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Abstrakt CZ

Mezi vSemi zpusoby regulace signalizace maji protein-proteinové interakce
pfednostni postaveni. Jejich studium v rtiznych podminkach je logickym a dilezitym
krokem v pochopeni molekuldrniho mechanismu funkci jednotlivych regulacnich
procest.

Tato prace je zaméfena na studium tfi takovych procesii: ASK1 proteinkinasa,
dilezity inicidtor proapoptotickych d&ja, je za fyziologickych podminek udrzovana
v neaktivnim stavu v komplexu s proteinem 14-3-3 a TRX1. Za podminek oxida¢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 ulohy v negativni regulaci G
proteinové signalizace v ramci biochemie zraku. Treti proces je aktivace Nthl
prostfednictvim interakce s Bmh1 a vapnikovych kationti. Prace si klade za cil pomoci
riznych biochemickych a biofyzikalnich metod, zejména bodové mutageneze,
analytické  ultracentrifugace, = malouhlového  rozptylu rentgenového  zafeni
a fluorescencni spektroskopie prispét k objasnéni strukturni podstaty vySe popsanych
déji a vysvétlit ulohu protein-proteinovych interakci v jejich regulaci.

Na zaklad¢ vysledkli ziskanych témito metodami byly zjiStény strukturni
informace o tvaru a stechiometrii komplexii TRX1 i proteinu 14-3-3 s odpovidajicimi
vazebnymi doménami ASK1 vcetné jejich zdanlivych disociacnich konstant. V ptipadé
komplexu ASK1 s TRX1 bylo mozno téz identifikovat pravdépodobné interakcni
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, pficemz timto zplisobem byly
objeveny konkrétni oblasti zodpovédné za stabilitu komplexu. U Nthl a Bmhl byla
posuzovana vazebnd afinita téchto dvou proteinti v podminkdch s a bez vapenatych
kationii. V souladu s témito daty byla diskutovana uloha studovanych interakci

a zhodnocen jejich vyznam v regula¢nich procesech, jez byly pfedmétem zajmu.



Abstrakt EN

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.
ASKI 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 Nth1 through the interaction with Bmh1, 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 ASKI
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
stericaly occludes the binding interface for another binding partners. In the case of Nthl
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.



Seznam zKratek

14-3-3CAC oznaceni pro konstrukt 14-3-3C bez C-koncového flexibilniho
segmentu

AANAT serotonin-N-acetyltransferasa

ASK1 zkratka z anglického "signal-regulating kinase 1"

ASK1-CD oznaceni pro konstrukt katalytické domény ASK1 spolecné s

vazebnym motivem pro protein 14-3-3
ASK1-TBD oznaceni pro konstrukt domény ASK1 vazajici thioredoxin 1
ASK1-TBD C250S oznaceni pro konstrukt domény ASK1 vazajici thioredoxin 1 s

mutaci cysteinu 250 na serin

ASK1-CD oznaceni pro konstrukt zahrnujici katalytickou doménu ASK1 a
vazné misto pro protein 14-3-3

Athl vakuolarni kysela trehalasa 1

ATP adenosin trifosfat

AUC analyticka ultrecentrifugace

BAD proapoptoticky faktor, zkratka z angl. Bcl2-associated death
promoter

Bmhl,2 kvasni¢né analogy proteinu 14-3-3

CaMKII Ca2+/kalmodulin dependentni kinasa 11

cAMP cyklicky adenosin monofosfat

CcC strukturni motiv oznac¢ovany z angl. "coil-coiled"

CD cirkularni dichroismus

cGMP cyklické guanosin monofostat

Dinax maximalni meziatomarni vzdalenost v molekule

EMBL Evropska laboratot pro molekularni biologii

ERK zkratka z anglického "extracellular signal-regulated kinase"

FOXO transkripéni fator (z angl. Forkhead-box transcriptional factor O)

GBI B1 doména imunoglobin vazajiciho proteinu G z bakterii
Streptococcus



GPCR

GTP

Gy

Ga, GB, Gy
JNK/SAPK
LB médium

LC-MS/MS

MAP2K, MKK
MAP3K, MEKK
MAPK

Nth1,2

PAGE

PAK 1

PBS

PDB

PCR

Pdc
Pdc-CD
Pdc-ND
PKA

PKC

RAF kinasa
RAS kinasa
R,

RGS

SAXS

S
TEV
TPS

receptor asociovany s G proteinem (z anglického "G protein
coupled receptor)

guanosin trifosfat

G protein transducinu

podjednotky heterotrimerniho G proteinu

c-Jun N-terminalni kinasa

médium podle Luria a Bertanniho

hmotnostné spektrometricka analyza s fragmentaci iond spojena s
kapalinovou chromatografii na reverzni fazi

mitogenem aktivovana proteinkinasa kinasa

mitogenem aktivovana proteinkinasa kinasa kinasa
mitogenem aktivovana proteinkinasa

neutralni trehalasa 1 a 2

elektroforéza v polyakrylamidovém gelu

signalni kinasa, zkratka z angl. p21-activated kinase

zkratka pro fosfatovy pufr

vefejn¢ dostupnd databaze proteinovych struktur (z angl. "Protein
data bank")

polymerasova fetézova reakce

fosducin

C-koncova ¢ast fosducinu

N-koncova nestrukturovana ¢ast fosducinu

proteinkinasa C

proteinkinasa A

signalni kinasa, zkratka z angl."rapidly accelerated fibrosarcoma"
signalni kinasa, zkratka z angl. "Rat sarcoma"

gyracni poloméer

regulator G proteinové signalizace

malotuhlovy rozptyl rengenového zéfeni ( z ang. small-angle
X-ray scattering)

standartni relativni odchylka

proteasa, zkratka z angl. Tobacco etch virus

trehalosfosfatsyntasa



TRAF
TRX
TRX1

TRX1 CS

TRX1 W31F
UDP
w/v

w/wW

faktor asociovany s receptorem pro tumor-nekrotizujici faktor o
thioredoxin

oznaceni pro konstrukt thioredoxinu 1 s mutaci cysteinu 72 za
serin

dvojty mutant TRX1, kde cysteiny 32 a 35 byly zmutovany na
serin

mutant TRX1, kde tryptofan 31 byl zmutonan na fenylalanin
uridin difosfat

hmotnost podilu ku objemu celku

hmotnostni zlomek
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1. Uvod

Predkladanad prace je soucasti Sirokych vyzkumnych projektd 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 molekuldrni mechanismy
regulace vybranych zastupct signalnich proteini a enzymii v zavislosti na protein-
proteinovych interakcich s jejich popsanymi interakénimi partnery, prednostné
s proteinem 14-3-3. Konkrétn¢ byly studovany tii procesy vyznamné jak z biologického,

tak 1ékatského hlediska:

.....

spusténi MAPK signalni kaskady vedouci k bunécné apoptose, coz ma dalekosahlé
disledky pro vSechny aspekty bunécné i tkanové fyziologie. Dva z proteinti podilejicich
se na aktivaci ASK1 jsou jeji fyziologické inhibitory thioredoxin 1 a protein 14-3-3,
které interaguji s neaktivni formou ASKI. Pii oxida¢nim stresu v buiice vSak oba
proteiny disociuji, coz vede k aktivaci enzymové aktivity. Ackoliv je tento proces
dlouho zndm, absence strukturnich dat nedovoluje vysvétlit molekularni mechanismus,
jenz je dulezity pro pochopeni podstaty zmén vedouci k aktivaci tohoto signalniho
proteinu. Studium strukturnich mechanism doprovazejici aktivaci ASKI1 je tedy
nezbytné pro kompletni porozuméni regulaci apoptosy a vysvétleni patologickych stavi

s nim spojenych.

B) G proteinova signalizace ma klicovou roli v pienosech signali pies
cytoplasmatickou membranu. Poruchy v tomto procesu se v posledni dob¢ t&si
soustfedénému zdjmu farmaceutického primyslu, nebot jsou zodpovédné za tadu
lidskych nemoci. Jeden ze znamych regula¢nich mechanismi G proteinové signalizace
zahrnuje vazbu proteinu fosducinu na Gy podjednotku heterotrimerni G proteinu, ¢imz
je signalizace negativné regulovana. Fosducin je pfi tom dale negativné regulovan
dimernim vysoce konzervovanym proteinem 14-3-3, pfiCemz strukturni mechanismus

tohoto dé¢je dilezitého zejména v biochemii zraku byl vysvétlen pouze castecné.
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C) Trehalosa je dllezity zasobni disacharid a potencidlni signalni molekula
dilezitd pro regulaci ristu a metabolismu riiznych organismu. Jeji koncentrace je
regulovana enzymem trehalasou, ktera trehalosu $tépi na dvé molekuly glukosy. V
ptipad¢ kvasinek Saccharomyces cerevisiae bylo zjisténo, Ze enzymova aktivita
cytoplasmatické neutralni trehalasy je kromé& koncentraci véapenatych iontli uzce
regulovana i interakci s kvasniénym analogem proteinu 14-3-3, Bmhl, pfes dvé
fosforylacni mista na N-konci proteinu. Strukturni charakterizace této interakce je

rovnéz nedostatecné popsana.

Tato disertacni prace si klade za cil pomoci riznych biochemickych
a biofyzikalnich metod pfispét k objasnéni strukturni podstaty vySe popsanych d&ji
a vysvétlit tlohu protein-proteinovych interakci v jejich regulaci. Specialni pozornost
bude vénovana strukturam proteinovych komplexii s nizkym rozliSenim, sledovani zmén
konformace proteini a jednotlivych aminokyselin s pouzitim fluorescencnich méteni

a zejména posuzovani zmén vazebnych afinit na zdklad€ sedimentacnich vlastnosti.
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2. Literarni prehled

2.1 Protein-proteinové interakce

Jedna z nejzékladnéjSich roli moderni molekularni a strukturni biologie je
odhaleni a popis vSech protein-proteinovych interakci v organismu, vcetné odhaleni
jejich biologického vyznamu (Bordner et al., 2005). Jsou centrdlnim bodem naprosté
vétSiny biologickych procesti a detekce konkrétnich prvki primarni, sekundarni
1 tercidrni struktury, které ptispivaji ke specificité a sile protein-proteinovych interakci,
je tak naprosto zasadni problematika. Pro piesnéjsi vysvétleni fyzikalni podstaty téchto
dilezitych vazeb a sil, jimiZ jsou udrzovany, je nezbytné zabyvat se studiem atomarnich
struktur proteinovych systémt. Proteinové modely zalozené na takovychto strukturnich
datech potom umoznuji nahlédnout i do slozitych mechanismii jako je modulace
biologické funkce proteinu v bufice ptes protein-proteinovou interakci. (Janin et al.,
2005).

Protein-proteinové interakce jsou zpravidla velmi komplexnim jevem a mohou
byt charakterizované podle své sily na slabé (transientni) a silné komplexotvorné vazby
podle disociacni konstanty charakteristické pro dany systém. Silné komplexotvorné
interakce se pohybuji v faddu nano- a pikomolarnich. Transientni komplexotvorné
interakce jsou typické svou omezenou Zzivotnosti v Casové Skéle existence proteinu,
obycejné s disociacni konstantou v oblasti mikromolarni a vyssi. Dale je 1ze délit podle
své podstaty na kovalentni a nekovalentni podle typu vazeb nebo rozsahu, tvaru
a velikosti interakéniho povrchu (Fernandez et al., 2003).

Mezi charakteristickymi komplementdrnimi povrchy vazebnych partnerd,
takzvaném interakénim rozhrani, se vytvari mnozstvi elektrostatickych, hydrofobnich
1 vodikovych vazeb, jez jsou zdsadnimi prvky rozhodujicimi o charakteru protein-
proteinové vazby. Ackoliv jsou povazovany za slabé vazebné interakce, jejich veliké
mnozstvi po celém interakénim rozhrani z nich €ini rozhodujici faktory pro stabilitu celé
interakce. V nékterych ptipadech mohou byt doprovéazené i kovalentnimi disulfidovymi
vazbami mezi thiolovymi skupinami cysteind. Dal§im faktorem muze byt i lokalni
flexibilita proteinového fetézce, ktery ziskava po vazb& specifickou indukovanou

konformaci pfiispivajici k vazebné stabilité¢ (Jones et al., 1996) Bylo ukéazano, Ze
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primérné rozhrani pro protein-proteinovou interakci zabird povrch 1200-2000 A2
pfi¢emz je predpokladano, Ze se zvySujicim se interakénim povrchem roste specificita
a sila interakce. Komplexy s nejvétsimi vazebnymi povrchy lze nalézt predevsim
u signalnich transduk¢nich systémt jako G proteiny nebo signalni proteasy (Janin et al.,
1990, Horton et al., 1992).

Interakéni rozhrani mezi proteiny typicky obsahuje hydrofobni a hluboko
ulozené¢ nepolarni oblasti chranéné pied pristupem molekul vody. Hydrofobicita je
jednou z hnacich sil vazeb mezi proteiny a vyznamny faktor pfispivajici ke stabilité
protein-proteinovych komplexti (Young et al.,, 1994). Oblasti proteinii se zvySenym
zastoupenim nepolarnich aminokyselin exponuji do okoli nepoldrni povrch, ktery neni
schopny vytvafet s molekulami rozpoustédla vodikové vazby. To Usti v reorientaci
molekul rozpoustédla v okoli tak, aby celkova sit’ vodikovych mulstki mezi molekulami
rozpoustédla byla naruSena co moznd nejméné¢ a molekuly mohly tvofit s dalSimi
molekulami maximalni pocet vodikovych vazeb. V dusledku se rizné nepoldrni oblasti
shlukuji dohromady, aby exponovany hydrofobni povrch byl minimdlni, coz je téz
podpofeno vzajemnou prostorovou komplementaritou. Tento proces je termodynamicky
samovolny, avSak pohanény piedevSim nartistem entropie v systému diky snizovani
poctu molekul vody v uspofadaném stavu obklopujicim nepolarni povrchy (Silverstain
et al., 1998). Mezi nepolarnimi useky proteind se dale vytvari van der Waalsovi vazby
pusobici jako dalsi stabilizacni faktor.

Protoze interakéni povrchy jsou si velmi Casto navzajem 1 elektrostaticky
komplementarni, jsou elektrostatické sily dal§im stabilizaénim prvkem v protein-
proteinovych interakcich (Sheinerman et al., 2000). Vazba je zprostfedkovana zpravidla
pies postranni fetézce disociovanych forem aminokyselin na evoluéné konzervovanych
pozicich (nejCastéji aspartati, glutamath, lyzinl, arginint a histidini), které mezi sebou
navzajem tvoii solné mustky. Ty se ze své hydrofilni podstaty vyskytuji zejména na
povrchu proteinu v mistech pfistupnych rozpoustédlu a jejich tvorba je siln€ zavisla na
hodnoté pH okolniho prostfedi. Solné mustky mohou mit podle geometrie vazby jak
stabiliza¢ni, tak destabilizacni efekt, kdy brani tvorb¢ jinych vazeb.

Vodikové vazby jsou slabé elektrostatické interakce typu dipdol-dipol mezi
polarnimi molekulami. Ac¢koliv maji smérovy charakter, nejedna se o kovalentni vazbu.
Vznikd mezi atomem vodiku s vysokym kladnym parcidlnim nabojem, ktery je

pritahovan jinym vysoce elektronegativnim atomem naptiklad dusikem, kyslikem nebo
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fluorem s parcidlnim zidpornym ndbojem a to jak intramolekuldrng, tak
mezimolekularné. Ve strukturach proteinii maji nezastupitelnou stabiliza¢ni tlohu, stejné
tak jsou nejCastéj$im piipadem interakce s molekulami rozpoustédla (Jones et al. 1997)

Vsechny tyto ptispévky k protein-proteinové interakci jsou zavislé zpravidla na
omezeném poctu konzervovanych aminokyselin v fetézci proteinu, jez jsou pro vznik
vazby potom naprosto zasadni, pfispivaji k celkové vazebné energii nejvyssim dilem.
Jejich bodovou mutaci zpravidla za alanin, ktery vyrusi u¢inky postranniho fetézce, ale
zaroven zachova omezenou flexibilitu hlavniho fetézce, je vazba signifikantné narusena.
Tato specificka dulezita mista se v anglické literatuie oznacuji jako takzvané "hot spots"
(Conte et al., 1999). Mezi aminokyselinami tvoficimi interakéni povrch se vyskytuji
priblizn¢ z 9,5% (Thornton et al., 2001).

Pochopeni lokalizace jednotlivych kritickych aminokyselin na interak¢énim
rozhrani protein-proteinovych interakci je spolecné s feSenim atomarni struktury téchto
systémul naprosto zasadni pro racionalni vyvoj nizkomolekularnich latek slouzicich jako
inhibitory nebo modulétory proteinovych vazeb. Mohou slouzit jako potencionalni
1éCebné pripravky, stejné tak Ize navrhnout makromolekuly mimikujici jiné interakcni
povrchy pro zvySeni vazebné afinity s proteinem, nebo teoretické algoritmy
predpovidajici mozné interakce (Bogan et al., 1998). Mnoho mutaci v genomu, jeZ maji
za disledek modifikaci "hot spot" aminokyselin, je pfi¢inou zdvaznych onemocnéni
a deficitt.

Pro sdileni vSech rozieSenych struktur krystalografickou analyzou nebo
nukledrni magnetickou rezonanci byla vytvorena elektronickd databaze PDB poskytujici
moznost archivace i sdileni proteinovych modelii, kde je kazdému modelu pfitazen

unikatni kod, pod nimz mize byt vetejn¢ dohledan (Berman et al., 2000).

2.2 Signalizace

Pro vSechny bunky Zivych organismi je charakteristické, ze maji vyvinuté
postupy adaptace svého aktualni chovani na zmény prostfedi. Komunikace bunéénych
déji s prostiedim je dosazeno prostiednictvim velkého mnozstvi evoluéné
konzervovanych signalnich cest, které zachytavaji stimul, transformuji jej na vnitro

bunéény signal a pfenasi jej dale tim zplisobem, Ze receptor aktivuje specifické proteiny
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¢1 produkuje takzvané "druhé posly" propagujici signal déale. Timto linedrnim vedenim
signalu je zajiSténa jeho pfisnd mnohatroviiova regulace, amplifikace a diverzifikace.
Na konci této "signalni kaskady" jsou zpravidla aktivovany efektorové proteiny, jez
piimo ovliviiuji rizné bunécné procesy. PocateCni stimul pfitom mize mit jak
extracelularni tak intracelularni piivod a rizny charakter od elektromagnetického zafeni,
pfes zménu teploty nebo extracelularni proteiny k nizkomolekularnim latkam a dalsi.
S odhalovanim stale novych a novych komponent signalnich kaskad zacalo byt ziejmé,
7e jednotlivé signalizace nejsou individualnimi procesy, ale Ze navzijem tvofi
komplexni integrovanou signalni sit. Repertoar proteinti, které zajistuji takovyto pfenos
vyzkum ma zasadni dilezitost pro objasnéni zprostfedkovanych funkei i patologii.
(Jordan et al., 2000)

Mechanismy pienosu signalu mohou mit rizny charakter, nicméné jejich
regulace je zpravidla kontrolovana pomoci protein-proteinovych interakci. Dominantni
postaveni mezi signadlnimi mechanismy maji fosforylace zprostiedkovana signalnimi
proteinkinasami, jeZ pfendsi fosfat z ATP na serin, threonin nebo tyrosin cilového

proteinu, a G proteinova signalizace.

2.2.1 Mitogenem aktivované kinasy (MAPK)

Rodina mitogenem-aktivovanych proteinkinas (MAPK) patii do repertoaru
cytoplasmatickych signdlnich molekul tvoficich signalni kaskadu alespoii o tfech
urovnich, které zpravidla vedou k aktivaci jedné multifunkéni MAP kinasy (Lewis et al.,
1998; Errede et al., 1995; Gustin et al., 1998). O kinasach, které fosforyluji MAP kinasy
na strukturné charakteristickém tseku, "aktiva¢ni smycce", a tim je aktivuji, se hovofi
jako o MAP kinasach kinasaich (MAP2K, MKK). O kinasach, které fosforyluji
a aktivuji MAP2K jako o MAP kinasach kinasdch kinasach (MAP3K, MEKK). Ty
naopak mohou byt aktivovany mnoha riznymi faktory. Substratova specificita MAP2K
a MAP3K je zpravidla tzce omezena pouze na nékolik malo kinas ve sméru signalizace,
coz je ve shod¢ s jejich amplifika¢ni a integracni signalni funkei (Seger et al., 1992;
Crews et al., 1992). Zivotnost aktivované MAPK v cytoplasmé se obvykle pohybuje

v fadech minut, jsou okamzit¢ rozpoznany pro modifikaci ubikvitinem a néslednou
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degradaci proteasomalnim aparatem. V soucasné dobé jsou extenzivn€ popsané tfi
hlavni kaskady vedouci k aktivaci MAPK kinas: ERK, c-Jun N-termindlni kinasa
(JNK/SAPK) a p38a, které se ucastni regulace komplexnich bunéénych dé&ji. Jsou
vyznamnou soucasti signdlnich drah k embryogenesi, bunééné diferenciaci, proliferaci,
genové expresi 1 apoptose v zavislosti na vnéjSich podminkéch. Prehled hlavnich MAP

kinasovych signalnich cest je znazornén na obr. 1.

Podnét: R“‘Stc?;’é faktory, oxidaéni stres, hyperosmosa, morfogenetické
TSIy UV zéfeni, prozanétlivé cytokiny faktory

Signalizace Signalizace Signalizace

ERK1/2 JINK/p38 ERK5
MAP3K
MAP2K

A K \/
OdeVéd’Z proliferace, apoptosa, zanétliva reakce, morfologické
déleni, zastaveni bunééného cyklu, zmény
diferenciace diferenciace

Obr. 1: Prehled hlavnich MAPK signalnich kaskad, jejich iniciatorti a bunéénych déju, které reguluji.
Proteinkinasa ASK1 patfi do rodiny MAP3K, ktera zpravidla rozhoduje o iniciaci celé signalni drahy v

zévislosti na vnéjsich faktorech (podle Pearson et al., 2001).

2.2.2 G proteinova signalizace

G proteinova signalizace je vyznamnym modulatorem velkého poctu signélnich
drah, jez jsou klicové v mnoha fyziologickych procesech jako pienos nervového
vzruchu, imunitni odpovédi, vnimani smysli nebo kardiovaskularni funkce. Svoji
podstatou ma roli aktivatoru signalizace a ovliviluje Casovy rdmec 1 intenzitu
prendseného signalu. Sklada se z transmembranovych receptorti spojenych s G proteiny
(GPCR), heterotrimernich G proteint a signal-regulujicich efektori. Samotny G protein
se sklada ze tfi podjednotek oznacovanych Ga, GB a Gy, piicemz podjednotka Ga vaze

GDP (Evanko et al., 2001). Cely heterotrimer je zakotveny pies Go a Gy na vnitini
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stran¢ membrany asociovany s GPCR. Vazba Gfy pfi tom sniZuje spontadnni disociaci
GDP z Ga (Brandt et al., 1985). Navazani ligandu (napf. adrenalinu, noradrenalinu,
histaminu, serotoninu, dopaminu i jinych) na specificky GPCR indukuje konformacni
zménu, coZ Usti v aktivaci G proteinu spolu s disociaci GDP, misto néhoz se okamzité
navaze GTP. Tato vazba pifimo vede k rozpadu trimeru na GTP-Ga a GPy, které se
uvolni do cytoplasmatického prostoru. Obé podjednotky dale reguluji aktivitu svych
cilovych efektorovych proteint, které prendsi signal pies druhé posly dale. Hydrolyza
GTP ma za nasledek opctovnou rekonstituci trimerniho G proteinu a preruseni
signalizace. Je tedy piedpokladéano, ze zivotnost komplexu GTP-Ga pfimo udava dobu,
po kterou propaguje signal jak GTP-Ga, tak GBy (Ford et al., 1998). Standardni model G
proteinové signalizace je uveden na obr. 2 (viz strana 20).

V souvislosti se signalnimi kaskddami je tfeba zminit 1 roli proteinti, které
funguji jako molekularni "leseni", takzvané adaptorové proteiny. Tato riznoroda skupina
proteini méa za ukol koordinovat ¢asovou a prostorovou souslednost signalnich déjh.
Udrzuji jednotlivé komponenty signalni kaskady v tésné blizkosti, ¢imz vznikaji
makromolekularni komplexy zvané signalosomy, nebo je svoji vazbou udrzuji
v blizkosti membrany ¢i v ur¢itém bunééném kompartmentu. Timto zpusobem mohou
signalni drahy spolehlivé fungovat i v komplexnim bunééném prostiedi a udrzovat

prenos signalu bez nespecifickych chyb (Good et al., 2011).
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Cytoplasmaticka aktivace
membrana.

GPCR

Ga efektor Gy efektor

Obr. 2: Standardni model G proteinové signalizace. Po navazani ligandu (Cerven€) na obecny receptor
spojeny s G proteinem (GPCR, modfe) dojde ke konformaéni zméné v GPCR dustici v disociaci a rozpad
komplexu trimerniho G-proteinu slozeného ze tfi podjednotek Ga (tyrkysove), Gy (zlut€) a G (oranzove),

které jiz separatné ovliviuji dalsi efektorové elementy (adaptovano z McCudden et al., 2004).

2.3 Proteiny 14-3-3

Skupina proteinti 14-3-3 stoji v poptedi védeckého zdjmu zejména diky velkému
poctu biologickych dé&ji, na jejichz kontrole se podili. Je znam velky pocet jejich
vazebnych partnerti. Naprosta vétSina interakci je zavisla na predchozi fosforylaci
vazebného partnera. Jedna se o vysoce konzervované dimerni kyselé proteiny s relativni
molekulovou hmotnosti okolo 30000. Jsou exprimované ve vSech eukaryotickych
organismech, ve vSech tkanich. Maji dulezité regula¢ni ulohy v proapoptickych
procesech, v progresi bunééném cyklu, signalni transdukci, ur€ovani vnitro bunécné
lokalizace, 1 v ovlivnéni metabolickych drah. Do soucasnosti bylo identifikovano 7
isoforem sav¢iho proteinu 14-3-3 (B, v, & o, { 1, M), které vykazuji znadmky
redundantnosti a odlisné tkanové distribuce, 15 isoforem rostlinnych homologt, a dvé
isoformy 14-3-3 v kvasinkach Saccharomyces cerevisiae popisované jako Bmhl a Bmh2
(Rosenquist et al., 2001; Aitken et al., 1995; Ferl et al., 2002)

Poprvé byl 14-3-3 identifikovan v roce 1965 pii analyze mozkovych proteind.

Jeho zvlastni ndzev byl odvozen od potadi jeho frakce po dvoudimensionalni DEAE-
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celulosové chromatografii a charakteristickych vlastnosti pfi migraci na Skrobové
elektroforéze (Moore et al., 1965)

Do soucasnosti bylo nalezeno ptes 300 proteint, které s proteinem 14-3-3
interaguji. Mezi nejvyznamnéjsi patii fada signalnich kinas (PKC, ASK1, RAS, RAF
a dalsi) (Yafte et al., 1997; Van Der Hoeven et al., 2000; Zhang et al., 1999), fosfatasy
(Cdc25a, Conklin et al., 1995), modulatory G proteinové signalizace (fosducin, RGS3)
(Benzing et al., 2000; Nakano et al., 2001), enzymy (tryptofanhydroxylasa,
tyrosinhydroxilasa, serotonin-N-acetyltransferasa) (Ichimura et al., 1988; Ganguly et al.,
2001), nekteré cytoskeletalni faktory, regulatory bunééného cyklu, regulatory apoptosy
(van Hemert et al., 2001). Diky tomu je pochopeni interakci proteinii 14-3-3 zasadni pro
uplné porozuméni regulacnich molekularnich mechanismti biologickych déju, zejména
regulace apoptosy, diferenciace a proliferace bunck, exprese gent, intracelularniho
transportu, povrchové adhezi a tvotfeni cytoskeletalni struktury (Gardino et al., 2006;
Porter et al., 2006; Tzivion et al., 2006).

Interakce s vazebnymi partnery 14-3-3 je casto, ale ne ve vsech ptipadech
(Aitken et al., 2002), zprostfedkovana fosforylaci 14-3-3 vazebn¢ho motivu, ktera je
zpravidla esencidlni pro vznik vazby. Statistickou analyzou bylo zjisténo, ze tato
sekvence vykazuje vysokou miru podobnosti pro mnoho vazebnych partneri. S vyuzitim
peptidovych knihoven byly potom nalezeny dva fosforylaéné zévislé vazebné motivy,
které vétSina isoforem 14-3-3 rozpoznava: RSX(p)SXP a RXY(p)SXP, kde X oznacuje
libovolnou aminokyselinu a (p)S fosforylovany postranni fetézec serinu (Rittinger et al.,
1999; Yafte et al., 1997).

Strukturni funkce proteinu 14-3-3 se nejcCastéji rozdéluji na tfi skupiny podle
mechanismu regulace interagujiciho proteinu:

A) Proteiny 14-3-3 mohou svoji vazbou ménit konformaci vazebného partnera.
Ackoliv je dimerni struktura 14-3-3 strukturné velice rigidni, je schopna vazat enormni
mnozstvi riznych protein. Bylo ukazéano, ze pokud je interakéni partner méné rigidni
molekula, mize vazba zménu jeho konformace indukovat s tim, ze struktura 14-3-3
zustane nezménéna (Yaffe et al., 2002). Jako priklad tohoto jevu lze uvést mechanismus
regulace serotonin-N-acetyltransferasy (AANAT). V nefosforylovaném stavu vykazuje
pouze nizkou katalytickou aktivitu diky malé afinit€¢ k substratu. Po fosforylaci
a utvofeni komplexu se 14-3-3 je vSak stabilizovana katalytickd cast proteinu

s vazebnym mistem pro substrat, coz se odrazi na zvySeni aktivity vice nez desetkrat
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a tedy aktivaci proteinu. (Ganguly et al., 2001; Obsil et al., 2001)

B) 14-3-3 miiZze svoji vazbou blokovat kriticky dilezit¢é mista vazebného
partnera a ovlivilovat tak jeho biologické funkce. Pro ptiklad této funkce, protein FOXO
(z angl. Forkhead-box transcription factor O) méni svoji vnitro bunécnou lokalizaci
cytoplasma/jadro v zévislosti na maskovani své jaderné signalni sekvence pro transport.
Blokaci sekvence zprostfedkovava pravé vazba proteinu 14-3-3 (Van Der Heide et al.,
2004).

C) Adaptorové funkce. Bylo ukdzano, ze 14-3-3 mize vykazovat vlastnosti
adaptorovych molekul typickych pro signalni kaskady. Kazda podjednotka dimeru
14-3-3 potom zpravidla interaguje s jinym proteinem a drzi je ve vzajemné proximité
dostate¢n¢ dlouhou dobu k aktivaci jejich biologické funkce. Tento mechanismus byl
prokazan u enzymil glykogensyntaskinasy s proteinem tau (Agarwal-Mawal et al.,
2003).

Prvni krystalové struktury lidské 14-3-3C (Liu et al., 1995) a 14-3-3t (Xiao et
al., 1995) odhalily, ze protein 14-3-3 tvoii dimerni komplex s vysokym obsahem
a-helikalni struktury. Kazdy monomer se skldda z deviti antiparalelnich a-helixi,
pricemz mezi helixy H3, HS5, H7 a H9 je utvofena amfipatickda kavita, do niz jsou
soustfedény postranni fetézce aminokyselin z a-helixd. Celd dimerni molekula mé
charakteristicky tvar pismene U s velikym centrdlnim znané nabitym kandlem
obsahujici dvé€ vazebna mista pro ligandy 14-3-3. Je tedy mozna simultanni interakce se
dvéma vazebnymi motivy najednou, jez mohou nalezet jednomu, ale i vice vazebnym
partnerim viz. obr 3, strana 23 (Obsil et al., 2001; Rittinger et al., 1999; Yaffe et al.,
1997). V soucasnosti jsou jiz znamy struktury vSech isoforem 14-3-3. Jsou si navzajem
strukturné velice podobné s 1 bez navazaného ligandu. Je mezi nimi ovSem vyznamny
rozdil ve schopnosti tvofit homo nebo heterodimery v zavislosti na struktufe dimerniho
rozhrani na helixech H3, H4 u jedné podjednotky a H1 a H2 u druhé (Yang et al., 2006).
Ackoliv je molekula zna¢né konzervovana a rigidni, jeji C-koncovy segment je pravym
opakem. Usek za H9 nevykazuje zadné strukturni uspoiadani, je tedy flexibilni a je
v ném piitomna i vysoka variabilita primarni struktury mezi riznymi isoformami. Pfi
studiu interakci bylo zjisténo, ze po odstranéni této Casti je vazebna afinita k substratim
zvySena (Raf-1, protein BAD) (Truong et al., 2002). Bylo tedy navrzeno, ze C-koncovy
segment ma na protein-proteinové interakce autoinhibi¢ni vlastnosti, pravdépodobné

brani vstupu nespecifick¢ho ligandu do vazebné kavity. Segment je pted interakci
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orientovan dovnitt vazebné kavity 14-3-3 a je odstranén ven teprve po interakci
s ligandem. Tento proces je zaroveil narusen fosforylaci threoninu na pozici 232 pro
isoformu , jenz brani navazani ligandu pravdépodobné snizenim flexibility toho tseku
14-3-3 (Obsilova et al., 2004; Silhan et al., 2004). Kvasinkové verze 14-3-3, Bmhl
a Bmh2, maji na rozdil od sav¢ich isoforem v C-koncovém segmentu piitomny
polyglutaminovy (17xQ) motiv, jehoz funkce je neznamé. Jeho odstranéni nemd na
vazbu ligandu vliv a bylo jisténo, ze neni orientovan k vazebnym mistim proteinu. Ma
tedy pravdépodobné jinou nez autoinhibi¢ni tlohu (van Heusden and Steensma et al.,
2006; Veisova et al., 2010).

Ackoliv je struktura 14-3-3 dobfe znamd i v komplexech s kratkymi peptidy,
struktury 14-3-3 v komplexu s vazebnym partnerem stale ziistavaji velikou vyzvou viz
obr. 4, strana 24. Dosud byly vyfeSeny pouze tfi, coz je v porovnani s vice nez 300
vazebnymi partnery zanedbatelny pocet (Obsil et al., 2001; Ottmann et al., 2007; Taoka
etal., 2011).

N-konec

PDB 1QJB

Obr. 3: Krystalova struktura dimeru 14-3-3 s peptidem navazanym uvniti vazebné kavity (Ritiger et al.,
1999)
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Obr. 4: Znamé krystalové struktury komplext proteinu 14-3-3 (Cervéné) s AA-NAT (A, zelen¢, PDB

1IB1, Obsil et al., 2001), s H+-ATPasou (B, zlut¢, PDB 2098, Ottmann et al., 2007) a s proteiny
Hd3a/OsFD1/GF14c¢ (C, modie, PDB 3AXY, Taoka et. al., 2011). V prvnich dvou piipadech je interakéni

partner proteinu 14-3-3 ukotven ve vazebné kavité, v poslednim interaguje pfes vnéjsi region.
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2.4 Regulace enzymoveé aktivity ASK1

2.41 ASK1

ASKI (z anglického Apoptosis signal-regulating kinase, MAP3K5) je dulezitym
¢lenem MAP3K proteinkinasové rodiny (Takeda et al., 2004). V odpovéd’ na rizné
stresové podnéty plsobici na buniku véetné oxidacniho stresu, expozice ultrafialovému
zafeni, stresu endoplasmatického retikula, skokového zvySeni koncentrace vapenatych
iontll nebo vné&jsim podnétim imunitniho systému, se spolupodili na iniciaci signdlni
kaskady vedouci k aktivaci MAP kinas JNK a p38. Jejimi pfimymi substraty jsou
MAP2K4/7 a MAP2K3/6. MAP kinasy déle spousti procesy vedouci k apoptose pies
caspasu 3 a 9, ale v zavislosti na typu buiiky ¢i kontextu v bunééné signalizaci mohou
podpotit 1 proliferaci nebo diferenciaci bunky. (Saitoh et al., 1998; Nishitoh et al., 2002;
Takeda et al., 2004). ASK1 ma velky vyznam v rozvoji zdvaznych neurodegenerativnich
a kardiovaskularnich chorob stejné tak jako v rozvoji rakoviny. Je proto povazovéana za
slibny cil terapeutického zasahu (Karawazaki et al., 2014).

Lidskd ASKI1 se sklada =z 1374 aminokyselin s charakteristickou
serin/threoninovou kinasovou doménou uprostied molekuly. Na N i C-konci jsou dale
pritomny dvé domény obsahujici "coil-coiled" (CC) strukturni motiv, jenz je odpoveédny
za homo-oligomerizaci proteinu (Tobiume et al., 2002, Bunkoczi et al., 2007, viz obr. 5,
strana 26). Za fyziologickych podminek ASK1 tvofi homooligomer piimou interakci
mezi C-koncovymi CC doménami. Interaguje rovnéz s n¢kolika dal§imi proteiny véetné
thioredoxinu 1 (TRX1) a proteinem 14-3-3 za tvorby nekompletné charakterizovaného
vysokomolekularniho komplexu — ASK1 signalosomu (Saitoh et al., 1998; Noguchi et
al., 2005; Zhang et al., 1999). Jak TRX1 tak protein 14-3-3 jsou pfirozenymi inhibitory
ASK1 enzymové aktivity. V podminkach oxida¢niho stresu vSak z ASKI1 disociuji
nejasnym mechanismem, coZ ma za nasledek homo-oligomerizaci ASK1 1 pfes N-
koncovou CC a navazani TRAF2/6 (faktor asociovany s receptorem pro tumor-
nekrotizujici faktor o) opét na N-termindlni region ASKI1. Tyto reakce akceleruji
rychlost autofosforylace kinasové domény na threoninu 838, jenz lezi na
charakteristické aktivaéni smycce proteinu, a nakonec Usti v plnou aktivaci ASKI

(Fujino et al., 2007; Liu et al., 2000, viz obr. 5, strana 26)
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ASKI1 nebyla strukturn€ plné charakterizovana, je znam pouze piiblizny vyskyt
domén. Vyjimku tvofi kinasovd doména, ktera byla vykrystalizovana separatné
s Sirokospektralnim inhibitorem kinas staurosporinem jako dimer (viz obr. 6, strana 27).
Jeji prostorova struktura je velice podobna struktufe kinasovych domén ostatnich MAP
kinas, ackoliv mé& pouze malou homologii primérni struktury (29% sekvencni identita
s PAK1 kinasou, kterd je povazovana za jeji nejbliz§i znamy piibuzny protein, Bunkoczi
et al., 2007). Jeji N-koncova a C-koncova ¢ast kromé¢ CC domén postrada jakoukoliv

homologii ke zndmému strukturné charakterizovanému proteinu.

A) Doménova struktura ASK1
TRAF2/6 vazebna oblast

N-terminaini ,CC* JP P C-terminalni ,CC*
1 1374
NHz kinazova doména - COOH
Vazebna oblast pro Thioredoxin Vazebn4 oblast pro 14-3-3 protein dimerizace

B) Aktivaéni mechanismus ASK1

Oxidacnij stres

deubikvitinace

3

[ |

Obr. 5: A) Znazornéni doménové struktury ASK1. ASK1 obsahuje thioredoxin-vazebny region mezi 46.
az 322. aminokyselinou (fialové), potom nasleduje N-terminalni CC doména (Cerven¢), dale oblast, na
kterou se vaze faktor TRAF (zelen€). 670. aminokyselinou za¢ina kinasova doména (modie), koné¢i na
pozici 940, pficemz region pied ni vykazuje dle predikce znamky sekundarni struktury. Tésné na ni
navazuje vazazné misto pro 14-3-3 se serinem 967, ktery podléhé fosforylaci. Usek az po C-koncovou CC
doménu (1236 - 1293) se dle predikci sekundarni struktury PSIPRED jevi jako nestrukturovany. B)

Navrzeny aktiva¢ni mechanismus ASK1 v podminkach oxidac¢niho stresu. (podle Ichijo et al., 1997)
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vazné misto pro 14-3-3

-
C-konec

PDB 2CLQ
Obr. 6: Krystalova struktura dimerni kinasové domény ASK1 v komplexu se stauroporinem (PDB 2CLQ).

U usekt hlavniho fetézce, které ve struktufe nebyly jasné definovany (aktivaéni smycka kinasy), je
znazornén jejich hypoteticky prubéh carkované. Stejné tak C-koncovy segment se 14-3-3 vazebnym
mistem, jez ve strutuie neni zahrnuto, je znazornéno stejnym zptisobem. Strukturni prvky jsou popsany

pouze na jednom z monomerd. (Bunkoczi et al., 2007)

2.4.2 Interakce ASK1 s TRX1

Thioredoxiny (TRX) jsou malé dithioloxidoreduktasové enzymy, jez se
vSudyptitomné vyskytuji napfi¢ zivymi organismy od bakterii po savce. Maji diilezité
biologické funkce jako redukce disulfidovych vazeb v redukujicim prostiedi celularnich
kompartmentti, ptisun redukénich ekvivalenti redukujicim enzymim a regulace
n¢kolika transkripénich faktord a proteinti bud’ prostiednictvim piimé redukce cysteind
nebo jinymi mechanismy (shrnuto v Powis et al., 2001). Jsou znamy 2 isoformy TRX 1
a 2. Zatimco TRX1 se vyskytuje dominantné v cytoplasmé a dalSich kompartmentech
vyzadujicich redukéni prostiedi, TRX2 je lokalizovan predevsim v mitochondriich, kde
se ucastni krom¢ udrzovani oxidoredukéni rovnovéhy i na regulaci membranového
potencialu. Molekula TRX se skldda z péti B-skladanych listi tvoficich kompaktni
hydrofobni jadro proteinu obklopené ctyfmi a-helixy. Vysoce konzervovany katalyticky
motiv *'WCGPC® spojuje druhy B-skladany list s druhym a-helixem. Pravé dva cysteiny
32 a 35, jenz katalyticky motiv obsahuje v lidské formé¢ TRX1, jsou zodpovédné za
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katalytickou aktivitu, jejiz mechanismus je uveden na obr. 7B, strana 29 (Holgren et al.,
1975). Krystalové struktury TRX1 v oxidovaném i redukovaném stavu jsou dostupné
a ukazuji, ze disulfidovy mistek mezi cysteiny 32 a 35 ma pouze minimalni vliv na
strukruru celého proteinu zahrnujici vyraznéji akorat zménu konformace tryptofanu 31
(Weichsel et al., 1996; viz obr. 7A, strana 29)

TRX1 interaguje s ASK1 na oblasti mezi 46. a 277. aminokyselinou. Je pfi tom
predpokladéano, ze timto zplisobem je blokovana homo-oligomerizace N-termindlniho
CC motivu (Takeda et al., 2009; Fujino et al.,, 2007). Cystein na 250. pozici
v aminokyselinové sekvenci ASK1 ma rovnéz zasadni dulezitost pro zahajeni
signalizace timto proteinem jakoZto odpovédi na oxidacni stres v buice a
pravdépodobné se ptimo podili na interakci s TRX1 (Zhang et al., 2004, Nadeau et al.,
2009). Ptfesny strukturni mechanismus interakce TRX1 a ASKI1 je stejn¢ tak jako
mechanismus jejich disociace neznamy diky absenci strukturnich dat TRX-vazebné
domény ASK1. Bylo navrhnuto, Ze za podminek oxida¢niho stresu v buiice je TRX1
oxidovan na cysteinech 32 a 35 katalytického motivu a Ze se mezi nimi vytvaii
disulfidova vazba. Ta ma komplex destabilizovat a umoznit tim aktivaci ASK1 (Liu et
al., 2002). Neni vSak jasné, zdali je vazba TRX1 na ASK1 zprostifedkovana pouze
slabymi nekovalentnimi interakcemi nebo jestli se za fyziologického stavu vytvaii
mezimolekuldrni disulfidova vazba. Druhd moznost byla zminéna v praci od Nadeau et
al. (Nadeau et al., 2007, Nadeau et al., 2009). Tam byl navrhnut odliSny mechanismus
aktivace ASK1. Autofi uvazuji, ze oxidacni stres zapfi¢ini tvorbu mezimolekularnich
disulfidovych vazeb mezi samotnymi N-koncovymi ¢astmi v dimeru ASK1, coz je pry
kriticky prvek pro aktivaci samotné kinasy. Interakce TRX1 a ASK1 je z jejich pohledu
téz zptisobena mezimolekularni vazbou mezi obéma proteiny. Inhibi¢ni efekt TRX je
potom diisledek jeho dithiolreduktasové aktivity, protoZze pouze oxidovany oligomerni

stav N-koncové ¢asti ASK1 by mél udrZovat kinasu plné aktivni.
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TRX substrat
i H ok
.\L| /
C35-SH S-C C35-8S S-C C35-§ HS-C
b
C32-8, f"C C32-8—S8-C C32-8 HS-C
H+

Obr. 7: A) Krystalové struktury TRX oxidované (modie, PDB 1ERV) a redukované (zelen¢, PDB 1ERU)
formy. Z porovnani obou modeld lze vycist, ze konformace po oxidaci se téméf nezméni, jedina
aminokyselina vykazujicich mirnou zménu je tryptofan 31 (podle Weischel et. al., 1996). B) Katalyticky
mechanismus TRX. Diky efektu lokalniho pH se cystein 32 vyskytuje dominantné¢ v hydrolyzované
podob¢, ktera mize provést nukleofilni substituci na cystein v disulfidové vazbé nalezici substratu.
Nasledné preusporadani vyusti v tvorbu redukovanych cysteini na substratu a disulfidové vazby mezi
cysteiny 32 a 35 na TRX1. TRX1 je dale regenerovany enzymem thioredoxin reduktasou (podle Holgren
et al., 1995).

