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Abstract

An age-related loss of muscle mass is associated with increased frailty in the.€ltherbffect

is felt at both a national scale, with an increased budgetary demand for health services directed
towards the ageing pajation, andby the individual where reduced mobility significantly
reduces their quality of life. It isnclear whether aBkeletalmuscle typesra affected in the
same manner. This thesis considered how thiol signalling, facilitated through reaidive th
groups orcysteineamino acids, may affect skeletal muscle ageing as it is crucial for normal
intracellular functionSeveraktudies have identifiectactive oxygen species (RC&crucial
signalling molecules in healthy muscle and various prote@nsletect and respond to chasige

in their concentration. Theysteins are evolutionarily conserved functionally important
locations and have a direct impact on protein functeffecting either its active site or
conformation. In healthy musglprotans can quickly and efficiently respond to changes in
ROS concentrations via this mechanistmereasn aged muscle these responses appear to be
impaired.

The quadriceps and soleusisgles were selectdekcause of their differing primary metabolic
pathwaysand physiology, reflecting fast and slow twitch muscle respectiVélis enabled
determination of age related changes to the redox proteome between two different skeletal
muscles. They are hypothesised to differenty and to determine thisdalt (12 months)and

old (24 months}issue were subjected to a deep proteomics investigalioridatng changes

tothe global proteome of ageing mowsescle as well as using differential labellingeduced

and reversibly oxidisedysteineresidues to identifyedoxsusceptible locations andividual
proteins.Prior to this a proteomics studhed not analysedchanges to the redox proteome
betweertwo skeletalmuscle tissuebefore

Analysis of the quadriceps label free resudentified changes to redox prote@bundance such

as a significant increase in Protein Disulphide Isomerase, crucial to disulphide bond formation
and breakageHSC70, important for protein folding, was significantly decreased with age.
Differential labelling of specificysteineresidueslemonstrated Cys46 increased in its reduced
form with age in PARKY. Furthermore, many changes observed in the label free analysis
highlighted cytoskeletal proteins #mseprimarily affected.

The soleuslabel free resultslemonstratedignificant decreass in abundance of a number of
mitochondrial proteins involved in the electron transport chain such as NAD(P)H
dehydrogenase and ATP Synthase. One example of differential labelling highlighted ATP
Synthase Cys101 as becoming increasingly reduced witf higancrease in a reduced redox
state ofcysteins was observed across a range of other mitochondrial proteins, possibly
indicating a negative impact on energy metabolism in the soleus with age.

A successful preliminary study considered the effect otcétieg C2C12 mouse skeletal
muscle cellsn vitro. A protocol for testing the effect of mechanical stretching on C2€l2
was optimised with a future goal of producing replicableitro proteomics data and thereby
reducing the requirement for animesiue.

The studies in this thesis identifigdriousredox proteome changes in quadriceps and soleus
muscle with age. This data will provide a basis for a targeted analysis of musculoskeletal
proteins with a view to a better understanding of musculositelgeing and its impact via the
proteome.
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1.1 Physiology of Skeletal Muscle

Skeletal nuscleis crucial for movement and in humamsakes upabout 40% othe
total body mass(Janssen et al., 2000triated skeletal muscle is so called because of the
repeating contractile unitrst observed under the microscopg van Leeuwenhak in the
1670s(Salmons, 2017)The apparent striations are caused by the | and A bands hii
sarcomere which enable the muscle to contfabighly adaptable orgarn, iietains a plasticity
enabling adaptation tohanging physiological conditions throughout an organidifespan
(Zierath and Hawley, 2004)nnervation by a motor nerveauses depolarization of the
myofibresleading toa contraction of the muscland the force generatésitransferred to the
skeletal system via tendons that link muscle to bbhescles are often arranged in opposing
pairs to enable controlled movement of limisregular contraction and relaxation.dddition
to locomotion, muscle groupsvolved in postureontrolundergosemipermanent contraction
and each musales p rfunctianis feflected by their fibre typ@arclay et al., 1993)here
aretwo general categories of fibre type which are based on the Myosin Heavy Chain (MHC)
content of the cells. In mice, slow twitch or type | muscles, such as the soleus, produce energy
via oxidative phosphorylation. In contrast, fast twitch type Il musslesh as the quadriceps,
produce energy via glycolysis.

Skeletal muscleoriginates withprecursor stem cells called satellite cells. These are
produced throughout the lifetime of the organism and after production are located between the
basal lamina and trearcolemmdGarcia et al., 2017Yhecells aremitotically quiescent until
activated via injury or growth stimuli which causes them to enter the cell cycle and proliferate
before exiting to either differentiatlarming new myocytes and subsequently new muscle, or
they form more satellite cells to enable future regeneration of the m{sm&hashi and
Asakura, 2012, Dumont et al., 201Bjfferentiationof the myocytesausesthem tocombine

forming multinucleated myotubes that stretch longitudinally fimgrmyofibres(Sherwood et
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al., 2004) The basic unit of a muscle fibre is the sarcomere which refers to the actin and myosin
cross bridges as a single contractile (Nfasilaki et al., 2017)Intracellularly, they contain a
range of components with specialised terms related to the muscle function. The equivalent of
the cytoplasm is referggo as sarcoplasm and contains an abundance of myosin and actin fibres
for contraction titin for elasticity of the cell and glycogen as a ready source of energy for
contractionBohnert et al., 2018, Linsley et @2017) A sarcoplasmic reticulum surrounds the
myofibrils. Activation of ryanodine receptors, specifically dihydropyridine receptors in the
case of skeletal muscle, conttbé release afalcium(Ca*) from the sarcoplasmic reticulum

This causes thedll to depdarise and inducing aontraction by removinghe ropomyosin

from its inhibitory location on aactin fibre (Bohnert et al., 2018, Linsley et al., 2017, Santulli
and Marks, 2015)Action potential freqancy induced via motor neuron innervation controls
the extent of skeletal muscle contractigh@silaki et al., 2017)Whee single twitches are
induced, only a small amount of force is generated. However, higtgreincies of action
potentials produce a cumulative effect on the muscle, increasing tamsileading to muscle
contraction. Innervation of a motor neuron at neuromusculatipns causes the release of
acetylcholine (ACh)into the pre-synaptic cleftresulting in stimulation of acetylcholine
receptors on the myofibreshib action potential is translated thgbuthe plasma membrane

and via tansverse (T) tubules into the fibrs s a r, caasing thesetease cdlcium(Ca™)

from the sarcoplasmic tieulum cusing the cell talepdarise and inducing eontraction by
removingthe ropomyosin from its inhibitory location on aatin fibre (Linsley et al., 2017)

The location oftropomyosin is controlled by thioponin complex(Campbell and Reece,
2005) Meanwhilemagnesium (M§") causes thenyosin head to convert ATP (Adenosine
triphosphate) to ADP (Adenosine diphosphatethwhe release of amorganic Piosphate
molecule (P). Themyosin head then releases the ADP and binds new ATP causing it to return

to its initial state. At the same timealciumions arereleased by th&roponin. If theCalcium
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concentration is high enough, the cycle répaiiowing the contraction to continue, if not then
contraction stopgCampbell and Reece, 2009)his general mechanism is true of all muscle
fibres and it ign addition tothese contractions that reactive oxygen species (RQfaa to
begenerated asdlular demand for energncrease¢GoljanekWhysall & al., 2016, Campbell

and Reece, 2005, Devasagayam et al., 2004)

&

@ Actin

Hl Myosin binding site

ElYessan

== [ropomyosin

Figure 1.1.1 Actin-myosin binding. At rest the black binding site for the myosin head is
blocked by the red doublinged troponin but initiation via an increase in intracellagkdcium

leads to the dissociation of troponin (indicated with the red arrow) enabling attachment of the
purple myosin bads to the actin binding sit&dapted from(Huxley and Niedergerke, 1954,
Huxley and Hanson, 1954)

The arrent understanding gkeletal muscle contractionshased on the crodsidge
theory(Huxley and Niedergerke, 1954, Huxley and Hanson, 1¥&g¢h muscle cell contains
a singleneuromuscular junctiomowever, one motor neuron can have multiple branches
attachingo several muscle fibres, together ternteeimotor unit. These muscle fibre bundles
are then packaged together formfagcicles When innervation occurs, the action potential is
spread across whefascicles causing large scale contraction and movement as previously
described.At the intracellular level, whin myotubes are myofibrils that contain the

sarcomeric filamentéHuxley and Niedergerke, 1954, Hay and Hanson, 1954t is these
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sarcomeres that contain interlocking fibres of thin filaments (I bands) which contain actin and
thick filaments (Z discs) which contain myosin heads enabling contraagidefined in figure
1.1.1(Campbell and Reece, 2009he interlocking units within the sarcomere al®wnin

figure 1.1.2 and demonstrate th&elient bands and indicates heach of the individual units

combine to form a contracting mechani€dpudich and Watt, 1971)
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Figure 1.1.2 The sarcomerwith a central myosin fibre in green and the outer adtmients.

