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Abstrakt

Predkladand disertacni prace voln¢ navazuje na mou praci diplomovou. Zabyva se
studiem 30kDa proteinu fosducinu (Pdc) a mechanismem regulace jeho funkce
prostiednictvim vazby s 28kDa adaptorovym proteinem 14-3-3. Oba tyto proteiny se
ucastni signalni drédhy spojené s G-proteiny, piedevSim v procesu vidéni. Pdc vaze
komplex py podjednotek heterotrimerniho G-proteinu transducinu (Gyfy) a tim brani
zpétné reasociaci Gy s podjednotkou Gia, ¢imz blokuje pienos svételného signalu. Tento
proces se pravdépodobné uplatiiuje pti dlouhodobé adaptaci na zménu intenzity svétla.
Regulac¢ni funkce Pdc je dale regulovana jeho fosforylaci a ndslednou vazbou na protein
14-3-3. Na zéaklad¢ dostupnych dat bylo spekulovéano, ze vazba 14-3-3 je kli¢ova pro
inhibici interakce mezi fosforylovanym Pdc (Pdc-PP) a Gyy. Vznik komplexu
14-3-3/Pdc-PP pak vede Kk reasociaci trimerniho transducinu a zesileni pfenosu svételného
signalu. Mechanismus, jakym protein 14-3-3 inhibuje interakci Pdc s Gify, je vsak stale
neznamy.

Cilem této disertacni prace bylo objasnit strukturu volného Pdc a jeho komplexu
s proteinem 14-3-3 a s pomoci ziskanych dat navrhnout mechanismus regulace funkce
Pdc. Struktura Pdc a komplexu 14-3-3/Pdc-PP byla studovana celou fadou biofyzikalnich
metod véetné malothlového rozptylu rentgenového zareni (SAXS), NMR, H/D vymény
spojené¢ s hmotnostni spektrometrii (HDX-MS) ¢i metod fluorescen¢ni spektroskopie.
Ziskané vysledky ukazaly, Ze N-termindlni doména Pdc (Pdc-ND) je wvnitiné
nestrukturovany protein. Fosforylace Pdc ovlivituje konformaci nejen v ramci Pdc-ND,
kde se nachazeji obé fosforylaéni mista, ale i v ramci strukturované C-terminalni domény
(Pdc-CD). Protein 14-3-3 vaze Pdc-PP s mikromolarni vazebnou afinitou a tvorba
komplexu ovliviiuje konformaci a snizuje flexibilitu zejména fosforylované Pdc-ND. Obé
fosforylacni mista Pdc jsou klicova pro vazbu proteinu 14-3-3. Velka cast Pdc-ND, kterd
tvoii vétsinu vazebného povrchu Pdc pro Gif, se v komplexu se 14-3-3 nachazi bud’
Vv centralnim kanalu molekuly dimeru 14-3-3, nebo v blizkosti jeho povrchu. Vazba
14-3-3 tedy blokuje vazebny povrch Pdc pro Gy a tim inhibuje tuto interakci. NMR
a HDX-MS méfeni dale ukazala, Ze Pdc-PP zistdva i po navazani na protein 14-3-3
flexibilni, coz naznacluje, ze by se mohlo jednat o tzv. ,fuzzy*“ komplex. Ziskané

vysledky také naznacuji, Ze vazba proteinu 14-3-3 zpomaluje defosforylaci Pdc-PP.



1 Uvod

Piedkladana diserta¢ni prace je strukturni studii proteinu fosducinu (Pdc)
a komplexu s jeho vazebnym partnerem, proteinem 14-3-3. Struktura tohoto komplexu
nebyla doposud objasnéna. Motivaci projektu je prispét k pochopeni ulohy proteinu
14-3-3 v regulaci funkce Pdc. Znalost struktury je dilezitym néstrojem pro pochopeni
funkce proteinti a jejich komplext. Tato disertacni prace je soucasti dlouhodobého
projektu vedeného pod dohledem prof. RNDr. Tomase Obsila, Ph.D. z PiF UK a navazuje
na mou praci diplomovou [1].

Ke studiu struktury proteint a jejich komplexli 1ze vyuzit celou fadu metod, které
vSak poskytuji kvalitativné rozdilné informace. Vybér metody zavisi pfedev§im na
charakteru daného proteinu nebo komplexu. V pfipad¢ strukturovanych proteini a jejich
komplexti s jasné definovanym prostorovym uspotfadanim jsou nejvhodnéjsimi volbami
proteinova krystalografie, nukledrni magneticka rezonance (NMR) a kryoelektronova
mikroskopie (Cryo-EM). Vyhodou metody NMR je ziskani struktury proteinu ve vodném
roztoku, tedy za téméf nativnich podminek, nicméné metoda NMR je omezena pouze na
molekuly s molekulovou hmotnosti do cca 70 kDa. Metoda Cryo-EM je naopak vhodna
pro molekuly s molekulovou hmotnosti vétsi nez cca 200 kDa. Problém s urovanim
struktury ovSem nastava v piipad¢ takovych proteind, jejichZ prostorovéa struktura neni
nativné urcena. Takovymto proteinim se fikd proteiny neuspoiadané, nebo nesbalené,
v anglicky psané literatufe se zna¢i IDPs (z angl. Intrinsically Disordered Proteins). Tyto
proteiny nejsou schopné tvofit krystaly a jejich NMR spektra jsou velmi obtizné
interpretovatelna diky malému rozptylu signald.

Protein fosducin, kterym se zabyva tato disertacni prace, je typickym piikladem
proteinu, jehoz zna¢na Cast vykazuje vlastnosti IDP. Ve volném (tzv. apo) stavu je tato
¢ast velmi flexibilni a neuspotfddand, nicméné po vazbé na vazebného partnera Gify
transducinu se flexibilni ¢ast molekuly Pdc strukturuje a to dokonce tak, ze komplex
Pdc/Gify byl uspésné vykrystalizovan [2]. Nicméné, pii vazbé Pdc na jiného vazebného
partnera, protein 14-3-3, ke strukturovani flexibilni ¢asti nedochazi. Komplextim, kde
jeden z vazebnych partnerd je IDP a po vazbé jim zlstava, se v anglické literature zacalo
fikat ,,fuzzy* complexes (fuzzy, ¢esky nejasny) [3].