2.4.3 Interakce ASK1 a proteinu 14-3-3

Vedle inhibi¢niho efektu TRX1 byl popsan i dal§i inhibi¢ni mechanismus ASK1

zavisly na reverzibilni fosforylaci na serinech 83, 967, 1034, pticemz u serinu 967 byla
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ukédzana piima spojitost s vazbou proteinu 14-3-3 za podminek oxidac¢niho stres (Fujii et
al., 2004; Goldman et al., 2004; Zhang et al., 1999; Kim et al., 2001). Typické vazebné
misto pro 14-3-3 RSI*’SLP se nachazi v sekvenci ASKI tésné za katalytickou
kinasovou doménou a bylo ukazano, ze v bunkéch nevystavenych oxidacnimu stresu, je
na neaktivnim enzymu pln¢ fosforylované a proteinem 14-3-3 obsazené. Vazba
preferencéné nezavisi na isoformé 14-3-3, jsou vSak ptitomné jisté rozdily ve vazebné
afinit¢ (Subramanian et al., 2004). Fosforylace vazebného motivu je provedena
specifickou (avSak do soucasnosti neznamou) kinasou, za defosforylaci motivu je vSak
zodpoveédna fosfatasa kalcineurin, jez je pravdépodobné diilezity spojovaci a integracni
clanek mezi touto MAP kinasovou kaskadou a ostatnimi proapoptotickymi pochody (Liu
et al., 2006). Defosforylace vazebného mista pro 14-3-3 totiz logicky vede k disociaci
tohoto proteinu z komplexu a aktivaci ASK1. Tomuto procesu procesu maji napomahat
1 dalsi faktory interagujici s ASK1 AIP1 a RIP1 (Zhang et al., 2003; Zhang et al., 2007)
Ackoliv je interakce mezi ASK1 a 14-3-3 dlouho prokdzanym dilezitym
elementem regulace apoptosy, molekularni mechanismus jakym se tak déje je paradoxné
naprosto neznamy. Vzhledem k pocetnym vzorciim pusobeni proteinu 14-3-3 a poloze
vazebného mista na ASK1 bylo navrhnuto, ze 14-3-3 ovliviiuje piimo katalytickou
doménu ASK1, ale téZ byla pozorovana zména vnitro bunécné distribuce (Hwang et al.,

2002; Subramanian et al., 2004)

2.5 Fosducin

Spravna regulace G proteinové signalizace je kritickd pro spravné fizeni vSech
bunéénych déja. Protein fosducin je jednim z ucastnikl této regulace interagujici s GBy
podjednotku vzniklou rozpadem G proteinu. Po vazbé vytvaii stabilni komplex a brani
tak opétovné reasociaci GBy s podjednotkou Ga. Tim tedy brani i naslednym krokiim v
signalni kaskadé¢, které jsou na GPy zavislé Jedna se o priklad negativni regulace —
utlumovani signalni odpovédi na vnéjsi stimul. (Bauer et al., 1992; Lee et al., 1987).

Fosducin byl identifikovan poprvé v tkanich ocni sitnice jakoZto protein
s vyraznou fosforylacni post-translacni modifikaci. Presnéji bylo zjiSt€no, ze se ve
vysokych koncentracich nachézi v sav¢ich fotoreceptorech, které jsou husté rozeseté na

v

povrchu sitnic, a rovnéz 1 v evoluéné ptibuzné mozkove SiSince, kde je jeho funkce
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nezndma. V jinych tkdnich se nachazi pouze v nizkych koncentracich (Danner et al.,
1996; Lee et al., 1990b; Lee et al., 1987).

Fosducin byl vykrystalizovan v komplexu s GPy podjednotkou G proteinu
transducinu (Gfy) a jeho struktura vyfeSena rentgenostrukturni analyzou. Sklada se ze
dvou domén obklopujici Gy ze dvou stran, pficemz domény se navzajem neovliviiuji
(viz obr. 8, Gaudet et al., 1996; Loew et al., 1998). C-koncova doména fosducinu ma
strukturni homologii k thioredoxinu. Jedna se o globularni ¢ast proteinu interagujici
s tou casti povrchu Gy, jez vykazuje vazbu na wvnitini stranu cytoplasmatické
membrany (Gfy v krystalové struktufe byl rozpustny nemembranovy mutant, viz obr.
8, strana 33). N-koncovd doména se vdze na Gy v oblasti, kterd je zodpovédna za
vazbu G0, a pravdépodobné tak stéricky brani zpétné asociaci Gfy s Gia po hydrolyze
GTP.  Ackoliv ve struktufe krystalu ma tato cast definovanou strukturu, je
pravdépodobné strukturovand pouze z Casti s elementy a-helikdlnich struktur. Méfeni
CD spektroskopii a NMR samotného fosducinu v roztoku totiz ukazuji, Ze je v
nevazaném stavu vysoce flexibilni a nestrukturovand. Fosducin Ize tedy povazovat za
¢astecné nestrukturovany protein, ktery se stane pln¢ strukturovanym teprve po vazbé na
jiny protein (Gaudet et al., 1999).

Uloha fosducinu byla nejlépe charakterizovana v souvislosti s biochemii zraku,
transformaci svétla na intracelularni signal, jeho pfenosem pfes membranu a stimulaci
odpovédi nervove sité. Jednd se o jednu z nejlépe charakterizovanych G proteinovych
signalnich drah. Svételny signal, foton zachyceny povrchovym transmembranovym
receptorem rhodopsinem (GPCR), indukuje izomerizaci jeho kofaktoru 11-cis-retinalu
na 11-trans-retinal. Tato zména rhodopsin aktivuje, pravdépodobné dochédzi ke zméné
konformace, coz vede k disociaci komplexu G proteinu transducinu (Gofy) a vymeéné
GDP na G za GTP. Gw-GTP poté aktivuje cGMP fosfodiesterasu $tépici cyklickou
formu GMP, jez v bunice slouzi jako "druhy posel". SniZeni koncentrace cGMP pod
kritickou uroven vede k uzavieni cGMP dependentnich transmebranovych kationtovych
kanalt. To dale zpisobi snizeni koncentrace vapenatych kationti v cytoplasmé,
hyperpolarizaci cytoplasmatické membrany fotoreceptoru a nasledné aktivaci nervového
vzruchu.

Ve fotoreceptoru prizpiisobeném na tmu je potieba pouze jednoho fotonu
k degradaci piiblizné sta tisice molekul cGMP, cozZ je vice nez dostate¢n¢ silny stimul

k aktivaci nervové drahy. Pti plném osvétleni je vSak tato odpovéd’ piilis silnd, protoze
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fotonil je veliké mnozstvi, a touto mirou amplifikace by vedla k totdlnimu zahlceni
a vycCerpani signalnich kapacit. V buiice jsou tedy pfitomné mechanismy, které
amplifikaci svételného signalu dokazi regulovat na pfijatelnou uroven (svételna
adaptace). MtiZe se jednat bud’ o okamzitou adaptaci zaloZenou na inaktivaci rhodopsinu
ptes rhodopsinkinasu a protein arrestin nebo adaptaci dlouhodobou jejiz soucasti je
1 fosducin (Hargrave et al., 1992; Lolley et al., 1990; Wilkins et al., 1996). V piipade
savCich fotoreceptort bylo ukézano, ze vysoka koncentrace fosducinu je ptiblizné stejné
velika jako koncentrace transducinu (Lee et al., 1990c¢). Pokud jsou pfizptisobené svétlu,
fosducin vaze s vysokou afinitou komplex Gfy, ¢imz omezuje kaskddovitou signalizaci,
nebot’ nedochdzi k reasociaci s Go. Byla t€Z popséna korelace fosforylace fosducinu
a mirou svételné¢ adaptace. Pfi adaptaci na tmu se fosducin nachazi ve fosforylované
formé¢ a na Gy se nevadze, odstépeni fosfath a vazba podjednotky transducinu je
provedeno jako odpovéd na zménu osvétleni (viz. obr. 9, strana 34, Lee et al., 1984).

Jak bylo popséno vyse, pfi prenosu svételného signalu za svétla je uzavieni
cGMP-dependentnich kationtovych kanald spojeno s ndslednym sniZzenim koncentrace
vapenatych iontll v cytoplasmé. To vSak zaroven s hyperpolarizaci zptisobuje sniZeni
aktivity adenylylcyklasy, ktera produkuje cAMP (dalsi z kategorie "druhych posla").
Koncentrace cAMP v cytoplasmé je tedy snizena, coz piimo vede k deaktivaci
proteinkinasy A (cAMP-dependentni proteinkinasa, PKA) a jako dusledek se tedy
hromadi jeji substraty v nefosforylovaném stavu, z nichZ jeden je i1 fosducin silné
vazajici Gfy. Za nedostatku svétla naopak koncentrace koncentrace cGMP a cAMP
vzrista a tedy roste 1 mira fosforylace fosducinu, ktery se ve fosforylované podobé na
GPy nevaze a umozni tak tedy maximalni amplifikaci signalu (Willardson et al., 1996).

PKA muze fosducin fosforylovat na serinu 73 (podle aminokyselinové sekvence
lidského fosducinu). Bylo zjisténo, ze dalsi kinasa Ca®"/kalmodulin-dependentni kinasa
IT (CaMKII) je schopna fosducin fosforylovat na dalSich serinech 6, 36, 54 a 73 (Lee et
al., 1990a; Thulin et al., 2001). Bylo ovS§em ukazéano, Ze pro regulacni funkci signalizace
(blokace vazby Gy a fosducinu) jsou kritické pouze fosforylace na zbytcich 54 a 73.
Pti in vitro experimentech vSak s Gy interagovaly jak fosforylované tak
nefosforylované formy fosducinu, coz pfineslo rozpor s in vivo pozorovanim
biologickych funkci. Nasledné bylo zjisténo, ze fosducin s fosforylacemi na serinech 54
a 73 interaguje s proteiny 14-3-3, coz rozpor v pozorovanich vysvétlilo. Protein 14-3-3

navazany na dvojnasobné fosforylovany fosducin totiz ucinné¢ blokuje asociaci
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fosducinu s Gy (Nakano et al., 2001; Thulin et al., 2001). Mechanismus jakym se tak
déje byl na zdklad¢ fluorescencnich experimentl vysvétlen tak, Ze vazba 14-3-3
indukuje jak v N-terminalni ¢asti fosducinu, kde se seriny 54 a 73 nachazi,
tak 1 v C-terminalni Casti konformacni zmény v mistech dualezitych pro vazbu s Gy.
Protein  14-3-3 rovnéZ vazbu stéricky blokuje (Rezabkova et al., 2012).

Kromé ovlivnéni reasociace Gy s G hraje fosducin dulezitou ulohu i ve
vnitrobunééné loalizaci Gfy. Nedisociovany komplex transducinu Gy, je lokalizovan
zejména na vngjSim segmentu fotoreceptori. Pokud je zachytavan svételny signal,
disociovana Gy interaguje s nefosforylovanych fosducinem, coz kromé blokovani
zpétné asociace s G zahdji také translokaci tohoto komplexu do vnitiniho segmentu
fosforeceptorové buiky. Pokud nastane tma, je ve vnitinim segmentu fosducin
fosforylovan a kontinudlné¢ vazan proteinem 14-3-3. Volna Gy se opét presova do
vnéjSiho segmentu, kde se napoji na zbyvajici podjednotky transducinu (viz. obr. 9,

strana 34, Lee et al., 2004).

N- koncova ¢ast fosducinu

(& C-koncova ¢ast fosducinu

Obr. 8: Krystalova struktura trimerniho komplexu fosducinu (Cervené) s Gfi(modie) a Gyy(zlute). (PDB
1AOR, podle Gaudet et al., 1996).
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Obr. 9: Model regulace transducinu ve fotoreceptorové buiice. Pii osvétleni (vlevo) se na Gy odpojené

od G a diskové membrany vaze nefosforylovany fosducin, ktery zahdji translokaci Gy do vnitiniho
segmentu fotoreceptoru, ¢imz brani v opétovné reasociaci s Gwo. Za tmy (vpravo) je fosducin
fosforylovan, dochazi k vazbé na 14-3-3 a blokovani interakce s Gfy. Ta je transportovana zpét do

vnéjsiho segmentu, navaze G.a a reasociuje s rhodopsinem v diskové membrané. (podle Lee et al., 2004)

2.6 Neutralni trehalasa

Neutralni trehalasa (Nth) patfi do enzymové skupiny glykosylhydrolas
(EC 3.2.1.28), jez je podskupinou obecnych O-glykosylhydrolas (EC 3.2.1) zahrnujici
vSechny enzymy s trehalasovou aktivitou. Trehalasa hydrolyzuje disacharid trehalosu
(a-D-glukopyranosyl-(1-1)-a-D-glukopyranosid) na dvé molekuly glukosy a kontroluje
tak jeji koncentraci (App et al., 1989; Kopp et al., 1993). Poprvé byla objevena
a popsana v bunkéach kvasinek Aspergilus niger a Saccharomyces cerevisiae, pozdéji
vSak byla identifikovana v Sirokém spektru zivych organismt od bakterii, kvasinek a
hub ke hmyzu a rostlinam. V sav¢ich bunkach je vsak jeji vyskyt minimalni, u ¢lovéka
je jeji vyskyt omezen na membrany ledvin a stfev avSak s nejasnou funkei. (Yonemaya

etal., 1987; Rufet al., 1990).
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Trehalosa je pfirozené se vyskytujici hojny neredukujici disacharid, ktery ma
funkci jako zdsobni cukr, coz je vyznamné zejména u hmyzu, kde trehalosa slouzi jako
hlavni zdroj energie pro let (Becker et al., 1996). Téz je to metabolit odbouravany za
stresovych podminek. Jeho koncentrace vzriista v zavislosti na vnéjSich podminkach
napiiklad ptfi dehydrataci, ptehtati, chladu, oxidacnim stresu nebo vysuSeni. To
naznacuje, ze tato molekula pravdépodobné slouzi i jako ochranny prvek pro proteiny
a membrany pred poskozenim v dusledku stresovych podminek. U kvasinek a rostlin
muze téz slouzit jako signalni molekula regulujici trehalosovy metabolismus, transport
glukosy nebo miru ristu (Elbein et al., 2003).

Nejrozsifengj$i a nejlépe popsana biosyntetickd cesta pro trehalosu zahrnuje
enzym trehalosfosfatsyntasa (TPS), ktery produkuje trehalosu-6-fosfat (trehalosu-6-P)
tim, ze katalyzuje ptfenos glukosy z UDP-glukosy na glukosu-6-fosfat za vzniku
trehalosy-6-P a UDP (Cabib et al., 1958). Na rozdil od ostatnich organismi, kde TPS
pracuje jako monomer, u Saccharomyces cerevisiae se vyskytuje jako komplex 4
podjednotek, z nichz dvé jsou pravdépodobné katalytické a dvé neaktivni regulacni.
Podle tohoto zjisténi bylo navrZeno, Ze by se mohlo jednat o zdsadni regulacni prvek
trehalosového a glukosového metabolismu u kvasinek (Noubhani et al., 2000).
Trehalosa-6-P je dale pfeménovana na trehalosu pomoci trehalosa-6-P fosfatasy.

Bylo ukazano, ze v kvasinkach Saccharomyces cerevisiae se vyskytuje né¢kolik
trehalas: vakuolarni kyseld trehalasa Athl s pH optimem okolo 4,5 a dale
cytoplasmatické neutralni trehalasy Nthl a Nth2 s pH optimem 7. Z analyzy
a mezidruhového porovnani aminokyselinové sekvence u jedné z nich, Nth1, vyplynulo,
ze v Saccharomyces cerevisiae a v Kluyveromyces lactis (Nwaka et al., 1995; Amaral et
al., 1997) maji na N-terminalnim konci fetézce oproti jinym organismiim navic jisté
prodlouzeni, které nese nckolik fosforyla¢nich mist pro PKA a taky charakteristicky
motiv vazajici vapenaté ionty oznacovany jako "EF-hand like". Tyto strukturni prvky
napovidaji, Ze se jednd o mozné regulacni useky ovliviiujici enzymovou aktivitu (Uno
et al., 1983; Ortiz et al., 1983; Franco et al., 2003). Nasledné bylo skute¢né prokazano,
ze minimaln¢ v piipadé Saccharomyces cerevisiae je aktivita Nthl regulovana
fosforylaci PKA, koncentraci vépenatych iond a vazbou proteinu 14-3-3, tedy jejich
kvasni¢nymi analogy Bmhl a Bmh2 (Panni et al., 2008; Veisova et al., 2012, Schepers
et al., 2012)
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V N-termindlnim segmentu kvasniéné Nthl byly identifikovany dvé klicova
fosforylaéni mista, kterd jsou zodpovédna za aktivaci enzymu za piispéni proteinli
14-3-3 (viz obr. 10). Tento mechanismus aktivace je daleko vykonngj$i v porovnan
s mechanismem zalozeném pouze na zvysSeni vapenatych kationtl pfitomnym u jinych
organismil (Veisova et al., 2012). Bylo rovnéZ ukazéano, Ze na strukturni irovni vazba
proteinu 14-3-3 ovliviiuje konformaci jak "EF-Hand" motivu tak i katalytick¢é domény
Nthl, coz naznacuje, Ze tyto regiony maji diilezitou, av§ak v soucasnosti nejasnou ulohu

v aktivaci Nthl Saccharomyces cerevisiae (Macakova et al., 2013)

katalyticka doména 295-721 - cooH

Obr. 10: A) Doménova struktura Nth1 ze Saccharomyces Cerevisiae. Flexibilni N-terminalni konec nese
dvé vazebna mista pro protein 14-3-3 (fialové), nasleduje vapnik vazajici charakteristicky motiv "EF-
hand" (Cerven¢) a potom samotna katalitickd doména (295-721, modie). B) Homologni model "EF-hand"
motivu Nthl na zakladé struktury stejného motivu v kalmodulinu. Postranni fetézce dilezité pro vazbu
vapnikového iontu jsou zobrazeny Cervené. C) Homologni model katalytické domény Nthl na zakladé
struktury trehalasy Tre37A z Escherichia Coli. Aktivni misto obsahuje inhibitor validoxylamine (pfejato

Macakova et al., 2013, Kopecka et. al., 2014)
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3. Cile prace

1. Biofyzikéalni a strukturni analyza komplexi signalni proteinkinasy ASKI 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
- VyteSeni 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

- VyteSeni 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 vépenatych kationli na interakci mezi neutralni trehalasou 1 a Bmhl

- Posouzeni stability komplexu Bmhl s neutrdlni trehalasou 1

v pfitomnosti a nepfitomnosti vapenatych kationti
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4. Material a metody

4.1 Prehled pouzitého materialu a pristroju

4.1.1 Chemikalie

Agar - Carl Roth GmbH, Némecko

Agarosa - Carl Roth GmbH, Némecko

Akrylamid - Carl Roth GmbH, Némecko

Ampicilin - Sigma, USA

ATP (adenosin trifosfat) - Sigma, USA

Bis-akrylamid - Carl Roth GmbH, Némecko
Bromfenolova modr - Sigma, USA

Coomassie Brilliant Blue R-250 - Lachema a.s, CR

DTT (dithiotreitol) - Carl Roth GmbH, Némecko

EDTA (kyselina ethylendiamintetraoctova) - Sigma, USA
Glycin - Carl Roth GmbH, Némecko

Imidazol - Carl Roth GmbH, Némecko

IPTG (isopropy-B-D-thiogalaktopyranosid) - Sigma, USA
LB médium - Carl Roth GmbH, Némecko

LB agar - Carl Roth GmbH, Némecko

Persulfat amonny - Sigma, USA

Dodecylsulfat sodny (SDS) - Sigma, USA

Siran nikelnaty - Penta, CR

TEMED (N,N,N’,N’-tetramethylethylendiamin) - Carl Roth GmbH, Némecko
TRIS (tris-(hydroxymethyl)-aminomethan) - Carl Roth GmbH, Némecko
Trypton - Carl Roth GmbH, Némecko

S-merkaptoethanol - Carl Roth GmbH, Némecko

dalsi bézné chemikalie - Lachema a.s., Neratovice

Vsechny chemikalie byly nejméné Cistoty p.a.
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4.1.2 Pristroje

Centrifuga - pro koncentrovani proteini — Eppendorf 5804r, Némecko
Centrifuga - pro mikrozkumavky — Mpw 52, rotor no. 11 3271, Australie
Centrifuga - rotor gsa a ss34 — Sorval rc-5b, dupont instruments, USA
Fotonasobi¢ - hamamatsu, r3809u-50, Japonsko

Chromatografie - HPLC-Akta, Amersham Biosciences, Svédsko
Sonikator - ultrasonic processor, Cole Farmer, USA

Spektrofluorimetr - Photon Counting PC1 ISS, USA

Spektropolarimetr - J-810 - Jasco, Japonsko

Ttepacka — Shaking incubator handylab®system, N-biotek, Jizni Korea
Trepacka — Inforsht multitron, Inforsag, Némecko

Ultracentrifuga Proteomelab XL-I, Beckman Coulter, USA

UV-LED excitace - PicoQuant, PLS 295-10, Némecko

UV-VIS absorp¢ni spektrofotometr - Agilent 8453, USA

UV-VIS absorp¢ni nano-spektrofotometr - Implen, Némecko

4.1.3 Ostatni material

Dialyza¢ni membrana - MCO (Molecular weight cut off) 3000, 14000 - Roth, Némecko
Koncentratory Centricon (riizné typy) - GE Healthcare, USA

Escherichia coli BL21(DE3) 1 Escherichia coli BL21(DE3) "Rosseta"- Stratagene, USA
Inhibitor proteasa - SigmaFAS™ Protease Inhibitor, Sigma-Aldrich, USA

Kity pro izolaci DNA - Thermofisher Scientific, USA

T4 Ligasa - Thermofisher Scientific, USA

Lysozym - New England BioLabs, Velka Britanie

Polymerasa Phusion High-fidelity, New England Biolabs, Velkd Britanie

Restrik¢éni endonukleasy - Thermofisher Scientific, USA

Népln¢ do kolon (Superdex, chelatujici sefarosa, SP/Q sefarosa) - GE Healthcare, USA
cAMP dependentni kinasa, PKA - Promega, USA

standard molekulovych vah - Precision Plus Protein Dual Color Standard, BioRad, USA
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4.2 Exprese a purifikace proteint

4.2.1 Exprese

Jako prvni krok k expresi proteinu bylo tfeba pfipravit expresni vektor. Jedna se
o cirkularni DNA typicky od 3000 do 10000 part bazi obsahujici pocatek replikace, gen
pro antibiotickou rezistenci a klonovaci misto, jez obsahuje velké mnozstvi unikatnich
sekvenci specifickych pro jednotlivé restrikéni endonukleasy. Tyto enzymy dokazi Stépit
DNA na pfesn¢ daném misté, zpravidla jde o palindromatickou sekvenci Sesti nebo osmi
part bazi, za vzniku komplementarnich ptesahi, coz lze vyuzit k vlozeni DNA cilového
genu do vektoru. Takovyto vkladany tsek vSak potfebuje mit ty sama restrikéni mista,
pies ktera je do vektoru vkladan, na svém 5- 1 3-konci. Ty byly pfipraveny pomoci
polymerasové fetézové reakce (PCR) se specialné navrzenymi koncovymi
oligonukleotidy, které v sobé restrikéni misto obsahuji a s jejich pomoci gen
amplifikovat. DNA vkladaného tseku i1 vektor byly spojeny pies komplementarni useky
zanechané endokuleasami (Thermofisher Scientific, USA), kovalentni vazba byla
zavedena pomoci enzymu ligasy (Thermofisher Scientific, USA). Vysledny produkt byl
transformovan teplotnim Sokem do kmene Escherichia coli "Topl0" (Invitrogen,
USA), které byly v prfitomnosti antibiotika kultivovany na misce s LB agarem
(ptipraveného podle piedpisu od vyrobce) pies noc pii 37 °C. Narostlé kolonie
(poptipadé¢ nédhodn¢ vybrané kolonie, pokud jich narostlo veliké mnozstvi) byly
pteneseny do kapalného LB media (ptfipraveného podle ptredpisu od vyrobce), a opét
kultivovany pies noc pii 37 °C. Nasledujici den z nich byla izolovdna DNA, nastépena
stejnymi endonukleasami, které¢ byly pouzity pro vlozeni genu, a analyzovany pomoci
horizontalni agarosové elektroforesy. Ta rozd€li vzniklé linedrni fragmenty
z cirkuldrniho vektoru podle velikosti, kterou lze za pomoci standardu vizualng piiblizné
odecist. Izolované vektory, které obsahovaly vkladany usek byly dale ovéfeny
sekvenovanim podle Sangera v Laboratofi sekvenace DNA pfi Pfirodovédecké fakulté
Univerzity Karlovy.

Pokud bylo tfeba do expresniho vektoru zavést specifickou mutaci, kterd v
exprimovaném proteinu usti v zaménu aminokyseliny, bylo postupovino podle

protokolu pro bodovou mutagenezi od spoleénosti Stratagen (,,Quick Change™ Site-
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Directed Mutagenesis kit*, Stratagene, USA), kdy pomoci dvou komplementarnich
oligonukleotidii s inkorporovanou bodovou mutaci byl amplifikovan pomoci PCR cely
vektor. Vysledna smés byla inkubovana 30 minut s endonukleasou Dpnl (Thermofisher
Scientific, USA), ktera specificky S$tépi methylované sekvence G(m)ATG, ¢imz je
odstranéna ptivodni DNA bez mutace. Nasledovala transformace teplotnim Sokem jako
v predchozim piipadé se selekci vhodnych klont. Vysledny vektor byl ovéfen
sekvenovanim podle Sangera v Laboratoii sekvenace DNA pfi Ptirodovédecké fakulté
Univerzity Karlovy.

V ptipad¢ vSech vektorti pouzitych v této praci byl cilovy gen vnesen pod
kontrolu T7 promotoru. Jednd se o zndmy regula¢ni systém pro indukovatelnou
rekombinantni expresi proteinil v bakteridlni bunce, kterd ma v genomu umistén gen pro
RNA polymerasu z T7 bakteriofaga, ktera specificky naseda na T7 promotor a zajist'uje
mohutnou expresi genu. Gen pro T7 polymerasu je v genomu umistén pod takzvany
lac-promotor — reguldtorovu sekvenci DNA, na niZ se vaze lac-represor, protein
ucastnici se regulace energetického metabolismu bakterii. Lac-represor se
v nepfitomnosti laktosy siln¢ véaze na lac-promotror a brani tak transkripci genu.
V ptitomnosti laktosy, nebo jejiho stabilnéjSiho a silnéji se vazajiciho analogu IPTG,
vsak disociuje a translace mize probihat pies bakterialni RNA polymerasu. Pfidavek
IPTG do média tedy spousti expresi T7 RNA polymerasy, kterd dale specificky provadi
transkripci cilového genu ve vektoru pod T7 promotorem. Analogicky funguje 1 expresni
pod T7.

Samotnd exprese byla provadéna v expresnim kmenu Escherichia coli
BL21(DE3) (Stratagen, USA). Bakterialni kultura transformovana pfisluSnym
plasmidem pomoci teplotniho Soku byla nejprve inkubovana ptes noc piti 37 °C v Sml
LB média se selekénim antibiotikem, nasledné byla prevedena do 1 1 LB média se
selekénim antibiotikem pro finalni expresi a inkubovana pftiblizné 3,5 hodiny pti 37 °C
dokud nedosahla optické density 0,6. Nasledn¢ byl expresni systém indukovan
piidavkem IPTG na 0,5mM koncentraci. Teplota byla snizena na 25 °C a produkce byla
ponechana probihat 16-18 hodin za stalého tfepani 200 otac¢ek za minutu.

U proteinu ASK1 v této préci byla pouzita bazéalni exprese podle prace Tan et al.
2001, kde byla ve vektoru pST39 pted cilovy gen pfidana Shine-Dalgarnova sekvence

spolu s translacnim faktorem zajiStujici expresi 1 v neptfitomnosti IPTG. Pfi tomto
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postupu byla transformovana kultura inkubovéna ptes noc pti 37 °C v 5 ml LB média,
nasledné byla pfevedena do 1 I LB média a ponechéna pies noc 20-24 pii 25 °C za
stalého tiepani 200 otacek za minutu.

Exprese byly podle potfeby provadény podle vytézkt typicky ze 2-12 1 LB

media.

4.2.2 Purifikace

Purifikace proteint se vzdy skladala z dezintegrace bun¢k pomoci lysozymu se
sonikaci a nasledné ze sestavy chromatografii a gelové permeacni chromatografie
nakonec.

Bunééna kultura po expresi byla centrifugovana 20 minut pii 4 °C a 4000
otackach za minutu na velkokapacitni centrifuze. Supernatant byl odstranén a pelety
resuspendovany v lyzaénim pufru (PBS, 0,5M NaCl, 4mM imidazol, 2mM
B-merkaptoethanol). Pufr PBS se skladal z 137mM NaCl, 2,7/mM KCI, 4,3mM
Na,HPO,.7H,0 a 1,4mM KH,PO,0 pH 7,3. Od tohoto momentu byly vzorky drZzeny na
ledu pii co nejniz§i teplot¢ k omezeni piipadné proteolytické degradace.
K resuspendovanym peletim byl pfidan lysozym do findlni koncentrace 100 pg/1ml,
s nimZ byly inkubovany po 30 minut pifi 4 °C. Smés byla na ledu sonikovana po 10
minut celkového sonika¢niho ¢asu s 3s pulsy a 17s pauzami na pfistroji Ultrasonic
Processor (ColeFarmer, USA). Sonik4t byl potom znovu centrifugovan pii 13500
otackach za minutu pii 4 °C 45 min pro odd¢leni agregati a zbytkd bunck. Supernatant
byl odebran k niklové chelatacni chromatografii.

Niklova chelata¢ni chromatografie je zalozena na silné vazbé mezi histidinovou
kotvou na proteinu a atomy niklu navazanymi na nerozpustny chelata¢ni nosic.
Histidinova kotva se zpravidla skladd z Sesti histidind v aminokyselinové sekvenci
proteinu za sebou, mize byt umisténa na N-konci, C-konci i ve stfedu, avsak stéricky
pristupna pro rozpoustédlo. Na jeden atom niklu se vzdy koordinuji dva postranni
zbytky histidinu, takze protein s histidinovou kotvou siln¢ interaguje se tiemi atomy
niklu. Nicméné pfirozen¢ se tato aminokyselinovd konfigurace vyskytuje pouze
u n¢kolika proteind, v praxi je potieba ji pfidat pomoci metod molekularni biologie jako

fuzni komponentu. Pro uvolnéni proteinu lze pouzit vysokou koncentraci imidazolu,
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ktery vytésni postranni fetézec histidinu nebo zménu pH pod 4, coz ale vzhledem k praci
s proteiny neni optimalni zplsob. Jako pevny nosi¢ se nejcastéji pouziva chelatacni
sefarosa ,,Fast-flow* (GE Healthcare, USA).

Na ekvilibrovanou kolonu naplnénou chelatujici sefarosou s navazanym niklem
byl nanesen zcentrifugovany sonikat, ptficemz cilovy protein interaguje s atomy niklu
a je tak na kolon¢ zadrzovan. Nésledné byla kolona promyta pufrem s 10mM PBS pH
7,3, 0,5M NaCl, 2mM B-merkaptoethanolem, 60mM imidazolem o celkovém objemu
300 ml, ktery odplavi nespecificky navazané necistoty. Eluce probihala ve 20 ml
stejného pufru, ale s koncentraci imidazolu 300mM. Cistota a integrita vzorku byla
zkontrolovdna pomoci polyakrylamidové gelové elektroforezy v ptitomnosti
dodecylsiranu sodného za denaturujicich podminek (SDS-PAGE) a to bud’ s pomoci
12% (w/w) nebo 15% (w/w) polyakrylamidového gelu ptipraveného podle standardniho
protokolu. Eluat byl po odebrani vzorku na elektroforesu okamzité dialyzovan do pufru
pro dals$i purifikaéni krok. Pokud byl protein exprimovan s odStépitelnou flzni
komponentou, pifislusna proteasa byla pfidana k proteinu do dialyza¢niho stieva.

Pokud cistota proteinu po niklové chelataéni chromatografii nebyla dostatecna,
bylo pfistoupeno k vyménné chromatografii na koloné s iontoméni¢em Q-sefarosou pro
aniontovou vyménu (GE Healthcare, USA) nebo SP-sefarosou pro kationtovou vyménu
(GE Heathlcare, USA). Proteiny byly pifedialyzovany do pufru 50mM Tris-HCI] pH 8
nebo 8,5 v ptipadé¢ ASK1 proteinkinasy pokud byla zvolena anionova vyména, do pufru
s 50mM citratem sodnym o pH 6 misto Tris-HCl v ptipadé kationtové. Pufr dale
obsahoval 10mM NaCl, 2mM EDTA, 5mM dithiotreitol. V pufru o nizké koncentraci
soli (10mM NaCl byl pouzit z divodu zabranéni nespecifickym interakcim) jsou na
proteinu v pfislusném pH pfitomné nabité skupiny podle pl proteinu. V pH, které je
piiblizné o dvé jednotky vyssi nez pl studovaného proteinu prevladaji zaporné nabité
postranni fetézce. Proteiny jsou tak elektrostaticky zachytdvané na koloné, ktera nese
kladn€ nabité skupiny. V piipad¢ kationtové vyménné chromatografie je tomu piesné
naopak. Na nosi¢ jsou navazané zaporné skupiny a v pufru s pH alespon o dv¢ jednotky
mensim nez pl jsou na proteinu pritomné kladné naboje FEluce dale probiha aplikaci
stejného pufru, v némz je protein rozpustén, avsSak s gradientem NaCl (10-1000mM)
v Casové skale 30 minut, ktery postupné nasyti nabité skupiny, naruSuje elektrostatické
interakce a uvoliiuje tim protein zpét do roztoku. Smés proteinti se tedy déli podle

obsahu svych nabitych skupin, coz odrazi pravé hodnota pl. Celd chromatografie
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i generace NaCl gradientu byla zajistovana kapalinovym chromatografem Akta (GE
Healthcare, USA). Cistota a integrita vzorku byla zkontrolovana pomoci SDS-PAGE.
Vybrané frakce byly koncentrovany pomoci stolni centrifugy a koncentratoru Centricon
(GE Heathcare, USA) s membranou nepropoustéjici ¢astice s relativni molekulovou
hmotnosti vétsi nez 13000 a pfipraveny pro gelovou permeacni chromatografii.
O pouziti anionové ¢i kationové chromatografie rozhodovala jednak hodnota pl
proteinu, v ptipad¢ kyselych proteinti s pl < 6 je anionovy pfistup vyhodnéjsi, pokud
bylo pl > 6 byla zpravidla volena kationovd vyménna chromatografie. DalSim prvkem
byla i stabilita proteinii v nizkém pH okolo 4-6, které je pro kationovou vyménnou
chromatografii potieba.

Jako posledni krok pro ovéteni oligomerniho stavu proteinu byla vzdy provedena
gelovd permeacni chromatografie. Tato metoda rozd€luje castice podle jejich
hydrodynamického poloméru diky pevnému nosi¢i s pory o definované velikosti.
Nejpouzivangjsi komeréni nosi¢ se jmenuje Superdex 10 az 200, pficemz c¢islo udava
maximalni relativni molekulovou hmotnost ¢astic v tisicich, které jsou jesté¢ na koloné
zadrzovany (GE Healthcare, USA). V této praci byly pouzity kolony naplnéné Superdex
75 a 200. Velké castice béhem putovani gelovou kolonou difunduji do pérta daleko hire
nez Castice mensi a na kolon¢ jsou na rozdil od malych pouze mirné zpomalovany
a vytékaji tedy dfive. S pouzitim vhodného kalibraéniho vzorku lze i pfiblizn€ urcit
molekulovou hmotnost Castice a vzhledem k tomu, Ze metoda je provadéna za ptiblizné
nativnich podminek, Ize ji vyuzit i ke studiu oligomerniho stavu a urcovani velikosti
proteinovych komplexi. Typicky je vSak vyuZivdna k odstranéni agregatli s vysokou
molekulovou hmotnosti ze vzorku. V této praci byl ke vS§em experimentim pouzit pufr
20mM Tris-HCl pH 7,5 (50mM Tris-HC1 pH 8,0 v pfipadé ASK1), 150mM NaCl
(200mM v ptipadé ASK1 a TRX1), 2mM EDTA, 5SmM dithiotreitol, 10%(w/v) glycerol.
Celd chromatografie byla =zajistovdna kapalinovym chromatografem Akta (GE
Healthcare, USA). Cistota a integrita vysledného vzorku byla zkontrolovdna pomoci
SDS-PAGE, frakce s vyhovujici Cdistotou byly spojeny, koncentrace urcena
spektrofotometricky pii 280 nm s teoreticky vypocitanym molarnim absorpénim
koeficientem pomoci aplikace  Protparam  (http://web.expasy.org/protparam/),

zakoncentrovany pfiblizné na 1 mg/ml a zamraZeny na -80 °C.
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4.2.3 Exprese a purifikace proteinu 14-3-3 a Bmh1

Gen pro lidskou isoformu ( 14-3-3 byl pfes restrikéni mista Ndel a BamHI
vnesen do T7 expresniho systému, vektoru pET15b, s N-termindlni histidinovou
kotvou. Pro experimenty s fosducinem i ASK1 proteinkinasou byl pfipraven zkraceny
DNA konstrukt 14-3-3CAC bez flexibilného C-konce, obsahujici aminokyseliny 1-230,
kde 231. aminokyselina byla bodovou mutagenezi vyménéna za ,,stop* kodon. VSechny
proteiny 14-3-3 byly exprimovany v Escherichia coli BL21(DE3) s indukci IPTG.
Purifikace byla provedena pomoci niklové chelata¢ni chromatografie, aniontové
vymeénné chromatografie a gelové permeacni chromatografie na kolon¢ Superdex 75
10/300 s pritokem 0,5ml za minutu a s typickym vytéZkem 10 mg na 1 I LB media
expresni kultury. Bmhl ze Saccharomyces cerevisiae vnesené stejnym zpusobem jako

14-3-3C do pET15b bylo produkovano analogicky.

4.2.4 Exprese a purifikace ASK1

Vzhledem k tomu, Ze protein ASK1 ma vice nez tisic aminokyselin, byly
v Escherichia coli exprimovany a purifikovany pouze jednotlivé domény. Gen pro cely
protein ASK 1 byl darem od Carrol McIntosh (University of Dundee, Velka Britanie)

Kinasovd doména lidské ASK1 (ASK1-CD, 659-979) byla vnesena do vektoru
pST39 spole¢né s Shine-Dalgarnovou sekvenci a translaénim enhancerem (viz str. 41)
pies restrikéni mista Xbal a BamHI s C-terminalni histidinovou kotvou odstépitelnou
pomoci proteasy TEV. Vazebné misto na C-konci proteinu pro 14-3-3 bylo bodovou
mutagenezi upraveno z RSIS(p)LP na RRIS(p)LP ((p) znaci serin, ktery je in vivo
fosforylovany), aby mohlo byt fosforylovano pomoci komeréni cAMP-dependentni
kinasy (PKA). Protein byl produkovan v Escherichia coli BL21(DE3) po 20-24 hodin
pii 25 °C. Purifikace byla provedena niklovou chelata¢ni chromatografii, béhem dialyzy
probéhlo odstépeni histidinové kotvy pomoci TEV proteasy s naslednou gelovou
permeacni chromatografii na kolon¢ Superdex 200 26/600 s pratokem 2 ml pufru za
minutu. Vytézek byl pfiblizné 1 mg na 1 1 expresni kultury. Pro in vitro ptipravu
proteinu s fosforylaci na vazebném mist¢ pro 14-3-3 byla pouzita komeréni PKA.

Reakce byla provedena v pufru na gelovou chromatografii v pfitomnosti 12mM MgCl.,,
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750uM ATP a 200 jednotek PKA na 1 mg proteinu. Reakéni smés byla inkubovéana 2 h
pii 30 °C, nasledné pii 4 °C pies noc, druhy den bylo ptidano Cerstvé ATP odpovidajici
mnozstvi potiebné pro 750uM roztok a novda PKA 100 jednotek na 1 mg proteinu.
Vzorek byl inkubovan dalsi 2 h pti 30 °C a ptedialyzovan do pufru vhodného k dalSim
experimentiim. Mira fosforylace byla ovéfena hmotnostni spektrometrii na MBU AV
CR, provedené Mgr. Petrem Manem, Ph.D.

Oblast ASK1 vazajici TRX1, ASK1-TBD, neni v literatue dostate¢né popsana a
proto byly pfipraveny Ctyfi rozdilné konstrukty lidské ASK1 kodujici oblasti 46-302,
88-302, 46-322 a 88-322 (konstrukty koncici 322. aminokyselinou obsahovali i fragment
CC domény) ve dvou expresnich systémech: pST39, do n&jz byly amplifikované tuseky
vneseny pres restrikéni mista Xbal a BamHI i se Shine-Dalgarnovou sekvenci,
translacnim enhancerem (viz str. 41) a C-termindlni histidinovou kotvou, a T7 systém
pRSFDuet-1 za pouziti mist BamHI a Pstl. Modifikovany vektor pRSFDuet-1 obsahoval
pred klonovacim mistem sekvenci histidinové kotvy spojené se sekvenci pro bakterialni
protein GB1. Tento vektor byl darem od Mgr. et Mgr. Evzena Bouii, Ph.D. z UOCHB
AV CR. DNA riznych tGsekit ASK1-TBD byla vnesena do vektoru ve &tecim ramci vici
GB1, aby byly exprimovany jako fizni proteiny s histidinovou kotvou a GBIl na
N-konci, pficemz protein GB1 slouzil pro zvySeni miry exprese, rozpustnosti a omezeni
agregace. Mutant ASK1-TBD 88-302 C250S v pST39, kde cystein na 250. pozici
v sekvenci pfirozen¢ho proteinu je nahrazen serinem, byl pfipraven pomoci bodové
mutageneze. Proteiny byly produkovany v Escherichia coli BL21(DE3), po 20-24 hodin
pti 25 °C v ptipadé¢ pST39, u pRSFDuet-1 po indukci IPTG 16-18 hodin pii 25 °C.
Purifikace byla provedena niklovou chelataéni chromatografii, u pRSFDuet-1 béhem
dialyzy probéhlo odstépeni histidinové kotvy a GB1 pomoci TEV proteasy, nasledné
byla provedena druhé niklova chelatacni chromatografie k odstranéni GB1. Po niklové
chelatacni chromatografii byla provedena gelova permeacni chromatografie na kolon¢
Superdex 200 16/60 s pritokem 0,5 ml pufru za minutu. Ze vSech vyse uvedenych
konstruktt pouze ASK1-TBD 88-302 v pST39 poskytl protein v dostatecném mnozstvi
(1 mg na 1 1 expresni kultury Escherichia coli) i kvalité a byl tak pouzit pro dalsi
experimenty. Purifikace mutanti ASKI1-TBD byly provedeny ve spolupraci s Mgr.
Salome Kylarovou a RNDr. Veronikou Obsilovou, Ph.D. z Fyziologického ustavu
Akademie véd CR.
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4.2.5 Exprese a purifikace TRX1

DNA konstrukt pro expresi lidského TRX1 mutantu C73S (cystein na 73. pozici
byl zmutovan na serin) byl dar Katji Becker (Justus-Liebig-Universitat, Giessen,
Némecko). Jednalo se o gen TRX1 vneseny do T5 expresniho systému pQE-30
s N-termindlni histidinovou kotvou. Vzhledem k tomu, Ze byla popsana moznost
dimerizace TRX1 pies cystein 73 disulfidovym mustkem, byla do sekvence TRXI
vnesena mutace zameénujici cystein 73 za serin pro eliminaci této interakce. Mutant
C73S je tedy v celé praci oznacovan jako TRX1, nebot’ byl pouzivan pro veskera metfent
a byly z né¢j bodovou mutagenezi ptipraveny vsechny mutanty: C32S+C35S (TRX1 CS),
kde byly zmutovany oba cysteiny v aktivnim misté proteinu a TRXI1 W31F, kde
tryptofan na mist¢ 31 byl vyménén za fenylalanin. VSechny TRXI1 proteiny byly
exprimovany v Escherichia coli BL21(DE3) s indukci IPTG. Purifikace byla provedena
pomoci niklové chelata¢ni chromatografie a gelové permeacni chromatografie na koloné
Superdex 75 10/300 s pritokem 0,5 ml za minutu s typickym vytéZzZkem 7 mgna 1 1 LB
media expresni kultury.

Oxidovana forma TRXI1 byla pfipravena oxidaci s pomoci peroxidu vodiku.
K 140uM TRX1 v pufru bez redukcnich Cinidel byl ptidan stondsobny molarni nadbytek
peroxidu vodiku na dobu 15 minut pii 37 °C v celkovém objemu 500 pl (Hashemy
2008). Oxidace byla zastavena pfidavkem 2 jednotek katalasy (Sigma Aldrich, USA).
Z davodia velkého mnoZzstvi riznych proteini byla exprese a purifikace TRXI
provedena ve spolupraci s Mgr. Salome Kylarovou a Veronikou Obsilovou, Ph.D

z Fyziologického tistavu Akademie véd CR.

4.2.6 Exprese a purifikace fosducinu

DNA koédujici potkani fosducin byl dar od Dr. D.C. Kleina z National Institute
of Health, USA. DNA byla vnesena do T7 expresniho vektoru pET15b pomoci Ndel
a BamHI endonukleas s histidinovou kotvou na N-konci proteinu, zde oznacovano jako
Pdc. Vedle konstruktu s celym fosducinem, byly pfipraveny konstrukty obsahujici pouze
C-koncovou globularni doménu (Pdc-CD, 110-246) a bodovou mutaci Pdc na glycinu

108 za stop kodon i1 Pdc-ND (1-107) kédujici N-terminalni flexibilni region. VSechny
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konstrukty fosducinu byly exprimovany v Escherichia coli BL21(DE3) s indukci IPTG.
Purifikace byla provedena pomoci niklové chelataéni chromatografie, aniontové
vyménné chromatografie a gelové permeacni chromatografie na kolon¢ Superdex 200
10/300 s pratokem 0,5ml za minutu a s typickym vytézkem 2,5 mg na 1 1 LB media
expresni kultury. Fosducin byl fosforylovany 1h inkubaci pti 30 °C s néslednou 15h
inkubaci v 7°C se 120 jednotkami komer¢ni PKA na 1 mg proteinu v pfitomnosti 12mM
MgCl, a 750uM ATP v pufru pro gelovou chromatografii. Vzorek pak byl predialyzovan
do pufru vhodného pro dalsi experimenty. Mira fosforylace byla ovéfena hmotnostni
spektrometrii na MBU AV CR, provedené Mgr. Petrem Manem, Ph.D. Viechny exprese
a purifikace fosducinu byly provadény Mgr. Miroslavou Kacifovou na Pfirodovédecké

fakulté Univerzity Karlovy.

