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Summary (CZE)

Vit ®t o dizertaln2z pr8ci jsme se zamhDSil |
radi osensibilizace | edkesmpieck ®i [z kmollddmy® hli ibn ic
fosfatidylinositol3-k i n§za pS2buznich king&z (Pl KKs). B
sd ektivn? F8RA1h(inHibitor ATR)ya KMIF5933 (inhibitor ATM)pro jejich
%l inky na proliferaci, viabilitu a bunnD|lnl
Apli kace obou inhibitorT 2pPsoikl a-8210d iOdks e
navw?2Tecsobil jako siln®namnti§se a4 heeuMIM §Tovm.2 a g

Kdal g2 mu popi su mechani smT, kter® | sou
MOLT-4 b un BR1 iMigitorem byl vy pmoaitgady vyug2vaj?2c?
spektrometri Pomoc?2 ntmetati km&d proteomi ky jsme id
zmDnpyr vt eomu a fosfoproteomu (tj. zmDny na
byly zpTsobeny lzi§Sleerh cihn thiulRikt§8a@rhu Wr ot oge
fosforyl ovlanklocnip!| pemeicéh vzorc2ch je kompl:i
relativnhD n2zkTm zastoupen?2m, zamDSi | jsm
jejich selektiwnre2nmoididli koivanémsmpPeptisdy. Op
byl pak d8l edi vyuddDRk ¥eh stadi ose-B8X.ilei | i zov
ol ek8vs8&nzoidmnimiubiptoe voyzv8dSleanl2 § § dvmi@roteomidhS/i na Y
studiu fosfoproteomu jsme ale nalezli 623
zni chg v Nt giwndagll 4f30ls)f dRpylmoc&ndi oi nf or mati ck
identifikovaliz mDwg i gn &l rB2cchh adradktitn ¥4 t 8hmo odpov?2c
pogkozen2 D&NAgnal 8%ta hkkg@opdan m&8r nND soegubka¢?2c:
bunD|] n®h o nbeettaebkoolviasimu .pkmevismB gmm@MORvki n§zy
nejsp2ge zpTsoben® nespeclidi OMI hkopdeobeadéi
sn2gen§ aktivita mTge §mrn awdhppordoo binflerm$ies pb?
vysok® d§vkyVlivVErRShZlbimarmetaboli smus o0z§Sen
zkoumg&n pomoc?2 c2len®t ®@ebvabonabmriek®yhaoakVa
intermedi 8rn2ch metabolitT. P Si82lp@enduje d N ® a
rozvr at energeti ck®hovimevRboht smuwpav I gna
zpTsobeni o0z&8Sen2m. D&l e jsme wukS8zali, g
bymohl a blTt negat-82vtnhD regulovg§na VE

Vt ®t o pr 8ci j sme tedy KkomplexnhD popsal
bymohl y binta zASTVR snle@o s pugt-82hvw zABR nil mdhi MO 2T
buRk8&ch. VIisledky t®t o pr&&ce mohou blt d§
navazuj?2c?2 studie.



Summary (ENG)

In the presented doctoral thesis, we ainteélucidate molecular mechanisms
underlying radiosensitizatiorof MOLT-4 cell line (TALL) by specific inhibition
of kinasesfrom the phosphatidylinosite83 kinaserelated kinases (PIKKs) family. We
tested twdighly potent inhibitorf ATR and ATM, VE821 and KU55933, respectively,
for their effectson proliferation, viability, and cell cyclef shamirradiated and irradiated
MOLT-4 cells. Both inhibitors provetb radiosensitize MLT-4 cells and furthermore,
100 M \BEL was showro act as a strong antiproliferative agémtshamirradiated
MOLT-4 cells.

To further describe cellular mechanisms underlying the-82Emediated
radiosensitizationof MOLT-4 cells, we employed higtesolution mass spectrometry
to identify and quantify changes proteome and phosphoproteoofarradiated VE821-
treated cells. As the detection and quantificattbphosphorylated peptides complex
biological samples is challenging dtetheir low stoichiometry, we first compiled and
optimized protocofor their enrichment. The protocol was then appbediudy changes
in radiosensitized MOL# cells. In concordanceith our expectations, ViB21 did not
cause any significant changesthe proteome level one hour after irradiation. However,
we detected 623 differentially regulated phosphorylation sites; afdsem (431) were
upregulatedin responseto VE-821 treatment. Using bioinformatic tools, we revealed
changesn DDR related pathways and kinases, but alathyways and kinases involved
in maintaining cellular metabolism. Notably, we found downregulaifonTOR, the main
regulatorof cellular metabolism, which was most likely caudsdan offtarget effect
of the inhibitor, and we proposed that mTOR inhibition could be ofthe factors
contributingto the phenotype observed after treating M@LTellswith1 0 O MB2N E
To investigate the potential modulatiohcellular metabolism, we performed a targeted
metabolomic analysief irradiated MOLTF4 cells pretreatedbyl 0 O M82N I this
analysis, 206 intermediary metabolites were quantified. Subsedatnanalysis showed
that VE821 potentiated metabolic disruption indudtsdR and affected response IR-
induced oxidative stress. Our data indicated that upon IR, mgcovkedamaged
deoxynucleotidesmight be affectedby VE-821, hampering DNArepair by their
insufficiency.

Thus,in this thesis we described a complex scenaficellular events that might
be dependendn ATR or triggeredby ATR inhibition by VE-821 in irradiated MOLTF4
cells. Importantly, data present@dthis work might serve as aseurcefor follow-up
studies and provide a platforfior future workwith other kinase inhibitors.
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Preface

DNA damage inductioby either radie or chemetherapy hadeen the most widely
used approacim oncology exploiting onef the hallmarkf cancer: genomic instability.
However, these therapies are very unspecific and often accompbarueliateral damage
to healthy tissues. In recent years, much effort has jpean discovery and development
of tumour specific treatment, which would specifically target cancer cells and not affect the
normal tissues. A promising approach that has been developed recentikesadvantage
of tumour specific abnormalitiee DDR. Most of the cancer cellpossessiefectsin one
or more DDR pathwaysand suffer from elevated levelsof replication stressdue
to dysregulated oncogenic signalling aimdreased levelsf endogenous DNA damage.
Importantly, given the vast numbesf the DDR genes mutateth cancers, it has been
emphasized thab effectively exploit the DDR targets cancer treatment, the therapy
should be individually tailoredo patients lacking specific DDR functions basauthe
synthetic lethalityprinciple.

Two promising examplesf such treatment strategiage targeting the S and G2/M
DNA damage checkpoinis G1/S DNA damage checkpoideficient cells and specific
targetingof proteins and protein kinases involvadeplication stress response. Inhibition
of the ATR/Chkl pathway has been showmbe synthetically lethain both above
mentioned scenarios. In several studies, it has been shown that inhibiting this pathway is
selectively toxidn cellswith high levelsof oncogenénduced replication stre¢si 7). On
the other hand, there have been several papers publishddch the authors emphasized
the efficiencyof ATR inhibition in combinationwith genotoxic therapyn p53- or ATM-
deficient cells(8i 12). Therefore, selective targetirgg the ATR/Chk1l pathway offers a
promising therapeutic approaébr cancer treatmenh a broad rangef tumoursin both
monotherapy andor selectively sensitizing cancer cellswards current genotoxic
treatment.

In orderto reveal molecular mechanisms involhiaduch therapeutic approgete
decidedto describe changeis phosphoproteomen a given cellular model. Our efforts
were drivenbythe fact that ptein phosphorylation is a transient, reversible PTM
with dynamic nature enably it to be the majorsteerng force of most of the cellular
processes which require rapid and tightly regulated signalling. These processes include
cellular signalling and communication, proliferation, differentiation, metabolism,

transcriptional and translational regulation, degtemh of proteins, and cell survivdl3).
12



The presencef phosphorylationin specific regionsof a protein molecule is believed
toinduce conformational changesthe target protein, which filuence its behaviour
within acell. Such conformational changes can modulate actwfign enzyme (such as
phosphorylationin an activation loopn a proten kinase), subcellular localizatioof a
protein, or its stability(14). Phosphorylation is mediateby protein kinases, which
compose oneofthe largest enzyme superfamili@shigher eukaryotes. The reverse
reaction, dephosphorylation, is mediatbg protein phosphatases. Tight cooperation
of protein kinases and protein phosphatases is essdatiakgulation of biological
processef a cell,and dysregulationf these processes has been describedntribute

to multiple diseases including cangéb). Technological advances the recent past led
to development of phosphoproteomic approaches that allow researcherdentify
aberrantly activated signalling pathwaysa particular disease state, and establish
appropriate therapeugttargets that can be exploited as specific tafgetsmall molecule
inhibitors(16).

In this thesis, we aimedoelucidate molecular mechanisms underlying
radiosensitizatiomf MOLT-4 cell line (TFALL) by specific inhibitionof kinasedrom the
phosphatidylinositeB kinaserelated kinases (PIKKs) family using two highly potent and
selective inhibitorof ATR and ATM, VE821 and KU55933, respectively. To do so, we
decided to combine multiple approaches: cell biologjechniquesto investigate the
inhibitor-induced phenotypes, phosphoproteomittsstudy protein phosphorylation
triggeredby irradiationand its modulatioby kinase inhibitors, and metabolomtosreveal
druginduced changesn metabolome of irradiated cells. Since theletection and
guantificationof phosphorylated peptid@s complex biological samples is challenging due
to their low stoichiometry, we also dedicated a péthis doctoral thesit selectionof an
optimalmethodfor phosphopeptide enrichment.

That sail, we present here different dativarious natureand thus the Results and
Discussion sections are organized into several blocks. Furthermore, theaidwemi c 0
data implies a complicated data analysis and implementafionultiple bioinformatic
tods and database seaeshn orderto interpret the data. Therefore, the Results section
differsfrom the theses basenhthe approacfic |l assi cal 6 bi ochemi str
comprise®f a brief overviewof the acquired results, atfikirdetailed decription isgiven
in the Discussion section where they are discugsedntextof all data presenteith this

thesis andecentliterature.

13



1.Introductio n

1.1. Characterization of DNA damage induced
by ionizing radiation

The termionizing radiation (IR) descriles a radiation that has enough energy
to liberate an atomic particldom an originally electrically neutral atom or molecule,
ionizing it. The ionization can occur either directly or indirectly. Tivect ionization is
mediatedoy any charged massive piate that carries sufficient kinetic energy (e.g. alpha
and beta particledd ionize atoms or molecules. On the other side, gamma rageysX
and neutrons are referreéd as theindirectly ionizing radiation . Since they have no
charge, their effects ainduced secondaby liberationof directly ionizing particles.

When cells are exposdd IR, cellular structures can be damagd®donization
directly by depositionof energy (this mechanism dominatescells with a low water
content), but also indirdy by ionization of water moleculesn cells with a high water
contenti by a mechanism callewater radiolysis. Such ionization lead® generation
of highly reactive oxygen species (ROS)which secondary attack DNA and other
biomoleculegreviewedin (17,18).

There is a wide rangaf DNA lesions typially occurringin respnseto IR. It has
been previously estimated that the irradiabba mammalian cely a doseof 1 Gy results
in approximately10002000 damaged bases800-1600 damaged deoxyribose00
1000 singlestrand breaks (SSBs)and most imortantly,20-40 doublestrand breaks
(DSBs) which are the most deleterious damagée mammalian DNA, and thukey
represent the biggest threaigenomic integrity amongst all type§ DNA lesions(19).

DSBs are assumetb be the most lethal classf DNA damage since a failure
to repair just a single DSB can resirtcell death(20) implying the importancef DSB
repairfor cell viability. Moreover, both repair and misrepairDSBs can leatb mutations
and chromosomal rearrangements, potentially resultincgancer development. Since
genetic alterations have sualsignificant impacon cell survival and viability, cells have
evolved robust, but finely regulated molecular mechanisms that include det#diibiA

lesions, signallingof their presence, promoting their repair, and activatiboell cycle

14



checkpointsAltogether, these mechanisms are summarized under thétéArdamage
response(DDR).

The key componentef DDR, which trigger cellular responge detected DNA
lesions, are protein kinases that belomghosphatidylinositol 3-kinase (PI3K) family
class IV, better known agphosphatidylinositol-3 kinaserelated kinases (PIKKs;

reviewedin (21)).

1.2. Phosphatidylinositob3  kinaserelated  kinase
family

The PIKK family comprises 6 proteingith most of the members possessing
serine/threonine kinase activity: ataxia telangi®ietamutated kinaseATM ), ataxia
telangiectasia and Rad3 related kina&&R), DNA-dependent protein kinase catalytic
subunit DNA-PKcs), mammalian target of rapamycin (mTOR), suppressor
with morphological  effect ongenitalia  family = member 3§MG-1), and
transactivation/transformatiedomainassociated proteimfRRAP). All 6 memberof the
PIKKs family show considerable similaritiés their domain architecture and extensive
sequence homology, particulailytheir Gterminal kinase domains FAT (FRA®RTM -
TRAP) and FATC (FAT C-terminal), bothof them particularly importarfor their kinase
activity and its regulation22,23) On the contrary, the #&rminal regon is poorly
conserved and thusbelieved tobe responsible for regulation of interactions
with differential substrates and adaptor protéi.

Among the PIKKs,ATM, ATR, and DNA-PK act as the main regulators
of cellular responséo DNA damage and DNA replication stress. They share the same
phosphorylation motif (as showim figure 1, they predominantly phosphorylate their
targetson serine and threonimesidues followedby GIn (25)) and many substrates such as
the histone variant H2AX26i 28); howe\er, they are activatday different typesof DNA
lesions and adh distinct pathways, which are partially overlapping, but-regundant
the crosstalk between the pathways often occurs as a conseqtifrecaterconversion
of the activating lesionsA large scale proteomic study investigating proteins that are
inducibly phosphorylatedn a consensus site recognizsdATM and ATR after exposure
to IR identified 900 phosphorylation sites700 proteins, demonstratirfigr the first time
how extraordinaly broad is the landscapef ATM/ATR substrates phosphorylated
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in responseéo DNA damage(29). The distinct roleof eachof ATM and ATR will be
further discussed.

The importanceof DNA-PK mainly derives fromits essential rolein non-
homologous end joining (NHEJ), which is consideielde the major DSB repair pathway.
A detailed descriptiorof DNA-PK, its rolein NHEJ, and its potential as a drug target
for the supporof radiotherapy is beyond the extarithis dissertation thesisnore details

are givenn our publication(30).

Overview of phosphorylation motifs of the PIKKs kinases downloaded from the PhosphositePlus database

NE 2 07 0 6 ¢ 8 - 8 & 2w o n c Nw o2 v 09 o -~ 8 oo w0~ c

111 input sequences
NhE ¢ % T 9 9 5 8 - 8 8 v oo 0 & ¢

s racpbcein ey

Figure 1. Oveaview of the visualised phosphorylation motifsof the PIKKs members.
Sequence logdor each oneofthe PIKKs was generated usingianually curated
phosphorylation sitesfromthe PhosphoSitePlus database (June 20Wgh known
experimentally assessed kinassponsibldor their phosphorylation. The sequence motifs
( S T Y AAffor ATM, ATR, DNAPK, and mTOR are depicted togetheth the number
of their substrates annotated the database.

The protein kinasenTOR is the principle regulatoof cellular metablism
promoting anabolic processes and inhibiting catabolic processes such as autophagy. It
integrates signalsom different upstream pathways triggetegla wide varietyof signals
including nutrients, hormones, growth factors, and also cellular stresseggulate cell
growth, metabolism, cell survival, protein synthesis, and transcription (reviewad)).
Although mostly kiewn for its metabolisrregulating functions, mTOR is also an integral
memberof DDR playing an important rolen the determinatiorof cell faith after DNA
damage induction (reviewed (32)). A direct link has been shown between DNA damage

induced ATM activation and mTOR inhibitidnthe crosstalk between these two kinases
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is mediatedy ATM -activatedAM P-activated protein kinas&MPK ), whichin turn both
directly and indirectly inhibits mTOR (reviewad (33)). Indeed, mTOR inhibition has
been also showto affect radiosensitivity and DDRi irradiated cell§34,35)

TRRAP has been showio have an important role embryonic development, cell
cycle progression, and mitotic contr@6). Interestingly, it is the only membef this
family that lacksserine/threonine kinase activitgMG-1 is the newest membaf the
PIKKs family. It plays a critical rolen the mRNA quality control system, termednsense
mediated mRNA decay, whigbrotects celldSrom an accumulatiorof aberrant mRNAs
(37).

1.2.1 Ataxia-telangiectasia mutated kinase (ATM)

ATM is the best known as the chief mobilizafrthe vigorous cellular response
to DSBs; however, recent studies have indicated that ATM is also invoivadnalling
pathways maintaining cellular ha@wostasisn responsdo hypoxia, oxidative stress, and
regulationof cellular metabolism (reviewed (38)).

The ATM gene was originally identifieth ataxia-telangiectasia(A-T), a human
genome instability disorder inheritéalan autosomal recessive manner. AllTAatients
carry mutationan the ATM gene which encodes the ATM protgi9). The hallmarks
of this disease include progressive cerebellar degeneration that dewvetopsevere
neuromotor dysfunction (ataxia), telangiectasia (dilatmfiblood vessels observed
primarily inthe eyes), immunodeficiency, hypersensitivityionizing radiation, and
increased incidencef malignancies, mostly lymphoreticulé40). On the cellular level,
A-T is characterizedbyincreased chromosomal instability, premature senescence
of cultured primary fibroblasts, and hypersensitit@dypNA damagingagents. The disease
phenotype can be attributealthe abrogatiomf the cellular responge DSBs.

Activation of ATM is one of the first stepsn responseo DSBs causedy the
exposurdo ionizing radiation40). In undamaged cells, inactive ATM exigtsa formof a
homodimer, which dissociates into active monomers after activation. The activation is
associatedwvith autophosphorylation at Ser1981(41), which is a markeof activated
ATM. However, there are morposttranslational modification§PTMs) accompanied
with ATM inits catalytically active statep date, three additional autophosphorylation
sites(42i 44) and one acetylation site (Lipe 3016;(45,46) have been identifaein fully
activated ATM.
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The full and timely activatiorof ATM is dependenbnthe Mrell/Rad50/Nbsl
(MRN) complex an evolutionary conserved protein complex compostEMirell,
Rad50, andNbsl proteins(47). Mutéions of each oneof the genescoding these three
proteins esultin gereticdisorders characterizéyy symptomssimilarto A-T (48 50). The
indispensabilityof this complexo cells is affirmedoy the fact that null mutatioaf either
one of the three genes causes embryonic lethalityice (51). MRN is oneof the first
complexes recruitetb DNA DSBs, where it functions as a damage sensor and a physical
bridge spanning the DSB en(2). In additionto ATM recruitment and retentioatthe
DSB sites, it is also requirddr both NHEJ and homologgirected recombination (HDR)
repairof DSBs- the DSBend resection ediatecdoy MRE11 nuclease activity is omé the
first stepsin HDR. Moreover, MRN is also phosphorylated ATM, which is important
for activation of different DDR pathways and may create a positive feedback loop that
maintains ATM activity (revieweth (38)). In additionto MRN complex, there are other
proteins importantfor timely ATM activation, such as mediatasf DNA damage
checkpoint protein IMDC1), which interactsvith both ATM and phosphorylated H2AX
(0 H2 A And facilitates the phosphorylatioof additional H2AX by ATM, creating
another positive feedback lo@p3).

A vast functional netork of proteins is precisely orchestratby ATM -mediated
phosphorylation. In this network, the proteins often undergo direct phosphorylation
mediatedby ATM as well as phosphorylatioby other kinases whose activity is AFM
dependent. Frequently, theseteins phosphorylatday ATM are targetedy other PTMs,
such as ubiquitylation or sumoylation, and together, these PTMs conttibthe
regulationof ATM-dependent DDR signalling pathwa¥el). Nowadays, the magf ATM
targets contains hundreds proteins, somefthem have been extensively studied and
validatedin multiple studies; however, marof them were discoveredy proteomic and
phosphoproteomic screenings and need further evaly@8p42,5557). In June 2016, the
| argest phosphoryl ati on (58)comasnedd?40t nzabually e Phos
curated substrate$ ATM (as can be also se@nfigure 1 as a numbeof input sequences
for sequence motif visualization)Figure 2A depicts a mapof ATM interactors
downloadedrom STRING v10.0daiabase (June 2016; STRING interaction score > 0.9);
selected statistically overrepresented KEGG pathwayshich the proteinsdrom are
involved are also givenfigure 2B). Predictably many of the interactors are proteins

involved in DDR pathways (such @8DR, NHEJ, or p53 signalling pathway); however,
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there are also pathways usually more refeireéde contextvith cellular metabolism (such
as PI3KAkt, AMPK, or mTOR signalling pathways), demonstrating the aforementioned
overlap between the DBRind celllar metabolisr- regulating functionef ATM.

Oneof the most important example§ATM phosphorylated and regulated proteins
involvedin DDR is the tumour suppressor prot@s3. Under normal conditionq53is
presentin a latent formwith low affinity to specific sequencesf DNA; however,
following DSBs formation, its transcriptional activity increases substantially, and this
increase 130 a great extent ATMlependent. p53 is regulatbg ATM in a multi-layered
manner i both direct phosphorylatioby ATM and indirect, but ATMdependent
phosphorylation, contributéo the rapid activation and stabilizatiaf p53 in response
to DNA damage(59). ATM directly phosphorylates pS@& serine (Ser) 15 (60), but the
Ser 20 located onthe @me (transactivation) domain is phosphorylatgdactivated
checkpoint kinase ZChk2 ; (61,62), a key downstream targef ATM (63). This
phosphorylation eventstabilize p53by preventing itsmurine double minute proteia
(Mdm2)-mediated ubiquitylation and degradatioi®4,65) Moreover, ATM also
phosphorylatedldm?2 on Ser 166 and Ser 395 (66,67) which further contributéo the
accumulatiorof p53.

The ATM-dependent activation and stabilizatiasf p53 are centralto the
modulation of the cellular transcriptome following {Rduced DSBs formatm The
activated p53directly drives the expressionf many genes, including the cell cycle
regulating cyclin dependent kinases (C&Knhibitor p21 (68,69) and preapoptotic
proteins BAX, PUMA, and NOXA (70). Additionally, p53 also indéectly negatively
regulatestranscription of a numberof genes, including those encoding eaagbioptotic
proteinsBCL-2 andMCL -1 (71). Thus, p53 is a crucial ATM target, regulating cellleyc
progressiorfmostly the G1/S checkpoindnd cell death after genotoxic stress.

Besides p53, ATM also regulates otkranscription factorssuch asNF-a B(72)),
protein kinasege.g.Chk2 (73), DNA-PK (74), protein kinase BAKT ; (75))), and a large
numberof other proteins and membersf protein complexes involveith DSBs repair
(e.g.H2AX , Artemis (76), CtBRinteracting protein(CtIP ; (77)), or the members the
MRN complex(78i 81)).

Chk2 is aserindthreonine protein kinase, which is a downstream effexft&iTM
orchestrahg the cell cycle arrest after DSBs inducti@8). It regulatesthe cell cycle
through phosphorylationf CDC25A, CDC25B, andCDC25C phosphatasesnhibiting
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their activity and promoting their degradatiq®2). Consequently, these phbspases
cannot remove inhibitory phosphorylatiom CDK-cyclin complexesand thus promote
the cell cycle arrest (revieweaa (83)).

A Map of ATM interactors downloaded from STRING database (highest confidence level interactions - STRING score > 0.9)
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Figure 2. ATM-interacting network.Proteins interactingwith ATM were downloaded
fromthe STRING database v10.0 (June 2016). Only those interaatithRSTRING score
> 0.9 (i.e. high confident interactions) are depict{@d. Proteins depicteth the network
were subjead to functional annotationoverrepresentation malysis Selected over
represented KEGG pathways are depiqtey
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1.2.2 ATM -Rad3 related kinase (ATR)

While activationof ATM is triggeredby DSBs and is active throughout the cell
cycle ATR respondgo single sranded DNA (ssDNA) structures and acts primarity S
and G2 phases. It is the central kinase respondireplication stress, which cells undergo
during DNA replication as well as after exposuoegenotoxic events. DNA damage
inducedby IR, UV, chemotlerapeutic drugs, or inhibitoxdf DNA replication causes the
DNA-polymerasesto stall atDNA lesions while the replicative helicases continue
to unwind the DNA helix aheaaf the replication fork leadintp generatiorof long sSDNA
stretches. AdditionallyssDNA structures can be foomedDSB si t edo03 after
nucleolytic degradationof one ofthe chains, a step requiretbr DSBs repair
by homologous recombination (revieweih (9,84). ATR is an essential protein;
homozygous mutatiorof ATR caused petimplantation embryonic elthality in mice
(85,86) and no living humanompletely lacking ATR has been identified. Nevertheless, a
hypomorphic ATR mutation is responsibfer the Seckel syndromei a recessive
autosomal hereditary disorder characteribgdnicrocephaly and mentahnd growth
retardation(87).

Similar to ATM, which is recruitedto DSB indirectly via MRN complexATR
requires specific protein complexdsr its localization to sSSDNA and subsequent
activation. Cortez et al. identifiedTR-interacting protein (ATRIP; (88)), which
interactswith the Niterminusof ATR to form a protein complex. ATRIP is responsible
for localization of the ATR/ATRIP complexatssDNA sites via its interactiowith a
heterotrimeric protein copex - Replication protein A (RPA), which coats most forms
of ssDNAIn cells including the ssDNA that is formed during DNA replication and damage
(89). After the ecruitmenbf ATR/ATRIP to ssDNA stretches, ATR neettsbe activated,
and this activation is dependamtco-localizationof the ATR/ATRIP complexvith the 9-

1-1 complex (RAD9/RAD1/HUS1) a heterotrimeric ringhaped molecule that serves as
a docking siteof DNA topoisomerase Itbinding protein-1 (TOPBP1) The co
localizationof these two complexes is mediateglRad17-containing,RFC-like 6 ¢ | a mp
| oader 6 t hat -ss®NAcagdrdsDAAjsnctibns and IBAAAthe-2 complex
to DNA (90,91) TOPBP1 contains ahTR activation domain, which has been confirmed
to be the actual activataf ATR kinase(90,92 94). Asin other the casef other PIKKSs,
ATR is transformed into a hyperphosphorylated state upon activation; however, only Thr
1989 has been identifigd be essentidior robust ATR activation. Th&hr eonine (Thr)
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1989 autoplosphorylation is the crucial stepn ATR activation; i enables the binding
to the ATR activation domaiof TOPBP1 and ATR activatiof®5).

As in the caseof other PIKKs, ATR phosphorylatemany substrates bearing the
typical S/TQ motif figure 1). As visualizedn the networkin figure 3A, the listof direct
ATR-interacting proteins downloadéwm STRING databasel0.0(June 2016, STRING
score > 0.9) contained0% proteins. The structuref the network isin concordance
with known biological roleof ATR; manyof the interactors are organized into densely
interconnected clusters as they form Afidgulated protein complexes esserfaalDNA
replication and respaeto DNA replication stressi.€. Replication factor A, Replication
factor C, Minichromosomenaintenanceomplex, Origin recognition complex). Besides
these complexes, there are also proteins invalv&DR pathways such Fanccamaemia
pathway, Homologaes recombination, Mismatch repair, and other KEGG pathways listed
in figure 3B.

Checkpoint kinase 1(Chk1) is often described as the primary target and main
downstream effectaf activated ATR. However, it has been repeatedly reported that ATR
and Chk1 inhibition provided different outcomes when combirveith genotoxic stress
in cancer cells(96,97) suggesting that despite being the main effector, Chkl is not
responsibldor all downstream signallingf activated ATR.

To fully activate Chkl, several ATRBriven steps are necessarytsEiRadl17 is
phosphorylatedby ATR, which promotes its associatiamth Claspin (98). Claspn is
subsequently also phosphorylateg ATR, which enables its interactiowith Chk1.
Finally, Chk1 broughto the proximityof the activated ATR is phosphorylatedts kinase
activation loop region, whicim turn leaddo its activation(99). Two Chk1 sites have been
describedo be ATRphosphorylated during this activation stiefser 345 and Ser 317
however, only Ser 345 is considd and often monitored as a specific mamieATR
activation, and it is also the essential phosphorylation site redair€k1 function while
the latter is consideredobe rather contributory(10,100,101) Chkl is then
autophosphorylated atSer 296 and releasedfrom chromatin to trigger cell cycle
checkpoints signalling, which ©f a greatimportancefor damaged cells as it allows time
for repairto occur.

Two downstream protein phosphatasds25aandcdc25care the two maitChkl
targets responsiblior S and G2/Marrests, which occur after their inactivatiby Chk1

(102). Under unperturbed conditions, these phosphatases remove inactivating phosphates
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from CDKs/cyclin complexe maintain normal cell cycle progression. When inactivated,
the activityof CDKs decreaset® slow down cell cycle progression. Another Chk1 target
that contribuésto CDKs inhibition, and thusell cycle arrest after ATR activation, is the
Weel proteinkinase, which is stabilizeloy Chk1l-mediated phosphorylation.

A Map of ATR interactors downloaded from STRING database (highest confidence level interactions - STRING score > 0.9)
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Figure 3. ATR-interacting network. Proteins interactingwith ATR were downloaded
fromthe STRING database v10.0 (June 2016). Only those interaatithRSTRING score
> 0.9 (i.e. high confident interactions) are depic{@d. Protans depictedn the network

were subjectedo overrepresentation analysisf functional annotation. Selected over
represented KEGG pathways are depiqtey
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As in the caseof its upstream kinase, the list known Chk1 targets is relatively
long, comprsing 192 manually curated substrates (as listetdh e PhosphoSitePl
database, June 2016). In additimnits DNA damage checkpoint functions mentioned
above, Chkl has been showmregulate the mitotic spindle checkpoint, contribute
to severhDNA damaye repair pathways (HB, Fanconanaemigpathway), and repression

of transcription after DNA damage induction (reviewed103)).