The | and A bands, H zone and Z discs refer to the histological markers of appearance for
skeletal muscle fibre giving its striated appearance. Contraction causes a narrowing of the H
zone as the Z discs mot@vards each other, pulled iy thecrossbridgeaction of the myas

heads on the actin filaments

1.2 Enerqy Metabolism

Energy metabolism in skeletal muscle falls into one of two categories: aerobic or
anaerobic metabolisgwWesterblad et al., 201L0yheformer utilises oxidative phosphorylation
whereas the latter uses glycolysis. To this end, oxidative phosphoryamore sustained
form of metabolism than glycolysis. Muscles offer a high level of plasticity throughout life and
this is reflected intte ability to change constituent fibre types to suit long term demands of the
muscle.

Some early skeletal muscle studies reflected thik the notable work of Salmons

demonstrating a change in twitch intensity led to changes in muscle fibre type camposit
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(Salmons, 2017, Salmons and Sreter, 19%6ither detailed work led to understanding muscle
in terms of its fibre type which today are definedsdsw twitch oxidative fibresTypeb I U ,

I/llA, through to slowmedium(aka fast oxidativelycolytic fibres)twitch type IIA, [HA/IIX,

[IX, IX/1IB and the fast glycolytic fibres tydéB and IIM as the major adult forms based on
myosin heavy chain conte(fchiaffino and Reggiani, 2011, Sciote and Morris, 2000gre

are also extr@cular, embryonic and neonatal forms of MHC which are beyond the scope of
this thesigSciote and Mrris, 2000)

Energy is most simply des dAtkinbandlDedaula,6t he
2010) Within a biologi@l setting it is fundamental for all organic processes, sustaining life.
Skeletal muscle has a number of ways it genethtesnergy required for contractions, each
of which depend upon the muscle and its fibre type composition. Adenosine triphosphate
(ATP) isthe main energy curren@nd is a coenzyme required to enable the majority of
biochemical reactions to take pladh et al., 2004, Imamura et al., 2009)

The anaerobic metabolic pathways includhosphoaatine breakdown via Creatine
kinase leanhg to the production o€reatine and ATPWesterblad et al., 2010, Imamura et al.,
2009) However,an dternativeroute metabolise§lycogen into lactate and hydrogen iona
Glycogen phosphorylasmusig the welknown painful buildup of lactic acidwithin muscle
anda reduction in function. Theeverse mechanism requiradifferent enzymeGlycogen
synthasgcausing the two directions to be independently controll&ath glycogen enzymes
rely on phosphorylation for control of thaictivity (Westerblad et al., 2010, Roach, 2Q02)

Aerobic metabolism includes the degradationtrajlycerides that are stored within
skeletal mustke or adipose tissue. Thgdrolysis ofthesetriglycerides poducesfatty acids that
are a crucial energy source during exercise as they are involved in the produdtien of
coenzyme®NADH and FADH which are then utilised in oxidative phosphorylatfgvatt and

Cheng, 2017, Achten et al., 200®ne key mechanism thas still not fully understood is
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glucose uptakeAlthough AMP-dependent protein kinase (AMPK) has been implicated to a
limited extent, it appears fmerform a signalling role rather than to have a direct involvement.
AMPK is involved in cellular energy metabolism control such as fatty acid and cholesterol
synthesis and is activated by low levels of ATP or high levels of AMP/ADP. This follows a
demongtation that reactive oxygen species induce glucosekemluring contractions, as
signalled, by AMPK(Westerblad et al., 2010, Hardie and Sakamoto, 2006, Sandstrom et al.,
2006, O'Neill, 2013)

Quadricepsare predminantly fast twitch musckeand thereforgrimarily produce
energy via glycolysi¢Saey et al., 2011Yhe processs initiatedwith the phosphorylation of
glucose via Hexokinase to Glucoseltosphate followings active transport into the cell. This
chemically destabilises it prior to the conversion by Phosphoglucomutase isomerase into
Fructose ghosphate. Phosphofructokinase then converts Fructpeesphate into Fructose
1,6-bisphosphate. At this point Aldmde produces two interchangeable three carbon molecules:
Glyceraldehyde -®hosphate (G3P) and Dihydroxyacetone phosphate. Triosephosphate
isomerase can interchange these molecules with G3P continuing through to the final stage of
glycolysis. The thermodymaics of the reaction ensures the process sees G3P as the primary
successor to continue the reactianth the production of two ATP moleculesG3P
dehydrogenase phosphorylates the aldehyde group of Glyceraldepidshate converting
it to 1,3 Bisphosphdygcerate and in doing so also reduces the oxidised form of Nicotinamide
adenine dinucleotide (NAD to the reduced form of Nicotinamide adenine dinucleotide
(NADH). Phosphoglycerate kinase removes this phosphate group leaRimgsphoglycerate
and in doiig so thedetacheghosphate ion is added to a molecule of Adenosine diphosphate
(ADP) producing Aénosine triphosphate (ATP)h& phosphate group subsequentlgnoved
by Phosphoglycerate mutase producirgldsphoglycerate. Enolase removes this phosphate

group via a condensation reaction, releasing water, and producing Phosphoenolpyruvate.
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Finally, this is converted to Pyruvate by Pyruvate kinase which moves the phosphate group
onto ADP producing ATP. At this stagerdyate has a number pbtentialfatesas Lactate
dehydrogenase camversiblyconvert Pyruvate to Lactate or a reaction with NADd Coe
enzyme A (CoA)leads to theprodudion of Acetyl-Co-enzyme A (Acetyl CoA), Carbon
dioxide (CQ) and NADH. Notably, if the musclgroduces lactate at a highte(faster than it

can be broken dowror example through sprinting, its concentration increases leading to the

slowing of the energy production mechani@erg et al., 2002)
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Figure 1.21 The dycolysis energy production pathwain skeletal musclewhich is
predominant irthe quadriceps. Enzymes are abbreviated and those common to glycolysis are
highlighted in green along witthe associated energy production from ATHycolysis
abbreviations: HK  (ldxosekinase), PGI PhHosphoglucose isomerase), PFK
(Phosphofructokinase), A Aldolase), TPl (Tiosephosphate isomerase)sAPDH
(Glyceraldehyde $hosphate dehydrogenase), PGRhdsploglycerate kinase), PGM
(Phosphoglyceratmutase), E (Bolase), PKRyruvate kinase), ATP @enosine triphosphate),

ADP (Adenosine diphosphate), NADRéduced nicotinamide dinucleotide), NA[Dxidised
nicotinamide dinucleotide) (adapted frgBerg et al., 2003)

The soleus, on the other hand, predominantly uses oxidative phosphorylation via the

electron transport chain for energgoduction and these processes occur in the mitochondria.
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In discussingxidative phosphorylatiooonsideration mugirst begiven tothecitric acid cycle
(abbreviated ta' CA cycle, see figure 1.2)As it takes the Pyruvate produced by glycolysis
and onverts it to Acetyl CoA via a polgnzyme complex which includes Transacetylase,
Pyruvate dehydrogenase and Dihydrolipoyl dehydrogerifgsebs and Holzach, 1952,

Mitchell, 1961, Kalckar, 1974, Friedkin and Lehninge949, Kalckar, 1991)
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Figure 1.2.2A citric acid cyde diagram representintpe core of mitochondrial energy
production.

Over several steps carbon dioxide is released, NaBeduced to NADH during which
an acetate molecule is produced and fin@ltyenzyme A is added. Then citrate is produced

from Oxaloacetate and AggtCo-A via citrate synthasegquiring water Aconitaseconverts
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Citrate tocis-Aconitate, releasing water and then omtdsocitrate, again requiring water for

the reaction. Isotiate dehydrogenase produdéd4etoglutarate whilst reducing NADto

NADH andreleasing a Hydrogen ion {HbeforeUketoglutarate dehydrogenase converts this

to SuccinytCo-enzyme A. This involves the reduction of NAB NADH, the release of H

and CQ. Succinyl Ceenzyme A synthetase utilises GDP amghf®ducing Ceenzyme ASH

and GTP while also producing Succinate. The conversion of GTP to GDP, powering this
reaction also leads to the production of ATP from ADP. Succinate dehydrogenase converts
Succinde to Fumarate. This mechanism also converts Ubiquinone (Q) to Ubiquing) (QH
while requiring Flavin adenine dinucleotide (FAD) which is reduced to FAMdmarase
converts Fumarate fo-Malate requiring watel.-Malate then gets converted to Oxaloacetate

by Malate dehydrogenase whilst also reducing NADNADH and producing oneHFinally,

the cycle is back at the start where Oxaloacetate is joined with AceghgBane A and with

water produce Citrate and Acetyl €ozyme ASH via Citrate synthase ars the process
repeats itself. In summary the TCA cycle produces three molecules of NADH, three Hydrogen
ions, a molecule of Ubiquinol, a molecule of GTP, two molecules ofd&@ one molecule

of Co-enzyme ASH (Berg et al., 2002)

At this point chemiosmosidinks the electron transport chain to oxidative
phosphorylation. Chemiosmosis is the use of a proton gradient, in this cass ¢he
mitochondrial membrane to move energy from redox reactions to cellular(®er§ et al.,

2002)

Oxidative phosphoryteon is so called due to the loss of electrons during this process
and the production of ATPsathe final stage which uses theoton gradient. The process
requires NADHQ oxidaeductas€Complex 1), Qcytochromec oxidoreductas€Complex 111)
and cytochrmec oxidase (Complex 1V) for electron transport. Also involved is Succi@ate
Reductas€Complex Il) however this is not involved in proton transport. Electron transport
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between NADHQ oxidaeductaseand Qcytochromec oxidoreductaseis carried out by
Ubiquinone (Q) which easily disseminates within the inner mitochondrial membrane. Then
cytochromec transports electrons betweerc@tochromec oxidoreductasend Cytochrome
oxidasethe final enzyme reducing OxygenZQo water(Berg et al., 2002)As the electron
transport chain causes a proton gradient via the production of water from oxygen this leads to
the emission of Hfrom the mitochondrib matrix producing a gradienthat drives ATP

synthase and thefmre theprodudion of ATP (Berg et al., 2002, Kalckar, 1991)

In summary, aerobic respiratiah glucosdeads to the production ob3nolecules of
ATP. 2 ATP molecules are produced via glycolysis, 2 via the tricarboxylic acid cycle and 32

via the electron transport chain.

