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Zusammenfassung

Die Weitergabe von Signalen mittels Protein Tyrosin Kinasen (PTK) ist eine Eigenschaft von
multizellularen Organismen und deren Deregulierung kann zur Entstehung komplexer Krankheiten
wie Krebs im Menscheheitragen Es gibt 9thumane PTKs unterteilt in 58 RezeptBTKs und 32
nicht-RezeptoPTKENRTKSs)Es ist von essenzieller Bedeutung zu verstehen, wie jeidzelneNRTK

ihre Substratpréeine mit gegebener Spezifitaerkennt und unterscheide Dies ist eine
Herausforderung  aufgrund  Uberlappender  Substratspezifitdt, enzymatischer  Aktivitat
unterschiedlicher GréRenordnungen unzklitypabhangiger Expressionsstarke zwischeRTIS.
Saccharomyces cerevisigBackerhefe) hat keine PTKs und es wurde geeigt, dass aktive,
menschlicheNRTK einzeln und schwach in Hefe exprimiererden kénnen ohne einen Hefe
Phanotyp zu erzeugen. Dabei werdddefeproteine phosphoryliér was mittels modener
massenspektrometrischeMethoden hintergrundfei gemessen werdekann Die Halfte aller 32
NRTI, mit Représentanten aus alleNRTK Familien zeigten Aktivitat in Hefe. Durch 60
massenspektrmetrische Messungn in einem einzelnen Versuchsaufbauwvurden 1433
Phosphorylierungsstelleauf 900 Hefeproteien gemesserDieMessungerermoglichten die Analyse

der Uberlappenden Spezifitat zwischéRTIS und die Definierunglinearer Aminosauresequenz
Motive fur jede einzelneNRTK welchedie Zuordnung vorNRTIK zu 1388 aus 13240 bekannten
menschlichen Phosphorylierungsstellermdéglichte Die Konservierung voModifizierungsstellen
zwischen Mensch und Hefe ermdglichte die Zuordnung WIRTIK zu 63 orthologen
Modifizierungsstellen und fiihrte zur Entdeckung, d@aerobe Glykolyseund Signalwege onkogener
NRTK enger verknlpft sind als bisher angenommedsiir NRTIK wurde individuelles und
gemeinsames Moadifizieren von einzelnen Substratproteinen und Substratfamilien vorhergesagt, was
exemplarischmittels eines in vitro KinaserTestvefahren experimentell Uberpriftwurde. Die
Dechiffrierung menschlicheNRTKSpezifitat in Hefe resultierte irinem neuen Datersatz welche

die Basis fur weitere experimentelle Analysen sein kdnnte, um die systemweite Signalweitergabe von

NRTK# normalwachsenden und wuchernden Zellen zu entschliisseln.
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Abstract

Proteintyrosine kinase (PTK) signalicen be regarded as hallmark oimulti-cellular organismand

its deregulation causes a variety obmplex diseases in humancluding cancer. Therefore, it is
essential to understand how each individual tyrosine phosphorylating enzyme is able to recognize
and distinguish its target proteindhis task still remains challenging duecteedapping substrate
specificity,magnitudedifferencesin enzymatic aédvity, and cell typadependent expression levels of
PTKsThere are 90 human PTKs with 58 recefiyque PTKs and 32 narceptor type PTKENRTKS)
thereof. Saccharomyces cerevisiadacking PTkand it wasshownthat, when individualy expressed
at low levelsactivehuman NRTKghosphorylate yeast proteinsin a backgroundree environment

in intact cells witthigh specificityandwithout a growth phenotypeHalf of all32 NRTIS representing
all NRTKfamilies showed activity in yesHence, individuaNRTKspecificity on both lineaamino
acidmotif- and structural levelwas determinedoy 60 measurements a single experimental sefp
recording 1433 tyrosine phosphorylation site®n 900 proteinsin yeast using statef-the-art
phosphoeproteomics The massspectrometricmeasurementsenabled analysis ofNRTKspecificity
overlap and the determination ofinear amino acid sequencenotifs for individual NRTIK Motif-
based scoringof 1324 reported human pY-sites enabled kinase inferece for 1388 pY-sites
Modification site conservation between yeast and human enabled kinase inference for 63
orthologous p¥sites and led to the discovery that aerobic glycolysis and oncodéRikksignaling
may be more highly intelinked than previouslassumedIndividual and common NRTK targeting of
single and families of substrate proteins was predicted exeimplaryexperimentally verifiecdby an

in vitro kinase assay. Decipherilgiman NRTKspecificity in yeast provided movel data set which
may aid further experimental analysis to unravel systemide NRTKsignalingin normal and

proliferating cells

Keywords
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network
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1. Introduction

1.1. Protein phosphorylation

Cells of all organisms store and transmit information pest-translational modification (PTM)f
proteins.One of the most prominent PTMs is reversiplesphorylationof proteinson the hydrox}
group of three hydroyamino acidsserine, threonineand tyrosine.Phosphatehasideal properties

for the generation ofbiological moleculesit is highly abundant in nature and has chemical
advantages such as high water solubility and the ability to form chemical linkages that areirstable
water at moderate temperatures(Westheimer, 1987) Thus phosphate ester linkage were
employed early in evation for the formation of the nucleic acidand later to reversibly modifithe
otherwise genetically fixed 2Matural amino acids(Westheimer, 1987)As such new chemical
entities are createdthat diversifybiochemical properties gbroteins byaddtion of negativecharge

to the protein surface The universal phosphate donor and enzyme catalyst in biological system
the highly abundantdenosine triphosphat€ATP) which is converted indenosinediphosphate
(ADP) by donating an orthophosphate moleculed@hosphorylation reactiopwhichin turn results

in an overall release of energy to the systéHunter, 2012)Serine, threonine andytrosine residues
are the amino acidspredominantly phosphorylated irhigher eukaryotes with an estimated
phosphorylation distributiorin humansof approximately88, 11, and1 percent respectively(Olsen

et al.,, 2006, Junger and Aebersold, 2018% other aminoacids, aginine, glutamine, aspartate,
cysteine, histidine, and lysin@yre also known to be phosphorylatéHunter, 2012) Phosphorylation

of the latter amino acids is less stable and hence can be easily missed in proteomic approaches
employingunfavorable conditionsuch aghe use of acidsHistidine phosphorylationfor example is

by far less studied than tyrosine p#phorylationeven though histidine modificatiowas estimated

to be more frequenthan modification oftyrosine(Ciesla et al., 2011)

1.2. Requlation of protein phosphorylation

Cellular signaling via phosphorylation is regulated by aetier systememployingthree classes of
proteinswith modular domain architecturthat O 'y S A (i K S NJ dr NNBRO 2 Hyg MNIR §i SINENID | R
NBY2@PS 0GSNI aSNAREUV LIK2 ZGasdaowin BrigdredPrhere &rdzendyindslwithS LINE ¢
specificity for serine and threonine residues (serine/threon(8€T)kinases;binding domains, ane
phosphatasespand others specifior tyrosine residues (tyrosinkinases,-binding domains, and
phosphatases) Furthermore, dualspecific enzymes which can phosphorylate, rexing, or de
phosphorylate bothhave been describe(Dhanasekaran and Premkumar Reddy, 1998, Becker and

Joost, 1999, Camps et al., 2000)
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recycled by the cellModified from Jin and Pawson (2012)

Human gnome sequencing enabldatie identification of 8.8 protein kinasegPK)which constitute

0§KS Of I &a(ManfingetaNRDZDBsé enzymescatalyz the phosphorylation reaction

and hence regulae most cellular processes includingnetabolism, transdption, cell cycle
progressionapoptosis differentiation, cytoskeletal rearrangement, ancell mobility (Manning et al.,

2002b) In addition to PKs, approximately 189@uman protein phosphatase catalytic subunitgre

identified (Alonso et al., 2004yvhich can bedivided into three main¥ I YAf A Sa 2h& A& SNI &
phospheprotein phosphatase(PPP)family, the metallo-dependent protein phosphatas¢PPN)

family, and the phosphetyrosine phosphataséPTP family (Moorhead et al., 2009)Along with
approximately 90 protein tyrosine kinases (PTK)7 genes were identified in the human genome

encoding four families of PTPgAlonso et al., 2004)While phosphataes are not as highly
investigaed as PKst is increasingly appreciatatiat they play an equally important rola steering
cellularprocesseenabling regulatedeversibility of the PTMIndeed, the phosphorylation status of

an amino acid is dictated by an equilibrium of attachment and removal of phosphate by the

appropriate enzymes.

Signaling molecules are constructed from domains in a modular fashion d&ielmine molecular
interactions with nucleic acids oother proteins or have enzymatic activity(Jin am Pawson, 2012)
Interaction surfaces on proteirsan be recognized hipteraction domainswhich bind, for exanple,

to specific peptide stretches defined by amino acid arrangement or modificatipmigherorder
structure. By recognition of PTMs or chemical second messengers, interaction domains can target a
protein to a specific subcellular localization, iniggirotein signaling complex formation, andntrol

the conformation, activityand substrate specificity of enzym@awson and Nash, 200d)ifferent

2



interaction domainshave evolved to bind to specific proteins, phosphalipids, or nucleic acids
Proteins aretargeted bydomainrecognition of one of more propertiesuch asPTMsand specific
peptide sequences, andia homo- or heterotypicdomaindomain interactiongPawson and Nash,
2003) Important representatives of binding domains are the $R@ology 2 (SH2) and phospho
tyrosine binding (PTB) domains interacting with phosphorylated tyroglive and Pawson, 2012,
Grossmann et al., 2015fFurthermore,14-3-3 domainsand WW domains bindo phosphorylated
serine, threonine, and poly-proline peptide recognizing SR@mology 3 (SH3) domainghile PDZ
domains bindboth to specific peptide sequences on protein carbégyminals and to other PDZ
domains for instance(Pawson and Nash, 200Regulation of cellular signaling by phosphatases and
modular binding domains are research fielidsits own right whereas this thesis focuses on the

determination of sibstrate specificity oPTK$elonging to the group ak 6 N&A (i S N& ¢ ®

1.3. Protein _tyrosine kinases

Serine and threonine phosphorylation can be found in ailkaryotes whereas tyrosine
phosphorylation evolved with the emergence of mudéllularity (Suga et al., 2012As mentioned
above around 90geneswere identifiedencodingPTIs in the human genome by mapping tyrosine
kinase domain sequence conservatidanning et al., 2002bb8 cell membranepanningreceptor
protein tyrosine kinases (RPTK) wealassifiedinto 20 subfamiliesand 32 nonreceptor tyrosine
kinasegNRTKs)vere distributed to 10 subfamilies phylogeretic analysis of amino acid sequees
and domain architecturgRobinson et al., 2000PKs, and in particular PTKs, constitute a large
fraction of all known tumotsuppresso and dominant oncogeneshereatPTKsepresentthe largest
group of dominant oncogenes with structurbbmology (BlumeJensen and Hunter, 20Q1Even
though PTKs comprise only 0.3 percent of all metazoan genes, somatic mutatitiese genes
cause a significant fraction of human cancé®umeJensen and Hunter, 2001n general, PTK
signaling needs to be precisely coordinated and integrated at all times during embryonic
development and adult life by alloste and proteinprotein interactions to ensure proper protein
function and prevent oncogenes(8lumeJensen and Hunter, 2001, Jin and Pawson, 2@&n
though the overall fold of PTKs is consenfet-tuned differences in the core sequence and flanking
regions of kinases allow each kinase to respond to a unique set of sigealsng in theiractivation

and inhibition(Nolen et al., 2004)

The majority of 58RPTKs aractivated viadimerization at the cell membrane upon exicellular
stimulation and subsequentphosphorylation oftheir cytoplasmic tas in trans by the dimerization
partner (Schlessinger, 2000Phosphorylation of receptor tailenables interaction withbinding

domains ofdownstreamsignal transduers including other kinasesuch ascytoplasmic PTKas

3



reviewed by JoseplSchlessinger (2014)a pioneer in the fieldbf RPTKsAs RPTKs are not in the

focus of this thesis onMRTIS and their regulation are described in more detail below.

SRC
FRK
CSK
ABL
TEC

SYK

ACK

FES

FAK

JAK

Figure2: Human cytoplasmic protein tyrosine kinagdlRTKJfamilies assigned according to their domain
architecture (modified fromBlume-Jenserand Hunter (2001) KD = kinase domain.

Cytoplasmic or nomeceptor typePTKs are constructed of modular domawkich are regulating
substrate recruitment andi KS Sy 1 @8 YSaQ W lcanforindtinal Gwitdeuipohn Gostli &
translational modificationThese phosphorylating enzymes can be grouped into 10 families according
to their structural similarity Figure2). A viral version of cellularRE; therein called vSRCwas
identified asa geneof Rous sarcomairusresponsible fowiral celktransforming ability and was the

first identified tyrosine kinas¢Hunter and Sefton, 1980There are eighSR&amily kinase{SFKs)
which sharea common domain architectureomprisinga conserved carboxykrminal (Gterminal)
kinase domairprecededby one SH2lomainand one SH3 domaiffrigure2). SFKs play a key role in
coupling receptor signals with the cytoplasmic signaling machinery by many molecular strategies
(Parsons and Parsons, Z200Fundamental cellular processes influenced by SFK signaling icellide
growth, cell differentiation, cell shape, migratiorand survival(Parsons and Parsons, 2004) G
terminal tyrosine(Y527) is conserved among SFlasd is known tobe phosphorylated byc-SRC
tyrosine kinase (CSH)d otherNRTK (Roskoski, 2004, Boggon and Eck, 200427 phosphorylation
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keepsSFK#n an inactive sti by intramolecular binding otheir SH2 domaito the phosphorylated
tail as confirmedby the first reported SFKcrystal structures(Sicheri and Kuriyan, 1997As an
additional intramolecular inhibitory mechanispthe SH3 domairof SFKsnteracts with the linker
regionbetween the SH2 domain and tlninoterminal (N-terminal) kinase lobeand thus is packed
against the back of the kinase dom#gBrown and Cooper, 1996, Bradshaw, 20MYst, but not all,
protein kinases are activated by phosphorylation in ativation segmentcausing conformational
changewhereas a single tyrosine phosphorylation (pY416 in chicken SFKs) activatélBRrém et
al., 1996, Nolen et al., 2004)belsonkinases ABL1 and ABL2 (AR@&e closely related to SFiget
lack theGterminal inhibitory tyrosine 52{Nagar et al., 2003)lhe Nterminal half ofABL kinases
resemble closely SFiéth the exception of a Nerminal myristoyatedd O LJ¥  dzyABLIkidaSes F
which can bind the kinase domaNagar et al., 2003)This conformational change enables SH2 and
SH3 domain bindintp the ABLkinase domain and linker regi@imilarto SFKs however, indistinct
manner. Intramoleculardomain binding inactivates ABL kinase whereas the ABL kinase domain is
kept in anopen conformation agbservedfor active SFKgNagar et al., 2003)The FRKRY Nrelated
kinase or Nuclear tyrosine protein kinase RRg)ily of NRTKis also related to SFKs acahsists of
three members: FRRyrosineprotein kinase PTK6also known as Breast Tumor Kinase®Band
SRMS (SRe€lated kinase lacking-terminal regulatory tyrosine and-drminal myrisbylation sites)
Mutational and mass spectrometry analysis on PTK6 suggested that Y341 dstimating auto-
phosphorylation site and that-@rminal Y447 haan auto-inhibitory function analogous to the
corresponding regulatory sites Y416 and Y527 in 8Pikisand Miller, 2002)Structural analysis of
the SH2 domain of PTK6 bound to a peptide derived from theri@inus of PTK6 harboring Y447
supported the suggested autohibition involving Y447 and vealed a PTk$pecific SH2 domain
fold (Hong et al., 2004Moreover, it was shown that the SH3 domain of PTK6 interacts wittker
regionbetween SH2 and kinase domains via hydrophobic residues comprising s&petiKe aute
inhibitory mechanisnm(Ko et al., 2009)TEQ(tyrosine kinase expressed in hepatocellular carcinoma)
family NRTK areprimarily expressed ithematopoietic cells where thefunction downstream of
several immune cell receptofdoseph and Andreotti, 2009, Schwartzberg et al., 200®re are five
TEC family members including BNBOone-marrow tyrosine kinase gene on chromosomxe also
known as ETKYith a domain architecture similar toRE€and FRK family kinasegth a single N
terminal SH3 domaifollowed by a single SH2 domain and kinase dor(BlimmeJensen and Hunter,
2001) Unlike SFKsTECkinases (with the exg#ion of BVIX) also cotain a pleckstrin homology (PH)
domain followed by a HC hanology (TH) domaiharboringone or twoproline-rich regionsat the N
terminus (Schwartzberg et al., 2003jurthermore, TEC kinases are lacking the inhibitorieinal
tyrosine residue(Schwartzberg et al., 2005Activation of TECfamily tyrosine kiases occurs

downstream of bothSRCand YKfamily kinases ircorrespondingsignaling pathway¢Bradshaw,
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2010) Activation of TEC family kinases requiregé&uitment to the plasma membrane vtaeir PH
domainsinteracting with phospatidylinositol(3,4,5)trisphosphate (PIP3) creatday the activation

2 ¥ -kinaseand/or other proteins,(B) phosphorylation bySFKs or autphosphorylation,and (C)
interactions with other proteins thatoring the TE@amily kinases intcantigenreceptor signaling
complexes(Schwartzberg et al., 2005, Bradshaw, 201Byrthermore, TEC family kinases are
regulated by intraand intermolecular interactions between SHB®main and prolingich regions
and betweenthe SH2 domainand I y 2 1 KSNJ Y 2 f S O dAS&aitzbergl ed al. R2BOB A Y
Bradshaw, 2010)somerization of a proline residue in the Stt#mainby Peptidylprolyl isomerasé
changes its specificityfrom TEC SH3 domain recognition towards interactions with other proteins
(Schwartzberg et al., 2005, Bradshaw, 208Y)Kspleen tyrosine kinageand closely related ZARD
(zetachain (TCR) associated protein kinase 7Qkizamstitute another type oNRTKfamily. They
function downstreamof antigen reeptors and SFK signaling in immwedisandthey are composed

of two Nterminal SH2 domainfollowed by an intetrdomain linkerand a @erminal kinase domain
(Gradler et al.,, 2013)A linker between the SH2 domaissrves a docking srface for immune
receptor tyrosinebased activating motifs (ITAM¢hat are displayed at the cytosolic side of the
plasma membrangSiraganian et al., 2002)’he ITAM motif is phosphorylated during immune
receptor signalig and can consequently bind amadtivate SYKvhereas ZAHO0 requires additional
phosphorylation bythe SFK LCKSiraganian et al.,, 2002, Gradler et al., 201B) addition,
phosphorylation of several tyrosine residues in tugivation loop and linker regions activates SYKoy
causing conformational changes in the kinase donf@radler et al., 2013)The ACKfamily of NRTIK
has also two membeas, ACK1 (TNK2) arfdNK1, whichare uniqgue among NRTK having oneN-
terminal SAM $terile Alpha Motif) domain and oneSH3 domain @&rminal to the kinase domain
followed by a MIG6 homologggion(MHR) Tyrosine 284n the ACK1 activation loopas shown to

be targeted by SFKshereas autephosphorylation increases the, compared to otHeRTIK, low
activity only marginall(Gajiwala et al., 2013)Structural analysisuggestedthat ACK1 is auto
inhibited in monomeric form and activated symmetric dimerizatiomediated by he SAM domain
(Gajiwala et al., 2013)The regulatory function of the SH3 dain remains elusive whereas an
influence on ACK1 dimerization and SH3 domain interaction with the MHR orienting the MHR for
inhibitory interactions with the kinase domaimas proposedGajiwala et al., 2013The FE&mily of
NRTK also consiss of two members, FE$Feline sarcoma/Fujinami avian sarcoma oncogene
homolog and FERFujinami poultry sarcoma/Feline sarcomedated protein Fexr FEShas been
implicated in cytokine sigi transduction, hematopoiesiand embryonic developmer{Cheng et al.,
1999) As otherNRTK FES and FER harbor an aultosphorylation site (Y713) to which the only SH2
domain was shown to bind and magfluence their kinase activityHjermstad et al., 1993)The

unique N-terminal sequencef FE@ontainstwo regions with strondnomology to coileetoil forming
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domainsand it was suggested that FES activity is largely dependent on oligomerization of the kinase
regulated by coileaoil interactions(Cheng et al., 1999Mutations in the first coileetoil region in
FESesulted in enhanced kinase activityjowever, mutations in either théirst or second coileoil

motif of FERabolished oligomerizatiomowever, had no effect on autgphosphorylation activity
(Cheng et al., 1999, Greer, 200R)oreover, a version dfER lacking the coileil region eists as a

fully active monomeKGreer, 2002) Thus, there are substantial differences in the regulation of FER
and FESwhereas FES may be under tighter control reiagiroligomerization via coiledcoll
interactions (Greer, 2002)Having a Nerminal FERM (band 4.1, ezrin, radiximpesin homology)
domain followed by a linker region, a kinase domairmpraline-rich low-complexity regionand G
terminal focal adhesion targeting (FAT) domain, the MRTK focal adhesion kinase (FAK or PTK2)
and prolinerich tyrosine kinase 2 (PYK2) constitute anotN&TKfamily namely FAKEAK is auto
phosphorylatedat tyrosine 397in the linker region between the FERM and ka®mainsupon
integrin and growth factor activatiofSchaller et al., 1994Phosphorylated Y397 ambly-proline

motif (PxxP)which arein close proximityrecruit and activate SRC which binds via its SH2 and SH3
domains(Lietha et al., 2007)SRC in turn phosphorylates ¥5hd Y577 in the activation loop of FAK
resulting in its full activatioriCalalb et al., 1995By solving a structure of a large fragment of FAK
including the FERM and kinase domiaiimactive form Lietha et al. (20079ould showthat the auto
inhibited assembly is stabilized through ateraction betweenthe FERM domain and the kinase C
lobe whichblocksthe kinasedomain directly andloes not displacéhe Ghelix from the active site as
observed for SFKs. The authors could further show that the FERM domain protects FAK from Y397
phosphorylation androm activation segmentargeting by SRQn addition to kinase adtity, SH2

SH3 and otherdomainscanalsoregulate kinase specificity lgcruitment ofselectedsubstrates to

the catalytic sitgPawson and Nash, 2003)

1.4. Determination of NRTK substrates and specificity

In order to understand PTK signaling it is necessary to deflrieh proteins are phosphorylatedby
PTKsand how these substrates arecognizedPhosphorylationis the most highly studied PTM and
emerging higkthroughput techniques enabled identification &03997 human phosphorylation
events (phosphositeplus.ordataset06/04/2015). Indeed,it was estimated thathe percentage of
phospheproteins in eukaryotic proteomes in the range of 4@o 45 percentor even highe(Junger
and Aebersold, 2014However,only approximatelysixpercentof all reported humansubstrates and
modification siteqapproximately 4oercentof all reportedtyrosine phosphorylation sitegre linked
to responsibleprotein kinasegphosphositeplus.org dataset 06/04/201%) major challengesthat at
a given point in time inside each cell, PTKs are differengaflyessed dependent ocell typeor cell
cycle phase,and show patly overlapping specificity anarders of magnitude difference in
y



enzymatic activity(Bewarder et al., 1996, Huttlin et al., 0. Thus, attempts to measue the
complete phosphorylation statusf a single cell or cells without knowing the responsible enzymes
representonly one side of the coin iconstructing and understanding systemide phosphorylation
networks anddepictonly a snagshot of the dynamics in cellular signaliidewmanet al., 2014)In

this regard, stablisheddatabases catalogg phosphorylation siteskinasesubstrate relationships
(KSRs)and kinase specificity determinants areseful however,far from beingcomplete The
following part of thisintroduction focuses on methodologies to determine that a protiinor can

be, phosphorylated by a kinaseln addition to definng kinase substrates understandng
phosphorylationbasedsignaling dynamicalso concernsgnformation about the when and where.
Methodologiesto gain insight intothe when and wheresuch ag-drster resonance energy transfer

(FREThased systembave been developedhich wererecently reviewedy Newman et al. (2014)

A prerequisite of enzymes to act gghosphorylation site is the co-expressiorof both enzyme and
substratein the samesulcellularlocalizationand that they are physically interacting.h& presence
and abundance oproteins in a cell is regulated on a transcriptional and on a gitscriptional
level which can be monited by complementary assays. For instance, gene expression and mRNA
transcript levels can be determined by quantitative réale polymerase chain reaction (QPCR),
expression microarraysor RNA sequencinglranscriptional activation of a promotecan be
measired using reporter gene assaghd changes in protein abundance can be momitbvia
Western blotting, fluorescent imaging techniqguesand quantitative massspectrometry based
approachegNewman et al., 2014, Junger and Aebersold, 20Tdstingwhen and whereprotein-
protein interactiors (PPl)occur was traditionallyconducted using biochemical assays employing
subcellular fractionationtechniques or coimmuno-precipitation by epitopgags interaction
domains,or antibodes followed by Western blottindgJsing a tandem affinity tag (TA&¢netically
fusedto all proteins or protein®f-interest enabled immungrecipitation of protein complexes in
yeast on genomavide scalgGavin et al., 2006, Krogan et al., 2008)is stréegywasalsoapplied to
sets of human phosphatases and kinagagepf et al., 2009, Varjosalo et al., 2018pwever, he
methodology is limited in capturing transient PRisich are lost upon cell lysis and/wrthe absence

of crosslinking agents Furthermore, he datamay not provide direct evidence for PRésoccuras
they maytake placen the contextof multimeric protein complexegNewman et al., 2014)n order

to overcomesome of theselimitation yeasttwo-hybrid screeninghas beenperformed to define
candidate substratediaving the advantage to s captue transientPPIs such as kinasebstrate
interactions in a higlthroughput manner(Stelzl et al., 2005, Parrish et al., 2006)yeastiwo-hybrid
AONBSYyAy3a GKS { Ayl a&SbeiOg eypress&d indBRSARI Al2ay (i 24 oakOAF GASG €2 N
order to test for phosphorylation dependent interactiof¢ang et al., 1992, Worseck et al., 2012,

Grossmann et al., 2015Moreover, FRE®ased assays angrotein complementation assays (PCA)
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(or a combination thereofyvhich rely on the interactionlependentreassembly of split reporter
protein were usedto study proteinprotein interactions both qualitatively and quantitatively
(Shekhawat and Ghosh, 201More recently,fluorescence imaging techniquesich as immuno-
fluorescenceand live cell imaging have been developewith continuously increasing resolutico
define the subcellular location and interactions between enzymes and substiratdeeir native

environment(Dedecker et al., 2012)

In vitro In vivo Phosphorylation
phosphorylation phosphorylation detection methods
. . — Radioactivity-based
Kinase assays Single proteins Affinity- _
with purified enzymes precipitation Kinase assays
and substrates/peptides + Phospho-peptide
1D-PAGE mapping
1D-PAGE
Antibody-based
(2D-PAGE) égzngE Immunofluorescence

Western-blot

Fluorescence
imaging

ELISA

Phage-display Bead assays

“Bumb and hole”

(ATP analog) Protein and antibody

Bead-based assays arrays

Flow cytometry Flow cytometry

Mass cytometry

Microarrays
Mass spectrometry-based

Mass spectrometry
phosphoproteomics

Proteome-wide

Figure 3: Overview methods for the determination and detection ofin vitro and in vivo phosphorylation
sites. Methods are ordered vertically from lowto high-throughput and the boxon the left side indicate
strategies for the detetion of protein phosphorylationas summarized byJunger and Aebersold (2014)
Typically, a combination of these methods is employed for the characterization kafasesubstrate
relationships (KSRs)

Methodologies developed to detect phosphorylation events atwd define kinasesubstrate
relationships (KSRépking substrates to responsible kinasesn be split into approaches which
begin at the protein level and work their way to the cellular systems leveliatodapproaches
working in the inverse direction as indicated Figure 3. In regard of methods analyzing the
biochemical properties of canditiasubstrate on a protein levehany kinasesubstrate interactions
require scaffolding proteinsseond messengersand other co-factors to occur which may not be
providedin anin vitrosituation. Hence, alh vitromethodologiegpresented hergequire subsequent

validation assayin an appropriate cellular system to ensut@at the kinase reaction caactually



occur under physiological condition®ifferent types of methodologiesfor kinase substrate

identificationand databases for indexing the resulting information are presented.

1.4.1. In-vitro kinase assays: from single to thousand proteins

In order totest whether a kinase can phgisorylate a candidate substrataost commonly arin vitro
kinase assay is conductetraditionally,a single purified kinaseasincubated with a single purified
candidate substrate in the presence of Adrfel the expecteghhogphorylation(or expected abolished
phosphorylation by sit@irected mutagenesisjvas subsequentlydetected via autoradiographyor
scintillation counting using radiolabeledlgammaP32)ATP Due to safety and cost issues this
modification read-out was replacd by nonradioactive assays employing enzymatic reactions to
measure ATP depletion or ADP production by Western blotting with epitopef-interest specific
antibodies subsequent topolyacrylamide gel electrophores{fPAGE)YNewman et al., 2024 This
method commonly termed kinase assdyas been a valuabléool to confirm and functionally
characterize candidate substrates howeyieis tedious andime-consuming Thus, tiis methodology
was scaled uppy the development ohighthroughput techniques such as phage displaymptein
microarraysFor example, ¥pression of a cDNA libraryiacteriophagded to the discovery adeven
SRC substrates by incubating thhage display with extracts containing baculovirally expressed
human RCkinase and ATmRollowed by substrateidentification usinga tyrosine phosphorylation
specific antibog (Lock et al., 1998) ater,functional protein microarraywere generated by pnting
thousandsof recombinanty expressed angurified proteins, orsets of purifiedcanddate substrates,
on a micrarray and floating the arrawith purified kinases together with ATE&hu et al., 2001,
Ptacek et al., 2005, Newman et al., 2Q18fer some washing stepghosphorylation events can be
determined by the position on the arraypically byemployingradiolabeled ATP oa fluorescent
detector linked to an epitope or modificationspecific antibody Newman et al. (2013)ncubated
individual protein microarrays containirgl91 unique, fullength humanproteins with 289 active,
full-length human kinases together with radiolabeled ATWhich identified 24046 in vitro
phosphorylationeventson 196 7substrates.This dataset was refined @applyinga Bayesian statistics
modelwhere the likelihood oKSRsvas determined in terms of physical iméetions, caocalization
and coexpression of kinase and putative substratesulting in3656 refined KSRBy integration of
reported MS determinedn vivophosphorylation site sequences, amino acid sequence motifs were
generated.This refined, probabilistic KSR dataset was used together witlolth@ned sequence
motifs and reportedin vivo modification sites to construct a higiesolution map of human
phosphorylation networkéinking4417 phosphesites on substrates to their cogiekinase(Newman

et al., 20B). In this way almost the entire proteome can be queried irsiagle experimentn vitro.