1.3. Targeting DDR as a promising strategy

in oncology

DNA damage inductiorby either radie or cheme therapy has been the most
widely used approacin oncology exploiting onef the hallmarksof cancer: genomic
instability. However, such treatment is very unspecific and often accomgmnetiateral
damageto healthy tissues. In recent years, much réffas been pubndiscovery and
developmenbf tumour specific treatment, which would only specifically target cancer
cells and not affect the normal tissues. A promising approach that has been developed
recently isto take advantagef the tumour speciéi abnormalitiesn DDR.

In a current study104) manually curated data storedsignalling pathways and
protein-protein interactions databases were analysedmpile a listof 450 human DDR
genes which were further examinad termsof their associatiorwith individual cancer
typesto identify deregulated componera$the DDR, discover novel therapeuticgats
within the DDR network, and predict their druggability. Given the vast nuoflibe DDR
genes mutatedh cancers, the authod the study emphasized thateffectively exploit
the DDR targeté cancer treatment, the therapy should be individuallgredto patients
lacking specific DDR functions basea the synthetic lethality principle. This principle
was originally presentad Drosophilg and it describes two genetic lesfsfunction events
- each onef them still compatiblevith cell viability; however, they are lethal when both
of them occuin the same ce(l105) In the contexof cancer treatment using DDR proteins
inhibitors, oneof the two events is canespecific and cannot be foundnormal cells; the
second one is a@ved pharmacologicallgy the targeted inhibitor treatment. A clinically
validated examplef a successful usef this approach is the applicatiai poly(ADP-
ribose)polymerase (PARP) inhibitorslgparib)in BRCA-deficient cancer celid06,107)

Moreower, the synthetic lethality term can be also used more lotselyscribe

strategiesin which the tumouwspecific defects only causes increased sensitivity
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combinationof therapeutic agent (such as cheropradio therapy) and DDRargeting
compoundi i.e. the DDR inhibitor can be usetbra specific radio- or chemo
sensitisationof the cancer cells. The key differenaadDDR between cancer cells and
normal cells that can be exploiteddevelop a specific therapy comprise following aspects:
mostof the cancer cells hawikefectsin one or more DDR pathwayssufferfrom elevated
levelsof replication stressdueto dysregulated oncogenic signalling andreased levels

of endogenous DNA damagécausedor instanceby increasedntrinsic ROS generation
(108} reviewedin (109)) .

A promising examle of such a strategy itargeting the S and G2/M DNA
damage checkpointsn G1/S DNA damage checkpoint deficient cell€L10) A recent
study investigated mutational profiles3,281 tumours across 12 tumour types, identified
127 significantly mutated genes, and categorizethtbase@n cellular processes they are
involvedin (111) TheTP53tumour suppressor gene was affediganutationsin 42.0 %
of cance cells sequenceith this study, and thug was the most frequently mutated gene
in cancer genome. The lief the 127 significantly mutated geniescancer also contained
other memberef the ATM/Chk2p53 pathway ATM and Chk2kinases were founi be
targetedby mutationsin 3.3 % and 0.9 %f cancer cells analysed, respectively. As thi
pathway is essentidr maintaining the G1/S DNA damage checkpoint after IR, the results
of this study suggested that targeting the remaining DNA damage checkpoints might be a
promising strategin a considerable portioof solid tumours conventionallyeated using
radiotherapy111)

Another promising strategy i® target proteins and protein kinases involved
in replication stress responsg7). Elevated levelof DNA replication stress has been
recerily proposed as a hallmanif cancer because it is preseantalmost all cancers
fromthe earliest stage€l12) The mutationsn genes controlling cellular growth and
proliferation are responsibléor this phenomenoni cancer cells defient in G1/S
checkpoint omwith mutations deregulating replication origin firing suffesm prematue
entry into Sphase, and thuSNA replication can start before the necessary resources have
been generated, which leadgriggering the replication stss response. Examplassuch
mutations that are commam cancers ar®BL deficiency, CDKN2Adeletion, Cyclin D1
or Cyclin E amplificatiors, KRASmutations, oMY C amplifications(111,112)

Inhibition of the ATR/Chk1 pathway has been showrbe synthetically lethal

in both above mentioned scenarios. In several studies, it has been shown that inhibiting this
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pathway is selectively toxia cellswith high levelsof oncogenenduced replication stress
(21 7). On the otkr hand, there have been several papers publishedhich the authors
emphasized the efficiencgf ATR inhibition in combination with genotoxic therapy
in p53 or ATM- deficient cells (8i 12). Taken together, selective targetimgthe
ATR/Chkl pathway offers a promising therapeutic apprdacitancer treatmenin a
broad rangef tumoursin both monotherapy arfdr the purposef selectively sensitizing

cancer cell$o current genotoxic treatment.

1.3.1The preclinical and clinical development of ATR

inhibitors

Given their importancen DDR, snall molecule kinase inhibitors have been
synthesisefbr each onef the kinasefrom the PIKKs familyto investigate their potential
for developmenbf a canceispecific treatment. The preclinical and clinical development
of current inhibitorsof DNA-PK, ATM, and ATR has been extensively reviewiadwo
papers we published recen{B0,113) thereforefor the purposef this dissertation thesis,
we will only discuss the development and aATR inhibitors.

The first ATR inhibitor identified proveto radiosensitize cancer cells waedfeine
(1,3, #trimethylxanthin) (114,115) However, caffeine is a low potent and unspecific
inhibitor of ATM, ATR (IC50 (ATM): 0.2 mM; IC50 (ATR): 1.1 mM), and the restf the
PIKKs family. Moreover, the concentration that is requiechdiosensitize human cancer
cells is toxic. Another natural compound that has been identified as an ATR inhibitor is
schisandrin B (1,2,3,13tetramethoxy6,7-dimethy}5,6,7,8tetrahydrobenzo[3',4"]cyclo
octa[l',2":4,5]benzo[1;d][1,3]dioxole), which was isolatedromthe mature fruits
of Schisandra Chinensia herb useth Chinese medicin€l16,117) Although schisandrin
B is more ATRspecificthan caffeinelC50 ATR) : 7. 25 OM), it is
synthesised chemical inhibitors, so its use has been only evaindigd preclinical
studies.

NU6027  (2,6-diaminc4-cyklohexytmethyloxy5-nitrosepyrimidine)  was
originally identiiedasa CDK2 i nhi bitor (1 C50(CDK2):
noticed that this inhibitor sensitised cancer ctllsisplatin independentlgnits CDK2
inhibitory activity (118). Further study revealed that NU6027 is a more potent inhibitor
of ATR thanof CDK2 (1 C50( ATR) : 6.7 OM), and it

responsibldor radio- and chemesensitizatiorof NU602 %treated breast cancer cgll®).

26

we ak

10 O

wa s



Importantly, the resultsf this breast cancer study indicated that AifRibitor treatment
could be efficienin cancer cellsvith XRCC1 polymorphismiad thusshowingfor the first
time a synthetic lethalitpf ATR inhibition and a los®f a specific DNA repair protein.
This XRCCZIATR inhibition relationship has been further confirmedanother study
(119} however, further evaluatioof NU6027in in vivo experiments is hamperdxy its
poor solubilityin water.

In a celltbased screeningf 623 compounds previously reportéolhave some
activity towards PI3K(120), Toledo atel. identified two compoundsvith a marked
potency against ATR ETP-46464(IC50(ATR): 25 nM) andNVP-BEZ235 (IC50(ATR):
100 nM)(6), but these compounds also presented substantial activity towards ATM, PI3K,
MTOR, and DNAPKcs and thu$acked seletivity against ATR. Priotto this screening,
NVP-BEZ235 had been proposed as a PI3K and mTOR inhikji@1) and shown
to radiosensitize Rasverexpressing tumoufd22). However, considering another study
that had reported cytotoxicitgf ATR suppressionn cells overexpressing R48), the
radiosensitizatiorof cells in the aforementioned study was more likétyoe dependent
onthe ATR inhibitory activityof NVP-BET235 rather thammn PIBK/mTOR inhibition.
Altogether, these reports confirmed the potentibthemical ATR inhibitionin cells
suffering from elevated levelsof replication stress causdaly dysregulated oncogenic
signalling. The more selective compauin ETP-46464 7 has been further proven
to sensitize cancer cell® IR and platinum drug$123,124) Unfortunately, it has been
shownto have poor pharmacajical propertiesn miceand thuss not suitabldor further
in vivo evaluation.

The first potent and selective inhibitoo§ ATR that may offer a great promise
in cancer treatment were presentaglVertex Pharmaceutical® 2011. Charrier et al.
reported the discovery of selective ATR inhibitorsfromthe series of 3-amino-6-
arylpyrazines (125). In the following studies, two compounidem this series were further
evaluated VE-821andVE-822 (or VX-970)

VE-821 (3-amino6-(4-(methytsulfonyl)phenyliN-phenylpyrazine2-
carboxamide; | C50( ATR) : 26 nM, Ki (-RK):R) :
2.2 OM, Ki (ATM): 1 6obeatlptostlextivelybnduzairresersiblev n

growth arrestin several cancer cell lines that were either-gB8cient or p53wt, but
with dysfunctional ATM/Chk2/p53 pathway, while inducing only reversible growth arrest

in normal cells. Moreover, VBB21 showed symgy with different genotoxic agents
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including crosdinking drugs, antimetabolites, topoisomerase | and Il poisons, and ionizing
radiation. The dependenaenthe functionality of ATM signalling for the sensitivity

to ATR inhibition was confirmedin experinents with A-T primary skin fibroblasts,
innormal cells treatedwith ATM inhibitor KU-55933 or with knockdown of p53
expressior(11). These results were confirmed2012by Pires et al., who mostly focused
onthe radiosensitizing effectf ATR inhibition. In this study, the radiosensitization using
VE-821 was provenn a varietyof cell linesfroma numberof different tumour types
suggesting that this effect is independehtumour type. Moreover, ViB21 was sawn
toincrease radiatiecinduced DNA damage and loss viability of cancer cells under
hypoxic conditiong126), which isof particular interestas hypoxic tumours have been
reportedto be more resistano radiotherapy(127) The ability of VE-821 to sensitize
pancreatic cancer cell linés radiotherapy or antimetabolitdmsed chemotherapy under
both normoxic and hypoxic conditions was further confirrag&®revo et al(128). Since

then, VE821 has been consistently shownseveral studiedo sensitize a variety

of different tumour typesto different genotoxic event$97,129135) Interestingly,
Huntoon et alcompared the sensitizatiof ovarian cancer cells using=-821 and a Chkl
inhibitor (MK-8776). Unexpectedly, even though these two kinases are reported as
membersof one ATR/Chk1 signalling pathway, where Chkl serves as a downstream
effector of ATR, the inhibition of each oneofthese kinases provided differeit
sensitizatiorof the cancer cell®o commonly used chemotherapy agents.

In 2012, Fokas et al. present®E-822, which is a close analogusf VE-821
with increased potency against the ATR kinake5(Q (ATR): 19 nM), excellent ATR
selectivity, and mostmportantly, good pharmacokinetic properties. In their study8ZE
was testedor in vitro andin vivo radiosensitizatiomf pancreatic ductal adenocarcinoma
cell lines. Asn the casef VE-821, VE822 did not affect the chemand radie sensitivity
of normal cellsln vivo experiments performeid mice bearing PDAC xenografts proved
the efficiencyof combinatiorof VE-822 and chemo/radiotherapy without affecting normal
tissue homeostas{8). Furthermore, VEB22 has been testedcombinationwith cisplatin
drugs in a paneloflung cancer cell lines and a pana&fixenografts models derived
from primary human nossmall cell lung cancer (NSCLC) samples. Notably,-82
in combinationwith cisplatin caused tumour growth inhibition evartumours that were
originally nonresponsiveto cisplatin. Experiments performed the NSCLC cell line

modelsalso confirmed the previously reported differences between the outmfolidR
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and Chk1 inhibition(136). Basedonthe consistently promising datem the preclinical

in vitro and in vivo testing and its favourable pharmacokinetic properties, which allow
intravenous administratioof the drugto humans, VEB22 (asvX-970) is currently tested

in phase | clinical trialso assess its safety and tolerabiitiycombinationwith cytotoxic
drugs (ClinicalTrials.gov Identifier: NCT02157792). Several expansion phasephasé

Il trials are planned and currently recruiting patseio evaluateapplicationsof VX-970

in different carcinomas and combinationth genotoxic treatment (ClinicalTrials.gov
ldentifiers:  NCT02595931, NCT02567422, NCT02589522, NCT02595892,
NCT02627443, NCT02723864, NCT02487095).

The second seriesf highly potent and selective ATR inhibitors was developed
by AstraZeneca. The first compoufrdm the serie®f sulfonyl-morpholino-pyrimidines
reported and showio suppress tumour growth mice xenografts after oral administration
of the drug wasAZz20 (IC50(ATR) : 50 nM, | C50( mTOR) : 2.4 ON
30 Quer)

An analogueof AZ20, AZD6738 has a significantly improveATR selectivity
(IC50 ATR): 74nM,IC50 mT OR) : IEZ® ADMWPNA-PK) > 30 OM), sol
and pharmacokinetic pperties and thus more suitabléor oral dosing. It has been shown
to be efficientin monotherapy as weih combinationwith chemotrerapyin NSCLC cell
lines and xenografts, especially ATM-deficient cell lines(12) and also proveto be
synthetcally lethalin p53- or ATM- defective chronitymphocyticleukaemiaellsin vitro
and in vivo (138,139) Duetoits oral bioavailability and tolerability proveimin vivo
xenografts models, AZD6738 is the second ATR inhibitor that has been subjected
toclinical trials. The initial study testing the safety and tolerabilitypatients
with leukaemiahas been completed (ClinicalTrials.gov Identifier: NCT01955668), an
three phase | trials are currently ongoing focusedhe combinationof AZD6738
with radio- and chemetherapyin patientswith advanced malignancies (ClinicalTrials.gov
Identifier: NCT02264678, NCT02630199, NCT02223923).

1.4. Protein phosphorylation and its rolein eukaryotic

cells

Several hundreaf PTMs of proteins have been described so far; among them,
protein phosphorylation is oré the most studied as it is onéthe most important PTMs

in nature. Protein phosphorylation is a transient, reverBibM, and this dynamic nature
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of phosphorylation enables being the major driving fafceostof the cellular processes
which require rapid and tightly regulated signalling. These processes include cellular
signalling and communication, proliferation, @iféntiation, metabolism, transcriptional
and translational regulation, degradatadrproteins, and cell survivdl3). It is oneof the

most widespread regulatory mechanisms; it has been originally estimated that more than
50 %of proteinadn mammalian cells are phosphorylasgdome point during their life time
(140). However,in a recent study conductéy Sharma et al., more than 75dfcellular
proteins were fountb be phosphorylate(l41) Cellular protein phosphorylation events
are sitespecific, often occuat multiple sites within a phosphoprotein, and more than 100
000 phosphomation sites may exisin the human proteomél42) Someof them are
always quantitatively phosphorylated whereas the occupzEmgny phosphosites is e

low.

There are four distinct typed phosphorylation known: Qohosphorylation, which
occursonserine, threonine, and tyrosine residues,(INl3) S (144) and acy (145)
phosphorylation, which are far less common and occunistidine, lysine,cysteine,
aspartic, and glutamic residues.elnkaryotic cells, it is the ohosphorylatioron serine,
threonine, and tyrosine residues, which is considet@tle predominant(146).
Phosphorylatiorof histidine residuebas been also described; it has been estimated that 6
% of the total phosphorylatiom eukaryotes occursn histidine residue§l47). However,
phosphaistidines are usually not observadproteins duetorapid hydrolysisof the
phosphoryl group under acidic conditiofig}8) The proportion®f phosphoserine (pS),
phosphothreonine (pT), and phosphotyrosine (pY) sies phosphoproteome were
reportedfor the first timeby Hunter and Sefton (1980), who determined therchicken
cells as 92.19 %, 7.77 %, and 0.03r#&spectively(149) Since thenseveralstudies have
been performed reporting similar trends: abou®8%60f pS, 1015 %of pT, and 0.5 %
of pY. Substantial differences the phospheamino acids proportions are introduced
by different model organism studied, degres perturbation of a phosphoproteome
by treatment conditions used a particular study, and various methodological approaches
used fora phosphopeptide enrichment and detection. In a recent -fiabel
phosphoproteomic stugyan intriguing trend was reported showing that the proportion
of pY drastically decreases as coverafi¢he studied phosphoproteome increases, while
pS and pT saturate onfgr technical reasons. Moreoven comparisonto pS and pT,

phosphorylation stochiometryof pY was maintainedta very low levelin the absence
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of any specific stimuli. Basednthese observations, the authors proposed that pY should
be considered a functionally separate P(IMI1).

The presenceof phosphorylationin specific regionsof a protein molecule is
believed to induce conformational changes the targetprotein, which influence its
behaviour within the cell. Such conformational changes can modulate actigityenzyme
(such as phosphorylation an activation loojin a protein kinase), subcellular localization
of a protein, or its stability14). Phosphorylation is mediatdyy protein kinases, which
compose oneof the largest enzyme superfamili@s higher eukaryotes; it has been
estimated thia2-3 % of all eukaryotic genes are coding protein king4&®). The reverse
reaction, dephosphorylation, is mediatbg protein phosphatases. Tight cooperation
of protein kinases and protein phosphatases is essdatiaggulation of biological
processef a cell and dysregulatioof these processes has been describedntribute
to multiple diseases including cangéb). Technological advances the recent past led
to development of phosphoproteomic approaches that allow researcherdentify
aberrantly activated signalling pathwaysa particular disease state, and establish
appropriate therapeagttargets that can be exploited as specific tafgetsmall molecule
inhibitors(16).

Despite being such a widespread regulatory mechanism, the ardlpsatein
phosphorylation is hamperdxy several facts: (1) phosphorylated pées are relatively
low abundanin comparisorio the nonphosphorylated peptides paolcells; thus, it is not
feasibleto study phosphoproteonfeom an unfractionated peptide sample; (2) doés
dynamic nature, only a subfractiaf cellular phosphproteome is phosphorylated a
particular time; (3) techniques usedstudy protein phosphorylation have a limited
dynamic range; therefore, it might be difficuib detect phosphopeptidesom low
abundant phosphoproteins; (4) the presesfdbe modifcationonthe peptide alters its
behaviour duringliquid chromatographyandem mass spectrometryt G-MS/MS)
analysis, which can affect phosphopeptide identification and phosphorylation site
localization; (5) quantificationf phosphorylation might be diffult as it relies onlpnone
modified peptide and a phosphopeptide might contain several phosphorylation sites, which
can be differentially phosphorylateéa responsdo a specific treatment. Howevan the
last decade, numerotwschniques have been déygedto overcome the aforementioned
difficulties. To address the low stoichiometric nature and limited dynamic rainte

detection methodsmany one or multi dimensional fractionation techniquéder the
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enrichment and fractionationof phasphopeptides have been establishedNew
fragmentation method®r mass spectrometry analysis have been establishietgprove
the phosphopeptide identification and site localization. Quantification techniques have
been optimized tobe suitable for phosphopeptide quafidation. Moreover, the
improvementdn identification and quantification softwafer the interpretatiorof mass
spectrometry data and developmenof specific programs and algorithms
for phosphorylation site localization and further data interpretaticabled the use
of phosphoproteomic method@swide rangeof biological applications.

In following chapters, the methodisr enrichmeniof phosphorylated proteins and

peptides will be discussed as well as the technifprékeir detection and quantificatio

1.5. Strategies for the enrichment of phosphorylated
proteins

Although in bottomup proteomics, the enrichmeot phosphorylated peptides is
far more common than the enrichmentthe protein level, enrichmenf phosphoproteins
is still adequatan some spcific applications. As it was mentioned above, the amount
of tyrosine phosphorylated peptides a phosphoproteome is relatively very low
in comparisontopS and pT. Thereforein studies specifically focusingntyrosine
phosphorylation driven signallinmy cells, there is a neetb use a method that would
specifically enrichfor phosphorylated tyrosine residues. The current metiiatioice is
the immunoprecipitationof tyrosinephosphorylated proteins using phosiiumsine
specific antibodie§l51i 154). Although antibodies against specific phosphorylated motifs
in phosphethreonine anghosphoserine have been also usesbme studie$155,156)
immunoprecipitationis not applicableto a highthroughput enrichmenof pS and pT
containing proteins as there are no-p&or parpT antibodies available. For such studies,
the methodf choice is the enrichmeon peptidelevel.

In addition tothe antibody based approaches, phogpiateins can be also
precipitated using lanthanum ioi1($57,158)or enrichedwith affinity chromatography
using metal oxides as the affinity media. Commercial Kibsthe enrichment
of phosphoproteins e.g. Phosphoprotein  Purification Kit (QIAGEN, Hilden,
Germany{159) or Thermo Scientific Pierce Phosphopmt&nrichment Kit (Thermo
Fischer Scientific, Rockford, IL{160)) are also available and uséat phosphoprotein

enrichment.
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There are also methods availalitespecifically capture protein kinases using
immobilized lowmolecular weight inhibitors, e.g. bisindbtyaleimide compound&l61),
or toimmunopurify their substrates using an antibody raised against their substrate motif
(162).

1.6. Overview of fractionation and enrichments
methods used for the phospheenrichment

on peptide level

Multiple methodsfor the bottoraup phosphoproteomics have been developed so
far. Broadly speaking, these methods either exploit the preséagehosphate grqun a
peptideto chemically introduce an affinity tag €. chemical derivatization methodlsthe
affinity of a phosphate grouprLewi s & aci ds such as metal i o0
affinity enrichment methody or physicochemical properties phosphorylated peptides
that can be usetb more or less specifically fractionate their mixtwéh unmodified
peptides i(e. chromatographic fractionation methods Neverthelesshone of them
capableof yielding comprehensive information about the phospbtgmmeof a complex
biological sample. Therefore, the approaches described thereinafter are often combined
to obtain complete information about the phosphopeptideip@sialysed samples.

The affinity enrichment and separation methods inclvt®&C (Immohilized metal
affinity chromatography), MOAC (Metal oxide affinity chromatography)HAP
(Hydroxyapatite chromatography$CX (Strong catiorexchange chromatography) and
SAX (Strong aniorexchange chromatography)HILIC (Hydrophilic interaction
chromatograpy) and ERLIC (Electrostatic repulsion hydrophilic interaction

chromatography).

1.6.1.Chemical derivatization methods

In chemical derivatization techniques, phosphorylated amino acids residues are
chemically modified byadding a tag that is selectively capturday affinity
chromatography. Mogif the methods take advantagithe lability of phosphate groups
onserine and threonine residues under alkaline conditioise Ipresencef a strong base
(e.g. NaOH or Ba(OHl), phosphoserines and phosphothreoninesrurgde -elianindiion

reactionto form dehydroalanine or dehydrobutyric acid, respectively, which serve as
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Michael acceptor$-elimination is followed by Michael addition reactionwith different
nucleophiles such as ethanedithil63 166) dimethylaminoethanethio(167) or
mercaptoethydyridine (168), which can be linketb an affinity tag (e.g. biotin{165)) or
immobilizing agent (e.g. dithiopyridine resi(t69). The major drawbackof methods
basedont h eeclimination reaction are associatetth nonspecific labellingf cysteines
and Oglycosylated peptides and inability of phosphotyrosinesto undergo the
b-elimination. The nonspecifidabelling can, however, be reducealy blocking the
sulfhydryl groyp of cysteinesby alkylation or oxidation orby performing enzymatic
deglycosylatiorin caseof O-glycosylatedoeptides.

Another covalent chemical derivatization technique is a carbodiicadaysed
condensation reactiomith excess amint® form phosphaamidate i.e. phosphatevith the
hydroxyl group replacedby NR2). Incomparisonwitht h eelimination chemistry,
phosphoramidate chemistrybased approach is also capabltenrichmentof tyrosine
phosphorylated peptides. Zhou et @70) for the first time presented this methoda
multistep approach (six steps), where cystamines attathpkdogphate groupsbya
condensation reaction were further reduieidrm freesulfhydryl groups, which provided
the attachmenbf phosphopeptideto a solid phasey reactingwith iodoacetyl groups
immobilized onglass beads. Although the final yield was ordpout 20 % due
to considerable sample loss, this approach was very selective providing contafngieant
phosphopeptides. The complicated multistep procedure was further simfifibd
Aebersol dés | ab; the si mpl ioffthe @doxyhgrdutsocad
condensation reactionwith a dendrimer (synthetic polyamine)nthe presence
of carbodiimide and imidazole, and finally an acidic hydrolydithe phosphoramidate
bonds between phosphopeptides and the dend(itid) This method provided higher
recoveryof phosphopeptides than the previous approach, however, wider utilip&iton
was hamperedby extremely slow conwersion during the carbodiimideatalysed
condensation step

Another approach suitabléor phosphorylated serine, threonine, and tyrosine
peptides that included chemical derivatization was presemt2@04. Carboxylic groups
were protectedoy methylationand the peptide mixture was subjectidhe reaction
withUdi azo functional i z eidthe rfermatiom of a wowalent h
phosphopeptideresin bond, which was cleaved afterwandth anacid hydrolysig172)
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1.6.2Chromatographic  fractionation methods used
in phosphoproteomics- SCX, SAX, HILIC, and ERLIC

1.6.2.1. Strong Cation Exchange Chromatograph$CX)

In SCX chromatography, the interaction between positively charged peptides and
negatively charged column resin is responsiblethe retetion of the analytes. Under
acidic conditionswith pH typically lower than thredryptic peptides become positively
chargedby protonationatthe peptide Nermini and side chainef arginine, lysine, and
histidine residues whereas carboxyl groups aedGtermini become neutrally charged.
Phosphoryl group stay negatiyethargedatsuch pH conditions, and thyseptides
containing phosphoryl groups exhibit a lower affiridy the negatively charged SCX resin.
Hence, phosphopeptides are elutethe ealy fractions during SCX fractionatiofl73)

SCX was originally presented as a componeh&multidimensional protein
identification technologfor shotgun proteomicdl74,175) In 2004, SCX wasor thefirst
time describedor phosphopeptide enrichmeot HeLa cell nuclear phosphoproteins as a
standalone methodesulting in identification of 2002 phosphorylation siteffom 967
proteins (176) Since then, SCX has been frequently used as a fractionation method
in combinationwith other phosphopeptide enrichment methods: IMEC7 181) or
titanium dioxide enrichmen{l82 186), but also as a single methém phosphopeptide
enrichment after combined cleavagigh Lys-N andtrypsin(187,188)

1.6.2.2. Strong Anion Exchange Chromatograph§8AX)

SAX chromatography is the second ion exchange method fagueptide
fractionation, and as opposeédSCX, the negatively charged peptides are more likely
to retain onthe chromatographic resin during the separation. Deperaiepil of the
solvents usedor the separation, acidic and phosphorylated peptides are retairibd
chromatographic resin and ®u inlater fractions, and thusthe use of SAX
for phosphopeptide fractionation typically resuldower lossof phosphopeptides than
SCX. Another significant advantagef using SAX over SCXfor phosphoproteome
analysis is that SAX has a better abityfractionate phosphopeptidesmultiple fractions
(189)

In200 3, N¢hse et a | X chrematogtaphynghf saltl gtagientu s e d
elution as a prefractionation step priodiMAC for the identificatiorof plasma membrane
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phosphoproteing190) More recently, SCX and SAXractionation were combined

for sequential fractionatiomf samples (flonthrough fractionsfrom SCX were further

subjectedto SAX) and the collected fractions were analysgdRPLCG-MS/MS. Such

approach was named yyang multidimensional liquid chromat@phy tandem mass

spectrometry method (Yig ang MDL C1 MSL), Mé&h¢ led toimproved

identification of phosphopeptides than it is commmma pr ot eomi ¢ experi mer
unmodified peptides and 849 phosphopeptides were identified). Theawyg MDLG

MS/MS approachin combination with quantification usingtable isotope labelling

with amino acidsin cell culture was further successfully usefrthe quantification

of phosphoproteome changes during adipocyte differentiflia®)

SAX has been showntobe complementarywith Fe*-IMAC. However,
whencomparing these two techniques, more peptides, especially monophosphorylated,
were identifiedby SAX approach thaby Fe*-IMAC as the monophosphorylated peptides
were probably lost becauséthe weaker interactiowith Fe** IMAC. Enrichment and
fractionation of phosphopeptideby SAX itself was then applieto phosphoproteomic
analysisof human liver tissu€l89) SAX chromatography has been also comparigd a
method combining SCX and titanium dioxide (E)QCenrichment. The SAX system
preferredto identify more acidic and multiphosphorylated peptides than SCX/ B it
also covered a more complete ser@gphosphorylation statesf peptides(193) AFET
(Anion exchange followedby flow-through enrichmentvith TiO2) is a phosphopeptide
enrichment anddentification strategy, where SAX is used as the first &bephe pre
separationof peptides that are further subjectamTiO, chromatography and RPLC
MS/MS detectiorof the enriched phosphopeptidd94)

1.6.2.3. Hydrophilic Interaction Chromatography (HILIC)

HILIC has been more commonly ustedl small polar solutes (e.g. pharmaceuticals,
saponins, urea, aminoglycoside antibiotics, glucosinolates, sugars and glycans, folic acid
and its metabolites, nicotine and its metabolitas] glycoalkaloids) tharfor peptides
fractionation. The retentioaf an analyte is believe be basedn partitioning between a
water enriched layeof stagnant eluent which hydrates the polar stationary phase and a
relatively hydrophobic bulk eluentvith mobile phase usually being -B0% wder
in acetonitrile. In this settings, the retentiohan analyte increasesith the increasing
polarity of the peptide (Alpert, 1990), and thphosphorylated peptides are retaibgdhe

polar stationary phase usually more than unmodified pepid®s196) Additionally, it
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has been demonstrated that HILIC hashighest degreef orthogonalityto thereversed
phase liquid chromatographRIPLC) amongall commonly used peptides fractionation
techniqueg197)

McNulty and Annan (2008) used HILI@ 2D separation approachith IMAC
being the second dimension. Applying this appro#wody identified more than 700 novel
phosphorylation sitegn HeLa cells phosphoproteome. Additionally, they revealed that
HILIC performed priorto the IMAC enrichment (HILIGIMAC) improved dramatically
the selectivityof IMAC while HILIC performed after IMAC enrichment (IMAGHILIC)
was foundo be a less beneficial approa(@®8). Contraryto this finding, Albuquerque et
al. (2008) performed IMAC enrichment before HILIC fpaetionation followedy RPLC
MS/MS with acceptable results; thousandsf phosphopeptides (8764jrom yeast
phosphoproteome were itefied using this setting&99)

1.6.2.4. Electrostatic RepulsionHydrophilic Interaction ChromatographyERLIC)

The most novellromatographic approach that was developed specififcalthe
enrichment and fractionatiorof phosphopeptides is theslectrostatic repulsion
hydrophilic interaction chromatography. This approach combines the electrostatic
attractionwith hydrophilic ineractiongo selectively capture phosphopeptideslayw pH
(pH < 2) phosphate groups still retain their negative charge whereas carboxyl groups
of acidic amino acids become neutrally charged and basic amino groups are charged
positively. Phosphate groupse electrostatically bourtd the column; nevertheless, their
affinity would not be sufficiento overcome electrostatic repulsidrom the positively
charged amino grougsom the Nterminus and basic amino acids. Therefore, hydrophilic
interactionsof the phosphate group a®be enhancetly using high concentratiorsf an
organic solvent increasing the hydrophobiaitiymobile phase (e. g. 70% acetonitrile;
(200).

