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Abstract

Translation reinitiation is a gene-specific tratisl@al control mechanism exploiting
the ability of some short upstream open readinghés (UORFS) to retain post-termination
40S ribosomal subunit on the mRNA. Reinitiatiorni@éincy depends ods-acting sequences
surrounding the uORF, translation elongation rat@she uORF, selected initiation factors,
and the intercistronic distance of the short uUORIMfthe main ORF. Although the precise
mechanism of reinitiation is still not known, grgabgress in elucidating some of its details
has been recently made with help of (B€N4 translational control model system. Among
them, involvement of elF3 was shown to play a caitirole for efficiency of this process.
In particular, it was proposed that elF3 specificaiteracts with sequences located upstream
of a reinitiation-permissive UORF upon terminaticand that this step is instrumental
in stabilizing the 40S ribosomal subunit on the MRk allow subsequent resumption
of scanning for reinitiation downstream. In this edis, the current knowledge
of the translation reinitiation mechanism is summeat As a typical example, the yeast
transcriptional activatoGCN4 has been chosen, the mRNA of which is subjecteal tight

translational control via the very reinitiation rheaism.
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Abstrakt

Transl&ni reiniciace je genavspecificky mechanismus kontroly translace, kteyyaiva
schopnosti &trych kratkych otektenychctecich ramé (UORFS) pedchazejicich v mRNA
hlavni otevenycteci ramec zadrzet 40S ribosomalni podjednatkunRNA poté, co ribosom
na tomto uORF translaci uk&h Efektivita tohoto procesu je ovliena tim, jaké
nukleotidové sekvence uORF obklopuji a jak rychderiposomem jekladan, zdali jsou
piitomny vybrané iniciéni faktory, a také vzdalenosti tohoto uORF od hilawroteweneho
¢teciho ramce. f@stoZe pesny mechanismus reiniciace neni dosud zcela zndwslednich
letech byly rkteré jeho dili kroky objasgny za pomoci studia mechanismu tratsia
kontroly genuGCN4. Ukézalo se ndfklad, Ze naprosto nezbytna pro tento proceststi
elF3. elF3 specificky interaguje s mMRNA sekventédehazejiciuORF, a tim vyznamn
napomaha zadrzeni 40S podjednotky na mRNA a néasleginiciaci. Cilem této prace je
shrnuti sotasnych poznatktykajicich se mechanismu reiniciace translaceo j#iklad byl
zvolenkvasinkovy transkrigni aktivatorGCN4, translace jehoz mRNA jefigre fizena pray
mechanismem reiniciace.

Kli¢ova slova reiniciace translace, elF3, 40S podjednotkaCN4, kratky oteweny

éteci ramec
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List of abbreviations

3'UTR 3' untranslated region

40S subunit eukaryotic small ribosomal subunit

43S PIC preinitiation complex comprising 40S subunit, TC, elF1, elF1A, elF3 and elF5
48S PIC preinitiation complex comprising a 43 PIC bound to mRNA

5'UTR 5' untranslated region

60S subunit eukaryotic large ribosomal subunit

80S ribosome  eukaryotic ribosome comrprising both small and large ribosomal subunit

a/TIF32 yeast ortholog of elF3a

A-site a minoacyl-site of ribosome

ATF4 activating transcription factor 4

ATP adenosine triphosphate

AUG adenine-uracil-guanine; start codon
b/PRT1 yeast ortholog of elF3b

c/NIP1 yeast ortholog of elF3c

CTD C-terminal domain

elF eukaryotic initiation factor

elF1 eukaryotic initiation factor 1

elF1A eukaryotic initiation factor 1A

elF2 eukaryotic initiation factor 2

elF2B eukaryotic initiation factor 2B

elF2a alpha subunit of eukaryotic initiation factor 2
elF3 eukaryotic initiation factor 3

elF3a a subunit of eukaryotic initiation factor 3
elF3b b subunit of eukaryaotic initiation factor 3
elF3c ¢ subunit of eukaryotic initiation factor 3
elF3g g subunit of eukaryotic initiation factor 3
elF3h h subunit of eukaryaotic initiation factor 3
elF3i i subunit of eukaryotic initiation factor 3
elF3j j subunit of eukaryotic initiation factor 3
elF4A eukaryotic initiation factor 4A

elF4B eukaryotic initiation factor 4B

elF4E eukaryotic initiation factor 4E

elF4F eukaryotic initiation factor 4F

elFAG eukaryotic initiation factor 4G
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elF5

elF5B
g/TIF35
GAL1
GAL1-lacz
Ged
Gen
GCN2
GCN4
GCN4
GCN4-lacz
GDP

GEF

GTP
GTPase
HIS3
i/TIF34
IRES
j/HCR1
lacZ

m’G-cap

Met-tRNA Met

MFC
MRNA
NMD
NTD
PABP
PERK
Pi

PIC
PK
P-site
Publ
RNA
RPSOA

eukaryotic initiation factor 5

eukaryotic initiation factor 5B

yeast ortholog of elF3g

yeast gene encoding the enzyme of galactose catabolism pathway
fusion construct of GAL1 gene and lacZ gene

