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Abstract

Translation initiation is a multistep process resulting in the formation of the elongation-competent
80S ribosome at the AUG start codon of the mRNA to be translated into a polypeptide chain. This
process is orchestrated by numerous proteins called eukaryotic initiation factors (elFs), out of which
the most multitasking one is the eukaryotic initiation factor 3 (elF3). The main focus of our
laboratory aims at the complex characterization of the multisubunit protein elF3 and the
mechanisms of its contribution to various steps of translation initiation. Besides this, we also study
one of the gene-specific translational control mechanisms called reinitiation which was, at least in
yeast, also shown to be promoted by elF3.

Here | show that the N-terminal domain (NTD) of the largest subunit of yeast elF3, a/Tif32,
plays an important role not only in anchoring the elF3 complex to the 40S small ribosomal subunit
but it also critically contributes to mMRNA recruitment to the 43S preinitiation complexes in vivo. The
MRNA stabilization role of the a/Tif32-NTD at the mRNA exit channel of the 40S subunit was further
confirmed in our following study by biophysical experiments. There, using in vivo approaches, we
also demonstrated that mMRNAs with longer 5"UTRs are more dependent on the stabilization role of
the a/Tif32-NTD than those containing short 5"UTRs.

In other studies, where | turned my attention to the mechanism of reinitiation, we revealed
novel cis-determinants contributing to the efficiency of reinitiation on the yeast model GCN4 mRNA
and, importantly, brought the first insights into this gene-specific regulatory mechanism in human
cells on the model human ATF4 mRNA. In detail, we discovered that similarly to the yeast GCN4
MRNA, the reinitiation-permissive upstream ORF1 (UORF1) of ATF4 is also surrounded by
sequences that contribute to high reinitiation efficiency that this uORF allows. Moreover, we
computationally predicted that the sequence immediately preceding UORF1 of ATF4 probably folds
into a specific secondary structure that seems to be conserved among mammals. Computationally
designed mutations disrupting this structure obliterated the reinitiation potential of UORF1
suggesting that formation of this secondary structure critically contributes to the yet-to-be-described
molecular mechanism underlying reinitiation in humans. Finally, we also demonstrated that in
analogy with the reinitiation mechanism in yeasts, reinitiation in humans is also promoted by elF3;
only the contributing subunit is not elF3a/Tif32, but elF3h.

Thus, this PhD thesis contributed not only to our understanding of basic principles of
general translation initiation in eukaryotes but also shed new light onto the molecular mechanism of
reinitiation in human cells, revealing that many mechanistic aspects of this process are conserved

both in higher and lower eukaryotes.



Abstrakt

Iniciace translace pfedstavuje mnohastupriovy proces, ktery zajistuje sestaveni 80S ribosomu na
AUG start kodonu molekuly mRNA, jez ma byt pfeloZzena do polypeptidoveho fetézce. Spravny
prabéh tohoto procesu je fizen mnoha eukaryotickymi iniciacnimi faktory (elFs), z nichz
nejpodrobnéji popsat proteinovy komplex elF3 a také zplsoby, jakymi tento faktor pfispiva k
jednotlivym krokim procesu iniciace translace. Kromé toho téz zkoumame jeden z genové
specifickych kontrolnich mechanismi translace zvany reiniciace, ktery je, alesporni u kvasinek,
umoznovan pravé faktorem elF3.

V této praci popisuji, Zze N-terminalni doména (NTD) jedné z nejvétSich podjednotek
kvasinkového elF3, oznacované jako a/Tif32, hraje dualezitou Ulohu nejen ve vazbé elF3 k 40S
ribozomalni podjednotce, ale taktéz vyznamné pfispiva k nasedani mRNA na 43S preiniciacni
komplexy in vivo. Stabiliza¢ni role N-terminalni domény podjednotky a/Tif32 byla ovéfena téz v nasi
nasledujici studii, a to biofyzikalnimi experimenty. Pomoci dalSich in vivo pFistupu jsme v této praci
téz dokazali, ze pro mRNA s delSimi 5'nepfekladanymi oblastmi je stabilizaéni role a/Tif32-NTD

V nasledujicich studiich, kde se zaméfuji na popis mechanismu reiniciace, jsme odhalili
dosud neznamé cis-elementy dulezité pro spravné fungovani reiniciace na kvasinkové modelové
MRNA GCN4. Nas§ vyzkum téz pfinesl prvni dulezité detaily o tomto kontrolnim mechanismu v
lidskych bunkach, a to za pouziti lidské modelové mRNA ATF4. Zjistili jsme napfiklad, Ze uORF1 z
ATF4, jenz je elementem umoznujicim reiniciaci, je obklopen sekvencemi, které jsou dllezité pro
vysokou efektivitu reiniciace na tomto UORF. Podobné je tomu i v pfipadé uORF1 z GCN4, ktery
téZ umoznuje reiniciaci na této mRNA. Z naSich in silico analyz vyplynulo, Ze nukleotidova
sekvence predchazejici uUORF1 z ATF4 pravdépodobné tvori konkrétni sekundarni strukturu, jez se
zda byt konzervovana mezi savci. Na zakladé pocitacovych analyz jsme vytvofili mutace, které
naruSily tuto strukturu, a po jejich testovani jsme zjistili, Ze skute€¢né snizuji schopnost uORF1 z
ATF4 podporovat reiniciaci. To nasvédCuje tomu, Ze pfitomnost této struktury je pro efektivitu
reiniciace v sav€ich bunkach dulezita. Na zavér jsme prokazali, Ze stejné jako je tomu v pfipadé
kvasinek, i reiniciace v savcich je umoznovana faktorem elF3, avSak konkrétni zuCastnénou
podjednotkou neni v tomto pfipadé elF3a/Tif32, ale elF3h.