However,due to high background signals mangnsientKSRsnay be missed as their signal may be
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below a necessary higtsignatto-noise cut-off. Other confounding factors are the substantial
variation of proteinlevelson the chip or misfolding and truncation of substrates during purification
as well as contaminationvith undefined kinase activities acquired in target kinase purification
(Newman et al., 2014)n order tobetter mimic to the cellular envinement, cell lysates were floated
over the arraytogether with the kinaseln this way, cdactors are ®ailable forin vitro kinase
reactions howeverseveral other kinases are simultanedy present and active in cell extracs
given point in time Thus there is strong backgroundphosphorylationwhen trying to identify
responsible kinases for proteorvéide phosphorylation changeblevertheless,his method allowed
identification of changes in the phospippoteomeby using differenially conditioned cellysatesand

it is applicablefor biomarker identification(Woodard et al., 2013)Another variation of a functional
protein microarray is the reverse phase protein microarray where cell lysate is spmitedglass
surface, for exampleand an antibody specific for a tag or PTM is applied to the afrhisenabks
comparative quantification of proteirsf-interest which is useful to economically analyze diverse
clinical samples, for instang@mmanni et al., 2014)Neverthelesskinase substrate relationships
remain elusive Srategies to capturdn vivophosphorylation events are presented in the following
sectionwhich canalsodefine the phosphorylation state of a celHowever,almostall methods are

limited in definingkinasesubstrate pairs duéo strongcellularkinase activity as mentionesbove

1.4.2. System-wide characterization of in vivo phosphorylation events

Initially, PTK substrates were identifidyy screening for phosphorylated proteins from radédbeled
cells overexpressing PTKs or upon growth factor stimulation of RPTKs by employhdintensional
PAGE (2IPAGEJHunter and Sefton, 1980). Radioactiieopphate is incorporated into proteins by
the PTKand cell lysate is applied to a polyacrylamide gel. Thesteins areseparaed by both isae
electric focusing and electrophoresis on single gel in two dimensions Subsequently,
phosphorylated proteins @& detectedand identifiedby applying a photographic filto the gelwhich
darkens at the positions ahodified proteins.Alternatively,2D-PAGEseparated proteingnd protein
complexeswvere stained using a Coomassie dyesilverstain, subsequentlexcisedrom the geland
analyzedusingmass spectromey (CamacheCarvajal et al., 2004An extension of 2BPAGE is the
use of spectrdly resolvable, size and chargeatched fluorescent dyesor labeling multiple cell
extracts which hence can be simultaneously applied and quantitato@typaredon a single gel
(Marouga et al., 2005)This method was termed twdimensional differential gel electrophoresis
(2D-DIGE)Even though 2BPAGE based methods such asI2GE allowd identification of hundreds
of modified proteins in parallel it can capture only a fraction of thousands of modifications on

thousands of proteins in a cell at a given tip@nt.
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In approaches employingne-dimensionalPAGRarget proteinsare typicallyanalyzed by Western
blotting or by migrationpattern on the gel. The quality oiestern blotting reaebut strongly
depends on the specificity of the antibody uséthr more quantitative analysis an enzytirked
immuno-sorbent assay (ELISA)-sgt may be enployed(Junger and Aebersold, 2014f)a phosphe
specific antibody isnot availablethere are general phosphedetection reagentsincluding Pro-Q
Diamond stain (LifeTechnologiesinc.) or the PhosTag phosphochelator that binds specifically
phosphorylated ionsManac, Inc.)(Newman et al.,, 2014)n the case ofglobal phosphetyrosine
recognition very sensitive antibodies have been developed intpmasearch tools in particlar
the panpY-antibody4G10(Kanakura tal., 1990) the panpY-antibodyP-Tyr100 (Ross et al., 1981,
Comb, 2008)and pY2{Glenney et al., 1988pverall the three antibodies have a similar pY binding
specificity whilst at the same timghowingto some exteh specific binding preferenadn respectto
tyrosine framing amino acidTinti et al., 2012)Nollau and Mayer (2001performed a different
approach to profile the global tyrosine phosphorylation state of cells by conductingliomensional
PAGE and detecting tyrosine modifications of proteins by competitive bindingR®Kspecific

recombinant SH2 donias by a falWestern approach.

Genetic screening and subsequent epistasis analysis conducted in several model organisms allowed
successful identification of kinase substrates within signaling path{gening and Cantley, 2002)

For instance, perturbation of the cellular system by gene kimgk or genesilencing by RNA
inference andsubsequent measurement of proteonveide phosphorylation changes enabled
identification of kinasesubstrate and phosphatassbstrate relationships in Drosophila

melanogaste Friedman et al., 2011, Sopko et al., 2014)

Another interesting method is the creation of mutated kinases by genetic chemical design to track
kinasespecific modifications inside the céephoure etal., 2008) Ly (0 #&Ad& 2 & SdzY BIG NI (0 S =
a large amino acid in the ATP binding site ofwlilel-type kinase is replaced by smaller amino acids

creating I 0 A y & widénihg thé& binding pocketThus, abulky or & 6 dzY kddidabeled or
fluorescently labeled\TP analog camnly be efficiently used bythe exogenously expressenhutated
kinasewherebythe wild-type kinaseis removed from the kinome bgeneknockout or silencing

Attachment of labeled phosphateonto proteins can betracked and therefore kinasespecific

substrates identifiedDephoure et al., 2005)

Furthermore, bow cytometry was appliedto determine protein modifications on a single cell level
using phosphespecific antibodiesonjugated to fluorophoregPerez and Nolan, 2002ultiplexing

is limitedin this methodby the spectral overla of the employed flourophoresThis limitation was
overcome by combining flow cytometry with mass spectrometrgating a methodology termed

mass cytometry(Bandura et al., 2009)indeed, classical peptiddased mass spectrometryhas
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become apowerful technologyfor unbiased and hypothesfgee analysis ofthousands ofin vivo
modificationswith high accuracynd led to an dramatic increasetime number of annotated cellular
phosphorylation sites(Olsen et al., 2006, Junger and Aebersold, 20Btjategies for mass

spectrometry(MS}based proteomis are presented in the next section.

1.4.3. Mass spectrometry based determination of kinase substrates

The cellular proteome iglefined by all proteins and their modifications at a given point in tifrfe.
generic workflow of M$ased poteomicsis composed of four main proceduré€houdhary and
Mann, 2010) 1) The proteome is extracted asdbsequentlyfractionedor specific proteinoor PTMs

are enriched. 2) Proteins adkgestedinto peptides which are separated and ionized. 3) Peptide and
peptide fragment mass spectra are retrieved by mass analyzers. 4) Obtained data are analyzed by
bioinformatics.Furthermore,MSbased analysis of peptides requsriree types of information (A)

the peptide mass andB) peptide fragments for identificatignand the (C) signal intensity €.g.
spectral counts) for quantificatiofChoudhary and Mann, 2010yor eab of the mainstepsin a
generic MS wdiflow different methodologies have been developedith advantages and
disadvantagestronglydepending on the biological question to answer (e.g. depending of the- PTM
of-interest). Often a combination of procedures igsed maximize the output informationThe
workflow for a typical liquid chromatography tandem mass spectrometry (phogmitoteomics (LC

MS/MS) experiment ipresentedin Figure4.

o Protein

> extraction . .
Bioinformatics
> digestion

LC- MS/MS

analysis
o Enrichment

lonization Mass analyzer 1 Fragmentation Mass analyzer 2

Liquid
chromatography

CID
HCD
etc.

ESI » Precusor
MALDI lons

> Fragment
lons

Figure4: Typical workflow ofliquid chromatography (LC) tandem mass spectrometry (MS/MS) in proteomics.
Proteins are extracted from cell and either proteinrd-interest enriched and digested, or proteins digested
and PTMbearing peptides enriched. Peptides are separated by LC and ionized directly (electrospray
ionization; ESI) or spotted (matriassisted laser desorption ionization; MALDI). Resulting l@me passed
through to the second mass analyzer (e.g. orbif), where they are measured at high resolution
Subsequently, precursor ions argelectedin the first (ion trap) mass analyzer and subsequently fragmented
by, for example collisiorrinduced dissociation (CIDr higher energycollisionaldissocidion (HM) methods.
Peptide fragments are measured in a second mass analyzer and peptipegtide fragments,and PTMs
identified using bioinformatics, i.e. by querying protein and peptide databases for the corresponding masses.
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Forthe analysis of eukaryotic psphoproteomesi,it is not yet pssible toachievefull coverage with
current instrumentationand data analysis toois single experimentéJunger and Aebersold, 2014)
This ismainly due to nmagnitude differences in protein abundanc&urthermore,the high and
increasing complexity of the phosplo-peptidome compared to all unmodified peptideshe
enormous number of measureahd predictedphosphasites andlow abundance of many signaling
network componentsare not within the scaleof the dynamic range of current EKAS/MS
instruments(Junger and Aebersold, 2014 order to reduce theamplexity ofbiological samples
and hence to iNdB I &S G KS Ay & ( ehtiehhSeyt tea@gieOBdr@Rodlihuapides are
essential Metal-based chromatography approachesnploy binding of negatively charged amino
acids to positively charged or polarized metais such as iro(Fe™) or titanium (Ti**) or to metal
oxides such as titanium oxide (L)r zirconia oxide (ZEP(Sopko and Andrews, 2008)echiques
termed immobilizedmetalaffinity chromatography (IMAGndmetal oxide affinity chromatography
(MOAC)are commonly used to enrich for phosppeptides from complex biological mixtures by
immobilization of metal ions and metal oxides, respectivelyresins in a chromatographic column
(Sopko and Andrews, 2008Furthermore small polar compounds can be separated on polar
stationary phases biydrophilicinteraction liquid chromatographyHILICapproaches as reviewed
by Buszewski and Noga (201&)d the method wasadaptedto phosphaeproteomics(Singer et al.,
2010) Moreover, affinity purification using phosphorylatiegpecific antibodies oenrichment via
chemical nodification of ph@phate groups using aaffinity tag ora thiol group has also beensed
(Sopko and Andrews, 2008n contrast to serine and threonine phosphorylatidinere ae highly
specific antibodies recognizing tyrosine phosphorylatidrich perform well in physicasolation of
tyrosinephosphorylated macromolecules peptides from a protease digestea (Rush et al., 2005,
Ballif et al., 2008, Junger and Aebersold, 208)ibody-based protein extraction has the adwage
that it can be conducted under relatively harsh conditions such as 9M(Rwesh et al., 2005, Ballif et
al., 2008, Junger and Aebersold, 201B)rthermore, endogenous PKs were enriched using epitope
2N) AYKAOAG2NI RAALIX F@AYy3 O0SIFIRaA O0G1AYy20 Skinda ¢ 0
interactomes and potentially for identification of kinassubstrates via subsequent mass
spectrometric analysis(Bantscheff et al., 2007)There are two general modes of peptide
guantification: stable isotope labeling tabekfree quantification Labelfree methodsare based on
the correlation between peptide abundance and the number of identifi¢8/MS spect (spectral
counts)or precursorion signal intensity in combin@an with chromatographic informatior{Junger
and Aebersold, 2014) Srategies employing isotope labelingnay enable more accurate
guantification of peptidegOlsen ¢ al., 2006) These methods for peptide and protein quantification
employ stableisotope labelingof amino acids in cell culture (SILACHa et al., 1999)he use of

isobaric tagxhemically attached to peptiddsr relative and absolute quantitation (iTRA@oss et
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al., 2004) or spiking labeled synthetic referete peptides into the biologicakamples to be
qguantified Typically, proteins extracted or enriched from cell lysate are digested in gel or solution
with protease Trypsin resulting ipeptides carrying ararginine and lysineat the Gterminus
Separation of the proteome by 1PAGE and ssequent ingel digestion is commonly followed by
peptide separation via cfine liquid chromatography (L®hich is directly coupled to the Mass
spectrometer. Peptides separated by LC are entering an ion source and are convertiathict ions

in gas plse by electrospray ionizatigfieSl)or matrixassisted laser desorption/ionization (MALDI)
(Choudhary and Mann, 2010Alternatively in-solution digestion is succeeded by an additional
peptide separation procedure such as ion exchangerolatography before ofine LC tandem MS
(Choudhary and Mann, 2010There are different types of mass spectrometers as reviewed by
Domon and Aebersold (2008)hereas in proteomics quadrupole tird-flight (TOF) istruments

and hybrid linear ion traqorbitrap instruments are commonlysed. In TOF instruments, peptide ions
are separated by the mass and chadgpendent time they require to pass through a chamber until
arrival ata detector. In contrast, orbitrap instruments measure the frequencypeptide ions
oscillating insidghe ion trapdependent only on their mass and char@#ass spectra are retrieved

by converting thefrequencysignal by a mathematical operatiaramely Fourier transformationOf
note, an important parameter is the mass spectronietesolution, a uniless quantity to define
how well peptide ions can be distinguished at the time of-etgion from the online
chromatographic columnit is approximately 20000 for TOF instruments and five to six times higher
for orbitrap instruments awing analysis of samples of greater complex@oudhary and Mann,
2010, Newmaret al., 2014) A major challenge in phospfmeptide detection is the instability of the
phosphate monoester linkagwhich will be cleavedto some extentby bombardment with inert
gases incollisioninduced dissociation (CID) methoddence & LIK 2 &-EIKNJA & § Rifedtdtion ¥ NI 3
methodsare employedsuch as higher energy collisiordissocigion (HCDYNewman et al., 2014)
Generally, modern M#struments can capturealmost the entire phosphgroteome of an
organism However, targeted M@pproaches employing single reaction monitoring (SRM) or multiple
reaction monitoring (MRM) are more applicable for gtification and verification of specific, known
phosphepeptides in complex mixtureGlunger and Aebersold, 2014)pon detection in the mass
analyzersequences of peptide ions and peptide fragment ions are stored and mapped to the
proteome-of-interest by search algorithms including SEQUESJ et al., 1994MASCOTPerkins et

al., 1999) X!Tandem(Craig and Beavis, 2004he OpenMS Search Algbrin (Sturm et al., 2008)

and AndromeddCox et al., 2011)the latter as part of the MaxQuant environmef€ox and Mann
2008) Phosphorylation sites from levand highthroughput studies are stored ipubliclyaccessible
databasessuch asPhosphoSitePlugphosphosite.orgXHornbeck et al., 2012)SwissProf(Farriot
Mathis et al., 2004)HPRIPrasad et al., 2009and Phospho.EL{Dinkel et al., 2011)
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Examples of M$asedin vivophospheproteomics studieemploying different enrichment strategies
are presented in the following paragrapfhe combination of ion exchange chromatography with
nanoflow high performance liquid chromatography (HRE@)ktrospray ionization mass
spectrometry was the successfully applied to measure tpeosphaeproteome of yeast and of
capacitated human sperm cellsing wholecell lysate(Ficarro et al., 2002, Ficarro et al., 2008)
their approach Ficarro and colleaguesnverted acidic residueso methyl estersto block their
binding to iron during IMAC and thus prevents contaminationf the column with non
phosphorylated peptidesBytheir approachdozens (human spernor hundreds (yeastf phosphoe
peptides were identified however,only a very small fraction of identified peptides contained
phosphetyrosine (pY) Instead of employing IMA®ush et al. (2005)sed apY-specific antibody to
enrich forpY-peptides together with L&IS/MS analysiand was hence able to dete628 mainly
novel tyrosinephosphorylation sitegpY-sites)from cancer cell lysatesmmuno-affinity purification
using phosphoamino acisbecific antibodiesvas employed idater studies collecting phosphsites
from various cells under various conditiofiRikova et al., 2007, Ballif et al., 2008, Kruger et al., 2008,
Boersema et al.,, 2010)For instance,Rikova et al. (2007performed tyrosine phosphorylation
profiling on 41 norsmall cell lung cancefNSCC) cell lines and over 150 NS@k@ent-derived
tumorsusing the antibodypased strategy oRush et al. (2005)hus, the authors could identifip51
tyrosine phosphorylatiorevents on morethan 2700different proteinswhereas 85percent of the
sites appeared novel hus, phosphdyrosine signalingvascomprehensivelfcomparedacross many
different NSCLC samplesich were grouped and characterized according to the activation status of

identified tyrosine kinase@ikova et al., 2007)

Both types of M$ased approacheemploying either affinity columnsr immuno-affinity phosphe
peptide enrichmentled to the identification of modified tyrosineesidueshowever did not yield any
information about responsible PTKs. order to link kinases to substratelatsuoka et al. (2007)
usedkinasespecific phosphorylation site recognizing antibodies for peptide enrichment and hence
was able to determin®00 phosphorylation siteeegulated by ATMataxia telangiectasia mutatéd

and ATRATM and RadB8elated) kinasesencompassing over 700 protes. ATM and ATR are kinase
activated uponDNA damageand resemble thecore of the DNA damage signalirgnd share
substrate specificityfor SerGIn (SQ) and Th&In (TQ) motifYMatsuoka et al., 2007293T cells
irradiated with infrared light were compared to untreated cells by SILAC whereat putative ATM and
ATR substrates identified by phospimmuno-affinity enrichment usingntibodies to phosph&sQ or
phospheTQ site{Matsuoka et al., 2007)io identify substrates specific for MEK1 kindgerandell

et al. (2010usedATRdepletedcytosolic extracts of KL deficient MEFs fain vitro kinase assays

on the principles of chemical geneticdn ATP analog sensitive MEK1 mutant was expressed in the
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LINBa Sy OS ATP andaftycellysis phosppeptides were enriched using IMAC followed
by identification via tandem MS. The direct comparison to cell lysate treated with normal ATP lead to
identification of two known MEK1 substrates ERK1 and ERK2 however singt novel targetHolt

et al. (2009)determined Cdkl substrates in yeast by measuring the loss of phosphorylation upon
chemical Cdk1 inhibition viguantitative mass spectrometryn their SILAGased approach, isotope
labeled proteins were extracted from cells, digestedsuléng peptideswere separated into 12
fractions by gong cation exchange(SCX) chromatography, and for each fraction phogpéyatides

were enriched via IMAC (and F)OIn this way,547 phosphorylatin sites on 308 Cdkih vivo
substrates were discoverggHolt et al., 2009)In order to identify substrates ofeast DNA damage
checkpoint kinasesSmolka et al. (2007performed in vivo determination of the yeast phospho
proteome upon DNAlamage comparing kinase kneclt cells to wildtype cells. Aftettreatment

with the DNA alkylating agent methyl methane sulfonate (MM&)s were lysed, proteins extracted
and Trypsin digested, and phosphpeptides enriched by IMAC and labeled with amirze-reactive
isotope tag for quantitative LEMS/MS analysisAmong2689 phosphorylatin sitesmeasuredthey
observal aloss of 62 phosphorylation sites from 55 proteimpon specific knoetut of key enzymes
which were in part verified as direct targets by vitro kinase assay. It is noteworthy that many
candidate substrate phosphorylation sites may be missed by this approach as other unknown kinases
may act on the same sites preventing the observatiéra doss upon kinase knockit. A system

wide, comprehensive @een for yeast kinase and phosphatase substrates was conducted by
Bodenmiller et al. (2010)The authors createti16kinasedepleted or phosphatasdepletedmutant

yeast strains andight strains expressing mutantshich areinhibitable by celpermeable drugsThe
phospheproteome of each knockut strain was measurebly LC MS/MS usiran enharced protocol

of TiGQ, chromatographyfor phosphepeptide enrichmentgLarsen et al.2005) and compared to
wild-type strains Even thougha large fractionof the kinase and phosphatase regulat&814
phosphorylation eventsvas considered to bandirect, Bodenmiller et al. (201Q)ould geneate the

first systemwide phosphorylation network describing the relationships betweéh Idnases, 27
phosphatases, and more than 108Qbstrates All methods aiming to identify responsible kinase
suffer limitations in definingpona fide KSRs due to the omplexity of kinase action in its native
environment. Apart from indirect determination of substrates by measuring the loss of
phosphorylation sites upon elimination of th&inase, esponsibleenzymesare usuallyinferred by
guerying measured phosphorylatio site setsfor kinase specificity determinants such as linear
sequence motifsAn overview of methods developed tefine kinase specificifpr ultimately linking

kinases to the vast amount of measured phosphorylation sites is prouidd next section.
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1.4.4. Determination of PTK specificity

Due to thevery large number of potentiaubstrates and phosphorylation sites presented to a kinase
in any cellular environment, kinases must enstresome extenfprecisesubstrate targeting in order
to maintain signaling fidelityKnase specificity determinantsrovided by the cellular environment
include subcellular localization, substrate docking interactions, complex formatidim scaffolding
and adaptormolecules and systemslevel competition between substrateqUbersax and Ferrell,
2007) Besides these more distant specificities, the Iaaabstrate protem structure andprimary
amino acid sequence surrounding the phosphorylation ggulate binding of the kinase catalytic
domainand constitutemajor factorsin substrate recognitioiiMiller et al., 2008Duarte et al., 2014)
Recurrences of amino acids flanking kinase specific target sites can be represented as linear amino
acid sequence motif@hich can be employed to predict kinase substrdtddler et al., 2008, Mok et
al., 2010, Newman et al.,, 2013pue to the limited number of knowkinase substratesdirect
measurement of amino acid frequencies often infeasible. Thuoriented peptide libraries were
usedto determine the optimal binding sequence for individual kinase domé&fmngyang et al.,
1994, Hutti et al., 2004, Miller etl., 2008, Mok et al., 2010)n these approachesa positional
scanning peptide libraris generated consisting of peptide mixtures. In each mixame of the 20
naturally occurring amino acidsfixed at each ofeven to ningositions surrounding a centrabn-
phosphorylated or phosphorylatedor comparison)ering threonine, or tyrosineresidue, with the
remaining positions degenerat@ he resulting peptide library is incubated in parallel with individual
kinases andadiolabeled ATRor phosphorylatbn reactions. Incorporation ofhdiolabeled phosphate
into each of the peptidess visualized and quantifiedy transfer of the reactions tan avidincoated
membrane Qubstrate peptides bind to the membrane by Gterminal biotin tag and remain bound
during extensive washing steg#lutti et al., 2004)There are different types of motifs with differing
levels of information contenand complexiy. Short consensuphosphorylation motifs such &/T-P-
X-R/K for CDK1(Alexander et al., 2011ywhere residuesmost frequently occurring at particular
positions relative to the modification sitre indicated (such as proline at@position Germinal to
phosphorylated serine or threonine in the provided exampéee employed by thealgorithms of
Scansit§Obenauer et al., 2003nd Minimotif Miner(Mi et al., 2012) These simple representations
are easy to understand andasy touse however, may in general not be sufficiant describe
specificity for a kinase substeafJoughin et al., 20122 more complex representation of sequence
specificity comprise linear motifs based on positgpecific scoringnatrices (PSSMyhich indicate
the probability of residues to occur around a modification digsed on oriented peptide library
screening(Hutti et al., 2004) for instance Both of representations rely solely docal primary
sequence informa@in surrounding potential phosphorylation sitéd®wever, they differ in the

determination of the suitability of potential substrat¢doughin et al., 2012)n contrast to short
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linear motifs where only optimal substrates sequences matching the most frequentigatoring
residues maype identified, PSSMased motifs can also capture suboptimal substraWen using
short linear motifs, substrates are identified by a Boolean descriptor, 9 { ¢ luyider hé b h € 0
assumption a kinases targeting the substratesequencewhen it fits the motif and does not target
the sulstrate if the modification siteloes not match exactly the motif sequence. On the contrary,
probability basedinear motifs provide a scoreia the PSSMor each putative substrate sequence
dependent on how well the modification site sequence matches the nujtid putative kinase
Finally, more complex modelef kinase specificity descriptorthan PSSihased motifs were
developed employingnachinelearning algorithms These algorithms usartificial neural networks
such adNetPhosKBlom et al., 2004and NetPhorest(Miller et al., 2008) hidden Markov modelas
implemented in KinasePhogHuang et al., 2005)Bayesian decision theorgs in the program
Prediction of PK-Specific Phosphorylation sitg PPSPjXue et al., 2006pr support vector machines
(Kim et al., 2004)Another algorithm calle@roup-basedPrediction System (GPSXue et al., 2008)
infers kinase substrates by structural and sequence simila@BSmploys amino acid substitution
matricesin order to improve sequence basethssifiers by integration of higherder information.
The strength of theses learning algorithesimprove substrate identification highly depends on the
size of the training sef i.e. the mumber of experimentally identifiedkinase substratestored in
databases such aBhosphoSitePlugphosphosite.orgXHornbeck et al., 2012)SwissProtFarriot
Mathis et al., 2004)HPROPrasad et al., 2009and Phospho.ELKDinkel et al., 20113s mentioned
earlier. Thesecomplex modelgotentially fail due toheterogeneity within in the necessary large
databasesand resulting training setg§Joughin et al., 2012Database heterogeneityneerged by
collecing substrates identified by different experimental approaches under different conditions
which maybe biased(Joughin et al., 2012)mportantly, addition of contextual information to
improve motifbased kinaseubstrate predictions is valuabesprimary sequence information alone
may explainonly approximately 20 percent of the overall kinase specifiitinding et al., 2007)
Thus,integrativein-silico workflows were developed including contextual information by integrating
PPI networks as in NetworkK({Nnding et al., 20079nd PhoshoPICRatrick et al., 2015pr building
kinasesubstrate predictos. There are several motif extraction toafgegrated in workflows to query
sequence data setscludng WebLogo(Crooks et al., 2004Motif-X (Schwartz and Gygi, 200ajd
ScanX (Schwartz et al.2009) PhosphoMotif Finde(Amanchy et al., 200/MoDL(Ritz et al., 2009)
pLogo(O'Shea et al., 2013nd iceLoggColaert et al., 2009)
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Figure5: Linear sequence madi exemplifiedusing280 ABL?2 yeast target sites (A) Frequency logos extracted
with motif-x (Schwartz and Gygi, 2005The upper motif represents 62 of 280 gsites, the motif below
represents 44 of (28®2=) 218 p¥ites. (B) Enrichment motif generated with pLod®'Shea et al., 2013)C)
Enrichment motif obtained with iceLog¢Colaert et al., 2009)

There two main types of sequence motif representatioDs the one handhere are frequencyplots
such aghose obtained byMotif-X where the frequency of amino acids withirs@abset of substrate
sequences is presentedriure5A). Byan iterative appoach motif-x queries input sequence$or
overrepresented residueamino aci@ above a probability cudff in comparison to a background
sequence setThe obtained sequenceare subtracted from theoriginal set andthe remaining
sequences are ranalyzed for further enrichment of amino acids within the reduced set. The two
frequency plots for ABL2 targets given as an exarmptput of motif-x are thuscontaining together
only 66 pYsites of 280 Figure5A). Onthe other hand, there are enrichment loges obtained by
pLogo and iceLogshowing the amino acid frequencies within substrate sequence sets compared to
genomic background, i.¢he frequency of enriched amino acids relative to the frequency of suchlike
encoded by the genomd-{gure5B and C)Both pLogo and iceLogo are probabiliigsed hovever,
differ from each other in themetric by which individual residues are scaled and in the background
model assumedO'Shea et al., 2013M feature provided only by pLogo is the possibility to fix the
position of another residue to determine intgositional dependenciesThetwo enrichment plots
contain all 280 ABL2yeast target sequences andboth show amino acid over and
underrepresentatin compared to genomic background. While both types of motifs are informative,
probabilistic enrichment motifs may comprise higher information content enabling prediction of
suboptimal substrates as opposed to the frequency plots whichratiger similar b short linear

motifs.

The performance of motifs in defining kinase targeting specificity strongly depends on the number of
sequences provided. Thus, combinatorial linear peptide libraaiess functional protein microarrays
were employed fordetermination of in vitro kinase substrates and theptimal linear amino acid
sequence motifgMiller et al., 2008, Mok et al., 2010, Newman et al., 20LBjear peptide libraries

overcome limitéions in the availability of known kinase substrat€&eneratedoptimal consensus
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linear sequence motifs are integrated inmoinformatics tools for kinase substrate predictioims
combination with known kinasepecific phosphorylation sitg®dlewman et al., 2013nd contextual
information such agprotein-protein interaction (PPI) networkisy NetvorKIN (Linding et al., 2007)
and kinomeXploreftHorn et al., 2014)Moreover, data integration using phosphorylation site,tiho
and signaling pathway information together wifene ontology €O term enrichment analysis/as
performedto generate kinase/phosphatafibstrate signaling networkgPetsalaki et al., 2015)n
order to retrieve not the optimal, buactuallytargeted linear sequences researchengtty mimic the
expressed human proteomas basis for kinase phosphorylation reactiomus,human cell lysate
was treated with proteolytic enzymeprior to incubation with enzymesf-interest providing a
databasesearchable proteomelerived peptide library in order to identify endoprotease cleavage
sites (Schillingand Overall, 2008)for instance. Those proteorrderived peptide libraes from
trypsin treatment were dephosphorylated using phosphatases to subsequently peliformitro
kinase assays for definingnkise specificity and substrates as conductedNigng et al. (2013)for
example In order b improve the sensitivity and specific of the in vitro kinasereaction Xue et al.
(2012) additionally identifiedin parallel in vivo kinase substrates by quantification @ vivo
phosphorylation sites by the endogenous kinase compared to kinase krmgk cells. The
combination of the two datasets may incsa confidence in identification of putative kinase
substrategXue et al., 2012Puring preparation of this these3hou et al. (2013)ublished a strategy
dubbed ProPeL (Proteomic Peptiibrary)in whichthey exogenously expressed serine/threonine
(S/T) kinases in intact bacteria ameasured phosphorylation events within the bacterial proteome
relying on the assumption thatuman S/T kinases are sufficientlyfelient to bacterial S/T kinases
The authors could show that motifs retrieved from human kinase activity on the bacteoigopne
performed better in substrate prediction than motifs generated based on human protedeniged

peptide libraries linearized and gehosphorylated after cell lys{€hou et al., 2012)
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1.5. Thesis aims

Tyrosine protein phosphorylation in human highly abundant and plays a major role in signal
transduction, celto cell communicationgellulargrowth, and proliferation. Deregulation of tyraose
phosphorylation is observeih many complex human diseasegluding cancer. However, defining
KSRsconceptually and experimentally remaires challenging task even thoughmany different
experimental and computational approaches have been developeé siecdiscovery o6R&inase
in the lateeighties.This thesis describesc@nceptuallynovelapproachof determining humaNRTK
specificityusingthe lower eukaryoteéSaccharomges cerevisiaas model organisnTyrosine signaling
can be regardea hallmark of multcellularity and has not evolved in yegManning et al., 2002a)
Upon weak exogenous expression of individuatierigth human cytoplasmic PTKs in yeasbsine
phosphorylationof fully-folded, intact yeast proteingan bemeasuredemployingantibody-based
phosphotyrosine peptide enrichmenfollowed by mass spectrometry analys{Rush et al., 2005)
This phosphorylation events can be unambiguoustributed to specific human kinases a
backgroundfree manner. In this wayeast protein targets fol6 out of 32NRTIK representing at
least one member of almost &R TKamilies(BlumeJensen and Hunter, 200&puld be measured
comprehensivelyin a single, cellular setp. The obtained tyrosine phosphorylation dagaabkd
inter-NRTK substrate comparisons. Furthemore, the method allowed to determinehuman
orthologouspY-sites and inference of responsibl&RTK Thus,targeting of dycolytic enzymes by
NRTKsvas discoveredinkingphosphotyrosinesignaling with cellular metabolisrrimary sequence
specificities were obtained from the yeast dataform of well-performing linear sequence motifs
which enabled inference diRTIK for 1388 human p¥ites¢ approximately ten percent of all by the
time reported 1329 human pYsites. Motif-based predictions suggestddRTKtargeting of single
substrates and substrate families such as CBKslly direct targeting of the yeast proteiprotein
interaction network wasobservedand characterizedin summary, a large and unique dataset was
genaated by a novel strateggnabling determination of targeting specificity mfdividual human
cytoplasmic PTKa a cellular environmenand subsequentassignment oNRTK to reported human

tyrosine phosphorylation sites.
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2. Material and _methods

2.1. General molecular biology methods

2.1.1. Gateway cloning

Gateway cloning isan efficient cloning technique developed by Invitrogen. lbased on the
recombination system of phage lambda. DNA sequences can be easily shuttled between vectors
employing a proprietary set of recombination sequences and two proprietary enzymes.niike
recombination sequencesr attachment sequencesdtt sitest) are attached to the ends of DNA

strands of interest(e.g. ORE) via PCR and appropriate primefEhis enables recombination and
insertion of the DNA sequence in plasmids using two enzyme riixe®f 2 y I 8 SEOf 2YR A8 W
In contrast toconventionalcloning strategies, gateway clonirgan yield up to 99 percent positive

transformants.
2.1.1.1. BP-reaction

Any DNA sequence withpecific gateway recombinatiogites (hereattB sites) attached can be
O2Y0AYSR @gAGK 3IIFGSgl & aR2y 2 Ncoa8nhg &tNIités)anddhe b wH H m
G.-0t 2y aS¢ Syl eavysS YAeyiarS{GIGUIRNE itsderdip tidbe o
containingattL recombination site€an be used to shuttle the DNA into various kinds of compatible
expression vectors. Usually, i§entry vector, 20hgPCR product and il BP clonase enzyme mix Il

was nixed on ice and the final volumadjusted to 5 pl using TE buffer @&0D. After mixing by
vortexing, the reaction was carried out ovatight at 25°C in golymerase chain reactiorPCR

machine. In order to stop the reaction 0.5 pl Proteinase K were addd@&nzymes digested at 37°C

for 15 min. It is possible to store the reaction product-20°C. Correct insertion of the DNA was
analyzed by agarose getlectrophoresisafter plasmidtransformation intoE. Coliplasmidextraction

and digestion usinggstriction enzymeBsrG1 (see below).