Pti studiu vlastnosti IDPs a ,,fuzzy* komplext Ize vyuzit né¢kolika biofyzikalnich

metod, diky kterym se da alesponi pfiblizné urcit jejich struktura. V soucasné dobé



neexistuje metoda, ktera by dokazala ptfesné popsat konformacni chovani takovychto
proteini. Vysledkem téchto métfeni vzdy byva primérna struktura, ¢asto zachycujici
nejcasteji se vyskytujici konformaci proteinu. Mezi metody, které se pouzivaji ke studiu
IDPs a ,,fuzzy* komplext, patfi napf. malothlovy rozptyl rentgenového zareni (SAXS,
z angl. Small-Angle X-Ray Scattering), pomoci kterého lze ziskat strukturu S nizkym
rozliSenim. Ve spojeni s NMR a metodami fluorescencni spektroskopie lze pak ziskat
dalsi upfesiiujici strukturni udaje. Pro charakterizaci sekundéarni struktury se vyuziva
napt. cirkularniho dichroismu (CD). Pro objasnéni termodynamickych vlastnosti
komplexu lze vyuzit isotermdlni titracni kalorimetrii (ITC) nebo analytickou
ultracentrifugaci (AUC). Hydrodynamické vlastnosti objasiiuje také AUC a dale
dynamicky rozptyl svétla (DLS). K zisku informaci o vazebném povrchu lze vyuzit napf.
metody vymény vodiku za deuterium spojené s hmotnostni spektrometrii (HDX-MS).
Informaci o zménach ve vnitini neuspofadanosti proteinu lze ziskat i jeho kontrolovanou
proteolyzou v pfitomnosti a nepfitomnosti vazebného partnera. Existuje fada dalSich
technik, které jsou pro studium takovychto proteinti vyuzivany, ovsem vyse zminéné jsou
pravdépodobné nejcastéjsi. VEétsina z vySe zminénych technik byla vyuzita ke studiu jak
Pdc, tak jeho komplexu se 14-3-3. Na zaklad¢ ziskanych dat byl vytvofen detailni
strukturni model komplexu Pdc s proteinem 14-3-3 a navrzen mechanismus, jakym

protein 14-3-3 reguluje funkci Pdc v buiice.



2 Cil prace

Hlavnim cilem této disertacni prace je strukturné charakterizovat protein fosducin
(Pdc) a jeho komplex s proteinem 14-3-3 a na zakladé ziskanych dat objasnit tlohu
proteinu 14-3-3 v regulaci funkce Pdc.

Dil¢i cile této prace jsou:

e Biofyzikaln¢ charakterizovat N-terminalni a C-terminalni domény (Pdc-ND a Pdc-
CD) Pdc. Stanovit jejich vazebné afinity k proteinu 14-3-3¢AC.

e Zmapovat konformacni zmény molekuly Pdc vyvolané fosforylaci na Ser54 a Ser73.

e Zmapovat vazebné rozhrani komplexu fosforylovaného fosducinu (Pdc-PP)
s proteinem 14-3-3{AC.

e Strukturné charakterizovat volny Pdc a jeho komplex s proteinem 14-3-3CAC.

e Objasnit, zda vazba proteinu 14-3-3(AC ovliviiuje kinetiku defosforylace fosducinu

in vitro.



3 Metody

K dosazeni vytyCenych cili této prace bylo vyuzito nasledujicich biochemickych

a biofyzikalnich metod:

o Exprese, purifikace a fosforylace proteint

o Casové-rozlisené zhaseni intenzity fluorescence

e Statické zhaseni tryptofanové fluorescence

e Dynamicky rozptyl svétla (DLS)

e Malouhlovy rozptyl rentgenového zateni (SAXS)

e Nuklearni magnetické rezonance (NMR)

e Analyticka ultracentrifugace (AUC)

e Cirkularni dichroismus (CD)

e H/D vyména spojena s hmotnostni spektrometrii (HDX-MS)
e Limitovana proteolyza vizualizovana na gelu po SDS-PAGE
e Limitovana proteolyza spojena s hmotnostni spektrometrii

e Limitovana defosforylace vizualizovana na SDS-Phos-Tag™ gelu

e Limitovana defosforylace spojend s hmotnostni spektrometrii



4 Vysledky a diskuze

4.1 Biofyzikalni a strukturni charakterizace fosducinu (Pdc)

Krystalova struktura komplexu Pdc s Gify ukazala, ze molekula Pdc obsahuje dvé
domény: N-terminalni (Pdc-ND, sekvence 1-107) a C-terminalni (Pdc-CD, sekvence 114-
246) domény [2, 4]. Tyto strukturni studie naznacily, ze Pdc-ND je velmi flexibilni a ve
volném stavu by mohla byt neuspotadana, tedy chovat se jako IDP (z angl. Intrinsically
Disordered Protein). Pro ovéfeni této hypotézy jsme provedli biofyzikalni a strukturni
charakterizaci obou domén pomoci fady biofyzikalnich metod.

Byla charakterizovana jak celd molekula Pdc, tak jeho jednotlivé domény
samostatné (Pdc-ND, Pdc-CD). K charakterizaci obou domén byly zvoleny metody
dynamického rozptylu svétla (DLS) (Tabulka 4.1), cirkularniho dichroismu (CD) (Obr.
4.1), analytické ultracentrifugace (AUC) (Obr. 4.2 na str. 10), ¢asové-rozliseného zhaseni
intenzity fluorescence ANS a nuklearni magnetické rezonance (NMR). Nize jsou

zobrazeny vybrané vysledky.

Tabulka 4.1 Vysledky z méreni fosducinu metodou DLS

PdcQ52K Pdc-ND Pdc-CD
Podet residui® 265 126 156
M, (g - mol™®) 30161,4 146432 17414,2
Ry (A) 38,4+0,5 354+0,4 26,0 +0,1

#Pocet residui odpovida proteinu spolu s 6xHis kotvou bez prvniho methioninu.
®Molekulova hmotnost M, vypoctena na zakladé aminokyselinové sekvence s obsahem 6xHis kotvy.
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Obr. 4.1 Spektra cirkuldrniho dichroismu v daleké oblasti UV. Jednd se o zavislost moldrni
elipticity stiedni hodnoty residua [6] na vinové délce A. Z kiivek je patrné, ze N-termindlni
doména fosducinu (Pdc-ND, aminokyseliny 1 - 107 s N-terminalni 6*His kotvou, cervena
kiivka) nevykazuje prvky sekundarni struktury, naopak C-termindlni doména fosducinu
(Pdc-CD, aminokyseliny 110 — 246 s N-termindlni 6*xHis kotvou, Cernd kifivka) takovéto
prvky vykazuje. Cela molekula PdcQ52K s N-terminalni 6 xHis kotvou (modrd kiivka)
vykazuje prvky castecné usporadaného proteinu.
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Obr. 4.2 Normalizované  spojité  distribuce o — Pdc-CD
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Ziskané vysledky potvrzuji, Ze Pdc-ND je vnitin€ neuspotadany protein (tzv. IDP)
bez vyraznych prvka sekundarni a terciarni struktury. Pdc-CD naopak vykazuje zndmky
dobie sbaleného, strukturovaného proteinu. Jak je patrné z vysledka DLS (Tabulka 4.1,
str. 9) a AUC (Obr. 4.2), majoritni podil na vysoké hodnoté hydrodynamického poloméru
Ry ma pravé Pdc-ND diky své neuspotradanosti a relativni flexibilité.

