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Abstrakt

Mezi vSemi zplsoby regulace signalizace maji protein-proteinové interakce piednostni
postaveni. Jejich studium v riznych podminkach je logickym a dulezitym krokem v pochopeni
molekuldrniho mechanismu funkci jednotlivych regulacnich procest.

Tato prace je zaméfena na studium tii takovych procesti: ASK1 proteinkinasa, dilezity
iniciator proapoptotickych d¢ji, je za fyziologickych podminek udrzovana v neaktivnim stavu
v komplexu s proteinem 14-3-3 a TRX1. Za podminek oxidac¢niho stresu vSak tyto proteiny
disociuji a proteinkinasa se stava aktivni. Dal§im procesem je interakce proteinu 14-3-3 s
fosducinem a studium jeho tlohy v negativni regulaci G proteinové signalizace v ramci biochemie
zraku. Tteti proces je aktivace Nthl prostfednictvim interakce s Bmhl a vapnikovych kationi.
Préace si klade za cil pomoci rtiznych biochemickych a biofyzikalnich metod, zejména bodové
mutageneze, analytické ultracentrifugace, malothlového rozptylu rentgenového zareni
a fluorescencni spektroskopie prispét k objasnéni strukturni podstaty vySe popsanych déju a
vysvétlit ulohu protein-proteinovych interakci v jejich regulaci.

Na zakladé¢ vysledki ziskanych témito metodami byly zjiStény strukturni informace o tvaru
a stechiometrii komplexi TRX1 1 proteinu 14-3-3 s odpovidajicimi vazebnymi doménami ASK1
vcetné jejich zdanlivych disociacnich konstant. V piipadé komplexu ASK1 s TRX1 bylo moZno
téz identifikovat pravdépodobné interakéni rozhrani spole¢né¢ s kriticky dilezitymi
aminokyselinami, na nichz jsou interakce zavislé. V ramci studia komplexu 14-3-3:fosducin byly
zjiStény vazebné afinity separovanych domén fosducinu k proteinu 14-3-3, pfiemz timto
zpisobem byly objeveny konkrétni oblasti zodpovédné za stabilitu komplexu. U Nthl a Bmhl
byla posuzovana vazebna afinita téchto dvou proteini v podminkach s a bez vapenatych kationti.
V souladu s témito daty byla diskutovéana tloha studovanych interakci a zhodnocen jejich vyznam
v regula¢nich procesech, jez byly pfedmétem zajmu.

Kli¢ova slova: protein-proteinové interakce, ASK1, TRX1, 14-3-3, fosducin, Nthl, analyticka
ultracentrifugace, malothlovy rozptyl rentgenového zéteni, fluorescencni spektroskopie
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Abstract

Protein-protein interactions have an exceptional position among other mechanisms in the
regulation of signal transduction. Their systematic investigation is very important and logical step
in the process of understanding to the transduction and its mechanisms at a molecular level.

During my Ph.D. I was particularly interested in three important processes. ASK1 kinase is
well-known initiator of the apoptosis. Under physiological conditions it is maintained in an
inactive state by its two interaction partners the 14-3-3 protein and TRX1. These two proteins
dissociate in the presence of reactive oxygen species by unclear mechanism and the kinase is
therefore activated. The next process is an interaction between the 14-3-3 protein and phosducin
and investigation of their role in the G protein signalling especially important in the biochemistry
of vision. The third process is an activation of protein Nthl through the interaction with Bmhl,
yeast analog of the 14-3-3 protein, and calcium cations. I employed various biophysical method,
particularly analytical ultracentrifugation, in order to explain molecular mechanisms of described
processes. These techniques were used to solve the low-resolution structures of complexes TRX1
and the 14-3-3 protein with corresponding binding domains of ASK1. These structures confirmed
binding stoichiometries acquired from sedimentation velocity analysis. This analysis also provided
binding affinity in terms of K, and suggested an interaction interface between binding partners. In
the case of the ASK1:TRX1 complex the main amino acid residues responsible for the interaction
were identified together with the fact that TRX1 binds in a close proximity of ASK1 dimerization
interface. In the case of phosducin, I studied the influence of different parts of the protein on the
interaction with the 14-3-3 protein. I discovered that the N-terminal part of phosducin is fully
responsible for the stability of the complex where 14-3-3 sterically occludes the binding interface
for another binding partners. In the case of Nth1 and Bmhl, I studied the binding affinity between
those proteins depending of the presence of calcium ions. Results suggested that there is no
influence of calcium ions on this interaction.

Key words: protein-protein interaction, ASK1, TRX1, 14-3-3, phosducin, Nthl, analytical

ultracentrifugation, small.angle X-ray scattering, fluorescence spectroscopy



U
Predkladand prace je soucasti Sirokych vyzkumnych projektt laboratofi prof. RNDr.

Tomase Obsila, Ph.D. na Ptirodovédecké fakulté¢ UK v Praze a RNDr. Veroniky Obsilové, Ph.D.
na Fyziologickém tustavu Akademie véd, které spolu diky blizké tématice uzce spolupracuji. V

ramci prace byly studovany molekularni mechanismy regulace vybranych zastupct signéalnich
proteinll a enzyml v zavislosti na protein-proteinovych interakcich s jejich popsanymi
interakénimi partnery, prednostné s proteinem 14-3-3. Konkrétné byly studovéany tfi systémy
vyznamné jak z biologického tak 1ékatského hlediska:

A) Aktivace signalni proteinkinasy ASK1 (Apoptosis signal-regulating kinase) je klicovym
dalekosahlé diisledky pro vsSechny aspekty bunééné i tkanové fyziologie. Dva z proteind
podilejicich se na aktivaci ASK1 jsou jeji fyziologické inhibitory thioredoxin 1 (TRX1) a protein
14-3-3, které¢ interaguji s neaktivni formou ASK1. Pfi oxida¢nim stresu v butice v§ak oba proteiny
disociuji, coz vede k aktivaci enzymové aktivity. Ackoliv je tento proces dlouho zndm, absence
strukturnich dat nedovoluje vysvétlit molekuldrni mechanismus, jenz je dilezity pro pochopeni
podstaty zmén vedouci k aktivaci tohoto signalniho proteinu. Studium strukturnich mechanismi
doprovazejici aktivaci ASKI1 je tedy nezbytné pro kompletni porozuméni regulaci apoptosy a
vysvétleni patologickych stavii s nim spojenych.