Tato Ph.D. prace tedy pfispiva nejen k obecnému porozuméni zakladnim procesim iniciace
translace, ale osvétluje téz molekularni mechanismus reiniciace v lidskych bunkach a odhaluje tak,

Ze mnoho aspektu tohoto procesu zustalo konzervovano mezi nizSimi a vy$8imi eukaryoty.



Introduction

Translation is a fundamental biological process ensuring the production of proteins indispensable
for every single cell's life. It contributes to important cellular processes, such as development or
memory formation. Importantly, translational control of already existing mMRNAs allows more rapid
changes in gene expression in comparison to e.g. transcription, and thus it governs not only more
permanent changes in cell physiology, but also cell homeostasis, environmental response etc.
Hence, it is not surprising that it has to be perfectly regulated and that any improper translational
control may lead to various human diseases, such as diabetes, cancer or neurodegenerative
diseases (Sonenberg and Hinnebusch 2009). Therefore, complex understanding of the processes
of translation and its regulation helps us to understand not only the general mechanisms underlying
these processes but also the mechanisms underlying various human disorders.

Translation of the mRNA-encoded information into a protein is a multistep process
consisting of initiation, elongation, termination and ribosomal recycling. However, the most of its
regulation occurs within its first phase — translation initiation. This step ensures a coordinated
assembly of 80S ribosome, mMRNA and initiator tRNA at an AUG start codon of a given mRNA
molecule, which can be subsequently translated into a polypeptide chain. This delicate process is
orchestrated by many effector proteins called eukaryotic initiation factors (elFs) helping to ensure
its errorless course.

The aim of my post-graduate study was to gain more insights into the process of
translational initiation and its regulation. The major focus of my PhD thesis aimed at a special gene-
specific translational control mechanism called reinitiation. This mechanism is known to exploit so-
called short upstream open reading frames (UORFs) present in some mRNASs; however, its
molecular mechanism has never been investigated in mammalian cells so far. My thesis also dealt
with a general mechanism of the mRNA recruitment to the 43S PICs in eukaryotic cells,
representing one of the least understood initiation steps of all. Interestingly, both the processes
were shown to be promoted by the eukaryotic initiation factor 3 (elF3).

Translation reinitiation is a gene-specific translational control mechanism exploiting the
ability of some short upstream open reading frames (UORFS) to retain the post-termination 40S
ribosomal subunit on the mRNA. The fact that UORFs widely occur in mammalian transcriptomes
suggests that reinitiation after translation of a short uUORF represents an important cis-regulatory
tool in translational control of eukaryotic gene expression (Calvo et al. 2009). Pioneering work on
the yeast GCN4 transcriptional activator revealed that reinitiation requires a presence of cis-acting
sequences upstream and downstream of a reinitiation-permissive uUORF that, at least in case of
upstream sequences, functionally interact with the N-terminal domain (NTD) of the elF3a/TIF32
subunit of elF3 (Szamecz et al. 2008; Munzarova et al. 2011; GuniSova and Valasek 2014).

Establishment of this contact post-termination is crucial for stabilization of the small ribosomal 40S
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subunit on the mRNA and subsequent reinitiation.

In order to determine the extent of conservation of the reinitiation mechanism in lower and

higher eukaryotes, we set out to perform a comprehensive analysis of the human ATF4 mRNA

representing the mammalian functional homologue of yeast GCN4 (Vattem and Wek 2004).

Particularly, we strived to reveal whether the REI-promoting ATF4 uORF1 is, similarly to the REI-

promoting GCN4 uORF1, also flanked by cis-acting sequences promoting efficient REI (called

RPESs), and whether reinitiation in mammals also requires the factor elF3 (see also Figure 1).

XA 4 uORF2 hATF4 |3

‘?\’ 40S

post-termination 40S
resumes scanning

Figure 1. Model of ATF4 mRNA. Prospective REI-promoting elements (RPEs) surrounding uORF1 and their
prospective interaction with elF3 are indicated by question marks. Adapted from GuniSova et al. (submitted).