general control derepressed phenotype

general control nonderepressible phenotype

general control nonderepressible 2; a protein kinase

general control nonderepressible 4; an amino acid biosynthesis regulatory protein
yeast gene encoding GCN4 protein

fusion construct of GCN4 gene and lacZ gene

guanosine diphosphate

guanine nucleotide exchange factor

guanosine triphosphate

enzyme that can bind and hydrolyze guanosine triphosphate (GTP)
yeast gene encoding the enzyme of his tidine biosynthesis pathway
yeast ortholog of elF3i

internal ribosome entry site

yeast ortholog of elF3]

gene encoding B-galactosidase (LacZ), enzyme that cleaves lactose
7-methylguanosine cap

methionyl initiator methionine tRNA; initiator tRNA

multifactor complex

m essenger ribonucleic acid

nonsense-mediated decay

N-terminal domain

p oly(A)-binding protein

protein kinase-like endoplasmic reticulum kinase

inogranic phosphate

preinitiation complex

protein kinase

p eptidyl-site of ribosome

p oly(U)-binding protein 1

ribonucleic acid

40S ribosomal protein SOA



RRM

rRNA

S. cerevisiae
Ser-51

RNA recognition motif
ribosomal ribonucleic acid
Saccharomyces cerevisiae

serin at amino acid position 51

STE stabilizer element

TAV Transactivator/viroplasmin protein

TC ternary complex

tRNA transfer ribonucleic acid

UAA uracil-adenine-adenine; stop codon

UAG uracil-adenine-guanine; stop codon

UAUG u pstream AUG codon

UGA uracil-guanine-adenine; stop codon

UORF upstream open reading frame

UORF1 the first upstream open reading frame in GCN4 mRNA 5' UTR
UORF2 the second upstream open reading frame in GCN4 mRNA 5' UTR
UORF3 the third upstream open reading frame in GCN4 mRNA 5' UTR
UORF4 the fourth upstream open reading frame in GCN4 mRNA 5' UTR
YAP1 yeast AP-1-like transcription factor



1. Introduction

Protein synthesis is a fundamental process supygdite of every single cell. In order to cope
with changing environmental conditions, cells hdeebe able to regulate their protein
expression. This can be exerted at multiple leaald by numerous regulatory mechanisms.
One of them is the gene-specific translational mnmechanism called reinitiation.
It exploits short coding sequences — UORFs (fotreapm open reading frames) that precede
sequences encoding a main gene product and casubd in numerous eukaryotic mMRNAs.
Ribosomes initiate in the normal way at the uUORKUG codon; however, at its termination
codon, the 40S subunit remains bound to the mRNM#&ymes scanning, and initiates again
at downstream start site. This process requirgeeifsc interplay between mRNA sequences
surrounding this uUORF and selected initiation fegto

Translational control of th&. cerevisae GCN4 gene is one of the best characterized
examples of reinitiation (Szamee&t al., 2008). GCN4acts as a transcriptional activator
of biosynthetic genes and its synthesis is stiredlddy amino acid starvation conditions
(Hinnebusch, 1984)GCN4 mRNA contains in its 5' leader four uORFs whosaceoted
action results in a very sophisticated regulatogchanism (Abastadet al., 1991) ensuring
that the GCN4 mRNA translation is stimulated under amino acidnsition conditions,
despite the fact that the general translationatidn is shut down (Devet al., 1992).

As growing data indicate, translation reinitiatio@longs to widely utilized regulatory
tools employed in various eukaryotic organisms. ewev, the understanding of this process
is still rudimentary. The aim of this thesis sholld to summarize up-to-date knowledge
of this topic and describe boths andtrans-acting players involved in this process primarily

with the help oflGCN4 mRNA regulatory system.



2. Gene expression

In living cells, information encoded by a partiauigene is used in the synthesis of functional
gene product. In eukaryotes, this complex procesdled gene expression involves these
consequential steps: transcription, mMRNA splicimiRNA export from the nucleus, mRNA
stability mechanisms, translation, and post-traisial modifications of a protein product.
Regulation of gene expression is important for megllular processesn comparison

with other steps, translational control of existimdRNAs enables rapid changes in cellular
concentrations of the encoded proteins (Sonenbdtin&ebusch, 2009). Translation consists
of four subsequent steps (initiation, elongaticgrmination and ribosome recycling) but

the most regulation is exerted at its first, ratating stage — translation initiation.