B) G proteinova signalizace ma klicovou roli v pfenosech signalii pfes cytoplasmatickou
membranu. Poruchy v tomto procesu se v posledni dobé t&8i soustiedénému zajmu
farmaceutického primyslu, nebot” jsou zodpoveédné za fadu lidskych nemoci. Jeden ze zndmych
regulacnich mechanismi G proteinové signalizace zahrnuje vazbu proteinu fosducinu na Gy
podjednotku heterotrimerni G proteinu, ¢imz je signalizace negativné regulovana. Fosducin je pii
tom dale negativné regulovan dimernim vysoce konzervovanym proteinem 14-3-3, pficemz
strukturni mechanismus tohoto déje dulezit¢ho zejména v biochemii zraku byl vysvétlen pouze
castecné.

C) Trehalosa je dilezity zasobni disacharid a potencidlni signdlni molekula dualezita pro
regulaci ristu a metabolismu riiznych organismu. Jeji koncentrace je regulovana enzymem
trehalasou, kterd trehalosu $tépi na dvé molekuly glukézy. V ptipadé kvasinek Saccharomyces
cerevisiae bylo zjisténo, Ze enzymova aktivita cytoplasmatické neutrdlni trehalasy 1 (Nthl) je
kromé koncentraci vapenatych iontl tzce regulovana i interakci s kvasniénym analogem proteinu
14-3-3, Bmhl, ptes dvé fosforylacni mista na N-konci proteinu. Strukturni podstata této interakce
rovnéz neni dostate¢né popsana.

Tato disertacni prace si klade za cil pomoci rtiznych biochemickych a biofyzikalnich
metod prispét k objasnéni strukturni podstaty vySe popsanych dé&i a vysvétlit ulohu protein-
proteinovych interakci v jejich regulaci. Specidlni pozornost bude vénovana strukturdm komplexii
s nizkym rozliSenim, sledovani zmén konformace proteinii pouZzitim fluorescencnich méteni a
zejména posuzovani zmen vazebnych afinit na zaklad¢ sedimentacnich vlastnosti.



CiLE PRACE

1. Biofyzikalni a strukturni analyza komplexi signalni proteinkinasy ASK1 s jejimi

fyziologickymi inhibitory TRX1 a protein 14-3-3:

e Komplex thioredoxin-vazebné domény ASK1 (ASK1-TBD) s TRX1
- Biofyzikalni charakterizace proteinového komplexu ASK1-TBD:TRX1
- Lokalizace interak¢nich oblasti a moZnosti indukované zmény jejich
konformace
- Vyfeseni struktury komplexu s nizkym rozliSenim
- Navrh mozného mechanismu inhibice ASK1 prostfednictvim TRX1
e Komplex katalytické domény ASK1 (ASK1-CD) s proteinem 14-3-3
- Biofyzikalni charakterizace proteinového komplexu ASK1-CD:14-3-3

- VyfeSeni struktury komplexu s nizkym rozliSenim
2. Studium interakci proteinu 14-3-3 s jednotlivymi doménami fosducinu:
- Biofyzikalni charakterizace separovanych koncovych domén fosducinu
- Posouzeni vlivu jednotlivych domén fosducinu na vazbu proteinu
14-3-3

3. Studium vlivu vapenatych kationi na interakci mezi neutralni trehalasou 1 a Bmh1

- Posouzenti stability komplexu Bmhl s neutralni trehalasou 1 v

pritomnosti a nepfitomnosti vapenatych kationii



METODY CHARAKTERIZACE

V této praci byly charakterizovany prednostné protein-proteinové interakce mezi zndmymi

vazebnymi partnery. Ve vSech piipadech se jednalo o eukaryotické intracelularni proteiny, které
bylo nutné pfipravit rekombinantnimi postupy v expresnim systému Escherichia coli BL21(DE3)
s fuzni histidinovou kotvou pro uleh¢eni izolace z komplexni proteinové smési. VSechny proteiny
spole¢né s jejich mutanty byly purifikovany kombinaci chromatografickych metod - niklové
chelatacni chromatografie, chromatografii na iontoménicich a gelové permeacni chromatografie
jako posledni krok. Jejich Cistota a integrita byla ovéfena polyakrylamidovou elektroforesou v
pritomnosti dodecylsulfatu sodného (SDS-PAGE).

Pro uvodni biofyzikdlni charakterizaci proteini byla s vyhodou vyuzita analyticka
ultracentrifugace (AUC, metoda méfeni sedimentacni rychlosti). S jeji pomoci lze méfit
sedimentacni vlastnosti ¢astic prostiednictvim ¢asové a radidlni zmény absorbance nebo zmény
indexu lomu v kyveté. Vzhledem k tomu, ze sedimentacni rychlost zavisi na tvaru a velikosti
¢astic, 1ze tak odhadnout jejich relativni molekulovou hmotnost v roztoku za nativnich podminek
bez dalsich modifikaci vzorku. Toho lze vyuzit pro urCovani oligomerniho stavu, integrity i Cistoty
vzorku a téz ke studiu termodynamickych vlastnosti smési asociujicich proteinli v zdvislosti na
ruznych podminkéch, zejména urceni zdéanlivé disociacni konstanty komplext (K,), coz v
kombinaci s bodovou mutagenezi piinasi dulezitou informaci o interakénim rozhrani mezi
proteiny.

Pro zjisténi struktury studovanych komplexi s nizkym rozliSenim byla uZzita metoda
malouhlového rozptylu svétla SAXS na synchrotronu DESY (Petra III) v Hamburgu. Timto
zpiisobem lze ziskat strukturni informaci pfimo o ¢astici v nativnim prostfedi v roztoku, ovSem na
rozdil od rentgenostrukturni analyzy krystalii nelze vyteSit strukturu s atomarnim rozliSenim.
Krom¢ zakladnich charakteristik odectenych z rozptylovych dat (relativni molekulova hmotnost,
gyra¢ni polomér, Porodiv objem, maximalni meziatomova vzdalenost) je vSak mozné pomoci ab
initio modelovani ziskat i model tvaru ¢astice, jehoz teoreticka rozptylova kiivka je ve shodé€ s
experimentalnimi daty.

