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LAY ABSTRACT

While some exercises help muscles become stronger, others improve the ability to resist fatigue.
However, the reasons behind these different changes are not fully understood. Learning more
about these processes is important because it could help deealopents or exercise plans to
improve health, especially for peoglerisk oflosing muscle mas®Ve conducted two studies to
explorethereason behind these changesthe first study, we used advanced techniques to see
which proteins in muscles are ietted by either aerobic (endurance) or resistance (strength)
exercise. We found certain proteins that were specifically turned on by resistance exercise, which
helps buildmuscle andgtrength. This discovery is important because it could help us find ways

to prevent or treat muscle loss, especially as people get ldbe second study, we looked at

which proteins in muscles increased or decreased with both types of exercise. We found that
some proteins, especially those involved in energy productiemegulated similarly in both

types of exercise. However, many other proteins respond differently to aerobic and resistance
exercisesTogether these studies add to our knowledge on how exercise helps muscle to become

more fit and mighty.



Ph.D. Thesis A. Thomag McMaster University Kinesiology

ABSTRACT
The mechanisms leading adypertroplic versus a enduranc@henotypethe hallmarks of
resistance exercise (RE) or aerobic exercise (AE), respectively, are still largely unknown. In
humans, exposure of exercise naive persons to either AE or RE results in their skeletal muscle
exhibiting gen-eel agndlihg eamscriptore and transéatios responses.
However, with increasing engagement in AE or RE, the responses become refined, and the
phenotype typically associated with each form of exercise emerges. Phosphorylation of specific
residue sites has beardominant focus, with canonical signalling pathways (i.e. AMPK and
mMTOR) studied extensively in the context of AE and RE, respectively. These alone, along with
protein synthesis, have only begun to elucidate key differences in AE and RE signalling. Still
key yet uncharacterized differences exist in signalling and regulation of protein synthesis that
drive unigue adaptation to AE and RE. Omic studies are regioitezlp in understanding the
mechanisms that lead to the divergent relationship betweerissxand phenotypic outcomes of
training. In study 1 of this thesis, 16 young, healthy subjects (n=4 pilot study and n=12udpllow
study; 6 males [M] and 6 females [F]) performed a unilateral session of AE or RE with biopsies
taken before (Pre), immediaggbost (Oh) and 3 hours (3h) following recovery. Muscle tissue
(cohort 1: n=4) was subjected to deep phosphoproteomic analyses, identifying nearly 13000
individual phosphosites and unique clusters specifically associated with AE and RE -#&pllow
studies ¢ohort 2: n=12) were performed, and the outcomes support a thesis that prolonged
activation of the MKK3/6, p38, and MK2 signalling axis is a resistance exespessfic
phenomenon and is critical in the process of muscle hypertrophy. We also demottsatatesl

activation of signalling through MKKS is robustly correlated with the increase in myofibrillar
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protein synthesis that occurs after RE in humazr;SQrGO, p<0.01)ln study 2, we sought to

determine the divergent changes in the skeletal muscle proteome induced earlier and later in a
training program using both RE and AE, in parallel, in healthy young males and females. We
investigated muscle adaptations to AE andtRihing during the early untrained versus trained

state using novel deuterium oxide labelling and proteomic techniques. A total of 14 (8F/6M)
healthy individuals completed 20k of thrice weekly unilateral resistance and unilateral aerobic
training. Our data illustrated the common and unique networks of protein regulation following

AE and RE. Specifically we highlighted the influence that both AE and RE have on

mitochondrial proteins, liédy aimed at improving metabolic function and possibly underpinning

an increase ioxidativecapacity and in supporting tissue protein remodelling. In both AE and

RE, we identified changes in protein abundance that did not align with individual protein

syrthetic rates, suggesting that targeted degradation of certain proteins may be an adaptive
feature of the shared response to aerobic and resistance training. To date, this work represents the
most indepth analysis of proteispecific fractional synthesisties in human muscle in vivo in
response to differential forms of exercise training. Together, these studies generate novel insights
into training modespecific muscle adaptations by measusndespreaghosphoylation and

proteinspecific changes in cormation withindividual proteinsynthesis rates.

Vi
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CHAPTER 1:

Exer-8psei fic Adaptations in Human Skel et al \
Making Muscles Fit and Mighty
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Abstract

The mechanisms leading to a predominantly hypertrophied phenotype versus a predominantly
oxidative phenotype, the hallmarks of resistance training (Ragmbictraining AT),

respectively, are beingnraveled In humans, exposure of naive persons to eAffeor RT
results in their skeletal medalteddxsiilgintailn g gg
transcription, and translation responses. However, with increasing engageme&rariRRT, the
responses become refined, and the phenotype typicallyigesbwith each form of exercise

emerges. Here, we review some of the mechanisms underpinning the adaptations of how muscles
become, througAT6 f i t 6 a n d MRCh pf our umdegstaridipgdof molecular exercise
physiology has arisen from targeted analysis of PTM and measures of protein synthesis.
Phosphorylation of specific residue sites has been a dominant focus, with canonical signaling
pathways (i.e. AMPK and mTR) studied extensively in the contextAdT and RT, respectively.

These alone, along viitprotein synthesis, have only begun to elucidate key differen@€k in

and RT signaling. Still, key yet uncharacterized differences exist in signaling and regulation of
protein synthesis that drive unique adaptatioAToand RT. Omic studies are required to better

understand the divergent relationship between exercise and phenotypic outcomes of training.
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healthy adults, skeletal muscle comprises
sential to functions of daily I|life, includi
gul(é&tgiammn and Zierath 2013,SkKeloatt@lr amasndl ©cihsa

athletic performance, and a certain amount
eventative effecdsmmuniexelricd ski saggaas enss ts lnwon ¢
sease and typeaer R, dattbritkest adet oi kel et al mu ¢
ai(rsiamg b, Dai lent adld.i t2®ANQ) regul ar exercise |
ing, with older individuals who &raaisien t he

rtality and a |-owkat edRuWidza,nb®u.io fEhceaadcheirl2i0t0y )

ercise to Iimprove physical performance and
bstanti al mol ecul ar details are missing fro
e beneficial processeMusitcl muadlaptadapnat isom
trinsic process; nevertheless, the intracel
covery following exercise cannot yet be acc
nt ent and fsuonccitaitoend twhiatth acrher cansi ¢, r epeated ©b

-

ther mechanistic understanding of how exer
tabolic function is needed to fully o6unl ock
ahdhaahl etic performance.

ai-inmchgced i mprovements in exercise perfor mart
the perturbations elicited by the stimulus
| argely dichot omi zedtpgientsd i enutlh er waerchbil e ad

scle adaptations. Aerobic exercise (AE) inc
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over prolonged periods (minutes to hours), re
resynthesis via oxidative phosphorylation to
during aerobic exercise is daeadi Yvadtfiyramidarnho
intramuscular triglyceride and circulating fr
mi tochondri al oxi(dHarigvree gvheoss pahnotrhyS pgrtoiveostr 2® R2t0p u
exercise session, often measured in W esti mal
exercise intenskgpeyak()asdiac tpaetrecse nttheofcovn ri but i o
carbohydrates andRdmitjtry, aCoylilse awtai dlabl 299 3, E
Hargreaves andReSgpurliaert a20r200b)i ¢ training remodel
oxi dati we,sifsatainguegphenotype underpinned by cha
altered % carbohydrate and fatty acid oxidat:i
comte efficiency Pamd |lc¢cppi,| IGarienateitom!l .. 1996,
Just 14 consecutive paglk Oy AT%ciah Egadevbagrey VI
O" Connor ,etwhiilch 290uggests an early rapid phase
unfamiliar exercise sti-mudy .adhebi cmppenvfeaema s
peak) are underpinned by muscle adaptions, 1in
oxidative metabolism 4 cCthi &dli beck, sBles-Hir@ede. alti
Rodgers et al. 2007)

Resistance exercise (RE) is characterized by

duration of time relafHughts ,tlEdsef &Espet amaed

relies on anaerobic metabodnermgy odemmandd hef itm
mechanical | oading of the target muscle. Duri
pri mary source of energy i s cderaitvence farnadm gtllye o
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high contribution,oatdbhéeast ghytoalhltygec fitaoam, n
produ(cHarognr eaves andlh&cpphedcr &820ne and gl ycoge
regenerate ATP, typicall y3@Gd | &nan0ac3,6 usetsgierc thiveet
before recov(eRar alsi meckhsessalregy et al . .1999, Chi

Al though anaerobic energy pathways are the pr

the effort iIis prolonged or repetitive, then o
and recovery from all formpr ofddHdEnberBEri sndl
2004, Drummond, Fry et al. 2009, Morton, Mur p
Regul ar resistance training facilitates muscl

out@E@aereham, Gr.eeWe ehawwd .priGwWi9gusl y wodsteusred a
| at emuasl ¢ Ises eccrtoisosnal area, assessed by MRI, fol
the quadr( StepkenuscTiemmoAstaebugh. th@é2e) are man)
associated with RE (i.e., |l oad, sets, frequen
from our | ab of 192 articles emphasizes that

muscl e strengtnd,arrdamegel afean difé6é6e)yeace hgpercD
range of standardi zed nie abn6)d iw hfeenr ecreocep raw Se.sl ectoon
(Currier, McLeODldeee¢eviatilen®2i33 over whel ming forl
consistently improve measst reagnMetllthernwds c ICairma 9,
2023)

Despite the divergent outcomes of the differe

the signaling mechanisms that are stpreaciinfeidc t o
muscle phenotype. Chr oni cc cuers poowesre sa otfi nmreu sfcrl aen
mont hs and cannot, as yet, be readily predict
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to each exercise session. A greater understan
muscle during or sootheafmtehaeaxyersci e htypetrheolp
phenotype are prerequisited ftorraienfifnigcioerntlliyf eesxt
recommendations that reliably benefit perform
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responsiveness to environmental stimuli such
chroni c r ehsepad ntsheys etnoviwrmnments give rise to di
to exercise. Muscles of individuals that are
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demonstrable benefits of exercise (e.g. rel at
case. Li kewi se, it is unclear which beneficia
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i's unknown.
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hi gher force than tradi tiCamalahlaomwe Paae+r @ebi al p

Manosal valu T@ar reitd aWhi [2e0 2t3hher e have been some

i mpact of i-akensi GW IMRISpoGH, Phillips et al. =2
2014, Bagheri, Rodi ssg8aktalbhgn, 2Patkhe ecomdt |l ugi
|l ess than clear as to whether HIIT resembles .
i nduces. Most evidence suggests HI(Bi dbbpnite
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ated with signal transduction in muscle

fferentiator between muscle responses t
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t that some degree of muscle 6édamaged m
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cle adaptation. We highlight issues and ne\
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cell sé constituents, not targeting one indivi
overarching view of the cell (or tissue) in o
contribute to form and function.
Exerrcesgonsi ve phosphoryl atBaocnh osfe ssskieolne toafl emxues
detected in muscle as stimuld. in the form of
stimulii are | argely transduced through transi
transcription Bateor s hewhbaoahdiamceuyr hocati on,
The accumul ated effect of repeated exercise b
degradation odndpekiticspclobaeges in muscle pr
can | ead to i mprovements in exercise perfor ma
by phosphatases of phosphate can regulate the
Reevr si bl e phosphoryl ation of specific serine (
prominent and extensively studied mechanism o
detected using antibodies wapddicfuilart @ratphansp
mechanistic studies cam nbee iccomduatedd awstiinvge phr
S/' T/ Y residue of interest i-phespbBoryuatedbive]) h:
acid (D) (activehowkeoephomckheobowtpdg®WwWeother PT
acetylation, neddyl ation, and wubiquitination
contribute to muscle adaptation. Neverthel ess
and severlalsigamdninga pat hways have been elucid
adaptation of muscle, including mammal-i an tar

activated protein -&kdtniasaet d  MAPKot aind KAiIMPase ( Al
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modi fication. I n addition, we briefly discuss

can modul ate some phosphoryl ation pathways.

Mammal i an Tar get offtheRampTadhR ccioomp(lmeTxkOR)s a seri ne
has two distinctseonsmpl exesmTORSARnEmdE Nt & ya& mynd iOl
(Goodman, Fr.eyaecth ailT OR2 ClolmMpl ex i s defined by
specify its function. Unique to mTORC1 is the
(raptor)-ramcd pubdlsimat e of (AkhTa-bonfa y4al k, Dawa(i MRVA $ 4
al . .20mMMQRC2 includes similar components to mT
raptor and insteadnsentaitnset bqmmapeaspmowvi RATO
2004)Raptor has multiple points of potenti al [
MTORC1 activity, and contains the binding sit.
and 4EBRaAyrkar andEHarnyci29® 7pri marily regul ates
upstream Ras homolog enrichbkbdund btatite éRhabi.
recruitment of g WwPhagtnrtaat es dt.ol dimmEe@RaGCclt 2 &/1aG)i on of
kinase activity is denoted by tréi8pRoapdoryl a
$436 in addition t o tchhea rpahcotseprhiozreyd d&didiaren®,torfe awne |t
OQuwens et al. 1999, Cheng, Fry.erTheet pahlo.s p2h0oOr4y, I
activation of mTOR has | ong been associated w
signaling for(Poditeen Stiatimwetviedh'®mIORLS

phosphoryl ation al s o Boecnczuirasn ef,o | B yorwii onayi eatctuatineg A2
MTOR*“®hosphorylation is not specific to RE. |

i nvestigations on mIOOR-G@Rkeadtfiiwcatdioovm swirtela mRE ar
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signaling mechani sms et hnedadowngtoeamotmasge
kinase activity include proteins associated w
T388f ri bosomal prlo(t7e0i N8/KY6,f kTlembhaeybeta transl a:
factor 4H n(déinfg4d pBB1LE| Mafdideglktar yot i ¢2 ediomagsad i o
(eEF2K; a.k.a. CaMKIIIl). Further, mTORC1 is k
aut ophyasgoys omal patidwWwayp,d iskuec ha watsd pfSvadgy ng ki nase
(ULK1)?!ahdt Banscripti@oKi macKond&EBet{ T&EIEB)2011,
al . .20Tlo2g)et her, this implicates mTOR signaling
degradative pathways wit h?*4fast deexne rexit ee.si Aletl
mar ker of protein s,ynitthemays /n oatn abtbeo la cd irreescpto nisn
activity, and analysis of known downstream t a

active forms of mMTOR ddmpmluex e dlo,anihrX woFitdiu re
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FigulrSi mplified signaling network of the key ¢
involved in the regulation of translation ini
Targeted PTM studies foll ewiORg eMAPIKIPiKsaer dh aéAv e |
cascades as primary regulators of transl ati on

denotes the model of evidence used to demonst

RE stimulates mTOR activity and is the most i
hypertr-optiyce BREmTORCIpIBoryl ation results in ir
translation initiation viB® 1d§4%Wmnmstsrud am nmhdspho
di sassociation of the binding protein from el
dependent transl| at(iGin gofasmRNR&y gimol @RrCdacle.e d1 9 9 9)
phosphoryl at i8thnddc @7 OBdBvértsntTrnead m plhosphor yl at i
F35/2hn8¢4°8244whose modification potentiates 40S r
cap, promoting asgsnemblay i@Hu tictolmmpd $&n pr&8hanwar e
Regul ati oA nafucexdersdigmneael i ng through mTORC1 i s
shifting the balance between anabolism and ca
MTOR regul ation may, thereforandDbRE asipgpnalti rod
out comes i n (sKaexlteotnala nniu.sScalbeat i n i 2017)

Upstream of mTOR;:kipigds@kr)o i pnhoossipph odrey I13at es t he i
phosphat iH4d¥5 spbeoss@PBbB2)e, (Pdnverting -Bpdphosphat
tri sphosphate (Pl P3)DiabtbIteh ea npdl. aCsamm&® 3 nedym RidD&ELN5¢) o
3phosphoidepeindiec¢ PRKhapsei dcreasing the phosph

AKT3*PSBy PDR&éar ce, KomandPehro septh oarly.l* a8tDidodng o fs AK

13



Ph.D. Thesis A. Thomag McMaster University Kinesiology

not sufficient to increase AKT activity,; i nst
the active structure and 333}fomotiuhlf Peraoicwaoir gh
Komander etlal hum@aOmuscl et’&m dd&8lrcewionfg eRmE ,r oAKITS
phosphoryl ated raepkeérygyi 6eihmadidar@mpas-ppetevate
exer(cHrsyy, Drummond et al. 2011., ARKT cacetli,v iltgy im
be regul ated by 7MTAORIC2AKSt SkKkdt 8esi zed to stab
(Liu, BegleyAeti we .ARD1IdiI)recty? ahCTPRPhDe ya at iev
protein for Rheb, preventiphplgosggnhilintédtnskdec?!
same time, Rheb bound*¥bosSpPo(Intcamkines rlsi MO Ra IS.
nomuscle, HEK293 cell s, ?'pEH'cMHphoalydmth eeenn od e marn
alter interaction with raptor and PRAS40, fou
autophosph®*y lpatoimont iantg ownstreBkni m,i gMadn mgo
al . .20Holwever, phosphd@iyHras i oot oh e en ORe Bonstr a
muscle to our knowl edge.