2.1. Canonical translation initiation in eukaryotes

Initiation of translation is a complex process fgsg in the assembly

of the elongation-competent 80S ribosome loaded h winethionyl—initiator tRNA
(Met-tRNAM®") whose anticodon is base-paired with the start cd@dsG) of mRNA (see
Figure 1). The initiation process can be dividedo irseveral consequent steps that are
masterminded by numerous proteins called eukarymtiation factors (elFs).

A critical step early in the translation initiatiggathway is formation of the ternary
complex (TC), comprised of elF2, GTP and Met-tR¥fA and its recruitment to the free 40S
ribosomal subunit. In yeast, this step resultingha 43S preinitiation complex (43S PIC)
assembly was shown to be stimulated by elF1, eleli”A3, and elF5, botim vitro (Algire et
al., 2002; Asanet al., 2001; Pharet al., 1998) andn vivo (Feketeet al., 2005; Jivotovskaya
et al., 2006; Olseret al., 2003). In the meantime, the mRNA 5'@acap is bound by elF4F
protein complex, which consists of the cap-bindipgtein elF4E, an ATP-dependent
RNA helicase elF4A, and the protein serving asadfalcl for other factors, elF4G (Gingres
al., 1999). Subsequently, the 43S PIC contacts tifidFel miG-cap structure to bring about
the mRNA producing the 48S PIC. The mRNA recruittre&ep is mediated by elF3, elF4F
complex and poly(A)-binding protein (PABP).

The 48S PIC then scans 5' UTR (5' untranslatedmnggif the mRNA in the 5' to 3'
direction until it encounters the first AUG (Kozalk)89) which is recognized by base pairing
with the anticodon iMet-tRNAM®" (Ciganet al., 1988). In mammalian reconstituted system,
scanning process was shown to be stimulated by, @fFILA, and elF4F complex, out of

which elF4A and its cofactor elF4B utilize the egyeof ATP to unwind secondary structure



present in the 5 UTR of a given mRNA (Pestova &ufaeva, 2002). Genetic data from
yeast suggest that also elF5 and elF3 participateanning process vivo (Nielsenet al.,
2004; Yamamoteet al., 2005). The probability that a given AUG codonlvioié selected as
the initiation codon by the scanning 48S PIC complepends on the “strength” of nucleotide
sequence flanking this AUG codon (so called theakozonsensus sequence) (Kozak, 1986).

In the scanning 48S PIC, the GTP bound to elF2artiglly hydrolyzed to GDP and
inorganic phosphate {jPwhich is stimulated by elF5 (Daa al., 2001). Successful AUG
recognition triggers dissociation of elF1 from 488bunit with subsequent irreversible
P, release from elF2-GDPyPdriving GTP hydrolysis to completion (Algiret al., 2005;
Maag et al., 2005). elF1 displacement induce an irreversiblEndition to a closed,
scanning-incompatible conformation of the 48S PChdunget al.,, 2007), serving as
the decisive step stalling the entire machinerythat AUG start codanAfter elF2-GDP
ejection, leaving thélettRNAM" in the ribosomal P-site, elF5B-GTP promotes joinafg
the 60S ribosomal subunit with the 40Bt-tRNAM*-mRNA complex (Pestovet al., 2000).
Subunit joining is thought to facilitate ejectiohail other elFs with the exception of elF1A
(Unbehauret al., 2004) and elF3 (Szameekal., 2008). Finally, after GTP hydrolysis and
elF5B dissociation, the 80S initiation complex eady to accept the appropriate aminoacyl-
tRNA into the ribosomal A-site and synthesize tingt peptide bond.

For a new round of initiation, the elF2-GDP relehfem the 40S must be recycled to
elF2-GTP by its guanine nucleotide exchange fa@&F) elF2B to reform the TC (Webb &
Proud, 1997). This exchange reaction can be iddbiinder conditions of amino acid
starvation or other types of stress by phosphaoyladf thea-subunit of elF2 by specialized
protein kinases (PKs) (see chapter 4.), owing ¢of#élct that the phosphorylated elF2-GDP is
a competitive inhibitor rather than a substrateciéi2B (Rowlandst al., 1988). Reducing the
TC assembly rates leads to a general translatstmatiown (Krishnamoorthst al., 2001).

In yeast, it was shown that elF3, elF5, elF1 andph@sically associate with each
other (Asancet al., 1999; Valaselet al., 2002; Valaselet al., 2003; Yamamotet al., 2005)
and together they form so called multifactor comd&FC). This complex binds to the 40S
subunit as a preformed unit, is able to exist &eebosomes and thus represents an important
intermediate in translation initiation in yeast @wet al., 2000). Detailed functional studies
of mutual interactions among MFC components revketiat the MFC promotes the TC and
MRNA recruitment to the 40S ribosome as well assihiesequent steps such and scanning
and AUG selection (Nielseat al., 2004; Valaselet al., 2002; Valaselet al., 2004).