1.3 Reactive Oxygen Speciaes Skeletal Muscle

The term reactive oxygen specieRQS refers to reactive oxygenconaining
molecules(Devasagayam et al., 2004)itially they were tlought to be prdominantly negative
in their actionsdue to their reactivity with other intracellular proteifi3avies et al., 1982,
Murphy and Kehrer, 1986})ollowing thirty years of studyndthe initial observation that
contracting skeletal muscle produszan increase in RQ#ey are n understood to berucial
signalling moleculegJackson, 2016a, Nagahisa et al., 2016, Nathan and Cunniijnesel,
2013) Indeed, they are requiredrfthe normal function of skeletal muscle and the removal of
ROS or the proteins involved in their control have demonstrated negative effects on muscle
function such as increased oxidative damage and neurodegeneration as observed in SOD1
knockout micgSmith and Reid, 2006, Radak et al., 2001, Sakellariou et al.,.2018)

A redox reactionis one thainvolves a simultaneous dmisuallyreversible chemical
reaction between two compounds where is reducedwhilst the otheris simultaneously
oxidised Reduction is defined as the loss of oxygen, the gain of hydrogen and the gain of

electrons. Oxidation is the reverse and defined as the gain of oxygen and the loss of hydrogen
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and electrongPowers and Jackson, 2008his provides a reversible mechanism by which fast
and efficient signalling can occur between molecules within theFeethermorethis enables
the cell to respond to changes in ROS concentrationsralute a response. This redox
flexibility is facilitated on the molecular scale by the amino aCigsteine due to its
evolutionary conservation amia its ability to brm and break disphide bonds.

Skeletal mude generates superoxide or Nitogide (NO) as part of normal function
(Jackson et al., 2007, Barbieri and Sestili, 20 XPS generation occsivia a range of
mechanism$iowevertheir sairceis still unclear. Although igviously believed to be electron
transport chain leakagecent studieaow suggest a&ytosolicorigin (Jackson et al., 2007, Di
Meo and Venditti, 2001, Kozlov et al., 2005, GoljefWhysall et al., 2016)

Free Radicals and Reactive Oxygen Species

The superoxide free radical {O) is produced via a number of reactions resulting from
the partial reduction of oxygemost notablyfrom the electron transport chajRowers et al.,
2011) The negative charge makes it impermeable to the cell membrane hawessebeen
suggested that further reactia@ leadto the addition of a protgprodudng a Hydroperoxyl
radical (HQ) which @n transfer across membrané&his moleculehas a longer halife
allowing it to diffuse throughout the cell.dan alsacemove metal ions from the active sites of
enzymes containg Iron-Sulphur or [FeS] clusters. This liberated Iranay then adio produce
Hydroxyl free radicals via the Fenton reacti?owers et al.,, 2011, Salvador et al., 2001,
Liochev and Fridovich, 1999, McArdle at, 2001)

Hydrogen peroxide (¥D-) is produced by theombinationof a superoxide radicand
water by one of three isoforms of Superoxide dismutdBeey differ depending ortheir
location (Batinic-Haberle et al 2015) with the cytosolic Cu-Zn-Superoxide dismutase
(SOD1) mitochondrial Mn-Superoxide dismutase (SOD2nhd the extracellular Cdn

Superoxide Dismutase (SODILO: is a relatively long lasting ROS molecule due to its
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stability compared to free radils whichmay providea greater benefit in terms of signalljng
but also gotentiallygreater threat in terms of damage to other pro{@&osvers et al., 2011)

The hydroxyl radical-QH) can be formed following incomplete breakdown @Ok
via the Fenton reaction where oxidation of0d by Fe&* leads toOH production. A highly
reactive molecule, this also makes them short lagthey react with waiever they meet and
can be highly damaging to cells and their proceSalyador et al., 2001, Powers et al., 2011)

Singlet oxygenQ,) is not a radicabut Oxygen with its valence electis in an excited
state. It has two energy states, one is an excited state descrilmpglCasathd a second more
highly excited state described dg®,. The second excitation state has a higher reactivity than
the first. Like the hydroxyl radicakinglet oxygen is very highly reactive and reacts with
whatever itcontactsdue to a lack of spinestriction. This high reactivity also givasa short
half-life (Powers et al., 2011)

NAD(P)H oxidases (NOX) have been idiéied as a major source of ROS within
skeletal muscle. Severadaforms of NOX enzymes hauvgeen identified and all require
additional proteins for activation with the exception of NOX5 which produces homodimers
(Brandes et al., 2014)The proteins and mechanisms required for functionality are not
completdy understood however for NOX1, NOX2 and NOX4, p22phox is required for
assembly at the mana membraneollowed by therequiranent of p47phox for binding
NOX1/NOX2to the plasma membrane. In addition to this, DUOX1/2 and NOX5 homodimers
require intracelllar calciumfor activation via EF hand proteifBedard and Krause, 2007)
Furthermore, the enzymes require the GTPases RAC1/2 for eithemyedoid cells or
leukocytes, respectively to control the protpnotein interactions described previously
(Martyn et al., 2005)NOX1, NOX2 and NOX5 all produce superoxide radicals via the
oxidation of NADPH whie it is currently thought NOX4 produces Hydrogen peroxide along

with DUOX1 and DUOX2. Within skeletal muscle NOX1, NOX2 and NOX4 have been
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identified in muscle cell cultures and shown to -@ecipitate with Protein disulphide
isomerase, indicating theipotential importance in a redegensitive protein chaperone
mechanisnfFerreira and Laitano, 2016, Janiszewski et al., 200%¢lation to skeletal muscle,
NOX5 contains anntracellular domain bound wittalcium(Vendrov et al., 2015, Sakellariou

et al., 2014, Paulsen and Carroll, 20a8)l NOX2 has been identified as a source of skeletal
muscle ROSEspinosa et al., 2016l should be noted that NOX3 is primarily expressed in
foetal tissues and therefore not discussed(@reng et al., 2001INOX4 appers to be located

in the nucleus, thereby regulating gene expression via changes in ROS concentration within
the nucleugKuroda et al., 2005)

Reactive Nitrogen Species

Reactive nitrogen specidRNS) which areproduced viathe enzymatic reactionef
nitric oxide synthaseNOS). Thsleadsto the generation of thetric oxidefree radica(NO),
nitric oxide (NO)moleculeor the strong oxidising age®eroxinitriteion (ONOQO) (Halliwell,
1994) NO is synthesised from-arginine by NOS enzymes and is required for healthy muscle
function. Sustained concentrations MO can lead to reactions witl, - ' producing the
Peroxinitrite ion (ONOQ (Allen and Tresini, 2000, Collins et al.,, 2012, D'Autreaux and
Toledano, 2007)Thereactivepropertiesof RNS cancausenitration of proteirs, deples thiol
groups and damage DN#Rowers et al., 2011, Jackson, 2016b)

Nitric oxide synhases occur in three formall of which are found in skeletal muscle
NOS1lor neuronal NOS (nNOS3 located throughd a range of cell typewhile NOS2 (or
INOS) is inducible via inflammatioandNOS3 (or eNOS) occurs in the endotheli(@tiveira-
Paula et al., 2014, Stamler and Meissner, 2001)particular interest in skeletahuscle
research is nNOS becausgidg keletal muscle contractiose NO concentration increases
andleadsto an increase in RNS however their reactivity suggests a localised reaction rather

than diffusing throughout the cytoplasf8ilveira et al., 2003, Poole, 2013jurthermore,
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NOS1 and NOS3 have been showrnriclude a calmodulin binding site thereby linkimgmn
directly to skeletal muscleontractionsand homeostatic mechanisig@&amler and Meissner,
2001, De Palma et al., 2014)
Lipoxygenases

An alternative source of RGOS Lipoxygenases. Phospholipase A2 (PLA2) produces
Arachidonic acid which, following secretion, becomes a superoxide precursor for lipoxygenase
enzymes (Zuo et al., 2004) Alternatively, PLA2 can induce ROS production within the
mitochondria, cytosol or release into the extracellular sflaoeers and Jackson, 2008,aZu
et al., 2004, Woo et al., 2000dnother method is via the stimulation of NOXs leading to an
overall increase in mitochondrial and cytosolic superoxide production and release into the

extracellular spac@arbier and Sestili, 2012, Brash, 1999)

