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ABSTRAKT

Kindza Src ma stézejni roli v mnozstvi fundamentalnich bunécnych procesti. Mimo
jiné je soucasti signalnich drah fidicich proliferaci, motilitu ¢i diferenciaci a ¢asto byva
deregulovédna v rtiznych typech nadorti. Aktivita Src proto podléha piisné a komplexni
regulaci, ktera je zprostfedkovana SH3 a SH2 doménami a fosforylacnim stavem tyrosini
416 a 527. V kompaktnim inaktivnim stavu kindzu udrzuji intramolekularnimi inhibi¢ni
interakce. Jejich narusenim dochazi k otevieni struktury Src a pfechodu do aktivniho stavu.
Identifikovali jsme novy mechanismus, skrze ktery mize byt Src regulovana. Jedna se o
fosforylaci konzervovaného tyrosinu 90 vazebného povrchu SH3 domény, ktera vede ke
snizeni afinity SH3 domény k ligandim vcéetné CD linkeru a aktivaci kinazy.
Fosfomimikujici mutace tyrosinu 90 indukovala transformaci bun¢k a zvySeny invazivni
potencidl. Jelikoz je Kkatalytickd aktivita Src reflektovana jeho strukturou, lze
prostfednictvim stanoveni tvaru kindzy usuzovat na jeji aktivitu. Na zéklad¢ této korelace
jsme sestrojili FRET senzor konformace Src umoznujici sledovat s prostorovym a ¢asovym
rozlisenim dynamiku aktivace kindzy v bunikach. Dokumentovali jsme, ze aktivacni mutace
v SH3, SH2 i kindzové doméné nebo nékteré typy inhibitorl jsou schopny vyvolat otevieni
struktury Src. Analyza aktivace Src ve fokalnich adhezich ukazala, Ze béhem vzniku adheze
dochazi k vyraznému lokdlnimu nartstu jeho katalytické aktivity, kterd zlstava stabilni

béhem maturované faze a klesa s rozpadem adheze.
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ABSTRACT

Src kinase plays a crucial role in a multitude of fundamental cellular processes. Src is
an essential component of signalling pathways controlling cellular proliferation, motility or
differentiation, and is often found deregulated in tumours. Src activity is therefore
maintained under stringent and complex regulation mediated by SH3 and SH2 domains and
the phosphorylation state of tyrosines 416 and 527. Active Src adopts an open conformation
whereas inactive state of the kinase is characterised by a compact structure stabilised by
inhibitory intramolecular interactions. We identified phosphorylation of tyrosine 90 within
binding surface of SH3 domain as a new regulatory switch controlling Src kinase activation.
Using substitutions mimicking phosphorylation state of the residue we demonstrated that
tyrosine 90 phosphorylation controls Src catalytic activity, conformation and interactions
mediated by the SH3 domain, representing a positive regulatory mechanism leading to
elevated activation of mitogenic pathways and increased invasive potential of cells. Based
on correlation between compactness of Src structure and its catalytic activity, we constructed
a FRET-based sensor of Src conformation enabling to measure the dynamics of Src
activation in cells with spatio-temporal resolution. We found that activating mutations within
either SH3, SH2 or kinase domains and some groups of inhibitors induce opening of Src
structure. Analysing Src activity dynamics in focal adhesions we demonstrated that Src is
activated during adhesion assembly, its activity remains steady and high throughout mature

phase and decreases concurrently with adhesion disassembly.
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Seznam pouzitych zkratek

ADP
ATP
BCR
EGF
EGFP
EYFP
FAT
FLIM
FRET
KD
MD
NMR
PDGFR

PH
PPII
PTB
SAXS
SFK
SH
tECFP

UD
ULBR

adenosindifosfat

adenosintrifosfat

receptor B bun¢k (B cell receptor)

epidermalni rastovy fakor (epidermal growth factor)

Emerald zeleny fluorescen¢ni protein (Emerald green fluorescent protein)
zluty fluorescencni protein (enhanced yellow fluorescent protein)
doména lokalizujici do adhezi (focal adhesion targeting domain)
fluorescence lifetime imaging

Forstertiv rezonan¢ni prenos energie (Forster resonance energy transfer)
kindzova doména

molekularni dynamika (molecular dynamics)

nuklearni magnetickd rezonance

receptor rustového faktoru krevnich desti¢ek (platelet-derived growth factor
receptor)

doména homologni s pleckstrinem (pleckstrin homology domain)
polyprolinovy helix typu II

fosfotyrosin vazebnad doména (phosphotyrosine-binding domain)
nizkouhlovy rozptyl rentgenového zafeni (small-angle X-ray scattering)
kindzy Src rodiny (Src family kinases)

homolog domény kinazy Src (Src homology domain)

zkraceny modry fluorescen¢ni protein (truncated enhanced cyan fluorescent
protein)

unikatni doména (unique domain)

oblast unikatni domény vazajici lipidy (unique lipid binding region)



1. UVOD

Src je prvni identifikovana tyrosinova kinéza a rovnéz prvni objeveny onkoprotein. Je
esencialni pro udrzovani homeostaze vnitiniho prostiedi buiky a vyznamnou meérou se
uplatinuje v mnozstvi fundamentalnich bunécnych procesti. Funguje jako nezbytna
komponenta signalnich drah, které tidi proliferaci, motilitu nebo diferenciaci bun¢k. Podili
se na regulaci bunécného cytoskeletu, polarizace a tvaru bun¢k nebo udrzovani kontaktl
s extracelularni matrix a okolnimi buiikami.

Src patfi do skupiny nereceptorovych proteintyrosinkindz. Pusobi jako prenaSec
signalii mezi extracelularnimi receptory a intracelularnimi drahami. Lze jej oznacit za
zasadni signalni uzel, ktery je schopen integrovat mnoho riznych stimull a na jejich zakladé
pak zprostredkovéavat rozlicné bunééné odpovédi. Zasadni je jeho uloha zejména
v signalizaci zprostiedkované integriny, receptorovymi tyrosinkindzami nebo receptory
sprazenymi s G-proteiny.

Vzhledem ke své stézejni roli v Sirokém spektru vyznamnych bunéénych procesi,
podléha Src prisné a velmi komplexni regulaci. Inaktivni konformace je udrzovana
intramolekularnimi inhibi¢nimi interakcemi zprostfedkovanymi SH3 a SH2 doménou.
Rozruseni téchto vazeb, v disledku zmény fosforylaéniho stavu klicovych tyrosinii ¢i
vyvazani regulacnich domén, vede k prechodu do aktivniho stavu.

Aberantni aktivace Src obvykle zptsobuje nddorovou transformaci bun¢k. Dochazi ke
zvySeni bunécné proliferace, ztraté kontaktni inhibice a zdvislosti na ukotveni k povrchu.
Lze pozorovat vyraznou reorganizaci aktinového cytoskeletu doprovazenou oslabenim
mezibunéénych kontaktli a snizenim adheze k extracelularni matrix. Vysledkem je pak
neoplasticky rist a vznik metastaz. Zvysena kinazova aktivita a exprese Src byla pozorovana
u fady typi nadord.

Piedkladana prace se vénuje strukturnim aspektiim aktivace kinazy Src a regulaci jeji
katalytické aktivity. Prvni ¢ast pojednava o ptiprave, testovani a pouziti senzoru konformace
a aktivity Src. Zamétuje se na studium vlivu aktivaénich mutant Src nebo inhibitora jeho
aktivity na strukturu kindzy. Na pfikladu fokalnich adhezi demonstruje vyuZiti senzoru pro
sledovani dynamiky aktivace Src v Zivych bunikach. Druhd ¢ast je dedikovana objasnéni
vyznamu fosforylace tyrosinu 90 (Tyr90) vazebného povrchu SH3 domény Src. Ukazuje, Ze
se jedna o novy mechanismus, jakym muze byt regulovana katalyticka aktivita a interak¢ni

schopnosti kindzy Src.



2. LITERARNI PREHLED

2.1. Struktura a regulace kinazy Src

Soustava mechanismti zalozena na prenosech fosfatovych skupin je jednim z nejvice
rozvinutych signalnich systému. Je esencidlni soucasti signalnich siti regulujicich veskeré
bunécné procesy. Hlavnimi komponentami jsou proteinkindzy, coz je nadrodina proteint,
které vznikly divergentni evoluci. Jedna se o jednu z nejvétSich proteinovych rodin, jez tvofi
2 — 4 % vSech eukaryotickych gent. VétSina kinazovych rodin je zastoupena u vSech
metazoii (Manning et al., 2002).

Src patii do skupiny nereceptorovych proteintyrosinkinaz citajici rodin: Src, Csk,
FAK, Abl, Jak, Fps, Syk, Tec, Frk a Ack (Tsygankov, 2003). Spole¢nym rysem téchto kindz
je modulédrni povaha jejich struktury. Kromé katalytické domény jsou totiz tvofeny fadou
dalSich domén a strukturnich prvkl regulacni povahy, které zprostiedkovavaji jak
intermolekularni interakce se signalnimi partnery, tak intramolekuldrni vazby umoziujici
modulaci kinazové aktivity proteinu.

Rodina Src kinaz (SFK) je u ¢lovéka tvotena 11 Cleny: Src, Yes, Fyn, Blk, Brk, Frk,
Fgr, Hek, Lck, Lyn a Srm. Kindzy Src, Yes a Fyn jsou exprimovany ve vSech bunéénych
typech. Ostatni proteiny této rodiny jsou produkovany vice specificky, zejména vSak
v hematopoetickych bunikach (Thomas and Brugge, 1997). SFK maji molekulovou hmotnost
v rozmezi 52 — 62 kDa a jsou tvofeny Sesti konzervovanymi strukturnimi celky. N-konec je
tvofen SH4 doménou, jez je opatfena myristoylovou a v nékterych piipadech 1
palmytoylovou kotvou slouZici k lokalizaci kinaz do cytoplasmatické membrany. Za touto
oblasti dale nésleduje unikatni doména specifickd pro jednotlivé SFK, SH3 doména, SH2
doména, kindzova (SH1) doména a C-koncové regulacni oblast (Boggon and Eck, 2004;
Roskoski, 2004; Tatosyan and Mizenina, 2000).

2.1.1. Struktura kinazy Src

Kindza Src je 60 kDa velky protein, jez je tvofen N-koncovou SH4 doménou
s myristoylovou kotvou, unikatni doménou, SH3 doménou, SH2 doménou, CD linkerem,
kindzovou SH1 doménou a C-koncovou regulacni oblasti nesouci tyrosin 527 (¢islovani
bude uvadéno podle kuteciho Src) (Obr. 1). Inaktivni Src zaujimé kompaktni konformaci
stabilizovanou intramolekuldrnimi interakcemi. Jednd se zejména o vazbu SH2 domény na
C-terminalni segment s fosforylovanym Tyr527 a asociaci SH3 domény s CD linkerem. SH2
a SH3 domény dale interaguji s laloky kindzové domény na strané protilehlé katalytickému

mistu. Aktivace kinazy je spojena s rozruSenim nékterych nebo vSech intramolekularnich



vazeb, coz umozni ptechod do vice oteviené katalyticky aktivni konformace (Bernado6 et al.,
2008; Cowan-Jacob et al., 2005; Xu et al., 1997, 1999).

2.1.1.1. SH4 doména
SH4 doména je tvofena 15 aminokyselinovymi zbytky. Prvnich 7 aminokyselin slouzi
Obr. 1: Schematické zndzornéni doménoveé struktury kindzy Src. Src je od N-konce tvoren SH4 doménou
nesouci myristoylacni misto, unikatni domenou (UD), SH3 doménou, SH2 doménou a kinazovou doménou

(KD, SHI1). Dalsimi vyznamnymi regulacnimi prvky jsou CD linker lokalizovany mezi SH2 a kindzovou
doménou a Tyr527 C-koncového segmentu.

- — — Nl

myristoylova CD linker Tyr527
kotva

jako myristoylacni signal (Kaplan et al., 1988; Pellman et al., 1985), po jehoZ rozpoznani je
pak béhem proteosyntézy Src odstépen N-koncovy Metl a Gly2 je acylovan myristoylovou
skupinou, ktera zajistuje kotveni kinazy v membrané (Buss and Sefton, 1985; Garber et al.,
1985). U vétsiny SFK, vyjma Src a Blk, je SH4 doména dale modifikovana palmitoylem.
Ukotveni Src v membrané je proto stabilizovano nékolika oblastmi bohatymi na bazické
aminokyseliny, jez diky svému kladnému néboji mohou tvofit elektrostatické interakce se

zaporn¢ nabitymi polarnimi skupinami membranovych fosfolipidt (Resh, 1994).

2.1.1.2.  Unikatni doména
Unikatni doména (UD) kinazy Src je 66 aminokyselin dlouhd nestrukturovana oblast

spojujici SH4 a SH3 doménu. Sekvence unikatnich domén jednotlivych SFK se vyrazné 1isi,
nicméné UD dané kinazy je konzervovana mezi rliznymi organismy (Amata et al., 2014).
Funkce a vyznam této oblasti byly zatim objasnény jen ¢astecné. Prohozeni unikatnich
domén kinaz Src a Yes ukdzalo, Zze UD se podili na determinovani interakéni a funkcéni
specificity jednotlivych kindz (Hoey et al., 2000; Summy et al., 2003). Unikatni doména Src
asociuje s lipidy, ¢imZ se podili na stabilizaci kindzy v membrang. Interaguje s SH3
doménou ¢i calmodulinem (Maffei et al., 2015; Pérez et al., 2013). Obsahuje mnoZstvi
fosforylaénich mist, jez se ukazuji byt vyznamnymi v regulaci Src signalizace 1 jeho aktivity
(Amata et al., 2014; Dandoulaki et al., 2018).

2.1.1.3. SH3 doména
SH3 doména (aminokyselinové zbytky 81 — 142) je kompaktni globularni struktura,

jejiz hydrofobni jadro je slozeno z 5 B-tetézcti (BA — BE) uspofadanych do dvou navzajem
kolmych antiparalelnich B-listii. Ligand-vazebny povrch je hydrofobni oblast ohrani¢end RT
a nSrc smyckou, coz jsou flexibilni Gseky spojujici fetézce BA s BB a BB s BC. Je tvoien 2
vazebnymi kapsami a jednou specifitni. Na zaklad¢ strukturnich a mutac¢nich analyz byly
identifikovany aminokyselinové zbytky kli¢ové pro vazbu ligandi: Tyr90, Asn135 a Tyr136

10



prvni vazebné kapsy, Tyr92, Trpl118 a Prol133 druhé vazebné kapsy a Asp99 s Tyrl31
specifitni kapsy (Erpel et al., 1995; Xu et al., 1997; Yu et al., 1992).

SH3 doména vaze prolin-bohaté sekvence nesouci PxxP motiv, které po interakci s
vazebnym mistem zaujimaji konformaci levotoc¢ivého polyprolinového helixu typu II (PPII)
(Yuetal., 1994). Afinita a specifita vazby je navic zesilena tzv. kotvici aminokyselinou, jez
se nachazi v okoli PxxP motivu. Tento zbytek (nejcastéji se jedna o arginin) se vaze do
specifitni kapsy a v zavislosti na tom, zda je lokalizovdn na N- ¢i C- konci PxxP, urcuje
orientaci ligandu na povrchu SH3 domény. Vazebné motivy lze proto kategorizovat jako
ligandy I. (RxxPxxP) a II. (PxxPxR) tfidy (Feng et al., 1994, 1995). Pii interakci vznika ne
prilis velké mnozstvi vodikovych vazeb a odehrava se na malém povrchu (ptiblizné 400 A).
Jedna se proto o slabsi vazbu (s disociacni konstantou 1 — 10 uM), ktera je navic v porovnani
s interakcemi jinych signalnich domén pomérné malo specificka (Kuriyan and Cowburn,
1997).

2.1.1.4. SH2 doména
Kratkym 6aminokyselinovym linkerem je SH3 doména napojena na SH2 doménu

(aminokyseliny 148 —245). Je to globularni struktura, jejiz centralni ¢ast tvoii 2 antiparalelni
B-listy, které z obou stran obklopuje jeden a-helix. SH2 domény rozpoznavaji sekvence
obsahujici fosforylovany tyrosin. Takovéto ligandy asociuji s jejich vazebnym povrchem
v podobé volnych nataZenych fetézcl. Ligand-vazebné misto je tvofeno dvéma kapsami.
Prvni vazebna kapsa obsahuje vysoce konzervovany arginin (u Src Argl75), ktery
elektrostaticky interaguje s fosfotyrosinem. Druhd kapsa se nachédzi na opacné strané
centralniho B-listu a vaze hydrofobni aminokyselinu v pozici +3 C-terminalné¢ od
fosforylovaného tyrosinu (Eck et al., 1993; Waksman et al., 1992, 1993). SH2 doména Src
prednostné vaze sekvenci pYEEIL Isoleucin je vnofen do hydrofobni kapsy a kyselé
glutamatové zbytky vytvaii elektrostatické interakce s bazickymi aminokyselinami
vazebného povrchu (Songyang et al., 1993). Sekvence v okoli fosforylovaného tyrosinu
vyrazn€ zvysuji afinitu vii¢i SH2 (az 10tisickrat) (Koch et al., 1991), pficemz vysledna vazba
je priblizné o tad silnéjsi nez interakce SH3 domény s PPII helixem (Kuriyan and Cowburn,
1997).

2.1.1.5. CD linker
CD linker (aminokyseliny 246 — 266) je kratky 14aminokyselinovy peptid, ktery

propojuje SH2 a kindzovou doménu. Aminokyselinové zbytky 249 — 253 tvoti levotoCivy
polyprolinovy helix typu II, ktery v inaktivni konformaci Src interaguje s SH3 doménou.
SH3-vazebny motiv CD linkeru je kategorizovan jako ligand II. tfidy. Nejedna se vSak o
klasicky PxxPxR konsensus, jelikoZ obsahuje pouze jeden prolin (Pro250), jenz se pii vazbé
na SH3 doménu zanotuje do prvni hydrofobni kapsy mezi Tyr90, Asn135 a Tyr 136. V druhé
hydrofobni kapse, kam se v pfipadé idealni sekvence vkldda druhy prolin, je umistén
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GIn253. Dlouhy polarni fetézec glutaminu mu neumoziuje zaujmout patiicnou polohu, coz

vede k vyrazn¢ slabsi interakci oproti optimalnim ligandim (Xu et al., 1997, 1999).

2.1.1.6. Kinazova (SH1) doména (KD)
Katalytickd doména Src ma charakteristicky dvoulalo¢ny tvar a vykazuje vysokou

strukturni i sekvencni homologii s doménami ostatnich proteinkinaz (Knighton et al., 1991).
Mensi N-termindlni lalok (aminokyseliny 267-337) je tvofen 5 antiparalelnimi B-fetézci
slozenymi do B-listu a jednim a-helixem (aC) lokalizovanym mezi fetézci B3 a 4. Vétsi C-
koncovy lalok (aminokyseliny 341 — 520) je pfevazné helikalni a zahrnuje 7 a-helixt a 2 -
fetézce (Xu et al., 1997).

Katalytick¢é misto se nachdzi ve S$térbiné mezi obéma laloky. Na vazbé
adenosintrifosfatu se podili pfevazné N-koncovy lalok, ktery spolu s ohybem spojujicim oba
laloky orientuje ATP do katalyticky permisivni polohy. C-lalok zajist'uje zejména asociaci
s cilovym peptidem. N-termindlni lalok obsahuje mnozstvi konzervovanych zbytki
nezbytnych pro katalytickou funkci domény: glycin bohatou smycku (G-smycku; Gly274,
276, 279), Lys295 a Gly310. Lys295 a Gly310 interaguji s a- a B-fosfaty ATP, zatimco -
fosfat je koordinovan G-smyckou. V C-terminalnim laloku se nachdzi vysoce konzervovana
katalytickd smycka a aktiva¢ni smycka. Asp386 katalytické smycky je zodpovédny za
spravnou orientaci substratového tyrosinu do polohy umoznujici katalyzu. Funguje rovnéz
jako obecnd baze, jez odnimé proton z hydroxylové skupiny tyrosinu, ¢imz usnadiiuje
nukleofilni atak y-fosfatu ATP. Asp404 aktivacni smycky vaze dvoumocné kationty hoiciku,
které se podili na koordinovani - a y-fosfatové skupiny ATP (Breitenlechner et al., 2005;
Cowan-Jacob, 2006; Roskoski, 2004; Xu et al., 1997).

Laloky kindzové domény se vzajemné pohybuji, coz méni strukturu katalytického
mista a vede k jeho zavirani a otevirani. Oteviena konformace je esencialni pro uvolnéni
ADP a navazani ATP. Uzavieni katalytické $térbiny umoziuje substratim zaujmout pozici
vhodnou pro katalytickou reakci. Blokovani téchto konformaénich ptechodii nebo
modulovani vzdjemné orientace lalokli mé vliv na aktivitu kindzové domény (Roskoski,
2004).

2.1.1.7. C-koncovy segment
C-konec Src tvofi kratka sekvence (aminokyseliny 521 — 533) s regula¢nim tyrosinem

527. Po fosforylaci Tyr527 vytvaii C-konec autoinhibi¢ni interakci s SH2 doménou, ¢imz
uzamyka kinazu v inaktivni konformaci (Young et al., 2001). JelikoZ SH2-vazebna sekvence
C-terminélniho segmentu nema podobu optimalniho ligandu s hydrofobni aminokyselinou
na pozici pTyr + 3, ktera by zapadla do vazebné kapsy (nese sekvenci YQPG), probiha

asociace s SH2 doménou pouze pres fosfotyrosin a je tudiz pomérné slaba (Xu et al., 1997).
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2.1.2. Strukturni aspekty regulace aktivity kinazy Src
Kinaza Src je stézejni komponenta velkého mnoZzstvi signalnich drah a bunéénych

procest vcetn¢ metabolismu, proliferace, motility ¢i diferenciace. Deregulace jeji aktivity
vedou k aberantni signalizaci a naslednym patologickym projeviim, které mohou vyustit v
tumorigenezi a zvySeny metastaticky potencial nddorovych bunék (Frame, 2002; Irby and
Yeatman, 2000). Katalyticka aktivita Src musi byt tudiz pod ptisnou kontrolou.

Existuje nékolik mechanismu, jez v odpovéd’ na ptislusné podnéty Src aktivuji nebo
inaktivuji. Jednd se zejména o intramolekularni a intermolekularni interakce, fosforylace,
defosforylace, ubiquitinaci, SUMOylaci ¢i S-nitrosylaci. Ze strukturnich studii a simulaci
molekuldrni dynamiky (MD) lze usuzovat, Ze tyto regulacni elementy determinuji
katalytickou aktivitu skrze pusobeni jen na nékolik klicovych efektorovych struktur
kindzové domény, které spoluvytvaii katalytické centrum a obsahuji aminokyselinové
zbytky esencidlni pro vazbu substratii nebo vlastni katalytickou reakci. Zmény polohy a
konformace téchto komponent v disledku interakei regulaénich domén ¢i posttranslacnich
modifikaci kontroluji kindzovou aktivitu (Hubbard, 1998; Johnson et al., 1996; Meng et al.,
2017).

2.1.2.1. Kindzova doména
Katalyticka aktivita Src je dana konformac¢nim stavem kinazové domény. Hlavnimi

strukturnimi komponentami fidicimi tranzici mezi inaktivni a aktivni formou jsou predevs§im
glycin-bohatd smycka a helix aC N-laloku a katalytickd a aktiva¢ni smycka (aktivacni
segment) C-koncového laloku. Jsou-li ve vhodné orientaci a konformaci, vytvaii kli¢ové
elementy aktivniho mista, jeZ jsou nezbytné pro vazbu substrati a vlastni prenos fosfatové
skupiny.

Vyznamnou soucésti katalytického centra je oC helix N-laloku. Nese vysoce
konzervovany Glu310, ktery svym postrannim fetézcem tvoii iontovou vazbu s Lys295.
Tento lysin potom v soucinnosti s Asp404 vazajicim dvojmocny kation hot¢iku koordinuje
fosfatové skupiny ATP do polohy umoZziujici katalyzu (Cowan-Jacob et al., 2005).

Pii ptechodu Src do inaktivniho stavu je aC helix vychylen z této katalyticky
permisivni pozice (tranzice z aC-in do aC-out konformace), nasledkem cehoz je Glu310
vytlaCen mimo aktivni misto a stabilizovan v této orientaci vodikovym mitistkem s Arg409.
NemiZe tudiZ interagovat s Lys295, ktery z toho diivodu vytvaii solny mistek s Asp404.
Asp404 diisledkem toho nemtize vazat Mg" iont. Vysledkem je rozruseni vazebného mista
pro ATP. Inaktivni konformace aC helixu je dale stabilizovana aminokyselinami na jeho
vnitini strané¢ (Phe278, Leu297, Met302, Phe307, Met314, 1le336), jez tvori hydrofobni
interakce s N-termindlni ¢asti aktivacni smycky (Leu407, Leu410, Ile411). Orientaci aC
helixu navic ovliviiuje pozice C-koncového tseku CD linkeru. V inaktivnim stavu Trp260
CD linkeru smétuje k C-konci aC helixu a poméha jej udrzovat v katalyticky nekompetentni
poloze (Cowan-Jacob et al., 2005; Gonfloni et al., 1997; Xu et al., 1997, 1999).
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Aktivaéni smycka je zdsadni regulacni prvek lokalizovany v C-laloku. Jeji N-konec
tvofi tzv. DFG motiv (Asp404-Phe-Gly) a C-terminalni ¢ast tzv. APE motiv. DFG segment
muze nabyvat dvou konformacnich stavi: inaktivni DFG-Asp-out a aktivni DFG-Asp-in,
ktery umoziuje Asp404 vazat Mg?" iont a koordinovat fosfaty ATP (Roskoski, 2016).

Aktivaéni smycka obsahuje tyrosin 416, ktery je jednim z hlavnich fosforylacnich mist
ovlivitujicich kinazovou aktivitu. V aktivni konformaci Src je aktivacni smycka
fosforylovana na Tyr416, diky c¢emuz se manifestuje jako rozvolnény fetézec bez
sekundarnich struktur exponovany vné struktury kindzové domény. Z krystalografické
analyzy aktivované katalytické domény kindzy Lck vyplyva, Zze fosforylovany Tyr416
interaguje s aminokyselinami Arg385, Arg409 a Ala418, coz stabilizuje aktivacni smycku
v poloze umoziujici optimalné vazat substraty a katalyzovat pienos fosfatu (Cowan-Jacob
et al., 2005; Yamaguchi and Hendrickson, 1996). K fosforylaci Tyr416 dochazi trans-
autofosforylaénim mechanismem (Barker et al., 1995; Porter et al., 2000). Na zaklad¢
simulaci molekularni dynamiky (MD) se usuzuje, Ze izolované nefosforylované kinazové
domény mohou konformacné oscilovat, pfi¢emz nezlstavaji jen v neaktivni konformaci, ale
transientné prechazi i do aktivniho stavu. Fosforylace Tyr416 stabilizuje struktury dilezité
pro kindzovou aktivitu a uzamkne doménu v katalyticky kompetentni konformaci (Meng
and Roux, 2014).

V inaktivni konformaci tvoti N-terminalni isek aktiva¢ni smycky (aminokyseliny 413
—418) kratky a-helix (A-loop helix), jenz je vklinén mezi laloky kindzové domény. Tyrosin
416 je skryt uvniti vzniklé struktury a neni tudiz pfistupny fosforylaci. A-loop helix
zamezuje rozpozndni a piistupu substrati do oblasti aktivniho centra a stabilizuje
nekatalytickou orientaci aC helixu (Xu et al., 1999).

Analyzy porovnavajici konformaéni motivy identifikovaly 2 konzervované
hydrofobni struktury, které se vyskytuji v aktivni konformaci katalytickych domén vsech
proteinkindz, ale nejsou pfitomny v inaktivnim stavu. Jednd se o tzv. regulacni osu
(regularory spine) a katalyckou osu (catalytic spine). Jsou to podlouhlé motivy tvofené
ne¢kolika hydrofobnimi aminokyselinami (katalytick4d osa je navic doplnéna adeninovym
kruhem ATP) lokalizované paralelné vedle sebe v N-C orientaci propojujici oba laloky.
Obsahuji rezidua z klicovych struktur jako je aC helix, aktiva¢ni smycka ¢i katalyticka
smycka, které, pokud jsou v katalyticky permisivni konformaci, vytvati obé osy. Vychyleni
z této orientace vede k rozruseni os a inaktivaci kindzy (Kornev et al., 2006; Taylor and
Kornev, 2011).

Zpusob, jakym dochéazi k pfechodu kindzové domény z inaktivni do aktivni
konformace umoznily alespon ¢astecné€ objasnit MD simulace. Tranzice se realizuje skrze
hustou sit’ intermedialnich mikrostavi, které jsou distribuovany podél pomérné Siroké
reakéni cesty propojujici inaktivni a aktivni strukturu kindzové domény. Tento prechod je
dvoukrokovym procesem, kdy nejdiive dochdzi k rozbaleni a zptistupnéni aktivaéni smycky

a az nasledn¢ k rotaci aC helixu smérem dovniti do aktivniho mista (Gan et al., 2009; Meng
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et al., 2016). Konformacni krajina obsahuje kromé¢ inaktivni a aktivni konformace jesté dva
vyrazné€ji stabilnéjsi intermedidlni stavy: Ii, ve kterém je aktivacni smycka jiz v oteviené
konformaci, ale sit” elektrostatickych interakci zahrnujici Lys295, Glu310 a Arg409 je stale
v inaktivni konfiguraci. Ve druhém intermedialnim stavu I, je jiz rozrusen vodikovy mistek
mezi Glu310 a Arg409, nicmén¢ zatim nedoslo k rotaci aC helixu dovnitf N-laloku, tak aby
mohl byt vytvoien vodikovy mistek spojujici Arg295 s Glu310 (Shukla et al., 2014) (Obr.

2).
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Obr. 2: Strukturni zmeény béhem aktivace Src v oblasti katalytického mista. A) Konformacni krajina zndazornujici
sit mikrostavit podél reakcni cesty mezi aktivni a inaktivni strukturou katalytického centra Src. B) Strukturni
modely aktivniho mista béhem prechodu z inaktivni do aktivni konformace zobrazujici oC-helix a aktivacni
smyCku. V inaktivnim stavu je aktivacni smycka sbalena uvniti- $térbiny mezi N- a C-lalokem a aC-helix je
vytoc¢en vné katalytického mista. PFi aktivaci nejdrive dojde k rozbaleni a zpristupnéni aktivacni smycky
(intermedialni stav 1), nasledné je rozrusen vodikovy miistek mezi Glul0 a Arg409 (intermedialni stav I>) a az
poté nastane rotace aC-helixu dovniti aktivniho centra (aktivni stav). Prevzato a upraveno z (Shukla et al.,
2014).

2.1.2.2. Regula¢ni domény SH2 a SH3
Katalytickd doména Src je opatfena komplexnim systémem regulac¢nich domén, které

v zavislosti na okolnich podnétech a signalizaci moduluji jeji aktivitu a cili ji do specifickych
bunécnych struktur a signalnich komplext. Hlavnimi mechanismy regulujicimi kindzovou
aktivitu Src jsou interakce SH2 a SH3 domény a fosforyla¢ni stav tyrosinli 416 a 527.
Inaktivni konformace Src je kompaktni ,,zaviena™ struktura, ve které SH3 doména
asociuje s CD linkerem a SH2 doména vaze C-terminélni segment fosforylovany na Tyr527.
Ob¢ regula¢ni domény navic nasedaji na povrch kindzové domény ze strany protilehlé
katalytickému centru (Obr. 3). Rozruseni intramolekuldrnich inhibi¢nich interakci vede

k otevieni struktury Src a aktivaci jeji kindzové aktivity (Pawson, 1997; Xu et al., 1997).

15



, CD | p)
J;ker_({,t ~a

l‘\’ -

C-lalok

Obr. 3: Stuzkovy model struktury kindzy Src v inaktivni konformaci. SH3 doména vaze polyprolinovy helix CD
linkeru, zatimco SH2 doména asociuje s C-koncovym segmentem fosforylovanym na Tyr527. Obé regulacni
domény navic interaguji s laloky katalytické domény. PDB 2SRC (Xu et al., 1997). Prevzato a upraveno z
(Gerndtova, 2008).

SH3 doména interaguje s CD linkerem v oblasti, jejiz centralni ¢ast tvoti prolinovy
motiv zaujimajici strukturu PPII helixu. Konzervovany prolin 250 se vkladd do prvni
hydrofobni kapsy (Tyr90, Asnl35, Tyr136) vazebného povrchu SH3 domény. Druha
hydrofobni kapsa je misto prolinu obsazena glutaminem 253. SH3 doména navic
prostiednictvim RT a nSrc smycek vytvaii extenzivni kontakty s N-lalokem kindzové
domény. RT smycka (Arg95, Thr96) interaguje s B2 a 3 fetézci N-laloku (Thr252, Trp286).
Soucasné vznika solny mustek mezi Aspl17 nSrc smycky a Arg318 N-laloku. Interakce
zprostfedkovand RT smyckou je rozsdhlejSi a zahrnuje jak vodikové vazby, tak van der
Waalsovy a hydrofobni interakce (Pawson, 1997; Sicheri et al., 1997; Xu et al., 1997).

V disledku vzajemné orientace SH3 a kindzové domény je CD linker mezi témito
doménami vmezeten (Xu et al., 1997). Spravna pozice CD linkeru je nezbytna pro inaktivaci
katalytické aktivity Src. Mutace vlastniho CD linkeru ¢i zdmény v mistech jeho kontaktu
s SH3 nebo kindzovou doménou dereguluji Src (Gonfloni et al., 1997). Skrze CD linker je
totiz informace o pozici SH3-SH2 tandemu alostericky pfedavana na katalytickou doménu
(Banavali and Roux, 2005; Fajer et al., 2017). Velmi vyraznou interakci zabezpecuje
konzervovany Leu255 CD linkeru, jez je vnotfen v hluboké hydrofobni kapse N-laloku, ¢imz
se podili na spfazeni vSech tfi struktur (Gonfloni et al., 1999). V inaktivnim stavu Src je
vysoce konzervovany tryptofan 260 (lokalizovany na rozhrani CD linkeru a kinazové
domény) vmezeten do hydrofobni kapsy N-laloku v tésné blizkosti aC helixu.
Aminokyseliny CD linkeru Ala256 — Ala259 zaroven tvoii B-otocku typu II, ktera je v
aktivni konformaci nahrazena B-otockou typu I mezi zbytky Asp258 — Glu261, coZ ma za
nasledek rotaci Trp260 ven z kapsy, jeji zanik a pohyb aC helixu smérem k aktivnimu mistu
do katalyticky permisivni orientace (Fajer et al., 2017; Gonfloni et al., 1997). Vypocetni
analyzy nasvédcuji tomu, Ze SH2 a SH3 doména jsou esencidlni pro stabilizaci CD linkeru
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v inhibi¢ni konformaci, nicméné je to pravé samotny linker, ktery drzi kindzovou doménu

v inaktivnim stavu (Banavali and Roux, 2005; Fajer et al., 2017).

SH2 doména vaze C-koncovy segment fosforylovany na Tyr527. Fosfotyrosin se vaze
do kapsy tvofené aA helixem a jednou stranou BD fetézce centralniho B-listu. Na jeho druhé
stran¢ se nachazi hydrofobni kapsa, kam se u vysoce afinnich liganda vaze velky nepolarni
zbytek na pozici pTyr+3. V ptipadé C-terminu Src je toto misto obsazeno glycinem, diky
c¢emuz je tak vazba k SH2 doméné¢ relativné slaba. SH2 doména dale tvoii prostiednictvim
aA helixu iontové vazby s antiparalelnimi helixy oF a al C-koncového laloku. Ackoli tyto
struktury nejsou spojeny nikterak tésné, jejich povrchy jsou elektrostaticky komplementarni
a navzajem interaguji nékolika polarnimi a nabitymi aminokyselinovymi fetézci (Xu et al.,
1997).

