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Abstrakt

Translace se déli na iniciaci, elongaci, terminaci a recyklaci ribozom. Eukaryoticky iniciacni
faktor 3 (elF3) je jeden z nejvétsSich iniciacnich faktor( (elF) a hraje dalezZitou roli ve vétsSiné
reakci béhem iniciace translace. Byl taktéZ spojovan s fazi recyklace ribozdmu. Nyni jsme
viak objevili jeho dalsi funkci, a to v terminaci translace v kvasinkach, kde komplex elF3 a
jeho nestechiometricky vazand podjednotka elF3j/HCR1 ovliviiuji terminaci translace a

pusobi na rozpoznani STOP koddnu antagonisticky.

Taktéz jsme charakterizovali funkci elF3j v iniciaci translace. Strukturni analyza ukdzala vazbu
mezi evoluéné konzervovanym tryptofanem v N-koncovém kyselém motivu (NTA) lidského
elF3j a hydrofébni kapsou v RNA rozpoznavajicim motivu (RRM) lidského elF3b. Tato vazba je
konzervovand rovnéz v kvasinkdch, kde zajistuje dostate¢nou vazbu elF3 na 40S ribozomalni
podjednotku. M3 vliv na presnost rozpoznani pocatec¢niho koddnu AUG, pficemz se zd3, Ze
j/HCR1 pii tom spolupracuje s elF1A. Zjistili jsme, Ze prvni polovina elF3j/HCR1 je v
kvasinkach dostacujici pro zajisténi vSech funkci celého proteinu, které jsou zapotiebi pro
rast prirozeného kmenu. Druhd polovina pak obsahuje evolu¢né konzervovany specificky
motif KERR, ktery je taktéZ obsazen v HCR1-like doméné podjednotky a/TIF32. Tato Cast
j/HCR1 dokaze suprimovat defekty rlstu, které jsou spojeny s mutacemi motivu KERR pravé
v podjednotce a/TIF32. Dale se diky nasi detailni analyze ukazalo, Ze funkce elF3j/HCR1
v terminaci translace je mnohem kritictéjsi pro optimalni proliferaci bunék nez jeho funkce

v iniciaci translace.

Nami provedené mapovani vazby elF3j/HCR1 na povrch ribozomu ukazalo, Ze tato
podjednotka specificky interaguje s ribozomalnimi proteiny malé ribozomalni podjednotky
RPS2 a RPS23, které jsou umistény v blizkosti vstupniho mista pro mRNA. Toto zjiSténi
koresponduje s drivéjsi studii, kterd mapovala vazbu lidského elF3j na ribozém pomoci

hydroxylovych radikald.

Nakonec, za pouZiti RNAi, jsme sniZili mnoZstvi podjednotky elF3j ve dvou lidskych
bunécnych liniich a zjistili jsme, Ze pfekvapivé toto snizeni nema vliv na efektivitu translace
ani na rast. To miZe znamenat, Ze elF3j hraje v savCich bunkach méné dulezitou roli nez jeho
homolog v kvasinkach. Naopak snizeni elF3c nebo elF3a vedlo ke snizeni dalSich podjednotek
komplexu elF3, nikoliv jejich mRNA. Tim doslo k desintegraci celého komplexu, coz mélo za
nasledek snizeni rychlosti translace a postiZzena byla i bunécna proliferace. Na zakladé toho
predpokladame, Ze podjednotky elF3a a elF3c ovliviiuji mnoZstvi a slozeni lidskych komplexd
elF3. Na druhou stranu Uplny rozpad komplexu elF3 po snizeni elF3a nijak neovlivnil vazbu
elF3j na 40S in vivo. Na zakladé téchto a dalSich poznatkd si myslime, Ze by zarazeni proteinu

elF3j/HCR1 mezi podjednotky komplexu elF3 mélo byt prehodnoceno.
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Uvod

Klasickd draha iniciace translace se skladd z nékolika na sebe navazujicich krokd. Zacina

M) a2 mRNA na malou ribozomalni

postupnym navazanim inicidtorové tRNA (Met-tRNA;
podjednotku 40S, poté dochazi ke skenovani 5’ neprekladané oblasti mRNA od cepicky ve
sméru 5’-3’, dokud nedojde k rozpoznani iniciatniho koddénu AUG. Na zadvér dochazi k
navazani podjednotky 60S (shrnuto v [1], [2]). VSechny tyto kroky probihaji za ucasti fady
hmotnosti 800 kDa, je eukaryoticky iniciacni komplex 3 (elF3), ktery se ucastni prakticky
vsech krok iniciace translace. Zabranuje pred¢asnému spojeni ribozomalnich podjednotek a
hraje dulezZitou roli pfi procesu reiniciace. Pfed navdzdnim na ribozém se elF3 vaZe spolu s
elF1, elF5 a ternarnim komplexem (elF2-GTP + Met-tRNAiMet), ¢imz vznikd takzvany
multifaktorovy komplex (MFC), ktery pravdépodobné usnadniuje formaci a zlepsuje stabilitu

preiniciacnich komplex( (PICs) ([3]-[5]).