4.2.7 Exprese a purifikace neutralni trehalasy 1

Kodujici DNA sekvence neutralni trehalasy byla amplifikovdna pomoci PCR
z genomov¢  knihovny Saccharomyces cerevisiae BY4741 (dar od RNDr. Hany
Sychrové, DrSc, FGU AV CR) a vnesena do modifikovaného T7 expresniho vektoru
pET32b (dar od Dr. Ronalda Ronninga, Toledskd univerzita, USA) za pouziti Ncol
a BamHI. pET32b poskytuje moznost pfidat na N-konec proteinu histidinovou kotvu
nasledovanou thioredoxinem pro zvyseni rozpustnosti proteinu, za néjZ je mozno ve
¢tecim ramci vnést gen pro Nthl. Nthl byla exprimovana v Escherichia coli BL21(DE3)
kmenu ,,Rosetta* s indukei IPTG. Purifikace byla provedena pomoci niklové chelata¢ni
chromatografie, nasledné¢ byla pomoci thrombinu odstépena histidinovd kotva
s thioredoxinem, nasledovala kationtova vyménna chromatografie a gelova permeacni
chromatografie na koloné Superdex 200 10/300 s pritokem 0,5 ml za minutu. Typicky
vytézek se pohyboval okolo 1 mg na 1 1 LB media expresni kultury. Purifikovana Nthl
byla fosforylovana 2 hodiny pti 30 °C a nésledné pii 4 °C ptes noc 80 jednotkami
komer¢ni PKA na 1 mg proteinu v pfitomnosti 750uM ATP a 20mM MgCl, v pufru pro
gelovou chromatografii. Mira fosforylace byla ovéfena hmotnostni spektrometrii na
MBU AV CR, provedené Mgr. Petrem Manem, Ph.D. Viechny exprese a purifikace
Nth1 byly provadény Mgr. Miroslavou Kopeckou.
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4.3 Analyticka ultracentrifugace — metoda sedimentacni
rychlosti

Ackoliv méla analytickd ultracentrifugace (AUC) vyznamnou roli v historii
charakterizace proteinti a komplexii, po mnoho let zazivala tato metodika upadek diky
absenci potiebnych technologii pro digitalni akvizici dat (Schachman et al., 1992).
S vyvojem nové instrumentace a zdsadnim rozvojem pocitatovych programil pro
zpracovani dat v poslednich dvou dekadach se vSak jeji vyuzitelnost signifikantné
zvysila. Diky dostupnosti novych metod zpracovani absorp¢nich nebo interferencnich
profili z méfeni sedimentacni rychlosti byly zavedeny nové postupy pro piesné urCovani
sedimentacnich koeficienti a dekonvoluci jednotlivych sedimentujicich komponent
v interagujicich 1 neinteragujicich systémech. I pfes rozvoj mnoha jinych
biochemickych a biofyzikdlnich metod, AUC zlstava "zlatym standardem" pro
rovnovaznou i nerovnovaznou termodynamickou charakterizaci hydrodynamickych
vlastnosti makromolekul, proteinovych komplexii i protein-proteinovych interakci,
zejména diky piistupu, ktery nevyzaduje modifikaci vzorku. Jedna se taky o jednu
z mala metod, kterd je schopna bez ptredchozi kalibrace urcit nativni relativni
molekulovou hmotnost nebo disociatni konstanty makromolekul ¢i nanocastic
biochemie a molekuldrni biologie piesouva k charakterizacim bunéénych interaktomu
(souhrn vSech protein-proteinovych interakci v studovaném celku) se zjisténim, ze prave
interakce mezi proteiny jsou rozhodujicim prvkem pro fungovani zivych organismii.

Spole¢nost Beckman-Coulter uvedla na trh analytickou ultracentrifugu
ProteomLab XL-I, ktera ma dvé moznosti akvizice dat:

Za prvé je to inkorporovany absorpéni detektor, které je schopen méfit absorpcni
profily sedimentujici ¢astic pii vysokych ota€kach rotoru. Vzhledem k tomu, Ze soucasti
detektoru je 1 monochromator a jako zdroj zafeni xenonova vybojka, je mozné méfeni
v rozsahu vlnovych délek 190 — 800 nm. To nabizi vyznamné mozZnosti selektivity
a citlivé detekce zavislé na molarnim absob¢énim koeficientu pro danou vinovou délku
studované latky. Na druhou stranu absorpcni detekce ma omezeny rozsah pouZitelnych
koncentraci a studovana latka musi absorbovat svételné zareni.

Druhy, interferencni detektor, ma nékteré signifikantni vyhody oproti absorpéni

metod¢ akvizice dat. Misto absorpce svétla je zde pomoci interferometru s CCD
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detektorem méten profil zmény v indexu lomu, ktery zalezi na molarni hmotnosti ¢astic.
Lze tak detekovat i neabsorbujici biomolekuly napiiklad polysacharidy. Dale lze
studovat asociace nebo zmény konformace v piitomnosti jinych latek ¢i ligandi bez
obav, ze absorpce ligandi by mohla absorpéni data ucinit neinterpretovatelnymi.
Koncentrace studovaného roztoku makromolekul téZ mize byt daleko vyssi nez je
rozsah absorpcni detekce, coz je vyhodné zejména pro studium interakci. Detekeni limit
je mezi obéma zpisoby detekce srovnatelny. Data jsou interferencnim detektorem
sbirana témeét okamzité po celé délce cely, na rozdil od absorbance, pii které je celd cela
proméiovana bod po bodu a meétfeni jedné cely mize zabrat az jednu minutu. To
umoziiuje interferenci daleko rychlejsi akvizici informaci, umoziuje studium rychle
sedimentujicich ¢astic a taky presn€j$i vyhodnoceni sedimentacnich dat, nebot
interferencni data nejsou zatizena chybou vzniklou delSim méfenim jako v ptipade
absorpce. Pouziti interferencni optiky ovSem klade vysoké naroky na kompozici vzorku,
nebot’ ve vysledku jsou zahrnuty vSechny necistoty i sedimentujici sole. Pro spravné
vyhodnoceni je kriticky slepy vzorek absolutné odpovidajici rozpoustédlu, v némz je
mefena makromolekula rozpusténa. Téz objem vzorku a slepého vzorku musi navzajem
byt co mozna nejvice stejné, jinak nebude mozné piesné urcit pozici menisku. Volba
detektoru vzdy zalezi na charakteru systému, jez je pfedmétem studia (Schuck et al.,
2000).

Vliv odstiedivé sily na vzorek zpiisobuje postupné putovani castic od menisku za
tvorby takzvané koncentra¢niho rozhrani, které se béhem experimentu pohybuje smérem
ke dnu kyvety jako funkce Casu (viz obr. 11, strana 51). Definice sedimentaéniho
koeficientu makromolekuly s a parametra, které hodnotu s urcuji jsou dany znamou

Svedbergovou rovnici (Rovnice 1, strana 51).

50



absorbance

2

67 68 6% 7 1.1

wzdalenost od stfedu rotace (cm)

Obr. 11: Model vyvoje koncentrace proteinu v zavislosti na ¢ase a vzdalenosti od stfedu rotace. (pievzato

z Lebowiz et al., 2002)

.= _ oy U=ve) s (0=Vp)  Rovnice 1)
w’r N,f RT

kde u je pozorovana radialni rychlost makromolekuly, @ je tthlova rychlost rotoru, 7 je
vzdalenost od stfedu rotace, M je relativni molekulovd hmotnost makromolekuly, v je
specificky parcidlni objem, p je hustota rozpoustédla, N, je Avogadrova konstanta, 1 je
frikéni koeficient, D je difuzni koeficient a R univerzalni plynova konstanta. Pro Gpravu
rovnice do tvaru napravo byl pouzit vztah D = RT/N,. Sedimentatni koeficient ma
jednotku S oznacovanou jako Svedberg a odpovida 10"s.

Ptes Stokesovu rovnici (Rovnice 2) 1ze pro hladkou, kompaktni a kulovou ¢astici

vypocitat frikéni koeficient:
fo = 6N R, (Rovnice 2)
kde f, je frikéni koeficient sférické Castice, # je viskozita rozpoustédla R, je polomér

koule. Lze potom zkombinovat Stokesovu a Svedbergovu rovnici, v niZ je Ry mozno

vyjadrit pro kouli jako (Teller et al., 1979; van Holde et al., 1998):
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1
)*  (Rovnice 3)

3Mv
Ry = (4J'L'N
. - Ml-vp)
koule — 1 -
3Mv 3 (Rovnice 4)
N 6 3

a

Rovnici 4 je tedy mozno predikovat sedimentacni koeficient pro kulovou ¢astici.
Soute J€ taky zaroven maximalni sedimentaéni koeficient jaky miize za dané molekulové
hmotnosti mit protein, protoze kompaktni koule ma minimalni povrch v kontaktu
s rozpouStédlem a protein tedy bude mit minimalni frikéni koeficient f;. Pro
pienositelnost dat mezi jednotlivymi laboratoiemi a rtiznymi podminkami meéfeni je
dilezité védeét, Zze parametry p a 5 rozpoustédla vyrazné zéalezi i na teploté a kompozici
pufru. Podle konvence jsou tedy vSechny sedimentac¢ni koeficienty udavany pfti

standardnim stavu vody pi1 20 °C, pficemz korekce se provadi podle Rovnice 5:

nT,B)(l _Vp)zo,w

Sy = ST'B(TIZO,W =" (Rovnice 5)

kde T a B znac¢i hodnoty teploty a sloZeni pufru v daném experimentu, index 20,w
oznacuje standardni podminky. Pomér maximalniho mozného sedimentac¢niho
koeficientu siue ku pozorovanému sedimentacnimu koeficientu $:9., Skoure/S20w, J€ TOVEN
poméru experimentalnich frikénich koeficientti (f/fy) a vyjadfuje tvarovou asymetrii od
Castice tvaru kompaktni koule. Piepocet experimentalniho sedimenta¢niho koeficientu
s na Sy, 1 7 a p pro riznd rozpoustédla je mozno provést jednoduse v softwaru
SEDNTERP (http://www.rasmb.bbri.org/, Laue et al., 1992). SEDNTERP rovnéz dokaze
vypocitat specificky parcidlni objem proteinu z jeho aminokyselinové kompozice. Pro
dalsi zvyseni piesnosti je tfeba znat presnou hodnotu teploty uvniti kyvety. Bohuzel bylo
zjiSténo, Ze mezi piistroji se tyto hodnoty mohou ménit v zavislosti na staii soucastek
i riznych metodach provedeni a externi kalibrace je proto zaddouci (Ghirlando et al.,
2013).

Data naméfena v prubéhu AUC, sedimenta¢ni rychlosti, maji charakter

koncentra¢nich profilti ve sméru od osy rotace jako funkce Casu. Pfi tomto experimentu
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je na vzorek aplikovana velika odstfediva sile piisobici postupnou sedimentaci proteinu
ke dnu kyvety (viz obr. 11, strana 51). Nejednodu$§si moznost vyhodnoceni
sedimentacniho koeficientu sedimentujici makromolekuly je tedy zaloZena na detekci
pohybu vytvoifené¢ho koncentracniho rozhrani v silném odstfedivém silovém poli.
Naptiklad Ize sledovat posun inflexnitho bodu koncentraéniho rozhrani (Svedberg,
1940). Jednd se vSak spiSe o historickou metodu. Soucasné vypocetni moznosti
poskytuji daleko presnéjsi pristupy jako ptimé modelovani dat pomoci zékladni rovnice

pro putovani Castic v silovém poli, Lammovi rovnice (Rovnice 6).

8)((r,t) _la ax(r,t)
ot B rar[rD or

—sw’r’dx(r,t)] (Rovnice 6)

Tato rovnice popisuje vyvoj koncentracni distribuce makromolekularni latky y v kyveté
jako funkci casu t a vzdalenosti od osy rotace r pod vlivem sedimentace i difuze
v presné geometricky tvarovaném sektoru analytické kyvety (Lamm, 1929).

Pfi méfeni sedimentacni rychlosti molekul, modelovani sedimentacnich dat
pomoci rovnice 6 poskytuje Uplnou a piesnou charakteristiku tohoto procesu. Presnost
uréeni je vysokd, chyba se zpravidla pohybuje pod 1% hlavné diky extenzivnimu
mnozstvi dat (méfeni jednoho vzorku se typicky skldda z 30000 bodii s pomérem
signal/Ssum od 100 do 1000). Diky tomu lze z méfeni extrahovat nékteré parametry
nelinedrni regresi.

Pro vyhodnocovani dat sedimentacni rychlosti byl navrzen software SEDFIT,
ktery pouziva numerické metody vypoctl k feseni velkych soubortt Lammovych rovnic.
Diky tomuto obecnému pfistupu bez omezujicich aproximaci je mozné studovat Sirokou
Skélu sedimentacnich d&ji pro ¢astice riznych velikosti od malych molekul po slozité
makromolekularni komplexy jako ribozomy, viralni kapsidy a jiné nanocastice. Lze jej
multikomponentovych sedimenta¢nich systémi je ocekavano vytvoreni néckolika
koncentra¢nich rozhrani, jez by se méla liit v rychlosti putovani smérem ke dnu kyvety.
V realité jsou vSak tyto koncentracni gradienty zpravidla rozostfené vlivem rozdilnych
difuznich koeficientd a lze tak pozorovat pouze jedno atypické rozhrani. Bylo navrzeno
nekolik postupti, jak tyto data vyhodnotit (van Holde et al., 1978, Philo et al., 2000), ale

v posledni dob¢ vSak ptfevladd metoda vypoctu diferencialnich distribuci sedimentac¢nich
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koeficientd c¢(s) na zakladé¢ dekonvoluce difuzniho efektu. Vypocet je zalozen na
pfimém modelovani distribuci jednotlivych feSeni Lammovi rovnice (rovnice 6).

Distribuce sedimentac¢nich koeficientii ¢(s) mize byt definovana jako:
a(r,t) = f c(s)x(s,D(s),r,t)ds (Rovnice 7)

kde a(rt) oznacuje pozorovand sedimentacni data, c(s) je relativni koncentrace

v

sedimentujici Castice se sedimentacnim koeficientem mezi s a s + ds, a y(s,D(s),rt)
feSeni Lammovy rovnice. V softwaru SEDFIT je implementovdno numerické feSeni
rovnice 7 s vyuzitim metody regularizace podle maximalni informacni entropie systému.
Vypocet tedy poskytne hodnoty ¢(s) pro jednotlivé volitelné useky skaly sedimentac¢nich
koeficienti s + ds, které odpovidaji zastoupeni signalu Castice se sedimentacnim
koeficientem mezi s a ds ve vzorku. Vzhledem k tomu, Ze sedimentacni a difuzni
koeficient jsou navzdjem zavislé parametry, je jejich vztah v SEDFITu popisovan
pomérem frikénich koeficientd (f/f;), ktery odrazi odchylku tvaru ¢éstice od idedlni
koule. Tento pomér je programem z dat extrahovan pomoci nelinedrni regrese a je téz
vyuzivan pro prepocet vazené¢ho sedimentacniho koeficientu ¢astice ziskané z distribuce
sedimentacnich koeficientil ¢(s) na relativni molekulovou hmotnost. Kvalita vysledného
modelu je posuzovana pomoci stiedni kvadratické odchylky od experimentalnich dat
(Schuck et al., 2000).

Pro studium termodynamickych aspekti asociaci a hetero-asociaci molekul se
v literatufe obycejné vyuzivala metoda sedimentacni rovnovahy, kterd v této praci neni
dale diskutovdna. Nicmén¢, metodu sedimentacni rychlosti je mozné vyuzit téz
zpravidla za podminek, kdy studované latky nevykazuji dostatecnou stabilitu pro ¢asové
naro¢ny rovnovazny experiment. Nové pfistupy k vyhodnocovani sedimentacnich
rychlosti dokonce uz v soucasnosti umoziuji ziskat stejnou informaci jako
z vyhodnoceni sedimenta¢nich rovnovah a Setii tak cas i mnoZzstvi pouzitého materidlu,
rovnéz vyhodnoceni nevyzaduje velké mnozstvi vychozich znalosti o systému, je vSak
vypocetné daleko naro¢né€jsi. Sedimentacni rychlost navic podava dodatecnou informaci
o stechiometrii bez piredchozi znalosti, sedimentacnich koeficientech, hydrodynamickém
tvaru (f/fy) reverzibiln¢ vytvarenych oligomert v roztoku. Sedimentaéni rovnovéha na
rozdil od rychlosti dava presnéjsi informaci o relativni molekulové hmotnosti diky tomu,

7e se jednd o rovnovaznou techniku, kterd nemusi brat v ivahu hydrodynamické aspekty
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sedimentace.

Tradiénim pfistupem k vyhodnoceni sedimentaéni analyzy sedimentujicich
rychle interagujicich systémi je wurCeni souhrnného vazeného primérného
sedimentac¢niho koeficientu s,(c) jako funkce koncentrace. Jednd se o funkci zavislou
pouze na chemickém sloZeni vzorku. Pokud ve vzorku nejsou interagujici Castice, jeji
hodnota s ménicimi se koncentracemi pii daném slozZeni zstava nezménéna. Pokud vSak
jsou pritomné interakce, za¢ne nabyvat se zménami koncentrace odliSnych hodnot.
Koncentra¢ni zavislost s,(c) mize byt prolozend vaznou izotermou s rtiznymi modely
vychézejicimi z obecné definice rovnovazné konstanty. Rovnice 8 reprezentuje definici
sw pro nejednodussi interagujici systém A + B & AB. Experimentalné je s,.(c) zjistitelny
integraci c(s) ptes vSechny studované sedimentacni koeficienty (Rovnice 9, Correira et
al., 2000; Dam et al., 2005b).

c K = Cup , Cpiw = CutCup , Cpu = CptCy

_ SAEACA+SB£BCB+SAB(€A+88)CAB .
s, = (Rovnice 8)
€4C4 10t TERCR 10r

S

f c(s)sds

S min

s, = —— (Rovnice 9)

S max

f c(s)ds

\

Smin

kde ¢, znac¢i molarni koncentraci x-t¢ komponenty, ¢, je molarni molérni inkrement
signalu x-t¢ komponenty, s, je sedimentacni koeficient x-t¢é komponenty a K zdéanliva
asociacni konstanta systému. Tato metoda je vypocetné nenaro¢na, ale vyzaduje vyssi
mnozstvi experimentl. Typicky alespon pét experimentt pii riznych koncentracich, jiz
poskytuje dobry odhad zdanlivé disociacni konstanty.

Dal$im pfistupem pro studium interagujicich systému je pifimé modelovani
sedimentacnich profili podle Lammovy rovnice, které¢ je modifikované pro umoznéni
prace s koncentracn€ zavislymi sedimentacnimi a difuznimi koeficienty. Vzhledem
k tomu, Ze pro charakterizaci termodynamické rovnovdhy je na jeden experiment

sedimentacni rychlosti vysoké mnozstvi volnych parametrti, ptistupuje se ke globalnimu
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modelovani, kdy n€kolik sedimentac¢nich experimentl je prokladdno jednim souborem
parametril v zavislosti na schématu interakce. Na rozdil od vazebné izotermy, piimé
modelovani poskytuje moznost pomoci nelinedrni regrese urcit vétsi sadu parametrti
vcetné upravy pocatecnich koncentraci riznych komponent vzorka. Tento pfistup je
pfesny avSak narocny na Cistotu vzorku. Kazdd necistota, o niZ nejsou znamy
sedimentac¢ni informace nebo poptfipadé neni vibec zndmo, Ze by se ve vzorku
vyskytovala, vnasi do analyzy signifikantni nepiesnosti, které spole¢né¢ s vypocetné
naroénym procesem mohou analyzu vyrazné ztizit. Je doporuceno pouzivat vazebné
sedimentacni izotermy k ziskdni pocatecnich podminek pro piimé modelovani
Lammovych rovnic pro zjednoduseni analyzy.

Ob¢ metodiky pro praci s interagujicimi systémy béhem sedimentacniho
experimentu jsou vcetné¢ velkého poctu vazebnych modeli a dalSich nastroji
implementovany do softwarového baliku SEDPHAT (Dam et al., 2005a, Dam et al.,
2005b).

Vsechny experimenty v této praci byly provadény na pfistroji Proteomelab XL-I
(Beckman Coulter, USA) s osmisektorovym rotorem An-50 Ti. Data byla podle potieby
sbirana absorp¢ni optikou pii 280 nm, 250 nm i interferencné v kyvetach s optickou
drahou 1,2 nebo 0,3 cm, v celkovém objemu 0,4 ml a vyhodnoceny pomoci programil
SEDFIT a SEDPHAT uvedenymi metodami analyzy vazebnych izoterem s, a pfimym
modelovanim Lammovych rovnic. Vysledky modelovani Lammovych rovnic nebudou
uvedeny, nebot’ se vzdy jednalo o verifikaci a ptipadné drobné (do 10%) upravy
pocatecnich koncentraci proteind pro analyzy vazebnych izoterm s,.. VSechny vzorky
byly pfed méfenim dialyzovany proti pufru 20mM Tris-HCl pH 7,5, 150mM (nebo
200mM v pripadé ASK1) NaCl a 2mM B-merkaptoethanolu. Pro vypocet piesnosti

méteni byl posuzovan 95% interval spolehlivosti.
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4.4 Malouhlovy rozptyl rentgenového zareni (SAXS)

SAXS je dllezitd metoda pro studium vSech nanostruktur hmoty. Rentgenové
zafeni je obecné elasticky rozptylovano elektrony v roztoku vzorku, coz poskytuje
informaci o fluktuacich v elektronové hustoté. Lze jej vyuzit pro studium polymert,
koloidt 1 biologickych makromolekul v roztoku, pficemzZ je tato metoda stale inovovana
a s dostupnosti intenzivnich synchrotronovych zdroju rentgenového zéfeni i s pokroky
ve vypocetnich metodach se stava velmi Castym a elegantnim nastrojem pro strukturné
biologicky vyzkum.

Kdyz monochromatické rentgenové zafeni prochdzi objektem, -elektrony
zasazenych atomll se stdvaji sekundarnim zdrojem zareni. V krystalografii, kde
molekuly jsou pravidelné uspotradany, toto sekundarni zafeni interferuje za vzniku
typického difrakéniho obrazce, z kterého lze rekonstruovat elektronovou hustotu
v asymetrické jednotce krystalu. Pfi méfeni SAXS se vSak molekuly mohou v roztoku
volné a ndhodné pohybovat, takZze neni mozno pozorovat zadny difrakéni obrazec.
Informace o orientaci molekuly je tak sice ztracena, ale informace o velikosti
meziatomovych vzdalenosti a celkovém tvaru Castice je v datech stale zachovéna. Pro
mefeni tak neni potieba krystalické latky.

V praxi je rentgenové zareni detekovano pomoci dvourozmérného detektoru. Za
predpokladu, ze rozptyl je isotropni, vysledny zaznam je radidln€¢ zprimérovan a je

urcena intenzita rozptylu / jako fukce velikosti rozptylového vektoru s:

_ 47sin6

= (Rovnice 10)

kde 4 je zde vlnova délka paprsku a @ je polovina thlu mezi vektorem piivodniho
paprsku a vektorem rozptyleného zareni. Pro monodisperzni systém slozeny pouze
z jednoho druhu identickych ¢astic a spravné odectenym pozadim je I(s) Gumérna
intenzité rozptylu z Castice zprimérované pies vSechny jeji mozné orientace, coz mize

byt vyjadieno jako (Rovnice 11, strana 58):
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I(s) = (I(s)), = (A(s)), (Rovnice 11)

kde amplituda rozptylového vektoru 4(s) je Fourierovou transformaci distribuce souhrnu
vSech meziatomovych vzdalenosti, 2 znaci tihel v reciprokém prostoru pro rozptylové
vektory s.

Analyza dat podle Guiniera (Guinier, 1939) je nejstarsi, avSak stale pouzivanou,
metodou analyzy malothlového rozptylu. S jeji pomoci lze rychle urcit gyra¢ni polomér
R, a 1(0), intenzitu rozptylu v nulovém uhlu, z Guinierovy rovnice pro monodisperzni

roztok ¢astic:

I(s) = I(O)exp(—%stz) (Rovnice 12)

Jedna se o aproximaci platnou pouze pro mala s, typicky v rozsahu s.R, <1,3.
Prakticky jsou hodnoty R, a /(0) odeCteny z Guinierova vynosu kde je log[/(s)] vynesen
proti s* (Guinier, 1939). Pro ¢isty monodisperzni vzorek tento vynos musi byt linearni,
pfiCemz ze smérnice lze vypocitat R, a z protnuti ptimky s osou y /(0). 1(0) nemize byt
experimentalné zméfen piimo, nebot’ tato pozice na detektoru je zakryta clonou chranici
zdznamovou techniku pfed poSkozenim rentgenovych zafenim. Jednd se o dobry
indikator kvality vzorku, nelinedrni Guinierav vynos mize indikovat nedokonalé
odecteni pozadi, polydisperzitu nebo mezicasticové interakce. Tyto efekty lze odstranit
sérii méfeni s naslednou extrapolaci na nulovou koncentraci (Jacques et al., 2012).
Hodnota /(0) normalizovand na koncentraci vzorku je umérna relativni molekulové
hmotnosti ¢astice, kterou lze s kalibraci znamym standardem urcit. Ackoliv je takto
vypocitand hmotnost zpravidla zatizena chybou v urceni pfesné koncentrace vzorku, je
dostate¢na pro rozliseni oligomerniho stavu (Mylonas et al., 2007).

Dalsi moznosti urceni relativni molekulové hmotnosti je Porodova rovnice. Za
piedpokladu uniformni elektronové hustoty ve vzorku lze s jeji pomoci urcit hydratacni

objem castice V):
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Vo= 27°1(0) 0 = Tszl(s)ds (Rovnice 13)

pfiéemz Q oznaluje Porodovu invariantu. Objem proteinu v nm’ je typicky 1,5-2 krat
vétsi nez molekulovd hmotnost uvedend v tisich, z ¢ehoz ji lze dopocitat. Tato metoda
poskytuje pouze hrubou aproximaci, pokud je vSak aplikovana na data v relativnim
mefitku, je nezéavisla na chybach v urceni koncentrace a je tak pomocnym nastrojem
poskytujicim komplementéarni informaci k urc¢eni molekulové hmotnosti (Porod, 1982).
Dalsi informace o casticich je poskytnuta funkei distribuce meziatomarnich
vzdalenosti p(r), jez je vypocitana Fourierovou transformaci dat z méfeni SAXS a ktera

vyjadiuje zastoupeni jednotlivych délek v molekule:

2 @ :
plr) = r—zfszl(s)mds (Rovnice 14)
21 0 Sr

Lze z jejiho prabéhu odhadnout pfiblizny tvar, rozeznat multidoménové proteiny
a spocitat maximalni délku pfitomnou v molekule D,.. Pfima kalkulace neni diky
limitovanému experimentalnimu rozsahu dat moznd, je tfeba vyuzit nepiimy piistup
shrnuty v praci od Glatter et al., 1977.

Nepiima Fourierova transformace dat ze SAXS je implementovéna v programu
GNOM, ktery vypocita p(r) z rozptylové kiivky s hodnotou D, t€Z ur€enou programem
(Svergun et al., 1992). GNOM ma moznost vypocitat z p(r) funkce parametry R, a /(0).
Jednd se o pfesngjs$i ureni nez v piipadé¢ Guinierova vynosu, protoZze v nepiimé
Fourierovi transfomaci je pouzita cela rozptylova kiivka a ne pouze malouhlova oblast,
ktera vyhovuje pouzité aproximaci.

V soucasnosti jsou tyto uvedené kroky vyhodnoceni pln¢ automatizovany.
Dovoluji rychlou charakterizaci proteini v nativnim stavu a poskytuji informaci
o velikosti, tvaru a objemu castice. Dostupnd jsou i pracovisté s vysokou rychlosti
zpracovani vzorku i akvizici dat.

Dalsim krokem ve zpracovani dat je kalkulace tvaru rozptylové obalky cCastice
ab initio, kterd odrazi jeji tvar v roztoku. Pravdépodobné nejpopuldrnéjsi ndstroj
k tomuto ucelu je v soucasnosti software DAMMIN. Ten vyuziva k reprezentaci tvaru

soubor tésn¢ usporadanych kouli v objemu (nejcastéji sférickém) danym experimentalné
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stanovenym parametrem D,,,.. Kazda koule mlize byt ptfitazena bud’to rozpoustédlu nebo
makromolekularnim komponentam. Nésleduje iteracni proces na zakladé metody
simulovaného zihani zahdjeny nahodnou konfiguraci kouli. V kazdém kroku je vzdy
zménéna jedna koule, je spocitdna teoreticka rozptylova kiivka a jeji rozdil od
experimentalni dokud neni dosazeno vyznamné statistické shody (Svergun et al., 1999).
V soucasné dob¢ je k dostani i verze DAMMIF, ktera odbouravd omezenou velikost
objemu a celkové zrychluje vypocet az 40krat, coz z ni ¢ini idealni program pro
okamzit¢ vyhodnocovani dat a kalkulaci modelii pfimo na synchrotronech. RozliSeni
téchto kulovych modelt je omezeno piedpokladem uniformni elektronové hustoty
v ramci castice, ktery obecné neplati. Z toho vyplyva, Ze experimentalni rozptylové
ktivky mohou byt pouzity k analyze pouze v omezeném rozsahu (do pfiblizn€ s = 3 nm
", coZ snizuje rozlideni vysledné namodelované rozptylové obalky. Ab initio metody téZ
neposkytuji unikatni feSeni. Z opakovanych vypocti se stejnymi vychozimi daty lze
dostat fadu odliSnych (avSak casto velmi podobnych) modeli. K redukei téchto
nejasnosti v interpretaci dat ze SAXS je zpravidla tieba porovnat fadu modelii nebo
vytvofit jejich primér (naptiklad pomoci programu DAMAVER) (Volkov et al., 2003).

V této praci byla vSechna SAXS data naméfena na synchrotronu DESY
v Hamburgu, na okruhu Petra III v ramci EMBL (Evropska laboratot pro molekularni
biologii). Pouzité koncentrace vzort se pohybovali od 1,5 do 17 mg/ml, vzdy byly
najednou métfeny Ctyi1 vzorky s klesajici koncentraci. Manipulace s experimentalnimi
daty (zprimérovani po normalizaci na intenzitu prochdzejiciho paprsku a odecteni
rozptylu pufru) byla provedena v programu PRIMUS (Roessle et al., 2007). R, a 1(0)
byly ur¢eny Guinierovych vynosem v programu GNOM, stejn¢ tak jako p(r) a D,.
Zdanliva molekulova hmotnost rozpusténych c¢astic byla stanovena porovnanim /(0)
s referenénim vzorkem hovéziho sérového albuminu. Ab initio modelovani rozptylové
obalky proteinu bylo provedeno programem DAMMIN s néslednym zprimérovanim
dvaceti modelit v programu DAMAVER. M¢éifeni byla provedena v pufru 20mM
Tris-HCI pH 7,5, 150mM NaCl, ImM EDTA, 2mM B-merkaptoethanol.
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4.5 Méreni ¢asové rozliseného dohasinani fluorescence

Proteiny obsahuji tfi aromatické aminokyseliny (tryptofan, tyrosin a fenylalanin),
které mohou prispivat k vnitini fluorescenci proteint, pficemz jeji zména muize byt
pouzita ke sledovani strukturnich zmén. Tryptofan z nich vykazuje nejvyssi kvantovy
vytéZek a nejvyssi miru absorpce, k celkové fluorescenci ptispiva tedy nejvyssi mirou.
Jeji hodnota je siln€¢ zavisld na nejbliz§im okoli fluoroforu zejména na jeho expozici
rozpoustédlu. Fluorescencni spektrum se s klesajici polaritou okoli posouva ke kratSim
vlnovym délkam, intenzita zaroven stoupd. Tryptofanové zbytky, které jsou ulozené
hluboko v hydrofobnim jadru proteinu tak mohou oproti povrchovym vykazovat
signifikantné¢ vys§i dobu Zivota excitovaného stavu a rovnéz modry posun ve
fluorescencnim spektru.  Zmény ve fluorescenci tak mohou napovédét o lokalizaci
konkrétnich strukturnich prvk v ramci molekuly proteinu 1 jejich piistupu
k rozpoustédlu. Méfeni anizotropie fluorescence je naopak citlivé na rotacni moznosti
fluoroforu. Pomalejsi depolarizace pro néj znamend pomalej$i a nebo vice omezeny
lokalni ¢i segmentalni pohyb. (Lackowicz, 1992).

Dohasinani intenzity a anizotropie fluorescence tryptofanu bylo provedeno na
casové korelovaném jednofotonovém  Citacim  pfistroji, ktery se skladal
z femtosekundového excitacniho Ti:Safirového laseru s opakovaci rychlosti
redukovanou na 4 MHz (Chameleon Ultra II a Pulse Picker HP, Coherent) a ¢asové
korelovaného jednofotonového citace s chlazenym fotonasobi¢em MCP PMT (R3809U-
50, Hamamatsu). Emise tryptofanu byla stimulovana pii 298 nm a méfena ptfi 355nm
s pouzitim monochromatoru a souboru sklenénych filtrt UG1 a BG40 (Thorlabs, USA).
Vzorky byly umistény do termostatickém drzaku a vSechny experimenty byly provedeny
pii 23 °C v pufru 20mM Tris-HCI1 pH 7,5, 200mM NaCl a 5mM dithiotreitol,

Dohasinani fluorescence bylo méfeno pod ,,magickym‘ thlem, kde intenzita
dohasinani fluorescence /() nezalezi na rotacni difuzi a lze tak ziskat nezkreslenou
sttedni dobu zivota fluoroforu. Pfi vyhodnoceni bylo piedpokladano, Zze dohasinani
fluorescence je multiexponencialni, tedy Ize jej vyjadfit jako soucet exponencialnich

funkeci:
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—tlt,;
(1) = Zaiet (Rovnice 15)

kde 7; jsou doby Zivota excitovanych stavl a a; jsou pfislusné amplitudy. Vyhodnoceni
bylo provedeno metodou maximalni informacni entropie (Bryan et al., 1999). Vypocet
poskytne sadu amplitud o;, které reprezentuji distribuci dob zivota i-t¢ komponenty.
BéZné bylo vybrano 100 dob zivota rovnomérné rozmisténych na logaritmické skale od

20 ps do 20 ns. Stfedni doba zivota fluoroforu z,... byla potom vypocitana:

Tonean — Zfiri = < (ROVniCG 16)
i Z(air)

kde f; jsou frakéni intenzity komponent s ptisluSnou dobou Zivota .

Dohasinani anizotropie fluorescence r(z) bylo ziskdno casové rozliSenym
simultdnnim méfenim rovnobéznych a kolmych komponent intenzity /|(z) a I,(z). Data
byla vyhodnocena analogickym zptsobem jako v pfipad¢ dohasinéni fluorescence pii
ziskavani stfednich dob Zivota metodou maximdlni informac¢ni entropie. Anizotropie

byla analyzovana jako soucet exponencidlnich komponent:
rl(t) = Z Biexp(=tl9,) (Rovnice 17)

kde f; reprezentuje distribuci korelacnich ¢ast @;. f; zavisi na pocatecni anizotropii

podle:
Fo = Zﬁi (Rovnice 18)

Bézné¢ bylo pouzito 100 korelacnich c¢asii rovnomérné rozmisténych na
logaritmické Skéle od 100 ps do 200 ns.

Vsechny fluorescenéni experimenty byly provadény na Fyzikalnim Ustavu
Matematicko-Fyzikalni fakulty Univerzity Karlovy v Praze ve spolupraci s RNDr.

Petrem Hefmanem, CSc. a doc. RNDr. Jaroslavem Vecefem, CSc.
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5. Vysledky

5.1 Interakce mezi ASK1-TBD a TRX1

5.1.1 Exprese a purifikace

Bylo ukazéno, Ze vazebné misto pro TRX1 je na ASKI umisténo nékde mezi
46-277. aminokyselinou od N-konce lidské ASK1. Na zakladé predikce sekundarni
struktury programem PSIPRED (Jones et al., 1999) byly navrhnuty ¢tyfi konstrukty (viz
strana 45) bud’ s C-terminélni histidinovou kotvou v systému se zbytkovou bazalni
expresi pST39 nebo s N-terminalni histidinovou kotvou a GB1 pro zvySeni rozpustnosti
a stability. Proteiny byly exprimovany v Escherichia coli BL21(DE3), avsak pouze
jeden protein ASKI1-TBD (88-302) s C-koncovou histidinovou kotvou v pST39
vykazoval dostatecnou rozpustnost, stabilitu a vytézek vhodny ke strukturnim studiim.
Purifikace probihala ve dvou krocich, niklovou chelata¢ni chromatografii a gelovou
permeacni chromatografii s ovéfenim integrity a cCistoty vzorku pomoci SDS-PAGE
podle postupu uvedeného stran€ 42 a 45 (viz obr. 12, strana 64). Stejnym postupem byl
izolovan i mutant ASK1-TBD C250S. Primérny vytézek se pohyboval okolo 1 mg
proteinu na 1 1 expresni kultury v dostate¢né Cistoté a kvalité pro dalsi experimenty..

TRX1 a vSechny jeho mutanty (CS, W31F) byly exprimovany v Escherichia coli
BL21(DE3), purifikovany niklovou chelata¢ni chromatografii a gelovou permeacni
chromatografii podle postupu uvedeného stran¢ 42 a 47 (viz obr 13, strana 65). Kvalita
a integrita vzorku byla ovétfena pomoci SDS-PAGE. Primérny vytézek u vSech mutantt
se pohyboval okolo 7 mg na 1 I expresni kultury v dostate¢né Cistoté a kvalité pro dalsi
experimenty. Pro tvorbu komplexu ASKI1-TBD:TRX1 byly oba proteiny smichany

dohromady a inkubovany po 30 min pfi laboratorni teplot¢.
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Obr. 12: Souhrn purifikace ASK1-TBD (teoreticka relativni molekulova hmotnost 24500). A) SDS-PAGE
(15%, w/w) po niklové chelata¢ni chromatografii. Eluce probihala pomoci pufru s 300mM imidazolem.
Frakce obsahujici protein byly spojeny a dialyzovany. B) Chromatogram po gelové permeacni
chromatografii, cervena znacka oznacuje prazdny objem kolony. Frakce byly v pfipadé pouzité kolony
Superdex 16/60 sbirany po 0,5ml s pratokem 0,5 ml/min v pufru 20mM Tris-HCI pH 7,5, 200mM NaCl,
2mM EDTA, 5mM dithiotreitol. C) SDS-PAGE (15%, w/w) jednotlivych frakci z gelové permeacni
chromatografie obsahujici podle chromatogramu ASKI1-TBD potvrzujici pfijatelnou cistotu
ptipravovaného proteinu. Mutant ASK1-TBD C250S byl purifikovan analogicky. Popisky u standardu

relativni molekulové hmotnosti na SDS-PAGE jsou uvedeny v tisicich.
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Obr. 13: Souhrn purifikace TRX1 (teoreticka relativni molekulova hmotnost 12000). A) SDS-PAGE (15%,
w/w) po niklové chelata¢ni chromatografii. Eluce probihala pomoci pufru s 300mM imidazolem.
Eluovany roztok proteinu byl po odebrani alikvotu na elektroforetickou analyzu okamzité dialyzovan. B)
Chromatogram po gelové permecni chromatografii, cervena znacka oznacuje prazdny objem kolony.
Frakce byly v ptipadé pouzité kolony Superdex 16/60 sbirany po 0,5ml s prutokem 0,5 ml/min v pufru
20mM Tris-HCI pH 7,5, 150mM NaCl, 2mM EDTA, 5SmM dithiotreitol. C) SDS-PAGE (15%, w/w)
jednotlivych frakei z gelové permeacni chromatografie obsahujici podle chromatogramu TRX1 potvrzuje
prijatelnou Cistotu proteinu. Mutanty TRX1 CS, TRX W31F byly purifikovany analogicky. Popisky u

standardu relativni molekulové hmotnosti na SDS-PAGE jsou uvedeny v tisicich.
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5.1.2 Sedimentac¢ni analyza ASK1-TBD a TRX1

Po purifikaci ASK1-TBD a TRX1 byla provedena biofyzikalni charakterizace
samotnych proteinii a proteinového komplexu z nich sloZzeného. Pro tyto ucely byla
pouzita analytickd ultracentrifugace (AUC), metoda sedimentani rychlosti, za
redukénich podminek v pufru s 2mM [-merkaptoethanolem pii 48000 otackach za
minutu s akvizici dat interferenéni optikou. Normalizované kontinudlni distribuce
sedimentacnich koeficientl c¢(s) vypocitané z meéfeni sedimentacni rychlosti Castic
odhalily, ze redukovany TRX1 a ASK1-TBD tvoii komplex s sz = 3,0 S, zatimco
samotna ASK1-TBD sedimentuje s 529 = 2,4 S a TRX1 s 5020 = 1,6 S (viz obr. 14).
Pozorované hodnoty s, pro ASKI-TBD a TRXI1 pfiblizné¢ odpovidaji relativnim
molekulovym hmotnostem obou proteini 25000 a 12000, coz ukazuje, ze oba dva
proteiny se v roztoku chovaji jako monomery (teoretické relativni molekulové hmotnosti

pro ASK1-TBD jsou 25570 a TRX1 12990).

1.0 - = ASK1-TBD
—  ASKL-TBD + TRX1 (1:1)
TRX1

0.4 4

(S) (1/S)

0.2 A

0.0 -

1 2 3 4 5 6
sedimentacni koeficient (S)

Obr. 14: Porovnani distribuci sedimentacnich koeficientd pro samotny TRX1 (sp20.= 1,6 S, 30uM),
ASKI1-TBD (sgow= 2,4 S, 30uM) a komplex ASK1-TBD:TRX1, 1:1 (s¢ow= 3,0 S, 15uM + 15uM).
Maly vrchol v ptipadé komplexu u 1,6 S pravdépodobné odpovidd mirnému koncentra¢nimu nadbytku

TRX1 ve smési.
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Pozorovana hodnota 5.9, = 3,0 S komplexu ASKI-TBD:TRXI s relativni
molekulovou hmotnosti pfiblizn¢ 33000 navic napovidé, ze studovany komplex ma
stechiometrii 1:1 (teoretickd relativni molekulova hmotnost je 38600). K =ziskani
zdanlivé disociacni konstanty (K;) ASKI1-TBD:TRX1 bylo pfipraveno 5 riznych
koncentracnich poméra (5:3, 1:1, 1:2, 1:4, 1:10) s konstantni koncentraci ASK1-TBD
5uM a proménlivé koncentrace redukovaného TRX1 od 3uM do 50uM. K jejich analyze
byla opét pouzita AUC metoda méfeni sedimentacnich rychlosti pii 48000 otackach za
minutu s akvizici dat interferencni optikou, nebot’ absorpcni neposkytovala dostate¢né
rozliSeni pti nizkych koncentracich. Prvni vyhodnoceni dat po ziskani c(s) distribuci
bylo provedeno metodou analyzy vazebné izotermy celkového sedimentaéniho
koeficientu s, ziskaného integraci c(s) distribuce. Hodnoty s, byly vyneseny do grafu
jako funkce ménici se koncentrace TRX1 a prolozeny vazebnym modelem, jez
piedpokladal stechiometrii reverzibilni vazby 1:1 (viz strana 55).

Timto postupem byla stanovena K, jakoZto parametr prokladané kiivky na
(0,3 £ 0,1)uM. To jednak potvrzuje 1:1 stechiometrii komplexu, nebot’ modely
pfedpokladajici jiny pomér poskytly nesmyslny vysledek, a protoZe experiment byl
provadén v pufru s 2mM  B-merkaptoethanolem a zarovenn model piedpokladal
reverzibilni rovnovéhu, je mozné usuzovat, Ze interakce mezi ASK1-TBD a TRX1 neni
zprosttedkovana mezimolekularni disulfidovou vazbou (viz obr. 15A, strana 68).
Vysledek analyzy vazebné izotermy s, byl verifikovan pfimym modelovanim

Lammovych rovnic v programu SEDPHAT (vysledek neuveden).
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Obr. 15: Analyticka ultracentrifugace - métfeni sedimentacni rychlosti. Vazené priméry sedimentacnich

koeficient byly vypocitany na zaklad¢ c(s) distribuci uvedenych vzdy ve vlozenych grafech. Zdéanliva

disociacni konstanta byla urcena nelinearni regresi z experimentalnich dat. A) Izoterma vazenych primeéri

sedimentacnich koeficient ¢(s) v zavislosti na koncentraci redukovaného TRX1 (3-50uM) s konstantni

koncentraci ASK1-TBD (5uM). B) Izoterma vazenych primérti sedimentacnich koeficientd c(s) v

zavislosti na koncentraci oxidovaného TRX1 (3-50uM) s konstantni koncentraci ASK1-TBD (5uM).

TRX1 byl oxidovan pomoci peroxidu vodiku (stonasobny molarni nadbytek) 15 minut pii 37 °C. C)

Izoterma vazenych primérd sedimentacnich koeficientd c(s) v zavislosti na koncentraci redukovaného

TRX1 CS (5-100uM) s konstantni koncentraci ASK1-TBD (20uM). D) Izoterma vazenych prameéra

sedimentacnich koeficientll ¢(s) v zavislosti na koncentraci redukovaného TRX1 W31F (15-290uM) s

konstantni koncentraci ASK1-TBD (20uM).
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Bylo ukazano, Ze oxidace TRX1 naruSuje jeho vazbu na ASK1-TBD (Saitoh et
al., 1998; Liu et al., 2000; Fujino et al., 2007). Jako dalsi krok tedy byla prostudovana
pomoci sedimentacni analyzy interakce oxidované formy TRX1 a ASKI1-TBD. V tomto
piipad¢ byly ultracentrifugani experimenty provadény bez pfitomnosti redukéniho
¢inidla v pufru. Oxidovany TRX1 byl pfipraven podle vySe uvedené¢ho postupu (viz
strana 47), ktery poskytl protein s disulfidovymi vazbami mezi cysteiny 32 a 35
a zaroveil mezi cysteiny 62 a 69. Sedimentacni charakterizace byla provedena
analogicky jako v pfipadé¢ redukovaného TRX1 analyzou sedimentacnich profili s
koncentraci ASK1-TBD konstantni SuM a pii 5 riznych koncentraci TRX1 v pomérech
5:3, 1:1, 1:2, 1:4, 1:10 a naslednou analyzou vazebné izotermy celkového
sedimentac¢niho koeficientu s, jako funkce koncentrace TRX1. K, v tomto ptipadé byla
stanovena na (6 £ 2)uM za pouziti reverzibilniho vazebného modelu se stechiometrii
1:1, coz je oproti redukovanému TRX1 signifikantni pokles (viz obr. 15B, strana 68).

Toto pozorovani potvrzuje in vitro, Ze oxidace TRX1 opravdu naruSuje vazbu
s odpovidajicim vazebnym regionem na ASKI1 a Zze katalyticky region TRXI
S'WCGPC® je pravdépodobné pro interakei dalezity prvek.

Pro ovéfeni, zda tento region ma na snizeni vazebné afinity po oxidaci TRX1
ptimy vliv, byl pomoci sedimentacni analyzy studovan mutant TRX1 CS, kde cysteiny
32 a 35 byly vyménény bodovou mutagenezi za seriny. Analyza byla provedena
analogicky jako v ptfipad€ redukovaného TRX1 a ASK1-TBD s konstantni koncentraci
ASK1-TBD 20uM. Zvolen¢ koncentrace byly vyssi, nebot’ byla piedpokladana vyssi K,
ktera by v koncentracnim rozhrani pouZitém pro TRX1 nemusela byt urena spolehlivé.
Koncentrace TRX1 CS byla zvolena v intervalu 5-100uM v pomérech ASKI-
TBD:TRX1 CS 4:1, 2:1, 1:1, 1:2, 1:5. Pii vyhodnoceni vazebné izotermy celkového
sedimentacniho koeficientu s, jako funkce koncentrace TRX1 CS bylo skute¢né
zjisténo, ze K, je pro tento systém (0,9 + 0,2)mM za pouZiti reverzibilniho vazebného
modelu se stechiometrii 1:1 (viz obr. 15C, strana 68), coz v biologickém kontextu
znamena, ze vazebna afinita pro TRX1 CS je zanedbatelnd. Toto pozorovani je plné ve
shodé¢ s pozorovanim jinych vyzkumnych skupin (Saitoh et al., 1998; Liu et al., 2000;
Fujino et al., 2007).