Baar and E8S8zsar @hdgdEsser i de99) fied p70S6K pho
response to high resistance | engthening contr
chr omiece k()6 change in muscl e mg<Bxo.diWoer,k Shtyi tBo ceit
characterized the AKT/ mTORC1 pathway as an up:
increase muscle mass and buil d upeamdtuhceedanabo
hypertrophy. B(oBRlad chien ee,t Stmatnt{ pedt0 dg le.d 20h0l )AKT/ m
signal i nign pvaotvhaweanyonst r at e t hat signaling throu
regul ator of muscle growth, and activation is

(Bodi ne, Stlietdt teot tahle. h2yOpOolt)hesi s that the prol

14
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of p70 with a transient elevation of-AKT may
frequency stimulation) and potentially a poin
RE Nader and ESsisnecre 2t0hOel )wor k @dBoBodiene Sagmdtcel
MTOR and its relationship to the regulation o
(Bodine R&Og@grel)ati on of mMTORC1 is sensitive to 1
glucose, growth factorcSt{w&#F1)Ki mnet malcha2ao?zh,
Mechanistic work in humans demonstrates that

treat ment was suffici-Zntouexaebduage ¢lhevatmmendi
protein synthesis (MPS) and bl t’APa4ddweFRedm

(Drummond, F.r yEartl yalwo r2k0 0Ot9hat est abl i shed an i
increases in protein synthesis and muscl e mas
canoni cal pat hways of mTORC1 signaling in rel
(Goodman 2019)

The ability of mech&ZAPPhasphoipdaciedn mMTORCaég &I
of pP?Wi a a compl esteenlsyi triavpea nmyeccihma n i (s¥ uh,a sMcbNeaelnl y
et al,. anodl 9IMTOR signaling is detectable yet at
sessions) mice, acute phosphoryl at®3omp®%6 mTOR
$35/23 nd?24PpA%eT eS bl unted in comparison to a sin
(Ogasawar a, Ko hayHosweiv eat, &lot h2Gb3d3)al and phosp
target s®NASGIEESe significantly gexeattéersiniygd
demonstrating that mTOR signaling in trained

(Ogasawar a, Ko hayaghiheatmoale.,, 201 fh)vddamd skel et a

MTOR*®re still significantly phosphoryl ated f

15
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(Wil ki nson, PhiAddiptsi enalally, 2i6t0r88i cdd omecal 1 lye
phosphoryl at tdvmsoff oph@SE&K De related (r=0.34,
suggesting conservation of mTOGRE€CH, sHoghwkerdg e
2010)However, transient/Pphanspre®EYIli at iacmrd ovfa SAKT
el evated (50%)exennceidsieatien yr epsopsadcnse to AE (70%
aerdbiad ned ( @Qafifveyduadmbongneerabti BQ0G) the sal
change t"@rARKPDIT | owi ng resistance exercise (8
contraction) in previously trained individual
signaling r espo(nGoef fieny,a Zthroanign eedd satlat e2006)

I n addition to temporal differences in signal
is spatially distinct and r eguTiadGeidndd v | d havn g e

Lees et. alThe 20r2é899ence of mMTORC1 at the muscl e

the |ysosome may be nec(eSsasnacrapke,f eBdareheatl e28186
nonet heless, this has primarily beHndodbs,er ved
Mc Gl ory et al . 2017, Ab,0ubtawame wtandwWIl haeds akdr
(<30 min) increase (20%) in mTOR t r(&msnilggcati o
Moor e et. allhe 20Iwdogr Gapvan, varnepdrites mEORI . 2
transl ocation to the | ysosomailnarearebhs each €6 Ga naln

mi nutes after AE &0 mwin hmasxnrnanmuedOi% ntO2meal (1
observexepoisse, concomitant phosphoryl ation of
FA0/ZHd-BPE'T*S 1 n sum, RE and AE (albeit with am

induce mTORC1 spati al regul ation and subseque

16
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Mi t ocggetni ve protei.MARKnasesa (MARK)Y of highly <c
serine/threonine kinases that can influence a
stimuli, playing a key role in skeletal mus c |
(Brennan, Eme.r sloon heutmaanls., 2BORKL,) J NK, and p38 ar
involved in the regulatiobhypée musmbkei adapt add
MAPK activation can influence proaeiinvaradasl| a
protein ghkiiaitaesger st i ng kinase 1 (Mnk13°7'B%he phos
ERK1/2 and p38MAPK has been shown t?d°i ncrease
influencing theRMA fdapg taynd ode drhecb Wada gi pwbt B n
FI ynn et al. 1997, SheTnhbeerigrede p &rhdenrmgt ed c tail v.i t2y
networks is partly dependent on exercise var.i
i nt enkriamer and GobBdyeaxa@dPlDgd) thedextetdnERKL/ E
T°92%phosphoryl ation is well correl @Wiedledroenhe
Wr et man et wahli.c h20h0a0s) been de méiW&tarnadt eEARKf20r bo't
T8 Y¥8phosphoryl ati on idre paemdexndr anane(eRind e trod 1l toyw i
Vistisen.et al. 2004)

The MAPK are activated in an array of phospho
MAPKKK and upstream Ras GTP signaling with Ra
( MAPKK1?Ydmad?3'Sa known adtAilweastsar, &fai BMKP&Kt al . 1
singling was firstegdéatefli bgs meoctibfbil ce xiemuosricesaes ¢
MAPK phosphorylation and upstr daGmoMARKK , a cCthiawn
al. 1996, AronsonSuYiselgaernetd yal p3B99INK, and

hypothesized to regul ate muscle growKhmaadl e

17
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Horetsky et al. 1998,. ZEeRKsler2, h@rse dsiinngceer beete na li
i mportant component of the si g(nWldiengg emat hRyadye r
2001, Drummond, .Dreyer et al. 2009)

Il n human skelaes aknomwscte, be 38 Ysphorghsiedg at
activity @Hdj] sugadal Bogehowev ar,. t2l00r9¢ appear t
mechani sms for the activattMAmMK ansd cwampaergeude ntto
JNK. AE has been shown to stimulataMAP&Kbudsmh ph
contrast, t heawAPKeecsti gonfal REr go ni sp-i3a8adrutcrealv earcd ii avla,t
being dependent on timing, ¢cMart aokeiaon angdp &ar
20Q1)t is hypothesized that the unigue ROS pr
signaling and subsequenflhy byncnéasastihg &cth
transcription f d®&Atko mo t AT F 2P oahmdEraMrEIFg2 wanlr .k 2 0 &)a
myocytes demonstrated that p38 activation is

phosphor y'Battihoonugohft Yt o be regulated via the Sr
(Seko, Takah.aslhn rkrumamTWil¥dies pph8Byl ati on i s a
demonstrated t o-ioncdcwrsiftoyl-b(odtvibBoQust(hes igdifec!lal,n gMc Ge ¢
et al.. MAPOK )signaling is further associated wi
pPp38MAPK activation can | ead3vtiom tMSeK 1p h o snp ht o raytli
transcription of genes involved i n( emaek,gy met
Clifton et al. 1998, Bengal, Aviram et al. 20:
Il n human mus?CA¥an ERKIGFRAMWKr B robust Hyol(d~7 and
change, respectively)-eardciaeg)dphocipmomegi at eld

(Yu, Stept.o Hotweavle.r ,20QG3)shoul d bP&?¥&kdhowl edged

18
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P38MAPKY P hosphoryl agpeai fiisc nmnd Altas al so been
resi stan(ckRelekieacqxgues,e At hdmttenm eestt i aalg.l y20RA&E) and |
magnitude 2FfY¥Y'EREK4EpPpRBROM@YUd,atStommpt o et al. 2003, N
201)however, significant phosphoryl ati-on foll
exer(cHrsye, Dr ummo,ndwheitc malmay2 0ilnlf)l uence the down
Additionally, RE in human skeletaP?¥hyuscle tha
P38MAPKYE? and!® ¥R ghosphoryl at i-eoxne ri cminseed i vaitten y
signific@hnpghdMshphoTyl ation but no?°8ignificant

phospho(Willaltiiammson, Gal [Thghérmc&t odI?i°nZ0 @A) e o
phosphorylation in this study coulekebeaeiastet)r iob
the magnitude of MAPK activation or other unk
A mechani sde pfeord eEnRK r egul ati on of protein synt
upstream of #TOBpeicafT®8@lly, ERK %2 apitogdmhor
TSCGNSC2 dissociation, i mpairing TEME2s G@Qiben iaty
2005) n C2C12 myobl ast s, MAPK (ERK) activation
TSC2 phosphoryl ati &h*'&#%d 4fili latnidp Iseéh orwens itdbu e gUuS a
activity as assessed by ddéd@msdt?itE@mi v&Kdkiphase
Takemas.a BRKIT/)2 can al so modadtaitwatlTiSICR O6pr GtALI 1
towards Rheb, a negativEeHuamgglandr Maifoimil KRLTAO ¢
ERK1P?%¥Fs significantly phosphoryl ated above

after RE, coinciding with i®AfcMearses,d AMAthhoesrpthoonr ye
2011)ERK is, therefore, responsivdepteoadkeoat h maB n

regul ating pr ot etsmescymtihce spihso stphnfbd®@URd g Es igtme © f 1 )T
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Al t hough some MAPK signaling does appear to c
reported aisnde melmlORLCNILt mechani sm of mechanicall
(Roberts, Mc CarERK2 esi ghal 2@ 39gan alter protei
oflld@nd 1 UBF (RNA polymerase factor 1), which
enhancement and regul at(iSntge frainboovssoknya | Lgaenngd od xsp
ERK1/2 can also target the sub%frheaedphfdRS&K (|
downstream activation of transcription factor
RE Williamson, Galllaglherdiaeti oml t o2C®H)traction,
signaling are(Sewnmnsiytiave Cbangseltimal. 1996, Wo
| GF1 knockdown has beeh?¥mWhws phoryéddté¢ ®nERKILI/m
(Saneyasu, Na k.a nfulruac Ke&y wd tk e 321,0.2RIexmoets t ala.t ed0 G €
i ns-mednated el evation in muscle protein synth
T292%%4nd ERXY®@hosphorylation signaling, and int
demonstrated to preveni Haypadt aophpAdamdlu®®©®04b

i nvestigati of nidrutce dt cenh aemxgeerscii me ERK1/ 2 MAPK si

determine i f signaling timing and magnitude p
specific (i .e., myofibasbbaraved wmitbcADnamd al
Il n welali ned i ndi vitdadlhsos pph3o8rMAPAK iTon st i |l |l occL
(1t 6l d increase); nonetheless, the magnitude

to napve conhdriohcsr d2sd) when muscl e i(sYuwor Ki n
Stepto et Tali.s 2MGE)y vati on has al so been made
striemsdsuced activatiio®¥fsofr epA&MAPKYT59% in trair

compar ed (tVo chh@an twromlg , He.nrMARBK nsiegnalli.n ®,00t9h) e r
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contributes todubhedcomerthaotsme of adaptation
with AE and RE, possibly altering timing and
(AE vs. RE), volume, and i mtegrudiattye dWffA PeKx ercd ii sv
potentially i nfl uesnpceec itfhiec da dveeprtgaetnito nesx ealcs esrev e

Adenosine MArcdp vad pldatPe ot ein Kinase (AMPK)

AMPK is a serinel/ threonine protein kinase th
(i .e., low nutrient availability or prolonged
metabolism and is sensiti(vie. e&.o, iancttriavwcetl dd |valren
ratio is | owered) and aids its function as a
(Park, Gammon et al . 2002hheMimpbayw!|l qgowea van d n3 h aAw

muscl e at eadAVMRXMP&Knd acti vityr eigsulpartiendarviilay e x e
phosphoryl atdmd’?Tat e s p(eMecsGelee,l yFairl i e et al. 20
Pehmol |l er. eAMBKabk ®20elcdoome acti vated during prol
to stay el evat-cecds datri o-rf Wofp teaxsezrpanisskel , . Ni el sen
However, there is some evidence to suggest ex

timng alf aAPMPAkc { Abbbyt, Edel mANMPE®2ZaT .vazd®dNn)

occurs during exercisel/ contraction, function
of catabolic pathways as well as(bBuepyperesskojni i
al. 2006, . Handuet2abDrrmpd mal escpeakrl engv dwédd mAl

T''Phosphorybadi o mme@ixat(ed epnepiosnte, Burton et al
Additionally, phosphorlyhasi bmenmfolBAMPKYad faoldl|
bouts weofut3Osspralnlt cycling, demonstrating that

i ntensi ttywy)peadrmr@abina ng can cause significant <ce
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met abolism through downstreanila)sr gat a, o Mc SRIEK
20Q09)A potent upstreldgmhopepgphbaybart obnAMRKsKel et
(Koh, Brandauer et al. 2008, Shackelford and
PseudokTRABromotes the active conformation of
MO2& nteracting with {HeqLKBjl, aBtlWR®H4itDdD et |l abp
phosphorylation alters cell ul arXileo c aboinogn eatn da |
When LKB1 expression in muscl ¥diemokhksochkheadsdow
significantly reduced phosphoSrayklaaroitoon fMxclCaawih
20Q5)Downstream, the a&ftautte viincyr eraesgeu liant eASMPSK RIT
la by phosphloat yTI°&tn ngd PiGC on to el evating the
concentration, which in turn Mbdaéerat eBamdd olcihr

2007, Caniione Geethaalt. 20009, Canto, Jiang et al

Furthermore, chronic (t@peweanbnedxenactseabvirophaf
intervention results i 0WindeeasBdl mesoehoatri
et al . 200 2, Har di e 2 0amMd HKaosh, a IBsroa nbdeaeune rp oestt ual
metabolism and i mprove muscle insulin sensitd.@i
proteins (i.e., GLUT4) invoKuEkdbhoz eh, i Hisus$ h ma
1999, Jessen, Pold et al. 2003, Hawl ey and Le
During exercise, muscle protein synthesis 1is
consuming process, and this iIs(DbDhewgrmh,t &Kuwj ibtea

2006 Wi th RE,adAtMPKi ty is significantly increas
(2 hours) Dergecis€Euj AMPKtphdsp R R&OBIPPnds TSC2

heightens its ability to suppresg Itnrokns | &thiuo re
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al . .200d3d)i ti onal |y, wdoerpkl epteerdf ocrenel d62/37 i BeInIA2f i e d
alternative phosphoryl at3i3omitnarn goegt ¢ oo fr adNPK ia
suppression of( GwliORMC1 Sahcatcikvei l[tiydMP&K etanalf ur20G@8)
MTOR via phosp*H® whli &thi ddrmsofoe®n demonstrated t
attenuation of phés(P@earyd .,athroyne r&ve tchéadR.e SO 0 4AM
attenuating anabolic signaling has been demon
individual s whotepasfiaymd& prglor to RE had no
phosphorylation at downstreatm33fflandeg 30 9K1 mT OR
T41¢ Cof fey, Jemi oHooweevte ra,l .al2t0h0cOu)gh mi xed MPS
whil e aAMPKXK known to be active, there is2a robl
hours) dea&pirtteenaAMPKg significaOctDtgyeltegevBupdt &
2006)Further, an elevation in protein synthesi
increase?9MhosITORo ISy | at i on (-ahn dhnokufrisc epaotsbty aB Lt e v «
exercise) desp(iDreeydre,v aiR iejdi EAadRad t iadn @f0 OBr)ot e
spite of elevated AMPK activity suggests that
overcome some-i hduekbdobSupAPpPPKssi ohWphbepeaoeytiang
has also been observed 24 hours following RE,
i mmedi ate €e€NMergy BMoOnesesetthalas 2022promoti on
phosphoryl atiamgd /' (8KiKh, aku®ddu éndekd, 20MPK act i
RE can serve to more than regul ate 1 mmediate
alteration of mitochondri al protein synthesis

12 week(sPoorft eRT, Rei dFyu retth eariImor2e0,1 SAMPK acti vati
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the modul ation of glycolytic*%Pawhwans maiyaaphe
met abolism adapt §Ai mei dat h MohcadaceRTal. 2004
Alt hough AMPK activity is regulated by both A]
and timingd’phosAgMPXKr yTIl ati on may be a potenti al
functional and phenotypic adaptation with chr
regarding the regulation and interplay of AMP
appear t o ndgwitsalt ebetdwesean t he divergent phenoty
chronic training, which r anigs ense cthhaen i gsuness toicocnu ro
not been previously considered or recognized