Ke studiu zmén na trovni sekundarni a terciarni struktury byla ve spolupraci s Fyzikalnim
ustavem Matematicko-Fyzikdlni fakulty Univerzity Karlovy pouZita metoda meéfeni Casové
rozliSeného dohasinani intenzity i anizotropie fluorescence tryptofanu. Fluorescencni vlastnosti
této aminokyseliny jsou siln¢ zavislé na polarit¢ okoli a jejich rotac¢nich ¢i dalSich pohybovych
moznostech. Lze tak sledovat i jemné zmény v okoli této aminokyseliny, jeji zapojeni to
vazebnych interakci ¢i redukei jeji flexibility.

Kombinace vSech téchto metod dava dohromady uceleny obraz faktort na nichZ je protein-
protein interakce zavisld, popiipad¢ jaké ma duasledky pro strukturu proteinu a lze na jejich
zéklad¢ diskutovat ulohy téchto interakci.



DISKUSE

ASK1 a TRX1

TRX1 interaguje s N-koncovou casti ASK1 (pouzity DNA konstrukt zacinal 88.
aminokyselinou a koncil 302., ASK1-TBD), této interakce je vSak schopny pouze TRX1 v
redukovaném stavu a to v poméru 1:1 s K, piiblizn¢ 300nM podle sedimentacni analyzy AUC.
Oxidovany TRX1 naopak vykazal signifikantn€ nizs$i vazebnou afinitu s K, pfiblizné¢ 6uM, coz
potvrzuje, ze oxidace TRX1 vazbu k ASK1-TBD zeslabuje. Nicméné¢ mechanismus, ktery vede k
zeslabeni vazby je stdle nejasny. Bylo zjisténo, ze mutant TRX1, kde jsou oba cysteiny 32 a 35
reverzibilng tvofici intramolekularni disulfidobou vazbu v aktivnim centru vyménény za serin
(TRX CS), nevykazuje vyznamné vazebné schopnosti (K; pfiblizné¢ 0,5mM). To potvrzuje
piedchozi zjisténi o dilezitosti téchto dvou aminokyselin, ovSem vazba zdroveil neni
zprostiedkovana mezimolekularni disulfodovou vazbou, nebot’ experimenty byly provadény za
reduk¢nich podminek.

Katalyticky motiv lidského TRX1 rovnéz obsahuje tryptofan na pozici 31, pficemz v této
praci bylo ukdzano, Zze se interakce mezi TRX1 a ASKI1-TBD piimo ucastni. Mutant TRX1
W31F, kde tryptofan na 31. pozici byl vyménén za fenylalanin, mé podle sedimenta¢ni analyzy K,
piiblizné 30uM, coz znamend vyznamny pokles oproti nemutované varianté ASK1-TBD. Casové
rozliSené¢ méfeni dohasinadni intenzity 1 anizotropie fluorescence tryptofanu taktéz v tomto piipade
ukazalo, ze vazba TRX1 na ASKI-TBD zvysuje stiedni dobu zivota tryptofanu a potlacuje i
lokalni segmentalni dynamiku (absence kratkych korelacnich ¢asi v ptipadé¢ komplexu), coz lze
povazovat za ptimy disledek interakce této aminokyseliny s ASK1-TBD.

Vysledky sedimentacni analyzy a méteni fluorescence rovnéz naznacuji, ze cystein 250 v
sekvenci ASK1, ktery jiz diive byl popsany jako zasadni pro interakci TRX1 a ASK1-TBD, je
lokalizovéna v t&€sné blizkosti spole¢ného interakéniho rozhrani, nebot’ jeji mutace za serin
(ASK1 C250S) zvysi K, ptiblizné na 50uM a tryptofan 31 se pravdépodobné vaze jinym
mechanismem, jak napovidaji odliSné hodnoty stiednich dob Zivota i rotacné korelacnich Cast.

Experimenty se SAXS bylo potvrzeno, Ze ASK1-TBD je v roztoku monomer a nabyva
kompaktniho mirné asymetrického tvaru. Tvar komplexu ASK1-TBD:TRXI1 je podobny, ale v
jednom sméru vice protazeny. Porovnanim obou rozptylovych obalek naznacuje, ze TRXI
interaguje s ASKI-TBD pies rozsdhlé interak¢éni rozhrani bez indukce jakékoliv dramatické
zmény konformace. Strukturni zmény pod uroven rozliSeni metody vSak nelze vyloucit. Strukturni
model ASKI1-TBD byl ziskdn ab initio modelovanim provedenym prof. RNDr. Tomasem
Obsilem, Ph.D pomoci serveru Robetta. Na jeho zadkladé bylo ukadzano, ze TRX1 se vaze v
blizkosti segmentli zodpovédnych za dimerizaci ASK1 nutné pro aktivaci. TRX1 svoji vazbou
tento proces pravdépodobné blokuje.
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Obr. 1: Strukturni charakterizace ASK1-TBD a jejiho komplexu s redukovanym TRX1 pomoci SAXS. A) Intenzita
rozptylu jako funkce rozptylového vektoru s (s = 478in(8)/A, kde 28 je thel rozptylu a A vinova délka). Vlozeny graf
ukazuje Guinierdv vynos ASKI1-TBD (2,3 mg/ml) i komplexu ASKI1-TBD:TRX1 (6 mg/ml). B) Distribuce
meziatomarnich vzdalenosti p(r). C) Zprimérované vypocitané obalky z programu DAMMIN pro samotnou ASK1
-TBD. D) Zprimérované vypocitané obdlky z programu DAMMIN pro komplex ASK1-TBD:TRX1. Hlavni rozdil

mezi tvary ASK1-TBD a komplexu je zobrazen Cervené.