Aims of the study

The main aim of this thesis was to investigate the molecular mechanism of reinitiation in human

cells using the model mRNA of human ATF4. My other aim was to further characterize the

physiological importance of the N-terminal domain of the yeast elF3a/Tif32 subunit, which was

earlier implicated in promoting reinitiation on yeast GCN4 mRNA. Here | list all particular tasks:

to establish and utilize an in vivo mRNA recruitment assay in order to characterize
the N-terminal domain of a/Tif32 subunit of yeast elF3 with respect to its potential
role in this critical initiation step leading to formation of the 48S PICs

to further employ this assay in order to experimentally confirm the role of the N-
terminal domain of a/Tif32 in stabilizing the mRNA binding specifically at the 40S
MRNA exit channel using various model mRNAs

to study translation reinitiation mechanism on yeast model GCN4 mRNA, mainly with
respect to a prospective role of its 3'UTR in the translational regulation of its
expression

to set up an in vivo human ATF4-based Firefly luciferase reporter system in various
cell lines to be able to investigate basic principles of human reinitiation

to mutagenize the ATF4 mRNA in order to identify specific cis-acting elements
flanking ATF4 uORF1 that could be responsible for high efficiency of reinitiation
(REI) that this uORF allows

to knock-down specific subunits of human elF3 to investigate the potential role of

human elF3 in translation reinitiation on ATF4 mRNA



Material and methods

The experiments studying the mRNA recruitment to the 43S PICs were carried out on the model
organism Saccharomyces cerevisiae (budding yeast); experiments focused on translation

reinitiation in mammals were done on human cell lines HEK and HelLa.

List of methods:

Yeast and bacteria cells cultivation, transformation

HEK, HelLa and MEF (mouse embryonic fibroblasts) cell lines cultivation, transfection and siRNA
treatment

Nucleic acids procedures, cloning

Western blot analysis

B-galactosidase reporter assay in yeast cells

Luciferase reporter assay in cell lines

Preparation of yeast whole-cell extracts (WCES)

Fractionation of yeast WCEs by sucrose gradient for analysis of the native 48S PICs

RNA isolation, reverse transcription and gPCR

Results and discussion

The importance of elF3 in mMRNA recruitment was indicated by several previous reports. The
first one showed that depletion of the entire elF3 complex from cells impairs model RPL41A mRNA
recruitment in vivo (Jivotovskaya et al. 2006). The other one demonstrated that yeast elF3 plays a
direct role in 43S PIC binding to capped, native mRNA in vitro, being even more critical than elF4F
and elF4B (Mitchell et al. 2010). In our first publication (Khoshnevis et al. 2014) we tested a specific
10-Ala substitution (Box37) in the N-terminally-located PCI domain of the yeast a/Tif32 and showed
that it robustly reduces the recruitment of three model mRNAs to the 43S PICs in vivo as the only
detectable defect. Moreover, based on the structure of the a/Tif32-PCI domain, which was solved
by our collaborators along the way (Khoshnevis et al. 2014), we selected two basic residues
located in the region of Box37 and we investigated the effect of their mutations on the mRNA
recruitment as well. In analogy with the a/tif32-Box37, the mutations of Arg363 and Lys364 to
alanines also decreased the amounts of reporter RPL41A mMRNA in the 43S-containing fractions to
the same level (a/tif32-R363A) or even more (a/tif32-K364A) when compared with the a/tif32-Box37
mutation. Thus, all these findings together strongly suggest that this region of the PCI domain of the
a/Tif32 significantly contributes to the formation and/or stability of 48S PICs and that both of these
Box37 residues play a very important role in this process.

A few years later, we confirmed the importance of the a/Tif32-NTD (containing also the
Box37) in mRNA recruitment step by our following study employing a yeast in vitro reconstituted

system (Aitken, 2016). Here we used the yeast strain containing the a/tif32-A8 truncation
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eliminating the first 200 amino acids of the a/Tif32 subunit. We demonstrated that the recruitment of
a model mRNA with an AUG located near its 3"end, which produces the complex with an empty
entry channel, was dramatically abolished by this mutant. In fact, the a/tif32-A8 mutation mimicked
the complete absence of elF3 — there was no recruitment of this mRNA in the presence of this
mutation, despite the fact that this mutant elF3 as well as ternary complex were fully bound to the
PIC (Aitken et al. 2016). On the other hand, this mutation did not affect the recruitment of a model
MRNA containing the 5 proximal AUG that produces the complex with an empty exit channel, which
strongly implicated this region of a/Tif32 in stabilizing mRNA binding at the 40S exit channel of the
48S PIC. Interestingly, gradual increase in the length of mRNA in the entry channel progressively
rescued the a/tif32-A8 defect indicating that filling the entry channel with mRNA is sufficient to
restore the interactions there. This suggests that the elF3 functions at both exit and entry channels
are redundant. The ultimate proof for the mRNA stabilization role of the a/Tif32-NTD at the exit
channel was provided by my in vivo experiments where | measured the amounts of 43S PICs-
bound reporter mRNAs with an increasing 5°"UTR length using the a/tif32-A8 versus WT cells
(Aitken et al. 2016). Here we hypothesized that the recruitment of mRNAs with longer 5"UTRs
would produce a greater defect for the mutant, as the majority of the scanning process occurs with
the exit channel occupied, giving the WT PICs an advantage because they are able to make
contacts with mRNA in this channel whereas a/tif32-A8 mutant cells are not. Consistent with our
prediction, the a/tif32-A8 mutation reduced the amount of mRNA associated with native 43S PICs
for all the mRNAs we tested, but had a greater defect relative to WT cells on mRNAs with longer
5'UTRs.