Fosforylaci C-terminalniho tyrosinu 527 zajiStuji kindzy Csk a Chk (Cooper et al.,
1986; Okada and Nakagawa, 1989). Pro Csk je charakteristicka jeji iizka specifita k Tyr527
kindzy Src. Je zajiSténa skrze schopnost C-lalokt katalytickych domén obou kinaz asociovat.
Katalytické misto Csk se tak dostane pfesné do pozice, ve které kontaktuje C-koncovy
segment Src nesouci Tyr527, jenzZ je nésledné fosforylovan (Levinson et al., 2008). Chk je
vice tkanové specifickd kindza zrodiny Csk. Kindzu Src je schopna inhibovat kromé
fosforylace Tyr527 rovnéz prostiednictvim tvorby komplext s jejimi katalyticky aktivnimi
formami (Chong et al., 2006). Bylo dokumentovano, ze C-koncovy tyrosin 527 navic
podléhd intermolekularni autofosforylaci. Probihé vSak jen s velmi nizkou kinetikou, procez
se na regulaci aktivity Src podili jen zanedbatelné (Osusky et al., 1995). Defosforylaci
Tyr527 zabezpecuje fosfatdz, zejména: PTP1B, PTPa, Shpl, Shp2 nebo CD45
hematopoetickych bunék (Frame, 2002; Thomas and Brugge, 1997).

SH3 a SH2 doména vazi své intramolekularni vazebné partnery s pomérné nizkou
afinitou. Divodem je, Ze ani jedna z téchto struktur nema sterické ani elektrostatické
vlastnosti optimalniho ligandu pro dany vazebny povrch. Ackoli CD linker vytvati
polyprolinovy helix, na rozdil od konsenzus sekvence PxxP obsahuje misto druhého prolinu
glutamin. C-koncovy segment s regulacnim tyrosinem 527 ma na pozici pTyr+3 glycin
oproti preferovanému isoleucinu (Xu et al., 1997). PiestoZe jsou intramolekuladrni vazebné
motivy jen velmi slabymi ligandy, jejich lokalizace na jednom peptidovém fetézci spolu
s SH3 a SH2 jim poskytuje entropickou vyhodu a zabezpecuje tak, Ze budou s vysokou
pravdépodobnosti asociovat s regulacnimi doménami. Interakéni partnefi Src nesouci vice
afinni ligandy kompetuji s intramolekuldrnimi vazebnymi motivy, které mohou vytésnit a
tim vyvazat regula¢ni domény z jejich intramolekularnich inhibi¢nich interakci, coz vyusti

v pfechod kindzy do katalyticky aktivni konformace.
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SH3 a SH2 doména jsou propojeny kratkym 8aminokyselinovym linkerem.
V inaktivni konformaci Src zaujima strukturu B-otocky nasledovanou 3¢ helixem, ktera je
stabilizovana n¢kolika vodikovymi mdustky. Substituce 3 aminokyselinovych zbytkt
(Serl42, Alal4s, Glul46) za glyciny vedla k vyraznému nértstu flexibility linkeru a
konstitutivni aktivaci Src (Young et al., 2001).

Na zakladé MD simulaci Ize usuzovat, Ze pokud ob¢ regulacni domény asociuji se
svymi intramolekularnimi ligandy, tvofi linker mezi nimi rigidni strukturu. Disledkem toho
jsou pohyby obou domén dynamicky sptazeny a SH3-SH2 tandem tudiz funguje jako jakasi
svorka, jez uzamyka kinazovou doménu v inaktivnim stavu. Vysokou miru korelace rovnéz
vykazuji vzajemné pohyby SH3 domény a C-laloku. Uvolnéni SH2 domény z jeji vazby na
C-termindlni segment zvysi flexibilitu SH3-SH2 linkeru, coz ma =za nasledek
desynchronizaci pohybi regula¢nich domén, uvolnéni svorkového mechanismu a aktivaci
kindzy. Z vypocetnich analyz vyplyva, Ze zvySena mobilita SH2 domény disociované z C-
konce je ptes linker prenesena na SH3 doménu, coZ zplsobi narlist jeji pohyblivosti
vzhledem k N-laloku a oslabeni interakci mezi nimi (Ulmer et al., 2002; Young et al., 2001).

Rigidni spojeni SH3 a SH2 domény je nezbytné pro udrzeni inaktivni konformace Src.
MD simulace ukazuji, ze regulacni domény zaujimajici inhibi¢ni konfiguraci, pfi niz
nasedaji na katalytickou doménu, stabilizuji inaktivni formu kindzové domény. Piechod KD
do aktivni konformace je v této situaci termodynamicky natolik nevyhodny, Ze je v podstat¢
znemoznén (Fajer et al., 2017; Young et al., 2001).

Udalosti, které interferuji s koordinovanymi oscilacemi regula¢nich domén a
zpusobuji rozptazeni svorkového mechanismu stabilizujiciho laloky kinazové domény
v katalyticky nepermisivni orientaci, povedou k aktivaci Src. MilZze se jednat jak o
defosforylaci Tyr527 C-terminalniho segmentu, pfimou vazbu proteinu na katalytickou
doménu, tak o vyvazani regula¢nich domén interakénim partnerem Src (Cowan-Jacob et al.,
2005; Ma et al., 2000; Xu et al., 1999; Young et al., 2001).

2.1.2.3.  Struktura aktivni kinazy Src

Podoba kinazy Src v inaktivnim stavu je jiz do zna¢né miry objasnéna. Byla vyfeSena
jeji krystalicka struktura, jez obsahuje majoritni ¢ast proteinu pocinaje SH3 doménou
(aminokyseliny 83 — 533) (Xu et al., 1997, 1999). Cely Src se nepodafilo krystalizovat,
jelikoZ SH4 a unikatni doména jsou vnitin€ neuspofadané oblasti. Jak vypada aktivni Src a
jakych konformaci mlize nabyvat, vSak nebylo jesté uspokojivé vyjasnéno.

RozruSeni intramolekularnich inhibi¢nich interakci, jak defosforylaci C-koncového
tyrosinu, tak asociaci s dal§imi proteiny, vede k pfechodu do aktivniho stavu. Pfitomnost
dvou dominantnich negativnich regulacnich interakci v ramci jedné molekuly miize
znamenat, kromé¢ potieby co nejptisnéji kontrolovat aktivitu kindzy, rovnéz nékolik trovni
aktivace. Existuji 3 teorie: podle prvni je pieruseni jedné intramolekularni inhibi¢ni vazby

dostatecné pro indukci katalytické aktivity, pficemz druha regula¢ni interakce miiZze zGstat
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zachovana. Znamenalo by to, ze aktivni Src se mtiZze vyskytovat ve vice konformacich. Podle
druhé hypotézy by vyvazani jedné inhibi¢ni vazby vedlo k destabilizaci 1 druhé regulacni
interakce a tim i celého regulaéniho mechanismu, coz by pokazdé vyustilo v zaujeti jedné
unifikované aktivni konfigurace. Tato teorie je podporovana MD simulacemi Younga a
kolektivu (Young et al., 2001). Tteti model se opira o praci Alexandropoulos a Baltimora
(Alexandropoulos and Baltimore, 1996) a predklada, ze stabilni aktivace Src je dosazeno az
zruSenim obou intramolekularnich vazeb. V ptipad¢ kindzy Src se vétSina studii pfiklani
k prvni hypotéze (Bernado¢ et al., 2008; Brabek et al., 2002; Cowan-Jacob et al., 2005; Lerner
et al., 2005).

Zékladni predstavu o podobé aktivni konformace Src pifinesla rentgenova difrakcni
analyza nefosforylované strukturované ¢asti kindzy (aminokyseliny 82 — 533)
krystalizované v komplexu s inhibitorem (des-metyl analog imatinibu) (Cowan-Jacob et al.,
2005). VyfeSena struktura zaujima otevienou konformaci, ve které jsou regula¢ni domény
rotovany o 130° oproti inaktivnimu stavu a sviraji s katalytickou doménou pfiblizné pravy
uhel (Obr. 4). Absence fosfatu na Tyr527 nedovoluje SH2 domén¢ asociovat s C-koncovym
segmentem, coz vede ke zrusSeni interakce s C-lalokem a rozpadu kompaktni konformace
inaktivniho Src. SH3 doména stejné jako v neaktivni formé vaze CD linker a udrzuje
kontakty s N-lalokem. Nefosforylovany C-termindlni segment se staci zpatky a
prostiednictvim Leu533, jez interkaluje do kapsy tvofené helixy aD, oE, oF, aH, asociuje
s C-lalokem. Hydroxylova skupina benzenového jadra tyrosinu 527 vytvari vodikové vazby
s dusiky uhlikaté kostry C-konce, jeZ jsou navic stabilizovany interakci Tyr527

s konzervovanym Pro529 a je tak chranéna pted fosforylaci (Cowan-Jacob et al., 2005).

SH3 ~\
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Obr. 4: Stuzkovy model struktury kindazy Src v aktivni konformaci. Nedochazi k interakci SH2 domény s C-
koncovym segmentem, ale vazba SH3 domény k CD linkeru a jeji interakce s N-lalokem kinazové domény
zistava zachovana. PDB 1Y57 (Cowan-Jacob et al., 2005). Prevzato a upraveno z (Gerndtova, 2008).
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Vyzkum kindzy Hck (nélezici do rodiny Src) ukazal, ze SH3 a SH2 domény mohou
regulovat katalytickou aktivitu nezavisle na sobé.

Exprese Hck v kvasince Saccharomyces cerevisiae (organismus, ktery nema
endogenni tyrosinkindzy) zpusobuje snizeni proliferace bunééné kultury. Obdobné
experimenty s S. cerevisiae heterologné exprimujicimi Src ukazaly, ze doba zdvojeni
pozitivné¢ koreluje s katalytickou aktivitou produkované kinazy (Murphy et al., 1993).
Vzhledem k absenci regulacni proteintyrosinkinazy Csk vykazuje Hck vyraznou kindzovou
aktivitu, jez muze byt ale ddle modulovana. Protein viru HIV-1 Nef vaze SH3 doménu Hck
s nejvyssi dokumentovanou afinitou (Lee et al., 1995) a je tak schopen ji vyvazat z inhibi¢ni
interakce s CD linkerem. Koexprese Hck s Nef v S. cerevisiae vede k nartstu katalytické
aktivity kindzy. Minimalné u ¢asti populace Hck musi byt tudiz zachovana inhibi¢ni vazba
SH3 domény na CD linker i v situaci, kdy SH2 doména neasociuje s C-termindlnim
segmentem (Lerner et al., 2005).

Aminokyselinové zamény ménici CD linker Hek ve vysoko-afinni ligand neschopny
disociace od SH3 domény nebrani aktivaci kinazy prostfednictvim SH2 domény (Lerner et
al., 2005). Komplementarni experimenty potvrdily, Zze modifikace C-koncového segmentu
ve vysoko-afinni vazebny motiv, jeZ neni schopen uvolnit se z interakce s SH2 doménou,
neinterferuje s aktivaci Hck pfes SH3 doménu. Vazba proteinu Nef na SH3 a nasledna
aktivace Hck nema vliv na fosforyla¢ni statu C-koncového tyrosinu (Lerner and Smithgall,
2002).

Dtkazy podporujici model vicestupniové aktivace poskytl rovnéz vyzkum kinazy Src.
Lze mezi né fadit jak krystalovou strukturu nefosforylovaného Src v aktivni konformaci
(Cowan-Jacob et al., 2005), tak muta¢ni experimenty s v-Src a c-Src.

SH3 doména interaguje s N-lalokem kindzové domény skrze RT a nSrc smycky.
Mutace aminokyselin Arg95 a Thr96 RT smycky (Arg95Trp, Thr96lle), jez
zprostiedkovavaji tento kontakt, vedou k ¢aste¢né transformovanému fenotypu bunék (Kato
et al., 1986; Miyazaki et al., 1999). Obdobné zaména Aspl17 nSrc smycky (Aspl17Asn)
pravdépodobné rusi jeji interakci s N-lalokem (Xu et al., 1997) a pokud je spolu s Arg95Trp
a Leul24Val alteracemi vnesena do c-Src, dojde k narGistu jeho katalytické aktivity
(Miyazaki et al., 1999). Zavedeni vSech téchto 4 mutaci (Arg95Trp, Thr96lle, Asp117Asn,
Leul24Val) do konstitutivné aktivniho Src527F, jez mé& misto Tyr527 nefosforylovatelny
fenylalanin, zplsobi 2,5n4sobny narlst jeho aktivity. Disociace C-koncového segmentu
z SH2 domény tudiz nevede ke zruSeni vSech intramolekuldrnich inhibi¢nich interakci a pIné
aktivité Src. Toho je docileno az dodate¢né, ptreruSenim kontaktl zprostitedkovanych SH3
doménou (Brabek et al., 2002).

Kromé klasické rentgenové krystalografie byl ke stanoveni struktury aktivniho Src
pouzit rovnéz nizkouhlovy rozptyl rentgenového zéareni (SAXS). SAXS umoziuje meéfit

testované molekuly pfimo v roztoku a obejit tak obtize spojené s krystalizaci, nicméné
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s daleko niz§im rozliSenim nez krystalograficka analyza. Studie vyuzivajici nizkothlovy
rozptyl (Bernado et al., 2008) dokumentovala, zZe nativni c-Src je v roztoku zastoupen témer
vyhradné¢ v jednou majoritni konformaci, jez odpovidd struktufe inaktivniho Sre.
Konstitutivné aktivni Src527F se vyskytuje minimalné ve dvou konformacnich stavech. 85
% molekul zaujimé kompaktni formu nerozliSitelnou od inaktivniho Src, kde v§ak nemiize
dochazet k vazbé SH2 domény na C-terminalni segment. Lze usuzovat, Ze se jedna o
mezistupeit mezi aktivni a inaktivni formou, ktery v zavislosti na regulacnich signalech
muze piejit do jednoho ¢i druhého stavu. Zbytek populace tvoii minimaln¢ jedna rozvolnéna
konformace, jez majoritné vykazuje tvar podobny struktute nefosforylovaného aktivniho Src
(Cowan-Jacob et al., 2005).

Pokud by tedy platil model vicestupiiové aktivace Src, tak by rtzné aktivacni ¢i
inaktivacni stimuly zprostiedkované riznymi drahami a efektorovymi proteiny mohly vést
k nékolika odlisnym aktivnim konformaci Src liSicimi se dostupnosti SH3 a SH2 domény.
Rozdilné interakéni schopnosti kindzy pak mohou vyustit v asociaci s jinymi vazebnymi
partnery, zménénou lokalizaci a moznost fosforylovat jiné spektrum substratti. Mze to byt
mechanismus, jak v zavislosti na pocate¢nim podnétu vést signdl rozdilnymi drdhami ¢i

s odlisnou kinetikou.

2.1.2.4.  Vliv SH4 a unikatni domény na regulaci Src
Mechanismus regulace Src byl z velké ¢asti objasniovan na zaklad¢ krystalografickych

studii, jeZ nezahrnovaly SH4 a unikatni doménu (UD). Ukazuje se, ze tato strukturné vnitiné
neuspoiadand oblast na N-konci Src funguje jako vyznamny signalizacni uzel kontrolovany
fadou faktord, ktery je schopen ovliviiovat aktivitu i lokalizaci kindzy.

Src je na Gplném N-konci opatfen myristylovou kotvou, kterd je nezbytné pro jeho
lokalizaci do cytoplasmatické membrany (Cross et al., 1984; Kamps et al., 1985). Energie
vloZeni této jedné mastné kyseliny do lipidové vrstvy vS8ak neni dostate¢né pro membranoveé
ukotveni celého proteinu (Buser et al., 1994; Peitzsch and McLaughlin, 1993). Jako
vyznamné se ukazaly byt elektrostatické interakce lipiddi s bazickymi aminokyselinami SH4
domény (Buser et al., 1994). Pozdé&ji byla v rdmci unikatni domény objevena castecné
strukturovana oblast ULBR (Unique Lipid Binding Region) zahrnujici aminokyseliny 51,
53,55, 60— 67 (¢islovano dle lidského c-Src), jeZ je schopna interagovat s acidickymi lipidy.
DalSim identifikovanym regionem asociujicim s membranou jsou RT a nSrc smycky SH3
domény (Pérez et al., 2009, 2013). NMR studie ukazaly, ze SH3 doména vytvaii strukturni
podporu vnitiné neuspoiadanym N-koncovym oblastem kindzy. Kromé asociace s lipidy
nSrc smycka vaze SH4 doménu a RT smycka ULBR oblast unikdtni domény. K témto
interakcim dochazi na opacné stran¢ SH3 domény nez se nachazi ligand-vazebné rozhrani.
Vazba ligandu SH3 doménou a ji indukované strukturni zmény jsou schopny propagace skrz
celou SH3 doménu a zptlisobi disociaci RT smycky od membrany a zruSeni interakce

s ULBR. Dojde k oddéleni kindzy od membréany, coz by mohlo mit za nasledek pfistup
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k odlisnym interakénim partneriim a substratim (Maffei et al., 2015; Pérez et al., 2013). SH3
doména tak funguje jako strukturné-signalizacni uzel, ktery komunikuje konformacni
zmény, jez se udaly ve strukturované ¢asti Src, s vnitiné neuspotadanou oblasti a naopak.

Na N-koncové nestrukturované Casti Src se nachazi fada fosforylacnich mist, které
ovlivituji vazbu této oblasti k membrané. Zaporny naboj fosfatové skupiny ziejmée
interferuje s elektrostatickymi interakcemi mezi bazickymi aminokyselinami a acidickymi
lipidy, ¢imz snizuje schopnost Src interagovat s membranou (Pérez et al., 2013). Fosforylace
Ser17 kinazou PKA ru$i asociaci SH4 domény s membranou (Pérez et al., 2013),
pravdépodobné zptlisobuje translokaci Src z plasmatické membrany do cytosolu a inhibuje
bunécny rust (Obara et al., 2004; Walker et al., 1993). Naopak fosforylace Thr34 a Ser72
kindzou Cdk5 inhibuje interakci ULBR s membranou (Pérez et al., 2013). V mitoze jsou
Thr34 a Ser72 fosforylovany Cdk1, coz vede k aktivaci Src (Shenoy et al., 1992; Stover et
al., 1994). Ser72 muze byt rovnéz fosforylovan CdkS5. Takto oznafeny Src je ubiquitinovan
a sméfovan k proteasomalni degradaci (Pan et al., 2011). Fosforylace Ser51 (Cislovéani dle
lidského Src) kindazou Chkl rovnéz aktivuje Src. Béhem cytokineze takto aktivovany Src
indukuje polymeraci aktinu na bazi chromatinovych mustkd, stabilizuje je a zabranuje tak
poskozeni chromatinu béhem déleni bun¢k (Dandoulaki et al., 2018).

Nestrukturovand N-koncova ¢ast Src je rovnéZz zodpoveédna za dimerizaci Src molekul.
Me¢teni vazby myristoylovaného konstruktu SH4-UD-SH3 na imobilizované liposomy
pomoci povrchové plasmonové rezonance naznacilo, ze Src je schopen dimerizovat pies
SH4 doménu (Le Roux et al., 2016). Neddvnd studie ukazala, ze dimerizace Src je
zprostiedkovana spiSe vazbou myristoylovaného N-konce do hydrofobni kapsy ve struktuie
C-laloku kinazové domény. Dimerizace vyzaduje fosforylovany Tyr416 a nasledné
zpusobuje narust fosforylace tohoto tyrosinu i substratii kinazy Src. Zaroven dokumentovali,
ze delece nestrukturované oblasti Src inhibuje katalytickou aktivitu Src (Spassov et al.,
2018).

2.2. Tyrosin 90 a regulace vazebnych vlastnosti SH3 domény

SH3 doména je tvofena hydrofobnim jadrem, které sestava z 5 B-tetézcti slozenych do
dvou vici sobé kolmych antiparalelnich B-listi. Vazebné misto je hydrofobni relativné
plocha oblast na jinak globularni struktufe. Je tvofeno 3 vazebnymi kapsami, jez jsou
formovany mnoZstvim konzervovanych aminokyselin nélezicich povétSinou do RT nebo
nSrc smycky. Strukturni a mutacni analyzy ukdzaly, ze u kinazy Src jsou to pfedevsSim
Tyr90, Asn135, Tyr136 prvni vazebné kapsy, Tyr92, Trp118, Pro133 druhé vazebné kapsy
a Asp99, Tyr131 specifitni kapsy (Erpel et al., 1995; Xu et al., 1997; Yu et al., 1992) (Obr.
5).
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Obr. 5: Struktura SH3 domény vazajici CD linker. Zndazornéné aminokyseliny jsou vyznamné pro interakci
s ligandy. Barvy prvkit SH3 domény: C, H, N, O; CD linker — zelenda (PDB 2SRC (Xu et al., 1997)). Prevzato
a upraveno z (Gerndtova, 2008).

Ligandy SH3 domény nesou konsenzus sekvenci PxxP. Zaujimaji konformaci
levotocivého polyprolinového helixu typu I, coz je izka struktura s tfemi aminokyselinami
na otacku. Pfi¢ny prifez ma tudiz pfiblizn¢ tvar trojuhelniku, jehoz zdkladna asociuje
s povrchem SH3 domény. Pokud se jedna o optimalni ligand, jsou ob& vazebné kapsy
obsazeny dipeptidem ¢P, kde ¢ je hydrofobni aminokyselinovy zbytek. Do specifitni kapsy
se obvykle vaze bazickd aminokyselina, kterd se vyskytuje na jednom ¢i druhém okraji
oPx@P sekvence a urcuje tak orientaci peptidu vzhledem k SH3 doméné (Kay et al., 2000;
Mayer, 2001).

Ackoli je tyrosinovd fosforylace chapana predev§im jako mechanismus
zprostifedkovavajici protein-proteinové interakce mezi motivy nesoucimi tyrosin a SH2 nebo
PTB doménami, ukazuje se, Ze muze byt rovnéZz vyznamnym regulaénim prvkem
modulujicim vazebné vlastnosti SH3 domén. Fosforylované tyrosinové zbytky byly
detekovany v SH3 doménéch desitek rliznych proteinti. Analyza jejich sekvenci odhalila, Ze
vétsina fosfotyrosinll se nachazi na pozicich 7 a 66, jez v pfipadé kuteciho Src odpovidaji
Tyr90 a Tyrl31 (Tatarova et al., 2012). Oba identifikované tyrosiny jsou strukturnimi
komponentami prvni respektive tieti hydrofobni kapsy vazebného povrchu (Erpel et al.,
1995) a tudizZ se velkou mérou podileji na interakci s ligandem.

Porovnani sekvenci sousedicich s fosforylovanymi tyrosiny ukéazalo vyraznou
konzervovanost aminokyselin pfilehlych Tyr90. Na pozici -2 vzhledem k Tyr90 se obvykle
vyskytuje alanin néasledovany leucinem, dale aspartat na pozici +1 a pozice +2 je vétSinou
obsazena aminokyselinou s benzenovym jadrem. Motiv ALYD(Y/F) RT smyc¢ky je tudiz
nejvice preferovand sekvence ve strukture SH3 domény, kterd podléhd tyrosinové
fosforylaci. Jedna se o pomérné konzervovany motiv, jelikoz byl nalezen u 12 — 15 % SH3

domén lidskych proteint. Na zéklad€ predikénich programt 1ze usuzovat, Ze Tyr90 (Tyr7)
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ALYS(Y/F) motivu je pravdépodobné fosforylovan kindzami rodiny Src, ptipadné kinazami
FAK, Abl, Btk nebo PDGFR (Tatarova et al., 2012).

Jedna z prvnich praci dokumentujici fosforylaci SH3 domény Src studovala mitogenni
signalizaci zprostfedkovanou stimulaci PDGF receptoru. Src se vaze na aktivovany PDGFR
pomoci SH2 domény. Aktivace PDGFR vedla k fosforylaci Tyr136 SH3 domény Src, coz
je konzervovany aminokyselinovy zbytek specifitni kapsy vazebného povrchu. Fosforylace
Tyr136 neméla vliv na PDGFR mediovanou aktivaci Src, ale snizovala schopnost SH3

domény asociovat s peptidovymi ligandy (Broome and Hunter, 1997).

Pilotni prace ukazujici regulacni vliv fosforylace Tyr7 na vazebné vlastnosti SH3
domény byla publikovana o kinaze Btk, ktera nalezi do rodiny nereceptorovych
proteintyrosin kinaz Tec. Jeji struktura je tvofena katalytickou, SH3 a SH2 doménou. Na N-
konci navic nese PH doménu a prolin-bohaté sekvence. V maturovanych B lymfocytech se
podili na ptenosu signalu z BCR (receptor B bunék). Stimulace BCR aktivuje kindzy rodiny
Src, jez nasledné fosforyluji Btk na Tyr551 katalytické domény, coz vede k ptechodu kindzy
do aktivniho stavu (Rawlings et al., 1996; de Weers et al., 1994). Na vazebném povrchu SH3
domény Btk dochazi k autofosforylaci Tyr223 (odpovida Tyr90 kuteciho Src). Mutace
tohoto tyrosinu za nefosforylovatelny fenylalanin u konstitutivné aktivni Btk zvysuje jeji
transformacni potencial. Nedochézi vSak k zadnému vyraznému nartstu kindzové aktivity,
Ize tudiz soudit, ze fosforyla¢ni status Tyr223 ovliviiuje afinitu SH3 domény k interakénim
partnerum (Park et al., 1996).

Vazebné studie s GST-faznimi SH3 doménami kindzy Btk potvrdily, Ze fosfotyrosin
na pozici 223 ma odlisny vliv na asociaci s riznymi ligandy. Fosforylace Tyr223 SH3
domény Btk nema efekt na vazbu c-Cbl, ale inhibuje jeji interakci s proteinem WASP a

naopak zvySuje afinitu pro kindzu Syk (Morrogh et al., 1999).

Obdobny mechanismus se uplatiiuje i v regulaci interakce PSTPIP s WASP, coZ jsou
proteiny Ucastnici se fizeni dynamiky aktinového cytoskeletu. Jsou nezbytné pro modulaci
kortikédlniho aktinu nebo cytokinezi (Li, 1997). Kindzy rodiny Src fosforyluji PSTPIP na
Tyr367 SH3 domény (odpovida Tyr90), jehoz zdména za fosfomimikujici glutamat inhibuje
vazbu WASP a ma za nasledek naruSeni jejich kolokalizace uvniti bunék. SH3 doména
PSTPIP, kde Tyr367 neni fosforylovin nebo je nahrazen nefosforylovatelnym
fenylalaninem, s proteinem WASP asociuje. Fosforylace Tyr367 SH3 domény PSTPIP je
proto mechanismem, ktery umoznuje kontrolovat lokalizaci obou proteinil v ramci bunky a
pravdépodobné tak ovliviiovat i formovani a prestavby aktinového cytoskeletu (Wu et al.,
1998).
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Fosforylace SH3 domény se rovnéz uplatiuje v regulaci katalytické aktivity a
vazebnych schopnosti kinazy Abl a jejiho fuzniho proteinu Ber-Abl. Abl je nereceptorova
proteintyrosinkinaza, jejiz strukturu tvoii N-koncova myristoylova kotva, SH3, SH2,
katalytickd doména a pro Abl specifickd C-terminalni doména. Abl je v inaktivnim stavu
udrzovana vazbou SH3 domény na linker spojujici SH2 a kindzovou doménu a asociaci
myristoylovaného N-konce s C-terminalnim lalokem. Tyto intramolekularni inhibi¢ni
interakce umoziuji, podobné jako u kinaz Src ¢i Hek, navazani regula¢nich domén na laloky
kindzové domény, ¢imz ji udrzuji v katalyticky nepermisivnim stavu (Hantschel and Superti-
Furga, 2004; Nagar et al., 2003, 2006).

Reciprokou translokaci mezi c-abl protoonkogenem mapovanym na chromosom 9 a
bcr lokusem na chromosomu 22 vznikne vyjma pozménéného chromosomu 9 rovnéz tzv.
Filadelfsky chromosom, coz je cytogeneticky ukazatel chronické myeloidni leukemie.
V disledku této prestavby dochazi k expresi fizniho onkogenniho proteinu Bcer-Abl, jez
disponuje konstitutivni kindzovou aktivitou a zpuisobuje transformaci hematopoetickych
bun¢k a bunék kostni dfen¢. Ber-Abl neni na rozdil od Abl regulovan skrze vazbu myristatu
N-termindlniho segmentu do C-laloku, ale zlstava u néj ¢astecné zachovana inhibi¢ni
interakce mezi SH3 doménou a SH2-KD linkerem (Hantschel and Superti-Furga, 2004;
Wong and Witte, 2004).

Ber-Abl je fosforylovana kindzami Hck, Lyn a Fyn Src rodiny na 7 tyrosinech
lokalizovanych v oblasti regula¢nich domén, z nichz 2 se nachazi v SH3 doméné¢, 4 v SH2
doméné a jeden v linkeru mezi nimi. NejvyznamnéjSim se ukazuje byt Tyr89 SH3 domény
(homolog Tyr90), jehoz vyrazné zvysSena fosforylace byla detekovana v leukemickych
bunéénych liniich K-562 a Meg-01. Zaména Tyr89 za nefosforylovatelny fenylalanin
snizovala schopnost Bcr-Abl transformovat buiiky. Nejvyssi transformacni potencial vSak
vykazoval Ber-Abl protein, ktery mél vSech 7 tyrosinli fosforylovanych. Majorita téchto
aminokyselinovych zbytki se vyskytuje na interakénim rozhrani SH3-SH2 tandemu
s kinazovou doménou. Negativni naboj fosfotyrosinli destabilizuje inhibi¢ni sptazeni
regulac¢nich domén a katalytické domény, ¢imZ dojde k aktivaci kindzy (Meyn et al., 2006).

Fosforylace Tyr89 kinazy Abl rusi asociaci SH3 domény jak s proteinem Abi-1, tak
s SH2-KD linkerem (Chen et al., 2008). Bylo zjiSténo, Ze jeden z diivodi, pro¢ u pacientl
s chronickou myeloidni leukemii vzniké rezistence vici inhibitoru Ber-Abl imatinibu, je
mutace Tyr89. Imatinib se preferencné vaze do katalytického mista kinazové domény Abl
zaujimajici inaktivni konformaci. Mutace Tyr89 ma za nasledek rozruseni inhibi¢ni vazby
mezi SH3 doménou a linkerem, kterd zlistdva do urCité miry zachovana 1 u Ber-Abl, coz
vede k ptechodu do pIn¢ aktivniho stavu a znemoznéni vazby inhibitoru (Azam et al., 2003;
Chen et al., 2008).

Fosforylace vazebného povrchu SH3 domény byla dokumentovana i u adaptorového

proteinu p130Cas, coz je jeden ze stézejnich substratii kindzy Src podilejici se na integrinoveé
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signalizaci. p130Cas je tvofen N-koncovou SH3 doménou, C-koncovou CCH doménou,
mezi kterymi se nachazi serin-bohatd doména, Src-vazebna doména a substratova doména
obsahujici 15 motivh YXXP. V bunéénych adhezich jsou tyto tyrosiny fosforylovany
kindzami rodiny Src v odpovéd’ na mechanické stimuly, coz vede k aktivaci signalnich drah
regulujicich motilitu a viabilitu bunék (Defilippi et al., 2006; Janostiak et al., 2014).

SH3 doména p130Cas mtze byt fosforylovana na Tyrl12 (homolog Tyr90 kufeciho
Src) (Luo et al., 2008). Zaména Tyr12 za kyselinu glutamovou mimikujici fosforylovany
tyrosin vede k vyraznému snizeni nebo ztraté schopnosti SH3 domény vazat své proteinoveé
ligandy (Gemperle et al., 2017; Janostiak et al., 2011). Zptisobuje rovnéz uvolnéni p130Cas
z jeho pavodni lokalizace ve fokalnich adhezich, coz ma za nasledek jejich zvySenou
dynamiku a tim i vy$$i motilitu bun€k. Buniky exprimujici p130Cas s mutovanym Tyr12 za
nefosforylovatelny fenylalanin vykazuji defekty v migraci zpisobené pravdépodobné
abnormalné zvétSenymi a stabilnimi fokalnimi adhezemi. Fosforylace Tyr12 v SH3 doméné
p130Cas tudiz ovliviiuje nejen jeho schopnost interagovat s vazebnymi partnery a tim 1
lokalizaci, ale skrze tyto fenomény se podili na regulaci dynamiky adheznich struktur,

migraci a invazivité (Janostiak et al., 2011).

Prvni diikaz o signifikanci tyrosinu 90 (a pfilehlych aminokyselin) SH3 domény
kindzy Src pfinesla prace testujici transformacni potencial mutantnich variant c-Src. Expresi
kinazy s deleci aminokyselinové sekvence mezi zbytky 90 — 95 (vcetné) doslo ke zméné
bunééné morfologie, nartstu fosforylace proteinovych substrati a indukci neadhezivniho
rustu bunck (Potts et al., 1988). Vyznam Tyr90 coby jednoho z dilezitych zbytkil
podilejicich se na vazbé ligandu ukdzala studie mapujici konzervované hydrofobni
aminokyseliny na vazebném povrchu SH3 domény. Mutace Tyr90 za alanin vedla k ¢aste¢né
deregulaci Src a v kontextu samotné SH3 domény ke ztraté jeji schopnosti vazat protein
Sam68 a regulaéni podjednotku kindzy PI3K (p85a) (Erpel et al., 1995).

2.3. Senzory aktivity a konformace kinaz rodiny Src

Abychom byli schopni zkoumat procesy regulované kindzou Src a pochopit jejich roli
v bunécné fyziologii, je potifeba nejen znat celkovou miru aktivace Src, ale zeyména umét
stanovit kde v bunice dochazi k jeho aktivaci, kdy, za jakych podminek a s jakou dynamikou
se tato aktivace méni v Case a prostoru. Za timto Ucelem byly rliznymi vyzkumnymi
skupinami sestrojeny bunécéné senzory detekujicich aktivitu nebo konformaci Src. Jsou
zaloZzeny na meéfeni fluorescence a Forsterova rezonanéniho pfenosu energie mezi
fluorofory. Ptehled publikovanych senzori kindz rodiny Src ptedkladaji nasledujici

podkapitoly.

26



2.3.1. Forsteriv rezonancni pirenos energie (FRET)

FRET je kvantové-mechanicky jev, pti kterém dochazi k pfenosu energie mezi dvéma
fluorofory, kdy excita¢ni spektrum jednoho (donor) se piekryvd s emisnim spektrem
druhého (akceptor). Pienos energie je neradiacni (dipdlové sptazeni) a dochdzi k nému,

pokud jsou fluorofory v tésné blizkosti (1 — 10 nm) a ve vhodné orientaci. U¢innost FRET
6
E lze vyjadrit jako: E = % , kde r je vzdalenost mezi fluorofory a Ry je Forsterav
0

polomér. Ry je vzdalenost, pii které je i€innost FRET mezi danym parem fluoroforti 50%.
Hodnota Ry je zavisla na spektralnim ptrekryvu pouzité dvojice fluorofort, jejich vzajemné
orientaci (tj. orientaci jejich dipélovych momentti) a kvantovém vytézku donoru (Zadran et
al., 2012) (Obr. 6).

Vlozime-li FRET par fluoroford do jedné molekuly ¢i kazdy fluorofor zvlast’ na dva
spolu interagujici proteiny, je méfeni u€innosti FRET unikatnim néstrojem pro stanovovani
intra a intermolekularnich vzdélenosti. K FRET dochdzi v intervalu 1 — 10 nm, coz je rozsah
délek ptesné odpovidajici vzdalenostem v ramci biomolekul, jejich konformaénim zméndm
nebo intermolekularnim interakcim. Vzhledem k tomu, ze u¢innost FRET klesa s Sestou
mocninou vzdalenosti fluoroford (Edelhoch et al., 1967), je tato metoda rovnéz vysoce
citlivd, s prostorovym rozliSenim daleko ptfesahujicim difrakéni limit konvenéni optické
mikroskopie.