Kromé cysteinii obsahuje katalyticky motiv TRX1 i tryptofan na 31. pozici,
ktery je v blizkosti aktivnich cysteinti a byl dokumentovan jako jedind aminokyselina,

ktera po oxidaci TRX1 a uzavieni disulfidového mustku mezi cysteiny 32 a 35,
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vyraznéji zméni konformaci (Weischel et al., 1996; Qin et al., 1994). Vzhledem k tomu,
ze oxidovany TRX1 i TRX1 CS ovliviiuji vazbu na ASK1-TBD, byl prozkoumén i vliv
tryptofanu 31 na interakci mezi mutantem TRX1 a ASK1-TBD sedimentacni analyzou
mutantu TRX1 W31F. Ultracentrifuga¢ni experiment byl proveden analogicky jako
v ptipad¢ redukovaného TRX1 a ASK1-TBD. Koncentrace TRX1 W31F byly zvoleny
v intervalu 15-290uM v pomérech ASK1-TBD:TRX1 W31F 4:3, 1:2, 1:4, 1:10, 1:29
s koncentraci ASKI-TBD konstantni 20uM. Po vyhodnoceni vazebné izotermy
celkového sedimentac¢niho koeficientu s, jako funkce koncentrace TRX1 W3I1F bylo
zjisténo, ze K, je pro interakci tohoto systému zvySena na (30 = 5)uM za pouziti
reverzibilniho vazebného modelu se stechiometrii 1:1 (viz obr. 15D, strana 68), coz
potvrzuje dulezitost této aminokyseliny pro tvorbu vazby a stabilitu komplexu.

Vedle mutaci na proteinu TRX1 bylo nalezeno, Ze cystein na 250. pozici
v aminokyselinové sekvenci ASK1 je rovnéz pro vazbu TRX1 dilezity a jeho mutace
inhibuje interakci mezi ASK1 a TRX1 in vivo (Zhang et al., 2004; Nadeau et al., 2009).
Pro zjisténi a posouzeni vyznamnosti této mutace byla rovnéz provedena sedimentacni
analyza redukovaného TRX1 a ASKI-TBD C250S analogicky jako v pfipade
redukovaného TRX1 a ASK1-TBD. Fixni koncentrace ASK1-TBD C250S byla zvolena
pro vSech pét vzorkli 20uM, koncentrace TRX1 se ménily v rozsahu 5-100uM
v pomérech ASKI1-TBD C250:TRX1 4:1, 2:1, 1:1, 1:2, 1:5. Analyza potvrdila, Ze vazba
mutantu ASK1-TBD C250S je na TRX signifikantné slabsi s K, stanovenou na (50 +
10)uM za pouziti reverzibilniho vazebného modelu se stechiometrii 1:1 (viz obr. 16,

strana 71).
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Obr. 16: Izotermy vazenych primérd sedimentacnich koeficienti v zavislosti na koncentraci TRX1 pro

TRX

mutant ASK1 C250S. Zdanliva disociacni konstanta byla vypocitana nelinearni regresi z experimentalnich

dat.

5.1.3 Casové rozliSené méreni dohasinani fluorescence

Protoze tryptofan 31 v sekvenci TRX1 je jediny tryptofan v celé¢ molekule
a v sekvenci ASK1-TBD neni pfitomny zadny, bylo pro dalsi studium interakci mutanti
TRX1 a ASK1-TBD pouzito ¢asové rozliSené méfeni dohasinani intenzity a anizotropie
tryptofanové fluorescence. Oboji bylo analyzovano pomoci metody maximalni
informacni entropie. Tvorba komplexu signifikantngé zvysSila stfedni dobu Zzivota
excitovaného stavu (7,...) z 1,62 na 3,34 ns (viz tabulka 1, strana 73). Tento efekt mtize
reflektovat konformac¢ni zménu v TRX1 indukovanou vazbou ASK1-TBD, ktera muze
ovliviiovat interakci tryptofanu 31 s jeho okolim. Pozorované zvySeni t,... t€Z miize
znamenat pifimé zapojeni postranniho fetézce tryptofanu 31 do interakce s ASK1-TBD.
Redukoval by se tak jeho kontakt s poldrnim prostfedim rozpoustédla nebo by byly
ovlivnény zhaseci interakce v jeho blizkosti.

M¢éfeni emisnich anizotropii odhalilo velké zmény v mobilité tryptofanu 31
TRX1 v zavislosti na pritomnosti nebo absenci ASKI1-TBD ve vzorku (viz obr. 17A
a 17B, strana 74). Porovnanim rychlosti depolarizace mezi samotnym TRX1

a komplexem ASKI-TBD:TRX1 Ize jasn¢ ukézat, ze depolarizace fluorescence

71



tryptofanu 31 je u komplexu daleko pomalejsi. Rychlost depolarizace mize byt ptimo
vztazena k rota¢ni volnosti fluoroforu. Pomalej$i depolarizace pro né& znamena
pomalejsi a nebo vice omezeny lokalni ¢i segmentalni pohyb. Z tohoto pohledu vazba
ASK1-TBD redukuje segmentélni flexibilitu aktivniho mista TRX1, kde se nachazi
tryptofan 31. Toto pozorovani je pln€ ve shodé s pozorovanou zmeénou 7,..,, kterd odrazi
fakt, Ze aktivni centrum ucastnici se interakce ma omezenéjsi piistup k polarnimu okoli
¢i jsou potlaceny zhéSeci vlivy v jeho tésné blizkosti. Data z matematické analyzy
dohasinani anizotropie fluorescence jsou také ve shodé s experimentem. Data samotného
TRX1 poskytly dva druhy kratkych rota¢né-korelacnich cast, jeden velmi kratky
nerozliSeny (@; < 100 ps) a druhy @, ptiblizné 1,7 ns (viz tabulka 1, strana 73). Kromé
nich vyplynul z dat i tfeti korelacni Cas @,,, = 10 ns, ktery mulze byt pfifazen
celkovému rotaénimu pohybu TRX1 a jeho hodnota je pfiblizné¢ odpovidajici hodnoté
ocekavané pro globularni protein s relativni molekulovou hmotnosti 13000 (Lackowicz,
1992). Tvorba komplexu vedla k eliminaci nejrychlej§i komponenty @, odpovidajici
nejrychlejSim pohybtim tryptofanu 31. Naopak rotacné korelacni cas odpovidajici
segmentalnim pohyblim @, vzrostl z 1,7 na 3,3ns (&, — @;; viz tabulka 1, strana 73).
Utvoteni komplexu také mirné snizilo soucet amplitud rychlych rota¢né-korela¢nich
cast By (Bswore = f1 + P2 + f3), coz naznacuje thlové omezeni pohybu. VSechny tyto
zmény mohou byt dohromady interpretovany jako signifikantni redukce segmentalni
flexibility aktivniho motivu TRXI1 s tryptofanem 31 po vazb& na ASK1-TBD. Nejdelsi
rotaén¢ korelacni Cas @, navic vykazoval po vazbé narlst na 30 ns a odrazel tak
zvySenou relativni molekulovou hmotnost ¢astice komplexu oproti samotnému TRX1.
Jeho hodnota odpovid4d relativni molekulové hmotnosti ocekavané pro komplex
ASKI1-TBD:TRX1 38600. Tyto vysledky silné naznacuji, ze tryptofan 31 v aktivnim
mist¢ TRX1 se pfimo ucastni interakce s ASK1-TBD.

Paralelné€ byl pomoci ¢asové rozliSené analyzy dohasinani intenzity a anizotropie
fluorescence studovan podrobnéji i mutant ASK1-TBD C250S s TRX1. Méfeni emisni
anizotropie odhalila rozdilné hydrodynamické vlastnosti tryptofanu 31 mezi piipady,
kdy TRXT1 interagoval s ASK1-TBD nebo s ASK1-TBD C250S. Na rozdil od ASK1-
TBD analyza dat u mutantu ASK1-TBD C250S odhalila ¢tyfi rotacné-korelacni Casy.
Prvni byl extrémné kratky (@, < 100 ps), dva dalsi odpovidajici segmentalnim pohybiim
(®,=1,3 ns, @;= 3,8 ns) a Ctvrty rotatné-korelacni cas @y, = 38 ns odrazejici rotacni

pohyb celé castice komplexu (viz tabulka 1, strana 73). Simultanni pfitomnost rotacné
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korelacnich ¢asi pfitomnych jak v samotném TRXI1 tak 1 v komplexu
ASKI1-TBD:TRX1 naznacuje nekompletni vazbu a pouze ¢aste¢nou tvorbu komplexu,
kdy pouze cast TRX1 interaguje s ASKI-TBD C250S. Toto pozorovani je ve shodé
s méfenim sedimentac¢nich vlastnosti AUC, které ukazuje, ze TRX1 interaguje s ASK1-
TBD C250S se vyrazné nizsi afinitou v porovnani s ASK1-TBD. Navic byl v ptipadé
komplexu ASK1-TBD C250S:TRX1 pozorovan daleko vétsi nartst stfedni doby Zivota
excitovaného stavu .., = 4,52 ns v porovnani s 3,34 ns pro komplex ASK1-TBD:TRX1
(viz obr. 17C, strana 74). Toto naznacuje, ze tryptofan 31 v TRXI1 interaguje s
ASKI1-TBD C250S jinym zptusobem v duasledku rozdilné konformace ASKI1-TBD
C250S nebo odlisnou interakci na mezimolekularnim rozhrani. Jak ultracentrifugacni tak
fluorescen¢ni data komplexu ASK1-TBD C250S:TRX1 dohromady odhaluji, Ze cystein
250 v sekvenci ASK1 se velmi pravdépodobné nachéazi v bezprostiedni blizkosti

aktivniho centra TRX1 a pro interakci mezi proteiny je naprosto zasadni.

Tabulka 1: Pfehled ¢asové rozlisSeného dohasinani fluorescence tryptofanu 31 v TRX1

VZ Orek Tmcana' c (nS) ﬁIb,d ¢1h,e ﬂzb,d ¢2h,e ﬁ}h,d ¢3b,e ﬁl(mghyd ¢/ongby e
(ns) (ns) (ns) (ns)

TRX1 1,62 0,018 <o0,1 0,060 1,7 - - 0,133 10

TRX1+ASKI-TBD 3,34 - - - 0,079 3,3 0,141 30

TRX1+ASKI1-TBD C250S 4,52 0,026 <0,1 0,024 13 0,034 3,8 0,136 38

* Stfedni doba zivota fluoroforu (Zmen) byla spocitana pies rovnici 16.

® Anizotropie fluorescence () byla analyzovana jako soubor exponencielnich fukci (Rovnice 17), kde
amplitudy p; reprezentuji distribuci rotacné korelacnich ¢ast ¢;. Pocate¢ni anizotropie tryptofanu 31 ve
v8ech vzorcich je rp=0,22 +0,01. Amplitudy S, byly vypocitany jako S = ro - (Bo+ Bst+ Bione) pro kazdy
vzorek.

¢S,=0,05ns

¢S, =0,005

¢S =15%
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Obr. 17: Casové rozlifené méfeni dohasinani anizotropie fluorescence tryptofanu 31 v TRXI1. A)
dohasinani anizotropie fluorescence bylo porovnavano mezi TRX1 v pfitomnosti ASK1-TBD (Cerné) a
nepiitomnosti (Sed¢), v panelech nize jsou uvedena rezidua vici vypocitané funkci. Kvalita vypoctu je
rovnéz ukédzana pomoci autokorelacni funkce (vlozeny graf, ¢erné¢ pro ASKI1-TBD + TRXI, sed¢ pro
TRX1). B) Distribuce rotacné korelacnich casi tryptofanu 31 v TRX1 v nepfitomnosti a ptitomnosti
ASKI1-TBD. Nerozlisena rota¢ni komponenta s velmi kratkym rota¢né-korelaénim ¢asem (@; < 100 ps)
pozorovana u samotného TRX1 neni zobrazena. C) Distribuce rotaéné korelaénich ¢ast tryptofanu 31 v
TRX1 v nepfitomnosti a ptitomnosti ASK1-TBD C250S. NerozliSeni komponenta rota¢né korelacniho

casu TRX1 neni zobrazena stejné jako na obr. 17B.
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5.1.3 Malouhlovy rozptyl rentgenového zareni

Pro ziskani lepSi vizudlni predstavy, jak muze komplex ASKI-TBD:TRX1
vypadat v roztoku byla zvolena metoda malothlového rozptylu rentgenového zareni
(SAXS). K tomu bylo ptikroceno paralelné s pokusy o ziskani krystalu komplexu, které
vsak do soucasnosti nevedly k tispéchu. Experimentalni data pro samotny protein ASK1-
TBD 1 komplex s TRX1 jsou uvedeny v obr. 18A, strana 76. Kvalita experimentalnich
dat a zejména nepiitomnost agregovaného proteinu ve vzorku byla ovéfena linearitou
Guinierova vynosu v oblasti jeho platnosti pomoci programu GNOM. Zdanlivé relativni
molekulové hmotnosti ASK1-TBD a komplexu ASKI1-TBD:TRX1 byly odhadnuty
porovnanim piimé intenzity rozptylu /(0) s hodnotou pro referencni hovézi sérovy
albumin (viz tabulka 2, strana 77). Takto zjisténa relativni molekulova hmotnost 37000
pro komplex dobie odpovidda piedpokladu vazebné stechiometrie 1:1 (teoreticka
relativni molekulova hmotnost 38600) a je v souladu i s vysledky ultracentrifugacnich
pokusti. Hodnoty R, vypocitané z Guinierova vynosu 1 z funkce distribuce
meziatomarnich vzdalenosti (p(7)) naznacuji, Ze komplex ma spise vice asymetricky tvar
nez samotnd ASK1-TBD (viz tabulka 2, strana 77). To bylo potvrzeno i p(r) funkei,
kterd poskytla maximalni vzdéalenost D,. samotné ASK1-TBD 82 A zatimco pro
komplex ASK1-TBD:TRX1 byla tato hodnota 99 A (viz obr. 18B, strana 76). Jedna se
o dalsi potvrzeni toho, Ze komplex obou proteinii vykazuje vice protdhly a asymetricky
tvar nez ASK1-TBD.

Pro rozsitfeni informace o tvaru téchto proteinti byly ab initio za pomoci
programtit DAMMIN a DAMAVER z rozptylovych dat vypocitany rozptylové obalky,
které odrazi tvar Castic v roztoku. Rekonstruované tvary se skladaly z priiméru nejméné
deseti individudlnich rekonstrukci, které vSak mezi sebou z porovnani prostorové
rozdilnosti velmi dobie souhlasily. Obélka pro samotnou ASKI1-TBD (viz obr. 18C,
strana 76) ukazuje, Ze tato doména ma kompaktni, mirn¢ asymetrickou konformaci
s jednou stranou uz$i nez druhou. Obdlka komplexu je podobnd, ale ukazuje vice
protazeny tvar tlustSi ¢asti komplexu, coz naznacuje, ze TRXI interaguje s timto
objemnéjsim koncem ASK1-TBD. Velikost pfiblizné 20x35x30 A i tvar této dodate¢né
oblasti (zobrazena Cervené¢ v obr. 18D, strana 76) dobie odpovida velikosti i tvaru
molekuly TRX1. Porovnéni obou obalek rovné€z naznacuje, ze obé molekuly interaguji

pies pomérné veliké interakéni rozhrani nez pies pouze nékolik malo kontakta. Lze téz
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pozorovat, ze vazba TRX1 neindukuje v ASKI-TBD Zadnou dramatickou strukturni
zménu, ackoliv nelze vyloucit lokalni konformaéni pod rozliSenim pouzité metody.
Strukturni model ASK1-TBD:TRX1 byl vytvofen vhodnym umisténim zndmé
krystalové struktury TRX1 a ab initio modelovanou ASK1-TBD (vysledek neuveden).
Homologni modelovani nemohlo byt v tomto ptipadé pouzito, protoze k této doméné
nejsou znam¢é zadné strukturné homologni proteiny se zndmou prostorovou strukturou.
Modelovani bylo provedeno prof. RNDr. TomaSem Obsilem, Ph.D. s pomoci serveru

Robetta (Song et al., 2013) a vysledek je ve shod¢ se vSemi zjisténymi daty.
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Obr. 18: Strukturni charakterizace ASK1-TBD a jejiho komplexu s redukovanym TRX1 pomoci SAXS.

A) Intenzita rozptylu jako funkce rozptylového vektoru s (s = 4sin(6)/A, kde 26 je thel rozptylu a A
vlnova délka). Vlozeny graf ukazuje Guinieriv vynos ASKI1-TBD (2,3 mg/ml) i komplexu ASKI-
TBD:TRX1 (6 mg/ml). B) Distribuce meziatomarnich vzdalenosti p(r). C) Zprimérované vypocitané
obalky z programu DAMMIN pro samotnou ASKI-TBD. D) Zpramérované vypocitané obalky z
programu DAMMIN pro komplex ASK1-TBD:TRX1. Hlavni rozdil mezi tvary ASK1-TBD a komplexu

je zobrazen Cervene.
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Tabulka 2: Strukturni parametry urcené ze SAXS

Vzorek R, RS M, 10 Doy’
A) A) A)

ASKI1-TBD 23,7+0,3 242+0,2 25000 82

ASKI-TBD:TRX1 28,9+0,2 29,3£0,1 37000 99

* Ur€eno Guinierovou aproximaci
® Ur&eno z p(r) funkce
¢ Ur€eno srovnanim pocatecni intenzity rozptylu /(0) s referenénim hovézim sérovym albuminem.

¢ Ureno nepiimou Fourierovou transformaci s experimentalnich dat.

5.2 Komplex mezi ASK1-CD a proteinem 14-3-3

5.2.1 Exprese a purifikace

Kinasova doména ASK1 je jediné ¢ast celé molekuly ASK1, k niZ jsou dostupné
strukturni informace. Na zdklad¢ konstruktu, ktery byl vykrystalizovan (659 — 951
v sekvenci lidské ASK1) a jeho struktura rozfesena (Bunkoczi et al., 2007) a rovnéz na
zéklad¢ predikované sekundarni struktury pomoci programu PSIPRED (Jones et al.,
1999) byl navrhnut novy podobny konstrukt, ktery by vyhovoval potiebé studia
interakce s proteinem 14-3-3. Tento konstrukt za¢inal 659. aminokyselinou a kon¢il 979.
Kromé¢ kinasové domény samotné tedy obsahoval na C-konci presah, ktery v krystalové
struktufe neni zahrnut a obsahuje vazebné misto pro protein 14-3-3. Vazebné misto bylo
bodovou mutagenezi upraveno pro potieby fosforylace pomoci komeréni PKA (viz
strana 45). Tento konstrukt je v praci ozna¢ovan jako ASK1-CD. Cely byl exprimovéan
v expresnim systému pST39 v Escherichia coli BL21(DE3) zbytkovou bazélni expresi
s C-koncovou histidinovou kotvou. Purifikace probéhla ve dvou krocich. Po niklové
chelata¢ni chromatografii néasledovala gelovd permeacni chromatografie s ovéfenim
Cistoty a integrity proteinu mezi kroky podle postupu uvedeného na strané 42 a 45 (viz
obr. 19, strana 79). Pfi tvodnich experimentech byla mezi niklovou chelata¢ni
chromatografii a gelovou permeac¢ni chromatografii vyzkouSena i1 aniontova vyménna
chromatografie, avSak ASK1-CD vykazovala i v pufru o pH 8,5 pouze minimalni
znamky navazani na iontoménic i kdyZ je jeji teoretické pl rovno 6 (vysledek neuveden).
Vysledny vytézek se pohyboval okolo 1-1,5 mg ASK1-CD na 1 1 expresni kultury a mél

dostatecnou Cistotu pro dal§i experimenty (viz obr. 19C, strana 79). Fosforylace
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ASKI1-CD na serinu 967 pomoci komeréni PKA byla ovéfena hmotnostné
spektrometrickou analyzou (LC-MS/MS, vysledek neuveden), kde byla potvrzena >95%
mira fosforylace vazebného motivu pro 14-3-3. Rezidualni ATP po fosforylaci bylo
odstranéno dialyzou.

Protein 14-3-3( 1 jeho forma se zkracenim na C-konci 14-3-3CAC byly
exprimovany v Escherichia coli BL21(DE3), purifikovany niklovou chelatacni
chromatografii, aniontovou vyménnou chromatografii a nakonec gelovou permeacéni
chromatografii s ovéfenim Cistoty a integrity proteinu mezi kroky pomoci 12% (w/w)
SDS-PAGE (viz obr. 20ACEF, strana 80). Praimérny vytézek se pohyboval okolo 10 mg
na 1 1 expresni kultury a mél dostatecnou kvalitu pro dalsi experimenty. Pro ptipravu
komplexu ASK1-CD:14-3-3 byly oba proteiny (ASK1-CD fosforylovana pomoci PKA)

smichany dohromady a inkubovéany 30 minut pfi teplot¢ laboratofe.
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Obr. 19: Souhrn purifikace ASK1-CD (teoreticka relativni molekulova hmotnost 36500). A) SDS-PAGE

(12%, w/w) po niklové chelatacni chromatografii. Eluce probihala pomoci pufru s 300mM imidazolem.

Frakce obsahujici protein byly po odebrani alikvotu na elektroforetickou analyzu ihned spojeny, byla k

nim ptidana TEV proteasa pro odstépeni C-koncové histidinové kotvy a dialyzovany ptes noc pii 4 °C. B)

Chromatogram po gelové permecni chromatografii, ¢ervena znacka oznacuje mrtvy objem kolony. Frakce

byly v pfipadé pouzité kolony "hiload" Superdex 26/600 sbirany po 1ml s pritokem 2 ml/min v pufru
50mM Tris-HCI pH 8, 200mM NaCl, 2mM EDTA, 5mM dithiotreitol. C) SDS-PAGE (12%, w/w).

Vzorky jednotlivych frakei (kazdé druhé) z gelové permeacni chromatografie obsahujici podle

chromatogramu ASK1-CD potvrzuji pfijatelnou Cistotu pfipravovaného proteinu. Popisky u standardu

relativni molekulové hmotnosti na SDS-PAGE jsou uvedeny v tisicich.
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Obr. 20: Souhrn purifikace 14-3-3& (teoreticka relativni molekulova hmotnost 29908). A) SDS-PAGE
(12%, w/w) po niklové chelatacni chromatografii. Eluce probihala pomoci pufru s 300mM imidazolem.
Frakce obsahujici protein byly spojeny a dialyzovany. B) Chromatogram po aniontové vyménné
chromatografii s eluci pufrem 50mM Tris-HCI, 5SmM dithiotreitol a s gradientem NaCl od 10 do 1000mM
v rozmezi 30 min. Uvedeny chromatogram zacina v pocatku gradientu NaCl. Frakce s proteinem byly po
odebrani alikvotu k elektroforetické analyze spojeny. C) SDS-PAGE (12%, w/w) frakei s proteinem po
aniontové vymeéné. D) Chromatogram po gelové permeaéni chromatografii, ¢ervena znacka oznacuje
mrtvy objem kolony. Frakce byly v pfipadé pouzité kolony Superdex 26/600 sbirany po 1 ml s priutokem
2 ml/min v pufru 20mM Tris, 150mM NaCl, 2mM EDTA, 5mM dithiotreitol. E, F) SDS-PAGE (12%,
w/w) jednotlivych frakei z gelové permeacni chromatografie obsahujici podle chromatogramu 14-3-3&
potvrzujici pfijatelnou Cistotu piipravovaného proteinu. Mutant 14-3-3{AC byl purifikovan analogickym

zptsobem. Popisky u standardu relativni molekulové hmotnosti na SDS-PAGE jsou uvedeny v tisicich.
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5.2.2 Sedimentac¢ni analyza ASK1-CD a proteinu 14-3-3

Po uspésné purifikaci ASK1-CD a 14-3-3( byla provedena analyza jejich
sedimentacnich vlastnosti analytickou ultracentrifugaci, vcetné¢ sedimentacnich
vlastnosti komplexu. Méfeni sedimentacni rychlosti bylo provedeno pii 42000 otackach
za minutu za reduk¢nich podminek v pufru s 2mM p-merkaptoethanolem. K akvizici dat
byla pouzita absorpcni optika pii 280 nm v méfici cele s optickou drdhou 1,2 cm.
Normalizované kontinualni distribuce sedimentacnich koeficienti c¢(s) vypocitané
z méfeni sedimentacni rychlosti Castic odhalily, Ze samotny protein 14-3-3( ma
sedimentac¢ni koeficient s, = 3,7 S odpovidajici relativni molekulové hmotnosti
58000. Tato vypocitana hodnota je v souladu s teoretickou hmotnosti dimerniho 14-3-3(
59800 jak bylo ocekavano (viz obr. 21A, strana 83). Dimer téZ musi mit velice nizkou
K., protoze v datech je c(s) odpovidajici monomeru (1,5-2 S) rovno nule a ve vzorku
tedy pravdépodobné neni za dané pouzit¢ 10uM koncentrace viibec pfitomen. Z dat je
téz ziejme, Ze S pro ASK1-CD se pohybuje okolo 4,0 S, monomer stejné jako v
piedchozim pfipad¢€ neni pifitomen. Vypocitana relativni molekulovd hmotnost 66000
pfiblizn¢ odpovidd teoretickym 72000 pro dimer ASKI1-CD, jak bylo ocekavano.
Sedimentacni koeficient se rovnéz po fosforylaci proteinu pomoci komeréni PKA
nezméni, pro experimenty s vazbou na 14-3-3C tak mohl byt pouZzivan fosforylovany
protein (viz obr. 21B, strana 83). Sedimentacni koeficient komplexu se dlouho
nepodafilo spolehlivé ur€it, nebot’ v zavislosti na pouzitych koncentracich pfi molarnim
poméru ASKI1-CD ku 14-3-3C 1:1 byla pozorovana jeho zména mezi 4-5 S. To
neodpovidalo Zzadné predstavé o jeho mozném slozeni, naopak to indikovalo
pravdépodobnou slabou vazbu s K; > 10uM s tim, Zze zdanlivé niz§i sedimentacni
koeficient odrazel dynamickou rovnovdhu v casové Skdle experimentu. DalSimi
experimenty bylo zjiSténo, ze absence C-koncové flexibilni casti 14-3-3C je sila
interakce zvysena (viz obr. 21C, strana 83). Pro vSechny dal$i vazebné experimenty
s katalytickou doménou ASK1-CD byl tedy pouzivan 14-3-3CAC.

Jako dal8i experiment pro rozlusténi slozeni komplexu byla studovana tvorba
komplexu pfi riznych pomérech ASKI1-CD ku 14-3-3CAC (10:1. 3:1, 1:1, 1:3 a 1:9)
s konstantni koncentraci ASKI1-CD 18uM s predpokladem slabé vazby okolo
K, = 10uM. M¢éfeni sedimentacni rychlosti probéhlo pii 42000 otackach za minutu,

akvizice dat s absorp¢ni optikou. Vzhledem k tomu, ze absorbance v métici kyveté byla
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jiz u poméra 1:3 a 1:9 vySsi nez 1, byly tyto dva poméry méfeny pti 250 nm, v piipadé
poméru 1:9 musela byt dokonce pouzita méfici cela s optickou drdhou 0,3 cm. Molarni
absorp¢ni koeficienty pro ASK1-CD i 14-3-3CAC pro tuto vinovou délku byly zméteny
empiricky spektrofotometrem, pohybovaly se pfiblizné na jedné tretiné hodnoty
molarniho absorbéniho koeficientu pro 280nm (7700 M"'cm™ pro 14-3-3( i 14-3-3CAC,
14200 M'cm™ pro ASK1-CD). Ze ziskanych c¢(s) distribuci (viz obr. 22, stran 84) je
ziejmé, ze sedimentacni koeficient s, pro komplex roste az k hodnoté¢ 6,2 S. Toto bylo
ovéfeno 1 meéfenim sedimentacni rychlosti za stejnych podminek 1 pfi pomeéru
ASK1-CD ku 14-3-3CAC 1:20, kde komplex mél téz sedimentacni koeficient 6,2 S
(vysledek neuveden). Tato hodnota odpovidéd relativni molekulové hmotnosti ¢éstice
120000 a tedy pfiblizn¢ stechiometrii 2:2, tedy, ze dimer 14-3-3CAC véze dimer
ASK1-CD (teoretickd hodnota relativni molekulové hmotnosti je 129600) . Pro zjisténi
vazebné afinity, K, , byly vysledné c(s) distribuce s ménicimi se koncentracemi
14-3-3CAC vyhodnoceny pomoci piimého globalniho modelovani Lammovych rovnic
v programu SEDPHAT. Hodnota K, byla ur¢ena na (4 + 2)uM za pouziti reverzibilniho
vazebného modelu A + B = AB se stechiometrii 2:2, kdy proteiny byly povazovany
za pevné nedisociujici dimery. Metoda vynosu sedimentacnich vazebnych izoterem, zde
nemohla byt pouZita, nebot’ data byla kombinovana z experimentl pfi riznych vlnovych
délkach a optickych drahdch a modely, které se pro né pouzivaji, neumoziuji
v programu SEDPHAT nastaveni takového mnoZstvi rozdilnych parametri mezi
experimenty. Hodnota K, odpovidd v souvislosti s protein-proteinovymi interakcemi
slabé transientni vazb&. Sedimentacni koeficient komplexu vysoce zavisi na vychozich
koncentracich, coz indikuje velmi dynamickou rovnovaznou interakci v ¢asové Skale

experimentu.
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Obr. 21: Sedimenta¢ni analyza analytickou ultracentrifugaci. A) ¢(S) distribuce 14-3-3C (s020.9=3,7 S,
c(S) distribuce ASK1-CD (spow) = 4,0 S, 25uM) nefosforylované (modie) a

30uM) B) Porovnani

fosforylované pomoci komeréni PKA (Cervené). C) Porovnani komplexu ASKI-CD se 14-3-3C

a 14-3-3CAC v pomeru 1:1 pii koncentraci kazdého z proteint 18puM.
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Obr. 22: Sedimentacni analyza, koncentrac¢ni série s konstantni koncentraci ASKI1-CD (18uM) a
proménlivé 14-3-3C AC (1,8 - 162uM). V pritomnosti 162uM 14-3-3C AC (zluta distribuce) je v datech
pfitomnd komponenta 6,2 S odpovidajici relativni molekulové hmotnosti 120000, coz odpovida
stechiometrii komplexu 2:2. Pomoci pfimého modelovani v programu SEDPHAT byla ur¢ena zdanliva

disociacni konstanta komplexu na (4 + 2)uM.

5.2.3 Malouhlovy rozptyl rentgenového zareni

Pro lepsi pochopeni mechanismu vazby a ziskani strukturniho pohledu do této
dilezité interakce ASK1-CD a 14-3-3CAC byl naméfen SAXS pro samotné proteiny
14-3-3CAC, ASKI1-CD a potom pro jejich vzajemny komplex. Tato metoda byla zvolena
hlavné s ohledem na zjiSténi z analytické ultracentrifugace, ze dand interakce ma
v roztoku pfednostné transientni a dynamicky charakter a plvodné planované
krystalizani experimenty by tedy pravdépodobné byly dlouhé, nakladné a s mizivou
pravdépodobnosti na tspéch.

Kvalita experimentalnich dat (viz obr. 23A, strana 86), primarné¢ absence
agregované¢ho proteinu, byla ovéfena linearitou Guinierova vynosu v oblasti jeho
platnosti pomoci programu GNOM (viz obr. 23B, strana 86). Zdanlivé relativni
molekulové hmotnosti ASK1-CD, 14-3-3CAC 1 komplexu byly odhadnuty porovnanim
piimé intenzity rozptylu vzorku /(0) s hodnotou pro referencni hovézi sérovy albumin
(viz tabulka 3, strana 87). ZjiSténa relativni molekulovad hmotnost 111000 pro komplex

je v dobrém souladu s predpokladem vazebné stechiometrii 2:2 (teoretickd hodnota pro
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dimer:dimer ASK1-CD a 14-3-3CAC je 129600) a je i v souladu s vysledky z analytické
ultracentrifugace. Hodnoty gyra¢nich poloméri R, z Guinierova vynosu i kalkulované
z funkce meziatomarnich vzdalenosti p(r) téz ukazuji, ze se jednd o kompaktni ale
vysoce asymetrickou cCastici oproti samotnym proteintim. Tento fakt byl potvrzen
i priibéhem p(r) funkce, ktera udava hodnotu Dmer samotné ASK1-CD 104 A, 14-3-
3CAC 76 A, zatimco pro komplex byla tato hodnota stanovena signifikantn& vyse na 166
A (viz obr. 23C, strana 86). Prokazuje to tedy taktéZ protahly a asymetricky tvar ¢astice
komplexu.

Model rozptylové obalky, kterd odrazi tvar proteinu, byla vypocitana ab initio za
pomoci programit DAMMIN a DAMAVER z rozptylovych dat. Rekonstruované tvary se
skladaly z priméru nejméné deseti individudlnich rekonstrukei, které vSak mezi sebou
z porovnani prostorové rozdilnosti nevykazovaly vyraznéj$i nesoulad. Obdlka pro
samotnou ASK1-CD (viz obr. 23D, strana 86) vykazuje mohutnéjsi centralni oblast, do
niz velikostné 1 tvarové presné¢ zapada publikovand dimerni krystalovéd struktura,
s dvéma mens$imi oblastmi po stran¢, které pravdépodobné nalezi flexibilngjsim
C-koncovym ¢astem proteinu a které krystalova struktura postrada. Obalka 14-3-3CAC
naopak presn¢ vystihuje tvar i velikost plynouci ze znamé krystalové struktury tohoto
dimeru vcetné charakteristické kavity, do niz se vazi substraty 14-3-3 (viz obr. 23E,
strana 86). Rozptylova obalka komplexu ASK1-CD:14-3-3{AC ma oproti samotné
ASK1-CD v jednom sméru daleko vice asymetricky tvar, pfiCemz je 1 na jedné strané
vyrazn¢ objemnégj$i. Tato obalka bohuzel neposkytuje jednozna¢nou odpovéd na
slozeni a strukturu komplexu, existuji dvé mozna vysvétleni, ktera jsou si z pohledu
odchylky od experimentdlnich dat rovnocenna (viz obr. 24AB, strana 87). Za prvé je
mozné, ze ASK1-CD vazi 14-3-3CAC pftes relativné malé rozhrani tak, ze oba proteiny
zustavaji v dimernim stavu, pficemz mezi sebou interaguje pouze jeden monomer od
kazdého proteinu. Za druhé, dva separatni monomery ASKI-CD se vazi na dimer
14-3-3CAC kazdy z jiné strany a moznd i s jinou vazebnou afinitou. Teoretické
rozptylové kiivky od obou modeltl jsou statisticky ve shodé s experimentalnimi daty

a bude tfeba vice biofyzikalnich experiment s findlnimu rozfeseni tohoto komplexu.
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Obr. 23: Strukturni charakterizace ASK1-CD a jejiho komplexu s 14-3-3(AC pomoci SAXS. A) Intenzita

rozptylu jako funkce rozptylového vektoru s (s = 4msin(0)/A, kde 20 je thel rozptylu a A vinova délka).
B) GuinierGv vynos ASK1-CD (6,3 mg/ml), 14-3-3CAC (14,6 mg/ml) i komplexu ASK1-CD:14-3-3AC

(7,7 mg/ml). C) Distribuce meziatomarnich vzdalenosti p(r). D) Zprimérované vypocitané obalky

z programu DAMMIN pro samotnou ASKI1-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. E) Zpramérované vypocitané obalky

z programu DAMMIN pro 14-3-3CAC s vlozenym modelem krystalové struktury. F) Zpramérované
vypocitané obalky z programu DAMMIN pro komplex ASK1-CD:14-3-3CAC.
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Tabulka 3: Strukturni parametry ASK1-CD a 14-3-3{AC urcené ze SAXS

Vzorek RS RS M, 10 Do’
A) A) &)
ASK1-CD 33,7€0,1 32,7,2+0,1 63000 104
14-3-3CAC 28,1 £0,1 28,1 +£0,1 46000 76
ASK1-CD:14-3-3CAC 48,1+0,2 48,3+ 0,1 111000 166

* UrCeno Guinierovou aproximaci
® Uréeno z p(r) funkce
¢ Urceno srovnanim pocatecni intenzity rozptylu /(0) s referenénim hovézim sérovym albuminem.

4 Uréeno nepiimou Fourierovou transformaci s experimentalnich dat.
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Obr. 24: Ukazka superimpozice krystalovych struktur (provedeno prof. RNDr. Tomasem Obsilem, Ph.D)
ASK1-CD (zluté¢ + modie) a 14-3-3LAC (zelen¢) do rozptylové obalky ASK1-CD:14-3-3CAC ziskané
pomoci SAXS. A) Model, kdy se na dimer 14-3-3(AC vazi monomery ASK1-CD na dvé rizna mista. B)
Model interakce dimeru 14-3-3CAC s dimerem ASK1-CD. C,D) Modely z A (C) a B (D) jsou podle
hodnoty y¥* v dobré shodé s experimentilnimi daty (Gerng). Teoretické rozptylové kiivky (Cerveng)

superimponovanych podjednotek byly ziskany pomoci programu CRYOSOL.
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5.3 Fosducin a protein 14-3-3

5.3.1 Exprese a purifikace

Vsechny konstrukty pro rizné regiony fosducinu (1-246 Pdc, 1-107 Pdc-ND,
110-246 Pdc-CD) byly exprimovany v Escherichia coli BL21(DE3) pomoci T7
expresniho systému s N-termindlni histidinovou kotvou. Protoze fosducin obsahuje dva
strukturné odlisné regiony, N-koncovy vysoce flexibilni, ktery nese vazebna mista pro
14-3-3C a C-koncovy, ktery ma kompaktni globularni strukturu, byly tyto rozdilné
oblasti za ucelem pochopeni mechanismu interakce exprimovany separatn¢. Purifikace
ve vSech ptipadech probéhla ve tfech krocich podle postupu na stranach 42 a 47. Po
niklové chelatacni chromatografii pokracovala aniontovda vyménna chromatografie
a gelova permeacni chromatografie s ovéfenim integrity a Cistoty vzorku pomoci SDS-
PAGE byla zafazena jako posledni krok. Vysledny vzorek mél dostatecnou kvalitu
a Cistotu pro dalsi analyzu interakce. Primérny vytézek se u konstruktu Pdc pohyboval
okolo 2,5 mg na 1 1 expresni kultury, u Pdc-ND byl okolo 0,5 mg na 1 1 expresni kultury
a u Pdc-CD 1 mg na 1 1 expresni kultury v dostatecné kvalit¢ (vysledky purifikaci
neuvedeny). Mira fosforylace vazebnych motivli pomoci komeréni PKA byla ovétena
hmotnostné spektrometrickou analyzou (LC-MS/MS, vysledek neuveden), kde byla
potvrzena 100% mira fosforylace v obou piipadech jak u Pdc tak i Pdc-ND.

Protein 14-3-3CAC, ktery byl pouzivan pro studium interakei s fosducinem podle
predchozich publikaci zabyvajici se vazbou fosducinu na 14-3-3( (Rezabkova et al.,

2013) byl izolovan stejnym postupem jako u komplexu ASK1-CD (viz strana 42 a 45).

5.3.2 Sedimentacni analyza komplexu fosducinu a proteinu 14-3-3

Pro kontrolu distoty a oligomernich stavii proteinii bylo provedeno méteni
sedimentacnich rychlosti vypurifikovanych proteinti. Pro tyto ucely byla pouzita
analytickd ultracentrifugace, za redukénich podminek v pufru s 2mM
B-merkaptoethanolem pii 48000 otdCkach za minutu s akvizici dat absorpéni optikou.
Normalizované kontinualni distribuce sedimentacnich koeficienti c¢(s) vypocitané

z méfeni sedimentaCni rychlosti ¢astic odhalily, ze samotny Pdc mé sedimentacni
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koeficient s..,= 2,4 S s odpovidajici relativni molekulovou hmotnosti 31800, Pdc-ND
ma sppw= 1,5 S (relativni molekulovd hmotnost 14400) a Pdc-CD ma s.9.,= 1,8 S
(relativni molekulova hmotnost 18700). VSechny tyto hmotnosti odpovidaji teoretickym
relativnim molekulovym hmotnostem vypocitanym z primarni struktury (pro Pdc 30160,
Pdc-ND 14700 a Pdc-CD 17410) a tedy napovidaji, Ze se jedna v roztoku o monomery,
coz v pripadé¢ Pdc bylo prokdzano jiz v ptredchozich publikacich (Rezabkova et al.,
2013). Rovnéz bylo zjisténo, ze komplex Pdc:14-3-3CAC vykazuje stechiometrii 1:2,
tedy Ze na jeden protein fosducinu se vaze dimer 14-3-3CAC jak by se dalo o¢ekéavat na
zaklad¢ ptitomnosti dvou vazebnych mist pro 14-3-3 na N-koncové casti fosducinu (viz
obr. 25, strana 90).

Pro pochopeni mechanismu a funkce vazby 14-3-3( na fosducin a lokalizace
celkového interakéniho rozhrani byly urceny zdanlivé disociacni konstanty pro interakci
vSech tfech konstrukti s 14-3-3CAC. K jejich analyze byla opét pouzita analyticka
ultracentrifugace, metoda méfeni sedimentacnich rychlosti, pti 48000 otackach za
minutu s akvizici dat absorpcni optikou. Pro kazdy konstrukt Pdc byla pfipravena
koncentracni série s konstantni koncentraci 14-3-3CAC 14uM a ménici se koncentraci
Pdc od 0,7 - 70uM (20:1, 6:1, 2:1, 2:3, 1:5). Prvni vyhodnoceni dat po ziskani c¢(s)
distribuci bylo provedeno metodou analyzy vazebné izotermy celkového sedimentacniho
koeficientu s, ziskaného integraci celé c(s) distribuce. s, bylo vyneseno do grafu jako
funkce ménici se koncentrace odpovidajici formy fosducinu a prolozena vazebnym
modelem, jez predpokladal stechiometrii reverzibilni vazby 14-3-3CAC:Pdc 2:1 a kde
14-3-3CAC byl pokladan za pevny nedisociujici dimer. K, pro Pdc byla stanovena jako
parametr vazebné izotermy ziskany nelinearni regresi a jeho hodnota byla stanovena na
(7 £ 3)uM (viz obr. 26A, strana 90), pro Pdc-ND na (3 + 2)uM (viz obr. 26B, strana 90)
a pro Pdc-CD bylo mozno pouze urcit, ze je vyssi nez 0,5mM s neurcitelnou horni
hranici (viz obr. 26C, strana 90). Vysledek analyzy vazebné izotermy sw byl verifikovan
pfimym modelovanim Lammovych rovnic v programu SEDPHAT (vysledek neuveden).
Vynikajici kvalita navrzeného modelu potvrzuje vaznou stechiometrii 2:1, urcéené
zdanlivé disociacni konstanty ukazuji, Ze N-koncova ¢ast fosducinu se na 14-3-3CAC
vaze mirné silngji neZ fosducin cely. C-koncova doména ma vSak K,tak vysokou, Ze za
biologickych podminek by vazba pravdépodobné viibec nenastavala. To naznacuje, ze
pro stabilitu komplexu Pdc:14-3-3CAC ma N-koncova fosforylacné zévisla interakce

zéasadni dilezitost. Diky zvysSené afinité¢ 14-3-3CAC pro separovanou N-koncou ¢ast Pdc
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v porovnani s celym fosducinem se lze také domnivat, Ze C-koncova ¢ast mize vazbé do

jisté miry 1 stéricky branit, nebot’ z dalSich fluorescencnich experimentii provedenych na

tomto systému plyne, ze ob¢ tyto Casti v proteinu mezi sebou interaguji té¢z (Kacirova et

al., 2015).
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koeficienti byly vypocitany na zaklad¢ c(s) distribuci uvedenych vzdy ve vlozenych grafech. Zdéanliva

disociacni konstanta byla urcena nelinearni regresi z experimentalnich dat. A) Izoterma vazenych prumeéri

sedimentacnich koeficientl c(s) v zavislosti na koncentraci Pdc (0,7-70uM) s konstantni koncentraci

14-3-3LAC (14uM). B) Izoterma vazenych priméri sedimentacnich koeficientd c¢(s) v zéavislosti na

koncentraci Pde-ND (0,7-70uM) s konstantni koncentraci 14-3-3LAC (14uM). C) Izoterma vazenych

prumeért sedimentacnich koeficientli ¢(s) v zavislosti na koncentraci Pdc-CD (0,7-70uM) s konstantni

koncentraci 14-3-3CAC (14uM).
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5.4 Nth1 + Bmh1

5.4.1 Exprese a purifikace

Neutralni trehalasa 1 byla exprimovana v T7 expresnim systému v Escherichia
coli BL21(DE3) kmenu ,Rosetta® s N-terminalni histidinovou kotvou a flznim
thioredoxinem pro zvySeni rozpustnosti. Purifikace byla provedena niklovou chelata¢ni
chromatografii nasledované odstépenim histidinové kotvy a fuzniho proteinu. Déle bylo
pokracovano kationtovou vyménnou chromatografii a gelovou permeacni
chromatografii s ovéfenim integrity a Cistoty vysledného vzorku pomoci SDS-PAGE
podle postupu na stran¢ 42 a 48. Primérny vytézek Nthl ¢inil 1 mg proteinu na 1 1
expresni kultury a mél dostatecnou Cistotu na dals$i experimenty (vysledky purifikace
neuvedeny). Mira fosforylace vazebnych motivli pomoci komeréni PKA byla ovétena
hmotnostn¢ spektrometrickou analyzou (LC-MS/MS, vysledek neuveden), kde byla
potvrzena 100% mira fosforylace na obou vazebnych mistech.

Protein Bmhl1, kvasni¢ny analog lidského proteinu 14-3-3, ktery byl pouZzivan
pro studium interakce s Nthl, byl izolovan stejnym zplsobem jako lidska 14-3-3(
u komplexu s ASK1-CD (strana 42 a 45).