1.4 The Importance ofCysteinein Redox Signalling

Cysteineis an amino acid encoded by UGU and UGC cod@ysteineresidues are
among the least conserved amino gadsept for whee they ocair at active sites of pteins
whentheybecomeone of the most highly conserved resid(Marino and Gladyshev, 2012)
Cysteinehas a functionally importarthiol group which can be rapidly oxidised or reduced
thereby forming disulphide bridges with other thiols. It usually undergoes nucleophilic
reactions as determined by it§gof8.3meani ng i ts intracellul ar
of a thiolateat physiologicapKa However tlis value is relatedo the local environmeé pH
which cantherefore impactysteinereactivity(Paulsen and Carroll, 2013) is also important
tonotethatalowl.d o e s n 6t deemnmeswhetherithieactivecysteinehas increased
oxidant sensitivitf{Roos et al., 2013)The surrounding microenvironmemas a major impact,
as demonstrated by peroxiredoxinponcysteineactivation whergeroxide substrate and the
transition state combine to enable an efficient nucleophilic substitution reflcéidvioal et

al., 2017)
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Redox Signalling in Skeletal Muscle

Cysteinecan undergo a mge of modifications, many of which are reversitlis
enables them to rapidly reflect changes to the intracellular oxidation state. In skeletal muscle
this may include changes to ROS concentrations due to muscle contréicidvieal et al.,
2017) However,a sustained increase in R@&centratiorover time can lead to irreversible
modifications (see figure 3.2.1) (Chung et al., 2013)Disulphide bridges-§-S-) between
thiol groups can temporarilgffect protein functionby changing their coofmation thereby
impacing the active site or metal ion bindingechanismHigh concentrations of ROS such as
H20. canproducesulphenic groups-$OH) as an intermediate disulphide bridgesThough
it should be noted that in the thiolate foraysteinewill readily form -SOH without HOx.
Further reactions via sustained ROS can lead to the formation of sulpt8@©K) and
sulfonic acids {SOOOH) Each step causing a reduction in the ability of the cell to reverse
these modifications which leads to consistently reduced pratgivity or ability to react to
future changes in ROS concentratig@blung et al.2013) Interestingly Sulfiredoxinhas been
demonstrated tbe capable of reducirgplphinic acidon certain peroxiredoxingeong et al.,
2012) The inactivation of a protein by its substrate and subsequaativation would suggest
that these proteinsay play a signalling role in response to endogenous generatidpOpf
(Chung et al., 2013)Another intermediate from sulphenic acid is the reactioth RNS
producing a sulphenylamideSN-). Bothi SOH and SN can react with glutathione (GSH) to
producereversibly modifiedylutathionylated thiols-6SG)(Chung et al., 2013, Hazelton and
Lang, 1980) Glutathbnylated thiols can be reduced by another set of proteins called
glutaredoxins using GSH and NADPH:-N#trosothiols (¢SNO) are an intermediate of the
reactions between glutathionylated thiols and Sulphydrated tt#atstrosylation, is the
covalent attaament of a nitic oxide group to the thiol side chain@fsteineand isan important

mechanism for podtanslational regulatioof a large range gbroteirs. This also highlights
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pat of the ubiquitous influence of nitric oxide (NO) on cellular signaigdauctionproviding

a mechanism for redeldased physiological regulatioBulphydrated thiols-§SH) can occur
via glutathionylation of SNitrosothiols or by Hydrogen sulphide {8). Sulphydration of thiols

is not well documented howeviethas been propesl that this can occur due to iasrease in
H>S reflecting sarcoplasmic reticulum stré€ung et al., 2013, Lo Conte and Carroll, 2013,

Hess et al., 2005)
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Figure 14.1 Cysteinemodificationsfollowing an increa® in theconcentration ofeactive
oxygen species, specifically.8.. The antioxidant glutathione (GSH) can reduce certain
modifications and its reduced form (GSSG) can lead to reversible reactions producing free
thiols. Nitrosylation produces Nitrosatils (-SNO) which can be produced by- S
Nitrosoglutathione (GSNO) involving the nitric oxide signalling pathway® orange arrow
indicates possible reversal &eroxiredoxinsulphinilation viaSulfiredoxin (adapted from
(Chung et al., 2013)
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Redox signalling is a crucial mechanism that enables a cell to respond to changes in its
oxidation state. A range of redox response systems have been identified such as those in the
mitochondria, linking energy metabolism to changes in the cellular redox state, protein folding
response involving heahock proteins such as HSP70 acting in combiokx$ as both redox
sensors and protein chaperor{@ollins et al., 2012, Vasilaki et al., 2006b)his thesis
specifically considers skeletal muscle redox protelrvever similar mechanisms occur
across a ranggf other biological system$heyenable a fast and efficiemeanof responding
to changes in the cellular redox state. In skeletal muscle, a range of redox signalling
mechanisms have been identified including the glutathione and thioredoxin systegsyitio
various antioxidant proteins such as peroxiredoxins and superoxide dismutases. The former
can act both as a redox sensor and as an antioxidant protein. These systems enable the muscle
to detect and respond to changes in the intracellular microemvent. All systems rely on the
previously described reductiaxidation chemical mechanism and utilgesteineamino acids
thanks to their ability to form and break disulphide bofftgman et al., 2014J-urthemore,
recent work has gone so far as to demonstrate the requirement of ROS in signalling for
maintenance and repair of plasma membranes via the requirement of mitoc(idodriet &,

2017)

Irrespective of the originf the ROSthe mechanism relies on the reversible formation
of disulphide bondsitilising the thiol group of &ysteineamino acid.enabling a responde
changes in intracellar ROS concentrations.

A range of pratin systems exist to finely react to and control intracellular ROS.
Peroxiredoxins arergioxidant enzymes that reducgdnogen peroxide to water in the presence
of an electron donor. Six isoforms have been identifiedammalswvith Peroxiredoxin 3 and
5 occurring in the mitochondria and 1, 2, 4 and 6 being cytoédbtbotta et al., 2015Their

presence in apeciesndicates their importance for survival across a wide range of organisms
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(Rhee et al., 2001Peroxredoxins 15 contain two redoxysteines which @ables them to be
reduced by ThioredoxinPeroxiredoxin 6 contains orgysteinewhich can be reduced by
glutathionewith Glutathione S-Transferase (Monteiro et al.,, 2007)Peroxiredoxin 4is
membraneboundbut agpears to be secretory in nature asoimtains an amindail groupthat
may be subject to a post translational clea(&gsagawa et al., 2001, Rhee et al., 2001)

The Thioredoxin systernontainsthe low molecudr weight oxidoreductase enzyme
Thioredoxin It maintairs substratessuch as the peroxiredoxins their active form.
Thioredoxin rées on Thioredoxin Reductagand NAD(P)H) to maintain it in aeduced,
activeform. Both proteinscontain aselen@ysteineattheir active sites and occur in two forms:
Thioredoxin 1/Thioredoxin Reductase 1 which are cytosolic and Thioredoxin2/Thioredoxin
Reductase 2 which are mitochondridl.third form of Thioredoxin Reductase has been
identified in the testes called Thioredimxjlutathione reductase (TGR) and it is this third form
that demonstrates the conjunction between Thioredoxin and Glutathione systems. Additionally,
a secreted form of Thioredoxin is knovafthough few details are knowabout its specific
effects(Kalinina et al., 2008)

The dutathionylation systemeacts tochanges in ydrogen peroxiddy oxidation of
reducedglutathione (GSH) to its oxidised form (GSSG). These chamgeslead to S
glutathionylation ofother proteinsas a postranslational modificationthus affecting their
activities. This is another mechanism thiaks redox changes within the cell to protein
modificationsandenabésa response to those chan@fdsinro and Treberg, 201 plutathione
reducesthe oxidisedglutaredoxin proteinsfollowed by reactivation of glutathione by
glutathione reductas€Fernandes and Holmgren, 2004}lutaredoxins are small redox
sensitive proteins that contain a reelmtive cysteineat their active sitefHolmgren, 1988)
One paper has described glutaredoxin amew@ronalcell backup to maintain Thioredoxin

Reductase in a reduced state to maintain Thioredoxin functionality during times of high stress
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(Branco et al., 2017)Glutathione peroxidases consist of eight currently knowiants which
convert Hydrogen peroxide to water in addition to reducing lipid hydroperof@dedak and
Mugesh, 2010)These aralsoof importance for reducing oxidativaess within an organism.
Chronic exposure to high concentrations of R@S$seen in figure 1.3.2.fr)ay lead to
eitherthe formation of disulphide bondser irreversible modifications of the redoysteine
residuesn a range of redox sensitive proteiiihis may negativelgffectapr ot ei nés abi |
react to changes in intracellular ROS due to conformational changes or steric hindrance of the

enzymeos (Roold, 205 sit e

1.5 Skeletal MuscleAgeing

Skeletll muscle ageing is associated with a loss of muscle mass and force which is
generally referred to as sarcoperidy 70 years old, humamusclecross sectional area is
reduced by 280% and strength by up to 40% and a similar reduction is observed ingoden
(Jackson, 2013)As the current workvasperformed on mouse skeletal muscensideration
wasgiven to how they change with age. Mouse skeletal muscle ageing involves the loss of
muscle mass and force and hence are aropppte model for investigating the changes in
different skeletal muscles with age. One example is the autophagy response which has been
demonstrated to react to the metabolic adaptation to exercise. In aged models the autophagic
response appears to bepaired(O'Leary et al., 2013, Ferraro et al., 2Q14)