Pomoci NMR probihala charakterizace jak Pdc-CD, tak Pdc, tak i fosforylovaného
Pdc (Pdc-PP) vazaného v komplexu s proteinem 14-3-3 (Obr. 4.6, str. 14). Struktura Pdc
v roztoku byla dale charakterizovana pomoci malothlového rozptylu rentgenového zareni
(SAXS, z angl. Small-Angle X-Ray Scattering). Z divodu neuspofadanosti Pdc byla pro
analyzu dat zvolena metoda EOM (z angl. Ensemble Optimization Method) [5]. Metoda
umoziuje ziskat pfiblizny model neuspofddaného proteinu, v tomto piipad€¢ molekuly
Pdc. Obr. 4.3A na str. 11 zobrazuje naméfena rozptylova data (Cerna linie) prolozena
modelovou kiivkou ziskanou metodou EOM (Cervena kiivka). Tato Cervena kiivka
odpovida priméru osmnacti EOM vybranych konformera (Obr. 4.3B), jejichz simulovana
rozptylova data nejlépe odpovidaji datim namétenym. Obr. 4.3C zobrazuje ¢tyfi mozné
konformery volného Pdc vroztoku. Jak je patrné z Obr. 4.3D, zadny konformer

samostatn¢ presné nepiekryva kiivku rozptylovych dat.
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Obr. 43 EOM analyza SAXS dat méienych na Pdc o koncentraci 4,2 mg - ml™. (A) Graf
zavislosti rozptylové intenzity I(s) na rozptylovém uhlu s zobrazuje srovndni ziskanych
rozptylovych dat (Cerna krivka) s teoretickou rozptylovou kiivkou 18 konformeri Pdc,
ziskanou metodou EOM (Cervena kiivka). Obé kiivky se dobre prekryvaji, cemuz odpovida
i hodnota y* = 0,98. (B) Graf zdvislosti frekvence vyskytu gyracnich poloméri Ry moznych
konformerit Pdc na hodnoté Ry Modra kiivka odpovida pocatecnimu souboru (10 000)
konformerii danych primdrni aminokyselinovou sekvenci, cervena krivka odpovida souboru
(18) konformerii vybranych metodou EOM tak, aby priumér teoretickych rozptylovych kirivek
téchto konformerii nejlépe odpovidal nameérenym datium. (C) Ukdzka ¢tyr reprezentativnich
trojrozmérnych  struktur Pdc vybranych ze souboru 18 konformerii. Cdst s dobre
definovanymi prvky sekunddrni struktury predstavuje Pdc-CD, rozvolnény retizek pak
Pdc-ND. (D) Zobrazeni parové distribucni funkce P(r) pro étyri jednotlivé konformery z édsti
(C). Z grafu je patrné, Ze Zadny z konformerii samostatné nedokdze idedlné reprezentovat
namérena data, pouze jejich priimer se namerenym datiim bliZi.

4.2 Biofyzikalni a strukturni charakterizace Pdc-PP a 14-3-3/Pdc-PP

Nékolik studii ukazalo [6, 7], Ze Pdc je vazan v sitnici oka proteinem 14-3-3
a k vazbé jsou potiebna dvé fosforylaéni mista obsazena v Pdc (Ser54 a Ser73). Tato
domnénka byla ndmi potvrzena pomoci metody AUC — sedimentacni rychlosti. Dale bylo
stejnou metodou ukazano, ze stechiometrie komplexu 14-3-3:Pdc-PP je 2:1, tedy dimer
proteinu 14-3-3 vaze jednu molekulu Pdc. Nasledné jsme ukazali, ze nejvetsi podil na
vazb¢ ma fosforylovana Pdc-ND, kdy disociacni konstanta tohoto komplexu ziskana

metodou AUC — sedimentacni rychlosti dosahla hodnoty Kyq ~ 3 uM. Hodnota Kq
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komplexu 14-3-3:Pdc-PP ovsem dosahla hodnoty ~ 7 uM, coZ poukazuje na fakt, ze
Pdc-ND se nejvice podili na vazb¢ se 14-3-3 a Pdc-CD vazbu mirné€ oslabuje.

Vysledky ziskané metodou DLS ukazuji, ze a¢ je molekulova hmotnost 14-3-3
dvojnasobna ve srovnani s Pdc, jeho hodnota Ry je srovnatelna, coz nasvédéuje faktu, ze
Pdc je velmi rozvolnéna molekula (Tabulka 4.2). Z Tabulky 4.2 je také patrné, Ze po
vzniku komplexu 14-3-3/Pdc-PP hodnota Ry piili§ nevzrostla ve srovnani se samotnymi
proteiny. Tento jev mize poukazovat na fakt, ze rozvolnéna Pdc-ND je zanofena do

centralniho kanalu dimeru 14-3-3.

Tabulka 4.2 Hydrodynamické poloméry Ry proteinit mérenych metodou DLS

14-3-3¢AC + | 14-3-3¢AC +
14-3-3¢AC PdcQ52K | PdcQ52K-PP | “0 dc052K | PdcOB2K-PP
Rupis’ (A) 36,6 +0,5 37,4+0,3 38,2+0,5 36,9 +0,1 442 +0.,6
Rueor.” (A) 25,4 20,6 20,6 - 29,3
©
My " 56896,0¢ 30161,4° 30161,4° - 870215
(g - mol”)

®Hydrodynamické poloméry ziskané méfenim DLS. Hodnoty odpovidaji stfedni hodnoté + smérodatna
odchylka z péti méteni.

®Hydrodynamické poloméry ziskané teoretickym vypoétem rigidniho sférického dehydratovaného proteinu
ziskaného z rovnice Ry[protein] = 66 - 102 - M,**, kde M,, je molekulova hmotnost (g - mol™) [8].

‘Molekulova hmotnost M,, vypoctena na zdkladé aminokyselinové sekvence s obsahem 6x His kotvy.

*Molekulova hmotnost dimeru 14-3-3(AC obsahujiciho dvé N-terminalni 6x His kotvy.

*Molekulovd hmotnost bez prvniho methioninu obsazeného v 6x His kotvé.

"Molekulova hmotnost bez prvniho methioninu obsazené¢ho v 6x His kotvé PdcQ52K, a dimeru 14-3-3(AC
obsahujiciho dvé N-terminalni 6x His kotvy.

Dale byl zkouman vliv fosforylace Pdc na jeho strukturu a flexibilitu a vliv vazby
14-3-3 na strukturu a flexibilitu Pdc-PP pomoci ¢asové-rozliseného zhaseni tryptofanové
fluorescence a fluorescence fluorescencni znacky AEDANS, kovalentné vazané na
cysteinovych zbytcich obsazenych v Pdc. Na stejnych vzorcich byl méfen 1 Casove-
rozliSeny pokles anizotropie fluorescence, ktery poskytl informace o flexibilit¢ Pdc po
jeho fosforylaci a vazbé se 14-3-3. Vzdy byly méfeny vzorky Pdc obsahujici pouze jeden
tryptofanovy, nebo cysteinovy zbytek. Jelikoz Pdc-WT (nativné vyskytujici se Pdc)
obsahuje pouze jeden tryptofanovy zbytek (W29), byly vyrobeny mutantni formy Pdc
S obsahem tryptofanovych zbytkl v jinych pozicich. Pdc-WT obsahuje pét cysteinovych
zbytkl, kde dva se nachazeji v Pdc-ND a tii v Pdc-CD, proto bylo potieba pfipravit
mutantni formy obsahujici vzdy po jednom cysteinovém zbytku. Obr. 4.4 na str. 13
zobrazuje, shrnuti vysledkd z téchto méfeni se zaméfenim na vazbu proteinu 14-3-3.
Obrazek zobrazuje, u kterych fluorofor obsazenych v molekule PdcQ52K a mutantnich

forem, doslo po vazbé proteinu 14-3-3 ke zvySeni (zelené pruhy) stfedni doby Zivota
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excitovaného stavu Tmean. ZvySena hodnota tmean Naznacuje piimy fyzicky kontakt Pdc-PP
se 14-3-3.