Tabulka 1: Piehled casove rozliSeného zhaSeni fluorescence tryptofanu 31 v TRX1

Vzorek Tinean (11S) B @ B @ B @ Bione @ong

(ns) (ns) (ns) (ns)
TRX1 1,62 0,018 <0,1 0,069 1,7 - - 0,133 10
TRX1+ASK1-TBD 3,34 - - - 0,079 3,3 0,141 30

TRX1+ASK1-TBD C250S 4,52 0,026 <0,0 0,024 13 0,034 38 0,136 38
Tinean stiedni doba Zivota excitovaného stavu
B amplitudy rotac¢né korelacnich Casti x-t¢ komponenty
@ rotacné korelacni Casy x-t¢ komponenty




ASKT1 a protein 14-3-3(

Pro odhaleni podstaty inhibice byl pfipraven konstrukt ASKI, ktery v sob& obsahoval
kinasovou doménu (659-979) a vazebné misto pro protein 14-3-3, které bylo modifikovano pro
fosforylaci pomoci komeré¢ni PKA (ASK1-CD). Misto 14-3-3( byla pouzita zkracena varianta
14-3-3CAC bez flexibilniho C-konce, jez vykazovala podle sedimentacnich dat vys$s$i vazebnou
afinitu nez samotné 14-3-3(. Hodnota K, pro tento komplex byla uréena na ptiblizné 4uM za
pouziti AUC, vazebného modelu 2:2 s predpokladem dynamické rovnovahy a nedisociujicich
dimertt ASK1-CD i 14-3-3CAC (slabsi transientni interakce).

Vzhledem k charakteru vazby byla pro ziskani strukturniho nahledu pouzita metodika
SAXS. Jejim prostiednictvim byly potvrzeny data z AUC. Tvary samotnych proteinti jsou pln¢ ve
shod¢ s jejich znamymi krystalovymi strukturami. U ASKI1-CD jsou po obou strandch modelu
kulovité oblasti, které¢ se strukturou nesouhlasi. Vzhledem k tomu, Ze se nachazeji v blizkosti
C-konce strukturniho modelu, je pravdépodobné, ze se jednd o usek s vazebnym mistem pro
14-3-3, ktery v ném neni zahrnut. Tvar komplexu nabyva kompaktniho a vysoce asymetrického
tvaru. Na otdzku sloZeni a struktury komplexu vSak neodpovidé jednoznaéné, nebot’ vysledna
rozptylova obalka miize byt interpretovana dvéma zpiisoby. Jedna moznost predpoklada interakci
typu dimer:dimer s tim, ze vazby se vzdy ucastni pouze jeden monomer s kazdého proteinu.
Dimery v tomto pfipad¢é nedisociuji a interakéni rozhrani je relativné malé, coz by odpovidalo
sedimentacnim analyzdm a zjisténi slabsi transientni interakce mezi ASK1-CD a 14-3-3CAC.
Vzhledem k asymetrickému tvaru komplexu taktéz pravdépodobné nelze predpokladat, ze by se
ASK1-CD vazala na 14-3-3CAC na stran€ s vaznou kavitou. Druhd moZnost bere v potaz moznou
disociaci dimeru ASK1-CD. Pro tento komplex, ackoliv pomoci provedenych sedimentacnich
analyz nebylo mozno detekovat tvorbu monomert 1 pfi vysokych ztedénich, byla jiz diive urcena
K, na (0,22 + 0,2)uM pomoci sedimentacni rovnovahy pii koncentraci vzorku 10uM. V tomto
ptipadé pravdépodobné nelze predpokladat ekvivalentnost obou vazebnych mist. Rovnéz o pozici
C-termindlniho segmentu ASK1 Ize podle dat ze SAXS pouze spekulovat, protoze je mozné, Ze se
v roztoku chovd znacné flexibiln€ a ¢asti rozptylové obalky komplexu ASK1-CD:14-3-3CAC
mohou ve skuteCnosti byt primérem odliSnych konformaci tohoto segmentu. K rozlusténi
struktury tohoto komplexu tak budou muset pfispét dalsi biofyzikalni experimenty, které pomohou
odhalit strukturu komplexu. Je téz pravdépodobné, Ze pro stabilitu komplexu pozorovaného in
vivo prispivaji i jiné regiony ASK1 a mechanismus funkce 14-3-3 je v tomto ptipadé daleko

vvvvvv

publikovany.



1000 |

100 L

Obr 2: Modely tvari ASK1-CD a jejiho komplexu s 14-3-3(AC pomoci SAXS. A) Zprimérované vypocitané obalky
z programu DAMMIN pro samotnou ASK1-CD s vlozenym modelem krystalové struktury. Okrajové oblasti, které
nelze touto strukturou vysvétlit pravdépodobné obsahuji C-terminalni segment se 14-3-3 vazebnym motivem, ktery v
krystalové struktufe nebyl zahrnut. B) Zprimérované vypocitané obalky z programu DAMMIN pro 14-3-3CAC s
vlozenym modelem krystalové struktury. C, D) Ukazka superimpozice krystalovych struktur (provedeno prof. RNDr.
Tomasem Obsilem, Ph.D) ASK1-CD (zluté¢ + modie) a 14-3-3CAC (zelen¢) do rozptylové obalky ASK1-CD:14-3-
3CAC ziskané pomoci SAXS. C) Model, kdy se na dimer 14-3-3AC vazi monomery ASK1-CD na dvé rizna mista.
D) Model interakce dimeru 14-3-3{AC s dimerem ASK1-CD. E,F) Modely z C (E) a D (F) jsou podle hodnoty x* v
dobré shod¢ s experimentdlnimi daty (Cern€). Teoretické rozptylové kiivky (Cervené) superimponovanych

podjednotek byly ziskany pomoci programu CRYOSOL.