The following comprehensive study (Gunidova et al. 2016) helped to shed more light onto
translation reinitiation (REI) mechanism on the yeast model GCN4 mRNA. Here we subjected all
four GCN4 uORFs to a thorough analysis in order to identify all potential REI-promoting or inhibiting
cis-determinants which might contribute to the overall efficiency of REI on GCN4 mRNA. It turned
out that UORFs 1-3 contain conserved AU-rich motif that promotes REI in position-specific,
autonomous fashion similarly to the REI-promoting elements occurring in the 5 sequences of
UORF1 and uORF2. uORFs 2 and 3 were additionally shown to be flanked by transferable REI-
inhibiting elements immediately following their AU-rich motifs. Moreover, it also turned out that the
stop codon context of GCN4 uORFs is crucial for their ability to either terminate translation or
promote resumption of scanning. Together, this publication provided a complex overview of all cis-
determinants of REI with their effects set in the context of the overall GCN4 translational control
and thus it helped to outline the future possible directions of exploration of this process in humans.

Mammalian reinitiation was studied in the next study (Hronova et al., 2017) which brought
the first insights into the molecular mechanism of reinitiation in human cells using the human ATF4
MRNA, encoding a functional homolog of yeast GCN4. In this study, we mutagenized the
sequences flanking the human ATF4 uORF1, closely resembling the REI-permissive uORF1 of

yeast GCN4, and analyzed their putative roles in human translation reinitiation on the model ATF4
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MRNA. We discovered that in striking analogy to yeasts, ATF4 uORF1 is also surrounded by REI-
promoting sequences, and that these sequences act independently to boost the REI potential of
this UORF. Moreover, we predicted that the 5 sequence of ATF4 uORF1 folds into a specific,
evolutionary conserved structure that is necessary for its REI-permissive potential. Furthermore, we
discovered that similarly to yeast GCN4 mRNA, reinitiation on human ATF4 mRNA is also
promoted by elF3, just the contributing subunit is not elF3a/Tif32 but elF3h.

Interestingly, the same subunit was shown to promote reinitiation also in plants (Roy et al.
2010). This difference might be explained by the fact that mammalian as well as plant elF3 contain
nearly twice as much subunits then yeasts (ValaSek et al. 2017) and therefore it is very likely that in
higher eukaryotes some of the subunits evolved to have specialized role(s) such as promoting REI.
Accordingly, in contrast to the yeast a/Tif32, elF3h subunit is essential neither for humans nor
plants (in plants, however, it seems to be important for proper fertility). In any case, it is interesting
to note that based on the recent structural data, human elF3h seems to adopt a similar position on
the ribosome as the REI-promoting N-terminal domain of yeast elF3a/Tif32; i.e. right next to the
MRNA exit channel (des Georges et al. 2015). This provides it with an ideal location where it could
interact with the ATF4 mRNA right emerging from the ribosome exit channel post uORF1
translation to promote resumption of scanning and REI downstream. In contrast to yeasts, however,
it is still not clear whether elF3h indeed act in cooperation with the sequences surrounding uUORF1
of ATF4 or not.



Conclusions

My PhD thesis brought novel insights into the molecular mechanism of the gene-specific regulatory
process called reinitiation (REI) in yeasts and humans, and revealed that many mechanistic
aspects of this process are conserved in these two organisms. Moreover, it also significantly
contributed to our understanding of basic principles of general translation initiation in eukaryotes.

Using several independent approaches we showed that the elF3a/Tif32-NTD (including its
PCI domain) has a critical role in stabilizing mRNA interactions at the 40S exit channel. Moreover,
we also solved a crystal structure of the PCI domain of the a/Tif32. Thanks to this, we identified two
residues of the elF3a/Tif32 subunit, Arg363 and Lys364, specifically contributing to the step of
MRNA recruitment to the 43S PICs.

Next, we identified novel REl-promoting and inhibiting cis-determinants which govern
translational control on the GCN4 mRNA via reinitiation and thus expanded the already complex
view of how expression of this gene is regulated in response to stress.