10



elF2-GTP —

tRNAMet

“3° complex (TC)" elF2

43S complex elF2B
(GEF)
elFs 4F, 4A, 4B
PABP, mRNA
elF2 (o) ®
protein kinase
(e.g. GCN2)
elF5 (GAP)
— elF2-GDP

PABP

AAAAAA
60S ribosome
elFs elF5B8, GTP
B80S complex

Figure 1. Model of the canonical pathway of eukaryotic transl ation initiation.
For details, see chapter 2.1. (adapted from Hinnebusch, 2005).

2.1.1. elF3

Among all initiation factors, elF3 is the largestdathe most complex one. In the budding
yeast, elF3 is formed by five core subunits (a/ RIHYPRT1, c¢/NIP1, i/TIF34 and g/TIF35)
and one loosely associated, nonessential subwamiely /HCR1 (see Table 1). All these six
subunits have the corresponding orthologs in thesul®init mammalian elF3 (Phahal.,
1998; Valaseket al., 1999). elF3 was shown to stimulate nearly alpstef translation

initiation pathway (see chapter 2.1.). Recentlyyas also revealed that elF3 plays the crucial
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role in special reinitiation events (Szametal., 2008) (see chapter 6.3.). Importantly, elF3
is thought to reside on the solvent side of the 40Bunit (Siridechadilolet al., 2005;
Valaseket al., 2003).This location seems to be an ideal site with trspeet to regulatory

functions proposed for elF3.

Table 1. elF3 subunits in  Saccharomyces cerevisiae.

unified nomenclature S. cerevisiae nomenclature
elF3a a/TIF32*
elF3b b/PRT1*
elF3c c/NIP1*
elF3g g/TIF35*
elF3i iITIF34*
elF3j J/HCR1

*core subunits
2.2. Alternative translation initiation pathways

As the majority of eukaryotic mMRNAs are almost estlely monocistronic, their translation
is initiated by the canonical mechanism employing scanning mechanism (Kozak, 1989)
described above. However, there are several exampleukaryotic traslation initiation that
deviate from this general mechanism and start pratgnthesis either without scanning or at
internal sites of an MRNA. These involve translatiatiated in a cap-independent manner at
internal ribosome entry sites (IRESes) (Gilletrl., 2007; Chen & Sarnow, 1995), ribosomal
shunting (Rogers et al., 2004) and reinitiatioreaftanslation of short upstream open reading
frame (UORF) (Rajkowitscht al., 2004). Many of these mechanisms are utilized ihyses
(Herbreteauwet al., 2005; Kolupaevat al., 2000; Pelletier & Sonenberg, 1988) or serve as
regulatory tools for gene-specific translationatttol of transcription factors (Abastadbal .,
1991; Vattem & Wek, 2004).

3. UORFs as regulators of translation initiation

UORFs represent mMRNA elements located in 5 UTRchvlgontain a start codon (AUG)
followed by at least one additional coding tripégtd an in-frame termination codon (UAA,
UAG, UGA) (see Figure 2).

The latest reports indicate that uORFs are wideasgpramong various organisms.
A study ofS. cerevisiae transcriptome revealed that 6% of yeast mMRNAs corsfaort uUORFs
(Nagalakshmiet al., 2008). Surprisingly, it was predicted that in famand mouse cells

the number of MRNAs containing short uUORFs is évigher and reaches nearly 50% (Calvo
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et al., 2009). It does not mean that all of them haveileggry functions, nevertheless, many
examples of genes utilizing short uUORFs to govegirtown expression have already been
published either in fungi (Luo & Sachs, 1996; Mael& Hinnebusch, 1986) or in mammals
(Vattem & Wek, 2004) including humans (Harighgl., 1996) (see also below).

cap 5" UTR main coding sequence 3" UTR
| | | |
[ T E—
uORF ORF
polyA

Figure 2. A schematic picture of mRNA transcript co ntaining an upstream open

reading frame (UORF). For details, see chapter 3. (adapted from Calvo et al., 2009)

3.1. uORFs-linked pathologies

It is noteworthy that mutations altering the sunmdug sequences of some UORFs of human
MRNASs disrupt their translational control and cawse various human diseases (&ial.,
1999; Wenet al., 2009; Wiestneret al., 1998). For example, it was also shown that
translational control mediated by uORFs influenties emergence of atherosclerosis in
diabetics (Griffinet al., 2001). Hence it is obvious that better understandf the molecular
details of the uUORF-mediated regulation can sigaiftly contribute to improvement of

human health in the future.