In a study performednHelLa cells, SCX, HILIC, and ERLIC based fractionation
methods were combineidr phosphopeptides separation prtorsequencingoy RPLG
MS/MS. A taal of 9069 unique phosphopeptides were identifiedh only 1697
phosphopeptides (189%) overlap between the phosphopeptides identiiigdach one
of the three fractionation methods, which indicated that these three techniques are
complementary toeach other and can be combinedor more comprehensive
phosphoproteome analys{201) Il n a phosphoproteomic stud

disease virusnfected chtken embryonic fibroblastsERLIC was used as a first
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fractionation step followedby IMAC enrichment of phosphopeptidesn the ERLIC
separged fractions and RPL®S/MS identificationof enriched peptide02).

1.6.3Immobilized Metal Affinity Chromatography

IMAC is the oldest affinity chromatography ethod for phosphopeptide
enrichment that was originally uséar affinity purification of His-tagged proteing203)
However, in 1986, the bindingof phosgoproteins and phosphtated amino acids
to ferric ions immobilizedon a iminodiacetat@garose gel was demonstratedthe first
time (204), and ce then, IMAC technique has been further optimized and widely used
for enrichmenbf phosphopeptides prido MS analysis.

IMAC takes advantagef a high affinityof positively charged metal cations fe
Al®*, G&*, Zzr**, or Cd") to negatively chargd phosphopeptides. Metal ions are typically
chelatedby nitriloacetic acid or imidoacetic acwbated matrixo form the IMAC material.
Several kindef matrices including polymer beaf05), the inner walbf capillaries(206),
and monolithg207) have been successfully ustm metal ion immobilization. Despite
being a relatively old method, IMAC is still widely used presumablytduis easeof use
and availabilityof well optimized and robust protocols. Nowadays, the most common
variant is F&-IMAC used for both single step purification dn combinationwith a
prefractionation method.

The most significant drawbaasf IMAC is a high levelof nonspecific binding
of nonphosphoryli@d proteins containing multiple acidic amino acid residues, whieh co
elute with phosphopeptides during the enrichmefhighly complex peptide samples.
However, this problem can be overcorbgextensive optimization as the phospho
selectivity seemso be dependenbnmultiple parameters includingnthe typeof metal
ions, pH value, ionic strength, and organic phase which can be adjud@malop a robust
protocol (reviewedn (208)). Another approacto increase the efficiencgf IMAC is the
prefractionationof the peptide sampldsy various chromatographic methods (described
therein beforg In additionto the low specifity, IMAC has some other disadvantages. It has
been reported that IMAC favours multiphosphorylated peptides over monophosphorylated
ones since multiply phosphorylated peptides are more strongly retaitieel IMAC resin
(209). However, this disadvantage can be also taken as an advantage when the enrichment
of multiply phosphorylated peptides is desi@d0) The technique can be also affected

by various buffers, detergents, and other reagents that are imdsochemical and
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molealar biology procedures. Therefore, fmerification steps are necessary prior
to IMAC enrichment, which might leaib an increased sample 1ag)8).

Sequential elution from IMAC (SIMAC) strategy was designetb separate
monophosphorylated and multiply phosphorylated peptilesr complex biological
samples. Monophosphorylated ddps were elutedromthe IMAC resn using acidic
solution (1% trifluoroacetic acjd20% acetonitrile) while multiphosphorylated peptides
were subsequently eluted under basic conditionss@Hsolution, pH 11.3). The first
acidic eluent was further enridgheusing TiQ chromatographyo sequester the pool
of monophosphorylated peptidEem acidic nonphosphorylated peptid@40).

A similar procedure including Ti©enrichmentof the flow-through fractions
from IMAC was usedor the characterizatioaf human T lymphocytes phosphoproteome
(211) Other study used a combinatiohIMAC and TiCG; enrichmento produce a large
data setwith only small degreef overlap between these two methods suggesting the
complementary naturefthese method$212) Someof the recent phosphoproteomic
studies employing IMAGor phosphopeptide enrichment were mentioaledve since they
applied two dimensional enrichment settings using prepostfractionationwith one
of the chromatographic metho@$77 181,198) Other studies used IMAC enrichment
without any prefractionation only followedby LC-MS/MS for identification of the
enriched peptides. Farstance, Chen L. et al. studied phosphtgmmeof human prostate
cancer specimens obtainedfromtissue depository toevaluate feasibility
of phosphoproteomid®r biomarker discoverfrom archived tumour specimei201)

Recent promising innovatiorio IMAC techniqgue has been the introduction
of immobilized titanium ion affinity chrom atography (Ti**-IMAC). A phosphate
polymer was appliedoimmobilize Tf* through the chelating interaction between
phosphate groupsnthe polymer and Tf. The resulting T"-IMAC resin was compared
to other enrichment methods including®F6MAC, Zr**-IMAC, TiO2, and ZrQ, and
demonstrated superior selectivity and efficienmyTi**-IMAC for the isolation and
enrichmenbf phosphopeptide@13,214) Matheroratal. recently comparegerformance
and biase®f TiO, enrichment and Tt IMAC using a very large synthetic library and a
tryptic digestof a cellular lysate (HeLa cells). Their data revealed that there are no clear
differences between the two enrichment methods considerinlgdsocal and biophysical
parameters such as peptide length, sequence surrounding the site, hydrophobicity, and

nature ofthe amino acid phosphorylated. Also the abundamé¢he enriched
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phosphopeptides was rather similar exciptthe preferential enrichent of multiply
phosphorylated peptiddsy Ti**-IMAC (215), which wasin concordancevith previously
reported tendenciex IMAC resinsto efficiently enrich multiply phosphorylated peptides.
Ti**-IMAC has been successfully appliedfor phosphopeptide enrichment
in phosphoproteomic studiefr instance,in a labelfree quantitative prgphoproteomic
study of Jurkat Fcells stimulatedby prostaglanah E> (216) or a targeted quantitative
proteomics studpf phosphorylation dynamiasf the PISkmTOR and MAPK signalling
pathwayq217)

1.6.4 Metal Oxide/hydroxide Affinity Chromatography

MOAC is oneof the most powerful and promising approacfeegphosphopeptide
enrichment. Metal oxides have been shosmave affinityfor phosphate ionat acidic pH;
the mechanisnof phosfhatemetal oxide interaction is described as-exthange, where
metal oxide acts as a Lewis acid, and the phosphate group behaves as a Lef@k3base
220)

The mechanismof this interaction implicates that phosphopeptides are most
effectively enriched under low pH conditions. It has been established that especially
nonphephorylated peptides containing greater proportimfsaspartic and glutamic acid
bind nonspecifically (221) Therefore, various additives have been testadcrease
binding specifityto selectively capture phosphdayed peptides. Namelyrifluoroacetic
acid (TFA) or formic acid(FA) have been usei establish lowpH (typically in a range
of 2-3); relatively high acetonitrile concentrations {B0%) have been useth the
Abuf fteprevent hydrophobic interactien withthe sorbent, and different
monocarboxylic or dicarboxylic accompste have Dbi
for binding siteswith nonphosphorylated peptides kotnot decrease the binding affinity
of phosphopeptides. The first one presentad 2,5dihydroxybenzoic acid (DHB222));
nevertheless, lactic acid (LA223)), glutamic acid (Glu(192)), or ammonium glutamate
(224) have also been reporte increase the selectivitpf MOAC. Naturally, the
concentration of these additives might have a strong influenoathe nature
of phosphopeptides that are enriched. Using high concentratiomgdiné binding step
may improve specifity, but more weakly bound mgimsphorylated phosphopeptides
could be lost. A varietpf pH conditions during the binding or the elution step have been

also employedo optimize the protocol225,226) An alternative approach described

40



to minimize the levebf nonspecifically bound peptides is chealiderivatization before
the enrichment, e. gnethyl esterificatiorof peptideg209,226)

Two different settings have been useénrich phosphopéiges using MOAC. The
most common experimental approach is theaf9dOAC beadsin an offline strategy.
Metal oxide particles can be embeddegipette tips or mixed and incubatedh peptides
in a microtube, and the enrichment protocol proceeds througitiple steps performed
manually. The second is an-bne strategy, which does not allow so much flexibiiityhe
protocolin comparisorwith the offline strategy, but it has other undeniable advantages
such as automation, higher sensitivity, anuesgability. Inthe online strategy, the metal
oxides are integrated into the HS/MS systemin the formof pre-columns priorto the
RPLCGMS/MS (e.g(227,228).

A variety of metal oxides have been usta phosphopeptide enrichment so far
comprisingaluminium hydroxide (229), gallium oxide(230) iron oxide(183), niobium
pentoxide (231) tin dioxide (232,233) hafnium oxide(234) tantalum oxide(235),
zirconium dioxide(236), and titanium dioxid€227) among them the last two have been
the most commonly used phosphoproteomic studies.

1.6.4.1. Titanium dioxide enrichment

Titanium dioxide enrichment (in text referred as F&hrichment) was the first
MOAC method discovere(227) and even though there were many other metalesxid
in different forms provemo have affinityfor phosphopeptides, it became the most popular
metal oxide resin usefbr phosphopeptide enrichment presumably thigs favourable
enrichment behaviour, chemical stability, and commercial availability, T8Chighly
selectiveto preferentially bind phosphopeptides undptimal conditions during sample
loading, washing, and peptide elution steps. Gfitbe advantagesf TiO2 enrichment is
that TiG: is more robust and tolerant towards many reagents norosatyn biochemistry
and cellular biology than conventional IMAC, which is sensitveommon buffers or
detergents various detergents have been actually demonsttatshance the efficiency
of TiO2 enrichmen{(237).

TiO2 enrichment was introduced already more than a decadm&fif)}4, as a novel
promising strategyor selective phosphopeptide enrichment ptwRPLCGESFMS/MS
(227) Inthis setup, TiQwas usedn a formof an online TiO, pre-column copledto a
reversed phase capillary column; loading solution contained 0.1 M acetic acid, and the

elution was performedavith ammonium bicarbonate (pH 9.0). Phosphorylated peptides
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were successfully enriched; nevertheless, the selectofithe enrichment as not
sufficient and needed further optimization.

Larsen et al. examined the effeofdi f f er ent |l oadi ng Abuf f e
on phospheselectivity of TiO2 packedin homemade microcolumns. Different aromatic
and aliphatic carboxylic acids were addedheloading buffer and the selectivitf the
enrichment was evaluated usingMALDI-TOF MS (matrix-assisted laser
desorption/ionizatiottime of flight mass spectrometfyy DHB and other substituted
aromatic carboxylic acids (salicylic acid, phthalic acidowbad the best efficacy
in inhibition of adsorptionof nonphosphorylated peptides followdxy monofunctional
carboxylic aromatic and aliphatic acids (benzoic acid, cyclohexanecarboxylic acid,
phosphoric acid, trifluoroacetiand acetic acid222) DHB was also fountb be the most
potent additive ina study performedbyYu et al. minimizing the inference
from nonphosphorylated peptide38) These results indicated the importarafea
hydroxyl groupin ortho- position of a benzene ring that is probably more relevant
for reducing he nonspecific peptide binding than a hydroxyl grawmpneta position;
presumably because the interactions between substituted aromatic carboxylic aciccand TiO
surface are basexh a coordination bond that forms a chelating biden({238).

On the other hand, DHB has been shdwpause problems when analysing the
samples using an RPEESFMS/MS system, reducing the numbesfidentified
phosphopeptides and affecting the performané¢he LGMS/MS system. When
comparing the effeaif hydraxy acids (DHB, glycolic acid, lactic acid, malic acid, tartaric
acid, and hydroxypropanoic acidh the phosphopeptide enrichmamith various MOAC
tips, lactic acid and hydroxypropanoic acid were the most effefcineth TiQ and ZrQ
enrichment. Furttrmore, aliphatic hydroxy acids are hydrophilic enotmhe removed
during the desalting step, and ththgy did not appeap affect the LEMS/MS system as
it was describeth the casef DHB (223).

Jensen and Larsealso compared the effeof hydroxy acids, namely phthalic,
glycolic, oxalic,lactic, gallic, and citric acidin their comparison, M glycolic acid was
shownto be the most beneficidbr the minimizationof nonspecific absorptionf acidic
nonphosphaoilated peptides without any effemt the bindingof phosphopeptide® TiO>
(237). Contraryto their report, Aryal and Ross revealed that the addaiaylycolic acid
to the loadingsolution reduced the specifity towards phosphopept(@48) A possilte

explanatiorof this discordancesivariabilityin propertieof TiO> usedin differentstudies.
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There are many commercial products available provimedifferent companies, which
might vary becausef different technology usefbr their production. Fomstance, it has
been shown that structure and retention propesfisania are strongly dependemm the
calcination temperaturef the bead$241).

The optimized protocdbr the TiG: enrichment presentdxy Wu et al. included the
additionof glutamic acidin the sample loading buffer as an effective nonphosphopeptide
excluding agen{186) Other investigations showedathloading buffer consistingf a
combination of high concentrationsof 1-octanesulfonic acid and low concentrations
of DHB also improved the selectivitypr phosphopeptides without affecting the -IMS
system as it was observed also when DHB was used rgghosphopeptide excluding
additive alonen a high concentratio(R42) This protocol was furthesptimizedwith the
additionof heptafluorobutyric acig243).

Peptideto-TiO> ratio has been also investigated as a substantial fémttine
selectivityof the phosphopeptide enrichment. The optimum rfatiddieLa cell lysate was
from 1:2 to 1:8 (mass/mass); less or more Ti@ads usedbr the enrichment decreased
the seletivity. Interestingly, multiple phosphorylated peptides were identifiedeficient
TiO2 beads whilewith the increasing beads dosage, the monophosphorylated peptides
became dominar{44) Similar findings were obtaingdr acute myeloideukaemiacell
line P31in a quantitative labdiree phosphoproteomic stu345)

The TiQ: enrichment method has been further improbgdieveloping various
nanoparticles, nanocomposites, and microspheresingtance, nantitanium dioxide
composites weresynthesizedfrom TiO> nanoparticles via photopolymerizatian the
presenceof a diacrylate crosbnker. The enrichment efficacyf these nanocomposites
was evaluatetb be upto five times larger compargd 5 O m spart©les. Moreover, the
crosslinking of the TiQ: nanoparticles helpso prevent lossof the particlesfrom the
packed cartridges during washing procedig26). Lin and ceworkers deposited a thin
TiO2 layer onto the inner surfacéd capillary colunm by liquid phase depositiorthnique.
This TiO; nanoparticledeposited capillary column was then usedin oftline setup
with MALDI -TOFMS or online with ESFQTOFMS and nand.C-ESFMS/MS, and a
good capabilityfor enrichingof phosphopeptides was demonstratesl phosphopeptides
from U-casein were detectéul a mixtureof tryptic peptidesrom U-casein and BSAtthe
femtomole level(247) Mesoporous nanostructured BiOlusters were also employed

for selective separatioaf phosphopeptides. TitOhanocrystals were first sedissembled
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and then further modifiedo form submicrometer clustersvith relatively uniform
mesoscale pores and hydrophilic and negatively charged surface that enhanced the water
dispersibility of the clusters. The incorporatioof various components thaturther
facilitated the separatioaf phosphopeptides, e. g. superparamagnetic nanocrystals, was
demonstratedo be feasible becausefthe selfassembly proces§48). The affinity
material particles can also be immobilized MALDI plates. The orplate enrichment

for subsequent MALDMS analysis has been showto have some advantages

in comparisonwith the conventional resibased techniques such as minimal sample

handling and thus lower sample loss (€249 251)).

1.6.4.2. Zirconium dioxide enrichment

The application of zirconium dioxide (Zr@) enrichmentfor phosphopeptide

isolation priorto MS analysis was first demonstratedK we on and i2006ans s on

Phosphoselectivitiesf ZrO. and TiQ were comparedyoth materialsvere highly specific
for phosphopeptides. Nonetheless, ZrQprovided more selective enrichment
for monophospbrylated peptides  whereas  BO was more  selective
for multiphosphorylated peptidg®236) The observed difference binding selectivity
betweerZrO; and TiQ was explainedby the factthat under acidic conditions, Zs@ a
stronger Lewis acid than TgDtogetherwith different coordination numbersf zirconia
andTiOz in crystalline forms (7 and 6, respective(236)).

As in the caseof TiO2, the ZrQ enrichment method has been further improved
by using various loading, washing, and elution conditiarthe enrichment protocols, and
by preparing different Zr@containing microspheres, nanoparticles, or nanocongsosi
For instance,in the study publishedby Sugiyama and his eworkers, previously
mentionedn contextwith TiO2e n r i ¢ h-my@roxypropamoic acid was showmbe the
most effective noiphosphopeptide excludtar zirconium dioxide chromatography among
all the hydroxyacids tested(223) Lo et al. presented iron oxide nanocomposites
of magnetic particles coatedth zirconiawith high sufaceto-volume ratio improving the
trapping capacity and reducing the time requicgagnrichment; phosphopeptides could be
enriched by pipetting the samplewith the particlesfor only 30 seconds. Moreover,
magnetic property enabled easy isolatlmnapgdication of an external magnetic field
(252) Li et al. prepared B®4/ ZrO> coreshell microspherewith well-defined coreshell
structure and higher selectivity than Zr€ated magnetic particles (with no caiteell

structure) described beforeuthermore, F€4/ZrO, coreshell microspheres were more
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selectivein comparisonwith commercially available IMAC material (PHOSseleitbn
affinity beads, Sigma(253)). In 2009, mesoporous Zeghanomaterialwith very large
surface areas and many surface sites that provide higher loading cdpabityding

of phosphate groups than mie@nd nane particles was first appliefbr phosphopeptide
enrichment(254) However, mesoporous Zs(had some disadvantages including its
thermalinstability and hence mesoporous silica microspheres ceoatbairconia layer
were synthesizedith improved thermal stability. Dut® the interaction®f metal oxide
and silica support, the physicochemical propertiesietal oxide differed greatlo the
bulk crystalline metal oxides and enabled high phosphopeptide recovery, especially
for multi-phosphorylated peptides, which was shawibe even higher than thaf the
widely used commercial Ti&microparticles (GL Sciences, Tokyo, Jap&§5).

1.7. Detectionof phosphorylation

Mass spectrometrysi a current methoaf choice to detect dynamic changes
in protein phosphorylation. However, a direct MS analysisphosphorylation
from unfractionated peptide samples is still not feasible becadselatively low
abundancef phosphorylated proteing eukaryotic cells. Also, the ionization efficiency
usedto be frequently reported as a reasondifficulties in phosphopeptide identification.
It was suggested that ionization efficiencies and thence, siginait®sphopeptides MS,
are lower compareaith their nonphosphorylated analogy@s6,257) Contraryto these
reportsjn a more recent study, Steerakttested the ionization/detection efficienaméshe
synthetic peptide/phosphopeptide pdiysusing online LEESFMS/MS. Inthis study, it
was shown that the statement albdouter ionization efficiency is not valith general, and
it is highly dependenonthe MS instrumentation used the particular study. Based
ontheir results, the authors concluded that phosphopeptides are dithddintify
in protein digests becauséthe substoichiometric natucé phosphorylation, not because
of their low ionization efficiencie$258). Nonetheless, it isf a great importanc® choose
an appropri-ateemgphpyd ph ab gapesetve ghosphorylatoet h o d
during peptide fragmentation. It has been shown that gluhat the most common
fragmentation method usea proteomics, collisionnduced dissociationQID) operated
in positiveion mode, the phospkamino acid containing peptides will typically undergo
b-eliminationof phosphoester bond resultimga lossof the phosphate group and limited

fragmentation across the peptide backbone. Applicaifan alternative fragmeation
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method such as higenergy CID HCD; (259)), electron capture dissociatioECD;
(260)), or electron transferigsociation ETD; (261)) leadsto more efficient fragmeation
without the cleavagef the phosphoester bond and thalws more confident peptide
identification and localizationof the modification. More detailoonthe appropriate
selection of fragmentation methodor a phosphoproteomic analysis are givierour
publication(262)

1.8. Quantification techniquesfor phosphoproteomics

Quantitationin proteomics has become very robustrecent years; there are
multiple well established quantitation techniques that provide very precise and accurate
guantification of proteins in samples and allow comparisonfsamples coming
from different origin. Quantificatiorof PTMs has also become relatively feasibleut it
is importantto consider that the quantificatiaf modifications is mordifficult than and
not as straightforward as quantificatioof whole proteins. The wpntification of PTMs
usually relyonone modified peptide, contraty proteinswith more peptides available
(and usually required). Additionally, a modified peptide can bear multiple modifications
with different degreef regulation further complicatinghe analysis. In this chapter, a brief

overviewof the most popular quantification technigéi@sphosphoproteomics is provided.

1.8.1Label-free quantification

As the namef the quantification approach implies, lalfiede quantification is the
Asi mpl ansficaion method that does not require any labelling sStethe
experimental workflow and onlyeties onspectral counting or MSintensity of the
guantified feature. The unnecesdibyuse any isotopic label provides this method several
attractive besfits: the implementation costs are low; there are no additional istéps
workflow that may introduce undesirable biases into the analysis, and the number
of treatment conditions and replicates is basically unrestrained allowing relative flexibility
in the experimental designs. On the other hand, the absénadtiplexing increases the
total numberof samplesto be measured, and thienger acquisition time costs must be
considered when choosing this strategy.

The mostof the challenges occur withirthe postacquisition analysisof the
recorded data. A common problamshotgun proteomics are missing values. The-data
dependent acquisition method, which is useshotgun proteomics, is basedscanning

46



peptide ions and choosing the most intense gepfor subsequent fragmentation. This
stochastic sampling approach then leiads high numbeof missing values, which might
hamper subsequent data analysis. In fact, missing values can be imputed using various
imputation methods (reviewed (263)). However, labelfree quantitation software has

been impoved in recent yearsfor instanceMaxQuant (MaxLFQalgorithm (264,265);

these developments increased the robustoéksbelfree quantitationworkflows and
provided toolsthat can salvage many quantitative valéresn the unidentified spectral
features, so the imputation is usually still used, but it is requiie@da lower number

of missing values.

Although labellingdependent quantitation approaches provide more confident
guantification and multiplexing, lab&lee approaches have become poptdamand have
been usedh severalphosphoproteomic studies. Especially, the largest phosphoproteomic
studies identifying upto 50,000 of phosphorylation sites were conducted using this
guantitation techniquélowever, it is importartb point out that quantifiationof label free
phosphoproteomics data is still challenging as the quantificafiarphosphorylation site
is usually dependerdnone peptide (common issue phosphoproteome quantification)
and the normalizatioof acquired data is naisstraightbrward asn the casef labetbased
proteomics. Furthermore to conduct a labelree phosphoproteomic experiment, it is
essentiato have a robust and reproducible phosphachment protocdb avoid possible
biases introducenh the sample preparatiotep.

In 2010, Huttlin et al. published a large phosphoproteomic stidyfference
between 9 mouse tissusidentify common and tissespecific phosphorylation. In this
study, 6296 phosphoproteins harbouring nearly 36,000 phosphorylation sites were
identified (266) In the largest phosphoproteomic study conducted so far, more than 50,000
distinct phosphorylation sites were deteciadHelLa cell line with more than 75 %
of cellular proteins revealetb be phosphorylated. Importawnt this study provided an
intriguing insight into differences between pS/pT and pY signalling, and presented-a large
scale quantificatiorof site occupancies using laHete datain MaxQuant(141) The
unnecessityof additional steps within the workflow makes lalrele quantitation very
attractiveto usein high-throughput automatesample preparation workflows. EasyPhos
was designedo allow rapid quantificatiorof phosphoproteomes cells and tissueata
depthof more than 10,000 phosphorylation sites per analysis without theohaag pre

fractionation priorto phospheenrichrent, analysing the samplesone LGMS/MS run
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(267) In a recent study, a mulproteasebased approach was presenfedprotein
digestion markedly increasing the coverafi¢the studied phosphoproteome. The authors
pointed out that there is a biasphosphopeptides detectedphosphoproteomic studies
causedy the fact that trypsin is usally usedfor sample digestion providing the same set
of tryptic peptideg268).

1.8.2 Metabolic labelling

In metabolic labelling, the labels are incorporated into every protein during cell
growth and divisionConsequentlythe isotopic label is introduceal the earliest possible
stepof the experiment, thereby eliminating systematic errors that couldfeomeample
handling. The most widely used metabolic labelling methodoth proteomics and
phosphoproteomicis stable isotope labellingvith amino acidsin cell culture (SILAC)
was intoducedn 2002(269).

In classical SILAC, isotopically labelled lysine and arginine (contaifi@gpr°N)
are typically used as a componeaficell culture mediain which the cell are cultivated
for atleast six cell doubling® ensure a complete incorporatioflabels intothe proteins
of growing cells(270). As the most common proteaseproteomics is trypsin alone or
in combination with Lys-C, the digestionof cellular proteinsin the ideal case leads
to generatiorof peptides that contaime lysine or arginine and thasntain one isotopi
label. Relative quantification is then achievauMS? level by comparing the intensities
of two co-eluting isotopic clusters.€. labelling pair) which are distinguishéy their m/z
value. The disadvantaged SILAC are limited multiplexing (only 2 oB samples are
maximally combinedin a typical SILAC experiment) and the increasiecomplexity
of MS! spectra, which caim turn limit sampling depth. Another problem might be caused
by metabolic turnoveof labelled amino acidstypically arginine, whib can be converted
to prolinei but this issue can be avoidedcareful optimizatiorof the arginine and lysine
concentrationin cell culture media, choosing an appropriate experimental design
arginine isotop€271), or adding high amounts prolineto limit the metabolic conversion
of arginineby a negatre feedback loog272)

The first phosphoproteomic studies that employed SILAC as a quantification
technique were conductetMa nnd6s | ab. Bl agoev emedatéd. st udi
signalling eventsn epidermal growth factorHGF stimulated cellausing an antibody

based approacto enrich for phosphotyrosine containing proteins. When combining two
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triple-labelling states experimentse( doubletriple SILAC), an activation profilef 81
signalling proteins early after EGEceptor (EGFR¥timulaton was obtaingdand thust
wasfor the first time demonstrated that SILAC can be empldégetudy cellular signalling

in a highthroughput phosphoproteomic stu@b1) In a complemetary study using the
same labelling approachg. doubletriple SILAC) to generate fivdime-points profiles

for the detected phosphorylation sites and the same stimulation using EGF, Olsen et al.
for the first time demonstrated that SILAC could be usestudy pS and pT mediated
signalling pathways. Using a two dimensional chromatographic approach including SCX
as a prefractionation technique prirTiO2 enrichment, 6,600 phosphorylation sites
on 2,244 proteins were detecté2i73) In these initial studies, stringency critefaa only
accepting 1.5 fold changed sites as regulated were(1dt) and classification

of phosphorylation sites baseuhtheir localization probability calculateloly MaxQuant

was developedvith only accepting class | sites (i.e. localization probability > 0.75)
for downstream bioirdrmatic analysig273), both of these criteria are still widely used

in current phosphoproteomic studies. Since then, clas§$¢bAC has been used

for quantificationin many phosphoproteomic studies mainly becaiglee high precision

and accuracyf quantification achievelly this technique as well as the early introduction

of the labelling into the experiment.