Ve srovnani s iniciacni fazi neni terminacni faze translace jesté dostatecné popsana a v
soucasnosti je znamo pouze nékolik terminacnich faktord (shrnuto v [6], [7]). Eukaryoticky
release faktor (eRF) 1 je tvarové podobny tRNA a vaze se do A mista ribozému, kde s pomoci
eRF3 a RLI1 stimuluje uvolnéni peptidového fetézce ([8]—-[11]). Poté musi byt postterminacni
komplexy recyklovany na volné ribozomalni podjednotky, které mohou vstoupit do dalSiho
cyklu translace. elF3 se spolu s elF1 a elF1A ucastni recyklace ribozomalnich podjednotek, jak
bylo ukdzano v savcich burikdch, a spojuji tak prvni a posledni fazi translace ([12]).

Proteinovy komplex elF3 se skldada z 12+1 rliznych podjednotek u savci (elF3a-m a elF3j
podjednotka, kterd se vaze k elF3 komplexu pouze slabé) a 5+1 podjednotek u kvasinky
Sacharomyces cerevisiae (a/TIF32, b/PRT1, c¢/NIP1, g/TIF35, i/TIF34 a slabé navazana
podjednotka j/HCR1) (shrnuto v [13]). VSechny kvasinkové podjednotky elF3 maji ortology v
savéim elF3 a zda se, Ze pétipodjednotkovy kvasinkovy komplex reprezentuje minimalni elF3
komplex vSech eukaryot a tim i jadro elF3 ([14]). Analyza lidského elF3 pomoci hmotnostni
spektrometrie ukdzala, Ze se sklada ze tfi modull. Modul (i) obsahuje, s vyjjimkou jedné,
vSechny podjednotky kvasinkového elF3 (a, b, g, i); modul (ii) zahrnuje podjednotky elF3c, d,
e, k, I; modul (iii) tvofi podjednotky f, h a m. Tyto moduly jsou propojeny pomoci vazby elF3c
(kvasinkovy ¢/NIP1) na elF3b a elF3h ([15]). Kryoelektronova mikroskopie purifikovaného
lidského elF3 ukdzala antropomorfni strukturu s péti vybézky, které byly popsany jako hlava,
prava a leva ruka a noha ([16]). Pfestoze je kvasinkovy elF3 vyrazné mensi nez lidsky elF3,
jeho struktura ani v nizkém rozliSeni nebyla jesté publikovdana. Nicméné pomoci tady
vazebnych experiment( a mutacni analyzy byl vytvoren provizorni model kvasinkového elF3,
kde b/PRT1 slouZi jako zakladni strukturni podjednotka elF3, kterd interaguje se vSemi

ostatnimi podjednotkami véetné j/HCR1 ([17], [18]).
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Cile prace

Cilem této prace bylo objasnit funkce podjednotky j/HCR1 pfi procesu translace, véetné jejich
interakci s ostatnimi podjednotkami elF3, konkrétné s b/PRT1 a a/TIF32, a porovnat role
této podjednotky elF3 v kvasinkach a lidskych burikach. Dale jsme vytvofili nékolik novych
experimentdlnich procedur, dovolujicich ndm zkoumat funkci jednotlivych podjednotek elF3

pfiiniciaci translace in vivo v lidskych bunécénych kulturach.

Konkrétné nasim cilem bylo popsat

1 funkce j/HCR1 pfi translaci v Saccharomyces cerevisiae
2 interakce mezi j/HCR1 a RNA rozpozndvajicym motivem (RRM) elF3b
3 interakce mezi j/HCR1 a a/TIF32, ktera obsahuje HCR1-podobnou doménu (HLD)

4 funkci j/HCR1 pfi iniciaci translace v lidskych bunkach, Hela a HEK293, za pouZiti

snizeni jeho exprese pomoci RNA interference

5 funkce 3a a 3c pfi iniciaci translace v lidskych burikdch, HeLa a HEK293, za poufZiti

snizeni jejich exprese pomoci RNA interference

Seznam metod

-organismy: lidské bunky Hela a HEK293 a kvasinka Saccharomyces cerevisiae
-bunécna extrakce