Mouse quadriceps are fast glycolytic muscles responsible for swift resptinse
movement and sprinting in short bursts. As previously descrigeddricepsenery
metabolism predominantly utilises glycolysis to produce energy which camol@alduildup
of lactic acid due to an inability for the muscle to degrade it quickly enough. In comparison
soleus musclgsredominantly contaislow twitch fibres and use oxative phosphorylation for
the majority of their energy production. They are recruited for longer lasting muscle

requirements suchs maintaining posture and ledgtance running. Studies of fast twitch
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fibres has revealed they are more susceptible toedafed loss than slow twitch fibres and fast
twitch fibres appear to be more greatly affected by fibre type and size changes with age than
their slowtwitch counterpartqLexel, 1995) Oxidative phosphorylation appears to also
change with age, with one study suggesting a decrease in mitochondrial ability to react to
increased energy demand with age although this stxdyninedliver samples from rats
(Darnold et al., 1990)

While there areseveraltheoriesof ageing therés noone alonewholly explains the
cellular mechanisms that underli€Jang et al., 2009PDne theory ishe DNA damage theory
of ageingwhich postulates that defects in DNA machinery or chromatin affect thesge
required for normal cellular function. Therefore when transcribed in later life, having been
accessed many times already, the errors in the gene code build to a point where the protein
loses functionality, either partially or whol(izenart and Krejci, 2016Y0f specific interest to
this thesis is the free radical theoryagfeing(Harman, 1956)This has been developed over
more than 50 gars of biochemical research and suggests that the cellular prodofcR®©S
leads to the partial dull destruction of various proteir{slarman, 1956)ROS were initially
considered as only having a nagatimpact on cellular function bubore recently thehave
been observed as necessary for normal cellular fundimaleed some studies have also
demonstrated that reducing ROS across the board may have a negative impact upon cellular
signalling responses to changes in oxidation s{&ekieber and Chandel, 2014, D'Autreaux

and Toledano, 2007, Ray et al., 2012)

1.6 ThesisAims and Hypothesis

The aim of tle work reported in thithesiswas to assess changes to two murine skeletal
muscle types, differentiated by their primary energy production mechanism for contractions,
via the use of global label free proteomics and differential labelling for redox proteomics. This

will increase theunderstanding of hovageing affects two metabolically distinct murine
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skeletal muscleat the proteomic scabnd in relation to the redox staikindividual cysteine
residuesThiol signalling vas specificallynvestigatedinceit provided a rapid and reversible
mechanism for intracellular redox concentrations to be controlled in a healtrgndethe
mechanism by which this is controlled isotight to be susceptible to changes in the
intracellular redox state.

The novelty of thevork in thisthesis is the proteomics analysis of how mouse skeletal
muscle changes with age relation to its redox proteomas this has not been previously
performed The study considedthe quadriceps and soleus tissues from the mouse hind limbs
due to their differences physiological function and energy metabolisndascribed earlier

LC-MS/MS or tandem mass spectrometmas the primary techniquemployed
Widely used and quantitatiyét& ideal for studying complex samples such as tissues and
characterising them. A twpronged strategy usdlerelative quantitation of global label free
proteomics data to determine large scale changebketanusclesalong with differential
labelling of specificcysteineresidues which enablébeidentification of changes to the redox
state ofindividual proteins with age.

It was hypothesised that the two muscle types will age differently due tatfierent
metabolic and fuctional backgroundg.hiswas because the quadriceps, as a fast twitch muscle
using predominantly glycolysis for energy metabolism susdifferent set of proteins for
structure and function compared to the slow twitch soleus that uses oxidative phiagigmory
for its energy metabolism.

It was also hypothesised that differences in the changes to the redox state of each muscle
type with agewould be observedt was thought his may be demonstrated by changes to
guadriceps proteins involved in glycolysie.d. GAPDH) or soleus proteins involved in

oxidative phosphorylation (e.g. ATP Synthase) which may decline in abundance with age.
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CHAPTER 2

EXPERIMENTAL METHODS
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2.1 Chemical Reagents

Unless otherwise stated, all reagents used were neotairom Sigma Chemical

Company, Dorset, UK.

2.2 C57BL/6 Mice: Quadriceps and SoleuBlusclesDissection

C57BL/6 male mice werpurchased from Charles River ahdusedin the Specific
PathogerFree (SPF) facility at the University of Liverpool for a minimof2 weeks prior to
use. All mice had free access to standard chow and water. Experiments were performed under
U.K. Home Office guide lines in accordance with the U.K. Animals (Specific Procedures) Act
1986 and received ethical approval from the Universit Liverpool Animal Welfare and
Ethical Review Board. Sacrifice was by cervical dislocat©@nly healthy,male mice vere
usedto reduce variability and effects of hormonbice were selected at adult (12 months)
and old (24 months) agésr mass speabmetry. Latey young (3 months old) mice became
available and these tissues were used in western blotting and enzyme activity assays.
Quadriceps and soleus muscles were removed and one of each type was cut and
mounted transversely on a cork block in OCTobe being frozen prior to histological
examination A portion of each was prepared fmdox proteomic analysis theuscleswere
placed in 25 mMJO-N-ethylmaleimide (NEM) and 25 mM Ammonium Bicarbonate (pH 8).
Whilst the remaining muscle was uded wesern blotting andimmediately frozen in liquid

nitrogen prior tostorage at80°C.

2.3 Skeletal Muscle Homogenisatiofor Western Blotting

Homogenisation required the samples to be kept on ice throughout the f8areskes
were moved to a 1.5 mL microcent f uge tube 20®nt alniRlIgPAC
(Radioimmunoprecipitation Assay lysis buffer containing 50 mM-B@& (pH=7.5), 1 mM
EDTA, 150 mM NaCl, 0.1% w/v Sodium Deoxycholate and 1:1000 Protease Inhibitor

Cocktail). The samples were initialipinced with scis®rs followed bydisruption witha
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handheld homogeniseK@ntes Pellet Pestle Motor, Sigma Aldrichpie) to further break
down the muscle usinfpreeoneminutefull-power bursts per sampl€he samples were then
centrifuged at 13,000 g fosne minute atroom temperatur@and the pellet formed was
homogenied againoneoneminute burst per sample) second centrifugatiostepat 12,000

g for 15 minutes at 4°@as then performed he supernatant was decanted into a new 0.5 mL

microcentifuge tube and sted at-80°C for further usand the pellet was discarded.

2.4 Proteomics Sample Preparation and Analysis

2.4.1 Proteomics Sample PreparationMuscle Homogenisation

The samplewereremoved from80°C storage, defrosted on ice and briefly centrifuged
at 5000 g for threeminutes at 4°C. Samples were minceith scissors then homogenised
using a handheld homogeniserKpontes Pellet Pestle Mofor i n a s ®I0Wt ieoln o
containing 20 &M Ammo n iNtetiylmBleimideNEMvas isedta nd 25
block free thiols on proteins in the samp\eBradford assay was performamcalculate initial
protein concentrationésee 2.5.1, p0). Desaling remove excess NEM using Zebra spin
columns (Thermo Scientific, Hemel Hempstead, UK) and a second Bradford assay performed

to recalculag protein concentrations and determing arotein loss during the desalting step.

2.4.2 Proteomics Sample Preparatin: Differential Labelling

100 €eg of desalted protein extract was ad
a volume of 160 L f avatérpHerdaldshire; URWih adl% (WRa pi Ge s
starting concentration and ~0.05% (w/v) final concentration. Samples were incab8®«€
for 10 minutes followed by reduction with t|
were incubated at 60°C foeen minutes then allowed to cool to room temperature and briefly
centrifuged to collect liquid. Alkylation was performed by adding 10 d&6-NEM (200 mM).
Samples were incubated in darkness at room temperature for 30 minutes. Following this quality

contr ol sample AA0 was coll ected by sampl i ng
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of a 200 eg/ mL stock asdbAmmoniuoBicarmowatetima 50ilng Tr
protein:typsin ratio) was then added and samples were incubated at 3T\ Ha to sixteen

hour s. Quality control sample ABoOo (10 eL p
digestion. Samples were briefly microtefuged to collect the digest and Trypsin was
inactivated using Trifluoroacetic Acid (TFA) and incubated at 37°CtHoty to forty-five

minutes. Samples were centrifuged at 13,806r fifteen minutes to remove any insoluble

particles and the superaat wa carefully removedor immediate use in mass spectrometry.

Quality contrsolcoddmexlteedi@ad weahi s point (10 el

24.3 Tandem Mass Spectrometry and Label Free Relative Quantification

An Ultimate 3000 RSLC(fast liquid chromatographyNano system (Thermo
Scientific) was coupled to a-Bxactive mass spectrometer (Thermo Scientific) to perform the
datadependent label free analysis.