3.2. Types of mechanisms by which uORFs affect mMRNA  translation

Regarding the fact that the start codon is in eukas selected by the scanning mechanism
and that these short reading frames are situatstleapn of a main coding sequence, UORFs
are primarily considered to serve as a barrier reyeeducing the expression of the main
gene (Kozak, 1984; Kozak, 1999). Indeed, a glolalcarrent analysis of mammalian
transcriptomes and proteomes revealed that therrecme of uUORFs in mMRNAs closely
correlates with significantly reduced protein exgsien of downstream ORFs carried by these
MRNAs (Calvoet al., 2009). Importantly, not all uUORFs impose suchegative effect on
expression of a main ORF. In fact, the degreeedfiction of a major ORF expression is
determined by the “Kozak strength” of AUG staridon of a particular uORF (Kozak,
1986). Intuitively, UORFs with poor initiation caxt can be skipped by numerous 48S PICs
via “leaky scanning”, which mitigates their negatieffect on general translation initiation
(Vivier et al., 1999).
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On the other hand, several uORFs affect downstteamslation through their ability
to mediate ribosome stalling at coding or termoratregions (Wangt al., 1999). This is
usually a result of the action of the nascent plepéincoded by this UORF (Gadial., 2001).
Such a stall at uUORF termination codon preventssitenning ribosomes from reaching
another downstream start site.

In addition to these “downregulation effects”, son@RFs influence expression of a
main gene by affecting stability of its mMRNA thrdugo called nonsense-mediated mMRNA
decay (NMD), which is triggered by increased ribugso occupancy of a premature
termination codon (Gabat al., 2005). Conversely, many other short-uORF-contgini
MRNASs (like GCN4 and YAP1) are fully resistant to this destabilization pattiywthanks to
specific stabilizer elements (STE) contained in BhéJTR (Ruiz-Echevarriat al., 1998;
Vilela et al., 1998). These STEs were shown to interact withRN& binding protein Publ
and this interaction is instrumental in MRNA stedaition as it prevents rapid NMD (Ruiz-
Echevarria & Peltz, 2000).

The last but not least class of UORFs are thoge#ranit 40S subunit to stay bound to
the same molecule of mMRNA after the elongating &8inated their translation (Abastado
et al., 1991). The rest of this thesis will be focusedlun last class of regulatory uORFs that

allow efficient resumption of scanning followed tgynitiation at a downstream start site.

3.2.1. Reinitiation after an uORF translation termi  nation

Historically, in an early study by M. Kozak (1987&he showed that out of 699 vertebrate
MRNAs encoding proto-oncogenes, nearly two thirdstained one or more uORFs
preceding the start site of the main ORF. Thisttethe idea that such a regulation exerted at
the translational level and mediated by uORFs miogh& tool for limiting the expression of
potentially harmful proteins if overproduced (Kozak91).

Reinitiation is exploited as a regulatory mechanismmany various eukaryotic
organisms starting from yeasts (Abastadoal., 1991; Vilelaet al., 1998), over plants
(Futterer & Hohn, 1992; Wang & Wessler, 1998) upmtammals (Vattem & Wek, 2004).
This mechanism of translation regulation is alseatly employed by invading viruses (Park
et al.,, 2001; Powellet al., 2011). And, according to the newest bioinformadtidata, the
number of mMRNAs proven to utilize the reinitiatiorechanism for their translational control
is expected to rise (Cvijovigt al., 2007; Selpet al., 2009).
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4. General requirements for reinitiation of transla  tion

The ability of an uORF to retain the 40S subunittbe mRNA after it has terminated
translation at the uORF stop codon generally dep@md i) the time required for the uORF
translation, which is determined by the length leé UORF and the translation elongation
rates, ii) various initiation factors, and iii) @& cis-acting mRNA features. Finally,
reinitiation efficiency is also determined by iWetintercistronic distance.

The first two requirements are united in the ideat telFs important for promoting
efficient reinitiation remain at least transiendlgsociated with the elongating ribosome, and
that increasing the uORF length or the ribosomasitaime increases the likelihood that
these factors are dropped off (Kozak, 2001). Accglgt, reinitiation is most efficient after
short uUORFs translation and its efficiency declinegshe uORF is lengthened (Kozak, 2001;
Luukkonenet al., 1995). There is now an evidence for this hypaghglsowing that in yea§
cerevisiae elF3 remains bound to elongating 80S for the fest elongating cycles and upon
termination critically enhances reinitiation capgpciof post-termination 40S subunits
(Szameczet al., 2008). Among other elFs implicated in promotirf§ceent reinitiation in
mammalian cells are elF4A and elF4G (Powtyal., 2004), but the mechanism of their
operation is not known.

As for cisacting mRNA features, with the exception of the RFomediated
translational control of th& cerevisiae GCN4 discussed below, there is nearly nothing
known about what reinitiation-promoting mRNA feasirare required.