-extrakce RNA

-analyza preiniciacnich komplex a mRNA vazebna analyza

-Analyza polyzomovych profil{

-SDS-PAGE a Western blot analyza

-Analyza inkorporace -methioninu g

-koimmunoprecipitace

-Pull-down analyza

-beta-galaktoziddzova a Dualni luciferazova analyza

-PCR a real-time kvantitativni PCR



Vysledky a diskuse

Funkce elF3j v iniciaci translace

Podjednotka j/HCR1 je jedina podjednotka kvasinkového komplexu elF3, jejiz delece neni
letalni a pusobi pouze fenotyp zpomaleného rlstu ([19]), u kterého se predpokladalo, ze je
zpUsoben defekty v integrité MFC ([17]) a vazbé elF3 komplexu na ribozom ([20]). Ukazali
jsme, Ze ztrata j/HCR1 téz vede k vaznému defektu v rozpoznani prvniho kodénu AUG, nebot
doslo k sedmindsobnému zvySeni frekvence jeho vynechani. Tento defekt bylo moZiné
Castecné suprimovat nadprodukovanim elF1A (publikace I). Je zajimavé, Ze elF1A spolu
s elF1 byly ukdzany jako faktory, které spolecné fidi vybér spravného mista pro zapoceti
translace ([21],[22]). In vitro experimenty provedené ve Fraser et al. ([23]), kde pouzili
vypurifikované lidské faktory elF3j a elF1, ukdzaly, Ze oba tyto fatory se vazi kooperativné do
A mista ribozomalni podjednotky 40S. Nicméné, prinos podjednotky elF3j k tomuto procesu
bude nejspise pouze stimulacni, nebot se jedna u kvasinek o neesencialni gen a v lidskych
bunéénych liniich HeLa a HEK293 jeho sniZzeni nemélo zadny méfitelny efekt na rozpoznani
prvniho kodénu AUG, nebo efektivitu translace vibec (publikace V). Jinymi slovy, zda se, Ze

vvvvvv

Dalsi dulezita role lidské podjednotky 3j je stimulace vazby celého komplexu elF3 na
ribozomalni podjednotku 40S, kterd byla odvozena z in vitro studii ([24]). My jsme ukazali, Zze
snizeni mnozstvi podjednotky 3j neovliviiuje ani integritu komplexu elF3, ani vazbu komplexu
elF3 na podjednotku 40S in vivo. To naznaCuje, Ze role této podjednotky na vazbu komplexu
elF3 na ribozém je méné stimulacniho razu ve vyssich eukaryotech nez v kvasinkach. Tedy
pokud takova role zde viibec existuje, neni rozhodné dilezitd. Nejnovéjsi studie zamérené na
vazbu podjednotky 40S in vitro téz nepotvrdily vyznamny pfinos podjednotky 3j na vazebnou
afinitu celého komplexu elF3 na ribozomdlni podjednotku 40S ([25]).

Vazba podjednotky elF3j na ribozomalni podjednotku 40S

Je znamo, Ze elF3j se vaze na ribozomalni podjednotku 40S nezavisle na zbytku komplexu
elF3 v nizsich i ve vyssich eukaryotech ([24],[26]). NaSe prace (publikace V) ukdzala poprvé in
vivo, Ze vazba podjednotky elF3j na ribozom 40S nebyla nikterak ovlivnéna, poté co doslo
k UpIné dezintegraci komplexu elF3 a téZz preinicia¢niho komplexu 43-48S. Vazebné misto
elF3j na podjednotce 40S se zda byt evoluéné zachovano od kvasninek po lidské bunky.
Zjistili jsme, Ze kvasinkova podjednotka j/HCR1 se vaze na ribozomalni proteiny RPS2 a RPS23
pres motiv KERR na jejim C-konci (publikace I). Ribozomalni proteiny RPS2 a RPS23 se pfitom
na ribozdmu nachazi proti sobé okolo vstupniho mista pro mRNA. Tato vazebna pozice
odpovida predpokladané roli podjednotky j/HCR1 v rozpoznani prvniho koddénu AUG i jeji
funkci béhem terminace translace, jak bude podrobnéji probrano v dalSich ¢astech textu.



Vazba motivu NTA v elF3j na doménu RRM v elF3b

Zjistili jsme, Ze N-koncova polovina kvasinkového j/HCR1, ktera vaie RNA rozpoznavajici
motiv (RRM) podjednotky elF3b jak v kvasinkdch, tak v savcich bunkach ([27],[17]), je
dostatecna pro ruUst prirozeného kmene a sprdvné rozpozndni prvniho koddénu AUG
(publikace 1). Ziskali jsme pomoci NMR strukturu vazby mezi lidskym elF3-RRM a minimalnim
N-koncovym peptidem podjednotky elF3j. Evoluc¢né konzervovany tryptofanovy zbytek
(Trp52) zapadd do hydrofobni kapsy domény RRM podjednotky elF3b, kterda je tvorena
helixem al a obratkou L5. Mutovanim klicovych aminokyselinovych zbytk( pro tuto interakci
v kvasinkovém b/PRT1 a j/HCR1 se zcela narusila vazba. To naznacuje, Zze zplsob vazby
téchto faktor( je evolu¢né konzervovan od kvasinek aZ po savce (publikace 1). Efekt téchto
mutaci in vivo mimikoval vysledek delece hcrl, protoze ony mutace zplsobovaly zpomaleni
rastu a Spatné rozpoznani prvniho kodénu AUG (publikace I). To prokazalo dllezZitost této
vazby pro spravné fungovani j/HCR1 v iniciaci translace. Pozdéji skupina Ralfa Ficnera ([28])
ziskala krystalickou strukturu kvasinkového b/PRT1-RRM a predpokladala, Ze zplisob vazby
b/PRT1-RRM a j/HCR1-NTA je stejny jako u lidskych bunék.

Vazba j/HCR1-CTD a a/TIF32-CTD

Polovina proteinu j/HCR1 na C-konci se pfimo vaze na NTD a CTD podjednotky a/TIF32.
Zamezeni tomuto kontaktu, bud" mutacemi v motivu KERR u j/HCR1, nebo vyménou
specifické casti Box6, vedlo ke ztraté celého j/HCR1 z MFC. To ale nijak neinterferuje
s efektivitou iniciace translace (publikace II). Z tohoto zjisténi vyplyva, Ze j/HCR1 v MFC neni
potfeba pro spravné fungovani v burice.