Fosducin a protein 14-3-3(

Protein 14-3-3 se podili na regulaci dal§iho proteinu, ktery je vyznamnym regulacnim
prvkem tentokrdt v biochemii zraku, fosducinu (Pdc). Teoretické predikce i1 biofyzikalni
experimenty jasn¢ ukazuji, Ze N-koncova ¢ast Pdc (Pdc-ND) nesouci vazebné misto pro protein
14-3-3 vykazuje v porovnani s C-koncovou (Pdc-CD) prvky wvnitini nestrukturovanosti a Ze
zaujima velmi objemnou konformaci. Rovnéz bylo zjisténo z fluorescenénich experimentd, ze Pdc
se na protein 14-3-3AC (pouzivany misto ptirozeného 14-3-3( ze stejného diivodu jako u ASK1-
CD, vyssi sily vazebné interakce) vaZze 1 mimo vazebnou kavitu. Sedimentacni analyza AUC
separovanych ¢asti Pdc provedend v ramci této prace vSak odhalila, ze separovany Pdc-CD
nevykazuje zadnou signifikantni vazbu na 14-3-3CAC a Pdc-ND, ktery naopak vykazuje vazbu
siln€j8i nez v piipadé Pdc, je tak za stabilitu komplexu fosforylovaného Pdc:14-3-3CAC plné
zodpovédny (viz obr 3). Naznacuje to téz, Ze pozorované interakce mezi 14-3-3CAC a Pdc-CD
podporuje efekt lokdlni koncentrace po vazbé N-termindlniho segmentu fosducinu do vazebné
kavity 14-3-3CAC. Komplex Pdc:14-3-3CAC se tak podoba mnoha jinym komplexiim proteinu
14-3-3, kde vyznamna interakce pro asociaci neni jen vazba fosforylovaného vazebného motivu,
ale rovnéz 1 interakce se vzdalenéjSimi oblastmi od né&j ackoliv sami o sob¢ nejsou pro vazbu
dostatecné. Bylo téz ukézéno, ze Pdc-ND obsahuje pievaznou ¢ast interakéniho rozhrani s
podjednotkami transducinu, zndmého interakéniho partnera Pdc, zatim co Pdc-CD se zda
odpovédny spiSe za blokaci interakce téchto podjednotek v komplexu s buné¢nou membranou.
Interakce fosducinu se 14-3-3( tak mize stéricky blokovat pravé oblast interagujici s
transducinem a modifikovat jeho strukturu, tak aby dochdzelo k pomalejsi defosforylaci

indukované svételnym signalem.

A i B e O S e—

Pdc-ND Pdc-CD
Ko=3t2,M | 35 Ko> 500 uM

36 Pdc -
Ko=7£3 uM

35
34

32
30

30

—_~ |
2 sl s | .
U); 281 17 s 25F s 1
26 3 ~ 3 >3
20 | T2 i T,
1 1
241 1 N 20F ‘&_J .
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
2 A T T R T RS T i R I 3 ST R R AT AT BT T T BT R R R TIn]
107 107 107 107 107 107 107 107 107 107 107 107 107 107 107
log Coac (M) log CogeND (M) log Codc.co (M)

Obr. 3: AUC. Vazené pruméry sedimentacnich koeficientt s,, byly vypocitany na zakladé c(s) distribuci uvedenych
vzdy ve vlozenych grafech. Zdanliva disocia¢ni konstanta byla urcena nelinearni regresi z experimentalnich dat. A)
Izoterma véazenych primért sedimentacnich koeficientti v zavislosti na koncentraci Pdc (0,7-70uM) s konstantni
koncentraci  14-3-3CAC (14uM). B) Izoterma vazenych primért sedimentacnich koeficienti v zavislosti na
koncentraci Pdc-ND (0,7-70uM) s konstantni koncentraci 14-3-3CAC (14uM). C) Izoterma vazenych prameéra
sedimentacnich koeficientd v zavislosti na koncentraci Pdc-CD (0,7-70uM) s konstantni koncentraci 14-3-3CAC

(14uM).



Nth1 a vliv vapnikovych kationttina vazbu Bmh1

Analog proteinu 14-3-3 v Saccharomyces cerevesiae, Bmhl, byl popsan jako aktivacni
element proteinu Nth1l. V tomto pifipadé€ je mira aktivace dokonce jasné zavisla 1 na pfitomnosti
vapenatych kationl, které¢ se vazi na "EF-hand like" motiv na N-termindlni ¢asti proteinu. Jiz
diive bylo zjisténo, ze zde 1 v katalytické doméné Bmh1 indukuji jisté signifikantni konformacni
zmény, vedouci k aktivaci. Pro plnou aktivaci proteinu vSak samotné Bmhl nestaci a vazba
vapniku je pro miru vysledné enzymové aktivity naprosto zasadni. Bylo navrhnuto, ze Ca*
vazebny motiv nabyva v zavislosti na pfitomnosti Bmhl a iontl Ca** rozdilnych konformaci,
vysvétlujicich rozdilné aktivity Nthl. Tato doména by téZ mohla v odlisnych konformacnich
stavech vazbu Nthl k Bmhl modulovat s odliSnymi ucinky, zejména v zavislosti na vazbé
vapenatych kationd. Pro charakterizaci tohoto efektu byla provedena sedimentac¢ni analyza AUC,
ktera vSak neodhalila zddnou signifikantni zménu vazebné afinity Bmhl k fosforylované Nthl v
pfitomnosti a neptitomnosti vapenatych kationti. Je v§ak mozné, ze ke zméndm dochdzi v oblasti
pod rozliSenim této metody, ale vzhledem k tomu, ze zdéanliva disocia¢ni kostanta byla urena
mens$i nez 21nM, je otdzka, zdali by takovd zména méla vibec biologicky vyznam. Nicméné
dualezitost "EF-hand like" motivu byla prokazana, mechanismus potenciace enzymové aktivity v
pritomnosti vapenatych iontl vSak nelze vysvétlit zvySenim nebo jinou modulaci vazebné afinity
Bmhl k Nthl.
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Obr. 4: AUC. Vazené priméry sedimenta¢nich koeficientd byly vypocCitany na zakladé c(s) distribuci uvedenych
vzdy ve vlozenych grafech. Zdanliva disocia¢ni konstanta byla ur¢ena nelinearni regresi z experimentalnich dat. V
obou piipadech jak s koncentraci CaCl, 10mM tak bez vapniku byla ve v8ech experimentech koncentrace Nthl
konstantni 1uM, koncentrace Bmhl se pohybovala v rozmezi 0,2-20uM. V obou piipadech byla K, stanovena témét

totozné na 10nM s 95% intervalem spolehlivosti < 21nM.
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Zaverem lze konstatovat, ze se podafilo splnit naprostou vétSinu vyty¢enych cilu, kromé
kompletni charakterizace interakce kinasové domény ASK1 s proteinem 14-3-3, jejiz dalsi
vyzkum bude pozadovat dalsi experimenty. Vysledky v této praci pfispély k objasnéni
strukturnich aspekti aktivace ASK1, regulace biologické funkce fosducinu 1 regulace aktivity
Nthl. Poznatky zejména z vyvoje purifikacnich protokolti a strukturnich charakterizaci ziskané
béhem prace oteviely cestu zkoumdani strukturnich mechanismil téchto na atomarni urovni.
Vysledky byly publikovany v rdmci tfech odbornych ¢lanki v magazinu Journal of Biological
Chemistry.