Existuje mnoho zptisobti jak méfit FRET a pocitat jeho ti¢innost. Nejb&éznéjsi postupy
jsou zalozeny na detekci intenzity fluorescence donoru a akceptoru pii excitaci donoru, kdy
ucinnost FRET je timérna poméru téchto dvou hodnot (metoda sensitized emission). Dalsi
moznosti mize byt méfeni intenzity fluorescence donoru pied a po vysviceni akceptorové
molekuly. Komplexnégjsi postupy spocivaji ve stanovovani kinetiky dohasinani fluorescence
donoru, jeZ je riznad v zavislosti na pfitomnosti akceptoru (fluorescence lifetime imaging
(FLIM)). Lze méfit miru vysveéceni donoru, zménu doby dohasinani jeho fluorescence ¢i
analyzovat jednotlivé komponenty kiivky dohasinani fluorescence donoru 1 akceptoru, coz
muze reflektovat populace molekul lisici se rtiznou Gc¢innosti FRET (Broussard et al., 2013;

Jares-Erijman and Jovin, 2003).
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Obr. 6: Schématicke diagramy 3 podminek FRET: A) Emisni spektrum donoru se musi prekryvat s excitacnim
spektrem akceptoru. B) Aby mohlo dochazet k pienosu energie z donoru na akceptor, musi byt fluorofory
v dostatecné blizkosti. C) Fluorofory musi byt vhodné orientovany. Jsou-li jejich dipolové momenty vzdajemné
rovnobézné, dosahuje FRET nejvyssi ucinnosti. Pokud dipolové momenty fluoroforii sviraji pravy uhel, FRET
nenastava. Prevzato a upraveno z (Broussard et al., 2013).

2.3.2. Substratové senzory aktivity kinazy Src

Substratové senzory kinazové aktivity, jeZ jsou zaloZeny na principu FRET, jsou
obvykle tvofeny parem fluorofori mezi nimiz se nachézi fosfo-vazebna doména spojena
kratkym linkerem se specifickym substratem pro sledovanou kinazu. Po fosforylaci kindzou
zacne substrat interagovat s fosfo-vazebnou doménou, pficemZz se tato konformacni

pfestavba projevi jako zména v detekované ucinnosti FRET.

2.3.2.1. Ting et al., 2001
Prvni senzor kindzové aktivity Src byl vyvinut v laboratofi Rogera Tsiena (Ting et al.,

2001). Je tvoten, smérem od N-konce, C-terminalné zkrdcenym modrym fluorescencnim
proteinem tECFP (Miyawaki et al., 1997), SH2 doménou odvozenou od Src, flexibilnim
linkerem (GSTSGSGKPGSGEGS), substratovou sekvenci (EI'Y GEF), ktera byla vybrana na
zakladé screeningu peptidové knihovny na optimalni sekvenci specificky fosforylovatelnou
Src (Songyang et al., 1995) a C-koncovym Zlutym fluorescencnim proteinem (citrin, EYFP).
V klidovém stavu bez pfitomnosti aktivniho Src jsou oba fluorofory senzoru v tésné
blizkosti, disledkem ¢ehoz lze méfit vysoké hodnoty FRET. Po aktivaci Src a fosforylaci
substratu dojde k jeho navazani na SH2 doménu, coz zptsobi oddéleni fluorofort od sebe a
pokles FRET (Obr. 7).
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Obr. 7: Model substratového senzoru (Ting et al., 2001). A) Schematické zndazornéni doménové struktury a B)
aktivacniho mechanismu reporteru. V nepritomnosti Src neni SH2 doména schopna vazat substratovy peptid
a oba fluorofory jsou blizko u sebe a dochazi mezi nimi k FRET s vysokou ucinnosti. Po fosforylaci substratu
kinazou dojde k jeho asociaci s SH2 doménou. Tato konformacni prestavba zpiisobi oddaleni fluoroforii a
pokles mereného FRET. Prevzato a upraveno z (Wang and Chien, 2007).

Testovani senzoru in vitro ptidanim Src kindzy ¢i v buiikach stimulaci epidermalni
rustovym faktorem (EGF) aktivujicim Src ukézalo pokles FRET. Pouziti Src inhibitoru PP1
nebo zaména substratového tyrosinu za nefosforylovatelny fenylalanin nebyla schopna
blokovat pokles FRET indukovany stimulaci EGF, coz ukézalo, Zze méfené zmény
v ucinnosti FRET nereflektuji aktivitu Src a jsou do zna¢ni miry zplsobeny nespecifickou
fosforylaci jinymi kinazami (EGFR, Abl, Lck) 1 nejasnym mechanismem fungovani senzoru.
(Ting et al., 2001).

Nasledna optimalizace ptivodniho biosenzoru spocivala v mutovani 4 tyrosini SH2
domény (Y149, Y184, Y202, Y229) nachézejici se v blizkosti substratového peptidu, jez
jsou piistupné fosforylaci a mohly tak byt zdrojem falesné pozitivniho signalu. Nové
pfipraveny senzor nesouci mutaci Y202F vykazoval méfitelnou responzivitu vici Src
aktivité, vCetné¢ nulové zmény v pfitomnosti PP1 inhibitoru ¢i nefosforylovatelného
substratu. Pokles FRET v odpovéd’ na aktivaci Src v8ak byl pouhych 10 % oproti piivodnim
20 % (Wang and Chien, 2007).

Dalsi série modifikaci kladouci si za cil zlepsit sensitivitu Y202F senzoru zahrnovala
nové mutace v SH2 doméné, testovani riznych délek linkeru nebo zdménu alaninu 206 za
lysin v ECFP a EYFP eliminujici slabou tendenci fluoroforii dimerizovat (Zacharias et al.,
2002). Zadna z nich nicméné neméla zasadni vliv na citlivost reporteru (Wang and Chien,
2007).

Novym pfistupem bylo poté vytvofit senzor pozmeénéné konstrukce, ktery byl na N-
konci tvofen SH2 doménou nasledovanou tECFP, linkerem, EYFP a substratovym peptidem

na Uplném C-konci. Ideou bylo, Ze v nefosforylovaném stavu bude urovenn FRET nizka,
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jelikoz fluorofory budou od sebe oddéleny nestrukturovanym linkerem. Po fosforylaci se
substrat navaze na SH2 doménu, ¢imz dojde k ptiblizeni N- a C-konce reporteru a tim padem
i obou fluorofort, coz bude mit za néasledek nariist FRET (Obr. 8). Pfestoze v in vitro
podminkach dochazelo po ptidani Src ke zvySeni FRET, stimulace bunék EGF nevyvolala
zadnou odezvu senzoru (Wang and Chien, 2007).

A linker substrat
i
SH2 (ECFP V eyrr ANNAN

433 nm 433 nm
Nl
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Obr. 8: Model substratového senzoru (Ting et al., 2001) s alternativnim usporadanim domén. A) Schematické
zndzornéni doménové struktury a B) aktivacniho mechanismu. Novd variant Src reporteru méla prohozenou
pozici substratovéeho peptidu a EYFP fluoroforu. Substrat byl lokalizovan na uplném C-konci v poloze co
nejdale od SH2 domény. Ideou bylo, aby fosforylace senzoru vedla k nariistu FRET. Prevzato a upraveno z
(Wang and Chien, 2007).

2.3.2.2. Wang et al., 2005
Wang a kolektiv se vratili k ptivodnimu Src senzoru (Ting et al., 2001). Zachovali

originalni design, ktery byl schopen detekovat Siroky dynamicky rozsah zmén FRET, ale
pouzili nedimerizujici verze fluoroforii s muaci A206K a predev§im nahradili stavajici
substratovy peptid vzeSly ze screenu peptidové knihovny. Testovali sérii peptidl
pochézejicich ze znamych fosforylacnich cili Src (p130Cas, paxillin, Sin). Senzor nesouci
substrat derivovany z p130Cas (WMEDYDYVHLQG) vykazoval vice jak 30% — 40%
zménu FRET a byl schopen vizualizovat vinu aktivace Src po stimulaci HeLa bun¢k EGF
propagujici se od okraje bun¢k smérem k jadru. Indukovana odpovéd’ byla ve vysoké mife
specificka vici Src, jelikoz jiné kindzy (FAK, Yes, Fyn, EGFP, ERK, Abl, Jak2) vyvolavaly
jen maly pokles FRET (<2 %, u kinazy Fyn 10 %) (Wang et al., 2005).

Aby zvysili koncentraci senzoru v oblasti cytoplazmatické membrany, tedy tam, kde
dochazi k aktivaci Src (Thomas and Brugge, 1997), pfipojili k reporteru 16 aminokyselin
dlouhy N-koncovy peptid kindzy Lyn obsahujici myristoylacni a palmitoylacni misto.
Membranové kotveny senzor jim umoznil sledovat chovani Src pii mechanické tenzi.
Endotelialni buniky inkubovali s kulickami pokrytymi fibronektinem, na které pak aplikovali
trakéni silu pomoci laser tweezers. Pozorovali okamzité zvyseni aktivity Src v misté pod
tenzi a naslednou pomalou vInu Src aktivace propagovanou do vzdalenéjsich oblasti buiiky
v opaném smeéru nez pusobici sila (Wang et al., 2005).
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Pfipojeni riznych typi kotev umoznilo cilit Src senzor do specifickych oblasti
cytoplasmatické membrany. Peptid derivovany od kindzy Lyn lokalizuje senzor do
membranovych raftd, kde po stimulaci HeLa bunék EGF detekovali spiSe slaby a pomaly
narust Src aktivity, jez byl zavisly na integrité aktinového cytoskeletu. Senzor kotveny do
membrany peptidem odvozenym od KRas lokalizoval mimo membréanové rafty a v odpovéd
na EGF vykazoval vétsi a rychlejsi zménu FRET dokumentujici vyrazny a rychly narist Src
aktivity, ke kterému dochazelo pouze v ptipad¢ intaktniho mikrotubularniho cytoskeletu (Lu
et al., 2008; Seong et al., 2009).

2.3.2.3. Ouyang et al., 2008
Upgrade senzoru publikovaném v roce 2005 (Wang et al., 2005) (verze bez A206K

mutace fluorofori a Lyn-derivovaného peptidu pro kotveni do membrany) spocival ve
vyméné zlutého fluoroforu EYFP za YPet, ktery byl vyvinut coby optimalni akceptor pro
FRET méfeni (Nguyen and Daugherty, 2005). V in vitro kindzové eseji vykazoval novy
reporter Skrat vétsi zménu FRET nez ptivodni verze (Ouyang et al., 2008). Vysoka ucinnost
FRET ECFP-YPet fluorescencniho paru je dana jejich vzajemnou schopnosti dimerizovat
(Ohashi et al., 2007). Pokud je tato dimeriza¢ni tendence slaba a nebrani konformacni zméné
spojené s vazbou SH2 domény na fosforylovany substrat, miize zvySovat sensitivitu
reporteru.

Cileni nového ECFP-YPet Src senzoru do cytoplasmatické membrany pomoci
prenylacni sekvence odvozené od KRas umoznilo vizualizovat aktivaci Src v endotelidlnich
bunkach stimulovanych vaskuldrnim endotelidlnim rastovym faktorem (VEGF), coz
s pivodnim ECFP-EYFP reportérem nebylo mozné (Ouyang et al., 2008).

Cytosolicky ECFP-YPet Src senzor byl pouZit ke sledovani velmi rychlych zmén Src
aktivity bchem mechanického stresu. Buiky hladké svaloviny byly inkubovany
s magneticky kulickami pokrytymi RGD peptidem (arginin-glycin-aspartat), substratem
integrinovych receptord. Sila vyvoland magnetickym polem puisobicim na kulicky vedla
k aktivaci Src detekované za méné€ neZ 0,3 s po stimulu. Na rozdil od EGF-indukované
aktivace Src, ktera je zaznamenatelnd piiblizné 12 s po pfidani ristového faktoru a ma
zhruba uniformni distribuci v rdmci bunky, je Src aktivovany mechanickym stimulem
lokalizovan do konkrétnich oblasti, které koreluji s misty s vyrazné¢ deformovanym
mikrotubularnim cytoskeletem (Na et al., 2008).

Src senzor spolu s analogicky konstruovanym reporterem aktivity kindzy FAK (Seong
et al., 2011a) byl transfekovan do lidskych mesenchymalnich kmenovych bunék s cilem
sledovat aktivitu obou kindz v procesu diferenciace téchto bun¢k do osteoblastli. Méteni
v péti ¢asovych intervalech po dobu 27 dni ukazala soustavny pokles Src aktivity béhem
diferenciacniho procesu a naopak nartst FAK aktivace dosahujici plato mezi 20. —27. dnem
(Liao et al., 2012).
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Ptipojenim FAT domény kindzy FAK na C-konec ECFP-YPet senzorti Src a FAK
aktivity vznikly konstrukty lokalizujici do fokalnich adhezi (Wu et al., 2016), které byly
pouzity ke studiu jejich dynamiky. Src a FAK jsou zasadni proteiny fokalnich adhezi (Mitra
et al., 2005; Playford and Schaller, 2004). Jsou zde aktivovany (Lietha et al., 2007),
fosforyluji tu mnozstvi substratovych proteinli, ¢imz vytvaii vazebna mista pro dalsi
komponenty fokalnich adhezi a ovliviiuji tak jejich stabilitu (Webb et al., 2004). Wu a
kolektiv ukazali, ze aktivace Src a FAK siln€ koreluje se vznikem adheze. K naristu FAK
aktivity dochdzelo s mirnym zpozdénim (v priméru 40 s) oproti aktivaci Src a vzniku
adheze, jez probihaly témét souCasné. Tato prodleva rovnéz piedurcovala nasledny osud
adheze. Cim pozdgji zadala aktivace FAK, tim pravdépodobngji nedochéazelo k riistu a
maturaci adheze, ale naopak k jejimu zaniku. Rozpadu maturovanych adhezi rovnéz
predchézela aktivace obou kindz, kdy v tomto ptipad¢ aktivace FAK nastavala zhruba o 2

min diive nez aktivace Src ndsledovana zanikem adheze za dalSich 2,5 min (Wu et al., 2016).

2.3.24. SCAGE senzor
Nejnovéjsi substratovy senzor vychazi z pfedeslého ECFP-YPet reporteru (Ouyang et

al., 2008). Wang a kolektiv zachovali oba fluorofory a pomoci kvasinkového screenovaciho
systému (Cherf and Cochran, 2015) se snazili najit lepsi substratovou sekvenci a jemu
odpovidajici vysoce afinni SH2 doménu. Knihovnu mutovanych SH2 domén v cysteinu na
pozici 185, jenz je esencialni pro vazbu fosforylovaného peptidu (Bradshaw et al., 1999),
fazovali s proteinem kvasinkové bunécéné stény a-aglutininem, coz umoznilo vystaveni
testovanych domén na povrchu kvasinky a screenovani vici sérii fosfopeptidi. Nejlépe
fungujici se ukazala byt kombinace C185A mutované SH2 domény a EIYEEF peptidu coby
substratu, kterd vykazovala dvojndsobné vétsi zménu FRET v porovnani s pivodnim
senzorem (Wang et al., 2018).

Novy senzor vyuZili ke sledovani dynamiky Src aktivace v jednovrstevném epitelu.
V buiikach sousedicich se sledovanou buinikou byla pomoci laserové ablace odstranéna
aktinova stresova vldkna napojena na mezibunécné spoje. V dusledku toho doslo ke ztraté
mezibunéénych kontakt a retrakci sledované bunky doprovazené nartistem Src aktivity
s maximem do 5 minut a naslednym pozvolnym poklesem aktivace kindzy. Pozorovana
pfechodna aktivace Src nebyla zavisla na aktomyosinové kontraktilité, ale spiSe na pasivni

podpiirné strukturni funkci cytoskeletu (Wang et al., 2018).

2.3.3. Konformac¢ni senzory kinaz rodiny Src

Konformac¢ni senzory Src jsou schopny rozliSit konformacni stav kinazy bud’ na
zakladé¢ sledovani celkového tvaru molekuly, nebo pomoci detekce urcitych strukturnich

prvki typickych pro danou konformaci. Diky striktni korelaci mezi strukturou Src a jeho
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aktivitou, tyto senzory poskytuji nejen informaci o konforma¢nim stavu kinéazy, ale rovnéz

reflektuji miru jeji aktivace.

2.3.3.1. SFK merobody senzor
Zékladem merobody senzoru (Gulyani et al., 2011) je tzv. monobody, coz je

proteinova struktura, ktera je, stejn¢ jako protilatka, schopna vazat rizné cilové epitopy.
Monobody je odvozeno od domény typu III lidského fibronectinu (FN3). Jedna se o malou
95-aminokyselinovou strukturu podobnou imunoglobulinu, kterd je tvofena sedmi
antiparalelnimi B-fetézci (A,B,C,D,E.,F,G) uspotadanymi do B-sendvice a propojenymi
flexibilnimi smyckami (BC, DE, FG na jedn¢ strané proteinu a AB, CD, EF na druh¢ strang).
Vsechny smycky, vyjma EF, mohou byt randomizovéany. Vznikne tim knihovna klond, jez
muze byt screenovana na vysoko afinni vazbu na konkrétni protein, ¢imz dojde k
vyselektovani protilatce podobné struktury specifické vici danému epitopu (Koide et al.,
1998, 2002) (Obr. 9A).

Monobody pro SFK senzor bylo vybrano zknihovny 2 x 10° klont vzniklych
mutovanim BC a FG smy¢ek (Karatan et al., 2004). Knihovna byla screenovana metodou
phage display na mutanty vazajici SH3 doménu kinazy Src. Vyselektovany klon 1F11 nese
FG smyc¢ku, jejiz sekvence (RPLPSKP) je vysoce podobna optiméalnimu ligandu Src SH3
(RPLPPLP) (Sparks et al., 1994). Toto monobody specificky rozpozndva SH3 doménu c-
Src ama jen velmi nizkou afinitu vii¢i SH3 doménam jinych kinaz spadajici do rodiny kinazy
Src (Karatan et al., 2004).

Monobody 1F11 bylo ziskano selekci vici samostatné SH3 doméné. Autofi senzoru
tudiz predpokladali, Zze bude konformacné specifické, s afinitou pouze k Src v aktivnim
stavu, kdy kindza zaujima otevienou konformaci s vice exponovanou SH3 doménou
(Cowan-Jacob et al., 2005). Pull-down experimenty potvrdily, ze 1F11 preferencné vaze
aktivni formu Src a nezplsobuje arteficidlni aktivaci kindzy (Gulyani et al., 2011).

Na C-konec 1F11 monobody, velmi blizko SH3-vazebnému povrchu, kovalentné
pfipojili barvu ze skupiny merocyanint (mero53) (Toutchkine et al., 2003, 2007). Jedna se
o fluorofory, jejichZz kvantovy vytézek je zavisly na polarit€ okolniho rozpoustédla.
Navéazani SH3 domény na monobody odstini merocyanin od okolniho vodného prostiedi a
vzniklé hydrofobni okoli tak indukuje narist intenzity fluorescence, ktera je detekovana. N-
konec 1F11 fuzovali s mCerulean fluoroforem, coz zabranilo nezadouci oligomerizaci
senzoru a navic fungovalo jako dodate¢ny marker pro ratiometric imaging (Gulyani et al.,
2011) (Obr. 9B).

Vytvofeny merobody senzor (mCerulen-1F11 monobody-mero53 konstrukt)
mikroinjikovali do bun€k a méfili pomér intenzit fluorescence merocyaninu a mCerulean.
Aktivni Src detekovali v bunéénych protruzich na okrajich adherovanych bunck ¢i ve

velkych cirkularnich protruzich na jejich dorzalni strané. Aktivita Src dosahovala maxima 1
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—2 um od okraje buiiky a klesala smérem ke stfedu. V protruzivni fazi byla aktivita Src vyssi

nez béhem retrakce a pozitivné korelovala s rychlosti rastu vybézku (Gulyani et al., 2011).

F:5
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SH3-vazebna oblast

M-terminus fluorofor

monobody /

Obr. 9: Struktura FN3 domény a model merobody senzoru. A) Struktura FN3 domény (PDB 1TTF) ma tvar
podobny imunoglobulinu. Je tvorena 7 antiparalelnimi f-retezci uspordadanymi do p-sendvice. Vyjma EF
mohou byt viechny smycky, jez je propojuji, randomizovany. B) Merobody senzor je tvoren FN3 doménou
specificky rozpoznavajici SH3 doménu Src. N-konec je fuzovany s fluoroforem a na vazebny povrch je pripojen
merocyanin. Po vazbé na aktivovany Src dojde k naristu fluorescence merocyaninu. Prevzato a upraveno z
(Gulyani et al., 2011; Jacobs and O Neil, 2012).

2.3.3.2.  Fyn senzor
Nedavno publikovany reporter aktivity SFK kindzy Fyn (Mukherjee et al., 2020), je

zaloZen na podobném principu jako merobody senzor vyuZzivajicim rozpoznani exponované
SH3 domény specificky vazebnym proteinem. V tomto pfipad¢ screenovali viici SH3
doméné knihovnu generovanou mutovanim 10 aminokyselinovych zbytkl proteinu Sso7d
hypertermofilni archae Sulfolobus solfataricus. Jedna se o maly DNA-vazebny protein (7
kDa, 63 aminokyselin) svou strukturou pfipominajici SH3 doménu, ktery je tvotfen
neuplnym B-barelem z 5 B-fetézcti a C-koncovym a-helixem. Jeho vysoka termostabilita
umoznuje mutovat veétsi mnozstvi aminokyselinovych zbytkl,, aniz by byla narusena
struktura proteinu. Navic neni zndma zZadnd interakce Sso7d se sav¢imi proteiny, diky cemuz
muze slouzit jako inertni zaklad pro vytvareni vazebnych proteinii vii¢i riznorodym cilim
(Baumann et al., 1994; Gera et al., 2011).

Vysledkem screenu byl klon F29, ktery specificky vazal SH3 doménu kindzy Fyn a
jen velmi malo ¢i viibec SH3 domény ostatnich SFK. NMR spektroskopie ukézala, Ze F29
interaguje s ligand-vazebnym povrchem SH3 domény a proto je schopen rozpozndvat
aktivni konformaci kindzy Fyn. F29 protein flizovali s myristoylaéni sekvenci lokalizujici
jej do cytoplasmatické membrany a mVenus coby akceptorovym fluoroforem FRET paru.
Mezi unikatni doménu a SH3 doménu kindzy Fyn vloZili donorovy fluorofor mCerulean,
¢imz vytvoftili dvoukomponentovy biosenzor Fyn aktivity. Aktivace mCerulean znacené

kinazy vede k ,,otevieni* jeji struktury, uvolnéni SH3 domény z intramolekularni inhibi¢ni

34



interakce a umozni navazani F29-mVenus, ¢imZz se oba fluorofory dostanou do tésné
blizkosti a 1ze detekovat FRET (Mukherjee et al., 2020) (Obr. 10).

Transfekce Fyn senzoru do nékolika bunéénych typl a nasledna mikroskopie byla
schopna vizualizovat aktivaci kinadzy. Fyn aktivace vykazuje polarizovany charakter
s kvadranty s vysokou ¢i nizkou Fyn aktivitou. Velikost oblasti s vysokou Fyn aktivitou
pulzuje v nékolikaminutovych intervalech, pficemz nejvyssi aktivita je u okraje buiky a
postupné kleséd smérem do jejiho stfedu. Tato mista maji rovnéz snizenou motilitu membrany
(Mukherjee et al., 2020).
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Obr. 10: Model fungovani Fyn senzoru. Senzor kindzové aktivity Fyn je dvoukomponentovy systém tvoreny
kinazou Fyn s mCerulean fluoroforem vlozenym mezi UD a SH3 doménu a vazebnym proteinem fuzovanym s
mVenus, jez je ukotven v membrané pomoci myristoylové kotvy. Vinaktivnim stavu kindzy Fyn (Fyn-
mCerulean) nedochazi k interakci téchto komponent. Aktivaci kinazy dojde k rozvolnéni jeji struktury a
zpristupneni SH3 domény, jejiz ligand-interakcni povrch je ndsledné rozpoznam vazebnym proteinem.
mCerulean a mVenus fluorory se dostanou do tésné blizkosti, coz vede k naristu ucinnosti FRET. Prevzato a
upraveno z (Mukherjee et al., 2020).

2.3.3.3.  Tetracysteinovy Src senzor
Tetracysteinovy senzor (Irtegun et al., 2014) vyuziva schopnosti tetracysteinového

motivu CCXXCC vazat s vysokou afinitou biarsenické fluorofory (RIAsH, ReAsH). Tyto
molekuly mohou prochazet bunéénou membranou, diky ¢emuz je 1ze vyuzit pro barveni
zivych bunék. Pokud neinteraguji s tetracysteinovym motivem, neemituji Zadnou
fluorescenci (Griffin et al., 1998). Zaménou ctyi aminokyselinovych zbytkt (R159, E160,
R163, L164) vznikl ve struktuie lidského c-Src tetracysteinovy motiv nachdzejici se na
povrchu SH2 domény v oblasti asociujici s C-koncovym lalokem kindzové domény. Po
aktivaci kindzy dojde k uvolnéni SH2 domény z intramolekularnich inhibi¢nich interakci,
¢imz se tetracysteinovy motiv stane piistupnym pro navazani fluoroforu a lze detekovat
fluorescenci (Irtegun et al., 2014) (Obr. 11).

Aby otestovali, zda je vazba biarsenické barvy konformacné specificka, pfipravili 3
konstrukty tetracystein-modifikovaného Src (SrcXTC) fuzovaného s EGFP jez transfekovali
do bun¢k: wt SrcXTC, SrcXTC Y530F s otevienou konformaci a SrcXTC EEI, ktery diky

mutacim C-terminu zvySujicim jeho afinitu vii¢i SH2 zaujimé zavienou konformaci (Irtegun
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et al., 2013). Po pfidani biarsenické barvy dosahovala intenzita fluorescence oteviené¢ho
SrcXTC Y530F 80 % intenzity pozitivni kontroly (Src-EGFP s volné pfistupnym
tetracysteinovym motivem na EGFP). Emise zavieného SrcXTC EEI byla podobna
negativni kontrole (Src-EGFP bez tetracysteinového motivu). Fluorescence detekovana u wt
SrcXTC byla mezi témito dvéma stavy (Irtegun et al., 2014), paradoxné o néco bliz oteviené
formée SrcXTC YS530F nez by se, dle dosavadnich poznatkii dokladajicich spise inhibovany
stav Src (Cooper et al., 1986), predpokladalo. Testovani miry fosforylace STAT3 ukézalo,
ze vlozeni tetracysteinového motivu vedlo ke zvySeni bazalni aktivity Src. SH2 doména
vykazovala trojnasobné nizsi schopnost vazat fosforylovany Y530 na C-terminu (Irtegun et
al., 2014). K destabilizaci inaktivni konformace mohlo dojit v disledku vlozeni cysteina do
oblasti SH2 domény, kterd se Gcastni interakce s C-koncovym lalokem kinazové domény.

Ackoli posun SrcXTC k vice oteviené konformaci limituje jeho pouziti ke zkoumani
fyziologie aktivace Src v buiikdch, zarovei rozsifuje jeho dynamicky rozsah, pokud je cilem
detekovat zavirani struktury Src. Irtegun a kolektiv se rozhodli pouZzit SrcXTC senzor ke
screenovani latek zptsobujicich zavirani Src a stabilizaci jeho inaktivniho stavu s cilem
ukdzat, ze senzor lze pouzit k hledani a testovani pfipadnych inhibitord Src. Aby dolozili
validitu tohoto konceptu, provéfili 72 zndmych inhibitorti riiznych kinéz. Identifikovali 6
molekul indukujicich vice zavienou konformaci Src, z nichz dvé (PP1, PP2) jsou zndmé
inhibitory Src a u dal$ich tfi bylo dokumentovano, Ze inhibuji Src, pfestoze cili na jiné kinazy
(Irtegun et al., 2014).

Aktivni Src Inaktivni Src

W'type: KITRRESERLLLNA
Sensor:bflTRCCSECCLLNﬁI\

155 168

Obr. 11: Model tetracysteinového senzoru. Seérii nékolika mutaci byl na povrchu SH2 domény vytvoren
tetracysteinovy motiv, jehoz lokalizace je zachycena na strukture otevieného a zavieného Src. V inaktivnim
stavu kindazy jsou cysteinové zbytky ukryty uvniti kompaktni struktury Src. V aktivni konformaci, kde SH2
doména neasociuje s C-koncovym segmentem je tetracysteinovy motiv pristupny navazani barvy ReAsH, ktera
pak viivem této interakce zacne emitovat fluorescenci. Prevzato a upraveno z (Irtegun et al., 2014).

2.3.34. Lck senzor
Lck senzor (Paster et al., 2009) je zalozen na intramolekularnim FRET mezi dvéma

fluorofory vlozenymi do struktury kindzy. Stejné jako ptedeslé konformacéni senzory
vyuziva striktni korelace mezi konformaéni kompaktnosti SFK a jejich kindzovou aktivitou.

Lck senzor je tvoten kompletni molekulou kindzy, na jejimz Gplném C-konci je akceptorovy
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fluorofor EYFP. Pro vlozeni donorového fluoroforu ECFP testovali n€kolik pozic (mezi
unikatni a SH3 doménu, mezi SH3 a SH2, mezi SH2 a katalytickou doménu), z nichz
nejlepsi se ukazala byt inzerce do linkeru spojujiciho SH3 a SH2 domény. Pokud Lck
zaujima kompaktni inaktivni konformaci, nachazeji se oba fluorofory blizko u sebe a Ize
predpokladat vysokou ucinnost FRET. Aktivaci kinazy doprovézi rozruseni inhibi¢nich
intramolekularnich vazeb a rozvolnéni struktury, coz vede k oddaleni fluoroforii a pokles
FRET.

Senzor tranzientn¢ exprimovany v Jurkat T lymfocytech vykazoval 19% ucinnost
FRET oproti 25% ucinnosti u pozitivni kontroly (ECFP a EYFP spojené kratkym linkerem).
Indukce oteviené aktivni konformace pomoci mutace C-koncového tyrosinu (Y505F) Lck
senzoru vedla ke snizeni FRET na 15 %. Zaména autofosforyla¢niho tyrosinu 394
katalytické smycky za fenylalanin zpisobujici snizeni kindzové aktivity Lck (D’Oro et al.,
1996) se projevila nariistem ucinnosti FRET (22 %) dokumentujici vice kompaktni
konformaci v porovnani s nemutovanym senzorem. Obdobny efekt mélo i1 nahrazeni C-
konce (Y505QPQ) za YS05EEI motiv s vyssi afinitou viici SH2 doméné (Paster et al., 2009).

Kinaza Lck je nezbytna pro spravny vyvoj a aktivaci T lymfocytti (Molina et al., 1992).
Je zodpovédna za zprostfedkovani bunécné odpovédi po stimulaci receptoru T bunék (TCR),
kde jednou zprvnich detekovatelnych udélosti je fosforylace tyrosinovych
imunoreceptorovych aktiva¢nich motivii (ITAMs) na CD3 asociovanym s TCR, coz iniciuje
zpusSténi mnozstvi signalnich kaskad vedoucich k aktivaci T bunék a jejich proliferaci (Lin
and Weiss, 2001). Procesy pfedchazejici fosforylaci ITAMs nejsou zcela objasnéné, vetné
toho, jestli se Lck aktivuje pfimo v diisledku stimulace TCR a nasledné fosforyluje ITAMs
nebo zda k této fosforylaci dochazi jinym mechanismem (napf. relokalizaci jiz aktivnich Lck
kin4z) (Nika et al., 2010). Méteni aktivace Lck v stimulovanych Jurkat T buiikdch pomoci
FRET senzoru metodou sensitized emission nebyla schopna detekovat Zadny narist aktivity
Lck (Paster et al.,, 2009). Novy pfistup vyuZivajici stejny senzor, ale misto sensitized
emission, kterd reflektuje pouze stfedni hodnotu fluorescence, byla pouzita FLIM
mikroskopie. M¢étfenou kinetiku dohasinani fluorescence donoru autofi fitovali jako
3exponencialni pokles charakterizovany tifemi ¢asy dohasinani (11, 12, 13). K analyze FRET
byl pouzit ¢as T3, pfedstavujici pouze 25 % signalu, jeho métenim detekovali pokles FRET
a tudiz aktivaci Lck indukovanou stimulaci TCR (Stirnweiss et al., 2013).
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SUMMARY

Src kinase plays an important role in a multitude of fundamental cellular processes, and is
often found deregulated in tumors. Active Src adopts an open conformation whereas
inactive Src is characterized by very compact structure stabilized by inhibitory
intramolecular interactions. Taking advantage of this spatial regulation, we constructed a
FRET-based Src biosensor and analyzed conformational changes of Src following Src
activation and the spatio-temporal dynamics of Src activity in cells. We found that activatory
mutations either in regulatory or kinase domains induce opening of Src structure.
Surprisingly we discovered that Src inhibitors differ in their effect on the Src structure, some
counterintuitively inducing opened conformation. Finally, we analyzed the dynamics of Src
activity in focal adhesions by FRET imaging and found that Src is rapidly activated during
focal adhesions assembly, its activity remains steady and high throughout the focal

adhesions life cycle and decreases during focal adhesions disassembly.
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INTRODUCTION

The product of the c-src proto-oncogene, Src kinase, is the founding member of the Src
family nonreceptor tyrosine kinases. Src plays crucial roles in migration, mechanosensing,
mitogenic and anti-apoptotic signaling, thus precise control of Src activation is necessary to
avoid tumor transformation (Yeatman, 2004; Frame et al., 2002; Playford and Schaller,
2004). Despite the mechanisms of negative control, enhanced expression and/or activation
of Src is commonly observed in various tumors (e.g. colon carcinomas, breast carcinomas,
pancreatic carcinomas) (Irby and Yeatman, 2000; Giaccone and Zucali, 2008). Under the
circumstances of elevated or aberrant Src kinase activity, numerous Src substrates become
phosphorylated. These Src phosphorylated substrates have been implicated in induction of
tumorigenesis and development of malignant cell phenotype (Yeatman, 2004; Frame et al.,
2002; Playford and Schaller, 2004). Even though the vast number of Src kinase substrates
have been already identified, the exact mechanism of Src-mediated transformation has not
been decidedly elucidated.

Seven functionally and structurally important regions can be described in Src. From
N-terminus it is the SH4 domain, unique domain, SH3 domain, SH2 domain, CD linker,
catalytic domain and C-terminal tail containing a key regulatory residue Y527 (chicken Src
numbering). SH3 and SH2 domains serve not only for binding of signaling partners (e.g.
p130Cas, FAK, paxillin, STAT3), but they also play an important role in downregulating Src
kinase activity (Superti-Furga et al., 1993). Structural studies have shown that active Src
adopts an open conformation whereas inactive Src is characterized by very compact
structure, with the SH3 and SH2 domains turned inwards, and packed against the catalytic
domain on the side opposite to the catalytic cleft (Xu et al., 1997). The compact and inactive
conformation of Src is maintained by three main intramolecular interactions: i) SH2 domain
binding of phosphorylated Y527, ii) binding of SH3 domain to a part of the CD linker, iii)
binding of SH3 domain to the N-terminal lobe of the catalytic domain (Brabek et al., 2002;
Cooper et al., 1986; Xu et al., 1999; Brabek et al., 2002; Cooper et al., 1986; Xu et al., 1997).
The release of the intramolecular regulatory interaction of SH2 domain with
phosphorylated Y527 leads to the opening of Src structure and the kinase domain adopts
an active conformation (Cowan-Jacob et al., 2005). The mechanism of SH3
domain-mediated negative regulatory interactions and especially their effect on Src
structure remains less understood.