Ve vazebném trojuhelniku b/PRT1-RRM-j/HCR1-a/TIF32 se zda, Ze kontakt j/HCR1-NTA

kontakt( se stane rozhodujici, kdyZz doména HLD podjednotky a/TIF32, zvlasté pak motiv
KERR, nebo Box6, je nefunkéni. Vtomto pfipadé se zda, Ze motiv KERR, ¢i Box6
v podjednotce j/HCR1 muzZe bud prevzit funkce domény HLD v a/TIF32, nebo stabilizovat
a/TIF32 v celém komplexu elF3.

Funkce elF3j v terminaci translace.

Lidsky komplex elF3 byl neddavno zminén ve vztahu k fazi recyklace postterminacnich
ribozomu, béhem které dochazi k uvolnéni ribozomalnich podjenotek pro jejich pouziti
v dalsi iniciaci translace ([12]). My jsme zjistili, Ze elF3 a j/HCR1 v kvasinkach ovliviuji
terminaci translace opacnym zplsobem. Delece j/HCR1 zvysuje frekvenci procitani na stop
koddnu, zatimco mutace ve zbylych podjednotkdch komplexu elF3 tuto frekvenci snizuji
(publication 1V). Nadprodukce proteinu RLI1, vazebného partnera j/HCR1, plné obnovila
rastovy fenotyp a zvysené procitani stop kodénu v dele¢nim kmeni hcrl. Na druhou stranu
nijak neovlivnila Spatné rozpozndani prvniho kodénu AUG a defekty spojené se snizenim

vazby komplexu elF3 na 40S ribozomalni podjednotku. To nas privadi k nékolika zavérim. 1)
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RLI1 a j/HCR1 hraji roly béhem terminace. 2) j/HCR1 je dullezitéjsi pro bunku béhem
terminace neZ béhem iniciace. 3) Mechanismy, se kterymi j/HCR1 reguluje rozpoznani
prvniho kodénu AUG a stop koddnu, se od sebe lisi. Posledni z téchto bodU je dale podporen
zjisténim, Ze nadprodukce faktoru elF1A castecné suprimuje zhorSeni rozpoznani prvniho
kodénu AUG, ale nijak neovliviiuje defekt v terminaci (publikace 1V). Ve svétle novych zjisténi
jsme tedy postulovali novy model terminace translace, kde se eRF1 a 3 spolec¢né s elF3 a
j/HCR1 vazii na pTC, bud spole¢né, nebo oddélené. Vzhledem k nalezeni vazby g/TIF35 a
i/TIF34 s eRF1 je moiné, Ze elF3 reguluje rozpoznani stop koddnu pfimo (publikace 1V). Po
rozpoznani stop kododnu, které se spojuje s hydrolyzou GTP na eRF3, muze j/HCR1 pomahat
odpoutani eRF3 z komplexu, nebot jsme detekovali akumulaci eRF3 ve vyssich polysomalnich
frakcich v dele¢nim kmeni hcrl. Takovéto odpoutdni eRF3 z komplexu vytvofi prostor pro
vazbu RLI1, ktery pak stimuluje faktor eRF1 pfi odStépovani vzniklého peptidu. j/HCR1 mozna
stimuluje i tento krok, vzhledem k tomu, Ze se pfimo vaze na RLI1.

Podjednotky 3a a 3c kontroluji expresi ostatnich podjednotek lidského elF3

Pomoci siRNA byla v lidskych bunéénych liniich HeLa a HEK293 sniZena exprese elF3c, coz
vedlo nejen k dramatickému poklesu hladiny proteinu elF3c, ale také k poklesu hladin dalSich
podjednotek elF3 z modulu (ii) (d, e, k, I) a k vyraznému bloku bunécéné proliferace. Jelikoz
hladiny mRNA téchto podjednotek zlstaly nezménény, zda se, Ze elF3c reguluje expresi
téchto podjednotek na translaéni nebo posttranslacni Urovni. Tento efekt také vede k
separaci zbyvajicich dvou moduld. Samostatny modul (i) (a, b, g, i), ktery pfipomina jadro
kvasinkového elF3, si zachoval zna¢nou vazebnou afinitu k podjednotce 40S a umoznil vazbu
mMRNA, zatimco efektivita vazby modulu (iii) (f, h, m) na podjednotku 40S byla vyrazné
snizena. Tyto vysledky naznacuji, Ze role podjednotek jadra elF3 zlstala evolucné
konzervovana.