Importantly, the reinitiation efficiency also ditgcdepends on the distance between
UORF termination codon and a downstream initiattmaon (Grantet al., 1994; Kozak,
1987a). This reflects the fact that the rescandi@§ subunit require a certain time fe
novo recruitment of the TC necessary for another AUGgaition (Abastadet al., 1991).
Owing to this, reinitiation event can be delicateBgulated by manipulating elF2-GTP
availability in a cell via elF@ phosphorylation by specific protein kinases s saslfGCN2,
the only PK in yeasts (Devet al., 1992), or mammalian PERK (Hardimg al., 2000).
Importantly, reduction in the TC assembly decredlegate of general translation but at the
same time can paradoxically stimulate the trarmtadf specialized mRNA, such &CN4 or
ATF4, which both encode stress-induced transcripti@wvators of biosynthetic genes
(Deveret al., 1992; Vattem & Wek, 2004).
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5. The mechanism of GCNA4 translational control

The mechanism ofGCN4 translational control represents the most studigdmple of
translation reinitiation (Szamecz, 2008), thusehewill be described in more details.

5.1. GCN4 - a gene encoding specific transcriptional activat or

Yeast cells, as well as other cells, govern th&neyexpression in response to various
environmental stimuli. One of such important re¢aig means in yeasts is known as General
amino acid control which help the cells to copehvatnino acid imbalancy (Niederberggr
al., 1981). When a yeast cell suffers from amino atatvation, it responses by mobilizing
transcriptional activators in order to induce gemagortant for its survival (Delforge et al.,
1975; Mirande & Waller, 1988; Zhcat al., 1987).

One of the most important positive regulators oh&al amino acid control of lower
eukaryoteSaccharomyces cerevisiae is that encoded b¥CN4 gene (Hinnebusch, 1984)
GCN4 specifically binds TGACTC sequence common onegulated genes such Bi$S3
gene inS cerevisiae encoding a histidine biosynthetic enzyme (Hope t€uld, 1985). In
amino acid starvation conditions, GCN4 activatedeast 35 genes encoding amino acid
biosynthetic enzymes (Hinnebusch, 1992). Genomewadpression profiling analyses
revealed that besides that, additional genes imeblin cofactor biosynthesis, organelle
biogenesis, mitochondrial transport, autophagy atkers are induced by this yeast

transcriptional activator during stress conditifNatarajaret al., 2001).

5.2. The regulation of GCN4 mRNA translation is exerted by four short
UORFs

GCN4 mRNA contains in its 5' UTR four short uORFs of tothree codons in length none

of which is in frame with the long ORF &CN4 downstream (see Figure 3). The regulation
of GCN4 expression occurs at the translational level (Hbusch, 1984) and relies on

sophisticated interplay between these short uqRBastadaet al., 1991).
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Figure 3. A schematic picture of GCN4 mRNA. It contains four upstream reading frames
all of which precede the main open reading frame encoding the GCN4 transcriptional

activator. For details, see chapter 5.2. (based on Calvo et al., 2009).

5.2.1. Regulatory functions of uUORFs in ~ GCN4 mRNA — the historical overview

Many experiments were performed to elucidate peeéisictions of particular uORFs in
GCN4 mRNA 5' leader (5" UTR). The theory that uORFsction as translational barriers
(Kozak, 1984) was confirmed also in the caseG&MN4 mRNA by removing of all four
UORFs, resulting in a constitutive derepressionG&N4 synthesis (Hinnebusch, 1984).
However, the first UORF (UORF1) later turned oubéoa weak translational barrier. Instead,
it performed a stimulatory role in GCN4 synthesicduse it enabled the ribosomes to
overcome the inhibitory effects of the remainingvdstream uORFs (Mueller & Hinnebusch,
1986). Another deletion mutagenesisG@N4 mMRNA 5' leader revealed that the presence of
UORFs 1 and 4 is sufficient for significant degoé€&CN4 expression regulation, comparable
to the wild-type mRNA containing all four uUORFsant (Williamset al., 1988). This helped
to simplify the subsequent analyses of uUORFs fonotg inGCN4 translational control.

But the features of UORF1 underlying its intriguipgpperties still remained veiled.
Start codons of uUORFs 1 and 4 were shown to fum@sosimilarly efficient translational start
sitesin vivo, but uUORF4 did not exhibit a positive effect on KBCsynthesis when located
upstream of UORF1 (Williamet al., 1988). Efficient initiation was therefore unligeio be
a sole determinant of the positive regulatory afleORF1. Thus, it was proposed that a very
important property of uUORFs mediatit@CN4 translational control is the ability to permit
reinitiation following termination of translationnd that the uORF1 is optimized for this
function (Williamset al., 1988).

Additional extensive genetic analyses of B€N4 mMRNA 5' UTR finally helped to
provide a detailed model f@CN4 translational control (Abastagbal., 1991).An important
support for theGCN4 translational control model came from the obseéowathat increasing
the distance between uORFs 1 and 4 to the wild-ggeing that separates uORF1 from
GCN4 start site impaired the ability of UORF1 to deesgsGCN4 mRNA translation. This
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indicated that the time when ribosome reacquiredaice factors needed for efficient
reinitiation plays the crucial role iIBCN4 translational control mechanism (Abastatial .,
1991). Thus, it was suggested that after a ribestvemslates uUORF1, 40S ribosomal subunit
stay bound to the mRNA, resumes scanning and #eitiates either at uUORF4 start codon

or GCN4 start codon, according to amino acid availability.