5.4.2 Sedimentacni analyza, vliv vapniku na vazbu Nth1 a Bmh1

Pro ziskani predstavy jak vazba vapnikovych kationtl ovlivituje vazbu Bmhl na
Nthl a tedy jeji aktivity, byla studovdna sedimentatni analyzou zdanliva disociacni
konstanta K; komplexu Nthl:Bmhl v pfitomnosti i nepiitomnosti 10mM CaCl,.
K jejich analyze byla opét pouzita analytickd ultracentrifugace, metoda méfeni
sedimentacni rychlosti, pii 48000 otaCkach za minutu s akvizici dat za pomoci absorpéni
optiky. Sedimentacni vlastnosti obou samotnych proteinii 1 komplexu jiz byly touto
metodou studovany, stechiometrie vazby byla stanovena na Nthl:Bmhl 1:2 se
sedimentacnimi koeficienty Bmhl, Nthl a komplexu na 3,6 S, 5,1 Sa 7.2 S. K, byla
urena v nepfitomnosti vapniku na (0,15 + 0,1)uM pro pfirozenou formu Nthl.
(Veisova et al., 2012). Vzorek Nth1 1 Bmhl byl pfed samotnym métfenim dekalcifikovan

dialyzou proti pufru s ImM chelatacnim ¢inidlem EGTA, které vapnikové ionty vaze
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preferencné. Pro obé podminky s i bez CaCl, byla pfipravena série méfeni s konstantni
koncentraci Nth1 1uM a ménici se koncentraci Bmhl rozsahu od 0,2-20uM v pomérech
Bmh1:Nthl 20:1, 6:1, 2:1, 2:5, 1:5. Pro niz$i koncentrace nez 0,2uM se absorp¢ni optika
analytické ultracentrifugy ukézala byt jiz nedostatecné citliva. Prvni vyhodnoceni dat po
ziskani c¢(s) distribuci bylo provedeno metodou analyzy vazebné izotermy celkového
sedimentacniho koeficientu s,, ziskané¢ho integraci celé c(s) distribuce. s,, bylo vyneseno
do grafu jako funkce ménici se koncentrace Bmhl a proloZena vazebnym modelem, jez
pfedpokladal stechiometrii reverzibilni vazby Nth1:Bhml 1:2 a kde Bmh1 byl pokladan
za pevny nedisociujici dimer (viz obr. 27, strana 93). K, byla stanovena jako parametr
vazebné izotermy ziskany nelinedrni regresi a jeho hodnota byla stanovena
v nepfitomnosti i ptitomnosti 10mM CaCl, velice podobné s nejlepsi ur¢enou hodnotou
10nM, avSak 95% interval spolehlivosti zahrnoval celou skdlu K, nizs$i nez 21nM.
Vysledek analyzy vazebné izotermy sw byl verifikovan piimym modelovanim
Lammovych rovnic v programu SEDPHAT (vysledek neuveden). Méfeni je tedy
s ohledem na vysledné hodnoty a hlavné pouzité poc¢ate¢ni koncentrace mimo moznosti
detekce této metody a pfesné urCeni nebylo mozné. Mezi podminkami se vSak 95%
interval spolehlivosti neméni. Pokud se vazebna afinita méni, tak pouze nepatrné¢ pod
rozliSovaci schopnosti AUC. ZvySena aktivita Nthl v pfitomnosti Bmhl a Ca*
v porovnani s piitomnosti samotného Bmhl tedy nemtze byt dobie vysvétlena zménami

vazebné afinity Bmh1 k Nth1 v z&vislosti na pfitomnosti vapenatych ionti.
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Obr. 27: Analyticka ultracentrifugace - méfeni sedimentacni rychlosti. Vazené priméry sedimentacnich
koeficientll byly vypocitany na zakladé c(s) distribuci uvedenych vzdy ve vlozenych grafech. Zdanliva
disociacni konstanta byla urcena nelinearni regresi z experimentalnich dat. V obou pfipadech jak
s koncentraci CaCl, 10mM tak bez vapniku byla ve vSech experimentech koncentrace Nthl konstantni
1uM, koncentrace Bmhl se pohybovala v rozmezi 0,2-20uM. V obou ptipadech byla K, stanovena téméer

totozné na 10nM s 95% intervalem spolehlivosti < 21nM.
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6. Diskuse

V této praci bylo hlavnim cilem studium tvorby komplext v pfipadé tii
dilezitych regulacnich proteinti: signalni proteinkinasy ASK1 a modula¢niho proteinu
fosducinu, které jsou zajimavé z medicinského hlediska jakoZto potencidlni cile
terapeutického zdsahu a komplexu enzymu neutrdlni trehalasy 1 (Nthl) zajimavého
z biotechnologického hlediska jakoZzto mozné cile insekticidnich latek. VSechny tyto
proteiny maji regulaci zalozenou protein-proteinovych interakcich s proteinem 14-3-3,
ktery je zndmy svym vysokym poctem interak¢nich partneri 1 Ucasti na mnoha
kontrolnich biologickych d¢jich. U ASK1 kinasy byla paralelné studovana i vazba na
TRX1, ktera stejné jako 14-3-3 byla in vivo popsana jako klicova pro regulaci enzymové
aktivity ASKI.

V  praci byly pro studium protein-proteinovych interakci s vyhodou vyuZzito
vSech prednosti metody analytické ultracentrifugace, méteni sedimentacni rychlosti, pro
studium vSech vySe popsanych systémil. Diky ni bylo moZzno s nemodifikovanymi
vzorky zjiStovat velikosti castic v roztoku (s tim 1 stechiometrii komplexi)
a u interagujicich systému méfit afinity vzajemnych vazeb v zéavislosti na vazebnych
partnerech ¢i vnéjSich podminkach. Zjisténé vlastnosti tak diky univerzalnimu zptisobu
detekce (pfirozena absorpce ultrafialového zafeni, meéfeni zmény indexu lomu) odrazeji
prirozené chovani proteini v roztoku a neni zatizeno metodickymi chybami jako
u ostatnich metod, kdy je proteiny tfeba extenzivné modifikovat ¢i imobilizovat. M¢éteni
velikosti ¢astic v podobé urceni jejich sedimentacniho koeficientu bylo zpravidla
pouzivano krom& ovéfeni integrity a monodisperzity vzorku k odhadnuti jejich
oligomerniho stavu. Ackoliv sedimentacni koeficienty obecné nejsou aditivni a nelze
obecné predpokladat, ze sedimentacni koeficient pro dimer by nabyval dvojndsobku
koeficientu monomeru, i tak se po prepoctu na relativni molekulovou hmotnost ptes
Svedbergovu rovnici (Rovnice 1, strana 51) s frikénim koeficientem ziskanym nelinedrni
regresi jednd o spolehlivé voditko. Pokud komplex ¢i protein nabyva atypicky
asymetrického tvaru (jako napiiklad v ptikladu fosducinu v této praci) je mozné, ze
vypocitana hmotnost Castice bude jind nez teoreticka z diavodu vyssiho frikéniho
koeficientu. Charakteristiky zjiSt€éné méfenim sedimenta¢ni rychlosti jsou tedy do jisté

miry zavislé na tvaru studovanych ¢astic. Vyhodnoceni dat téz selhava u analyzy rychle
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interagujicich systémil (jako napiiklad u ASK1-CD), kdy vlivem dynamické rovnovahy
asociace komplexu, se sedimentacni koeficient komplexu pohybuje smérem k niz§im

zdéanlivym hodnotam.

6.1 Vazba TRX1 na ASK1

ASK1 ma kli¢ovou roli spoustéce bunécné apoptosy pievazné jako odpoveéd na
makromolekuldrni komplexy s velmi vysokou relativni molekulovou hmotnosti (ASK 1
signalosomy) s jinymi proteiny. Signalosomy se v piitomnosti oxidac¢nich radikald
rozpadaji a ASK1 je v duasledku rozpadu aktivovdna. SloZeni tohoto komplexu
v soucasnosti neni piesn¢ znamo, postupné¢ jsou vSak jednotlivé komponenty
odhalovany a jejich biologicky vyznam vysvétlovan. Totalni absence strukturnich dat, co
se ty¢e mezimolekuldrnich interakci v tomto systému, vSak zabranovala vysvétleni
presného mechanismu inhibice na atomdarni Grovni. V této praci bylo jako jeden z ukoli
ziskat strukturni nahled do interakci ASK1 s dvéma jejimi fyziologickymi inhibitory
a identifikovanymi komponenty signalosomu, TRX1 a proteinem 14-3-3.

TRX1, oxidoreduktasa pfitomna v kazdé buiice ve vysoké koncentraci,
interaguje s N-koncovou ¢asti ASK1 a pravdépodobné tak zabranuje jeji oligomerizaci
pres N-koncovou CC doménu. Této interakce je vSak schopny pouze TRXI1
v redukovaném stavu, tedy kdyz cysteinové postranni fetézce z katalytického motivu
S'WCGPC? netvofi intramolekularni disulfidovou vazbu (Saitoh et al., 1998; Fujino et
al., 2007; Liu et al., 2000; Liu et al., 2002). Testovanim rtiznych konstruktd (viz. strana
45) obsahujicich aminokyselinovou sekvenci ASK1 mezi 46. a 322. aminokyselinou
ukéazalo, Z7e pouze konstrukt o sekvenci 88-302 (ASKI-TBD) dovoloval pfipravu
rozpustného a stabilniho proteinu, ktery za redukujicich podminek vazal TRX1
v poméru 1:1 s K, ptiblizn¢ 300nM (viz obr. 15A, strana 68). Oxidovany TRX1 naopak
vykazal signifikantné niz$i vazebnou afinitu s K, pfiblizné 6uM (viz obr. 15B, strana
68), coz potvrzuje, ze oxidace TRX1 vazbu k ASKI-TBD zeslabuje. Nicméné
mechanismus, ktery vede k zeslabeni vazby je stale nejasny. Bylo navrhnuto, Ze oxidace
TRX1 tvoii intramolekularni disulfidové vazby mezi cysteiny 32 a 35 v katalytickém

motivu TRX1, a ze prave toto je pficinou disociace TRX1 od ASK1 (Saitoh et al.,1998;

95



Fujino et al., 2007; Liu et al., 2002). Tato hypotéza je téZ podpoiena faktem, ze TRX1
CS mutant, kde jsou oba tyto cysteiny vyménény za serin, nevykazuje vyznamné
vazebné schopnosti. Podle vysledkti sedimentacni analyzy bylo K, uréeno na pfiblizné
0,5mM (viz obr. 15C, strana 68). Toto pozorovani tedy jenom potvrzuje piedesla
zjisténi, Ze cysteiny v aktivnim mist¢ TRX1 maji pro interakci zdsadni dilezitost.
Sedimentacni data téZ naznacuji, Ze interakce mezi ASKI1 a redukovanym TRXI
nezahrnuje mezimolekuldrni disulfidovy miistek. Méteni afinity byla totiz provadéna za
redukujicich podminek a vysledna data mohla byt velmi dobie vysvétlena s pouzitim
modelu zahrnujici reverzibilni rovnovahu typu A + B & AB. Katalyticky motiv lidského
TRX1 rovnéz obsahuje tryptofan na pozici 31, ktery po oxidaci molekuly a tvorbé
itramolekuldrni disulfidové vazby mazi cysteiny 32 a 35 prochazi jistou konformacni
zménou (Weischel et al.,, 1996) Krystalografickou analyzou bylo odhaleno, ze tato
aminokyselina vykazuje za reduk¢nich podminek jistou miru nestrukturovanosti, ovsem
v oxidovaném stavu nebo v TRX1 CS nabyva definované struktury. Tato podobnost
TRX1 CS a oxidované formy TRX1 taky mtize ¢astecné vysvétlit fakt, ze TRX1 CS byl
popsan 1 jako kompetitivni inhibitor thioredoxinreduktasy (Oblong et al., 1994).
Vzhledem k tomu, ze jak oxidovany TRX1 tak TRX1 CS nevykazuji signifikantni
vazebné schopnosti k ASKI, je mozné, Ze tato konformacni zména pfispiva
1 k destabilizaci vazby mezi témito dvéma proteiny. Konsistentné s predpokladem,
vysledky experimenttli v této praci potvrzuji, Ze tryptofan 31 se interakce piimo tcastni.
Mutant TRX1 W31F, kde tryptofan na 31. pozici byl vyménén za fenylalanin, ma podle
sedimentacni analyzy K, pfiblizn€ 30uM, coz znamena signifikantni pokles oproti
nemutované varianté ASK1-TBD (viz obr. 15D, strana 68). Casové rozlisené méfeni
dohasindni intenzity i anizotropie fluorescence tryptofanu taktéz v tomto ptipade
ukazalo, ze vazba TRX1 W3I1F na ASKI1-TBD zvysuje 7,... a potlacuje 1 segmentalni
dynamiku. V samotném TRX1, tryptofan 31 vykazuje pomérné kratkou 7,.., a rychlou
emisni depolarizaci, coz ukazuje, Ze je orientovany smérem k rozpoustédlu a vysoce
mobilni. To je téz v dobré shod¢ s pozici této aminokyseliny na povrchu molekuly. Delsi
Tmean @ pomalejs$i €1 vice omezen€j$i lokalni segmentalni pohyby tryptofanu 31
v ptitomnosti ASK1-TBD naznacuji omezeni pohyblivosti katalytického motivu TRX1
po utvoreni komplexu (Schauerte et al., 1989) a rovnéz niz8i piistupnost této casti
molekuly k polarnimu okoli ¢i zhaSeci interakce v tésné blizkosti. Vzhledem k tomu, Ze

je tento aminokyselinovy zbytek lokalizovany na povrchu TRXI1, lze interpretovat
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pozorované zmény jako ptimy disledek ucasti tryptofanu 31 na vazbé k ASK1-TBD.
Experimenty se SAXS bylo potvrzeno, ze ASK1-TBD je v roztoku monomer
a nabyva kompaktniho mirné¢ asymetrického tvaru (viz obr. 18, stana 76). Tvar
komplexu ASKI1-TBD:TRX1 je podobny, ale v jednom sméru vice protazeny.
Porovnanim obou rozptylovych obdlek naznacuje, Ze TRX1 interaguje s ASK1-TBD
ptes rozsahlé interakéni rozhrani bez indukce jakékoliv dramatické zmény konformace.
Strukturni zmény pod Uroven rozliseni metody vSak nelze vyloucit. Strukturni model
ASKI1-TBD byl ziskdn pomoci ab initio modelovanim provedenym prof. RNDr.
Tomasem Obsilem, Ph.D (Kosek et al., 2014). Vzhledem k tomu, Ze studovana oblast
ASKI postrada jakoukoliv strukturni homologii k zndmym proteinlim, Siroce rozsirené
homologni modelovani nemohlo byt pouzito. Nicméné, ziskany model, ackoliv na
spekulativni urovni, je ve shod¢ s daty ze SAXS, s predikci sekundarni struktury a s
vysledky fluorescen¢nich méteni. V ptredchozich pracich bylo navrzeno, ze TRX1 svoji
vazbou na N-termindlni ¢ast ASK1 zabraniuje homodimerizaci N-terminalni CC domény,
coz je pro aktivaci ASK1 esencialni proces (Fujino et al., 2007). Strukturni model
vychézejici z vysledka této prace, je konsistentni s touto teorii. TRX1 a ASK1 maji
spolecné interakéni rozhrani v tésné blizkosti elementi N-terminalni CC domény
v ASK1-TBD a pravdépodobné mirn¢ ovliviiyje jeji konformaci. Vysledky sedimentaéni
analyzy a meéfeni fluorescence rovnéz naznacuji, ze aminokyselina cystein 250
v sekvenci ASK1, kterd jiz diive byla popsana jako zasadni pro interakci TRX1 a ASKI,

je lokalizovéna v tésné blizkosti spolecného interakéniho rozhrani.

6.2 Vazba proteinu 14-3-3 na ASK1

V piipad¢ kinasové domény ASK1 byla studovana interakce s proteinem 14-3-3,
specificky isoformou (, u niz byla jiz dfive ukazana oproti ostatnim isoformadm vyssi
mira vazby k ASK1 (Subramanian et al., 2004). Protein 14-3-3 je rozSifeny reguldtor
ucastnici se kontroly mnoha bunéénych d&ji jako je apoptosa, bunécny cyklus,
diferenciace a proliferace, vazba je zpravidla zavisld na fosforylaci jeho vazebného
mista na serinu, ¢imz zvysSuje pocet moznych trovni regulace konkrétniho déje. Byly
obecné popsany tifi zplsoby jako proteiny 14-3-3 vykondavaji svoji funkci: méni

konformacni strukturu svého vazebného partnera, svoji vazbou zablokuje jiné dulezité
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misto na povrchu interakéniho partnera nebo slouzi jako adaptorovy protein fixujici jiné
interagujici elementy vii¢i sobé ve vzajemné blizkosti. Pochopeni, jak 14-3-3 v systému
aktivace ASK1 za oxidac¢niho stresu funguje na strukturni urovni, je pravdépodobné
jeden z klicovych prvki k vysvétleni funkce celého ASK1 signalosomu. Tato interakce
je zavisld na fosforylaci serinu na 967. pozici, jez je lokalizovan ve struktufe této
signalni kinasy na flexibilnim useku za kinasovou doménou, a poskytuje tak zajimavou
analogii k dalSim systémim zavislym na vazb& 14-3-3 jako naptiklad interakce
s proteinem BAD, nebo kinasou Raf-1 (Truong et al., 2002), ale tfeba i s proteinem
RGS3 (Rezabkova et al., 2010) ¢i serotonin-N-acetyltransferasou (Obsil et al., 2001) a
dalsich (Bustos 2012, Colins 2008), kdy vazebné misto pro protein 14-3-3 je obecné
umisténo na flexibilnim useku v blizkosti strukturniho motivu, ktery konkrétnim
zpusobem ovliviiuje. Jednd se o typicky rys interakci proteinu 14-3-3, avSak odhaleni
strukturniho mechanismu inhibice, ktery je do soucasnosti stale pouze diskutovan, je
prvnim krokem k odhaleni celého procesu aktivace tohoto farmaceuticky zajimavého
proteinu ASK1.

Pro odhaleni podstaty inhibice byl pfipraven konstrukt ASK1, ktery v sobé
obsahoval kinasovou doménu a vazebné misto pro protein 14-3-3, které bylo
modifikovano pro fosforylaci pomoci komeréni PKA (ASK1-CD). Struktura kinasové
domény jiz byla rozfeSena v komplexu s univerzalnim inhibitorem kinas staurosporinem
(Buncoczi et al., 2007) a poskytla voditko pifi navrhu konstruktu. Po vyvinuti
purifikacniho protokolu pro tento konstrukt, uspésné fosforylaci vazebného motivu
pomoci PKA vsak bylo sedimentacni analyzou zjisténo, ze 14-3-3 vykazuje pouze
velmi slabou afinitu pro ASKI1-CD. V souladu se zndmymi autoinhibi¢nimi ucinky
C-terminalniho flexibilniho Giseku musel byt pro zvySeni vazebné afinity pouZzit mutant
14-3-3CAC, s jehoz pouzitim byla stanovena K, komplexu na pfiblizné 4uM za pouziti
vazebného modelu 2:2 s pfedpokladem dynamické rovnovahy a nedisociujicich dimert
ASKI1-CD i 14-3-3CAC (viz obr. 22, stana 84). Fakt, Ze oba proteiny se vyskytuji témét
ze sta procent ve formé dimerti bylo téz potvrzeno sedimentacni analyzou. Podle téchto
vysledkii se tedy jednd o slab$i vazebnou interakci pravdépodobné transientniho
charakteru, jak doklad4d vyrazna zavislost sedimenta¢niho koeficientu komplexu na
koncentraci 14-3-3CAC pfi konstantni koncentraci ASK1-CD. Ta taktéz doklada, ze se
jedna o vysoce dynamickou interakci, kdy doba Zivota komplexu spada do ¢asové skaly

experimentu. Vzhledem k charakteru vazby byla pro ziskani strukturniho nahledu
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pouzita metodika SAXS. Jejim prostfednictvim bylo potvrzeno, Ze samotné proteiny
ASKI1-CD i 14-3-3CAC tvoti v roztoku dimery a ze komplex ASK1-CD:14-3-3(AC ma
stechiometrii vazby 2:2. Rozptylové obalky odrazejici tvar studovanych molekul jsou
v piipad€ samotnych proteinti ve shod¢ s jejich znamymi krystalovymi strukturami (viz
obr. 23, strana 86). 14-3-3CAC vykazuje tvar tvaru U se zietelnou vaznou kavitou
uprostted. ASKI1-CD ma naopak kompaktni stfedni cast velikostné 1 tvarove
odpovidajici krystalové struktuie kinasové domény ASK1. Po obou strandch ma vsak
kulovité oblasti, které se strukturou nesouhlasi. Vzhledem k tomu, Ze se nachazeji
v blizkosti C-konce strukturniho modelu, je pravdépodobné, Zze se jedna o usek
s vazebnym mistem pro 14-3-3, ktery v ném neni zahrnut. Tvar komplexu nabyva
kompaktniho a vysoce asymetrického tvaru (viz obr. 23, strana 86). Na otazku slozeni
a struktury komplexu vSak neodpovida jednoznac¢né, nebot’ vysledna rozptylova obalka
muze byt interpretovana dvéma zplsoby. Jedna moznost piedpokladéd interakci typu
dimer:dimer s tim, ze vazby se vzdy ucastni pouze jeden monomer s kazdého proteinu.
Dimery v tomto pfipadé nedisociuji a interakéni rozhrani je relativné malé (viz obr. 24,
strana 87), coz by odpovidalo sedimenta¢nim analyzam a zjiSténi slab$i transientni
interakce mezi ASK1-CD a 14-3-3CAC. Vzhledem k asymetrickému tvaru komplexu
taktéz pravdépodobné nelze pfedpokladat, ze by se ASK1-CD vézala na 14-3-3CAC na
strané s vaznou kavitou. Druhd moznost bere v potaz moznou disociaci dimeru
ASK1-CD. Pro tento komplex, ackoliv pomoci provedenych sedimenta¢nich analyz
nebylo mozno detekovat tvorbu monomert i pii vysokych zfedénich, byla jiz diive
urena Ky na (0,22 + 0,2)uM pomoci sedimentac¢ni rovnovahy pii koncentraci vzorku
10uM (Bunkoczi et al., 2007). Ackoliv pfesnost tohoto vysledku je metodicky pomérné
spekulativni, je jisté 1 z pozorovani v této praci, ze dimer ASK1-CD je velice stabilni
castice. Teoreticky je vSak mozné, ze ve vzorku je pfitomna mala frakce ASK1-CD jako
monomer (pomoci sedimentacni rychlosti problematicky pozorovatelna, nebo vznika az
po kontaktu s interakénim partnerem), ktery se na 14-3-3CAC vaze separatné a druhy
monomer se okamzité vaze na jiné misto na povrchu 14-3-3AC (viz obr. 24, strana 87).
V tomto ptipadé pravdépodobné nelze predpokladat ekvivalentnost obou vazebnych mist
a matematicky model, ktery by takovyto mechanismus interakce dokézal popsat
v souladu s daty ze sedimentacni analyzy v soucasnosti neni dostupny nebo vyzaduje
informace o sedimentaci a interakcich samotnych monomerii. Rovnéz o pozici

C-terminalniho segmentu ASK1 lze podle dat ze SAXS pouze spekulovat, protoze je
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mozné, ze se v roztoku chovd znacné flexibilné a Casti 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 pfispivaji i1 jiné regiony
doposud predpokladano. Vysledky tykajici se ASKI-CD tedy prozatim nebyly
publikovany.

6.3 Vazba proteinu 14-3-3 na fosducin

Protein 14-3-3 se podili na regulaci dal$iho proteinu, ktery je vyznamnym
regulaénim prvkem tentokrat v biochemii zraku, fosducinu. Fosducin téz zapada do
konceptu interakénich partnert 14-3-3, které maji vazebné misto na flexibilnich
segmentech. Teoretické predikce 1 biofyzikdlni experimenty jasné ukazuji, ze
N-terminalni ¢ast fosducinu Pdc-ND vykazuje v porovnani s C-koncovou Pdc-CD prvky
vnitini nestrukturovanosti a ze zaujima velmi objemnou konformaci. Rovnéz bylo
zjisténo z fluorescenc¢nich experimentt, ze fosducin se na protein 14-3-3CAC (pouzivany
misto pfirozené¢ho 14-3-3( ze stejného divodu jako u ASKI-CD, vyssi sily vazebné
interakce) vdze 1 mimo charakteristickou vazebnou kavitu. Lze ptedpokladat, ze
fosforylovany N-terminalni segment je lokalizovan praveé v kavité, zatimco kompaktni
strukturovany C-terminalni je vazan mimo tuto interakcni oblast (Kacirova et al. 2015).
Analyza separovanych ¢asti fosducinu provedend v ramci této prace odhalila, Ze Pdc-CD
nevykazuje zadnou signifikantni vazbu na 14-3-3CAC a Pdc-ND, ktery naopak vykazuje
vazbu silnéj§i nez v pifipadé fosducinu celého, je tak za stabilitu komplexu
fosforylovaného Pdc:14-3-3CAC zodpovédny (viz. obr. 26, strana 90). Naznacuje to téz,
ze pozorované interakce mezi 14-3-3CAC a Pdc-CD podporuje efekt lokalni koncentrace
po vazbé N-terminalniho segmentu fosducinu do vazebné kavity 14-3-3CAC. Komplex
Pdc:14-3-3CAC se tak podoba mnoha jinym komplextim proteinu 14-3-3, kde vyznamna
interakce pro asociaci neni jen vazba fosforylovaného vazebného motivu, ale rovnéz
1 interakce se vzdalengj$imi oblastmi od ng ackoliv sami o sob¢ nejsou pro vazbu

dostatecné. Bylo téz ukdzano, ze Pdc-ND obsahuje pfevaznou cast interakéniho
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rozhrani s Gy, zatim co Pdc-CD se zda odpovédny spiSe za blokaci interakce Gy
v komplexu s celuldarni membranou (Gaudet et al., 1996; Gaudet et al., 1999). Interakce
fosducinu se 14-3-3C tak muze stéricky blokovat pravé oblast interagujici se Gfy
a modifikovat jeho strukturu, tak aby dochazelo k pomalejsi defosforylaci po svételném

signdlu (Thulin et al., 2001).

6.4 Zavislost tvorby komplexu Nth1:Bmh1 na prfitomnosti
vapniku

Analog proteinu 14-3-3 v Saccharomyces cerevesiae, Bmhl, byl téz popsan jako
aktivacni element proteinu neutrani trehalasa 1 (Nthl). V tomto ptipadé¢ je mira aktivace
dokonce jasn¢ zavisla 1 na pritomnosti vapenatych kationt, které se vazi na "EF-hand
like" motiv na N-termindlni Casti proteinu. Jiz diive bylo zjisténo, Ze Bmhl indukuje
v tomto motivu i katalytické doméné jisté signifikantni konformacni zmény, vedouci
k aktivaci, pro plnou aktivaci proteinu vSak samotné Bmhl nestaci a vazba véapniku je
pro miru vysledné enzymové aktivity naprosto zdsadni (Macakova et al., 2013). Bylo
navrhnuto, Ze Ca*" vazebny motiv nabyva v zavislosti na pfitomnosti Bmhl a ionti Ca*
rozdilnych konformaci, vysvétlujicich rozdilné aktivity Nthl, coz bylo potvrzeno
1 malothlovym rozptylem svétla. Z n¢&j téz vyplynulo, Ze "EF-hand like" motiv
pravdépodobné tvofi separatni doménu interagujici s dimerem Bmhl jak pfes vnitini
vaznou kavitu Bmhl tak s vnéj$§im povrchem (Kopecka et al., 2014). Tato doména by
tak mohla v odliSnych konformacnich stavech vazbu Nthl k Bmhl modulovat
s odliSnymi U¢inky, zejména v =zavislosti na  vazb& vdapenatych kationli. Pro
charakterizaci tohoto efektu byla provedena sedimentacni analyza, ktera vSak neodhalila
zadnou signifikantni zménu vazebné afinity Bmhl k fosforylované Nth1 v pfitomnosti
a nepritomnosti vapenatych kationt. Je vSak mozné, ze ke zménam dochazi v oblasti pod
rozliSenim této metody, ale vzhledem k tomu, ze zdanliva disocia¢ni konstanta byla
uréena mensi nez 21nM, je otdzka, zdali by takovd zména méla viibec biologicky
vyznam. Nicméné dulezitost "EF-hand like" motivu byla prokazana (Kopecka et al.,
2014), mechanismus potenciace enzymové aktivity v piitomnosti vapenatych ionta vSak

nelze vysvétlit zvySenim nebo jinou modulaci vazebné afinity Bmhl k Nthl.

101



Hlavnim cilem této prace bylo studium protein-proteinovych interakci v regulaci
vybranych proteini ASK1, fosducinu a Nthl. Duraz byl kladen zejména na piipravu,
biofyzikalni popis a objasnéni Ulohy protein-proteinovych interakci u studovanych
komplexti. Pomoci metod biochemickych (rekombinantni pfiprava proteini a jejich
mutantil) 1 biofyzikalnich (Casové rozliSené¢ dohasindni intenzity a anizotropie
fluorescence, malouhlovy rozptyl rentgenového zateni, analytickd ultracentrifugace)

bylo dosazeno nasledujicich vysledku:

A) Komplexy ASK1 proteinkinasy s TRX1 a 14-3-3:

* ASKI-TBD (88-302) je v roztoku rigidni monomerni doména.

* ASKI-TBD tvofi s redukovanym TRXI1 ekvimolarni komplex, piicemz
cysteiny z katalytického motivu TRX1 jsou pro vazbu esencialni.

* Fluorescencni méfeni odhalila, Ze tryptofan 31 v TRX1 se pfimo ucastni vazby
na ASK1 a je vyznamnym faktorem pro stabilitu komplexu. RovnéZz cystein 250
v sekvenci ASK1-TBD ma dulezity stabiliza¢ni ackoliv zatim nevysvétleny vliv.

* Interakce mezi ASK1-TBD a TRX1 neni zdvisla na tvorbé mezimolekularnich
disulfidovych mustka.

* Vysledky ze SAXS ukazuji, Ze TRX1 interaguje s ASK1-TBD pies velké
interak¢éni rozhrani aniz by indukoval zasadni konformaéni zmény ménici tvar
molekuly ASK1-TBD.

* Na zéklad€ dat z fluorescen¢nich a SAXS méteni byl navrzen strukturni model
komplexu, ktery ukazuje, ze TRX1 se vaZze na ASK-TBD v oblasti obsahujici
cystein 250.

* Izolovana ASK1-CD tvofi s proteinem 14-3-3 komplex se stechiometrii 2:2, kde
dimer 14-3-3 véaze dimer ASK1-CD.

* Interakce mezi ASK1-CD a 14-3-3 ma slaby, transientni charakter s dobou zivota

komplexu v ¢asové Skale sedimentacniho experimentu.

*  Vysledky ze SAXS potvrzuji stechiometrii komplexu ASK1-CD:14-3-3CAC 2:2,
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avSak diky vyrazné¢ asymetrickému tvaru neposkytuji jednoznacné fteSeni
usporadani jednotlivych podjednotek. K rozieSeni strukturnich prvkd budou

tieba dalsi experimenty.

B) Studium strukturni funkce vazby proteinu 14-3-3 na fosducin

* Separované domény fosducinu Pdc-ND i Pdc-CD tvoii v roztoku dobie
definované monomery.

e Pdc-ND vykazuje v porovnani s celym fosducinem mirné vétsi vazebnou afinitu,
naopak Pdc-CD nevykazuje zadné znamky interakce s 14-3-3CAC. N-koncovy
segment je tak zodpovédny za stabilitu tohoto komplexu a pravdépodobné

1 blokaci vazebného mista pro Gy transducinu.

C) Studium vlivu vapenatych kationli na vazbu neutralni trehalasy 1 k Bmhl

* Mira vazebné afinity vazby Nthl k Bmhl se v zdvislosti na pfitomnosti
vapenatych kationi neméni, je vSak mozné, ze dochazi k malym zménam pod
rozliSeni pouZité metody.

* ZvySeni enzymové aktivity Nthl v pfitomnosti vapniku a Bmhl nelze vysvétlit

zménami v sile interakce mezi témito proteiny.

Vysledky byly publikovany v rdmci tfech odbornych ¢lankd v magazinu Journal

of Biological Chemistry.
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Background: Phosducin is a conserved
regulatory ~ phosphoprotein  involved  in
phototransduction whose function is regulated in
the 14-3-3-dependent manner.

Results: The 14-3-3 protein binding affects the
structure and the accessibility of several regions
within  both domains of phosphorylated
phosducin.

Conclusion: The 14-3-3 protein sterically
occludes whole Gy binding interface of
phosducin.

Significance: Mechanistic explanation for the
14-3-3-depedent  inhibition  of  phosducin
function.

SUMMARY

Phosducin (Pdc), a highly conserved
phosphoprotein involved in the regulation of
retinal phototransduction cascade,
transcriptional control, and modulation of
blood pressure, is controlled in the
phosphorylation-dependent manner including
the binding to the 14-3-3 protein. However, the
molecular mechanism of this regulation is
largely unknown. Here, the solution structure
of Pdc and its interaction with the 14-3-3
protein were investigated using small angle X-
ray scattering, time-resolved fluorescence
spectroscopy and hydrogen-deuterium
exchange coupled to mass spectrometry. The
14-3-3 protein dimer interacts with Pdc using
surfaces both inside and outside its central

channel. The N-terminal domain of Pdec,
where both phosphorylation sites and the 14-
3-3 binding motifs are located, is intrinsically
disordered protein which reduces its flexibility
in several regions without undergoing
dramatic disorder-to-order transition upon
binding to 14-3-3. Our data also indicate that
the C-terminal domain of Pdc interacts with
the outside surface of the 14-3-3 dimer
through region involved in Gy binding. In
conclusion, we show that the 14-3-3 protein
interacts with and sterically occludes both the
N- and C-terminal Gy binding interfaces of
phosphorylated Pde, thus providing a
mechanistic explanation for the 14-3-3-
dependent inhibition of Pdc function.

Phosducin (Pdc) is a highly conserved
phosphoprotein involved in the regulation of
visual signal transduction, the transcriptional
control, the regulation of transmission at the
photoreceptor-to-ON-bipolar cell synapse, and
the modulation of sympathetic activity and blood
pressure (1-5). Other members of the Pdc protein
family, Pdc-like proteins, act as co-chaperons and
assist in the folding of a wvariety of proteins
(reviewed by (6)). The function of Pdc is best
understood in the modulation of light-induced
processes in rod photoreceptor cells where Pdc
assists in the process of shutting down rod
responsiveness during prolonged exposure to

Copyright 2015 by The American Society for Biochemistry and Molecular Biology, Inc.
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intense light. Pdc binds to the complex of By
subunits of the retinal G protein transducin
(G{By), mediates its sequestration to the cytosol
and prevents its re-association with the G
subunit of transducin. The binding of Pdc to the
GpPy complex is controlled through the
phosphorylation of Ser’ and Ser” by
Ca”"/calmodulin-dependent and cAMP-
dependent protein kinases (2,7-9). However, the
phosphorylation of these two sites by itself has
only a weak effect on Pdc binding to Gy in
intact retina and the efficient inhibition of this
interaction requires a presence of the 14-3-3
protein which associates with the phosphorylated
Pdc and presumably blocks its interaction with
GPy (9-11). The 14-3-3 proteins are highly
conserved dimeric molecules that recognize
specific phosphoserine/phosphothreonine-
containing motifs. Through these binding
interactions the 14-3-3 proteins regulate functions
of other proteins by modulating their structure,
masking functional sites on their surfaces or
promoting protein-protein interactions (reviewed
by (12)). The exact role of the 14-3-3 protein
binding in Pdc regulation is, however, still
unclear mainly due to the lack of structural data.
The structural analysis of the Pdc:Gy
complex revealed that Pdc consists of two
separate domains that are both involved in
binding to Gy (Fig. 1A) (13,14). Whereas the
mostly helical N-terminal domain (Pdc-ND)
constitutes the main part of Pdc’s interaction
surface with Gy (~65% of the total binding
surface) and is responsible for competing with
G for Gy, the C-terminal domain (Pdc-CD)
possesses the thioredoxin-like fold and seems to
be responsible for blocking the interaction of
G Py with the membrane. These structural studies
also suggested that Pdc-ND is highly flexible,
especially in regions where it does not contact
GPy, and in its free state lacks an explicit native
conformation in contrast to the helical
conformation observed in the complex with Gfy.
Phosphorylation sites Ser’* and Ser””, which
control the binding of Pdc to Gf}y, are both
located within Pde-ND and it has been shown
that their simultaneous phosphorylation is
required for a stable complex formation between
phosphorylated Pdc (pPdc) and the 14-3-3(
protein (15). This suggested that phosphorylation
of Ser’ and Ser” creates two 14-3-3 binding
motifs that are used simultaneously to engage
both ligand binding grooves within the 14-3-3(
protein dimer. The presence of both 14-3-3

binding motifs within Pdc-ND also indicates that
this domain constitutes the main part of Pdc’s
interaction surface with the 14-3-3 protein, which
might thus either sterically block the Pdc’s Gy
binding surface and/or change its structure. We
have recently shown, using time-resolved dansyl
fluorescence spectroscopy, that the 14-3-3C
protein binding reduces the segmental dynamics
within several regions of dansyl-labeled pPdc
molecule, suggesting that pPdc undergoes a
conformational change upon the binding to 14-3-
3L (15). These changes involve parts of the Gify
binding surface of Pdc-ND, thus supporting the
inhibitory role of the 14-3-3 protein in Pdc
binding to Gfy. In addition, it has also been
speculated that the 14-3-3 protein binding
decreases the rate of Pdc dephosphorylation after
a light stimulus by virtue of its interaction with
phosphorylated Ser’* and Ser”, thus lengthening
the time that Pdc remains phosphorylated after a
light exposure, and/or stabilizes the N-terminal
domain and protects phosphorylated Pdc from
degradation (9). Yet another role for the 14-3-3
protein binding might be in the regulation of Pdc
interaction with other proteins including the
SUGI subunit of the proteasome complex and the
transcription factor CRX (3,16). More detailed
structural data on Pdc, of which unbound (apo)
structure is unknown, and its complex with the
14-3-3 protein are clearly needed to better
understand the role of 14-3-3 in the regulation of
Pdc function.

Here we use small angle X-ray scattering
(SAXS), time-resolved fluorescence
spectroscopy,  quenching  of  tryptophan
fluorescence, hydrogen-deuterium  exchange
kinetics coupled with mass spectrometry (HDX-
MS) and other biophysical approaches to
investigate the solution structure of apo Pdc and
its interaction with the 14-3-3( protein.

EXPERIMENTAL PROCEDURES
Expression, Purification and Phosphorylation
of Pdc—Rat full-length Pdc (UniProt ID P20942)
Q52K mutant doubly phosphorylated at Ser’* and
Ser”” was prepared as described previously (15).
Pdc-ND (residues 1-107) was prepared by
introducing a stop codon instead of Gly'*® using
the QuickChange Kit (Stratagene). The status of
Pdc and Pdc-ND phosphorylation was examined
by mass spectrometry. Pdc-CD was prepared by
ligating the cDNA encoding sequence 110-246
into pET-15b (Novagen) using the Ndel and
BamHI sites. The entire coding region was
checked by sequencing. Both Pdc-ND and Pdc-
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CD were expressed as 6xHis-tagged proteins and
purified using the same protocol as Pdc full-
length.

Expression and Purification of 14-3-3{—The
mutant version of the 14-3-3C protein (human
isoform ) containing no tryptophan residues
(mutations W59F and W228F, denoted as 14-3-
3CnoW) and the C-terminally truncated 14-3-
3CAC (residues 1-230 with deleted disordered C-
terminal loop) were prepared as described
previously (17,18).

Dynamic  light  scattering  (DLS)—DLS
measurements were carried out as described
previously (15). All measurements were
performed in a buffer containing 20 mM Tris-
HCI (pH 7.5), 200 mM NaCl, 1 mM EDTA, and
2 mM DTT. The Pdc full-lenth, Pdc-ND, and
Pdc-CD concentrations were 60 pM.

Circular Dichroism (CD) Spectroscopy—Both
far- and near-UV CD spectra were measured as
described previously (19). The CD measurements
were conducted at 22 °C in a buffer containing 20
mM Tris-HCI1 (pH 7.5), 200 mM NaCl, 1 mM
EDTA, and 2 mM 2-mercaptoethanol with
protein concentrations 10 uM (far-UV spectra)
and 80-160 uM (near-UV spectra).

Analytical Ultracentrifugation
(AUC)—Sedimentation velocity (SV) experiments
were performed using a ProteomeLab™ XL-I
analytical ultracentrifuge (Beckman Coulter) as
described previously (19). Samples were dialyzed
against buffer containing 20 mM Tris-HCI (pH
7.5), 200 mM NaCl, and 2 mM 2-
mercaptoethanol before analysis. All
sedimentation profiles were recorded with
absorption optics. The diffusion-deconvoluted
sedimentation coefficient distributions c(s) were
calculated from raw absorbance data using the
software package SEDFIT (20). SV analysis of
interaction between full-length pPdc (pPdc-ND,
Pdc-CD) and 14-3-3CAC was performed at
various loading concentrations and molar ratios;
and this was followed by the integration of
calculated distributions to determine the overall
weight-averaged s-values (s,). Constructed s,
isotherms were fitted with A + B & AB model as
implemented in the software package SEDPHAT
with known s,, values of individual components
as prior knowledge. Resulting parameters were
verified and loading concentrations were
corrected using global Lamm equation modeling
also implemented in the SEDPHAT software
(20,21).

Small Angle X-ray Scattering—SAXS data
were collected on the European Molecular
Biology Laboratory (EMBL) P12 beamline on
the storage ring PETRA III (Deutsches
Elektronen Synchrotron (DESY), Hamburg,
Germany). The SAXS measurements were
conducted in buffer containing 20 mM Tris-HCI
(pH 7.5), 200 mM NaCl, 1 mM EDTA, and 2
mM 2-mercaptoethanol. The Pdc concentrations
were 2.3, 3.4 and 42 mgmL". The data were
averaged and the scattering of buffer was
subtracted using PRIMUS (22). The forward
scattering /(0) and the radius of gyration R, were
calculated using the Guinier approximation (23).
The distance distribution functions P(r) and the
maximum particle dimensions D, were
computed from the entire scattering pattern using
the program GNOM (24). The solute apparent
molecular mass (MM.y,) was estimated by
comparison of the forward scattering with that
from reference solutions of bovine serum
albumin (molecular mass 66 kDa). Ab initio
molecular envelopes were computed by the
program DAMMIN (25). Multiple iterations of
DAMMIN were averaged using the program
DAMAVER (26). The analysis based on the
ensemble optimization method was performed
using the program EOM (27).

Time-resolved Fluorescence
Measurements—Fluorescence ~ decays  were
measured on an apparatus described in (28). The
apparatus comprised frequency-tripled
Ti:Sapphire laser (Coherent, Chameleon Ultra II)
and the time-correlated single photon counting
detection (Becker&Hickl, SPC150) with cooled
MCP-PMT (Hamamatsu, R3809U-50).
Tryptophan was excited at 298 nm, its emission
was collected at 355 nm using monochromator
(Horiba, H-20) with a stack of UG1 and BG40
glass filters placed in front of the input slit. ANS
emission was excited and measured at 355 and
480 nm, respectively, using the monochromator
with the 405 nm long-pass filter in the emission
channel. Decays were accumulated under the
magic-angle conditions, typically in 1024
channels and time resolution of 50 ps/channel,
until 107 counts per decay were reached. Samples
were placed in a thermostatic holder, and all
experiments were performed at 23 °C in a buffer
containing 20 mM Tris-HCI (pH 7.5), 200 mM
NaCl, 1 mM EDTA, and 2 mM 2-
mercaptoethanol. The Pdc concentration was 30
puM, and the 14-3-3CnoW protein concentration
was 60 uM. ANS fluorescence experiments were
performed with 5 uM Pdc and 20 uM ANS.
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Fluorescence  was  assumed to  decay
multiexponentially according to the formula:

1(t)=Y a,-exp(—t/T,), (1

where Zal. —1 and 7 and ¢« are the

fluorescence lifetimes and the corresponding
amplitudes, respectively. Decays were analyzed
by a singular-value decomposition maximum
entropy method for oversampled data (29). The
program yields amplitudes, ¢, representing
lifetime distributions. Typically we used 100
lifetimes equidistantly spaced in the logarithmic
scale, ranging from 50 ps to 100 ns. The mean
fluorescence lifetime of the whole decay was
calculated from the formula:

Toean = 2T 1D 0T, )

Polarized fluorescence decays were measured
with fixed emission polarizer set in the vertical
position and the excitation polarization plane was
rotated between 0° and 90°. In this configuration
the G-factor was close to one and its value was
determined in an independent experiment.
Fluorescence anisotropy decays r(z) were
obtained by simultaneous reconvolution of
parallel 1,t) and perpendicular /,(#) decay
components (30,31) using model-independent
singular-value decomposition maximum entropy
method that does not set prior limits on the
distribution shape (29). The anisotropies r(z)
were assumed to decay multiexponentially:

r0 =2 -et¢) )

where amplitudes f’; represent a distribution of
the correlation times ¢’ (z pl=r)and ry is

the initial anisotropy. We used 100 correlation
times ¢’; equidistantly spaced in the logarithmic
scale and ranging from 50 ps to 200 ns. For
multimodal distributions the mean correlation
time associated with the m-th peak of the
distribution was calculated from the formula:

¢m = Zﬁr:'lk ¢n,1k /Zﬁr’n,k 4)
k k

where index k& runs over the nonzero amplitudes
of the m-th peak of the distribution only. The area

of the peak represents the associated mean
amplitude 3, .

Tryptophan Fluorescence Quenching
Experiments—Fluorescence quenching
measurements were performed at 22 °C on an
ISS PC1 Photon counting spectrofluorometer,
using a 1 nm bandpass on both the excitation and
emission monochromators. Samples (35 puM
pPdc and 70 uM 14-3-3CnoW) were dialyzed
against buffer containing 20 mM Tris-HCI (pH
7.5), 200 mM NaCl, 1 mM EDTA, and 2 mM 2-
mercaptoethanol.  Stern-Volmer plots were
constructed using the changes in fluorescence
intensity at 340 nm (with excitation at 297 nm)
and fitted with the following equation:

1,/1=( +KSV[Q])6V[Q] Q)

where [, is the fluorescence intensity in the
absence of the quencher, / is the fluorescence
intensity of the sample in the presence of the
quencher with the concentration [Q], Ky is the
Stern-Volmer constant, and V is the static
quenching constant. The Ky is equal to Tean kg,
where k, is the bimolecular rate constant for
quenching and 7., is a mean fluorescence
lifetime of the tryptophan in the absence of a
quencher (32). Corrections for the inner filter
effect were performed as described previously
according to the equation (33):

1. = I antilog[(A,. + Aun)/2] (6)

where /¢ is the corrected fluorescence intensity, /
is the measured fluorescence intensity, and A,
and 4., are sample absorbances at the excitation
and emission wavelength, respectively.
Hydrogen-Deuterium  Exchange  Kinetics
Coupled to  Mass  Spectrometry  (HDX-
MS)—Hydrogen/deuterium exchange was
followed for individual proteins alone (Pdc,
pPdc, 14-3-3CAC) and for 2:1 molar mixture of
14-3-3CAC:pPdc. Concentrations of the proteins
during exchange were 120 uM for 14-3-3CAC
and 60 uM for Pdc or pPdc. HDX was started by
a five-fold dilution of the proteins to deuterated
buffer (20 mM Tris-HCI pD 7.5, 200 mM NaCl,
1 mM EDTA, 5 mM DTT, 10% glycerol) and
aliquots of 10 ul were collected at 40 sec, 4 min,
15 min, 1 hr, 3 hr, and 8 hr of exchange.
Exchange was stopped by the addition of 57 pl of
6 mM HCIl and freezing in liquid nitrogen.
Analysis of deuterated samples (HPLC-MS) and
data processing was done as described elsewhere
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(34) except for the following modifications.
Injection volume was 20 pl and shorter gradient
was used, 10-25% B (95% acetonitrile/5%
water/0.4% formic acid) in 5 minutes, followed
by a quick step to 40% B.