Reactive oxygAouseeexesci( ®O©S)nduces distur ban:

met abolic perturbation from exercise induces
the mitochondria and other cell compartments
e xeirGdc Ar dl e, Pattwell et al.. 12705 ,alPowe rRO Sa pd

with exercise was thought to have negative co
ROS production is now recognized as an I mport
adaptation ofBeskeieta] hosctbikatetal alusc2@2Dp)
superoxide and hydrogen peroxide at rest, and
pr odu(cMaisoin aki, MansDwriingtcamntr 20t0i69n and pro
muscle has three main contributinfgahoumces of
Shabalina, examtlhi(it#e l1dxsitdeans,e Fr,a nadmsd nNADR( R)IH dxi
enzyméesnr-Olgg eizn , Knudsen et al . 20.19Ho vwBeowevri,er €

there i s experimental evidence that chall enge
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skel et al muscl e, demonsntdruacteedd R0O/S apbrloadtuicotni oonf i
an NADPH oxi dMisehaahsbont ofhi et al. 2010, Sak
A |likely mechanism by whnidcuhc eRIO Sa dsai pgtnaatliso nf oirn es
through its regulation of AMPKa indirectly an
(Zmi j ewski , Banerjee et al .andad0 (0,a Hicrtdhy,t i ®@rnu
p38MAPK (thought to be responsi(Vierr@shydrdodgem
20Q03)both of which have been previously shown
ROS production. The attenuation of ROS (via X
in signalingenhsrouga!sFePabAPKERX/EYPhOsphoryl at i
which is associated with a reduction of gene
(MTFA) but doéa mBNAattansPGCpti on Ward | prygt ei n
Nicolas etR@$%.pR20®da3d8g¢gtion also triggers an el e\
medi ated openehgasé aatcvamed channels and ac
thd ubul es, increasingTpPhbsphbghylkdepertiKkeonft AMPK
mechapHisanal g o, S8nchez et al .. 2006, Mungai , We
Il n addition to ROS, nitric oxide pPaddooeeildn i
McArdle et Nalt.ri2x2004)i de si gid&@ndgCAHMK Tegul at e
phospho(lyilraa, ool tow et al. aeady, tNMeCehel bk, e
infl dewnstream GhBUT4andP&Ctochondrial gene exp
presence of nitric oxide can also stimulate m
the generatMoGoonél cGMRgHewewad¢r, 2&dWi0dence for t
| acking in human muscle, and |l ess is known re

RE could elicit divergent phenotypic adaptat:i
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RE and AE primarily rely on different energy !
respectively), causing a purported distinct g
which may contribute towards t hendi(sSthirnicett s ke
1992, Bl oomer andl|l Ghbbdgar BTRO@dner ati on i s st
RE, |l eading to tpireodudinmud amea coma nifs iRsOS( i . e . , N C
concentration of ROS may dsgdceirf ifd Bei, ArEa lairridlg a
2016)Further evidence in human muscl-endsce@ces
ROS plays a significant rsopleeciifni ct hpeh edneotteyrpnei naad
training.

Mechanosensing and mechanotransducti on
Mechani cal |l oading of muscle regul ates mass.
mechanosensors that play d Mady ersgl e/ainmumed iea t
Wackerhage, Schoenfeld et al. 20Y&t, Vamenumesd fea
link determining how | oad is sensed and then

muscle protein synt heMiick eirsh arget, fSwlhloye nd red er =tt

Potts et lahn.a@di2tlijon to metabolic perturbance,
intrinsically in muscle may determine the dow
in protein synthesis. I't is importanrnoltes uinde
the signaling regulation of muscle mass and h
conditions. This section of the review wild/l b
mechanosensors, transducers, maalamesgimatiomsoloV
regul ation of PTM signaling pathways and pote
skel et al muscl e adaptation.
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Yesssociat ed.VYefastseicn a(t AP)protein (YAP) and tr:
PDdbinding motif (TAZ) have been identified as
transduction in skeletal muscl e, regul ating c
(Dupont , Mor.s uMe cehta nailc.al2 0Oyl lajct i vated YAP medi a
regulating crosstalk betwee@Gsithie &HddPPB®l prait i wa(
Tumaneng, Schl egelTrmiel dlmregte dluumo20 k2U)ppressor Kk
primary mediation of YAP activityGdoaman, k2 DIiLet
et al.. A 0lekc)ondary wupstream regulator of YAP i
phosphatidylinositol 4,5 bisphospkekapensenvers
mechani c@Memsdg, mQi u eAtl saol .upxstIr8&)am of YAP is Ba
a chaperone protein that relays matrix stiffn
progeni(t@urn acye | ISsi | . veThetkmdck ®2Wt2 10f Bag3 reduc
| ocalization of YAP and TAZ, effectively inhit
(Gunay, Sil.weYAPRPti nali.t s20a2c2i9y e whorcm idmodvinc € § uiinie
translpahtosopnh aotfase and tensin hdrmollEANg ,dealne tugpd ta
i nhibitor of mTOR signaling that acts via a r
T30f Tumaneng, Schl egeTlhe |lexhpreas sailan 2d0fl1 2YAP has
increase as a response to acute muscle | oadin
YAP expr es s idopnh casnpdh oArkyTo @ld mam, Di.et Wa tett eatl .a 2 0(1:
(Watt, Tur ndeermoents tarlat e2d0 1t5h)at i nhi’Bwii ttihd m dfh eYACP
terminus (blocking interaction with TEAD tran

hypertrophy observed from YAP overexpression.
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i nteract29wi throweivRr, this result wag%*38ssociate
acti(wWaty, Turnermhetr edlor e20b3)her mechanisms fo
influence muscle size may exist. TEAD transcr

higqfhfinity | eucine transporteac-iLdAddcedhmTORGA
activatwvani agdpebEramsesryntMgegsets al. 2015)

Additionally, YAP mecdcive tgr onatyh att smowglctiatt € r

and differentiation of satellite cells. EIleva
Pax7+/ MyoD+ progenitor cells in muscle, where
ter mi nal at(iNahgeatean,t Partridge et al Al20Q@&;t hwat t
mechanically induced activation of YAP expres:
the acute signaling of MPS; however, little i

response to AE vs. RIEt y ola@s ngr istnamiully . b&ARP att
muscle growth and it is unclear whether YAP r ¢
adaptation towards an aerobic phenotype.

| nt eigcroicrma | adhesi.dmtkigmases @FAK)a family of tra
connect the extracellular matrix to intracel!]l
transdqBettilomnd TerDemrstpjigave 2Cle7d)r critical rol e
transducti on, i ntegrins have no k@Gowhakinase
Gall agheraptl, athe2bfib)e, must interact with o
induced signals. Current evidence of how inte
vive | acking, and most studies have utilized
of i ntegr(iBopspiagnalainmdg Malrih&s § 2rcie p2 @09 ) yrosi ne

i's known to coordinat e -assisgoncaila tnegd tpht®ootudgichm t choemp
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agher et al. 2015, Wa ckeceetrihvaagtei, o nS cahfo emA Ke | kdi
agates mechanically induced signals and i
sons 2003, BellTheme Tear et pawc2@y7f evid

capable of beiinfcAt Ramerdtus,e dMo C.aar FEiARY eégtr i anl

phorylation is thought to regul ate protei
way, as phosphorylation of FAK allows for
domains of p85, | ead(iGhge nt,o Aapnp eed deuv aetti oanl .i

phoryl a%¥may af sBAKeYul ate mTORC1 activity
phorylation?!4%4®arb, tYooon eotf arlS.C22006, Cr oss|
ver, another mechani $Pka shaasn buepesnt ri edaenm t mef ci hea
|l ator of p70S6K activity,-i coopanadant nme phra
ssner, Dur iFAAKKx oevtereelx.pr2et®9)on in transfect
ificantly great ertlapnhdo spprHotSBy&lt aTt6i cam do f2 4p WO
owing reloading, respkilcasymrery, Dur ideuwnp aeti
n muscle, RE significarf9tyobo’'iamcgreaastear pdrtse
s following exercise in an untrained stat
sufficient Sfo9phosmpghengl atgi &{AKalk ibmssoen ,i nReh i
.. 12n0E0AB)r mec hanosensing may, therefore, be
sduction pathway coordinating transient ¢
mBagCcochapermodnem ndfCag$pai Zt ed protein w
ed structure that deforms when force is a
streafmUsbgnahting EppHRielranmitn a@ .h &0 1BO0+ knowr

' ighting its involvement and s{4§abdbfaodnce
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kamur.a WM& 0growing |list of binding partners

| GFN1, act(Maoaannd BdgRBamboapROROOt eomi c anal y:c

t h
e X
i d
YA
en

20

p h
pr
Ti
t h
en

be

at both Filamin C and Bag3 phospmareylsatiyon
e r(cHosfef man, Par kleirl ami ml C 2®d5)ts interactio
entified as a mechanosensitive pathway with
P ac(tWawciktey hage, Schoédsfebtdedt pakBa@Bs8lysocFi
gages in YAP/ TAZ signaling (iUl brrasptadns e ptpd ea «
1L3)Additional ly, Bag3 can act -lamdwmcdd | iamd me &

transcripti{(thbandhtdeqgEpgdRwrrtomer nadr. e ,2 0cla3c)h a g

s been demonstrated to interadtKadmadagee q Get
al.. 12t01h7a)s al so been observed -mehdaitatneTdAORC1 i
tracellular matrix autophagy, providing fur"
anscription i n r ¢gsKpadnrhsaeg et,0 Geehd lBaurt it daalr asbtr ree2s0

osphoproteomic anal was sduadlenkiiha@ePAKT BEndal
opagating Pl 3K/ AKTReBymannhropfpbhhwabl gnatinal.

tTiimin is a | arge pr-ooit €£c¢ ntboahnach ewa M the nsdesv efrrad m ¢

at are considered to be functionally active
zymes, @HKdnki-igsesantopoul os, .AcTkietrimmanma s tal
en i mplicated as a sensor of mechanical sti

inase domain of titin predicting hypertrophi

pendent (mbahaniasm .TeTleentg ervi RO/2tl1r eoni ne Kkir

soci atettawdt pborbheoklM of the sar coareaien kbien asne

( MLCK*&a% ¢8635§7/%88mi |l y of kinases, and (iGaukmrdwn
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Castiglione Morelli et al. 199-BKpnslophtuodopuBow
Acker mann .etSpeaelc.i f210c0a9)l vy, it has been demonstr
titin at sever at® 3g91{Pes8S 7T EM{ Hd idradg gboi,t iChuSh g et
2013)The kinase domain of titin iIis structural!/l
during muscle contraction, opening the protei
upstream of mechanosdndiattiave ndi grebhiteinng epaléd!
mechanical stress, titin signaling has been s
t ur nlolveerge, Xi angTheet wadr.k 200006l hatt a @thdalTer e 2
anwdan Pdgtl al (vaeaod&)y Pijlded@onsmrateal ha0otdiB)i
mechanosensor able to propagate signaling cas
mechanical stress. Titin can acutely increase
protein, whircihn bamd sdephas mear yl ated nucl ear f
(NFAT), an wupstream regul ator(bifnkeaasdrKpugenr
Titin is just one example of several structur
the sensing and transduction of mechanical st
to be essential for the signailt nigsregulwel lonui
varying factors such as the intensity, | oad,

sensed and elicit divergent transient signal.]

muscle resuldssignal icogradenadvek response that

commonly associated with RT and AT, yet rel ati
mechanosensory mechanisms initiating and regu
mechanosensespomaybbe for interpreting the mo
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on skel et al muscl e. Therefor e, it is critical

mechanosensitive signaling mespaoci ime adaphat |

Mechani sms for adaptation

Muscl e damage as .Medhawecabfl addpnhgt{({enoch as

h

2

r

al

t

(

p

naccustomed to exercise can induce muscle o0d
eavy RE in exercise napve MmMGsbheaantdnaéetesansn
000, Clarkson &Skeéel duhadl mdB8@R2r has incredible

emodel ing, adapting to handle future stress,

oading through altered cytosk(edcrtggdnssam,ucRhuirl

N

ORBDQJuced damage can occur at several site

he

(7]

arcomer e, costamer e, sarcol emma, basal I
Clarkson andMusbbhé @amagyge i s associated with

roduction, muscle swelling/ soreness, and me

mi tochondrial damage. Unfortunately, 4most exp:

n

S

d

(

newc muscl(eMarakmasg,e Con s taarnet ibnais eedt oanl .p r2o00x2ile)s o

ot directly assess structural disruption to
uch methods are creatine kinase assays, sore
nt erd;2a0ki macrasp hvaeglels )as satellite cell prolif

he most direct method of assessing muscle da
ocal disruption of the saredoinsedrieet hought to
mear imighg)lrema compl ete diss(@Uiuveabemda§dtd8)he eni
i sruption is often interpreted as structur al

Friden, Sjostrom et al.H&@@8Ber Rot hi s Maotiedn el
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chall enged by YYu etardls.s o(n2i0ad 40als.e vdi0=s0tA4 )glri esa tueprt |

on d&8y a2 pdxsdr ci se 1 n-hoaumpegreisscomns et.o Glr eat er o0c

Zdisc streaming and smearing in the days foll
myofibrillad seamodm¢ vomge @as| ssDmeregf @il gni2f0i0at g r
el evation of skeletal muscle proteolysis that
6damaged but instead may be remoBRillingpandTi @t
al . 1997, Tipton, Whanhiel tdoanmaegte ails. a2 pl8)usi bl e
what may appear as mechanical disruption of t
an early stage of robust focal elevations 1in
unacocnuesdt ek ®Moorsee Phil.lips et al. 2005)

Contrary to the protein turnover thesis is th
proposed to occur in respootMerganhaendgyPpbposkec
Briefly, it is hypothesized that marginal di f1
myofibril may cause disparate stretch in sarc
sti mul.ii (eccentric controadtoingre), owaentl ragpc tainlde 6

physical disruptMomgadarm drmhde RBReamdodee2i@dgl )t o adap
damage is focused on structural maintenance o
without a drastic isectas@Rdmameskhil.f iTihs rse tcr
observation may explain why some markers of 0
few bouts of unaccustomed exercise without me
significantbaanhaspt @Pthii d.Nn 9Epxse mecdiusad d MAWOsLEl) e damag
attenuated following as |ittle as a single se

Ssubsequent bouts; however, significant hypert
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measur abl e uab6i boatwegeblsi RI2MuUndaatkeat abl vy 2021229

synthesis following resistance exercise corre
attenuated, as assessed by microscopy and ind
CK a s(sbayma s , Phi I.l iHosweevteral .mu2s0lleé) hypertrophy
damage, examined in napgve and trained individ

damggd ann, LaStayomet aall y,2tmit)e that perfor me
experienced myofiber hypertrophy and an incre
di sruption (da(mMawederin, Myou udté haelr. mo20L, 1)t her e

satellite cells can contribute to skeletal mu
(Joani sse, GilWeermpretpoasle. th@13) he i niti al (ear
synthesis is, at |l east in untrained persons,

skel et al muscle. At the same time, vmeyofibrill.

attenuation of damage aft éDamabse®behti pbsutes

Taken altogether, although damage is commonly
and breakdown, it does not appear to be an es
to occur in skeletal muys crleeg.u llatt oirs ,d ettheerrnei fnoi rneg
outcomes of aerobic vs. resistance exercise t
Protein turadaptah@omusct ieonal attributes of
under pinned by the function of its constituen
dynamic equilibrium of protein turnover (enco

degradation) boMP$% ipsotlkessmetfai ncorporating am
proteins, and MPB is the antagonistic functio

acids. Rates of MPS and MPB are dynamic and c
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i ngestion. Loading and aerobic exercise induc
di suse reduce MPS and Worl 4 res i2dn0t6l)kye sme ansud rad £  dvf
MRNA expression, or protein content, the dyna
assessed solely from 6snapshotsdé6 taken at i so
require the use of traeerameshofiol ogoepornatdi m
stable isotope | abeled amino airsd)t eiimt drmacsgalo
synthesis rate (FSR)

Typically, MPS is measured fdHdomcwhohse, mes gl ¢ |
and sarcoplasmic fractions. Al though bul k MPS
%/ h in humans) provides i nhor maer o a nsbpneochi hfeifco &
data offers deeper pepepeticveespansgsertosexae
RE, Mi t chel(IMiettc haell.l Ve@huwdr)cehhwad é r V2eDdlL 4dn i ncr ea
myofibrillar FSR above resting-1v8a0l unei$h i(n2 3t5h e
38%) aBEO01BMMONM28(%84 Whereas, after a single ses
protein) MPS is el ebv ahtoeudr sb yf o~ 5 8d%v i boegtr weexdérm b |8 ke a
2010)The | ower MPS response to AE is not typic
relative intensity of an AE stimulus may be p:
( Di Donato, West et al. 20Fb,r BRaxgahnmrie, Ro hii g$
has been demonstrated to stimulate myof-i brill
28 hours) as comparedDt oDandbwer We sitt emtsi aly. g2 (
Studies such as t(hmPrsye, bIr bmmoaetdd eMo.@aid(e2 0L DA ) .
(Moore, Athedeomobpnetrate 280fb) ficant regulatio

pat hwaByP1l( daEhd p70SK6KA)haaf perioesi 9f adce exer
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significant increase in protein synthesis. A |
(AKT/ mTOR/ p70S6K1) along with protein synthes
RE; however, the results ar decurantantalry d&ipfafrise
distributed -{et ween atrigrmemga@ipst s nin the 24 h pert
varied in | oadsidspweit bhsnamonog Babr aj et al
At herton et al. 2008, Burd, Holwerda et al . 2
Fry, Drummond Metxeal rezd@wllt)s of | ater (6< hours
MTOR@Eependent signaling may play6ahmore)srgsae
protein synthesis foll owi6nghoRIE,s )b urayl abtee rr etgium
rapamyncsiennsi ti ve or mTORCGobddtaepedéfAt Pghbawwg
et al.. P2h0ols9p)hor y| a£948:n aoss acliORtCeld Swi t h a gener
but heightened MPS is sustained during knocko
points to-ianepmE@REID( Yonec hbMaoNaIml yWe a6t daleenp 2 @ @ 9)

t eummatrhezsee ti me cl&urses in Figure
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Fi gl2fecut e exercise PTM signaling timelines fa
( MmTOR) and aerobic (AMPK). Sixteen studies ea
identified from a systemic search ofd theR) Iite

AMPK T172 phosphorylation following a single
the approxi mate average signaling response of

exercisefiy€)stoditgs thatPTMg | fudleldowiang eXertai

RE) were identified from a systematic search
signaling (biopsies) to compare and contrast
hours following rxmberi sef ffThme mgai nts per st uf
The exenrdaicseed regul ation of translation initia

of RE and pr(dtraimmoaxadgr eDtrieyren ebnaltasPDO0OABAE has
examined in relation to its regul at(iLooongof tr a
Wi degren .etThd .ef2f0ddcdt)or s doiwmdudced m mécr A&s s$ gir
relatively | ess well characterized in contras
Il n untrained individuals, translation initiat
S44%Phosphoryl ation and i td¢Maoawn,stD'elaumgdsareagtetals.