The current model for Src regulation proposes a correlation between structural
condensation of the protein backbone and catalytic activity (Cowan-Jacob et al., 2005).
Upon external stimuli or mutagenesis, intramolecular regulatory interactions are disturbed,
the conformation loosens and Src kinase domain becomes activated. Taking advantage of

these conformational changes, we constructed a genetically encoded intramolecular
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FRET-based Src biosensor and analyzed conformational changes of Src following Src
activation induced by Src mutagenesis or upon external chemical or mechanical stimulation
of cells. Using FRET imaging we further analyzed the spatio-temporal dynamics of Src

activation in focal adhesions.

RESULTS

Design and construction of Src-FRET biosensor

According to known structures of active and inactive Src, the greatest spatial distance
between any two parts of Src molecule after its activation is the distance between
C-terminus and SH2 domain (Cowan-Jacob et al., 2005, Fig. 1 A, B). We thus decided to
insert the FRET pair of fluorescence proteins in this area of Src. The donor fluorophore was
inserted in the loop between BD and BE strands of SH2 domain (Xu et al., 1997). This loop
is oriented outwards of the compact structure of Src and is on the opposite side to the SH2
ligand binding site. To minimize potential disrupting effect of the fluorescence protein
insertion on the SH2 domain fold, two highly flexible linker peptides (8, 11 amino acids)
were added to the donor fluorescence protein inserted to SH2 domain. The acceptor
fluorescence protein was inserted at the very C-terminus of Src molecule (7 amino acids
long linker peptide). To minimize dimerization artifacts, monomeric versions of fluorescent
proteins mCFP and mCitrine (mCit) were chosen as donor and acceptor fluorophores,
respectively.

Given to the proposed design, the following constructs were prepared: the full-length
chicken c-src gene with mCFP inserted into the SH2 domain (Src-CFP), chicken c-src with
mCit linked to the C-terminus of Src (Src-YFP), complete biosensor construct with both
mCFP and mCit inserted (Src-FRET), complete biosensor construct where Src kinase was
activated by mutation of Tyr527 to Phe (Y527F, Src-FRET527F) and positive control construct
(PC; no Src, only mCFP and mCit connected by short linker for maximum FRET) (Fig. 1C). The
constructs were expressed in HEK cells and the relative levels of an activatory
phosphorylation of Tyrd416 within the activation loop were determined (Boerner et al.,
1996). Immunoblot analysis indicated that none of the constructs with WT-Src showed any
significant difference (p>0.45) in relative phosphorylation of Tyr416, which suggests that
the insertion of the fluorophores has no effect on basal activity of Src kinase (Fig. 2A). In
contrast, the biosensor construct with activated Src exhibits a significant increase
(approximately 2-fold) of relative Tyr416 phosphorylation, confirming its activated status.
In the prepared biosensor variants, the FRET between the incorporated fluorophores was
measured with a FRET steady-state approach (Fig. 2B). Fluorescence spectra were recorded

in fresh cell lysates at an excitation wavelength of 433 nm, which excites the mCFP donor,
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and FRET ratio was calculated as ratio of fluorescence intensity at 480 nm (mCFP emission
peak) and 525 nm (mCit emission peak). FRET ratio of Src-FRET construct in average reached
approximately 73% of the maximum FRET within the theoretical range, given by the
difference in FRET ratio between the positive control and Src-CFP, and was significantly
(p<0.0001) different from FRET ratio of Src-FRET527F reaching approximately 33% of the
maximum FRET. This shows that the dynamic range of the Src-FRET biosensor is at least 40%
of the theoretical dynamic range for the FRET of the mCFP and mCit pair, indicating that
Src-FRET biosensor can effectively monitor structural changes following Src activation.
Importantly, the fluorescence spectra from cells transfected simultaneously by Src-CFP and
Src-YFP constructs closely resemble spectra from cells transfected by Src-CFP only,
confirming that the FRET observed in Src-FRET and Src-FRET527 is a result of an
intramolecular FRET (Fig. 2B).

Src-FRET biosensor is responsive to interaction-based activation

The inactive structure of Src is maintained by intramolecular interactions mediated by SH2
and SH3 domains (Xu et al., 1997; Xu et al., 1999). It was previously shown that cooperative
binding of peptides derived from Src interactor Sin to Src SH2 and SH3 domains can activate
Src (Alexandropoulos and Baltimore, 1996). The Src-FRET biosensor represents an excellent
tool to test the effect of peptides competing with intramolecular binding sequences on
compactness of Src structure. We thus analyzed the effect of purified variants of Sin-derived
peptides on FRET of the Src-FRET biosensor in-vitro. In agreement with the study of
Alexandropoulos and Baltimore, our results showed that Sin peptide carrying both SH2 and
SH3 binding sites (SinWT) effectively promotes the decrease in FRET ratio of the Src
biosensor, whereas the Sin peptides mutated either in SH2 (SinY), SH3 (SinR) or both SH2
and SH3 binding sites (SinRY), have no effect (Fig. 2 C, D).

The effect of Src mutations on compactness of Src structure

Large number of mutations activating the oncogenic potential of Src were described
throughout the history of Src proto-oncogene analysis, however, the effect of many of these
mutation on the overall structure/compactness of Src is not known. This is especially true
for mutations affecting SH3-mediated intramolecular interactions. To this end, we
introduced several mutations known to affect Src activity into the biosensor and analyzed
their effect on FRET and kinase activity. We prepared 3 biosensor variants carrying
activatory mutations affecting the SH3-mediated regulation of Src: i) Src-FRET-RT biosensor
with mutation in RT loop of SH3 domain inhibiting its interaction with kinase domain
(Throe/lle + Arg95/Trp, (Miyazaki et al., 1999)); ii) Src-FRET-nSrc with mutation in n-Src loop
of SH3 domain inhibiting its interaction with kinase domain (Asp117/Asn, (Miyazaki et al.,
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1999)); iii) Src-FRET-CD with mutation in the CD linker inhibiting its binding to SH3 domain
(Pro250/Gly, Lys249/Asp, (Gonfloni et al., 1997)). In addition, we prepared a biosensor
variant Src-FRET-CA carrying mutation within the kinase domain (Glu381(376)/Gly) shown
to constitutively activate Src, thought the mechanism of the activation is unknown (Bjorge
et al., 1995), and two double mutant variants combining the activatory Tyr527 to Phe
mutation uncoupling the SH2-mediated regulations with either RT loop or CD linker
mutations (Src-FRET-FRT and Src-FRET-FCD, respectively).

The mutated variants of the biosensor were transiently expressed in U20S cells and the
effect of the mutations on FRET and Src kinase activity was analyzed. All mutated variants
have shown significantly lower FRET (p<0.001) than the non-mutated biosensor (Fig. 3A, B).
When compared to FRET ratio of the SH2-activated Src-FRET527F, the biosensors show 4
different levels of FRET. First, there is a group not significantly different (p>0.323) from
Src-FRET527F which includes Src-FRET527F itself and Src-FRET-CD variants. The Src-FRET-CA
and the double mutated Src-FRET-FRT and Src-FRET-FCD variants form a group of biosensors
with FRET significantly lower (p<0.004) than Src-FRET527F. The biosensor variants with
activating mutations directly within SH3 domain exhibit intermediate level of FRET
decrease. The Src-FRET-RT exhibits FRET levels close, but significantly higher (p<0.001), than
that of Src-FRET527F group. The mutations within nSrc-loop, the Src-FRET-nSrc variant, has
the lowest effect on compactness of Src structure as its FRET is significantly higher than
even of the Src-FRET-RT (p<0.001). In addition to FRET, the effect of the mutations on Src
kinase activity was evaluated using a kinetic kinase assay. The sensitivity of the assay was
not sufficient to confirm the 4 different levels of the Src activity, as indicated by the FRET
analysis. When compared to kinase activity of Src-FRET527F, only Src-FRET-CA has shown
significantly higher kinase activity (p=0.009) and Src-FRET-WT together with Src-FRET-nSrc
exhibited significantly lower kinase activity (p<0.001 and p=0.013, respectively). The kinase
activities of individual Src-FRET variants, however, exhibited, in an inverse manner, similar
trends as the FRET (Fig. 3C, Supp. Fig. 1). This could be in part because the variants with
higher activity were in average expressed less that Src-FRET-WT and thus could be masked
by the residual activity of endogenous Src family kinases in the cell lysates.

Taken together, these data show that the biosensor can effectively monitor even small
changes in activity of Src and that mutations affecting SH3-mediated intramolecular

interactions of Src also result in the opening of Src structure.

Src-FRET biosensor is functionally equivalent to Src
The initial testing of the biosensor has shown that the biosensor expressed in HEK and U20S
cells can monitor structural changes of Src following activation via mutation of regulatory

Y527 or using a SH2-SH3 competing peptide. HEK and U20S cells express low but not
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negligible amount of endogenous Src and thus are not optimal for testing functional
relevance of the biosensor for Src signaling. Therefore, we stably expressed the Src-FRET
biosensor in SYF fibroblasts (nulls for Src-family kinases, Src, Yes and Fyn (Klinghoffer et al.,
1999)) and analyzed the effect of Src-FRET biosensor activation on phosphorylation of Src
substrates p130Cas and paxillin. The phosphorylation of both p130Cas and paxillin was
virtually absent in untransfected SYFs. In contrast, expression of Src-FRET biosensor in SYFs
resulted in substantial phosphorylation of both p130Cas and paxillin. This phosphorylation
was significantly increased upon stimulation of the cells with EGF or LPA and, conversely,
inhibited when treated with Src kinase inhibitor dasatinib (Fig. 4A). These results indicate
that Src-FRET biosensor effectively phosphorylates known Src substrates and responds both

to physiological signals activating Src and to inhibition by Src inhibitor.

Src activation dynamics upon mechanical stimulation

P130Cas, an adaptor protein and Src substrate, was shown to function as a mechanosensor.
Its substrate domain can be mechanically stretched, and this exposes tyrosine residues
within the domain for Src-mediated phosphorylation (Janostiak et al., 2014b; Sawada et al.,
2006). Interestingly, static mechanical stretch of cells induces bi-phasic tyrosine
phosphorylation of p130Cas with maximum at 15 and 45 minutes after the stretch (Branis
et al.,, 2017; Janostiak et al., 2014a). However, the role of Src in tension-mediated
phosphorylation was not clearly addressed. We stretched SYFs expressing Src-FRET
biosensor and analyzed Src activity in the cells by monitoring the total level of FRET and
phosphorylation of p130Cas. We found that FRET of the biosensor is significantly decreased
15 minutes and 45 minutes after the stretch (Fig. 4B, C). The dynamics of Src activation
upon static stretch thus reflects the bi-phasic dynamics of p130Cas phosphorylation and

shows that mechanical stimulation of cells activates Src.

The effect of inhibitors on Src structure

Having established that the Src-FRET biosensor functions effectively as Src in cells and
responds to mechanical stimuli, we then examined the effect of LPA, EGF and compounds
known to inhibit Src on FRET ratio of the Src-FRET biosensor in cells. The treatment of SYFs
expressing the Src-FRET biosensor with both EGF and LPA resulted in significant decrease of
FRET ratio, indicating and confirming activation of the biosensor in the cells upon EGF and
LPA treatments (Fig. 5 A, B; compare with Fig. 4A). Surprisingly, treatment with dasatinib
induced significant decrease of FRET indicating open conformation of Src, despite
inactivating Src kinase activity (Fig. 5, Supp. Fig. 2). It was previously shown for Hck and Src
kinases that binding of specific ligands targeting ATP-binding pocket results in increased

accessibility of SH2 and SH3 domains to intermolecular binding which could be responsible
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for the observed dasatinib-induced opening of Src structure (Leonard et al., 2014).
Therefore, we decided to analyze a panel of Src inhibitors for the effect on compactness of
Src-FRET biosensor. All kinase inhibitors tested effectively inhibited the Src kinase as
monitored by decreased phosphorylation of Src substrate p130Cas and decreased
phosphorylation of Src in activation loop on Tyr416. Along with dasatinib, bosutinib and
UM-164 also significantly lowered (p<0.05) the FRET ratio of the biosensor. In contrast,
treatment of the cells with saracatinib and SKI-1 had no effect on FRET (Fig. 5 C, D). We also
tested the effect of Sodium Orthovanadate, which inhibits Src kinase activity by preventing
P-Tyr527 dephosphorylation (Ryder and Gordon, 1987), and found that it significantly
increases the FRET ratio of the biosensor (Fig. 5 C, D). This is consistent with the increased
Tyr527 phosphorylation and subsequent induction of closed conformation of Src.

When analyzing the effect of inhibitors on the FRET ratio of the Src-FRET biosensor we
noticed a substantial difference in pattern of Src-FRET biosensor localization in the cells.
Strikingly, the inhibitors which induced opened conformation of the Src-FRET biosensor
(dasatinib, UM-164, bosutinib) showed high enrichment in focal adhesions resembling the
localization of the 527F activated Src (Fig. 6, (Fincham and Frame, 1998)). In contrast,
treatment of cells with inhibitors not affecting the FRET ratio of the Src-FRET biosensor
(SKI-1, saracatinib) and with Sodium Orthovanadate did not visibly changed the localization
pattern of the Src-FRET biosensor, which remained mostly cytoplasmic.

Taken together the inhibitors analyzed exhibited two distinct phenotypes of action on Src.
The first group represented by dasatinib, bosutinib and UM-164 induces opened
conformation of Src and enrichment of the Src-FRET biosensor in focal adhesions, whereas
saracatinib and SKI-1 do not affect Src conformation and localization. Our results further
indicate that opened conformation of Src and not its kinase activity is required for its

targeting to focal adhesions.

Analysis of Src activation using FRET imaging

The new Src-FRET biosensor proved its potential in analyzing Src activity upon Src
mutagenesis and activation/inhibition of the cells by chemical and mechanical cues.
Because of its design it can provide not only information about Src activity but also about
Src intracellular localization dynamics. Therefore, we next focused on monitoring Src
activation dynamics in cells. To overcome the higher demand for the donor fluorophore
stability and brightness in long-term life imaging experiments we replaced mCFP in the
Src-FRET construct for mTurquoise2 (Goedhart et al., 2012). When expressed in cells, the
resulting Src-FRET(T) construct monitored Src activation status after the treatment with LPA
or EGF in a similar manner as its mCFP counterpart, though when compared to maximum

FRET of positive control (mTurquoise2-mCit), its dynamic range was somehow smaller than
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of the mCFP variant of the biosensor (Supp. Fig. 3). The Src-FRET(T) biosensor exhibited,
however, much brighter and stable donor fluorescence effectively enabling us to monitor
dynamics of Src activation status in live cells.

To analyze the dynamics of Src activation in focal adhesions, U20S cells were transiently
co-transfected with the Src-FRET(T) biosensor and mCherry-FAT (focal adhesion targeting
domain of FAK) or mCherry-vinculin constructs. The cells were seeded onto
fibronectin-coated cover glass to allow cell adhesion, and FRET and mCherry signals were
analyzed live by TIRF microscopy during later stages of cell spreading. The focal adhesions
were detected using the mCherry signal of the mCherry-FAT or mCherry-vinculin fusion
constructs. The cell body was detected as the mCit signal of the Src-FRET(T) biosensor. The
FRET was analyzed by sensitized emission approach and quantified as nF/Icre according to
(Xia and Liu, 2001). In average we found that FRET in focal adhesions is about 20% lower
than in surrounding cytoplasm showing highly significant (p<2x102®) and localized
activation of Src in focal adhesions (Fig. 7 D). In fact, in the cell area illuminated by the TIRF
evanescent field, the active Src conformation was detected almost exclusively in focal
adhesions (Supp. Video 1). Analysis of Src activation dynamics revealed that, during the
initial phase of focal adhesion formation, characterized by increasing intensity signal of
mCherry-FAT or mCherry-vinculin, the FRET is high at the beginning but decreases
progressively reaching its minimal values mostly before the mCherry signal reaches its
maximum intensity (Fig. 7, Supp. Fig. 4). The FRET remains low throughout the mature stage
of focal adhesion, characterized by stable intensity of the mCherry signal, and gradually
increases during focal adhesion disassembly (Fig. 7 B, C).

Even though, Src is locally activated in focal adhesions we did not observe any enrichment
of Src, detected as mCit signal, in any stage of focal adhesion life cycle (Fig. 7 B, C). This
indicates high dynamics of Src in focal adhesions. FRAP analysis revealed that Src-FRET(T)
biosensor dynamics in focal adhesions is indeed very high with average half-time recovery
0.90 +/- 0.57 s (Supp. Fig. 5). This is well in agreement with single-molecule analyses

showing 1 s residency time of Src in focal adhesions (Machiyama et al., 2015).

DISCUSSION

Understanding the precise regulation of Src in living cells is the key to understanding
Src-dependent signal transduction and to development of effective therapeutic approaches
targeting Src. Aberrant Src activation leads to weakening of cell-cell and cell-matrix
contacts, increased expression of matrix metalloproteinases, cytoskeleton remodeling and
elevated adhesion turnover resulting in enhanced cell motility (Mitra and Schlaepfer, 2006;

Guarino, 2010). Even though the role of Src kinase in cellular locomotion has been broadly
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documented, the exact mechanism and spatio-temporal dynamics of Src activation within
invasive and adhesive structures has not been sufficiently elucidated.

To monitor Src activity in cells, several attempts were already made, including FRET based
substrate biosensors (Ting et al., 2001; Wang et al., 2005), biosensor based on a monobody
targeting the SH3 domain of Src (Gulyani et al., 2011) or biarsenical dyes staining of
tetracysteine motif introduced into SH2 domain (Irtegun et al., 2014). All approaches
provided valuable information about Src activity in the cells. However, and unlike our
biosensor, they don’t provide combined information about the activity and intracellular
localization of diverse subpopulations of Src molecules at one time. An approach similar to
ours was adopted to monitor the activation of Src family kinase Lck (Paster et al., 2009;
Stirnweiss et al., 2013). The authors designed a FRET biosensor consisting of full backbone
of Lck with enhanced yellow fluorescent protein inserted at the very C-terminus and
enhanced cyan fluorescent protein inserted either between SH3 and SH2 domains (Paster
et al., 2009) or between the unique and SH3 domain (Stirnweiss et al., 2013). Our Src-FRET
biosensor uses the same insertion site for the acceptor fluorophore (the very C-terminus of
Src) but differs in insertion site of donor fluorophore. Insertion into the linker between SH3
and SH2 domains could not be used for Src, since the linker is critical to couple
communication between SH3 and SH2 domains and mutation of this linker leads to
activation of Src (Young et al., 2001). Insertion between SH3 and unique domain is in our
opinion less optimal than our solution, as it is sterically more distant from the C-terminus
then our insertion into the SH2 domain, and would lead to less efficient FRET. In agreement
with these assumptions, in the in-vitro steady-state FRET measurements (ratio of relative
FRET and CFP fluorescence) our biosensor exhibits higher dynamic range than that of Lck
(Stirnweiss et al., 2013).

New insights in Src regulation: correlation between mutations and compactness of Src
structure, the role of SH3 domain in regulation of Src

Throughout the 40 years history of studying Src kinase, many mutations activating Src were
described. The crystallographic data have come with clear evidence that mutations
affecting SH2-mediated intramolecular interactions lead to the opening of Src structure
(Cowan-Jacob et al.,, 2005). However, there was no clear evidence on the effect of
SH3-mediated intramolecular interactions or activatory mutations in the kinase domain on
Src structure. Our data show that mutations inhibiting SH3-CD linker interaction leads to
the opening of the Src structure to a similar extent as the Tyr527 to Phe mutation
uncoupling the SH2-mediated regulation. Mutations affecting the interaction of SH3
domain with N-terminal lobe of kinase domain also effectively induced opening of Src
structure but to a lesser extent. Importantly, the effect of the mutations inhibiting the

SH2- and SH3-mediated intramolecular interactions is additive, indicating high degree of
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independency of these negative intramolecular interactions in regulation of Src kinase.
Surprisingly the activatory mutation within the kinase domain Glu381(376)/Gly opens the
Src structure to a level similar of the analyzed double mutants. The Glu381(376) is located
at the C-terminus of aE helix in the C-lobe of kinase domain and is in no contact with either
SH2 or SH3 domain in closed inactive conformation of Src (Xu et al., 1997). Therefore, the
effect of Glu381(376)/Gly substitution on opening of the Src structure is indirect. To
conclude, the data suggest that activated conformation of the kinase domain negatively
affects intramolecular SH2- and SH3-binding to kinase domain and forces the opened
conformation of Src.

Differential effect of Src inhibitors on Src structure

Src kinase inhibition has long been an important target for cancer therapy (Rosel et al.,
2013). The known small-molecule Src kinase inhibitors are ATP competitive inhibitors and
according to their binding mode are generally classified as type | or type Il inhibitors; type |
bind active and type Il bind inactive kinase (Dar and Shokat, 2011). The classification of the
inhibitors relies mostly on the position of conserved DFG motif at the beginning of
activation segment. “DFG-in” position, specific for type | inhibitors, represents an active
state of the kinase with aspartate of the DFG motif oriented inward toward the active site.
When this aspartate is directed out-ward (DFG-out, type Il inhibitors) the phenylalanine of
DFG is directed into the active site and the kinase is in inactive conformation (Roskoski, Jr.,
2016). Besides the position of the DFG, aC helix orientation is also associated with active
(aC-in) and inactive (aC-out) state of the kinase (Leonard et al., 2014).

The inhibitors analyzed exhibited two distinct phenotypes of action on Src. The first group
represented by dasatinib, bosutinib and UM-164 induced opened conformation of Src and
enrichment of the Src-FRET biosensor in focal adhesions. This phenotype closely resembled
the phenotype 527F activated Src, indicating that the phenotype is associated with active
rather than inactive conformation of Src. The second group represented by saracatinib and
SKI-1 had no effect on either compactness of Src structure or Src-FRET biosensor
localization to focal adhesions. Dasatinib and bosutinib represent type | Src inhibitors
binding Src in DFG-in, aC-in conformation (Leonard et al., 2014; Roskoski, Jr., 2016; Tong et
al., 2017). UM-164 (DAS-DFG02) and saracatinib are type Il inhibitors (DFG-out) which differ
in their effect on aC-helix position, UM-164 binding Src with aC-in and saracatinib with
aC-out conformation (Roskoski, Jr., 2016; Tong et al., 2017). For SKI-1 we could not ascertain
its binding mode to Src in the literature. The common denominator of the effect of all three
inhibitors promoting the opened structure of Src is induction of aC-in conformation.
Similarly, it was shown that inhibitors stabilizing aC-in active conformation of kinase domain
greatly increase accessibility of Src SH3 domain for intramolecular interactions, indicating a

potential opening of Src structure (Leonard et al., 2014).
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Within the kinase inhibitors tested dasatinib, UM-164, bosutinib and SKI-1 significantly
reduced phosphorylation of the regulatory Tyr527, indicating that they either directly or
indirectly inhibit Csk kinase, the master regulator of Src (Barkho et al., 2013; Karaman et al.,
2008). The dephosphorylation of Tyr527 releases the SH2-mediated intramolecular
regulatory interaction and should lead to Src opening. This raises the question whether the
effect of the inhibitors on the Src structure is direct or mediated by Csk inhibition. The fact
that mainly aC-in inhibitors (dasatinib, bosutinib and UM-164) induce Src structure opening
would appear to be in line with their pronounced effect on Tyr527 dephosphorylation
(Supp. Fig. 2A). However, SKI-1 also significantly decreased Tyr527 phosphorylation
(p=0.030) to about 70% of untreated Src-FRET-WT but did not affect the overall
compactness of the Src structure (compare Supp. Fig. 2A and Fig. 5C, D). Moreover, we
noticed that dasatinib significantly decreases FRET of not only the WT SrcFRET biosensor
but also of the activated SrcFRET527F biosensor which is by definition insensitive to Csk
regulation. Conversely, SKI-1 surprisingly increased FRET of the activated Src-FRET527F
biosensor indicating closing of the Src structure. We conclude that the effect of the
inhibitors on the opening of the Src structure is primarily independent of Csk inhibition. We
hypothesize that the high increased dephosphorylation of Tyr527 in cells treated with aC-in
inhibitors, when compared to saracatinib and SKI-1, could be in part a consequence of
inhibitors-induced opening of the Src structure and subsequent faster dephosphorylation
of phospho-Tyr527 by tyrosine phosphatases. In addition, we hypothesize that SKI-1
inhibitor forces closed conformation of the kinase domain and this subsequently induces
partial closing of the activated Src-FRET527F. Overall, the data are consistent with the direct
effect of inhibitors on kinase domain conformation which affects the global compactness
of the Src structure: namely kinase domain in active conformation characterized by aC
helix-in orientation induces global opening of Src. In agreement with this, activatory
mutation in kinase domain (Glu381(376)/Gly) promotes Src structure opening (Fig. 3).
Finally, our results show that the Src-FRET biosensor could be used as a tool to distinguish
between the modes of binding/action of new inhibitors without the need for resolving the
structure of the Src-inhibitor complex. In this sense, we can conclude that SKI-1 inhibitor
binds Src in its inactive conformation with aC-out orientation of aC helix.

The Src-FRET biosensor unraveled two classes of Src inhibitors differing in their effect on
the Src structure and subcellular localization. Conceivably, biological activity of inactivated
Src kinase would differ for inactivated Src with opened conformation, with both SH2 and
SH3 domains unrestricted for binding their targets, and inactivated Src in closed
conformation. Therefore, the two classes of Src inhibitors would have different effect on
intracellular signaling and thus potentially diverse therapeutic outcome.

Src as a potential mechanosensor

49



The Src-FRET biosensor monitors Src activity trough conformational changes, opening of
the compact structure of inactive Src, following Src activation. It is thus intriguing that
mechanical stimulation of cells leads to the opening of the Src structure. The dynamics of
Src “opening” upon mechanical stretching of the cells follows the pattern of p130Cas
phosphorylation. P130Cas was shown to function as a primary mechanosensor; upon
mechanical stretch its substrate domain unfolds and exposes cryptic tyrosines that are
subsequently phosphorylated by Src (Sawada et al., 2006). The spatio-temporal resolution
achieved in our cell stretching experiments didn’t allow to distinguish whether the Src
opening precedes pl30Cas phosphorylation or vice versa. However, the cellular
stretch-mediated opening of Src indicates that Src could act as a primary mechanosensor
which is directly mechanical activated by local forces. Interestingly, the substrate-based Src
biosensors revealed that local Src activation in response to mechanical perturbation can be
very fast, which is in agreement with the concept of Src being a sensor of local mechanical
tension (Wang et al., 2005; Na et al., 2008). In this context, our experimental setup relies
on average status of the biosensor molecules in cell populations. Therefore, it could not
detect fast local mechanical tension-mediated activation of the molecules but is rather
dependent on accumulation of the activated molecules in time. To further ascertain the
function of Src as a mechanosensor, the live cell FRET imaging with the Src-FRET biosensor
under controlled exertion of local mechanical forces on the cells together with in-vitro
experiments showing on molecular level the tension-mediated opening of Src structure and
the induction of its kinase activity are needed.

Src role in focal adhesions

It has been well established that Src has mostly uniform distribution in cells, with significant
fraction localized on membrane, and that activated Src is enriched in focal adhesions
(Machiyama et al., 2015). Src localization to focal adhesions requires intact SH2 domain and
is mediated by FAK (Klinghoffer et al., 1999; Machiyama et al., 2015; Wu et al., 2016). This
mechanism of Src focal adhesion targeting implies a requirement for opened conformation
of Src which we have confirmed with our biosensor. Surprisingly, no enrichment of Src was
observed in any stage of focal adhesion life cycle. This raises a question about the
mechanism of Src activation in focal adhesions. We envision three potential mechanisms of
Src structure opening in focal adhesions. First, local dephosphorylation of tyrosine 527
would release the intramolecular SH2 binding and allow for its intermolecular bindings (e.g.
to phosphorylated FAK). This would induce opened conformation of Src and activate the
kinase. Second, and analogical to our observation with Sin-derived peptides, simultaneous
binding of SH2 and SH3 domain to their target sites within focal adhesion proteins opens
Src and activates the kinase. Third, opened conformation of Src is achieved by direct

mechanical tension. We propose that the opening of Src structure could be achieved by
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dynamic mechanical tension in focal adhesions, generated by molecular clutch
phenomenon (Mitchison and Kirschner, 1988), which is transmitted to Src molecules,
anchored on N-terminus to plasma membrane, through intermolecular SH2 domain
binding. According to the molecular clutch theory, individual molecules of mechanosensors
in focal adhesions, either directly or indirectly contacting the F-actin retrograde flow, are
subject to very fast fluctuations of increased tension when contacting the F-actin flow and
released tension when disengage from the flow. This tension would release the
SH3-mediated intramolecular interaction and forced the full activation of the kinase.
Interestingly, we found that Src is extremely dynamic in focal adhesions. This is inconsistent
with the model of Src targeting through simultaneous binding of SH2 and SH3 domains to
focal adhesion proteins, which would be expected to stabilize Src in focal adhesions to a
level similar to focal adhesion’s resident proteins exhibiting focal adhesion half time
recovery time in mouse fibroblasts ranging from 12s (p130Cas, (Janostiak et al., 2014a)) to
50s (Talin, (Stutchbury et al., 2017)). On the contrary, Src exhibits high dynamics and
localized activation in focal adhesions without detectable enrichment. This is in line with
the hypothesis of tension-mediated opening of Src.

Dynamics of Src activation in focal adhesions was previously analyzed using substrate-based
FRET biosensors (Wu et al., 2016). The data suggested that assembly of focal adhesions and
Src activation is practically concurrent and that focal adhesion disassembly is preceded by
another wave of Src activation. We don’t see waves of Src activation in focal adhesions but
rather a steady activation level of Src throughout the mature, stable phase of focal
adhesions life cycle and rapid activation or gradual inhibition during focal adhesion
assembly and disassembly, respectively. Both biosensors differ in their mode of action. Our
biosensor relies on correlation between compactness of Src structure and its activity, which
we have confirmed under all experimental setups tested. Nevertheless, we cannot rule out
specific condition in live cells where opened conformation is not strictly reflected by higher
kinase activity. In contrast the substrate biosensors monitor the kinase activity through the
level of specific substrate phosphorylation. This, however, depends on local combination of
kinase and counteracting phosphatases activities. Putting both observations together we
propose the following model of Src role in focal adhesions life cycle. Srcis locally and rapidly
activated during focal adhesion assembly and phosphorylates its substrates. Its activity
remains high during the mature stage of focal adhesion cycle but is counteracted by
phosphatases which stabilize the level of phosphorylation of the Src substrates in focal
adhesions. The disassembly is potentially initiated by decreased phosphatases’ activity,
inducing hyperphosphorylation of Src targets and subsequent disassembly of focal
adhesions (Supp. Fig. 6).

There are several indirect evidences that increased Src-dependent phosphorylation
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destabilizes localization of proteins in focal adhesion or even destabilizes the focal
adhesions themselves (Sup. Fig. 6). Among others, it was shown that: i) cells lacking the
tyrosine phosphatase Shp2 exhibited increased turnover of focal adhesions (von Wichert et
al., 2003); ii) increased tyrosine phosphorylation of paxillin is associated with more dynamic
focal adhesions and is absent from stable fibrillar adhesions (Zaidel-Bar et al., 2007) or that
iii) Src phosphorylation of ARHGAP42 on tyrosine 376 increases dynamics of focal adhesions
(Luo et al., 2017). In addition, Src was shown to phosphorylate with slow dynamics p130Cas
of Tyr12 within the SH3 domain, inhibiting its binding capacity and SH3-mediated anchoring
of p130Cas to focal adhesions (Branis et al., 2017; Gemperle et al., 2017; Janostiak et al.,
2011). The mutational analysis of Tyrl12 further suggested that its phosphorylation
destabilizes focal adhesions and induces migratory phenotype of cell (Janostiak et al.,
2011). Besides phosphorylation-dependent loss of binding to focal adhesions, Src
phosphorylation-stimulated p130Cas ubiquitination and its subsequent degradation was
shown as another mechanism regulating focal adhesion’s dynamics (Teckchandani et al.,
2014).

SIGNIFICANCE

In our study we have analyzed conformational changes of Src following Src activation and
the spatio-temporal dynamics of Src activity in cells. To better understand the biology of Src
proto-oncogene we took advantage of the known structural changes associated with Src
activation to design, construct and functionally verified novel genetically encoded
FRET-based Src biosensor. Using the biosensor, we found that activatory mutations in SH3
domain, CD linker or kinase domain induce the opening of Src structure similarly as the
oncogenic Tyr257 to Phe mutation. Further, we discovered that Src inhibitors exhibit two
distinct phenotypes of action on Src. First group of inhibitors, characterized by inducing
aC-helix-out conformation of kinase domain, has no effect on Src structure or localization.
Second group, inducing aC-helix-in conformation, surprisingly and counterintuitively leads
to opened conformation of Src and its localization to focal adhesions. Finally, we analyzed
the dynamics of Src activity in focal adhesions by FRET imaging. Based on these results we
propose a new model for the role of Src-dependent phosphorylation in focal adhesions,
according to which Src-dependent tyrosine phosphorylation of focal adhesion proteins
drives the assembly phase of focal adhesions. It remains stable during maturation of focal
adhesions due to counteracting activity of tyrosine phosphatases. Hyperphosphorylation of
the Src targets in focal adhesions, potentially due to decrease of phosphatases activity,
induces focal adhesions’ disassembly and is followed by Src inactivation. The novel Src-FRET

biosensor represents a unique tool to monitor Src structure, activity and localization both
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in-vitro and in cells and hence could help to identify mechanisms of action of new Src

targeting drugs as well as to investigate various aspects of Src signaling in live cells.

ACKNOWLEDGMENTS

We gratefully acknowledge Dr. Xuehua Xu and Dr. Joseph Brzostowski for help with FRET
sensitized emission protocol, Dr. Tomas Vomastek for gift of SYF, HEK293FT and U20S cell
lines and Dr. Katerina Kuzelova for gift of SKI-1 inhibitor. This work was funded by Czech
Science Foundation grant 15 07321S, by the Ministry of Education, Youth and Sports of CR
within the LQ1604 National Sustainability Program Il (Project BIOCEV FAR) and by the
project ,BIOCEV“ (CZ.1.05/1.1.00/02.0109). We acknowledge the IMCF at BIOCEV,
institution supported by the MEYS CR (LM2015062 Czech Biolmaging). Part of the study was
performed by the equipment for metabolomics and cell analyses (Grant no.
CZ.1.05/2.1.00/19.0400) supported by the Research and Development for Innovations
Operational Program, co-financed by the European regional development fund and the

state budget of the Czech Republic.

AUTHOR CONTRIBUTIONS

LK, ACP performed most of the experiments and analyzed the results. OT performed the
FRET imaging experiments. VP performed the original cloning and analyses in HEK cells. JG,
MN analyzed the results. DR, JB, and KA conceived the experiments and wrote the

manuscript. All authors reviewed the manuscript.
DECLARATION OF INTERESTS

Daniel Rosel and Jan Brabek have filed Czech Republic patent application on the SrcFRET

biosensor. The authors have no other financial or non-financial competing interests.

53



REFERENCES

Alexandropoulos,K. and Baltimore,D. (1996). Coordinate activation of c-Src by SH3- and
SH2-binding sites on a novel p130Cas-related protein, Sin. Genes Dev. 10, 1341-1355.

Barkho,S., Pierce,L.C., McGlone,M.L., Li,S., Woods,V.L., Jr., Walker,R.C., Adams,J.A., and
Jennings,P.A. (2013). Distal loop flexibility of a regulatory domain modulates dynamics and
activity of C-terminal SRC kinase (csk). PLoS. Comput. Biol. 9, e1003188.