Furthermore, Mano6s | ab has devel opreclasgoal t ec h
SILAC labelling that further expanded experimental designs that are applicable
to quantitative proteomics and phosphoproteomics using SILAC. Incalkm pulsed
SILAC, all experimental groupseacultivatedna SI LAC Al i ght o6 cel |l cu
a medium that contains ndabelled versionsfa mi no aci ds) and the #fh
only addedor a certain periodf time to pulselabel the newly synthesized proteins. As a
conseqguence, ptein turnover can be estimatiedm the obtained SILAC ration@74) To
be ableto analyse primary tissues and compare a higher nuoflteamples thain the
classical SILAC approactspike-in SILAC (sometimes referred aiper-SILAC) was
developed. The ideaf spikein SILAC is toproduce a representative sSLAC
mixture of different SILAGlabelled cell linestodevelop an internal standarfor a
subsequent comparisaf multiple sample$275,276) Further development also enabled
the useof SILAC for the purposef in vivo studiesby introducing SILAC labelled maal
organisms such &ILAC mouse (277,278)
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These modificationsof the classical SILAC approach have been also used
in quantitative phosphoproteomics. Phosphoproteoaiéssulin treated and untreated
mice liver were compared using the spikemethod. In this study, the sup8iLAC mix
was composdof a mixtureof peptides prepardaly tryptic digestiorof six mouse liver cell
lines treated or untreatewth insulin. Using this mixture as an internal standard, 10,000
of phosphorylation sites were comparedesponséo insulin treatment, which puided a
considerable deep insight into cellular signallingan in vivo system(279). In additon
toin vivo phosphoproteomic studies, spike SILAC also enabled a quantitative
comparisorof tumour samples obtaindéem different donors. Schweppe et al. established
a supesSILAC internal standard derivddom NSCLC cell lines, which was further uke
to relatively quantify phosphopeptidéesm two tumourgo determine pathways that differ
between the two tumour80). The SILAC mouse technology was usednvestigate
cancer progression through distinct stagieskin cancer providing a detailed insight into

molecular pathways altered during skin carcinogenesis obtiaimedn vivo system(281).

1.8.3.Chemical labelling

In chemical labelling approach, the isotopic labels are incorporated into the proteins
laterin the experimental workflow eitheronthe potein level (possible, but not widely
used), or much more oftemthe peptide level. In principle, any reactive group within the
amino acid residues might be uged¢hemically attach a lab&b a peptide; however, most
of the current labelling techniquéske advantagef the reactivityof primary amines and
target either peptide e r mi nramsio groupf ysine. The later incorporatioof the
label might introduce a systemabi@s into the experimengnthe other hand, chemical
labelling is feasible alstn cases when the labellirap the growing culture level is not
possible (e.gn primary cells, human, animal, or plant tissues, and biological fluids) or not
applicableto a desired experimental design (e.g. when a higher t#vaultiplexing is
desired). The relative (or absolugantification using the chemical labelling approach
can be conducted eithenthe MS level by comparing intensitiesf the differentialy
labelled peptides anthe MS level via comparing differentially isotope encoded reporter

ionsin the peptide figmentation spectra.
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1.8.3.1. MS? quantitation

The MS quantitation methods are basmtichemical labelling using isobaric tags.
That means that peptides labelledh different labels havéhe samanass, and thuthey
co-elutefrom the LC system, cannot be digguished basedn their m/zonthe MS' level,
and cefragment during MS/MS. The quantificatiasf the peptidesn samples is then
achievedoy comparing the intensities reporter ions that are recordedthe lower mass
rangeof the MS/MS spectra. Thedathat including multiple labelling states does not
increase complexitgf the samples provides a considerable advargates approach it
enables parallel quantificatiai more than two or three samples that are usually combined
in MSt! labelling basd experiments (upp ten samples). Furthermore, the quantification
using chemical labelling and MS/MS detectiofthe tags is usually very precise;
nonetheless, there is a possible lrceccuracy that has be considered when using these
approaches the fold changes measuredchighly complex samples are often smaller than
the fAreal 6 f ol d c¢han g eratiocompresssoneffdctehappense n o n
dueto the coisolationof peptide ions during the M$recursor selection. As most the
proteome/phosphoproteome usually remains unpertunlyegpplied treatment, the ratios
of co-isolated reporter ions are mostdlyto be closdo 1, andthus hey mi ght #dAdi | |
real differences between the regulated peptides. However, there are alrdadgsme
available that have been designiedvercome this issue enabling more confident use
of these techniqudsr proteome quantificatio(282,283)

The most common isobaric labelling techniques usedantitatve proteomics and
phosphoproteomics atandem mass tags (TNIT284) andisobaric tagfor relative and
absolute quantitation (iTRAQ(285,286). In phosphoproteomics, prefractionation and
enrichment steps are typically included into the experimental design as additional steps that
might potentially introduce systematic errors into the analysis; trereincluding the
labellingin the earliest possible stepthe experiment is desired, ideally immediately after
the cells are harvested (or samples collecta@dcaseof samplesof different than cell
culture origin). On the other hand, the low abur#anfphosphorylated peptides
implicates the necessitgf higher amountof starting material rangingrom hundreds
of microgramsto several milligrams, which might be costly, especially when replicate
experiments are conducted. Therefore, labeltihigolated phosphopeptides might be an
alternative; however, the enrichment and fractionation steps must be highly efficient and

reproducible.
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Zhang et al. useg@re-enrichment iTRAQ labelling as a relative quantification
methodin a timecourse study using theGER model system. Tryptic peptidiEem four
different EGFR stimulation time points were labelledh four isoformsof the iTRAQ
reagent, and after mixingfthe samples, tyrosinghosphorylated peptides were
immunoprecipitateavith an antiphosphotyrosie antibody and further enrichegt IMAC
before LCMS/MS analysis. The analysis letbthe identification of 78 tyrosine
phosphorylation siteen 58 proteinsfrom a single analysi$287) Another instancef a
study that also used ITRAQ labellingf peptides priorto application of phosphe
enrichment (TiQ) was a phosphoproteomic analysi§porcine learth mitochondria
tostudy pyruvatdehydrogenase (PDH) phosphorylat{@88) In 2010, Wu et al.
denonstrated thapostenrichment iTRAQ labelling of phosphopeptides was possible
to achieve confident identification and quantificatmrphosphopeptides HeLaS3 cells
tryptic digest. In their workflow, phosphopeptides were reproducibly enriched using a
chromatographic column packedth TiO2 beadg289).

Another application of ITRAQ to phosphoproteome investigation developed
recently is the usef isobaric lalelling to study phosphorylation stoichiometry and absolute
guantificationof phosphopeptides. IRhospheiTRAQ, peptide samples are spilittwo
identical parts and differentially labelled prtorphosphatase treatmesftoneof the parts.
After dephosplorylation, the samples are pooled together and analyge@-MS/MS.
The reporter ions intensities are then usedalculate phosphorylation stoichiometries
of detected phosphopeptides, and due multiplexing, this method also allows multiple
samples compaon and relative quantificatioof unmodified peptidesn the same run.
However, additional confirmatioaf the identified phosphopeptidesth complementary
techniques remains necessary, since using this approach, it is not pussikdetly
localize he phosphorylation site when there are multiple Sihvespeptide available (in a
nonphospheenriched mixture, only the ngphosphorylated counterparts are usually
fragmented providing no information about the site localizat{@80,291). Multiplex
Absolute Regressed Quantificatiorwith Internal Standards (MARQUIS) is a different
method employing iTRAQor absolute quantificationf phosphorylated peptides. In this
approach, isobaric tags are combingith synthetic heawabelled standard peptides
to construct internal standard cunfes phosphepeptidesf interest. The standard labelled
heavy peptides are addexbiological sample$ cell lysated in a different concentration

per sample and after iTRAQ labelling, the samples are pooled togethanalgsed using
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MS/MS. The fragmentatiorof the heavylabelled peptides then provides an internal
standard curve, which serves as a referérdbe reporter ions producéy fragmentation

of the endogenous (ndabelled) counterparbfthe heavy peptideand thusenables
absolute quantificationf a particular phosphpeptide across different conditio(292)

TMT has been also usefdr both absolute quantificatiof phosphorylation
stoichiometrieg293) andin studies that required a higher lewéimultiplexing such as a
phosphoproteomic studyf genistein treated tripleegative breast cancer cell line MPA
MB-231(294) a study investigating changesrain-phosphoproteomef VX (neurotoxic
agent) treated rat®95), or a study that provided an insight into molecular pathways

triggeredby nicotinic acetylcbline recepdr ligandsin pancreatic cell§296).

1.8.3.2. MS! quantitation

MS! quantitation using chemical labelling is an alternatioSILAC labelling
in cases Wen SILAC is not applicablés listed above)pr it is too expensive. The most
widely used M$ chemical labelling quantitation methoihsproteomics are mTRAQ and
stableisotope dimethyl labelling.

MTRAQ is basically a noisobaric variantof iTRAQ. Thus, it uses the same
chemistry, but the differentially labelled peptides are already distinduésiaMS!
spectra asn the caseof SILAC labelling. Initially, mTRAQ was usetb label standard
peptidesfor multiple reaction monitoringo quantify potential markergor endometrial
cancern(297), however, studies applying mTRAIQ study phosphorylation dynamics also
emerged more recently. Mertins et al. compared iTR&@ mTRAQbased quantification
and revealed that iTRAQ quantifiamost threefold more phosphopeptides than mTRAQ
(12,129versus4,448, respectively). Furthermore, iTRAQ was shdwbe less variable
and had an additive effedn precursor intensities. The los$ accuracy causeldy co-
fragmentationof peptidesin the same isolation window and ratio compression was
observedn iTRAQ; however, the authors suggested that since logarithmic iTRAQ and
MTRAQ ratios were linearly correlated, the iTRAQ ratios could be corrégtad average
compression factdo achieve moreaurate result98). Oppermann et al. compared two
MS! quantification methods metabolic labellingby SILAC and chemical labelling
by mTRAQ. They reported that mTRAQ was a comparable altern&i®LAC that
enabled quantificatiof almost as many significant changegphosphorylation after a
kinase inhibitor treatment, although mTRAQ was shawhe slightly les precise than

SILAC (299).
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Stable isotope lablaig of primary aminegroups using deuterintabelled
formaldehyde in combination with reduction of the initially formed Schiff base
with deuteriumlabelledcyanoborohydridei stable-isotope dimethyl labelling - is
another labelling technique attractiveoaghto be widely usedh many studie$300' 302),
the method is relatively chegjast, and robust. The main limitatiohthis technique is the
useof deuterium as a heavy paitthe label, which can lead retention time shiftef the
heavy labelledpeptidesin LC-MS/MS, and thughe labelling pair might not eelute
precisely. Sice 2006, when it wafor the first time usedn combinationwith IMAC
to study uteriof pregnant rat$303), reductive dimethylation has been useid multiple
phosphoproteomic studies. Dimethyl labelling has been usedombination
with immunoaffinity purification of tyrosinephosphorylated peptide® study tyrosine
phosphorylationn EGF treated HelLa cells (304). In TiSH, three different phospho
fractionation methods were employ&mmaximally increase the coveragéa studied
phosphoproteome: T) SIMAC, and HILIC. In this three dimensional fractidioa,
dimethyl labelling was applied after the first Bi@nrichment ste305) Wilson-Grady
atal. presented a modifiddwer-pH dimethylation protocol as a quantification technique
that can be usetbr quantitative proteomics and phosphoproteoniicanimal tissues
(306). Dimethyl labelling has been also employed, as well as other approaches,
for calculation of phosphorylation stoichiome¢s. Combinedwith kinase reaction, the
published protocol has been also desigteenrich for specific substratesf particular
kinaseq307)
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2. Alms

2.1. Optimization of experimental workflow for the enrichment, detection, and

guantification of phosphorylated peptides using mass spectrometry

1 Selectionof MOAC resin and protocdior enrichmentof phosphorylated

peptides using standard peptide mixtures

1 Application ofthe best performing protocolstothe enrichment

of phosphorylated pepts$from a real complex sampbkndto the analysis
of the selected model system (irradiated Sll-ka6GelledMOLT-4 cells)

2.2. Characterization of cellular mechanisms underlying the VE821-mediated

radiosensitizationof MOLT -4 cellson three levels:

91 Characterizaon of the responseof MOLT-4 cells to VE-821 and its

combinationwith IR using cell biology methods

1 Application of the optimized phosphenrichment workflowto analyse

phosphorylation responss irradiated MOLTF4 cells and its modulation
by VE-821

Detedion of phosphorylation sites responsigeVE-821 treatment
Functional annotationof regulated phsgphorylation sites and
identification of potentially perturbed signalling pathways and
biological processes

Analysis  of phosphorylation  motifs  surrounding tdeted
phosphorylation sites and identificatiohactivated/inhibited protein

kinases

9 Description of VE-821-induced metabolome alterations irradiated

MOLT-4 cells using targeted metabolome analysis

Identification of metabolites with abundance changesnduced
by VE-821 treatmenin irradiatedVIOLT-4 cells
Functional characterizationof regulated metabolites, detection

of modulated metabolic pathways

1 Integrationof the acquiredlataand validation using database and literature

search
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3. Materials and Methods

3.1. Materials and Instrumentation

3.1.1Cell lines

HeLa (American Type Culture Collection (University Blvd., Manassas, USA))
MOLT -4 (European Collectionf Animal Cells Cultures (Porton Down, Salisbury, UK))

3.1.2Kinase inhibitors

VE-821 i ATR inhibitor, 3amino6-(4-(methylsulfonyl)phenybN-phenylpyrazine2-
carboxamide (APIs Chemical Catd., ShanghaiChing

KU55933 1 ATM inhibitor, 2morpholindyl6thianthrenelylpyrarghe (Merck KGaA,
Darmstadt, Germany)

3.1.3Cell culture media, chemicals and solvents

Acetic acid (no. 49199, SigmaAldrich, St. Louis, MQ USA)

Acetonefor HPLC (no. 270725SigmaAldrich, St. Louis, MQ USA)
Acetonitrile Li Chrfoo kNS fo. h0poR%E rMencka KGaA,
Darmstadt, Germany)

Acetonitril e CHR @bhAM.GLIYSE: Sighwldrish, St. Louis, MQ
USA)

Acetonitrile CHROMASOLVE g r ad i efortHPLE (na. 84851 SigmaAldrich,
St. Louis, MQ USA)

Acrylamide, minimum 99 % (no. A5667, SigmaAldrich, St. Louis, MQ USA)
Albumin, from bovine serum(BSA; no. A2153, Sigm&ldrich, St. Lauis, MO, USA)
Albumin, from bovine serum(BSA; no. A8022, Sigm&ldrich, St. Louis, MQ USA)
Ammonium bicarbonate (ABC; no.0983Q SigmaAldrich, St. Louis, MQ USA)
Ammonium hydroxide solution ©9 9 . 9n6.%38818 SigmaAldrich, St. Louis, MQ
USA)

L-Arginine (RO; no. A8094 SigmaAldrich, St. Louis, MQ USA)

L-3Ce-arginine (R6; no. 643440, Sigmaldrich, St. Louis, MQ USA)
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Asialofetuin, from foetal calf serum(no. A4781, SigmaAldrich, St. Lauis, MO, USA)

BensonasE N u c (ne. 810B4SigmaAldrich, St. Louis, MO USA)

Blotting-Grade Blocker (no. 1706404, BIORAD)

U-Casein from bovine milk (no. C6780, Sigmaldrich, St. Louis, MQ USA)

CHCA Matrix ( CH C Agyandd-hydroxycinnamic acid regstallized, no. M101,

Laserbio Labs)

Comp | et e [EDTMifreeiProtease inhibitor cocktail (no. 11836170001Roche,

Manheim, Germany)

DHB Matrix (2,5-dihydroxybenzoic acid recrystallized, no. M103, Laserbio Labs)
2,5-dihydroxybenzoic acid(DHB; no. 149357 SigmaAldrich, St. Louis, MQ USA)

Dimethyl sulfoxide 099.%% (DMSO; no.D5879 SigmaAldrich, St. Louis, MQ USA)

DL -Dithiothreitol Bi o Xt r a (I9;9n0.®345 SigmaAldrich, St. Louis, MQ

USA)

Dodecylsulfate. Nasalt (SDS; no. 20760, SERVA)

Dulbeccds modi fi ed eagl e ngutminef@MEM;ing h196§1 uc os e
092, ylbicfoeE technologiesE, Thermo Fisher Sc
Ethanol absolute p.a(no. 603002-00-5, PENTA s.r.0., Prague, Czech Republic)

Ethyl acetatefor HPLC (no.439169,SigmaAldrich, St. Louis, MQUSA)

Foetal bovine serum(FBS; no. 10270106 Gi bchyEi fe technol ogi esE
Fisher Scientific)

Foetal bovine serum dialyzedby ultrafiltration (no. F0392, Sigmaldrich, St. Louis,

MO, USA)

Formic acid, eluent additive for LC-MS (FA; no. 56302 FLUKA SigmaAldrich, St.

Louis, MO, USA)

L -Glutamic acid (Glu; no.49449 SigmaAldrich, St. Louis, MQ USA)

L -Glutamine solution, 200 mM(no. G7513, Sigmdldrich, St. Louis, MQ USA)

Glycerol Ultrapure, MB grade (n0.16374 USB CorporationCleveland, OH, USA
lodoacetamide(lAA; no.16125 SigmaAldrich, St. Louis, MQ USA)

| scoveods modi fied Du | bgkitencine 6(r0. EAEOIB] BAA wi t h ol
Laboratories GmbH, Pashing, Austria)

| scoveods modi f i ed (IMDM;| npe 12446053 G imeodbytife
technologiesE, Thermo Fisher Scientific)

| scoveds modi f i efat SIDACI|(no.888423F lersno Rishat Scentif)c
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Lactic acid solution (LA; no.L1875 SigmaAldrich, St. Louis, MQ USA)

L-Lysine (KO; no. L5501 SigmaAldrich, St. Louis, MQ USA)

L-13Ce-Lysine (K6; no. 608041SigmaAldrich, St. Louis, MQ USA)
Magnesium chl or i de(noaM8266&ignmaldrichn(OSt. Adiis, MQ
USA)

Methanol LC-MS CHR OMA S (hb.84966SigmaAldrich, St. Louis, MQ USA)
Met hanol Li Chr o sfor LOANES (foyi@6@e36, derek tk@aA, Darmstadt,
Germany)

N, N éMethylenebisacrylamide(no. 66667 SigmaAldrich, St. Louis, MQ USA)
Myoglobin from equine heart(no. M1882 SigmaAldrich, St. Louis, MQ USA)
N-Octyl-b-D-glucopyranoside Bi o Xt r(an. O9882,Sign#Aldrich, St. Louis,
MO, USA)

Orthophosphoric acid solution, 85 wt % in H20 (no. W290017, Sigmdaldrich, St.
Louis, MO, USA)

Penicillin-Streptomycin for cell culture (no. P0781, Sigmaldrich, St. Louis, MQ
USA)

Phosphatase inhibitor cocktail 2(no. P726 SigmaAldrich, St. Louis, MQ USA)
Phosphatase inhibitw cocktail 3 (no. P044 SigmaAldrich, St. Louis, MQ USA)
Phosphate buffer salinepH7.4(no. 1 0 0 1 0 O, Thermo Fisheb Scierfific)
Precision Plus Protei e 1&8033@mRARADS Kal ei dosco
L-proline (no. P5607, Sigmaldrich, St. Lous, MO, USA)

Propidium iodide (PI; no. 81845, Sigmaldrich, St. Louis, MQ USA)

Ribonuclease Afrom bovine pancreagno. R6513SigmaAldrich, St. Louis, MQ USA)
Sequencing grade modified trypsin, frozerfno.V5113,Promega Corporation, Madison,
WI, USA)

Sequencing grade modified trypsin lyophilized (no. V5111, Promega Corporation,
Madison, WI, USA)

Sodium chloride, for molecular biology (NaCl; no. S3014 SigmaAldrich, St. Louis,
MO, USA)

Sodium deoxycholatgno. 30970, Sigm&ldrich, St. Louis, MQ USA)

Sodium fl uor i déNaF;®iS892aSigmaAldridh, St9 ébis, MQ USA)
Sodium athovanadate, 99.98%, trace metal basis(NaVOs; no. 450243 Sigma
Aldrich, St. Louis, MQ USA)
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Trifluoroacetic acid LC -MS grade (TFA; no. 85183, Thermo Scienti

Trifl uor oac eTFAmo. 29953 7RigrasRdridh, St. Louis, MQ USA)

Tr i z tesdfno. T6066 SigmaAldrich, St. Louis, MQ USA)

Tr i z mmalBchloride (Tris-HCI; no. T5941, SigmaAldrich, St. Louis, MQ USA)

Tr i t o-1O&for ¥olecular biology (no. T8787 SigmaAldrich, St. Louis, MQ USA)
Trypan blue (no. T6146 SigmaAldrich, St. Louis, MQ USA)

Trypsin-EDTA 0.25% (no. 25200072,Gi b cbyglEi f e t echnol ogi es E)
T we e n Eo. PIB79SigmaAldrich, St. Louis, MQ USA)

Water LiChrosolvE LC-MS Grade(no. 115333Merck KGaA, Darmstadt, Germany

We s t r a(mEL0433096, GE Healthcare Life Sciendés at ma n E

3.1.4 Antibodies

3.1.4.1. Primary antibodies:

Monoclonal Mouse Antib-actin Antibody (no. A5316, Sigm&ldrich, St. Louis, MQ

USA)

Monoclonal Mouse AntrChkl Antibody ( no. 2360, Cel |l signallin
Monoclonal Rabbit Anti-PhospheChkl (Ser245)Antibody (no. 2348, Cell signalling
Technol ogyE)

Polyclonal Rabbit Anti-Chk2 Antibody ( no. 2662, Cel |l signall i ni
Monoclonal Rabbit Anti-PhosphaChk2 (Thr68) Antibody (no. 2197, Cell signalling
Technol ogyE)

Monoclonal Rabbit Anti-p70 S6 Kinase Antibody (no. 2708, Cell signalling
Technol ogyE)

Monoclonal Rabbit Anti-p70 S6 Kinase Antibody (no. 9234, Cell signalling
Technol ogyE)

3.1.4.2. Secondary antibodies:

Polyclonal Goat Anti-Mouse Immunoglobulins/HRP (no. P0447, Dako, Glostrup,
Denmark)
Polyclonal Swine AnttRabbit Immunoglobulins/HRP (no. P039901 Dako, Glostrup,
Denmark)
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3.1.5.Commercial kits and assays

ApoptestE -FITC kit (no. K2350,DakoCytomation, Copenhagen, Denmark)
QuantiProE BCA Assay Kit (no. QPBCA, SigmdAldrich, St. Louis, MQ USA)

BM Chemiluminescence Western Blotting Kit (no. 11500708001, BM
ChemiluminescenePOD, Roche)

Cell Proliferation Reagent WST-1 (no. 11644807001Roche Diagnostics, Mannheim,

Germany)

3.1.6. Chromatographic material

3M Empore™ C18 Extractiondisk( no. 66883, SupelcoE, Bell efc
3M Empore™ C18-SD 4mm/1 ml Extraction disk cartridge (no. 66871U,Supel c o E,
Bellefonte, PA, USA

3M Empore™ C18-SD 7 mm/3ml Extraction disk cartridge (no. 66872U,Supel co E,
Bellefonte, PA, USA)

Cl18 PepMapl1l08, @ Om I110D0 mm c(Rigméx| Theamoy tr ap
ScientificE , Bremen, Germany

Cl18 PepMap RSL®,0.02] 06t mm tapiltary separation column

(Dionex, Thermo Scientifie , Bremen, Germany

NuTipE (TiO2/ZrO2 1:1) (no. NT2TIZR,Glygen, Columbia, MD, USA)

Oasi sE HLB S P(WatarsiMarichrested, Y s

OligoE R3 reversedphase material(n o . 1133903, Ap,fpdstereCdy, Bi osyst
CA)

Supelco C18 SPE cartridges 500 m@upelco Analyticals, Bellefonte, PA, USA)

Ti t ans pbnmepartckes (fo. 502075000,GL Sciences)apai

TopTipE (TiO2, TiO2/ZrO2 1:1, al ZrQy) (Glygen, Columbia, MD, USA)

TSKgel E-8BRR Been 4. 6 | 25 c¢m s(&qgsanrBiadcienoes, c ol u mr
Stuttgart, Germany)

TSKgel E-80OmiHRe 5 em 4. 6 | (Tosok Biosaencas; Stuttgard, | u mn
Germany)

3.1.7.Instrumentation

60Co gammaray source( V F, HoearQzekh Republic)
ABI 4800 mass spectromete(Applied Biosystems, USA)
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FACS analyser CyAn DakoCytomation(Beckman Coulter, USA)

PARADI GME Det e c t(Beakman Bdultet, Breay OA, USA)

Q ExactiveE Hybrid Quadrupole-Or bi t r ap E pedtranseer (Thermo

ScientificE , Bremen, Germany)

Thermo ScientificE Di onex Ul ti mat eE 3 0(®hermikBien@fiEano sy s
Bremen, Germar)y

WaterskE Alliance Separations Modulee2695(Waters, Milford, MA, USA)

3.1.8. Commercial software

Summit v4.3 software(Beckman Coulter, Miami, FL, USA)
GPS Explorer TM Software visionv3.6(Applied Biosystems, USA)

3.2. Optimization of Metal Oxide Affinity Enrichment
of Phosphorylated Peptidedrom Standard Peptide

Mixtures

3.2.1Model proteins and peptide mixtures

Ucasein, asialofetuin, BSA, and myoglobin were dissolaesD mM ABC buffer
(pH 7.8), reduceavith 10 mM DTT, alkylatedvith 20 mM IAA, and subjectetb trypsin
digestionatan enzymeto protein ratio 1:50at37 A Qvernight. Digested samples were
desaled using Oasi sE HLB SPE cartridges.

Peptide mixture A contained tryptic peptides originatingrom U-casein,
asialofetuin, BSA, myoglobininamolar ratio of 1:1:5:5 {.e. 40 pmol of each
phosphorylated proteid-casein and asialofetuin and 200 pmiokad nonphosphorylated
protein BSA and myoglobin)

Peptide mixture B contained tryptic peptides originatingrom U-casein,
asialofetuin, BSA, myoglobinina molar ratio of 1:1:50:50 {e. 40 pmol of each
phosphorylated proteib-casein and asialofetuin anchénol of each norphosphorylated
protein BSA and myoglobin).
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3.2.2. Standard HelLa sample preparation

HelLa cells were cultureth DMEM supplementedvith 10% FCS, 100 Ul/ml
penicillin, and 0.1 mg/ml streptomycai37AC under ¢ o nandumitiiedd 5% CO
atmaphere. The cells were harvestgbout 80 % density. Whole cell extracts were
prepared using an igmld lysis buffer containing37 mM NaCl, 10% glycerol, 1%-n
octyl-b-glucopyranoside, 50 mM NaF, 20 mM THECI, (pH=8), and 1 mM Ng&/Oa,
followed by centrifugatiorat 14 000 gfor 30 minat4 A Q.5 mgof extracted proteins were
diluted with 50 mM NHHCG:s to a final concentratiof 2 mg/ml, reduceavith 10 mM
DTT, alkylated with20mM 1AA, and subjectedto trypsin digestionatan enzyme
to protein ratio 1:50at37 AC over ni ght . Peptides were desa
cartridges(30 mg sorbent per cartridgegnrichedphosphopeptieswere desalted using
3M EmporéM C18-SD 4 mm/1 ml Extraction disk cartridges.

3.2.3.MOLT -4 sample preparation

MOLT-4 cells well culturedn IMDM for SILAC containing 20% dialyzedoktal
bovineserum. Media were further supplemeniath either unlabelled iysine (100 mg/I,
KO0) and L-arginine(84 mg/L, RO) or equimolar amourdéL-13Cs-lysine (K6) and E*Ce-
arginine (R6). kproline (300 mg/L) was addew cell culture media avoid metabolic
conversionof arginine to proline (272) For complete incorporatioof labelled amino
acids, cells were culturddr atleastsix cell doublings(308) The HfAheavyo cell s
were irradiatedby a doseof 1.5 Gy using &#%Co gamma ay sour ce; the Al
(KO/RO) served as shairradiated controls. After irradiation, the flasks were placed int
an incubator and the cells were harvested one hour after irradiatiwie cell extracts
were prepared using an iceld lysis buffer containind37 mMNacCl, 10% glycerol, 1%
n-octyl-b-glucopyranoside, 50 mM NaF, 20 mM TFHECI, (pH=8), and 1 MM N&/Og,
followed by centrifugationat 14 000 gfor 30 minat4 A CL mgof extracted proteing0.5
mgofiil i ght 0 ofAihG.aS  yimg pool ed titatgdeusifgeacejonewer e p
precipitation O/N(100 % acetone preooledat-2 0 A C a modhe sachpleatd::1
acetone: sampleolume ratio) resolubilizedin8 M Urea/ 50 mM ABC reduced
with 10mM DTT, alkylated with 20mM IAA, and after dilution with 50 mM ABC
subjectedo trypsin digestioratan enzyméo protein ratio 1:5@&t3 7 A C o Urgticni gh't .
peptides were desalted using 3M Emp¥re18-SD 7 mm/3 ml Extraction disk cartridges.
For phosphopeptide enrichment, 1 ofghe desalted peptide sample wasdiEnriched
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phosphopeptides were desalted using 3M Emo@18-SD 4 mm/1 ml Extraction disk

cartridges.

3.2.4Phosphopeptide enrichment protocols

3241. NuTi pE enrichment

10- t0200e | JZIOONuTi pE ( Gl ygen, Col umbia, MD
with 100¢ of loading bdifer (LB). Phosphopeptides were enrichsgdrepetitive pipetting
(20x)of 10e |  a | of sgmple tissolvenh 1 0 0 of EBL The Tip was then washed twice
with 200¢ lof LB, three timeswith 200¢ lof washing buffed (WB 1) and three times
with 200¢ lof washing buffe2 (WB 2). Phosphopeptides were then eluted five times
with 10¢ | a | of gutiom tbdfer (EB)by repetitive pipetting (20x) and the eluted
fraction was then acidifiedith a mixtureof 100% FA and 10% TFA (to final pH < 2).