N-terminalni doména C-terminalni doména

~
o~

N
v

C89 C97 C148 C157 C168

w29 we3 w107 w123 w208

Obr. 4.4 Schematické zndzornéni molekuly fosducinu s vyznacenymi pozicemi fluoroforii,
u kterych doslo po vazbé proteinu 14-3-3 ke zvySent stiedni doby Zivota excitovaného stavu
Tmean (zelené pruhy). Modré pruhy odpovidaji pozicim fluoroforu, u kterych doslo
K minimalni, nebo Zddné zmené tmean po vazbé 14-3-3.

Obr. 4.5 zobrazuje, u kterych fluoroforti obsazenych v molekule PdcQ52K a jeho
mutantnich forem doslo po vazb¢ proteinu 14-3-3 ke zvyseni (zelené pruhy), nebo snizeni
(¢ervené pruhy) pohyblivosti dané bud’ zménou hodnoty fshort, nebo zménou hodnoty fs.
Zvysena pohyblivost rychlych lokalnich pohybii odpovidd zvySeni hodnoty Sshort.

Zvysena rotacni difuze celé molekuly odpovida snizeni hodnoty fs.

N-terminalni doména C-terminalni doména
< € >
c89 C97 C148 C157 C168
w29 W93 w107 w123 w208

Obr. 4.5 Schematické zndzornéni molekuly fosducinu s vyznacenymi pozicemi fluoroforii,
u kterych doslo po vazbé proteinu 14-3-3 ke zvyseni (zelené pruhy) nebo snizeni (rudé pruhy)
flexibilizy. Modré pruhy odpovidaji pozicim fluoroforii, u kterych doslo k minimdlni, nebo
zadné zmené flexibility po vazbé 14-3-3.

Komplex 14-3-3/Pdc-PP i samotny Pdc byl dale zkouman metodou NMR. Bylo
ziskano 2D NMR 'H- N TROSY spektrum izotopové znaeného Pdc v komplexu
(Cervend) i samotného Pdc (Cernd) a tato spektra byla porovnana (Obr. 4.6, str. 14). Po
fosforylaci a vazbé 14-3-3 doslo k vymizeni signalu obou fosforylovanych serinti (Ser54,
Ser73), coz nasveédCuje faktu, Ze oba seriny se ucastni vazby a jsou v pfimém kontaktu se
14-3-3. Ziskané spektrum také ukazuje, ze Pdc-ND je IDP s typickymi signaly mezi 8
a 9 ppm, které¢ vykazuji neusporadané proteiny. Tato oblast také obsahuje signaly

z neuspotradaného C-konce Pdc-CD, coz potvrzuje bioinformaticka analyza [9].
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Obr. 4.6 'H-"N TROSY spektrum Pdc-PP v nepfitomnosti (Cernd) a pritomnosti (Cervend)
14-3-34AC (molarni pomer 14-3-3CAC:Pdc-PP = 2:1). Pro prehlednost nejsou popsany
vSechny signdly ve stredni casti spektra. Viozeny graf ukazuje priblizeny pohled na signaly
obou fosforylovanych serinit (Ser 54 a Ser 73).

K mapovani vazebného povrchu mezi Pdc-PP a 14-3-3 byla vyuzita metoda H/D
vymény spojené s hmotnostni spektrometrii (HDX-MS). Metoda sleduje Kinetiku
deuterace amidickych vodikli obsazenych v proteinech. Vysledky naznacuji, Ze se jedna
o transientni interakci, ¢ili na molekule Pdc nebyla pozorovana vyrazna deuterace méfena
Vv Case po vazb¢ na 14-3-3. Zména kinetiky deuterace v ¢ase byla ovSem pozorovana na
peptidech obsazenych v molekule 14-3-3, pficemz deuterované oblasti zahrnuji peptidy,
nachazejici se jak v centralnim kandlu dimeru 14-3-3, tak ve vnéjSich oblastech dimeru
14-3-3. Tyto oblasti jsou tedy pravdépodobné zapojeny do interakce s Pdc-PP.

K ziskani modelu komplexu s nizkym rozlisenim byla vyuZzita metoda SAXS. Obr.
4.7 na str. 15 zobrazuje vysledky ziskané touto metodou. Obr. 4.7A zobrazuje obalku
komplexu 14-3-3/Pdc-PP. Vrchni ¢ast obrazku predstavuje vycnivajici Pdc-CD. Pdc-ND
je zanofena do vnitfniho kanalu dimerniho 14-3-3. Obr. 4.7C zobrazuje obalku proteinu
14-3-3 s vnotenou strukturou ziskanou krystalograficky [11]. Na zaklad¢ dat ziskanych
metodou SAXS bylo provedeno tzv. ,,All-atom* modelovani pomoci metody AllosMod-
FoXS [14, 15]. Touto metodou byl ziskan ptiblizny model komplexu, jak je ukazano na
Obr. 4.8 na str. 16.
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Obr. 4.7 Ab initio rekonstrukce obdlky mérenych proteini. (A) Sedd obdlka komplexu
14-3-3{AC:PdcQ52K-PP smichanych v molarnim poméru 2:1, ziskana vypoctem ze SAXS
dat, pro vzorek o koncentraci 5,6 mg - mlI’*. (B) Srovndni rozptylovych dat pro komplex
s koncentraci 5,6 mg -+ mI™* (Cernd) s prolozenym ab initio modelem ziskanym programem
DAMMIF [10] (Cervend). (C) Sedd obdlka 14-3-3(AC ziskand vypoctem ze SAXS dat, pro
vzorek o koncentraci 4,3 mg - mI™*, s viozenou krystalovou strukturou 14-3-3¢ (PDB: 10JA,
[11]). (D) Srovndni rozptylovych dat 14-3-3CAC o koncentraci 4,3 mg - ml™ (Cernd)
S prolozenym ab initio modelem ziskanym programem DAMMIF (cervend). (E) Srovnani
spocitané teoretické rozptylové krivky (Cervend) krystalové struktury 14-3-30 [11]
S experimentdlnimi rozptylovymi daty. Statistické udaje prislusejici ab initio rekonstrukci
obdlky jsou shrnuty v Tabulce 5.13. DAMMIF ab initio model 14-3-3CAC obklopujici
krystalovou strukturu 14-3-3¢ byl vytvoren pomoci programu SUPCOMB [12]. Teoreticka
rozptylovad kiivka proteinu 14-3-3¢AC byla ziskdana za vyuziti programu CRYSOL [13].

Jak je patrné z vySe uvedenych dat, Pdc-ND se nachazi v centralnim kandlu dimeru
14-3-3, coz vede k obklopeni vétSiny sekvence Pdc, ktera se podili na vazbé Pdc s Gify
transducinu. Vazba 14-3-3 tedy fyzicky brani tvorbé komplexu Pdc/Gfy.