Finally, we successfully set up the human ATF4-based Firefly luciferase reporter system in
HEK and HeLa cell lines and identified specific REI-promoting cis-acting sequences flanking the
ATF4 uORF1. We revealed that both of these sequences (5'and 3'sequences) contribute to
efficiency of reinitiation on this mRNA independently. Furthermore, we computationally predicted
that similarly to yeast GCN4, the 5 sequence of UORF1 seems to fold into a specific structure upon
UORF1 translation, and that this structure is evolutionarily conserved. We also discovered that

reinitiation on human ATF4 mRNA is promoted by one of the elF3 subunits, elF3h.
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Uvod

Translace je zakladnim buné&nym procesem, jenz zajiStuje vyrobu proteint nezbytnych pro Zivot
kazdé burky. Prispiva k fadé dulezitych procesu, jako je vyvoj €i vznik paméti. Kontrola exprese jiz
existujicich mRNA umoznuje burice rychlejSi zmény v genové expresi v porovnani napf. s
transkripci, coz ji poskytuje moznost Fidit nejen trvalejSi zmény ve fyziologii bunky, ale téz
homeostazi, odpovéd na vnéjSi podminky atd. Neni proto s podivem, Ze translace musi byt
dokonale regulovana a ze jakakoliv jeji nepfesnost muze vést ke vzniku nejrliznéjSich lidskych
onemocnéni jako je cukrovka, rakovina &i neurodegenerativni zmény (Sonenberg a Hinnebusch
2009). Dokonalé porozuméni procesum translace a jejich regulaci tedy pfispiva nejen k obecnému
chapani zékladnich procesu v bunce, ale téz k pochopeni vzniku téchto lidskych onemocnéni.

Translace informace zakddované v mRNA do proteinu je nékolikastupriovy proces slozeny z
iniciace, elongace, terminace a recyklace ribosomalnich podjednotek. Nejvice regulovan je v3ak
hned prvni krok této drahy — iniciace translace. Tento krok zajiStuje spravné sestaveni 80S
ribosomu, mMRNA and iniciatorové tRNA na AUG start kodonu dané molekuly mRNA, jez muze byt
poté prelozena do polypeptidového Fetézce. Tento komplikovany proces je fizen mnoha proteiny
zvanymi eukaryotické iniciacni faktory (elFs).

Hlavnim cilem mého Ph.D. studia bylo ziskat nové poznatky o procesu iniciace translace v
eukaryotickych bunkach a o zplsobech, jakymi je tento krok regulovan. Hlavnim pfedmétem zajmu
mé PhD prace byl genové specificky translaéni regulaCni mechanismus zvany reiniciace. Tento
mechanismus je znamy vyuzivanim tzv. kratkych otevienych ¢&tecich ramcu lokalizovanych
“upstream” od hlavniho ¢teciho ramce (tzv. uORFs) pfitomnych v nékterych eukaryotickych mRNA,
av8ak pfesny molekularni mechanismus tohoto procesu nebyl nikdy u vysSich eukaryot zkouman.
Ma Ph.D. prace se téz zaméfila na mechanismus nasedani mRNA na tzv. 43S preiniciacni
komplexy (PICs), coz je jeden z nejméné prozkoumanych kroku iniciace translace vibec. Ukazalo
se, Ze oba tyto procesy jsou umoznovany jednim z nejvétSich iniciacnich faktoru, faktorem elF3.

Transla¢ni reiniciace vyuziva schopnosti nékterych uORF zadrzet malou ribosomalni
podjednotku na téze molekule mRNA i po terminaci na tomto uORF. Fakt, Ze tyto uORFs se
vyskytuji v eukaryotickych mRNA velmi ¢asto, naznacuje, zZe tyto elementy vyznamné pfispivaji k
regulaci exprese eukaryotickych mRNA (Calvo et al. 2009). Pomoci modelové mRNA kvasinkového
genu GCN4 bylo odhaleno, Ze reiniciace vyzaduje pFitomnost specifickych cis-sekvenci
obklopujicich UORF, ktery tuto reiniciaci podporuje. Dale bylo prokazano, Ze tyto cis-sekvence
obklopujici reiniciaCni uORF interaguji s N-terminalni doménou (NTD) jedné z podjednotek
kvasinkového elF3, a to podjednotkou a/Tif32 (Szamecz et al. 2008; Munzarova et al. 2011;
GuniSova a ValaSek 2014). Vznik této interakce po terminaci na reiniciacnim uORF je klickovy pro
stabilizaci male ribosomalni podjednotky na molekule mRNA a naslednou reiniciaci.

Abychom odhalili miru konzervovanosti reiniciace mezi nizSimi a vys$Simi eukaryoty, provedl|i
jsme analyzu lidské ATF4 mRNA, kodujici funkéni homolog kvasikového proteinu GCN4 (Vattem
and Wek 2004). Nasim hlavnim cilem bylo Zzjistit, zda je reiniciaéni uUORF1 z ATF4 mRNA téz
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obklopen specifickymi cis-sekvencemi, které napomahaji reiniciaci a které jsou v pfipadé uORF1 z

GCN4 mRNA oznacovany jako RPEs (reinitiation-promoting elements). Déle nés zajimalo, zda je k

reiniciaci v savCich bunkach potfebny téz faktor elF3, jako je tomu u kvasinek (viz Obrazek 1).