Snizeni exprese elF3a mélo podobny efekt jako sniZeni exprese elF3c, ale navic byly snizeny
také hladiny podjednotek modulu iii, a modul i se rozpadl na b-g dimer a samostatny elF3i
(publikace V). Nasledkem toho byla témér kompletné eliminovdna vazba elF3 a mRNA na
ribozomalni podjednotku 40S a buriky oplsobené siRNA proti elF3a prestaly proliferovat.
Rozpad trimerniho komplexu b-g-i byl spiSe prekvapivy, jelikoZz kvasinkové podjednotky
g/TIF35 a i/TIF34 interaguji nejen se sebou navzajem, ale také s C-terminalni doménou
b/PRT1 (publikace Ill). Nicméné nedavna studie Zhangovy laboratore ([29]) ukazala, Ze lidsky
elF3b a elF3i se vazi na spektrinovou doménu elF3a, zatimco elF3g se vaze pouze na C-
terminalni doménou elF3b, coZz vyrazné podpofilo spravnost naSich vysledkd. Tyto
prekvapivé vysledky budou pravdépodobné potiebovat dalsi potvrzeni, jelikoz indikuji
vyznamnou reorganizaci jadra elF3 béhem evolucéniho vyvoje.



Zavéry

Popsali jsme pomoci NMR strukturu vazby RRM domény lidského elF3b s minimalnim N-
terminalnim peptidem lidského elF3j a pomoci mutacni analyzy jsme ukdzali, Ze tato

interakce je evolu¢né konzervovana.

Identifikovali a popsali jsme funkci j/HCR1 pfi rozpoznani iniciacniho kodénu AUG u kvasinek,

kterou provadi ve spolupraci s elF1A a b/PRT1-RRM.

Identifikovali jsme pfimy kontakt mezi j/HCR1-CTD a RPS2 a RPS23, ktery naznacuje umisténi
j/HCR1 v blizkosti vstupniho kandlu pro mRNA na ribozomalni podjednotce 40S, coZ je v

souladu s mistem vazby lidského elF3j na podjednotce 40S navrzenym dfive.

Ukazali jsme, Ze N-terminalni polovina j/HCR1 je dostatec¢na pro zajisténi rdstu a vsech funkci
v translaci; postradatelna C-termindlni polovina HCR1 se stdva kritickou pouze za situace, kdy

je homologni HLD doména v a/TIF32 funkcné vyrazena.

Objevili jsme, Ze j/HCR1 spolecné s elF3 a RLI1 hraji dlleZitou roli béhem terminace translace
a rozpoznani stop kodoénu. Tato role j/HCR1 je dllezitéjsi pro béZznou bunécnou proliferaci
neZz jeho role viniciaci translace. Regulacni mechanismy jeho funkci v iniciaci a terminaci

translace jsou zcela odlisSné.

elF3j ve dvou lidskych bunéénych liniich nemélo Zadny zfetelny efekt na rychlost translace a

bunécnou proliferaci.

Vzhledem k nasim zjisténim, Ze lidsky elF3j z(stdva navdzan na 40S ribozomalni podjednotku
i po uUplném rozlozeni komplexu elF3 a Ze se jedna o nestechiometrickou podjednotku
komplexu elF3 a z komplexu jednoduse disociuje béhem rozliénych izolaci komplexu, jsme

navrhli, aby bylo pfehodnoceno zafazeni proteinu elF3j jako podjednotky komplexu elF3.
Podjednotky 3a a 3c lidského elF3 reguluji expresi a sestaveni celého komplexu elF3.

Modul (i) lidského elF3, ktery odpovida jadru komplexu kvasinkového elF3, ma i po rozpadu
komplexu stale schopnost vazat ribozomalni podjednotku 40S a podpofit navazani mRNA na
preiniciacni komplex 43S, zatimco schopnost spravné rozpoznat prvni kodéon AUG byla

ztracena.



Abstract

Translation is divided into initiation, elongation, termination and ribosome recycling. One of
the largest eukaryotic initiation factors (elF), elF3, plays a role in nearly all steps of initiation
and was recently also implicated in ribosomal recycling. Here we uncovered novel roles for
elF3 in translation termination in yeast, where the five core elF3 subunits and their loosely
associated elF3j/HCR1 accessory factor control stop codon read-through in the opposite

manner.

In addition, we further characterized the function of elF3j in initiation. Structural analysis
revealed that the conserved tryptophan residue in the human elF3j N-terminal acidic motif
(NTA) is held in the hydrophobic pocket of the human elF3b RNA recognition motif (RRM).
This binding mode was shown to be conserved in yeast ensuring efficient 40S-binding by elF3
and stringency of AUG recognition, where j/HCR1 seems to co-operate with elF1A. We found
that the N-terminal half of elF3j/HCR1 in yeast is sufficient for fulfilling all functions of the
full-length protein necessary for wild-type growth. Despite the logical dispensability of the
elF3j/HCR1 C-terminal half, it was shown that it bears a specific KERR motif that is
evolutionary conserved and contained also within the HCR1-like domain of a/TIF32, through
which it physically and functionally interacts with a/TIF32 and is able to suppress growth
defects associated with mutations in the KERR motif of a/TIF32. Strikingly, our detailed
analysis demonstrated that the termination function of yeast elF3j/HCR1 is more critical for

optimal proliferation than its function in translation initiation.

Our efforts to map the binding site of elF3j/HCR1 on the ribosomal surface then revealed
that it specifically interacts with small ribosomal proteins RPS2 and RPS23 located in the
vicinity of the mRNA entry channel, which is consistent with an earlier study mapping the

ribosomal binding site for human elF3j by hydroxyl radical probing.