5¢eL (250 ng of pr ot ei n)atrapding sommmp(Thermova s |
Scientific, P e pXva mrh)QuBing pattial Boop infe&iong feBvenminutes
at a flow rate of 4 e¢L /min with 0.1% (v/vVv)
column (Easy Spray CC18, 7 5by praparing twd @ddutiomsm, 2
individually, prior to mixng in a specific ratio. A A gradient of 97%dqontainingd.1% formic
acid) and 3% B (99.9%cetonitrile (CAN)and 0.1%ormic acid) to 60% A and 40% B over
two hoursat a flow rate of 300 nL/min. The program for data dependent acquisition consisted
of a 7,000 resolution full scan for MS (fomated gain control (BC) was set to 10ions
with a maximum fill time of 250 ms). Thenmost abundant peaks were selected for MS/MS
using a 17,000 resolution scan (AGC set to 5%idiis with a maximum fill time 0250 ms)
with an ion selection window ofr®/zand a normalised collision energy of 30. A 30 s dynamic
exclusion window was used to avoid repeat peptide selection iMSISDetection of the

peptides wa performed by data dependent acquisition (DDA) whagles$ a select number of

44



peptide peaks from the initial scan according to a rule set and the correspondimng &tigen
verified against this initial set via tandem mass spectrometry (MS/MS).

Raw spectra ware converted to Mascot Generated Files (.mgihgghe Proteome
Discoverer software (Thermo Scientific). These .mgf files were then searched against the
Uniprot mouse sequence database (database last updatétiMayl2012; 16,376 sequences
were identified forMus musculusvia an irhouse Mascot dabase server (Matrix Science,
London, UK). The search parameters were: peptide mass tolerances, 10 ppm; fragment mass
tolerance, 0.01 Da, 1+, 2+ and 3+ ions; missed cleavages, 1; instrument tyJdRAFSI
Variable modifications were included a©-NEM, d5-NEM, moneo, di-, and trioxidation of
cysteineresidues and oxidation of methionine.

Labelfree relative quantification software PEAKS(Bioinformatics Solutions Inc.,
Waterloo, Canada) was used doalyseRAW data files against the same mouse protein
database for identifications with Masc@hang et al., 2012)Proteins were considered
significantly changed betweanuscles inadult and old rice samples using the following
criteria:-10 log P score 0$20 (equivalent to a value of 0.01), a fold chang@l.5 and using
a quality value of 0.8ata normalisation was performed using the total ion cukéciDonagh
et al., 2014h)

PEAKS?7 software includes a pesanslational modification (PTM) algorithm applying
the de novosequencing module to search for a limited number of PTMs. All identified PTMs

using this method adhere to the above search criteria and FDR validation.

24.4 Targeted Analysis of DifferentialCysteinelLabelling

Redoxcysteins were detected aeing simultaneously reduced and oxidised, giving
rise to their cellular redox flexibility as they can adjust to changes in predominantly reduced or
oxidised environments. In our experimegsteinecontaining eptides that werkabelled with

bothd5-NEM ard dO-NEM were identifiedas redoxcysteineresiduesthose that reacteaith
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only dO-NEM were reducedndthosewith only d5-NEM werereversibly oxidisedRedox
cysteinepeptides were identified by detecting identical amino aeiguences containirdf
andd5-NEM, confidencewas determined bysing apeptide score of >20.

Peptides detected from Proteome Discoverer analysis of RAW files were selected for
targeted analysis using/zdata and retention with the open software Sky(wversion 3.5)
(MacLean et al., 2010)Targeted analysis applying/z, retention timesand fragmentation
spectra for peptide selection allowed the calculation of the reduced/oxidised ratid&er
NEM) of the individualcysteineresidues using the individual parent ion intensities with
Skyline. For redox peptides the individual reduceili@ed ratio for each redogysteine
peptide was used to calculate an average ratio of spegsfieineoxidised/reduced peptides.

Filtration parameters forrpteomicsresultsof the label free comparison contained a
false detection rate (FDR) of 1%iraass error tolerance of 10.0 ppm and a retention time shift

tolerance of 0.5 minutes.

2.4.5 Proteomic Data Analysis

Skyline (MacLean et al., 2010)as used to quantify redox peptid@se ratio of the
peptide labelled with light/heavy NEM allowed the calculation of an estuhtdtredox state
of individual cysteneresiduesThis was performed on adult and old muscle enabling a change

in redox state of individualysteineamino acids to be determined.
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Figure 2.4.51 Schematic demonstratimtifferential labellingof proteinswith light and heavy
N-Ethylmaleimide Following homogenisation, the protein free thiol groups are blocked with
light NEM (dO-NEM). Excess NEM was removed and oxidised thiol groups are reduced in
TCEP, the heavy isoformrd%-NEM) was then added to label the reversibly oxidised thiol
groups witlin the protein and the excess removed. The labelled proteins are digested with
Trypsin and injected into the HPLC column for mass spectrometry analysis. This approach
enables a label free analysis of all detected peptides within the sample along wigntikitfg
labelled proteins which can indicate changes to their redox statks#as used to analyse the
label free data whilst Skyline was used for analysis of the differentially labelled peptides
(reproduced with permission from B. McDong@tcDonagh et al., 2014))

Figure2.4.52 describsthe layout othe Skylinedesktopused for quantifying the redox
state of specificysteineresidues.The lefthand panel contains thestl of redox cysteine
containingpeptidesidentified using Proteome Discoverer (v 1.4). The highlighted peptide then
has its corresponding information displayed in the other three panels onscreen. The peptide
information corresponds ta peptide libraryas identified by MS/MS fragmentatiomand

corresponihg to the mas of the peptide plus tlu®-NEM (+125.14) ord5-NEM (+130.14)
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The upper central par@mntains the chromatogram for the selected peptide stitamdower

central panel contains the peptide retention times and thehagldat pael contains the peak

area. Itis this final panel that is used to determine the differences in oxidation state of the redox
cysteine The red line indicates theak intensity for a peptide fragment detected with a redox
cysteindabelled withdO-NEM (light isotope), and the bluedS-NEM (heavy isotope) labelled
redoxcysteine The samples are quadriceps and soleus muscles from five adult mice and six

old mice.

The supplementary information at the end of this thesis cani@iel free protein
details fo the appropriate Venn diagrams and talitesvever the proteomics data was
submitted to an online repository called DataCat at the University of Livedpedo the size
and formatting of the data’he online archivecontains the following files in theiriginal
Excel (.xIsx) format. The files submitted are: SQuadriceps All Detected Proteins; $2
Quadriceps Significantly Changed Protei88i1 Adult Quadriceps Redox Proteins; 50Id
Quadriceps Redox Proteins, $55oleus All Detected Proteins; $6Soleus Significantly
Changed Proteins; S7Soleus Adult Redox Proteins; $&oleus Old Redox Proteing hey

can be accessedHl.17638/datacat.liverpool.ac.uk/437
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Figure 2.4.5.2 Skyline example desktop layout. L&fand panel contains the redox peptide sequences, upper centre contains the chromatogram of
the selected peptide and beneath it is the retention time for the samples containing this peptilan®igael contains the relative intensity
(peak area) of the peptides as detected by the mass spectrometer and was used to determine redox ratio shifts foysteinedoaho acids.
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2.5SDSPAGE and Western Blotting

2.5.1Determining Protein Concentration i Bradford Assay

A standard curve of known Bovine Serum Albumin (BSA) protein concentrations was

prepared

with a

range

of O

t

(0]

1 0-80¥C storagk, . Pr o

defrosted on ice and briefly mixeasing a pipettebefore diuting 1:1000 for quadriges

samples and 1:500 for soleus samples, isQlHQuick Start Bradford Reagemi¢Rad was

diluted 1:5. A Cornin@6w e | |

protein

sampl e d

pl at e

il uti

( Si gma

on and
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dri ch, Dor set

100t Theplamivasdi | ut

analysed using a Spectrostar NaBMG-Labtecl) spectrophotometer at 595 nm. The protein

concentrations were determined using the standard curve. Confirmation of equal protein

loading wagdnitially performed via a Gamassie Blue stain farach sample at the beginning

of the study. Subsequent equal loading checks were performed using the Ponceau S stain

(A)
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(B)

250 kDa
150 kDa
100 kDa
75 kDa
50 kDa

37 kDa

25 kDa

20 kDa

15 kDa

10 kDa

0.180

0.160

0.140

0.120

0.020

0.000 ¢

Protein Concentration Standard Curve

¥=0.0158x
R? = 09574

Figure 25.1 (A) Example Ponceau S stain showing the layoatwésternblot of gels with a
secondaryantibodycontrol sampldonly used for the initial experiment with a new antibhdy

Dual Color markewas used to determine the relative molecular weights. Protein samples (25
€ gwWere loaded from left to right in ascending age. (B) An example standard curve produced
with BSA for deternming protein concentration following homogenisation.
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2.5.2 Western Blotting