IR N uORF2 hATF4 |3
".»\' 408

post-termination 40S
resumes scanning

Obrazek 1. Model ATF4 mRNA. Predpokladané cis-sekvence podporujici reiniciaci (RPEs) obklopujici ATF4
uORF1 and jejich potencialni interakce s elF3 jsou naznaceny otazniky. Pfevzato z GuniSova et al. (podano).

Cile prace

Hlavnim cilem této prace byl vyzkum molekularniho mechanismu reiniciace v lidskych burikach

za pomoci studia lidské modelové ATF4 mRNA. Dalsim cilem bylo charakterizovat ulohu N-

terminalni domény (NTD) kvasinkové podjenotky elF3a/Tif32, jez podporuje reiniciaci na

kvasinkové GCN4 mRNA. Konkrétnimi ukoly bylo:

zavést a pouzit in vivo metodu analyzujici krok nasedani mRNA na 43S
preiniciaCni komplexy a s jeji pomoci charakterizovat potencialni Ulohu N-
terminalni domény elF3a/Tif32 podjednotky v tomto specifickém kroku iniciace
translace

dale vyuzit tuto metodu k potvrzeni ulohy N-termindlni domény elF3a/Tif32
podjednotky ve stabilizaci mRNA na 43S preiniciaCnich komplexech, a to specificky
v blizkosti vystupniho mRNA kanalu v ribosomu (“mRNA exit channel”)

podrobnéji zkoumat mechanismus translacni reiniciace na kvasikové modelové
GCN4 mRNA, zejména roli 3'neprekladané oblasti v GCN4 mRNA na jeji celkovou
translacni regulaci

zavést in vivo reportérovy systém zaloZzeny na meéfeni activity Firefly luciferazy
fuzované s lidskou ATF4 mRNA a pouzit ho pro objasnéni zakladnich principl
reiniciace v lidskych burikach

zmutovat ATF4 mRNA za ucelem nalezeni specifickych cis-element obklopujicich
ATF4 uORF1 zodpovédnych za vysoky reiniciacni potencial tohoto uORF
“knock-down” specifickych podjednotek elF3 v lidskych burikach za ucelem odhaleni
role elF3 v reiniciaci u vysSich eukaryot na lidské modelové ATF4 mRNA
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Material a metody

Experimenty tykajici se studia nasedani mRNA na 43S preiniciaCni komplexy byly provadény na
kvasinkovém modelovém organism Saccharomyces cerevisiae; experimenty zaméfené na studium

reiniciace v savcich burikach byly provadény na bunéénych liniich HEK a HelLa.

Seznam metod:

Kultivace kvasinek S. cerevisiae a bakterii E.coli, jejich transformace

Kultivace buné&nych linii HEK, HeLa and MEF (mouse embryonic fibroblasts), jejich transfekce a
SiRNA aplikace

Manipulace s nukleovymi kyselinami, klonovani

Western blot

B-galaktozidazova reportérova esej v kvasinkach

Luciferdzové reportérovéa esej v bunéénych liniich

Priprava kvasinkovych bunécnych extraktl a jejich frakcionace v sachar6zovém gradientu

Izolace RNA, reverzni transkripce a gPCR

Vysledky a diskuze

Dulezitost elF3 v kroku nasedani mRNA na 43S preiniciaéni komplexy (PICs) byla
naznacena jiz v nékolika pfedchozich studiich. Prvni u nich ukazala, Ze odebrani elF3 komplexu z
bunék naruSuje nasedani modelové RPL41A mRNA na 43S PICs in vivo (Jivotovskaya et al. 2006).
Druha studie téz naznacila, Ze kvasinkovy komplex elF3 hraje vyznamou roli v nasedani mRNA na
43S PICs in vitro a Ze je dokonce dulezitéjSi nez faktory elF4AF a elF4B (Mitchell et al. 2010). V
nasi prvni publikaci (Khoshnevis et al. 2014) jsme testovali specifickou 10-Ala substituci (Box37) v
N-terminalné lokalizované PCl doméné kvasinkové podjednotky a/Tif32 a ukazali, Zze tato mutace
dramaticky zhorSuje nasedani tfi modelovych mRNA na 43S PICs jakozto jeji jediny detekovatelny
efekt. Navic jsme v této publikaci odhalili i krystalovou strukturu této PCI domény, pomoci niz jsme
vybrali dva bazické aminokyselinové zbytky a téZz zkoumali efekt jejich mutaci na krok nasedani
mRNA. Stejné jako v pfipadé a/tif32-Box37, i mutace Arg363 and Lys364 na alaniny snizila
mnozstvi reportérové RPL41A mRNA ve frakcich obsahujicich 43S PICs, a to stejné (a/tif32-
R363A) nebo dokonce vice (a/tif32-K364A) ve srovnani s a/tif32-Box37 mutaci. VSechny tyto
vysledky tedy spolec¢né naznacuji, ze tato oblast PCl domény podjednotky a/Tif32 vyznamné
pfispiva k vytvofeni nebo stabilité 48S PICs a Ze oba tyto aminokyselinové zbytky hraji v tomto
procesu dulezitou roli.