5.2.2. The role of elF2 phosphorylation in ~ GCN4 translational control

Although the model folGCN4 translational control suggested that in amino atatvation
conditions the reassembly of factors required fificient reinitiation is much slower in
comparison to nonstartavion conditions, the undeglymechanism of this phenomenon
remained veiled.

It was known that eukaryotic protein synthesisagulated by common mechanism
involving the phosphorylation of the alpha subuoft elF2 (elF2) (Ranu, 1980). As
phosphorylation of mammalian eléc®ccurs on serine residue at position 51 and amdonh
sequence around this phosphorylation site turnddt@mwe conserved among eukaryotes
including the yeas® cerevisiae (Ciganet al., 1989), it was suggested that phosphorylation of
Ser-51 of elF2 could be exploited as a tool for translation ragoh also in yeasts.
Additionally, the catalytic domain of protein kire&CN2, which has been earlier identified
as an activator of GCN4 synthesis (Hinnebusch, 1984marias & Thireos, 1988), was
shown to be related to catalytic domain of anotleeikaryotic protein kinase that
phosphorylates ell2 (Chen et al., 1991). This implicated GCN2 protein kinase to be
an elF2 kinase in yeast.

Indeed, it proved true. In 1992 (Devet al.), it was discovered that GCN2
phosphorylates thex-subunit of elF2 and mediates translational conwbl the yeast

transcriptional activato6CN4 .

5.3. The final generally accepted model of GCN4 translational control

Independent of amino acid availability, most ribmss translate the first uUORF supporting
the retention of 40S subunit on the mRNA and, a&anination, about a half of 40S subunits
resumes scanning downstream (Abastidd., 1991).

Under nonstarvation conditions, elF2-GDP is fastycked to elF2-GTP by elF2B
resulting in high levels of TC formation. Thus, gasning 40S subunits readily reassamble
TC and preferentially reinitiate at uORF4, blockiramother reinitiation downstream.
However, under starvation conditions, unchargedARIHccumulating in amino acid-starved
yeast cells stimulate elkZinase GCN2 (Dongt al., 2000). As a result, the TC levels drop
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and the rescanning 40S subunits have to traved fonger period till they have rebound the
TC. This significatnly increases the likelihood tthtney bypass uORF4 and reinitiate
translation aGCN4 start site instead (Deveral., 1992) (see Figure 4).

The critical biochemicakevidence for theGCN4 translational control mechanism,
which was initially deduced from genetic data, wasvided later on by mapping the
positions of ribosomes translati®CN4 mMRNA in vitro using toeprinting (Gabet al., 2001).
The ultimate proof was presented recently by a himalnique based on the deep sequencing
of ribosome-protected mRNA fragments (Ingadtaal., 2009). Also this method detected a
decrease in ribosome occupancy of the reinitiationpermissive UORFs as well as an

increase in translation @CN4 coding region during starvation.

Uncharged tRNA
GCN2
elF2-GDP L elF2(0){P)
|EI':2.|GuP elF2B . == elF2B (GEF)
v ¢
elF2-GTP elF2-GTP
tRNA;Met tRNA;Met
o
(High levels) (Low levels)
TC

Nonstarvation conditions Amino acid starvation

Figure 4. Model of translational control of GCN4 in yeast.

For details, see chapter 5.3. (adapted from Hinnebusch, 2005).
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5.4 Phenotypes linked to GCN4 expression

It is noteworthy that the impairment of translaabrtontrol of GCN4 expression can be
monitored by specific phenotypes. These phenotiipas serve as a valuable genetic tool in
defining various contributions of individual elFs translation initiation (Cuchalovet al.,
2010; Nielseret al., 2004; Szamecet al., 2008). Mutant cells defective in TC formation
and/or its recruitment to 40S subunit constituyivdkerepressGCN4 expression and thus
produce so called GtdGeneral control derepressed) phenotype. By csintrautants that
fail to derepressGCN4 under starvation conditions embody a GofGeneral control
noninducible) phenotype implicating a defect in @nenore of the steps following assembly
of 48S PIC such as scanning processivity, startorcorkecognition, or subunit joining
(Cuchaloveet al., 2010).

6. Reinitiation mechanism after translation termina tion on uORF1 of
GCN4 mRNA

6.1. The influence of the sequences downstream of u ORF1 in the

historical perspective

The probable importance of sequences surroundiagstop codons of uORFs BCN4
MRNA 5' leader in determining their distinct furmets in translational control was shown
already in 1989 (Miller & Hinnebusch). The replaaarth of uUORF1 stop codon plus 10
nucleotides immediately following it with the cosponding downstream sequences from
UORF4 was sufficient to convert uORF1 into a mudttorgjer translational barrier in
comparison with its former positive properties. fresence of thus altered uUORF1 upstream
of UORF4 in the 5' leader also reduc&CN4 mRNA translation rate suggesting that
the 3' sequences flanking uORF1 is required foosaime ability to resume scanning afer
UORF1 translation.