However, the mag#f%stiudiealaofn gmTd®RWhls E&8ealm 4tEaBrPgle t s

T27/'d¢%-4 lhouexepaestse is less (~50% |l ower) follow
mechani sm delineating the divergent adaptatio
events may follow a different amidm&kEcscumgsne fafcta
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elevated*phMORpIBoryl ation 1 h after exercise, t

point (4ekhewmnuciss @ p s(ftMa zloo,wibh'gLuRgkos et al . 2021)

Wil kinson (eWi lakli.ns(o2n0,0 8Phiypbbit hbesetzedl t ha®008he d

phenotypes observed with chronic AT and RT ar ¢

of predominantly myofibrillar and mitochondr.
respectively. lanc utthee imy osfeinbirnial |l asrt vadnyd mi t oc hon
measured after exercise in untrained and trai
same participants). I n the untrained state, R
my of i bnrdi Inmiatrocahondr i al protein synthesis above
increase in mitochondri al protein synthesis |

state but failed to si(gWiilfkiicnasnotnl,y Pahlitlelri pnsy oefti

Additionally, after 10 weeks of training, res’
(~40%) in the RT condition in comparison to A’
el evated myofibrillar proteinscWnlthkiessena Phlirl
al . .209k8e!l et al muscle is, therefore, able to r

exerscpescei fic stimulation of protein synthesis

Devel opments in the application of deuterium
processes combined with proteomic techniques
information on muscle responsegys a(diate .on,c handg &
rate) that occur in response to specific stim

fr aetpieocnn fi ¢ measurements of protein synthesis
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proteins, which may respond differently to a
| abeling with proteomic analyses of muscl e sa
proteins witBumnitdswowhu@ase@hi ghlighted that pr
functions have different{Ssgnshieel d, rrBaleheet &
first dynamic proteomic analysis of human ske
measuremenspedi proteymt hesi s and abundance dal

(Camer a, Bur n,i saddhi re g mdw ®ROtlari)l on t he sel ect

responses to RT. The patterns of protein synt|
included subsets of proteins that i) increase
ii)edasned in abundance without a parall el rise

abundance even though the synthesis rate was
protein synthetic tygpesexrmrrrcesegande wedr aarselyin
turnover of 22 proteins (from 409 measured) a

and cel destdbeas neidEmusawat, Stead et al. 2023)

Future directions
| mportant consi dexatricoseThogdaaeéyti enggdsiof our

of mol ecul ar exerci se phylsed |Isotgud iheass taarrigseetni nfg

of protei nsdetfhiante dh awvoed iweilclati on sites. Necessa
mi x of stmuantes|l eavelds ffeel |l , ani mal, or -human)
| o-§ snction, pharma, or exercise). The diversi

should not be overlooked when att eemmtdiurcggdt o s

muscl e adaptation. Somnlel ofescthiamagtsitorc idrmatael(le. mc
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apply in the context of exemuisséeée Eeld |l eax ample«
that did not include exercise should be treat
context of exercised muscleiofhahg8s Tn &TMY)

interpreted against the context of cooccurrin

residue is involved. Il ntracellul ar signaling
inputs (e.g., chamgteasbalni #mermgegdecx astuast e, mect
generates a particular output (e.g., modul at .
and abundance). The processing algorithm may
versmntsrained individuals, or the input may be
context (e.g., redox state})or |npuhldtising trespomce

exercise.

More receatgyygtedodomicsd studies have brought
new candidates that di stdmaaiifsihc bied aptdarteiAdra.h nk
(2008BRj I und, Bowepoetedl-ttdarBddtBOag d td amtoan on t he |
phosphoproteome and i den+tipfeiced ighps phei ynilsat ico
of phosphorylation in the regulation of skele
(Hof f man, Parkeoréeedapbho2@bbproteomic profild@i
young men before and i mmedieatsdalty afetreorbi~c1 0 xmir
highlightedr ag0lDdt edepbosphosites, of which 9
upstr esaegmsHlif haman, Par k@urpepti alngRPIppostve exel
phosphorylation sites were known substrates o

targeted studies on Omaster regulatorsdéd of ex
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Potts et( Paolt.t s(,2Mc7MN)alelpyo rette da lp.h 02sOplh70)pr ot eomi ¢ |
tibialis anterior collected 1 h after a bout

electrical stimulation. Contractile activity

of 62 KWilt3esgproteins, with the majority (531 s
exercise. -IMbspgorexiesse i gleo himhdo not previously be
phosphosites had known upstream kinades,a whic
Ssubsequé¢dst esnedy, ,Portrapamycian . w290D2u9ed al ongs.
investigadepenT®O&®RICtL and i ndependent phosphoryl
phosphorylation sites were signifi<eamdgiltyi ve,gu
and mosnhdMkc€d Ipahtoisprmowaysnsapaimyicve driBdledolniec tpe
Potts et al. 2021)

Exerci sgpemode c phosphorylation of muscle prot
(Bl azev, Carwhet ident2®22d 5,486 phosphosites
significantly regul ated laeh ¢ad®0k n3i nh, a6ft% rofatVC
sprint (03utx c3y0c Isi mg)l, or resistance exercise (
healt hy, unBtlraazieved CaegnPhetspalor y2@22pn of 430 s
across the different training modes, includin
C180RF25, which was val(iRlaa zav ,asCarnl meviiPdKa ltsrud €
the phosphoryl-aé¢mnointiovermp@rm@ti substrates was
modeBIl azev, CarPhespalopr2®2?®mi c analyses can

networks in response to different training mo

the adaptive responses to training.
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studies so far have raised more

g events might be mechanistically
dies hawme tygpei dér edMmomdbi shapvi e
i on, which currently has the | arg
xercise adaptation. However, <cros
on)( Pam ktere Kame@ fetdit @aminc 20t2W0di es
bring a complete understanding of
repertoire of mechanisms of exer
egarding howsdilftf e mendti smmo dhed ofuse
i ned to protein phosphorylation,

The archetaypahasxbdoO0ckespewandbaende:
, i-snictl eusd,i nlg2 3wb ipchwistpyhloat i on si tes,
site (Phosphosite, AMPKA1l human s
thgiorug htpaurtge tLadd® ) ( Imew htods, and >80
single PhosSihmirlyalraltyi,on3 4s imoed i (fTi c a
82s, o faonrdm oonfl yYAMPK si tes have been s
cludi ng’falpe eax avri ¢ ihs € 2r2e ¢ mo Wit va B
o the entirety of AMPKaZz2. From a

, MTOR human site table) from dis

phosphorylation, 47iab)guobhyVyValiwedt@p avwietvlg | b
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targeted investigation
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arily use independent groups at differe
of error because different animals or
gh the number of biopsii-esmespbimitedudti

se cases, extensive omic analyses shoul
s. Currently, the focus on | imited numb.
our under st aerdi Mg fdfertemd amrod sxtud lak hbmetc
aptive process with exercise.

e divergent outcomes of chronic trainin
i's known -apeotftheaexeecbesgnmbidrerg mech
i n the transi-ttn ainmr&ed empheaeoothpe. odndes

se of either type (AE or RE) results in

genes being trans(PRiilbleadn ,an@alsroimek tetatal
| thesis is that with each exercise ses
ated, and the resultant proteins accumu
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Hypothesis for exercise specific PTM
signaling perturbation
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cul ar responses to acute exercise in
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The degr-exermsdiiggemdntdn g r anscri ption does not nec
proportional change in protein content or fun
MRNA and protein expresgiPemrtyhatahadyetiebbaht b@
acute expression does not correlate well with
phenotypic outcome(sArokii nstaalnli,ngT unns thaulma nest al
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function are required to i mprove our understa
exercise training. We hypothesize that there
signaling and subsegpeaitfiregsy aathiemn otf maptd odireigwu
uni que adaptation to AT and RT. These differer
wi t h -tmumetpioi nt/ omi c¢c methods that consider bot
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periods of training.

The purpose of my dissertations & thesis has
manuscript. I n chapter 2 (study 1) we used no
synthesis to assess the rel anitome wii mne lbhacautt @ (P
period following exercise. We were able to fi
pat hway of MAPKK signaling that was well corr
3 (study 2), we ex@laindedbwpadasnise hei mgupreot eimn ¢
that occur in protein abundance following 1 a
exercise method in study 1 and 2 we can begin

and chaongesnionoptent that occurs with AE and
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Abstract

't i s welaerkaboieenc itshemtt rai ning enhances skel et e
synthesis and biogenesis | eading to enhanced
myofibrillar protein synthesis and doesse not e
enhances myofibrillar protein synthesis | eadi
oxidative capacity. Although the induction of
the signaling telvemtrse maidrer pnmes mligved. To bett e

events, 16 young healthy sulhlupecttsud(yn=4 epifloatme

uni |l atemnelr olboectesafst ance exercise with biopsie
and 3 hours following recovery. Muscle tissue
phosphoproteomic analyses, identifying nearly

clustdriscaddeciaa®eo @imadticed swistthance exeerdciwsiet.h The
resistance exercise contained >2500 sites and
phosphoryl ation that weaxse rlcairsgee.l lyA dsduirstftieaan mhaeltdli ya, t
|l ite-baseadepredictions suggested that this eff.
MKK3/6 Y p38 Y MK2 sigunmldtindgi esat(hovahyor tFo2:l omws
performed in both humans (data shown) and mic

the theory that prol on3)&,d arcd i MKR2 i ingrdl Itihreg M

exerscpescei fic phenomenon. We also demonstrate t
MKK3 is robustly correlated with the increase
a bout ofxerrecsiisset a’mc h.udnda,nsp<<0d. 01). Collectivel
MKK3/ 6, p38, and MK2 signalling axis is one o

that drives-prloemohympgr efdbpltcys of resistance ex
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Chaptlenrt r20ducti on

Skel et al muscle Iis a highly plastic tissue ca
mani fested thmpamgtharetxley,cilsye.changing the natur
possible to direct the response of the type o
|l eading eventually to a change muscle phenoty
comdaction using |l ower | aadekiem csd kel B {rali enshunkgr $( ¢
in an increaseminodchendriealeygedhead dyr et eiahs 20
(Hol l oszy 1967, Perry, Lally, eandlul t2i0malt, e IEyg ace
mi tochond(iGabatant €nt tTlhee etesaull.t 20061 shi ft to
muscle fibre phenotype WwWEghni empdo¥eldo @adibn @ Q@&f3
skel et al muscl e with higher | oads, such as re
transcription of genes 4dnrvd tadcerl daVeCGdrfuer raditw aanluds
2012, Nader, vormyWealnthemcatngalmusxd ed pirlod gea anr s,y
Ordway et al . 2000, ;Ddamave,veRPhi Itlhiepgeamtetalc. (20
protein responses are | argely associated with
|l eads to muscl e fi br e hsyepcetritornoapl h ya r ei an carneda siendc r
generatimlgi mapdeney et al . 2022, RRogbaerrdtlse,s sMcoQ:
di fferences, the signal |IAiEagd mBEhaxéesmsséhdit f d

regul ate myofibrillar and mitochondri al prote

A key to ndweredi aedapitatainen aits otnfae pnogt fi cati on

i mportamtaangodbati onal modi fication is phosphory
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phosphate group to a target protein( MogGlaompy,ot
White ettoals.er2inle4)( S), tyrosine (Y) or threoni

phosphate can enhance or downregulate the pro

|l ocati on, resulting in a biologi maledd&wmstsreesa
the human Wi hamedonWe Phillips et al. 2008, M
Hai kal i s aentd a(tChoe2fltsedy6,) Zhong et al . @f0t0é&n Dr ey e

assess the phosphorylation status of single o
gain a mechanistic understanding of how exerc
However, current methods & mgru atnhtiist agtuiavnet i(f\Wecsate
and are biased in ter ms.teafr, greitieadh amradtyesiirss) .a rCau
of how skeletal muscl e adaptation is influenc
Developments i n( HafstsmampecRPRamnknernt rgt al . 2015, P
have enabled a wider interrogation of the pho
exercise. I ndeed, one study-massngpaerdawoaledd Vi
1,004 unigqeguénéeerdi paosphoryl ation sites on 5
bi opsy sampl es obt ai naeedr dbheipm r e xHsonf i n&meént, e P aa kleo
2015)Thi s seminal study significaAEelxyeradweaenced
i mpacts phespgphatYeatg,t iman measurements of endpoi
were made (Hoftthman stRagkhdr ¢éheakfo2@l5roncl usi
relationship between exercise regulation of p
synthesis/tuioovlked odét ppbete@insect!ly | inked. Ful
phosphoproteoRmEcwaespehBesmed, bar whet calmpa? @:

phosphopeptide resBpoaséeésspoi hobowexgr REs e, i den
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phosphosites on 1573 proteinseseéegoisecantiliy r.
(3h) by at | east one exercise modality. Howe v

with a known function and 202o0nh2tbh%®) ewist ht dhels

aut fdd aazev, Carllsoetdial .no2027®a)ke any measur emen
responses i n MPS.
Al t hough different training modes |l ead to var

underpinni ngAEbe -tRrEainrsed imins dloe phenotypes ar e
Chronic muscle adaghangeoxnsi noprexteeicn seor(tent)
mont hs and cannot yet be accurately predicted
acute exercise session. Understanding the mec
chronic changpbyi anbdygiey méd oil 9 cc rptheinal for opti
programs and | ifestyle recommendations for ex
validation of predictive molecul ar markers fo

i mprove exerciuge cphrad 4 emigetsi aregnai .

We aimed to conduct a gl obal phosphoproteomic
mass spectr omeAlEayn df ocRIEl cewiernrge ibsoetsh i n humans. We
MPS for the 3 hours following the exercise to

promoting and maintaining phenotypic adaptat.i
bl otti ng) fainram ylsy o ttlbe sceosn gen e rsapeeadi ffirco ms i6goME I¢
pat hways during recovery from RE. We hypothes]

would be unique to RE and would be related to
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Met hods

Et hThe study (NCT04263714) was approved by th
Board (HIREB #2196) and conformed to the stan
as outlined b@Q@oumei ICaRaldi apnw TTCPS Rum@®&mR2) on

subjects hitnt prses/ e artchh g(.l d d .i geugete ¢t 2 /p2y@P2 & ncdy t tmh e

decl aration of Helsinki. Each participant was
procedures, and potenti al ri sks before writte
obtained from all subjects prior to beginning

Parti cSipxanftesmal es and ten males were recruited
Participants were recruited in two cohorts du
and cohort 2 (n=12). Particip2Z@8ntandehadheatth
experience in aerobic and resistance exercise
The sample size was determined with MPS as th
matoenl y st udyg cNiRaS arcasepdresens bet ween the two e:
phosphoproteomic data. We recruited equal numi
hypot hesi s that -btahseerde dwd U led enec emso (-bveexg edd di n nti ht
analdyisfifsesr ences but observed none; al/l p>0.7)

di fferential shift in MPS per our pilot data.