O nékolik let pozdéji jsme potvrdili vyznamnost N-terminalni domény podjednotky a/Tif32
(obsahuijici téZ Box37) v kroku nasedani mRNA nasi nasledujici studii vyuzivajici kvasinkovy in
vitro rekonstituovany systém (Aitken, 2016). V této studii jsme pouzili kvasinkovy kmen nesouci

mutaci a/tif32-A8, jeZz je charakterizovana zkracenim a/Tif32 podjednotky o prvnich 200
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aminokyselin. Uk&zali jsme, ze nasedani modelové mRNA s AUG start kodonem lokalizovanym
blizko 3’konce této mRNA, jenz dava vznik komplexu s prazdnym vstupnim kanalem pro mRNA, je
dramaticky zhorSeno touto mutaci. Ve skute€nosti méla tato a/tif32-A8 mutace stejny efekt jako
absence kompletniho elF3 - v jeji pfitomnosti nedochazelo k zadnému nasedani mRNA na 43S
PICs, a to i pfesto, Ze tento elF3 mutant i ternarni komplex byly pIné navazany na PIC (Aitken et al.
2016). Na druhou stranu, tato mutace neovlivnila nasedani mRNA obsahujici 5 proximalni AUG
start kodon, jenz tvofi komplex s prazdnym vystupnim kanalem pro mRNA. To naznacuje, Ze tento
N-terminalni Usek a/Tif32 podjednotky je dulezity pro stabilizaci mRNA specificky v misté, kde
MRNA ribosom opousti (tzv. mMRNA exit channel; vystupni mMRNA kanal). Zajimavé je, Zze s rostouci
délkou mRNA ve vstupnim mRNA kanalu se negativni efekt a/tif32-A8 mutace ztracel. To
naznacuje, Zze ulohy elF3 na obou z mRNA kanall (vstupnim a vystupnim) jsou redundantni.
Konecny dikaz pro stabilizacni roli N-terminalni podjednotky a/Tif32 u vystupniho mRNA kanélu
pfinesly in vivo experimenty, kde byla méfena mnozstvi riznych reportérovych mRNA, liSicich se
délkou svych 5° nepfekladanych oblasti, navazanych na 43S PICs v a/tif32-A8 versus WT bunkach
(Aitken et al. 2016). Nasi hypotézou bylo, ze v pfipadé mutantniho elF3 bude nasedani mRNA
molekul s delSimi 5" nepfekladanymi oblastmi zhorSeno vice nez u WT elF3, ktery je schopen tvorit
kontakt s mRNA u vystupniho kandlu, zatimco a/tif32-A8 nikoliv. Shodné s nasim ocekavanim se
ukazalo, ze a/tif32-A8 mutace snizila mnozstvi mRNA molekul asociovanych s 43S PICs v pfipadé
vSech testovanych modelovych mRNA, av$ak v pfipadé mRNA molekul s dlouhymi 5°
neprekladanymi oblastmi méla méla horsi efekt v porovnani s WT elF3.

Nasledujici podrobna studie (GuniSova et al. 2016) poskytla hlubSi porozuméni procesu
translacni reiniciace (REI) na kvasinkové modelové mRNA GCN4. Zde byly v8echny ¢tyfi uORFs z
GCN4 mRNA podrobeny dukladné analyze za ucelem najit vSechny potencialni cis-determinanty,
které by pozitivné nebo negativné ovliviovaly REI na této mRNA. Ukazalo se, Ze uORFs 1, 2 a 3
obsahuji ve své blizkosti konzervovany motiv bohaty na AU sekvence, jenz podporuje REI pozi¢né
specifickym a nezavislym zplsobem, podobné jako elementy podporujici REI nachazejici se v
sekvenci pfedchazejici UORF1 a uUORF2. Téz se ukazalo, Ze uORF 2 a 3 jsou obklopeny elementy
inhibujicimi REI, které jsou lokalizovany “downstream” od jejich AU motivl. Taktéz vySlo najevo, ze
pro uUORFs v GCN4 mRNA je kliCovy kontext okolo stop kodonu, ktery uréuje, zda dany uORF bude
podporovat terminaci translace €i znovuzahajeni skenovani. Celkové vzato poskytla tato publikace
komplexni pfehled v8ech cis-determinant ovliviiujicich REI na kvasinkové modelové mRNA GCN4
a pomohla tak nastinit dalSi pfipadné sméry vyzkumu lidské ATF4 mRNA.