2.1.1.2. LR-reaction

Generated Entry clonesontain anORF or gene of interest fused &ttL siteswhich can be rapidly

shuttled into various yast expressionvectors (gatewayd RSa G Ayl GA2y @SOG2NBRED
appropriate recombination sitesafiR sites). After mixing 1l ¢ [- 2yl &S YZXSEngLLé 6/
destination vector and 20800 ng entry vectotthe total volumewas agustedto 5 pl using TE buffer

pH 8.0 The reaction was carried out owmight at 25°C in a PCR machine. In order to stop the

reaction 0.5 ul Proteinase K were addaadd enzymes digested at 37°C for 15 min. It is possible to

store the reaction product at20°C. Correct insertion of the DNAsént, harboringattB sites again,
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was analyed by agarose getlectrophoresisafter direct transformation of the reactiomto E. Coli

plasmidextraction and digestion usinthe restriction enzymdsrG1 (see below).

2.1.2. Polymerase Chain Reaction

For polymerase chain reactioiPCR)different enzymes were used initially such as Higlelity
Phusion DNA plymerase $tratagene, Santa Clara, UYSAnd proofreading PfuTurbo DNA
Polymerase (Stratagene, Santa Clara, UBAyvever, for the majority of perfored PCR reactions
high-fidelity, proofreading KOD DNA polymerase (Novagen/Toyoba, Merck Millipore Corporation,

Billerica, MA, USAyas usedvhichcombines the advantages of the latter two

KOD PCR reaction mixture PCReactionprotocol

10 ng template 1. 2mn95°C

10 uM each primeffwd + rev) 2. 20sec 95°C

0.5 pl KOD polymeragéU/ul) 3. 10 sec 55°C to 65°C
2.5 ul 10x KOD PCR buffer 4. 22sec 70°C

2.5 ul dNTRmM each Repeat 24 times step 2to 4
1,5 pl MgS@25mM 5. 2min70°C

1,5 yl DMSO (PCR grade) 6. 4°C forever

H.0 to a total volume of 25 pl

2.1.3. Determination of DNA concentration

DNAconcentrations invas determinedaqueous solutiorby measuring the absorbance at 260 nm in
a spectrophotometer (NanoDrop NIDO0O0). 1ul of DNA solution is applied to thastrument and

absorbance measured against a blank sample (bufferOrdtly).
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2.1.4. DNA sequencing

Automated fluorescent DNA sequencing was performed by the in house sequencing service (MPI for
Molecular Geneticspr StarSEQ® GmbH (Mainz, Germany) sequeseivice to veriffORF identity
within gatewayentry or gatewaydestination vectorsPrimers used for sequencing wesgnthesized

as described below.

Symbol Sequence Direction Vector
M13_f TGTAAAACGACGGCCAG fwd pDONR
T7 r TAATACGACTCACTATAG rev pDONR
CUPSe&p CTTGTCTTGTATCAATTG fwd pASZ_C/C}
Cyctbm GGACCTAGACTTCAGGT rev pASZ_C/CI

Tablel: Primer used for sanger sequencing of clones.

2.1.5. Restriction digest

The restriction endonuclease Bspl14071, a fast digest isoschizonByGif, was used to control for
correct ORF lengthwithin plasmid originating form gateway reactions via agarose gel
electrophoresis. Typicall pul DNA sample were mixed with pbrestriction endonuclease mix g€
10xFastDigest Buffer, 04 f C |- s&B$@40A,92.9 f ,0)land incubated at 37C for 45minutes.

Heat inactivation at 65°C for X0inuteswasperformed.
2.1.6. Agarose Gelelectrophoresis

2.1.6.1. Buffers and Reagents

10x Tris/Borate/EDTABE) buffer 10x Orange G sample buffer
1089 Tris Base 50%(w/v) Sucrose
55¢ Boric acid 0.5% (w/v) Orange G

40ml 0.5M EDTA pi8.0
pH8.3 (using HCI)

H,0 to a total volume of 1 liter

2.1.6.2. Gel-electrophoresis and gel staining

Linearized DNA was analyzed via agaroseelgetrophoresis. Therefore, 0.8 to 192 agarose gels
were preparedby completelydissolving0.8 to 1.2 (w/v) electrophoresis grade agardsed.5% TBE
buffer in a microwave and, after cooling down, pouring the soluticie i gel chamberDNAwas

mixed with Orange G sample buffer and loaded onto the agarose gel. Additionpliygf &4 DNA
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marker (1Kb Plus DNA ladder from Invitrogen) was loaded in geklane for DNA band size
estimation. Ged ran on differing voltageand time dependent on gk and chamber sizeand
percentage of agarose in 0% TBE running buffeFor example, a one percent 5 gel ran for 40
min at 75 volts After running, the gels were stained for 2@in in a 1:2000 dilution of SYBR Gold
nucleic acid gel stain in 0% TBE and analyzedy UV lightexcitation in a gel documentation

apparatus from Intas Science Imaging Instruments GmbH.

2.1.7. SDS Gelkelectrophoresis

2.1.7.1. Reagents and Solutions

Separating gel 12% (80ml) Stacking gel (40ml)

25 ml 40% AA/BAA (37.5:1) 5 ml 40% AA/BALS7.5:1)

20 ml 1.5 M Tris pH 8.8 20 ml 1.5 M Tris pH 8.8

800 ul 10 % SDS solution 800 ul 10 % SDS solution

35.2ml HO 29.6ml H,0

60 ul TEMED 80 ul TEMED

600 pl Ammonium persulfate (APS) 400 pl Ammonium persulfate (APS)
4x SDS gel loading buffer 2.5x alternative SDS gel loading buffer
200 mM TrisCl (pH 6,8) 200 mM TrisCl (pH 6,8)

4% SDS 5% SDS

40 % glycerol 25% glycerol

0,4% bromphenol blue 25 mg bromphenol blue

Added prior to use: Added prior to use:

200 mM DTT 12.5% v/ -mercaptoethanol

10x SDS qel electrophoresis buffer

30,2 g Tris Base
144 g glycine
10 g SDS

H,0 to a total volume of 1 liter
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2.1.7.2. Method

12 % SDS gels were produced usingel chamber fomakingl12 gels at once or sirgigels using
Biorad systemAll dass equipment was cleaned with 70 Ethanol and gel chambers assembled. The
separating gel solution was preparaddfilled into the chamber. On top of theeparationgel, a thin
layer of isopropanol was pipetted to prevent the gel from drying duting polymerization foone
hour at roomtemperature As a next step, the stacking gel solution was preparedimntediately
added on top of the separation geFor creating loding pockets plastic combs welaserted
immediately after pouring the gel sdlan and the gel was allowed tpolymerizefor one hour at
room-temperature.Protein samples, e.g. cell lysatwas mixed with SDS loading buffer and heated
to 95°C for 5 min.SDS gels were placed into the electrophoresis chamber according to the
manufactuer@ protocol.The protein sampleés to 15 pl)were loadedinto the gel pocket@ndthe

gel ran 15 min at 9@ to collectthe proteins in the stacking gel. Subsequently, the gel ran for 1 hour

at 120V until the SDS loading buffer left the separation gel indicating the smallest proteins arrived at

the end of the gel.
2.1.8. Western -blotting
2.1.8.1.

10x Trisbuffered salie (TBH

309 Tris Base
87 g NaCl

H,0 to a total volume of 1 liter

Membrane blocking solution

5% w/v bovine serum albumin (BSA)
ORS5 % w/v nonfat milk powder

1x TBST (0.1% Tween 20)

10x wetblot transfer buffer without methanol

Reagents and Solutions

1x TBST membrane wash solution

10% v/v 10x Triduffered saline (TBS)
0.1% Tween 20

H,0 until total volume reached

Antibody solutions

3% w/v bovine serum albumin (BSA)
antibody in appropriate dilution

1x TBST (0.1% Tween 20)

1x wetblot transfer bdifer

30,2 g Tris Base
144 g glycine

H,0 to a total volume of 1 liter

100 ml 10x Weblot transfer buffer
200 ml 100% methanol

700ml HO to a total volume of 1 liter
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10x semdry transfer buffer without methanol  1x semidry-blot transfer buffer

58,19 Tris Base 100 ml 10x Weblot transfer buffer
29,39 glycine 200 ml 100% methanol
3,75 g SDS 700ml H0 to a total volume of 1 liter

H,0 to a total volume of 1 liter

2.1.8.2. Blotting Methods

For wetblotting a wet-blot transfer buffer was preparetteshly. The SDS gels were placed into the
blotting chamber according to the manufactugeprotocol. In brief, inside the holder on top of a
thick chromatographypaper the nitrocellulose or PDVF membrgméhich has to be activated in 100

% methanol)was pacedfollowed by the SD8el and one additionathromatographypaper. All
layerswere placedwithin the precooled transfer buffercompletely coveredin order to avoid aw
bubbles The sandwichwas subsequently placed vertically in the blotting chamber that the
cathode is at the side of the gel and the proteins are hence pulled out of the gel onto the membrane.
The blotting was performed in the cefdom at 4°C with an iepack added into to chamber for

compensating heageneration during blottingA Hot typicallyranfor 70 min at 120V.

For semidry blotting the sandwich as described abowas assembled on top of the horizontal
cathode in the semilry chamber and covered in transfer buffer. Importantly;taibbles have to be
avoided byapplying presureon the sandwich with a roller (e.g. a cut &8 plastic pipette). The blot
ran with adjusted current (0.8 mA per émf membrane/gel) for 1 hour at roofremperature. The
advantage towards welblotting is the use of less buffer and the higher runniagacity per chamber
(4 gels instead of 2 gels per chamber for the ‘iett) however, the disadvantage is that high

molecular weight bands are less efficiently or not at all transferred.
2.1.9. Protein staining

2.1.9.1. Solutions

Coomassidlue stan CoomassiBlueDestainsolution
45% v/v methanol (100%) 45% v/v methanol (100%)
10% v/v glacial acetic acid 10% v/v glacial acetic acid
45% v/v HO 45% v/v HO

3 g/L Coomassie Brilliant Blue R250
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Blue silver stain Ponceau membrane stain

20% v/v methanol (100%) 0,5% w/vPonceau S
10% v/v phosphoric acid 1% vlv glacial acetic acid
10% v/v ammonium sulfate H,0 to a total volume of 1 liter

3 g/L Coomassie Brilliant Blue260

60% v/v HOs

2.1.9.2. Methods

After SDSgel electrophoresigproteins were visualized within the gel using CoomaBdige stain or
the more sensitive blue silver stain. Gelsre placed into the solution and incubated for 20 min at
room-temperatureon a shakerSubsequently, gels were -g@éained for 20 miror up to several hours

in Destainsolution (staining solution withoudye) at roomtemperatureuntil only the protein bands
remained stainedPictures were taken on a light table. Gekre be stored at 4°C inadstain solution

or water. Proteins can be also vidimed less quantitatively on a blotting membrane. Therefore,
nitrocellulose orPDVF membranes were placedHonceau solution and incubatég min at room
temperature on a shaker. Membranes were-stained by rinsingvith pure water and pictures taken

on alight table.

2.2. Escherichia coli (E.coli)

2.2.1. E.coli strains

DH10BF, mcrAn ¢ Y NNJ-ricaBT,) wan R | O g 4qeoR recAl, araDL39,
n o ,leNI697alU, galk <, rpsL, endAl nupG (Invitrogen)

DB3.1: F, gyrA462, endA m-@&A), mcrBmrr, hsdS20¢ mg), supE44, aral4, galk2, lacY1l,
proA2, rpsL20(Shd = HeufnHEll <
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2.2.2. E.coli growth media

LBmedium

10g NaCl

5 g Bacto gast extract

10 g Bactoryptone

pH 7.2 &djusted withNaOH)

H,0 to a total volume of 1 liter

2YTmedium

5 g NaCl

10 g Bacto yeast extract
16 g Bacto tryptone

pH 7.2 (with NaOH)

H,0 to a total volume of 1 liter

SOBmedium

0.5 g NaCl

5 g Bacto yeast extract

20 g Bactdryptone

H,0 to a total volume of 1 liter
after autoclaving:

10 ml 1 M MgGl

10 ml1 M MgS©

LBagar
10 g NaCl

5 g Bacto gast extract

10 g Bactoryptone

pH 7.2 &djustedwith NaOH)
20 g Bacto agar

H,0 to a total volume of 1 liter

Transformation and storage solution (TSS)

85 % LBnedium

10 % (w/v) PEG 8000
5 % DMSO

50 mM MgGl

Filter sterilize through a 0.22 um pore filter

SO@Medium
99 ml SOBnedium

1 ml 20x Glucose
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Antibiotic concentration

Ampicillin 100 pg/mi
Chloramphenicol 30 pg/ml
Tetracycline 20 pg/ml
Kanamyci 15 pg/ml
Spectinomycin 50 pg/ml
2.2.3. Solutions for plasmid isolation of bacteria
Buffer P1 Buffer P2 Buffer P3
50 mM Tris pH 8.0 200 mM NaOH 3 M Potassium acetate pH 5.5
10 mM EDTA pH 8.0 1 % (w/v) SDS 1 M Glacial acetic acid
50 mg/l RMse A
2.24. Generation of competent E.coli

2.2.4.1. Chemically competent E.coli

Bacteriawere renderedchemically competent for taking up nucleic acids (i.e. plasmids) via heat
shock. The bacteria used for this procedure were DH10B whereas a freshly grown, single colony was
picked into 20ml 2YFTmedium andincubated at 37°C on a shakevernight (up to 20 hours). The
overnight culture was used to inoculate 2 liter 2vi@dium and incubated shaking at 37°C uatil

optical densityof 0.7 to 0.8 wasneasured at a wavelength @00 nm (ORy,). For subsequent
centrifugation at2250 x gor 15minutesat 4°C the culture was divided in four. The supernatant was
discarded and each pellet+®ispendedn 40ml sterile Transformain and Storage Solution (T $9Y).

storage at-80°C 4l 87% sterile glycerol was addedqr to freezing.
2.2.4.2. Electroporation competent E.coli

Bacteria need to be competent for taking up nucleic acids (i.e. plasmids) via electropoiraoder

to generate electroporation competent DH1@Bfreshly grown, single colony was picked intons0
LBmedium and incubated overight shaking at 37°C. Having grod#20 hours45 ml of the over
night culture wastransferred to 1.5 litel.Bmediumand incubated shaking at 37°C until an optical

density of 0.3 to 0.4 was measured at a wavelength off@8@@ODy,). For subsequent centrifugation
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the culture was divided to six aliquots and placed onice for 30 minutes.After subsequent
centrifugation at 3500 rpm for 10 minutes at 4tt@ supernatantwas discarded andach pellet was
re-suspendedin 100 ml cold, sterile 15 %glycerol The procedure was repeated twice with 20
minutes placement on ice and successive decreasing vatm&0 ml and 2ml re-suspension in

cold, sterile 15 % glycerdfinally, aliquots of the cells wernd stored at80°C
2.2.5. Transfor mation of competent E.coli
2.2.5.1. Chemical transformation

The procedure presented here is a hiffinoughput version of the standard procedure using a 96 well

LI 4GS F2NXIFG F2NJ OGN yaFfF2NX¥Ay3d L FAaYAR LINRRdzOG &
reactions)into bacteria. As a first steghemically competent cells were thad on ice and 3Qul

aliquoted into a 96 well PCR plate. To each well tb 3 pl of BP or LR reaction was added and the

plate gently vortexed, sealed with tape afigcubated on ice for 3énin. The cells were transformed

using a90 second heashock at 42°C and subsequently incwdzhon ice for 5 min. The entire

content of each well wasansferred to the corresponding well of% deepwell plae pre-filled with

270 pl of 37°Cwarm SOC meidm. The deepwell plate was incubated for 1 hour at 37°C while

shaking toallow the cells to recover. Finally, 30 of each well was spotted multiple times 1@

spots)in rowson selective LBgar plates and the incubated oveight at 37°C. If the trasformation

efficiency was too low, an electroporation protocol was applied instead.
2.2.5.2. Electroporation

Electropoation competent cells were thawn ice and 5Qul aliquotswere transferred into micre
centrifuge tubes. After addition of il to 5pl plasmid stution (e.g. a gateway BP or LR reaction) the
mixture was incubated on ice for a few minutes. Emtire volume was applied to @lectroporation
cuvette (0.1 cm gapwhich was tapped to ensure the suspensigascompletelyplacedbetween the
electrodes ando prevent air bubbles. Using an electroporator a pulséhwitfield strength of 1.7 kV
with a time constant of approximatel}.5 millisemndswas generated an@00 ul (or 10 times the
volume of cells) pravarmed SOC medium (37%@&simmediatelyadded. Te entire content of the
cuvette was transferred back to a microcentifuge tube amzlibated for 1 hour at 37°C at 6800
rpm shakingto give the cells time to recover. Finally,-500 pl of the mixture vas applied to

selective LEagar plates and incubatieovernight at 37°C.
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2.3. Saccharomyces cerevisiae (S.cerevisiae)

2.3.1. S.cerevisiae strains

L40c MATahis3200trp1-901leu2-3,112 ade2ys2801lamcanlURAS3: (lexAops-GAL1ITATHacZ
LYS2(lexAop)-HIS3TATAIS3ErichWanke)

2.3.2. S.cerevisiae growth media

1.25x YPD liguid medium

5 g Bacto yeast extract
10 g Bacto peptone

H,0 to a total volume of 400 ml

2.5x Yeast liguid medium (NB)

6,7 g yeast nitrogen base

H,0 to a total volume of 400 ml

20x Glucose stock solution

200 g glucose monohydrate

H,0 to a total volume of 500 ml

Amino acid supplements

1.25x YPD agar

5 g Bacto yeast extract
10 g Bacto peptone
10 g Bacto agar

H,0 to a total volume of 400 ml

1.25x Yeasstorage medium (NBG)

3.35 g yeast nitrogen base
250 ml glycerol (99%)
29.44 g betaine

H,0 to a total volume of 400 ml

2.5x agar
10 gBacto agar

H,0 to a total volume of 200 ml

Appliedconcentration

Leucine
Histidine
Uracil

Tryptophane

Amino acid solutioawere gored in 100x stockolutions
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2.3.3. Yeast lysis in SDSloading buffer

,Srad sra ANBoY 2y 3IFNI 2N AY fAljdzA R Odzf GdzZNB | yF
agar, entire spots of yeast coloniegre stirred directly into SD#ading buffer using an inoculation

loop or if grown in liquid culture, cells were centrifuged for dn at 2000rpm and SD®ading

buffer added (approximately 30l buffer per agar spot or pellet resulting fromnd liquid culture).

Four cycles of &in vortexing, min heating to 95°C and bsequent freezing of the samples on dry

ice wereconducted. Lysate can be readibaded o a SDS gel for electrophoresin alternative

method is toincubate cells iNaOH instead of mechanical force to lyse the cell wall.

2.4. Phospho-peptide enrichmen t fr om yeast

2.4.1. Reagents

10X Lysis Buffer Mix: 20 mM HEPES, 25 mM sodium pyrophesf@anM bglycerophosphatgCell
Signaling Technology Inc., Danvers, MA)

10X IAP Buffer (1x IAP buffeBd mM MOPS pH 7.2, 10 mM sodium phosphate, 50 mM NacCl (Cell
Signalingrechnology Inc., Danvers, MA)

Urea Ultra Pure (Biomol GmbH, Hamburg, Germany)

Orthovanadate (Cell Signaling Technology Inc., Danvers, MA, USA)

DTT (1.25 M) (Cell Signaling Technology Inc., Danvers, MA, USA)

TrypsinTPCK Solution (1 mg/ml, Cell Signaliaghnology Inc., Danvers, MA, USA)
Trypsin MSrade (Roche Diagnostics GmbH, Mannheim, Germany)

10X HEPEs#ock solution (200 mM, pH 8jCell Signaling Technology Inc., Danvers, MA)
SepPak @18 Columns (Waters Corporation Milford, MA, USA)

Phosphotyrosia Mouse mAb (Hyr100) Beads (Cell Signaling Technology Inc., Danvers, MA, USA)
ZipTips C1BResin (Merck Millipore Corporation, Billerica, MA, USA)

lodacetamide (Sigmia6125, St.Louis, MO, USA)

Trifluoracetic acid (AppliChem GmbH, Darmstadt, Germany)

Acdonitrile (Thermo Scientific 51101)
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2.4.2. Method

The method was adapted for the use of yeast cblésed on the protocol of Rush et &005).
2.4.2.1. Yeastcelllysis and protein d igestion

At first, lysis buffer (20 mM HEPES pH 8.0, 9 M uredVlsodiumorthovanadate, 2.5 mM sodium
pyrophosphate, 1 mM betglycerophosphate) was prepared fresHBependent on kinase activity as
determined by Western blotting, two to stkeepfrozen2 ml microtubeswere placedon ice and
zirconiabeads added equal to the ltone of the approximately 1ml dry yeast pellet. Subsequently,
500 pl lysis buffer was added and the pelleely in a FastPrep24 (MP Biomedicals, Santa Ana, CA)
for 20 seconds at highest speed (6.5 %lsomogenizer The lysate was centrifuged on a cooled
table-top centrifuge for 15 min at 15000 rpm at 4°C and the supernatant transferred intoral 50
centrifugation tube. The lysis was repeated twice addiagh time500 pl lysis buffer. As a nexest,

1/10 the volume ofobtained supernatant of 45 mM DTT svadded, the solution mixed welnd
incubated for 20 min at 60°C in a water bath. After cooling the solutiondm-temperature (RT) for

10 min, 1/10the volume of the solution of 110 mM iodoacetamidas applied, mixed well and the
incubated for 10 mirat RT in the dark. For Trypsin digestion, the solution was diluted 4 times using
HEPES bufféo a final concentration of 1 M urea and 10 mM HEPES, pH 8.0. Finally, 1/100 volume of

1 mg/ml trypsin TPCK solution was added and the proteins in solution giges/ernight at RT.
2.4.2.2. C18 column reverse phase chromatography

First, solvent A (0.1% TFA) and solvent B (0.1 % TFA, 40 % acetonitrile (MeCN)) were prepared from
20 % TFA stock solutions. The digest was acidified by addition ofvél@te of 20% TFA soluiin

and incubation for 10 min at RT. In order to remove precipitant the acidified peptide solution was
centrifuged for 5 min aR250 x gand the supernatant decanted into a fresh tube. Subsequently,
peptide purification was performed. Therefore, a 10cc reservoir (10 ml syringe reservoir) was
connected to the shorter end of the reverse phase chromatography columrR&eP column). After

the column was prevetted with 5 ml 100 % MeCN and washed twice with 3.5 ml solvernheé\
entire acidified peptide solution was passed though the column by gravity flow. Subsequently, the
column was washed by applyingnil, then 5 ml, and finally 6 ml of deent A before eluting the
peptides into a polypropylene tube by applyingt® solvent B thrice. As a next step, the eluted
peptides were freezelried two to three days using a CHRIST lyophiliatin the polypropylene

tube covered with aluminum foil wit poked holegas incomplete degasing may cause the contents

to pop out)
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2.4.2.3. Immuno -affinity Purification

Lyophilized peptides were spun down and 1.4 ml IAP buffer (Cell Signaling Inc.) was added. To
dissolve the peptides the tube was left at RT for 5 nmid hriefly sonicated in an ultrsound bath.

The pH was controlled to be neutral or not loweath5 to 6 by spotting 0.5 pl solution @npH
indicator paper (FisherBrand) atide pH adjustedby titrating 1 M Tris Base (not a strong base). All
following seps were conducted at 4°C (@ce or coldroom). The peptide solution was cleared via
centrifugation at fulspeed for 15 min and transferred directly ontelgr100 conjugated beads (40

ul, 80 ul slurry) while avoiding bubbles (sample A). The tubes vestedswith laboratoryfilm and
incubated on a rotator for 2 hours. After subsequent centrifugation at 2700 x g for 1 minute, the
supernatant was transferred to eeactiontube containing 15 pl 4G10 antibody slurry and incubated
for 1 hour on a rotator (saple B). The supernatant was removed after centrifugation at 2700 x g for

1 minute. Sample A and B were processed in parallel. Loaded beads were viashgohes by
addition of 1 ml 4AP buffer plus detergest inverting the tube 5 timesand renoving the
supernatant after 1 min centrifugation at 2700 x g. As a next,stepbeads were again washed 5
times byapplyinglml purified water, inverting the tube 5 timeand renoving thesupernatant after

1 min centrifugation at 2700 x ghfter the final washsupernatantwas removed until 10e200 ul
remained in the tube which was then removed carefully, but completghyusing a smaller volume
pipette. Finally, peptides were eluted from the beads by addition of 55 pul of 0.15 % TFA, tapping the
bottom of the tube, and leting the tubesstand for 10 minutes at RT. After tapping the bottom of the
tube again and brief centrifugation, the supernatant was transferred to a freskpeptide-binding

tube. Another 45 pl of 0.15% TFA were added to the beads and aftpmtaphe tube and brief

centrifugation the supernatants were combinedithin the low-peptide-binding tube.

2.4.2.4. C18 column peptide concentration and desalting

Both sample A and sample B were mesed in parallel. The eluafem the immune-precipitation

was centrifuged briefly to collect residual beads on the bottom of the tubken, thesupernatant
wastransferred toa fresh tube while ensuring no residual beaglere presentin the solution which

could block the Z§Tip C18 column. Each eluate was divided two aliquots of 50 pl each in 1.5 ml

low-binding reactiontubes. By dtaching a cut 200 pul tip as adaptor to tim#pette, the ZipTipwas
AyaiaglrftftSR ¢6KATS GKS FTRIFILII2NI gFa FALG GAIKGEE Ayi:
the pipete to 70 ul, up to 55 ptould be picked up with the tipC18 columns are processed using

solvent A (0.1% TFA) and solvent B (0.1 % TFA, 40 % acetonitrile (MeCN) as previously. For each step,

a fresh lowpeptide-binding tube was used with the appropriagelvent. First, 40 ul solvent B was

aspirated slowly twice into the ZipTiwhile avoiding air to be pipetted. The columns were
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equilibrated twice usingwo separate tubes by pipetting 50 pl solvent A up and down. The first
aliquot was aspirate and expelled carefully 10 times into the tip and the loading repeated thith
second aliquot (same tip). Unabsorbed sample was left in the tubes. Subsequently, the tip was
washedthree times by pipéting up and down 55 pl solvent. After last washing €p the tip was
dabbed well on a linfree tissue. In quick succession, the ZipTip was transferred without adaptor to a
10 plpipette (set to 10 pJ and peptides eluted in 4 pl solvent B by pijpeg three times up and down

and one final aspiration into a.® ml nonpeptide-binding tube. Finally, the sample was driedain

vacuumconcentrator for60 min.

2.5. Immuno -precipitation of predicted human _NRTK targets

expressed in yeast

2.5.1. Reagents
Human IgG conjugated agarose beads (Sigma, Taufkirchen, Germany)

Rabbit Antgoat 1gG Horseradish Peroxidase (HRP) Conjugate (Invitrogen GmbH, Darmstadt,
Germany)

Lysis buffer IP wash solution
50 mM HEPENaOH pH 7.8 50 mM NHHCQpH 8
150 mM NacCl

1 % Triton X
0.1 % Sodium

H,0 until total volume reached

2.5.2. Method

Homobgy and amino acid sequence motif predicted human kinase targets are verified using an
immuno-precipitation protocol in yeast. Human p#ghorylation sites were retrieved from
phosphositeplurgdatabase and peptides harboring the site were selected if these observed in

at least three experiments or publications, respectively. Selected human targets were picked from an
open reading frame@RIycollection only if the gateway entry clones do not harbor a stop codon. The
G2LISYy¢ SyiNER Of 2 Wk Jatewdy NB reattiorSigto tkef sgofiSyRast expression
vector pRS425_GDP_TAP whereas a Protein A tag Sroaureusvas Gterminally fusedto the
predicted human targetAfter cotransformation of targetproteins with the appropriate human
kinase €loned into the pASZ yeast expression vectorjoirthe yeast strain L4Qdargets were

immuno-precipitated via the Protein A tagon IgGconjugated agarose beadand tyrosine
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phosphorylationeventswere measuredn a Q-Exactive mass spectrometer (Thermo Scian)t#gnd
peptides identifiedusing the MaxQuant environmen{Cox and Mann, 2008)l'he method is an
adaption of a pblished chromatin immuno-precipitation protocol of Melaie Grably and David
EngelberdGrably and Engelberg, 2010)

First, the cearansformed yeas is grown in selective medium in two liter cultures which was
inoculated with 2% v/v ovenight culture. After six hours of growtlexpression ohuman tyrosine
kinase was induced by addition of 50 uM Cp&Ql the liter culture was allogd to grow overnight

until the highest possible cell density. All subsequent steps were conducted at 4°C to ayoichienz
activity in the lysateAfter centrifugation for 20 min a2250 x ghe yeast pellet was filled into 2 ml
centrifugation tubes (Wh rubber sealeditl) by resuspending the pellet in residual mediurvater

or TE buffer (pH 8)in casethe solution was to viscous to pipette using a cut tip. The solution was
centrifugedagainl5 min at2250 x gand supernatant removed yielding approximately 1 ml dry yeast
pellet per centrifugation tube. Thus, five to sixllititer of dry yeast pellet was $gd in a FastPrep24
instrument (settings:4°C, 6.5 M4, 20sec)after addition of Zirconia beads equal tioe size of the
yeastpellet and 50Qul lysis bufferThe lysis was repeated twieglding each timé&O00 pl lysis buffer
and collectingthe supernatant in a 15 ml centrifugation tube. Before centrifugation after the third
lysis step, the Zirconia beadsth 0.5 mmbead radiusvere removed by poking a Omim hole using

a Bunserburner heated needle in each @l tube and directly placing it io a 15ml centrifugation
tube using a cut top of a &l syringe reservoir as an adaptor and centrifuge@280 x gor 1 min.

The beadtree lysate was applied to a sonicator stick and running 5 cycles fee@0The sonicated
lysate was centrifuged for 15 min at full speedtilithe supernatant was cleaGupernatants were
combined andesidual cell debris removed begmtrifuging the approximately 10 ml final lysate at full
speed for 15 min and decanting the supernatdRabbit Ig&onjugated agarose beads were washed
3 times for 5 min on a rotator by applying 1 ml lysis buffer. 110 pl slurry of IgG beads was@dded
the combined, cleared 10 ml lysatend incubagd overnight in the cold roomSubsequently, the
beads vere spun down forl min at 2000 x g or 2 min at 1500x g and transferred to a 1.5 ml
centrifugation tube. Beads were washélr to six times by additiomf 1 ml wash buffer, inverting
the tube four timesand removing tke supernatant after centrifugatiarAfter carefully removing the
supernatant after the last washing step, an equal volume approximately 1i{€gubl volume to
bead slurrypf 2.5 xSDS gdbading buffer was added to the beads and the solution heated for 5 min
at 95°C. As a next step, the beads and precipitated tagged tangetseluted via the SDS loading
buffer and the eluatdoaded on a 1 mnthick 10-12 % SDS polyacrylamide gel. Thergel15 min at

90 V and 90 min at 110 (dr slower) stained withCoomassieBlue, and visiblebands(or the a small
area of the gel where the target was expected to reseleised using &eshscalpel. Two gel slise

were cut outg one slice athe expeted molecular weightnd one slice above to ensutieat slower
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running phosphorylated proteins are captured. Tdedslices werggrinded using a micrpistil within

protein low-binding reaction tubes (LoBind, Eppendorf Gmladyl proteins irgel digested wih

trypsin. The resulting peptidesvere alkylated, reduced and thereafter purified using a C18 column

and finally desiccated in a vacuum concentrator.

2.6. Bioinformatics

2.6.1.

2.6.1.1.

The yeast proteome was download€d/06/2011 from SGD (Saccharomyces Genome Database,
Stanford, www.yeastgenome.orgy. The mass spectrometryMS)output was mapped to the yeast
proteome using the SEQUEST algoritfiing et al., 1994and peptides filtered and processed to
15mers where seven amino aci{iAs) are flanking a centrayrosine For each kinase set a list of
15mers was applied to thieeLogo stanéilone applicatior{Colaert et al., 2009)The backgroundet

used was list of5mersfor eachtyrosinein the expressed yeast proteome (omlfyproteins identified

YSI & dzNB Y Sy i dhe enticiinrentgsighifdnéepa@ridateyi@®go & S i

outputs motif logo graphics and a comma separatatiie (CSMjle with the fold change per 15mer

Ay GKS af

position in rows and AA alphabet as colunmsadguasé position weight matrix (PWM)

2.6.1.2.