Study Olvrera itsiit jhe nt repeated measur es ABwi t h ti

design, 16 IpG&rmdlce,ppm¥Gsi(ameal ¢ he | aboratories

Kinesiology on 6 separate occasions. On the f
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consent was obtained. Participants weare-gtyhean

ray absorptiometry (DXA) after an overnight f

anAdlEequi pment. Participants' | e By rweurpe (rseered o mi
"Exercise protocols" below). Orpeitsitti ©n2 manxd m
testing. On visits 3 anpdeaS, tpessrtt iocni paa nctysc | ceo nepr

tests were used t oAIEentde rRE reex etricd sien tl eorasdi toyn afh

experimental trial (visit 6rfrBomed8 daym bef e
exercicomsamed a controlled diet with all thei
On visit 6, participants arrived at the | abor
Catheters were placed in the antecubital vein

the inL{isih@&h phenyl At a®i7T0®, baselineabtiood sa
then participants receivedenmolprkigmi nbge fdoasee iomfi t
constant traceepl i Rgumion BPAroO0i 6bpants rested
6 (excluding exercise prnatkeano 8sV)e,myan2dvibtlho oedv asc
heparinized tubes. After 180 min of rest, a m
randomly selectedstaget MP8&et &dpmhneompseedon o
participants BEagnmd RE eprumtidcaaglerian a randomi zed
from the | eg i mmedi ately upon exercise compl e

participants rested on a bed with biopsies ta

each seex emocdial i ty. [ILHrciohr®y o rpehteinoyir nad da ntilmee mu s c | e
the i mmedkatei pesand 3h muscle biopsy all owed
myofibrillar and sarcoplasmic proteins follow

70



Time
(min)

Ph.D. Thesis A. Thomag McMaster University Kinesiology

Primed constant infusion of L-[ring-'3C¢] phenylalanine and repeated blood sampling every 30 min

Start Unilateral Exercise

~7 AM Resting Supine Limb1 Limb 2 Resting Supine
n=6Q+100 Varied
I Order -
= e 94 |a=y
-
[ | | | | =< -l.- I | [
-200 -180 -120 -60 0 60 120 180 240
N . . N N\
Biopsies \ \ \ \ by

Pre ORE OEND 3RE 3END

Figal:e Experi mental t

1-Repetiti oAf Maxi smulop | ed sv@e @ foif ct\Wwar mi ven exer
performed at approximately 50% of the partici
increased by-28pprfoxi matcédl yepetition until a t
pregl gude(sMcrGlboerdy, Wh. tehrede atto 2 0mid) of r est

each attempt. A successful attempt required t|

form throughout the full range of moti on.

VQPeaSku bj ects complgetbaldedomigt eement al peak oxy
(VPeak) tests on a cycle ergometer (Velotron,
descfiThedas, Br ownA enietaalb.ol2iecZ 2Zn)ar gawi tbhl bBacbho
(Moxus modul ar oxygen uptake system, AEI Techi
consumpt)i oanndl VcCGar bon di o2xi dat pranddcheamnt ( V&tOe
continuously with a heart rate monitor- (Pol ar
mi n wgrmat 50 watts (W), after which the power

or four (unillatwalailt)i srealo naxh awndtii on or the pc
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bel ow 6kpepkh. waa® defined as the highest oxyge
period. Maxi mal workload (Wmax) was the highe
subject was deemepgle dlo ihfavteh gieracthR dowdefdl iwd ttehd n ¢
max i mal HR; the respiratory exchange ratio wa

consumption.

Visit 6 Exercise Protocolfandomized order unilateral: i) RE: 3 sets x 10 reps at 80% 1RM leg
press followed by the same leg extension, with 2 min recovery between sets and exercises and ii)

AE: 40 min @ 65% single leg peak power.

Di.dthree days before visit 6 (experimental tri
frozen meals (Supplier: Heart to Home meal s)
participantds energy requi rBeemeendt weacgu ateitcemr nfi ar

and multiplied by an activity factor of 1.55),

Bi opAlilesbi opsies were taken after administrat|
use onfm BebSgstr°m needle that was adapted for

were freed from any visible conhnhgeitdvei anadgannd

measur e MPS -saingdn golhloisnpgh oerv e Ha sf oarn df usrttohreerd aanta ITy8

Anal yt i cMuwsectlheo dEsa08®! eng ) ( wer e homogenglLzZendg on i
25 MMHTHEI pH7. 2 0.5% vo0olavadlpMToti ¢e@aseXphosphat a

tablets (CompleteT®hbhoteBsehéenhabdtBhoMETOP, R
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and centrifuged aQ t202 5s0egp aroat €l Ot hnel ns aartc odp | a s mi
enriched psot€Ehe dvpetmanant was removed for
the myofibrill d&rMcKelnldety, wdo wi Ozalketigdadi stiORkKe¢d
eL) was added to the myofibrillar pellet, whic
4C). The supernatant was removed and discarde
0. 3NaOH forC30Domsal abi bDze the myofibrillar p
vortexed and centrif Cged upternlaz g f(ary oF inrdirn |
removed, and the collagen pell et was discarde
pool ed. M™Myahmdbsaddcapl asmic proteins were preci
centrifuged at CZO0OOTdh ef osru ple nmitmnat wdas di scar de
washed twice with 70% ethanol . Et hanol was re
activated Dowex H+ (50XW8 Cati on e kecnhraincghee dr e s
pellets werkl®yfdool y2ed Bd rel ease their resp:
Foll owing hydrolysis, the AAs wer e wewr iH+i ed b
resin us4dOrg EMI NBBwi ng i sol ation and purificat
protein fractions, samples were dried under n
myofibrillar Lyrnidhéd apdhemlyddrnardiicoohimmeent anal ysi s pe
prot 6Bobek, Stokes et al.. 2022, Lim, Janssen

Pl

Oa

20

pr

as-ma-h&] phenyl alanine enrichment wadl odestrer m
tes etMuaslic | e2 0s0a8mMpl es wer e andlGl mevceras Omn ewsi a
08, McGlory, fWhrrdHH&] ephahyelnarbDdcbh)mmeent , t o be

ecursor for <calcul at i npgr addvec tMPeSq uraattieo nu:si ng
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Err epresents the enrichmelBtsothkboamdrmgefibtr h
enri chment betwetes twWwe brapereld nPamporcapiaonst
"tracer napve' (i.e., they had not[ripd@]vi ousl y
phenyl al anine was nifrufsu oed).] obldus,amp | gr avas use
myofibrillar an(dMcs@lrocroyp,| avdamiddMgMoRESI bali | | 201 &) d
sarcoplasmic-ennfn@chmeengl afahi ne were measur e

( Chur c¢\hewnanred, Burd et al. 2012)

Mass Spectr omeTirsys uaen dl yAsniasl yasnds centri fugati on:
homogenized in 1 mL of buffer A [40 mM Tris (1
Trit-b@0 X one PhosSTOP tablet (Roche)rpeper 10 ml
Protease I nhibidohe)Cop&«rt al0 mlapl eSapiRl es wer e
Polytron (PT 1200 E) for 20 s and then centri
confirm complete homogenization. The homogena
insoluble faacedopBevhsudkBygNal Ay 100 al . a20fadp

sample was saved for western blotting, and th
Protein DigestionThedt Peplt i damoDetsadft i mgot ei n i
determined using a Pierce BCA Protein Assay K|

precipitated by bringing the original sampl e
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volume. The sample was then centrifuged at 12
and then the remaining protein precipitate wa
mM TCEP, and 40 mM chloroacet e&amikdengand icroamphl el
reduce and alkylate the proteins. The sampl e
50 mM Tris (pH 8.0) and digested with trypsin
enzymatic digest i onngwatsh eq useanntphleed tboy paH: i<di2f ywi t
acid (TFA)desSalrtaitrag col umns (Phenomenex) were
acetonitrile (ACN) over the column, followed
then spun ddadwr, saperinae¢e aaci whisl cet éeéct ledo ag
X columns. The bound peptides were washed wit
fresh tube using 500 ml of 40% ACN and O0.1% T
oB0% ACN and 0. 1% TFA. El uted peptides were d
Pierce Quantitative Colorimetric Peptide Assa:

determine peptide concentrations prior to TMT

TMT Lalddliisngnvestigadpilex a@merRi, S&dd 2xpE0Oi ment
preparation and processing of which were carr
(Pott s, Mc Nal Ilyn stumanlar y2017vyptic proteome dig
mass tags (Thermo Scientific, Waltham,- MA), t|
plex trial. Phosphopeptide enrichments were p
i mmobid imaeglneti ¢ beads (MagReSyn, Resyn Biosci
guidelines. The remaining samples were preser

unenriched samples were both separated via se
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romatography. The resulting fractions were
alyzedusSwiMSh ulsG +OFl Bnt LiTIRr i d mass spectromet e
mos, Thermo Fisher Scient ilfG cs e pWdi®athimamm v é/hA)

ans were collected in the orilietbr, apOmass mamxa

injection time). HCD fragmentation was perfor

oduct 1T ons were also anaAG@zda5, nlit&dh emsorrdax r

injection time, 1.8 Da isolation window). Mon

P h

t h

i n

me

mo

Be

clusion (60 s) were enabl ed.

ermo RAW files were searched wit hd etchoey COMPA

t abMemo osppoeaesns downl|l ¢aedefr oPhbnspret et

i xed modifications inclutdedm TMT dmadedcdi mDgmiad c

cysteine residues. Methionine oxidation wa
r phopehopeptddeampl es alhsoor yilnactliuodre do fv asrd raibr
reonines (T), and tyrosines (YY), along with

|l tered to a false discovery rate of 1% at b

osphorylation sites were considered | ocaliz
e PhosphoRS algorithmmaiweabeKdeide riPmeotC @a®B.A £ZpO0t 1i ]
tensities were normalized to the total repo
aanor mal i zed fold change. The significance of
der dtesBi Tchi e, Ph, pwiotnh emhulatli.pl2® 1i5y)ypot hesi s

nj aHoicnhiber g correction.
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Western BIFatozAemalmusicd e sampl es were homogeni z
cold buffer A (described above) or buffer B |-
0.5% THXL00onNn 2| mMebophosphate,3vVDpr A MgF.mll mM
|l eupeptin, and 1 mM PMSF]. The resulting prot
protein aRady. kKEqgui(Babent amounts of protein
buffer, boiled for 5 min, aangnSBAGE.ctRrdo tteni red
were then transferred to a PVDF membrane at 3
bl ocked with 5% -poivdlered smal knen(TBS5EF) contai
hour. After 30 min of washnaogbanedB&Wer hhghimeszt
with the primary antibody di ssdBsddsiohuai D¥%. Db
next day the membranes were washed for -30 min
conjugated secondiam y5%npgo wihB§eE difi mislof vleadur at r
temperature. After 30 min washing in TBST, th
with a UVP Aut ochemi system (Analytik Jena AG
chemiluminescencer CELChDIr m& &ghdamé)y .( POnce t he aprg
i mages were collected, the membranes were sta

in all | anes. | mages were quantified using I m
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Sourc
Speci

PhoshAhh®eCy A Car boxyl as Rabbi

Anti body

AceCypA Carboxylase (CRabbi
Phosph® S6 (389) Rabbi
p70 S6 Kinase (49D7) Rabbi
Phos®®h oRi bosomal Prot Rabhbi
(D68F8) XP(tm)

S6 Ri bosomal Protein Rabbi
PhosMlkK3 (Ser189)/ MKK Rabbi
(22A8) Rabbit mAb

MKK6 (D31D1) Rabbit mRabbi
MKK3b Rabbit mAb Rabbi
PhosPmbBkl/ MKK4 (Ser 257 Rabbi
Rabbit mAbD

MKK4/ SEK1 (5C10) RabbRabbi
Phospd®® MAPK (Thr 180/ Rabbi
XPRabbit mAbDb

p3BBMAPKNt i body Rabbi
p3MAPK (C28C2) RabbitRabbi
p30MAPK Anti body Rabbi
p38 MAPK Antibody D13 Rabhbi
PhosdARBKARK (Thr222) ( Rabbi

mA b

PhosMARKARK (Thr334) (Rabbi

mA b

MAPKARK (D1E11)
Ph-er-BO9Cr ystallin

B-Cryst al
PhosippamR27

mA Db
HSP27 (E1

Tab2le

l in monoc
(Ser 82)

J4D) Rabb

Anti body

RabbitRabbi
Pol yRabbi

|l on M
(D1 R

it Rabbi

tabl e
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f

Ve

Ce

Ce
Sa
Ce
Ce

Ce
Ce

Ce
Ce
Ce

Ce
Ce

Ce
Ce
Ce
Ce
Ce

Ce

Ce
En
Sc
En
Sc
Ce

Ce

or

ndor Product Dilutio
|1 Sig3661 1; 1000
|1 Sig3676 1; 1000
nta Cr sd1759 1; 3000
|1 Sig4171S 1;:1000
|1 Sig5364S 1; 300
|1 Sig2217 1;1000
|1 Sig9236P 1; 1000
|1 Sig8550S 1;1000
|1 Sig9238S 1; 1000
|1 Sig4514P 1;: 1000
|1 Sig3346S 1; 1000
[ 1 Sig#4511 1;1000
|1 Sig#9218 1; 1000
|1 Sig#2339 1;1000
|1 Sig#2307 1;1000
|1 Sig#8690S 1;:1000
|1 Sig3316 1; 1000
|1 Sig3007T 1;1000
|1 Sigl2155 1; 1000
zo Lif ADSPR2D 1;1000
i ences

zo Lif ADSSP22R2 1; 100
i ences

|1 Sig97009 1; 1000
|1 Sig50353S 1; 1000

Western blotting ana
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Quantification adtheSpakeisentcabublyaluopses apenth
measure design. A significance | evel of p <0. |
corrected fofHowshibreg gBemjnda miodil i ng the false di
Hochberg -¢val neal{uged) p&<D.-f®09 damcchange (FC) from P
identifying significantly regul ated phosphope
(initially) awesy sanreal yussiisngofa vtawoi ance, which s
eects for sex, so the data were coll apsed acr
analysis of -WwMBS riegpeechtaeedome asur eswamgniaxleydsi s of
ANOVA was employed when datasets contained an
deviation method with a (@Oleys, cloeyFealtd aawii.vnedO 1 :
significant ter mss;wims®lmpwants omrse pMlearen & du rg ehierr t
the Bonferroni post hp<cOt@Ss.t.StSatging tfii caln can avla)

Westerns were completed using I BM SPSS Stati s

for Mac, Version 21.0; | BM Corporation). Grapl
whi sker plotssewittimgtadrebohereepange, the | ine
the median, the cross in each box denaruinng t h

and mini mum values.
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A)Subject Characteristic|n=4 (M)

Age (years)
Height (cm)
Weight (kg)

BMI Gk g

Unil ater al
Unil ater al
Unil ater al

Wor k Peak (wd1l996
1RM Leg Presq17%842
1RM Leg Extern7815

B)Subject Characteristic|n=12 (n=6

Age (years) 22
Hei ght (cm) 1 7°37
Wei ght (kag) 75264 . 2
BMI QnRg 25?°8. 1
Unil ater al Wor k Peak (wd1l7%229
Uni |l at er &lr elskRM (Lkegg 10235
Uni |l ater al 1RM Leg Exten299

Tab?22sa28d Subject

Result s

c(hm)y acdhreaoritstd clsodtb)r2 agod=10B)

Subject Chaoacharacterisze t he diifgfnearl d ncneggs ainmd

synthesis i
young indiywv
and resista

cohort 2 (n

n relA&ts .onRE)o, ewxerrce sreuittyed

i duals to measure protein

t(two

nce exercise. CdhoBMFP]. @ kcdamd | e

6 mal €2 anBlMIh4 612 Fkeddaahceh,

caogmep | 2elt e d

session of wunilateral aerobic (40 min at
|l eg preesmssianmd) exxercise in the overnight
unil ater al exercises in randomized order

80
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synt hesi
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Muscl e ProtWe nf iSrysntt hiensviesst i gated protein synth
the muscle reAsEpnds REAEmB@OWMRENgGg nduce an increas
protein synthesis (myoPS) (p<0.001), but the
to RE was greafABand prB .iOm0dlyceddoa hcomparabl e ir
protein synthesis (sarcoPS) from Pre (p<0.001
AEcaused myoPS t80Db% -3 bheovilrtse dfedsldli svei.n REex aused
to be el°bBa4 €3b rildd6r s f ol A&wae sl teexce ricn seen el eva
sarcoP3%13 33 omow@drs following exercise’’ RE cau:

51% f3orhowrs following exercise.
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MyoPS (%/h)

MyoPS (%/h)