RESULTS

N-Terminal Domain of Pdc is Intrinsically
Disordered Protein and Adopts Highly Extended
Conformation—The crystal structure of the
Pdc:Gfy complex revealed that Pdc-ND
comprises first 110 amino acid residues (Fig. 1A)
and constitutes the main part of Pdc’s interaction
surface with Gy (13,35). It has also been
suggested that this domain is poorly structured in
the apo-state compared to the ordered and helical
conformation observed in the complex with Gy
(14). Since both regulatory phosphorylation sites
and the 14-3-3 protein binding motifs (Ser’* and
Ser””) are located within this presumably
unstructured Pdc-ND, we first performed its
detailed biophysical characterization using
dynamic light scattering (DLS), analytical
ultracentrifugation and fluorescence
spectroscopy. The analysis of Pdc sequence using
PONDR VL3 (36), DISOPRED (37), UIPRED
(38) and PONDR FIT (39) predictors suggests
that the majority of Pdc-ND (residues 1-101) and
the very C-terminus of Pdc-CD (residues 225-
246) are unstructured (Fig. 1B). Another typical
feature of unstructured proteins is their low
compactness. Thus, DLS measurements were
performed to obtain information on the
hydrodynamic radii (Ry) of Pdc and its isolated
domains. The comparison of Ry reveals that Pdc-
ND, although possessing smaller number of
amino acid residues compared to Pdc-CD,
exhibits significantly larger Ry (Table 1). Both
full-length Pdc and Pdc-ND also show
significantly larger Ry compared to theoretical
values calculated for proteins of given molecular
masses in a natively folded state (Table 1) (40).
In addition, the experimental Ry of Pdc-ND is
comparable with the theoretical value calculated
for its guanidinium chloride-unfolded state
supporting the disordered nature of this domain.

The SV AUC experiments were next
performed to confirm that large values of Ry
observed for Pdc and Pdc-ND were due to a non-
globular structure and not their oligomerization.
The normalized continuous sedimentation
coefficient distributions, c(s), obtained from these
experiments are shown in Fig. 2A. The analysis
of distributions reveals that Pdc-ND, Pdc-CD and
full-length Pdc show single peaks with a weight-

averaged sedimentation coefficient (corrected to
20.0 °C and the density of water), s,0,), values
of 1.5 S, 1.8 S and 2.4 S, respectively. These
values of s, correspond to molecular mass of
~14.4, ~18.7 and ~31.8 kDa, respectively,
suggesting all three proteins are monomers in
solution (theoretical M,, of Pdc-ND, Pdc-CD, and
full-length Pdc are 14.64, 17.41, and 30.16 kDa,
respectively).

The disordered nature of Pdc-ND is also
corroborated by its CD spectra. The far-UV CD
spectrum shows a large negative ellipticity in the
region around 200 nm similarly to spectra of
other intrinsically disordered proteins including
the Listeria monocytogenes virulence protein
ActA (41), the bovine viral diarrhea virus core
protein (42) or the substrate domain of p130Cas
(43) (Fig. 2B). In addition, the near-UV CD
spectrum of Pdc-ND is weak and featureless
suggesting its aromatic side chains have no well-
defined conformation, thus corroborating the
disordered state of this domain (Fig. 2C). On the
other hand, the CD spectra of Pdc-CD show
features of a well-folded protein containing a
significant amount of secondary structure and
whose aromatic side chains possess a well-
defined conformation (44).

The structural differences between Pdc-ND
and Pdc-CD were next studied using time-
resolved fluorescence of 8-anilinonaphthalene-1-
sulfonic acid (ANS). It has been shown that this
hydrophobic fluorescence probe has significantly
higher affinity for folded and partly-folded
proteins than for the unstructured and/or unfolded
ones, and thus is frequently used to study
structural properties of protein molecules (45).
The ANS binding to and/or into hydrophobic
regions of folded or molten globular proteins is
accompanied by the characteristic increase in the
mean excited-state lifetime (7,..,). The measured
values of 7,..,, of ANS bound to Pdc, Pdc-ND
and Pdc-CD are shown in Table 1. The
significantly lower value of 1,,,, for ANS bound
to Pdc-ND compared to Pdc-CD or Pdc is
consistent with the expected unfolded state and
the low hydrophobicity of the N-terminal
domain. Thus, all these data suggest that Pdc-ND
is intrinsically disordered and adopts a highly
extended conformation.

Solution Structure of the Free Pdc—Since the
unbound (apo) structure of Pdc is unknown, we
next used the small-angle X-ray scattering
(SAXS), an established technique for structural
analysis of flexible systems including
intrinsically disordered proteins (46), to study the
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solution structure of Pdc. The Guinier analysis
revealed that all Pdc samples are monodisperse as
their Guinier plots are linear in the region
5*R,<1.3, where s is the momentum transfer and
R, is the radius of gyration (Fig. 3A). Values of
the R, calculated from the slope of the Guinier
plot (R, = 36.5-37.0 A) suggest that the free Pdc
adopts an extended state (Table 2). In
comparison, the globular molecule of the 14-3-3
protein dimer (yeast isoform Bmhl) with double
molecular weight has a R, value of 32.6 A (47).
The distance distribution functions P(7)
calculated from the scattering data using the
program GNOM (24) are shown in Fig. 3B. The
P(r) functions are similarly shaped for all
measured Pdc samples and show peak around 27
A and the maximum distance D,,, 120-129 A
(Table 2). The elongated and highly asymmetric
shape of the P(r) functions corroborates the
extended state of the Pdc molecule. The
calculated molecular weight derived from the
forward scattering intensity /(0) is consistent with
the expected molecular weight of the Pdc
monomer (Table 2). The Kratky plot (s°I(s) vs s),
which reflects the degree of compactness of the
scattering particles, has a shape typical for a
partially unfolded protein with flat peak at low s
and an increase in s°/(s) in the larger s range (Fig.
3C) (48,49).

Two different approaches were used to model
the solution structure of free Pdc. First, the low
resolution ab initio envelope of Pdc was
calculated using DAMMIN (25). The final
envelope consists of an average of 10 individual
reconstructions and the individual envelopes
agreed well with each other (the mean value of
normalized spatial discrepancy, NSD, was 0.52 £
0.03). The obtained ab initio envelope of Pdc
possesses a rod like extended shape with one end
being narrower than the other (Fig. 3D). The size
of the narrower smaller part corresponds well
with the size of Pdc-CD, suggesting that the
larger and wider part represents the disordered N-
terminal domain. However, the validity of such
ab initio reconstruction for disordered proteins
which describes a highly flexible structure using
one conformation is uncertain, although useful to
visualize a diffuse nature of disordered molecule
(46,50). Therefore, we next used a more
appropriate approach based on the ensemble
optimization method (EOM) (27). The C-
terminal domain of Pdc (residues 106-230) was
treated as a rigid-body while the flexible N-
terminal domain and the very C-terminus
(residues 1-105 and 231-246, respectively) as a

chain of dummy residues. An initial pool of
10,000 Pdc models with random conformation of
the N-terminal domain and the very C-terminus
free of steric clashes was generated. Next, a
genetic algorithm was used to select an ensemble
of Pdc conformers that collectively fit the
experimental SAXS data. The EOM analysis
yielded an ensemble (containing 18 conformers)
that fits the experimental scattering curve of Pdc
(c = 4.2 mg/mL) with 5 value of 0.98 (Fig. 4A).
The comparison of the R, distributions of the
EOM-selected conformational ensemble with the
initial pool is shown in Fig. 4B. As can be
noticed, the R, distribution of the EOM-selected
ensemble is narrower and biased towards less
compact structures when compared to the pool
and it contains single peak centered around an R,
of 34.2 A, consistent with R, values calculated
from the scattering curves (Table 2). Very similar
results were also obtained from the EOM analysis
of other two Pdc samples (¢ = 3.4 and 2.3
mg/mL). The selected conformers that fit the
experimental scattering curve with the lowest 3’
value (Fig. 4C) show substantial structural
variability (the mean value of NSD is 2.02),
suggesting significant flexibility of the N-
terminal domain. In addition, none of these
conformers by itself could account for the
observed Pdc scattering, as revealed by
comparing the P() curves calculated from these
models with the experimental P(r) curve (Fig.
4D). We also attempted to model the Pdc
molecule as two rigid domains connected with
the flexible linker similarly to Pdc structure
observed in the Pdc:Gfy complex (13,14).
However, the EOM analysis using this model
yielded an ensemble that fits the experimental
scattering curve of Pdc significantly worse (with
7 value of 1.51) compared to the model
containing ordered C-terminal domain and
disordered N-terminal domain (Fig. 4E). In
addition, the comparison of the R, distributions
of the EOM-selected ensemble with the pool
revealed that the molecule of Pdc is significantly
more extended than expected from the pool
simulation (Fig. 4F), indicating that the two-
domain model is unable to properly describe the
solution structure of free Pdc. Thus, the analysis
of SAXS measurements suggests that molecules
of free Pdc are monomers that possess extended
conformations due to the highly flexible and
unstructured N-terminal domain, in agreement
with data obtained from DLS, analytical
ultracentrifugation, CD spectroscopy and ANS
fluorescence (Table 1 and Figs. 1 and 2).
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Conformational Behavior of Pdc and its
Changes upon the Phosphorylation and the 14-3-
3¢ Binding—The time-resolved tryptophan
fluorescence intensity and anisotropy decay
measurements were next used to investigate the
conformational behavior of Pdc and its changes
upon the phosphorylation and the 14-3-3(
binding. Four Pdc mutants containing a single
tryptophan residue at four different positions
(Trp”, Trp'”, Trp'?, and Trp*®) were prepared
to sample various regions of the Pdc molecule.
Residues Trp” and Trp'"” are located within Pdc-
ND while Trp'* and Trp**® within Pdc-CD (Fig.
1A). The sequence of Pdc contains only one
tryptophan residue at position 29; thus, this
residue was mutated to Phe and tryptophan was
inserted into selected positions (mutations
YO3W, F107W, F123W, F208W). The human
14-3-3CnoW protein mutant missing all Trp
residues (mutations W59F and W228F) was used
in all tryptophan fluorescence measurements. We
previously showed that these two mutations have
no effect on the binding properties of the 14-3-3C
protein (17,51). Time-resolved fluorescence
intensity and anisotropy decays were analyzed
using a singular-value decomposition maximum
entropy method as described previously (29).
Since the tryptophan residue frequently exhibits
complicated multiexponential decays whose
detailed interpretation is often impossible
(52,53), we decided to use a mean fluorescence
lifetime (7,..,) as a robust qualitative indicator of
changes in the microenvironments of inserted Trp
residues (Table 3 and Fig. 5). For the sake of
comparison, this table also contains previously
obtained data for residue Trp® (15). As can be
noticed, phosphorylation by itself decreased 7,4,
of Trp”, Trp'> and Trp™®, with the effect being
surprisingly strongest for Trp® (Fig. 5A). The
reduced 7,.., can be interpreted as increased
contacts with the polar environment and/or
altered quenching interactions in the vicinity of
these residues, suggesting that in the apo-state
both domains interact with each other and the
phosphorylation of Ser™ and Ser” within Pdc-
ND affects this interaction. On the other hand,
the interaction between pPdc and 14-3-3CnoW
significantly increased 7.4, of tryptophans Trp®,
Trp” and Trp*® (Fig. 5B). This could be the
result of  either the 14-3-3-induced
conformational change of pPdc, which affects
interaction of these residues with their
surroundings, and/or a direct interaction of 14-3-
3CnoW with these residues, reducing their

contacts with the polar environment or altering
quenching interactions in their vicinity.

It is reasonable to assume that such
interactions would also affect the mobility and/or
the accessibility of these residues. Thus we next
studied segmental motions of inserted
tryptophans using the polarized time-resolved
emission measurements (Table 3 and Fig. 5). The
fluorescence anisotropy decays of all five
tryptophans revealed three classes of correlation
times. Short correlation times located around
0.3-0.9 ns () and 1.4-3.0 ns (f;) reflect the fast
local motions of tryptophan residues while the
third correlation time, ¢5, likely reflects the
rotational diffusion of the whole molecule.
Changes in the extent of segmental motion of
inserted tryptophans can be judged from the
change in the sum of amplitudes of fast
anisotropy decay components Lo (Bshore = 1 +
ﬂ2) (15) Since ﬁ3 =rg- ﬁ] - ﬂZ =Tp- ﬁvhort, Eq 39
where 7, is a constant (33), it is advantageous to
evaluate the internal motion from the change of
s because it can be assessed with better accuracy
than S, As seen from the equation, lower f;
indicates larger extent of the internal protein
mobility and vice versa. The obtained increase in
f; revealed that the 14-3-3CnoW binding
substantially decreased segmental motions of
Trp® and Trp” from pPdc-ND and, to a lesser
extent, Trp”® from pPdc-CD (Table 3, Fig. 5B).
These changes suggest suppressed segmental
flexibility of regions where these Trp residues are
located, presumably through direct physical
contacts. The phosphorylation by itself
significantly affected only the region containing
Trp” which is more flexible upon the
modification whereas the mobility of other
tryptophans was not significantly affected (Fig.
5A). The suggested steric shielding of several
Trp residues by the 14-3-3EnoW binding should
also change their accessibility to the solute
quencher. Thus, we next performed acrylamide
quenching to test this hypothesis. Table 4 shows
values of the bimolecular quenching constant, &,
that were obtained by fitting the Stern-Volmer
plots using Eq. 5. As can be noticed, the
accessibility of Trp®, Trp”, Trp'” and, to a
lesser extent, Trp’® to the acrylamide
significantly decreases in the pPdc:14-3-3¢noW
complex. The accessibility of Trp'? to the
solvent remains unaltered. In agreement with the
fluorescence lifetime data, the quenching
experiments  indicated for pPdc  lower
accessibility of Trp”, Trp”, and Trp'”’ from
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pPde-ND and Trp®® from pPdc-CD in the
presence of 14-3-3CnoW, thus supporting
involvement of segments containing these
residues in binding to 14-3-3C.

Analysis of interaction between pPdc and 14-
3-3¢ using SV AUC—The AUC was next used to
further investigate the interaction between pPdc
and 14-3-3C. Similarly as in our previous study,
we used in these experiments the 14-3-3C protein
deleted of its C-terminal 15 residues to increase
the stability of the pPdc:14-3-3( complex (15).
This region functions as an autoinhibitor of 14-3-
3:ligand interactions and is disordered in all
available crystal structures of the 14-3-3 proteins
(17,51,54). A similar approach was also used by
Ottmann et al. (55) to stabilize the interaction
between 14-3-3 and plant plasma membrane H'-
ATPase. A range of different molar ratios
between full-length pPdc (or pPdc-ND and Pdc-
CD) and 14-3-3C were examined using SV AUC.
Analysis of the isotherm of weight-averaged s
values (s, isotherm) as a function of pPdc
concentration revealed the best-fit apparent
equilibrium dissociation constant (Kp) of 7 + 3
uM using a 1:1 (one molecule of pPdc and one
14-3-3( dimer) Langmuir binding model (Fig.
6A). Interestingly, the analysis of the s, isotherm
determined over a range of different molar ratios
between pPdc-ND and 14-3-3C revealed that
pPdc-ND exhibits slightly higher binding affinity
for 14-3-3 compared with the full-length pPdc
with the best-fit Kp of 3 £2 uM (Fig. 6B). On the
other hand, the s,, isotherm for Pdc-CD revealed
no significant binding interaction with 14-3-3C
(Fig. 6C) suggesting that the phosphorylation-
dependent interaction between pPdc-ND and 14-
3-3C is responsible for the stability of the
pPdc:14-3-3C complex. In addition, the higher
binding affinity observed for pPdc-ND compared
to full-length pPdc is consistent with our
suggestion that both domains interact with each
other (based on results of time-resolved
tryptophan fluorescence, Fig. 5A), as the removal
of Pdc-CD can increase the accessibility of
phosphorylated motifs within pPdc-ND.

Mapping of the interactions between pPdc
and 14-3-3¢ using HDX-MS—Next, HDX-MS
was used to map the protein—protein interactions
between pPdc and 14-3-3C. The HDX kinetics of
the complex as well as free 14-3-3C, pPdc, and
Pdc proteins were measured. The exchange
kinetics of 14-3-3C was followed on 121 peptides
covering 100 % of the sequence while 87
peptides were used in the case of Pdc also

covering the entire sequence. The exchange
kinetics profile of Pdc alongside the sequence
(Fig. 7A) revealed that the N-terminal half of Pdc
molecule exhibits relatively fast deuteration
kinetics reflecting its disordered and highly
flexible character (Fig. 7B), whereas the C-
terminal half is characterized by exchange curves
typical for structured protein regions (Fig. 7C). In
general, phosphorylation does not induce
differences in solvent accessibility and/or
hydrogen bonding except for three regions of Pdc
molecule where significant changes were
observed. The first region, around the
phosphorylation motif (delimited here by the
peptide 51-76), exhibits higher deuteration upon
phosphorylation, which can be interpreted as
better accessibility of this part of Pdc. On the
other hand, the second region (peptide 152-157)
and the third one (e.g. peptide 213-223) show
protection of Pdc against deuterium exchange
upon phosphorylation. This change in deuteration
kinetics is consistent with the existence of
contacts between Pdc-CD and Pdc-ND as also
suggested by SAXS and time-resolved
fluorescence measurements. The HDX for pPdc
in the presence of 14-3-3( revealed no significant
changes in deuteration kinetics considering the
errors of the experiment. This insensitivity of
pPdc backbone amide hydrogens to changes in
deuteration kinetics upon the binding to 14-3-3C
might be caused either by the highly flexible
character of Pdc-ND as such regions undergo a
very fast deuteration kinetics that is less sensitive
to protein-protein interactions or by the
predominantly electrostatic and side chain-
mediated interactions between these two proteins.
A similar effect was also observed, for example,
for phosphorylated RGS3 in the complex with
14-3-3C  (56) or the heteromeric complex
containing UBC9 and SUMO-1 (57). On the
other hand, several regions of 14-3-3C (sequences
46-59, 155-174, 191-196) exhibited significant
decrease in deuterium incorporation upon the
pPdc:14-3-3C complex formation (Figs. 8A and
8B). This slower exchange kinetics can be
interpreted as lower solvent exposure and/or the
change in hydrogen bonding following the
binding to pPdc, thus suggesting that protected
regions of 14-3-3( (or their parts) form the
binding interface. Furthermore, as can be noticed
from Fig. 8C, these regions map not only to the
surface of the ligand binding groove formed by
helices H3, HS, H7 but also to the surface formed
by helices H6 and HS outside the central channel
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similarly as has been observed in the RGS3:14-3-
3C and the Nthl:Bmhl complexes (47,56,58).
Surprisingly, the C-terminal part of helix H9
(peptide 220-227) showed opposite trend as the
14-3-3C in complex with pPdc became more
accessible for deuteration. However this effect
vanished later during the exchange reflecting
dynamic behavior of this region.

DISCUSSION

The main aim of the current study is to
provide a mechanistic insight into the regulation
of Pdc by means of the 14-3-3-protein binding.
Bioinformatics analysis revealed that more than
90% of the 14-3-3 binding partners contain
intrinsically —disordered segments and the
majority of the high-affinity 14-3-3 binding
motifs are located within these disordered regions
(59,60). The presence of the 14-3-3 binding
motifs within flexible regions likely uncouples
the binding strength from the specificity and
renders these phosphorylation-dependent and
highly specific interactions reversible. Structural
studies of the Pdc:G3y complex suggested that
Pdc is not an exception because Pdc-ND has been
found to be highly flexible and poorly structured
(13,14). Theoretical prediction as well as
biophysical characterization clearly showed that
Pdc-ND, in contrast to the folded and compact
Pdc-CD, is intrinsically unstructured and adopts a
highly extended conformation (Figs. 1 and 2 and
Table 1). The disordered and highly flexible
nature of Pdc-ND was also confirmed by SAXS
analysis which revealed that solution structure of
Pdc is best described as an ensemble of
structurally variable conformers consisting of
rigid Pdc-CD and flexible Pdc-ND (Figs. 3 and 4
and Table 2). In addition, Pdc-ND of unbound
(apo) Pdc is significantly more extended
compared to the conformation observed in the
crystal structure of the Pdc:Gy complex (Fig.
4).

HDX-MS measurements revealed no dramatic
disorder-to-order transition upon the pPdc
binding to 14-3-3C, as no significant changes in
deuteration kinetics of pPdc peptides were
observed in the presence of 14-3-3(. However,
small but significant reduction of flexibility was
detected by  time-resolved  fluorescence
measurements in regions containing Trp*’, Trp”
from Pdc-ND and Trp*® from Pdc-CD (Fig. 5
and Table 3). Consistently, we also observed
increase in 7., as well as decrease in the
accessibility of these three tryptophan residues

upon the complex formation (Tables 3 and 4)
suggesting interaction between 14-3-3 and Pdc
regions containing these residues. In contrast to
Pdc, the 14-3-3C dimer offers a rigid and well
defined binding surface as several peptides
located both inside and outside the central
channel exhibited significant decrease in
deuterium incorporation upon the complex
formation (Fig. 8). Therefore, it is reasonable to
assume that pPdc-ND containing  both
phosphorylation sites binds into the central
channel of 14-3-3C while Pdc-CD interacts with
regions located outside the central channel of the
14-3-3¢ dimer through the side containing Trp**®
(Fig. 9) as this residue showed lower accessibility
upon the complex formation while the
accessibility of Trp'*’ remained unaltered (Table
4).

SV AUC measurements revealed that pPdc-
ND is responsible for the stability of the pPdc:14-
3-3C complex as no significant binding was
observed between the isolated Pdc-CD and 14-3-
3C (Fig. 6). This suggests that the interaction
between 14-3-3 and Pdc-CD is enabled by
means of the local concentration effect upon the
docking of pPdc-ND into the central channel of
14-3-3C. In this respect, the pPdc:14-3-3C
complex resembles many other 14-3-3 protein
complexes where the key interaction for protein
association is the coordination of phosphorylated
residue(s) and the interactions with regions
remote from the phosphorylated 14-3-3 binding
motif(s) by themselves are insufficient for stable
complex formation. For example, associations of
14-3-3 with serotonin N-acetyltransferase (61),
yeast neutral trehalase Nthl (62), or forkhead
transcription factor FOXO4 (63) are fully
dependent on the phosphorylation of the 14-3-3
binding motif(s) despite extensive interactions
beyond those involving the phosphorylated
motifs and the 14-3-3 binding grooves.

The Pdc-ND constitutes the larger part of
Pdc’s interaction interface with Gy whereas
Pdc-CD seems to be responsible for blocking the
interaction of Gy with the membrane (13,14).
Thus, the binding interaction between 14-3-3C
and pPdc-ND might either sterically block the
Pdc’s Gy binding surface and change its
structure as well as decrease the rate of Pdc
dephosphorylation after a light stimulus by virtue
of its interaction with phosphorylated residues
(9). In addition, contacts between 14-3-3( and the
region containing Trp*™ suggest that the 14-3-3¢
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binding might also affect the C-terminal part of
GPy binding interface of pPdc (Fig. 1A) (13).
Taken together, the 14-3-3 protein dimer
interacts with Pdc using surfaces both inside and
outside its central channel. The N-terminal
domain of Pdc, where both phosphorylation sites
and the 14-3-3 binding motifs are located, is
intrinsically disordered protein which reduces its
flexibility in several regions without undergoing
dramatic  disorder-to-order transition upon
binding to 14-3-3. Our data also indicate that the
C-terminal domain of Pdc interacts with the

outside surface of the 14-3-3 dimer through
region involved in Gy binding. Therefore, we
show that the 14-3-3 protein interacts with and
sterically occludes both the N- and C-terminal
Gtpy binding interfaces of phosphorylated Pdc,
thus providing a mechanistic explanation for the
14-3-3-depedent inhibition of Pdc function.
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FIGURE LEGENDS

FIGURE 1. N-terminal domain of unbound (apo) Pdc is inherently disordered. (4) The crystal
structure of the Pdc:Gy complex (13). The Gy complex and Pdc are shown in grey and light brown,
respectively. Phosphorylation sites Ser’* and Ser” are shown in red. Residues that were mutated to
prepare single-Trp containing mutants of Pdc are shown in green. (B) Bioinformatics analysis using
PONDR VL3 (36), DISOPRED (37), UIPRED (38) and PONDR FIT (39) predictors suggests that the
majority of Pdc-ND (residues 1-101) and the very C-terminus of Pdc-CD (residues 225-246) are
unstructured. The position of both phosphorylation sites/the 14-3-3 protein binding motifs is shown on
top.

FIGURE 2. Biophysical characterization of Pdc domains. (4) Normalized continuous distribution of
sedimentation coefficients, c(s), for Pdc full-length, Pdc-CD, and Pdc-ND. (B) The comparison of the
far-UV CD spectra of Pdc full-length, Pdc-CD, and Pdc-ND. (C) The comparison of the near-UV CD
spectra of Pdc full-length, Pdc-CD, and Pdc-ND.

FIGURE 3. Structural characterization of Pdc by SAXS. (4) Scattering intensity as a function of the
scattering vector s (s = 4zsin(6)/4, where 26 is the scattering angle and A is the wavelength). Inset
shows Gunier plot of Pdc at concentration 4.2 mg/mL. (B) Distance distribution function P(r). (C)

The Kratky plot, which reflects the degree of compactness of the scattering particles, has a shape
typical for a partially unfolded protein with flat peak at low s and an increase in s°I(s) in the larger s
range (48,49). (D) Averaged and filtered DAMMIN shape envelope of Pdc molecule. The size of the
narrower smaller part corresponds well with the size of Pdc-CD, suggesting that the larger and wider
part represents the disordered N-terminal domain.

FIGURE 4. EOM analysis of Pdc SAXS data. (4) 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 3° = 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 3 value. Residues from flexible parts of Pdc molecule
are represented by spheres. (D) Comparison of the P(r) curves calculated from EOM-generated
models (shown in black, red, green and orange) with the experimental P(7) curve (shown in blue). As
can be noticed, none of these conformers by itself could account for the observed Pdc scattering. (E)
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 consisting of two rigid
domains. The selected ensemble fits the experimental scattering curve of Pdc with /= 1.51. (F)
Comparison of the R, distributions of the EOM-selected ensemble with the initial pool calculated from
the Pdc model consisting of two rigid domains.

FIGURE 5. Change in the mean excited-state lifetime, 7,..,, and the overall change in amplitudes of
slow anisotropy decay component f; of Trp*’, Trp”, Trp'”’, Trp'®, and Trp*®. (4) Changes induced
by phosphorylation of Pdc at Ser’* and Ser”. (B) Changes induced by the 14-3-3¢noW binding to
pPdc.

FIGURE 6. Sedimentation velocity ultracentrifugation. Isotherms of weight-averaged sedimentation
coefficients s,, were obtained from SV AUC experiments using mixtures of 14 pM 14-3-3C and 0.7-70
uM full-length pPdc (4), pPdc-ND (B), and Pdc-CD (C). The insets show the sedimentation
coefficient distributions c(s) of 14-3-3C and pPdc, pPdc-ND and Pdc-CD mixtures at various molar
ratios underlying the s, data points. Mixtures with the molar ratio 20:1 (14-3-3:Pdc) are shown in
black, ratio 6:1 in red, ratio 2:1 in blue, ratio 2:3 in green, and ratio 1:5 in cyan.

14

ST0T ‘g dunf U0 0UdNS Jo A[noed ‘HZVYd A VAOTIV VLIZITAINN 18 /810°9q mmm//:dny] wox papeo[umo(y



Structural Analysis of Phosducin and its Complex with 14-3-3

FIGURE 7. HDX-MS reveals regions of Pdc that are affected by phosphorylation. (4) Plot showing
the deuteration levels of Pdc (shown in black) and pPdc (shown in red) after 8 hours of deuteration.
The domain structure of Pdc and the position of both phosphorylation sites/the 14-3-3( protein binding
motifs are shown on top. (B) Graphs of HDX kinetics for two selected peptides from Pdc-ND. (C)
Graphs of HDX kinetics for two selected peptides from Pdc-CD. Deuterium exchange is expressed as
percentages relative to the maximum theoretical deuteration level (left vertical axis) as well as a
number of exchangeable protons (right vertical axis) for selected Pdc peptide.

FIGURE 8. HDX-MS reveals regions of 14-3-3( that are affected by pPdc binding. (4) Plot showing
the deuteration levels of 14-3-3C in the absence (shown in black) and the presence of pPdc (shown in
red) after 8 hours of deuteration. The secondary structure elements of 14-3-3¢ are shown on top. (B)
Graphs representing HDX kinetics for four selected 14-3-3C regions that show changed deuterium
exchange kinetics upon pPdc binding. Deuterium exchange is expressed as percentages relative to the
maximum theoretical deuteration level (left vertical axis) as well as a number of exchangeable protons
(right vertical axis) for selected 14-3-3C peptides alone (black squares) and in the presence of pPdc
(red circles). (C) HDX kinetics for all 14-3-3C regions that show changed deuterium exchange kinetics
upon pPdc binding (shown in various colors) mapped on the surface representation of the 14-3-3C

structure (only one chain of the 14-3-3¢ dimer is colored as the changes on the second one are the
same) (64).

FIGURE 9. The 14-3-3C protein interacts with and sterically occludes both the N- and C-terminal
Gy binding interfaces of pPdc. The 14-3-3( protein and Pdc-CD are shown in light brown and violet,
respectively. The 14-3-3C regions that show changed deuterium exchange kinetics upon pPdc binding
are colored as in Fig. 8C. The missing Pdc-ND is schematically shown as a blue dashed line. The
approximate positions of phosphorylation sites Ser’* and Ser” as well as tryptophan residues used in
quenching and time-resolved fluorescence experiments are also shown. The pPdc:14-3-3( complex
stoichiometry (1:2) as well as the simultaneous engagement of both ligand binding grooves within the
14-3-3¢ dimer by phosphorylated Ser’* and Ser”” are based on previously published data (15). As can
be seen, the 14-3-3C protein binding would sterically occlude the whole Pdc-ND as well as part of
Pdc-CD. The position of Pdc-CD is based on results of tryptophan fluorescence measurements (Tables
3 and 4).
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Structural Analysis of Phosducin and its Complex with 14-3-3

TABLE 1
Biophysical properties of Pdc full-length, Pdc-ND and Pde-CD

Pdc full-length Pdc-ND Pdc-CD
Number of residues® 265 126 156
Theoretical molecular mass® (g/mol) 30161.4 14643.2 17414.2
Experimental Ry from DLS® (A) 384+0.5 354+04 26.0+0.1
Theoretical R;* (A) — natively folded 24.8 19.2 20.4
Theoretical R, (A) — MG 27.7 21.8 23.1
Theoretical R, (A) — NU coil 45.4 31.8 34.7
Theoretical R;* (A) — NU PMG 36.8 27.5 29.5
Theoretical R, (A) — GdmCl-unfolded 51.2 34.6 38
Sweomw (S) 2.4 1.5 1.8
Tynean OF ANS'E (ns) 7.4 3.7 5.7

“Includes the N-terminal 6xHis-tag.

°Calculated from the sequence.

‘Values are the mean + SD of five measurements.

“Theoretical values of R, for various conformational states were calculated according to equations
reported by Uversky (40). MG, molten globule state; NU coil, natively unfolded state behaving as
random coil; NU PMG, more compact natively unfolded state resembling premolten globule state;
GdmCl-unfolded, unfolded state in the presence of guanidinium chloride.

‘Weight-averaged sedimentation coefficient corrected to 20.0 °C and the density of water obtained
from analytical ultracentrifugation.

'S.D.=0.05 ns.

¥The mean fluorescence lifetime (7,..,) was calculated using Eq. 2.

16

ST0T ‘g dunf U0 0UdNS Jo A[noed ‘HZVYd A VAOTIV VLIZITAINN 18 /810°9q mmm//:dny] wox papeo[umo(y



Structural Analysis of Phosducin and its Complex with 14-3-3

TABLE 2

Structural parameters determined from SAXS data
Pdc sample

c (mg.mL™) 4.2 3.4 2.3

R, (A) 36.6+0.3 37.0+03 36.5+04

R, (A) 372+03 379+£02 362%03

Dinax (A) 127 129 120

MMy, (kDa)* 33+1 34+1 33+1

*Calculated using Guinier approximation (23).

°Calculated using the programm GNOM (24).

‘Molecular weight was estimated by comparison of the forward scattering intensity /(0) with that from
the reference solution of bovine serum albumin.
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Structural Analysis of Phosducin and its Complex with 14-3-3

TABLE 3
Summary of time-resolved tryptophan fluorescence measurements of Pdc
Pdc mutant Tean™ B’ ¢ B ' B i
(ns) (ns) (ns) (ns)
Pdc W29 3.9 0.045 0.5 0.094 2.4 0.061 36
pPdc W29 3.8 0.057 0.4 0.102 2.7 0.043 36
pPdc W29 + 14-3-3(° 42 0.028 0.4 0.067 1.8 0.108 71
Pdc W93 43 0.065 0.6 0.048 32 0.086 22
pPdc W93 4.1 0.055 0.9 0.050 3.0 0.091 23
pPdc WI3P + 14-3-3( 4.4 0.022 0.3 0.044 1.8 0.137 51
Pdc W107 4.9 0.034 0.3 0.045 1.6 0.122 33
pPdc W107 4.9 0.035 0.4 0.043 1.9 0.120 34
pPdc W107 + 14-3-3C 5.0 0.029 0.8 0.036 1.5 0.137 54
Pdc W123 4.5 0.036 0.6 0.160 20
pPdc W123 4.3 0.031 0.4 0.170 20
pPdc W123 + 14-3-3C 4.3 0.017 0.4 0.019 1.4 0.166 32
Pdc W208 4.6 0.081 0.6 0.116 15
pPdc W208 4.2 0.074 0.5 0.124 16

pPdc W208 + 14-3-3C 4.4 0.047 0.8 0.013 22 0.142 36

*SD < 0.05 ns.

"The mean fluorescence lifetime (Tmean) Was calculated using Eq. 2.

‘SD < 0.01.

SD < 20%.

“The human 14-3-3CnoW protein mutant missing all Trp residues (mutations W59F and W228F) was
used in all Pdc tryptophan measurements (17,51).
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TABLE 4

Structural Analysis of Phosducin and its Complex with 14-3-3

Results of acrylamide quenching of tryptophan fluorescence

Pdc mutant k,x (10° M's™)* V(M)
pPdc W29 2.08 £0.06 0.29 £0.05
pPdc W29 + 14-3-3(¢ 1.07 £0.03 04+04
pPdc W93 1.12+0.03 0.12£0.06
pPdc WO3P + 14-3-3( 0.73 £0.05 0.06 £0.09
pPdc W107 1.35+0.04 0.34 £0.09
pPdc W107 + 14-3-3C 0.98 £0.08 0.6+0.2
pPdc W123 0.63 £0.02 0.97 £0.04
pPdc W123 + 14-3-3C 0.67 £0.02 0.83 £0.04
pPdc W208 0.43 +0.07 -
pPdc W208 + 14-3-3C 0.29£0.01 -

“For comparison, bimolecular quenching constant of Trp in aqueous environment is k, = 5.9 x 10°s'™M
1

(65).
"The bimolecular quenching constant (k;) was calculated using Eq. 5.
“The human 14-3-3CnoW protein mutant missing all Trp residues (mutations W59F and W228F) was
used in all Pdc tryptophan measurements (17,51).
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Structural Analysis of Phosducin and its Complex with 14-3-3

FIGURE 3
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Structural Analysis of Phosducin and its Complex with 14-3-3

FIGURE 5
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f Phosducin and its Complex with 14-3-3
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Structural Analysis of Phosducin and its Complex with 14-3-3

FIGURE 9
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(Bacl(ground: Thioredoxin is a physiological inhibitor of ASK1. )

Results: The catalytic motif of thioredoxin is essential for its binding to ASK1 and the interaction does not involve intermolec-
ular disulfide bonds.
Conclusion: Thioredoxin-binding domain of ASK1 is a rigid domain that interacts with reduced thioredoxin through a large

binding interface.

\_

Significance: Structural basis of the interaction between ASK1 and reduced thioredoxin.

J

Apoptosis signal-regulating kinase 1 (ASK1), a mitogen-acti-
vated protein kinase kinase kinase, plays a key role in the patho-
genesis of multiple diseases. Its activity is regulated by thiore-
doxin (TRX1) but the precise mechanism of this regulation is
unclear due to the lack of structural data. Here, we performed
biophysical and structural characterization of the TRX1-bind-
ing domain of ASK1 (ASK1-TBD) and its complex with reduced
TRX1. ASK1-TBD is a monomeric and rigid domain that forms
a stable complex with reduced TRX1 with 1:1 molar stoichiom-
etry. The binding interaction does not involve the formation of
intermolecular disulfide bonds. Residues from the catalytic
WCGPC motif of TRX1 are essential for complex stability with
Trp>! being directly involved in the binding interaction as sug-
gested by time-resolved fluorescence. Small-angle x-ray scatter-
ing data reveal a compact and slightly asymmetric shape of
ASK1-TBD and suggest reduced TRX1 interacts with this
domain through the large binding interface without inducing
any dramatic conformational change.

Apoptosis signal-regulating kinase 1 (ASK1)® (MAP3KS5), a
member of the mitogen-activated protein kinase kinase kinase
family, activates c-Jun N-terminal kinase and p38 MAP kinase
signaling pathways in response to various stress stimuli, includ-
ing oxidative stress, endoplasmic reticulum stress, and calcium
ion influx (1-3). ASK1 plays a key role in the pathogenesis of

* This work was supported by Czech Science Foundation Project 14-10061S,
Grant Agency of Charles University Project 568912, and Academy of Sci-
ences of the Czech Republic Research Project RV0:67985823 of the Insti-
tute of Physiology.

" Both authors contributed equally.

2To whom correspondence should be addressed: Faculty of Science, Charles
University, Hlavova 8, 12843 Prague, Czech Republic. Tel.: 420-221951303;
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3The abbreviations used are: ASK1, apoptosis signal-regulating kinase 1;
ASK1-TBD, TRX1-binding domain of ASK1; AUC, analytical ultracentrifuga-
tion; CC, coiled-coil; SAXS, small angle x-ray scattering; SV, sedimentation
velocity; TRX1, thioredoxin 1.
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multiple diseases including cancer, neurodegeneration, and
cardiovascular diseases and is considered a promising thera-
peutic target (reviewed by Ref. 4). Human ASK1 consists of
1,374 amino acids with the serine/threonine kinase domain
located in the middle of the molecule flanked by two coiled-coil
(CC) motifs, which are important for homo-oligomerization of
ASK1 (5, 6). ASK1 under non-stress conditions forms a homo-
oligomer by direct interaction through the C-terminal CC
domain and interacts with several other proteins including thi-
oredoxin-1 (TRX1) and the 14-3-3 protein, thus forming a high
molecular mass complex called ASK1 signalosome (1, 7, 8).
Both TRX1 and the 14-3-3 protein are physiological inhibitors
of ASK1. In response to oxidative stress they dissociate from
ASK1, this allows the homo-oligomerization and recruitment
of tumor necrosis factor receptor-associated factors 2 and 6 to
the N-terminal region of ASK1 and accelerates the autophos-
phorylation of Thr®*® within the activation loop resulting in
ASK1 activation (1, 9, 10).

Thioredoxins (TRXs) are small dithiol oxidoreductases ubiq-
uitously present in species ranging from archaea to mammals.
TRXs perform various biological functions including the
reduction of protein disulfide bonds in the reducing cellular
compartments, the supply of reducing equivalents to redox
enzymes, and the regulation of several transcription factors and
proteins through either a direct reduction of their cysteine
groups or different mechanisms (reviewed by Ref. 11). TRXs are
involved in the regulation of NF-«kB (12), the Escherichia coli T7
polymerase complex (13), or Jab-1 (14). The TRX molecule
consists of a five-stranded B-pleated sheet that forms a hydro-
phobic core surrounded by four a-helices. The highly con-
served redox catalytic motif **WCGPC?* links the second
B-strand to the second a-helix and the two cysteine residues
within this sequence (Cys** and Cys®® in human TRX1) are
responsible for TRX-dependent redox activity (15).

TRX1 interacts with the ASK1 region located between resi-
dues 46 and 277 and this interaction is thought to inhibit the
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Low-resolution Structure of the ASK1-TRX1 Complex

activation of ASK1 through blocking its homo-oligomerization
via an adjacent N-terminal CC motif (1, 9). The Cys>*° residue,
located within this region of ASK1, is crucial for the oxidative
stress-dependent signaling downstream of ASK1 and likely
involved in TRX1 binding (16, 17). However, the precise mech-
anism of TRX1 binding to ASK1, as well as its dissociation, is
still unclear due to the lack of structural data on the TRX-
binding domain of ASK1 (ASK1-TBD). Several studies sug-
gested that under oxidative stress conditions TRX1 is oxidized
on Cys®*? and Cys®® within the redox catalytic motif and the
formation of an intramolecular disulfide bond between these
two cysteine residues causes the dissociation of TRX1 from
ASK1 through an unknown mechanism, thus allowing the acti-
vation of ASK1 (1, 9, 18). It is, however, unclear whether the
interaction between TRX1 and ASK1 is based on the non-co-
valent interactions only or if it also involves the formation of
intermolecular disulfide bond(s). The latter possibility was sug-
gested by Nadeau et al. (17, 19) who proposed another mecha-
nism for ASK1 activation. The authors suggest the oxidative
stress induces the formation of intermolecular disulfide bonds
between ASK1 molecules and this oxidation is required for the
activation of ASK1 kinase function. In their model, the interac-
tion between TRX1 and ASK1 involves a formation of intermo-
lecular disulfide bond(s) and the TRX1-dependent inhibition of
ASK1 is mediated by its thiol reductase activity because only the
oxidized and disulfide bond-containing oligomeric form of
ASK1 enables activation.

To better understand the interaction between TRX1 and ASK1,
we prepared and performed detailed biophysical and structural
characterization of the isolated ASK1-TBD (sequence 88 —302)
and its complex with reduced TRX1. The results show that
ASK1-TBD is a monomeric and rigid domain that forms a sta-
ble complex with reduced TRX1 with 1:1 molar stoichiometry.
The binding interaction does not involve the formation of
intermolecular disulfide bonds. Residues Cys®** and Cys®” as
well as Trp>' from the catalytic WCGPC motif of TRX1 are
essential for complex stability with Trp®' being directly
involved in binding interaction as suggested by time-resolved
tryptophan fluorescence. SAXS data revealed a compact and
slightly asymmetric shape of ASK1-TBD and suggest reduced
TRX1 interacts with this domain through the large binding
interface without inducing any dramatic conformational
change. Molecular modeling indicated the TRX1 binding site is
located close to the N-terminal end of a ~50 residue long a-he-
lix, which forms the C terminus of ASK1-TBD. Our results also
show the ASK1 residue Cys** is likely located either at or in
close vicinity of TRX1-binding surface.

EXPERIMENTAL PROCEDURES

Expression and Purification of TRX-binding Domain of
ASK1—DNA encoding four different N-terminal fragments of
human ASK1 (residues 46 —302, 88 —302, 46 —322, and 88 —322)
were ligated into pST39 (20) using the Xbal and BamHI sites
and pRSFDuet-1 (Novagen) using BamHI and PstI sites. Mod-
ified pRSFDuet-1 containing the sequence of the His,-tagged
GB1 domain of protein G inserted into the first multiple clon-
ing site was a gift of Evzen Boura (Institute of Organic Chemis-
try and Biochemistry AS CR, Prague, Czech Republic). ASK1-
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(88-302) (in pST39) was expressed as a C-terminal His, tag
fusion protein by leakage expression at 30 °C for 20 h and puri-
fied from E. coli BL21 (DE3) cells using chelating Sepharose
Fast Flow (GE Healthcare Life Sciences) according to standard
protocols. Eluted ASK1-TBD was dialyzed against buffer con-
taining 20 mm Tris-HCI (pH 7.5), 200 mm NaCl, 1 mm EDTA, 5
mMm DTT, 10% (w/v) glycerol and purified using size-exclusion
chromatography on a HiLoad 26/60 Superdex 75 column (GE
Healthcare Life Sciences). All mutants were generated by using
the QuikChange site-directed mutagenesis kit (Stratagene) and
mutations were confirmed by sequencing.

Expression and Purification of TRX1—The expression con-
struct for human TRX1 (C73S mutant) was a gift of Katja
Becker (Justus-Liebig-Universitit, Giessen, Germany). TRX1
was expressed as an N-terminal His, tag fusion protein by iso-
propyl 1-thio-B-p-galactopyranoside induction for 20 h at
30 °C and purified from E. coli BL21 (DE3) cells using chelating
Sepharose Fast Flow (GE Healthcare Life Sciences) according to
standard protocols. Eluted TRX1 was dialyzed against buffer
containing 20 mm Tris-HCl (pH 7.5), 200 mm NaCl, 1 mm
EDTA, 5 mm DTT, 10% (w/v) glycerol and purified using size-
exclusion chromatography on Superdex 75 10/300 GL column
(GE Healthcare Life Sciences). All mutants were generated by
using the QuikChange site-directed mutagenesis kit (Strat-
agene), and mutations were confirmed by sequencing.

Preparation of Oxidized TRX1—TRX1 (140 uM in buffer con-
taining 20 mm Tris-HCI (pH 7.5) and 200 mMm NaCl) was incu-
bated with 100-fold molar excess of H,O, in a total volume of
500 wl for 15 min at 37 °C (21). Oxidation reaction was stopped
by adding 2 units of catalase (Sigma).

Time-resolved Fluorescence Measurements—Fluorescence
intensity and anisotropy decays were measured on a time-cor-
related single photon counting apparatus, as described previ-
ously (22). Tryptophan emission was excited at 298 nm by a
tripled output of the Ti:Sapphire laser. Tryptophan fluores-
cence was isolated at 355 nm by a combination of monochro-
mator and a stack of UG1 and BG40 glass filters (Thorlabs)
placed in front of the input slit. Fluorescence decays were typ-
ically accumulated in 1024 channels with a time resolution of 50
ps/channel until 10° counts in the decay maximum were
reached. Samples were placed in a thermostatic holder, and all
experiments were performed at 23 °C in a buffer containing 20
mM Tris-HCI (pH 7.5), 200 mm NaCl, and 5 mm DTT. The
TRX1 concentration was 10 um; the ASK1-TBD concentration
was 30 uMm (or 10 um in experiments with Trp-containing
mutants of ASK1-TBD). Fluorescence decays were assumed to
be multiexponential according to the formula,

I(t) = o, exp(—t/7) (Eq. 1)

1

where 7, and «; are the fluorescence lifetime components and
the corresponding amplitudes, respectively. Emission decays
I(t) were analyzed by a maximum entropy method (23). The
program yields a set of amplitudes, ¢, representing the lifetime
distribution. Typically, we have chosen 100 lifetimes equidis-
tantly spaced in a logarithmic scale, ranging from 20 ps to 20 ns.
The mean emission lifetime was calculated as,
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(Eq.2)

Tmean — ZfiTi = E(aiﬂz)/Z(aiTi)
1 1 1

where f; are the fractional intensities of corresponding lifetime
components. Fluorescence anisotropy r(t) was obtained by a
simultaneous reconvolution of parallel /|(f) and perpendicular
I, (¢) polarized components. The anisotropies r(f) were ana-
lyzed for a series of exponentials by a model-independent max-
imum entropy method without setting assumptions about the
shape of the correlation time distributions (23),

r(t) = EB: - exp(—t/¢)

(Eq.3)

where amplitudes B, represent the distribution of the correla-
tion times ¢;. They are related to the initial anisotropy r, by the
following formula.