Using a custom made PYTHON saipphosphorylation sites @re scored according to the logic

below. The site score is defined as the sum of all enrichments values over an amino acid 15mer.

Methods

Amino acid sequence motif generation

Motif scoring of phosphorylation sites

Motif scoring logic

Input = AA 15mers
Kinase target sites

>

FOR each human PTK

v

Input = .csv file IceLogo
enrichment values (fold change)

v

convert to dictionary
{AA: enrichment value}

v

look up each AA of each
15mer in dictionary

v

site score = SUM of 15 values
Qutput = list of scores

Figure 6: Logical representation of amino acid scoring with input in operations in blue, input in eedl

output in green.
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2.6.1.3. Motif performance testing

R programming languageas used for motif performance testinghe module ROCing et al.,
2005)inputs a list of scores with assigned binaries (0 if FALSE, 1 if TRUE) and outputs a graphical
display ofthe performance as ROC (Receiver Operating Characteristic) curve. Thus, the expressed
yeast proteome was scoreand measuredandtargeted sites labeledor each kinase separately.

ROCR also outputs accuracy values for each scored site.
2.6.2. Software
Python ww.python.org
Rproject (www.Rproject.org)
SnapGeneViewer (SnapGene software from GSL Biotech; www.snapgene.com)
Spyder IDE (https://code.google.com/p/spyderlib/)
2.6.3. Databases
CPDB (Consensus Path Databésainburov et al., 2013)
Inparanoid DEO'Brien et al., 2005)
PeptideAtlas (www.peptideatlas.or{pesiere et al., 2006)
PhosphoSitePlus (phosphosite.ofgprnbeck et al., 2012)
SGD (Saccharomyces Genome Databli@®rry et al., 2012)

STRING DB (search tool for recuriimggances of neighboring geng$§nel et al., 2000)

2.7. Yeast expression vectors

2.7.1. pASZ vectors

The vectors used for human tyrosine kinase expression in yeast origioatethe gateway vector
pBTM116with animplementedcopperinducible yeaspromoter from pYEXBX(E. cohS. cerevisiae
shuttle vector;URA3 LEU2 CURY ; Clontech Laboratories) and named pASZ. pASZ harbors the
gateway cassette with @& recombination sites, cat promoter, Chloramphenicol antibiotic resistance
and the controlof-celkdeath gene B (ccdB). The gateway cassette isvi@d by a CYC1 terminator
sequence In one version of the vector (pASAN) a SV40 (Simian Vacuolating Virus 40) nuclear
localization sequence (NLS) was cloned between promoter and recombination site leading to a N
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terminally tagged fusion proteirfzor replication, an origin of replication atat and T7 promotes

are present. Additionally, antibiotic ampicillif(pASZCN)or tetracycline(pASZC)resistanceand the
Phosphoribosylaminoimidazole carboxylase gene PADA&th their corresponding promoters as
selective markers are encoded in the plasnhidone version of the vector (pAEZ) a SV40 (Simian
Vacuolating Virus 40) nuclear localization sequence (NLS) was cloned between promoter and

recombination site leadigto a Nterminally tagged fusion protein

2.7.2. PRS425_GDP_TAP

In order to express selected human predicted targets together with human kinases in yeast a strong
expressing gateway plasmid welsosen The pRS425_GDP_TAP harbors a 2 esfgiaplication for
multi-copy transcriptionflanked selective markerantibiotic ampicillin resistance genand for
selection, thebeta-isopropylmalate dehydrogenase (LEU2) gevith promoters. In front of the
gateway cassettasdescribed above for pASZ, a strong expressiig (glyceraldehyds-phosphate
dehydrogenase) promoteand also T7 and lac promoters are presentei@inal adjacent to the
gateway cassetta Staphylococcus aureotein A sequence including a Tfdtease cleavage site
resulting in Protein Afusionproteinsfor simple purification using IgG conjugated agarose be@ls

Protein A sequence fsllowed by aGterminal CYC1 terminator

2.8. Antibodies

Phospheli 8 N2 3 A Yy § dygmizas/Bé ! 6S16Ra 6/ Sttt {AIYyIEfAyd ¢SOKy2

Phosphetyrosine Mouse Alii n Dmné . SIFRA 6aSNO] aAffALRNBS / 2NLE2N

Phosphetyrosine Mouse AdG1E o6 a SNO]l aAff ALRNBE / 2N1LER2NI A2y >

Goat AntiMouse IgG (H+L) Alkaline Phosphatase (AP) Conj@geimega Corporation, Fitchburg,
WI, USA)

Rabbit Anti-goat IgG Horseradish Peroxidase (HRP) Conjugate (Invitrogen GmbH, Darmstadt,

Germany)

ECL Sheep Artlouse Horseradish Peroxidase (HRP) Conjugate (GE Healthcare Europe GmbH,

Freiburg, Germany)

Human IgG conjugated agarose beé8igmaAldrich, Taufkirchen, Germany)

41

o)



2.9. List of chemicals

1-Phenylaze2-naphthol6,8-disulfonic acid disodium salt (Orange GjgfmaAldrich Chemie GmbH

Taufkirchen Germany

4-(2-HydroxyethyBl-piperazineethanesulfonic acid (HEPES}igroaAldrich Chemd GmbH,

Taufkirchen, Germany

Acetic aciderck KGaA, Darmstadt, Germany

Acetone nitrile(Merck KGaA, Darmstadt, Germany)

Acrylamide/Bisacrylamide 40 % (37,5Qa(l Roth GmbH & CKG Karlsruhe Germany
Ammonium bicarbonat&igmaAldrich Chemie GmbHaufkirchen, Germany)

Ammonium persulfate (Merck KGaA, Darmstadt, Germany)

Ampicillin trinydrate $igmaAldrich Chemie GmbH, Deisenhofen, Germany)

Bacto agar (BD Bioscienc8sn Jose, CAISA)

Bacto peptoneBD Biosciences, San Jose, CA) USA

Bactotryptone BD Biosciences, San Jose, CA) USA

Bacto yeast extracBD Biosciences, San Jose, CA) USA

Betain GigmaAldrich Chemie GmbH, Taufkirchen, Germany

Bovine serum albumin fraction R@¢che Diagnostics GmbH, Mannheim, Germany
Bromphenol blueNlerck KGaA, Darmstadt, Germany

Calcium chloride dihydratéerck KGaA, Darmstadt, Germany

Coomassie Brilliant BlueZ50 and R250 (Biomol GmbH, Hamburg)

Dipotassium phosphate (Acros organics part of Thermo Fisher Scientific Inc., Geel, Belgium)
Dithiothreitol (DTT)Garl Roth GmbH & Co. KG, Karlsruhe, Gerjnany
Ethylenediamingetraacetic acid (EDTAC#&rl Roth GmbH & Co. KG, Karlsruhe, Gerjnany
Ethylene glycol tetraacetic acid (EGT@ar{ Roth GmbH & Co. KG, Karlsruhe, Gerjnany
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Ethanol MerckKGaA, Darmstadt, Germagny

Glucose monohydrateMerck KGaA, Darmstadt, Germany

Glycerol Merck KGaA, Darmstadt, Germany

Glycine (MP Biochemicals, Aurora, USA)

GlycogenRoche Diagnostics GmbH, Mannheim, Germany

Histidine SigmaAldrich Chemie GmbH, T&irthen, Germany

Isopropanol lerck KGaA, Darmstadt, Germany

Kanamycin sulfateéSjgmaAldrich Chemie GmbH, Taufkirchen, Germany

LE Agarose (Biozyme Scientific GmbH, Oldendorf, Germany)

Leucine $igmaAldrich Chemie GmbH, Taufkirchen, Germany
Lithiumaceate (LIOAc)SigmaAldrich Chemie GmbH, Taufkirchen, Germany
Magnesium chlorideGarl Roth GmbH & Co. KG, Karlsruhe, Gerjnany
Magnesium sulfateGarl Roth GmbH & Co. KG, Karlsruhe, Gerjnany
Methanol Merck KGaA, Darmstadt, Germany

Polyethylene glycdPEG) 33505gmaAldrich Chemie GmbH, Taufkirchen, Germany
Polyethylene glycol (PEG) 80@igmaAldrich Chemie GmbH, Taufkirchen, Germany
Potassium acetateMerck KGaA, Darmstadt, Germany

Potassium chlorideQarl Roth GmbH & C&G, KarlsruheGermany

Sodium carbonateMerck KGaA, Darmstadt, Germany

Sodium chloride@arl Roth GmbH & Co. KG, Karlsruhe, Gerjnany

Sodium citrat Carl Roth GmbH & CKG, Karlsruhe, Germany

Sodium dihydrogen phosphat®érck KGaA, Darmstadt, Germany

Sodium dodecyulfate (SDSY@arl Roth GmbH & CKG, Karlsruhe, Germany

Sodium hydrogencarbonate (Mer&lGaADarmstadi Germany
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Sodium hydroxideGarl Roth GmbH & CKG, Karlsruhe, Germany

Sorbitol SigmaAldrich Chemie GmbH, Taufkirchen, Germany
Spectinomycimihydrochloride pentahydrate (Sigr#ddrich, Taufkirchen)
Sucros€Merck KGaA, Darmstadt, Germany

SYBR Gold Nucleic Acid Gel Stawittogen GmbH, Darmstadt, Germany

Tetracycline hydrochlorides{gmaAldrich Chemie GmbH, Taufkirchen, Germany
Tetramethylethylenediamine (TEMEDpYitrogen GmbH, Darmstadt, Germany

Tris (hydroxymethyl) aminomethane (Tris Bas&gr( Roth GmbH & Co. KG, Karlsruhe, Gerjnany
Tris (hydroxymethyl) aminomethane hydrochloride (Tri$) f&lgmaAldrich, Taufkirchen)
Triflouroacitic acid

Tryptophan SigmaAldrich Chemie GmbH, Taufkirchen, Germany

Tween 20 $igmaAldrich Chemie GmbH, Taufkirchen, Germ)any

Uracil SigmaAldrich Chemie GmbH, Taufkirchen, Germany

Yeast nitrogen base (Difespart of BD BioscienceSan Jos, CAUSA)

2.10. Labware

384well MTPs, PS, flat bottom, clear, sterile, with lid (GreinerCBi®@ GmbH,Frickenhausen,
Deutschland781186)

96well MTPs, PS, flat bottom, crystal cle@rginer BieOne GmbH, Frickenhausen, Deutschland
655101)

96well PCR platéCostar part of Corning Incorporatedprning, NY, USB511)

96well deepwell plates (2000 pl/well) (Eppendorf,AamburgGermany 0030 501.322)
Agarplates (241 x 241 x 20) (Nunc GmbH & CoWi€sbaden, German40845)
BiomekNX (Beckman Coulter Gm&ihsheim, Germany

Biophotometer plus (Eppendorf ABamburg, Germany
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Biorad DC Protein Asséio-Rad Laboratories, Hercules, CA, USA)

Centrifuge 5810 REppendorf AG, Hamburg, Germany

Chromatography Paper 3mm (Whatman International Ltd., MaidstonglaBd, UK)

E.A.S.Y 429k digital camera (Herolab GmbH Laborg&végsloch, Germany

Glass beads, acidtashed <106 punsigmaAldrich Chemie GmbH, Taufkirchen, Germa®%649)
Incubator 1000 (Heidolph Instruments GmbH & KG. Schwabach, Germany
IntasGeldocumentation G (Intas Science Imaging Instruments GmbH, Géttingen, Germany)

Lyophilizer CHRIST ALPAMartin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,

Germany)

Mini-protean tetra cell electrophoresis systefi¢-Rad Laboratories, Harles, CA, USA
Micro-pistils (VWR International, Radnor, PA, USA)

NanoDrop2000(Thermo Fisher Scientific Inc., Waltham, MA, JUSA

Nitrocellulose membraneBjo-Rad Laboratories, Hercules, CA, UBR0115)
Omnitrays (Nunc GmbH & G6G Wiesbaden, Germany,65218)

Pin tools with 96 and 384 pins. The steel pins are cylindrical with a diameter of 1.3 mm and the edge

of the flat top thd is touching the agar is beesl 45°at 0.2 mm.
Polyvinylidene fluoride (PVDF) membraB&fRad Laboratories, Hercules, CSA 1620177)
PowelPac universal power supply (BRad Laboratories, Hercules, CA, JJSA
Protein LoBind reaction tubes (Eppendorf AG, Hamburg, Germany)

Sealing tape for PCR plates/MTPs (Costar part of Corning IncorpoCatedng, NY, USA524 or
ThermoFisher Scientific IndWaltham, MA, USAAB5558)

Sterile breathable sealing films (Aeraseal, Excel Scientifi%/iotoryville, CA, USBS25)
Sunrise 96 horizontal gel electrophoresis apparatus (Biometra Gbttingen, Germarny
Tetrad PT@25 thermocycler (MJ Research In§t. Bruno, Canagla

Thermomixer comfortEppendorf AG, Hamburg, Germany
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Titramax 1000 (Heidolph Instruments GmbH & Cq.¥Bwabach, Germany
Transblot SD semdry transfe cell (BieRad LaboratoriedHercules, CA, UBA

Zirconia beadéCarl Roth GmbH & Co. KG, Karlsruhe, Germany, N034.1)

2.11. Enzvymes and reagents

1 Kb Plus DNA ladder (Invitrogebarlsbad, CAJSA)

AttoPhos Substrate SeRfche Diagnostics GmbH, Mannheim, Germany

BP Clonase Enzyme Mimvjtrogen , Carlsbad€;A, USA

dNTPMix (Fermentas GmbH, St. LeRot, Germany

FastDigest Bsp14071 (Fermentas GmbH, St-RegrGermany

KOD polymerasg@Novagen/Toyoba, Merck Milliporeo@poration, Billerica, MA, USA)
LR Clonase Enzyme Mixtk{trogen , Carlsbad, CA, USA

PfuTurbo DNA Polymerase (Stratagene, Santa,lJ&a

Phusion Hot Start Highidelity DNA Polymerase (Finnzym@hermo Fisher ScientificVantaa
Finland

t NSadlFrAySR LINRPGSAY I RRSNE t | R&GdahadNI t  dza
Proteinase Kd@ution (Invitrogen , Carlsbad, CA, USA

QIAprep Spin Minipregit (Qiagen GmbH, Hildeermany

QIAquick PCRurification Kit (Qiagen GmbH, Hildggemany)

Salmon sperm Carrier DN8igmaAldrich Chemie GmbH, Taufkirchen, Germany

Trypsin MS gide (Roche Diagnostics GmbH, Mannheim, Germany)

TrypsinEDTA (Gibco BRL, GaithersbivB, USA)

Western Lightning PIWECL (PerkinElmérc., Waltham, MA, USA
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3. Results

3.1. Discovery of human NRTK activity in yeast

Initially, human tyrosine kinase were expressedin yeast in order to screen for tyrosine
phosphorylation dependentiuman proteinprotein interactions using yeast2-hybrid technology
(Grossmann et al., 201501 human cytoplasmicPTKs coding sequences were cloned pA&Za
copper inducible yeast expression vectavith and without an N-terminal nuclear localization
sequence (NLSnd expressed in yeast strai(idaterial and metlds). Minor fithess defects of the
yeast due tocontrolled, low NRTKoverexpressionindicated the strains could be useful tools to
systematically investigate specificity and activity of hunNRTKsWestern blotanalyss usingthe
highly sensitive paanti-phosphotyrosine antibody 4G18howedvariablephosphorylation of yeast
proteinsdepending on the kinas@-igure8). For 26 out of 59 clonegested comprising 16 out 082

of allcurrently annotatedcytoplasmiayrosinekinaseqBlumeJensen and Hunter, 20Q1the activity
signal wasclearly distinct from background and hencegarded as sufficietyt strongfor further
analysisby the approach presented herdyrosine kinases were previously assigned to kinase
families according to their domastructure such aghe placement of regulatory domainscluding
proline-rich motif (PxxR recognizing SR@mology 3 (SH3) domain amhosphetyrosine binding
SRehomology 2 (SH2) domaiwith respectto the conserved kinse domain(BlumeJensen and
Hunter, 2001)As it can be seen iRigure7, at least one member of each kinase family was found to
be active in yeast providingrapresentativesetfor this group ofenzymes for analysis. Interestingly,
all SR@amily kinases(SFKs)with the exception olLymphocyte celspecific proteirtyrosine kinase
LCK, shoed phosphorylationactivity suggesting similar regulatory meatiamswithin this kinase
family and/or sufficient expression in yeagBoggon and Eck, 2004, Bradshaw, 200ppositely,
BMX was the only TEC family kinase showing activity in yeast which may be due to its unique

structure within this family oNRTI (Bradshaw, 2010)
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Figure 7. Human cytoplasmic protein tyrosine kinasgNRTK)families assigned according to their domain
architecture (modified fromBlume-Jensen and Hunter (200Lland pie charts indicating coverage of active
NRTKsn yeast.

Overall24 active full-length humanNRTIK were expressedn individual yeast strainghereasfocal
adhesion kinase (FAK or PTK2) &¥N Table2) were modified For these two kinases-férminal
inhibitory domainsi.e. the FERM domain ariddtand Gterminal regulatory sequences (SH2 and SH3
domains, andan inhibitory Gterminal loop) were truncated. This rendered FAK active in yeast and
hyperactivatedFYN. fe truncated vesion of FYN is regded as a separate kinase in this woltk
human cellsPTKsare under tight regulatiorbearing inhibitory and activatg phosphorylation sites
and regulatory domaingBlumeJensen and Hunter, 20Q1)n the contrary S. cerevisiagdoes not
contain bonafide tyrosine kinases and any traregulatory components are not in placé/estern
blotting permits a comparison in msphorylation activity betweenikasesamplesby antiphosphe

tyrosine stainingKigure8).
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Figure8: Western blot analysis using 4@lanti-phosphotyrosine antibodyof yeast lysates sampled from the
material used for the enrichment procedure. Samples were mixed 1:1 for clones with and withoutikie®
both clones showed activity. All samples were equally loaded as controlled for bjsual inspectionusing
CoomassiaBlue staining (picture not available) Truncated FYN was not loaded and F(Rowingthe second
strongest Western blot signdland was loaded 1:1@s the camera adjusts fohighest signalintensity and
hence weaker signals would be masked

Activity, and to a certain extent phosphorylation specificitan be observedh the appearance of
kinasepreparationspecific bandsvith different relative intensities3rongestantibody signals were
detected for the SR&inases, ABL.2and FER in the lowing order( strongest to weakest): Truncated
FYNconstruct FGR, YES1, HCK, FER, ABL2, FYN, SRC, BLK. The kinases showingbedgker anti
staining were BMX, FRK, SYK, LYN, PTK2, SRMS, FH&pTE3K1 (

The expression of active enzymes in a model organism should not perturb normal growth and
homeostasis in order tmimicthe normalcellular environmentTherefore, it was necessary for each
individual kinaseo find the adequatecopper concentratioras inducer for expressiofhus, it was
ensured thatneither the kinase nor the copper itself casgrowth phenotypes or harrthe yeastin
other ways respectivelywhile obtaining the highest msible phosphorylation activityn order to
control for low toxicity assay conditions gkast preparationsvere plated ina series ofl0-fold
dilutions on selective media with varying copper concentraioanging from 50 uM to 6.mM.
Copper concentrabns above 10QuM diminishedyeast growth when expressindNRTIS showing
strong phosphorylation activity such as ABL2 and.H@GIS suggested thalhose kinases themselves
are toxic to yeastcellsat this level of inductiomue to the fact thalower activekinase transformed
yeast gew normallyunder the same conditiarin agreement with reports of tyrosine kinase toxicity
in yeast(SupertiFurga et al., 1993, Sekigawa et al., 204D)yeast colonies appeared smaller
copper concentrations 40QM and 800uM whereasno growth was detected at the next higher
concentration testeq1.6 mM). Hence it can béypothesizel the copper itself is harming the yeast
400 uM and preventing growth ofthe organism at a concentration above 80M. Chosencopper
concentratiors for each cloneare denoted with a stain Figure9 where all 26 yeast transformatien

are plated inl1:10 dilutions on 20, 5&nd 100uM coppersulfate containing selective agar. None of
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the yeast colonies showedpparentgrowth phenotypes atconcentratiors used for further analysis

suggesting low or absent toxicity caddey the kinase othe heavymetal.

Copper sulfate concentrations
20 uM 50 uM 100 uM

PTK2
SRMS_NLS
SYK_NLS
HCK

FYN
FYN_NLS
FES

FER
FES_NLS
BLK

ABL2
ABL2_NLS
LYN_NLS
TNK1
YES1
YES1_NLS
FRK
FRK_NLS
FYNA
FYNA_NLS
BMX_NLS
BLK_NLS
FGR
TNKI_NLS B
FGR_NLS
SRC

® O

®

DO OOOO OO

Y @

)

1:10dilutions =2 “ = molarity used for
pY-enrichment

Figure9: Toxicity test. HumarNRTIs were expressednd yeast was spotted in 1:10 dilutions on selective
medium  with copper concentrations as indicated and grown for 2 days.
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Gene — Entrez RefSeq ID ClonelD (ProtID) Clone description Kinase full name

symbol Gene ID

ABL2 27 NM_005158 IOH40442 cds AA 11167full-length Abelson murine leukemia viral oncogene homolog 2 or Abetstated

gene (Arg)

BLK 640 NM_001715 CCsSB_5424 cds AA 1505 fulHength B lymphocyte kinase

BMX 660 NM_203281 IOH11645 cds AA 1675 fulllength Bone marrow tyrosine kinase genednromosome X protein

FER 2241 NM_005246 OCAB_100014538 cds AA 1822 fulllength no stop: plus Fujinami poultry sarcoma/Feline sarcosrelated protein Fer
a{D[aDt! C[,VYxx{hb

FES 2242 NM_002005 RZPD0839H03100 cds AA 1822 fullength Felinesarcoma/Fujinami avian sarcoma oncogene homolog

FGR 2268 NM_005248 FLJ26678AAAN cds AA 1528 fulength GardnerRasheed feline sarcoma viralffr) oncogene homolog

FRK 2444 NM_002031 RZPDo0839E01123 cds AA 1505 fullength Fynrelated kinase oNuclear tyrosine protein kinase RAK

FYN 2534 NM_002037 IOH21081 cds AA 1537 fulHength FYN oncogene related to SRC FGR YES or seiljtesl novel gene (SYN)

FynTr 2534 NM_002037 FYN AA 258520 ;N-terminal SH3+SH2  FYNoncogene related to SRC FGR YES or sidlsed novel gene (SYN)
and Gterminal I7AAremoved

HCK 3055 NM_002110 CCSB_9159 cds AA 1526 fulength Hematopoietic/Hemopoietic cell kinase

LYN 4067 NM_002350 CCSB_54561 cds AA 1512 fulHength Lck/Yegelated novel protein tyrosin&inase

PTK2 5747 NM_001199649 CCSB_1682 AA 1392 (FERM domains) and 86 Proteintyrosine kinase 2 or Focal Adhesion Kinase 1 (FAK)
878 and 91817 and 919 missing

SRC 6714 NM_005417 CCsB_7119 cds AA 1536 fulength ("Sarcoma") proteoncogene €Src

SRMS 6725 NM_080823 OCAB_100015619 cds AA 1488 fulllength no stop: plus srcrelated kinase lacking -terminal regulatory tyrosine and -érminal
a{ D[ aDt! C[, Yz { b myristoylation sites

SYK 6850 NM_003177 CCSB_3739 cds AA 1635 fulength Spleentyrosine kinase

TNK1 8711 NM_001251902 RZPD0839E0798 AA 411415 "SSSFH" missing, butfu tyrosine kinase nomeceptor 1 or CD38 negative kinase 1
length otherwise cds AA-G66

YES1 7525 NM_005433 CCSB_10705 cds AA 1543 fulHength Yamaguchi sarcomancogene homolog 1

Table2: Clone description
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Activity No. sites MS gectral

Gene symbol - \yg signal)  identified counts
ABL2 ++++ 176 603
ABL2_NLS ++++ 144 528
BLK ++ 96 202
BLK_NLS ++++ 218 709
BMX_NLS +++ 119 444
FER ++++ 266 958
FES + 16 39
FES_NLS ++ 78 213
FGR +++++ 326 1285
FGR_NLS ++++ 239 734
FRK +++ 226 672
FRK_NLS ++ 62 135
FYN ++++ 144 394
FYN_NLS ++++ 119 333
C, bk Yb [ +++++ 274 1111
C, bk +++++ 327 1507
HCK ++++ 219 659
LYN_NLS +++ 155 556
PTK2 ++ 124 419
SRC ++++ 108 479
SRMS NLS ++ 28 55
SYK_NLS +++ 96 274
TNK1 ++ 206 825
TNK1_NLS + 254 872
YES1 +++ 210 800
YES1 NLS ++++ 87 345

Table3: Activity of employedtyrosine kinase clones iterms of Western blot signald t=éveak;++++£=very
strong), number of identified sites andsum ofyeast target peptide fragmenspectral counts

3.2. Human NRTK expression and sample preparation

Yeast expressing human tyrosine kinases were grown in ditdiures and pocessed applying an
adapted phosphdyrosine enrichment protocol fronCell Sgnaling Technologylnc. (Figure10). A
major advantage of using yeast is the virtually unlimited amount of material for analysis from liquid
cultures. Hence wto to six vials containingrhl dry yeast pellet were $gd in a buffer containing ™

Urea. After diluting the urea containing célsate denatured proteins weraligestedwith Trypsin
over-nightto cleave @erminal to arginine and lysineesidues Reptideswere purifiedusing reverse

phase chromatography C18 columisibsequently, peptide enriched solutions were fredried via
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lyophilization and tyrosinghosphorylated peptides enriched in a tvgtep immuno-precipitation

(IP) using two different anpphosphaotyrosine antibodies conjugated sepharose beadasecutively

Most of the modified peptides were captured the first IP usig pTyrl00 antibody-conjugated
beads. Asubsequentcomplementary second [P using 4Gl@antibodyconjugated beads was
performed on the flowthrough to capture modified peptidesot boundin the first IP (less than 10%

of all measured sites}inally, theoff-beadelution wasdesalted and modified peptides concentealt

on an additional C18 columidZiptipsg) and liquid removed using a vacuueentrifuge.Having the
advantage of unlimited yeast material and successful adaption of a commercially available
enrichment protocol resulted in digh number of measured enriched p¥ptides compared to

samples from human cell culture

Liter culture Lysis in
S. cerevisice SM urea

LC-MS/MS Concentr.atlon;’ Imrﬂ.unol- ¢
desalting precipitation

Figure 10: Experimental workflow forphosphotyrosine peptide enrichment(adapted from Cell Signaling
Technology Inc (Rush et al., 200%)

3.3. Determination of tyrosine phosphorylation _sites by

mass spectrometry

Mass spectrometry (MS) measurements were performedadntal of 60 phosphetyrosine peptide
samplesfrom 26 different yeast preparation as described in deta@ Material and Methods section.

Dry peptide enrichmentswere shipped and measuredby Prof. Dr. Bryan Ballif, University of
Vermont, USAas previously(Cheerathodi et al., 2015)sing a MicroAs autosamplea, Surveyor
PumpPlus HPL.@nd a linear ion tragrbitrap (LT rbitrap) platform (Thermo Electron, Waltham,
MA, USA)Peptideswere mapped to the yeast proteom@ownloaded01/06/2011 from SGpusing

the SEQUEST algorithiiang et al., 1994)nitially, the mapping software searches an amino acid
sequence database for sequences matching the nodsbe measured peptides. Subsequently, the
matched amino acidequences are caerted to fragmentation pattern andomparedto the MS/MS
spectia yielding a preliminary score. Each of the measured spectra of the best 500 preliminary

scoring peptides is correlated to theoretical spedpeedicted massver charge valueor fragment
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ionsoriginating fromin silicopeptide library fragmentation) Thus, a crossorrelation value §Coré)

is retrieved fromcomparing fragment ion patterns whi@nabks ranking of best matched candidate
peptidesand circumventsthe need for manual MS/MS spectra inspectitdsually, a XCorr vaduof

2.0 indicates a goodorrelation and was chosen ast-off. Additionally, ad &lta correlatiort value
6a5StdF /2NNEUVL AYRAOFGSa K2¢ RATFTFSNByldwhéréa§ T A NA
a value of above 0.1 is considered gooddasile of thumb) Additionally, a mass accuracy value is
provided showing the difference in expected to observed peptide mass in parts per million. (ppm)
The algorithm AscoréBeausoleil et al., 2008yas usedin order to determine the presence or
absence of modification sitepanningfragmentation ions The program outputs ahomonymous
scoredAcore which isa probability measure focorrect phosphorylation sitéocalization based on

the presence and intensity of phosphorylation sitetermining ions in MS/MS spectrahus, the raw

output from SEQUEST algorithm provides the scan number, sample name, peptide charge, peptide
sequene, matched protein identifiermass accuracy value, XCorr, DeltaCoegundancy and

Ascore for each modification sit&he output was initially filtered according to technical (mapping)
performanceaccording to the parameter described abosedthe resulting list of candidatefsirther

filtered according to biologicakiteriaand requirements asabcribedin the next section.

3.4. Mass spectrometry data f iltering and normalization

The received peptide datiom mass spectrometry measurement&s initially filtered by removing
false positives(matches against the decoy sequenceS)T phosphorylated peptidesand hits
mapped to yeast background tyrosiphosphorylation as reported in SwissPrdatabase(UniProt,
2015)andtwo yeast proteome screen@nad et al., 2009, Tan et al., 200%9r 22 peptides with
two adjacent tyrosinegesidues on a single peptidbe N-terminal site was choseras the mapping
software could not define the distinct modification site localizataue to the same mass of both

possiblepeptide instances

A total of900 different proteins wre measured to be targeted in yeast. One third of these proteins
and approximately half of 1438easured modification sitem total was targeted by a only single
kinase Figurell) indicating human kinase specificity was preserved in the yeast preparations. The
distributions of kinases per protein and kinases per sitedailto a maximum of 16 and 17 kinases

per protein and site, respectively. Interegig, tyrosine residues targeted by nine or more kinases
showed strongly increasing average intensity values with increasing number of kinase peigsite (

11). Thg might be due to a bias in mass spectrometry measurements when particular peptides have
optimum ionization and fragmentation properties or due to unknown aptmsphorylation events in

yeast.
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Number of kinases per site / proteins and choice of cut-off
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Figurell: Bar graph showing the nuber of yeast phosphorylation sites andorresponding number ofeast
proteins (left vertical axis) and the average intensity (average spectral counts, right verticds) per
phosphorylation siteplotted against the number of targeting humaNRTI. The dahed line indicates the
chosen cutoff excluding sites targeted by 10 sites or moper kinase (approximately 5% of all targeted
sites).

Sites per protein and average intensity before/after filtering
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Figurel2: Bar graph representinghe number proteins modified onl to 13 tyrosine residues. The line graph
shows the averagentensity distribution before (red line) and after (green line) the chosen caff at nine
kinases per site.
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Moreover, residues on proteins targeted by many or albkas were highly abundant yeast being
part of the Ribosome, Proteasomand other conserved protein complexes. This trend can also be
observed when plotting the number of grtes per protein as shown iRigure12 in which the
average intensity increadawith the number of sites per protein untl peak at 8 sites per protein.
Hence, we chee tofilter sites targeted by more thanine of the 16kinasesn total comprisingfive
percent of all sites identified As a resultaverageintensity measures for the number of sites
identified per protein showed amore equal distributionafter filtering (Figure 12) supportng the
choice of cubff. The peak of average intensity values at 8 sites per pratsiappearedeaving a
maximum of 22 average spectral counts per proteins forgiseins targeted on seven sites or more
which however, are only fewAfter filtering the number of sites per kinases varied fr@® sites for
SRMSo0 464 sites for FGBhowingleast and mosiphosphorylation activity in yeast, respectively
(Figure 13). The average ratio of sites over proteins targeted was 1.21 among all kinases. Some
kinases such as FGR, PTal TNK1 appea&d to have targeted more sites on fewer proteins in
comparison to dber kinases such as FES, Lafid SRCH{gurel3) whereas overall the ratiowere

rather equal for aINRTIS.