A B
0.089 Myofibrillar Protein Synthesis. (n=4) 0.107 Sarcoplasmic Protein Synthesis (n=4)
b a
| | | .08 |
0.064 *
b 1 a
£ 0.06- =$= TI:
-+ £ a
w0
0.04 a E g
0.02+4
0.02+
0.00 T T 0.00 T T
Pre 19 RE Pre 19 RE
C D
0.10 Myofibrillar Protein Synthesis (n=12) 0.10 Sarcoplasmic Protein Synthesis (n=12)
b
c 0.08 RN
0.08 —— . b
ol -l— B
0.06 "!‘. T 0.06 - v
b % T
—— % a - e
0.04 a . é 0.04 P —
0.02+ 0.02 4
0.00 T T T 0.00 T T T
Pre 19 RE Pre 19 RE
FigaxzMyof i brill ar (myoPS) and sarcopl as mkie8h(osuar g
i mmedi ately followindBepxandi sceh@®rtral2upehso *it2 1t( h en =g
as individual points in box plots, -waan gree preiant etdo
ANOVA. Means with dissimilar |l etters are signific
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Phosphorylation of PAbtegathED/| VMDwa migICyEXies cp &1
with PhosR reliably identified 12899 phosphos
participant forARaOREcoBRE).i o@nl(Yrlk,pr0otei n we
having changed i n A&b usnudpapnocret i3n gh oaunrys cphoasntge i n
abundance with exercise was the result of pho
that were significantly (g < 0.05 and x >|1.5
Pre. Of thepepl0od@8Bsph8dphand 419 AbBaadr REYl at e
respectively, with 229 phosphopeAEandeREL hAt &
hour se xpesrsecti 494 phosphopeptides were significal
vs. Pre. Of these 494 phosphopepti deASEanal79 an
RE, respectively, with 112 phosphd&gempd i RIEE.s t h.
| mportantly, we found 85 phosphopeptides that
and remained significantly elevated at 3 hour
were unigue to'RE RCBSHL2ESEN S(YRM, (HSPB1 (S
PALLD!IIJ4S LI MEYP1L _ (BSCTPN2 _ (STAC3ISUSHL, (T
ARHGAPI1} ,( SFBX&%6 (SSTMyI1_(T®8e early and sustained
phosphopeptides may be indicative of their ro

proteins that alter -pphenioftiygp ep ht ewatrydpse a( imoe .e |

nomnmar getadheapparme useful for hypothesis genera
protein kinase nmpwot &astthmpl magt hame in supp:
outcome of an intervention, i.e. growth/ atrop

phosphopeptides identifife,d HRREL WKOPIK)Io t(hTer s :
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MAPK32%g9*, WNKA® (Were therefore postulated to
|l nterestingly, a |l arger proportion of the ide
i mmedi ately following RE (ARHZB2Up:ulpl7 5Rodwmd)o winn
contrast in phosphopeptide responses between
exercise, with a greater amount of phosphopep

foll owing RE (182 upt:sl¢53doawn) 216 dompari son

Mf uz z ClPlhsotserhiompg ot eomi ¢ data from each subjec
hierarchical clustering and princiopal compone
phosphoproteomic dateax pcd ruismeerrtsa la cccoorr ddii tnigont o( H X
the distinct i mpacts that each exercise type
a | arge perturbation oAEatnmlde OREosghepit argemeea
mai ntained at 3RE, wher eaxeracipae tstadt AEewas no l s
Soft clustering of the phosphoproteomic dat a
that were uniAcartdyREBf f 8peedf bgally, ool wdt e@ar i n
phosphopeptide group that adiednmnuesgierlo)lbeasnewal
as a very large clustéebl wéd) pthloastpholpewed despr(al
phosphorylation preferentially after RE. Clus
member sh2iDp 5scofewhich 269 wdédmlEes sikme.fiClamgt €rq
comprised of 2505 phosphopOeps,i doefs whiitchh a2 Orle nebn
significant ( gR<EQ. Or5e)s peetc t O-&keel ayqy id sv@.r sQulsu sptreer 2
(GO) Terms consisted of positive regulation o

tyrosine kinase activity.
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A B
Cluster 1: 824 at a score >0.5 Cluster 2: 2505 at a score >0.5
0 0.5 1.0 0 0.5 1.0
I s I |
2- Membership Score 2- Membership Score

1
—
|

Expression (Z-score)
o

-9

T T T | 1 T I I [ 1
Pre Ohr Ohr 3hr 3hr Pre Ohr Ohr 3hr 3hr
' 9 RE | 9 RE ' 9 RE | 9 RE

C D

Cluster 3: 1170 at a score >0.5 Cluster 4: 1140 at a score >0.5
0 0.5 1.0 0 0.5 1.0

I B I T

2- Membership Score 2- Membership Score

Expression (Z-score)

Pre Ohr Ohr 3hr 3hr
19 RE ! 9 RE
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E F
Hierarchical Clustering of the
Phosphoproteomics Samples 204
© 1% @
& O
N
O
& o0l e ®
7] °
. 404 ®
Pre 3hr 3RrI|Er ORrér 0 hr 20 0 20 40
) 9 PC1 32%
G

Cluster 2: GO Term Enrichment

1003 | Muscle Contraction; Calcium / ATP /
. Calmodulin Binding; Protein Tyrosine
- | Kinase Activity; Platelet Degranulation
3 | | Early Endosome; Translation
g Nascent Polypeptide-Associated
é 10 J | . Complex; Positive Regulation of
o ] @ | . Skeletal Muscle Growth
E’ . e o @™
[ T O I ) _ @
. @ I o P I:_O @ P
1 1 I I ! I I I I I I I I I L]
I 0.2 I 0.2 0.4 0.6 0.8 I
| Under- | Score Over -
| Represented |« Represented "
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g value (-Logqq)

g value (-Log1g)
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H
6 .
O

4 o
O Cluster1
O Cluster 2

@)
2 -
e® q<0.05
0- | 1%
-4 ) 0 2 4 6
Fold Change (Log, OAE/Pre)
|

6 o

+] O Cluster1
O Cluster 2

2 o

(@)
2 | 5% a<00s
0- L
-4 -2 0 2 4 6

Fold Change (Log, 3AE/Pre)
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q value (-Logqg)

q value (-Log1o)
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6 -
O Cluster 1
O Cluster 2
4 -
@® °® O
._f"‘ 09
21 SrNeele
DETAR ©
870 e © o0 q<0.05
0 oo oS
7 % 0 : : 5
Fold Change(Log,0RE / Pre)
K
6 -
4 -
@) Cluster 1
o O Cluster 2
2 -
q<0.05
04 T B3
5 % 0 : : :

Fold Change(Log>3RE / Pre)
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FigaXx:e ClustefM)g Saorfdl xdiustering of the phospt
of phosphopeptides thatphwesppehaafdpetcitdcas btyh aetx elre
for cluster 1 are highlighted in pink, while
in blue. (E) Unsupervised hierarchicaf thassal
(F) Principal component analysis of the phosp
values for each subject and the color of the
enri cahmaingsi s for GO terms was performed with
Al l GO ter ms we rbea s a gl sisgmoelr abnedt wb k wi t h a ne;
underrepresentation of thege oteemrepnesantpati on
each term was ihlogdft eidt ;agrae s 13e c ttvhadeu & D(Rg )c.orirreci

GO termsvaliteh af g< 0. 05. GO terms of-K) nVYelreasno
the phosphoproteomic anmidEhgpdeREjoan{fbeamadopbabh
(g<0.05) regul ated phosphopeptides are col ore
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GO Ter msAPsowdtieatned PGOspPphomeptodegr oteins asso
significantly upregul ated phospladpept irdaenk eat G
terms for O and 3RE both included actin cytos
actomyosin stracduaet-baghidi apmibecesas. These GO
the cluster 2 phosphopeptides, supporting the

skeletal muscle hypertrophy.

Fold Change Ranked Phosplbdameptfiidcantdryd r\éegmun ali
phosphop@phtndhdo8usrosht daltda mly RE were sorted into Ve
to characterize the timing and exercise mode
anal yses reveal edextehracti siemme2d2i 9a t pehl oys pphoospte pt i de s
AEand RE. Furtheemere, s&2,hddRs spoets weAlE ¢ omme
and RE. The commonly regul ated phosphopeptide
exercise apdpB8nbeunNER 25993% odf adlll OBABE)3 4% 0% of
of all 3RE) . I n contrast, many phosphopeptide
one moABolri tRyE) (. I n At 8B4 pbbbpiwopgptides were
di fferent from Pre -agd0m®@&br3senxpgeorsctt sk.. 5HOGle)s eats 8
phosphopeptides represent ~61.4% of the total
foll &a®i nSg mi | arly, following RE, 294ntphforsopnhop e
Pre (g<0.05 a-rach dX-bofrd r38k@¢r3ctisste. 0 These 294 phos
represent ~44.59% nodfu ctehde pthootsaplh oerxyelractiisoen det ect
Il nterestingly, 85 phosphopepti dBE. wéEhese ommon

phosphopeptides demonekxentesepn aagi gr 60Dbonged
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exercise) response to RE. Of those 85 phospho
RE (does noABovéhkaphwsphopepti desl®»@cl usi ve
RCS D 1*9; 805 SYRM_(HSPB1_PALLD_(ISI MEHL _( S
ACTN2'9,S STAC3SUCGHL (ARHGHP1 FBX&®6 a(n
STMN13§(.S Additionally, 173 sites wWé&r eOfc otnhmoosne b

173 phosphopeptides, 57 wérEaneéxdldsnoelgyogverriga]
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Figure 2.4: Ranked significant phosphopeptides vs. Pre (g<0.05 & x >[|1.5 FC|). Significant
phosphopeptides ranked as Log2 FC vs. Pre at OAE (A), ORE (B), 3AE (C), 3RE (D). Leve of
significance represented in color, n=4.
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Figkebe Signndguelaamttdd phosphositedAD)( gs8§bgat
regul ated phosphapept oties @i OB and d&EHeate
di agrams of significantly r ABaundatRH tphhaots p:
uni quely regul ated by eachl-Jex@0 cTerem moidall ¢
5 (FDR ranked) pathway enrichment anal ysi
regul ated phosphopeptides (g<0.05) & x >|
data generatbdofgomnSdring
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Western Bl ot Results.PaondpGopreltaoimorcs awial y s kEB.
reveal ed pestudrsttiralt ekisnganeal | ing pat hways that
subsequent rise in myoPS. We chose several of
bl otting ana(lny=sleXxs) itno coohhaorract2eri ze t heir role

Ot @hour period fA&l |Soiwmpnige RE naenadr r egr essi on an

(from Pre) in the ratio of phosphorylated to
several significant (p < 0.05) relationships,
ki neaglestrate signalling pathways found to be

RE. Specifically, 4#ketradt i(idh:difymnpdraoisaethelry | fad leldc
phosphopepit®deBRYPYBQAT MKZS ( TMKIK)S, (MKKY¥ @as8d

MKK6 (S207) all demonstrated significant (p <
Pre). Furthermore, ftohé owatigo REf i R: PRIISpIhopept
MK2 ?@aL, HS#HBlan(dS MRK3al(lS demonstrated signifioc

relationships with myoPS (% change from Pre).
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cussion

utilized phosphoproteomics and protein syn:
cle homeostasi s andédEsndynRHE.l iA gprevneanrtys afiont |w
racterize the changes that occurred in pho
tein fractions bamndhgo3usryse xpboessti ed Spéaweknc 8|
othesized thatalt lpdhros phwowplepth e eseypwye edomi nan
oci atedexwetdi sderp®wstin myoPS. As ASRich, pai
RE type exercises in randomi A&dauwsredder f ol
PS todbdabsd wvdtddld%,espectivighgurf or meheed®i oc
l owi ng eA&Exilcisei.nREcathdan el°&Ud&tnido 2i3n s ar c
%, respeciBhoed yti merpéhieoMn fadVv awt aagge exfer @ u
the unil ateral desbhjgmct had mmdd iowens fofr evadt
hout the introduction of confounding varia
cadian rhythmydraagtionpyets@aadudre atdhewmgdayp t o

eri ment al tri al

i deh2899 emlhosphosites on 3102 proteins acrc
ORE, BRE), representing thregargesd compen
sphorylation sites to date. We further per/
sphopeptides common and unique to each exe
sphopeptspesi f Agarl BREedmay be i mportant for
tinct regulation of protein turnover and d

t he phos phBdbp rpchtoesopnmiocp edpattiad,es wer e found to
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foll owing RE at both 0O and 3 hour s, 12B5af whi
The identification of phosphopeptides and ass
el evation in myoPASEfbohbkowhegpREsmpadiafhiod os irgenel
mechani sms underlying various exercise respon
date, protein dynamics (turnover) occurring f
cont exki soyfntbhuelsia¢i and degfadur e, measuring the
proteins over aiwealge)y idmnraddiotni drdatye regul at i
advance our understanding of how acute signal

bettedi pt exercise training outcomes.

Predicted
to be

\ /’ - Resistance
Exercise
-
Specifi
1&@ & | petil ic
L PN
3 Prolonged 3 ~ N > Myofibrillar Protein
x Activation NIKK3A/6 > P38 > MK2/S Synthesis & Growth

Fi2gl: Overview of predicted RE specifi

protein synthesis and muscle cell hypertrophy
Currently, several <canonical phosphopeptides
signalling and mechani(€md fefy, adapneepntabhe €9
mechani sms that | ink muscle contraction and t
to signalling and downstream outcomes (i .e. ¢
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unknown. For example, protein kinases such as
al | i mplicated as having important roles in s
exercise. However, current knowl eedxgpel aifn thhoew r

di fferent phenotypes emer Eorf rROEm pTlehresriesftoernet, to
ki neaglkestrate relationships must exARtndt RREt un:
training. These key kinases may be found by e
one modal ityABofr eRxee)r.c iGsuer (iin.veeesti gati on reveal
demonstrated a significant regulfAB(ige®. ®5 plos
Pre at O or 3 hour #ABa&mdc cd dpehso arpdhty ,poevpetril daeps wsi ut chh
CRYABLJ(,S BAG3, (ETI FAB ( SFEHN1 WNKAE (and HF@BL (S

demonstrated a RE specific response and coul d

signalling transcription or translation that

training modal ities, elicitiypgsunique (hypert
Il n alignment with the current 8fata,| Bkakzgvbet
(thought to be involved in intracellular traf

phosphosite f AE|l swirng(tBkaanzde VREEQCér ISi eni | alr ] y20 2 ;
PRKACA (protein kinase A catalytic subunit) p¢
observed in the current (8abaeset Canbcwelhl ash
PRKACA may beé hienvelgwddatiimn of | ipid and gluco
of the signal transduct(iSotnr aneackhiAsh dZsOnii l8o)fnaalcsleey t a
prediction analyses in both the current dat a

that are commonly regulated in recovery from
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( MAPKAPK?2) , MK3 ( MAPKAPK3) and MK5 ( MAPKAPKYS)
being well aliRgEgnedswi im mMyeP®ostAl so consi sten
phosphoproteomics kamersxee pa otl iowmigteyd mtcHE d aveatt ii mms
MKK3 19°S which sugegadtss rtaltees e ediandasoenshi ps ar e
regul ation of muscle protein synthesis and ad

from murine exercise mgedhelrats ogbhaovmotr kL oé nldy p &t

targeted analyses of cohort 2, demon-strating
induced regulation of muscle proteins. The mu
Hornberger s | ab were -adrtea dt o erseuclapsi.t ullhaet emuou

supported the notion that divergent exercise

signalling, inducing dichotomous protein synt
Clustering analysis from our pilot cohort | ed
respomEeaddt BE. Of interest were clusters 1 an:

phosphopeptides (membership score >0.5) and t
foll &a®i n"CJ uster 2, compri Jed ucsft e25®H ,phresphapds
foll owing RE and was persistently elevated (0O
oveepresentation of phosphorylation events oc

terms for tiramsdmd itome imadiitaitve regul ation of

observation i s noteworthy because it suggests
|l i kely involved with stimulating the increase
RE. Characterization of clusters/famAEies of
versus RE could | ead to the identification of
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I n addition to investigating the specificity
found the regul ati eenx eaxfc ipsheo sipsh d paerpgteil dye sg epnoesrti ¢
(recreationally active) par tulcatpiaonnt ss, hAdEri etdn bneat
and RE in the fexeowersy.pdmi ddhepphtos pthhoepr ot eomr
foll owing were found to be ABEagdi REcé&anot byndr 89
VDAC!9'S vdepagdant anion challenge (VDAC), wh
met abolic and energetic fBuOlLcAlfio(n® otfs mags ox hond
mitochongsluli @ah-8) rolrest er assembly)f actuset er hamnsH
into a subset of mitochondri al pr otA¢isms and m
EI F4B%(&8&nd El1'BY9@&@kr@eScommonly regul at-ed and ar
i nduced translation initiation. Together, the:
regulating common aspecAEBndf RBebabobns$mi pet gu

signalling for synthesis/ degradation of a co

We al so performed Western blot analysis on se\
the regulation of myoPS following RE by <corre
the el evat 30 hoiurr smyfooRS oOwi ngpleaeapepi séde Satvieoasl
(phosphoryl ated: total) were significantly cor
myoPS foll owABg MREPFP (iSnnparticular demonstrat
with mM=dOP $,9°=®&n&5r f or ORE and 3RE, resx@eciseel
change i nt®MKwaxs (Mdre closely associated3with n

hours), which on-ingdd%stha B0t) r-stituwgndi fao ml aont  ( p=0. 0 €
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ociation with myoPS. The i1identification of
and demonstrate a sigekérchasae resationmhopPp
elucidate key previ ouslnyalunrnegc ongencihzaend scrmosmpo

nscription and translation that are respon

clusion

summary, our study |l ed to the identificati
RE and assoeixetred swei trhi stebh7d mpbeaomyacn B $.r akiegu rae
the proposed novel pathway-itnldaitc eids ell ielvealty o
tein synthesis. Additionally, we are the f|
ponsAkEatnal MREt hn males and females. Lastly,

sphorylation (12899 sites) of pABatniddersE.( 31
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C Current Study
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Supplementary Figure 2.3. Quantitative Results from the