Proteinconcentrations were determined usirigradford Assay (figure 2.5.1.1 (Baphd
aspecifieda mount of pwa®adddedorLaeinmlinouffer Qlycerol, Bromophenol
Blue & 5% b-Mercaptoethanol)N-ethylmaleimidewas added to inhibit oxidation of any
remaining free thiols. Samples were denatured by heating to 95°C for 10 minutes then allowed
to cool b ef o praeinl;mol@ or h2§o a@ylamidegesolving geteifprising
Acrylamide, TrisHCI (pH 8.8), dHO, Ammonium Persulphate and TEMEN( N, - NG, N
Tetramethylethylenediamine). Separation of proteins based on molecular weight was
performed at 120 V ovetwo hours. Subsequently, the proteins were transferred to
nitrocellulose membranes (unless otherwise stated) at 100 mA per geheveur. Ponceau
S stain identified a successful transfer and even loading gfeitiy highlighting the protein
bands of similar size and location on the gel across all san\bldtiple band intensities per
lane were used for image normalisation via total protein amdermbranes were blocked
using 35% nonfat dry milk (NFDM) dissolved in TBSween20 (distilled KO, 20 mM Tris
HCI, 150 mM NaCl and 0.1% Tween 20, pH adjusted 4®)for onehour at room temperature,
followed bywashingthree times fofive minuteswith TBS-T. A range of primary antibodies
were used [able ) which were obtainedrom Abcam and Cell Signalling Technologies
(diluted as required in either5% NFDM or BSA). Primary antibodies wer@¢ubated with
the membrane overniglat 4°C with constant agitatioMembranesvere thenwashedwith
TBS-T three times for five minute#iorseradish peroxidasmnjugated secondary antibodies
(antrmouse (7076 S 1:300Q and antrabbit (7074 S 1:300Q IgG (Cell Signalling
Technologies, Hitchin, UK)and antigoat IgG A5420, 1:2000, Thermo Scientific,
Loughborough, UK)wereall diluted in TBST. Peroxidase activity was detected using the
enhanced chemiluminescence (EQdi) (Amersham International, Cardiff, Jkand band

intensities were analysexh a BioRad ChemiDoc XRSBioRad,US) using ImagelLab (v5;
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BioRad, US. Any potential coss reactivity of secondary antibodies veaaminedn initial
blots by incubatingrroteinsampleswith only the secondary antibody. Molecular weight was
determined using Dual Color markéBioRad, US.

In a handful of cases, it was necessary tprobbe a membrane due to the limited
availability of soleus muscle tissue. In this case the mangbwould first be washed three
timeswith TBS-T at room temperaturdollowed by using a mild stripping buffer containing
15 g glycine, 1 g SDS and 10 mL Tween20 all in distille®@tnd pH adjusted to 2.2. This
was done with enough solution to cover tiembrane and at room temperature whilst rocking
for ten minutes. The solution was discarded, fresh buffer applied for another 10 minutes with
rocking at room temperature. Finally, three washes with-TB8ere performed for five
minutes each before checkitige membrane witlECL to ensure sufficient removal tie
antibodies. The membrane was washed again three times for five minutes eactlibdB&
adding the new primary antibody and following the protocol as previously detailed.

Normalisation of Data

Normalisation of the blots used the corresponding Ponceau S band intensities. Several
bands per lane were measured in ImagelLab (v5; BioRad, US) and the mean determined before
dividing the band intensity by the corresponding Ponceau S value. This wasngerfor all

westerrblot experiments.
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Table 1 Western Blotting Primary Antibodies

Name Abbreviation Mw Company Product Codsd LOT # |Dilution BX);:;TQ Secondary Reqd.

AMP kinase alpha AMPK 62 kDa | Cell Signalling Technolopgy #19 1:1000| 3% BSA Anti-Rabbit
p-AMPKinase-alpha p-AMPKa 60 kDa [ Cell Signalling Technology 2531 S #13 1:1000| 3% BSA Anti-Rabbit
beta-Actin b-Actin 42 kDa Abcam ab8224 GR180618-{1 1:5000 | 3% Milk Anti-Rabbit
Aconitase Acon. 86 kDa Abcam ab129069 | GR81376-7 1:5000 | 3% Milk Anti-Rabbit
Carbonylation (Whole Blot) Anti-DNP Full Blot Invitrogen 713500 1:1000 | 5% Milk| Anti-Rabbit
Catalase Cat 60 kDa Abcam ab1l6731 1:2000 | 3% Milk Anti-Rabbit
Copper-Zinc Super Oxide Dismutase SOD1 16 kDa Enzo ADI-SOD-10(0 1051228 | 1:1000 | 3% Milk; Anti-Rabbit
DJ-1/PARK7 DJ-1/PARK7 20 kDa Abcam ab76241 YF021904{ 1:1000 | 3% Milk| Anti-Rabbit
DJ-1/PARK7 - SO3H DJ-1/PARK7-SOBH20 kDa Abcam ab169520 | GR121877-7 1:1000 | 3% Milk Anti-Rabbit
Glutathione-S-Transferase mu GST-mu 26 kDa Abcam ab108524 |[YK080204PS1:1000 | 3% Milk Anti-Rabbit
Glucose regulated protein-78 (or Binding immunoglobulin proteip) Grp78 72 kDa Enzo ADI-SPA-82¢ 1:1000 | 3% Milk| Anti-Goat
Glutathionylation (Whole Blot) GSH Full Blot Virogen 101-A-100 1:3000 | 3% Milk Anti-Mouse
Glyceraldehyde-3-Phosphate Dehydrogenase GAPDH 36 kDa Abcam ab8245-100 | GR663132 1:30000] 3% Milk| Anti-Mouse
Glutaredoxin 1 Grxnl 12 kDa Abcam ab187507 |[GR198757-{1 1:2500| 3% BSA Anti-Rabbit
Glutaredoxin 2 Grx2 18 kDa Abcam ab85267 GR26904-9 1:500 | 5% Milk] Anti-Rabbit
Glutathione Peroxidase 1 Gprx 1 22 kDa Abcam ab22604 |GR172870-fL 1:500 [ 5% Milk Anti-Rabbit
HSC70 HSC70 73 kDa Stressgen Bioreagents #04190606| 1:4000 | 5% Milk| Anti-Rat
HSP70/HSP72 (Inducible form under RO stress) HSP70 70 kDa Enzo ADI-SPA-810 #12071118 1:1000 | 3% Milk Anti-Rabbit
Manganese Superoxide Dismutase SOD2 25 kDa Enzo ADI-SOD-111 1:1000 | 3% Milk| Anti-Rabbit
Mitochondrial Brown Fat Uncoupling Protein 1 UCP1 32 kDa Abcam ab10983 | GR169579-4 1:1000 | 5% Milk| Anti-Rabbit
Mitochondrial Uncoupling Protein 3 UCP3 36 kDa Abcam ab3477 GR150688-5 1:1000 | 3% BSA Anti-Rabbit
Sulfiredoxin 1 Srxnl 14 kDa Abcam ab92298 GR40165-6 1:1000| 3% Milk| Anti-Goat
Peroxiredoxin 1 Prdx1 22 kDa Abcam ab15571 GR49827-2 1:1000 | 3% Milk] Anti-Rabbit
Peroxiredoxin 2 Prdx2 27 kDa Abcam ab59539 | GR106211-f 1:1000 [ 3% Milk Anti-Rabbit
Peroxiredoxin 3 Prdx3 27 kDa Abcam ab16751 GR40935-1 1:1000 | 3% Milk] Anti-Rabbit
Peroxiredoxin 4 Prdx4 29 kDa Abcam abl16943 | GR140162-f 1:1000 [ 3% Milk Anti-Mouse
Peroxiredoxin 5 Prx5 22 kDa Abcam ab16944 | GR64420-111 1:1000 | 3% Milk| Anti-Mouse or Anti Huma|
Peroxiredoxin 6 Prdx6 25 kDa Abcam ab133348 [ GR145006-f1 1:1000 | 3% Milk Anti-Rabbit
Peroxiredoxin-SO3 Prx-SO3 Full Blot Abcam ab16830 1:1000 | 3% Milk| Anti-Rabbit
Protein Disulphide Isomerase PDI/P4HB 57 kDa Abcam ab137110 [GR104170-81:1000 | 3% Milk Anti-Rabbit
Sirtuin 1 Sirtl 80-110 kD Abcam ab12193 GR79677-2/41:1000 | 5% Milk Anti-Rabbit
Sulfiredoxin 1 Srxnl 14 kDa Abcam ab92298 GR40165-6 1:1000| 3% Milk| Anti-Goat
Thioredoxin 1 Trx1 12 kDa Abcam ab86255 GR43357-% 1:1000 | 3% Milk] Anti-Rabbit
Thioredoxin 2 Trx2 26 kDa Abcam abl16857 |GR53127-10 1:1000 [ 3% Milk Anti-Goat
Thioredoxin Reductase 1 TrxR1 55 kDa Santa Cruz sc20147; H-270 A1604 1:1000 | 3% Milk Anti-Rabbit
Thioredoxin Reductase 1 TXNRD1 55 kDa Abcam abl16840 |GR172892-f1 1:2000 | 3% BSA Anti-Rabbit
Thioredoxin Reductase 2 TXNRD2 55 kDa Abcam ab16841 GR779345 1:1000 | 3% Milk Anti-Mouse
Thioredoxin Interacting Protein TXNIP 45 kDa Abcam ab86993 | GR132784-[1 1:1000 [ 3% Milk| Anti-Mouse

Table 1 List of all primary antibodies used throughout this study, with their accompanying details, including, where noteddtiaticpdes/Lot#.