Bjorge,).D., Bellagamba,C., Cheng,H.C., Tanaka,A., Wang,J.H., and Fujita,D.J. (1995).
Characterization of two activated mutants of human pp60c-src that escape c-Src kinase
regulation by distinct mechanisms. J. Biol. Chem. 270, 24222-24228.

Boerner,R.J., Kassel,D.B., Barker,S.C., Ellis,B., DeLacy,P., and Knight,W.B. (1996). Correlation
of the phosphorylation states of pp60c-src with tyrosine kinase activity: the intramolecular
pY530-SH2 complex retains significant activity if Y419 is phosphorylated. Biochemistry 35,
9519-9525.

Brabek,J., Mojzita,D., Novotny,M., Puta,F., and Folk,P. (2002). The SH3 domain of Src can
downregulate its kinase activity in the absence of the SH2 domain-pY527 interaction.
Biochem. Biophys. Res. Commun. 296, 664-670.

Branis,J., Pataki,C., Sporrer,M., Gerum,R.C., Mainka,A., Cermak,V., Goldmann,W.H., Fabry,B.,
Brabek,J., and Rosel,D. (2017). The role of focal adhesion anchoring domains of CAS in
mechanotransduction. Sci. Rep. 7, 46233.

Cooper,J.A., Gould,K.L., Cartwright,C.A., and Hunter,T. (1986). Tyr527 is phosphorylated in
pp60c-src: implications for regulation. Science 231, 1431-1434.

Cowan-Jacob,S.\W., Fendrich,G., Manley,PW., JahnkeW., Fabbro,D., Liebetanz)J., and
Meyer,T. (2005). The crystal structure of a c-Src complex in an active conformation suggests
possible steps in c-Src activation. Structure. 13, 861-871.

Dar,A.C. and Shokat,K.M. (2011). The evolution of protein kinase inhibitors from antagonists
to agonists of cellular signaling. Annu. Rev. Biochem. 80, 769-795.

Feige,J.N., Sage,D., Wahli,W., Desvergne,B., and Gelman,L. (2005). PixFRET, an Image)J plug-
in for FRET calculation that can accommodate variations in spectral bleed-throughs.
Microsc. Res. Tech. 68, 51-58.

Fincham,V.J. and Frame,M.C. (1998). The catalytic activity of Src is dispensable for
translocation to focal adhesions but controls the turnover of these structures during cell
motility. EMBO J. 17, 81-92.

Fonseca,P.M., Shin,N.Y., Brabek,J., Ryzhova,L., Wu,J., and Hanks,S.K. (2004). Regulation and

54



localization of CAS substrate domain tyrosine phosphorylation. Cell Signal. 16, 621-629.

Frame,M.C., Fincham,V.J., Carragher,N.O., and Wyke,J.A. (2002). v-Src's hold over actin and
cell adhesions. Nat. Rev. Mol. Cell Biol. 3, 233-245.

Gemperle,)., Hexnerova,R., Lepsik,M., Tesina,P., Dibus,M., Novotny,M., Brabek,].,
Veverka,V., and Rosel,D. (2017). Structural characterization of CAS SH3 domain selectivity
and regulation reveals new CAS interaction partners. Sci. Rep. 7, 8057.

Giaccone,G. and Zucali,P.A. (2008). Src as a potential therapeutic target in non-small-cell
lung cancer. Ann. Oncol. 19, 1219-1223.

Goedhart,J., von,S.D., Noirclerc-Savoye,M., Lelimousin,M., Joosen,L., Hink,M.A., van,W.L.,
Gadella,TW.,, Jr., and Royant,A. (2012). Structure-guided evolution of cyan fluorescent
proteins towards a quantum yield of 93%. Nat. Commun. 3, 751.

Gonfloni,S., Williams,J.C., Hattula,K., Weijland,A., Wierenga,R.K., and Superti-Furga,G.
(1997). The role of the linker between the SH2 domain and catalytic domain in the
regulation and function of Src. EMBO J. 16, 7261-7271.

Guarino,M. (2010). Src signaling in cancer invasion. J. Cell Physiol 223, 14-26.

Gulyani,A., Vitriol,E., Allen,R., Wu,J., Gremyachinskiy,D., Lewis,S., Dewar,B., Graves,L.M.,
Kay,B.K., Kuhlman,B., Elston,T., and Hahn,K.M. (2011). A biosensor generated via high-
throughput screening quantifies cell edge Src dynamics. Nat. Chem. Biol. 7, 437-444.

Irby,R.B. and Yeatman,T.J. (2000). Role of Src expression and activation in human cancer.
Oncogene 19, 5636-5642.

Irtegun,S., Wood,R., Lackovic,K., Schweiggert,)., Ramdzan,Y.M., Huang,D.C., Mulhern,T.D.,
and Hatters,D.M. (2014). A biosensor of SRC family kinase conformation by exposable
tetracysteine useful for cell-based screening. ACS Chem. Biol. 9, 1426-1431.

Janostiak,R., Brabek,J)., Auernheimer\V., Tatarova,Z., Lautscham,L.A., Dey,T., Gemperle,l.,
Merkel,R., Goldmann,W.H., Fabry,B., and Rosel,D. (2014a). CAS directly interacts with
vinculin to control mechanosensing and focal adhesion dynamics. Cell Mol. Life Sci. 71, 727-
744,

Janostiak,R., Pataki,A.C., Brabek,)., and Rosel,D. (2014b). Mechanosensors in integrin
signaling: the emerging role of p130Cas. Eur. J. Cell Biol. 93, 445-454,

Janostiak,R., Tolde,O., Bruhova,Z., Novotny,M., Hanks,S.K., Rosel,D., and Brabek,J. (2011).
Tyrosine phosphorylation within the SH3 domain regulates CAS subcellular localization, cell
migration, and invasiveness. Mol. Biol. Cell 22, 4256-4267.

Karaman,M.W., Herrgard,S., Treiber,D.K.,, Gallant,P., Atteridge,C.E., Campbell,B.T,,
55



Chan,K.W., Ciceri,P., Davis,M.l., Edeen,PT., Faraoni,R., Floyd,M., Hunt,J.P., Lockhart,D.J.,
Milanov,ZV., Morrison,M.)., Pallares,G., Patel,H.K., Pritchard,S., Wodicka,L.M., and
Zarrinkar,P.P. (2008). A quantitative analysis of kinase inhibitor selectivity. Nat. Biotechnol.
26, 127-132.

Klinghoffer,R.A., Sachsenmaier,C., Cooper,].A., and Soriano,P. (1999). Src family kinases are
required for integrin but not PDGFR signal transduction. EMBO J. 18, 2459-2471.

Leonard,S.E., Register,A.C., Krishnamurty,R., Brighty,G.J., and Maly,D.J. (2014). Divergent
modulation of Src-family kinase regulatory interactions with ATP-competitive inhibitors.
ACS Chem. Biol. 9, 1894-1905.

Luo,W., Janostiak,R., Tolde,O., Ryzhova,L.M., Koudelkova,L., Dibus,M., Brabek,J., Hanks,S.K.,
and Rosel,D. (2017). ARHGAPA42 is activated by Src-mediated tyrosine phosphorylation to
promote cell motility. J. Cell Sci. 130, 2382-2393.

Machiyama,H., Yamaguchi,T., Sawada,Y., Watanabe,T.M., and Fujita,H. (2015). SH3 domain
of c-Src governs its dynamics at focal adhesions and the cell membrane. FEBS J. 282, 4034-
4055.

Mitchison,T. and Kirschner,M. (1988). Cytoskeletal dynamics and nerve growth. Neuron 1,
761-772.

Mitra,S.K. and Schlaepfer,D.D. (2006). Integrin-regulated FAK-Src signaling in normal and
cancer cells. Curr. Opin. Cell Biol. 18, 516-523.

Miyazaki,K., Senga,T., Matsuda,S., Tanaka,M., Machida,K., Takenouchi,Y., Nimura,Y., and
Hamaguchi,M. (1999). Critical amino acid substitutions in the Src SH3 domain that convert
c-Src to be oncogenic. Biochem. Biophys. Res. Commun. 263, 759-764.

Na,S., Collin,0., Chowdhury,F., Tay,B., Ouyang,M., Wang,Y., and Wang,N. (2008). Rapid signal
transduction in living cells is a unique feature of mechanotransduction. Proc. Natl. Acad.
Sci. U. S. A 105, 6626-6631.

PasterW., Paar,C., Eckerstorfer,P., Jakober,A., Drbal K., Schutz,G.J., Sonnleitner,A., and
Stockinger,H. (2009). Genetically encoded Forster resonance energy transfer sensors for the
conformation of the Src family kinase Lck. J. Immunol. 182, 2160-2167.

Playford,M.P. and Schaller,M.D. (2004). The interplay between Src and integrins in normal
and tumor biology. Oncogene 23, 7928-7946.

Rosel,D., Brabek,)., Vesely,P., and Fernandes,M. (2013). Drugs for solid cancer: the
productivity crisis prompts a rethink. Onco. Targets. Ther. 6, 767-777.

Roskoski,R., Jr. (2016). Classification of small molecule protein kinase inhibitors based upon
the structures of their drug-enzyme complexes. Pharmacol. Res. 103, 26-48.
56



Ryder,JW. and Gordon,J.A. (1987). In vivo effect of sodium orthovanadate on pp60c-src
kinase. Mol. Cell Biol. 7, 1139-1147.

Sawada,Y., Tamada,M., Dubin-Thaler,B.J., Cherniavskaya,O., Sakai,R., Tanaka,S., and
Sheetz,M.P. (2006). Force sensing by mechanical extension of the Src family kinase
substrate p130Cas. Cell 127, 1015-1026.

Stirnweiss,A., Hartig,R., Gieseler,S., Lindquist,J.A., Reichardt,P., Philipsen,L., Simeoni,L.,
Poltorak,M., Merten,C., Zuschratter,W., Prokazov)., Paster,W., Stockinger,H., Harder,T,
Gunzer,M., and Schraven,B. (2013). T cell activation results in conformational changes in
the Src family kinase Lck to induce its activation. Sci. Signal. 6, ral3.

Stutchbury,B., Atherton,P., Tsang,R., Wang,D.Y., and Ballestrem,C. (2017). Distinct focal
adhesion protein modules control different aspects of mechanotransduction. J. Cell Sci.
130, 1612-1624.

Superti-Furga,G., Fumagalli,S., Koegl,M., Courtneidge,S.A., and Draetta,G. (1993). Csk
inhibition of c-Src activity requires both the SH2 and SH3 domains of Src. EMBO J. 12, 2625-
2634.

Teckchandani,A., Laszlo,G.S., Simo,S., Shah,K., Pilling,C., Strait,A.A., and Cooper,].A. (2014).
Cullin 5 destabilizes Cas to inhibit Src-dependent cell transformation. J. Cell Sci. 127, 509-
520.

Ting,AY., Kain,K.H., Klemke,R.L., and Tsien,RY. (2001). Genetically encoded fluorescent
reporters of protein tyrosine kinase activities in living cells. Proc. Natl. Acad. Sci. U. S. A 98,
15003-15008.

Tolde,0., Rosel,D., Janostiak,R., Vesely,P., and Brabek,J. (2012). Dynamics and morphology
of focal adhesions in complex 3D environment. Folia Biol. (Praha) 58, 177-184.

Tong,M., Pelton,).G., Gill,M.L., Zhang,W., Picart,F., and Seeliger,M.A. (2017). Survey of
solution dynamics in Src kinase reveals allosteric cross talk between the ligand binding and
regulatory sites. Nat. Commun. 8, 2160.

von Wichert,G., Haimovich,B., Feng,G.S., and Sheetz,M.P. (2003). Force-dependent
integrin-cytoskeleton linkage formation requires downregulation of focal complex
dynamics by Shp2. EMBO J. 22, 5023-5035.

Wang,Y., Botvinick,E.L.,, Zhao,Y.,, Berns,M.W., Usami,S., Tsien,RY., and Chien,S. (2005).
Visualizing the mechanical activation of Src. Nature 434, 1040-1045.

Wu,Y., Zhang,K., Seong,J., Fan,)., Chien,S., Wang)y., and Lu,S. (2016). n-situ coupling
between kinase activities and protein dynamics within single focal adhesions. Sci. Rep. 6,
29377.

57



Xia,Z. and Liu,Y. (2001). Reliable and global measurement of fluorescence resonance energy
transfer using fluorescence microscopes. Biophys. J. 81, 2395-2402.

Xu,W., Doshi,A., Lei,M., Eck,M.J., and Harrison,S.C. (1999). Crystal structures of c-Src reveal
features of its autoinhibitory mechanism. Mol. Cell 3, 629-638.

Xu,W., Harrison,S.C., and Eck,M.J. (1997). Three-dimensional structure of the tyrosine
kinase c-Src. Nature 385, 595-602.

Yeatman,T.J. (2004). A renaissance for SRC. Nat. Rev. Cancer 4, 470-480.

Young,M.A., Gonfloni,S., Superti-Furga,G., Roux,B., and Kuriyan,J. (2001). Dynamic coupling
between the SH2 and SH3 domains of c-Src and Hck underlies their inactivation by C-
terminal tyrosine phosphorylation. Cell 105, 115-126.

Zaidel-Bar,R., Milo,R., Kam,Z., and Geiger,B. (2007). A paxillin tyrosine phosphorylation
switch regulates the assembly and form of cell-matrix adhesions. J. Cell Sci. 120, 137-148.

58



FIGURE LEGENDS

Fig. 1. Design of Src-FRET biosensor. A) Structure of inactive Src with critical residues and
motives depicted. B) Model of Src biosensor action. Compact, inactive conformation of Src
biosensor gives high FRET between inserted mCFP and mCit fluorophores (left). Upon
activation, the Src structure loosens and the FRET decreases (right). Linkers between the
fluorophores and the kinase are not depicted. The structure models were created according
to PDB structures 1FMK, 1Y57, 2H5P, 1FOB. C) Schematic representation of the different Src
and control constructs used in this study. UD — unique domain, CFP — mECFP/(mTurquoise2),
YFP — mCit.

Fig. 2. Insertion of the fluorophores into Src has no significant effect on Src activation.
HEK293TF cells expressing Src constructs were lysed and analyzed for Tyrd16
phosphorylation and emission spectra. A) Representative matched pair of immunoblots
showing detection of activated Src (P-Y416 antibody) and total Src. Numbers indicate ratio
of Try416 phosphorylation and Src signal (mean * standard deviation, out of minimum 5
independent experiments) normalized to unmanipulated Src. B) Representative emission
spectra normalized to emission maximum of mCFP. C, D) The biosensor variants were
transfected into HEK293FT cells and native cell lysates were supplemented with purified
GST-SinWT (FRET+SinWT), GST-SinY (FRET+SinY), GST-SinR (FRET+SinR), GST-SinRY
(FRET+SinRY) or GST alone (FRET, FRET527F). After 30 min of incubation fluorescence
emission spectra were recorded. C) Representative emission spectra normalized to
emission maximum of mCFP. D) Bar graph represents ratio of normalized mCit (525 nm) and
mCFP (475 nm) emission. The data are shown as mean +/- standard deviation out of
minimum 3 independent experiments performed in triplicates. P values indicate statistical

significance calculated by one-way ANOVA and followed by Tukey's post-hoc test.

Fig. 3. Src-FRET biosensor is responsive to activatory mutations. The biosensor variants
were transfected into U20S cells and the fluorescence emission spectra were recorded. A)
Representative emission spectra normalized to emission maximum of mCFP. B) Bar graph
represents ratio of normalized mCit (530 nm) and mCFP (480 nm) emission. The data are
shown as mean +/- standard deviation out of minimum 3 independent experiments
performed in triplicates. P values indicate statistical significance compared to FRET ratio of
Src-FRET527F (527F) variant of the biosensor as calculated by one-way ANOVA and followed
by Tukey's post-hoc test. PC (positive control) and CFP (Src-CFP) indicates maximum and
minimum FRET achievable by the biosensor, respectively. C) Kinetic analysis of kinase

activity of the biosensor variants using Omnia kinase assay. Representative graph is shown.
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Fig. 4. Src-FRET biosensor effectively responds to treatments activating and inhibiting Src.
A) SYF cells and SYFs stably expressing Src-FRET biosensor (SrcFRET) or c-Src (Src) were
incubated for 30 min +/- 150nM dasatinib, for 12 hours +/- 100 ng/ml EGF or for 2 hours
+/- 10uM LPA. Cells were then lysed and analyzed for expression and phosphorylation of
Src substrates paxillin and p130Cas. Representative blots from three independent
experiments are shown. B, C) SYF cells stably expressing SrcFRET-WT biosensor were seeded
on fibronectin coated flexible membrane, incubated for 24 h, and then subjected to 20%
static stretch for indicated times. B) Cells were lysed and analyzed by Western blotting
against phosphorylated Y410 in the p130Cas (P-Y410) substrate domain. Representative
blot from three independent experiments is shown. C) Cells were lysed and in native cell
lysates the FRET was analyzed as a ratio of FRET fluorescence intensity (Aex 433, Aem 530)
and fluorescence intensity of mCFP (Aex 433, Aem 480). FRET ratio of unstretched cells (0
min) was arbitrary set to 1. The data are shown as mean +/- standard deviation out of
minimum 3 independent experiments performed in triplicates. P values indicate statistical
significance compared to unstreched cells (0 min) as calculated by one-way ANOVA and

followed by Tukey's post-hoc test.

Fig. 5. Src-FRET biosensor is responsive to activatory and inhibitory treatments in cells.
SrcFRET biosensor (FRET) and biosensor with activating Tyr527 to Phe mutation (FRET527F)
were stably expressed in SYF cells. SYFs expressing the FRET-WT biosensor were incubated
for 10 min with 10uM LPA (serum starved, +LPA), 24 hours with 100 ng/ml EGF (serum
starved, +EGF), 60 min with 500uM Sodium Orthovanadate (+Van), or for 60 min with Src
kinase inhibitors: 100nM dasatinib (+Das), 4uM saractinib (+Sar), 1uM bosutinib (+Bos),
100nM UM164 (+UM-164), or 10uM SKI-1 (+SKI-1). A, C) Representative emission spectra.
Relative fluorescence represents fluorescence intensity normalized to emission maximum
of mCFP. B, D) Bar graph represents ratio of normalized mCit (530 nm) and mCFP (480 nm)
emission. The data are shown as mean +/- standard deviation out of minimum 3
independent experiments performed in triplicates. P values indicate statistical significance
compared to FRET ratio from untreated cells (FRET) as calculated by one-way ANOVA and
followed by Tukey's post-hoc test.

Fig. 6. The effect of Src inhibitors on Src-FRET biosensor localization. SYF cells stably
expressing SrcFRET-WT biosensor (A), c-Src (B) or activated Src (Src527F, C) were directly
stained or incubated for 60 min with 500uM Sodium Orthovanadate (+Van), or for 60 min
with Src kinase inhibitors: 100nM dasatinib (+Das), 4uM saractinib (+Sar), 1uM bosutinib
(+Bos), 100nM UM-164 (+UM-164), or 10uM SKI-1 (+SKI-1). Cells were then fixed and
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stained for vinculin (focal adhesions marker, red (A)), F-actin (grey (A) or red (B, C)) or Src
(mCit fluorescence (A) or anti-Src antibody (B, C), green) and imaged by confocal

microscopy. Scale bar 10 um.

Fig. 7. Src activity in focal adhesions. U20S cells transiently co-expressing
mTurquoise2-based Src-FRET(T) and mCherry-FAT were imaged in live. A) Representative
cell image showing focal adhesions (FAT - mCherry signal, red), Src activity map (FRET
(nF/Icep)) and Src-FRET(T) localization (Src - mCit signal, green). The yellow line across focal
adhesion indicates the place of the first (left) kymograph analysis. Scale bar 10 um. B)
Representative kymographs (out of 20) of FAT, Src-FRET(T) localization and Src-FRET(T)
activity dynamics in focal adhesions. C) Representative graph showing dynamics of
mCherry-FAT (FAT), Src-FRET(T) (Src) localization and Src-FRET(T) activity (FRET (nF/lcre))
dynamics in focal adhesion. The data correspond to the first (left) kymograph in B) and are
normalized to maximum values. D) The bar graph shows average FRET (nF/Icep) +/- standard
error in focal adhesions and random regions of plasma membrane (PM) of similar size as
the focal adhesions. Number in the bar graphs indicates number of individual

measurements. P value indicates statistical significance as calculated by one-way ANOVA.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will

be fulfilled by Daniel Rosel (rosel@natur.cuni.cz).

DATA AND SOFTWARE AVAILABILITY

Data are available upon request to Daniel Rosel (rosel@natur.cuni.cz).

METHOD DETAILS

Cell culture and transfection

All cell lines were cultured in full DMEM (Life Technologies) with 4.5 g/lI L glucose, L
glutamine, and pyruvate, supplemented with 10% fetal bovine serum (Sigma Aldrich), 2%
antibiotic—antimycotic (Life Technologies), and 1% MEM non-essential amino acids (Life
Technologies). Cell transfections were carried out using Lipofectamine® 2000, jet PRIME,
or polyethylenimine according to manufacturer instructions. SYFs stably expressing Src
biosensor variants were prepared via retrovirus infection using the Src biosensor variants
cloned in pMSCV-puro vector and the Phoenix retroviral packaging lineage followed by
sorting of cell by FACS for YFP.

Cell Lines
SYF, HEK293FT and U20S cells were kind gift from Tomas Vomastek (Institute of
Microbiology, Czech Republic).

DNA constructs

To generate Src-FRET biosensor, full length chicken Src cDNA was PCR amplified from a
source  vector (Brabek et al., 2002) using the forward primer
(5’-GGATCCATGGGTAGTAGCAAGAGC) and the reverse primer
(5’-GAATTCTAGGTTCTCTCCAGGCTGG), and cloned in pYES2 vector. The Aatll insertion site
for donor fluorophore was created using QuikChange Il mutagenesis kit (Stratagene), using
the forward (5'-CAAGATCCGCAAGCTGGACGTCAGCGGCGGCTTCTACATC) and reverse
(5’-GATGTAGAAGCCGCCGCTGACGTCCAGCTTGCGGATCTTG) primers. The insertion of Aatll
site resulted in insertion of valine between aminoacid 208 and 209 of chicken Src. The mCFP
cDNA was PCR amplified from a source vector (gift from Professor Cerny; PrF UK, Czech
Republic) using the forward
(5’-GACGTCGGAAGCGGAGGTAGTGGTGGAATGGTGAGCAAGGGCG) and reverse
(5’-GACGTCACCTCCACTGCCGCTACCACTTCCGCCGAGAGTGATCCCG) primers, both included

sequence coding for the linker peptides (underlined), and cloned into Aatll site in the Src
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cDNA. The mCit cDNA was PCR amplified from a source vector (gift from Professor Cerny)
using the forward primer (5- GAATTCGGTGGCAGTGGAGGGATGGTGAGCAAGGGCG;
underlined sequence coding for the linker peptide) and reverse primer
(5’-GAATTCCTACTTGTACAGCTCGTCCATGC), and cloned into EcoRl site in the Src cDNA. To

generated mutated versions of the Src-FRET biosensor, the resulted Src-FRET biosensor was

first cloned into pBlueScript SK+ using BamHI/Notl restriction sites and was subsequently
mutagenize using QuikChange Il mutagenesis kit (Stratagene). The primers used for the
mutagenesis were as follows: for Tyr527 to Phe (forward:
5’-CGACAGAGCCCCAGTTCCAGCCTGGAGAGAAC, reverse:
5’-GTTCTCTCCAGGCTGGAACTGGGGCTCTGTCG), for RT loop mutagenesis (forward:
5’-TCCTGGATTGAAACGGACTTGTCCTTC, reverse: 5-CTCGTAGTCGTAGAGAGCCAC), for
n-Src loop mutagenesis (forward: 5-GAAGGTAACTGGTGGCTGGCTCATTC, reverse:
5’-CGTGTTGTTGACAATCTGCAGGC), for CD linker mutagenesis (forward:
5’-GTCCGGCGACCAGACCCAGGGACTCG, reverse: 5-GTGGGGCAGACGTTGGTCAG), for
kinase domain mutagenesis (forward: 5'-GTGGGGAGGATGAACTACGTGCACC, reverse:
5’-ATAGGCCATGCCGGATGCAATC). The resulted Src-FRET biosensors variants were cloned
to expression pIRESpuro3 and pMSCV puro vectors using BamHI/Notl and BamHI/EcoRV
restriction sites, respectively. The mTurquoise2 cDNA with linkers and Aatll cloning sites,
corresponding to mCFP sequence in the Src-FRET biosensor, was prepared by DNA
synthesis (GeneArt, Life Technologies) and after digestion with Aatll it was cloned to
replace mCFP in the Aatll site of Src-FRET constructs. For FRET positive control constructs,
both mCFP and mTurquoise2 were PCR amplified from corresponding Src-FRET constructs
using the same set of primers (forward: 5-GAATTCCACCATGGTGAGCAAGGGCG, reverse
5'-GGATCCAGATCTGAGTCCGGACTTGTACAGCTCGTCCATGC) and cloned into EcoRl/BamHI
sites of plRESpuro3. The mCit was PCR amplified wusing the forward
(5'- GGATCCATGGTGAGCAAGGGCG) and reverse
(5’- GCGGCCGCCTTGTACAGCTCGTCCATGC) primers and cloned into BamHI/Notl sites next
to the inserted mCFP or mTurquoise2.

To generate mCherry-FAT construct, FAT domain of mouse FAK PCR amplified from a
source  vector (Fonseca et al., 2004) using the forward primer
(5’- GGATCCATGGGTGTCAAGCTTCAGCC) and reverse (5’- AGATCTGTGTGGCCGTGTCTGC),
and cloned in frame to Bglll site in pmCherry-C1 vector.

All the constructs were verified by sequencing.

Sin peptides purification
The plasmids coding for GST-Sin peptide variants, 92 amino acids long peptides with high
affinity binding sites for SH3 and SH2 domain of Src, were kind gift from Dr.
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Alexandropoulos (Alexandropoulos and Baltimore, 1996). The GST-Sin peptide variants
were expressed in Escherichia coli BL21, purified using Glutathione Agarose (Thermo
Scientific) and bound GST-Sin peptides were eluted with 10 mM glutathione in 50 mM Tris,
pH 8.0. The quality of purified peptides was assessed by SDS-PAGE and their quantity was
determined densitometrically from Coomassie blue-stained gels using a BSA standard. To
determine the effect of GST-Sin peptide variants on Src-FRET biosensor, 40 pg of individual
GST-Sin peptides were mixed with native cell lysate of HEK293 cells expressing Src-FRET,
incubated for up to 40 minutes with vigorous shaking and the fluorescence spectra were

recorded (see “FRET steady state analysis®).

Immunoblotting

Subconfluent cells were washed on ice with 1 x PBS and lysed, using RIPA buffer (0.15M
NaCl; 50mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 0.1% SDS; 1% sodium deoxycholate; 5mM
EDTA; 50mM NaF). Protein concentration of lysates were determined by using the DC
Protein Assay (Bio-Rad). Protein lysates were diluted in Laemmli sample buffer (0.35M
Tris-HCI, pH 6.8; 10% SDS, 40% glycerol; 0.012% bromophenol blue) with 1mM DTT. Protein
samples were separated on 10% SDS-polyacrylamide gels and transferred onto
nitrocellulose membranes. The membranes were usually cut after the transfer to enable
probing for up to 3 proteins of different molecular mass (e.g. 1-2 proteins of interest and a
loading control). Membranes were then blocked in Tris-buffered saline, containing 5%
non-fat dry milk (or 4% bovine serum albumin depending on the antibody) for 1 h at room
temperature to prevent non-specific activity. After blocking, membranes were incubated
overnight at 4°C with a primary antibody, washed properly with Tris-buffered saline with
0.1% Tween-20, and incubated for 1 h with a secondary antibody conjugated with
horseradish peroxidase. After washing with TTBS, membranes were developed by using the
LAS 1000 Single System (Fujifilm).

Kinase assay

Kinase activity of Src variants was measured using Omnia® Y Peptide 2 Kit (ThermoFisher
Scientific). The assay is based on detection of fluorescence increase after kinase-specific
substrate phosphorylation. Specifically, substrate peptide is attached to the
chelation-enhanced fluorophore Sox. Upon phosphorylation of the peptide by the kinase,
Mg?* is chelated to form a bridge between the Sox moiety and the incorporated phosphate
group on the tyrosine within the substrate peptide, which consequently causes increase in
fluorescence. Kinase assays were performed according to the manufacturer’s protocol.
Briefly, cells were washed with PBS and lysed in HEPES-Triton buffer (50mM HEPES, pH 7.4;
1% Triton X-100, 1mM DTT, 6mM MgCl2, 6mM MnCI2, protease inhibitors, phosphatase
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inhibitors). Lysates were clarified by centrifugation. Kinase reactions (in quadruplicates for
each variant) was assembled by adding cell lysate (5 pg per well in 386 well-plate), kinase
reaction buffer, 0.2mM DTT, 1ImM ATP and 10uM peptide substrate. Using plate reader
(TECAN 200Pro), reactions were incubated at 30 °C and fluorescence intensity was
measured (Aex 360 £ 10 nm /Aem 485 + 20 nm) at 60 second intervals for 1 hour. The slope
of fluorescence intensity increase was determined and normalized to amount of Src

construct in a sample (mCit signal, 500/530 nm).

Cell stretching

Cell stretching experiments were carried out on 10 cm? stretchable PDMS chambers (STREX
Inc.). The substrates of chambers were coated with 5 pg/ml fibronectin (Invitrogen). Cells
were seeded on fibronectin-coated substrates and cultured overnight at 37°C with 5% CO,.
Uniaxial static stretching was performed in the incubator under regular cell culture
conditions, using a manual stretcher (STREX Inc.). Cells were stretched for various time
intervals (0 min, 5 min, 15 min, 20 min, 30 min, 45 min and 60 min) at an amplitude of 20
% and then immediately lysed in Tris-buffered saline with 1% tritonX-100 with protease
and phosphatase inhibitors (SERVA). The lysis buffer has been used as a reference for FRET
measurements. The lysate was split in two parts, one was immediately used for FRET
measurement, second for immunoblot analysis after adding Laemmli sample buffer (0.35M
Tris-HCI, pH 6.8; 10% SDS, 40% glycerol; 0.012% bromophenol blue) with 1mM DTT.

FRET steady state analysis

Cells expressing the biosensor variants were treated for 10 min with 10uM LPA (after
overnight serum starvation), 24 hours with 100 ng/ml EGF (after overnight serum
starvation), 60min with either 500uM Sodium Orthovanadate, 100nM dasatinib (LC
Laboratories), 4uM saractinib (BioVision), 1uM bosutinib (LC Laboratories), 100nM UM-164
(Sigma), or 10uM SKI-1 (Abcam). After the treatment cells were lysed in HEPES-Triton buffer
(50mM HEPES, pH 7.4; 1% Triton X-100, 1mM DTT, 6mM MgCl2, 6mM MnCI2, protease
inhibitors, phosphatase inhibitors, 100uM ATP), and the FRET signal of each sample was
determined using a Varioskan Flash (Fig. 2; Thermo Scientific) or Tecan 200Pro (all spectral
scanning and direct FRET data except Fig. 2; PTI, Edison, NJ) spectral scanning fluorescence
plate readers. To record FRET fluorescence spectra, the cell lysates were excited at an
excitation wavelength of mCFP (433 + 5 nm Varioskan Flash, 433 nm = 10 nm Tecan 200Pro)
and the fluorescence emission spectra 460-580 nm was recorded (in 5 nm or 2 nm steps
for Varioskan Flash and Tecan 200Pro, respectively). For FRET ratio determination, after
background subtraction, emission ratios of mCit (525 + 12 nm Varioskan Flash, 530 + 20 nm
Tecan 200Pro) and mCFP (475 + 12 nm Varioskan Flash, 480 + 20 nm Tecan 200Pro) were
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calculated. In samples with bosutinib, bosutinib autofluorescence was subtracted by
calculating the difference in fluorescence intensities between the cell lysates of
bosutinib-treated cells expressing and not expressing SrcFRET biosensor. Further, mCit
fluorescence (Aex 500 £ 9 nm, Aem 530 + 20 nm) was determined for control of biosensor
variants expression in individual cell lines.

For FRET analysis in cell lysates after stretch, the fluorescence spectra could not be reliably
recorded due to low amount of sample material and, as a consequence, low fluorescence
intensities in the spectral mode measurements. Instead, FRET was measured as a ratio of
FRET fluorescence intensity (Aex 433 £ 9 nm, Aem 530 £ 20 nm) and the fluorescence intensity
of MCFP (Aex 433 £ 9 nm, Aem 480 £+ 20 nm). In order to compare in-between independent
experiments, the data were normalized with respect to the FRET ratio of unstretched cells
which was arbitrary set to 1. In all FRET steady state measurements, the gating for each
experimental cohort was set to same value, which was computed from sample with the

highest fluorescence intensity within the cohort.

Fluorescence microscopy

Cell immmunostaining and confocal microscopy

Cells were seeded on coverslips coated with 10 pug/ml fibronectin (Invitrogen) and grown
for 12 - 24 h. Subsequently, the cells were fixed in 4% paraformaldehyde, permeabilized
using 0.3% Triton X-100, washed with PBS and blocked in 3% bovine serum albumin in PBS.
Samples were then sequentially incubated with primary antibodies for 3 h, secondary
antibodies for 1 h, phalloidin for 15 min, and extensively washed with PBS between each
step. The slides were mounted in Mowiol 4-88 (Millipore) containing
1,4-diazobicyclo-[2.2.2]-octane (Sigma). The secondary antibodies were anti-rabbit-IgG
Alexa Fluor 546 and anti-mouse-IgG Alexa Fluor 633 (Invitrogen). F-actin was probed with
phalloidin conjugated with Alexa Fluor 405 (Dyomics) or Alexa Fluor 555 (Life
Technologies). Images were acquired using Leica TCS SP8 microscope system equipped
with a Leica 63x/ 1.45 NA oil objective.