Western Blots. For each subject, the phosphorylated to total

protein ratio (P/T) in each biopsy was determined and then

expressed relative to the mean value observed in the pre-

exercise biopsies. Values in the graphs are presented as box

plots, range min to max, n = 9-12 per group. The data was

=0.0050
“P:T S6{5240_4) (% of control) £
800 p=00104 500 p=00003
r 1
p=0,0355 p <0.0001 p=00283
p=00355 p=00355 400
00 — | — n
£ 2]
400 H
3
#2007
200 .
1004
100
T T T T T T
ulr AE ohr RE shmz 3hr RE Pre OhrAE  OnRE 3WrAE  3h RE
*P:T HSPB1(S82) (% of control)
=0.0071
‘ Ll ) *P:T MK2(T334)S (% of control)
p=00071 p=00052
| ——
p=0.0126 p=00311
U [
400+ p=0.0071 p=00071 - p=00311 p=0.0158
1 LI | — [ —
300
1600
£
s i H
]
]
*
500
j
L
b % é
Pra  OMAE OWRE 3WAE  3nRE Pre  OhrAE OWRE 3WAE  3WRE
P:T MKK3b{5218) (% of control)
p=00271 *P:T MK2(T334)-L (% of control)
8001 f _ ! 1500
p=00195 p=0.0085
p=00185 p=0.0206 N
— s p 0.0206 p 0.0168
00
10001
3 ¥
z H
H g
8 3
# 3
5001
200
«f ol
1o @
Pre  OWAE OhRE  3hwAE  3hRE bre  OUWrAE  OWRE SWAE  3hRE
*P:T p38y(S180_2) (% of control)
400 p=00468
300
T
E
o
=
1004
T T T T T
Pre  OhrAE OhrRE  3hrAE  3hrRE

analyzed with one-way repeated measures (RM) ANOVA, or

one-way mixed ANOVA as indicated above each graph.
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CHAPTER 3
The dynamic pr otaeeornmbcidcrespiontsantee® training |

muscl e.
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Abstract

Exercise induces numerous changes in skeletal
pattern of the exercise stimulus. We sought t
muscle proteome induced ear !l i ehr raensd REamecre i n
aer exiecci s@Btriannpagal | el Wei hnmestagdtedmensc
adapt aAktams ntiong versus RE training during the
using novel deuterium chindguleabell hj eagtwalh dhn gir O
design, 14 (8F/6M) healthy kgn)dicvo ndpavae $se al(f 21008 1
thrice weekly unil atelr2zalr epesse @@ %inicieo n Rma x i3msm
press and |l eg extension) anldeagaed adyalkdkn qaeato be
training. Bi opsi es wer evetekkldinveatg tpheer isadarpr iamr
(Basel istwehe, ot heeac 4t AG)n,g arf@veke hef 1tch a 0oindR)g. (
Participants consumed deuterium oxide across
individuals, 6M/ 8F) were -aanthpmead sipyecltirgpumied r g
Significant differences (p<0.05), wehlielceidnha est i
for the quantification of 41 wedk&3opbrotaimims
respectively, to compéemeabunhdanaeasal yOus déat 4
common and unique networ kAEaonfd pREot eSpne criefg uclaaltl
highlight tHR&Eandf REemaee bow hmi tochondrial pr ol
i mproving the metabolic function and pmossibly
boABand RE, we identified changes in protein a
protein synthetitcarrgdeetgesdadattggesobingethain pro

adaptivet Heatshiarcedér eamponrsees itsda ance training.
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representsephd mosat wpresidfi cpfotaeitm onal synt he
muscle in vivo in response tTohidsi fsfteurdeyn tgieanle rfact
i nsight i ntopdaiafiind ngQu anowldee adapsaeicohs cbyg hmeadqs
abundance in combination with synthesis rates
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l ntroduction

Skel et al muscle is a highly plastic tissue ca
contractile activity. For instance, resistanc
increase inséebeioandi abhr emiosts itsh et mausrcd £yl,t wo f
rates of muscle protein synthesis (MPS) more
which is a({RenstemuEdawadds et al. 1982, Ather/
Mc Gl ory et Bayl .ch2a0nlgi)ng t he nature of the exerc
focus on the type of skeletal muscl e proteins
out c(oineeer. vyleircsus strength). For example, we Kknc
| owweadad dynamic | oadii .nae roofb isck eeleaetd &l éneuasocnlien g()
results in an increase in(PeergxpiLasstpoet ebhm
(Hol l oszy 1967, Perry, Lally, eandalul t2i0mat, e IEyg ae
mi tochond(Gabatant é€nt tTlhee etesaull.t 20061 shi ft to

muscl e phenotype and (ibEwgpanovaendd fZaitei rgauteh r2e0sli3s)t a

Il n contrast, RE training also stimulates the
prot(eMintsc hel | -VeGmuer cehiwarld 2012, Nadboweven, Wal
these genes and proteins are | argely associat

RE |l eads to muscle hygemtraphy Camppiagd Lepe&ke
2002, Wilkinson, HbwkVveps durmahg 2B68garly st.
particul arnlayvien ptarrdiirciimgant s, there is a signi
genes common to bot(hFlmaoadka laintdi eHso popfe | eexre r2di0s3g V

2014)t is only with sustained exercise traini
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transcriptome, the protein synthetic response
hypertrophic and(eBkudhktave KHbhepelt g pe?300 3, Ma h

2005)

The tempor al pathnecunedfchhrgesxerci gene transcH
with réA&gpredctREotraining is nowhbemomeng!l al ebr e
dogmmobdel is that a transient increaserdmi d he
exercise session provides the mRNA templ ate t
increases imangr @treisu madn tye dabmrsctriverda Id uad anmt eetxie
trai(Piemg vy, Lally et al . 20 EX, mEgusre d OniCooncnhoorn ¢
bi ogenesis, for examplA& ragnmian @gmamact Gl $ biway
2007, Egan, O'" Connor et and i29 1Bn d ergminn mend Zy
upg egul ation of both mitochondrial and nucl ear
el ectron t(rSanasrmppultl & had®M2, Sca,y pand al i2®i0® , métca
(Gilde, van deprotteien®tt adt 20&393ynthesized an:t
However, recent reports have identified a poo
and the proteins encoded by those mRNA, which
l ocus of mwsoegpaloatteiionns fdoerpend(i Maklomo ¥ dleiiir, fZpacda
2020)0t hers have altsmRNA@sbitenead schemgefieentr a
md eculba ol ogy), <citing that 1t does not consic
di fferent processes involved in the transfer

pro{(8&i shop, HoffmAnl atkabf @CO0PfBaHwndaadc et we e

protein content may be due to the synergistic
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ercise. For ex AbBepxleer,c iasne aaccuttiev abtoeust Yspgfn s or s o
epto et al. 2003, dPeregwgsekameyhgt aai on20b0¢}
gi(lBmas res, Yanseitmal at@91@Qde) phosphoryl ation
i t¢Witl lbinnson, Phiahdpisneteases 2008 )expressic
anscr-llbNRF s(,P GOPAMY vy, Lally et al .. 210nl0t,heEgan
ntext of RE, our understanding of the mol ec

aptive response i s |lEandcomptbhensieser o mga

e use of traditional stable isotope methodo
.g. el Fs and p70S6K) has allowed inferences
otein synthesis rates ftldmlwa nigs cat csp en gll aeb eslel
ut erat €0di nwaktaesrob(eDen combi ned with peptide ma
e generation of data olni vYihemg dymmdnii tci @m ot (€O an
d Hesaket h28220)20 dhlowsef of @Profiling of pro
namics (synthesis ampr dtegirmd@adsion.) Dhi a8 Pir mi

asurement of protein abundance and synthesi

ntributibnbotaktdewnobe ohanges in protein c
thod offers a novel i-spghgbbegratdatibere pebaei .
thin skeletal musclsean@hapgtiehmresl pafn stehito e x

e mechani sms that dictate how discordant e X
ospiemi fic changes i n human skeietmaml peuiscd

main uncl ear. To dat e, studnesass htadhERBodanae@Xx al
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aining within the same group of individuals
examine responses with a similar genetic t
ique protein adapti véAEared pREB stersa it miartg ,0octcaia hr
eviously used (Camera et al ., 2017) were op
nthesis responses. We utilized a(Maclanesal
Gl ory eut ialpirzd @nd olgyWi | @bnson, Phialopgsiede a
able i sotop@G&whiab! aliingwevd tthor t-hpe cniefaisaur e me 1
undance and synthesis TAaQ)e sanadt I|raetb&€mR)i(nl Otthhe w
ases of training. -S3Wpeaimed sgntdéeaibk theepr
hmmaonl e that underpin theEBaaduRE. aBg cht egir
ese analyses, we aimed to characterize how
scle phenotypesingl howal emgcleanicsms and pr o

erscpescei fic adaptation.
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Fi g3l.e Experi mental desi gane rodfb iauenn il mgweaedkriso.:
AParticipants (n = 14; 8F/6M) were recruited
omer ¢ cexerci se. Once randomized, physiologi

ultrasound measurements and uni#tlratbB)sahgeaxegr ci
two hours after exercise testing participants
and beOgamnBdBumption. Participaarntd rcefnrsauinreedd af re
exercise unti lopasfyt eorn tdhaey bdi |(abtaesreali nbei me a

RE ®&rmdr ai ning on days 4, 6, and 8. dlalyr é8e hour
bil ater al bi opsi es WwWArCeEmead U reecn@mt cgnascudpd i roas [
ceased dufBi mg we@amtihgi.pants then repeated ph

well as ,® dawsumptDon and bil ateral bi opsi es

exer(ccihsreoni cTOCRpasIsraeamerdntimn)e wi mbas heemen
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Met hods

Experi menBaf obDespgnticipatiwrmi,t tpiemrftancmdepda nctosn sge
to the experi ment al procedures approved by th
(HI'REB #15317). The study conformed to the st

research as out | rOweudn chiyl tPhoe2 D@agn a(ddigaPiS hTar iet hi c a

human subjects in research and tma bdecltamratpiea
measures design of wunil atemr af eGmakes| 98 wenr @i ma
recruited to participate in this study. Part.i:

the ag24. of 18

A schematic of the protocol i's shown in Figur
Participants' |l egsuwdeet nardombys thda cegxneer&HE ) soeo.
Vastus | ateralis biopsies (Bx) were collected
(bil ater al Bx on day 4) of the basveilgonreoupser i o

exercise across the basethemeemperofodt heé mmazse lait
partici panwese kb eignainl aat €elrOa | exercise interventioc
using uni-dl ambrakshewehkee ctasabnit nalba.t eDyan a nhii cm

proteomic responses to training were quantifi
period; bilateral bi opsies on day 8) and the

bil ater al bi opsi es oaolelnedc t(edda yat4 )t hoef sweaerkt 1(0d a
bi opsies of the acute and chronic study perio
were collected 3 h following the final2Oexerci
was iIiniati2adagsviof | Qadhdgf dbbaes!| (mWayand chron

and 5 days of | abelling was conducted through
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via administration 2Q.f Tnharionutggnodurd d et Ihdeo sDgs pefr i D d
sampl es were coBl)ectlerdt MraadomdgtFriigauraend physi ol
compl eted >72 hour s:Obkabeklthg i-nivhegbpaebdad
chronic study period. As well as Iin the place
exercise pres dOuirptnigore aicth me@siumr ednent peri od,

with a stan4hai di aide icweit gl tOk @ p>rlo.tde ign .

Physi odoge £sBloechyt scomposition and | eg fean mass
ener-gpy Xabsorptiometry (DEXA) scanning. Subje
completed any exercise duringrahei 48 prbhbefote
i niti atbiacsnredadinteehehronic measurement period (F
calibrated prior to eac-boppati one pWhnhoaBesdyar salkl a
DEXRhanOomh@ometrix | nc. Uni verli®atawhNsipe ebody
FIl orida). Foll owing DEXeApetpiatritoinc inpaaxnitnsu np eurnfiolra
only) strength tests on quadriceps press and
l'ifting techniquepamdtc arfr iledd5r@cdpteltRiM.waoPrasr ta tc i |
provided feedback on the difficulltOfY)Botkéagh s
and Borganh@lit)he | oad was pRO@r €&€esieathh raeapeen

true 1RM was achi eve(dMc @lso rpyr,e vWhgiutgelayettd easl q ra ir2tiOesl

givenr8smi bet ween each attempt. A successful |
|l oad with the correct form through the full r
uni | aAtEer mb ¢6énl y) incremental exercise test to

Racer Mate; Seattle, WAhomaspr 8v db.wuatsekayr td ersactRedD Bw
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monitored continuously with a heart rate moni
wi t hmian 2mapr mt 50 watts (W), followed by incre
every 4 s) wuntil volitional exhaustion or the
Maxi mal wadkk lwaasd r(ewWwor ded as the hi ghleasstt p3oOwer
s of the test.

Unil ateral tTle ntimai mpirmd oge®rni od consisted of
weekly to complete supervised exercise sessio
aer amidc resi stance training in a counterbalanc
consisted -b¥ rrBepetat 8AW 1RM | eg-l1r ad8®8f ol | owe
1RM | eg extension, with 2 miAerroebgiecverir gebebwse
of 2.5 -mpnawasdf6dd bWy 4 bouts of hawmitrh 2y Sl i nc
min recoveakybétd WeheW sets, followedmhyy 2.5 min
Throughout each training session, participant
A3, Lake Success, NY) and RPE (Borg CR10).

I n vivo stabl.We iastott ompet ddbted lapmly a similar
rodents t20, dosresit htei g of a o6l oadi ngOphased ar
provision. Howeverwedgkt tofthemgneaterablbyyad:
doses were administeret onwaesr thedays. nEran ineldme
administration of smaOl|] ecabenlaliintgne2ascBPb)ldoeslst
each measur eelnd agpiert g ®W)bages st ed of participan
doses okgObo6eafmdDs 8 at om % Qe uSiefrmaiimc o)xi de (
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approximately 1 hour 2photadeéeaglagt bnpaBsys2Odht i ng

enrichment was then maintained Gby kody¥Dmpdd on

during each measurement period. Body water en
cavi t-d¢bown ngpectroscopy using a Liquid Water 1| s
injection system (Los Gatos Research, Mount ai
injected six times, and the averagataf amaé¢ ylsa
descri bed( Mcrkeevnidoruys,| yShad et al . 2019)
Saliva enrSiadhmantdeut erium enrichments were pr

(2""/1 )sample

8°H = > H —1|-1000
(H/ )sample
1y

Atom percent values wer e (cWillckil mstceerd, aFr gmrehii o€

100 - AR - (62H - 0.001 + 1)
1+ AR- (62H - 0.001 + 1)

Atom percent excess (APE) =

Where AR i s the absolute ratio constant for d

Standard Mean Ocean Water (VH8BOW) s steon dednasdudr e na

wor king I|.i nfTher sraammpde APE was calcul ated by su
enri chment (at time = 0) from each sample and
sample dilution.
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Muscl e cMuUslcelcet ibinopsi es were obtained from t he
anaesth¥®sxwl ocai ne) usi(nBertgiset rBaana glsh/maB)madap t ke
manual aswwctuitdd i zed per. oBuiro ppsrieevdi omuss cplreo ttoi csosl use

blotted to remove any visible fat and connect

t hen st@@emﬂeracﬂi n@gofurther anal ysis.