3242 TopTi pdameatnr i

10-t0200e |1 TopTi psE (Glygen, OwthTiOnEioa, MD,
or a mixtureof both TiG;: and ZrQ were testedfor their phosphopeptide enrichment
efficiency. The packed beads were wastvti 200¢ lof LB. The sample was dissolved
in 200 ¢ bf LB and loadednthe column two times. The washing procedure included two
consecutive washesgith 200¢ lof LB, two washesvith 200¢ lof WB 1, and two washes
with 200¢ lof WB 2. Phosphopeptides were eluteith 200¢ lof EB and the eluted
fraction was then acidifiedith a mixtureof 100% FA and 10% TFA (to final pH < 2).

3.2.4.3. Titanium dioxide enrichmenusi ng Ti t anpaideer eE Ti O

Titanspheartelés (8 mOdi amet er ; GL Sciences,
used for phosphopeptide enrichment usiag fimi cr ot ube approacho.
dissolvedin 200¢ lof LB and incubatedwvith TiO2 particles (peptid¢o-TiO> ratio 1:8;
mass/mass)n a shakerfor 20 minutes. TiQ@beads were then washedth 2 0 0 of EB,
200¢ lof WB 1, and twicewith 100¢ lof WB 2. Phosphopeptides were eluteih 50¢ |
of EB and the eluted fraction was acidifietth a mixtureof 100% FA and 10% TFA (to
final pH < 2).
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3.2.5 Buffer conditions

Each of the chromatographic resins mentioned above: commercial tips NuTip
packedwith TiO2/ZrO, (1:1), TopTips packedavith TiO2, TiO2/ZrO, (1:1) or ZrQ, and
TiO2particles (Titans p HoetheeenriBhmenofphospropepgtidee mpl oy e
under different buffer conditions following four published protooeith some minor
modifications. LA, IHB, and Glu were used as the buffer additteesnhance the specifity
of metal oxides towards phosphorylated peptides.

Every procedurdor each peptide mixture, buffer condition, and phosphopeptide

enrichment media was performed3 replicates.

3.2.5.1. Buffer conditions 1i 5% TFA

Peptides were loaded onto commercial columns/miigid TiO> particlesin 80%
acetonitrile and 5% TFA (LB). The columns/TiQarticles were then washedth 80%
acetonitrile/1% TFA (WB1) and themwith 20% acetonitrile and 0.5% TFReptides were
elutedwith NH4OH pH11 (EB).

3.2.5.2. Buffer conditions 2i 1M LA

Peptides were loaded onto commercial columns/mixigd TiO> particlesin 80%
Acn/5% TFA/1M LA (LB). The columns/TiQ particles were then washeuth 80%
Acn/ 1% TFA (WB1) and therwith 20% Acn/0.5% TFA (WB2). Peptides were eluted
with NH4OH pH11 (EB).

3.2.5.3. Buffer conditions 3i 350 mg/ml DHB

Peptides were loaded onto commercial columns/miigid TiO> particlesin 65%
Acn/2% TFAB50mg/ml DHB (LB) accordingoL a r s e (222) THe adtumns/TiQ@
particles were then washedgth 65% Acn/ 2% TFA (WB 1) andthenwith 20% Acn/0.5%
TFA (WB 2). Peptides were elutedth NHsOH pH11 (EB).

3.2.5.4. Buffer conditions 4i 100 mM Glu

Peptides were loaded onto commercial columns/mixigd TiO> particlesin 65%
Acn/2% TFAD.1M glutamic acid (LB) accordingo Wu et al. (309)The columns/Ti@
particles were ten washedwith 65% Acn/ 0.5% TFA (WB1) and thenwith 65%
Acn/0.1% TFA (WB2). Peptides were elutedth NH,OH pH11 (EB).
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3.2.6. Purification and concentration of eluted peptides

Eluted fractions were conotated and desalted pribtw MALDI analysis using
custom made microcolumns prepafemm Geloader tips packedith 3M EMPORE C18
disc and Poros Oligo R3 reversed phase material.

Acidified eluatesfromthe columns/TiQ particles were loaded onto desalting
columns. The columns were then washed twitth 50¢ lof 0.1% TFA. Peptides were
elutedwith 10¢ bf 60%Acn/ 0.1% TFA.

3.2.7.Chromatography and mass spectrometry

MALDI -TOF-MS/MS analysis was performed usingan ABI 4800 mass
spectrometer. (Bctra were recosdlin positive MS and MS/MS reflector mode. Acquired
raw datafiles were processed using GPS Explorer TM Software visih6 connected
to MASCOT server.2.1 CHCA matrix (5 mg/ml)in 60%Acn/0.1% TFA orDHB matrix
(5 mg/ml)in 30%Acn/0.1% TFA and 1%hasphoric acid were used as MALDI matrices
Phosphoric acid was usedamatrix additiveo improve phosphopeptides mass resolution
(310)

UV-VIS chromatography: Peptides were separatethyreversed phase
chromatography using DioneXtinate 3000 Peptides were load@d solvent A (2% Acn,
0.1% TFA)onto a capillarycolmn ( C18 Pep Map jRS8.078,1502nmPm, 10
followed by 115min multi-step gradiento 95% solvent B (80% Acn, 0.1% TFA) and
detected using Dionex Ultimate 3000 Variaavelengtidetector

RPLC-ESI-MS/MS analysisof the complex sampsg(HeLa cellslysate SILAC
labelled irradiated MOL# cell§ was performednT her mo Sci ent i fi ¢ Di ol
3000 RSLCnano system coupled through Nanospray Flex ion seitino® Exactive mass
spectrometefMiO2-enriched peptide sample was dissolired 0 0&2% Acn/0.05% TFA
and 38 ¢ | a dacestimated rpgptide sample concentration were injected into
RSLCnano system. Peptideswereloaged api | | ary trap column (Cl1
100ij, O . 07 5 by2%2Aen/0.06%)TFA mobile phasgf | ow r anmfr55 OL/ m
min and then eluted and separavet api | | ary col umn (C18, PepMa
0.0751 150 mm). Elution was carried ohy step linear gradierdf mobile phase B (80%
Acn/0.1% FA) over mobile phase A (0.1% FAypm 4% to36% B in 19 min and
from 36%to 55% Bin 6 min atflow rate 300nl/min. Temperaturef the column was 40
AC and el uen tt21% ans dunng the separatierd Spraying voltage was 1.7
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kV and heated capillary temperature was

in the positive ion mode performing survey MS (range 302800 m/z) and data
dependent MS/MS scans performedthe six most intense precursongth dynamic
exclusion windowof 40 s. MS scans were acquiredth 70,000 resolutionsit 200 m/z
from1 18adtubnulated charges (maximum fill time was 100 ms). The lock atas&
445.12003 ([(@HeSiO) + H]™) was usedor internal calibratiorof mass spectra. Intensity
thresholdfor triggering MS/MS was sett11 10° for ionswith zO wéth a 3 Da isolation
window. Precursor ions were accumulavgth AGC of 1 T ° (mMagimum fill time was
100 ms) and normalized collisional enefgy HCD fragmentation was 27 units. MS/MS
spectra were acquiredith 17,500 resolution (at 206vz). Raw files were processed

with MaxQuantv1.3.0.5using Andromeda as a search engine.

66

220



3.3. Radiosensitizationof MOLT -4 cells

3.3.1.Cell culture and cell culture conditions

MOLT-4 cells were cultureoh IMDM containing 20%foetal bovine serug2 mM
glutamine, 100 Ul/mlpenicillin, and 0.1 mg/mL streptomycat3 7 AC under
5% CQ and humidified atmgshere. The cultures were spéivery other dayy dilution
to a concentrationf 2x1@ cells/ml. Cell counts were assessgth haemocytometer, and
cell membranentegrity was assesség the Trypan Blue exclusion technique

For the quantitative proteomic and phosphoproteomic experimd@kT -4 cells
well culturedin IMDM for SILAC cortaining 20% dialyzed foetal bovireerum. Media
were further supplementeuth either unlabelled Hysine (100 mg/l KO) andL-arginine
(84 mglL, RO) or equimolar amountsf L-°Cs-lysine (K6) and E¥Cs-arginine (R6).
L-proline (300 mg/L) was addedo cell culture media avoid metabolic conversion
of arginineto proline(272). For comjete incorporatiorf labelled amino acidsells were

culturedfor more tharsix cell doublings usually 10(308).

3.3.2.Cell treatment (kinase inhibiton and gamma
irradiation )

A selective inhibitorof ATR kinase, 3amino6-(4-(methylsulfonyl)phenybN-
phenylpyrazine-carboxamide (VE821), and a selective inhibitoof ATM kinase,
2-morpholin4-yl-6-thianthrenel-yl-pyran-4-one (KU55933, were dissolvedh dimethyl
sulfoxide (DMSO)to a concentratiomf 10 mM, and the aliquots were storad 2 A C .
Additional dilutions (1 mM, 2 mM, 5 mM,ral inhibitor combinationas indicatefiwere
also preparedn DMSO to maintain the same concentratiohDMSO in all inhibitor-
treated samples. In all experiments presemi¢is study, the inhibitors were addictcell
culture 30 minutes priaio gammairradiation. The inhibitors were washed out after one
hour or 24 hourswhen indicated. Cells were irradiated usiné’@o gammaray source
with a dose ratef 0.5-0.45 Gy/min. Since MOL# cells are relatively sensitite gamma
irradiation, the dosesfirradiation were carefully chosen basednour previous

publicationg(311i 313)to only induce either cytostatic or sidthal damage.
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3.3.3Electrophoresis and western blotting

Cells were prareatedby different concentrationsf inhibitors or DMSO (control)
and irradiatedoy an indicated dosef IR. One or six hours after irradiation, cells were
washedwith cold phosphate buffer salin®BS, andwhole cell extracts were prepared
bylysisin5 0 0 ofQysis buffer per 1x10cells (137 mM NaCl; 10% glycerol; 50 mM
NaF; 20 mM TrisHCI, pH = 8; 1% roctyl-b-glucopyranoside; 1 tabletf protease
inhibitors Caomg 1:300 BhBsphdtase inhibitor cocktail 2 andT3)e
lysate was clarifiedby centrifugation, and protein concentration was measingd
bicinchoninic acid proteiassay.The lysates containing equal amoofip r ot ei n  ( 30
were loaded onto a 12% SOf®lyacrylamide gel. After electrophoresis, proteins were
transferredto a polyvinylidene difluoride membrane and hybridizeith an appropriate
antibody:anti-Chk1 (:500),antiphospheChkl1 (Ser345, 500), anttChk2 (1:250), anti
phospheChk2 (Thr68, 1:250), antip70s6k {:1000), antphosplo p70s6k (Thr389;
1:1000) and beta actinl{ 20,000). After washing, the membranes were incubated
with secondary peroxidasmnjugated antibody, andhé signal was developed usings

Chemiluminescence Western Blotting Kit.

3.3.4Cell proliferation/viability WST -1 assay

Proliferationof MOLT -4 cells was evaluatday WST-1 (4-[3-(4-iodophenyl)2-(4-
nitrophenyl}2H-5-tetrazolio}1,3-benzne disulphonate) colorimetric assay (Roche
Diagnostics, Mannheim, Germany). The assay is basedleavage of WST-1
by mitochondrial dehydrogenases, and the absorbafite cleavage product correlates
with the numbeof viable cells. Prioto treatmentMOLT-4 cells were placeth 96-well
microplates; the numbeof cells plated into each well were 3¥1ax1¢, and 2.5x1®
for 24, 72, and 144 hours long experiments, respectively. After the additiohibitors
and subsequent irradiation, the micropdatere placedh an incubator and cultivated 37
AC. Fi n allwasyaddedand the plates were incubfdethree hoursat37 A C .
Absorbanceof samples was then measu@d40n m usi ng a PARADI GME
Platform. Controls were normalizéal100% for each assay, and all values were expressed
as a percentag# the normalized controls.
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3.3.5Cell cycle analysis and apoptosis detectiorby flow
cytometry

For cell cycle analysis, cells were collected 24 hours after irradiagiardoseof 3
Gy ( fbitor pretréatment), washedith ice-cold PBS and fixedwith ice-cold 70%
ethanol. Priorto flow cytometry, cells were washadlith ice-cold PBS, and DNA was
stained using Vi ndedHOl pH=8.6, 8.6ngimt Na®©l,r0.01 nignl m M
Ribonucleasé, 0.05mg/mlP1I).

For apoptosis detectioan ApoptestFITC kit was used. The kit contains Annexin
V, which bindsto phosphatidylserinatthe surfacef apoptotic cells, anBlto detect cells
with increased cell membrane permeability. Cells weretygatedby the inhibitors and
irradiatedby a doseof 1 Gy. The proportiorof apoptotic cellsin each condition was
measured 24 hours and 72 hours after IR accotdihngh e manuf act ur er 0s

Flow cytometric analysis was performedna FACS analger CyAn
DakoCytomation. At least 20,000 cells were analysed per sample. Listmode data were

analysed using Summit v4.3 software.

3.3.6.Sample preparation for quantitative proteomic and
phosphoproteomic experiment

MOLT-4 cells well culturedin IMDM for stable SILAC containing 20 %
of dialyzed foetal calf serufior atleastsix cell doublingsas described aboy808). Thirty
minutes before irradiation, VB21 was addedot h e Aheavyo atael | s
concentratiorof L 0 € M; t he i |0)werhe hack treaddith ODMIOKWhbSB
final concentrationn culture was lower than 0.1 %Both groups were irradiated using a
60Co gammaray sourceby a doseof 1.5 Gy After irradiation, the flasks were placed into
an incubgor. Three biological replicates were analysed.

One hour after irradiation, the cells were waskhett ice-cold PBS and lysed as
was published(314) with minor modifications. Briefly, the cells were thoroughly
resuspendeih 2 ml icecold lysis buffer/1x10cells (50 mM ammonium bicarbonate, 1%
sodium deoxycholate, 1:100 Phosphatase inhibitor cocktail 2 and 3). The lysate was
immediately placed into boilmwater bath, and after 5 min incubation, the samples were
cooled dowrto room temperaturenice. To cleave nucleic acids and decrease the viscosity
of the lysate, bensonase aease (2.%J/ ¢ | ) a-n(d.5mM)vizie addedo the
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samples. The lysate was then clarifibgl centrifugationat14,000 rpm, and protein
concentration was measurky bicinchoninic acid assagpample volumes corresponding
to2mgofil i ght 0 @mgdffeh exasv yamdpr ot ei nstomakea pool e
1:1 protein sample.

The protein samptdor phosphoproteomic analyses wdiitedin lysis bufferand
reducedvith 10 mMDTT, alkylatedwith 20 mMMIAA , and digested O/Nith trypsinatan
enzymeto-substrate ratiof 1:60 (sequence grade modified trypsBodium deoxycholate
was then extractduly ethyl acetate as described ear85), tryptic peptides were desalted
via 500 mg Supelco C18 SPE cartridges accorttigh e manuf act ur er s i ns
dried using SpeedVac.

Sample preparatiofior the proteome analysis followed the protocol described
abovewith minor modificationgo adjust thevolume and concentratiasf chemicalsto a
smal |l er sampl eofameuinhegat9sodla@andgili ght o sampl

3.3.7Hydrophilic  interaction liquid chromatography
fractionation

Dried peptide samples were fractionabgtHILIC accordingto a protocol that has
been published previousil98)usigy t he 4.6 | 25 -&80n HEBKHekt B At
particle columnwitht he TSKged(E HRniddesm 4.6 I 1 cm guar d
with Waters Separations Module 26@50.5 mL/min. Briefly, 3.5 mgof evaporated
samples were reconstitutéd80% B and loaded ¢o the HILIC column. Peptides were
then separatetly a gradientof A over B from 80% to 60% B in 40 min andfrom 60%
to0% Bin5 min. Across the gradient, 22 fraction
from each replicate. Mobile phase B consistd®8% Acn/0.1% TFA; mobile phase A
consistedf 2% Acn/0.1% TFA.

3.3.8 Phosphopeptide enrichment

Each HILIC fraction wasenrichedfor phosphopeptides using titanium dioxide
chromatography222) using a protocol optimizenh previous experimentgt first, each
fraction was supplemente&dth TFA and glutamic acitb reach final concentratioros 2%
TFAand 10nM gl ut ami ¢ aci d. Titanium dioxide parl
were suspendenh loading solution (65%Acn, 2% TFA, 100nM glutamic acid),and a

volume of titanium dioxide suspension dependimigan expectegbroportionof peptides
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and phosphopeptides a particular fraction (baseah previous experiments) was added

to each sample. Microparticlesith bound phosphopeptides were waslhveth 200 ¢ |

ofl oadi ng s odfwashing solutio21qeB%a/I 0 . 5% T F Afjwashiriy0 0 ¢ |
solution 2 (65%Acn/ 0. 1 % T F A df wasmng solutib® 2. Bhbsphopetides were
eluted byl 5 0 ofelution solution (20%Acn/NH40H, pH 11.5)intwo sequentia
elutions. Late fractions were subjectedhe second enrichment. Eluafesm the first and

second enrichment were pooled together, acidiigd 100% formic acid, and placea a

SpeedVac until all crystatsf ammonium formate were evaporete

3.3.9Mass pectromeric analysis

LC-MS/MS analyses were performeeshTher mo Sci enti fic Dior
3000 RSLCnano system (Thermo ScientifiBremen, Germar)y coupled through
Nanospray Flex ion sourceith Q Exactive mass spectrometer (Thermo Scientific,
Bremen, @rmany). TiQ-enriched HILIC fractions were dissolveid 1 8 of 2%
Acn/0.05% TFA and 8 ¢ | a toesiimated pegtide sample concentration were
injected into RSLCnhano system. Peptides were loawechpillary trap column (C18
PepMap100,,8. Om5 1 IyA%WAcmOmN3% TFA mobile phasat flow
rat e 5for® mihand then eluted and separatecapillary column (C18 PepMap
RSLC, 2 jOmQ75111600mm). Elution was performealy step linear gradient
of mobile phase B (80%cn/0.1%FA) over mobile phase A (0.1% FApm 4% to 34%
B in 48 min andfrom 34%to 55% Bin 15 minata flow rate 300 nl/min. Temperature
ofthe column was 46 C and el uen tat2ibans dummg rthe tsaparatiah.
Spraying voltage was 1.7 kV and heategiltary temperature was 258 C . The mass
spectrometer was operatedthe positive ion mode performing survey MS (range 300
to 1800 n/z) and datadependent MS/MS scans performedthe six most intense
precursoravith dynamic exclusion windowf 40 s. MS sans were acquiredith 70,000
resolutionsat 200 m/zfrom1 1% actunulated charges (maximum fill time was 100 ms).
Intensity thresholdor triggering MS/MS was seit51 104for ionswithz ~ @vith2a 1.6
Da isolation window. Precursor ions were accumulatgd AGCof1 T 105 ( maxi m
fill time was 100 ms) and normalized collisional enefgyHCD fragmentation was 27

units. MS/MS spectra were acquineih 17,500 resolution (at 200 m/z).
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3.3.10. Mass spectrometry data processingnd bioinformatic
analysis

3.3.10.1. Raw data processing

Raw data files acquiredly LC-MS/MS were processewith MaxQuantv1.5.2.8
(316). Peak lists were searched against the human SwissProt database (November 2015)
using Andromeda seeh enging(317) Minimum peptide length was skt seven amino
acids, and two missed cleavages were allowed. Carbamidomethylbtgsteine was set
as a fixed modification while oxidatiarf methionine, protein Nerminal acetylation, and
phosphoriation of serine, threonine, and tyrosine residues were used as variable
modifications. Additionally, appropriat8ILAC labels were selected (R66K and the
labelled amino acid filtering was disabled. Mass toleranot&® and 20 ppm were allowed
for MS and MS peaks, respectively. Only proteins, peptidasg phosphorylation sites
with false discovery ratéFDR) lower than 0.01 were accepted. For modified peptides, a
minimal score (40) and minimal delta score (6) were set as additioraffEuEor progin
guantification, only unmodified peptides, peptides oxidizaéthethionine residues, or
acetylatedatN-terminus were accepted; both razor and unique peptides were used
for calculationof proteinH/L ratios. The Reuantify function was disabled whereédatch

between runs was enabled during the search.

3.3.10.2. MaxQuant output data filtering and identificatiorof significantly changed
phosphorylation sites

Potential contaminants and hitem the reversed database were removed before
further data processing, amthta were further manually inspectexmiook for possible
misquantifications causelyt he | abel |l ing status IKeke@/ R6)
ami no a c iindviaxduantpstolbabrank test (GRT) was ustmlfind differentially
regulated phosphoryian sites. Only phosphorylation sites quantifigdall three
replicates were subjectédlGRT, and FDR was estimated rparametrically as described
by Zhou et al.(318) The significance cubff for differentially regulated sites was set
to FDR < 0.005.

3.3.10.3. Gene ontology and signalling pathways owepresentation analyses

Gene ontology (GO) and signalling pathways enegre€ntation analyses were

performed using ConsensusPathDEr-representation analysvgeb tool(319,320) For
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the GO terms overepresentation, proteins containing differentially regged
phosphorylation sites (both uand downr) were tested against a custom background
reference set comprising all phosphoprotewuts atleast one quantified phosphorylation
site that was subjected GRT (.e. all phosphoproteing/ith atleast one phephorylation
site quantifiedin all three biological replicates). Statistical significanaithe over
representation analysis was estimated using hypergeometric tegtim@enjamint
Hochberg FDR correctioof calculated pralues and the cubff was setto FDR < 0.05.
For the signalling pathways ovegpresentation analysis, phosphoproteiitk atleast one
regulated phosphorylation site were mappedignalling pathwaygrom three different
databases: KEG@321,322) REACTOME (323), and PID(324) Pathwaycoverage was
calculatedor overrepresented pathways (FBR.05, tested against a default background
reference set comprisirgl Uniprot proteins includeth atleast one signalling pathway

from a corresponding database).

3.3.10.4. Network analysis

Logo transformed SILAC H/L ratiosf phosphorylation sites quantifiéa all three
biological replicates were normalizedgeore calculation) and subjectedSubExtractor
algorithm(325). Human proteirprotein interactionsvith STRING score above 900 were
used as the second inpfatr the algorithm, and regulated subnetworks were extracted
(FDR=0 . 0 0=5,. 2%)4). Extracted networks were visualized using Cytose&p2 1
(326)

3.3.10.5. Sequence motif analyses

To analyse and visualize sequence motifs surrounding phosphorylation sites
identified and quantifiedn our study, we employed iceLogo to(827) and motifx
algorithm(328) Inbot h mot i f anal ys e s7residued) sugouralingr d s e
either significantly up or dovn-regulated phosphorylation sites were tested against a
background reference set composeaf sequences surrounding nroegulated
phosphorylation sites detectadl our study (as evaluated using GRT) that reached a
minimal localization probabilitpf0.75 {.e,fic | as s | 2 3).Mptii-owas t € s 0
employedto extract significantly enriched linear motifs. Search parameters aetre
to atleast 10 occurrencesf a motif, and the significance leveb p <0.00003 (which
approximately corresponds a g-value of 0.01 after Bonferroni correctiofor multiple

hypothesis testing).
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3.3.10.6. Identification of protein kinases responsiblefor the observed protein
phosphorylations and evaluatioaf global changesn their activities

Class | phosphorylation sites quantifigdall three biological replicates were
annotatedwith previously known kinassubstrate relationships downloadé@m the
PhosmoSitePlus databa¢g8). To increase the numbef annotated phosphorylation sites,
two kinase predictors were employed: NetworKIN329) and iGPSv1.0(330) Both
predictors combine motif scoringvith contextual information if. proteinprotein
interaction scoring downloadédm the STRING databag831)). The kinase predictions
were further filteredo reach NetworKIN score3 or fimedi umo signi fi ca
in IGPS (.e.FDRof 6 %for S/T kinases and FDBf 9 %for Y kinases). The significance
of global changesnk i nase activities were evalwuated us
tool availablein Perseus softwanel.5.2.6(332).

To further facilitate the interpretatioof the results we also downloaded the
ARegul at o rasetframithe @kospho8i@RIus databaseéhich summarizes the
current upto-date knowledge about the kmo functionsof specific phosphorylation sites.

I n text, these sites are referred as fAregul a

3.3.11. Targeted metabolomic analysis

3.3.11.1. Sample preparation

For the quantitative targeted metabolomic analysis, M@ICElls were préreated
eitherby VE-821 (e M) or DMSO (contr ol tolR(1HGY.Six 30 min
and twelve hours after irradiation, the cells were counted using a haemocytometer, and a
cell suspension volume containing 281 cells was pipetted into five sample volumes
of a precoded (40 A C) guenching solutiABC pdB4d &8 met han
described previousl{833). The samples were gently mixed, and the cells were pelleted
by centrifugation (1,00 g, 3 minutes). After the centrifugation, supernatant was removed,
and the cells were resuspended 5 0 of précooled 0AC) met hanotda tr ansf
lyophilisation vial, and lyophilised. Three replicates were preplareshch condition. The
lyophilisates were dissolved 1 0 0 of 80P methanol and centrifuged (080 gfor 10
min); a small volmeof the sample (101 ) wa s focoodlity mtrol €QLC) sample

and the rest was transferriedvial and analysed.
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QC sample was preparbg pooling equal volumesf cell extract sample. QC was
analysedandomly throughout the ruo provide a measement not onlyft he syst emo

stability and performance but alebthe reproducibilityof the sample preparation.

3.3.11.2. Instrumentation

The metabolite profilingf cell extracts andhe QC sampleperformedby high-
performance liquid chromatography tandem sregsectrometrgnabledhe analysief 354
intermediary metabolites (acylcarnitines, amino acids, organic acids, saccharides, etc.).

For separation, an LC systdditiMate 3000 RS (Dionex, Sunnyvale, CA, USA)
was used. The separation was performgda LUNA NH2 column 3.0 Om,
protectedoy a guard column, 4 x 2 mm IDf the same material (Phenomenex, Torrance,
USA) in normal aqueous phase mode. Mobile phase A consi$t2Zd mM ammonium
acetateatpH 9.75, and mobile phase B consistédcn. The gradient program was set as
follows: 0-7 min: 95%Y 10% B; 713 min: 10% B; 13l4 min: 10%Y 95% B; 1417
min: 95% B. The column was maintainati35A C , and the fml/mmw rate
Detection was performed usiagTriple Quad 6500 tandem mass spmueter (AB Sciex,

Foster City, CA, USA) fittedwith electrospray ionisatiom both positive and negative
mode.To enhance sensitivityhe targeted metabolites were scanimestheduled multiple
reaction monitoring modwith prolonged dwell timesBoth quadrupoles were satunit
resolution. The parameteo§the lonDriveTM Turbo V source and gasesre as follows:
curtaingas, 40 psi¢ollision gas, 8 psipn spray voltages, 5500 \500 V;both ion source
gases, 40 psi and source temperature, AOD Compound parameters such as the
declustering potential, entrance potential, collision energy, and collision cell exit potential
were previously optimizetb standards. The instrument was controlled using the Analyst

v1.6.2 software.

3.3.11.3. Data processing

The aalytes were detected and identified accordioghe multiple reaction
monitoring transitions and retention timesthe MultiQuantv3.0 software (AB Sciex,
Foster City, CA, USA). The peak areas were extracted, and the corresponding peak areas

were takeno create the final dataset.
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3.3.11.4. Data treatment and statistical analysis

The data were treated and statistically processéte R program languages.1.2
using basic statistical packagesg. Biobase, stats, graphi€334)), the special packages
XCMS (335 337) and robComposition$338). The quality contrebased robust local
regression signal correction method was appliethe data(339) The coefficients
of variation (CV)of the quality control samples were evaluated and featwithsa CV
higher than 30% werexcludedrom the analysis. Zero values were impubgdwo-thirds
of the minimum metabolite valutor the appropriate groupfsamples. The data were
analysedas compositional usingentredogratio transformatioi340) and mearcentring
The pvalue for each metabolite was calcugdt by meansof a ttest, andBonferroni
correction was applied. Finally, the data were evaludigdheans of unsupervised
(principal component analysis PCA) and supervised (orthogonal partial least squares
discriminant analysi§ OPLSDA) multivariate analysisFor clusteing analysis, only
ANOVA significant (permutatiorbased FDR < 0.05jnetaboliteswere selected and

subjectedo hierarchical clustering using Euclidean distances.
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4.Results

4.1. Optimization of metal oxide affinity enrichment
of phosphopeptidedrom a standardtryptic peptide

mixture

4.1.1.Summary of phosphopeptides detected in the
optimization experiments

Commercially a v a i | -aasdinethatUwe used as the main phosphorylated
componentof our standard peptide mixtures is a mixtuwktwo naturally occurring
variants, the S1 variant (major component) and the S2 variant (minor component), and the
preparations are usuakpntaminatedvith small amount®f b-casein. The S1 variant has
nine known phosphorylation sites; the S2 variant has twelve known phosphorylation sites,
a n dcaskin has five known phosphorylation sites. Asialofetuin, which we used as the
second phosphorgled componenof our mixture, has six known phosphorylation sites
previously identified. Phosphopeptides originatiingm these proteins detectad our
work are summarizeah table 1 In summary, we detected 18 phosphopeptides originating

from these phgshoproteins; eighdf them were detected algotheir oxidized form.

