several contractile proteins (Oishi et al., 2002; Spurlock et al., 2006)
and myogenin (Delday & Maltin, 1997) both of which were expected to be found in
this study. Due to data gained in Chapter 3 it was hypothesised that MAPK proteins
would be identified due to the large amount of gene expression change in the
transcriptome. Creatine is known as a key intermediate in the energy metabolism of
muscle fibres (Young et al., 2010). It was hoped that the proteins that it interacts
with would also be identified to confirm its link with steroid use and hypertrophy.
Supplementation of creatine is often used among athletes as a means for increasing
muscle mass, strength and gndurance (Casey et al., 1996; Mujika & Padilla, 1997).
For elderly people, creatine supplementation has been seen to enhance muscle
strength (Gotshalk ef al., 2008). These studies along with creatine kinase identified
in the DIGE experiment provoked interest in this metabolic pathway. Although little
can be determined from the results gained, one protein identified at 24 hr was
glycine amidinotransferase. This protein is known to catalyse the biosynthesis of
guanidinoacetate, the immediate precursor of creatine. This result links in with
previous studies (Warriss et al., 1990) involving B-agonists but further work needs
to be undertaken to determine if the result is a substantial finding. Both previous
studies (Chapters 2 and 3) have highlighted a change in the calcium channels and
calcium signalling. As B-agonists are thought to act through G-coupled receptors it

is likely that calcium would be activated as a secondary messenger. Calcium
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signalling and channels have been seen to have a wide range of functions on many
different areas, within different cells, giving reasonable weight to these being
identified in a proteomic experiment such as this. There are a great number of other
possible pathways and proteins that were expected to be affected but as the results

show none of these new questions have been brought forward.

4.4.3 Overall conclusions

In summary, there was a small change within the muscle proteome after treatment
with salbutamol but much smaller to that seen at a genomic level. Some potentially
interesting biological processes were highlighted at both time points, for example
the change bf fatty acid metabolism and cell morphology particularly cell adhesion
and cytoskeletal structure, Efforts have been made to ensure all steps of the method
work efficiently and large amounts of data have been gained. The proteins which
have been identified were often only identified in one or two of the repeats which
makes it difficult to ascertain if they are true changes. If this experiment was taken
on its own it would seem that the B-agonist, salbutamol, has only a subtle effect on
the proteome in mouse muscle cells. However, a physical morphological difference
was seen under a microscope when the cells were treated during differentiation
which would suggest a larger protein change would be occurring. This, along with
the transcriptome data, allows a possible conclusion that a very small proteome
change has occurred from a large genomic change. One possible scenario to why
only a small change within the proteome has occurred may be due to the cell line not
responding to stimulus once it has passed the differentiation stage. Another

explanation may be due to the effects on a protein level being too small to identify.
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Limitations in the SILAC technique or an unknown factor could also lead to a bias
in the results suggesting a lack of differentiation, though this is unlikely to cause
such a small number to be identified. However, the data gained was able to identify
areas of potentially interesting processes as well allowing the potential benefits to

pre-fractionation to be examined.
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5 Chapter 5

Further investigation into the effect of
salbutamol on the mouse muscle proteome
using label-free mass spectrometry analysis.
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5.1 Introduction

Labelling techniques have great advantages in proteomics; however they still have
some flaws. Errors in quantification can arise from incomplete labelling as well as
difficulty in simultaneously quantifying the amount of proteins/peptides in multiple
samples due to limited numbers of labelling reagents. Currently, only Tandem Masé
Tags (TMT) and iTRAQ allow for the comparison of up to eight samples at the same
time. Other labelling methods only compare the relative quantity of a protein
between two or three different samples. Also, current labelling methods can typically
only quantify a few hundred peptides. Furthermore, the high costs of labelling
reagents, the increased time and complexity of the sample preparation and the
requirement for higher sample concentrations make these quantification methods
difficult to be commonly applied. Recently, techniques have been developed which
remove labelling from the equation and use mass.spectrometry to identify any
differences between samples. Due to mass spectrometry technology increasing in
accuracy and efficiency these new proteomic quantification methods are being used
more frequently. Label free techniques have the advantage of low cost and
simplicity. There are currently two very different protein quantification strategies
used for label-free quantification: spectral counting and peptide chromatographic

peak intensity measurements.