(Eq.4)

ZB:‘:’O

Typically we used 100 correlation times equidistantly spaced in
the logarithmic scale from 100 ps to 200 ns.

Analytical Ultracentrifugation (AUC)—Sedimentation velocity
(SV) experiments were performed using a ProteomLab™ XL-I
analytical ultracentrifuge (Beckman Coulter). Samples were
dialyzed against buffer containing 20 mm Tris-HCI (pH 7.5),
200 mM NaCl, and 2 mm 2-mercaptoethanol before analysis.
Experiments with oxidized TRX1 were performed in buffer
containing 20 mMm Tris-HCI (pH 7.5), and 200 mm NaCl. The
buffer density, viscosity, and partial specific volume of all pro-
teins were estimated using the program SEDNTERP. SV exper-
iments of ASK1-TBD and TRX1 were conducted at various
loading concentrations and molar ratios in charcoal-filled Epon
centerpieces with 12-mm optical path length, 20 °C, and 48,000
rpm rotor speed (An-50 Ti rotor, Beckman Coulter). All sedi-
mentation profiles were recorded with interference optics. The
diffusion-deconvoluted sedimentation coefficient distributions
c(s) were calculated from raw interference data using the soft-
ware package SEDFIT. For experiments with mixtures of TRX1
and ASK1-TBD at various molar ratios, this procedure was fol-
lowed by the integration of calculated distributions to deter-
mine the overall weight-averaged s-values (s,,). Constructed s,
isotherms were fitted with A + B = AB model as implemented
in the software package SEDPHAT with known s, values of
individual components as prior knowledge. Resulting parame-
ters were verified and loading concentrations were corrected
using global Lamm equation modeling also implemented in
SEDPHAT software (24, 25).

Small Angle X-ray Scattering—SAXS data were collected on
the European Molecular Biology Laboratory (EMBL) P12
beamline on the storage ring PETRA III (Deutsches Elektronen
Synchrotron (DESY), Hamburg, Germany). The ASK1-TBD,
TRX1, and ASK1-TBD-TRX1 complex were measured in con-
centration ranges of 1.2—4.6, 1.4-12, and 1.5-11.9 mg ml™*,
respectively. The data were averaged after normalization to the
intensity of the transmitted beam, and the scattering of buffer
was subtracted using PRIMUS (26). The forward scattering 1(0)
and the radius of gyration R, were evaluated using the Guinier
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approximation (27). These parameters were also computed
from the entire scattering pattern using the program GNOM
(28), which provides the distance distribution functions P(r)
and the maximum particle dimensions D, .. The solute appar-
ent molecular mass (MM,,,) was estimated by comparison of
the forward scattering with that from reference solutions of
bovine serum albumin (molecular mass 66 kDa). Ab initio molec-
ular envelopes were computed by the program DAMMIN (29),
which represents the protein by an assembly of densely packed
beads. Multiple iterations of DAMMIN were averaged using the
program DAMAVER (30). The averaged envelopes were then
used as final SAXS structures.

Circular Dichroism Measurements—The far-UV CD spectra
were measured in a quartz cuvette with an optical path length of
1 mm (Starna, USA) using a J-810 spectropolarimeter (Jasco,
Japan). The conditions of the measurements were as follows: a
spectral region of 200-260 nm, a scanning speed of 10 nm
min ", a response time of 8 s, a resolution of 1 nm, a bandwidth
of 1 nm, and a sensitivity of 100 mdeg. The final spectrum was
obtained as an average of 5 accumulations. The spectra were
corrected for a baseline by subtracting the spectra of the corre-
sponding polypeptide-free solution. The CD measurements
were conducted at 22 °C in buffer containing 20 mm Tris-HCl
(pH 7.5), 200 mm NaCl, and 2 mm 2-mercaptoethanol. The
ASK1-TBD and TRX1 concentrations were 8 uM. After base-
line correction, the final spectra were expressed as a mean res-
idue ellipticities Qv (deg cm® dmol ™" res™ ') and calculated
using the equation,

Oobs MW
[Q]MRW_CINR.IO (Eq.5)
where 6, is the observed ellipticity in mdeg, ¢ is the protein
concentration in mg ml ™", / is the path length in cm, M, is the
protein molecular weight, and Ny is the number of amino acids
in the protein (31). The near-UV CD spectra were measured in
a quartz cuvette with an optical path length of 1 cm (Starna,
USA) in a spectral region of 250-320 nm. The final spectrum
was obtained as an average of 15 accumulations. The ASK1-
TBD and TRX1 concentrations were 26 M.

Protein Structure Modeling—Because ASK1 sequence 88 —302
does not show any homology to known structures, its structural
models were created by ab initio modeling using I-TASSER (32),
Phyre2 (33), and Robetta (34) servers. The agreement between the
calculated scattering curves of theoretical models and the experi-
mental SAXS data were evaluated using CRYSOL (35).

RESULTS

Preparation of ASKI-TBD and Its Complex with TRX1—It
has previously been shown ASK1-TBD is located between res-
idues 46 and 277 within the N-terminal part of ASK1 (1, 9). We
expressed several constructs of human ASK1 consisting of res-
idues 46-302, 88 -302, 46322, and 88 -322 with either the
C-terminal His, tag or the N-terminal His,-GB1 tag and tested
their solubility and stability. Only the construct consisting of
the C terminally His-tagged ASK1 sequence 88 —302 exhibited
sufficient expression yield, solubility, and stability, and thus was
used for further studies. To avoid TRX1 homo-dimerization
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Low-resolution Structure of the ASK1-TRX1 Complex

due to the intermolecular disulfide bond formation by the non-
active site Cys”” residue under high protein concentrations, we
decided to use the mutant C73S of human TRX1 (denoted in
this work as TRX1), rather than the wild-type protein, through-
out this work. This mutation has no effect on the activity or the
structure of human TRX1 (36, 37).

Biophysical Characterization of the Interaction between ASKI-
TBD and Reduced TRX1—The AUC was used for the biophys-
ical characterization of prepared ASK1-TBD and its interaction

—  ASK1-TBD
—  ASKI-TBD + TRX1 (1:1)
— TRX1

1.0 A
0.6

0.2 4 J}(\

(S) (1/1S)

1 g 3 4 5
Sedimentation coefficient (S)

FIGURE 1. Sedimentation velocity ultracentrifugation. The normalized
continuous sedimentation coefficient distributions, c(s), for ASK1-TBD alone
(black), TRX1 alone (red), and ASK1-TBD and TRX1 mixed in the molar ratio 1:1
(blue) are shown. All experiments were performed under reducing
conditions.
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with TRX1 under reducing conditions. The normalized contin-
uous sedimentation coefficient distributions c(s) from the SV
AUC experiments revealed the reduced TRX1 and ASK1-TBD
form a complex with a weight-averaged sedimentation coeffi-
cient (corrected to 20.0 °C and the density of water), s,,(5(,,,)» of
3.0 S, whereas TRX1 and ASK1-TBD alone show single peaks
with s,,90.,) values of 1.6 and 2.4 S, respectively (Fig. 1). The
observed values of s,,,,,, for TRX1 and ASK1-TBD corre-
spond to molecular masses of ~12 and ~25 kDa, respectively,
suggesting both proteins are monomers in solution (theoretical
molecular mass of TRX1 and ASK1-TBD are 12.99 and 25.57
kDa, respectively). In addition, the observed value of s,,(, ,,, of
3.0 S for the ASK1-TBD-TRX1 complex corresponds to molec-
ular mass of ~33 kDa, suggesting the 1:1 molar stoichiometry of
the complex (theoretical molecular mass = 38.6 kDa). To
obtain the apparent equilibrium dissociation constant (K,,) of
the ASK1-TBD-TRX1 complex, a range of concentrations and
different molar ratios of ASK1-TBD and reduced TRX1 were
examined using SV AUC (Fig. 24). Analysis of the isotherm of
weight-averaged s values (s,, isotherm) as a function of TRX1
concentration revealed the best-fit K, of 0.3 = 0.1 uM using a
1:1 Langmuir binding model. This confirms the ASK1-TBD
and TRX1 form a complex with a 1:1 molar stoichiometry.
Because all SV AUC experiments were performed in the pres-
ence of the reducing agent 2-mercaptoethanol and obtained SV
AUC data can be adequately fitted using the reversible Lang-
muir-type kinetic model (A + B = AB), it is reasonable to
assume the interaction between ASK1-TBD and TRX1 under

Oxidized TRX1 + ASK1-TBD WT -
Ko=6+2 M

2.4

2.3

221

2.1r

Su(S)
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191

o(S) (11)
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17—

24F - g

w)

2.3

2.2

2.1

su(S)

2.0
1.9

TRX1 W31F + ASK1-TBD WT
Ko=30 + 5 uM

1.8

1.7
107°

107* 1073

Concentration TRX1 (M)

FIGURE 2. Sedimentation velocity ultracentrifugation. A, isotherm of weight-averaged sedimentation coefficients s,, (s,, isotherm) obtained from SV
experiments of mixtures of ASK1-TBD WT (5 um) and reduced TRX1 (3-50 um). B, the s, isotherm obtained from SV experiments of mixtures of ASK1-TBD WT
(5 um) and oxidized TRX1 (3-50 um). TRX1 was oxidized by incubation with a 100-fold molar excess of H,O, for 15 min at 37 °C (21). C, the s, isotherm obtained
from SV experiments of mixtures of ASK1-TBD WT (20 um) and reduced TRX1 CS mutant (5-100 um). D, the s, isotherm obtained from SV experiments of
mixtures of ASK1-TBD W31F mutant (20 um) and reduced TRX1 (15-290 um). The insets show the sedimentation coefficient distributions c(s) of mixtures of
ASK1-TBD and TRX1 at various concentrations and molar ratios underlying the s,, data points.
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reducing conditions does not involve the formation of intermo-
lecular disulfide bonds. No significant amount of the mixed
disulfide ASK1-TBD-TRX1 complex was observed even upon
the 36-h long incubation of an equimolar mixture of ASK1-
TBD and TRX1 in the absence of the reducing agents (Fig. 3),
further corroborating that intermolecular disulfide bonds are
not involved in complex formation.

Oxidized TRX1 Binds ASK1-TBD with Significantly Lower
Binding Affinity Compared with Reduced TRX1—Several stud-
ies have shown the oxidation of TRX1 disrupts its binding to
ASK1 (1, 9, 18). Therefore, we next examined the interaction
between oxidized TRX1 and ASK1-TBD using SV AUC. Oxi-
dized TRX1 was prepared by incubation with 100-fold molar
excess of H,0O, for 15 min at 37 °C. Such oxidation was previ-
ously shown to produce well defined TRX1 containing two-
disulfide bridges (Cys*>-Cys®®, Cys®>-Cys®®) (21). The s,, iso-
therm was determined over a range of loading concentrations
of oxidized TRX1 and ASK1-TBD (Fig. 2B). The analysis of
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FIGURE 3. Non-reduced (A) and reduced (B) 15% SDS-PAGE of purified
ASK1-TBD, TRX1, and their mixture (with 1:1 molar ratio) after the incu-
bation in a buffer containing 20 mm Tris-HCI (pH 7.5), 200 mm NaCl, and 1
mm EDTA (and no reducing agents) for 0, 12, and 36 h at 4 °C.

Low-resolution Structure of the ASK1-TRX1 Complex

obtained data revealed oxidized TRX1 exhibits a significantly
lower binding affinity for ASK1-TBD compared with reduced
TRX1 with the best-fit K, of 6 = 2 uM using a 1:1 Langmuir
binding model, confirming the oxidation of TRX1 disrupts its
interaction with ASK1.

Structural Integrity of the Catalytic WCGPC Motif of TRX1 Is
Essential for the Binding to ASKI-TBD—The redox-inactive
mutant TRX1-CS where both Cys residues (Cys®** and Cys>")
from the catalytic ** WCGPC?® motif were replaced by Ser does
not bind to ASK1 (1, 9, 18). To test whether this is also true for
the interaction with the isolated ASK1-TBD, SV AUC experi-
ments were conducted and the s, isotherm was determined
over a range of loading concentrations of TRX1-CS and ASK1-
TBD (Fig. 2C). These data revealed negligible binding affinity
(K, was estimated to be of ~900 = 200 um) for the TRX1-CS
mutant, in agreement with previous reports. In addition, the
catalytic **WCGPC>® motif of human TRX1 contains a con-
served Trp®', which is located in close proximity to the catalytic
Cys residues and undergoes a conformational change upon oxi-
dation of Cys®* and Cys® or their mutation to Ser (37, 38). Both
oxidized TRX1 and the TRX1-CS mutant exhibit significantly
reduced binding to ASK1 (1, 9, 18), suggesting possible involve-
ment of Trp>" in this interaction. To check the importance of
this residue, TRX1 mutant W31F was prepared and its binding
to ASK1-TBD was investigated using SV AUC (Fig. 2D).
Indeed, the obtained SV data revealed significantly lower bind-
ing affinity of the W31F mutant to ASK1-TBD (K, of 30 = 5
uM), confirming the importance of this residue for ASK1-
TBD-TRX1 complex stability.

Trp®' of TRX1 Is Directly Involved in the Interaction with
ASKI-TBD—Because Trp®! is the only tryptophan residue in
human TRX1 and ASK1-TBD does not contain any tryptophan
residue, the time-resolved tryptophan fluorescence intensity
and anisotropy decay measurements were used to further study
the involvement of Trp! in TRX1 binding to ASK1-TBD. Both
time-resolved fluorescence intensity and anisotropy decays
were analyzed using a singular-value decomposition maximum
entropy method as previously described (23). Complex forma-
tion significantly increased the mean excited state lifetime
(Topean) of Trp! from 1.62 to 3.34ns (Table 1). This could reflect
the ASK1-induced conformational change in TRX1, which
affects interaction of Trp>' with its surroundings. The observed
increasein 7,,.,, could also reflect a direct interaction of ASK1-
TBD with this residue, reducing its contacts with the polar envi-
ronment or altering quenching interactions in its vicinity.

Measurements of the emission anisotropies revealed signifi-
cantly different mobility of TRX1 Trp>" in the presence and

TABLE 1
Summary of time-resolved fluorescence measurements of Trp>' of TRX1
Sample Tmeana)b Blc’d b, Bzc’d b,%¢ Bac’d [N Blongc,d (bl()ngc’e
ns ns ns ns ns
TRX1 alone 1.62 0.018 <0.1 0.069 1.7 0.133 10
TRX1+ASK1-TBD WT 3.34 0.079 3.3 0.141 30
TRX1+ASK1-TBD C250S 4.52 0.026 <0.1 0.024 13 0.034 3.8 0.136 38

“ The mean fluorescence lifetime (7,,,,) was calculated using Equation 2.
#S.D. = 0.05ns.

¢ The fluorescence anisotropies r(¢) were analyzed for series of exponentials (Equation 3), where the amplitudes 3, represent the distribution of the correlation times ¢,. Ini-
tial anisotropy of Trp®! for all samples is r, = 0.22 = 0.01. Amplitudes 3, were calculated as B, = ry — (B,+ B3 + Biong) for each sample.

4S.D. = 0.005.
€S.D. = 15%.
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Low-resolution Structure of the ASK1-TRX1 Complex
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FIGURE 4. Time-resolved TRX1 Trp>' fluorescence anisotropy decay measurements. A, TRX1 Trp®' fluorescence anisotropy decays constructed from the
raw polarized decay data for TRX1 in the absence (O) and presence (@) of ASK1-TBD. The weighted residuals of both fits (gray, TRX1 alone; black, TRX1 +
ASK1-TBD) are shown in the lower panels. The fit quality is also demonstrated by the autocorrelation functions shown in the inset (gray, TRX1 alone; black,
TRX1 + ASK1-TBD). B, rotational correlation time distributions of Trp>' (TRX1) in the absence and presence of ASK1-TBD. The unresolved component with very
short correlation time (¢, < 100 ps) observed in the fluorescence anisotropy decay of TRX1 alone is not shown. C, solution structure of reduced human TRX1

(38). Residues Trp*', Cys*2, and Cys>* are shown as sticks.

absence of ASK1-TBD as documented by the raw data pre-
sented in Fig. 4A. Visual inspection of early depolarization
phases in Fig. 44 clearly reveals fluorescence of Trp*! depolar-
izes significantly faster in the absence than in the presence of
ASK1-TBD. The depolarization rate can be directly related to
the rotational freedom of the Trp>' residue. The slower depo-
larization means slower and/or more restricted local and seg-
mental motion of the fluorophore (39). From this point of view,
the binding of ASK1-TBD reduces segmental flexibility of the
catalytic motif where Trp>' is located. This observation corre-
lates with the decrease in 7,,,.,,, (Table 1), which could indicate
the motional restriction of the catalytic motif results in lower
accessibility of Trp®' to polar environment and/or suppressed
quenching interactions in its vicinity. Rigorous data analysis is
in full agreement with the visual observation. TRX1 alone
revealed two classes of short correlation times, one very short
unresolved (¢; < 100 ps) and the second, ¢,, close to 1.7 ns
(Table 1, Fig. 4B). In addition, the third correlation time ¢, ,, =
10 ns was also present in the data. The recovered ¢,,,, can be
assigned to the overall rotational motion of TRX1, and its value
is close to what would be expected for a globular protein with a
molecular mass about 13 kDa (39). Complex formation resulted
in a disappearance of the fastest decay component with the
correlation time ¢, belonging to the fastest Trp>' motion. At

24468 JOURNAL OF BIOLOGICAL CHEMISTRY

the same time, the correlation time corresponding to the seg-
mental motion increased from 1.7 to 3.3 ns (¢, — 5, Table 1
and Fig. 4B). Complex formation also slightly decreased the
sum of amplitudes of the fast anisotropy decay components
Bshort (Bshort = B1 + By + Bs) indicating angular restriction of
the motion. Altogether, these changes can be interpreted as a
significantly reduced segmental flexibility of the catalytic motif,
where Trp®! is located, upon the TRX1 binding to ASK1-TBD.
In addition, the observed increase in the longest correlation
time ¢,,,,, from 10 to 30 ns likely reflects the higher molecular
mass of the complex compared with TRX1 alone and its value
corresponds with the expected molecular mass of the complex
(38.6 kDa). These results suggest Trp®' from the catalytic motif
of TRX1 could be directly involved in its interaction with
ASK1-TBD.

ASKI-TBD Is a Rigid Domain That Does Not Change Its
Structure Upon the Binding of TRX1—To investigate the struc-
tural flexibility of ASK1-TBD, the time-resolved tryptophan
fluorescence intensity and anisotropy decay measurements of
single tryptophan residues inserted at four different positions
within the ASK1-TBD (Trp**?, Trp'”®, Trp**?, and Trp*’?)
were performed. The sequence of ASK1-TBD does not contain
any tryptophan residue; phenylalanines located at these posi-
tions were replaced by tryptophans. Results of these measure-
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ments are listed in Table 2. It can be noticed that all four
mutants showed relatively long 7,,,..,, ranging from 4.22 to 5.35
ns, indicating that all four Trp residues are likely buried and
inaccessible to the polar environment (40). The analysis of
fluorescence anisotropy decays revealed bimodal correlation
time distributions (Table 2) with small amplitudes of the fast
rotational and segmental motion of the fluorophore (j3,), sug-
gesting regions around all four Trp residues, especially Trp
inserted at position 242, are rigid. These data suggest that
ASK1-TBD is a compact and rigid domain.

Next, CD spectroscopy was used to check whether the bind-
ing of TRX1 affects the overall structure of ASK1-TBD. The
deconvolution of CD spectra using the K2D method (41) indi-
cated that ASK1-TBD contains ~35% of «, ~20% of B, and
~45% of random structure. This estimation is in agreement
with the theoretical prediction using PSIPRED (35% «, 15% 3,
and 50% random structure) (42). The far-UV CD spectrum of
the ASK1-TBD-TRX1 complex (with 1:1 molar stoichiometry)
showed no significant difference when compared with the sum
of the individual CD spectra of ASK1-TBD and TRX1 (Fig. 5A4),
suggesting no significant changes in overall secondary structure
upon complex formation. The comparison of near-UV CD
spectra that give us the information about the tertiary structure

TABLE 2

Summary of time-resolved fluorescence measurements of single tryp-
tophan (W) mutants of ASK1-TBD

ASK1-TBD
Trp mutant Tonean”” B,*? ¢, B, b,
ns ns ns

W132 4.62 0.033 2.7 0.190 18

W175 5.35 0.038 2.0 0.180 18

w242 4.94 0.020 5.0 0.192 18

w272 4.22 0.032 2.5 0.162 16

0.013 Aggr. (>50)

“ The mean fluorescence lifetime (7,,,,) was calculated using Equation 2.

#$.D. = 0.05ns.

¢ The fluorescence anisotropies r(t) were analyzed for series of exponentials (Equa-
tion 3), where the amplitudes 3, represent the distribution of the correlation
times ¢;.

4$.D. = 0.005.

¢S.D. = 15%.
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reveal significant differences only in the region from 275 to 295
nm (Fig. 5B). Because the CD signal in this region arises from
the environments of Tyr and Trp residues (43), it is likely that
the observed differences mainly reflect the structural change
in the vicinity of TRX1 Trp>®' upon complex formation as has
also been suggested by time-resolved tryptophan fluorescence
experiments (Table 1 and Fig. 4).

Low-resolution Structure of ASK1-TBD and Its Complex with
TRX1 Obtained from SAXS Measurements—SAXS was used to
obtain the visual insight into the structure of ASK1-TBD and its
complex with TRX1. The experimental SAXS curves from the
ASK1-TBD-TRX1 complex and ASK1-TBD alone are shown in
Fig. 6A. The absence of aggregation in both samples was con-
firmed by the inspection of the SAXS data and the linearity of
the Guinier region (inset in Fig. 6A). The apparent molecular
masses of ASK1-TBD and the ASK1-TBD-TRX1 complex were
estimated by comparison of the forward scattering intensity
1(0) with that from reference solutions of bovine serum albumin
(Table 3). The estimated mass of 37 kDa for the ASKI1-
TBD-TRX1 complex corresponds well to a 1:1 stoichiometry
(theoretical molecular mass = 38.6 kDa) in agreement with the
results from SV AUC. Values of the R, calculated both from the
slope of the Guinier plot and from the distance distribution
(P(r)) function suggest the complex is more asymmetric com-
pared with ASK1-TBD alone (Table 3). This was further con-
firmed by the P(r) function, which revealed maximum dimen-
sions (D,,,,) of ASK1-TBD alone and the ASK1-TBD-TRX1
complex to be 82 and 99 A, respectively (Fig. 6B). These D,
values corroborate a more extended and asymmetric shape of
the complex compared with ASK1-TBD alone.

To obtain the information about the shape of these mole-
cules, the ab initio envelopes were calculated from the scatter-
ing data using the program DAMMIN (Fig. 6, C and D). The
reconstructed envelopes consist of an average of at least 10
individual reconstructions and the individual envelopes agreed
well with each other, as determined using normalized spatial
discrepancy. Normalized spatial discrepancy is a measure of the
degree each of the selected envelopes differs from one another.

B 100 ¥ T ¥ T ¥ T ¥ T y T
—— ASK1-TBD + TRX1 complex

44444 The sum of the individual CD spectra

- of ASK1-TBD and TRX1 1

75 |

254 ... 4

MRE (deg.cm’.dmol " .res™)

75

-100 -

1 n 1 n 1 1 1 n 1

250 260 270 280 290 300 310
A (nm)

FIGURE 5. Circular dichroism measurements. A, the comparison of the far-UV CD spectrum of the ASK41-TBD-TRX1 complex (solid line) with the sum of the
individual far-UV CD spectra of ASK1-TBD and TRX1 (dotted line). B, the comparison of the near-UV CD spectrum of the ASK1-TBD-TRX1 complex (solid line) with
the sum of the individual near-UV CD spectra of ASK1-TBD and TRX1 (dotted line). Proteins were mixed with the 1:1 molar stoichiometry. The mean residue

ellipticity (MRE) is plotted as a function of the wavelength.
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FIGURE 6. Structural characterization of ASK1-TBD and its complex with reduced TRX1 by SAXS. A, scattering intensity as a function of the scattering
vector s (s = 4 sin(6)/A, where 20 is the scattering angle and A is the wavelength). Inset shows Gunier plots of ASK1-TBD and the ASK1-TBD-TRX1 complex at
concentrations 2.3 and 6 mg/ml, respectively. B, distance distribution function P(r). C, averaged and filtered DAMMIN shape envelope (spheres around the
dummy residues) of ASK1-TBD. D, averaged and filtered DAMMIN shape envelope of the ASK1-TBD-TRX1 complex. The main difference between the envelope

of the complex and those of ASK1-TBD alone is shown in red.

TABLE 3
Structural parameters determined from SAXS data
Sample RS RS M, 00 Do
A kDa A
ASK1-TBD 23703 24.2 £0.2 ~25 82
ASK1-TBD-TRX1 289 0.2 293 £0.1 ~37 29

“ Determined by Guinier approximation.

? Determined from P(r) function.

¢ Estimated by comparison of the forward scattering intensity 1(0) with that from
reference solutions of bovine serum albumin.

4 Determined by indirect Fourier transformation from SAXS data.

Values <1 are considered to indicate no systematic differences.
Normalized spatial discrepancy values of 0.58 and 0.49 were
obtained for envelopes of ASK1-TBD and the ASK1-TBD-TRX1
complex, respectively. The envelope for ASK1-TBD alone (Fig.
6C) shows this domain adopts a compact and slightly asymmet-
ric conformation with one side being narrower than the other.
The envelope of the complex (Fig. 6D) is similar and shows a
more extended thicker part of the molecule, suggesting that
TRX1 interacts with this thicker end of the ASK1-TBD mole-
cule. The size (~20 X ~35 X ~30 A) and the shape of this
additional area (shown in red in Fig. 6D) correspond well with
the size and the shape of the TRX1 molecule. The comparison
of both envelopes also suggests the interaction between TRX1
and ASK1-TBD is mediated through the large binding inter-
face, rather than one or few contacts. In good agreement with
results of CD measurements, the high similarity of obtained
envelopes also indicates that TRX1 binding does not induce any
dramatic structural change within ASK1-TBD, although we
cannot rule out the possibility of a local conformational change
that is beyond the resolution of this method.
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Structural Modeling of the ASKI1-TBD-TRX1 Complex—To
further refine the structural details of ASK1-TBD and its com-
plex with TRX1, a structural model of ASK1-TBD was gener-
ated. Because the sequence 88 —302 of ASK1 lacks homology to
any known structures, its models were created by ab initio
modeling using I-TASSER, Phyre2, and Robetta servers (32—
34). However, only one of the models calculated by the Robetta
server showed reasonable agreement not only with the SAXS-
based envelope (Figs. 7, A and B, the back-calculated scattering
curve based on this model fits the SAXS data with y* values of
0.91) but also with the secondary structure prediction and the
results of time-resolved fluorescence measurements that sug-
gested all Trp residues that replaced Phe residues at four differ-
ent positions within ASK1-TBD are likely buried and located in
relatively rigid areas (Table 2). The superposition of this model
with the SAXS-based envelope is shown in Fig. 7A. The model
indicates that the C-terminal part of ASK1-TBD containsa ~50
residue long a-helix that protrudes from the more spherical
N-terminal part with the 3-layer o/ sandwich architecture.
The comparison of SAXS-based envelopes suggests TRX1
interacts with the N-terminal bulkier part of ASK1-TBD. Fig.
7C shows a superposition of the SAXS envelope of the ASK1-
TBD-TRX1 complex with its model, which was created by
inserting a crystal structure of TRX1 (37) into the empty part of
the complex envelope. The shape and size of the SAXS-based
envelope allowed for the TRX1 molecule to be oriented by its
catalytic WCGPC motif (Fig. 7C, shown in yellow) toward to
ASK1-TBD consistent with the tryptophan fluorescence data,
which suggested the involvement of Trp®! in binding to ASK1-
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FIGURE 7. Superposition of SAXS envelopes with the ab initio models of ASK1-TBD and the ASK1-TBD-TRX1 complex. A, superposition of the SAXS
envelope with the theoretical model of ASK1-TBD (sequence 88-302) obtained by ab initio modeling using Robetta (34). The N-terminal CC motif of ASK1 is

shown in dark red. Phe residues that were mutated to Trp are shown in green. Cys*®

®is shown in red. B, comparison of the calculated scattering curve of the

theoretical model of ASK1-TBD (red line) with the experimental scattering data (black line). C, superposition of the SAXS envelope with the model of the
ASK1-TBD-TRX1 complex that was created using the theoretical model of ASK1-TBD and the crystal structure of human TRX1 (37). The catalytic *'WCGPC>®
motif of TRX1 is shown in yellow. D, comparison of the calculated scattering curve of the theoretical model of the ASK1-TBD-TRX1 complex (red line) with the

experimental scattering data (black line).

TBD. The accuracy of this model was also assessed by calculat-
ing and comparing its theoretical SAXS scattering profile with
the experimental scattering curve and the calculated scattering
curve fitted the SAXS data well with x* values of 1.10 (Fig. 7D).

ASK Residue Cys®*° Is Located in the Vicinity of TRXI-bind-
ing Surface—The ab initio model of ASK1-TBD indicated that
the TRX1-binding site is located in the vicinity of the Cys>*°
residue located at the N-terminal end of the long a-helix, which
forms the C terminus of modeled ASK1-TBD (Fig. 7C). The
mutation of this residue inhibits the interaction between ASK1
and TRX1 (16, 17). To check whether the same holds true for
the isolated ASK1-TBD, mutant C250S was prepared and its
interaction with TRX1 was characterized using both SV AUC
and time-resolved fluorescence measurements. Analysis of the
s,, isotherm as a function of reduced TRX1 concentration
revealed that ASK1-TBD C250S exhibits a significantly lower
binding affinity compared with WT with the best-fit K, of 50 =
10 uMm using 1:1 Langmuir binding model (Fig. 84).

To further investigate the effect of the C250S mutation on
the interaction between ASK1 and TRX1, time-resolved fluo-
rescence measurements of Trp®' of TRX1 were performed.
Measurements of the emission anisotropies revealed different
hydrodynamic properties of TRX1 Trp®! when interacting with
the ASK1-TBD C250S mutant compared with WT (Table 1 and
Fig. 8B). Data analysis revealed four classes of correlation times,
one unresolved and very short (¢, < 100 ps), two longer corre-
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sponding to segmental motions (¢, and ¢5 close to 1.3 and 3.8
ns, respectively), and the fourth correlation time ¢y,,,, = 38 ns
reflects the overall rotational motion of the complex (Table 1,
Fig. 8B). The simultaneous presence of correlation times
observed either for TRX1 alone (¢, and ¢,) or TRX1 bound to
ASK1-TBD (¢3) suggests an incomplete complex formation
when only a portion of TRX1 is bound to ASK1-TBD C2508S.
This conclusion is fully consistent with results of SV AUC
measurements showing that TRX1 interacts with ASK1-TBD
C250S with weaker affinity compared with ASK1-TBD WT.
Moreover, a significantly longer mean excited state lifetime of
Trp>! was observed in this case. In particular, 7,,.,, = 4.52 ns
for the ASK1-TBD C250S-‘TRX1 complex compared with 3.34
ns for the ASK1-TBD WT-TRX1 complex. This suggests that
Trp®' of TRX1 interacts with ASK1-TBD C250S by the altered
way, likely as a result of either different conformations of ASK1-
TBD or different interactions at the binding interface. Taken
together, both SV AUC and time-resolved fluorescence mea-
surements revealed the ASK1 Cys>*° residue is likely located
either at or in close vicinity of TRX1-binding site and is crucial
for the interaction between ASK1 and TRXI.

DISCUSSION

In the present study, our main aim was to provide a structural
insight into the interaction between ASK1 and reduced TRX1.
TRX1, a ubiquitous oxidoreductase, was identified as a physiolog-
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FIGURE 8. ASK1 residue Cys®*° is important for the interaction between
ASK1-TBD and TRX1. A, sedimentation velocity ultracentrifugation. The s,
isotherm obtained from SV AUC experiments of mixtures of ASK1-TBD C250S
(20 wm) and TRX1 (5-100 um). The inset shows the sedimentation coefficient
distributions c(s) of mixtures of ASK1-TBD C250S and TRX1 at various concen-
trations and molar ratios underlying the s, data points. B, rotational correla-
tion time distribution of Trp3' (TRX1) in the absence and presence of ASK1-
TBD C250S. The unresolved component with very short correlation time
(¢, < 100 ps) observed in the fluorescence anisotropy decay of TRX1 alone is
not shown.

ical inhibitor of ASK1, which interacts with the N-terminal region
of ASK1 preventing homophilic oligomerization through the
N-terminal CC domain of ASK1. Only the reduced form of
TRX, but not the oxidized form where both Cys residues from
the redox catalytic ** WCGPC?® motif form an intramolecular
disulfide bond, interacts with ASK1 (1, 9, 10, 18). However, the
precise mechanisms of TRX1 binding to ASK1 as well as its
dissociation are still unclear as no structural data are available
on ASK1-TBD and its interaction with TRX1.

Screening of several constructs containing ASK1 sequences
between residues 46 and 302 showed that only the C terminally
His-tagged sequence 88 —302 enables the preparation of a sol-
uble and stable protein that binds reduced TRX1 with 1:1 molar
stoichiometry and K, of ~300 nM (Fig. 24). On the other hand,
oxidized TRX1 showed significantly lower binding affinity with
K, of 6 = 2 um (Fig. 2B), confirming the oxidation of TRX1
hinders its interaction with ASK1. However, the mechanism

24472 JOURNAL OF BIOLOGICAL CHEMISTRY

behind the lower binding affinity of oxidized TRX1 is still
unclear. It has been suggested the oxidation of TRX1 generates
an intramolecular disulfide bond between Cys** and Cys*
within the redox catalytic motif and this, in turn, causes the
dissociation of TRX1 from ASK1 (1, 9, 18). This hypothesis is
supported by the fact the redox inactive TRX1-CS mutant, in
which both Cys®** and Cys®® from the catalytic motif are
replaced by Ser, does not bind to ASK1 (1, 9, 18). SV AUC
experiments revealed that the TRX1-CS mutant exhibits negli-
gible binding affinity for ASK1-TBD (with K, of ~1 mwm, Fig.
2C), confirming previous observations and suggesting these
active site Cys residues play an important role in TRX1 binding
to ASKI. In addition, our data also suggest that the interaction
between ASK1-TBD and reduced TRX1 does not involve the
formation of intermolecular disulfide bridges as SV AUC
experiments were performed under reducing conditions and all
obtained SV AUC data can be adequately fitted using the
reversible Langmuir-type kinetic model.

Under strong oxidative conditions or at high protein concen-
trations human TRX1 forms homodimers covalently linked
through the non-active site cysteine 73 (37). Because the TRX1
C73S mutant was used throughout this work to avoid formation
of these homodimers, it is necessary to keep in mind data pre-
sented in this work cannot assess the potential role of this res-
idue in the interaction between TRX1 and ASK1.

The catalytic motif of human TRX1 also contains a con-
served tryptophan residue Trp®', which undergoes a subtle
conformational change upon both TRX1 oxidation, when Cys>*
and Cys>” are disulfide linked, and the replacement of Cys*>and
Cys®® by Ser (the TRX1-CS mutant) (37, 38). Crystallographic
analysis revealed that Trp®' is partially disordered in reduced
form, but ordered in TRX1-CS and oxidized TRX1. This resem-
blance of TRX1-CS and oxidized TRX1 also likely contributes
to the ability of the TRX1-CS mutant to act as a competitive
inhibitor of thioredoxin reductase (44). Because both TRX1-CS
and oxidized TRX1 were shown to be unable to bind to ASK1 (1,
9, 10, 18), it is entirely possible the similarity in the conforma-
tional behavior of Trp®' might contribute to their inability to
bind to ASKI. Consistent with this hypothesis, results of our
experiments strongly suggest that Trp®! is directly involved in
TRX1 binding to ASK1-TBD. First, the W31F mutation signif-
icantly reduced TRX1 binding affinity for ASK1-TBD (Fig. 2D).
Next, the time-resolved tryptophan fluorescence measure-
ments showed the TRX1 binding to ASK1-TBD both increases
Tocan a0d suppresses the segmental dynamics of Trp®'. In the
free TRX1, Trp®! exhibits relatively short 7,,,.,, and a fast emis-
sion depolarization, suggesting this residue is exposed to the
solvent and highly mobile, in a good agreement with its surface-
exposed location (Fig. 4C) as well as partially disordered nature
observed in structural studies (37). The longer 7,,.., and a
slower and/or more restricted local and segmental motion of
Trp®' in the presence of ASKI1-TBD suggest the motional
restriction of the catalytic motif and a lower accessibility of
Trp®! to polar environment and/or suppressed quenching inter-
actions in its vicinity upon complex formation (39, 40). Because
Trp®! is located on the surface of the TRX1 molecule (Fig. 4C), it is
reasonable to interpret observed changes as a direct involvement
of this residue in TRX1 binding to ASK1-TBD.
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The SAXS experiments revealed ASK1-TBD is monomeric
in solution and adopts a compact and slightly asymmetric shape
with one side being narrower than the other (Fig. 6C). The
shape of the ASK1-TBD-TRX1 complex is similar but more
extended within its thicker part (Fig. 6D). The comparison of
obtained envelopes suggests that TRX1 interacts with the
thicker end of the ASK1-TBD molecule through the large bind-
ing interface without inducing any dramatic structural change,
although a local conformational change, which is beyond the
resolution of this method, cannot be ruled out. Ab initio molec-
ular modeling, although speculative as the 88 —302 sequence of
ASK1 lacks homology to any known structures, provided a
structural model that shows reasonable agreement with the
SAXS-based envelope, the secondary structure prediction, and
the results of time-resolved tryptophan fluorescence measure-
ments (Fig. 7, Table 2). This structural model suggests TRX1
interacts with the bulkier part of ASK1-TBD close to the N
terminus of the long a-helix that protrudes from the more
spherical part of ASK1-TBD and forms its C-terminal end. This
long a-helix contains approximately one-half of the N-terminal
CC motif of ASK1, based on the prediction using the COILS
program (45), located between residues ~285 and 320 (shown
in red in Fig. 7). It has been suggested the TRX1 binding to the
N-terminal part of ASK1 blocks its homophilic interaction
through this N-terminal CC motif that is required for ASK1
autophosphorylation and activation (9). Our structural model
is consistent with this hypothesis as TRX1 binding close to the
N-terminal end of this long a-helix might affect its conforma-
tion and its coiled-coil interactions. In addition, both SV AUC
and the time-resolved fluorescence measurements suggested
that ASK1 residue Cys**°, which has been shown to be impor-
tant for both TRX1 binding and the oxidative stress-dependent
signaling downstream of ASK1 (16, 17), is located either at or in
close vicinity of the TRX1-binding site (Fig. 8, Table 1) consis-
tent with our structural model (Fig. 7).

Taken together, biophysical and structural characterization
of the isolated TRX1-binding region of ASK1 revealed that this
part of ASK1 is a monomeric and rigid domain that forms a
stable equimolar complex with reduced TRX1. Residues from
the catalytic > WCGPC>® motif of TRX1 are essential for TRX1
binding to ASK1-TBD and the interaction does not involve the
formation of intermolecular disulfide bonds. Time-resolved
tryptophan fluorescence suggested a direct involvement of
Trp>! in the TRX1 binding to ASK1. SAXS data revealed a com-
pact and slightly asymmetric shape of ASK1-TBD and sug-
gested TRX1 interacts with this domain through the large bind-
ing interface without inducing any dramatic conformational
change. Molecular modeling indicated the TRX1-binding site is
located close to the N-terminal end of a ~50-residue long a-he-
lix that forms the C terminus of ASK1-TBD. In addition, our
results also show that ASK1 residue Cys®*° is likely located
either at or in close vicinity to the TRX1-binding surface.
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Background: The yeast neutral trehalase Nth1 is activated by the 14-3-3 protein binding.
Results: The 14-3-3 protein induces a structural rearrangement of Nth1l with changes within the EF-hand like motif being

essential for the activation process.

Conclusion: The EF-hand-like motif-containing domain is crucial for the 14-3-3-dependent activation of Nth1.
Significance: Structural basis of the mechanism of Nth1 activation.

Trehalases hydrolyze the non-reducing disaccharide treha-
lose amassed by cells as a universal protectant and storage car-
bohydrate. Recently, it has been shown that the activity of neu-
tral trehalase Nth1 from Saccharomyces cerevisiae is mediated
by the 14-3-3 protein binding that modulates the structure of
both the catalytic domain and the region containing the EF-
hand-like motif, whose role in the activation of Nth1 is unclear.
In this work, the structure of the Nth1-14-3-3 complex and the
importance of the EF-hand-like motif were investigated using
site-directed mutagenesis, hydrogen/deuterium exchange cou-
pled to mass spectrometry, chemical cross-linking, and small
angle x-ray scattering. The low resolution structural views of
Nth1 alone and the Nth1-14-3-3 complex show that the 14-3-3
protein binding induces a significant structural rearrangement
of the whole Nth1 molecule. The EF-hand-like motif-containing
region forms a separate domain that interacts with both the
14-3-3 protein and the catalytic trehalase domain. The struc-
tural integrity of the EF-hand like motif is essential for the
14-3-3 protein-mediated activation of Nth1, and calcium bind-
ing, although not required for the activation, facilitates this
process by affecting its structure. Our data suggest that the EF-
hand like motif-containing domain functions as the intermedi-
ary through which the 14-3-3 protein modulates the function of
the catalytic domain of Nth1.

Trehalose (a-D-glucopyranosyl-(1-1)-a-p-glucopyranoside)
is anon-reducing disaccharide of glucose found in a broad vari-
ety of organisms, including bacteria, yeast, fungi, insects, and
plants, with the exception of mammalian cells. The generation
of trehalose is triggered by stresses, such as heat, drying, or
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oxidative stress, indicating that the accumulated trehalose pro-
tects proteins and membranes from these stress conditions.
Moreover, it can also act as a signaling or regulatory molecule in
some cells, connecting the trehalose metabolism to glucose
transport and glycolysis (1).

Hydrolysis of trehalose into two glucose subunits is carried
out by trehalases (2). Trehalase was first described in Aspergil-
lus niger and then in Saccharomyces cerevisiae and subse-
quently in many other organisms, including plants and animals
(3—6). It has been shown that the yeast S. cerevisiae possesses
several different trehalases: the vacuolar acid trehalase Athl
with a lower pH optimum of about 4.5, and the cytoplasmic
neutral trehalases Nth1 and Nth2 with a pH optimum of about
7 (7-10). The sequence comparison revealed that neutral tre-
halases from yeast S. cerevisiae and Kluyveromyces lactis pos-
sess, compared with other organisms, an N-terminal extension
that contains several protein kinase A (PKA) phosphorylation
sites as well as the EF-hand-like calcium binding motif, suggest-
ing that this region is involved in the regulation of these
enzymes’ activity (11-13). Indeed, it has recently been shown
that the activity of S. cerevisiae Nth1 is regulated by PKA phos-
phorylation, Ca®", and the 14-3-3 protein binding (14-16).

Inyeast S. cerevisiae, two 14-3-3 protein isoforms (Bmh1 and
Bmh2) with a great degree of homology have been identified
(17). Bmh1 and Bmh2 were shown to be essential in most lab-
oratory yeast strains (18). As in higher eukaryotes, yeast 14-3-3
proteins bind to and modulate the activity of plenty of proteins
involved in crucial cellular processes (19). In our previous
study, we identified two key phosphorylation sites within the
N-terminal segment of S. cerevisiae Nthl that are responsible
for the 14-3-3 protein-mediated activation of Nth1 (15). This
activation is significantly more potent compared with the Ca>"
only-dependent activation, which is more common among tre-
halases from other organisms. Subsequently, we showed that
the 14-3-3 protein binding affects the conformation of both the
region containing the EF-hand-like motif and the catalytic tre-
halase domain (Fig. 1), with changes in the EF-hand-like motif
being, surprisingly, most profound (20). Thus, these data sug-
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gested that this motif plays an important, although unclear, role
in the activation of S. cerevisiae Nth1.

In this work, the structure of the Nth1-14-3-3 complex and
the importance of the EF-hand-like motif located between res-
idues 114 and 125 in the activation of Nth1 were investigated
using the site-directed mutagenesis, the hydrogen/deuterium
exchange (HDX)? coupled to mass spectrometry (HDX-MS),
chemical cross-linking, and small angle x-ray scattering
(SAXS). The low resolution structural views of Nth1 alone and
the Nth1:14-3-3 complex show that the 14-3-3 protein binding
induces a significant structural rearrangement of the whole
Nthl molecule. The EF-hand-like motif-containing region
forms a separate domain that interacts with both the 14-3-3
protein and the catalytic trehalase domain. The structural
integrity of the EF-hand-like motif is essential for the 14-3-3
protein-mediated activation of Nthl, and calcium binding,
although not required for the activation, facilitates this process
by affecting its structure. Our data suggest that the EF-hand like
motif-containing domain functions as the intermediary
through which the 14-3-3 protein modulates the function of the
catalytic domain of Nthl.

EXPERIMENTAL PROCEDURES

Expression and Purification of Bmhl—DNA encoding
S. cerevisiae Bmh1 protein was ligated into pET-15b (Novagen)
using the Ndel and BamHI sites (21). The histidine-tagged pro-
tein was expressed by isopropyl 1-thio-3-p-galactopyranoside
induction for 5 h at 37 °C and purified from E. coli BL21(DE3)
using chelating Sepharose® Fast Flow (GE Healthcare) using
the standard protocol. Next, Bmhl was purified by anion
exchange chromatography using Q Sepharose® Fast Flow (GE
Healthcare). The protein was eluted using a linear gradient of
NaCl (50-1000 mm). Fractions containing Bmh1 were concen-
trated and further purified using size exclusion chromatogra-
phy on a Superdex 75 10/300 GL column (GE Healthcare) in a
buffer containing 20 mm Tris/HCI (pH 7.5), 150 mm NaCl, 1 mm
EDTA, 1 mm DTT, and 10% (w/v) glycerol. The protein con-
centration of purified Bmh1 was determined from UV absorp-
tion at 280 nm using an extinction coefficient value of 28,880
M tem™t(22).

Expression, Purification, and Phosphorylation of Nth1—Nth1
from S. cerevisiae was expressed, purified, and phosphorylated
as described previously (15). To ensure that prepared Nthl is
calcium-free, the final purification step (the size exclusion
chromatography) was done in the presence of either 1 mm
EDTA or EGTA (in a buffer containing 20 mm Tris/HCI (pH
7.5),150 mMm NaCl,1 mM EDTA or 1 mMEGTA, 1 mMDTT, and
10% (w/v) glycerol). The protein concentration of purified Nth1
was determined from UV absorption at 280 nm using an extinc-
tion coefficient value of 142,560 M~ *«cm ™! (22).