Bylo spekulovano, ze vazba 14-3-3 na Pdc-PP by mohla vést ke zpomaleni
defosforylace Pdc-PP [7]. Bylo dokazano, Zze fosforylovany Pdc je v bunce
defosforylovan pomoci dvou fosfatas: proteinfosfatasou 1 (PP1) a proteinfosfatasou 2A
(PP2A) [17, 18]. Tato mySlenka byla nami ovéfena in vitro metodou limitované

defosforylace spojené s hmotnostni spektrometrii (Obr. 4.9 na str. 17).
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Obr. 4.8 All-atom modelovani komplexu 14-3-3/Pdc-PP. (A) Tri modely komplexu spocitané
s pouzitim serveru AllosMod-FoXS [14, 15], které nejlépe odpovidaji namérenym
rozptylovym SAXS datim. 14-3-3( je zobrazen zelené, Pdc-PP fialove (Model 1), modrie
(Model 2) a oranzovée (Model 3). AllosMod modely jsou vneseny do DAMMIF ab initio
obadlky (Sedd) spocitané ze SAXS dat pro komplex o koncentraci 5,6 mg - mI'*. (B) Srovndni
spocitanych rozptylovych krivek pro i nejlepsi modely komplexu (fialovd, modra
a oranzovd) s experimentdlnimi rozptylovymi daty komplexu o koncentraci 5,6 mg - ml*
(Cerna linie). Teoretické rozptylové krivky byly spocitany a prokladany experimentdlnimi
daty za pouziti programu FoXS [16]. DAMMIF ab initio model komplexu a jeho AllosMod
modely byly slouceny pomoci programu SUPCOMB [12].
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Obr. 4.9 Vizualizace kinetiky defosforylace PdcQ52K-PP (znaceno PdcP) z vysledkii ziskanych
metodou LC-MS. Levé casti obrazkii (A, B, C, D) predstavuji chromatogramy odpovidajici
konkrétnimu kladné nabitému peptidu vznikléemu proteolyzou (pepsin, nebo rhizopuspepsin)
defosforylujiciho fosducinu. Nejvyse umistéeny chromatogram dané barvy (modrd nebo
Cervena) v ¢erném ramecku odpovida peptidu po 0 minutovém pusobeni fosfatasy (PP1, nebo
PP2A4). Nejnize umistény chromatogram dané barvy odpovida 7 minutovému piisobeni
fosfatasy. Grafy vpravo (A, B, C, D) zobrazuji kinetiku defosforylace. Kazdy bod odpovida
urcitéemu mnozstvi peptidu detekovanému hmotnostnim spektrometrem v odpovidajicim case
zastaveni defosforylace. Tyto vysledky jsou zobrazeny pro c¢tyri vybrané peptidy obsahujici
Sfosforylacni mista PdcQ52K, Ser54 a Ser73. Pokusy byly provedeny pro PdcP v pritomnosti
(moldrni pomeér 2:1) i nepritomnosti 14-3-3(AC (znaceno 14-3-3).

Zaveérem lze tedy fici, Ze se podatilo charakterizovat strukturu Pdc jak ve volném
stavu, tak i v komplexu s proteinem 14-3-3. Na zakladé ziskanych strukturnich dat byl
navrzen mechanismus, kterym protein 14-3-3 inhibuje interakci Pdc s Gify. Dale bylo

ukdzano, ze dalSi moznou funkci vazby proteinu 14-3-3 miZe byt zpomaleni

defosforylace Pdc-PP fyzickym branénim pfistupu fosfatas PP1 a PP2A.
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5 Zavér

V ramci této disertatni prace byla zkoumdana struktura Pdc a jeho komplexu

s proteinem 14-3-3. Ke studiu struktury Dbylo pouzito fady biofyzikalnich

a biochemickych metod. Dale byl zkouman vliv vazby 14-3-3 na kinetiku defosforylace

fosforylovaného Pdc.

Tato prace prinesla nasledujici konkrétni vysledky:

Pdc-ND je vnitiné neuspotfadany protein (IDP) a v roztoku nevykazuje prvky
sekundarni ani tercidrni struktury. Pdc-CD je vnitin€ uspotfddana a vykazuje prvky
jak sekundarni, tak terciarni struktury.

Vazebna afinita fosforylované Pdc-ND k proteinu 14-3-3(AC je vyssi (Kg ~ 3 uM),
nez afinita celého fosforylovaného Pdc k 14-3-3AC (Kg4 ~ 7 uM). Vazebna afinita
Pdc-CD k 14-3-3(AC nebyla pozorovana (Kq > 500 puM). Z téchto vysledkid
vyplyva, Ze pro tvorbu komplexu je klicova fosforylovana Pdc-ND.

Fosforylace Pdc vyvolava strukturni zmény a zmény ve flexibilité, a to zejména
v Pdc-ND. Vysledky také naznacuji, ze u volného Pdc-PP fosforylovana Pdc-ND
interaguje s Pdc-CD.

Ob¢ fosforyla¢ni mista Pdc (Ser54 a Ser73) jsou kli¢ova pro vazbu proteinu 14-3-3.
Velkd cast Pdc-ND, ktera tvoii vétSinu vazebného povrchu Pdc pro Gy, se
v komplexu se 14-3-3 nachazi bud’ v centralnim kanalu molekuly dimeru 14-3-3,
nebo v blizkosti jeho povrchu. Vazba 14-3-3 tedy blokuje vazebny povrch Pdc pro
Gy a tim inhibuje tuto interakci. NMR a HDX-MS méfteni ukézala, ze Pdc-PP
zUstava 1 po navazani na protein 14-3-3 flexibilni, coz naznacuje, Ze by se mohlo
jednat o tzv. ,,fuzzy* komplex.

Vazba proteinu 14-3-3(AC zpomaluje defosforylaci Pdc-PP pomoci PP1 a PP2A

in vitro.
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Abstract

This dissertation is focused on 30 kDa protein phosducin (Pdc) and on the
regulation of its function through the interaction with 28 kDa adaptor protein 14-3-3.
These two proteins participate in G-protein signal transduction pathways, especially in the
process of light signal transduction. It is assumed that Pdc binds to the Gy complex of
G-protein called transducin and through this interaction it inhibits the reassociation of
Gy with G thus reducing the visual signal transfer. This process is thought to
participate in a long-term light adaptation. The regulation of Pdc function is further
regulated by its phosphorylation and subsequent binding to the 14-3-3 protein. It has been
speculated that the 14-3-3 binding plays a key role in the inhibition of the interaction
between phosphorylated Pdc (Pdc-PP) and Gy. The formation of the 14-3-3/Pdc-PP
complex leads to the reassociation of Gy with Gia and consequently to the amplification
of visual signal transfer. Nevertheless, the mechanism by which the 14-3-3 protein
binding inhibits the interaction between Pdc and Gy remains elusive.

The main aims of this dissertation were: (i) to investigate the structure of Pdc in its
apo-state (in the absence of the binding partner) and in the complex with 14-3-3, and (ii)
to suggest the mechanism of the 14-3-3-mediated regulation of Pdc function. The
structure of Pdc and the 14-3-3/Pdc-PP complex was studied using various biophysical
methods including small-angle X-ray scattering (SAXS), NMR, H/D exchange coupled to
mass spectrometry (HDX-MS) and fluorescence techniques. Our data suggested that the
N-terminal domain of Pdc (Pdc-ND) is intrinsically disordered protein. The
phosphorylation of Pdc affects conformation of both its domains - unstructured Pdc-ND
as well as structured C-terminal domain (Pdc-CD). The 14-3-3 protein binds Pdc-PP with
the binding affinity in micromolar range and the complex formation affects the
conformation of Pdc especially within Pdc-ND. Both phosphorylation sites are essential
for the complex formation. The majority of Pdc-ND, which accounts for the most of the
Gy binding surface, is located either in the central channel of the 14-3-3 dimer or in the
close vicinity of the 14-3-3 outer surface. Therefore, our data suggest that the 14-3-3
binding masks the majority of the Gy binding surface of Pdc and thus inhibits its
interaction with G¢. In addition, NMR and HDX-MS measurements revealed that Pdc-PP
remains highly flexible after the 14-3-3 binding, which indicates the formation of
a “fuzzy” complex. Our data also showed that the 14-3-3 binding slows down
dephosphorylation of Pdc-PP in vitro.
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1 Introduction

This thesis focuses on structural study of phosducin (Pdc) and its complex with the
scaffolding protein 14-3-3. The structure of the complex has not been resolved yet. The
main motivation of this project is to understand the regulation of Pdc function through the
interaction with 14-3-3. The structural information is an important tool for the
understanding of the protein and its complexes function. This thesis is a part of a long-
term project supervised by prof. Tomas Obsil, Ph.D. from Charles University in Prague,
Faculty of Science and it is a sequel to my diploma thesis [1].