Table 1: Overviewof detected phosphopeptidesmUc a s e-¢asein, ahd asialofetuin

Protein No. of [M+H]+
Peptide sequence (Swiss-Prot) P-ar. (m/z)
TVDMESTEVFTK? CAS2 BOVIN | 153-164 1 1466.61
TVDMESTEVFTKK! CAS2 BOVIN |153-165 1 1594.71
WPQLEIVPNSAEER CAS1 BOVIN |121-134 1 1660.79
WLGEYLIVPNSAEER? CAS1 BOVIN 1 1832.85
DIGSESTEDQAMEDIK! CAS1 BOVIN | 58-73 1 1847.73
DIGSESTEDQAMEDIK! CAS1 _BOVIN | 58-T3 2 1927.69
Y KVPQLEIVPNSAEER CAS1 _BOVIN |119-134 1 1951.95
FQSEEQQQTEDELQDK CASB BOVIM | 48-83 1 2061.83
FQSEEQQQTEDELQDKIHPF CASB BOVIN | 48-67 1 2556.09
NTMEHVSSSEESIISQETYK! CAS2 BOVIN | 17-36 4 2618.9
WMNELSKDIGSESTEDQAMEDIK! CAS1 BOVIN | 52-73 3 2678.02
QMEAESISSSEEIVPNSVEQK! CAS1 BOVIMN | 74-94 5 2720.91
NTMEHYSSSEESIISQETYKQ CAS2 BOVIN | 17-37 4 2746.96
EKVNELSKDIGSESTEDQAMEDIK? CAS1_BOVIN 50-73 3 2935.16
NANEEEYSIGSSSEESAEVATEEVK CAS2 BOVIN | 61-85 4 3008.03
MAMNEEEYSIGSSSEESAEVATEEVK CAS2 BOVIN 61-85 5 3088
RELEELMVPGEIVESLSSSEESITR CASB BOVIN | 16-40 4 3122.27
HTFSGVASVESSSGEAFHVGK FETUA BOVIN]|313-333 1 2199.97
- Peptides also detected in their oxidized forms
E- Alternative splicing
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4.1.2 Comparison of enrichment efficiency of different metal
oxide chromatographic resins

The evaluatiorof enrichment efficiencyfor phosphorylated peptides different
chromatographic resins under different buffer caodg was performeldy comparing the
maximal number®f detected phosphopeptides and repeataliliéy repeated detection
of the same phosphopeptidaghree independent experiments

Summarized resulisf the comparison are depictedfigure 4 showingthe results
from the phosphenrichmenbf mixture A and B. As showmt he f i gures, Titan
particles and NuTipsE clearly odTepeTifpmpsied t
tested in our experiments provided lower numbef detected phosphopegés than
TitansphereE particles and NuTipsE col umns.

The additionof three different displacexs nonphosphorylated peptides improved
the enrichment efficiencpf Top Ti ps E, but the obtained res
comparablewitht h e NuTi paks mmar eTlEi tenri chment . Wher €
numbers of phosphopeptides detected after the phosphoenrichiinemt mixture A
byNuTi psE and TitansphereE particles ranged
phosphee f f i ci ent Dbuffer c on dedtothedetectiorofoalpdri ps E en
phosphopeptides under the best buffer/resin conditions. The same trend was abseeved
enrichment of phosphopeptidesfromt h e mi xXtur e B. From the t
microcolumns tested, mixed@¥/ZrO; To p Ti ps E p rest errichmeht rasuite b
The most phosphopeptides (17) were detected
4 (figure 6A).

Figure 5 shows the enrichment efficiencgnd repeatability for singly- and
multiply- phosphorylated peptides. While the maximal bensof moncphosphorylated
peptides did not differ substantially when comparing different resins, the only multiply
phosphoryl ated peptide det ect e-ghospsoiylategd Top Ti p
peptide 1927.6&om U-casein. Other multiply phosphyated peptides were not detected.
On the other hand, using NuTi psed seserad Ti t an
multiphosphorylated peptides (with tp5 modifications; se&ble 1). Interestingly, 350
mg/ml DHB had a negative impaonthe enrichmenof monophosphorylated peptides
iNNuTi psE and Ti t an Additiorallye i&theecaseof N uhThi eptise E
additionof DHB causedh high levebf noisein the low m/z regiomf MALDI -TOF spectra
(figure 6C).
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A Comparison of enrichment efficiency and reproducibility, peptide mixture A
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phosphopeptides in 3
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Figure 4. Comparison oenrichmengfficiency (average number of detected phosphope
with standard deviation and total sum of phosphopeptides obtam&denrichments) ar
repeatability (number of phosphopeptides repeatedly detécteach of 3 enrichments)
phosphopeptide enrichmefmbom peptide mixture AA) and B(B) using different media ai
protocols.NT, NuTip; TT, TopTip; Ti, TiO2; Zr, ZrO2.
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Comparison of enrichmnet efficiency and reproducibility for monophosphorylated peptides, peptide mixture A
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Figure 6: Representative MALBTOF MS spectraf peptides obtainety the enrichment

of phosphopptidesirom the peptide mixture fA)andB(B)usi ng NuTi psE unde
conditions 4 (using 65% Acn, 2% TFA and 0.1 M glutamic acid as loading biEgr).
Representative MALBTOF MS spectraof peptides obtainedbythe enrichment

of phosphopeptideBomt he pepti de mi xture B using NuTI
(using 65% Acn, 2% TFA and 350 mg/ml DHB as loading buffer). Phosphopeptides are
markedwith arrows
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4.1.3Evaluation of binding selectivity for phosphorylated
peptides under different buffer condtions

The binding selectivityfor phosphorylated peptides was evaluabtgdomparing
relative intensitief phosphorylated peptidesith thoseof nonphosphorylated peptides
in spectra recordedby MALDI-TOF mass spectrometry. The two most intensive
nonphephorylated peptides the representative spectra shawtrigure 7 were1749.66
(ECCHGDLLECADDR) and 2458.18 (DAIPENLPPLTADFAEDKDVCK) from BSA.
These two peptides were the most intensive signals origineiangnonphosphorylated
peptidesin mostof the experiments; therefore, their presemeé¢he spectra served an
indicatorof enrichmentselectivityof a particular resin under particular buffer conditions.
As shownin the spectra, the intensitf these two unmodified peptides decreasethe
following order:5% TFA <1 M LA < 0.1 M Glu < 350 mg/ml DHB, and thusthe
phosphoenrichment was the most selective when DHB was added into the loading buffer.

The spectra presentadfigure 7 were obtainetby analysing the enriched fractitnom the

Titansphee E enr i chment ; howev er  forall bheomatographic t r e n d

materials tested. The binding selectiviNu Ti ps E wa s tothe selpctivitya b | e

\

ofTitansphereE beads. On t lr@anTootphld rp shEa nedn,r itchheme

of mixture B usually contained high levefl nonspecifically bound peptides even under the

most efficient buffer conditions testefig(re 8).
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Figure 9: Comparison of UV-VIS chromatograms obtained after application
ofTi t ans panele Eand Npadel B aldag with glutamic acidprotocol
ont h e e & tomjlex sample®r enrichmenbf phosphopeptidesom wholecell lysate
of HeLa cells. Peptides were separatagreversed phase chromatography using Dionex
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4.1.4 Application of the two best performing protocolsto a real
sample analyss

The two best performing protocols were tedted real complex sample analysis.
The samples were preparég digesting 1 mgof HeLa cells lysate using trypsin and
enrichedforphosphopeptides using either NifleTi psE or
conditions 4

The amountof material in the enriched fractions was estimated using-\$
chromatographyfigure 9) . We repeatedly observed that Nu
enrichment medigor such a high amounbfa complex mixture since the amount
of materialin the eluates was extremely low comparisonto the fractions originating
fromTi t ansphereE enrichmomTit afnisnpahlelrye, E tphaer t € Ic
analysed using RPLESIFMS/MS system, which yielded 898 phosphopeptides passing the
0.01false discovery rate cuiff after processing the raw datgth MaxQuant.

4.1.5Application  ofthe selected protocol to study
phosphorylation responseof irradiated MOLT -4 cells

A pilot quantitative (SILAC) phosphoproteomic study was perfortoeslaluate
the performanceoft he chosen pr ot ocol (buffereconditibonstans pher
in the systenof interest (i.e. irradiated MOL-# cells). The LEMS/MS analysisof the
enriched sample ledo identification of 632 phosphorylation siteffom 489 peptide
originating from 335 phosphoproteins. 429 class | sites (localization probability > 0.75)
were successfullyquantified. Among them, 31 sites were upregulated and 32 were
downregulated one hour after the irradiatipna doseof 1.5 Gy (1.5fold change)More
detailed overview and interpretatiaf the obtained data will be givem discussion

section.
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4.2. Radiosensitization of MOLT -4 cells by selective
ATR and ATM inhibitors VE -821 and KU55933

4.2.1.Proliferation/ Viability assays

Two different proliferation asg/s were employetb assesshe effectof specific
inhibition of ATM andATR on proliferationof MOLT-4 cells: WST1 assay and viable

cell counting using Trypan Blue exclusion technique.

4.2.1.1. Singleinhibitor treatment

A potent and specificinhibitor of ATM by KU55933 was well tolerated
in concentratonsum1 0 OM even when t hietheicefl tuituleimedmr was
for 7 days figure 10A-G). Unexpectedy 5 OM KU55933 significant
of MOLT-4 cellsin both assay€On the other handnhibitor of ATR, VE-821, repeatedly
inhibited the growth and viabilityof MOLT-4 cellsin a dose dependent manner already
atlower concentrations than KU55938)(re 10D-G); a significant growth inhibition was
achievedby applicationof 1 O M-821 When detected after six days treatmentusing

WST proliferation assay

4.2.1.2. Inhibitor combinations and combinationsvith ionizing radiation

In WST-1 assagy, the irradiationof MOLT-4 cellsby a doseof 1 Gy ledto growth
inhibition which resultedn markedly dereased numbeof viable (metabolically active)
cells 72 and 144 hours after irradiatidigire 11A-C). The additiorof VE-821in both 1
OM and 2 OM concent rydnhaocedsthe ntiprdiferativeffecs i gni f i
of IR T the numbenf viable cdls was below the limibf detectionof the assayn the case
of VE-821 2 OM and CoRsisterlymith thesinglginbilitor proliferation
assays, lowerancentrationsf KU55933 (uppo5 OM) s howed omceffumrsi ti ve
proliferation, ad moreover, they increased the numbéviable cellsin combination
with irradiation Notably, when appliedn combination, KU55933 also diminished the
antiproliferativeeffectsof VE-82172 hours after IRfigure 11A).
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Figure 10: Characterizationof VE-821 and KU55933 treatment effeat® proliferation
of MOLT-4 cells.(A, B, O Effectsof different KU55933 concentrations. Numloériable
cells and viability (defined as numbefviable cells/total numbeof cells) were asseed
bya haemocytometer using trypan blue exclusion technique 1, 4, and 7 days after the
addition of the inhibitor with subsequent dilutiono a concentrationof 2x1® cells/ml.
Mean valuedN SD fromthree measurements are present@. E, F) Effectsof different
KU55933 and VEB21 concentrations. Numbef viable cells and viability (defined as
numberof viable cells/total numbeof cells) were assessdiya haemocytometer using
trypan blue exclusion technique 1, 3, and 6 days after the adddfitme irhibitor
with subsequent dilutioto a concentratiorof 2x1C cells/ml. Mean valuel SDfrom three
measurements are present@d) Effectof different KU55933 and \AB21 concentrations.
Viability was examinedy WST1 assay after 24, 72, and 144 hoafgontinuous inhibitor
treatment. Data are expressed as percente#ggability of controlsfor each time interval.
Mean valuefNSD fromatleast five measurements are presented.Ofp01 vs.
corresponding controls.
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Figure 11: Radio-sensitizationof MOLT-4 cells using ATM and ATR inhibitorsCells
were irradiatedby the indicated dose. Viability (proportiontd numberof metabolically
active cells) was examiney WST1 assay after 72 houréA) and 144 hours(B)
of continuous inhibito treatment.(C) Table shows an irradiated group/shamadiated
group ratiofor each treatment condition depictadfigures C and D(D) VE-821/DMSO

o (

=< YE2 M
—=—VE10 uM

inhibitor washed out

-o--15Gy
—— 1.5Gy+VE2 M
-o- 156Gy +VE2 uM

Additionally, in a cell countingbased mliferation assay, VEB21 significantly

ons e

signif

were washed out 24 hours after irradiation and the nundferable cells was assessed

bya haemocytomete2, 5, and 8 days after irradiatiomwith subsequent dilutiorto a

concentratiorof 2x1® cells/ml. Mean valueS SD from five measurements are presented.

In (A-D), * indicates statistical significance ¢ 0.01) of comparisonto norvirradiated
control; # indicates statistical significance (p < 0.04) comparisorto irradiated control

group. Rvalues were calculated using taled ttest. In all experiments, the cells were

pre-treatedwith inhibitors at indicated concentrations or DMSI@ control groups C) 30

minutes priorto IR.

89



4.2.2. Immunoblotting -based detection of ATM and ATR
activation and inhibition

To detect activatiorof both ATM and ATR kinases upon irradiation and their
specific inhibitionby VE-821 and KU55933 preeatment, Chk1l Ser 345 and Chk2 68
phosphorylation was assessed using immunoblotting one hour aftesf3rS{figure 12).
Chk2 Thr 68 phosphorylation (markeof activated ATM) was not detectad sham
irradiated cells; however, it was strongly inducéy irradiation. The treatment
with KU55933 markedly decreased Chk2 phHospylationin irradiated cellsChkl Ser
345phosphorylation (markeaf activated ATR) was also detectedshamirradiated cells,
and upon irradiation, it was slightly upregulated.-8ZL abrogated this phosphortyten
in aconcentration dependent manngeitherof both inhibitors influenced the expression

level of Chk1 or Chk2 under given treatment conditions

0 Gy 3Gy
N S S e K 5345
l |- - e | (1K) 68
—————— - - - - - - & (]|

| |
I |
| |
I |
I |
| |
| |
| |
|

| - —— ——— | [ 2 |
| |
| |
| |
| |
| |
I |
| |
I |

— eGP GG a- as as e e e & || tin
C,1_2 5 10,5 10, C,1_2 5 10,,5_10,

VE-821 KU55933 VE-821 KU55933
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Figure 12 Effect of KU55933 and VE821 on activation of ATM and ATR kinases

by gammairradiation. Cells were collected hour after IR (3 Gy). Activatioof both

kinases and its suppressianthe presencefinhibitors was monitored via the detection

of their specific phosphorylations targets (Chk2 pT68 and Chkl pS345, ATM and ATR
respectively). The expression statd Chkl and Chk2 was also evaluated. The
representative blofsomt hr ee i ndependent -atneeressiomevast s ar e
analysed as a loading control.

4.2.3.DNA content analysis

To investigate cell cycle effectd ATM and ATR inhibition, DNA content analysis
was performedising propidium iodide (PI) staining afiew cytometric detectioof PI
fluorescenceThe potential perturbatioof the cell cycleby either oneof the compounds

or their combinations was examined 24 hours after irradiation (3 Gy).
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As depictedn Figure 13Aand13B, in shamirradiated cells, nonef the conditions
induced significant cell cycle perturbation excémtVE-8 21 10 ¢ M, whi ch
significant increasen numberof G1 cells (p< 0.01). The irradiatioby a doseof 3 Gy led
to a significant G2/M arresin MOLT-4 cells. The preincubationwith VE-821 in both
concentrations and its combinatiomsth KU55933 disrupted the IR induced G2/M
checkpoint. On the other hand, KU55933 further increased the accumubateiis
in G2/M.

4.2.4. Apoptosis assay

To assess the impaot different inhibitor concentrationsn viability of MOLT-4
cells and IR induced cell death vapplied flowrcytometric detectiorof nonviablecells
using the ApoptestITC kit. The proportion®f cells stained eithdsy Annexin V (early
apoptosis) or Annexin V and Pla{e apoptosis and necrosis) were measured 24 and 72
hours after irradiatioby adoseof 1 Gy. The cells were released into inhibifere media
after 24 hoursf treatment.

As shownin figure 13C and13E, 1 0 ¢ MB2lvdignificantly affected viability
of MOLT-4 cells 24 hours after the additiohthe treatment and/or irradiationh& effect
inducedbyl 0 ¢ MB2MnEas comparabte 1 Gyof IR; almost 40 %of PI positivecells
were detected under both treatment conditions. When combitiedR, VE-821in both
concentrationssignificantly increased the I#duced cell death. Viabilt was not
significantly affectedn anyof the KU55933 and combinationtreated groups.

72 hours after irradiation, further accumulatiohnonviable cells was detected
iNVE-821 treated groups wWwithlandM1lRBUGMEIIDB o mbi ne
Both inhibitors and their combinations increasedinBuced cell deathThe most
detrimental effect was observed when cells were trdayedE-8 2 1 1 0 lytle and
combinationofb ot h i nhi bi tors (10 ofthdse €dhditions EJ . Ap
to more tha 90% decresein viability of MOLT-4 cellsafter 72 hours
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Figure 13: Flow cytometric analysi©of MOLT-4 cells radiosensitizatiomsing VE-821
and KU55933 (A, B) Cell cycle effectsf ATM and ATR inhibitiomn irradiated MOLT-4
cells: Cell cycle perturbation was examined using propidium iodide staioirigNA
detectedby flow cytometry 24 hours after IR (3 GyA)(Data are expressed as relative
proportion of viable cellsin different phasesf cell cycle. Mean valueS SD fromthree
measurements are presentdsi) Representative histograrfe each onefthe conditions
are shown(C, D, E) Apoptosis inductiomn ATM and ATR inhibitors treated irradiated
MOLT-4 cells: Cell death was detectbg Annexin V/PI staining 24C) and 72 hourgD)
after IR (1 Gy). Mean valud$SD fromthree measurements are presentéH)
Representativelot plotsfor each oneofthe conditionsfromthe first measurement (24
hours after IR) are showm\pproximately 2@00 cells were analysad each ample.In
(A, C, D), * indicates statistical significance ¢ 0.01)of comparisonto nortirradiated
control; # indicates statistical significance (p < 0.Gdf)comparisorto irradiated control
group. RPvalues were calculated using twaled ttest.In all experimentsgells were pre
treated with inhibitors atindicated concentrations or DMS@ control groups (C) 30
minutes priorto IR.
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43. A Du-aini c 0 aohVEI8Y1dreated MOLT-4
cells

To describe cellular mechanisms underlying the -828-mediated
radiosensitizationof MOLT-4 cells, we employed higtesolution MSto identify and
guantify changesn proteome, phosphoproteome and metabolome of irradiated VE
821-treated cells figure 14). The metabolomic analysis was doiecollaboration
withHana da&8elaknd Da viiodthefaboraamyéocinhérited Metabolic
Disordersatthe University Hospital Olomouc, who performed HRMS/MS analysis
of our samples and subsequent data processing including data normalization, statistical

analysis, and KEGGgthways analysis.

4.3.1Proteomic and phosphoproteomic analysis of VE-821
treated MOLT -4 cells

The quantificationonboth proteomeand phosphoproteomkevels was based
onstable isotope labellingn cell culture (270). To specifically enrichfor peptides
modified by phosphoriation, desalted tryptic peptide samples were fractionated using
hydrophilic interaction liquid chromatography followdy phosphopeptide enrichment
using titanium dioxide chromatograph22) RPLGMS/MS detection, and peptide
identification and gantification using MaxQuant.1.5.2.8(316) (figure 14B; figure 14
providesdetailson HILIC separatiorof phosphorylated peptidesxdenrichmentefficacy
over the fractions

In summary,ona site false discovery rate levef 0.01, we identified 9285
phoghorylation sitegrom 3090 protein groups, among them 4504 were quanified
three biological replicates (nearly 63@hthe data set). The phosphosite ratogelated
very stronglybetween the replicates (Pearson correlation coefficient was bet@and
0.9, figure 15C). Only those sites quantified all replicates were subjectéd a non
parametric versioof a global rank test(818)) to identify siteswith significantly up or
down regulated phosphorylation consistently regulateall threebiologicalreplicates. In
GRT, we identified 623 regulated phosphorylation sites (455 phosphoproteins); most
of themwere upregulated (431).
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Figure 14: Identification and quantificationof the VE-821-regulated phosphoproteome
and metabolomein irradiated MOLT-4 cells using tandem mass spectrometfp)
Overviewoftime intervals usedor both phosphoproteomi@and metabolomic analyses
of VE-821 perturbed cellular responséoionizing radiation (IR). B) Overview

of experimental design and workflow usedor quantitative SILAEbased
phosphoproteomicsCj Summaryof the identified and quantifiedhpsphoproteomeD)
Overviewof experimental design and workflow udedtargeted metabolomics screening.
(E) Distribution of phosphorylated peptides over the HILIC gradient. Numbers and
percentage of non, singly, doubly, and triply phosphorylated pdjgles in each
phosphoenriched HILIC fraction.
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The analysi®f the whole proteome samples prepared using the same treatment and
time interval resultedin quantification of the unmodified fractionof the proteome
(phosphorylated peptides were not considdéoeghroteome quantification)lhe analysis
confirmed our expectations that there would be no significant charigesteome one
hour after irradiation combinedith VE-821 treatment. As depictad figure 15A, the
distribution of normalized dg SILAC H/L ratios correspondingto quantification
of unmodified proteins was very narrowyith most values distribetl closeto zero.
Moreover,Pearson correlation beéen the replicates wageak (R 0.247 0.387;figure
15B), which is more likely causealy non-exiging trendsin an unperturbed system rather
thanby an irreproducibilityof the analysis.

Pearson correlation betweearmalizedog. SILAC H/L ratiosof phosphopeptides
and log normalizedSILAC H/L ratiosof corresponding proteins was also calculatee (t
calculation was basenh 2738 phosphorylation sites which represent almost 3 #ie
data set), and the low correlation coefficient valRevas-0.013) further confirmed that
the observed changesathe phosphoproteome level were not dependechangesof the
abundancef corresponding proteingigure 15A).

Thenatureof further data analyses implementing multiple bioinformatic tools and

databases search implies th@iesentationn the sectiorDiscussion
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A Comparison of changes on proteome and phosphoproteome level
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Figure 15: Comparison and correlatiorof changeson proteome and phosphoproteome
level, and their quantitative reproducibility(A) Violin plots depict log transformed
SILAC H/L ratios distributionn all proteome and phosphoproteome biological replicates.
(B) Pearsoncorrelation between phosphosite and protein ratios. H/L ratbg738
phosphorylation sites (29 % percesftthe identified phosphorylation sites) were plotted
against H/L ratiosof corresponding proteins anithe Pearson correlation value YRvas
calculated.(C) Pearson correlation (Roetween biological replicated both proteome and
phosphoproteome experiment.
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4.3.2Targeted metabolomic analysis of VE-821 treated
MOLT -4 cells

Metabolite profiling was performely a labelfree targeted analysisf cellular
extracts collected 6 and 12 hours after the treatment starting fogume (14A). A method
combining highperformance liquid chromatography using aminopraggtionary phase
anddetectionof the metaboliteby Triple Quad 6500 tandem mass spectronetebleda
guantitativeanalysisof 206 intermediary metabolit¢Bgure 14D).

Hierarchical clusteringfigure 17A) and nultivariate analyses such asincipal
component analysis (PCAgure 16A), PLSdiscriminant analysiPLS DA; figure 16B),
and orthogoal PLS discriminant analysis (OPZA; figure 16C) revealed that both
treatment goups were clearly separateflom each otherbased onthe measured
guantitaive valuedor the metabolitesdBasedon sample localizatioin PCAand PLSDA
score plot figure 16A and 16B), it is obvious that the inhibitor had a more significant
impactonthe group clusterinthanthe incubation time. An overlapf QC samplesn the
PCA score ploshowedhe repeatabilitpf the measuremenidigure 16A).

Further clustering angdis of ANOVA significant metabolite§126 metabolites
on5% permutatiorbased FDR levelyevealed threemain clusters showing distinct
behaviour acrosthe fourconditionsmeasuredfigure 17):

1 Upregulatedin VE-821 treated groups and showingaereasing trend between
the time intervalsn both groupgfigure 17B; cluster 1): this group comprised
metabolites that wer@accumulated over time in both groups; thenhibitor
potentiated the effectof IR. Lactate is an exampleof a metabolite belonging
to this cluster {igure 17C).

1 Upregulatedin VE-821 treated groupsith no significant trend between the two
time intervals figure 17B; cluster 2): this group comprisedcetaboliteswhich
werealtered by VE-821in irradiated MOLTF4 cells Glucose(and other hexoses)
is an examplef a metabolite belonging this cluster figure 17C).

1 Downregulated in VE-821 treated groupsind showing adecreasing trend
between the time intervais both groups flgure 17B; cluster 5): this group
comprises metabolites that wetepletedover timein both groups; théhibitor
potentiated the effectof IR. ATP is an examplef a compoundelongingto this

cluster {igure 17C).
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Figure 16: Targeted metabolomic analysief VE-821 induced metabolome changes
in irradiated MOLT-4 cells Statistcal analysisofthe results wasperformed using
multivariate analyses such as PCA (A), HLS (B), and OPLDA (C). DMSO i
irradiated groups prereatedwith DMSO, VE irradiated groups prereatedwith1 0 O M
VE-821

Thus, there were two classeschanges observed metabolomef irradiated cells
after VE821 treatment. First, changes that were obseirvédth treatmentgroups and
showed the same, either decreasing or increasing, trend over time. In such cases, we
assumed that the inhibitor caused potentiatiohmetabolismaltering effectsof IR.
Second, changes that showed no trend overitinneadiated control group. We interpreted
these as alteratioms metabolomef irradiated cells causduay VE-821.

The main gynificant changesn the metabolomef MOLT-4 cell line occurred
in groupof metabolites involveth cellular antioxidant systeny intermediate®f glucose
metabolism and citrate cycle nucleosides, nucleotides, and deoxynucleotidelsee
amino acids N-acdylated amino acids andacylcarnitines. The results will be further
describecand interpretedh the Discussiorsectionin the contexbf other results obtained

in this work.
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5. Discussion

5.1. Selection ofthe protocol for phosphopeptide
enrichment from a standard and a complex
biological sample

Since the discoveryfthe affinity of metal oxidesfor phosphorylated peptides
(227) there have been many protocdisr a seletive phosphopeptide enrichment
developed. Moreover, there are also many commercial products available that declare high
selectivity towards phosphorylated peptides and applicabildythe enrichment
of phosphopeptideBom complex biological matrices. kieever, these products are often
not comparable and might differ several parameters such as the metal oxide used, the
amountof chromatographic material (in the caskpre-packed microcolumnshnd the
size and porosityof the chromatographic beads. Adif these parameters can affect
phosphopeptide binding capacity and selectivity.

To choose the most suitable protocol and chromatographicfresirihe pletlora
of protocols and products commercially available, we first performed a series
of optimizationexperiments. For these initial experiments, we used two mixbitegotic
peptides originating fromt w o p hos ph-casgnl and easialof¢tuih) and
nonphosphorylated proteins (BSA and myoglobmiwo different molar ratios (1:1:5:5
and 1:1:50:5Q)which simulated the relatively low abundanaiEphosphorylated proteins
in a biological sample. To deatkethe peptides resultirfgpom the enrichment step, we used
MALDI -TOF MS analysisusing an ABI 4800 mass spectrometer as it was the only mass
spectrometer availablen our lab in 2011 and 2012 when these initial optimization
experiments were performed. Test the applicabily of the chosen methods enrich
phosphopeptideBom a complex mixture, we further performed a real complex sample
enrichment (HelLa cells lysate) and detected the resulting peptides usiigrMB/MS
system.The final selectedproto®l| was then useth a pilot quantitativeSILAC-based
phosphoproteomic stly of irradiated MOLF4 cells.

From the previously published protocols, we selected four different buffer

conditions (detailed compositiaf the buffers can be found the Methods prt), which
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mainly differedin the compositiooft he | oadi ng solution (or | o
different acidic additivegpreviouslyreportedto enhance the phosphopeptide selectivity

of the metal oxidesT he first protocolnvolved only5 % TFAto establish a lv pH during

the loading step, sinc the initial MOAC studiest was shown that strongly acidic
conditions were beneficidbr the specificityof phosphopeptide enrichmef22) Three

further protocols were basednaddition of one of the previously reported efficient
Anonphosphopeipl¥idaic aeid2@3) B50regfmé @BHB (222), or 0.1M

glutamic acid186)

In the next step, we applied these buffer conditimnsrdertotest 5 different
commercially available chromatographic resifsi t ans psShegmE particl es
Sciences, Torrance, CA, USA), which we uskdenrich for phosphopeptigs in a
fimi cr ot ubleo pfTa (Pi®aETI®/ZrO; 1:1, and ZrQ; Glygen, Columbia, MD,

USA), which are prdilled micro-spin columns that can be uskd phospheenrichment

ina Acolumn formato usi ng e itdehsareheioovofthe i f ug al
loading and washing solvents through the beadsNandT i [§T$0&/ZrO; 1:1) (Glygen,

Columbia, MD, USA), whicharepiei | | ed-t ip$ @et hatforphbosphe be us
enrichment via repetitive pipettiraf a peptide solution through thettom partof the tip

containing embeddedchromatographic resinThe undeniable advantag# using the

Ti t ans ph eintheEmichorilze d@mat oalternatively, in the form of in-house
columns(which we also tested, but the data are not presemtad thesis)is the fact that

their amountan be optimizefbr a specificapplication while the prgacked tips are only
availablein two or three different sizes. The effaufta peptideto-TiO> ratio has been
investigatedin several studiegs an importanparameter affecting the specifitf the
enrichment(244,245) Basel onour data ot shown) we decidetb use a ratioof 1:8

for our optimization experiments.