FRET sensitized emission analysis

U20S cells were transiently co-transfected with the Src-FRET(T) biosensor and mCherry-FAT
or mCherry-vinculin using polyethylenimine transfection agents (Sigma). Prior imaging the
cells were trypsinized and allowed to attach on 35 mm dishes with glass bottom coated
with fibronectin (MatTek, MA) and imaged in a window 30-60 min after seeding. FRET
experiments were performed using Nikon Ti-E microscope with Nikon CFI HP Apo TIRF 100x
Oil, NA 1.49. The microscope was equipped with two cameras, Andor iXon Ultra DU897
(Andor Technologies, UK) for acquisition of images excited with 445 nm and 488 nm laser

beams, and Hamamatsu ORCA 4.0 V2 (Hamamatsu Photonics, Japan) for acquisition of
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images excited with 561 nm laser beam. Image splitter (DualView DV2, Photometrics, AZ)
with filter cube splitting the beam at 505 nm was inserted in the light path preceding the
Andor camera. Obtained dual images were processed using Imagel. FRET, corrected for
spectral bleed-throughs and normalized to donor fluorescence, was calculated as nF/Icep
according to (Xia and Liu, 2001) in ImageJ using PixFRET plug-in (Feige et al., 2005).
Fluorescence recovery after photobleaching (FRAP)

U20S cells were transiently co-transfected with the Src-FRET(T) biosensor and
mCherry-vinculin using polyethylenimine transfection agents (Sigma). Prior imaging the
cells were trypsinized and allowed to attach for 4 hours on 35 mm dishes with glass bottom
coated with fibronectin (MatTek, MA). FRAP experiments were performed using Leica SP8
confocal microscope with a 63x/1.45 NA oil immersion objective. White light laser set to
512 nm was used to excite mCit and to 584 nm to excite mCherry. The focal adhesion was
detected according to mCherry-FAT signal and in the selected focal adhesion the mCit signal
was bleached using a high energy beam. The image acquisition started 5 s before bleaching
and continued for approximately 30 s (one frame every 1.301 s). The recovery curves of the
bleached regions were calculated from extracted image series using LAS X software (Leica),
and the recovery halftime values were calculated from the FRAP curves by nonlinear

regression analysis as described in (Tolde et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

All the data were presented as mean + standard deviation or + standard error from at least
three independent experiments. The significance of differences was analyzed with one-way
ANOVA followed by Tukey’s honest significant difference test using GraphPad Prism
software (version 6.07, GraphPad Software Inc.). Statistical significance was defined as p <

0.05. FRAP data fitting was performed in Excel using Solver add-in (Microsoft).
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Fig. 1. Design of Src-FRET biosensor. A) Structure of inactive Src with critical residues and motives
depicted. B) Model of Src biosensor action. Compact, inactive conformation of Src biosensor gives high
FRET between inserted mCFP and mCit fluorophores (left). Upon activation, the Src structure loosens
and the FRET decreases (right). Linkers between the fluorophores and the kinase are not depicted. The
structure models were created according to PDB structures IFMK, 1Y57, 2H5P, 1FOB. C) Schematic
representation of the different Src and control constructs used in this study. UD — unique domain, CFP —
mECFP/(mTurquoise2), YFP — mCit.
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Fig. 2. Insertion of the fluorophores into Src has no significant effect on Src activation. HEK293TF
cells expressing Src constructs were lysed and analyzed for Tyr416 phosphorylation and emission spectra.
A) Representative matched pair of immunoblots showing detection of activated Src (P-Y416 antibody) and
total Src. Numbers indicate ratio of Try416 phosphorylation and Src signal (mean + standard deviation,
out of minimum 5 independent experiments) normalized to unmanipulated Src. B) Representative emission
spectra normalized to emission maximum of mCFP. C, D) The biosensor variants were transfected into
HEK293FT cells and native cell lysates were supplemented with purified GST-SinWT (FRET+SinWT),
GST-SinY (FRET+SinY), GST-SinR (FRET+SinR), GST-SinRY (FRET+SinRY) or GST alone (FRET,
FRETS527F). After 30 min of incubation fluorescence emission spectra were recorded. C) Representative
emission spectra normalized to emission maximum of mCFP. D) Bar graph represents ratio of normalized
mCit (525 nm) and mCFP (475 nm) emission. The data are shown as mean +/- standard deviation out of
minimum 3 independent experiments performed in triplicates. P values indicate statistical significance

calculated by one-way ANOVA and followed by Tukey's post-hoc test.
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Fig. 3. Src-FRET biosensor is responsive to activatory mutations. The biosensor variants were
transfected into U20S cells and the fluorescence emission spectra were recorded. A) Representative
emission spectra normalized to emission maximum of mCFP. B) Bar graph represents ratio of
normalized mCit (530 nm) and mCFP (480 nm) emission. The data are shown as mean ~+/- standard
deviation out of minimum 3 independent experiments performed in triplicates. P values indicate
statistical significance compared to FRET ratio of Src-FRETS527F (527F) variant of the biosensor as
calculated by one-way ANOVA and followed by Tukey's post-hoc test. PC (positive control) and CFP
(Src-CFP) indicates maximum and minimum FRET achievable by the sensor, respectively. C) Kinetic
analysis of kinase activity of the biosensor varinats using Omnia kinase assay. Representative graph is
shown.
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Fig. 4. Src-FRET biosensor effectively responds to treatments activating and inhibiting Src. A) SYF cells and
SYFs stably expressing Src-FRET biosensor (SrcFRET) or c-Src (Src) were incubated for 30 min +/- 150nM
dasatinib, for 12 hours +/- 100 ng/ml EGF or for 2 hours +/- 10uM LPA. Cells were then lysed and analyzed for
expression and phosphorylation of Src substrates paxillin and p130Cas. Representative blots from three
independent experiments are shown. B, C) SYF cells stably expressing SrcFRET-WT biosensor were seeded on
fibronectin coated flexible membrane, incubated for 24 h, and then subjected to 20% static stretch for indicated
times. B) Cells were lysed and analyzed by Western blotting against phosphorylated Y410 (P-Y410) in the
pl130Cas (anti-P-Cas) substrate domain. Representative blot from three independent experiments is shown. C)
Cells were lysed and in native cell lysates the FRET was analyzed as a ratio of FRET fluorescence intensity (lex
433, iem 530) and fluorescence intensity of mCFP (Aex 433, lem 480). FRET ratio of unstretched cells (0 min)
was arbitrary set to 1. The data are shown as mean +/- standard deviation out of minimum 3 independent
experiments performed in triplicates. P values indicate statistical significance compared to unstreched cells (0
min) as calculated by one-way ANOVA and followed by Tukey's post-hoc test.
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Fig. 5. Src-FRET biosensor is responsive to activatory and inhibitory treatments in cells. SrcFRET
biosensor (FRET) and biosensor with activating Tyr527 to Phe mutation (FRET527F) were stably
expressed in SYF cells. SYFs expressing the FRET-WT biosensor were incubated for 10 min with 10uM LPA
(serum starved, +LPA), 24 hours with 100 ng/ml EGF (serum starved, +EGF), 60 min with 500uM Sodium
Orthovanadate (+Van), or for 60 min with Src kinase inhibitors: 100nM dasatinib (+Das), 4uM saractinib
(+Sar), 1uM bosutinib (+Bos), 100nM UM-164 (+UM-164), or 10uM SKI-1 (+SKI-1). A, C)
Representative emission spectra. Relative fluorescence represents fluorescence intensity normalized to
emission maximum of mCFP. B, D) Bar graph represents ratio of normalized mCit (530 nm) and mCFP
(480 nm) emission. The data are shown as mean +/- standard deviation out of minimum 3 independent
experiments performed in triplicates. P values indicate statistical significance compared to FRET ratio
from untreated cells (FRET) as calculated by one-way ANOVA and followed by Tukey's post-hoc test.
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Fig. 6. The effect of Src inhibitors on Src-FRET biosensor localization. SYF cells stably expressing SrcFRET-
WT biosensor (A), c-Src (B) or activated Src (Src527F, C) were directly stained or incubated for 60 min with
500uM Sodium Orthovanadate (+Van), or for 60 min with Src kinase inhibitors: 100nM dasatinib (+Das), 4uM
saractinib (+Sar), luM bosutinib (+Bos), 100nM UM-164 (+UM-164), or 10uM SKI-1 (+SKI-1). Cells were
then fixed and stained for vinculin (focal adhesions marker, red (A)), F-actin (grey (A) or red (B, C)) or Src (mCit
fluorescence (A) or anti-Src antibody (B, C), green) and imaged by confocal microscopy. Scale bar 10 um.
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Fig. 7. Src activity in focal adhesions. U20S cells transiently co-expressing mTurquoise2-based
Src-FRET(T) and mCherry-FAT were imaged in live. A) Representative cell image showing focal
adhesions (FAT - mCherry signal, red), Src activity map (FRET (nF/I-gp)) and Src-FRET(T) localization
(Src - mCit signal, green). The yellow line across focal adhesion indicates the place of the first (left)
kymograph analysis. Scale bar 10 um. B) Representative kymographs (out of 20) of FAT, Src-FRET(T)
localization and Src-FRET(T) activity dynamics in focal adhesions. C) Representative graph showing
dynamics of mCherry-FAT (FAT), Src-FRET(T) (Src) localization and Src-FRET(T) activity (FRET
(nF/l-rp)) dynamics in focal adhesion. The data correspond to the first (left) kymograph in B) and are
normalized to maximum values. D) The bar graph shows average FRET (nF/I-pp) +/- standard error in
focal adhesions and random regions of plasma membrane (PM) of similar size as the focal adhesions.
Number in the bar graphs indicates number of individual measurements. P value indicates statistical
significance as calculated by one-way ANOVA.
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Supplemental Fig. 1. Kinase activity of Src-FRET biosensor variants. The biosensors variants were
transfected into U20S cells, lysed in kinase buffer and the Src kinase activity was analyzed using Omnia
kinase assay. Bar graph represents average slope of the kinetic curve +/- standard deviation out of 3
independent experiments. P values indicate statistical significance compared to Src-FRET527F as
calculated by one-way ANOVA and followed by Tukey's post-hoc test.
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Supplemental Fig. 2. Src kinase is inhibited upon treatment with Src inhibitors. SYFs expressing the
FRET-WT biosensor were incubated for 60 min with 500uM Sodium Orthovanadate (+Van), 100nM
dasatinib (+Das), 4uM saractinib (+Sar), luM bosutinib (+Bos), 100nM UM-164 (+UM-164), or
10uM SKI-1 (+SKI-1). Cells were then lysed and A) analyzed for Src phosphorylation on Tyr416 and
Tyr527 and pl130Cas phosphorylation (P-Y410) by Western blotting. B) U20S cells were transfected
with Src-FRET or SRcFRETS527F biosensor. After 60 min of incubation with 100nM dasatinib (+Das) or
10uM SKI-1 (+SKI-1) cells were lysed and analyzed for Src phosphorylation on Tyr416 and Tyr527 and
also for p130Cas phosphorylation by Western blotting or C,D) fluorescence emission spectra were
recorded. C) Representative emission spektra. Relative fluorescence represents fluorescence intensity
normalized to emission maximum of mCFP. D) Bar graph represents ratio of normalized mCit (530 nm)
and mCFP (460 nm) emission. The data are shown as mean +/- standard deviation out of 3 independent
experiments performed in triplicates. P values indicate statistical signifikance compared to FRET ratio

from untreated cells as calculated by one-way ANOVA.
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Supplemental Fig. 3. Analysis of mTurquoise2-based Src-FRET biosensor. The SYF cells transiently
expressing Src-mTurquoise? (Src-Turq), mTurquoise2-based FRET positive control (PC) or
mTurquoise2-based Src-FRET biosensor variants were incubated 24 hours with 100 ng/ml EGF (serum
starved, +EGF) or 10 min with 10uM LPA (serum starved, +LPA). Cells were then lysed and
fluorescence spectra were recorded. Representative emission spectra is shown. Relative fluorescence
represents fluorescence intensity normalized to emission maximum of mTurquoise?2.
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Supplemental Fig. 4. Src activity in focal adhesions. U20S cells transiently co-expressing
mTurquoise2-based Src-FRET(T) and mCherry-vinculin were imaged in life. A) Representative cell
image showing focal adhesion (vinculin - mCherry signal, red), Src activity map (FRET) and Src-
FRET(T) localization (Src - mCit signal, green). The yellow line across focal adhesion indicates the
place of the kymoghraph analysis. B) Representative kymograph (out of 8) of mCherry-vinculin
(vinculin), Src-FRET(T) (Src) localization and Src-FRET(T) activity (FRET) dynamics in focal
adhesions within 2400 s time-frame. C) Representative graph showing dynamics of mCherry-vinculin
(vinculin), Src-FRET(T) (Src) localization and Src-FRET(T) activity (FRET (nF/I-pp)) dynamics in focal
adhesion. The data correspond to the kymograph in B) and are normalized to maximum values. Scale
bar 10 um.
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Supplemental Fig. 5. FRAP analysis of Src dynamics in focal adhesions. U20S cells were transiently
transfected to co-express Src-FRET(T) and mCherry-vinculin. Focal adhesion was detected as the
mCherry signal and within the boundaries of the mCherry signal the mCit signal was photobleached
and its recovery was monitored. A) Cell image. B) Representative time frames of exemplary FRAP
analysis corresponding to the area selected in A). C) The scatter dot plot graph (mean +/- standard

deviation) shows distribution of mCit half-time recoveries in focal adhesions out of 20 focal adhesions
analyzed. Scale bar 20 um.
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Supplemental Fig. 6 Model of Src activity in focal adhesions. Src is locally and rapidly activated
during focal adhesion assembly. Its activity remains high during the maturation of focal adhesions but is
counteracted by tyrosine phosphatases (TP) which stabilize the level of phosphorylation of the Src
substrates. The disassembly is initiated by hyperphosphorylation of Src targets, potentially because of
decreased phosphatases’ activity, followed by gradual loss of Src activity.
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Phosphorylation of tyrosine 90 within Src SH3 domain represents a new regulatory
switch controlling Src Kinase activity, oncogenic transformation and cellular

invasiveness

Lenka Koudelkova, Zuzana Brithova, Martin Sztacho, Vojtéch Pavlik, Jakub Gemperle,
Jan Brabek, Daniel Rosel

ABSTRACT

Src kinase is an essential component for a multitude of fundamental cellular processes.
Deregulated Src activity results in oncogenic transformation, therefore Src activation is
stringently controlled and repressed under most conditions. The inactive conformation of the
kinase is maintained by intramolecular inhibitory interactions mediated by SH3 and SH2
domains, which impose structural constraints on the kinase domain holding it in a
catalytically non-permissive state. Disruption of these interactions leads to Src activation.
The transition between active and inactive state is known to be largely regulated by the
phosphorylation state of key tyrosines 416 and 527. Here we identified phosphorylation of
tyrosine 90 on the binding surface of SH3 domain as a new regulatory switch controlling Src
kinase activation. Using substitutions mimicking the phosphorylation states of the residue
we demonstrated that phosphorylation of tyrosine 90 controls Src catalytic activity,
conformation and interactions mediated by the SH3 domain, representing a positive
regulatory mechanism leading to elevated activation of mitogenic pathways and increased

invasive potential of cells.

KEYWORDS
Src, SH3 domain, phosphorylation, structure, transformation, invasiveness

INTRODUCTION

Src kinase is a founding member of the Src family nonreceptor tyrosine kinases (SFK)
that are crucial for a large variety of signalling and metabolic pathways such as cell
differentiation proliferation, survival and motility (Guarino, 2010; Thomas and Brugge,
1997; Yeatman, 2004). The significance of these processes therefore requires precise and
tight regulation of the kinase. Aberrant Src activation leads to cellular transformation and
has been found in several types of cancers including gastric, lung, pancreatic, ovarian or
breast neoplasms (Frame, 2002; Irby and Yeatman, 2000).

Src and other members of SFK share common multidomain architecture consisting of

myristoylated SH4 domain at very N-terminus followed by unique domain, regulatory SH3
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and SH2 domains, CD linker, catalytic domain and C-terminal tail containing the regulatory
residue Y527 (chicken c-Src numbering will be used throughout the paper). The activity of
Src kinase is regulated in response to numerous cellular signals through allosteric
conformational transitions. In the inactive state Src adopts the closed conformation with the
SH3 domain interacting with the CD linker, and the SH2 domain bound to the C-terminus
phosphorylated on Y527. These autoinhibitory interactions pack both regulatory domains
against the kinase domain on the site opposite to the catalytic cleft. In this position SH3 and
SH2 domains concomitantly form contacts with lobes of the kinase domain working as a
clamp locking the kinase domain in the catalytically non-permissive state characterised by
the activation loop folded inside the catalytic cleft and the aC-helix of the N-lobe rotated
away from the active site (Boggon and Eck, 2004; Xu et al., 1997, 1999; Young et al., 2001).
The shift to the open active conformation is accompanied by a releas of intramolecular
inhibitory interactions, which enables the kinase domain to adopt a catalytically favourable
state with the unfolded activation loop accessible for phosphorylation and the aC-helix
rotated toward the active site (Cowan-Jacob et al., 2005). Kinase activity and engagement of
regulatory domains into autoinhibitory interactions are controlled by the presence of ligands
for SH3 and SH2 domains and by the phosphorylation status of two regulatory tyrosines
with opposing effects. Phosphorylated Y527 in the C-terminal tail associates with the SH2
domain, resulting in an inhibition of kinase activity. The phosphorylation of Y416 in the
activation loop stabilises the active conformation of the kinase domain and is necessary for
full catalytic activity (Roskoski, 2005).

The role and mechanism of SH2 — phosphorylated C-terminus inhibitory interaction
have been well characterised. The regulation of the SH3 domain engagement appears to be
more complex and less understood. Besides binding a proline motif within the CD linker,
SH3 domain forms another set of inhibitory contacts with the N-lobe of the kinase domain
via the RT loop and the nSrc loop (Brabek et al., 2002). Additionally, together with the SH2
domain, the SH3 domain holds the CD linker in a position, which stabilises the inactive
conformation of the catalytic domain (Fajer et al., 2017). Furthermore, the SH3 domain
associates with membranes and provides structural support for intrinsically disordered SH4
and unique domains, therefore operating as a hub interconnecting signals from the flexible
membrane-bound N-terminal part of Src together with information from structured units of
the kinase (Maffei et al., 2015; Pérez et al., 2013). Despite the multitude of signalling events
known to be mediated by the SH3 domain, the full complexity of regulation of this network
remains to be understood, including the hierarchy and autonomy of individual elements or
the exact effect on Src conformation.

In the present study, we are proposing novel additional mechanism of Src kinase
regulation via the SH3 domain. We identified tyrosine 90 (Y90) as a new regulatory
phosphorylation site within the SH3 domain. Using phosphomimicking or
nonphosphorylatable substitutions of Y90 we showed that phosphorylation of Y90 increases
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Src kinase activity, reduce its affinity for SH3 domain ligands and induces the open
conformation of the kinase. Furthermore, deregulating Y90 phosphorylation dynamics with
a phosphomimicking mutation induces cellular transformation and increases invasive

potential of cells.

RESULTS

Substitutions mimicking phosphorylation states of Y90 affect Src kinase activity

In a proteomic study (Luo et al., 2008), where phosphoproteomes of mouse embryonic
fibroblasts (MEFs) and Src-transformed MEFs were compared using a spectral counting
approach complemented by SILAC (stable isotope labelling with amino acids in cell
culture), tyrosine 90 in the Src SH3 domain was identified as a new residue within the kinase,
which can be phosphorylated in vivo. Tyrosine 90 is localised on the binding surface of the
Src SH3 domain and participates in the formation of the hydrophobic pocket involved in
ligand binding, including the CD linker of Src kinase. The interaction between the SH3
domain and the CD linker is one of the regulatory switches participating in the maintenance
of the inactivated state of the kinase (Boggon and Eck, 2004; Xu et al., 1997). Therefore,
changes within the binding surface of the SH3 domain, such as phosphorylation of one of
the amino acid residues, might affect Src regulation.

In order to analyse the role of tyrosine 90 phosphorylation on Src kinase activity, we
prepared mutational variants of Src with either the phosphomimicking Y90E substitution
(Y90 changed to glutamic acid) or the nonphosphorylatable Y9OF substitution (Y90 changed
to phenylalanine). These mutants, together with wild type Src (c-Src) and constitutively
active Src (Src Y527F) as a control, were stably expressed in SYF cells, a lineage of mouse
embryonic fibroblasts with deleted genes for Src family kinases Src, Yes and Fyn
(Klinghoffer et al., 1999).

Initially, we analysed the effect of the phosphomimicking substitution YOOE on the
phosphorylation of Src activation loop tyrosine 416, which is known to correlate with Src
kinase activity (Boerner et al., 1996). We found that the Y90E substitution results in a
significant increase of Y416 phosphorylation, suggesting that phosphorylation of Y90
increases autophosphorylation of Src. (Figure 1A, 1B).

Next, we decided to analyse the direct effect of YOOE and Y9OF substitutions on kinase
activity of Src. Src activity was measured in lysates prepared from SYF cells stably
expressing Src variants. Consistently with the analysis of autophosphorylation, we found
kinase activity of SrcY90E variant to be significantly increased relative to that of c-Src.
Moreover, nonphosphorylatatable variant Src Y9OF displayed slightly lower kinase activity
than wild type c-Src (Figure 1C, 1D).

Taken together, these results suggest that tyrosine 90 within the Src SH3 domain is

involved in the regulation of Src autophosphorylation and kinase activity.
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Phosphomimic mutation YO0E reduces ligand binding

Elevated kinase activity of Src90E indicates impaired association of the CD linker to
the SH3 domain. To further examine effect of Y90 substitutions on binding properties of the
SH3 domain, we performed pull-down assays with GST-fused Src SH3 domain variants
(WT, Y90E, Y90F). The amount of proteins precipitated via GST-SH3-90E was greatly
reduced compared to the GST-SH3-WT sample. Moreover, the phosphomimicking
substitution YOOE almost completely abolished the binding of some of key Src SH3 domain
interacting proteins, including FAK, p130Cas, Stat3 and paxillin. In contrast, Y9OF mutation
has a minor or no effect on ligand interaction, except for FAK binding, which was also
partially abrogated (Figure 2A, 2B). These results suggest that phosphorylation of tyrosine
90 profoundly changes binding properties of the SH3 domain, affecting its ability to interact
with Src kinase signalling partners.

To assess the impact of the altered affinity of the SH3 domain on binding potential of
the full-length kinase we immunoprecipitated Src variants from SYF lineages and detected
the amount of SH3-interacting proteins. We observed substantially a decreased association
of the phosphomimicking mutant Src90E to FAK. Interactions of full-length Src90E with
p130Cas, Stat3 or paxillin when compared to c-Src were also weakened, but rather
moderately. Src with the nonphosphorylatable substitution 90F exhibited similar binding to
the selected SH3-interacting proteins as c-Src (Figure 2C, 2D).

Src90E has transforming potential

Deregulated and therefore more active forms of Src kinase are capable of inducing
cellular transformation. Cells transformed with activated Src typically exhibit a loss of
contact inhibition and gain of ability to grow independently of attachment (Frame, 2002;
Thomas and Brugge, 1997). As shown above, Src90E possesses elevated kinase activity and
at the same time reduced SH3 domain ligand binding. To analyse whether elevated Src
kinase activity of YOOE variant is able to induce transformation even under the condition of
reduced SH3 domain ligand binding, we performed a soft agar assay with Src variants.
Normal fibroblasts are not capable of growing in such an environment and die by anoikis,
while transformed cells survive and proliferate.

As expected, the highest number of colonies were induced in SYF fibroblast
expressing the constitutively active Src527F. SYF cells bearing just the empty vector (SYF-
MSCYV) were not able to form any colonies. In the majority of experiments no colonies were
present with SYF-Src90F cells either. SYF fibroblasts with the phosphomimicking mutant
Src90E were able to growth independently of attachment profoundly better than SYF cells
with wild type c-Src, although less efficiently when compared to SYF-Src527F. These
results indicate that Src90E has a transforming potential (Figure 3A, 3B).

In control experiments, we analysed the proliferation rates in 2D. Expression of either

Src variant leads to increased proliferation of SYF fibroblasts. Although we did not observe
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any significant changes among the variants themselves, SYF-Src90E and SYF-Src527F
proliferated slightly faster compared to SYF-Src90F and SYF-c-Src cells (Figure 3C).

Transformed cellular phenotype is a consequence of aberrant activation of mitogenic
signalling pathways which are normally under the control of Src. Crucial contribution to
transformation mediated by Src is ascribed to Ras/MAPK, PI3K/Akt and Stat3 pathways
(Penuel and Martin, 1999). Therefore, we evaluated the activation status of these signalling
pathways in SYF cells expressing Src variants by determining phosphorylation levels of
Erk1/2 pT202/pY204, Akt pS473 and Stat3 pY705. SYF-Src90E cells exhibited
significantly elevated activation of all three pathways compared to SYFs with wild type c-
Src. The increase in Erk1/2 phosphorylation was similar to that observed in SYF-Src Y527F
cells, while the increase in phosphorylation of Akt and Stat3 was less prominent. Conversely,
SYF-Src90F fibroblasts manifested reduced signalling through Ras/MAPK, PI3K/Akt and
Stat3 than SYF-c-Src cells, although the difference was not statistically significant (Figure
3D).

Taken together, these results suggest that Y90 phosphorylation itself represents a
positive regulatory mechanism of Src leading to elevated activation of mitogenic pathways

and oncogenic transformation.

Phosphomimicking Src90E variant increases cell invasiveness

Src kinase is essential for cellular movement and regulates numerous attributes of cell
motility (Guarino, 2010). Thus, we analysed cell invasion capability of SYF cells expressing
individual Src variants. We used two types of experimental setups: a vertical 3D collagen
invasion assay, with cells invading in to a collagen layer, for analysis of individual cell
invasion and a spheroid invasion assay, which better mimics invasion from tumours with
respect to growth kinetics, microenvironment (gradients of oxygen, nutrients, metabolites)
and appropriate morphological and functional features of cells (Friedrich et al., 2007).

In both experimental setups SYF fibroblasts expressing Src with the
phosphomimicking mutation Y90E exhibit increased ability to invade into collagen
compared to SYFs with wild type c-Src, albeit lower than SYF cells bearing constitutively
active Src527F. SYF fibroblasts expressing the nonphosphorylatable variant Src90F invade
comparably or less, though not significantly, than SYF-c-Src cells. SYFs without Src
(MSCV) were non-invasive or displaied very low invasiveness (Figure 4).

Since integrin-mediated Src signalling was shown to have an important role in Src-
promoted cellular invasiveness (Brabek et al., 2004; Guarino, 2010; Thomas and Brugge,
1997), we also analysed the phosphorylation status of Src substrates involved in integrin
signalling. Compared to cells with wild type c-Src, we detected increased levels of
phosphorylated FAK, p130Cas and paxillin in SYF-Src527F fibroblasts. Cells expressing
the phosphomimicking variant Src90E exhibited elevated phosphorylation of p130Cas and
paxillin, yet less pronounced than SYF-Src527F cells. Interestingly, in the case of FAK
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kinase, expression of Src90E reduced (FAK pY861) or did not change (FAK pY397) the
phosphorylation of the protein. SYF fibroblasts with the Src90F mutant displayed decreased
phosphorylation of FAK, p130Cas and paxillin in comparison with SYF-c-Src cells (with
statistical significance only for FAK Y861) (Figure 5).

Abrogating Y90 phosphorylation dynamics by the phosphomimicking substitution
Y90E resulted in substantially elevated invasive potential of cells, revealing possible role of
Y90 phosphorylation in regulation of cellular motility. Despite its high catalytic activity and
capability to enhance cell invasiveness, Src90E causes mild or even lower Src-mediated
phosphorylation of proteins associated with focal adhesions and integrin signalling than c-

Src.

Effect of Y527F-activated Src can be modulated by Y90 phosphorylation

The mutation mimicking the phosphorylation of Y90 increased Src kinase activity,
transforming and invasion-promoting potential, while the non-phosphorylatable Y90F
variant exhibited opposite effects. Since Y90 phosphorylation is expected to interfere with
the intramolecular lock between the SH3 domain and the CD linker, we wondered whether
the phosphorylation status of Y90 would be able to affect already activated Src via Y527F
substitution, which abrogates the binding of the SH2 domain to the C-terminus. We therefore
created SYF cell lines expressing double-mutated Src variants (Src527F90E, Src527F90F)
and analysed these molecules for kinase activity. We measured a small increase in catalytic
activity for the Src527F90E variant compared to Src527F and a small decrease of activity in
the case of Src527F90F, though the differences were not statistically significant (Figure 6A,
6B).

To assess cellular response to doublemutated Src variants we performed a soft agar
assay to test their transforming potential. We observed a significant increment in the number
of colonies while expressing Src527F90E indicating its higher capability to induce cellular
transformation in comparison with Src527F. Analysing invasiveness of the cells by spheroid
invasion assay provided more substantial changes with Src527F90E enhancing and
Src527F90F reducing the impact of Src527F (Figure 6C — 6F). These results suggest that
biological activity of the SH2-activated Src molecule might be further modulated by
alterations within the SH3 domain.

Phosphorylation of Y90 represents an autoactivatory mechanism opening Src
structure

Elevated kinase activity and reduced ligand binding of the phosphomimicking mutant
Src90E indicate that Y90 phosphorylation decreases the affinity of the SH3 domain for the
CD linker, thus causing a loosening of the compact conformation maintained by inhibited
Src. To evaluate effects of Y90 substitutions on Src structure, we assessed the compactness
of the Src variants by employing FRET-based sensor of Src conformation (Koudelkova et
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al., 2019). The sensor is a genetically encoded probe of intramolecular FRET within full-
length Src with CFP as a the donor and mCit as the acceptor fluorophore of the FRET pair
inserted into the SH2 domain and at very C-terminus of the kinase, respectively. In the
inactive compact conformation, the fluorophores are in close proximity, which results in
high values of FRET. Upon activation, the structure of the kinase loosens, causing separation
of the fluorophores and a decrease of FRET (Figure 7A).

The sequence of the original SrcFRET sensor was modified by introducing the Y90
phosphomimicking and nonphosphorylatable mutations alone or together with the 527F
activating mutation. We expressed the constructs in the U20S cell line and measured FRET
in lysates using a ratiometric approach. The nonphosphorylatable YOOF version exerted
higher FRET than the non-mutated sensor indicating a more compact conformation.
Conversely, the phosphomimicking mutation Y90E led to a decrease in FRET to an
intermediate level between SrcFRET and SrcFRETS527F, therefore opening the Src structure
but to lower extend compared to StcFRET527F. In the context of SH2-activated Src, the
Y90E mutation (SrcFRET527F90E) did not cause any further opening of the kinase
conformation, whereas the Y90F substitution (SrcFRET527F90F) led to a more condensed
structure in comparison with Src527F (Figure 7B, 7C). In agreement with the effects on
catalytic activity and binding properties of the SH3 domain, we demonstrated that
substitutions mimicking phosphorylation state of Y90 alter Src conformation indicating a
role of Y90 phosphorylation in regulation of kinase structure.

Based on prediction algorithms Y90 is likely to be phosphorylated by Src family
kinases or Src itself (Tatarova et al., 2012). To support this notion we took advantage of an
established panel of Src activatory mutations which we evaluated for the effect on structural
compactness and catalytic activity by introducing them in the StcFRET sensor (Koudelkova
et al., 2019). From this set we selected three SrcFRET variants exhibiting distinct kinase
activities: the original sensor with unmutated Src (StcFRET) representing a molecule with
the lowest activity, StcFRET-527F and SrcFRET-CA (Glu381Gly, (Bjorge et al., 1995))
possessing the highest activity. Chosen variants were analysed for Y90 phosphorylation
level using quantitative mass spectrometry. Y90 phosphorylation was detected in StcFRET
and with approximately 5-times or 12-times higher occurrence in activated constructs
SrcFRET-527F or StcFRET-CA, respectively (Figure 7D). The revealed positive correlation
between kinase activity and Y90 phosphorylation level suggests that Y90 is phosphorylated
through autophosphorylation mechanisms or via Src-dependent phosphorylation by Src
family kinases.

We did not observe any apparent changes in Src cellular localisation caused by either
Y90E or Y90F mutations. StcFRET90E and SrcFRETI0F display equally uniform cellular
distribution as SrcFRET with enrichment in membrane ruffles. Constructs containing the
527F mutation (SrcFRETS527F, StcFRETS527F90E, SrcFRETS527F90F) localised strongly to
focal adhesions (Figure 8).
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DISCUSSION

Activity of Src kinase is regulated mainly by the phosphorylation status of Y416 and
Y527, and associated intramolecular inhibitory interaction mediated by SH3 and SH2
domains (Boggon and Eck, 2004). Additional regulatory levels predominantly involve
phosphorylation of serines or threonines within unique domain and kinase dimerization
(Amata et al., 2014; Dandoulaki et al., 2018; Spassov et al., 2018).

In this study, we are documenting phosphorylation of Y90 on the binding surface of
the SH3 domain as a novel regulatory mechanism of Src kinase. Src phosphorylated on Y90
was found in mouse embryonic fibroblasts transformed by oncogenic Src or in non-small
cell lung carcinoma cells stimulated with HGF (Johnson et al., 2013; Luo et al., 2008). We
were able to detect Y90 phosphorylation in unstimulated non-transformed cells expressing
c-Src, but with weak occurrence, five-times lower compared to cells bearing Src527F.
Mimicking Y90 phosphorylation resulted in increased Src kinase activity, reduced ability of
the SH3 domain to bind ligands and more open conformation of the kinase. Expression of
the phosphomimicking mutant in cells leads to cellular transformation and elevated
invasiveness.

Tyrosine 90 is flanked by aminoacid motif ALYDY/F conserved among SH3 domains
on sequential and structural level. This sequence was found in 15 % of human SH3 domains,
several of which were reported to be phosphorylated (Tatarova et al., 2012). For example in
SH3 domains of PST-PIP, Btk kinase or adaptor protein p130Cas phosphorylation of
tyrosines corresponding to Y90 causes decreased or changed affinity for ligands (Gemperle
et al., 2017; Janostiak et al., 2011; Morrogh et al., 1999; Park et al., 1996; Wu et al., 1998).
In chronic myeloid leukaemia cells the SH3-SH2 segment of Ber-Abl kinase was found to
be heavily phosphorylated on 7 residues including the Y90 homolog, which induces full
catalytic activity of the fusion protein (Chen et al., 2008; Meyn et al., 2006).

In the context of Src structure, together with N135 and Y136, Y90 forms the first
hydrophobic pocket of the SH3 domain binding surface, which in the inactive conformation
of Src kinase accommodates dipeptide including key proline 250 of SH3-interacting motif
within the CD linker (Xu et al., 1997). The importance of Y90 for ligand binding was
mentioned in an early study mapping conserved residues within the SH3 domain (Erpel et
al., 1995). Substitution of Y90 for alanine led to partially deregulated Src and reduced
affinity of the SH3 domain. Based on NMR analyses and molecular dynamics simulations
of ligand binding by the p130Cas SH3 domain containing homologous tyrosine (Gemperle
et al., 2017) we propose that the aromatic ring of unphosphorylated Y90 forms CH/n
interactions with the dipeptide in the binding pocket. Phosphorylation of Y90, through
negative charge of the phosphate group, causes disruption of these nonpolar bonds with a
consequent decrease in affinity of the SH3 domain for its ligands. Y90 phosphorylation state

might therefore influence Src kinase via dual mechanism of action: affecting the ability to
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associate with interacting partners and regulating catalytic activity by modulating SH3
domain binding to the CD linker.

Altered binding properties of the SH3 domain, induced by phosphomimicking
substitution of Y90, are manifested rather by decreased affinity for all types of ligands than
through a changed spectrum of interactors. This is mainly apparent from experiments with
isolated SH3 domains, where the phosphomimicking mutation YOOE completely abolished
association of several known interacting partners. At the level of the full-length kinase, the
loss of the SH3 domain binding ability was not that markedly apparent, therefore appears to
be compensated by the SH2 domain.

Molecular dynamics simulations show, that residues of the CD linker are directly
responsible for retaining the inactive conformation of the catalytic domain. The SH3 domain
concomitantly with the SH2 domain stabilize this inhibitory position of the CD linker (Fajer
et al., 2017). We propose that phosphorylation of Y90 within the binding surface of the SH3
domain leads to a decreased affinity for the CD linker, presumably followed by a
destabilisation of contacts with the kinase domain and a shift to the catalytically active state.
The phosphomimicking Src90E mutant adopts a partially open conformation with the SH3
domain released from inhibitory interactions. The SH2 domain appears to be bound to the
C-terminal tail, since Src90E does not localise to focal adhesions, which is an attribute of a
disengaged form of the SH2 domain (Wu et al., 2015). Therefore, we suggest that Src may
exist in the SH3-only activated state hence increasing diversity and regulatory potential of
its signalling.

Introduction of Y90E or Y90F mutations into the SH2-activated kinase (via Y527F
substitution) leads only to minor changes in kinase activity. Invasive and transforming
effects were altered more profoundly, with the YOOE mutation enhancing and the Y90F
substitution reducing the impact of 527F-activated Src. Thus we assume that both regulatory
domains cooperate and influence the kinase structure and activity with some degree of
independency, enabling Src to adopt several active conformations (SH2-activated, SH3-
activated, SH2+SH3-activated). This structural and functional hierarchy might be further
projected into functional diversity allowing Src to operate as a signalling hub transmitting
and regulating a plethora of distinct cellular signals.