INTRODUCTION

This Ph.D. thesis is a part of extensive joint research projects between groups of prof.

Tomas Obsil, Ph.D. at Charles University in Prague, Faculty of Science and RNDr. Veronika
Obsilova, Ph.D at the Institute of Physiology AS CR. Their two groups share a common interests
and therefore collaborate very closely. The main interest of this work is studying molecular
mechanisms of regulation of chosen signalling proteins or enzymes and its dependence on protein-
protein-interactions with known interaction partners, predominantly the protein 14-3-3.
Particularly, three biologically and medically important processes were investigated:

A) The activation of signalling proteinkinase ASK1 (Apoptosis signal-regulating kinase) is
a key initiation process of MAPK signalling cascade which leads to the apoptosis with extensive
consequences to every aspect of cellular and tissue physiology. There are two proteins among
others which are involved in the activation of ASK1, its two physiological inhibitors protein 14-3-
3 and thioredoxin 1 (TRX1) which interact with enzymatically inactive form of ASKI. In the
presence of reactive oxygen species both proteins dissociate and ASK1 is activated. Although, this
process was described long ago, its molecular mechanism is still unknown because of the lack of
structural data. The investigation of structural mechanisms related to the activation of ASK1 is
therefore necessary for complete understanding of apoptotic regulation and explanation of
consequent pathologies.

B) The G protein signalization has a key role in the signal transduction across the
cytoplasmic membrane. Disorders linked with this process are one of the main interests of
pharmaceutical industry because they are responsible for many human diseases. One of the known
regulatory mechanism of G protein signalization is the interaction between protein phosducin and
GPy subunit of heterotrimeric G protein with overall negative effect. Phosducin itself is regulated
by the interaction with the protein 14-3-3 but the structural mechanism of this process which is
particularly important in the biochemistry of vision is unknown.

C) Trehalose is an important storage disacharide and potential signalling molecule
important for the regulation of growth and metabolism of different species. Its concentration is
controlled by the enzyme trehalase which cleaves trehalose into two glucose molecules. In case of
Saccharomyces cerevisiae, it was discovered that the enzymatic activity of cytoplasmic neutral
trehalase 1 (Nthl) is beside calcium cations tightly regulated also with the interaction with Bmhl,
the yeast analog of 14-3-3, through two phosphorylation sites at the N-terminus of the protein.
Structural data of this process are also currently unavailable.

This work is mainly focused on the clarification of structural bases and explanation of the
role of protein-protein interactions involved in described processes using various biochemical and
biophysical methods. Special attention will be pointed to the low resolution structures of protein
complexes, to the tracking of segmental conformation changes using fluorescence spectroscopy
and evaluation of binding affinities using analytical ultracentrifugation.
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1. Biophysical and structural analysis of complexes involving signalling proteinkinase

ASKI1 and its two physiological inhibitors TRX1 and the 14-3-3 protein:

e Complex between thioredoxin-binding domain of ASK1 (ASK1-TBD) with TRX1
- Biophysical characterization of the complex ASK1-TBD:TRX1
- Localization of the interaction interface and possible inducible conformational
changes
- Solution of the structure with low resolution
- Proposal of the inhibitory mechanism of ASK1 through TRX1
e Complex between catalytic domain of ASK1 (ASK1-CD) with the 14-3-3 protein
- Biophysical characterization of the complex ASK1-CD:14-3-3

- Solution of the structure with low resolution

2. Studying of interaction between the 14-3-3 protein and separated domains of

phosducin
- Biophysical characterization of the separated domains of phosducin
- Characterization of the influence of separated domains of phosducin on the
interaction with the 14-3-3 protein

3. Studying the influence of calcium cations on the interaction between Nth1 and Bmhl

- Characterization of the stability of the complex Nth1:Bmh1 in the presence of

calcium cations



CHARACTERIZATION METHODS

This work mainly consists of the characterization of protein-protein interactions between

previously described binding partners. They were all eucaryotic intracellular proteins and had to
be prepared recombinantly in the expression system Escherichia coli BL21(DE3) with a fusion
His-tag to make the purification from the complex protein mixtures easier. All proteins and their
mutants were purified with the combination of chromatographic approaches — nickel-chelating
chromatography, ion-exchange chromatography and size-exclusion chromatography as a last step.
Their purity and integrity were verified using polyacrylamide gel electrophoresis in the presence
of sodium dodecylsulphate (SDS-PAGE).

The first biophysical characterization was conducted using analytical ultracentrifugation
(AUC, sedimentation velocity). This method allows an accurate determination of sedimentation
properties of different particles through the temporal and radial dependent measurement of
absorbance or refractive index. The sedimentation velocity is dependent on the size and shape of
the particle therefore an approximate value of relative molecular mass can be estimated under
native conditions without any modifications. This can be used for the evaluation of oligomeric
state of the particle, its purity, integrity. The thermodynamic features can also be studied in terms
of apparent dissociation constants of protein complexes which brings an important information
about interaction interface in combination with site-directed mutagenesis.

The small-angle X-ray scattering (DESY, Petra III beamline, Hamburg) was used to
calculate low resolution structures of studied complexes. This technique provides a way to get a
structural information about a molecule in native environment but the precise atomic resolution
known from X-ray crystallography is unachievable. In addition to the basic characteristics
extrapolated from scattering data (radius of gyration, relative molecular mass, Porod volume,
maximal iteratomic distance) it is possible to calculate a shape (a bead model) of the particle using
ab initio modelling whose scattering curve is in agreement with experimental data.