5.1.1 Spectral counting
Spectral counting is based on the observation that if there is a linear correlation
between the MS/MS spectra acquired of peptides from a particular protein to the

relative concentration of said protein (Zybailov et al., 2005). Relative quantification
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can therefore be calculated by comparing the number of spectra between
experiments. An advantage of this technique is that both protein identification and
protein quantification can be achieved with extensive MS/MS data collected across a
chromatographic time scale simultaneously. This technique is controversial due to it
not measuring any direct physical property of a pepﬁde. It also relies on the spectra
quality and any error would lead to inaccurate quantification. Another disadvantage
to this technique is that it only provides relative quantification and assumes that all
peptides will respond identically during analysis as well as being detected equally
well during MS. To achieve the high accuracy needed, spectral counting requires a

high-resolution and fast mass spectrometer.

5.1.2 Peptide chromatographic peak intensity measurements

Peptide ion intensity measurement uses peak areas from extended ion
chromatograms to track peptide and protein abundance across samples. This is
achieved by comparing the intensity values for each peptide, between one or more
experiments, to gain the relative quantification. Chelius et al., (2002) demonstrated
that there is a linear correlation between the peak areas for a peptide and its
concentration. An advantage to this strategy is the possibility of distinguishing
between distinct peptide sequences with interfering signals of similar masses due to
the zoom scan and MS/MS data. However, the limiting factor to this method is the
requirement for obtaining assigned MS/MS spectra prior to peak matching. If the
acquisition of MS/MS spectra between experiments is low, it can reduce the number
of proteins that are able to be compared. The chromatographic profile needs be
optimised to allow for reproducibility and for corresponding peptides between

experiments to be found without too much difficulty (Bantscheff et al., 2007). An
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alternative'method has been proposed which involves the mass spectrometer no
longer cycling between MS and MS/MS mode, but instead to detect and fragment all
peptides simultaneously by rapidly alternating between high- and low-energy
conditions in the mass spectrometer known as LCMSE (Bantscheff et al., 2007).
Peptide ion intensity measurements will be utilised for this investigation and an

outline of the method to be used is provided in Figure 5.1.
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Figure 5.1 Overview of Label Free workflow

During the first half of the Label Free method the C2C12 cells will be grown in
unison with the SILAC and RNA-Seq cells. Cells will be grown in the equivalent of
the SILAC light media to allow direct comparison between these techniques. Once
half the cells have been treated with salbutamol the samples can be harvested but
kept separate. Once digested, they can be run on a mass spectrometer to gain spectra
for both the treated and control samples. Identifications and quantification can be

made through either MaxQuant or Progenesis which will compare the intensities for
the same ions in both samples.
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5.1.3 Protein identification and quantification

From any mass spectrometry run, hundreds to tens of thousands of fragment ion
spectra can be generated. To assign all of the fragment ion spectra to peptide
sequences, as well as the identification of proteins represented by each peptide and
the estimation of their abundances, a complex computational system is required and
is still a high statistical challenge. Protein identification from the spectra is the first
task undertaken. Usually, MASCOT, SEQUEST and X! Tandem database search
algorithms are used to assign peptide sequences to protein identifications. The
confidence in protein identification is increased with the number of unique sequences
identified. Therefore, it is often practice to categorize proteins into different priority

groups depending on the number of distinct sequences matched.

To determine protein quantification for spectral counting, the numbers of MS/MS
spectra from the same protein are analysed. There are no specific tools or algorithms
developed for spectral counting due to its ease of implementation. However,
normalization and statistical analysis of spectral counting data is important for
accurate and reliable detection of protein modulation. Dong et al., (2007) reported on
a simple normalization method to account for the variation from run to run. It is also
important to take into consideration the length (Powell et al., 2004) or sequence
(Ishihama et al., 2005) of a protein when determining the abundances of proteins
using spectrum counting. This is due to smaller proteins tending to have fewer
peptides identified per protein compared to larger proteins. Therefore, a normalized
spectral abundance factor (NSAF) was created to account for the effect of protein
length on spectral count (Florens et al., 2006). The NSAF is determined by the

number of spectral counts (SpC) identified for a protein, divided by the protein's
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length (L) and then divided by the sum of SpC/L for all proteins in the experiment.
NSAF allows the comparison of individual proteins in several independent samples

and has been applied to help quantify the expression changes (Florens et al., 2006).

2
N (SpC /1k,>

However, for peak inten