Proteins and their complexes can be studied using different biophysical and
biochemical methods that provide qualitatively different information. The method is
chosen depending on the character of the protein or the complex. The best choices for
structured proteins are the X-ray crystallography, the nuclear magnetic resonance
spectroscopy (NMR) and the cryo-electron microscopy (Cryo-EM). The NMR provides
the structure of the protein under almost native conditions but using of NMR is limited to
ca. 70 kDa proteins. Cryo-EM is limited to ca. 200 kDa proteins at least. There is
a problem with unstructured proteins which are called Intrinsically Disordered Proteins
(IDPs). These proteins cannot form crystals and their NMR spectra are badly interpretable
because of narrow dispersion of signals.

The large part of Pdc molecule shows characteristics of IDP. In its free-state (apo-
state) this part is flexible and unstructured. When Pdc is bound to its binding partner,
Gify subunits of transducin, the flexible part becomes structured [2]. Nevertheless, the
binding of another binding partner of Pdc, protein 14-3-3, does not lead to
structuralization of the unstructured part of Pdc. Such complexes are called “fuzzy” [3].

To get an approximate structure of IDPs and fuzzy complexes, several biophysical
methods can be used. Currently, no method is available to precisely describe behavior of
such proteins. The average structure is always obtained mostly representing the most
frequent conformation of the protein. The small-angle X-ray scattering (SAXS) can be
used for study of such proteins and complexes. SAXS provides a low-resolution structure.
The combination of SAXS with NMR or fluorescence techniques can be useful tool for
gaining more detailed structural information. The circular dichroism (CD) is used for
characterization of the secondary structure of proteins. The isothermal titration
calorimetry (ITC) and the analytical ultracentrifugation (AUC - sedimentation
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equilibrium) are used for an acquisition of thermodynamic properties. The AUC -
sedimentation velocity and the dynamic light scattering (DLS) are methods providing
information about hydrodynamic properties of such proteins. Binding interface can be
mapped using H/D exchange coupled to mass spectrometry (HDX-MS). Information
about protein fold and binding interface can be obtained using limited proteolysis in the
presence and the absence of its binding partner. There are many other techniques that can
be used to study such proteins and their complexes but methods mentioned above are the
most frequently used ones. Most of these techniques were used to study the structure of
Pdc and its complex with 14-3-3. Based on this data, detailed structural model of the
complex was proposed and the mechanism of a Pdc function regulation through the

14-3-3 binding was suggested.
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2 Aims of the study

The main aim of this thesis is to structurally characterize the protein phosducin
(Pdc) and its complex with the 14-3-3 protein, and based on that to clarify the role of
14-3-3 in the regulation of Pdc function.

The specific aims were:

e To biophysically characterize the N-terminal and C-terminal domains (Pdc-ND and
Pdc-CD) of Pdc and to determine their binding affinities with 14-3-3{AC protein.

e To map the conformational changes within Pdc molecule upon its phosphorylation
at Ser54 and Ser73.

e To map the binding interface of the complex between phosphorylated Pdc (Pdc-PP)
and 14-3-3(AC.

e To structurally characterize Pdc in its free (apo) state and in the complex with the
14-3-3¢AC protein.

e To clarify the hypothesis that the 14-3-3(AC binding affects the Kkinetics of

dephosphorylation of Pdc in vitro.
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3 Methods

To achieve proposed aims, following biochemical and biophysical methods were
used:

e Expression, purification and phosphorylation of proteins

e Time-resolved fluorescence intensity decay measurements
e Tryptophan fluorescence quenching experiments

e Dynamic light scattering (DLS)

e Small-angle X-ray scattering (SAXS)

¢ Nuclear magnetic resonance spectroscopy (NMR)

e Analytical ultracentrifugation (AUC)

e Circular dichroism (CD)

e H/D exchange coupled to mass spectrometry (HDX-MS)
e Limited proteolysis visualized on gel after SDS-PAGE

e Limited proteolysis coupled to mass spectrometry

e Limited dephosphorylation visualized on SDS-Phos-Tag™ gel

e Limited dephosphorylation coupled to mass spectrometry
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4 Results and discussion

4.1 Biophysical and structural characterization of phosducin (Pdc)

The crystal structure of the complex of Pdc with Gy shows that the molecule of
Pdc consists of two domains: N-terminal (Pdc-ND, residues 1-107) and C-terminal (Pdc-
CD, residues 114-246) domain [2, 4]. These studies indicate that Pdc-ND is flexible and
in its apo-state it could show the character of an intrinsically disordered protein (IDP). To
verify this hypothesis, biophysical and structural characterization of both domains has
been performed using several biophysical methods.

Both the whole Pdc molecule and its isolated domains were characterized. For
characterization of both domains dynamic light scattering (DLS) (Table 4.1), circular
dichroism (CD) (Fig. 4.1), analytical ultracentrifugation (AUC) (Fig. 4.2, p. 27), time-
resolved quenching of fluorescence of ANS and nuclear magnetic resonance spectroscopy

(NMR) were used. Selected results are shown below.

Table 4.1 Hydrodynamic radii of proteins from DLS experiments

PdcQ52K Pdc-ND Pdc-CD
No. of residues® 265 126 156
M, (g - mol™) 30161.4 14643.2 17414.2
Ry (A) 384+0.5 354+0.4 26.0+ 0.1

This includes the N-terminal Hisg tag without first methionin.
®Data were calculated from the sequence.
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Fig. 4.1 The comparison of far-UV CD spectra of Pdc full-length, Pdc-ND and Pdc-CD. Graph
shows the dependence of molar mean residue ellipticity [6] to wavelength A. Pdc-ND curve
(red) is typical for protein without secondary structure components. Pdc-CD curve (black)
shows behavior with components of secondary structure. Full-length Pdc curve (blue) is
typical for partly folded protein.
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Fig. 4.2 Normalized continuous distribution of 07 — Pdc-CD

sedimentation coefficients, c(s), for Pdc full- — Pdc-ND
length, Pdc-ND and Pdc-CD. Data were - — Pdc
obtained using sedimentation velocity method.

The concentrations of proteins were ~ 40uM. =
Pdc-ND  (red) shows the smallest g 06
sedimentation coefficient, because of its =
disordered native structure in solution. g il

Pdc-CD (black) shows higher sedimentation
coefficient because of its more compact
structure what leads to smaller friction. The 0.2 - \J

highest sedimentation coefficient show full-
length Pdc (blue) with the highest molecular 5

mass. 05 10 15 20 25 30 35 40
sedimentation coefficient (S)

These results confirm that Pdc-ND is IDP without any noticeable secondary and
tertiary structure components. Pdc-CD is well-folded structured protein. The high value
of the hydrodynamic radius Ry is likely caused by the presence of unstructured and
flexible Pdc-ND as suggested by results of DLS (Table 4.1, p. 26) and AUC (Fig. 4.2).