53



2.6 Analysis of Carbonylation

A denaturation solution (50 mM Tr4CI (pH 7.50), 8M Urea, 2% (w/v) CHAPS3
[(3-Cholamidopropyl) dimetHgmmonio}l1l-propanesulfonate))wa pr epar ed al ong
DNPH((2,4di ni trophenyl ) hydrazine) solution (ini
TFA followed by a 1:10 dilutionindi® due t oo ®NPsdokulpi | it ys). 100
denatured with 10 elLl10eenlatiNRH i ol wtoil aurt.i oSa m
vortexed then incubatieat room temperature (25§ @r fifteen minutes, agitated throughout.

2 M Tris neutralised the denaturants and a colour chixagelight to very dark orange wa
observed. Excess acetone wan added to precipitate the protein and incubatie®0&C for
less than onéour (vortexing throughout). Samplegre then pelleted at 12,0@pfor five
minutes at 4°C. Supernatantsva r e mo v e d aOwads added te réemovk KHalts along
with anothe excess of acetone. Precipitation sveepeated for >1 hour a20°C, vortexing
throughout and pelleting again at 12,090or five minutes at 4°C. The supernatamés
removedand the pellet allowed to air drifhe pellet wa resuspended in denaturatiotusion

and a Bradford Assay indicates the carbonylated protein concentration.

2.7 Analysis of Glutathionylation

The glutathionylation blotshows proteins conjugated to glutathione suggesting a
change in overall cellular redox state. Samples were prepadst noareducing conditions,
cont ai AMercaptoethanolbAll other aspects of the blot were the same as performed for

a standardvesternblot.

2.8 Enzyme Activity Assays

2.8.1 Aconitase Enzyme Activity

The enzyme activity odconitasavas determiad by measuringhe reaction of citrate

to isocitrate. This is a coupled reaction requiring aconitase along with the conversion bf NAD
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to NADH and the outcome is measured using coloriméfhroughout the experiment all
samples and reagents were keptam i

A stock solution of 50 mM TrigHCl was prepared and adjusted to pH 7. #@0 buffer
solutions wee prepared: 5 mM T4sodium citrate dehydrate and 0.6 mM Manganese (Il)
chloride tetrahydrate. Finally, the enzymatic reagemes e pr epar e-dADP"'20 mM
(Nicotinamide adenine dinucleotide phosphata)d two units of IDH (Isocitrate
Dehydrogenase; 9.4 mg/mL equal to 9.4 units/mg). The reaction solution was then prepared by
mixing the b-NADP?, | DH, 50 ¢€g pr otoainab50alLmedctidnimxturd uf f er
for each well Experiments used a Costar 3603@éll glass bottomed plate (Sigrdddrich
UK, Dorset) and measurements made on a Fluostar Optima (BMG Labtech, Germany) with
emission at 80 nm and absorption at 440 nith controls measured against blaniResults

are expressed as nmol/min/mg protein.

2.8.2 Thioredoxin and Thioredoxin ReductaseEnzyme Activity Assays

Enzyme activity for fioredoxinand ThioredoxinReductasevasdetermined using an
endpoint insulindependenteduction assay or Ellman assay. This utilises the reaction between
thiols and TNB which produces a yellow colour that can be quantified by spectrometry. A
buffer solution was prepared containing 84 mM HEPES -(2&4hydroxyethyl}1-
piperazineethanesulfonercid) at pH 7.60, 1.3 mM NADPH (reduced nicotinamide adenine
dinucleotide phosphate12.5 mM EDTA (Ethylene diamine tetexetic acid) and 314 uM
Insulin. An activating solution containedM HEPES at pH 7.60 and 1mM DTNB (5,5
dithiobis-(2-nitrobenzoicacid). Finally,a stopping solution vg&aprepared containing Bl
GuanidineHCl and 1 mM DTNB. A Costar 3603 9ell glass bottomed plat&igmaAldrich
UK,Dorsejwas u s ed an dwsa @dded tp thephbuftertaerdi activating solutions mixed
in a well. Control wells contain buffer and activating reagents, no sample and have stopping

solution added immediately. Following preparation of the plateastincubated a87°C for
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forty minutes after whictan excess of stopping solution svadded to all wells and the plate
analysed at 412 nm on a Fluostar OptiB®IG Labtech, GermanyThe resulting units were
expressed as nammoles per minute per milligram of protein (akimin/mg Protein)Arner et

al., 1999, Prigge et al., 2012)

2.9 Cell culture

2.9.1 Media Preparation

C2Cl1l2 standard growth and maintenance UuUsSE€
High Glucose (DMEM; Sigm#&ldrich, Dorset, UK) containing 10% Foetal Bovine Serum
(Gibco, ThermeFisher Scientific, Paisley, UK), 1%-Glutamine (Lonza, Yorkshire, UK;
200mM) and 1% PenicilluStreptomycin (5,000 units of penicillin and 5 mg/mL

streptomycin).

Phosphate buffered salineB®; SigmaAldrich, Dorset, UK) contained 1% Penicillin

Streptomycin.

Differentiation of cells required DMEM with 2% horse serum (HS; Sigxitaich,

Dorset, UK), 1% EGlutamine (200mM) and 1% Penicilligtreptomycin.

Cell storage media contains 80% standaMEM + 20% DMSO (Dimethyl sulfoxide;
SigmaAldrich, Dorset, UK). As DMSO is toxic to the cells at room temperature, thisteme

minimised.All percentage values are final concentrations unless otherwise stated.

2.9.2 C2C12 Myoblast Culture, Differentiaion and Storage

1-1.5 mL aliquots of C2C12 cells weestored in 2 mL cryaals in liquid nitrogen. Cells
were thawed at 37°C fdive minutes, resuspended in standard media and centrifuged at 1,000

rpm for tenminutes. The supernatant was discar@ed tre pelletresuspaded in ImL fresh
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media. Cells wee seeded in a T25 containing 4 mL standard DMEM and grown to 70%

confluence. In all cases cells were checked daily to ensure normal and regular growth.

At 70% confluency cellsvere detachedrom the T25 stface using 1 mL Trypsin
EDTA solution (SigmaAldrich, Dorset, UK) and incubated at 37°C for 5 minutes followed by
a brief but severe agitation to dislodge any remaining cells. Succésgfsinisationwas
confirmed by light microscopy. Trypsinised cellsere suspended in standard media and
pelleed at 1,00@ for tenminutes. The supernatant svdiscardedand the pellet resuspended

in 10 mL standard media. Cell numberere determined using a Trypan Blue stain (Sigma

Aldrich, Dorset, UK) via haemocytorrety . 1 0 svér eo fmi xeldl svi t h 10 €L

and allowed to stand folive minut e s . 2 X 10 sthentddedmontxada ur e
haemocytometer ogach grid. A glass cover slip wapplied ensing no bubbles we present
in the cell counting regian Cells wee manuallycounted using a light microscope at 10X

magnifcation.

For general cell maintenance after pellet resuspension C2C12s were diluted 1:10,
seeded in a T75 and grown to 70% confluence twenty-four hours.Incubator conditions
were 37€, 5% CQ and 21% Q. Seeding of 8vell plates required 5:0.5x1C cells per well
in standard media. 70% confluency was achievedless than twentyour hours.
Differentiation of C2C12 myoblasts to myotubes svperformed in their flask or plate. At
apprximately 80% confluency the standard growth medas removed and replaced with
differentiation mediaStorage of C2C12 cells requireemoval of DMEM and washing twice
in 12 mL standard PBS. 2 mL Trypsiras added to each flask and incubated for appraeiya
threeminutes.Then 10 mL fresh standard DMEM wadded to dilute the Trypsin and the cells
moved to a falcon tube for centrifugation at 10pthrfor five minutes. The old DMEM wa
removed and replaced with freegimedia. 12 mL freezing media waadled ger 2.5 mL
cryovials. The vials we labelled with cell type, name, date of freezing and the passage number
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of the cells. Initially the vialsvere cooledfor two to fourhours at-80°C before being moved

to a liquid nitrogen dewar for long term storage

2.9.3 C2C12 Myotube Stretching

C2C12cells were isolated and seeded at 7.5xHls per well ontdhreeBioFlex®
Culture Plates coated with Collagen I. These plates had a flexible bottom membrane that
allowed stretching of cell in a radial and circurefgtial manner. >90%onfluency was
achieved inwenty-four hours after which standard media was removed, the cells washed twice
with PBS and differentiating media added. Cells were allowed to grow under differentiating
conditions fortwo daysbeforethe dfferentiation media wasenewed. Cells were not washed
with PBS during differentiation stage. Followirigur days differentiation, the cells were
stretched on thelFe x Cel | E Loading StationE at4008ched

International v4.0 softare for controlling experimental parameters.

A B)

Figure 29.3.1 (A) FlexCell 6well plates with stretchable bases. (B) The rubber gasket and
loading station. P indicates one of the platforms for the well to sit on. The vacuum then pulls
the edges of the wedl intervals set in the software (see also figure 2.10.3.2). This was stationed
in the incubatoto maintainexperiments at 37°C and 5%&ilicone gel waspreadaround

the edge of the plates to ensure artight seal with the gaskethe image wa adpted from
FlexCell E marketing medi a.
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