511Ti tansphereE particl enarkedynd Nu
more efficient phosphopeptide enrichment than the
TopTips E

The evaluation of enrichment efficiencyrevealed thatin our experiments,
TitansphereE particles and NuTinfpsnBoftkel ear | y
total and average numbeds phosphopeptides detectalddy MALDI-TOF MS in the
eluted fractims. The most apparent difference was observed when phosphopeptides
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from mixture A were enriched; @fication ofthe best protocolfor each of the
chromatographic resinded to detection of 17 phosphopeptidesoyNu Ti p s E, 15
phosphopeptideBy T i t a n s put @nly @ ghosphopeptidésy T o p T i. Ip mikure
B enrichment, NaahumbedEl @roivo dphlomepti des, Ti't
to the detectiomf8 phosphopepti des, 7phosphopemigedtotls E pr ov
(figure 4).

Further analysi®f the natureof peptides detectely different protocols showed
that the main differences numberof phosphorylated sites detected between the two well
performing productsand TopTi ps E bylowar eetectahilityofandiltiply-
phosphorylated peptid while the enrichment efficienéyr monophosphorylated peptides
was comparable across the resins and buffer cond(fignse 5). Doubly- phosphorylated
peptide 1927.69 [M+H]* from U-Sl-casein was observeith most of the enrichments;
however, multiply phosphorylated peptides were more challengiogletect. These
peptides were typically observed as low intensity peptideinotine higher m/z rangef the
MALDI -TOF MS spectra, and were only detectedhe low complex mixture A using the
most specific rrichment protocols.

TopTi ps E e n ryiyieldedreehigh nurabsriinarspeécifically bound non
phosphorylated peptides even under the most efficient buffer conditions tested, which
might explain the low detectabilityf multiply phosphorylated peptdin the spectra as
their ionization/signals were suppresdeyithe high amounbf the nonphosphorylated

peptideqfigure 8).

5.1.22,5dihydroxybenzoic acid was the most potent non
phosphopeptide excluding additive

As for oneof the goal=f this initial ogimization study we aimedo compae how
binding specificitywas modulatedby buffer composition.The binding specifity was
monitored by relative intensity of the most intensive nephosphorylated peptides
originating from BSA, 1749.66[M+H]* (ECCHGDLLECADDR) and2458.18[M+H]*
(DAIPENLPPLTADFAEDKDVCK), inrecorded MALDITOF MS spectra. Both
nonspecificallyenriched peptides contained a relatively high nurobecidic amino acids
(as underscoreih the sequences), which iis concordancevith previouslyreported fact
that especially nonphosphorylated peptides containing greater propatiasgartic and

glutamic acid bind nonspecificaltp phosphopeptide enrichment res{@21).
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In the first protocol usetbr phosplopeptide enrichmente. buffer conditions 1
the loading buffer consisteaf 80% Acnthat preventethiydrophobic interactions between
peptides and a sorbent, abth TFA to establish a low pH (typically 2), which should
minimize the bindingof nonphosphrylated peptidesby neutralizing negative charges
of potentially dissociated acidic amino aciddowever, as indicatedin the recorded
MALDI-TOF MS spectra5% TFA was not strong enougdb prevent the nonspecific
binding of acidic BSA peptidegesulting in relatively highly intensive signalsf the
nonphosphorylated peptiddggure 7A and 7B).

To improve the specifityof the enrichmentby preventing nonspecific binding
of peptides containing greater proportiomd acidic amino acids, three different
Anoapphhopepti des excl uid@aratue wereegmployedetle pr e v i
second protocoli.e. buffer conditions 2 the loading solution includetl M lactic acid
(LA) , which was evaluated be the most efficient additifer phosphopeptide enrictent
from a panelof hydroxy acids testedn a previous study223) The levelof nonspecific
binding wasnotably decreasesbmparedo the first protocolfigure 7C). However, LA as
an excluder wastill not very efficientfor more complex peptide mixture @gure 7D).
The improved efficacyfor excluding nonphosphorylated peptides allowed detection
of more multiply phosphorylated peptidésitwith a poor reproducibilityTherefoe,in our
study, 1 M LA did not seem efficient enougto preventunspecific bindingof non
phosphorylated peptided/e also tested a higher concentratdh A than itwas originally
recommendedi.€. 2 M), however the increasa LA concentratiordid not leadto any
significant improvemenn the performancef the second protocgtlata not shown).

The third enrichment protocol,e. buffer conditions 3, included the addition
of glutamic acid(Glu) in the sample loading buffer as an effective plossphorylated
peptidesexcluding agenffigure 7G and 7H). Glu has been reported previously as an
efficient loading buffer additiv§186), its potencyfor enhancing specifitpf MOAC is
causedy its competitiorwith Glu residuesof peptidesin our setting, the additioof 0.1
M Glu was more effective than the additiohLA, and it ledto improved efficiency and
reproducibilityof the enrichmenthut it wasstill surpassedly the effectof DHB.

In 2005, Larsen and his amorkers investigated the effeof different aromat
carboxylic acids and aliphatic carboxylic acidadded intoloading buffer
for phosphopeptide enrichment. DHB and other substituted aromatic carboxylic acids

(salicylic acid, phthalic acid) showed the best efficanyinhibition of adsorption
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of nonphosporylated peptidef222) DHB was also foundo be the most potent additive
in another study224). In thefourth protocol,buffer conditions 4 DHB was addedo the
loading bufferin a concentratiof 350 mg/ml(closeto a saturated solutioripr complex
mixturesof peptidesaccordingto the recommendatioinL ar s e n 6 sWepobserted c o |
that DHB was the most potent exclu@rnonphosphorylated peptides when added during
phosphopeptide enrichmemndu Jiompijcetfeiseiatva s pher e E
intensitiesof nonphosphorylated peptides were very [dgyure 7E and 7F. Additionally,
multiply phosphorylated peptides were more cleadtedted tham other MALDI-TOF
MS spectra obtainebly different phosphopeptide enrichment protocols probably because
of lowered ©n suppression, which is normally affecting the signafanultiply
phosphorjated peptides during MALBTOF MS. On the other hand,
monophosphorylated peptides were slightly less reproduciblyhetrievhen DHB was
used, which mighindicate that weaker bad monophosphorylated peptides could be also
displacedrom metal oxide surfacbyt hi s p ot e (figured.x cl uder o
Thus, the nosphosphopeptide excluding efficienafthe additives increasea the
following order:5% TFA <1 M LA < 0.1 M Glu < 350 mg/ml DHB.

5.1.3The addition of glutamic acid into the loading buffer
provided the best phospheenrichment efficiency.

Even though DHB was showa provide the highest nephosphopeptide exclusion
efficiency among the additives tested, it was actually OGlivthat enabled the detection
of the most phosphorylated peptides. Although the sigofisultiply phosphorylated
peptides were not as clear msthe caseof the DHB protocol, glutamic acid MOAC
chromatography seemetb have the highest emhment efficiesy within the four
protocols tested The addition of glutamic acid led todetection of 17 and 15
phosphopeptidestotal inNu Ti pE and TBhrithmens espectivelyi which
were the highest numbersf detected phosphopeptideas our optimization sidy.
Additionally, the protocol that include@ii t a n s gattices and glutamic aci@ached
the best repeatabilitgmong all the protocols testedth 15 phosphopeptides repeatedly
detectedn all three independent enrichments.

The lower yield®f phophopeptides det¢edin DHB enriched eluates weneostly
causedy aforanentionedower recoveryf monophosphorylated peptidiesthe presence

of 350 mg/ml DHB. In addition tothe negative effectonthe detectionof monc
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phosphorylatd peptideswe also dserved a high levedf noisein the low m/z region
of MALDI -TOF MS spectra recordefiom the samples enrichedusiNgu Ti ps E and DH
as an additiveThis observatiorhas been already reporteda previous study thailso
evaluated the performancef NuTips Efor phosphopeptide enrichme(®41). We are
aware of the fact thatthis issuecould have been further addresdeyltesting lower
concentrationsef DHB; however, such investigatiomasfar beyond our interests

Moreover, it has been reported previoud®3)that DHB addedo loading buffer
decreased the numbef nonspecifically bound nonphosphorylated peptides but also the
number of identified phosphopeptidebecause itcased problemsn the RPLC-ESF
MS/MS system useih the study. Therefore, it might be riskyuse DHBIn cases when
the samples are suppogede injected into an LAIS/MS system. On the contrar@lu
is a compound that does not have such a strong afforityydrophobic reversed phase,
and thusts usein such systenis more feasibleTherefore, we selected the glutamic acid

including protocofor further studies.

514.TitansphereE particlesntheut pel
real sample analysis

We further testethe two best performing protocofsan analysi®f a real complex
sample. The real peptide samples were prefayedi g e st i ofgleLa el ly&ig
using trypsin, and theamples were enrichddrp ho s phopepti des using e
Ti t an spafiotes andEth&lu containing protocofi.e. buffer conditions }4 Enriched
fractions resultingfrom these enrichments were analysed usingRELC-ESFMS/MS
system

Surprisingly, we repeatedly observed t
enrichment medigor such a high amounbfa complex mixture since the amount
of material in the eluates was extremely loim comparson to the fractions obtained
byTi t anspher eBccoedimgtothe besoeiptian providedy the manufacturer,
ZrOTiO2 Nu Ti ps260 19 | have a ofi.rbd ienggn oachaeppuam i t y
should be sufficienfor the enrichmenof phosphopeptidesom 5 0 0 of@rgractionated
whole cell lysateWe also triedo use multiple tipgor sequential enrichmeitf the same
sample (i.e.hle flowrthroughs were Hoaded onto the column), but this modification did
not bring any improvement observaliethe UV-VIS chromatography spectfdata not

shown) However, he results were rather disappointiwgh only several peaks detected
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in UV-VIS chromatographyNu Ti pE mi ght have an excellent s
Ti t ans ptheanaysisof low complexsamples, buin the analysisof a highly
complex mixtureof peptides, the amouwtf the beads embedded into the tips is probably
not suficient to robustly enrich phosphorylated peptides.

On the contrary, TitansphereE fgpawyticles,
sample volume and amouait starting material, yielded 898 phosphopeptides passing the
0.01 false discovery rate eaff. Thus,inour hands, TitanspherekE, p
efficient mediafor analysisof a highly complex real sample.

5.1.5.Application ofthe optimized protocol to study
phosphorylation responseof irradiated MOLT -4 cells led
to identification of more than 600 hundred
phosphorylation sites

To further evaluate the performanoéthe chosen protocdbr phosphopeptide
enrichmentin the systenof interest, i.e. irradiated leukemic cells, we performed a pilot
study investigating the phosphorylation respan9dOLT-4 cells that were irradiatda a
doseof 1.5 Gychoseron the basi®f our previous work342). In the presenteekperiment,
the quantificatiorof phosphorylation changes between the irradiated and control cells was
achieved using SILAC labelling. After mixing the samples 1:1, tryptic digestidhe
protein mixture and phosphopeptide enrichment using thesfitee e E  p aata i c| e s
peptideto-TiO2 ratio 1:8 undebuffer conditions 4100 mM glutamic acid as an additive),
and a LEGMS/MS analysif the resulting fraction, we identified 632 phosphorylation sites
from 489 peptides originatinffjom 335 phosphoproteinsummaryof the results is given
in figure 18).

Among the identified sitegl76 were classified as class | phosphosites (st
localization confidence defindxy localization probability calculatday MaxQuantfigure
18A). The total numberof sucessfully quantified class | sites was 429; the relative
distribution of phosphorylated S, T, and Y were simitarvalues reportedn previous
studies figure 18B; (201,273). Applying the previously reported 1.5 and 0.5 heavy/light
ratio cut-offs (normalized SILAC H/L ratios without any log transformati¢d43)), we
assessethat 31 sites were upregulated and 32 were downregulated one hour after the
irradiation €igure 18C). As shownin figure 18D and 18E, when analysinghis first data
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set we were abl® find statistically overepresentedignallingpathwaysfigure 18D) and

kinases that we up and downregulateth responséo IR (figure 18E).
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Figure 18 Summary of the results obtainedin the pilot study of irradiated MOLT-4
cells: (A) Classification ofthe phosphorylation sites basedntheir localization
probability. (B) The relative distributiorof pS, pT, and pYh the quantified class | sites
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subset(C) Pie chart depcting proportionof up- and downrregulated phosphorylation sites

in the quantified class | sites sub94@) Signalling pathways overrepresentation analysis.
Up- (green) or down(blue) regulated sites were annotategithe pathways membership
using ConsesusPathDB and statistically evaluated (hypergeometric testing, default
background).(E) Kinase activity analysis. Kinases phosphorylating the 429 quantified
class | sites were predicted using Networkin 2.0; statistical analysis and visualization was
condiwcted using PhosphoSiteAnalyzer; colour code indicates statistical significhace
findingi low p-values are depictedith dark purple.(F) Chk2 Ser 379 and Ser 260 were
found in the upregulated dataset. Using PhosphoSitePlus database, we confirmed the
biological relevanceof these phosphorylation evemtsthe contexof irradiation.

As for the ovefrepresented signalling pathways, mo$them were pathways
involvedin DDRT for instance activationf ATM - and p53 signalling pathways, cell death
by apmtosis, and activationf cell cycle checkpoints. In the kinase activity analysis, we
found ATM_ATR group significant among the upregulated kinases and CDKs among the
downregulated kinases, whichimsconcordancevith the weltknown rolesof ATM/Chk2
andATR/Chk1lin regulationof cell cycle checkpoints respons&o genotoxic stress.

Two examples of significantly upregulated phosphorylation sites are given
in figure 18F. Two strongly upregulated (ifbld) phosphorylation sites were observed
in Chk2 afterlR. Data mining using the most comprehensive phosphorylation database
PhosphoSitePlué8) revealed that these two phosphorylation sites were localizi
kinase activation loopf Chk2(344,345) and Ser 379 phosphorylation has been previously
shownto be IR-triggered(346).

As these results were fullg concordancevith known facts about the HRiggered
cellular response, we could conclude that our workflow was capéldentification and
guantificationof phosphorylation changes irradiated leukemic cells. It also proved that
it enabled further analysief the acquired data using bioinformatic todatsdescribe

biological significancef the measured changes.

108



5.2. Radiosensitization of MOLT -4 cells by selective
ATR and ATM inhibitors , VE-821 and KU55933

To investigate the radiosensitizing potent@lATR inhibitor, VE-821, and
compare itto the effectsof ATM inhibitor, KU55933, the MOLF4 cell linewas chosen
MOLT-4 is a T-cell acute lymphoblastileukaemia(T-ALL) cell line. The effectsof IR
and other DNAdamageinducing agentsn this cell line have been extensively studied
especiallyatour department and the collaborating DepartmafrfRadiobiology atthe
Facultyof Military Health Science$347 350,342,351357) In these studies, it has been
shown that MOL¥4 cells are relatively radiosensitive ceNgh Do value (dose reducing
survivalto 37 %)of 0.87 Gy andthe cells epress wildtype p53 angbossesa functional
ATM/p53 pathway which is triggeredn a dosedependent manngB42,347,353) After
irradiation, the cells have been showmdie by both pre and posimitotic apoptosis
(348,358) Notably, it has been suggested that MQ#&Tcells could have some defect
in DNA repair pathways promoting their radiosensitiviyz possible defectn Nbsl
phosghorylation have been discussed previoy8i1)). The cells have been alatready
usedto study radiosensitizing effectsf several kiase inhibitors such as caffeinew
potentATM/ATR inhibitor; (354,359), U0126 (MEK1/2 inhibitor;(359), and DNAPK
inhibitors NU7026 and NU744(355,357)in leukemic cell lines, where MOLZ cells
were choselto represent @53 wt model cell line.

To getan overviewof MOLT-4 cell linegenetic background, wextracted MOLTF
4 relevant datdrom the COSMIC (Cataloguef somatic mutationgn cancer) database,
which is the most comprehensive databasgsomatic mutationgn human cance(360).
The database search revealed 1476 entries; among them, 56 were mnta8oBeEs genes
(i.,e. genes knowntobe involved in cancer). Importantly, MOLT-4 cells suffer
from mutationsof signal transduction pathways which are kndahefrequenty mutated
in T-ALL leukaemiasuch asNOTCH1, IL7R-JAK-STAT, RAS-MEK -ERK, and
(PTEN)-PI3K-AKT pathways (reviewedn (361). The only census gene that was
detectedvith homozygous deletion was tRBosphatase and tensin homoRDEN which
is a umour suppressor gesemmonly mutateth a wide rang®f cancerg362). It acts as
an important negative regulatof the PIBKAKT-mTOR pathway, which is responsible
for regulationof cellularmetabolism, proliferation and survival. Therefore, the inactivation

of PTEN triggers overactivatioof the pathway and uncontrolled cellular proliferation,
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ultimately leadingto cancer (reviewed in (363). Furthermore MOLT-4 cells suffer
from multiple heterozygous mutations several DDR genesuch asATM, BRCA1
FANCA andTP53 Together, these datadicatedthat the PISBKAKT pathwaymight ke
dysregulatedand the DNA repair capacity nhigbe impairedn MOLT-4 cells.

5.2.1.Both VE-821 and KU55933treatment abrogated the
radiation-induced  phosphorylation of corresponding
checkpoint kinases

To confirm the inhibitory effecof VE-821 and KU559330nATR and ATM
kinases, respectively, we assessed phosphorylafitmo downstream féector kinases:
Checkpoint kinasel (Chkl) Ser 345 andCheckpoint kinase2 (Chk2) Thr 68. As
expected, both phosphorylation sites were upregulated upon irradiation (3 Gy, one hour
after irradiation). Chk2 phosphorylation, which is a madéddNA DSBs-acivated ATM,
was markedly decreasadslith increasing concentratiorof KU55933. Accordingly, the
statusof Chk1l Ser 345 phosphorylation site, which iwidely-acceptednarkerof ATR
activation, was proportionally inhibitday increasing concentratiasf VE-821. Therefore,
we confirmed thatn our cell line model the pracubationwith VE-821 and KU55933
specifically inhibited ATR and ATM kinase, respectively, without anytaffet effect
towards the other kinase&Such observation was not surprising, as t880(ATR)
of KU55933 was assesséolb e 1 0 (B64)cald the Ki(ATM)of VE-821is1 6 OM
(IC50 has not been assess@d )). Additionally, the selectivityof VE-821 towards AR

has beeronfirmedin previous studie§l1,134)

5.2.2.KU55933 treatment was not toxic for shamirradiated
cells andenhanced he IR induced growth inhibition and
cell deathof MOLT -4 cells

KU55933 was the first potent and selective ATM inhibitgth IC50 of 13 nM
(364). As well as its more recent analogues, it has been stosansitize cell$o IR and
DSB-inducing drugs without sensitizing cellserdved from A-T patients (3641 366).
Radiosensitization using KU55933 and its derivatives is not specifically targeting cancer
cells; however, ATM inhibition alam has been showo be nontoxicfor normal tissues
outside the radiation fiel(B66). The b3-dependency was investigated, but the results are

too contradictoryo make any conclusio(865,366) In the presented data, KU55D®&as
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well toleratedbythe p53wt expressingMOLT-4 cellsin concentrations upol 0 ¢ M;
to induce a significant perturbatiarf cell growth, it was necessayapplyatl east 20 & M
KU55933. I nterestingly, 5 &M KUS&WaBI8 si gn
metabolically activecells six days after the staof the treatmenin two independent
proliferation assaydigure 10) without affecting the numbef nonviablecellsandthe cell
cycle (figure 13) confirming that KU55933 was not toxfor shamirradiated MOLF4
cellsin concentrationsup1 0 .e M

Since MOLT-4 cells express wild-type p53 angossess functional ATM/p53
pathway(342,347,353)and cellular responge DNA DSBs isto a great extent ATM/p53
pathway dependent, vexpectedhat ATM inhibition would sensitize MOL-R cellsto IR.
In concordancevithour epect at i on, 10 €M KU55933 <cause
in MOLT -4 cellsproliferationwhen combinedvith IR anddetected days after irradiation
(figure 11) andincreasedhe IRinduced cell death 3 days after irradiatidigure 13).
KU55933 showed no aftt onthe G2/M cell cycle arrest triggerday IR, which was
in concordancevith the known fact that the int& and G2/M DNA damage checkpoints
are mainly directetdy the ATR/Chk1 pathway (reviewed(itiL0)

5.2.3VE-821 is a more potent inhibitor of MOLT -4 cells
growth than KU55933 in both single treatment and
combination with irradiation .

While ATM mainly responddo severe DNA lesionsATR is an indispensable
regulatorof cellular proliferation as it responds stressthat cells undergo during normal
replicationof DNA as well & replicative stress causbgexposurdo genotoxic agentdt
has been showto be essentialor viability; homozygous mutationf ATR caused peri
implantation embryonic lethalitin mice (85,86) However, transient inhibitiomf ATR
by VE-821 has been provea cause mereeversible growth arrest normal cells, which
was abrogated when the inhibitor was removfeain the cultivation media(11).
Importantly, the newesthighly potent and specific ATR inhibitors have been shown
to directly eradicate osensitze cancer celldo a variety of genotoxic agents withou
affecting normal, noittumour, cells (8,11,12,138,139)The sensitivityof cancer cells
to ATR inhibitors has been already explaingglseveral cancespecific defects such as
loss of functional ATM/p53 pathway(8i 12) and elevated levelsf replication stress

inducedby increased oncogenic signallifty 7).
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In the presented studWwE-821 significantly inhibited proliferatiorof p53-wt
MOLT-4 cells alreadytl Meconcentratioralthough such concentrati@ausedonly a
partial ATR inhibition when detected asChkl1 Ser 345 phosphorylation using western
blotting (figure 12). This effect was further accentedh correlation with increasing
inhibitor concentratiorffigure 10). Thus,in MOLT-4 cells, continuous inhibitioof ATR
by VE-821 has a significantly stronger effectproliferation than the inhibitioof ATM.

In combnationwith IR, VE-821 signifcantly abated the numbeof viable cells
in both irradiated gups already 72 hours after irradiation. Bath concentrations used
in our experiments directly affected the proliferatmirshamirradiated cells, we further
calculated a ratio between irradiated and sivaadiated grougor each inhibitor treated
condition to resolve if the combinatioaf irradiation and the inhibitor has a more profound
effecton proliferation than the inhibitor itse(figure 11). Whereas the irradiation caused
nearly 50 % decreass® control cells viability after 72 hoursf treatrrent, the irradiation
ofpret r eat ed c e-B2A1)sledtp @most WB% VO&S of viability in comparison
toinhibitor treated cells, suggesting an additive efi@icVE-821 and IR combination.
Additionally, we also observed that V821in2 eahhd 10 €& M crmoduaedht r at i or
the proliferationof irradiatedMOLT-4 cells when the inhibitor was presémtell culture
media only transientlyfor the first 24 hour®f the treatment, and then it was washed out
(figure 11D). In contrasto continuous treatmer?, €VE-821 did nosignificantly affect
the proliferationof shamirradiated cells when washed out after 24 hours; however, it still
enhancedhe antiproliferative effectsof IR. Taken together, these data showed that VE
821 strongly affected proliferationf p53wt MOLT-4 cells, andin combinationwith IR,
theproliferation was influenced even when the inhibit@s present only transiently.

5.2.4Both KU55933 and VES821 increased the ionizing
radiation-induced cell deathin MOLT -4 cells

As mentioned aboveKU55933 did not indue any significant changés viability
of both sharvirradiated cells and irradiated cells after 24 haoffigure 13); however,
VE-821 affected the viabilitgf the cells significantly. Strikingly, the combinatiohboth
inhibitors diminished this detriméad effectof VE-821. This is consistentith the results
of proliferation experimentan which we observed similar trendiVvhen applying three
different inhibitor combinations, we observed that KU55933 suppressed tH2VE
induced decreasm MOLT-4 celk proliferationin both irradiated and shanmradiated
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groups.However,in contrastwith WST-1 assay, which does not distinguish between the
change®f viable cells numbers causky cell cycle effectschanges metabolic activity,
or cell death inducingffectsof a tested compound, these results indicatedritair short
term incubation experiment&U55933 prevented ViB21 induced cell deatlSimilar
observations were reportetda study investigating the effeat caffeine, a low potent and
unspeciic ATM inhibitor, onmitoxantrone induced cell deathin MOLT-4 cells.
Incubationwith caffeine temporarily protected the cédgdelaying the onsetf cell death,
most likelyby the inhibitionof p53-dependent apoptos{359)

Three days after irradiatiom the VE821 treated groups, the percentageells
with compromised viability further decreased despite the abseftkee inhbitor
in cultivation medigfigure 13). On t he contrary, we did not
of KU55933 that we observed 24 hours after irradiation when the inhibitor was not present
Such findingfurther confirms that ATM inhibition only delayedetonsetof cell death.
Importantly, both inhibitors and their combinations increased sensiti/MOLT-4 cells
to IR. The most detrimental effect was observed when cells were tigate@ ¥BWB21
andby the combinatiomfb ot h i nhi bi t or s ( 1 oftheddcondltions € M) .
led to more than 90% decreaseviability of MOLT-4 cells 72 hours after irradiation. In
conclusion, both inhibitors ledbincreased cell death when robined with IR in an
appropriate experimental design (i.e. appropriate dose and incultiatienand thus
radiosensitized MOL cells.

5.2.5VE-821, but not KU55933 disrupted ionizing radiation
induced G2/M arrestin MOLT -4 cells

As oneof the proposed mechamof radiosensitization using ATR inhibitors is the
disruptionof the G2/M checkpoinin G1 checkpointdeficient cells(11), we investigated
modulation of the cell cycleby ATR and ATM inhibition {igure 13). Nore of the
conditions we applied affected the cell cyidshamirradiated cells exqe for 106 MVE-
821 and its combinationwvith KU55933, whichrepeatedlycaused a significant increase
in numberof cellsin G1. In concordanceith our previous result&67), irradiationby the
doseof 3 Gy ledtoa significant G2/M arresin viable MOLT-4 cells 24 hours after
irradiation. The prencubationwith VE-821 andwith the inhibitor combinations letb a
significant disrugbn of G2/M checkpointn the viable fractiorof cells On the other hand,
the inhibition of ATM by KU55933 further increased the proportiasf cells in G2/M
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together with corresponding significant decreasethe numberof cells in G1. The

abrogationof the G2/M checkpoinbyVE-8 21 10 &M was al so achi eve
dose of irradiation was applied (1.5 Gydata not shown As it has been reported

previously, caffeine disruptechitoxantroneénduced G2/M arresh MOLT-4 cell{359).

After examining the effecisf specific ATM and ATR inhibition, we suggest that the G2/M

block disruption was rather causkdii n s rp e ¢ i f dinhilditingleffeRtsof cafeine,

which was originally proposed as an ATM inhibitor; however, it has been shown that it

also inhibits ATR, althougkwith a lower potency (IC50(ATM): 0.2 mM; IC50(ATR): 1.1

mM). Altogether, these results confirmed that ATR is themkamase controlling the

G2/M- cell cycle checkpoints after irradiatiomMOLT -4 cells

114



5.3. Phosphoproteomic analysis of VE-821 treated

MOLT -4 cells

5.3.1Selection of the experimental design

for phosphoproteomic and metabolomic inhibitor studies

As describedn the previous chapter, both V@81 and KU55933 increased MOLT
4 cells sensitivityto IR. However, there were several reasons why we selected
topreferentially use &BZ1Rrfurtimehexpgernmeritson by 10

1)

2)

3)

ATM/p53 pathway is the key mechanismcellular responséo IR-induced
DSBs, and therefe, its inhibition was assumedd cause radiosensitization
in wt-p53 expressing cell line. On the contrary, ATR is mostly known
torespondofi mi | d e rofstressyand ét & not dominaintresponseo IR.
Even though it has been already describesensitize cells towards IR, the
mechanismg not deeply understood, and imestly described as-&nd G2/M
checkpoints dysregulatidn ATM/p53 deficientor higher level®f replication
stresssuffering cells. In our opinion this explanation was too simplistic and
needed further investigation.

As describedn the Introductionsection(chapter 1.3.1)ATR inhibitors offer a
great promisen oncology. Twoof the most recent potent and selective ATR
inhibitors are currently being testedn phase | clinical trials. Better
understandingf the mechanisnof action might be beneficigbr future use

of the drugsn clinics. For instance, if a novel pathway affedbgdhe inhibitor
treatment is identified, such kwtedge can helpo predict potential synthetic
lethalityin tumourswith specific genetic background and therefore, increase the
rangeof tumours which might be treated using the inhibitdfr&TR.

Moreover, we detected two distinct phenotypes cabg&tE-821: the first was
observed a f t821r treafmentO&nd WaE mostly characterized
by enhancingf the IR-induced cell viability and growth inhibiticindisrupting

the IRtriggered G2/M checkpoint and increasing thernBuced cell death. In
experimeng with shorter incubation times (i.e. 24 hours) and inhibaoky
treatment, this concentration was not provesignificantly affect viability

of MOLT-4 cel | s. Mo r-8b itsedf dig notzcau§eMny gignificant
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perturbationof the cell cycle. Th second phenotype was indudadl 0 OM
VE-821 and characterizeby marked proliferation inhibition and decreased
viability of MOLT -4 cellsin both single inhibitor treatment and its combination
with IR, which ledto more than a 90 % decreastviability in 3 days. This
inhibitor concentration also affected the cell cyofdreated cells inducing
slight, but significant, accumulaticof cellsin the G1 phase. Hencasing the
combinationof two highthroughput-omic techniques we aimdd provide a
deep insight into wunderlying molecular mechanismefthe potent
antiproliferative activityof 1 0 O MB2MnBMIOLT-4 cells

5.3.2Phosphoproteomic  analysis of VE-821-modulated
cellular response toionizing radiation identified and
guantified thousandsof phosphorylation sites

To describe cellular mechanisms underlying the -82#-mediated
radiosensitizatiorof MOLT-4 cells, we employed higtesolution MS to identify and
guantify changes proteome, phosphoproteome, and metabolomeadiated VE821-
treated cellgfigure 14). The quantificatioron both proteomic levels was basadSILAC
(270). To specifically enricHor peptides modifiedy phosphorylation, desalted tryptic
peptide samples were fractionated usingl8 followed by phosphopeptide enrichment
using titanium dioxide lrromatography(222) RPLGMS/MS detection, and peptide
identification and quantification using MaxQuant.5.2.8(316) Using this approach, we
identified 9285 phosphorylation sittlem 3090 protein groupata site FDR levebf 0.0],
among them 4504 eve quantifiedn all three biological replicatggsearly 63 %of the data
set).In GRT, we identified 623 regulated phosphorylation sites (455 phosphoproteins);
among them the majorityere upregulated (431As discussed previoug(¥33), the higher
numberof phosphorylation sites upregulatdthn downregulateth responseo a kinase
inhibitor treatmentvas probably causebly the lengthof the treatmenfone hour), which
was choseto rather identify signalling pathways rewiregt ATR inhibition in irradiated
cellsthan phosphorylations that are directly depende®®TR kinase activityn response
to IR.