NMR studies show that the SH3 domain acts as a scaffold providing structural support
to intrinsically disordered SH4 and unique domains (UD). Moreover, similarly to these
flexible N-terminal domains, SH3 domain is also capable of associating with membranes,
especially with those containing negatively charged lipids. Membrane contacts of SH3
domain are maintained by RT and nSrc loops, which are also responsible for binding unique
and SH4 domains, respectively (Maffei et al., 2015; Pérez et al., 2013). Ligand binding by
the SH3 domain propagates across the domain structure, abrogating interactions of the RT
loop with lipids and UD, which leads to elevated conformational flexibility of UD and
reduced contacts with the membrane (Cordier et al., 2000; Maffei et al., 2015; Wang et al.,
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2001). Phosphorylation of Y90 decreases interaction of the SH3 domain with ligands,
thereby we suggest that Y90 phosphorylation might lead to an increased association of the
SH3 domain with UD and the lipid layer resulting in slower mobility within membranes and
prolonged residence in focal adhesion sites. This seems to be in agreement with the work of
Machiyama and col. (Machiyama et al., 2015), who were analysing movement of single Src
molecules within the plasma membrane. They demonstrated decreased membrane motility
and increased dissociation times from focal adhesions of Src with W118A mutation, which
abrogates ligand binding to the SH3 domain (Erpel et al., 1995).

Due to the size limitation inherent to the NMR technique, constructs used in the studies
comprises only of SH4, unique and SH3 domains, therefore it is difficult to predict the
behaviour of the full-length Src kinase. Since RT and nSrc loops also form inhibitory
contacts with the N-terminal lobe of the kinase domain (Brabek et al., 2002; Xu et al., 1997)
and residues of the RT loop (R95, T96) responsible for this interaction overlap with some of
those associating with membranes and UD, it is tempting to perceive the SH3 domain as a
crucial mediator of Src activation. We speculate that phosphorylation of Y90 will block
binding of the CD linker by the SH3 domain, which might cause a shift towards the state
where the SH3 domain favours interactions with the cytoplasmic membrane and UD over
keeping contacts with the N-lobe, resulting in kinase activation. Therefore, phosphorylation
of Y90 might represent an important mechanism regulating Src catalytic activity,
interactions and moreover the means of mediating motility within lipid membranes and

communication between structured and unstructured parts of Src.
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MATERIALS AND METHODS

Plasmid constructs and cloning

To prepare SrcY90E and SrcY90F, c-Src cloned in pBluescript SK+ vector through
BamHI and Xbal sites was mutated using QuikChange II Site-Directed Mutagenesis Kit
(Agilent Technologies) with the forward primer (5-
CCACTTTCGTGGCTCTCGAGGACTACGAGTCCCGGACTG-3") and the reverse
primer (5-CAGTCCGGGACTCGTAGTCCTCGAGAGCCACGAAAGTGG-3") for YOOE
mutation and the forward (5'-
CCACTTTCGTGGCTCTCTTCGACTACGAGTCCCGGACTG-3") and the reverse (5'-
CAGTCCGGGACTCGTAGTCGAAGAGAGCCACGAAAGTGG-3") primers for Y9OF
variant. Doublemutated Src527F90E and Src527F90F were created from pBluescript-
Src90E or pBluescript-Src90F by swapping C-terminal half of Src for same part but from
Src527F using BamHI and Mlul sites. After verification by sequencing, Src variants
(together with SrcY527F) were recloned into pMSCV-GFP murine retrovirus vector
(pMSCVpuro vector (Clontech) where puromycin resistance gene was exchange for gfp;
kind gift from dr. Michal Dvoték (Institute of Molecular Genetics of the ASCR, Prague,
Czech Republic)). From pBluescript constructs, Src fragments were generated using Not/
(blunt ended by Pfu polymerase) and BamHI restriction endonucleases and inserted to Hpal
and BglI] sites of pMSCV-GFP vector. GST-fusion constructs of SH3 domains (WT, v-Src,
Y90E, Y90F) for pull-down experiments were prepared by PCR amplification from the
corresponding  pBluescript  plasmids with  the forward  primer  (5'-
GGATCCATGGCTGGCGGCGTCACC-3") incorporating a BamHI site prior to the start
codon and the reverse primer (5'-GAATTCTAGATGGAGTCTGAGGGCGCG-3") adding
an EcoRI site and the stop codon. The cleaved products were inserted into pGEX-2T vector
(GE Healthcare Life Sciences) via BamHI and EcoRI sites resulting into SH3 domain
constructs carrying GST tag at their N-terminal ends. StcFRET sensors bearing 90E or 90F
mutation were prepared form SrcFRET (SrcFRETS527F) (Koudelkova et al., 2019) and
Src90E (Src90F) constructs in pBlueScript SK+ vector by swapping 5 -end part of the gene
using BamHI/BsmBI restriction sites. The resulted constructs were cloned into BamHI/NotI

sites of expression vector pIRESpuro3.

Cell culture

HeLa cells, Phoenix cells, U20S and SYF (src -/~ yes -/~ fyn -/-) mouse embryonic
fibroblasts (Klinghoffer et al., 1999) were cultured at 37 °C with 5% CO; in DMEM (Sigma)
with 4,5 g/l L-glucose, L-glutamine and pyruvate, supplemented with 10% fetal bovine
serum (Sigma) and 50pg/ml Gentamicin (Sigma). Cell transfections were carried out using
Jet Prime (Polyplus Transfection) according to manufacturer’s protocol. Stable cell lines of

SYF cells expressing Src variants were prepared using MSCV constructs, which were
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transfected into Phoenix retroviral packaging lineage. SYF fibroblasts were infected with

obtained retroviral particles and subsequently sorted by FACS for GFP-positive cells.

Immunoblotting

Cells were washed with phosphate-buffered saline (PBS) and lysed in modified RIPA
buffer (0.15M NaCl; 5S0mM Tris-HCI, pH 7.4; 1% Nonidet P-40; 0.1% SDS; 1% sodium
deoxycholate; SmM EDTA; 50mM NaF; 1mM dithiothreitol; protease and phosphatase
inhibitor cocktail (Sigma)). Lysates were clarified by centrifugation and protein
concentration was determined using DC Protein Assay (Bio-Rad). Samples were
supplemented with Laemmli buffer (0.35M Tris-HCI, pH 6.8; 10% SDS; 40% glycerol;
0.012% Bromophenol blue, 50mM dithiothreitol), boiled for 5 minutes, separated by SDS
polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Membranes
were then blocked with Tris-buffered saline containing 4% bovine serum albumin and
incubated with primary and HRP-conjugated secondary antibodies. Blots were developed
using Fuji LAS-1000 chemiluminescence imaging system. Western blot quantification was

carried out using ImageJ software (https://imagej.nih.gov/ij/).

Antibodies

Antibodies for Western blot detection included actin (I-19, Santa Cruz
Biotechnology), Akt (Cell Signaling Technology), Akt pS473 (Cell Signaling Technology),
Cas (BD Transduction Laboratories), Cas pY410 (Cell Signaling Technology), Erk1/2
(Promega), phospho-Erk1/2 (Promega), FAK (C-20, Santa Cruz Biotechnology), FAK
pY397 (Invitrogen), FAK pY861 (Abgent), paxillin (BD Transduction Laboratories),
paxillin pY 118 (Cell Signaling Technology), Src (clone 184Q20, Invitrogen), Src pY418
(Cell Signaling Technology), Stat3 (C-20, Santa Cruz Biotechnology) and Stat3 pY 705 (Cell
Signaling Technology).

Kinase assay

Kinase activity of Src variants was measured using Omnia® Y Peptide 2 Kit
(ThermoFisher Scientific). The assay is based on detection of fluorescence increase after
kinase-specific substrate phosphorylation. Specifically, substrate peptide is attached to the
chelation-enhanced fluorophore Sox. Upon phosphorylation of the peptide by the kinase,
Mg?* is chelated to form a bridge between the Sox moiety and the incorporated phosphate
group on the tyrosine within the substrate peptide, which consequently causes increase in
fluorescence. Kinase assays were performed according to the manufacturer’s protocol.
Briefly, cells were washed with PBS and lysed in HEPES-Triton buffer (1% Triton X-100,
50mM HEPES pH 7,4, protease and phosphatase inhibitors). Lysates were clarified by
centrifugation. Kinase reactions (in triplicates for each variant) was assembled by adding
cell lysate, kinase reaction buffer, 0,2mM DTT, ImM ATP and 10uM peptide substrate.
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Using plate reader (TECAN Infinite M200 PRO), reactions were incubated at 30 °C and

fluorescence intensity was measured (Aex 360/Aem 485) at 60 second intervals for 1 hour.

Purification of GST-fused SH3 domains and GST pull-down assay

Bacterial cells BL21 were transformed with pGEX-SH3 plasmid constructs. While
cultivating, expression of GST-fused variants of SH3 domains were induced by addition of
IPTG (ImM concentration). After 2 hours bacteria were centrifuged, washed in LB1 buffer
(50mM HEPES, pH 7,4; 100mM NaCl) and lysed by sonication. Clarified bacterial lysates
were incubated with glutathione sepharose beads 4B (GE Healthcare Life Sciences). Beads
with immobilized GST-SH3 domains were extensively washed in LB1 buffer and then added
into lysates from HeLa cells. 2 hour of incubation was followed by washing of beads in LB1
buffer. Precipitated proteins were eluted by boiling of the beads in Laemmli sample buffer
and detected using SDS-PAGE and immunoblotting.

Immunoprecipitation

SYF cells expressing Src variants were lysed in Tris-Triton buffer (1% Triton X-100,
50mM Tris HCI pH 7,5, 150mM NaCl, ImM DTT, protease and phosphatase inhibitors).
Lysates were clarified by centrifugation and protein concentration was determined using DC
Protein Assay (Bio-Rad). Lysates of equal protein concentration were incubated overnight
in 4 °C with anti-Src antibody (Cell Signaling Technology, #2108). Complexes were pulled
out using protein-A sepharose beads (GE-Healthcare), washed 4 times with Triton-Tris

buffer and eluted by boiling for 10 min in 2x Laemmli buffer.

Soft agar assay

1,6% melted agar solution (Noble agar, Sigma) was mixed with warm 2x DMEM with
20% FBS and antibiotics. Using this 0,8% base agar 35 mm dish (6-well plate) was coated.
1 ml of 0,8% melted base agar was further diluted with equal volume of warm (40 °C) 1x
DMEM (with 10% FBS and antibiotics) containing 2 x 10° cells and added on top of
solidified layer of base agar. After stabilisation of top layer, agar was covered with medium

and kept in incubator for 14 days. Then, number of colonies was counted in each dish.

Proliferation assay

5 x 10 cells (in quadruplicates per cell line) were plated on a 96-well plate and grown
for 3 days. Proliferation was then analysed using alamarBlue (Life Technologies) according
to manufacturer’s protocol. Briefly, alamarBlue reagent was added as 10% of the sample
volume to cells and after 2 hours of incubation absorbance at 570 nm (normalised to 600 nm

as reference wavelength) was read on spectrophotometer (TECAN Infinite M200 PRO).
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Vertical invasion assay

Cell invasiveness was analysed in 1,5 mg/ml collagen gel (rat tail, collagen type I).
Collagen mixture (1,5 mg/ml rat-tail collagen, Ix DMEM, 1% FBS) was added into each
well of p-Slide Angiogenesis plate (Ibidi) and polymerized at 37 °C. 3 x 10° cells in DMEM
(containing 10% FBS and antibiotics) were seeded on top of collagen gel and allowed to
attached. Next day medium was aspirated and replaced for DMEM with 1% FBS. After 3
day, z-stack pictures were taken using Nikon Eclipse TE2000-S (20x/0.40 HMC objective;
NIS-Elements software) and number of cells were determined in each level using ImageJ
software. Invasiveness was calculated as a weighted arithmetic mean of invasion depth in
the selected field. For each cell line, invasion was analysed in 3 wells (9 fields of view) per

experiment.

Spheroid invasion assay

SYF cells were grown as spheroids using 3D Petri Dish (Microtissues) according to
manufacturer’s instructions. After 2 days of spheroids formation 1,5 mg/ml collagen solution
(rat tail, collagen type I) was prepared (1,5 mg/ml rat-tail collagen, 1x DMEM, 1% FBS)
and added at the bottom of 96-well plate. Spheroids were embedded into the collagen (one
spheroid per well) and covered with another layer of the gel. Collagen was polymerised at
37 °C and subsequently overlaid with cultivation medium. Using Nikon Eclipse TE2000-S
(4x/0.13 PHL objective; NIS-Elements software) images of spheroids were taken
immediately upon their seeding into collagen and after 48 hours. In one experiment the area

of 8 spheroids were analysed per each cell line with ImageJ software.

FRET measurements

U20S cells transfected with Src sensor plasmid constructs were lysed in HEPES-
Triton buffer (1% Triton X-100, 50mM HEPES pH 7,4, ImM DTT, protease and
phosphatase inhibitors). Lysates were clarified by centrifugation. 150 pl of the sample (in
triplicates for each biosensor variant) was transferred in a 96-well flat bottom plate and
measured using spectrophotometer (TECAN Infinite M200 PRO). Data were collected for a
series of emission wavelengths with fixed excitation length. The series were taken after 2
nm step starting at 466 nm and finishing at 584 nm. FRET efficiency was determined as

emission ratio 528/486 nm.

Cell immunostaining and confocal microscopy

Cells were seeded on fibronectin-coated coverslips (10 pg/ml, Invitrogen) and grown
for 24 h. Next, cells were fixed in 4% paraformaldehyde in PBS, permeabilized using 0,3%
Triton X-100 in PBS and blocked in 3% bovine serum albumin in PBS. Samples were then
incubated for 4 h with primary antibody, 1 h with secondary antibody and phalloidin for 30

min with extensive washing with PBS between each step. The slides were mounted in
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Mowiol 4-88 (Millipore) containing 1,4-diazobicyclo-[2.2.2]-octane (Sigma). The
secondary antibody used was anti-mouse-IgG Alexa Fluor 633 (Invitrogen). F-actin was
probed with phalloidin conjugated with Alexa Fluor 555 (Life Technologies). Images were
acquired using Leica TCS SP8 microscope system equipped with Leica 63%/1,45 NA oil

objective.

Mass spectrometry analysis

U20S cells transfected with SrcFRET constructs were lysed in HEPES-
dodecylmalthoside buffer (1% n-dodecyl B-D-maltoside, 50mM HEPES pH 7,4, ImM DTT,
protease and phosphatase inhibitors). Lysates were clarified by centrifugation and incubated
overnight in 4 °C with anti-GFP antibody (Life Technologies). Complexes were pulled out
using protein-A sepharose beads (GE-Healthcare) and washed 3-times with lysis buffer and
twice with TBS (50mM Tris HCI pH 7,1, 150mM NaCl). Immunoprecipitated proteins were
digested using trypsin on the beads and analysed by LC/MS.
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FIGURE LEGENDS

Figure 1: Phosphomimic mutation Y90E increases kinase activity of Src. (A, B) Lysates
from SYF fibroblasts stably expressing Src variants were analysed by immunodetection on
western blots using antibodies against Src pY416, total Src and actin as a loading control.
After densitometric analysis of the blots, ratio between Y416-phosphorylated Src and total
Src was calculated. MSCV represents SYF cells bearing empty pMSCV-EGFP vector. (C,
D) Kinase assay (Omnia® Y Peptide 2 Kit; ThermoFisher Scientific) was performed from
lysates of SYF cells expressing Src variants. Kinase activity was measured as an increase of
fluorescence depicted in Figure 1C (showing representative results from one experiment).
The data are shown as means with standard deviation out of minimum 4 independent

experiments. P values indicate statistical significance as calculated by one-way ANOVA.

Figure 2: Phosphomimic mutation YO0E reduces ligand binding. Variants of Src SH3
domains (v-Src, Y9OF, Y90E, WT) were expressed as recombinant GST-SH3 fusion
constructs in bacteria, isolated and used for pull-down from HeLa lysates. (A) Precipitated
samples were run on SDS-PAGE electrophoresis and stained with Coomassie Brilliant Blue.
Loading of GST-SH3 constructs were equal and is visible as a large band with molecular
weight around 33 kDa. (B) Western blotting of precipitates was followed by
immunodetection by antibodies against FAK, p130Cas, Stat3 or paxillin. Total lysate (TL)
served as a positive control, GST-only sample as a negative control. (C, D)
Immunoprecipitation of full-length Src variants from SYF lineages followed by
immunodetection of selected SH3-binding proteins in precipitates and total cell lysates.
MSCYV indicates SYF cell expressing empty pMSCV-EGFP construct serving as a control.
Quantification was performed from at least 3 independent experiments and represents a

normalised ratio between immunoprecipitated protein and total protein.

Figure 3: Src90E has transforming potential. (A, B) Soft agar assay was performed with
SYF fibroblasts stably expressing Src variants. Cells were cultivated in 0,4% agar. After 14
days number of colonies was determined. The graph shows relative amounts of colonies
compared to SYF-Src527F. (C) Proliferation rate determined by AlamarBlue assay
(ThermoFisher Scientific). Equal number of cells was seeded into 98-well plate in
tetraplicates for every lineage. After 3 days, AlamarBlue solution was added. In two hours
absorbance at 570 nm (referenced to 600 nm) was measured. (D) Activity within PI3K/Akt,
Ras/MAPK and Stat3 pathways evaluated as the phosphorylation rate of Akt, Erk and Stat3.
Lysates from SYF fibroblasts stably expressing Src variants were standardized to overall
protein. Immunodetection on western blots was performed with antibodies against Akt, Akt
pS473, Erk 1/2, pErk 1/2, Stat3 and Stat3 pY705. Rates between phosphorylated form and

total protein were calculated from at least 3 independent experiments and plotted as means
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with standard deviation. P values indicate statistical significance determined by one-way
ANOVA.

Figure 4: Phosphomimicking mutation Y90E increases cell invasiveness. (A) Vertical
invasion assay performed with SYF fibroblasts stably expressing Src variants. Cells were
seeded on top of 1,5% collagen. After 3 days z-stack pictures were taken and number of cells
was counted in each level. Cellular invasiveness was determined as invasive index
representing weighted arithmetic mean of invasion depth. (B, C) Spheroid invasion assay.
SYFs were grown as spheroids using Microtissues® 3D Petri Dish® for 48 hours. Spheroids
were then embedded in 1,5% collagen. Images of spheroids were taken immediately and
after 48 hours. Rate between spheroid area at 48 hours and 0 hours was determined. The data
are shown as means with standard deviation out of minimum 3 independent experiments. P

values indicate statistical significance as calculated by one-way ANOVA.

Figure 5: Effect of Src variants on phosphorylation of FAK, p130Cas and paxillin. (A,
B, C, D) Phosphorylation levels of FAK, p130Cas and paxillin were detected in lysates from
SYF cells stably expressing Src variants. Ratio between phosphorylated form and total
protein was determined based on immunodetection of total FAK, p130Cas, paxillin and
theirs phosphorylated forms (FAK pY397, FAK pY861, p130Cas pY410, paxillin pY118).
The data are shown as means with standard deviation out of minimum 3 independent

experiments. P values indicate statistical significance as calculated by one-way ANOVA.

Figure 6: Effect of Y527F-activated Src can be modulated by Y90 phosphorylation. (A,
B) Catalytic activity of Src527F and doublemutated variants was analysed using kinase assay
(Omnia® Y Peptide 2 Kit; ThermoFisher Scientific). Reactions were performed from lysates
of SYF cells expressing these Src variants. Kinase activity was measured as an increase of
fluorescence depicted in Figure 6B (showing representative results from one experiment).
(C, D) Transforming potential was assessed by soft agar assay with SYF fibroblasts stably
expressing Src variants. Cells were cultivated in 0,4% agar. After 14 days number of colonies
was counted. The graph shows relative amount of colonies compared to SYF-Src527F. (E,
F) Invasiveness of SYF cell lines was evaluated with spheroid invasion assay. SYFs were
grown as spheroids using Microtissues® 3D Petri Dish® for 48 hours. Spheroids were then
embedded in 1,5% collagen. Images of spheroids were taken immediately and after 48 hours.
Rate between spheroid area at 48 hours and 0 hours was determined. The data are shown as
means with standard deviation out of minimum 3 independent experiments. P values indicate

statistical significance as calculated by one-way ANOVA.

Figure 7: Phosphorylation of Y90 represents an autoactivatory mechanism opening Src
structure. (A) Model of SrcFRET sensor. In compact inactive conformation of Src
fluorophores inserted into full-length kinase are in close proximity which leads to high FRET

(left). Upon activation the structure loosens resulting in decrease of FRET. The models were
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created according to PDB structures 1IFMK, 1Y57, 2H5P, 1FOB. (B, C) Analysis of effects
mediated by Y90 substitutions on Src kinase structure using SrcFRET sensor. SrcFRET
sensor variants with Y90 (or/and Y527) mutations were expressed in U20S cells.
Fluorescence emission spectra were recorded in native cell lysates. (B) Representative
emission spectra normalised to emission maximum of CFP. PC indicates positive control for
FRET (construct where CFP and mCit are connected with a short linker). (C) Bar graph
shows ratio of normalized mCit (525 nm) and CFP (486 nm) emission. The data are shown
as means with standard deviation out of minimum 4 independent experiments. P values
indicate statistical significance as calculated by one-way ANOVA. (D) Mass spectrometry
analysis of phospho-Y90 content. Normalised ratio between phopho-peptide and base-
peptide was plotted. The data are shown as means with standard deviation from 3

independent experiments. P values indicate statistical significance as calculated by one-way
ANOVA.

Figure 8: SrcFRET variants localisation (A) U20S cells transiently expressing FRET
constructs were fixed and stained for vinculin (focal adhesions marker, red), F-actin (grey)
and imaged by confocal microscopy. SrcFRET fluorescence (mCit) is depicted in green.

Scale bar 10 pm.
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Figure 1: Phosphomimic mutation Y90E increases kinase activity of Src. (4, B) Lysates
from SYF fibroblasts stably expressing Src variants were analysed by immunodetection on
western blots using antibodies against Src pY416, total Src and actin as a loading control.
After densitometric analysis of the blots, ratio between Y416-phosphorylated Src and total
Src was calculated. MSCYV represents SYF cells bearing empty pMSCV-EGFP vector. (C, D)
Kinase assay (Omnia® Y Peptide 2 Kit; ThermoFisher Scientific) was performed from
lysates of SYF cells expressing Src variants. Kinase activity was measured as an increase of
fluorescence depicted in Figure 1C (showing representative results from one experiment).
The data are shown as means with standard deviation out of minimum 4 independent
experiments. P values indicate statistical significance as calculated by one-way ANOVA.

103



FAK

2,5
WT  90E TL v-Src YO9OF Y90E WT GST 2
1,5
FAK ‘ —
-nﬂ .
cas A ' ” %
il 0 ™

90E 90F 527F c-Src
e e 4,5 pl30Cas

o g B q

C 90E 90F 527F c-Src

IP: Src Total lysate 1,6
y Stat3

MSCV 90E 90F 527F c-Src MSCV 90E 90F 527F c-Src 14
1,2
IB: FAK — -— e e e 1
'_ 08
06
1B: p130Cas - - - - -,
0.2
IB: Stat3 | — - -||-----| 0

90E 527F c-Src
- 2,5

IB: paxillin n . ' ’ -
axillin
" || — — . X P
IB: Src 1,5
- -‘ e e — — — 3
N -y

1
05

90E 90F 527F c-Src

Figure 2: Phosphomimic mutation Y90E reduces ligand binding. Variants of Src SH3
domains (v-Src, Y90F, Y90E, WT) were expressed as recombinant GST-SH3 fusion
constructs in bacteria, isolated and used for pull-down from HeLa lysates. (A) Precipitated
samples were run on SDS-PAGE electrophoresis and stained with Coomassie Brilliant Blue.
Loading of GST-SH3 constructs were equal and is visible as a large band with molecular
weight around 33 kDa. (B) Western blotting of precipitates was followed by
immunodetection by antibodies against FAK, p130Cas, Stat3 or paxillin. Total lysate (TL)
served as a positive control, GST-only sample as a negative control. (C, D)
Immunoprecipitation of full-length Src variants from SYF lineages followed by
immunodetection of selected SH3-binding proteins in precipitates and total cell lysates.
MSCYV indicates SYF cell expressing empty pMSCV-EGFP construct serving as a control.
Quantification was performed from at least 3 independent experiments and represents a
normalised ratio between immunoprecipitated protein and total protein.
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Figure 3: Src90E has transforming potential. (A, B) Soft agar assay was performed with
SYF fibroblasts stably expressing Src variants. Cells were cultivated in 0,4% agar. After 14
days number of colonies was determined. The graph shows relative amounts of colonies
compared to SYF-Src527F. (C) Proliferation rate determined by AlamarBlue assay
(ThermoFisher Scientific). Equal number of cells was seeded into 98-well plate in
tetraplicates for every lineage. After 3 days, AlamarBlue solution was added. In two hours
absorbance at 570 nm (referenced to 600 nm) was measured. (D) Activity within PI3K/Akt,
Ras/MAPK and Stat3 pathways evaluated as the phosphorylation rate of Akt, Erk and Stat3.
Lysates from SYF fibroblasts stably expressing Src variants were standardized to overall
protein. Immunodetection on western blots was performed with antibodies against Akt, Akt
pS473, Erk 1/2, pErk 1/2, Stat3 and Stat3 pY705. Rates between phosphorylated form and
total protein were calculated from at least 3 independent experiments and plotted as means
with standard deviation. P values indicate statistical significance determined by one-way
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Figure 4: Phosphomimicking mutation Y90E increases cell invasiveness. (A) Vertical
invasion assay performed with SYF fibroblasts stably expressing Src variants. Cells were
seeded on top of 1,5% collagen. After 3 days z-stack pictures were taken and number of cells
was counted in each level. Cellular invasiveness was determined as invasive index
representing weighted arithmetic mean of invasion depth. (B, C) Spheroid invasion assay.
SYFs were grown as spheroids using Microtissues® 3D Petri Dish® for 48 hours. Spheroids
were then embedded in 1,5% collagen. Images of spheroids were taken immediately and
after 48 hours. Rate between spheroid area at 48 hours and 0 hours was determined. The
data are shown as means with standard deviation out of minimum 3 independent
experiments. P values indicate statistical significance as calculated by one-way ANOVA.
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Figure 5: Effect of Src variants on phosphorylation of FAK, p130Cas and paxillin. (A, B,
C, D) Phosphorylation levels of FAK, pl130Cas and paxillin were detected in lysates from
SYF cells stably expressing Src variants. Ratio between phosphorylated form and total
protein was determined based on immunodetection of total FAK, p130Cas, paxillin and
theirs phosphorylated forms (FAK pY397, FAK pY861, p130Cas pY410, paxillin pY118). The
data are shown as means with standard deviation out of minimum 3 independent
experiments. P values indicate statistical significance as calculated by one-way ANOVA.
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Figure 6: Effect of Y527F-activated Src can be modulated by Y90 phosphorylation. (4, B)
Catalytic activity of Src527F and doublemutated variants was analysed using kinase assay
(Omnia® Y Peptide 2 Kit; ThermoFisher Scientific). Reactions were performed from lysates
of SYF cells expressing these Src variants. Kinase activity was measured as an increase of
fluorescence depicted in Figure 6B (showing representative results from one experiment).
(C, D) Transforming potential was assessed by soft agar assay with SYF fibroblasts stably
expressing Src variants. Cells were cultivated in 0,4% agar. After 14 days number of
colonies was counted. The graph shows relative amount of colonies compared to SYF-
Src527F. (E, F) Invasiveness of SYF cell lines was evaluated with spheroid invasion assay.
SYFs were grown as spheroids using Microtissues® 3D Petri Dish® for 48 hours. Spheroids
were then embedded in 1,5% collagen. Images of spheroids were taken immediately and
after 48 hours. Rate between spheroid area at 48 hours and 0 hours was determined. The
data are shown as means with standard deviation out of minimum 3 independent
experiments. P values indicate statistical significance as calculated by one-way ANOVA. 108
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Figure 7: Phosphorylation of Y90 represents an autoactivatory mechanism opening Src
structure. (4) Model of SrcFRET sensor. In compact inactive conformation of Src
fluorophores inserted into full-length kinase are in close proximity which leads to high FRET
(left). Upon activation the structure loosens resulting in decrease of FRET. The models were
created according to PDB structures IFMK, 1Y57, 2H5P, 1FOB. (B, C) Analysis of effects
mediated by Y90 substitutions on Src kinase structure using SrcFRET sensor. SrcFRET
sensor variants with Y90 (or/and Y527) mutations were expressed in U20S cells.
Fluorescence emission spectra were recorded in native cell lysates. (B) Representative
emission spectra normalised to emission maximum of CFP. PC indicates positive control for
FRET (construct where CFP and mCit are connected with a short linker). (C) Bar graph
shows ratio of normalized mCit (525 nm) and CFP (486 nm) emission. The data are shown
as means with standard deviation out of minimum 4 independent experiments. P values
indicate statistical significance as calculated by one-way ANOVA. (D) Mass spectrometry
analysis of phospho-Y90 content. Normalised ratio between phopho-peptide and base-
peptide was plotted. The data are shown as means with standard deviation from 3
independent experiments. P values indicate statistical significance as calculated by one-way
ANOVA. 109






Figure 8: SrcFRET variants localisation (4) U20S cells transiently expressing FRET
constructs were fixed and stained for vinculin (focal adhesions marker, red), F-actin (grey)
and imaged by confocal microscopy. SrcFRET fluorescence (mCit) is depicted in green.
Scale bar 10 um.
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4. DISKUSE

Kinaza Src se podili na znaéném mnozstvi bunéénych procesi. Je aktivovdna po
stimulaci riznych povrchovych receptorti, véetné integrinii (Playford and Schaller, 2004) ¢i
receptorovych tyrosinkindz (Bromann et al., 2004). Nasledna signalizace muze aktivovat
rozli¢né signalni drahy, naptiklad Ras-MAPK, PI3K-Akt, STAT3, p190RhoGAP, p130Cas,
a regulovat tak bunécnou proliferaci, diferenciaci ¢i motilitu (Guarino, 2010; Thomas and
Brugge, 1997). Vzhledem ke komplexité této signalni sité je nezbytné, aby byl Src pfisné
regulovan a aby kjeho aktivaci dochdzelo jen v patiicnych situacich v piislusnych
bunéénych kompartmentech a proteinovych komplexech. Src je rovnéz schopen fidit cilové
proteiny rozdiln¢ v zavislosti na lokalizaci. Pfikladem rozdilného vlivu Src mulze byt
aktivace pl90RhoGAP a naslednd inhibice RhoA ve fokdlnich adhezich (Chang et al.,
1995), v podosomech naopak Src RhoA aktivuje (Berdeaux et al., 2004).

Design Src-FRET senzoru
Abychom byli schopni pochopit roli Src v riiznych bunéénych procesech, nelze jen

meéfit jeho primérnou aktivitu v roztoku ¢i v ramci populace bunék, ale je nezbytné
porozumét dynamice jeho regulace. Je potieba analyzovat v jakych buiikach, bunéénych
kompartmentech, strukturach ¢i proteinovych komplexech je Src aktivovan, respektive
inaktivovan, kdy k tomu dochézi a s jakou kinetikou. Ne zcela uspokojivé objasnéna ziistava
rovnéz otazka konformacnich stavli aktivované kinazy.

Prvni predkladand publikace dokumentuje design, testovani a pouZiti senzoru
konformace a aktivity kindzy Src. Jedna se o geneticky kodovany senzor, ktery je zalozen
na méfeni UCinnosti Forsterova rezonancniho pfenosu energie. Do struktury Src byly
vloZeny dva fluorescennimi proteiny tvotici FRET par. Jako akceptorovy fluorofor byl
pouzit zluty fluorescenéni protein mCitrin (mCit) pfidany na uplny C-konec Src. Donorova
molekula je tyrkysovy fluorescencni protein (CFP nebo mTurquoise) vloZeny pomoci
kratkych linkeri do smycky mezi BD a BE fetézce SH2 domény na strané protilehlé
vazebnému mistu. Mira FRET mezi fluorofory vytvofeného Src-FRET senzoru reflektuje
konformaci kindzy a s ni spjatou i katalytickou aktivitu. Inaktivni Src zaujiméa kompaktni
»zavienou‘ strukturu stabilizovanou intramolekularnimi inhibi¢nimi vazbami. Fluorofory
jsou v tésné blizkosti, a tudiz 1ze méftit vysoké ucinnosti FRET. RozruSeni regulaénich vazeb
ma za nasledek otevieni konformace kinazy a jeji aktivaci. Vzajemnd vzdalenost mezi
fluorofory se zvétsi a dojde k poklesu FRET.

Podobny pfistup byl pouzit k méfeni aktivity kindzy Lck (Paster et al., 2009;
Stirnweiss et al., 2013). Donor je ve struktuie reporteru lokalizovan shodné se Src-FRET
senzorem, ale akceptor autofi vlozili do linkeru spojujiciho SH3 a SH2 doménu, coz se jevi

jako méné optimalni. Muta¢ni analyzy a MD simulace ukazaly, Ze SH3-SH2 linker kinazy
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Src je dulezity pro strukturni sprazeni regulacnich domén a pomaha jim drzet katalytickou
doménu v inaktivni konformaci. NaruSeni linkeru vede k aberantni aktivaci Src (Young et
al., 2001).

Vyjma uvedenych konformacnich senzorti zalozenych na detekci strukturnich zmén
sledované kinazy existuji dalsi reportery konformace a aktivity Src fungujici na odlisnych
principech. Lze je kategorizovat do dvou skupin: substratové a vazebné. Substratové senzory
jsou tvofeny FRET parem fluoroforti, substratovym peptidem a SH2 doménou, ktera se po
fosforylaci substratového tyrosinu kindzou Src navaze na peptid, ¢imz dojde ke konformacni
zmeéné a poklesu FRET (Seong et al., 2011b; Wang et al., 2018). Vazebné reportery
rozpoznavaji a vazi strukturu na molekule Src, jez je pfistupnd pouze v jeho aktivni
konformaci, coz je nasledné méteno jako zména FRET nebo nartst fluorescence (Gulyani
etal., 2011; Irtegun et al., 2014; Mukherjee et al., 2020).

Substratové senzory jsou v porovnani s ostatnimi skupinami pravdépodobné
nejjednodussi na design. Problémem muze byt jejich specifita, jelikoz substratovy peptid
muze podléhat fosforylaci i jinych, Casto ptibuznych, kindz (Ting et al., 2001). Odpoveéd’
reporteru na aktivaci Src probiha se zpozdénim, které je dano kinetikami asociace se
substratem a katalytické reakce. Dochazi rovnéz k difuizi senzoru z mista plisobeni kindzy,
coz vede k nafedéni signalu a znesnadiiuje pfesnou lokalizaci aktivovaného Src (Lu et al.,
2008). Zkreslovat analyzu mutze rovnéz skuteCnost, ze diky silnym intramolekularnim
interakcim zlstdvaji uvéznény v aktivovaném fosforylovaném stavu (Komatsu et al., 2011)
a tudiZ nemohou reflektovat pokles aktivity Src nebo piipadné rychlé zmény aktivacniho
statusu kinazy. Nicméné za piedpokladu, ze je substratovy peptid defosforylovan
s fyziologickou kinetikou odpovidajicimi fosfatdzami, informace zprostfedkovana
senzorem nereflektuje ani tak miru aktivace Src, ale spiSe troven fosforylace Src substrati
v daném lokusu, byt’ ta ma také zajimavou vypoveédni hodnotu.

Vazebné senzory aktivované konformace Src jsou pomérné€ riznorodd skupina.
Spole¢nym znakem je, Ze se asociuji s ligand-vazebnym povrchem regula¢nich domén (SH2
nebo SH3), ktery je ptistupny pouze v aktivni formé Src. Rizikem je arteficialni aktivace
kindzy zpiisobend vyvazanim regulacnich domén z inhibi¢nich interakci (Irtegun et al.,
2014). Pokud je Src aktivovan pouze skrze jednu z regulacnich domén a druha zGstava
navazana na intramolekularni ligand, detekuje reporter pouze ¢ast populace aktivovaného
Src. Problémem miZze byt také neschopnost rozpoznavat molekuly Src interagujici
prostfednictvim SH2 a SH3 domén se svymi vazebnymi partnery nebo naopak blokovani
vazebného povrchu znemoziiyjici interakei s ligandem.