After initial filteringwe analyzed whetheprotein abundance played a significant role in detection,
i.e. whether rather highly expressed yeast proteins were targeted by the human karasere
preferentially measured by the mass spectrometry instruméidr this purpose, threeatases were
retrieved reporting whole proteome quantifications in yeast. In 2003, Huh etcatated a green
fluorescent protein (GFRagged yeast mMRNA libraand was hence able to monitor localization and
MRNA expression of approximately 75% of the yeast protedm2006, Newman et alused high
throughput flow cytometry and a library of Giiyged yeast strains to detect protein levels at single
cell resolution. Moreover, in 2008 de Godayat performed a comparison of haploid versus diploid

yeast proteomes bgILAQuantification using a mass spectrometry read out.

The analysis ofrptein abundance was primarilgonducted by the former Master student Federico
Apelt(Apelt, 2012)and hence the outcomes are presented only in brief. Approximately 44 percent of
the detectable yeast proteome was mmaed in all 3 reference studies while the method of Godoy
et al. captured rather high abundant, Huh et al. medium range abundautt Newman et al. rather
low abundant yeast proteins. Hence, abundances were standardized by combininigréleesets.

The inensity distributions of proteinsneasured in the MS experiments presented here wamilar

to the distributions of the corresponding proteins in each of the other three studies and the
combined abundance dataset. Importantly, plotting the standardizexigin abundance against the
intensity values per kinase suggests that there is no dependentieeaiumber ofthe measured

spectral counts on fative proteinabundance in yeagiApelt, 2012) In order to standardizthe data
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to kinase activity we tested the normalization of intensity values towards maximum intensity per
kinase, summed intensities per kinasnd total number of phosphorylation sites (gltes) per
kinase Thelog frequency distributiorwas plottedagainst the log intensity divided by one of the
three parameter above. Applying the number of-gi¥s per kinase led to most similar intensity

profiles between kinases and hence this parameter was chosen for normaligApeit, 2012)
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Figure 13. Bar graph showing the number of yeast phosphorylation sites and targeted yeast pnstgier
human NRTK(preparations for NRTK with and without NLS combined). The left vertical axis shows the
number of target sites and proteins and the right vertical axis the ratio of sites over proteins.

After filteringand normalizatioran overall numbeof 15276tyrosine phosphorylated peptides from
60 MS samples were retrieved representing 1433 uniquesiye phosphorylation events on 900
yeast proteins.Figure 14 depicts a representationof the retrieved datamatrix with six columns
harboring identifiers, sequence informatipand total spectral counts for each phosphorylation site
in 1433 rows and faher 17 columnsone for each kinase preparation with normalized spectral
counts as values for each phosphorylation site if targefdte spectral counts asatmix values were
normalizedby the number ofkinases per site anbdy division othe total number of sites per kinase

(as a measure dfinase activity) as described above
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AccNo  Name SGDID site 7Y7 Total SPC_ ABL2 _ BLK BMX FER FES FGR FRK =—> 3 17

YLRO27C AAT2 5000004017 66 LIHNDSSYNHEYLGI 1 0.07
YLRO27C AAT2 5000004017 302  EVSNPPAYGAKIVAK 9 0.05

YLRO27C AAT2 5000004017 70 DSSYNHEYLGITGLP 18 0.02 0.02 0.1 Cut-off:

YBR236C  ABD1  S000000440 427  AFRKVKQYIEPESVK .
kinases

1
YKL112W  ABF1  S000001595 470  LRSNSIDYAKHQEIS 1 0.025 <9
YKL112W  ABF1  S000001595 8  MDKLVVNYYEYKHPI 1 0.1 site
YMRO72W  ABF2  S000004676 100  ISERKKLYSEYQKAK 2 0.05
YNRO16C  ACC1  SO00005299 1841 TPTNDETYDVRWMIE 15 0.023 0.05
YLR304C  ACO1 S000004295 637 KNVYTGEYKGVPDTA 6 0.02
YLR304C  ACO1  S000004295 541 YDAGENTYQAPPADR 32 0.01 = 0.02 0.1 0.025 | 0.1
YLR304C  ACO1 S000004295 387 GSCTNSSYEDMSRSA 1
YLR304C  ACO1  S000004295 147  IDLNKEVYDFLASAT 70 0.02 0012 0.014 0.014 005
YLR304C  ACO1 S000004295 469  KNTIVSSYNRNFTSR 2
YJL200C  ACO2  S000003736 643 YDLDGTEYDIPGLMM 30 0.012 0.014 0.007
YJL200C  ACO2 S000003736 781  KAGSAINYIGNIRRN 1 0.027 0.1
YKL192C ~ ACP1  S000001675 117  SVGETVDYIASNPDA 5 0.01 0.02
YLR153C  ACS2  S000004143 10  IKEHKVWYEAHNVKA 9 0.033 0.1
YLR153C  ACS2  S000004143 94  NGKLNASYNCVDRHA 13 0.1 0.1
l SPC normalization via:
spectral counts
2 1433 number of sites

Figure14: Data representation as a matrix having six columns harboring identifiers, sequence information
and total spectral counts for eaclphosphorylation site in 1433 rows and 17 columns, one for each kinase
preparation with normalized spectral counts as values for each phosphorylation iitergeted.

3.5. Comparative analysis of yeast substrate targeting

In order to pairwise compare the kise in substrate targeting the interception over union of shared
targets is visualized iRigurel5. By plotting pairwise Jaccard indices using themadized intensities
and clustering according to similarity we could show known and novel relationgdHigsarchical
clustering was performed by row averages leading to a matrix symmetric at the diaganal.
expected, the SRfamily kinases (SFKYES1, SRFYN, FGRand HCKcluster together(red box)
Furthemore,the SFK&YN and BLshare many pites with the othelSFKshowever, form a distinct
cluster(violet box)with ABL2 and BMXBMX and BLK both have a strdaggetoverlap with LYN, but
less between each othetJnexpectedly, FER which togetheith FESesembles a separate kinase
family, shares many targets with the KRamily(orange box)and to some extent with SFKSRMS
and SYK have little overlap to all othendses.It is noteworthy thatSRMS was the least active
human PTKin yeastand comparisos are likely less significabecause othe smallnumber of 28
non-redundant sites measurednterestingly,PTK2 and TNK#thich aremembers of different kinase

families with differing domain architecture (green bakyster together

58



t F-AaNES O2YLI NRA&az2y 2F akKlkNBR a

SRMS
FES
SYK
PTK2
TNK1
ABL2
BMX
BLK
LYN
FER
FRK
SRC
FYN
FGR
HCK
FynTR
YES1

il

I

Color Key

SRMS
FES
SYK

PTK2
TNK1
ABL2
BMX
BLK
LYN
FER
FRK
SRC
FYN
FGR
HCK
FynTR
YES1

Value

Figurel5: Heatmap showing the specificity overlap between all kinases via Jaccard indices and hierarchical
clustering. Colored boxes indicate clustersRTIs denoted as appearing to be more similar as compared to
all other NRTIs.

Tissue specific expression and suhdat localization, and hence dpgal separation may explain
stronger specificity overlap for some kinasgslexander et al., 2011)Performing hierarchical
clustering ofNRTKexpres#on in different tissues usinBNA sequencing dat&agerberg et al., 2014)
or Expression Sequence Tag (EST) @ata et al., 2008showed that kinases sharing substrate
overlapin yeast i.e. cluster by Jaard indicestend to be differentially expressed in human tissues
(Figurel16). For instance, PTK2 and TNi& most similar with respect to yeast targetad form a
cluster framed in greerHgurel5) however,show strong tissue expression dissimilarity as indicated
by the dendrogram irFigure16. Kinaseshich cluste by tissue expression tend toot cluster by
target similarity.For instancePTK2 (green clustegnd FYN (red clustgrappear to be expressed
most similarly intissues(Figure 16A and B)whereas their yeast substrate overlap is ratismall
(Figurel5). Moreover,BLK and BMX areds similar to each other than to LYN within the violet target
similarity cluster(Figurel5). With respectto tissue specific expression, BLK and BMX are within one
major branch of the dendrograswhereas LYN appears to be expressedifierent tissues similar to

other kinasesaandhence iplaced on another major brandRigurel6A and B)
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A RNA sequencing B Expressed Sequence Tag (EST) analysis
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Figurel6: Heammap depicting tissue specific expression af NRTIs in this thesidy hierarchical clustering ofA) RNA sequencing data fromRagerberg et al. (200%nd (B)
Expression sequencetag (EST) sequencing data froriu et al (2008). Colored frames aroundNRTKnames refer to the identified clusters inFigure 15.
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3.6. Analysis of protein disorder in yeast phosphorylation

sites

An important systematic classification of PTMs and a potential confounding factor is doataiin
disorder(Woodsmith et al., 2013A strong preference of locating phosphorylation sites in regions of
intrinsic disordemwas suggesteand that serine andto a lesser extent, threonine phosphorylation
rarely occurs in surface exposed, ordered regionsThis feature is distinct fromtyrosine
phosphorylation (lakouteva et al., 2004)Therefore protein disorderwas compared between
measuredphosphorylated tyrosineesiduesandall tyrosineresiduesin the Saccharomyces cerevisiae
proteome using the tools DISEMBLinding et al., 2003DISORED(Ward et al., 2004)and IUPRED
(Dosztanyi et al., 200%)s shown irFigurel7. DISEMBL and DISOPRED are both predictoesl loas
machine leaning algorithns. Residues are classified using artificial neural networks and the
algorithm is trained on highesolution Xray crystal structures of proteins where disorder is
identified for residues present isequence recordut with coordinates missing from the electron
density map DISEMBL emplsyadditional definitions of disorder including secondary structure
representing coilsloops YR Ay LR NI & DAAIA NI aKAOK HSNBE RSGSNXYAY
(Linding et al., 2003JUPRED is a protein disorder predidiased on estimationfahe paential of
polypeptdes to form intefresidue interactions providing stabilizing eneffgy globular proteingo
overcomethe entropy loss during foldin@Posztanyi et al., 2005pisordered sequences are different
and do not show this potential and can hence be distinguisiedxpected tyrosine sitescontain
only 2.5 (DISEMBLS.5 (IUPREMr 17 (DISOPRED) percent protein disomenpared to 917.5 or

29 percent proteindisorder in the genomic backgroundespectively Strikingly the percentageof
phosphorylated tyrosingesiduesfrom our datamapped to disordered regions similar to the
percentageof all yeasttyrosineresidues residingn disordered regions even when the normalized

to spectral counts This suggests tham yeasttyrosine residuesvere not overly phosphorylaed in
disordered and hence sterically less constraint regionbut specifically targeted by théuman

kinasesndependent otthis characteristicstructural property.
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Protein disorder analysis
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Figurel7: Protein disorder analysis. Yeast disorderedictions by DISEMBL (blue bars, left vertical axis) and
DISOPRED (red bars, right vertical axe)d IUPRED (green bars, right vertical axiBhe percentage of
disorder in respectto the yeast genome, all yeast tyrosine residuesur measured phosphgtated tyrosine
residues and summed spectral counts of measured phosphorylation tyrosine residues is shown.

3.7. Phylogenetic analysis of phosphorylation sites from

veast to human

In order to investigate conservation of the phosphorylated yeast tyrosine residues multiple sequence
alignmentswere generatedacross eukaryotic phylogerfisom yeast to humarsing the INRRANOID
database In summary, the orthologous sequencém 479 yeast ORFwith at least one masured
tyrosine phosphorylation sit@nd the presence of a human orthologous sequemere aligned
Tyrosine signalingan be regarded aa hallmark of multcellularity. Therefore, equences of a
maximum of20 species withat tyrosine signaling machinery (no-gkoup) and up to 17 species,
including human, with evolved three tier tyrosine signaling protein setsy(®d¥p) were compared
(Figurel8).
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was generatedby retrieving the taxonomy fromthe National Center for Biotechnology Information
(www.ncbi.nlm.nih.goy) and using the python environment ETE2.2(HuertaCepas et al., 2010)or

visualization

The alignments coved 942 phaphorylated and 9644 noephosphorylatedtyrosine residuesin

these proteins. In order to assess the conservation of sites through phylogeny between-gneupk

and noTK3 N2 dzl-& O 2 WS éalculatedhsthe log2 ratio of the fraction ofyrosine residues at a

given position équationbelow).
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Thus, a higl-scoreindicates preferential conservation tfrosine residuedn species having evolved
tyrosine signalinglnterestingly,63 of the 310 yeast sites that locally align totgrosinein human
were reported to be phosphorylated in human as w@lable4). Figure19 shows3 representative

alignments where bothsites, yeast and human were measured or reported, respectively
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Symbol Hs  GenelDHs Site Hs Symbol Sc AccNo Sc Site Sc Y-score Predicted knases

ACSL4 2182 582 FAA4 YMR246W 561 0 FRK

ACTG1 71 53 ACT1 YFLO39C 53 0.234 ABL2, BMX, PTK2, TNK1

ACTG1 71 166 ACT1 YFLO39C 166 0 ABL2, BLK, FGR, FYN, HCK, SRC, YES1
ACTG1 71 198 ACT1 YFLO39C 198 0.515 FER, PTK2, TNK1

ASS1 445 133 ARG1 YOLO58W 132 0.415 BLK, FGR, HCK, SRC, TNK1, YES1
CDK3 1018 19 CDC28 YBR160W 23 0.263 ABL2, BLK, FGR, FYN, HCK, SRC, TNK1, YES1
CKS2 1164 17 CKS1 YBR135W 39 1 FRK, SYK

DDX5 1655 202 DBP2 YNL112W 221 -0.245 FYN, LYN

EEF1Al 1915 29 TEF2 YBR118W 29 0.052 HCK

EEF1Al 1915 254 TEF2 YBR118W 252 -0.093 FRK

EEF2 1938 373 EFT2 YDR385W 357 0 FER, FGR, FRICK, TNK1, YES1
EIF4A3 9775 54 FAL1 YDRO21W 39 0.206 BMX

ELP3 55140 329 ELP3 YPLO86C 338 0 BLK, FER, FGICK, TNK1, YES1
ENO3 2027 131 ENO1 YGR254W 131 0.248 FER, FES, FYN, HCK

GAPDH 2597 41 TDH3 YGR192C 40 0.29 FER, FGRYN, TNK1, YES1
GAPDH 2597 140 TDH3 YGR192C 138 0.138 SYK, TNK1

GAPDH 2597 314 TDH3 YGR192C 312 0 FGR, FRK, SYK, TNK1

GAPDH 2597 320 TDH3 YGR192C 318 0 BLK, BMX, SYK, TNK1

GAPDH 2597 41 TDH2 YJR009C 40 0.415 FER, FGRES1

GOT1 2805 71 AAT2 YLRO27C 70 0 ABL2, BLK, FGR, ARBK

HIST1H4 8359 52 HHF1 YBRO0O09C 52 0 ABL2, BLK, BMX, FRK, FYN, HCK, LYN, SRC, YES
HIST1H4 8359 89 HHF1 YBRO0O09C 89 0.152 BLK, BMX, LYN

HSP90AB1 3326 56 HSP82 YPL240C 47 0.193 HCK

HSPA4 3308 626 SSE2 YBR169C 579 0 FYN, YES1

HSPAS8 3312 15 SSAl YALOO5C 13 0 FGR, FYN,

HSPD1 3329 227 HSP60 YLR259C 224 -0.019 FGRYES1

NOP5/NOP58 51602 342 NOPS58 YOR310C 343 0.234 ABL2, BLK, FGR/N

PCBP1 5093 183 PBP2 YBR233W 235 0 TNK1

PDHA1 5160 301 PDA1 YER178W 321 0 ABL2

PGAM 5224 92 GPM1 YKL152C 90 0 ABL2, FER, FES, FGR, HCK, TNK1
PGK1 5230 76 PGK1 YCRO012W 75 0.377 FER, FGR, PTK2

PGK1 5230 196 PGK1 YCRO012W 194 0.415 FER, FGR




PKM2
PKM2
PSMA2
PSMA2
PSMA7
PSMB3
PSMC4
RAB1A
RAB8B
RPL15
RPL21
RPL23
RPL27A
RPL34
RPL38
RPL4
RPL7A
RPLS8
RPS11
RPS27
RPS4X
RPS9
RPSA
SGTA
TARS
TKT
TUBA4A
VARS
VCP
VTAl
WRNIP1

5315
5315
5683
5683
5688
5691
5704
5861
51762
6138
730559
9349
6157
6164
6169
6124
6130
6132
6205
6232
6191
6203
3921
6449
6897
7086
1277
7407
7415
51534
56897

83
466
24
76
153
103
205
8

5
62
13
38
52
13
43
52
60
133
55
31
54
13
139
158
298
275
399
469
644
285
534

CDC19
CDC19
PRES8
PRES
PREG6
PUP3
RPT3
YPT1
SECA4
RPL15A
RPL21A
RPL23A
RPL28
RPL34A
RPL38
RPL4A
RPL8A
RPL2A
RPS11A
RPS27A
RPS4A
RPS9A
RPSOA
SGT2
THS1
TKL1
TUB1
VAS1
CDC48
VTAl
MGS1

YALO38W
YALO38W
YML092C
YML092C
YOLO38W
YERO094C
YDR394W
YFLO38C
YFLOOSW
YLRO29C
YBR191W
YBLO87C
YGL103W
YERO56@
YLR325C
YBRO31W
YHLO33C
YFRO31@
YDRO25W
YKL156W
YJR145C
YPLO81W
YGR214W
YORO007C
YILO78W
YPRO74C
YMLO85C
YGR094W
YDL126C
YLR181C
YNL218W

59
436
23
75
156
103
212
5
17
62
13
35
52
13
52
50
55
133
53
31
54
12
138
169
305
294
400
315
654
310
432

0.434

0.788
0.16
0.582
0.234
0.052
-0.093

0.322
1.65

0.322
0.078
0.074

0.229
0.248
0.067

0.971
0.078
0.604
0.29
1.585
0.152
-0.492
0.152
0.148
0.152
1

0

FER, FES, FGR, TNK1
PTK2, SYK

FER

ABL2, BLK, BMX, FGR, FYN, HCK, LYN, SRC, TNt
FER, FGR, FYN, HCK, YES1
FGR, PTK2

BLK, FER, HCK, PTK2

FER

FER, FRK, SRMS

BMX

TNK1

FGR, LYN, TNK1

BLK, TNK1

FGR

FES

FGR

ABL2, BLK, FES, FGR, FRK,
BMX, FES, FRK, TNK1

BLK, BMX, FES, FGR, FRK, LYN, PTK2, SYK, TNK
SYK, TNK1

BLK, FYN

ABL2, FGR, FYN, LYN, SYK, TNK1, YES1
TNK1, YES1

HCK, TNK1

FGR

HCK

BLK

ABL2

ABL2, BMX

FER, FES

BMX

Table4: Homology predicted humaipY-sites by sequence alignmenttNPARANOIDatabase) Hs =H. sapiensand Sc =S cerevisiae Validated kinasesubstrate
relationshipsindicated byred letters. Proteins involved inglucose metabolism are marked with resiackground color.
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VCP |Y644| RPL21 |Y13] HSPAS |Y15] Species
GRLDQLI¥TPLPDEK GERRGTREMF SRFFR NSLESYAFNMEATVE Homo Sapiens
GRLDQLI¥IPLPDEK GERRGTREME SEFFR NSLESYAFNMEATVE Mus musculus
GRLDQLI¥IPLPDEK GERRGTREMF SRPFR NALESYAFNMESAVE Rattus norvegicus
GRLDQLI¥IPLPDEK GERRGTRYMF SEPFR NSLESYRENMEATVE Monaodelphis domestica g’
GRLDQLI¥IPLPDEK GEKRRGTREME SRFFR NSLESYAFNMEATVE Ornithorhynchus anatinus .T_U
GRLDQLI¥IPLPDEK GERRGTRYMF SEPFR NSLESYRENMEATVE Gallus gallus ED
GRLDQLI¥IFPLPDEK GEKRRGTREMF SEFFR NSLESYAENMKSTVE Xenopus tropicalis a
GRLDQLI¥IPLPDEK GERRGTREMFARFPFR NGLESYSENMKSTVE Danio rerio E
GRLDQLI¥IPLPDEP GYRRGTRYMF SEKFR NQLESYRENMENTVE Branchiostoma floridae 2
GRLDQLI¥IFLFDEK GYRRGTREMF SKKFR NGLESYAFNLEKSTVE Ciona intestinalis i
GRLDQLI¥IPLPDEP GYRRGTRYMF SEAFK NALESYR¥NMES TME Strongylocentrotus purpuratus E
GRLDQLI¥IPLPDDK GYRRGTRDMF SEFFR NGLESYCENMEATLD Drosophila melanogaster .%
GRLDQLI¥IPLPDEZ GYRRGTRELF SRKFR NSLESYVETMEQQVE Schistosoma mansoni 8-
GRLDQLI¥IPLPDER GLRRGTRYMFARDER NGLESYRENLEQTIE Caenorhabditis elegans vy
GRLDQLI¥IPLPDDG GYRRGTREME SKKFR NSLESYA¥SMEKSTVE Nematostella vectensis
GRLDQLI¥TPLPDAE GYRRGTREMF SRAAFR NSLESYA¥NMESTVE Trichoplax adhaerens
GRLDQLI¥IPLPDEE GLRRGTREMEF SEDFR NALESYAXNMKSTED Monosiga brevicollis
GRLDQLI¥EIPLPDQP GYRRQTRKKFAKAYK NGLENYTESIRNSLE Tetrahymena thermophila
GRLDQLIMIPLPDLP GERARTRSKFSEGER NSLENYLENMENTIQ Cryptosporidium parvum
GRLDQLI¥IFLPDLG GERSGTREKF SKKFR NSLENYCHEGVESSLE Plasmodium falciparum
GRLDQLI¥IFPMPDYE GVRARTRHMFAEKFR NGLENYCESLKSSIE Thalassiosira pseudonana
GRLDQLIEIFMPDED GYRARTRDMFARFFR NALENYANNLENTLN Phytophthora ramorum Eﬂ
GRLDQLIMIPLPDLP GLRHATR¥LFARKFR NGLEGYCEGVRNSVN Trichomonas vaginalis T_B
GRLDQLVEIPLPDEP GLRHGTENLF SRGHR NGLENYRAENMENTMS Ostreococcus tauri ED
GRLDQLIEIPLPDEG GLRARTRHMFARGFR NSLENYA¥NMRNTIR Chlamydomonas reinhardtii »
GRLDQLIMIPLFPDED GVRARTRDLFARPFR NSLENYRAENMENTIK Arabidopsis thaliana E
GRLDTLIMIFPLPDYP GYRCKTRECFARKFR NELESLVESVESTLG Giardia famblia ?_-,
GRLDQLI¥IPLPDKA GYKCGTRHLFAEKFR NGLENYAESMENTVN Trypanosoma cruzi g
GRLDQLLEIPLPDEKAR GENRRTRELFERFPFR NEKLENFCESVENTLS Entamoeba histolytica ﬁ
GRLDQLI¥IPLPDLP GLRARTRELFSRGFR NKLENYAETVENSIK Dictyostelium discoideum g
GRLDQLI¥IPLPDEL GLRARTRHLFSRDFR NA& Batrachochytrium dendrobatidis .8
GRLDQLI¥IFLFDET GLRARTRHMF SENFR NGLESYA¥NLENTLO Rhizopus oryzae g
GRLDQLINIPLPDEP LAYVARTRHLFARKFR NGLESYIMNVRENTTN Ustilago maydis ‘g'
GRLDQLIMIFPLEDET GYRGRTROMFERGFE WAL Puccinia graminis
GRLDQLI¥IPLPDEE GMRARTRHMFRRGFEK NGLESYAMSLEKTTLS Cryptococcus neoformans
GRLDQLIMVPLPDEE GIRARTRYTFQRGER NHLESYRESLENSLD Schizosaccharomyces pombe
GRLDQLI¥VFLPDEN GYRSRTREMFQRDFR NQLESIAMSLENTIS Saccharomyces cerevisiae

CDC48 |Y654| RPL21A |Y13] SSA1 |Y13|
ABL2, BMX TNK1 FGR, FYN Kinase(s)

Figure 19: Three selected examples fomultiple sequence alignments. Below the alignments the yeast
protein identifier is provided together with the measured phosphorylation site. Above the alignments the
human ortholog identifier am corresponding site is showrSpecies are grouped into having and havingt
evolved tyrosine signaling.

A ¥score close to zer(.152 for Y654 in cdc48/VCRor examplesuggesed an even distribution of
tyrosine between the two groups. Indeed, the alignment slemlvstrong conservatin of the
phosphorylation site including the surrounding amino acids across all spagygestingthat the
tyrosineresiduewasstructurally necessary, baiso thatkinases targeting Y654 in yeasay modify
the correponding site in humanAs shown inFigure 20, the 942 measuredand aligned

phosphorylated yeast tyrosine residues aseerall significantly more conservedl{ YpY, 26.9%;
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p=0.0008 Figure20) within the Tkgroup than all other tyrosine in yeastl( YY 22.3% Figure20).
Moreover, in two thirdof 310 cases yeast p3ites locally aliged to a tyrosine residuein human
orthologs. Thesetyrosine residueswere significantly higherconservedin the TKgroup of species
(Yp¥HY; 62.3% p=0.0044 Figure20) in comparison tall other yeast tyrosineesiduesaligning to a
human tyrosineresidue (Y¥-HY, 54.4%;Figure20). For example, a high-score of 1.65 for Y13 in
RPL21phosphorylated by TNKiepresens this situation (Figure 19). Only sixtyrosine residues
alignedin the noTKgroup whilealmost full conservation dfyrosineresidueswithin the TKgroup of
specieshints towards a possiblfinctional relevance for thiphosphasite. In a nutshel] all tyrosine
residues targeted in yeast am¥-sites with an orthologousgyrosine residuen humanwere better
conserved in specidsavingactive PTKsand amedian Yscore larger tharzerowas observedYp¥
HY: Figure2l). Thissupports the notion that a subset ofthe pY-sites measured in yeashay be

transferred tohuman and may provide direct evidence for thkinasesnvolved.

Fixed position tyrosine conservation between species with and without PTK-signaling
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*Chi-Square test with Yates correction

Figure20: Fixed position tyrosine conservation between species with and without evol¢BRTKsignaling.
Comparison of tyrosine conservation of all phosphorylated tyrosine in yeast (all YpY) witllyedsine in
yeast (all YY), ofphosphorylated tyrosine in yeast conserved in human (YY) with all tyrosine in yeast
conserved in human (¥MY) and of all phosphorylated tyrosine in yeast countsglected in human (Yp¥F)
with all tyrosine in yeast countesselected in hunan (YYHF). n.s. = nosignificant.
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Tan et al. observed negative correlation of total protein tyrosine content of organisms with
increasing number of cell types or increasing number of predi€t@&sfrom S. cerevisiaeto H.
sapiens(Tan et al., 2009b)In addition, a significantly smallerattion of amino acids in human
proteins aretyrosinethan in their oneto-one yeast ortholog¢Tan et al., 2009b)it was suggested
that one reason for this selection could be a beneficial reductiortyafsine phosphorylation.
Therefore,it was examinedwhether measured p¥itesin yeast are substituted in human to the
structurally most similarnot modifiable amino acidphenylalanine (F). The fraction of conserved
phenylalanineresidueswithin the TKgroup was almost identical YFHE 54.2% not showr) to the
fraction of consered tyrosine residues (Y¥HY. 54.4% Figure 20). However, 97 of the
phosphorylatectyrosineresiduesin yeastwere phenylalaninein humanorthologs Forthese sitesa

low fraction of tyrosineresidues(Yp¥HE 12.4% Figure20) was found withinthe Tkgroup with a
median Yscore belowzero (Figure21). The percatage of tyrosineresidueswithin the TKgroup in
respectto all yeast tyrosine residues with a phenylalanine conversion in human was not significantly
lower (YYHE 8.3%, Figure 20). Additionally, for more than half ofyeast pY¥sites showing
phenylalanine substitutiorin human the noTKgroup had a slightly higher fraction oftyrosine
residues(Yp¥HFE 53% not showr). One canhypothesizehat those siteamaybe phosphorylatd by
humanPTKsn yeast butwere selected against in human and the-gup. In the example shown in
Figurel9, Y13 on ssal/HSPAS targeted by FYN and FGR is largely replabemydglaninewithin

the Tkgroup resultingn a negativeY-score of-1.4.BothY to F and F to Y conversion from yeast to
human shoved a similar distribution between species having and having not tyrosine signaling
evolved when focusing on proteins that have been phosphorylatedthia yeast experiments;
however, with a median-¥coreand Fscae close to zero, respectivellgiure21).

In summary, 63 of 310 gaftes measured in yeast with a human orthologous tyrosine were also
reported to be phosphorylated in humaidble4) and those tyrosine residues were preferentially
found in species having evolved tyrosine signahfg¥HY; Figure20). Moreover 97 measured yeast
pY-sites were phenylalanineesiduesin humanwith a negative ¥core & relative higher frequency

of tyrosineresidues at corresponding positisim speciesvhichdid not evolvePTKSs). This resuiints
towards cases opotential counter selection of tyrosineesiduesin metazoans as suggested by Tan
et al.(2009b)
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Figure 21: Boxplots of ¥score and Fscore variation for each of the different alignment cases: all yeast
tyrosine residues (allYY), measured yeast-gi¥es with human orthologous tyrosine residue (YgYY),
measured yeast p¥ites with human orthologous phenylalanine residue (Ypi¥F), all yeast tyosine residues
with human orthologous tyrosine residue (¥MY) and all yeast phenylalanine residues with human
orthologous phenylalanine (Y-HF, FScore).

Querying all 63 homology predictgal-sites (representing 53 proteingdr enriched gene ontology

(GO) terms using a tool developed Stianford UniversityBoyle et al., 2004and implemented at

Princeton Universityieldeda total of 168 partly overlapping, enriched @®ms with many terms

related to cellular metabolism and the translational machinéyeduced list of enriche@Oterms

is visualized inFigure 22 and clusters of G&rms related to the two main umbrella terms

metabolism and translation anmarked by circles

Strikingly amongthe enriched metabotim relatedGO terms washe terma 3f @ 02t @ i A O LINR O
value 0.00001223s indicated irFigure22 (also ataxis labels The G@erm enrichmentinvolves six

homology predicted targetsapproximately 11 peent of all predicted orthologeamely pyruvate

enolase 3 (beta, muscle) (ENQ3plyceraldehyde-phosphate dehydrogenase (GAPDH),
dehydrogenase alpha 1 (PDHAdhosploglycerate mutase 1 (PGAMPhosphoglycerate kinase 1
(PGK1)and pyruvate kinasanuscle (PKM)Thosehomologypredicted glycolyticenzymes together

with transketolase (TKT) araytoplasmicaspartate aminotransferase (GOT1) weailsoincluded in
SYNAOKSR Dh GSN)¥&S(ik b2y A Dl -ADNRHICRPIRS N LA HMp O | YR 0
LINSEOdzNB 2NJ YSiGl o2t AGSa | ydue GOpAd)HAIRE, the Sik Abmoigh y 3 Dh
predicted targets involved in glycolysis almost represent the entire glycolytic pathway as depicted in

a schematic representation of glycolysis in the discussion seck@ure50). In summary, highly

conserved cellular processes were targeted by expressed human NRTKs in yeast cells and hence it

may be feasible to directly infer KSRs by mapping modification sitesttberne human orthologs.
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Figure22: Visualizationof process gne ontology (GO) term enrichmentising REVIGQSupek et al., 2011)

and a reduced output list fromGO:: TermFinde(Boyle et al., 2004)The log of G&@erm frequency within the

GO database GOA homo sapiens is plotted against logi@lpes (also indicated by dot color). Approximate
clusters of G@erm enrichments corresponding to two umbrella terms are encircled and the enriched GO
GSNY a3ted2tedA0 LINRPOS&aaéd Aa KA NRTKuBKaieS R Ay Of dzRA y 3

3.8. Determination of | inear sequence motif s

Linearamino acid sequencmotifs are casideredas one othe mainsubstratepropertiesfor kinase
recognition and consensus motifgere previouslygenerated by linear peptide screenifigok et al.,
2010, Miller et al., 2008)Thus, sequence motifsere generatedby estimating thefrequenciesof
amino acid framing the modification sites within each of themeasured17 kinase target setsm
yeagd. In contrast to previous methodshe generatedlarge yeast substrate sets contaiargeted
sites from phosphorylation dfully folded yeast proteingn a highlycrowded cellular environment
which is avery distinct representation ofa potential kinase sbstrate spacecompared with
randomized peptide arraysUsingiceLogo(Colaert et al., 2009kinase specific sequencsere

generatedfor seven amino acids w@nd downstream of the modification sitdésr all testedNRTIK
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(Appendix6.1). Linear sequence motifs are typicallgsassed from alignment of 11mer 15mer

centered at an amino acid representiagnodification or binding sitéSeveral motif prediction tools

are implemented(Crooks et al., 2004, Schwartz and Gygib2@@nanchy et al., 2007, Schwartz et al.,
2009, Ritz et al.,, 2009, O'Shea et al., 20b8juding iceLogqColaert et al., 2009hich is a
probability based method employing a PSSM generated by compabsbmeen amino acid

frequencies within positive and negative maodification sequence sets.