In collaboration with the Institute of Physics at Charles University in Prague, Faculty of
Mathematics and Physics, we used time resolved measurements of tryptophan fluorescence
intensity and anisotropy decay to determine conformational changes on the level of secondary and
tertiary structure. Fluorescence of this amino acid residue is very dependent on the polarity of its
close environment and on its motion or rotational freedom. Even small changes in the proximity
of tryptophan are observable using this approach as well as its employment into protein-protein
interaction.

Combination of all these methods gets together a comprehensive insight into protein-
protein interaction and how it affects the structure of proteins. Based on these results it is possible
to further discuss purpose of this interactions.



Discussion

ASK1 and TRX1

TRX1 interacts with N-terminal part of ASKI1 (used construct DNA started at
88™ amino acid and ended at 302", ASK1-TBD). Only reduced TRXI is able to interact with
ASKI1-TBD in 1:1 molar ratio with K, approximately 300nM according to AUC. On the other
hand, oxidized TRX1 has significantly lower binding affinity with K, approximately 6uM
confirming that the oxidation of TRX1 disturbs the binding to ASKI1-TBD. However, the
mechanism which leads to this effect is still unclear. It was shown that the mutant of TRX1 with
both cysteins 32 and 35 mutated into serines (which form a reversible disulfide bridge in the wild
type, TRX CS) doesn't bind to the ASKI1-TBD (K, approximately 0,5mM). This observation
confirms previous findings that these two residues are very important in this interactions but the
interaction isn't mediated by a disulfide bridge since all experiments were performed under
reducing conditions.

Catalytic motif of human TRX1 also contains a tryptophan as a 31* amino acid and in this
work it was shown that it participate directly in the interaction between TRX1 and ASK1-TBD.
A mutant TRX1 W31F where the tryptophan was mutated into phenylananine has significantly
lower K, (approximately 30uM) than wild type according to the AUC analysis. Time resolved
measurements of tryptophan fluorescence intensity and anisotropy decay also indicated in this
case that the interaction between TRX1 and ASK1-TBD significantly increases the mean excited-
state lifetime and decreases segmental dynamics (resulting in the absence of the shortest rotation-
correlation times in the complex). This can be considered as a direct consequence of the residue
interacting with ASK1-TBD. Results from sedimentation analysis and fluorescence measurements
also confirm that the cystein 250 (according to human ASK1) is localized in close proximity to the
complex interaction interface as it was suggested previously. Its mutation into serine shifts the
value of K, to approximately S0uM and according to fluorescence measurements the tryptophan
31 binds to the ASK1-TBD with different mechanism regarding different mean excited-state
lifetime and rotation-correlation times.

SAXS experiments confirmed that ASK1-TBD is a monomeric specie in solution and has
a compact slightly asymmetric shape. The complex ASKI-TBD:TRX1 is similar but there is an
extension in one direction. A comparison of both models revealed that the volume added to the
ASKI1-TBD is TRXI interacting through large interface but without any signs of drastic
conformation change although changes under the resolution of SAXS can't be ruled out.
A structural model of ASK1-TBD was calculated ab initio by prof. RNDr. Tomas Obsil, Ph.D.
using Robetta server and it shows that TRX1 is binding probably in a close vicinity of ASK1
segments responsible for ASK1 dimerization which is necessary for enzyme activation. Therefore,
TRX1 may block this via interaction with ASK1.
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Pic. 1: Structural characterization of ASK1-TBD and its complex with reduced TRX1 using SAXS. A) Scattering
intensity as a function of scattering vector s (s = 478in(6)/A, where 26 is a scattering angle and A wavelengh). Inset
shows a Guinier plot of ASK1-TBD (2,3 mg/ml) and ASK1-TBD:TRX1 (6 mg/ml). B) Distribution of intramolecular
distances p(r). C) Calculated and averaged bead models from software DAMMIN for ASKI-TBD alone. D)
Calculated and averaged bead models from software DAMMIN for ASK1-TBD:TRX1. Main difference between

models is shown in red.

Table 1: Summary of time-resolved measurement of tryptophane fluorescence intensity and anisotropy decay

Sample Tincan (11S) Bi @ B @ Bs @ Biong Pong

(ns) (ns) (ns) (ns)
TRX1 1.62 0.018 <0.1 0.069 1.7 - - 0.133 10
TRX1+ASK1-TBD 3.34 - - - - 0.079 3.3 0.141 30
TRX1+ASK1-TBD C250S 4.52 0.026 <0.1 0024 13 0.034 38 0.136 38

Tincan mean excited-state lifetime
B amplitudes of rotation-correlation times for component x
@ rotation-correlation times for component x



ASKI1 and the 14-3-3C protein

To investigate the nature of inhibition the DNA construct of catalytic domain of ASK1
together with 14-3-3 binding site was prepared (ASK1-CD). The binding site was modified to be
suitable for the phosphorylation with commercial PKA. The 14-3-3CAC without C-terminal
flexible segment was used instead of 14-3-3( because of higher binding affinity according to the
sedimentation analysis. The value of K, for this complex was estimated to be approximately 4uM
(weak, transient interaction) using AUC, binding model with 2:2 stoichiometry and with prior
knowledge of dynamic equilibrium of non-dissociating dimers ASK1-CD and 14-3-3CAC.

Regarding the nature of this interaction, SAXS was used to get an insight into the complex
structure. Results confirmed data from AUC, mainly the binding stoichiometry. The bead models
of both proteins alone are in an agreement with their known crystal structures. In the case of
ASKI1-CD there are two spherical parts which are rather different but they can be interpreted as a
flexible C-terminus possessing 14-3-3 binding site absent in the crystal. The bead model for a
complex has a compact and highly asymmetric shape but its interpretation in terms of the structure
of position of different subunits is rather ambiguous. There are two meaningful options of
interpretation. The first assume that the interaction is a dimer:dimer like, but only one monomer of
each dimer is actually interacting. According to this model, dimers are non-dissociative and
interaction interface is rather small corresponding to the weak binding affinity. However,
regarding the highly asymmetric shape, the dissociation of ASK1-CD is taken into account in the
second option. Although, AUC sedimentation velocity of this dimer never showed any signs of a
monomer even in highly diluted solutions, the value of K, was previously estimated to be 0.22uM
using sedimentation equilibrium at 10uM of ASK1-CD. Therefore, this kind of interaction it is
possible but clearly two binding sites for ASKI1-CD would have different binding affinities
because they wont be equivalent. In addition, the position of flexible C-terminus of ASK1-CD in
the bead model of the complex is highly speculative at least and there is a possibility that some
parts of the model are in fact averages of different conformations of this segment. To make this
ambiguity clear, more biophysical experiments have to be carried out to understand the structure
of the complex between 14-3-3 and ASK1-CD.