Lidska reiniciace byla studovana v dal$i praci (Hronova et al., 2017). Tato publikace pfinesla
jedny z prvnich vhledd do molekularniho mechanismu reiniciace v lidskych burikach, a to s pomoci
lidské modelové mRNA ATF4 kodujici funkéni homolog kvasinkového proteinu GCN4. V této praci
jsme zmutovali sekvence obklopujici uUORF1 lidské ATF4 mRNA, jenz velmi pfipomina reiniciacni
UORF1 GCN4 mRNA, abychom zjistili, zda tyto sekvence taktéz pfispivaji k efektivité REI na této

mRNA. Odhalili jsme, Ze, stejné jako u kvasinek, ATF4 uORF1 je téz obklopen sekvencemi
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podporujicimi reiniciaci, a Ze tyto sekvence pfispivaji k efektivité¢ reiniciace na tomto uORF1
nezavisle na sobé. Také jsme predikovali, Ze sekvence predchazejici ATF4 uORF1 se sklada do
specifické, evolucné konzervované, sekundarni struktury potfebné pro jeji reiniciaéni potencial.
Téz jsme zjistili, ze, podobné jako je tomu u kvasinkové GCN4 mRNA, i REI na lidské ATF4 mRNA
je umoznovana faktorem elF3, pouze specifickou pfispivajici podjednotkou neni elF3a/Tif32, ale
elF3h.

Zajimavosti je, Ze stejna podjednotka podporuje REI téZ u rostlin (Roy et al. 2010). Tento
rozdil mezi kvasinkami a savci/rostlinami Ize vysvétlit tim, ze savci, stejné jako rostlinny, elF3
obsahuje témérf dvakrat vice podjednotek nez kvasinkovy elF3 (Valasek et al. 2017). Proto je velmi
pravdépodobné, Ze u vys8ich eukaryot nékteré podjednotky ziskaly specifické role, jako je
napfiklad umoznéni reiniciace. Tomu také odpovida fakt, Ze na rodzil od kvasinkové reiniciaéni
podjednotky a/Tif32, elF3h podjednotka neni esencialni ani pro ¢lovéka, ani pro rostliny. V kazdém
pfipadé je vSak zajimavé, ze na zakladé poslednich strukturnich dat zaujima lidska elF3h
podjednotka pozici na ribosomu velmi podobnou té, kterou zaujima v kvasinkach reiniciaéni
elF3a/Tif32 — tedy v blizkosti mMRNA vystupniho kandlu ribosomu (des Georges et al. 2015). Tato
pozice je idealni pro jeji potencialni interakci s ATF4 mRNA pravé vystupujici z ribosomalniho
vystupniho mRNA kanalu po translaci uORF1, coz nasledné umozni znovuzahajeni skenovani a
REI na dalsim AUG start kodonu. Na rozdil od kvasinek vSak stale jeS$té neni zcela jasné, zda

elF3h opravdu interaguje se sekvencemi obklopujicimi ATF4 uORF1, €i nikoliv.
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Zavery

Tato Ph.D. prace pfinesla nové poznatky tykajici se molekularniho mechanismu genové
specifického regulacniho procesu translace zvaného reiniciace (REI) v kvasinkach a lidskych
bunkach. Odhalila tak, Ze mnoho aspektl tohoto proceso zlistalo konzervovano mezi témito dvéma
organismy. Tato PhD prace taktéz pfispéla k naSemu hlubSimu porozuméni principim kanonické
iniciace translace v eukaryotickych burikach.

Pomoci nékolika nezavislych pfistupl jsme prokazali, ze N-terminalni doména kvasinkové
podjednotky elF3a/Tif32 (obsahujici téz tzv. PClI doménu) hraje klic¢ovou ulohu pfi nasedani a
stabilizaci mMRNA na 43S preiniciacnich komplexech, a to specificky v blizkosti vystupniho mRNA
kanalu ribosomu. Taktéz jsme poskytli krystalovou strukturu této PClI domény elF3a/Tif32
podjednotky. Diky tomu jsme identifikovali dva konkrétni aminokyselinové zbytky této domény,
Arg363 a Lys364, které specificky pfispivaji ke kroku nasedani mRNA na 43S preiniciacni
komplexy.

Dale jsme identifikovali nové cis-determinanty pozitivné i negativné regulujici reininiciaci na
kvasinkové modelové GCN4 mRNA a rozsifili tak jiz velmi komplexni systém regulace této mRNA
ve stresu.

Téz jsme uspésné zavedli a pouzili reportérovy systém v HEK a HelLa bunkach vyuZzivajici
lidskou ATF4 mRNA zfuzovanou s Firefly luciferazou, ktery nam umoznil identifikovat specifické
sekvence obklopujici ATF4 uORF1, které zajiStuji vysoky reiniciaéni potencial tohoto uORF.
Ukazali jsme, Ze obé tyto sekvence (5" a 3'sekvence) pfispivaji k efektivité reiniciace nezavisle na
sobé. Dale jsme predikovali in silico, Ze, podobné jako u kvasinek, sekvence pfedchazejici ATF4
UORF1 (5" sekvence) se sklada do specifické sekundarni struktury po translaci tohoto uORF1, a ze
je tato sekundarni struktura evolu¢né konzervovana. Také jsme odhalili, Ze reiniciace na lidské

ATF4 mRNA je umoziovana jednou z podjednotek faktoru elF3, podjednotkou elF3h.
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