ABL2 motif FYN motif
s | 80 I
Q H : E v 8 U5
e, o88) FePri.g S - N -
YRK NFKF HD FRX L F
N s
U 2 R
TNK1 motif SYK motif
35 PPP A P R 35 R F
H RAP A A
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Figure23: Amino acid squence motifs for ABL2, FYN, TNK1 and SYK generated from the respective yeast
target sets.

In contrast tothe widely usedmotif-x algorithm (Chou and Schwartz, 201igeLogo also determines
underrepresented amino acid frequencies and falotinceenrichment values within quagiosition

weight matrices (PWMgan be obtained for each kinade.order to retrieve amino acid enrichment

values for motif generation a genomicl O1 INRB dzy R aSid Kl a G2 o®SsinRSTFAYSR
LINPGS2YS¢é NBFSNBYyOS asSi ONBI (SR NBE G NA STAy
(13577 idenfiiers; downloaded01/06/2011 from SGPas 15mers with seven amino acids flanking

g1l a 0é

each tyrosine herein after calledsttes (95819Y-siteg and a secondreference setwas created
containing all ¥ites ofthe dexpressed yeast proteorsg17224 ¥sites) i.e. all proteins measured

over all experiments. From both setdl measured1433pY-siteswere removed Motif performance
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analysisshowed minor differences retrieving the input from the proteomasing either of the two
reference setshowever, thead SELINB & a8 SR @ Sdfelielice saNRBal SHdI6HBré motif
generationto ensure expression and presencé those proteins. Example motifs (the pY is at
position 0) are shown for ABL2, FYN, TNik#l SYK kinase Figure23. Additionally, the full data is
represented by iceLogonechment plots which is not the case folrequency plots retrieved by
motif-x. Of note,only a fraction of the measurepY-sites yieleéd a significant score when assessed

with the motifs (seemotif refinement, paragrapi3.11).

Each set opY-sites resultedn an informative motif contaimig differing characteristics such as the
enrichment of single amino acids at certain positions relativphitosphorylated tyrosiner stretches
of biochemically relatecamino acidsflanking the modification siteFor examplepositively charged
amino acids @erminalto the modification site for ABL2, Fyahd TNK1 or an enrichment of proline
spanning the entire motif of TNKdan be recognized from respective motif representatifiigure
23). There are rany other motif featureswhich can bedetected by comparingnotifs between
kinasesand hencedifferences and similarities in amino acid preferemeay be detectedin order b
provide a betteroverview of the whole data sehotif features wereextracted and groupedrjgure
24). Feature extraction was based on manual comparison of aminocacidrrences between all
generated sequence motifExtracted features were grouped if they were observed teocour
within the same motifslf features ceoccurred only in a subset of motifs, the combinatiomas
introduced as another motif feature for th subset oNRTIK. However, grouping of motif features
was not conducted iindividualfeatures are common for related or familiesMRTIK or may explain
NRTKsubstrate specificity overlap as observed in ye@dtnote, he features may not indicate inter
positional dependencies which were suggested to be \@nall within sequence motifef S/T
kinasesby Joughin et al. (2012)n a statisticalbasis The authors crosgalidated performance of
probabilistic first order models to second order models by scoring three published substrate
datasets The authorsoncludel that addition of second order, intgpositional informationdoes not
improve ormay even lower the quality ddinase substrate prediction§he most prominent feature
within almost all motifs are aliphatic amino acids (V/L/l) on the positibriNterminally to the
phosphorylated tyrosingesidue as previously reported forISFKsand relatedNRTIS including ABL
kinases(Sorgyang and Cantley, 1995, Colicelli, 2010, Deng et al., 20i4)ote, leucine in this
position is also the preferred contextual residirepY-recognition by the p¥antibodiesused here
whereas charged residues in this position are hardly acceffedi et al., 2012)Only TNK1, PTK2,
SYKand SRMS motifs do not contain this featuflese fouNRTIS also shardittle target similarity

overlap with other kinase@-igurelb).

72



Notably, all retrievediceLogo motifs harbor a strong underrepresentation of somenanacids at
certain positions suggesting a mechanism witygast substrate sequence motifghich may prevent
(aberrant) kinase targetig { dzo A G NI 0SS a S| dzSYyIOENMA &3 RO D2 VA IS A NG
that oppose a kinassubstrate interactions bgteric hindrance or chargeased repulsion and which
hence prohibita specificresidue, or class of rekies, at one or more positions in putative kinase
substrateg(Liu et al, 2010) By using fold change as the height of an eregresented amino acid in

the iceLogo application, the height of undepresented amino acids omparable Among under
represented amino acids, there asmme colored pinkwhich indicates that these residuaegver
occur within the positive setand are hence significantly undegpresented compared to the
background sequences in yeashe foldchange for these instances is infindae to a division of the
number of occurrences within the background set by zero instances meaddoggever, if more
residues are regulated having finite faitiange, the height of the infinite amino acids wik
displayedl10 percentlarger than the height of the largest fini@mino acid. In all SYK substrates a
tyrosineresidue(Y) was never present at positiehwhile a glutamineesidue(Q) never appead at
position-4 and-6 (Figure23). In contrast, there are a few instances in the SYK substrate set where an
isoleucine was measudein position +5 resulting with fnite, still significant folechange and hence

the letter size was limitedApart from SRMS, there is aa oneamino acid agt least one position
never pregnt in the target set sequences and hence colored pimkeach kinasepecific linear

sequence motif.
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Feature

1 C-terminal T postively charged ABL2 BMX BLK LYN I FGR FYN HCK FRK

2 C-terminal .| negatively charged ABL2 LYM HCK YES1

3 C-terminal .} polar, uncharged BMX FGR

4 C-terminal ‘™ multiple /P

5 Pos+3 (TP) ABL2 FGR FRK FER

6 Pos+3 [TW) FGR HCK YES1 = FynTR

7 Paos+3 [MV/1/L-L D/E/N) ABLZ BLK LYN | FGR FYN HCK SRC YES1 | FRK FER FES

8 Pos-1 (not ™ 1/V/L) PTK2 SYK SRMS

| Pos-1 {“MP)orN-terminal ‘T multiple A/P ||||HHH”|| PTK2

10 Pos-1 (T} BLK LYN FGR FYN HCK YES1 FRE

11 Pos-1 (-5} ABL2 LYN FGR FYN HCK YES1 FynTR FER

12 Pos-1(.LG) BLK | FGR FYN HCK SRC YES1 = FynTR I FER

13 Pos-1 (L ¥) ABL2 FGR FynTR FRK SYK

14 Pos-1(TV/I/L) & Pos-2 (TP) ABL2 BLK HCK SRC YES1 FRK FES

15| ot (160, L/ Pos R pos2 (v (Al mex muc JIWI] ron v woc lsnclll vesn | lieea

16 Pos+1 (“ME/D, LK/R), Pas-1{-LQ) YES1 FER FES

17 Pos+1 (.P) ABL2 BMX BLK LYN FGR FYN SRC YES1 FynTR FER

18 Pos-3 (-TE/D) ABL2 BLK FGR FYN HCK SRC YES1 I FRK FER

19 Pos-3 (L) ABL2 BMX BLK LYN FGR FYN HCK YES1 FRE FER -

20 N-terminal ‘P positivelycharged FRK FES

21 N-terminal - multiple G FGR

22 Pos-6 (1T), Pos-7 [T K/R) ABL2 BMX BLK SRC YES1

23 Pos-5 (T K/R) LYN PTK2

24 Pos-5 (‘TK/R]}, Pos-6(-T'R/T) FYN HCK SYK

25 Pos-7 [L¥) BLK LYN

26 Pos-6(.1-5/Q) BMX HCK SYK

26 Pos-4(4.Q).PostS( I MHRS 0 svK
" over-represented domainfamily : specificity averlap similarity cluster
"J." under-represented |||||||||||||| differing insingle position

Figure 24: Extracted sequence motif features. Kinases are arranged according to target specificity similarity clustering as sh&iguii@15 while backgroundcolors
indicate kinase families according to domain structure. A colored box (as Higure 15) indicates that all members of a cluster have the feature
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Comparing motif features to target similarity clustering could unravel similar sequence targeting
mechanisms for kinases withirlusters. For instance, ABL2, BMX, BBKd LYN share many yeast
substrates and all faukinases show a preference fonodification site Germinal stretch of
positively charged amino acidsiterestingly, ABL2 and LYN disfavor negatively charged amino acids
in this stretch while BMX disfars polar, uncharged residuebloreover, all four kinaseoppose
proline at position +Xndleucine at position3 (Figure24, feature I7 and 19 andshare feature %
with the exception of differing ABL2 preferences for position nd that LYN appears to tolerate
positively charged residues at positieh These motif properties are not unique for the four kingses
but may explain in part the clustering the analysis of specificitgverlap Only few of the motif
features are shared amondl @ahose four cluster members and it appears that specificity for each
kinase is provided byariablecombinatiors of motif features.FRK and FER weaso clusteredby
targeting similar yeast proteins, but share many targets BEKsThe motifsfor FERFRKand SFKs
are accordingly similar as four features (7, 12, 15,at8)shared. Only the discovered feature 5, a
preference for proline at position +8hared between ERand FRKcould partly explain thelifference
between the twosimilarity clusters Interestingly,Feature 5 is best described ftine ABLkinase
family motif (Colicelli, 201Q)however;the analysis here showthat alsoother kinases employhis
targeting property TNK1 share87 of its 385 pites with PTK2overing 71 percent of 122 sites, and
both kinases showed only littleverlap toall other NRTK (Figure15). Moreover, their motifsare
different to all other NRTKmotifs generated byshowing preference for alanine angroline N
terminal to thetyrosine(Feature 9Figure24). There are further motif characteristicsique to other
kinases Only FGR favors a stretaf glycine Nterminally and SYK is the only kinase with a strongly
disfavoring glutamine at positiod and -6 while only FESdisfavors glutamineat position -2, for
example. Due to high number of motif features shared among kinases it appears thatetiéicsp
combination of these features renders a sequence motif unique what agrees withwitep
evolution of kinase domains. In summaryatierns of positive and negative enrichment
characteristicavere detected by comparison of sequence motifs betwdd¢RKs There are kinase
specific motif features and features shared amahg kinases analyzed which are embedded in

kinasespecific combinations.
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3.9.Estimating | inear sequence motif performance

The performance of a linear sequence motif is tlenbination ofsensitivity and specificity when
identifying kinase substratesites based on their primary amino acid sequen@&aldi et al., 2000,
Miller etal., 2008) UsingspecificPMW retrieved from iceLogdor each kinaséor scoingli KS & & S| &
tyrosineLINE (i S(2 & ch spacand assigning theuly targeted Ysites (true positive set)sing a
binary identifier (1 for positive, O for negativdjeceiveiOperatingCharacteristic(ROG¢ curve
analyes were performedn order to investigate how well the kinase specifie3ités are represented

08 GKS 1Ayl a&asS aAdROG aunvedestriideiFalsePositiGeRMIEFPRRAS function

of the TruePositiveRate (TPRBy goingthrough a sorted list of all scored sites starting with the
highest score and varying threshol@he xaxis describes the specificity (TRP) and tkexig the
selectivity (2FPR) for the classifiefhe steeper the curveses at high TPR valydbe more true
positives have highest scores assigaed given cubffd t SNF 2 N¥' I yOS OFy 68 SE LN
underOdzNI3S ¢ 6! | / 0 n@UQ @iBe ob IoBINIdarall tlue positives have highest
scores assignefideal performancewhile an AWC value 60.5 would mean the classifielgre the
GY2iA T, detefrindRpésitives atandom (worst performance) ROC curves were generated
using the ROCGBoftware (Rproject.org) using a scored reference proteoassearch spaceBecause

the motif isintendedto classify a set 013240 human hosphorylation sitesan equal number of
randomly picked ites was retreived fromthé @ S| & i (1 & N2 &omghiSing s B®féréngey S €
set. In the main text of thighesis, the linear sequence motif analysiexemplarilydemonstrated on

the example of ABL2 kinasAs it can be seen iRigure25 the ROC curve fathe ABL2motif in
retrieving ABLZ2targets shows aAUC value of approximately 0.9 (A, colored curve and for
comparisontesting the ABL2 motif for retrievinipe exclusivetargets of all other kinasesombined

resultsin an AUC value of 0.6A, (blackcurve).

A strong drop in performancéesting the motif on all other kinas¢arget sets suggests the motif is
kinase specific and may be used for target prediction. As the negative set is vergdargared to

the number of kinase targeted sitesd the positive setand training set were identicathe AUG of
kinase varying between 0.8@f 0.9 are assumed to ben overestimaton of the actual motif
performance In order to provide an alternativeperformancetest tenfold crossvalidation was
performed with all generated sequence motifs (Appendi?). Due to the limited number of
reported kinasesubstrate relationships in public databases for the majority of NRTKSs, it was not
possible to retrievesufficiently largeindependent positivesets for systematic motif performance
testing Therefore crossvalidation was performed wheréen percent of thekinase target setsvere
randomly removed and a nesequencemotif generatedusingthe remaining 90 percent of hitr

each kinase The reference setwas subsequentlyscored applying the new motif and bines
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assignedabelingthe omitted, independent ten percent of targetegly-sites This random generation
of an independent positive set waerformed100 times and the average performance of the motif
determined Figure25B, black curve The AUC between kinases vari'om 0.67 to 0.77 whereas
performance was more robust if more sites weaegeted, for example in the case of TNK1 (358 pY
sites) and FGR (45\-sites) SRMS had too few targe(88 p¥sites) to performcrossvalidation
leading to an average AUC of 0.61 wdlhgevariation betweensinglerandomizationsin summary,
linear sequenceamotifs could be generated for all kinasesssayed.Importantly, for most tested
kinases no linear sequence mdidis been reportedo date.For some kinases the motifs recapitulate
consensus datdsee discussion sectiomnd extends the knowledge by determination safbstrate

binding prohibitoryfactors,for instance.
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Figure 25: Motif performance analysis (ROC) example. All yeast tyrosine sites were scored using the ABL2
motif and the identification of all measured ABL2 psites (A, colored curve) was compared to finding all
other measured p¥sites from all other kinases (A, black curve). Cresdidation was performed by 100 times
creating a motif on randomly chosen 9% of p¥sites in the kinase target set and identification of the
remaining 10% of pY¥sites in the scored yeast proteome (Ryrey curves). The average ovedl 100
randomizations is presented including the standard deviation {Back curve) and average AUC.

3.10. Improv_ements on sequence motif performance

Motif scoring of phosphorylation sites resulted kinase dependentdiffering range of scored-or
example, motif scores rangegrom -910.69to 31.39for ABL2 and from1298.98 to17.43for FES
(Table5). Hence scoreswere convertedto accuray, whichis defined as the sum of trupositives
and truenegatives divided by the sum of all positives and all negsitineorder to enableinter-
kinase comparisors. An optimal accuracy cuiff was to be chosen for minimizing the False
DiscoveryRate (FDR)i.e. thefraction of false discoveries among all discoveri@sthere are only

limited sets oftrue positives foronly a subset okinases in humaivailable, it wadested in yeast
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how many truly targeted siteby eachNRTKcan be predicted correctly using varyingnotif score
accuracy cubffs. Thus, themeasured 1433 p¥ites in yeastvere scored with all kinases separately
and labeled true positive if the sitwastargeted yielding a list of (161433=) 22928 labeled kinase
site pairs. Subsequentlythe scoreswere normalizedto accuracy valuessing the ROCR software
Using accuracy cutffs ranging from 0.94 to 0.9% in 0.0®5 steps the resulting number dfue-
positive and falsepositive kinase site pairsvas determined The more stringent the ctdff was
chosenthe less targetsvere predicted however, with decreasing-DRHence, acut-off waschosen

in order toyield asmany sites as possible with small€gRpossible
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Figure 26: Number of true positives and false positive within predicted kinasesubstrate pairsover
increasing accuracy cgff for the original motifs (A) and the refined motié (B) when scoring all measured
1433 yeast p¥ites with allINRTKmotifs.

The left graphin Figure26 shows that starting at accuracy cutoff of 0.9&ore true positives than
false positivesvere predictedyielding 1010 true positive kinasite pairs of 1950 predicted (51.8%
FDR=0.48 The most stringent cdff at 0.9975accuracyyielded 101 true positivesof 136 overall
predicted targets (4.3% FDR=0.257 As the number of siteasing the maximum cwbff is very
small,the ideal cutoff here may be0.995 predicting 299 (65%) of 456 sites correPR=0.344)
However, the discriminative power of thaotif seened to berelativelysmalland therewasneed for
improvement. The motifs were generated using all targeted yegsbsine However as sequence
motifs may explain only 280 percentof kinase substrate specificifizinding et al., 2007pnly 20 to
30 percent of the targeted sites in yeashay carry motif information.Hence,it was reasoned to
improvethe specificity of the motif bynly taking the 20percentof best scoringargeted sites for
each kinase and redrawsequencemotifz K SNB A yy OR { Yidh RINRELB\Bpendi6.3).
Interestingly, the underrepresentation of specific amino acids withinréfamed motifs was strongly
emphasizedis obseved for ABL2FYNand TNK1 ifrigure27. For examplemotif feature 19 Figure
24), an undefrepresented leucine three residues-tBrminal from the modified tyrosine, was

detected for 11 kinase motifs. The refined motsisggesed this leucine never appears in the top 20
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percent of motif scoring taget sites of ABL2, FER, FRK, FYN, HCK, amadvia&ly in the top
scoring FGR targetshile the feature disappearedh the remaining four refined motiféAppendix
6.3). Furthermore, it can be observed that leucine (e.g. position +1) and serine (e.g. peS)tiaire
even morestrongly disfavoredAs a last example, thet€rminal stretch of negatively chged amino

acids in the TNK1 motif is mommderrepresentedin the refined motif Figure27).

ABL2 refined motif FYN refined motif
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Figure27Y awSTAYSRa | Y et fol ABR2RFYR, SjKdz&nd GBK generated from the 20% of
beast scoring sites within the respective yeast target sets

Perfformance of the refined motifsvas compared to the original motifs by ROC analysis ffRilliK
(Appendix6.4). As exemplified for ABL2 kinadestrefined motif performed worse in finding the all
kinase specific targetsFigure 28, red curvé with a drop in AUC from 0.89 to 0.7#&wever,
performed better in assigning the Percenttop scoring sitesKigure28, enlargemen). Theanalysis
of all kinase site pairs in order to find an optimum accuradyofuwas repeated using the refined
motif. Asshown inthe right graph inFigure26 the discrimination between trugositives (here 20
percent best scoring sites per kinase) and false positiias improved for high accuracy cuoffs.
While the highestexaminedcut-off still yielded 355 truepositive of 458 predicted sites (77.%,
FDR=0.225), the chosen optimum accuracyoffibf 0.995 yielded 663 trupositives 0f918 pY¥sites
(72.2%, FDR=0.278)a clear improvementn comparison to original motif (FDR=0.344) using the
same cutoff. This outcome suggests that by using the refined motif anddeal, very higlaccuracy
cutoff to score and predt human pYsites would yield the optimal number of predictions while

maintaining a very high true positive rate of approximatelyp8écent.
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Figure28. Comparison in performance between the original and thefined motif (left ROC plot)The yeast
proteome was scored using the motifs whereas true positives are all yeassip@ measured or the best
scoring2% thereof for the refined motif. When zooming in on the start of the resulting curves the better
performance of the refined motif in finding the best scoring sites is shown (right ROC plot).

3.11. Seguence motif based scoring of human

phosphorylation sites

The refined sequence motifs generated from human kinase targets in yease used to assign
kinases topreviously measuredyublished human phosphorylation site&.set of 1324 human p¥
sites(seta K dzY | ywekXettiewed fromthe modification resourcéhasphoSiteRIs (downloaded
2012) and scored using the PVEkétrieved for eachNRTKirom the iceLogoprogramas described
above The distribution of scoresver all measured human psiteswas analyzedor all NRTKmotifs

using density plotAppendix6.5) as shown for ABL2 kinaseRigure29.
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Figure29: Density plot with score distributions over four 15mer sets (Y flanked by seven amino acids): all

94388 nonY2 RATASR (G@NR&aAYS A yghtdiBe Itd), alb BA83SmedsiirgdyitgsLin ¢ = f A
eSlradoaesSradyll 03X RI Nijodifeed tgeSing ok FuBENDPYINR I Sy dH O G KXYV YV P Y 2
orange line) and all 13240 pY A 1 S& YSI adzNBER Ay KdzYly oaKdzYl yygLl ¢ NE
distribution of highest scores ranging from minus 30 to the maximum score.

For comparison, all measureth33yeast pYa A 1 S& 0 a S darkdbReSling all 94888 son-
Y2RAFASR GeNRaAyS Ay @& SH1E6ZR0ywosisiesidies@lhiniay g2 y LI, € 0
LIN2PGSAYyd 6KAOK @6SNB y20 NBLR2NISR G2 0SS LIK2aLK2N
score distributions plotted. For aNRTKmotifs the scores for each set shed a multimodal
distribution wherethe number ofsitespeaked in windowseparated by a score of 100, which was
depenced on how many strongly undeepresented amino acidsvere present in the 15mer
sequencgAppendix6.5). As presented imable5 motif scores rangean average froni1000 to +28

for all kinases whereas the lowest score was reached for SRMEL] followed by BMXxX303), FES

(-1299) and SYK196) and the highest score for BMX (+35) followed by SRC (32) and ABL2 (31.5).
The distribution of the two bekground sets containing only nenodified sites are very similar

(Figure 29, light blue and orange lines)importantly, there are more yeast and huma
phosphorylation sites with highest scores compared to yeast and humanmuoaiified sites,
respectively [Figure29inset, dark blue line vs. light lddine and red line vs. orange lin®redictions

based on motif scores amaostaccurate by choosing a score -@ff where the areaunderthe-curve
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(AUC)Ydifference between thedyeast p¥ and dyeast_nonp¥ sets highest scoring sites is maximal.
The maximal AUC difference for sites scored with the ABL2 motif, for instance, lies in between a
score range of 10 t80 (Figure29inset, green arrows In summary, score distributioanalyss for all

sets suggestd that human pYsites tend to have higher scoring propertisn tyrosine residues not

reported to be modified and best predictions mayfe¢rieved usnga very highscorecut-off.

Due to the lack of positive sets of humRRTKohosphorylation sites for motif performance testing it
is not possible to assign accuracy values to humatif scored sites using ROC plots. Instead, human
sites were scoredising the moti§ and accuraciesssignedwhich werecalculated from the yeast
data sets As the scores are unique for each 15rttere are very few scoresn humanmatching a
yeast scoreexactly Thus, accuracy valudésom scored yeast sitewere assignediuman site scores
using the accuracy of the closedbwer yeast motif score as defined by the crosslidation
performance testingAfter scoring all human phosphorylation sites and assigning accuracy ,values
the optimal accuracy cubff as determined peviouslyof 0.995 was choseacross all kinasg§ection
3.10. This resulted in the assignment of 838uman pYsitesin total (approximately 1percentof

all reported human piteg acrossall 17 kinasesPredictedhumankinasetarget sets were visualized
by hierarchicalclustering as showbelow in Figure 30. All 1388 motifpredicted human kinase

substrate relationships are listed in detail in Appertlix

Between 28 and 74 percent tife motif predictionson human p¥sites arespecific for a single kinase
(Table5) observed as nowverlapping clustersas highlighted by red dashed lines for F&perific
predictions inFigure30. Moreover,overlapping substrate specificity is predicted as for TNK1 and
PTK2, for instance, indicated by shared predictiéigufe30, green framea). From a kinase view, the
majority of predictions comprise a single-pite per target protein for each NRTK and on average
only 3.3 percent of the preins within each target set contain two or a maximum of three sites
predicted for each NRTK. For SRC, SRMS, SYK, and YES1 only a single protein was predicted to be
multiply phosphorylated at two sites for the corresponding NRHigure30, top pane). The kinase

with the most proteins predicted to be multiple targeted was PTK2. A total of 13 proteins (almost ten
percent of all predicted PTK2 targets) are predicted eéonfodified on two sites. For both TNK1 and
FRK six human proteins are predicted to be phosphorylated on multiple sites by the kinases. Five of
these proteins are predicted to be targeted on two tyrosine residues and one protein was predicted
for each of tle two kinases to be modified on three tyrosine residuése number of predicted
human targets varie between 58 for SRMS and 165 for Rigfitle there werell7 predictions on
average. Interestingly, the number of predictions unique to a kinase is between 27 (truncated FYN)
and 74 percent (SRMS) and on average 51 perdefti¢5). The lowest amount of unique sites were

assigned to the truncated version of FYN, which is deregukatddvhich washe most active kinase
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construct in yeastresulting in a degenerate FYN motif and hence causirgyrop in unique

predictions to 27 percent as for normal FYN almost 40 perceiquerassignments were retrieved.
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Figure30: Heatmap showing unique sets of human fsifes assigned to specifidRTI by hierarchical
clustering using R programmgnlanguage. Using the accuracy value-oifit 0.995, 138 of 13,240 reported
humanpY-siteswere matched toNRTIs (Appendix6.6). The bar graph above represents the percentage of
human target proteins with multiple (2 or 3) p¥ites predicted for each kinase.

Overall, pughly half of thel105 predicted human target proteins were assigned to a sifgieTK
(Figure31A) and distribution of kinases per site appearsliké just as seen for the measurements in
yeast outlined inFigurell. Hence, the distribution suggest a simiMRTKspecificityoverlapwithin
the humanpredictions as observed in thgeastmeasurementsThe fact that around half of the
targets are uniquely assigned to a kinase showed not tr@yspecificityprovided by the motifs, but
also theNRTKspecificity overlapvhich makeghe assignment oKSRglifficult usinghuman cellsThe
only human target predicted for nindifferent kinases(excludingFynTR)on four tyrosine residues,

was plakophilin 4(PKP% - a signaling moleculémportant in cell adhesion. Prediction of gsites
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specific for eactNRTKin human is further underlinedn a site levelby the finding that a single
kinaseis inferred for approximately 74 percent of all predidtp¥sites Figure31B).In this regard,
there were only few human proteins predicted to be targdton a single tyrosine by sevefdRTKs
and only few targes predicted to be modified on several tyrosineutually exclusive by specific
NRTK. Indeedpnly two siteswere predicted to be modified by a total @ight NRTIK Y181 ofcyclin
dependent kinase 160DK1pwas strikinglypredicted to be targeted bwll seven testedSFIK and
FERand Y203 of CDK17 by SikKsand closely related FRK and FER:ontrast breast cancer arti
estrogen resistance BCAR) tensin 1 (TNS1andneural precursor cell expressed, developmentally
down-regulated 9(NEDD9) wre predicted to be targeted on up to nine tyrosine each by mainly one
specifictNRTKEXxcluding=ynTR, there were only four predicted targets to be phosphorylated on three
motif matchingsites by the same kinase: Y128, Y234, 4862 of BCAR1 by ABL2 and YYZ®B7,

and Y327 of BCARL1 by BLK; Y178, Y492, and YA9&diain (TCR) associated protein kinase 70kDa
(ZAP70) by FRK ané341, Y347, and Y357 of the exclusively for TNK1 motif predicted target
heterogeneous nuclear ribonucleoprotein AANRNPALL Thelatter finding thatHNRNPAInay be
targeted exclusively by TNK1 on threetif information carryingtyrosine in close proximity may

suggest a pivotal role of TNKIHINRNPA#fegulation.

Gene Predicted . 0 Reported Score range for
symbol human targets Unique (%) human target¢ all human pYsites
ABL2 129 69 (59 160 [-910.69, 31.39
BLK 128 43 (39 6 [-999.99 28.54
BMX 120 77 (69 0 [-1303.60 35.23
FER 165 75 (49 15 [-1105.22 31.37
FES 92 53 (59 9 [-1298.98 17.43
FGR 104 45 (43 12 [-607.58,30.19
FRK 158 84 (53 3 [-997.37 27.64
FYN 129 51 (40 161 [-995.12 25.43
C, bk 94 26 (29 NA [-703.47 28.89
HCK 140 46 (33 25 [-995.27 27.44
LYN 96 43 (49 90 [-1005, 28]
PTK2 150 106 (79 35 [-1199.71 28.8Q
SRC 120 55 (46 543 [-1202.39 32.44
SRMS 58 43 (79 0 [-1401.41 ;182.54
SYK 95 70 (79 73 [-1295.80 25.69
TNK1 119 81 (68 0 [-707.40 25.02
YES1 94 39 (42 9 [-904.22 28.57

Table 5: Number of predicted human targets, reported humatargets (*from phosphositeplus.org),
predicted human targets unique for eacNRTK and the score range over all 280 human pYsites for each
refined sequence motif. NA = not applicable.
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Figure31: (A) Number kinases versusumber of motif predicted human target proteingnd (B) number of
kinases versus number of motif predicted human phosphorylation sit8$ie truncated version of FYN
(FynTR) was excluded from this analysis.
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3.12. Validation of human kinase -substrate relationshi_ps

based on literature mining

For each kinase all refined motif predicted human phosphorylation sites were queried against all
known kinase substrates retrieved from phosphositeporg (downloaded 25.02.2015he number

of reported human p¥ites varied greatly fromno reported sites forthe rather previouslylittle
examinedNRTIE BMX, SRMS, and TNtla maximum of 543 sites for highly studied SRéble5).

The queryadditionallyallowed for validatiorviaorthologous sites reported for other species such as
mouse, raf and chicken. As summarizedTiable6 an overall number of 13 motif predictdtliman
pY-sites were reportedpreviouslyto be modified by he correspondingkinase Validated motif
predictions by literature will be briefly outied in the nexiparagraphswith corresponding literature
indicated whereas more detailed description of selected validated motif predicted human targets is

presented in the discussion section (paragrdpb.2).