Muscle processingMuscle samples (~35 mg) were pulverized in liquid nitrogen, then

homogenized on ice in 10 volumes of 1% Tritorl B0, 50 mM Tris, pH 7.4, that contained

complete protease inhibitor (Roche Diagnostics, Lewes, United Kingdom) using a PolyTron
homogenizer. Saples were incubated on ice for 15 min, then centrifuged atd,00x, for 5

min. Supernatants that contained soluble/sarcoplasmic proteins were decanted and stored on ice,
and the myofibrillar pellet was resuspended in 0.5 ml of h@miagtion buffer, then centrifuged

at 1000g, 4°C, for 5min. The washed myofibrillar pellet was solubilized in 0.5 ml of 7 M urea, 2

M thiourea, 4% CHAPS, 30 mM Tris, pH 8.5, and cleared by centrifugation at 1¢,@00, for

45 min. Protein concentrations of both the myofibrillar fraction and sarcoplasmic fraction were
measured by using the Bradford assay (Sigtaaich, Poole, Dorset, UK). Aliquots that

contained 100 £€g protein WwWeme dgroecilpmi tagt @ & 0iArC

Tryptic digestion waasi dpeedr fsoarmmpel de upérMénp§anrt abtei sokni | n
Zougman e.t Alli.quwot0s9 )containing 100 Og protein
resuspentdegd buwf f4ddr (8 M urea, 100 mM Tris, pH

filter tubes and washed with 200 Ol of UA buf

UA buffer containing 100 mM dithiothrected, f
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from Iight in UA buffer containing 50 mM iodo
mM ammoni um bi car begmraatdee, tarnydp ssieng u(ePnrcoimegg a , Ma d
added at-tar odreayymag ati o of 1:50. D7 gAGtion was
overnight then peptLth@emMwammorciolineltit ear H@®OBMat e
trifluoroacetic acid. Samplseas tceodn tuasti mps o€C 148 Qg
(Millipore) and resuspended ifmrmmd cOlacofd ZFB) %
cont aifnmongy dd&dst al cohol dehydrogenase (ADH1; )

MA) .

Liquid chr-manaa$ ogpa@tPyeopnteitdrey mi zetdu ruess nwe raen  ard & li
3000 RSLC nano |liquid chromatogr aR-EBEyasystvem (
orbitrap mass spectrometer (Thermo Scientific
(Thermo Scientiféent , ClPBeepMHOPOI MmmP P, uSing ul Pick
1 minute at e/mf howithte. af %2%v/v) TFA and 2% i
resolved on a 110 cm analytishalr)calsimyg @O0BAQ@d
% A (0.1 % formic acid), 2.5 % B (79.9 % ACN,
B over 90 min at a f| awpreatde ndaf s201@cnpir/cent uw.fs ofr
selected from ODUNEGEE wangesed mMmMédrz Bata -acqui si

resoluscan MBIl can at ®ian200i ( AGEL maxi mom3fei |

ms ) . MS/ MS data were acquired using quadrupol
fragmenittat iaonnow mal i zed collision energy of 3C
resolution at m7izon2 Owi t(hA@&C ntaaxrigneutm 5fei | | t i me o

selection of peptides for MS/ MS, the program
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Progenesi s pPonogemepirofQuampitati veP;Il nformati c
Nonlinear Dynamics, Waters Cofpee flewotastaei ol
consistent wif{BupnéGesnmalsl stetdi &Is. 2014, Camer
Hesketh, SuthertHagdhsdtorane.d 2MB2 M)at a-swepeenor ma
abundance ratio, and relative protein abundan
onl y. I n addition, abundance data were nor mal
ADH1 tion obkwndance @gprmaees.i MST MSI spectra we
Mascot generic format -Bndtsdatahadea@adDidagt 0o8h
6Homo Sapiens (20,371 sequences) using a |l oca
wwwamri xscience.com). The enzyme specificity
carbamidomet hyl ation of cysteine (fixed modif

(variable modification) and ox)daMi @dneof ometh

tolerances of 10 ppm for peptide ions and 0.6
out XMtif or mat ), r ehntmoil otgeodu st rmarein i denti fica
MS profile data in Prageassico.l | Rrcdteai f oab wmd a

identificationdisscoaweroyf r<atlée f al se

Measurement of p.aPotodgien nsyiytnh dreiss sr ataedes wer e
i sotopomer distribution analyéCaméhat ®Basncsen:
2017)Mass isotopomer abundance data were extra
Progenesis Quantitative Informatics (Nonlinea

features with +1, +2, or +3 chHadogemBbhidaed wi't
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1500 The abundidMames sofi sMot opomer s were coll ectec
chromatographic peak for each ndmeaenfqluianttiinagt
the Progenesis Quantitative I nformatics for p
was expmrRreadgdmesi s Quantitative I nformatics e
(2023. 06TE@am@E2cOc20r)di ng to pubmmnjsWedg.meltmaldrsi 10
the incorporation of deuterium into newly syn
abundance of tbte pmarkoirsedtadpgivee (tM 2Mhandabundanc
Msi sotopomers that conteaiy® H/LN,2 ,etocr. )3 hTehar voyu gihs
experiment, changes in mass iIisotopomer distr.i
a resul tt glfattehaeu rkiisreet i csobodpr @ uemsoiDc eme mtc hn
measured in saliv®|adme@alue scO-lmeedalcsd odmdbDro aci d:
newly synthesized protein; therefore, a machi
Nel-Memad method to optimize for the rapeak.f ch
The rate of change i n mass isotopomer distrib
exchangeable H sites, and this was accounted

standard tables that reportégyg thetinelmat inveni e€mr
(Commer ford, Carstdentetri@hkri @® 83h@alintmesgetveal

the syntkhebos eathk peptide. Peptide synthesis

to give a synthesis rate for that protein in

Estimation of proheinabeeakdolwangaties the abul

dependent on the differesaocod béeweahei D baeak
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(degr adiatWeong)s skumed each of t hoersdee rwaksi nceotni sctsa ntt

foll owed the standard for mul a:

A = Ayeks—ka)(t=to)

Wh eAies t he abundalnice talhte tdbmen d ghyaeudaitn gt ipmeot e i
abundance dat,a tahe tnanesr &t enalf change i n abunc

rearranging the above to give:

(ks — k ! A
— =—n—
s~ Ka) (t—t) A
Converting differences in abundance between B
weeks) to rates of change in abundance enabl e

calcul ated as the difference dfetoveaeemgd tisn ral wer

Table 3 summari zes the mean abundance, synt he:
was investigated in the myofibrillar fraction
Statistical and .Biomayf arnmd tyisd sAmdl wsird ance wa
the physiological responses to trawayng acros
ANOVA was used to investigate differences bet\

l eg | edMhema&ssayppropriate, significant (p < 0.0

bet ween nemanlaysieatige Tu-hegdanpbgsi s.
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For protein abundance data, prior to statisti]

guantified in all ACPmel iamg &R@mde @pridntPostBL,and

condi Akaoods RE) i n all n = 14 individuals (i .e.
samples). Altogether, relative protein abundali
myofibrillar fraction. Due to afheprumtidian eabaudnc

data (expressempaset &femdidlinoteree pBr sampl e was e X
we could determiotednfdleordaescstentvhi Chi useadt p
exploratory nature of our wor(ki). ee.o AaC sPerses vssi.g
AC Pre vs. CR_PA&gand aRKk) .c olmdri tfiroamct(i onal synt'
statistical analysis, data were filtered so t
(BL, MWrreek land P-cPgte, aWede kPloOs t A Eeamdd mcEantdiil teiaosnts 5(0
= -I74 individual s), -dduarts éh adoaf] wiotmpit @ mgati snen o

proteinsd fractional synthetic rate (FSR).

The | abelling periods within our design allow
synthesis rates (uspéeateiral F$R mnespoheeprot i
weeks (chrABRirca)i nREpga o tMiixne dFSR was assessed by
abundance normalized average FSR from individ
abundance) quapnotiinftiseldt nipraresli7zic i tpiameg s. Al t oget he
reliably dk4 egpartidi ¢inpeanmtesu tfeo ra nbdo tchhrtomi ¢ peri o
wit-fubhject compari son acroesttsi weranappedmaedidt it
individual synthesis r aBABtso abfatseerl ianceu tteu rannodv ecrh

Statistical significance was set at p < 0.05
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compari sons bydicsalocvuelraya irgagsepsa &(ggeand )T.i bshir ani
Dynamic proteompesi iataabpndbaace and FSR) ide
significant response to training were used fo
time (i.e. commMEamd eEYy ecspoinstesr aoti oABan(di . e. (

RE over time) on the muscle dynamic proteome

Subject Charact ¢ Baselin Week 5 Post
Age (years) 271 ND ND
Height (cm) 1 699 N D N D
Weight (kg) 70210. 4 N D 69°B7. 2
BMI {nmB®)g 24°42. 1 N D 24°24. 0
Uni |l ateral Work 14%31 16036** 16%40**
Unil ater al 1RM | 9Fr49 13846** 158 1**
Press (kg)

Unil ater al 1RM 1 3F14 3913** 4 4£12**
(kg)

AELi mb Lean Mass 8932145 N D 9122150
RE Limb Lean Ma: 88592174 N D 9242276+

Tab3le Physical and phwemelasgireal ath®brasel eniest
(mitd aiannchggfter 10 weeks. Dat a s WMa&weanfdo rd aWwoar k
for 1RM are only for the REtdredgar Dapadiad i pom.e
** p<O0Of.rO00n» BasienadtnedetNeDr mi ned.
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Resul ts

Physiol ogi cal r e s p oFnosuer tteoe nu n(i 8l Fa/téeM)a |y oturnagi n(i 2n0Og

recreationally active i1indiviwkekl { 3wsres sinie®@arsuip
uni |l acegMmd cand resi stance (RE) exercise proto
analysis of n = 14 participants. Participants

participants cormpmplsetidd e t N 0% i (nA7e/s3pk ®igo msnme d
sessions. Within tkhse ulndi Ipaatreriacli pRaE tssi, g nliOf iwceaen t
press 1RM (p < 0.0001; mean diff = 67 N 3 kg)
diff = 13 R AR ahi®@) , ( WAguiregsi ficantly (p = 0. 03¢
uni |l abagr+al2OWN 73. ®). (Buagdrieceps press/ extensi

perf or mRE rian ntehde | egmaf ret wasf oheeW in RE trai

weeks of training resulted in a slightheet si
RE | i mb3DOFi guwit eér asounwd sitmagdllrsgoeadaelnideest r at ed ¢
yet significant (p<0.05) increase in CSA in t
3 .A3 an.B3 .
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Fi g82.e Phy pihyasli odmdgi c al
after 10
peak
pl ot s

t h&debas) in figures t sdtgndddiindddtretrdehmatr ep <a0 .1 0e5 .t

i n

charact(d&8lL)afites me

weeks ( Rlpesgt )pr ent=8l)4gl( FeMLt, & R s CYoIR a(mpR M)
wdtDt)eg alnedlan mass (g) as measured by DXA

with upper and | ower range (whiskers)
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B

154 p=0.0032 50

-
o
1

o
1

o
1

k.....{..

204

p=00115

AE RE ACAE CRAE AC_

RE CR_RE

Figure 3.3. Wastras omemdeiwdeldt dae¢ 50% t he | enq
baseline andfafttr®datnd hagweekRsesented as box and
| ower range (whiskers) and interquartinl=d4r ang:¢

(6M/ BFF) Dl t a2) Ca8Ar osm 10 waé&kmrsd tREB)INIGBIA i n the

demonst r &ftoerd eaasc ha mdi fpbo aptrnel n g .

mean N standard deviation, mi

135

n

Dat a

presented

t o ma X .



Ph.D. Thesis A. Thomag McMaster University Kinesiology

|
:

% Enrichment of D
L
I

AC_Day0 AC_Day1 AC_Day2 AC_Day3 AC_Day4 AC_Day5 AC_Day6 AC_Day7

\

% Enrichment of D

CFL'Day() CFLI'Jaw CFLiJayE CFL'DayS GFLbayd,

Figure 3.4. (A) Salivary deuterium (D:0) enrichment across the acute (AC - week 1) and (B)
chronic (CR - week 10) testing periods. Data presented means + SD.
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Proteomi.©Ovaemal ysi 862 proteins were confident/

falldsscovery rate of identification O 1% Afte
amongst biological replicates, thesabandampke
(n = 9) within each individual (nlyglo¥d4). The

prot eitg? fohmolt he proteins quantifief. 86padaaed -~
0. 000 ey (fMOH 1 6, myosin 16) Atoi h8@a2pRNa538e( ACTHE
(Fi g6AhAe The top 10 most abundant proteins inc
214 lhgHo,! type |l la (MUyR; and6tNpe8baf mMMMHT7; 33°
 myosin heawWyadlysiim (OMYH)he rel ative abundanc
MY H7 , 2, and 1 account for ~99.9 % of MYH pro
MYH7 accounted for 50.5 N 12.0 % of MYH prote

parttsipbhn comparison, MYH2 (lla) and MYH1 (I

16.8 %, respectively (Figure 5B).

Statistical analysis of protein abundance dat
Post) iameb@Wbhcarhde resi stance (RE) trained | i mk
significantly changed in abundance following
weekAEOFIi gure 6A), 11 and 2 proteins significa
abundance, respectively. Following 1 week of

(p<0.05) increased and l|dye c rCenaes edO,oa bed ind & nkcLeH 4 r
prot®i wad4 significantAlkEynd nRE emwsedl|l @ nf dlolt dhvwit he
exercise training. GO analysis indicated no s

associated with RE following 1 week of exerci
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Foll owi ng AIEO 8@ e&rsd 03 proteins significantly (
abundance, resBecttiovelowi ngi dOr evee ks of RE, 10
(p<0.05) increased and decreased abundance, r
analysis of the proteins el &E atde ¢ aitre dabsumdamgc
of mitochondri al proteins (i.e. NDUA4 , TUFM,

oxidative phosphoryl ati omiand fe nehreg yp rnoettea bnosl ie
abundance foll owing 10 weeks RE also indicate
O0mi tochondriondé (fals&)dasdodmryocloedf FOR] mat
7) Some of the next top 10 ranked (FDR) cell ul
increases in abundance foll ovili FQRADB.)WEa@k s bRBE d
(FDR=#&4)50e& myof i b#i)l Gan(dF XR=d2 :5%k4 ¢ FODRERYy 6ROt €i r
common and significa@Amkdanhg RBCclriemls efdoli Inowiond 1 O
training, which asncHADMHRA (pTrroitfeuinncst isouncahl enzy me
mi tochondr Aak)Lyp AAGAELI Y( transf er as eCy tmictha cohnoen d
c; ElectronG®©ammniaé¢ryspsoboéi mhe proteins common
foll owing AG nvk ekE) Ei¥n diuclaatredcomponent enrichm
associated with the O6hemogl-bpbiandompbdtleadi ¢ DR
enri chment f eorx iddfaattitoyn 6a c(iFdD RB=0t. 8n0d0 50lc; a rpb=03n. 2d8ieo

transportdé (FDRFO.0442; p=3.38e

Deuterium oxide consumption resulted in an av

across t-heutbeasheCimmes O@nd 1.85 N 0.12 % across
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measur

D

me AR pdeéhryiBa d@dy eDynami c proteome profildi

fractional synthesis rate (FSR) of 507 protei

accepted for statistical anal yslids) iafc rgousasn ttihfei
baseline antdr afiinrisntg wWeaeckutoef response) and/ or a
training (chronic response). Analysis of 41 m

protein FSR dataOspganfmeéed {MaRSO. mgdbsNn regul a
4. 466 N 1.73 %/ d (TELT, Telethonin), median F:

baseline was 1.23%50C)N 0.97 %/ d (Figure
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/ MYL1  ypvin
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Protein index (n = 474)
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. . C
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cyes

MT - COZume
—_—
PPIF
Acand HADHA

== =

CASQ1
ACADM

ECH1
MYOZ2

LMOD2

ACSL1

Figure 3.6. (A, B) Volcanoplots of fold
change(log2 AC/Pre and CR/Pre) of AE in
response to 1 week (A)and 10 weeks (B)
training, plotted against-log 10 p value of
T-test (time). (C) STRING protein

interaction network of proteinsthat

80
demonstrate p<0.05 following 10 weeks

AE versus Pre. (D) Venn diagram of
proteins thatdemonstrate a significant
1 Wk AE  (time p<0.05)changein abundance
10 Wk AE (fmol-pg™") in response to 1 week and 10

weeks training.
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Wk F

10

Fi g8%.e )Mal cano plots of fold change (log2 AC/ Pi
weeB)s t(raining,l g@d o tp dveedduadCnESf8IMERI. NG pr ot ein i nt e
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Figure 3.10. (A) Fractional synthetic responsesto AE (A) and RE (B) following 1 week (AC) and 10 weeks (CR)
of exercise training. Summary data presented are fromn=41 (AC) and n=53 (CR) proteins’ FSR in n=7-14
participants. Data presented as individual protein synthesis expressedas Log2 (FC vs. BL). Greater relative
synthesis as compared to BL in week 1 (AC) and week 10 (CR) (upperright quadrant). Lowerrelative synthesis
in week 1 (AC) and week 10 (CR) (lower left quadrant).
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