Nejvice spolehlivym ndstrojem pro stanoveni konformace a aktivity Src se tak zdaji
byt konformacni senzory, coZ je design, jenZ jsme pouzili pro nd§ Src-FRET senzor.
Pomérmneé presné poskytuji predstavu o tvaru molekuly a otevienosti/zavienosti struktury Src,
jez az na vyjimky koreluje s jeho katalytickou aktivitou. Diskrepance v této zavislosti

mohou byt zptisobeny vazbou nékterych inhibitort (viz dale) ¢i cilenymi velmi specifickymi
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mutacemi (Meng et al., 2018). Lokalizace a doba signalu umoziiuji s detailnim prostorovym
a ¢asovym rozliSenim mapovat realny vyskyt riznych konformacénich forem Src v buiice.
Nevyhodou je nutnost jisté obezietnosti pii volbé mist inzerce fluoroforii do struktury
kinazy. Pokud by byla nevhodné zvolena, vlozené fluorescencni proteiny by mohly

deregulovat kinazovou aktivitu Src €i jinak ovlivnit jeho signalizaci.

Vliv aktiva¢nich mutaci na kompaktnost struktury Src
Béhem vyzkumu Src bylo popsdno mnozstvi aktiva¢nich mutaci. S vyuzitim panelu

téchto aminokyselinovych zamén vnesenych do struktury Src-FRET senzoru jsme pomoci
kindzovych reakci ovéfili, Ze méfena Gcinnost FRET a tudiz kompaktnost Src konformace
koreluje s kinazovou aktivitou (negativnim koeficientem).

Zminéné mutacni analyzy byly historicky prvnim a nejjednodus$im nastrojem, jak
zjistit funkci jednotlivych strukturnich elementd Src a posoudit jejich podil na regulaci
katalytické aktivity a konformacnich prestavbach kindzy. Ucelenéjsi obraz poskytly az
krystalografické studie. Struktura oteviené konformace nefosforylovaného Src (Cowan-
Jacob et al., 2005) poskytla diikaz o vyznamu asociace SH2 domény s fosforylovanym C-
koncovym segmentem na tvar molekuly Src. Doposud nicméné chybéla experimentalni data
ukazujici vliv interakci zprostfedkovanych SH3 doménou na konformaci Src. NaSe méteni
dokumentovala, Ze mutace CD linkeru (Gonfloni et al., 1997) inhibujici jeho vazbu na SH3
doménu oteviraji strukturu Src do stejné miry jako rozruSeni regulacni interakce mediované
SH2 doménou (zaména Tyr527 za nefosforylovatelny fenylalanin). Mutace RT a nSrc
smycCek (Miyazaki et al., 1999), skrze které SH3 doména asociuje s N-lalokem kinazové
domény, rovnéz vedly k otevieni konformace Src, ale v men$im rozsahu nez v piipadé
aminokyselinovych zamén interferujicich s SH3-CD linker vazbou. Tyto experimenty tak
poukdzaly na zéisadni vyznam SH3 domény a ji zprostiedkovanych interakci na tvar
molekuly Sre, jez byl spiSe opomijen a pfipisovan zejména regulaénimu vlivu SH2 domény.

Experimenty se Src-FRET senzory nesoucimi mutaci jak v regulaénim C-koncovém
tyrosinu (527F), tak v CD linkeru respektive RT smycce poskytly diikaz o aditivnim efektu
inhibi¢nich interakci zprostfedkovanych SH2 a SH3 doménami. Lze tudiz usuzovat, Ze
regulatni domény mohou fungovat nezavisle na sob& a davat tak vzniku rGznym
konformacim aktivniho Src s jednou (SH2 ¢i SH3) nebo obéma doménami piistupnymi
interakci s extramolekularnimi vazebnymi partnery. Umoznilo by to lokalizovat Src do
odlisnych bunéénych struktur ¢i proteinovych komplexti a vést tak signal riznymi drahami
a s rozdilnou kinetikou.

Zajimavym fenoménem se ukéazala byt mutace Glu381Gly oE helixu C-laloku
kinazové domény (Bjorge et al., 1995). Ackoli Glu381 netvoii zadné kontakty s SH2 ani
SH3 doménou jeho zdména za glycin vede k velmi vyraznému nartistu kindzové aktivity a
oteviené¢ konformaci Src srovnatelné molekulami, jeZ maji rozpfazené ob& inhibi¢ni

interakce.
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Efekt inhibitori na konformaci Src

Inhibitory kindzy Src jsou slibnymi 1€Civy v protinadorové terapii (Rdsel et al., 2013).
Jedna se o nizkomolekularni latky, které kompetuji s vazbou ATP. Podle zplisobu, jakym se
vazi do aktivniho mista kindzy je lze klasifikovat na inhibitory typu I a II. Urcujicim
faktorem je pozice DFG motivu aktivaéniho segmentu. Inhibitory typu I se vazi do
katalytického centra kinazové domény, kde je Asp404 DFG motivu vtocen dovnitt do
katalytického centra (DFG-in) a skrze vazbu Mg?" iontll koordinuje fosfaty ATP, coz
odpovida aktivni konformaci kindzové domény. Inhibitory typu II se navazuji do aktivniho
mista, v némz katalyticky aspartat sméfuje mimo (DFG-out) a jeho pozici zaujima
fenylalanin. Jedna se o konfiguraci inaktivniho stavu kinazové domény Src (Dar and Shokat,
2011; Roskoski, 2016).

Aktivacni status kindzové domény je kromé polohy DFG motivu uréen rovnéz
orientaci aC helixu N-laloku. V aktivnim stavu je aC helix rotovan dovnitt katalytického
mista (aC-in), naopak v inaktivnim vné (aC-out) (Leonard et al., 2014).

S vyuzitim Src-FRET senzoru jsme testovali vliv panelu Src inhibitort na strukturu
kinazy. Pon¢kud prekvapivé se ukazalo, ze existuji dvé skupiny inhibitord, jez se li§i svym
ucinkem na konformaci Src. Prvni skupina testovanych inhibitorti (dasatinib, bosutinib,
UM-164), podobné¢ jako konstitutivné aktivni Src527F, indukovala otevieni struktury Src a
vedla k jeho lokalizaci do fokalnich adhezi. Druhd skupina (saracatinib, SKI-1) neméla na
konformaci Src zadny vliv a zachovavala uniformni cytoplasmatickou lokalizaci kinazy
typickou pro c-Src.

Dasatinib a bosutinib jsou inhibitory typu I asociujici s DFG-in, aC-in konformaci Src.
UM-164 a saracatinib piedstavuji inhibitory typu II vazici DFG-out konfiguraci
katalytického mista. Lisi se vSak ve své preferenci pro pozici aC helixu, kdy UM-164
uptednostiuje aC-in a saracatinib aC-out orientaci helixu (Leonard et al., 2014; Roskoski,
2016; Tong et al., 2017). Zplsob vazby SKI-1 inhibitoru neni znam. Spolecnym
jmenovatelem inhibitoril, jeZ navozuji otevienou konformaci Src, se tak zdd byt aC-in
orientace helixu. Vazba SKI-1 zachovava kompaktni tvar Src, z ¢ehoZ je moZno usuzovat,
ze jej lze kategorizovat jako inhibitor stabilizujici inaktivni konformaci Src s aC helixem
v konfiguraci aC-out. Navazani SKI-1 na konstitutivné aktivni senzor Src-FRET527F vedlo
k ptechodu jeho oteviené konformace do vice kompaktniho stavu.

Diky Src-FRET senzoru jsme tudiZ byli schopni ukazat, Ze strukturni zmény uvnitf
kindzové domény vyvolané jak aktivacni mutaci (Glu381Gly), tak navazanim inhibitort
stabilizujicich aktivni €i inaktivni konfiguraci katalytického mista, jsou schopny ovlivnit
vazbu regulanich domén a tim 1 celkovou konformaci Src. Neni zcela jasné, jak
komunikace mezi regulaénimi doménami a kindzovou doménou probihd. Dosavadni
poznatky vychdzejici ze strukturnich studii a MD simulaci naznacuji, ze zésadni roli

v prenosu informaci by mohla mit pravé orientace aC helixu a pozice CD linkeru (Banavali
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and Roux, 2005; Fajer et al., 2017; Gonfloni et al., 1997, 1999). NMR analyza Tonga a
kolegli predklada model, podle kterého se tyto konformacni signaly propaguji skrze
strukturu kindzy jako zmény dynamiky peptidové kostry spiSe nez jako rozsahlé strukturni
prestavby (Tong et al., 2017).

Src-FRET senzor umoziiuje rozlisit Src inhibitory na zaklad¢ jejich vlivu na strukturu
kindzy a je jej proto mozné pouzit jako ndstroj pro stanoveni zplsobu vazby inhibitord do
katalytického mista kindzy a to bez nutnosti pouzivat narocné krystalografické¢ ¢i NMR
pristupy. Biologicky efekt Src inaktivovaného pomoci inhibitoru stabilizujiciho zavienou
konformaci se bude lisit od biologického efektu kinazy vazici inhibitor, jez indukuje
otevienou konformaci a ktery tak miize mit regulacni domény piistupné vazb¢ ligandi. Lze
usuzovat, ze inhibitory navozujici otevienou strukturu Src budou vice potentni, jelikoz jimi
inhibovany Src bude fungovat jako dominantné negativni molekula, ktera bude schopna
blokovat vazebna mista pro aktivované jesté neinhibované kinazy (nebo 1 dalsi proteiny) a

vyvazovat jejich interak¢ni partnery

Role kinazy Src ve fokalnich adhezich
Src zaujima v buiikkdch zhruba uniformni distribuci s mirnym nabohacenim na

cytoplasmatické membrané. Aktivni Src je vyrazné lokalizovan ve fokalnich adhezich
(Klinghoffer et al., 1999; Machiyama et al., 2015; Wu et al., 2016).

S vyuzitim Src-FRET senzoru jsme byli schopni ukazat, Ze ve fokalnich adhezich se
Src pohybuje s vysokou dynamikou a nedochézi zde tudiz k jeho akumulaci. Pfitomny Src
nicméné zaujimal otevienou konformaci, coz vede k otdzce, jakym zplusobem je zde
aktivovan. Jednim zmechanismid miZe byt vyvazdni regulacnich domén z
intramolekularnich inhibi¢nich interakci skrze jejich vazebné partnery lokalizované ve
fokalnich adhezich. Ptikladem muze byt vazba SH2 domény Src na fosforylovany Tyr397
kindzy FAK (Schaller et al., 1994). Déle mize dochazet k lokalni defosforylaci regulaéniho
Tyr527 C-koncového segmentu Src, uvolnéni SH2 domény a aktivaci katalytické aktivity
(Harder et al., 1999; Pallen, 2005). Tteti moznosti, kterou navrhujeme, je otevieni Src
konformace, a jeho naslednd aktivace, pfimym mechanickym nataZzenim molekuly
prostfednictvim tzv. molecular clutch (Mitchison and Kirschner, 1988). Molecular clutch je
propojeni mezi extracelularni matrix a aktinovym cytoskeletem adherované bunky
umoziujici ptenos mechanické tenze. Je tvoreno molekulami integrint a proteiny fokalnich
adhezi, kter¢ dynamicky asociuji nebo disociuji ze vzajemnych interakci a podle aktualnich
podnétl a miry napéti na adheznich strukturach sptahuji tuto silu s retrogradnim proudénim
molekul aktinového cytoskeletu. Podle nasi hypotézy je Src ukotveny N-koncem
v cytoplasmatické membranég aktivovan skrze interakci svych regula¢nich domén s proteiny
fokalnich adhezi, jez jsou sptfazeny s retrogradnim tokem aktinu. Takto generovana tazna
sila mechanicky rozrusi inhibi¢ni interakce uvnitt molekuly Src, coZ bude mit za nasledek

otevieni jeho struktury a aktivaci katalytické aktivity. Uvedenou teorii podporuje nékolik
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faktii: vysoka dynamika molekul Src ve fokalnich adhezich a nartst aktivity Src béhem
mechanického natahovani buné€k, které jsme byli schopni detekovat pomoci Src-FRET
senzoru. NaSe meéfeni ukdzala, ze tato aktivace Src kopiruje miru fosforylace proteinu
fokalnich adhezi p130Cas, jez je coby primarni mechanosenzor po natazeni fosforylovan
Src na tyrosinech substratové domény jinak skrytych uvnitt struktury proteinu
nepodléhajiciho tenzi. Popsané experimenty nicméné neumoziovaly dostateéné rozlisit
casovou posloupnost téchto dé&t. V souladu s hypotézu Src jakozto primarniho
mechanosenzoru je rovnéz studie vyuzivajici substratovy senzor Src lokalizovany do
membrany, ktera dokumentovala, ze aktivace Src v odpovéd na mechanické podnéty je
témer okamzitd (Wang et al., 2005).

Src-FRET senzor ndm umoznil sledovat aktivitu Src v priibéhu doby Zivota adheze.
Jeji vznik doprovéazela kontinualni aktivace Src. Katalyticka aktivita kindz dosahla
maximalni hodnoty v maturované stabilni f4zi adheze, béhem niz nasledné zistavala
konstantni. Inaktivace Src probihala soucasné¢ s rozpadem adheze. Dynamika aktivity Src ve
fokalnich adhezich byla rovnéz analyzovana pomoci substratového senzoru Src (Wu et al.,
2016). Autoti taktéz vidéli nartst Src aktivity béhem vzniku adheze, ale na rozdil od naSich
vysledkl detekovali v pribéhu stabilni faze slaby pokles signdlu nasledovany dalsi vinou
aktivace Src, jez ptedchéazela rozpadu adheze. Diskrepance v obdrzenych datech je s velkou
pravdépodobnosti zplisobena rozdilnym mechanismem fungovani senzorti. N&§ senzor je
zalozen na predpokladu, Ze katalytickd aktivita Src koreluje s G¢innosti FRET danou
kompaktnosti struktury kindzy. Substritovy senzor monitoruje kindzovou aktivitu
prostiednictvim miry fosforylace substratového peptidu, kterd vSak zavisi nejen na aktivité
Src, ale rovnéZ na defosforylaci fosfatdzami. Rozdilna povaha obou senzori muize byt tudiz
s vyhodou a jimi poskytnuté informace se mohou vzajemné dopliovat. Na jejich zakladé
proto navrhujeme nasledujici model aktivace Src ve fokéalnich adhezich. Vznik adheze je
doprovazen rychlou a lokalni aktivaci kinazy Src, ktera zacne fosforylovat své substraty.
Béhem maturované stabilni fdze adheze zistava aktivita Src vysoka ale konstantni. Proti ni
pusobi fosfatazy, jez defosforyluji substraty Src, diky ¢emuZ je udrzovana stabilni mira
jejich fosforylace. Zda se, Ze rozpad adheze je iniciovan poklesem fosfatdzové aktivity a
porusenim této rovnovahy, coz vede k hyperfosforylaci substratii Src a néaslednému
rozlozeni fokalni adheze.

Existuje nékolik diikazii podporujicich teorii, Ze zvySena kindzova aktivita Src
destabilizuje fokalni adheze a vede k jejich rozpadu. Kromé jiného bylo ukézano, Ze bunky,
ve kterych byl deletovan gen pro Src, inhibovana Src aktivita ¢i exprimovany defektni formy
kinazy, maji abnormaln¢ velké adheze s dlouhou dobou zivota a velmi pomalym rozpadem
(Fincham and Frame, 1998; Webb et al., 2004). Fokélni adheze bunék postradajicich
fosfatazu Shp2 jsou vysoce dynamické s kratkou stabilni fazi (von Wichert et al., 2003). Ve
vice dynamickych fokalnich adhezich lze detekovat zvySenou miru fosforylace paxillinu,
ktera naopak zcela chybi ve stabilnich fibrilarnich adhezich (Zaidel-Bar et al., 2007). Dale
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bylo popsano, Ze fosforylace ARHGAP42 na Tyr376 kinazou Src zvySuje dynamiku
fokalnich adhezi (Luo et al., 2017). Src rovnéz fosforyluje p130Cas na Tyr12 SH3 domény.
Tato fosforylace probihd s pomalou dynamikou a rusi schopnost SH3 domény kotvit
p130Cas do fokalnich adhezi, coz ma za nasledek jejich zvySenou dynamiku a potazmo i
destabilizaci (Branis et al., 2017; Gemperle et al., 2017; Janostiak et al., 2011). Fosforylace
p130Cas kindzou Src navic pomahd smétovat p130Cas k ubiquitinaci a ndsledné degradaci,
coz je dalsi mechanismus podilejici se na regulaci dynamiky fokalnich adhezi
(Teckchandani et al., 2014).

Tyrosin 90 SH3 domény Src a jeho vliv na regulaci kinazy

Hlavnimi funk¢énimi prvky regulujicimi kindzu Src jsou intramolekularni inhibi¢ni
interakce zprostfedkované SH3 a SH2 doménami a fosforylacni status tyrosini 416 a 527
(Boggon and Eck, 2004). Byly popsény i dalsi zptisoby modulujici aktivitu a lokalizaci Src,
mezi které Ize tadit dimerizaci kinazy a fosforylace serind a treonini unikétni domény
(Amata et al., 2014; Dandoulaki et al., 2018; Spassov et al., 2018). Role a mechanismus
fungovani inhibi¢ni vazby SH2 domény na fosforylovany C-koncovy segment byly
studovany a popsany velmi detailné. Regulace prostfednictvim SH3 domény je vsSak
prozkoumana a pochopena daleko méné. Jedna se o vice komplexné&jsi systém, jez zahrnuje
nejen vazbu CD linkeru (Xu et al., 1997), ale navic inhibi¢ni kontakty s N-lalokem kinazové
domény skrze RT a nSrc smy¢ky (Brabek et al., 2002; Xu et al., 1997). Déle je SH3 doména,
spolu s SH2 doménou, zasadni pro stabilizaci CD linkeru v pozici a konformaci, ktera drzi
katalytickou doménu v inaktivnim stavu (Fajer et al., 2017). SH3 doména rovnéz asociuje s
membranou a také poskytuje strukturni oporu vnitiné neuspofadané SH4 a unikéatni doméné
(Maffei et al., 2015; Pérez et al., 2013). Lze usuzovat, Ze SH3 doména funguje jako
signaliza€ni uzel integrujici a predavajici informace mezi strukturovanymi ¢astmi Src a také
flexibilnim membranové vazanym N-koncovym segmentem kinazy. Uvedené mechanismy
tvoii velmi sloZitou sit’ vzdjemné propojenych regulacnich elementd, jejimz vystupem je,
v odpovéd’ na stimuly a fyziologické pozadavky buiiky, patficné aktivita a konformace Src.
Vzhledem ke komplexité tohoto systému, nebylo jeho ptfesné fungovani jesté uspokojive
objasnéno a to v€etné detailniho vlivu jednotlivych regulacnich prvkd na strukturu Src,
jejich hierarchie a miry autonomie.

Ve druhém piedlozeném clanku je charakterizovan novy mechanismus, jakym muize
byt regulovana kinéza Src. Jednd se o fosforylaci tyrosinu 90 (Tyr90) vazebného povrchu
SH3 domény Src. Pomoci aminokyselinovych zamén Tyr90 za nefosforylovatelny
fenylalanin nebo glutamat, jez svym sterickym povrchem a néabojem mimikuje
fosforylovany tyrosin ukazujeme, Ze fosforylace Tyr90 vede k aktivaci katalytické aktivity
Src, otevieni jeho struktury a zméné interakénich schopnosti zprosttedkovanych SH3
doménou. Exprese fosfomimikujici mutanty Src v buiikéch zptisobuje jejich transformaci a

zvySenou schopnost invadovat. Src nesouci Tyr90 mutovany za nefosforylovatelny
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fenylalanin naopak vykazuje nizsi katalytickou aktivitu, kompaktnéjsi konformaci a snizuje
invazivni potencial bunék.

Tyrosin 90 je soucasti sekvencné i strukturné konzervované¢ho motivu ALYD(Y/F)
(Tatarova et al., 2012). Fosforylace tyrosini homolognich Tyr90 byla dokumentovana
naptiklad u SH3 domény PSTPIP (Wu et al., 1998), kinazy Btk (Morrogh et al., 1999; Park
et al., 1996) nebo p130Cas (Gemperle et al., 2017; Janostiak et al., 2011), u nichz zptisobuje
snizeni nebo zménu afinity pro jejich ligandy. V buiikdch chronické myeloidni leukemie
dochazi k masivni tyrosinové fosforylaci SH3-SH2 segmentu Bcer-Abl. Bylo zde
identifikovano 7 tyrosinti, z nichz jeden odpovida Tyr90, jejichz fosforylace indukuje plnou
katalytickou aktivitu fuzniho proteinu (Chen et al., 2008; Meyn et al., 20006).

Fosforylace Tyr90 SH3 domény Src byla nalezena u mySich embryonélnich
fibroblastii transformovanych onkogennim Src (Luo et al., 2008) nebo v bunikach karcinomu
plic stimulovanych HGF (Johnson et al., 2013). S vyuZzitim hmotnosti spektrometrie jsme
byly schopni detekovat fosforylaci Tyr90 rovnéz u nestimulovanych a netransformovanych
fibroblast exprimujicich c-Src. Kvantitativni proteomicky pfistup ukazal, ze vice aktivni
formy Src vykazuji vysSi fosforylaci Tyr90. V souladu s predikénimi algoritmy a
publikovanymi pracemi Ize proto usuzovat, Ze k fosforylaci Tyr90 dochazi
autofosforylaénim mechanismem nebo prostiednictvim Src zavislé fosforylace kindzami
rodiny Src.

Tyrosin 90 tvofi spolu s Asnl135 a Tyr136 prvni hydrofobni kapsu vazebného povrchu
SH3 domény, kterd interaguje s Py dipeptidem SH3-vazebniho motivu ¢PoxoP, kde ¢ je
bazicka aminokyselina. V pfipadé inaktivni formy Src se do této vazebné kapsy vklada
kli¢ovy prolin 250 CD linkeru. Mechanismus, jakym fosforylace Tyr90 ovliviiuje vazebny
povrch SH3 domény, je moZné predikovat na zékladé¢ studie, ktera pomoci NMR analyz a
MD simulaci charakterizovala vazbu ligandu na SH3 doménu proteinu p130Cas a vliv
fosforylace homologniho tyrosinu 12 na tuto interakci (Gemperle et al., 2017). Podle naSeho
modelu aromaticky kruh nefosforylovaného Tyr90 tvofi CH/n interakce s ¢Po dipeptidem,
pfiCemZ hydroxylovd skupina je orientovana vné do okolniho vodného prostiedi.
Fosforylace Tyr90 zpiisobi rozruseni téchto nepolarnich vazeb skrze negativni néaboj
fosfatové skupiny, coz ma za nasledek pokles afinity SH3 domény pro své ligandy. Tyrosin
90 a jeho fosforylace tudiz reguluje kinazu Src dvojim zpiisobem. Redukuje schopnost SH3
domény vazat své interakeni partnery, coZ miiZze mit vliv na signalizaci zprostfedkovanou
Src, jeho dynamiku a lokalizaci do riznych bunéénych struktur ¢i proteinovych komplexi.
Druhym a moznéa vyznamnéj$im efektem fosforylace Tyr90 je sniZeni afinity SH3 domény
k CD linkeru a nasledny narust katalytické aktivity kinazy.

MD simulace ukézaly, Ze aminokyselinové zbytky CD linkeru jsou pfimo zodpoveédné
za udrZzovani kinazové domény v inaktivni konformaci. SH3 doména spolecné s SH2
doménou pouze stabilizuji tuto inhibi¢ni pozici CD linkeru (Fajer et al., 2017). Pfedkladame

hypotézu, podle niz fosforylace Tyr90 zrusi vazbu SH3 domény na CD linker, coZ by mohlo
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vést k destabilizaci inhibi¢ni konfigurace CD linkeru, zruseni jeho kontakti s katalytickou
doménou a ptechodu do aktivniho stavu. Src s fosfomimikujici mutaci Tyr90 (Src90E)
zaujima casteCné¢ otevienou konformaci s SH3 doménou uvolnénou z intramolekularni
inhibi¢ni interakce. Podle experimentalnich dat se SH2 doména zda byt stale asociovana
s C-terminalnim segmentem. Jednak tomu nasvédcuji mefeni pomoci Src-FRET senzoru,
vyrazné€jsi rozvolnéni konformace molekuly jiz nesouci fosfomimikujici glutamat 90E.
Rovnéz tuto domnénku potvrzuje uniformni lokalizace Src90E bez detekovatelného
nabohaceni ve fokalnich adhezich, ke kterému dochazi v ptipadé, ze je rozruSena vazba SH2
domény k C-konci (Wu et al., 2015). Ackoli byl vyznam SH3 domény historicky spise
opomijen, z predkladaného se jevi, ze SH3 doména je stézejni regulacni prvek Src, ktery je
schopen aktivovat kindzu nezavisle na SH2 doméné¢ a to pravdépodobné jak skrze interakci
s vazebnymi partnery, tak prave prostfednictvim fosforylace Tyr90.

Zaména Tyr90 za fosfomimikujici glutamat nebo nefosforylovatelny fenylalanin u
SH2-aktivovaného Src (pfes 527F mutaci) vedla jen k malym rozdilim v kinazové aktivité
jednotlivych mutant, nicméné zmény v transformacnim potencidlu a invazivité¢ bunék byly
vyraznéjsi. Fosfomimikujici substituce 90E zvySovala a naopak nefosforylovatelna varianta
90F snizovala ucinek SH2-aktivovaného Src. Nase prace ukazuje, ze SH3 a SH2 doména
funguji a reguluji Src do urcité miry nezavisle na sob¢, coz dovoluje Src zaujmout né¢kolik
konformaci tj. inaktivni, SH3-aktivovanou, SH2-aktivovanou a SH3+SH2-aktivovanou.
Tato strukturni diverzita se rovnéz promita do funkéni diverzity. ZvySuje mnozstvi stupiii
volnosti regulac¢niho systému a umoziuje tak kinaze fungovat jako signalizacni uzel, ktery
integruje riizné stimuly, na jejichz zdkladé¢ nebo podle daného bunécného kontextu ¢i
lokalizace je schopen regulovat a indukovat rozli¢né buné¢né odpoveédi.

Existuje nc¢kolik nazori na mechanismus aktivace Src. Podle prvniho je Src plné
aktivovdna az vyvazanim obou regula¢nich domén z intramolekularnich vazeb
(Alexandropoulos and Baltimore, 1996). Druh4 teorie navrhuje, Ze rozruseni jedné inhibi¢ni
vazby povede k destabilizaci druhé, coz d4 vzniku jedné unifikované aktivni formé Src
(Young et al., 2001). Model vicestupiiové aktivace kindzy podporuji rovnéZ naSe méfeni
pomoci Src-FRET senzoru analyzujici strukturni kompaktnost aktiva¢nich mutant Src. Dalsi
dikazy prinesly muta¢ni analyzy oblasti RT a nSrc smycek SH3 domény, jez ukazaly, ze
zruseni interakce mezi SH3 doménou a N-lalokem SH2-aktivovaného Src vede k nartstu
jeho katalytické aktivity (Brabek et al., 2002). Déle jej potvrzuje krystalova struktura
aktivniho nefosforylovaného Src, kde nedochazi k asociaci SH2 domény s C-koncovym
segmentem, ale zlistava zachovana vazba SH3 domény na CD linker (Cowan-Jacob et al.,
2005), coz dokumentuje i studie vyuzivajici SAXS (Bernad¢ et al., 2008).

Ukazuje se, Ze SH3 doména ma zasadni vyznam coby oblast, kterd zprostiedkovava
kontakt mezi strukturovanou a nestrukturovanou casti Src. NMR analyzy odhalily, ze SH3

doména je schopna asociovat slipidy a funguje jako strukturni opora pro vnitiné
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neusporadanou SH4 a unikatni doménu (UD). Kontakty SH3 domény s membranou a rovnéz
s nestrukturovanou N-koncovou ¢asti zajist'uji RT a nSrc smycky (Maffei et al., 2015; Pérez
et al., 2013). Vazba ligandu SH3 doménou se propaguje skrze jeji strukturu a rusi interakci
RT smycky s lipidy a unikatni doménou, coz ma za nasledek zvyseni konformacni flexibility
UD a redukci kontaktti s membranou (Cordier et al., 2000; Maffei et al., 2015; Wang et al.,
2001). Hypotetizujeme, ze snizeni vazebnych schopnosti SH3 domény prostfednictvim
fosforylace Tyr90 by mohlo vést k nartstu interakce Src s lipidovou vrstvou a tim pomale;jsi
mobilité kindzy v membrané. Uvedend teorie je v souladu s praci Machiyama a kolegl
(Machiyama et al., 2015), ktefi demonstrovali pokles membranové motility a pomale;jsi
disociaci z fokalnich adhezi Src molekul s mutaci rusici schopnost SH3 domény vazat
ligandy. Nebot’ je vyuziti NMR techniky limitovano velikosti analyzovanych molekul, byly
konstrukty pouzité v uvedenych studiich tvotfeny pouze SH4, UD a SH3 doménami. Je proto
obtizné usuzovat na chovani celé kinazy. Je zndmo, Ze RT a nSrc smycky rovnéz tvoii
inhibi¢ni interakce s N-lalokem kindzové domény (Brabek et al., 2002; Xu et al., 1997).
Aminokyselinové zbytky RT smycky (Arg95, Thr96) zodpovédné za tyto kontakty se
zaroven podileji na asociaci s membranou a unikédtni doménou. Lze proto spekulovat, ze
fosforylace Tyr90 by mohla zablokovat vazbu SH3 domény k CD linkeru, ¢imZ by doslo k
posunuti rovnovahy ke stavu, kdy bude SH3 doména ptrednostné interagovat s membranou
a UD misto s N-lalokem. Vysledny nartist konformacni dynamiky N-laloku by poté mohl
zjednodusit pfechod kindzové domény do aktivniho stavu. Fosforylace tyrosinu 90 by tak
mohla byt vyznamnym mechanismem regulujicim nejen katalytickou aktivitu nebo vazebné
schopnosti Src, ale rovnéz schopnost kindzy asociovat s membranami a komunikaci mezi

jeji strukturovanou a nestrukturovanou casti.
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5. SHRNUTI

e Svyuzitim strukturnich ptestaveb kindzy Src, které doprovazi jeji prechod mezi
aktivnim a inaktivnim stavem, a z toho plynouci zavislosti katalytické aktivity Src na jeho
konformaci, jsme ptipravili konformacni senzor Src zaloZeny na méfeni ucinnosti FRET.
Src-FRET senzor je tvotfen molekulou Src, do jejiz SH2 domény byla vlozena donorova
molekula FRET paru fluorescencnich proteini (CFP/mTurq). Akceptorovy fluorofor (mCit)
byl pfidan na aplny C-konec.

e Pomoci Src-FRET senzoru jsme ukézali, ze aktivacni mutace v SH3 doméné a CD
linkeru jsou schopny indukovat otevieni struktury Src ve stejném rozsahu jako aktivacni
mutace 527F ruSici interakci SH2 domény s C-koncovym segmentem. Src s mutaci
Glu381Gly uvnitt kindazové domény vykazoval vyrazné rozvolnénou konformaci, coz
naznacuje, ze kinazova doména je schopna ovliviiovat pozici regula¢nich domén a tim i
celkovy tvar molekuly.

e Src-FRET senzor umoziluje rozlisit 2 typy Src inhibitorti. Prvni skupina inhibitord
indukuje aC-helix-out konformaci katalytické domény, nema vliv na kompaktnost struktury
Src (nebo jej zavird) a neovliviiuje uniformni lokalizaci Src v buiice. Druhd skupina
inhibitorti stabilizuje oC-helix-in konfiguraci kindzové domény, vede k otevieni
konformace Src, ¢imZ funguje jako dominantné negativni molekula a lokalizuje Src do
fokalnich adhezi.

e Analyza dynamiky aktivace Src ve fokalnich adhezich dokumentovala, Ze vznik
adheze je doprovazen vyraznym lokalnim nartistem katalytické aktivity Src, ktera dosahuje
maxima béhem stacionarni maturované faze, v jejimz pribéhu pak zistdva konstantni.

Rozpad adheze je doprovazen inaktivaci Src.

e Na zakladé¢ proteomické studie byl tyrosin 90 identifikovan jako nové fosforylacni
misto ve struktufe Src. Tyr90 se nachazi na vazebném povrchu SH3 domény, kde
spoluvytvaii jednu z hydrofobnich kapes pro interakci s ligandem.

e Fosforylace tyrosinu 90 SH3 domény Src piedstavuje novy mechanismus, pomoci
kterého muze byt Src regulovan. Pfitomnost negativniho naboje fosfatu na pozici 90
pravdépodobné vede ke sniZeni afinity SH3 domény ke svym intermolekuldrnim 1
intramolekularnim ligandim a tudiz ke zméné spektra interak¢nich partneri a aktivaci
katalytické aktivity.

e Src s fosfomimikujici mutaci 90E vykazuje zvySenou kindzovou aktivitu a snizenou
schopnost asociovat s n€kterymi proteiny.

e Exprese Src90E zvySuje invazivitu bunék a vede k jejich transformaci.
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e Src s fosfomimikujici mutaci 90E zaujima vice otevienou konformaci v porovnani
s c-Src. Zaména za nefosforylovatelny fenylalanin 90F ma naopak za nasledek vice
kompaktni strukturu.

e Fosfomimikujici mutace 90E zvySuje efekt SH2-aktivovaného  Src.
Nefosforylovatelny fenylalanin 90F jej snizuje. Tato pozorovani podporuji model, podle
kterého mohou regulacni domény fungovat do urcit€¢ miry nezavisle na sobé. Dusledkem je

vicestupiiova aktivace Src.
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6. Publikace a podil na jejich pripravé

Predkladand disertacni prace je tvotfena jednou publikaci a jednim draftem ptipravovaného

¢lanku:

Koudelkova, L., Pataki, A.C., Tolde, O., Pavlik, V., Nobis, M., Gemperle, J., Anderson, K.,
Brabek, J., and Rosel, D. (2019). Novel FRET-Based Src Biosensor Reveals Mechanisms
of Src Activation and Its Dynamics in Focal Adhesions. Cell Chem. Biol. 26, 255-268.¢4.
e Sdilené prvni autorstvi, vSechny experimenty v ¢astech pojednavajicich o studiu
aktiva¢nich mutant Src a vlivu inhibitor Src na jeho konformaci, nékteré dalsi
experimenty v ostatnich c¢astech (zejména charakterizace SrcFRET konstrukti:

emisni spektra, ovéfeni velikosti a fosforylace, atp.), revize manuskriptu

Koudelkova L., Brihova Z., Sztacho M., Pavlik V., Gemperle J., Brabek J., Rosel D.
Phosphorylation of tyrosine 90 within Src SH3 domain represents a new regulatory switch
controlling Src kinase activity.

e Piipravovana publikace, prvni autor, vétSina experimentti, sepsani manuskriptu

V disertacni préaci nejsou zahrnuty dvé spoluautorské publikace:

Gemperle, J., Dibus, M., Koudelkova, L., Rosel, D., and Brabek, J. (2019). The interaction
of p130Cas with PKN3 promotes malignant growth. Mol. Oncol. 73, 264-289.

Luo, W., Janostiak, R., Tolde, O., Ryzhova, L.M., Koudelkové, L., Dibus, M., Brabek, J.,
Hanks, S.K., and Rosel, D. (2017). ARHGAP42 is activated by Src-mediated tyrosine
phosphorylation to promote cell motility. J. Cell Sci. 730, 2382-2393.

doc. RNDr. Jan Brabek, Ph.D.
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