Y221 phosphorylationof v-crk avian sarcoma virus CT10 oncogene hom¢{EGiRK was previously
assigned to ABL2 in huméay mutational analysigFeller et al., 1994)Additionally, site Y239 afie
ABL adapter molecul€RK was predicted to be targeted ABL2as shown recentlyn vitro by a
kinase assay performed bumar et al. (2014)Furthermore, both modification site flanking
sequences 0%¥220 and Y232 of mou&mb, reelin signal transducer, homologAB1) which forms
a protein complex with CRK in Reedignalirg (Ballif et al., 2004yvere reported to be targeted by
ABL2 (Pramatarova et al., 2003and have an identical position in their predicted human
counterparts. Additnally, phosphorylation ofY36 of mouseRas and Rab interactor RINJ,
corresponding to predicted Y35 in human RIWAsassigned to ABL2 previoughlu et al., 2005)
Lastly,prediction ofABL2 targeting of Y171 of humaiM and SH3 protein LASPL) is in agreement
with previous reportgLin et al., 2004)

The number ofL61 reported sites for FYN was the simitarthe number of160 assigned sites for
ABL2(Table 5). Compared to a total of five pdtes predicted forABL2, a total of six pMtes
predicted for FYN were assigned to the kinases previoBadglicted modification ofY487 ofB-cell
NB O S LJi 2 NJclhsierbtdifferéngatith Sior 6CD5 molecule(CD5)by FYNwasshown in anin
vitro kinase assay testing FYN kinase domain activitynotated versions of the site containing C
terminal half of CDJVila et al., 2001)Furthermore, predited phosphorylation of Y15 afiouse
cyclindependent kinase 5 (CDK®y FYN wademonstratedusing a CDK5 Y-t&cognizing antibody
probing immuneprecipitate of HEK293T upon -eapression of GSfagged constructs of mutated
and constitutively active mouse Fyn and mouse C(3&5aki et al., 2002The p¥site and flanking
residues (EKIGEGTYGTVFKAK) are conserved between rat, anduseman and moreover; highly

86



similar to Y15 inhomologs CDK1 EKIGEGTYGVVYKGQFDK2 (EKIGEGTYGVVYK&R) CDK3
(EKIGEGTYGVVYKAK) which were also teedoc FYNoy a little highermotif score, butwithout
experimental evidence in literature Motif predicted FYN phosphorylation of Y713 of
platelet/endothelial cell adhesion molecule 1 (PECAMiprotein important in grface adhesia,
was determinedin vitro Cochrane et al. (200®y incubating phage displaying PECAM1 fragments
with FYNand subsequentharacterized to inhibit the interaction wita SH2 binding partner by
competition assays using synthesized peptides with and without phosphorylated tyroHimee.
tyrosine is further predicted to be modified by BEBRKandLYNInterestingly, PECAMWastyrosine
phosphorylated upon aggregation dit fragment of IgE, high affinity I, receptor for; gamma
polypeptide (FCER1@p determined by stimulation of ravasophilic leukemia cells by antigen
specific Igand subsequent immunblotting using a PECAM1 specific antib¢8ggawa et al., 1997)
FCER1@self was shown to benodified on two tyrosine residues lyYN whicheads to recruitment
and activation of SYK murine in bone marrovderived mast cellas revealedby in vitro kinase
assays andnass spectrometry measuremenfgamashiteet al., 2008)LYN targeting ofiumanY65

of FCER1@as motif predictedwhereas the Y65 appeato be more conserved in human FCER1G
than the surroundingespeciallythe amino aciddN-terminal to the modification sit€Table6 column

8 versus column 10Moreover, Y65 of FEEG matched also the motifs BER, FRK, SREd YES1
Another protein involved in immune cell signalind=¥N binding protein (FY,B)so cded adhesion
and degranulatiorpromoting adapter protein (ADAPWhich was reported bgylvester et al. (2010)
to interact with binding partners in a FYN dependent mareeedetermined using a modified Yeast
2-Hybrid system.In vitro phosphorylation of FYB with FYN and subsequent mass spectrometry
identified Y571together with further modifiedFYBresidues including Y538 be modified by FYN
Tyrosine phosphorylation of both Yband Y559vas shown to have an effect aell adhesion and
migration ofstimulatedJurkat T cellasingcomparativeexpression of phenylalanine substitutiéyB
mutants Y5/1 was the only motif predictedY-site of FYBor FYN and was additionally predicted for
SRC. Furthermor&,559 was predicted for PTiichto my best knowledgéas not been reported

so far.FYB binds constitutively to the two SH3 domain§REKinase AsociatedPhosphoprotein 1
(SKAPLwhereas SKAP1 Y295 resides within the binding motif-ferndinal SH3 domain of FYB and
phosphorylation of this tyrosineesidueby FYN blocks binding as by reportediikeCohan et al.
(2006) performing surface plasmon resonance interaction analysi¥95was the only residue of

SKAP1 predicted to be phosphorylated and the kinasedstesmined to beFYN.

Furthermore,a YESImotif predicted kinasesubstraterelationshipwas observed previouslyYES]1
ABL,SRC, FYIldnd LYNargeting of Y311 of mouggrotein kinase C, delta (PRKEDj)responding to
Y313 in human PRKQCRas reported byRybin et al. (2008yia in vitro kinase assays and immuno

blotting. Y313 was predicted to matanly the YES$equencemotif and ax additional site 874 was
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predicted for FGRwvhich however, has not been observegreviously In regard of SRCmotif
predictions, sites Y860 cadherin 2, type 1, Madherin (CDH2) and Y758 of coronin 7 (CORQ7) were
assigned to the kinase previou¢i et al., 2006, Rybakin et al., 2008)r CDH2, Y860 was predicted
for SRC and 785 for BMX whereas Y860 was identified as the crucial residue ircatenin
dissociaion from the N.cadherin adhesion compleduring migration of tumor ceadl(Qi et al., 2006)
COROQ7is a1 ubiquitous WD40repeat proein that translocates to the Golgi apparatus and
participates in the mainteance of the Golgi structure and functidfi58and 288was predictedvia
motif analysisto be modified by SRC arBMX respectively.Interestingly, Y288 was shown by
Rybakin et al. (2008p be important for CORO7 interaction with an adapter complex required for
cargo transportto the Golgi apparatusand prediction of BMX targeting Y288may suggest an
unknown role of BMXin cargo transportin addition to regulation of endocytosis through BMX
interaction with an endosomal protein RUF&.reported byyang et al. (2002Rybakin et al. (2008)
alsodeterminedin biochemical assaythat Y758 phosphorylation by SRC is critical temgeting of
COROTrom the cytosol to the Golgi

Homology predicted human phosphorylation sites were also queried to be reported in
phosphositeplus.org database and nat single orthologous substrat@ith assignedkinase was
identified. However, by manually inspecting literature a recent publicatbfan et al. (2014yas

identified who determined ABL kinase in an vitro kinase assay to modify Y3@h pyruvate
dehydrogenase alpha 1 (PDHA1L). The orthologous site Y321 in PDA1 was targeted solely by ABL2 and

hencethe resultingpredictionbased on homologwas validated

Given that the amount of experimentally definethd reportedKSRss very limited relatively many
motif and homology predictedNRTKsubstrates were validatedthrough previous investigations. For
several of thereported kinasesubstrate pairsadditional NRTKswere predicted to target the
modificaion sites. Due to the fact that many kinase predictions for humasifgé were reported
elsewhere previously increases the confidence timany of the unreportedpredictionsmade here

are correct
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Gene UniProt Site

Kinase Symbol Description Species D Site  Sequence Method Hs Sequence Hs motif

ABL2 CRK v-crk avian sarcoma virus CT10 oncogene HUMAN  P46108 Y221 GGPEPGPYAQPSVN invivo, Y221 GGPEPGPYAQPSVM
homolog in vitro

ABL2 CRK v-crk avian sarcoma virus CT10 oncogene  MOUSE Q64010 Y221 GGPEPGPYAQPSVN invitro Y221 GGPEPGPYAQPSVM
homolog

ABL2 CRK v-crk avian sarcoma virus CT10 oncogene CHICKEN Q04929 Y222 GGPEPGPYAQPSIN invivo, Y221 GGPEPGPYAQPSVM
homolog in vitro

ABL2 CRK v-crk avian sarcoma virus CT10 oncogene HUMAN  P46108 Y239* NLOQNGPIYARVIQKR Invitro Y239 NLQNGPIYARVIQKR
homolog

ABL2 DAB1 Dab, reelin signal transducer, homologl  MOUSE P97318 Y220 PETEENIYQVPTSQK invitro Y220 PETEENIYQVPTSQk
ABL2 DAB1 Dab, reelin signal transducer, homolog1  MOUSE P97318 VY232 SQKKEGVYDVPKSC invitro Y232 SQKKEGVYDVPKSQC

ABL2 LASP1 LIM and SH3 protein 1 HUMAN Q14847 Y171 IPTSAPVYQQPQQQ! invivo, Y171 IPTSAPVYQQPQQQ!
in vitro

ABL2 PDHA1 pyruvate dehydrogenase m HUMAN  P08559 Y301* MSDPGVSYRTREEI( Invitro Y301 homology predicted

ABL2 RIN1 Ras and Rab interactor 1 MOUSE Q921Q7 Y35 KPSTDPLYDTPDTRC invivo Y36 KPAQDPLYDVPNAS
FYN CD5 CD5 molecule HUMAN P06127 Y487 DNSSDSDYDLHGAC in vitro Y487 DNSSDSDYDLHGACQ
FYN CDK5  cyclindependent kinase 5 RAT Q03114 Y15 EKIGEGTYGTVFKAK in vivo Y15 EKIGEGTYGTVFKAK
FYN CDK5 cyclindependent kinase 5 MOUSE  P49615 Y15 EKIGEGTYGTVFKAK in vivo Y15 EKIGEGTYGTVFKAK
FYN CDK5  cyclindependent kinase 5 MONKEY F6W6J7 Y15* EKIGEGTYGTVFKAK in vivo Y15 EKIGEGTYGTVFKAK

FYN PECAM1 platelet/endothelial cell adhesion molecule : HUMAN  P16284 Y713 KKDTETVYSEVRKA! invitro Y713 KKDTETVYSEVRKA!
FYN SKAP1 src kinase associated phosphoprotein 1 HUMAN  Q86WV1 Y295 TRRKGVDYASYYQC invivo Y295 TRRKGVDYASYYQC

FYN FYB FYN binding protein HUMAN 015117 Y571 TTAVEIDYDSLKLKK in vitro Y571 TTAVEIDYDSLKLKK

LYN FCER1G Fc fragment of IgE, receptor for; gamma  MOUSE P20491 Y65 REKADAVYTGLNTR: invitro Y65 YEKSDGVYTGLSTR!
olypeptide

SRC CDH2 Eadyff)er?n 2, type 1, Madherin (neuronal) HUMAN  P19022 Y860 DSLLVFDYEGSGST/ invitro Y860 DSLLVFDYEGSGST!/

SRC CORO7 coronin 7 HUMAN  P57737 Y758 GDTRVFLYELLPESF in vitro Y758 GDTRVFLYELLPESF

SRC CDK5  cyclindependent kinase 5 MONKEY F6W6J7 Y15* EKIGEGTYGTVFKAK in vivo Y15 EKIGEGTYGTVFKAK

YES1 PRKCD protein kinase C, delta MOUSE P28867 Y311 TTESVGIYQGFEKKF in vitro Y313 SSEPVGIYQGFEKKI1

Table6: Motif and homologypredicted human phosphorylation sites reported to bargeted by the corresponding kinase in phosphositeplus.org databasd elsewhere
From left to right: Reported kinassubstrate pair, substrate description, reported organism, ID, reported-gi¥ and sequence, predicted human gsite (PS hs)and
sequene. Asterisk indicate that the kinase was not assigned in phosphositeplus.org, but identified in literature elsewhere. Corresplitgérature for all kinasesite pairs
is presented in text.
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3.13. Kinase-substrate relationships predicted b v both

homology and linear sequence motifs

Reported human phosphorylation sites predicted to be targeted via both homology to yeast targets
and linear sequence motifs were retrieved. A total of 13 humarsipé were predicted by both
prediction methods tobe targeted by soméNRTIK (Table7). For nine of those sites at least one
kinasesubstrate pair was predicted by both methods. For instance, Yhgaifshock 7&Da protein

8 (HSPA8) was homology predicted to be targeted by FGR and FYN and sequence motif predicted to
be targeted by FYN and YESL1. The fact that FYN wasitigrthe homologous tyrosina yeast and
additionally, the p¥site matches thd=YN sequence motif which may provide additional evidence for
correct kinase assignment. In total, 19 kinasdstrate pairs were predicted by both methods

(marked in red inmable7).

3.14. Experimental validation of kinase -substrate pair

predictions in human

3.14.1. Selection of kinase -substrate pairs

Predictions based omioinformatics analysisvere exemplaryvalidated experimentallyPotential
human kinase substratesere expressedn yeast cells together with the correspondiddRTK
Substrates were immunpurified and phosphorylation was assessed via mass spectroniétrgses
were chosen according to domain family and motif characteristiéd.2Awas chosen as a proline
directed, wellstudied kinase and FGR as the most acBi#in yeast. Predictetiumantargets were
selected based on homology and motif scoring. Based on homology of -6BepYconserved in
human in total, 13 pites were prdicted for ABL2 and 21 psites for FGRo be targeted For
sequence motif predicted target set, th20 best scoring sites were selectéat each kinase. A
prerequisite for selection of both homaly and motif predicted sites was that they were reported in
at leasttwo publications or measurement@s reported on phosphositeplus.org) and whether the
site is present withinthe translated sequence of the available gatewa@NA clones. The clone
availability led to a selection &f6 clones for ABL (15 motif and 11 homologypredicted)and 39
clones for FGR (12 motdnd 27 homologypredicted).
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Entrez

GenelD Symbol Descrption Site  Homology predicted kinases Motif predicted kinases

71 ACTG1 Actin, gamma 1 Y53 ABL2, BMXPTK2TNK1 PTK2

71 ACTG1 Actin, gamma 1 Y166 ABL2BLKFGREYNHCKSRGC BLKFERFYNSRCYES1
YES1

1655 DDX5 DEAD (Asfslu-Ala-Asp) box polypeptide 5 Y202 FYNLYN FER, FGRYNLYN

55140 ELP3 Hongation protein 3 homologyéas) Y329 BLKFERFGRHCKTNK1, BLKFERFGRFYNHCK
YES1 YES1

2027 ENO3 Enolase 3 (beta, muscle) Y131 FER, FES, FYN, HCK ABL2, LYN

3312 HSPAS Heat shock 70kDa protein 8 Y15 FGRFYN FYNYES1

51602 NOP5/NOP58 NOP58 ribonucleoprotein homolog (yeast) Y342 ABL2BLK, FGR, LYN ABL2

5688 PSMA7 Proteasome (prosome, macropain) subunit, alpha type, " Y153 FERFGRFYN, HCKES1 FGRPTK2YES1

6157 RPL27A Rbosomal protein L27a Y52 BLK, TNK1 SYK

6132 RPL8 Rbosomal protein L8; ribosomal protein L8 pseudogene Y133 BMX,FESFRKTNK1 FESTNK1

6449 SGTA Small glutaminerich tetratricopeptide repeat (TPR) Y158 HCK, TNK1 FYN

containing, alpha
7086 TKT Transketolase Y275 HCK ABL2, BLK
56897 WRNIP1 Werner helicase interacting protein 1 Y534 BMX BMX FRK, HCK

Table7: Human pYsites predicted to be targeted via homology and sequence motifs. Kinases predicted by both metredsnarkedin red.
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3.14.2. Experimental workflow

Based on a yeast chromatimmuno-precipitation protocol (Grably and Engelberg, 201@n
experimental workflow was developed for humahiRTHKarget enrichment from yeast lysate via 1gG

conjugated agarose beadsigure32).

Cloning / strong Liter culture
LC-MS/MS In-gel tr.ypsm SDS.-‘geI <
digestion excision J

Figure 32: Workflow enrichment of human predicted targets from yeast lysate. Atdminal S. aureus
Protein A fusion enables binding to IgG conjugated agarose beads. Explanation in text.

In brief, clones were shuttled in to a gateway yeast expression vef@ioder control of a GPD
promoter) yielding a @erminally S. aureusProtein A tagged fusion prein (Figure 32, step J.
Protein A binds strongly to immurglobulin and hence can be detected with various antibodies and
can beused for immuneprecipitation. Thus, expression of the human cDNA in yeastemsured by
analysis of yeast lysate by Western blotting and Hied rabbit IgG antibodylhe potein levels in
the lysatesvariedgreatly - from proteins showing aery strongband on an western blot to proteins
that could not be detected with this ethod. cDNA clones of putative kinase substrates were
selected according to the strongest Western blotting sigédter expression of selected clones
together with the predictedkinase in yeast liter culturesells were harvested by centrifugation, all
growth medium removedand vials containing approximately 1 ml dry pellet frozer80°C(Figure

32, step 2) Fivevials or more, depending aprotein expressiorievels were lysed usinglEPES/$is
buffer and Zirconia bead$ellets wereadditionallysonicated in order to open the nuclei to ensure
the protein of interest is extracte@step 3 +4) After overnight immuncprecipitation using rabbit
IgG conjugated agose beads and washing stepsoteins were eluted from the beaby addition of
SDSyel loading buffer antheatingto 95°C(Figure32, step 5) Thesamplewas appliel to an SDgel
and, if visible, coomassie blue stained bands were cut Dog¢gel piecesvere grindedusing a pestle

in order to improve subsequeri-gel trypsin digesbn by increasing the protein accessibility for the
enzyme Figure32, step 6 + 7)After further preparation steps, enriched peptides were applied to a

Q-Exactive (Thermo Scientific Inmass spectrometewith optimized settings shown belo{able8)
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using target preparation specific peptide sequence inclusiorHigure32, step 8) The sequences in

the inclusion list arethe first to be searchedfor in each mass scaperformed The MaxQuant
mapping softwargCox and Mann, 2008utputs a mass spectrum and an evidence file with peptide
sequences, mapping identifiers, modifications, probability scores, intensities, retention times, mass

errors, number of isotopic peakand few other parameters.

Settings MS MS/MS
Collision energy (CE) 27 eV

Run time 210 minutes
Resolution 70000 70000
lon accumulation 120 ms 120 ms
Maximum no. ofions 1 mio 0.5 mio

Table8: Mass spectrometry setting®-Exactive

Quccessful human target enrichmenfrom yeast lysateare shown in Figure 33. The homology
predicted ABL2 targephosphoglycerate mutase (PGAM1) the homology predicted-GR target
phosphoglycerate kinase ®PGK) and motif predicted FGR target eukaryotic initiation factor 2
subunit 1 (EIF2S1yere strongly expressed in yeast andould be sufficientlyenriched with the
procedurepresented aboveExpression was detecteds strong (double) bands with the expected
size of the fusion protemby Western blottingand CoomassiBlue stainingThetarget proteinbands
were clearly diminished in the unbound fraction and not detectabl¢hia first wash.After applying
five percentof the beads to the SBDgl a strong enrichment of the target on the Igé&adswas
detected. Further bandsdetected below on the Western blotsare due to theimmuno-reactivity of

the unspecific rabbit antgoatantibodyas it may also bintb otherco-precipitatedproteins

93



*~
[ S & o
§ o T & § 2§
g 5 £ & . 3 § 5 s &
s § & § ¢ g &£ 5 ¢ g
Py IS &
kDa \él 5 5 L;,>° \ég kba <& S ~ @ kDa S &
250
250 130 PGK1+tag 250
130 PGAM1 + tag 100 80.6 kDa 130 EIF2S1 + tag
100 64.8 kDa 70 = — 100 72 kDa

70

‘j 55
—_——

- 35 (A

= | 35
35 | -l

& 25

25
— | 25

55 P

WB rabbit anti-goat antibody

'l

15 15
kDa

|
!
| Litiggs

. kDa
250 kDa -
130 250 250
100 130 PGK1 + tag 130 EIF251 + tag
PGAM1 + tag 80.6 kDa 72 kDa
70 64.8kDa 79 ' 00 - <
55 — - 70
55 -
55 ——

35

25 35

= Sud
15

Figure33: Enrichments for homology predicted ABL2 target PGAMHAomology predicted FGR target PGK1,
and motif predicted FGRarget EIF2S1Western blotting usingabbit anti-goat HPRconjugated antibody
(above) and corresponding Coomassie Blue staining (beldwmows indicate the expected protein sizes.
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3.14.3. Kinase-substrate pair v alidation s via mass spectrometry

The success of phosphorylation sitetection was strongly dependent on human target expression
strength in yeast, the efficiency of the protein to be enriched by the developed protandlthe
activity of the ceexpressedNRTKFor three predicted proteins showing sufficient expressioyeist
phosphorylation sites could be measured and hence the kinase confidently ass@mgdor those
three proteins a CoomassiBlue stained band could be detected indicating that mig@am of
protein was required for successfidentification of the nwodification site via mass spectrometry
(Figure33). The band for PGAMat approximately 65 kDaas hardly observablat a little higher
weight than theheavy §G chain howeverglearly visible for PGK1 and EIF28gure33). One site,
Y92 onPGAM1 was predicted by homology to be phosphorylated by ABL2 and another two sites,
Y76 and Y196, dAGKIwere predicted by homology for FGRaple9). Andher successfullpurified
protein harbored Y150 on EIF2S1which was predicted via motif for FGRTable 9).
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Entrez WB

Symbol Description Peptide + miscleavage Site  Kinase Prediction : #ref
GenelD signal

PGAM1 phosphoglycerate mutase 1 5223 HYGGLTGLNK + AETAA Y92 ABL2 homology strong 1937

EIF2S1 Eukaryotic translation initiation factor 2 subunit | 1965 YK + RPGY®2PAFK Y150 FGR motif strong 79

EIF2S1 Eukaryotic translation initiation factor 2 subunit . 1965 YK + RPYSAYDAFK Y147 FGR - strong 12

PGK1 phosphoglycerate kinase 1 5230 YSLEPVAVELK Y76 FGR homology strong 53

PGK1 phosphoglycerate kinase 1 5230 ELNFAK Y196 FGR homology strong 406

Table9: Description of predicted and observed human kinase targets. #ref stands for number of previously reported measurementseftide containing Y196 of PDK1
was only observed in nophosphorylated form.
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For eachof the peptides containingutative phosphorylation site of PGAM1, PGK1, and EIF24S1
consensusnassspectrumwasretrieved from peptideatlas.org and compared to the measured mass
spectra The spectra contaifb-ion and yion peaksrepresenting fragmentatiorpatterns of the
respectiveprecursor peptideenabling sequence determination from both peptide enBiggure34
shows the measurednass spectrum for the homology predicted site Y92 on PGradted with
ABL2 togetherwith the consensusmass spectrum for the phosphorylated peptiddrom
peptideatlas.orgIn the consensuspectrum all Bons (b5 to b9blue peaks) show theighermass of
corresponding fragment ions due to phosphorylation of the tyrosine. The addition of a phosphate to
the tyrosine on the y9 fragmeratisocauses a mass shift of approximately 80 Blb-ions, apartb6,

and the y9ion with higher masasdue to phosphorylatio reported in the consensus spectruwere

detected.Additionally, the y8on was identified having the expected mass without phosphorylation.

_..| Consensusmass spectrum = _
) PGAM1 phosphorylated Y92 & . +79.9663 Da (phos) ‘:2-
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Figure 34: Consensus and gasured mass fgectrum for site Y92 on BAM1 predicted kinase ABL2) and
peptide amno acid sequence with detected (red) and b (blue) fragmentation ions (below). Identified peaks
identical to the consensus phosphorylated peptide mass spectrum from peptideatlas.org are indicated by
dashed arrovs. All bions and the y9 ion are covering the modification site.

For the PGK1 two phosphorylation sites were homology predicted for Fabie9). Theprotein was

highly expressed, a strong Coomadligestained gel band could be excised, and many speuctna
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observed.Only one consensus motifs without phosphorylation could be retrieved fdhn lpeptides
harboring the siteg(Figure 35). For the Y196 containing peptide ELNYFAK the consensus motif
additionally includesa water loss at the Nerminal glutamatewhich was considered for direct
spectra comparisonsThe complete series of-igns were measured covering the entire Y76
containing peptide YSLEPVAVHi#u(e35A) and are identicah masdo the y-ions in the consensus
spectrum.The phosphorylatiorsite waslocalized by the distance of the ion yl® the mass of the
precursor ion, i.e. byhe overall mass of thenodified peptide. The fragmeny10 ionexcluded the
possibility that the tyrosine flanking serine was phosphoryldesatling to the higher total mass of
the precursor ion The other peptide ELNYFAK wa@etected in vast numbers however, never
observed to bgphosphorylated. Five-pns and two kions (with accounted water loss) are identical
to the peaks in the consensus spectrum dhd additionaly6 ion suggestcorrect identification.The
captured phosphorylation events indicate that it is possible to pteliRdased on sequence

similarity between yeast and human.

The measured mass speztpresented inFigure36 represent the phosphorylation dhe sequence

motif predictedsite Y150 on EIF2%hd the unpredicted modification of a neighboring tyrosine Y147.
For the modified peptide RPGYGAYDAFK only a consgpettsum with N and CGterminal iTRAQ
(isobaric Tags for Relative and Absolute Quantitationg¢lfakvas availableBy subtracting the label

mass from the consensus fragmentation ions enables comparison with the measured peaks. Thus,
lons y1 to y4 areorrespondingo consensupeaks and consensus y10, b8 and b10 fragments were
measured when subtracting the mass of the label and adding the phosphorylation mass. Hence, in
Figure36 both spectraA and B were identified correctly somparisonto the consensus spectrum

with three peaks indicating the phosphorylatidn. first the spectrum for Y15@Figure36A), amass

shift of 80 kDa coulthe measured between y4 and yhd between b6 and b7 anas mentioned
further y and b ions with mass shifts strengthen the evidence. In the second spectrum for Y147
(Figure36B) , a mass shift of 80 kDa was observed between y7 and doubly charged y8 ion whereas as
for site Y150 further y and b ions including the mass of the modificatiore wegntified. The
successful measurements suggest that using the refined sequence motif generated from yeast
substrate sequences can be used to predict the kinase for a subset of human phosphorylation sites.

The data from the experimental validation arexsmarized inTable9.
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Figure 36: Measured mass spectrum for sites Y150 (above) and Y147 (predicted kinase FGRg il

sequence with detectedy (red) and b (blue) fragmentation ions (below). Dashed arrows indicate peaks
identical to the consensus phosphorylated peptide mass spectrum from peptideatlas.org. Adhb, apart

from b2, and the doubly charged y&9 and y10 ions are covering the mdidiation site.
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3.15. Kinase targeting in the context of yeast binary PPI

networks

Expression of active human kinases in a highly crowded environment enables not only determination
of substrate properties such as linear sequence motifs, but also the influendbeotellular
environment on substrate targeting on a systems lexalalysis ofProteinProtein Interaction (PPI)
network topology of measural kinase targeted yeast proteins in comparisto appropriate null
model distributionsmay reveal regulation on aystemwide level For networkanalysistwo well
defined binary yeastPPI datasetsvere used Onthe one hand a physical PPl networtonnecting
5878 nodes with 70529 edgegas rdrieved from Consensus Path D&rsion 26 (Kamburov et al.,
2013) On the other hand a probabilistic PPl network was retrieved from STING databate
confidence score cenff of 0.9 (Snel et al., 2000¢onnectng 4618 nodes with 45953 edgds
general both network resourceswere constructed by integration oflifferent interaction sources
CPDB integratekinary and complex proteiprotein, genetic metabolic signaling gene regulatory
and drug-target interactions and biochemical pathways. For the analysis h#re CPDByeast
network was filtered andsolely binary, physical protejorotein interaction data were retrieved.
STRING integrategurated pathway databases, physical protpiotein interaction screes,
transcript expression analysis, genomic conteamd coeoccurrence of interaction partners in
publication abstractsThus STRING can capture direct and indirect interastiwhich could be
otherwise missed such as the predicted interactidrased on protein scaffolding(Linding et al.,
2007) From the probabilistic STRING databasdyinary yeast PPl network was obtained using a
recommendedhighly stringent cubff with STRING scores greater than 0.9 (a valumafdenotes
lowest and a value of 1 highest probability for each interactidrje two networks have very
different properties (see below)owever, the rational in using two different networks in the analyses

wasto see how robust results are with respectttee underlying PPl network data.
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CPDB CPDB STRING STRINC

target % targets % targets in
proteins yeast in network yeast  yeast network yeast
nodes edges nodes edges

Network 5878 70529 4618 45953
ABL2 240 225 93.8 214 225 93.8 195
BLK 225 210 93.3 283 217 96.4 215
BMX 101 91 90.1 66 100 99.0 110
FER 218 212 97.2 195 197 90.4 131
FES 82 74 90.2 53 81 98.8 64
FGR 332 312 94.0 563 313 94.3 546
FRK 202 189 93.6 172 191 94.6 152
FYN 201 184 91.5 266 195 97.0 207
FynTR 341 318 93.3 453 322 94.4 355
HCK 184 171 92.9 163 173 94.0 116
LYN 138 122 88.4 144 134 97.1 238
PTK2 90 83 92.2 66 84 93.3 42
SRC 98 93 94.9 56 93 94.9 27
SRMS 23 21 91.3 7 23 100.0 24
SYK 79 73 92.4 58 77 97.5 69
TNK1 266 248 93.2 304 248 93.2 330
YES1 210 198 94.3 226 201 95.7 124

Table 10: Comparison of target set size to number of targets in the CPDB and STRING networks. Also the
number of edges for eachiRTKin both networks is presented.

Using Network Xrelease 1.), a published networkanalysis module in PYTHON programming
languaggHagberg et al., 2008)lifferent distance measures between kinase targets in the context of
two PPI networkswere calculated Initially, the average shortest patlASP) i.e. the average
minimum number of nodepassed byn the shortestdirect path betweereachpair of nodes within
the kinase targets setsvas compared to théASFin randomized networkgAlbert, 2005, Watts and
Strogatz, 1998)The null hypothesihere was that when replacing targeted nodes by randomly
picked nodes from the entire network and the ASP does not chamgen calculated between the
subset of targetsit is not a characterizing property of the original sudtwork. The original network
structure was preserved in theandomized networkss only nodes wereshuffed maintaining the
number of interaction partnersi.e the same degreeAs a measure of significance &cbre was
calculated as a subtraction of the mean of ASPs of 100 randomized networks from the ASP the target
setdivided by the standard deviiain of ASP normal distribution as shown in the following equation:

& Ot Né O YD O DDA QOEYD 0 Q& QU Do QE &

‘ ” ‘ [ 0ME MAVOQMOYDEBE Q& QU OO Qé ¢ i

As it can be seen iRigure37, for each kinasearget set the proteins arsignificantly closer within
the interactomes testedthan expectedby random chance suggesting that processesrotein
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complexes are tarded rather thanremotely distributed proteins within in the PPI networksThe
deregulated FYN construct lacking the SH2 and SH3 domains appears to have targeted proteins which
are very close in the network, suggesting that domain interactions may leadubstrate

specificationand prevetion of arbitrary targeting withinalocal interaction space.
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Figure 37: Zscores for each kinase target set retrieved from node randomization average shortest path
significance testing. Bagraphs above the red dashed line at asZore of2 indicate significantly shorter
network distance within the kinase target set.

The significance of shorter path distance is approximately three fold more significant in the solely
physical PPI network CPDB than in the highly wired STRING network gty caitoff. Another
network propertydescribingnode inter-linkedis the clusteringcoefficient (CCYA CC of 1 means that

all neighbors ofa node are inteflinked via all possible edges while a CC of 0 means the node
neighbors are isolated from its oth@eighbors(Watts and Strogatz, 1998)he histograms showing
network-wide frequencies of clustering coefficients (CEigre38A) depict the major differences
between the two networks. Most nodes the CPDBietwork showrelatively poor linkage between
nodes as CCs are overall small dadtout towards only a small set of completely inrderked
proteins or complexesHgure38 A, left). Oppositely, around 400 nodes were completely interlinked

in the binary STRING network retrieved with a very high probability cutoff, depicting most likely
protein complexes, and a broad distribution of CC over all nodes was deternfilgerle38 A, right)

As a consequence, it was observed th&imilar to global CC distributioridnase target sets within

the STRING network have a much higher averagdian CC than within the CPDB netwdfig(re

38B). Apart from three kinase drget sets,within the STRINGietwork kinase target sets contain
minimum and maximum CQsvhiskers) and the first quartile (the value between minimum and
median data CC valuespsabove 0.2 for all target setdVithin the CPDBetwork only few outliers

show CCs above 0.5 and the median CCs are around 0.1 to 0.2. Thus, kinase target sete are m
interlinked withinthe STRNG network as compared tdche CPDBnhetwork. In order to investigate

whether the kinase target intetinkage is significantly higher than expected by random chance, i.e.
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whether degree preservedrandomly picked nodedrom the same networkshow a similar
distribution of CCs100 times nodeshuffling and Zransformation was performed as previougtyr

the analysis of average shortest paths
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Figure38: Clusteing-coefficient (CC) idtributions in the entire networks CPDB and STRIN®) and for each

kinase substrate set within the networks (B). Node randomization significance testo@e) for each kinase
target set in CPDB and STRING (@) number of targets with CC in the netwa written above/below the

bars.