Finally, using the fashionable RNAi approach we down-regulated elF3j in two human cell
lines and discovered that it surprisingly had barely any consequences on translational rates
as well as growth, suggesting that elF3j in mammals has minor importance than its yeast
counterpart. In contrast, down-regulation of elF3c or elF3a reduced protein but not mRNA
levels of many other elF3 subunits besides elF3c and elF3a and thus disintegrated the whole
elF3 complex, leading to severe reduction in translational rates and retarded cell
proliferation. Hence, we propose that elF3a and elF3c control abundance and assembly of
the entire human 12-subunit elF3 complex. Complete disassembly of elF3 upon elF3a down-
regulation did not influence the binding of elF3j to the 40S in vivo. Based on these and other
observations we suggest that the assignment of elF3j/HCR1 as a bona fide elF3 subunit
should be reconsidered.
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Introduction

The canonical pathway of translation initiation involves sequential binding of the initiator
tRNA (Met-tRNAM®") and mRNA to the 40S small ribosomal subunit, scanning along the 5
untranslated region from mRNA’s 5’ cap in the 5°-3" direction until the AUG start codon has
been recognized and finally joining of the 60S subunit (reviewed in [1], [2]). All these steps
are facilitated by numerous eukaryotic initiation factors (elFs). Among them, elF3 is with its
800 kDa molecular mass the largest one, implicated in practically all steps of translation
initiation including prevention of pre-mature subunit joining and reinitiation. elF3 assembles
together with elF1, elF5 and the ternary complex (elF2-GTP + Met-tRNAM® ) into the so
called multi factor complex (MFC) before coming to the 40S ribosome, most likely to

enhance the formation and stability of the pre-initiation complexes (PICs) ([3]—[5]).

Compared to the initiation phase the termination of translation is only poorly described and
not many factors involved are known yet (reviewed in [6], [7]). The eukaryotic release factor
(eRF) 1 mimics tRNA and binds to the ribosomal A site and leads with the help of eRF3 and
RLI1 to peptide release ([8]—-[11]). Following, the post-termination complexes (pTCs) need to
be disassembled/recycled in order to release free ribosomal subunits for a new round of
initiation. elF3, together with elF1 and elF1A, were shown to facilitate these recycling steps,

at least in mammals, linking the last and first phase of translation ([12]).

elF3 comprises 12+1 non-identical subunits in mammals (elF3a-m with elF3j only loosely
associated) and 5+1 subunits in the yeast Saccharomyces cerevisiae (a/TIF32, b/PRT1,
¢/NIP1, g/TIF35, i/TIF34 and loosely associated j/HCR1) (reviewed in [13]). All yeast subunits
have orthologous in the mammalian elF3 and it seems that the 5 subunit complex of yeast
resembles the minimal elF3 complex in all eukaryotes and therefore the elF3 core ([14]).
Mass spectrometric analysis of human elF3 revealed that it comprises three modules.
Module i contains all but one yeast elF3 core subunits (a, b, g, i), module ii comprises elF3c,
d, e, k and |, and module iii is made of elF3f, h and m. These modules are linked through
elF3c (yeast ¢/NIP1) by its interaction with b and h subunits ([15]). A low resolution cryo-
electron microscopy reconstruction of purified human elF3 revealed a 5-lobbed particle with
a head and left and right arms and legs ([16]). Even though the yeast elF3 is much smaller
than its human counterpart, there is not even a low resolution structure of this factor as
whole available. Nevertheless, a variety of binding assays together with mutational analysis
provided a provisional model of the yeast elF3 wherein b/PRT1 is regarded as the scaffold,
which makes contacts with all other elF3 subunits including j/HCR1 ([17], [18]).
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Aims of the study

The major aim of this study was to elucidate the function of j/HCR1 in the entire process of

translation, including its interactions with other elF3 subunits, especially with b/PRT1 and

a/TIF32. We also wished to compare its role in yeast and human, since this non-essential

gene in yeast was proposed to play fundamental roles in higher eukaryotes. Furthermore, we

wanted to set up several in vivo approaches in human cell lines as well as in vitro assays to

be carried out with their whole cell extracts to examine the functions of individual elF3

subunits in translation initiation beginning with the 3a, 3c and 3j subunits.

In detail, we aimed at examining:

1 the function of j/HCR1 in translation initiation and termination in Saccharomyces
cerevisiae

2 the interaction of j/HCR1 with the RNA recognition motif of b/PRT1 in yeast and
human

3 the interaction of j/HCR1 with the HCR1-like domain of a/TIF32 in yeast

4 the importance of 3j and its function in mammalian translation initiation by
down-regulation of its protein level via RNA interference in two human cell lines
(HelLa and HEK293)

5 the function of the core 3a and 3c subunits in mammalian translation initiation by
down-regulation of their protein levels via RNA interference in two human cell lines
(HeLa and HEK293)

List of methods

-organisms: human cell lines Hela & HEK293 and yeast Saccharomyces cerevisiae
-Whole Cell Extracts and RNA extraction