2 The abbreviations used are: HDX, H/D exchange; HDX-MS, H/D exchange
coupled to mass spectrometry; SV, sedimentation velocity; DSG, disuccin-
imidyl glutarate; DSS, disuccinimidyl suberate; DSS(G)DO and DSS(G)D4,
non-deuterated and four-times deuterated cross-linkers disuccinimidyl
suberate (disuccinimidyl glutarate), respectively; pNth1, phosphorylated
Nth1; SAXS, small angle x-ray scattering; Nth1, yeast enzyme neutral tre-
halase; Bmh1, yeast 14-3-3 protein isoform.
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Mutants of Nthl (D103L, D114L, D114E, D116L, K117L,
N118L, [121L, D125L, D125E, and D173L) were created by
using the QuikChange™ approach (Stratagene). All mutations
were confirmed by sequencing, and phosphorylation was
checked by mass spectrometry.

Differential Scanning Fluorimetry—The thermofluor assay
was performed using a real-time PCR LightCycler 480 II (Roche
Applied Science). The proteins at a concentration of 0.2 mg/ml
were tested in the presence of 8 X concentrated Sypro Orange
(Sigma-Aldrich) in a total reaction volume of 25 ul in the Light-
Cycler 480 Multiwell Plate 96 (Roche Applied Science). The
plate was sealed with the LightCycler 480 Sealing Foil (Roche
Applied Science), and a temperature gradient from 20 to 95 °C
with a rate of 0.01 °C/s was applied. The wavelengths for fluo-
rescence excitation and emission were 465 and 580 nm, respec-
tively. The melting temperature values, T,,, corresponding to
the inflection points of the melting curves, were determined as
the minima of the negative first derivative using the Roche
LightCycler 480 SW 1.5 software (23, 24).

Enzyme Activity Measurements—The trehalase activity of
phosphorylated Nth1 (pNth1) WT and mutants was measured
by estimating the glucose produced by hydrolysis of trehalose
using a stopped assay as described previously (15, 25). Specific
trehalase activity of pNth1 was measured in the presence and in
the absence of Bmh1 and/or Ca*>*. The final concentrations of
pNthl, Bmhl, and Ca®>* were 100 nm, 15 uM, and 10 mm,
respectively. The calcium was added to the 50 ul of reaction
mixture from the 200 mM stock solution of CaCl,. The assay
was performed at 30 °C in buffer containing 20 mm Tris-HCl
(pH 7.5), 150 mm NaCl, 10% (w/v) glycerol, and 30 mMm treha-
lose. Experiments performed in the absence of Ca*>* also con-
tained 1 mm EDTA or EGTA. The production of glucose was
detected using the Amplex® Red glucose/glucose oxidase assay
kit (Invitrogen). The specific activity of trehalase was deter-
mined as wmol of glucose liberated/min/mg of protein at 571
nm.

Near-UV Circular Dichroism (CD) Spectroscopy—The near-UV
ECD spectra were measured in a quartz cuvette with an optical
path length of 1 cm (Starna) using a J-810 spectropolarimeter
(Jasco, Japan). The conditions of the measurements were as
follows: a spectral region of 250 —320 nm, a scanning speed of 10
nm'min "', a response time of 8 s, a resolution of 1 nm, a band-
width of 1 nm, and a sensitivity of 100 millidegrees. The final
spectrum was obtained as an average of five accumulations. The
spectra were corrected for a base line by subtracting the spectra
of the corresponding polypeptide-free solution. The ECD
measurements were conducted at room temperature (23 °C) in
buffer containing 20 mm Tris-HCI (pH 7.5), 150 mm NaCl, 2 mm
2-mercaptoethanol, 10% (w/v) glycerol buffer. The Bmhl con-
centration was 0.45 mg'ml ™', and the concentration of pNth1
WT and mutants was 0.69 mg-ml~'. After baseline correction,
the final spectra were expressed as mean residue ellipticities,
Quirw (degreescm®dmol ™ 'snumber of residues ') and were
calculated using the equation,

Oobs Mr

[Qurw = cIN; 10

(Eq. 1)
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where 0, is the observed ellipticity in millidegrees, c is the
protein concentration in mg-ml ™", /is the path length in cm, M,
is the protein molecular weight, and Ny is the number of amino
acids in the protein (26).

Analytical Ultracentrifugation Measurements—Sedimenta-
tion velocity (SV) experiments were performed using a Pro-
teomLab™ XL-I analytical ultracentrifuge (Beckman Coulter).
SV experiments of Bmh1 and pNth1 were conducted at loading
concentrations of 0.2—20 uM, 20 °C, and 42,000 or 48,000 rev-
olutions/min rotor speed (An-50 Ti rotor, Beckman Coulter).
All data were collected with absorbance optics at 280 nm. Sam-
ples were dialyzed against the buffer containing 20 mm Tris-
HCI (pH 7.5), 150 mMm NaCl, and 2 mMm 2-mercaptoethanol
before analysis. To study the effect of Ca®>" on the interaction,
the dilution series of Bmhl with constant concentration of
pNthl were analyzed with and without 10 mm CacCl, in the
buffer solution. The ¢(S) distributions were calculated from the
raw absorbance data using the software package SEDFIT fol-
lowed by fitting the chemical equilibrium using the Lamm
equation modeling implemented in the software package
SEDPHAT with the previously known s values of each compo-
nent (27, 28). Loading concentrations were slightly corrected in
the process of fitting.

Hydrogen/Deuterium Exchange Kinetics Coupled to Mass
Spectrometry (HDX-MS)—HDX of the Bmhl protein, pNthl
protein, both proteins in the presence and in the absence of 10
mMm Ca®", and pNthl in the presence of the Bmhl protein
and/or 10 mm Ca®" was initiated by a 10-fold dilution in a
deuterated buffer containing 20 mm Tris-HCI (pH/pD 7.5), 1
mM EDTA, 3 mm DTT, 150 mMm NaCl, and 10% (w/v) glycerol.
The final protein concentrations were 3.16 um for Bmhl and
1.6 um for phosphorylated Nthl. The molar ratio between
Bmh1 and Nth1 was therefore 2:1. Aliquots (80 ul) were taken
after 30 s, 1 min, 3 min, 10 min, 30 min, 1 h, 3 h, and 5 h of
exchange. The exchange was quenched by adding 20 ul of 0.1 M
HCl and rapid freezing in liquid nitrogen. Analysis was done as
described previously (20, 29).

Chemical Cross-linking Combined with Mass Spectrometry—
Both Bmh1 and pNthl alone and pNth1 in the complex with
Bmhl were cross-linked using cross-linkers disuccinimidyl
suberate (DSS) or disuccinimidyl glutarate (DSG). For the
cross-linking reaction, all proteins were dialyzed against buffer
containing 20 mm HEPES (pH 7.5), 150 mm NaCl, 1 mm EGTA,
and the protein concentrations were as follows: pNthl, 0.25
mg-ml~'; Bmh1, 0.25 mg'ml~". All proteins were cross-linked
in the presence of 10 mm Ca”>" using non-deuterated cross-
linkers (DSSD0 and DSGDO) and in the absence of Ca*>* using
four-times deuterated cross-linkers (DSSD4 and DSGD4).
Freshly prepared stock solutions of cross-linkers (5 mg:ml ™" in
DMSO) were added in a 15X and 30X molar excess to each
protein alone or in a 50X and 100X molar excess to the
pNth1-Bmhl complex. The reaction mixtures were incubated
for 2 h at room temperature. After that, samples that were
cross-linked in the presence of Ca®>* with non-deuterated com-
pounds were mixed with identical samples that were cross-
linked in the absence of Ca®>" with deuterated compounds in a
1:1 molar ratio, and their analysis was performed as described
previously (20, 30).
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SAXS—SAXS data were collected on the European Molecu-
lar Biology Laboratory P12 beamline on the storage ring DORIS
III (Deutsches Elektronen Synchrotron, Hamburg, Germany).
The pNth1-Bmhl protein complex and Nth1 were measured in
a concentration range of 1.8 15 mg'ml~'. Bmh1 was measured
in a concentration range of 2.2-16.3 mg'ml™'. Data analysis
was performed using the ATSAS software suite (31). The data
were averaged after normalization to the intensity of the trans-
mitted beam, and the scattering of the buffer was subtracted
using PRIMUS (32). The forward scattering (/(0)) and the
radius of gyration (R,) were evaluated using the Guinier
approximation. The distance distribution function (P(r)) and
the maximum particle dimension (D,,,,) were determined by
the indirect Fourier transformation of the scattering data I(s)
using GNOM (33). The solute apparent molecular mass
(MM,,,,) was estimated by comparison of the forward scatter-
ing with that from reference solutions of bovine serum albumin
(molecular mass 66 kDa). Ab initio molecular envelopes were
computed using DAMMIN (34), which represents the protein
by a collection of dummy atoms in a constrained volume with a
maximum diameter defined experimentally by D, ... For each
protein, 10 surfaces were generated and averaged using
DAMAVER (35). The averaged surfaces were then used as the
final SAXS three-dimensional structure.

RESULTS

The Integrity of the EF-hand-like Motif-containing Region Is
Crucial for the 14-3-3 Protein-dependent Activation of Nthl—
The catalytic activity of S. cerevisiae Nth1 is regulated by PKA-
mediated phosphorylation followed by 14-3-3 binding, with
Ca®* playing an unclear regulatory role (14 —16). Fig. 2A shows
the activity of phosphorylated Nth1 (pNth1) in the presence of
Ca?*,Mg?", and Bmhl (yeast 14-3-3 protein isoform). Samples
with Bmhl only also contained additional 1 mm EDTA or
EGTA to ensure that no traces of metals were present. As can be
seen, the Ca®>" only-dependent activity of pNth1 is very small,
whereas Bmh1- and Bmhl + Ca®"-dependent activities are
significantly higher, with the last one being a little bit more
profound. No significant difference was observed for the Bmh1
only-dependent activity of pNth1 in the presence of either 1 mm
EDTA or 1 mm EGTA; thus, only the activity in the presence of
EDTA is shown. This activity (54 = 1 wmol'min™"mg~") is
somewhat lower compared with the activity measured in the
absence of EDTA (64— 66 umol'min~'*mg ™" (20)). In addition,
no significant activation was observed in the presence of Mg*"
alone, and the effect of Bmh1 + Mg>" on pNth1 activity was
similar to that of Bmh1 alone.

Franco et al. (13) showed that the Ca®>" -dependent activation
of Nth1 from Schizosaccharomyces pombe is mediated by a con-
served Ca”*-binding EF-hand-like motif that is also present in
S. cerevisiae Nthl (sequence '“DTDKNYQITIED'*®). To
investigate the importance of this motif in S. cerevisiae pNth1
activation, we performed site-directed mutagenesis of several
residues that correspond to both conserved and non-conserved
positions from EF-hand motifs of numerous Ca*>"-binding pro-
teins (Fig. 1B) (36, 37). We mutated residues Asp*'*, Asp*'¢,
Asn''® and Asp*?°, which correspond to conserved positions 1,
3,5, and 12 in EF-hand motifs participating in metal coordina-
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Catalytic domain 295-721
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EF-hand motif of S. cerevisiae Nth1 (114-125)
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FIGURE 1. A, domain structure of S. cerevisiae Nth1. Relative positions of the 14-3-3 protein binding sites (Ser®® and Ser®3), the EF-hand like motif (sequence
114-125), and the catalytic domain (sequence 295-721) are shown. B, the sequence and the model of the EF-hand like motif (sequence 114-125) of Nth1.
Mutated residues important for metal coordination at positions 1, 3, 5, and 12 are shown in red. The structural model of the EF-hand like motif of Nth1 was
created using Modeler version 9.12 (46) and the structure of the EF-hand motif of calmodulin (Protein Data Bank code 1EXR) as a template (47). C, three-
dimensional model of the catalytic domain of yeast neutral trehalase Nth1 (sequence 295-721) was generated as described previously using the crystal
structure of trehalase Tre37A from E. coli (Protein Data Bank code 2JF4, sequence 145-533) as a template. The active site contains trehalase inhibitor validoxyl-
amine (shown as spheres), which was present in the structure of the template (20, 40).

tion, and residues Lys''” and Ile'*" at non-conserved positions
4 and 8, respectively, which are not involved in metal coordina-
tion (36, 37). In addition, we also mutated residues Asp'°® and
Asp'”? from regions bordering the EF-hand-like motif.

To verify that the introduced mutations did not result in an
overall destabilization of the Nth1 structure, the stability of all
prepared mutants was checked by measuring the thermally
induced protein denaturation using differential scanning fluo-
rimetry. No significant differences in the temperature of the
unfolding transition (7)) were observed for all Nth1 mutants
with the exception of the I121L variant (Table 1). The slightly
lower T, of 11211 mutant might reflect different conformation
of the EF-hand-like motif because this residue (position) is
known to be important for the proper conformation of the
motif (36). The binding of selected phosphorylated Nthl
mutants to Bmh1 was also checked by using analytical ultracen-
trifugation, and no significant differences compared with
pNthl WT were observed (data not shown). Thus, all prepared
Nth1 mutants were found to be suitable for trehalase activity
measurements.

Next, the Bmhl-mediated activity of prepared pNthl
mutants in the absence and the presence of Ca>" was measured
(Fig. 2B). Although all mutants, with the exception of D116L,
showed either significantly or totally suppressed Bmh1-medi-
ated activity in the absence of Ca%* (Fig. 2B, white bars), the
presence of Ca>* (Fig. 2B, gray bars) rescued the activity of all
but the D114L, N118L, and D125L mutants. These three resi-
dues are located at positions crucial for metal coordination, and
their replacement with Leu had the most profound effect on
pNth1 activity both in the absence and the presence of Ca®".
On the other hand, mutations D114E and D125E, which should
rescue the Ca®" binding, showed high Bmh1-mediated activity

SASBMB

MAY 16, 2014 +VOLUME 289+-NUMBER 20

TABLE 1

Midpoint temperatures of the protein-unfolding transition (T,,) for
Nth1 WT and mutants as determined using differential scanning
fluorimetry

Uncertainties are the S.E. values calculated from three experiments.

Nth1 variant T,

°C
WT 53.6 0.3
D103L 52.3+0.2
D114L 527 £0.2
D114E 534+ 0.2
D116L 53.1 = 0.1
K117L 53.6 £ 0.1
N118L 528 0.5
1121L 50.4 = 0.3
D125L 52.6 £0.2
D125E 53.3 0.1
D173L 52,5+ 0.1

but only in the presence of Ca>". These data suggested not only
that the structural integrity of the EF-hand like motifis essential
for the Bmh1-mediated activation of pNthl but also that cal-
cium binding helps to mediate the activation process, probably
through the structural stabilization of the EF-hand-like motif.
pNthl Mutants D114L and DI125L Show Conformational
Behavior Similar to That of Wild Type—Trehalase activity
measurements revealed that pNth1 mutants D114L and D125L
are unable to get activated in the presence of Bmh1 (Fig. 2B),
although their binding affinities for Bmh1 remain unchanged.
To compare the conformational behavior of these two inactive
mutants with pNthl WT, near-UV CD spectra, which are sen-
sitive to certain aspects of protein tertiary structure, of the
pNthl D114L-Bmh1, pNthl D125L-Bmhl, and pNthl WT-
Bmhl complexes (with 1:2 molar stoichiometry) were meas-
ured. The comparison of spectra of complexes with sums of the
individual CD spectra of pNth variants and Bmh1 revealed no
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FIGURE 2. A, comparison of specific trehalase activities of pNth1 WT under
different conditions. Data in the presence of 30 mm trehalose are shown.
Specific activity of trehalase is expressed as umol of glucose liberated/
min/mg of protein. Results shown are means = S.D. from three experiments.
B, specific trehalase activities of pNth1 WT, and mutants in the presence of
Bmh?1 (white bars) or Bmh1 + Ca®" (gray bars). Data in the presence of 30 mm
trehalose are shown. Specific activity of trehalase is expressed as umol of
glucose liberated/min/mg of protein. Results are means = S.D. (error bars)
from three experiments.

significant differences between mutants D114L and D125L and
pNthl WT (Fig. 3). This suggested that the inability of these
two mutants to become activated by Bmh1 is not due to the lack
of the Bmh1-mediated conformational change (or interaction)
but rather results from subtle differences in the conformation
of the EF-hand-like motif-containing region that cannot be
observed by this method.

Ca®* Ions Do Not Affect the Dissociation Constant of the
pNthil-Bmhl Complex—Trehalase activity measurements
revealed that several pNth1 mutants exhibit significantly higher
activity in the presence of Bmhl + Ca®>" compared with the
presence of Bmhl only (Fig. 2B). Therefore, we checked
whether the presence of Ca>" increases the stability of the
pNth1-Bmhl complex using analytical ultracentrifugation
(sedimentation velocity method). Continuous distributions of
sedimentation coefficients, c¢(s), for mixtures of pNthl and
Bmh1 at five different molar ratios (from 5:1 to 1:20) both in the
absence and the presence of Ca®>* are shown in Fig. 4. These
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FIGURE 3. The comparison of the near-UV CD spectra of pNth1
D114L-Bmh1 (solid red line), pNth1 D125L-Bmh1 (solid green line), and
pNth1 WT-Bmh1 (solid blue line) complexes with the sums of the individ-
ual CD spectra of pNth1 variants and Bmh1 (corresponding colored dot-
ted lines). The mean residue ellipticity (MRE) is plotted as a function of wave-
length in degrees.cm?dmol ™ "-number of residues ).

distributions (normalized on the peak height) showed that
Bmhl and pNth1 form a complex with a weight-averaged sed-
imentation coefficient (s,, ,,) 0of 7.2 S, whereas Bmh1 and pNth1
alone show single peaks with s, ,, values of 3.6 and 5.1 S,
respectively. The low abundance of the complex formation at
7.2 S for samples containing the lowest and the highest concen-
tration of Bmh1 (0.2 and 20 uM, respectively) is due to the large
excess of either pNth1 or Bmhl in these mixtures (the concen-
tration of pNth1 was 1 um).

The analysis of sedimentation velocity data revealed no sig-
nificant effect of Ca®>" on the apparent equilibrium dissociation
constant (K ;) of the pNth1-Bmh1 complex because K, values of
10 X 10 ° were determined both in the presence and the
absence of 10 mm Ca®*. Thus, the more potent activation of
pNth1 WT and mutants in the presence of Bmh1 + Ca®>" com-
pared with that with Bmh1 only (Fig. 2B) cannot be explained
by the increase in the binding affinity of pNth1 for Bmhl.

The EF-hand-like Motif of pNth1 Adopts Different Conforma-
tions in the Presence of Ca®", Bmhl, and Bmhl + Ca’"—Many
proteins containing the EF-hand motif undergo a conforma-
tional change upon the Ca®>" binding (37). To investigate
whether the same also holds true for pNthl, HDX-MS mea-
surements were performed. HDX-MS experiments are based
on monitoring the deuteration kinetics of backbone amides and
enable characterization of protein dynamics and conforma-
tional changes because the rate of exchange of deuterium for
hydrogen depends on both the solvent exposure and the hydro-
gen bonding of the studied region (38, 39). Results of these
experiments are presented in Figs. 5 and 6. For the sake of com-
parison, these figures also show previously published data
obtained in the absence of Ca®>* for pNth1 alone, Bmh1 alone,
and the pNth1-Bmh1 complex (20).

Structural Changes within the EF-hand-like Motif-containing
Region—The comparison of HDX-MS data for pNthl in the
presence of Ca®>", Bmh1l, and Bmh1 + Ca®" revealed large dif-
ferences in the deuteration kinetics for five peptides from the
region containing the EF-hand-like motif under all conditions
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FIGURE 4. Sedimentation velocity analysis reveals that the binding affin-
ity of pNth1 for Bmh1 is unchanged in the presence of Ca®*. Continuous
distributions of sedimentation coefficients, c(s), for mixtures containing con-
stant concentration of pNth1 (1 uwm) and different concentrations of Bmh1
(0.2-20 um) reveal no significant differences in the absence (A) and in the
presence (B) of Ca®*. All distributions are normalized on the peak height. The
Lamm equation modeling of SV data was performed using the SEDPHAT soft-
ware package (27, 28). Data without Ca®" (A) and with 10 mm Ca®" (B) were
fitted using the model, A + B = AB.Bmh1 was modeled as a tight dimer that
interacts with pNth1in 1:1 stoichiometry. Both series can be fitted with nearly
identical K, < 21 nm with 95% confidence level (the best fitted value was 10
nm). Loading concentrations were slightly corrected in the fit (up to 10%).

tested. Peptides 102-110, 110-124, and 156—172 exhibit sig-
nificantly slower deuteration in the presence of Ca®>" (compare
black and red lines in Fig. 5A), with the peptide 110 —124 (which
contains the EF-hand-like motif) showing the slower isotope
exchange only in short incubation times. In addition, an even
more profound decrease in the rate of deuteration was observed
for all pNth1 peptides between residues 102 and 185 in the
presence of Bmh1 (blue line) or Bmhl + Ca>" (green line).
Observed changes in HDX kinetics might reflect additional
conformational change and/or decreased accessibility to the
solvent. Interestingly, only the peptide 110 —124 showed signif-
icant differences in isotope exchange kinetics when comparing
peptides from the pNth1-Bmh1 complex with or without Ca".
These results suggest that the region 102—-185 of pNth1, espe-
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cially the peptide 110-124 (the EF-hand like motif), adopts
three different structural states (and/or positions) in the pres-
ence of Ca>*, Bmhl, and Bmh1 + Ca®".

Structural Changes within the Catalytic Trehalase Domain of
pNthl—Exchange kinetics for four peptides from the vicinity of
the pNthl active site whose deuteration was moderately but
significantly decreased upon the Bmhl protein binding is
shown in Fig. 5B (20). It can be noticed that only the peptide
665-698 showed some decrease in the deuteration kinetics in
the presence of Ca®* (compare black and red lines). In addition,
the presence of Ca®>" had no significant effect on isotope
exchange kinetics of these four peptides in the presence of
Bmh1 (compare blue and green lines).

Thus, HDX-MS data suggested that the Ca** binding affects
mainly the structure of the EF-hand-like motif-containing
region, whereas its effect on the catalytic domain is less
profound.

Ca”" -mediated Structural Changes of Bmhl Molecule—We
also investigated whether the presence of Ca®* affects the deu-
terium exchange kinetics of Bmhl peptides. A significant
decrease in the deuteration level in the presence of Ca®>" was
observed for several peptides, with the strongest effect being
observed for helices H3 (peptides 39 —47 and 48 — 61), H8 (pep-
tide 184—-207), and H9 (peptide 227-232) (compare black and
red lines in Fig. 6). Only two peptides (184207 and 222-232
from helices H8 and H9, respectively) showed significantly
decreased exchange kinetics when comparing peptides from
the pNth1-Bmhl complex with or without Ca®>* (compare
green and blue lines in Fig. 6), suggesting that these helices
might interact with and thus be affected by changes within the
EF-hand-like motif of bound pNthl.

Binding to Bmh1 Affects the Relative Position of the N-termi-
nal Region and the Catalytic Domain of pNth1—Site-directed
mutagenesis and HDX-MS suggested that the structural integ-
rity of the EF-hand-like motif is crucial for pNth1 activation
and that its conformational change is an integral part of the
activation process. This also implied that this region might be
adjacent to the catalytic domain and that its conformational
changes affect the structure (or the accessibility) of the active
site and hence enable the activation. The crystallographic
structural data are available only for trehalase Tre37A from
E. coli (40) which shows homology with the catalytic domain of
S. cerevisiae Nth1 (sequence 295-721). We used this homology
to build a structural model of the catalytic domain of Nthl,
which, however, does not include either the region containing
the EF-hand like motif or the N-terminal segment containing
PKA phosphorylation sites (and the 14-3-3 protein-binding
motifs) (20). Therefore, we used chemical cross-linking com-
bined with mass spectrometry and SAXS to obtain structural
information concerning the relative position of the region con-
taining the EF-hand-like motif and the catalytic domain as well
as additional information about structural changes induced by
Ca®" and the 14-3-3 protein binding.

To enable easier distinction of changes induced by Ca®",
both pNth1 alone and the pNth1:-Bmh1 complex were cross-
linked by non-deuterated cross-linking agents (DSS and DSG)
in the presence of Ca*>* and by four-times deuterated agents in
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the absence of Ca®>* (see “Experimental Procedures” for details).
The cross-linking experiments with pNth1l alone revealed 33
intramolecular distance constraints (Table 2), from which 17
can be compared with Ca—Ca distance constraints derived
from the homology model of the catalytic domain (data not
shown). No cross-links between the N-terminal region
(sequence 1-250) and the catalytic domain (sequence 300—
720) were observed, suggesting that in the absence of Bmhl,
these two domains are not in contact with one another. Quan-
tification of obtained cross-links (last two columns in Table 2)
revealed that the ratio between non-deuterated and deuterated
cross-links is close to 1:1 for all but two of them. The two excep-
tions are for the peptide from the region containing the EF-
hand like motif whose residues Lys-132 and Lys-142 are cross-
linked only in the presence of Ca®>" (the abundances of DSG
and DSS cross-links are ~78 and ~90%, respectively). This sug-
gests that in the presence of Ca>*, these two lysines are close
enough to form a cross-link. However, in the absence of Ca®™,
this region possesses different conformation and/or flexibility,
and the distance between these two residues is too large to form
a cross-link.

The list of pNth1 cross-links from the pNth1-Bmh1 complex
is shown in Table 3. In this case, the presence of Ca*>* changed
the abundances of significantly more cross-links compared
with pNth1 alone. This confirmed that pNth1 (when bound to
Bmh1) adopts a different conformation that is more sensitive to
Ca®* binding compared with free pNth1. The most profound
changes were observed for intramolecular cross-links Lys*''—
Lys214, Ly5214_LY5563y LYS257—LYS258, Lys258—Ly5393, LYSSSS_
Lys®'7, Lys**®~Lys**®, and Lys*®**~Lys®®>. The presence of the
cross-link Lys***~Lys®®®, which was not observed for pNth1l
alone, suggested that the part containing residue Lys*'* and the
catalytic domain (containing Lys>®) of pNth1 are much closer
to one another in the Bmh1-bound form. In addition, the dif-
ferences between conformations of pNthl bound to Bmhl in
the presence and the absence of Ca®>" are also supported by
intermolecular cross-links between pNth1l and Bmh1 peptides
(Table 4). Although in the presence of Ca>" the intramolecular
cross-link between pNth1 residues Lys*'* and Lys®®? is prefer-
entially formed (Table 3), in the absence of Ca®", these two
residues preferentially form intermolecular cross-links with
Bmbh1 residues Lys'*” and Lys”®, respectively (Table 4). A sim-
ilar effect was also observed for pNth1 residue Lys**?, which
forms in the presence of a Ca®>" intramolecular cross-link with
Lys**®, whereas in the absence of Ca”>*, prefers an intermolec-
ular cross-link with Bmh1 residue Lys'*® (Tables 3 and 4). The
results of chemical cross-linking for the Bmh1 alone corre-
spond well with the distance restraints derived from the homol-
ogy model of the Bmh1 molecule (data not shown).

Low Resolution Structure of the pNth1-Bmhl1 Protein Complex—
SAXS offers information about the dimension and shape of a
protein in solution and was thus used here to gain visual insight
into the global architecture of Nth1, Bmh1, and their complex.
The experimental SAXS curves from Nthl, Bmhl, and the
pNth1-Bmhl complex are shown in Fig. 7A. The apparent
molecular mass of the pNth1-Bmh1 protein complex was esti-
mated by comparison of the forward scattering intensity 1(0)
with that from reference solutions of bovine serum albumin.
The estimated molecular mass of ~147 kDa corresponds well
to 2:1 molar stoichiometry, in good agreement with our previ-
ously published results (15). The Guinier analysis revealed that
Nth1 aloneohas a significantly larger radius of gyration (R, 9f
52.0 = 0.4 A) compared with Bmh1 alone (R, 0f°32.6 +0.1A)
and the pNth1-Bmh1 complex (R, of 40.5 = 0.1 A), suggesting
that the complex is a more compact particle than Nth1 alone.

This was further confirmed by the distance distribution func-
tion, P(r), which revealed maximal dimensions (D,,,,) of Bmh1,
Nth1, and the pNth1-Bmh1 complex to be of 92, 183, and 127 A,
respectively (Fig. 7B). These values of D, ., corroborated a
more extended and asymmetric shape of free Nth1 compared
with the complex.

The calculated low resolution ab initio envelopes for Nth1
alone, Bmh1 alone, and the pNth1-Bmh1 complex are shown in
Fig. 7, C-E. The envelope of Bmh1 alone shows a characteristic
cuplike shape of the 14-3-3 dimer molecule and agrees well with
the theoretical model of Bmhl dimer (Fig. 7C). The envelope
for Nthl alone (Fig. 7D) shows that the enzyme adopts an
extended rodlike conformation, in good agreement with the
results of cross-linking experiments, where no cross-links
between the N-terminal region and the catalytic domain were
observed (Table 2). The narrower half probably represents the
flexible and unstructured N-terminal segment containing all
PKA phosphorylation sites and the 14-3-3-binding motifs,
whereas the thicker half would correspond to the rest of the
enzyme (the EF-hand like motif-containing region and the cat-
alytic domain).

The envelope of the complex is, as expected, more spherical
and shows that pNth1 adopts significantly different conforma-
tion when bound to Bmh1 (Fig. 7E). The shape of the envelope
suggests that the cuplike-shaped Bmh1 dimer is located within
the wide central part of the particle. The rigid body modeling of
the pNth1-Bmhl complex was performed using homology
models of Bmhl and the catalytic domain of Nth1 (sequence
295-721). The rigid body model of the Nth1(295-721)-Bmh1
complex displayed good agreement with both the low resolu-
tion molecular envelope and the results of cross-linking exper-
iments (Table 4). The inset in Fig. 7E shows the detailed view of
the binding interface between Nth1(295-721) and Bmhl,
where two of three observed intermolecular cross-links

FIGURE 5. HDX-MS reveals conformational changes of pNth1 upon the Ca®* binding. Graphs represent HDX kinetics for selected pNth1 regions that show
different deuterium exchange kinetics in the presence of Ca®", Bmh1, and Bmh1 + Ca?* (for the sake of comparison, these figures also show previously
published data obtained in the absence of Ca** for pNth1 alone and when bound to Bmh1 (20)). A, peptides from the N-terminal part of Nth1 that are missing
in the homology model of the catalytic domain. B, peptides from the catalytic trehalase domain (shown in yellow, red, green, and blue) are mapped on its
homology structural model covering the sequence 295-721. Deuterium exchange is expressed as percentages relative to the maximum theoretical deutera-
tion level for pNth1 alone (black squares), pNth1 in the presence of Ca®* (red circles), pNth1 in the presence of Bmh1 (blue triangles), and pNth1 in the presence

of Bmh1 + Ca®" (green triangles). Time units are in seconds.
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TABLE 2

Intramolecular distance constraints of pNth1 derived from the cross-linking experiments in the presence and the absence of Ca™*

and their

comparison with distance constraints derived from the homology model of the catalytic domain of Nth1

pNth1l
(DSS(G)/ .
Ca-Ca distance from the Ca-Ca distance constraint from DSS(G)D4)
Cross-linker Cross-linked residues homology model the cross-linking experiments® +Ca>* —Ca>*
A A % %
DSG/DSGD4 Lys**—Lys** =20 49.8 50.2
DSG/DSGD4 Lys*~Lys® =20 55.7 44.3
DSS/DSSD4 Lys®>~Lys'* =24 42.2 57.8
DSS/DSSD4 Lys*>~Lys%* =24 48.4 51.6
DSG/DSGD4 Lys”-Lys” =20 45.1 54.9
DSS/DSSD4 Lys’°~Lys” =24 53.4 46.6
DSG/DSGD4 Lys'*>-Lys'** =20 77.6 22.4
DSS/DSSD4 Lys'?*-Lys'*? =24 89.8 10.2
DSG/DSGD4 Lys®!'—Lys*'* =20 51 49
DSS/DSSD4 Lys®''~Lys*!* =24 45.4 54.6
DSG/DSGD4 Lys®*7—Lys>* =20 47 53
DSS/DSSD4 Lys®*’-Lys*® =24 50.3 49.7
DSG/DSGD4 Lys>*-Lys**? =20 47.8 52.2
DSS/DSSD4 Lys**8-Lys>* =24 55.6 44.4
DSG/DSGD4 Lys®*8-Lys®% =20 51 49
DSS/DSSD4 Lys>*5-Lys>*? =24 51.3 48.7
DSG/DSGD4 Lys®°—Lys®”! 3.9 =20 49.7 50.3
DSS/DSSD4 Lys®”%-Lys®”! 3.9 =24 45.4 54.6
DSG/DSGD4 Lys®”'~Lys"'® 17.7 =20 50.1 49.9
DSS/DSSD4 Lys®"'-Lys”'® 17.7 =24 48.9 51.1
DSG/DSGD4 Lys**—Lys®"” 17.5 =20 48.8 51.2
DSS/DSSD4 Lys®**-Lys®!” 17.5 =24 45.5 54.5
DSG/DSGD4 Lys**°—Lys*® 6.5 =20 46.4 53.6
DSS/DSSD4 Lys**°—Lys*® 6.5 =24 51.4 48.6
DSS/DSSD4 Lys**S-Lys**! 7.6 =24 41.3 58.7
DSG/DSGD4 Lys*®'—Lys>®! 16.4 =20 48.1 51.9
DSS/DSSD4 Lys*®'—Lys®®! 16.4 =24 48.8 51.2
DSS/DSSD4 Lys®¥—Lys*%* 16.4 =24 44.9 55.1
DSG/DSGD4 Lys®®'—Lys>®? 5.6 =20 52.4 47.6
DSG/DSGD4 Lys®®—Lys®? 6.1 =20 46.2 53.8
DSS/DSSD4 Lys®®-Lys>”? 6.1 =24 46.9 53.1
DSG/DSGD4 Lys®**~Lys®” 6.3 =20 46.9 53.1
DSS/DSSD4 Lys®?-Lys®’ 6.3 =24 47.7 52.3

“ The Ca—Ca interresidue distance constraints used were based on the length of the spacer arm, which is 7.7 A for DSG and 11.4 A for DSS. Concerning the flexibility of the
lysine side chains, the following cut-offs are generally used: 20 A for a-carbons of lysine cross-linked with DSG and 24 A for a-carbons of lysine cross-linked with DSS (30).
Representatlon (%) of individual cross-link isoform (the ratio between the abundance of non-deuterated and deuterated cross-links). pNth1 was cross-linked by non-deu-

terated cross-linking agents (DSS and DSG) in the presence of Ca*"

(Lys”®(Bmh1)-Lys***(Nth1) and Lys'**(Bmh1)-Lys**3(Nth1))
are located. The third intermolecular cross-link (Lys'*’-
(Bmh1)-Lys>'*(Nth1)) involves Nth1 residue Lys*'* outside of
the modeled catalytic domain. The molecular envelope also
suggested locations of the N-terminal segment and the
EF-hand like motif-containing region of pNthl. The central
part of the envelope is significantly wider than the maximum
width of the Bmh1 dimer envelope and more bulky on one side
just next to a-helices H5, H6, and H8 of Bmh1 and close to the
catalytic domain of Nth1. We believe that this bulky part rep-
resents the EF-hand-like motif-containing region of pNthl.
Peptides from a-helices H6, H8, and H9 of Bmh1 showed sig-
nificantly decreased exchange kinetics and the highest sensitiv-
ity to the presence of Ca®>" upon the binding of pNth1 (Fig. 6).
In addition, the intermolecular cross-link Lys'*’(Bmh1)—
Lys*'*(Nith1) connects residues Lys'?>” from the a-helix H5 of
Bmhl and Lys*'* from the EF-hand-like motif-containing
region of Nthl (Table 4). Thus, these data suggested that the
EF-hand-like motif-containing region of pNth1l forms a sepa-

and by four-times deuterated agents in the absence of Ca**

rate domain that interacts with both the outer surface of the
Bmh1 dimer (outside its central channel involving helices H5,
H6, H8, and H9) and the catalytic trehalase domain.

The narrow protrusion located just in front of one ligand bind-
ing groove of Bmh1 probably represents the very N-terminal seg-
ment of pNthl, whereas the rest of the N-terminal part, which
contains both phosphorylated 14-3-3 binding motifs (Ser(P)*° and
Ser(P)®3; Fig. 14), would be docked within the ligand binding
grooves of the Bmh1 molecule, as has been observed in other
structures of the 14-3-3 protein complexes (41-45).

DISCUSSION

The helix-loop-helix EF-hand Ca®"-binding motif is a wide-
spread and versatile sequence found in a large number of protein
families (36, 37). The N-terminal part of S. cerevisiae contains
sequence that closely resembles such an EF-hand motif (Fig. 1),
suggesting the possibility that this sequence and the calcium bind-
ing play a role in the regulation of this enzyme activity (13). In this
work, various techniques of structural biology, including HDX-

FIGURE 6. HDX-MS reveals regions of Bmh1 that are affected by Ca?* and pNth1 binding. HDX kinetics for Bmh1 regions that show slower deuterium
exchange kinetics upon pNth1 binding mapped on the surface representation of the structural model of Bmh1 dimer (shown in different shades of red). For the
sake of comparison, these figures also show previously published data obtained in the absence of Ca?* for Bmh1 alone and when bound to pNth1 (20).
Deuterium exchange is expressed as percentages relative to the maximum theoretical deuteration level for Bmh1 alone (black squares), Bmh1 in the presence
of Ca®" (red circles), Bmh1 in the presence of pNth1 (green triangles), and Bmh?1 in the presence of pNth1 + Ca®" (blue triangles). Time units are in seconds.

Peptides forming the ligand binding groove are marked with an asterisk.
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TABLE 3

Intramolecular distance constraints of pNth1 bound to Bmh1 derived from the cross-linking experiments in the presence and the absence of
Ca”* and their comparison with distance constraints derived from the homology model of the catalytic domain of Nth1

pNth1l
(DSS(G)/ .
Ca—-Ca distance from the Ca—-Ca distance constraint from M

Cross-linker Cross-linked residues homology model the cross-linking experiments* +Ca’* —Ca’*

A A % %
DSG/DSGD4 Lys”°~Lys”® =20 55.5 44.5
DSS/DSSD4 Lys”-Lys” =24 49.0 51.0
DSG/DSGD4 Lys'®2-Lys'*? =20 56.8 43.2
DSS/DSSD4 Lys'*>-Lys'** =24 52.9 47.1
DSG/DSGD4 Lys®!'~Lys*!* =20 65.3 34.7
DSS/DSSD4 Lys®!'—Lys*'* =24 58.8 41.2
DSG/DSGD4 Lys*'*-Lys>®* =20 80.0 20
DSS/DSSD4 Lys*'*~Lys®®? =24 60.1 39.9
DSG/DSGD4 Lys®*’—~Lys>*® =20 66.7 33.3
DSS/DSSD4 Lys>*’—Lys>*® =24 59.3 40.7
DSG/DSGD4 Lys**8-Lys®> =20 68.3 31.7
DSS/DSSD4 Lys®*5-Lys®* =24 712 28.8
DSG/DSGD4 Lys*”°-Lys*”* 3.9 =20 54.9 45.1
DSS/DSSD4 Lys*°~Lys®"! 3.9 =24 47.9 52.1
DSG/DSGD4 Lys**-Lys®"” 17.5 =20 70.2 29.8
DSS/DSSD4 Lys®*-Lys*!” 17.5 =24 50.8 49.2
DSG/DSGD4 Lys®**-Lys®>® 5.1 =20 51.1 48.9
DSS/DSSD4 Lys®?-Lys®%® 51 =24 49.5 50.5
DSG/DSGD4 Lys*56_Lys?5® 65 =20 68.8 31.2
DSS/DSSD4 Lys**°—Lys*® 6.5 =24 63.7 36.3
DSS/DSSD4 Lys**—Lys*®! 7.6 =24 50.2 49.8
DSS/DSSD4 Lys*¥—Lys*®* 16.4 =24 51.1 48.9
DSG/DSGD4 Lys®®-Lys®> 6.1 =20 71.1 28.9
DSS/DSSD4 Lys®®-Lys®? 6.1 =24 55.1 44.9

“ The Ca—Ca interresidue distance constraints used were based on the length of the spacer arm, which is 7.7 A for DSG and 11.4 A for DSS. Concerning the flexibility of the
lysine side chains, the following cut-offs are generally used: 20 A for a-carbons of lysine cross-linked with DSG and 24 A for a-carbons of lysine cross-linked with DSS (30).

? Representation (%) of individual cross-link isoform (the ratio between the abundance of non-deuterated and deuterated cross-links). pNth1 bound to Bmh1 was cross-
linked by non-deuterated cross-linking agents (DSS and DSG) in the presence of Ca*>* and by four-times deuterated agents in the absence of Ca®*.

TABLE 4

Intermolecular distance constraints between pNth1 and Bmhi
derived from the cross-linking experiments in the presence and the
absence of Ca**

Ca-Ca distance Br(nlgslslig)t/hl
constraint from DSS(G)D4)”
Cross-linked the cross-linking [t e
Cross-linker residues experiments” +Ca’®* —Ca**
A % %
DSG/DSGD4  Lys'>7“-Lys*'* =20 28.8 71.2
DSS/DSSD4  Lys'?7*-Lys>!# =24 40.2 59.8
DSG/DSGD4  Lys”®*-Lys°®% =20 34.7 65.3
DSS/DSSD4 Lys”*“-Lys®*” =24 42.2 57.8
DSG/DSGD4  Lys'#*-Lys*% =20 31.3 68.7
DSS/DSSD4  Lys'*5*-Lys** =24 30.7 69.3

“ The Ca—Ca interresidue distances constraints used were based on the length of
the spacer arm, which is 7.7 A for DSG and 11.4 A for DSS. Concerning the flex-
ibility of the lysine side chains, the following cut-offs are generally used: 20 A for
a-carbons of lysine cross-linked with DSG and 24 A for a-carbons of lysine
cross-linked with DSS (30).

? Representation (%) of individual cross-link isoform (the ratio between the abun-
dance of non-deuterated and deuterated cross-links). The pNth1-Bmh1 complex
was cross-linked by non-deuterated cross-linking agents (DSS and DSG) in the
presence of Ca>* and by four-times deuterated agents in the absence of Ca®".

¢ Residues from the Bmh1 peptide.

4 Residues from the pNth1 peptide.

MS, chemical cross-linking, and SAXS, were used to investigate
the mechanism of the 14-3-3 protein-mediated activation of Nth1
and, especially, the role of EF-hand like motif in this process.
Site-directed mutagenesis of residues located at important posi-
tions within the EF-hand like motif significantly affected the
Bmh1-mediated activation of pNth1 (Fig. 2B, white bars), thus
suggesting the essential role of this region in the activation process.
This is in a good agreement with our previous HDX-MS experi-
ments that revealed significant 14-3-3 protein-mediated structural
changes not only within the catalytic trehalase domain but mainly

13958 JOURNAL OF BIOLOGICAL CHEMISTRY

in this region (20). Interestingly, the presence of Ca®" recovered
the Bmhl-mediated trehalase activity of most of the studied
mutants (Fig. 2B, gray bars), with the exception of those where we
mutated conserved positions 1, 5, and 12 of the EF-hand motif
(mutants D114L, N118L, and D125L) that are directly involved in
metal coordination (36, 37). The inability of the D114L and D125L
mutants to become activated was not due to the lack of the Bmh1-
mediated structural change, as documented by near-UV CD spec-
tra (Fig. 3), but rather resulted from different conformation of the
EF-hand like motif. In support of that, Ca®>"-binding rescue
mutants D114E and D125E showed high Bmh1-mediated activity
but only in the presence of Ca*>". These data suggested that the
calcium binding to the EF-hand like motif facilitates the 14-3-3
protein-mediated activation of pNth1 because it enabled activa-
tion of mutants that are catalytically inactive in the absence of
Ca>".

The key role of the EF-hand like motif-containing region in the
activation of pNthl was further confirmed by results obtained
from HDX-MS and chemical cross-linking. These experiments
showed that this region adopts different conformational states
depending on the presence of Ca>*, Bmhl, or both (Fig. 5 and
Tables 2—4). We suggest that these different structural states are
reflected by different trehalase activities under these conditions.
Consistently, the comparison of SAXS-based low resolution
molecular envelopes of both Nthl alone and the pNth1-Bmhl
complex (Fig. 7, D and 7E) revealed a dramatic structural change of
pNthl upon its binding to Bmhl. The low resolution ab initio
shape of the pNth1-Bmh1 complex also suggested that the EF-
hand-like-containing region of Nth1 forms a separate domain that
interacts with both the outer surface of the Bmh1 dimer and the
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FIGURE 7. SAXS scattering data and the low resolution structure of Nth1, Bmh1, and pNth1-Bmh1 complex. A, solution scattering pattern for Nth1, Bmh1, and
the pNth1-Bmh1 complex. Scattering intensity /(s) is plotted in relation to the scattering vector s (s = 4sin(6)/A, where 26 is the scattering angle and A is the
wavelength). B, plot of the distance distribution functions P(r) with the maximum particle dimensions (D,,,,,) of 92, 183,and 127 AforBmh1,Nth1,and the pNth1-Bmh?1
complex, respectively. C, superposition of the SAXS-based envelope (spheres represent the dummy residues) of Bmh1 with the theoretical model of Bmh1 (sequence
4-236). D, SAXS-based envelope of Nth1 alone. £, overlay of the rigid body model of the Nth1(295-721)-Bmh1 complex with SAXS-based envelope. The envelope is
shown in gray, the catalytic domain of Nth1 (sequence 295-721) is shown in magenta, and Bmh1 dimer (sequence 4-236) is shown in cyan. A rigid body model was
prepared using homology models of the catalytic domain of Nth1(295-721) and Bmh1 (20). The inset shows the binding interface between Nth1(295-721) and Bmh1,

where two of three observed intermolecular cross-links (Lys”®(Bmh1)-Lys>®3(Nth1) and Lys'**(Bmh1)-Lys***(Nth1)) are located.

catalytic trehalase domain, thus supporting our hypothesis that
the conformation of this region modulates the 14-3-3-mediated
structural changes within the catalytic trehalase domain and thus
the resulting enzyme activity.

Therefore, based on our data, we suggest the following model
of Nth1 activation. In the absence of the 14-3-3 protein, Nth1
adopts an extended rodlike conformation, and the trehalase
activity is very small, probably as a result of the inaccessibility of
the active site, as shown by the crystal structure of the homol-
ogous domain of the trehalase Tre37A from E. coli (Fig. 5B)
(40). The 14-3-3 protein binding to the phosphorylated N-
terminal segment of pNthl induces a significant structural

SASBMB
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rearrangement of the whole Nth1l molecule. This conforma-
tional change probably increases the accessibility of the active
site and thus activates the enzyme. The EF-hand-like motif-
containing region forms a separate domain that interacts with
both the 14-3-3 protein and the catalytic trehalase domain. The
structural integrity of the EF-hand like motif is essential for the
14-3-3 protein-mediated activation of Nth1, and calcium bind-
ing, although not required for the activation, facilitates this
process by affecting its structure. Our data suggest that the
EF-hand-like motif-containing domain functions as the inter-
mediary through which the 14-3-3 protein modulates the func-
tion of the catalytic domain of Nth1.
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