The Pdc-CD, Pdc and the complex of phosphorylated Pdc (Pdc-PP) with 14-3-3
were characterized using NMR spectroscopy (Fig. 4.6, p. 31). The whole molecule of Pdc
was also characterized using the small-angle X-ray scattering method (SAXS). To
analyze the SAXS data, the ensemble optimization method (EOM) [5] was used because
of the unstructured native behavior of Pdc. EOM provides an approximate model of
unstructured protein, Pdc in this case. Scattering data (black line) from the SAXS
measurements are shown in Fig. 4.3A, p. 27. Theoretical SAXS profile (red curve) was
derived from an ensemble calculated using the EOM with the Pdc model based on
flexible Pdc-ND and folded Pdc-CD. Red profile responds to the average of eighteen
conformers (Fig. 4.3B) that fits the experimental scattering curve of Pdc (c = 4.2
mg - mL™). Four EOM-generated models of Pdc that fit the experimental scattering curve
with the lowest »* value are shown in Fig. 4.3C. None of these conformers by itself could
account for the observed Pdc scattering as it is shown from P(r) curves calculated from
EOM-generated models (Fig. 4.3D).
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Fig. 4.3 EOM analysis of Pdc data. (A) Comparison of the experimental SAXS profile (shown in
black) with the theoretical one (shown in red) derived from an ensemble calculated using the
EOM with the Pdc model based on flexible Pdc-ND and folded Pdc-CD. The selected
ensemble fits the experimental scattering curve of Pdc with x* = 0.98. (B) Comparison of the
R, distributions of the EOM-selected conformational ensemble (shown in red) with the initial
pool (shown in blue) calculated from the model with the flexible Pdc-ND. (C) EOM-
generated models of Pdc that fit the experimental scattering curve with the lowest y* value.
Residues from flexible parts of Pdc molecule are represented by spheres. (D) Comparison of
the P(r) calculated from EOM-generated models (shown in black, red, green, and orange)
with the experimental P(r) curve (shown in black).

4.2 Biophysical and structural characterization of Pdc-PP and

14-3-3/Pdc-PP

Recent studies suggested [6, 7] that in the eye retina Pdc is bound by 14-3-3 protein.
The presence of two phosphorylated residues (pSer54, pSer73) located within the
N-terminal part of the Pdc molecule (Pdc-ND) is necessary for the 14-3-3 binding as
suggested by AUC — sedimentation velocity method. The same method was used for the
determination of the stoichiometry of the 14-3-3/Pdc-PP complex. These results showed
that the stoichiometry is 2:1 where one molecule of Pdc is bound by a dimer of 14-3-3.
A range of different molar ratios between full-length Pdc-PP (or Pdc-ND-PP and
Pdc-CD) and 14-3-3CAC was examined using sedimentation velocity AUC. Analysis of
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isotherm of weight-averaged s values (S, isotherm) as a function of Pdc-PP concentration
revealed the best fit apparent equilibrium dissociation constant (Kq) of ca. 7 uM. Analysis
of the s,, isotherm determined for complex with Pdc-ND-PP revealed that Pdc-ND-PP
exhibits slightly higher binding affinity for 14-3-3CAC with the best fit K4 of ca. 3 pM.
However, the s,, isotherm for Pdc-CD revealed no significant binding interaction with
14-3-3(AC suggesting that phosphorylation-dependent interaction between Pdc-ND-PP
and 14-3-3¢AC is responsible for the stability of the 14-3-3(AC/Pdc-PP complex.
Dynamic light scattering results show that hydrodynamic radii Ry of Pdc and 14-3-3
are comparable even though the molecular mass of 14-3-3 is two-times higher compared
to Pdc (Table 4.2). After the complex formation, the Ry value did not increase too much
compared to the proteins alone. This could mean that unstructured Pdc-ND is located

within the central channel of the 14-3-3 dimer.

Table 4.2 Hydrodynamic radii of proteins from DLS experiments

14-332AC + | 14-3-30AC +
143-3(AC | PdeQS2K | PdeQs2k-PP | “p i Bl T | o
Ruos' (A) | 36605 | 374203 382+ 0.5 36.9 0.1 4421 0.6
Rueor.” (A) 25,4 20,6 20,6 - 29,3
C
My 56896,0° 30161,4° 30161,4° ; 870215
(g - mol')

Values are the mean + SD of five measurements.

"Theoretical Ry of a spherical rigid protein molecule without hydration estimated from the equation
Ryu[protein] = 66 - 10 - M,,* where M,, is molecular mass (g - mol™) [8].

¢ Data were calculated from the sequence including the N-terminal Hisg tag without first methionin.

YMolecular mass of a 14-3-3CAC dimer which contains two N-terminal Hisg tags.

*Molecular mass without first methionin in N-terminal Hisg tag.

"Molecular mass without first methionin in N-terminal Hisg tag PdcQ52K and 14-3-3AC dimer containing

two N-terminal Hisg tags.

Further experiments studied: (a) the effect of Pdc phosphorylation on its structure
and flexibility, and (b) the effect of the 14-3-3 binding on the structure and flexibility of
Pdc-PP. The time-resolved tryptophan fluorescence intensity decay measurements and
Cys-AEDANS fluorescence intensity decay measurements were used in these studies.
Polarized time-resolved emission measurements were performed to examine the
segmental dynamics of the fluorophores after the phosphorylation and the 14-3-3¢
binding. Multiple single Trp- and single Cys-containing mutants of Pdc were prepared for
these measurements. Pdc-WT (wild type) contains just one tryptophan residue (Trp29).
To monitor conformational changes within other regions of Pdc, four additional single

Trp mutants were prepared. Pdc-WT contains five Cys residues and two of them are
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located within Pdc-ND and three in Pdc-CD. The summary of fluorescence measurements
focused on the 14-3-3 binding is shown in Fig. 4.4. Fig. 4.4 shows which fluorophores
exhibited increase in mean excited-state lifetime zmean Upon the 14-3-3 binding (green

strips) thus suggesting direct physical contact.

N-terminal domain C-terminal domain
~
”

c89 Co97 C148 C157 C168

v

N

w29 w93 w107 W123 w208

Fig. 4.4 Schematic representation of Pdc molecule with highlighted positions of fluorophores
that evince higher tyean Value (green strips) after 14-3-3 binding. The blue strips correspond
to positions of fluorophores which tnean Values stayed unchanged after 14-3-3 binding.

The Fig. 4.5 shows which fluorophores exhibited increase (green strips) or decrease
(red strips) in flexibility upon the 14-3-3 binding. The change in flexibility is reflected by
the change in amplitudes fshort Or S3 values. The higher SBshore value (or lower fs)

corresponds to the higher presence of fast local movements in labelled region.

N-terminal domain C-terminal domain
i ~ .
T ” o~ -~
C89 C97 C148 C157 C168
w29 we3 w107 w123 W208

Fig. 4.5 Schematic representation of Pdc molecule with highlighted positions of fluorophores
that evince higher (green strips) or lower (red strips) flexibility after 14-3-3 binding. The
blue strips correspond to positions of fluorophores which flexibility stayed unchanged after
14-3-3 binding.