-mRNA binding and 40S-binding assay

-Polysome profile analysis

-SDS-PAGE + Western Blotting

-**s-Methionine incorporation assay

-Co-Immunoprecipitation and pulldown experiments

-B-Galactosidase and Dual-luciferase assay

-PCR + Real time quantitative PCR

12



Results and discussion

The function of elF3j in translation initiation

The j/HCR1 subunit is the only subunit of the yeast elF3 complex the deletion of which is not
lethal and causes “only” a slow growth phenotype ([19]) that was proposed to result from a
defect in integrity of the MFC ([17]) as well as a defect in 40S binding by elF3 ([20]). We
showed here that the lack of j/HCR1 in addition leads to a severe defect in AUG recognition,
as it increases the leaky scanning by around 7-fold in a manner partially suppressible by
overexpressing elF1A (publication I). Interestingly, elF1A together with elF1 were shown to
orchestrate proper start site selection ([21], [22]) and earlier in vitro experiments by Fraser
et al. ([23]) with purified human elF3j and elF1A showed that they both bind in a negatively
cooperating manner to the A site of the 40S. However, the overall contribution of elF3j will
most likely be only stimulatory, because it is a non-essential gene in yeast, and in humans its
down-regulation had no measurable effect on start codon selection as well as on the overall
fitness and translational efficiency in HeLa and HEK293 knock-down cells (publication V). In
other words it seems that yeast j/HCR1 plays a more important role in translation initiation

than its mammalian orthologue.

Another crucial role of human 3j in stimulating 40S-binding by elF3 was suggested from in
vitro studies ([24]). We showed that down-regulation of 3j affected neither the integrity of
elF3 nor its in vivo binding affinity for the 40S ribosomes, indicating that its role in promoting
elF3 binding to 40S ribosomes in higher eukaryotes is even less stimulatory than in yeast, if
any, but definitely not critical. Also, a recent in vitro 40S-binding study did not confirm a

significant contribution of 3j to the elF3 binding affinity for the 40S ribosome ([25]).

The binding of elF3j to the 40S

It is known that elF3j is able to bind to the 40S on its own, independently of the rest of elF3
in both lower and higher eukaryotes ([24], [26]). Our work (publication V) showed for the
first time in vivo that 40S-binding of elF3j was unaffected by complete disintegration of the
elF3 complex and also the 43-48S PICs. The actual binding site of elF3j/HCR1 on the 40S
ribosome seems to be conserved between yeast and human as well. Confirming earlier
results from purified human factors ([23]), we found that yeast j/HCR1 directly binds via its
KERR motif situated in its C-terminal half to the ribosomal proteins RPS2 and RPS23
(publication 1), residing at the opposite sides of the mRNA entry channel. This binding site
works well with the proposed role of j/HCR1 in AUG start codon and stop codon recognition

during termination, as discussed below.
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The interaction of the NTA motif of elF3j with the RRM of elF3b

We found that in yeast the N-terminal half of j/HCR1, through which it binds to the RNA
recognition motif (RRM) of elF3b in both yeast and human ([27], [17]) is sufficient for wild-
type growth and proper recognition of the AUG start codon (publication I). We solved the
NMR structure of the interaction between human elF3b-RRM and the minimal N-terminal
peptide of human elF3j (publication 1). A conserved Tryptophan residue (Trp52) of elF3j is
held in a hydrophobic pocket of the RRM of 3b, formed by helix al and loop L5. Mutating the
conserved key residues of this contact in yeast b/PRT1 and j/HCR1 disrupted this interaction
strongly suggesting that their binding mode is conserved between yeast and human
(publication 1). The effect of these mutations in vivo mimicked to a certain degree the effect
of the hcrl deletion as it produced slow growth phenotypes and increased leaky scanning
(publication 1), clearly demonstrating that it is an important interaction for the j/HCR1
initiation role. Later, the group of Ralf Ficner ([28]) solved the crystal structure of the yeast
b/PRT1-RRM and suggested that the binding mode of b/PRT1-RRM and j/HCR1-NTA is indeed

the same as in human.

The interaction of the j/HCR1-CTD with a/TIF32-CTD

The C-terminal half of j/HCR1 directly interacts with the NTD and CTD of a/TIF32. Breaking
this contact by mutations in the j/HCR1 KERR motif or a specific segment called Box6 led to
the loss of j/HCR1 from the MFC, yet it did not interfere with the efficiency of translation
initiation (publication Il). This suggested to us that association of j/HCR1 in the MFC is not

necessary for its wild-type functioning in the cell.

Within the b/PRT1-RRM — j/HCR1 — a/TIF32 triangle, the contact of j/HCR1-NTA to the RRM
of b/PRT1 seems to be of higher importance than the contact of j/JHCR1 to a/TIF32. The
latter contact becomes only critical when the HLD domain of a/TIF32, especially the KERR
motif and/or BOX6, is functionally impaired. In that case it seems that the KERR motif and/or
BOX6 of j/HCR1 can either take over certain functions of the HLD of a/TIF32 or stabilize
a/TIF32 within the entire elF3 complex.