In contrast to the kinase targets within the CPDB network, the target sets within the STRING network

show significantly higher CCs as expected by random chamtdience cluster in the PPl network
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further supporting the notion that cellular processes or protein complaxey betargeted figure
38C) Futhermore, other topological measures suchs an-betweennesscentrality (IBC) can
potentially be exploited to characterize the kinase targets within PPI networks. If a node ha8@igh
many shortest path calculated from all paivise distances in entire networkass thmough it
suggesing it mayrepresent animportant connector node betweenommunitiesof nodes(Joy et al.,
2005, Goh et al., 2002pverallIBC values distributions folled a taitlike distribution whichwas a
magnitude lowerin the CPDBhetwork compared toli KS Y 2 NB STRING=Etvio& HRi§UReE
39A). Thus, the median IBC values for the kinase target sets was also a magnitudeHigusr39B)
within the CPDBhetwork while within both PPl networks the first quartile of each target set had an
IBC value of zero indicating that at least a quarter of targeted yeast are within clusterdexd and
not in-between cliques of proteindNetwork randomization and-transformaion showed that the
median IBGralues for most kinase target sets were higkiesn expected by random chande the
CPDB networkhowever;lower than expected by random chance for the majority of kinase targets
sets in the STRING netwofkigure39C) Thisresult suggess that kinase substrates in yeast are
rather inbetween network clustersvithin the CPDBetwork and rather not irbetween, but part of

network cligueswithin the STRIN@etwork.

We also asked whether kinase targets are preferentially interacting. The staraggmaachto
address this question i® shuffle edges between all PPI network nodéile strictly preserving the
degree of the nodes and hence the network structukewasthen tested whether the number of
interacting pairs within the kinase targabde is larger or smaller than in randomized netwod®0
randomizations were performed with an avdila inrhouse perl script (Arndt Grossmann and Ulrich
Stelzl)using the two yeast PPl networks CDPB and STRIaE 10). As shown irFigure40, all
kinase target set$orm a significantly higher number of interacting pairs than expected by random
chance indicated by -Zcores above 2. The fact that rather interagtiproteins were targeted
suggestsmodels that should involvgrotein complex targeting or PPI network targeting by the

NRTI, respectively
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Figure39: In-betweenness centrality distributions in the entire network€PDB and STRING (A) and for each
kinase substrate set within the networks (B). Node randomization significance testo@e) for each kinase
target set in CPDB and STRING {®e number of targets with IBC in the networks written above/below the

bars.
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Figure40: Kinase target set connectivity. By counting the number of interacting target pairs in the yeast

networks STRING and CPDB before and after edge randomizatieesoiZs above 2 indicate significantly
higher numbers of iteracting pairs within kinase targets sets as expected by random chance.

3.16. Kinase targeting in the context of veast protein

complex PPI networks

In human, postranslational modifications including tyrosine phosphorylation selectively accumulate
over protein complexegWoodsmith et al., 2013¥igure4l A (reproduced fromWoodsmith et al.
(2013) shows the number of total pSites in human protein complexes normalized to the number of
complex components andomponent size. The red dots repesd complexes with accumulateplY-

sites distinct from the majority of the dat99% cutoff). We asked whether thetyrosine
phosphorylationpatterns obtained from our study in yeast results similar signs of accumulation in
protein complexesayeast protein omplex PPl network wasbtained fromVinayagam et a(2013)

the analyses was performedsing custormade R scripts (byDr. Jonathan Woodsmith). ainplex
components were binned according to the number of complexes they are merobarg] theirsize

One hundred randomizations were performed switching complex mempegserving the network
structure and complex component size distributioAs it can be seen iRigure4l B, where the

median modification levels of amplexes was plotted against the total modification levels, a picture
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similar to p¥sites in humanKigure41 A). The measured p¥ites in yeast seleeely accumulat over
yeast protein complexesThus, even though the function diRTKhave not evolved in yeast it

appears the yeastatiular machinery was targeted.
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Figure41: Tyrosine phosphorylation sites accumulati@mver protein complexes in human (A) and yeast (B).
The total number of p¥sites was normalized towards complex component size and degree. Randomization
was conducted within frequency bins (in how many complexes a component was presentsaedbins to

only randomized proteins within the same size quantilehd median number of p¥ites plotted against the
total number. Blue background color indicate the percentage of random complexes resulting from node
attribute shuffling. Distinct from the majority distibution, the red dots represent complexes that selectively
accumulate tyrosine modifications.
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4. Discussion

4.1. Yeastis a suitable model system to study NRTK

specificity

Saccharomyces cerevisigieudding yeast is one of the bestcharacterizedmodel organismsin
molecular biologyand approximately 30 percent of the yeast proteome is conserved in human
(Botstein et al., 1997)For example, proteomaide protein expression studies have been
performed.Ghaemmaghami et al. (2008pnductedglobal measurementsf temporalyeast protein
expressio. Theycreated a yeast genomavide ORF fusion library using a hiffinity epitope tag
and subsequentproteomewide enrichment employing single antibody Expressedgeneswere
identified using a total of 6234 pairs of synthesized ORFspecific oligonucleotide primers
(Ghaemmaghami et al., 2003heir measurementstrongly overlapped with aroteomewide yeast
protein localization study by Huh et al. (2003who employed greenfluorescent protein (GFP)
chromosomaltagging for fluorescence microscopin this way, theywere able todefine subcellular
localizationfor 4156 proteins @presentng approximately75 percent of the yeastproteome. The
measured ofsubcellularlocation correlate wellwith transcriptional ceregulation andboth genetic
and physical interactionfHuh et al., 2003)Furthermore, global yeast protein phosphorylation was
determined via proteome chipsontaining about 400 proteins spotted in duplicateepresentingin
vitro substrates recognized by most yeast protein kinggdacek et al., 2005More recently amass
spectrometry reaebut was used for proteomavide phosphorylation studies Quantitative
proteomics using stable isotope labeling of amino acids in cell culture (SILAC) enabled comparison
between expressed haploid and diploid yeasbteomes (de Godoy et al., 2008 Additionally, a
SILA@ased approach enabledsampling of thein vivo yeast phospheproteome in a single
experimentcomprising3620, mainly serine and threoningghosphorylation sites mapped to 1118
proteins using titanium oxide TiQ,) basedphosphepeptide enrichment strategiegGnad et al.,
2009) Furthermore, Breitkreuz et al.(2010) construced a global yeast kinasphosphatase
interaction networkby systematically characterizing protein kinase andgphatase complexes
Protein complexes werecaptured via ceimmuno-precipitation using magnetic beadswhere
associated proteinsvere on-bead digested and identified bhyass spectromeir. Thus,a signaling
network was constructedcomprisingin total 201 protein kinases angrotein kinaseregulatory
subunitsand 75 protein phosphatasesind phosphatasaegulatory subunit§Breitkreutz et al., 2010)
Moreover, King et al. (2006kreated a the Saccharomyces cerevisideptideAtlaswhich was
composed from 47 diverse experiments an@ 4nillion tandem mass spectra providing the highest

degree of proteome coverage for any eukaryotic organism in a single public datdbaseler to
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increase the coverage of protein identification via MBcotti et al. (2013generated a protein
sequencedatasetbased on6607 proteinsequences predictedetrieved fromthe yeast genome,
each one associated with an opeeading frame (ORF) in the Saccharomyces Genbatabase
(SGD, www.yeastgenome.org) Predicted yeast proteins were classified according to their
detectability using the PeptideAtlas established King et al. (2006and the dataset generated by
Ghaenmaghami et al. (2003)For each protein from PeptideAtlas an optimal set of peptides was
selected with favorable Mfroperties and unique occurrence within the compiledtgin sequence
dataset For proteins not included irither PeptideAtlas or the artiody-based dataset likely
detectable peptides were predicted and selectesing bioinformaticsAs a result approximately
28000 peptide sequences were synthesizedssenble a peptide library represeimg 97 percentof

the predicted yeasproteome (Picotti et al., 2013)By experimentallytesting their peptide librarjor
detectability ontwo types of mass spectrometesetups, Picotti et al. (2013)generated two
reference spectrallibraries supporting discovesgriven (shotguAMS) and hypothesidriven
(targetedMS) proteomicsThey applied their peptide librariesa proteomic measurements for 78
yeast strains anduccessfullgonducted quantitativerait locus (QTL) analysihich relieson precise
measurement of the same set of peptides over a large number of samplegart from
comprehensivemass spectrometry based studies defining $east genome, transcriptomeand
proteome, eventhe yeastlipidome was characterized by quantitee shotgun mass spectrometry
(Ejsing et al., 2009)n summary, the yeast proteome 8S N2 ¢Sttt RSTAYSR G Fff
plethora of conducted systematic approacheghus, yeast isan ideal system for studying

phosphorylation specificity on a systems level

¢KS Y2RSt 2 NBI yhoaorly wel dh&dcirized S& blgdenlto study humarNRTK
signalingin abackground freemannerasno tyrosine kinase orthologsere foundand no bonéfide
tyrosine kinase activity as detectedin fungi (Manning et al., 2002b)When for the first time a
cytoplasmic PTK;SRC, was expressed in yeast it whservedthat yeast growth is diminished and
suggestd this inhibition of growth is due to kinase activity on yeast protgiBeugge et al., 1987,
Kornbluth et al., 1987)Later reports confirmed thatuman PTK toxicity in yeast requires an intact,
active enzyme and can be explained by aberrant phosphorylation of yeast pr¢Bziashelli et al.,
1993, Florio et al., 1994NeverthelessNada and colleagugd4991)co-expressed cellular SR@d by

the time uncharacterized-SRC tyrosine kinase (CSK) in yeast cells and discovered that CSK negatively
regulates SRC byt€minal tyrosine phosphorylationModular domain dependentSRCegulatory
mechanisms were further investigated 8 cerervisie by both Murphy et al.(1993) and Giulio
SupertiFurga and Sara Courtneidder example(SupertiFurga et al., 1993, Erpel et al., 1995, Koegl
et al., 1995, Weijland et al.,, 1997, Gonfloni et al., 1997, Mandine et al., .2D@#teover, FES
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(Takashima et al., 2003nd HCK(Lerner et al., 2005)egulationwas investigatedn yeastby co

expression of human kinaseand human adaptor moleculesdditionally,c-ABLauto-inhibition was

analyzed irS. pombgPluk et al., 20029xploitingthe absence of (fugal) ABL inhibitory factor3he

toxic effect of PTK activity in yeasts exploited for kinase inhibitor screening by searching small
molecules or phosphatases whidan restore yeast growth by reversing the toxic effect of PTK
expressior(Montalibet and Kennedy, 2004, Gunde and Barberis, 2005, Koyama et al., 2006, Sekigawa

et al.,, 2010Harris et al., 2013y & dzYYlI NBEX o6l 1 SNRa e&Straid o¢+a dzas
regulation and biochemical relations between-expressed human proteins wheregeast growth

phenotypeswere observed upostrong expresen of PTKs and exploited for PTK inhibitor screening

PTKs are simultaneousind differently strongexpressedn human cellsdepending on the tissue
(Figure 16), and show magnitude differences ircatalytic activity. Due to overlapping substrate
specificity it ishence difficult to determine the PTK responsible for vivo measured tyrosine
modificatiors of human substratesYeast may be the ideal systemdweercome these obstacle$he
difficulties in analysis oNRTKspecificity in mammalian cells and the principle of using yeast as a
model organism is illustrated iRigure42. In order to gain insight into indiviédliNRTKspecificities,
previous studies empla@d randomized linear peptide librariemand hence focused on the
determination ofoptimal linear amino acid sequence motifMiller et al., 2008, Mok et al., 2010)
However, it was estimated thainly around 20 percentof all measured phosphorylation sitesatch
linear sequence motif§Linding et al., 2007 This indicated that the specificity provided by the
substrate protein structure and cellular context needs to be considéradling et al., 2007Puarte

et al. (2014)could showby molecular modelig that specificity of measured phosphorylation sites
not harboring linear motif information can be encoded in the thdimensional(3D) structures
represented by3D motifs where gitical amino acidsan bebrought together in space upon folding.
In one approach tomimic the expressed human proteome, human cell lysate was treated with
proteolytic enzymesproviding adatabasesearchableproteome-derived peptide libraryin order to
identify endoprotease cleavage sit€Schilling and Overall, 2008Jhoseproteome-derived peptide
libraries from trypsin treatment were dephosphorylatedusing phosphataseto subsequently
performin vitro kinase assay®r defining kinase specificity and substratesconducted byWang et
al. (2013) However, the gength of approaches to definBRTKspecificity using proteomeéerived
peptide libraries istill limited by protein digestiorthereby likely destroying anyDfold.

The ack of PTKdn yeastenabled analysis oindividualNRTKreactivity in abackgroundfree, highly
crowded, eukaryotic environment overcomg previous limitations by displaying fully folded
substratesto the enzymesDue to the lack of regulatory proteins in yeast cells onelogothesize

the absence oNRTKinhibitory and tyrosine modificationdependentmechanismavhich mayresult
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in an active state for some of the humadRTKin yeast. Toxic effects of hum&NRTKexpression in
yeast as prewausly observed for SRC kinagSsipertiFurga et al., 1993\vere minimized using a
weak expression vectorRigure9). Expression of iiman NRTK in yeast in order to measuréheir
activity on yeast proteins is a novel concept analyzekinase specificityThis thesisis the first
comprehensive analysis btiman tyrosine kinase specificity in gmtact unicellular eukaryoteDuring
preparatin of this thesis, Choet al. (2012) reported experiments following similar idea Two
humanserine/threonine(S/T)kinaseswvere expresseéh Escherichia cofind modification changes in
the in vivobacterial proteomewasmeasured by mass spectrometdy K S | dzii K 2 NEXxaliaS Y LI 2 & &
it hasonly two kinases with know8/T kinasectivity and showsvery low levels of endogeno&'T
phosphorylation As a proof of principle, their motifs generated on bacterial sequente®red the
established kinase consensus sequenaesl thus, the sequence motifs determined in a lower

eukaryote here may even better represent hunfdRTkspecificities.

YEAST CELL

Figure42: Representation of theconceptof using yeast as a model organism for studying protein kinase
specificity. In the human cell, kinases K1, K2 and K3 (colored squares) target phosphorylation sites in an
overlapping or exclusive manmeawith strongly differing activity. By expressing an active tyrosine kinase (e.g.
K1) in an intact yeast celllacking NRTIs, the resulting tyrosine phosphorylaton of yeast proteinscan be
measuredvia MS and attributed to the expressetlRTK Thus, humarkKSRscan be inferredfrom the yeast

data via pYsite conservation (homology)pbtained specificiies in terms of linear sequence motifs and
maybePPInetwork information.
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In general, human protein kinase specifiaign bedefined by the combination of linear sequences
motif recognition andspecificitiesprovided by the cellular environment such as tissue specific
expression, subcellular localizatigrptein complex formationand protein-protein interactions. The
virtually unlimited amount otellularmaterial from yeastiter cultures and the successful adaptation
of previously established immorenrichment protocol (Mterials and Methodssection) yielded
large substrates setsThese setsontaired only directly targetedpY-siteswhile protein folding and
PPI network structure wre preservedin the alive organismTherefore,KSRsnay be transferred
from yeastto humanby four properties of the yeast target setd) Asmany yeast proteins have
human orthologs one may infd¢SR$n human bypY-site conservation2) Linear sequence motifs
can be derived for each kinase from each individual yeast target set which may be used to predict
proteomewide humanmodification sites. 3) Asthe PPl network structure is maintad in intact
cells,one mayfind and exploit conservedyeast PPInetwork propertiessuch asthe formation of
protein complexes4) Due to the fact thafull-lengthhumanNRTIK are modifyindully foldedyeast
proteins, structural properties oNRTKsubstratesin yeat may be detectedand extrapolated to
human In this thesis, humakKSRavere inferred bysite conservatiorand linear sequence moti
(Figure4?2).

4.2. NRTK substrate specificity is maintained in yeast

The activity offull-length human kinaseén yeastvaried greatly and NRTKspecific pattern of yeast
protein phosphorylation were observed by Western blottif§igure 8). CQrucial regulatory
mechanisms such as adapter proteins and activatimginhibiting modification of theNRTK
themselves by other enzymes arat least in partmissingin yeast. Henceit is difficult to make
assumptions abouthe extent of enzymatidNRTKactivity in mammalian cells basesh how many
proteins were targetedn yeast. It is possible however, to deridRTKspecificities from the yeast
substrates.Recently,Kachroo et al. (2015)eplaced 414 essential yeagenes with their human
orthologsand assagd for complemeration of lethal growth defectaipon loss of the yeast genes.
Thereby, they could show that nearly half of seeyeast genescan be replacedoy human
counterparts suggesting thatthese orthologs retained similar or identical functions. Hence,
orthologous yeast proteinsnay be equally well recognized by humBRTIK. Importantly, at least
one member of each tyrosine kisafamily, assigned according to domain structustiowed activity

in yeast enabling a copnehensive analysis spanniran entire major branch of the kinomeree
(Figure7, Manning et al. (2002h) The observationthat over one third of the 900 identified yeast
proteins was targeted by a single kinase and approximately two thirds of all proteins were targeted

on a single site suggethat targeting specificity of thumanNRTK was maintainedn the model
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organism(Figurell and Figurel12). This assumption is further supported by tireding that roughly
half of all targeted sites ere modified by onlya single kinase and only few siteere targeted by
manykinases igurell). Moreover, analysis of prote disorder in targetedeast proteins revealed
no biasof targeted tyrosine residuesith respect to protein ordefFigurel?). While serire and to a
lesser extentthreonine phosphorylatiopredominantly occurs in disordered regioasnuchgreater
fraction of tyrosine phosphorylations localized to ordered regisr(lakoucheva et al., 2004Thus,
one canhypothesizeyeast tyrosine residues were not arbitrary, but speailly targeted by the
humanNRTKand wereembedded in struttrally definedyeastprotein surfacesand notprimarily on
highly disorderedstructures such akistonetails. Successful expression of at least anember of
almost all humamNRTHKamiliesin yeastenabled comparison of substrate specificity overlap between

NRTHKamiliesin the same experimental set s described in the next section

4.3. NRTK specificity overla p can be detected in yeast

Approximately llf of all measured sitegn yeastwere targeted by a single NRTK which allows
identification of individual NRF&pecificity. The other half of measured yeastgés was modified

by two or more tyrosine kinasewhich enables analysis MRTK specificitpverlapin means of
shared substrate pferences Thetarget set similarity betweenNRTKsvas analyzed biierarchical
clustering usinglaccardndices (Figure 15). Qustering indicatedthat SFKssharedrelatively many
phosphorylation sites in yeasin contrast, FER and FES kinase, representing a separate tyrosine
kinase family, appeared to have large differences in specificity. FER clustered with the SRC family
kinases and shared many yeast targets wite #RK kinase. FES however, showed relatively little
overlap to all other NRTKs analyzd&doreover, an unexpectedy strongoverlapin yeast substrate
targeting was observeldetween kinasesaving differentdomain architecture such as for PTK2 (FAK)
and TNK1

In human,the analyzedNRTIK are differentially expressed in tissu@§gure 16). This may partly
explain the specificity overldpy assumingNRTIE mayfulfill similar functions in different tissuesnd
hencemay be under sp#al and temporal control as reported for other cytoplasmic king§&sson
et al., 2003)For instanceFYN andPTK2 arsimultaneouslexpressed in tissue&igurel6) however,
showed very diffeing substrate specificity Kigure 15). In contrast, PTK2 and TNK1 shdw
substantial substrate overlap Kigure 15) however,are differentidly expressed irhuman tissues
(Figurel6). Linear notif features shared bgubses of kinases were extractedthereasoverlagping
specificitiesin yeast proteome targing can be partly gdained by those featuregigure24). In

summary,the comparativeanalysis ofyeast proteintargetingfor half of all cytoplasmic PTMasthin
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the same experimental setup enableddetermination of substrate targeting similarityjpetween

kinases and kinase families.

4.4. Targeted yeast tyrosine residues are conserved in

metazoans

In unikontg one branch of the taxon eukaryqtanetazoaand fungiform the opisthokont branch
Cytoplasmic tyrosine kinaseare highly conserved betweemetazoans their closest relatives
choanoflagellates, ana sister groupcalledfilastereaand have likely originated from PTKs of pre
ophisthokontlineagesas suggested b8uga et al. (2012 he fungiSaccharomyces cerevisisethe
evolutionary closest eukaryote that possessesthrer conventional protein tyrosine kinasesor
tyrosinekinaselike enzymegManning et al., 2002a)n the crossspecies analysisonducted in this
thesis, metazoangogether with the choanoflagellateMonosiga bevicolligormed the group of
species having tyrosine signaling evolviegure 18). Other eukaryotes such a®ictyostelium
discoideumhave also evolveda much smaler number of PTKgTan and Spudich, 1996pwever,
those earlier evolvedPTKlike enzymeswere consideredto be different from holozoan PTKas
proposed byGoldberg et al. (2006donducting irdepth analysis of thd®ictyosteliumgenomeand
later by Suga et al. (20123nalyzing genomes of pmaetazoan lineagesAt the time of retrieving
multiple sequencealignments between yeast PTK targets andrthologous proteinsfrom the
INPARANOID database those-pphisthokont lineages were placed correcitythe group of species
not having tyrosine signaling evolvedhereasit was unknown that filasterea have evolved PaKd

hencewasnot included in tle analysis

For eachhuman NRTKyeast substrate, multiple sequence alignments were retriegaty when a
human orthologous sequence was available. Subsequently, it was determined whether the human
orthologous sequences contained tyrosine, phenylalanimeny other residue at the corresponding
positions of targeted yeast tyrosine residues. The number of sequence alignments available for each
yeast substrate sequence varied asainly only a subset ofall queried species harbad a
corresponding orthologousequence.By normalizingfixed-position tyrosine frequencies to the
number of alignment$or species having and having not evolved tyrosine signadikgcore anda ~

score was generatedThe scoregnabkd analysis of tyrosine and phenylalaninenservation in a
single positionUsingthe Y:score two majorcases of tyrosine preservatiomere observed Kigure

19): On the one hand, a-&tore aound zero indicated that the tyrosine (and the majority of
surrounding amino acids) was completely consertBobughout all speciesand suggested the
structural necessity fothe residues together with possible functional conservation of the residue.

On the other hand high ¥scores suggested stronger preservation ofthe alignedtyrosineresidues
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in species having evolved PTK signaling opposed to species having not evolved PTKpsignadog
to a functional conservation of tht residue. Approximatelyhalf of the measured yeasproteins
could be mapped tchuman orthologs and sets of species having am@ving not evolved PTK
signaling.Over 20 percent of all 310 yeast tyrosih@avinga human orthologous tyrosinemapped
were reported to bephosphorylated in humamnd hencethe correspondingNRTIS were assigned
(Table4). Thefraction of consenred tyrosine residueswithin the group of speies having tyrosine
signaling evolved was significantly higlvenen comparedto both, all measuredpY-sites (all YpY;
p=0.0008 Figure20) and the subset of measurgal-sites with human orthologous tyrosirresidues
(YpYHY; p=0.0044Figure 20) when compared to nomodified yeast tyrosine residues Thus,
measuredyeast [¥-sites were rather conserveith metazoanlineages suggesting that humaRTK
specificity was preserved in yeast cells dhdt it may be possible to assign kinases to 63 reported

human pYsites by sequencerthology.

A total number of 97 yeast p3ites wasfound to be mutatedin humanto the biochemicallynost
similaramino acid phenylalanine. These sites may be targeted only in yeast as tyrosine was depleted
from the metazoangenomeduring evolutionas suggestedby Tan et al. (2009b)The reseechers
detected a negative correlation betweespecies fom yeast to humarby plotting the percentage of
amino acids that are tyrosine agaireither the number of cell tpes or the number of kinasedan

et al. (2009bhlso showed thathe fraction oftyrosine islower in human proteins in repectto their
inferred yeast ondo-one orthologs An example ofputative negative seletion against tyrosine
during evolutionis given by Y13 iryeast chaperone StresSeventy subfamily A (SSAdnd the
corresponding site in human chaperone H®#PBigure20. The multiple sequence alignmesiiows
the mutation of tyrosine to phenylalanine almost exclusively within the TK gréypart from
Strongylocentrotus purpuratusnly the three membersf the TK group evolutionamnost distant to
human have apreservedtyrosine at this position. Interestingly, four species reported to have-pre
ophisthokont tyrosine kinases also have the Y13F mutattsamiscuous tyrosine phosphorylation
changes protein function and stabiljtgnd can be lethahs shown by stnag PTK expression in yeast
(SupertiFurga et al., 1993 an et al. (2009kp)roposed a positive selection of tyrosine lassorder

to prevent promiscuous tyrosine modification. However, receRtydya et al. (2015pllowed up on
this hypothesis by statistical testing ofpredictions based on the assumptiothat deleterious
phosphorylationwas drivingtyrosine loss in metazoans. Their results indicated that tyrosine loss in
metazoanscannot be explained by increaségrosine phosphorylation propensity due to solvent
accessibility, structural disorder, protein abundanesd mutatioral frequenciesfor creating or
deleting tyrosine when compared to other amino acids and between yeatsthaman Thus, their
findings contradicted the promiscuous phosphorylation hypothesitaof et al. (2009and hence it

was suggested that tyrosine lossnisutral with respect to phosphorylatiofPandya et al., 2015}t
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remaned unclear whether other selection mechanism contributed to the losdependent of the
overall tyrosineresidue loss in metazoandhuman NRTKtargeted sitesin yeastare conservedin
metazoansand a subset of tyrosine targeted in yeast was mutated t@mylalaninein metazoans
Thismay siggestnegative selection of specific tyrosine residé@sfurther examination- maybe as a
result offine-tuning NRTKsignaling during evolutionary expansion of the three tier tyrosine signaling

repertoire.

4.5. Linear amino acid sequence motifs including contextual

information were generated

NRTKspecificity can be defined by kinase domainrecognition of the amino ac&lframing the
modification site.The published linear motif atlas bMiller et al. (2008)is a benchmark study
providing amino acid specificitiebasal on optimal peptide sequendainding the kinase domaifor
approximately 35 parent of the human kinomencluding five cytoplasmic PTKdrom each
measired kinase target set in yeasbveland improvediinear sequence motifsvere derived from
expressed, Ully-folded, and interactingyeast proténs. In order to retrieve motifs with maximum
information contentat least four amino acids positions to both sides of the modification site tta
be consideredas determined over twenty years ago Songyang et al. (1994¢onducted
crystallographicanalysis and peptide screenirapd Kreegipuu et al. (1998)erformed statistical
analysison around 1000 reported p¥sites Positive and negative enrichment of residues on seven
positions flanking thetargeted pY-site in yeastwas determinedfor each kinase target saising
custommade PYTHOMNrogramming language basetripts(material and method<.6.1) and the
iceLogo applicatiofColaert et al., 2009)Theanalysis of 15mers maygeld additional informatioras
more recentlyshown by computing the profile matricegor several hundred ikases(Safaei et al.,
2011) Further extension of thisequenceframe, in particular the analysis of 15 or more positions
adjacent tothe pY¥site may lead to increased noise in training sets and hence may cominate
substratepredictions(Safaei et al., 2011JFormost cytoplasmicPTKsstill no linear phosphorylation
motif has beendeterminedto date (Miller et al., 2008)and novel motifsasfor TNK1 for instance
could beretrieved by the approach presented herd-urthermoe, crucial elementf literature
described lineamotifs could bereproducedin yeastand additionally,previously unknowrspecificity
determinantswere identified. For examplescreening of \ABL on proteomidibrariesderived from
cellular mRNAdentified ABL family kinasdomain preferencefor proline at position +3 @rminal
and for aliphatic amino acids at positieh (Cujec et al., 2002)Querying all knowdBL1, ABL2and

BCRABL1 substrates for amino acid enrichmer@olicelli (2010)determined an additional
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preference fornegatively charged amino acids at posigoef, -4, and +1 flankinghe modification

site as shown irFigure43 where the yellow bar indicates the position of the tyrosine
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Figure43: ABL kinase consensus sequence motif taken fréolicelli (2010)

The ABL2 motif derived fronyeast substratesrecapitulates these preferencesigure 23).
Additionally, previous knowledge was extendeddeyermination ofABLZpreference for a stretch of
positively charged residues at positions +4 to +7 #gmedpreviously neglectednder-representation

of both, negatively charged residues within tiigerminal stretchand positively charged residues
positions-1 and-2 (Figure23). In summary, novel andell performing linear motifsvere derived
from yeast preparations recapitulating and extending previously defined substrate targeting

determinants.

Linearamino acidsequence motifgherein after referred tol & & Y #dhived féoim doldedyeast
protein structuresmay perform betterin determining sequence specific phosphorylatisitesthan
motifs generated by linear peptidibrary screeningSructural information in the vicinity of the
modification sites in yeast may be partly embeddeithim retrieved primary sequence Thelinear
motif atlas(Miller et al., 2008Wwas constructedvith the prerequisite thatevery motif was based on
at least 12 reported p¥ites after selection antience sites were groupd by familyfor tyrosine
kinases.However, family grouped motifs are mixtures of single kinase motifs which may be
significantly differenfrom each other and hence mdge unfeasible for inference of kinaspecific
substrates. The problem of kinase family motifs masking individual kinase motifs was recently shown
in a study concerning the impact of genetic variatmnsubstrate targeting by kinas@d/agih et al.,
2015) Wagih and colleagues (2015) retrieved 7004 kiressmciated phosphorylation sites from
public databases and constructed a total of 476 P®&8&d sequence motifs includin@ Xinase
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family motifs of 322 kinases with varying confidence. Interestingly, the researchers refined their
motifs by iteratively discardingeguences with poor correspondence to tlRSSM similar to the
refinement of motifs conducted in the approach presemh here(Wagih et al., 2015)The generated
motifs for cytoplasmid®TKsn their approach are very different from the motifs obtained here from
yeast dataFigure44). This may belue to the limited number of known kinasibstrate associations

in databasesThere were seven motifs generated fNRTIS (ABL2, BMX, FYN, LYN, SRC, SYK, and
YES1which were alsoincluded the yeastexperiments as shown ifigure 44. The amino acid
frequencies of ABL2 targetgere based on only 14 known substrate sequences (as compared to a
total of 280 pY¥sitesobtained from ABL2 expression in yeast) which enabled solely identification of
enriched valineadjacentN-terminal (position-1) to the substrate tyrosine anehrichedproline three
amino acids @erminal (position +3)o the substrate tyrosindWagih et al., 2015Nevertheless,he
enrichments arén agreementwith the yeastderived ABL2 specificities. The Bixtif of Wagih et

al. (2015)shows no similarity to th&MXmotif generatedin yeasthowever,both sequence motifs

for FYN show similar amino acid enrichmeatositions-3 (D/E),-1(VLL), +1 (D), and +3 (V/L/).
Furthermore, both LYN sequence motifs indicate a preference for glutamate at position +1 and
leucine at position +3. The main specificity determinant providedAtagih et al. (2015jor SRC
substrates is a negatively charged residb¢D) at position3. Strikingly, the yeasierived SRC motif

delineates negativlg charged residues (E/D) at positieas well.
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Figure 44: Comparison of moté determined in yeast (left side) to the motifgenerated byWagih et al.
(2015)(right side). Explanation in text.
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The yeastderived SRC motif suggests however, that also other-@ret underrepresented residues

may contribute to SRC substrate specificity. Similarly, b&&1Ymotifs harbor a negatively charged
residue (E/D) at positiosB, enriched glutamate at position +1, and threonine at position +2. Finally,
the SYK motif ofWagih et al. (20155hows enrichment of solely negatively charged residues N
terminal and at two positions @rminal to the modified tyrosine residue. Similarly, the yeast
derived SYK motif shows enrichment of negatively charged residues at posgi@amsl-1 and an
overrepresentation of glutamate directly-@rminal to the tyrosine residueF{gure44). Thus, the
yeastderived sequence motifs recapitulate in part the motifs generatgdAfagih et al. (2015)As

the latter approach is limited to the available number of known kinase substrates in databases, the
motifs generated experimentally employing a greater number of yeast substrates may be more

precise representations MRTKspecificities.

Figure45: ROC plots for the ABL group, SRC group, SYK group, and Tec group motifs mainly based on linear
peptide screening and optimized by phylogenetic comparisons taken fiditier et al. (2008.

For performance comparisoiROC performance graplisr NRTKgroup motifsgeneratedby Miller
and ceworkers (2008jJor which the kinases are includedtime yeast experiments as welte shown
in Figure 45. The RCGgroup, TEGgroup, and SYigroup motifs are hardlycomparableto the
individualmotifs for each BCkinase the motif of the only analyzed member of the T&mase family

BMX and the SYK motifvhich wasgenerated independenbf ZAP70 specificitiegespetively.
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