In the analysi®of the whole proteome samplpsgpared using the same treatment
and time intervalve detected no significant changasthe proteomic levelfigure 15).
Taken together, we showed that BBl cotreatment significantly affected the
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phosphorylation response cells treatedvith IR, and thathe observed changes were not

inducedby the cvangenthe proteome leveél sincethe proteome remained unperturbed.

5.3.3. Gene ontology enrichment analysis of regulated
phosphoproteins provided a general descriptionf VE-821
modulated phosphoproteome

To functionally classify phosphoproteins identified and quantifiedlur study and
statistically evaluate enriched categories, we performed a functional annotation and over
representation analysis using ConsensusPatbid-representation analysiseb tool
(319,320) By this tool, proteins were annotated usin@ @rms level 4 and the owver
representation was evaluated using hypergeometric testing.

At first, we analysed all phosphopems identifiedin our study against a default
background reference séb characterize the phosphoproteome detectable using our
experimental design. While the owapresentatiomf nuclear and cytosolic proteins and
underrepresentatiorof membrane preins was probably causdxyy sample preparation
and better detectabilityf soluble proteins, overepresentationf GO terms relatetb cell
cycle (especially mitosis), DNA repair and replication, and gene expression confirmed the
essential rol®f phospheoylation in regulationof these processes (data not shown).

Then, a listof 455 phosphoproteins containing \81-regulated sites was tested
against a custom background reference detived fromour data comprising all
phosphoproteinsvith atleast one posphorylation site quantifiesh all three biological
replicates. In this analysis, we identified ovepresented biological processes (BP),
cellular compartments (CC), and molecular functions (MF). As shioviigure 19A,
regulated phosphoproteins wenerrepresenteth nucleus, specificallin chromosomes,
mitotic spindle, and replication fork amavolved in chromatin organization, DNA repa

and metabolism, cell cycland regulatiorof transcription factors.

5.3.4 Signalling pathways annotation and ovefrepresentation
analysis revealed several pathways possibly dysregulated
by VE-821 treatment.

Using the ConsensusPathDB tool, we also mapped regulated phosphoproteins
tosignalling pathwaysfromthree different pathways databases: KEG&1,322)

REACTOME(323), and PID(324)and pathway coverage was calculdtadeach pathway
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(figure 19B). The list of pathways containing proteinsvith VE-821-regulated
phosphorylation sites, and thysthways potentiallymodulatedby VE-821 treatment
contained pathways involvad DNA repair, replication, andtelomeres synthesige.g.
ADNA replicationo, AFanconi anaemia pathwayo

at hwayo, ADNA doubl e strand elremkast ineadpon

©
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Figure 19: Selected resultérom Gene Ontology level 4 terms and signalling pathways
overrgoresentation analysis-unctional annotatiomf proteinswith phosphorylation sites
significantly affectecby VE-821 treatment and oveepresentathn analysis were done
using ConsensusPath¥errepresentatiomnalysis online tool A) Overrepresented GO
terms (FDR < 0.05, all proteins quantifieith our study were used as a statistical
background). B) Regulated phosphoproteins were mapfmesignalling pathway$rom 3
different databases (KEGG, REACTOME, and PID) and patfoeagrage was calculated
for overrepresented pathways (FDR < 0.05, all proteins comprisatktected pathways
were used as a statistical background).

5.3.5Network analysis revealed the complexityof cellular
response and multiple functionally related clusters affected
by VE-821

Using the SbExtractor algorithm(325) we extracted multiple subnetworks

of interconnected nodesith the mosprominentchangesn phosphorylation after ViB21
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treatment. The largest subnetwork is depictedfigure 20. For each group

of interconnectedhodes,we further performed functional annotation enrichment analysis
to better understand its functions. To simplify the interpretation, the clugéeedivided

into two groups.

The firstonecan be concisely described awalti -level stress induced regulabn
of gene expression regulationof RNA biogenesis, its modification and stabilitgnd
translation. Namely, SubExtractor extracted a cluster that contains chromatin modifying
enzymes (mostly histone acetyten and methylation) and thuntributesto regulation
of gene expression. Furthermore, transcription initiation and elongation complexes were
also extracted. The largest module centred aroBratein mago nashi homolog
(MAGOH) comprises many proteirfsom the mRNA splicing machinery. And finally,
VE-821 treatment also affected phosphorylatidmibosomal proteins suggesting that
might also alter protein synthesis. The ribosomal cluster is further tightly linlkeduster
that mostly containmmembersf the mTOR pathway indicating that this ipaay might be
dysregulatedby VE-821 treatment, and consequently, resulaffectedcell growth and
proliferation.

Thesecond groups mostly relatedo already known functionsf ATR; it contains
clusters correspondingp DNA damage responsancluding bdh DNA damage repair
proteins and proteins involved stressinduced cell cycle regulation. As shownfigure
20 we detected a densely interconnected cluster composédembers
of minichromosome maintenance complex (MCMs), origin recognition complaxgab
(ORCs), and DNA polymerases; this cluster also includes several knownndrRcting
proteins and corresponttsthe regulatiorof origin firing and Sphase progressidiy ATR
in responseto stress. Further hubis the extracted network comprisedufocell cycle
regulating kinase$ cyclin dependent kinase 1 (CDKZ1)cyclin dependent kinase 1
(CDK?2), Serine/threonine kinase PLK1 (PLK1) andAurora kinase A (AURKA) - and
their regulated substrates extracted as their interactors. These kinageghefdrsruption
of IR induced DNA damage cell cycle checkpoints and dysregulafiamtosis and cell
divisionby VE-821 treatment as detectiegithe DNA content analysis. Unexpectedly, the
algorithm also extracted a small cluster containing enzyroesthe de novopyrimidine
synthesis metabolic pathway connecterthe DNA repair clustersuggesting that
metabolisnof nucleotides might be also affectegd ATR inhibition.
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Regulated networks revealed by SubExtractor algorithm
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Figure 20: Protein network extracted using SubExtractor algthm and visualized

in CytoscapeProteinprotein interactionsvith STRING score above 900 were used as an
inputfor the algorithm and regulated subnetworks were extracted (FDR < 0.005). Proteins
in rectangles were identified and quantifiedour study;proteinsin ellipses were added
tothe network bythe algorithm. Proteinswith downregulated phosphorylation are
depictedin blue; proteinswith upregulated phosphorylations are depictedoink. The
colour intensity corresponds the degre®f regulation(combined &=core).

The complexityof the extracted network containing multiple cellular mechanism
pointed out the muHiayered natureof cellular responsdo stress affectedy VE-821
treatment. Moreover, we identified multiple protein kinasethe @ntresof extracted
modules indicating a possible dysregulatdthese kinasesy the treatment. This was not
unexpected; inhibitionf one protein kinasi a cell naturally lead® dysregulatiorof its

dependent downstream cellular signalling medibateother protein kinases. To investigate
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kinome dysregulation inducetly VE-821 treatment, we performed sequence motif
analysis and kinase activity analysis togethwith statistical evaluatiorof the possible

changes, and the resutikthese analyses@apresented below.

5.3.6.Sequence motifs analysis identified global trends VE-
821 induced phosphorylation changes

To characterize the detected phosphorylation sites, we first calculated the
distributionof phosphorylated serines (pS), threonines (pT),tarakines (pY) identified
and quantifiedn all three biological replicates. As depictedigure 21A, the distribution
was very similato values reported previousiy studies employing comparable phospho
enrichment strategies and sample analysss§7.6 %of pS, 11.8 %of pT, 0.6 %of pY).
Interestingly, when we calculated the saiistribution ratidfor sites that were significantly
regulated after VEB21 treatment, we found that pT were ovepresentech the regulated
data set (19.3 %of all regulated sites, enrichment factof 1.65, FDR of 9.97x10'°
calculated using Fisher exact test). We observed the sameanti@ndprevious datél33),
and the overrepresentatiorof pT has been also reportadanother study investigating
genistein induced phosphorylation chanigdsreast cancer cell line, which mostly affected
cell cycle regulation and DDIR94). Sincein the sequence logasd CDK1 and CDK2
generated using tireknown substrate@hosphoSitePlus databages apparent thatpis
overrepresentedin comparison tothe regular distributionof pT usually detected
in phosphoproteomedidgure 22A), we assume thah our case, the oveepresentation
of pTs might be causetlya high numberof regulated sites phosphorylatéy these
kinases they were predictetb phosphorylate between 2737 %of the regulated dataset,
and about 40 %f these sites are phosphorylated threonifigare 22B).

Next, we analysed and visualized sequence motifs using iceLog@3@dland
motif-x algorithm (328). When analysing all class | sites identified our study
with SwissProt average amino acid frequencies as a background reference set, we found a
significant biasof our data towards prolirgirected motifs fijgure 21B). Furthermore,
basic and acidic amino acids (R,ad B were slightly overrepsented, and hydrophobic
amino acids were slightly underrepresented (L). The slight bias towards the hydrophilic
residues and underrepresentationf hydrophobic ones might be caused
by chromatographic methods uskx peptide fractionation, phosphopeptidaienment,
and LGMS/MS analysis, togethevith the aforementioned high proportiohCDK1 and
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CDK2 substratem our datawhich both contain basic amino acidgheir sequence motifs
(figure 22). In the upregulated dataset, prolidieected motifs follaved by basic amino
acids were significantly ovaepresented, which corresponds welthe known sequence
logo of CDK 1 and 2 (figure 22A). On the other handrom the sequences surrounding
downregulated sites, SQ motif was extracted using mqirbviding a confirmatiorof the
downregulationof DNA repair kinasesnediated phosphorylation as this motif is typical
for PI3K-related kinases ATM, ATR, and DNRK (figure 1).

Taken together, sequence motifs analyses identified global tiends-821
induced mosphoproteome chang&igh dominant representatia upregulated CDKs and

downregulated PIKKs.
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Figure 21: Sequence motif and kinase activity analyses: (A) Pie chddpict proportions

of STY phosphorylationa the whole clas | (localization probability > 0.75) dataset and

in the regulated fraction(B) Sequence motif analysiwas performed using IceLogo and
motitx. Amino acid sequencesdifferentially up or down regulated phosphorylation
sites were analysed against atsttical background comprising all class | sites quantified

in our study. Depicted motifs were found enricltegdndicated significance leveldn
IceLogo analysis, amino acids that were more frequently obsénuee proximityof a
regulated phosphorytan site are indicated over the middle line, whereas the amino acids
with lower frequency are indicated below the line; phosphorylated amino acid is located
at position 0(C) Kinase activity analysi®?hosphorylation sites were annotatsih their
knownkinases using PhosphoSitePlus database if available. iGPS v1.0 and Networkin 3
were usedo predict kinasedor all class | sites, and the predictions were filtered as
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indicated. Venn diagram shows the overlap between phosphorylation sites annotated
by eadh method and applying desired filtering criterBoxplotsdepict SILAC H/L ratios
distribution of phosphorylation sites assigndd each kinase/group. The distribution,
median, and/or outlieshiftsto positive values indicate a possible upregulatidkinase
activity; trends toward negative ratio values show a possible downregulatikinase
activity. Statistical analysis was performed using 1D enrichment anafyBisrseus (v
1.5.2.6), and the test FDR valdier each kinase/group was useéarank theboxplots

in ascending order. The higher color intensity correspotadbie lower 1D enrichment
FDR value and vice versa.
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Figure 22: Characterization of sequences phosphorylateoy CDK1 and CDK2. (A)
Sequence logogor CDK1 and CDK2 were downloadedromthe PhosphoSitePlus
database(B) Sequence logos were generatedcelLogofor sequences that were either
known CDK1/2 substrates or predictéy iGPS or Networkin 3, and the percentage
of these sequencasthe regulated datasetas calculated.
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5.3.7.Kinase activity analysis confirmed the downregulation
of PIKKs substrates after VE-821 treatment

5.3.7.1. VE-821 specifically inhibited ATR kinase and did not affect the-tiQygered
ATM signalling.

In additionto SQ/TQ motifs enriched amon@wnregulated siteis both sequence
motif analyses, 1D enrichment analysiknown and predicted kinase motrspeatedly
indicatedthat e SILAC H/L ratio distributiorof the ATM/ATR group substrates shew
a significant declining trend €igure 21C). From these ratio shifts, the activity
of ATM/ATR group might be inferred as downregulatésen though both kinases share
the same phosphorylation motif, both prediction algorithms clearly favour ATM over ATR.
This bias is probably introducduay a better anrntation of ATM substrates and protein
protein interactions the databases.

Nevertheless, using an antibody against Chk2 Thr 68 phosphorylation, which is a
widely-usedmarkerof ATM kinase activationn responsé¢o ATM activating stress, we
showed that 10 M \BEL did not inhibit ATM signallingn our experimentsfigure 12).
Furthermore, we found additional pieadsvidenceof unaffected ATM signallingn our
phosphoproteomic data: ATM Ser 2996 autophosphorylation site, which has been
previously showrto be rapidly inducedy IR (43), was not affectedy the treatment.
Similarly, two IR-induced autophosphorylation sitelsa downstream ATM target Chk2,

Ser 260 and Ser 37944,345) were also not significantly changed

On the contrary, known ATR targets located within the Ctddulatory domain
were observetb be downregulated upon V&1 treatment: Ser 345 phosphorylation was
detectedy western blottingf{gure 12), and Ser 317 phosphorylation was quantiiiredur
phosphoproteomic experiment. An important markef Chkl actvity, the
autophosphorylation site Ser 296, was not detentedr study. Chkl itself was evaluated
as significantly downregulateoh the 1D enrichment analysisf the known substrates,
providing further evidencef downregulated ATR/Ckh1 pathway. Considg the high
selectivity of VE-821 towards ATR kinasd@50 (ATR): 26 nM, Ki (ATR): 13 nM, Ki
(DNA-PK) : 2KipATMM,6 OM), we can assume that
SQ/TQ phosphorylations motifs assignéd ATM_ATR group can be explained
by speifically inhibited ATR kinase activity.
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DNA-PK, which is also knowro share the glutamine directed phosphorylation
motif (figure 1), was evaluatedo be significantly downregulated using the iIGPS
predictions. However, we did not find any known s@EDNA-PK that would be
downregulatedn our study (the only known DNA&K phosphorylation site was Ser 430
onVi mentin, which was un c8awagpodeto.leavielDNAe oV e
PK signalling unaffected a celtbased assajl1), and thence, we assume that the DNA
PK inhibition is rather unlikely.

In all three experimental replicates, we identified and quantified 21 downregulated
SQ/TQ class | phosphorylation sites; among them eleven were known substrates
of ATM/ATR kinases or predictedy iGPS or Networkin 3 Most of the downregulated
sites were locatedn proteinswith confirmed rolesn DDR; however, potential functions
of someof them have not been elucidated yet.

5.3.7.2. VE-821 treatment altered phosphorylah of MRN and BRCAZ
BRCT/Abraxas complexes and several other protewith known role in DNA
damage response

On the listof regulated ATM/ATR targets, we found two W1 responsive
phosphorylation sitesn MRN complex, the major sensaf DNA DSBs and AM kinase
activator, which has been also shoterbe requiredfor ATR activation after IR(368)
Double-strand break repair protein MRE11A (MRE11) Ser 678 is a known ATM
substrate gsentiafor homology directedepair(369) Ser 397 phosphorylatiasf Nibrin
(NBS1) has been previously detected, but the phosphorylafitinis site does not have
any known function. Furthermore, phosphorylatidiBRCA1-BRCT/Abraxas complex
was dso showntobe alteredby ATR inhibition; we detected two downregulated
phosphorylation sitesn Breast cancer type 1 susceptibility protein (BRCA1) Ser 1239
and Ser 1524the latter one has been showribe importantor cellular responst DSBs
(370) and phosphorylatetly either ATM or ATR dependingnthe sourceof the stress
(371) In additionto BRCA1, BRCA1-A complex subunit Abraxas (FAM17A)Thr 365
was also foundto be dephosphorylated after ATR inhibitidn this phosphaoylation
of FAM17A does not have any known function; however, phosphorylation has been shown
to be essentidbr Abraxas regulationery recently(372).

Another instancesf VE-821-regulated phosphorylations, and thus poéMTR
targets, are Ser 316f an important membeof Fanconi Anaemia pathway Fanconi

anaemia group D2 protein (FANCD2) and Ser 368f E3 ubiquitin-protein ligase
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RAD18 (RAD18), an important E3 ubiquitin ligase responsifide monoubiquitination
of Proliferating cell nuclear antigen (PCNA) in responséo stresg373). Moreover, we
also found a markedly downregulated SQ siteRAD51-associated protein 1
(RAD51AP1) (Ser 120), whichhas been detected and validateé@nother very recent
phosphoproteomic study using ATR inhibitoirs combination with replication stress
inducedby hydroxyurea(135).

5.3.8.Dysregulation of cyclin-dependent kinases and aurora
kinases was responble for the disruption of G2/M
checkpoint and faster progression through mitosis

In the DNA content analysis, we showed that-&EL disrupted IRnduced G2/M
arrestin MOLT-4 cells. Cells treateavith ATR inhibitor were not abldo activate the
G2/M che&point, whichin turn ledto faster progression into mitosigth unrepaired IR
induced DNA damage. Such progression has been stoovase mitotic catastrophe and
apoptotic cell deathin haematological malignant cell line§l34,313,374) Using
phosphoproteomics, we aimeéd elucidate, which kinases were dysregedthby ATR
inhibition and thusmay contributetothe G2/M checkpoint disruption. As depicted
in figure 21C, the combinatiomf kinase annotation and 1D enrichment analysis revealed
a possible upregulatioof G2/M checkpoint controllingCDK1 kinase, mitotic kinases
Aurora A andB, and kinaseBom the NEK family, particularlyserine/threonine protein
kinase NEK2 (NEK2) kinase

5.3.8.1. VE-821 caused CDK1 upregulation and increased phosphorylatbtbmany
known CDK1 targets imolved in G2/M transition and mitosisin irradiated
MOLT-4 cells

Sequence motif analysis showed overrepresentafiphosphorylated amino acids
followed by proline and basic amino acidsa wellknown motif of cyclin dependent
kinases. And indeed, thenrkdse activity analysis confirmed a significant upregulation
of cyclin dependent kinases, predominantly CDK1 (or CD@&) a median ratio only
slightly deviatedo positive values, but many outliers strongly upregulated afteB¥E
pretreatmentfigure 21C). Manyof these outliers werdassifiedasoc al | ed fAr egul a
sites (i.e. sites with previously discovered and experimentally validated effectthe

modified protein)with a known functionin mitosis, or their function has not been

127



elucidated yk but the corresponding phosphoproteins have been slodvave important
rolesin the onsetof mitosis and mitotic progression. Examplafsthe most interesting
CDK1-phosphorylated sites and their functions are given.

Seven phosphorylation sites werdetgedon Stathmin (STMNL1); threeof them
were upregulateth our study (Ser 16, Ser 25, and Ser 63). There are multiple kinases
known or predictedo phosphorylte the upregulated site€DK1 dysregulation might be
responsiblefor elevated Ser 25 phosplytation. These STMN1 sites have been shown
to be phosphorylatenh a cell cycle specific manner and esserftalG2/M transition and
proper spindle formatio(875). Nevertheless, increased Ser 16 and Ser 63 phosphorylation
have been also observed after apoptosis indu3io®). Protein regulator of cytokinesis
1 (PRC1)is a key regulatoof cytokinesis showmo be phosphorylatedhy CDK1 in early
mitosis. Increased phosphorylatoha fr egul at oryo Thr 481 site v
describedto regulate PRC1 interactiowith anothermitotic kinase, Poldike kinase 1
(PLK1) (377) Thr 926 phosphorylatioof Kinesin-like protein KIF11 (KIF11) is a
mitosisspecific phosphorylation conducteg CDK1 which regulates KIF11 interaction
with mitotic spindle andhus regulates mitosig378). Another exampleof an elevated
mitosisspecific phosphorylation detectdad our study is Ser 1213 phosphorybet
of DNA topoisomerase 2alpha (TOP2A).Ser 1213 has been showrbe phosphorylated
by proline-directed kinases (CDK1 or ERKS) inducing the localizatmin TOP2A
to mitotic chromosome&79) Sororin (CDCAS5) is CDK1-phosphorylateth mitosis (Ser
75 and Ser 79), and this modification causes its relizasechromatin while affecting
sister chromatid cohesidB80).

Protein phosphorylatiorof N-terminal domainof Nucleolin (NCL) has been
shownto be essentidbr normal proliferatior(381) Thr 121 detecteth our study has been
already detected as a substrafaCDK1 in high-throughput phosphoproteomic sere
for CDK1 substrate¢382). Nuclear ubiquitous casein and cyclirdependent kinase
substrate 1 (NUCKS1)- Ser 181 phosphorylation is another examplefa CDK1
substrate identifieth a highthroughput experimen8382) Furthermore, Bensimon et al.
showed that phosphorylatimf NUCKS1 Ser 181 after neocarzinostatin (NCS) treatment
was ATM-dependen{42), and it has been shown recently that NUCKS1 plays & rol
in homology directed repaof damaged DNA383). Lamina-associated polypeptide 2,
isoform alpha (TMPO) has been showio be phosphorylateith amitosisspecific manner
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and might be importanfor postmitotic nuclear assembly384). However, Ser 424
upregulatedn our study des not have any known function.

Componentf nuclear lamina are knowto be hypefphosphorylatedo induce
reversible disintegration of nuclear envelope. We detected four upregulated
phoghorylation site®f nuclear laminstamin-B1 (LMNBL1; Ser 23, Thr 20, and Thr 5)
andLamin-B2 (LMNBZ2; Ser 37) inducetdy VE-821 pretreatmenof irradiated cells

Additionally, unscheduled CDK1 activity G1 phasehas been showto trigger
apoptosian X-irradiated MOLTF4 cells(385) In our data, VEB21 significantly affected
viability of MOLT-4 cells itself andn combinationwith IR and increased the number
of early and late apoptotic cells. It is possible that addition to G2/M checkpoint
disruption and inductiof postmitotic cell death, the dysregulatimf CDK1 by ATR
inhibition contributes to the increased ratd apoptosisn MOLT-4 cells.

5.3.8.2. VE-821 upregulated Aurora A and B kinasegurther contributing
to dysregulationof mitosis

Kinasesfrom the Aurora kinases family Aurora kinases A and B are master
regulatorsof mitosis prgression and onseif cytokinesis,whose activities require tight
spatial and temporal regulation, aheir dysregulation might cause errorsnitosis, faster
progression through abscission checkpoint, and affect postmitotic genome surveillance. In
our analysis, we found that the activitiefthese two kinases might be upregulaigd/E-

821 treatmentfigure 21C). As in the caseof CDKs, examplefthe most interesting
phosphorylation sites are given.

Targeting protein for Xklp2 (TPX2) is a spindle assably factor whose activity
is tightly interconnectedvith Aurora kinase A activity. TPX2 contributée Aurora A
activation(386), and the other hand, Aurora A has been shtwrhosphorylate TPX2
onSer 121 and Ser 126 regulate mitotic spindle length and control microtubule flux
(387) In additon tot hese t wo kK nown Aregul atoryo
upregulated phosphorylation sitemthis protein that were predictetb be possible
substratesf Aurora A (Ser 486, Thr 369, and Ser 738).

Kinesin-like protein KIF2C (KIF2C) Ser 115 has bee shown tobe
phosphorylatedby Aurora B previously, and this phosphorylation regulates KIF2C
interaction with centromeres and kinetochores and its microtubule depolymerisation
activity. Thus, it regulates the turnoamicrotubulesat the kinetochore ahchromosome

segregation during mitos(888) Another known Aurora B substrate found upregulated
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in our study washromobox protein homolog 5 (CBX5)that has been previously shown
to be hypesphosphorylated during mitos{889)

Notably, we found hypephosplorylation of Antigen KI-67 (MKI67) (from 22
sites detected, 12 upregulatedGRT), with most of the sites predictetb be substrates
of Aurora A, CDK1, or NEK kinasebdy Networkin 3. MKI67 is a protein essential
for normal cellular proliferatiori390) and has been showta interactwith known mitotic
proteins(391)

Taken togethe our data indicate that ATR inhibition inducdgsregulabn of the
main mitotic kinases. fle results aren concordancewith previous data, which were
obtained using similar treatmemta different leukemic cell line H60 (133), in which
dysregulationof CDK1, PLK1, and NEK2 was observddata miningn published studies
confirmed that mangyf the substrates assignezleach onef these mitotic kinases have
already been described as the essential playerd| cycle and mitosis control. Meover,
we found multiple regulated phosphorylation siiashese proteins, which might be worth

functionalvalidationin further studies.

5.3.9Downregulated mTOR and its downstream p70s6k
kinase indicate possible impactof VE-821 on cellular
growth and metabolsm.

5.3.9.1. The key regulatorof cellular metabolism, Serine/threonine protein kinase
mTOR, was inhibitedby1 0 O M82MVtEeatment, possibly conbuting to the
growth inhibition.

To our surprise,inthe 1D enrichment analysisf kinases assignedo their
substates basedonknown kinasesubstrate relationships, we found a significant
downregulationof the Serine/threonine protein kinase mTOR (mTOR. The protein
kinase mTOR is the principle regulatoof cellular metabolism promoting anabolic
processes and inhibig catabolic processes such as autophagy. It integrates signals
from different upstream pathways triggerdnya wide variety of signals including
nutrients, hormones, growth factors, and also cellular streéesegulate cell growth,
metabolism, cell swval, protein synthesis, and transcription (reviewe@31)). In total,
we found seven known direct mTOR targets downregulatedr studyand several other
proteins includedh iMTORsignalling pa h w rgmKEGG pathway databagdepicted

in figure 23A and summarizeth figure 23B).
130



Four of the mTORphosphorylated proteins are involved transcrigion and
translation regulatio and thuscontributeto regulationof cell growth and proliferation.
Eukaryotic translation initiation factor 4E -binding protein 1 (EIFAEBP1) Ser 65 is a
known Aregul at ohymTOR ®ori MAPKdrivenr pgtieways.d Together
with phosphorylationof Thr 70, Ser 65 phosphorylation affects translation initiation
when hypephosphorylated, EIF4AEBP1 strongly bintsEIF4E, an essential member
of the translation initiation EIF4 compleX392) Furthermore, we found four
downregulated phosphorylation si@sProtein PAT1 homolog 1 (PATL1;Ser 179 and
Ser 184) andla-related protein 1 (LARP1; Ser 766 and Ser 774); both proteins have been
described as downstreamTOR targets involvedn regulating mRNA stability and
degradation (393,394) Both ofthem were also identified as rapamycin sensitive
phosphorylation sites a high throughput phosphoproteomic scréarpotental mTOR
substrateg395) Moreover, we also detected downregulatiman mTOR mediated
phosphorylationof Repressor of RNA polymerase |l transcription MAF1 homolog
(MAF1) a previously descrilaeregulatoiof transcriptionSer 75 phosphorylation has been
described as a fAregul at o RNApolpmerade dli(Pol llino d i f i
transcription repressing abilitf MAF1 (396).

In addition to proteins involvedin translation regulation, we also identified
significantly changed phosphorylatiaftwo phosphoproteins linketb autophagy, an
evolutionarily conserved process that enabtlegradation and recyclingf proteins or
whole organelleto maintain cellular homeostasisaderboth normal andtress conditions
(reviewedin (397). Death-associated protein 1 (DAP1l)s a suppressoof autophagy
in growing cells thais functionally silenced through mTOR dependent phosphorylations
on Ser 3 (downregulateish our study) and Ser 51. InactivatiohmTOR has been shown
torapidly reduce phosphorylatioof these sites and activatiaf the repressor function
of DAP1 (398). Serine/threonineprotein kinase ULK1 (ULK1) is a protein kinase that
plays a key role inducing autophagyresponseto starvation. Under normal growth
condition, ULK1 is phosphorylated and negatively regulabgdnTOR. Seine 450,
detectedin our study and predicteth be a substratef mMTOR by the iGPS prediction
algorithm,has been showto be dephosphorylated upon starvat{899) Unfortunately
we did not detect the Ser 638/758 that have been further validated as functional
phosphorylation sites inhibiting autophagy inductipnULK1 under normal cell growth
conditions(399)
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Figure 23: Significant changesn mTOR signalling pathwayProteinswith significantly
changed phosphorylation sgtewere mapped onto KEGG signalling pathways.

Summanyof all phosphoylation sites comprisethi mT OR s i gathveay pathway
in KEGG databasand phosphorylation sites that akmown mTOR substrates known
to be mTORdependen{(B). Immunoblottinganalysisof mTOR activity(C). Cells were
collected Zhour after IR (1.5 Gy). Activitgf mMTORwas moitored via the detectioof its

target pT3890f p70S6K (S6K, RPS6KB1Jhe e&pression stateof p70S6Kwas also
evaluatedb-actin expression was analysas a loading control.
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