The function of elF3j in translation termination

Human elF3 was recently implicated in recycling the post-termination ribosomes to provide
free ribosomal subunits for a new round of initiation ([12]). Strikingly, we found herein that
the elF3 core and j/HCR1 in yeast also promote termination, in an opposed manner. Deletion
of j/HCR1 increased the stop codon read-through whereas several mutations in any core elF3
subunit decreased it (publication 1V). Overexpression of RLI1, an interacting partner of
j/HCR1, fully rescued the growth phenotype as well as the increased read-through of the

hcr1 deletion strain, but failed to suppress the leaky scanning and the reduced 40S-binding
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by elF3 defects. These findings imply that: 1) RLI1 and j/HCR1 have a role in common in
termination, 2) j/HCR1 is a more important player in termination than in initiation, and 3) the
mechanisms by which j/HCR1 regulates the recognition of the start codon versus the stop
codon are distinct from each other. The last point is further supported by our finding that
overexpression of elF1A partially suppressed the increase in leaky scanning but not in stop
codon read-through (publication 1V). In the light of our findings we propose a new model of
translation termination where eRF1 and 3 together with elF3 and j/HCR1 bind to the pTCs,
either as preformed unit or alone. elF3 could directly regulate the stop codon recognition
through its g/TIF35 and i/TIF34 subunits that we found to interact with eRF1 (publication IV).
Upon stop codon recognition captured by GTP hydrolysis on eRF3, j/HCR1 could promote
ejection of eRF3 as increased amounts of eRF3 were found accumulating in heavy polysomal
fractions in the hcrl deletion strain. This would allow RLI1 to bind in the place of eRF3 to
stimulate the eRF1 action in promoting peptide release. j/HCR1 might also stimulate this

step as it directly interacts with RLI1.

3a and 3c control the expression of other human elF3 subunits

Upon siRNA-mediated protein down-regulation of the elF3c subunit in HeLla and HEK293
cells, not only the 3c protein level dropped down dramatically, but also the protein levels of
all elF3 module ii subunits (d, e, k, 1) markedly decreased — indeed, a severe block in cell
proliferation was generated due to that. Since their mRNA levels remained unchanged, it
seems that elF3c somehow regulates their expression either on translational or post-
translational level. This effect resulted in separation of both remaining modules from each
other. Whereas solitary module i (a, b, g, i) resembling the yeast core elF3 still preserved
substantial binding affinity for the 40S ribosomes and allowed nearly wild-type mRNA
recruitment, the binding efficiency of module iii (f, h, m) to the 40S was strongly decreased.
These findings may suggest that the roles of core elF3 subunits have remained conserved

throughout the evolution.

Down-regulation of 3a had a similar effect to the 3c siRNA but in addition it also reduced
protein levels of all module iii subunits and disintegrated module i into the b-g dimer and
free elF3i (publication V). As a result, elF3 as well as mRNA binding to 40S ribosomes was
completely compromised and siRNA-treated cells stopped proliferating. Interestingly, the
observed disassembly of the trimeric b-g-i complex was rather surprising because yeast
g/TIF35 and i/TIF34 are known to interact not only with each other but also with the CTD of
b/PRT1 (publication Ill). Nevertheless, a recent study by Dong et al. ([29]) provided a strong
support to this result of ours by showing that human 3b and 3i bind both to the spectrin
domain of 3a, whereas 3g binds only to the CTD of 3b. These surprising findings will probably
need further corroboration since they indicate that the elF3 core was substantially

reorganized on its evolutionary way from yeast to human.
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Conclusions

We solved the structure of the RRM of human 3b in contact with the minimal N-terminal
peptide of human 3j by NMR and by mutational analysis demonstrated that the mode of

binding is conserved between yeast and human.

We identified and characterized the function of j/HCR1 in AUG recognition in yeast, which it
fulfills in co-operation with elF1A and the b/PRT1-RRM.

The direct contact of the j/HCR1-CTD with RPS2 and 23, which we identified, placed yeast
j/HCR1 in the vicinity of the mRNA entry channel on the 40S ribosome in agreement with the
earlier suggested 40S-binding site of human elF3;j.

We showed that the N-terminal half of j/HCR1 is sufficient for wild-type growth and all of its
functions in translation; the dispensable C-terminal half becomes critical only when the

homologous HLD domain in a/TIF32 is functionally impaired.

We made a striking observation that j/HCR1 together with elF3 and RLI1 plays an important
role in translation termination and stop codon read through, which is of higher importance
for the normal progress of cell proliferation than its role in initiation. Indeed, the regulatory

mechanisms of its functions in AUG versus stop codon recognition are clearly distinct.

Yeast j/HCR1 seems to play a more important role in the cell than its human orthologue
because strong down-regulation of elF3j in two human cell lines had barely any effect on

translational rates and cell proliferation.

Given our findings that human elF3j stays 40S-bound even after complete disassembly of
elF3 plus earlier observations that it is sub-stoichiometric to elF3 and easily dissociates
during various purifications, we suggest reconsidering the assignment of elF3j as a bona fide

elF3 subunit.

The 3a and 3c subunits of human elF3 are two master regulators of the overall expression

and assembly of elF3.

Human elF3 module i, which resembles the yeast core elF3, retains significant 40S-binding
affinity as well as an ability to promote mRNA recruitment but fails to properly recognize the
AUG start codon.
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