There is also an option that the stability of the complex observed in vivo is affected by
completely different regions of ASKI1 rather than catalytic domain and the function of 14-3-3 is
more complex than anticipated. Results regarding ASK1-CD haven't been publish yet.
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Pic. 2: Bead models of ASK1-CD and its complex with 14-3-3CAC using SAXS. A) Calculated and averaged bead
models from software DAMMIN for ASKI-CD alone with imposed crystal structure. Flanking spherical parts
represent flexible C-terminal segment with 14-3-3 binding site absent in the crystal structure. B) Calculated and
averaged bead models from software DAMMIN for 14-3-3CAC with imposed crystal structure. C,D) Superimposition
of crystal structures into the DAMMIN bead model of ASK1-CD:14-3-3{AC (done by prof. RNDr. Tomas Obsil,
Ph.D.) ASK1-CD in blue and yellow, 14-3-3CAC in green. C) A model of the complex with dissociated ASK1-CD
binding to two different sites on  14-3-3CAC. D) A model of the complex dimer:dimer like. E,F) Models from C (E)
and D (F) are both in a good agreement with experimental data in terms of the value y’. Theoretical scattering curves

were calculated from the crystal structures using CRYOSOL software.



Fosducin and protein 14-3-3(

The 14-3-3 protein is involved in the regulation of another protein phosducin (Pdc) which
is particularly important in the biochemistry of vision. Theoretical predictions and other
biochemical experiments strongly suggests that N-terminal part of Pdc (Pdc-ND) possessing a
binding site for the 14-3-3 protein has a very flexible and probably unstructured nature with
extended conformation apart from a compact C-terminal part (Pdc-CD). Another fluorescence
experiments also suggests that Pdc binds 14-3-3CAC (which has better binding affinity than the
wild type as in the case of ASK1) through an interface out of the typical 14-3-3 cavity probably
with the C-terminal domain. However, AUC of the separated Pdc domains performed in this work
revealed that Pdc-CD mostly doesn't contribute to the interaction. On the other hand, Pdc-ND
exhibits even higher binding affinity than the Pdc suggesting that this part is fully responsible for
the stability of the complex Pdc:14-3-3CAC. The observed interaction between 14-3-3CAC and
Pdc-CD, therefore, could be a consequence of the local concentration effect after the Pdc-ND is
bound. The complex is similar to many others known complexes of the 14-3-3 protein when the
14-3-3 protein binds in addition to the phoshorylated binding motif to another part of its
interacting partner through weak interactions. It was also shown that Pdc-ND contains most of the
interaction surface for the interaction with its another known binding partners, subunits of
transducin, while Pdc-CD probably blocks interaction of these subunits in the complex with
cellular membrane. Interaction between 14-3-3CAC and Pdc can therefore sterically block this
transducin interaction surface and modify its structure to lower the rate of dephosphorylation of
Pdc which is induced by light.
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Pic 3: AUC. Weighted-averaged sedimentation coefficients s, were calculated based on c(s) distributions showed in
insets. Apparent dissociation constants were calculated using nonlinear regression. A) The binding isotherm of of
weighted-averaged sedimentation coefficients as a function of of the concentration of Pdc (0,7-70uM) and constant
concentration of 14-3-3CAC (14uM). B) The binding isotherm of of weighted-averaged sedimentation coefficients as
a function of of the concentration of Pdc-ND (0,7-70uM) and constant concentration of 14-3-3ZAC (14uM). C) The

binding isotherm of of weighted-averaged sedimentation coefficients as a function of of the concentration of Pdc-CD

(0,7-70uM) and constant concentration of 14-3-3CAC (14uM).



Nth1 and influence of calcium cations on interaction with Bmhl1

An analogue of the 14-3-3 protein in yeast, Bmhl, was described as an activation element
for the protein Nthl. In this case the activation is surprisingly also dependent on the presence of
Ca* in solution which binds to the "EF-hand" motif on the N-terminus of Nth1. It was revealed
previously that interaction involving Bmh1 induces some conformational changes in "EF-hand"
motif as well as in the catalytic domain of Nthl leading to the activation. However, the full
activation is achieved through the simultaneous interaction of Nth1, Bmhl and calcium cations. It
was proposed that the "EF-hand" motif changes conformation in the presence of calcium altering
the activity and it could also modify the binding affinity between Nthl and Bmhl. The
sedimentation analysis AUC, sedimentation velocity measurement, was used for the
characterization of this effect, but it doesn't revealed any significant change in terms of K. There
is a possibility that the value of K, is changed under the resolution of this method but regarding
the determined K, < 2InM, it is questionable if this change would have any significant influence.
However, the importance of "EF-hand" motif was proven by other methods but the mechanism of
enzymatic activity potentiation in the presence of calcium cations can't be explained by the change
in the binging affinity between Nth1 and Bmhl.
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Pic. 4: AUC. Weighted-averaged sedimentation coefficients s, were calculated based on ¢(s) distributions showed in
insets. Apparent dissociation constants were calculated using nonlinear regression. The concentration of Nthl was
constant 1uM and Bmh!1 was varying in the range 0,2-20uM in both cases. The concentration of CaCl, was 10mM as

described previously. In both cases, the value of K, was estimated to be 10nM with 95% confidence region <21nM.



C ONCLUSION

In conclusion we can say that the most of the stated goals in this work were achieved

except the full characterization of the interaction between ASK1 and the 14-3-3 protein which is
still in progress and requires more experiments. Results of this work contributed to the
explanation of structural aspects of the activation of ASK1, regulation of the biological function of
protein phosducin and regulation of the activity Nth1. Findings showed in this work also opened
the way for the research of these interactions in atomic resolution especially protein purification
protocols and structural characterization. The results were published in three different scientific
articles in the magazine Journal of Biological Chemistry.
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