Pdc in its free (apo) state and the 14-3-3/Pdc-PP complex were further studied using
NMR spectroscopy. Fig. 4.6, p. 31 shows 2D NMR 'H-"*N TROSY spectra of isotope
labelled apo-Pdc-PP (black) and isotope labelled Pdc-PP bound in the complex (red). The
disappearing of Ser54 and Ser73 signals occurred after the 14-3-3 binding indicating that
these two serines are involved in the binding and are in direct physical contact with
14-3-3. The signals between 8 and 9 ppm correspond to unstructured Pdc-ND. This area

also contains the very C-terminal part of Pdc-CD which is also unstructured [9].
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Fig. 4.6 'H->N TROSY spectrum of Pdc-PP in the absence (black) and the presence of
14-3-3(4C (red). Overlapping signals in the centre part of the spectrum are not labelled for
better clarity. The detail of the TROSY spectrum corresponding to the region of
phosphorylated serines resonances is depicted in inset. The 14-3-3{4C:Pdc-PP molar ratio
was 2:1.

To map the binding interface of the 14-3-3/Pdc-PP complex, the H/D exchange
coupled to mass spectrometry (HDX-MS) measurements was performed. This method
monitors the kinetics of deuteration of amide nitrogens within the protein backbone. The
results showed that the 14-3-3/Pdc-PP complex exhibits transient interaction. Changes in
Kinetics were observed on 14-3-3 dimer surface which includes central channel and outer
parts of the 14-3-3 dimer. Thus, these regions are involved in the interaction with Pdc-PP.

Low-resolution model of the complex was obtained using SAXS (Fig. 4.7, p. 32).
The ab initio shape reconstruction of the complex is shown in Fig. 4.7A, p. 32. Upper part
of a complex envelope corresponds to Pdc-CD. Pdc-ND is located into the central channel
of the 14-3-3 dimer. Fig. 4.7C shows ab initio shape reconstruction of the 14-3-3 protein
dimer with superimposed crystal structure of 14-3-3¢ [11]. The all-atom modelling of the
14-3-3{AC/Pdc-PP complex was performed using the AllosMod-FoXS method which is
based on sampling protein conformations to generate structures to compare to
experimental SAXS profiles (Fig. 4.8, p. 33) [14, 15].
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Fig. 4.7 Ab initio shape reconstructions. (A) Ab initio shape reconstruction of the
14-3-3¢4C/Pdc-PP complex (represented as a gray envelope) calculated from the SAXS data
of the complex at 5.6 mg - mL™. (B) Comparison of the experimental SAXS profile of the
complex (at 5.6 mg - mL™") with the fit for its DAMMIF [10] ab initio model (red line). (C) Ab
initio shape reconstruction of 14-3-3C4AC calculated from the SAXS data (at 4.3 mg - mL™)
with superimposed crystal structure of 14-3-3C (D) Comparison of 28 the experimental
SAXS profile of 14-3-3¢AC (at 4.3 mg - mL™) with the fit for its DAMMIF ab initio model
(red line). (E) Comparison of the calculated scattering curve of the crystal structure of
14-3-3¢ [11] (red line) with the experimental scattering data. DAMMIF ab initio model of
14-3-34AC and its crystal structure were aligned using the program SUPCOMB [12].
Theoretical scattering curve of 14-3-3{AC was calculated using CRYSOL [13].
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Fig.4.8 All-atom modelling of the 14-3-3(/Pdc-PP complex. (B) Three best-scoring models of
the 14-3-3/Pdc-PP complex calculated using the AllosMod-FoXS server [14, 15]. The
14-3-3{ is shown in green, Pdc is shown in magenta (model #1), blue (model #2) and orange
(model #3). AllosMod models are superimposed with the DAMMIF ab initio model
(represented as a gray envelope) calculated from the SAXS data of the complex at 5.6
mg - mL™. (B) Comparison of the calculated scattering curves of the three best-scoring
AllosMod models of the complex (magenta, blue and orange lines) with the experimental
scattering data of the complex at 5.6 mg - mL™ (black line). Theoretical scattering curves
were calculated and fitted to experimental data using FoXS [16]. DAMMIF ab initio model
of the complex and its AllosMod models were aligned using the program SUPCOMB [12].

Presented models show that Pdc-ND is positioned within the central channel of the
14-3-3 protein dimer suggesting that the majority of Pdc sequence involved in Gy
binding is masked upon the interaction with 14-3-3.

It has also been speculated that the 14-3-3 binding slows down the
dephosphorylation of phosphorylated Pdc [7]. Two phosphatases have been shown to
dephosphorylate Pdc-PP in vivo: proteinphosphatase 1 (PP1) and proteinphosphatase 2A
(PP2A) [17, 18]. This suggestion was proved in vitro using limited dephosphorylation
coupled to mass spectrometry (Fig. 4.9, p. 34).
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Fig.4.9 Dephosphorylation of Pdc-PP at pS54 and pS73 by PP1 and PP2A in the absence and
the presence of 14-3-3(4C. Panels show time-dependent changes of extracted ion
chromatograms and calculated abundances of two selected peptides containing 14-3-3
binding motifs generated by the proteolytic cleavage of Pdc which was dephosphorylated in
the absence and the presence of 14-3-3¢4C.

To conclude obtained results, the model of Pdc in its free state and in the complex
with 14-3-3 was obtained. Structural model shows that 14-3-3 physically occludes the
significant part of G£y-binding surface of Pdc thus explaining the ability of 14-3-3 to
block interaction between Pdc and Gify. In addition, we also showed that the 14-3-3
binding slows down the dephosphorylation of phosphorylated Pdc in vitro likely by
blocking the access of PP1 and PP2A to phosphosites.
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5 Conclusions

The main aim of this thesis was to study the structure of Pdc and its complex with
the 14-3-3 protein. Several biophysical and biochemical techniques were used as principal
tools. In addition, the kinetics of dephosphorylation of Pdc after the 14-3-3 binding has
also been investigated.

Most important results of this thesis are:

e Pdc-ND is intrinsically disordered protein (IDP) without any secondary and tertiary
structure. Pdc-CD in structured well-folded protein.

e Binding affinity of phosphorylated Pdc-ND to 14-3-3(AC is higher (Kq ~ 3 uM)
compared to full-length Pdc-PP (Kq ~ 7 uM). Binding of Pdc-CD to 14-3-3{AC has
not been observed (Kq > 500 uM). This means that phosphorylated Pdc-ND plays
a key role in the complex formation.

e Changes in flexibility especially in Pdc-ND have been observed after the
phosphorylation of Pdc. Pdc-CD interacts with phosphorylated Pdc-ND in the
absence of binding partner.

e Both phosphorylation sites of Pdc (Ser54, Ser73) are crucial for the 14-3-3 binding.
The 14-3-3 binding masks the majority of the Gif-binding surface of Pdc-ND by
sequestering this part into the central channel of the 14-3-3 dimer. Pdc-PP bound in
the complex stays highly flexible as has been suggested by NMR and HDX-MS
data. These results indicate that the 14-3-3/Pdc-PP complex possesses “fuzzy”
character.

e The 14-3-3 binding slows down the dephosphorylation of Pdc-PP by PP1 and PP2A

in vitro.
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