More extensive analysis of the last codon of uORRA 10 nucleotides following it
revealed that a high content of A+U bases in tf@RE1 termination region might cause
a higher propensity of ribosome to reinitiateGEN4 start site (Grant & Hinnebusch, 1994).
This led to a presumption that the presence of @eiCsequences in UORF1 termination
region would prevent a fast resumption of scan@ig@ result of higher stacking energies of
C+G pairs in comparison to A+U base pairs. Accaghiinthe replacement of C+G-rich
sequences flaking the uORF4 termination region W#J-rich sequences restored a high
reinitiation rate at th&CN4 start site (Grant & Hinnebusch, 1994). Based at tlit was
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postulated that stable interactions between thmitation region of an uUORF and sites either
on the rRNA, tRNA or elsewhere in tli&CN4 mRNA prevent fast exit of the ribosome from
the termination region, increasing the probabilfigt ribosome dissociates from the mRNA
(Grant & Hinnebusch, 1994).

6.2. The influence of the sequences upstream of uUOR  F1 in the historical

perspective

For a while it seemed like the sequences surrognitie stop codons of uUORF1 and uORF4
could be the only determinants of their differebilides to permit reinitiation aGCN4 start
site. However, in 1995 (Gramt al.), it turned out that uUORF1 loses it ability to pop
reinitiation when inserted in the mRNA leader iaqg# of uUORF4, even when transferred part
of UORF1 included the critical 13 nucleotides dotngem previously assigned to be
important for reinitiation (Grant & Hinnebusch, )9 Furthermore, deletion of sequences
located more than 20 nucleotides upstream of thRRiOstart site resulted in its conversion
into an inhibitory element and blocked efficieninrgation downstream (Graret al., 1995).
Interestingly, the 5' leader afORF1 of theGCN4 mRNA is also unusually long (~200
nucleotides) when compared to other yeast mRNA€eaavith an average length of 52
nucleotides (Cigan & Donahue, 1987). Thereforewdés anticipated that in contrast to
sequences downstream of UORFs 1 and 4, sequensggamp of UORF1 might enhance
reinitiation by a more active process, such ashieyfacilitation of rebinding of certain factors
which could be necessary to resume scanning fanexit reinitiation downstream (Grast

al., 1995). It took over ten years to resolve thiszbeisee below).

6.3. elF3 as the key reinitiation-supporting factor

The key finding concerning the role of 5' sequerafasORFL1 in translation reinitiation came
when the largest elF3 subunit, a/TIF32, was shampldy a critical role for the efficiency of
this process. Previously, the N-terminal domain @YTof a/TIF32 was demonstrated to
interact with the C-terminal domain (CTD) of theAfibosomal protein RPSOA situated near
the mRNA exit channel (Valasek al., 2003). Strikingly, a partial deletion of the RS0
binding domain of a/TIF32 not only decreased bigdifi elF3 and associated elFs to native
preinitiation complexin vivo but also greatly impaired the induction GCN4 mRNA
translation. Detailed analysis of this defect réegahat it resulted from an inability of 40S
subunits to resume scanning after uORF1 translatioth most importantly, implicated

the a/TIF32-NTD in establishment of a post-termoratnteraction with the sequences 5' of

21



UORFL. It is important to note that the NTD of &32 is ideally positioned (near the exit
channel) to contact MRNA sequences emerging framniRNA exit pore (Valasekt al.,
2003). Indeed, this interaction proved to critigadbntribute to efficient reinitiation (Szamecz
et al., 2008).

6.4. The generally accepted model of the molecular events preceding

efficient reinitiation after a short uUORF translati on

GCN4 mRNA provides the most detailed eukaryotic tramstareinitiation model, whose
current overview is described in Figure 5. (A, By®associates with scanning 48S PIC and
their connection is stabilized by elF1, elF1A, ektd TC. (C) After uAUG recognition and
60S subunit joining, elF3 (and possibly also elFd&sed on work in mammalian vitro
systems (see chapter 6.5.)) remains bound to tie séBunit. Since elF3 resides on the
solvent-exposed side of the 40S subunit, it dodsprevent the 60S subunit to join. Post-
initiation 40S-binding of elF3 is mediated by salerontacts between the head ribosomal
proteins and some elF3 sub-domains such as thaeeetthe a/TIF32-NTD and RPSOA. (D)
In the course of elongation, weakly bound elF3 st&8)S-bound for several elongation
cycles; however, the more time it takes to traeskatparticular uUORF, the higher is the
probability of elF3 dissociation. (E, F) After tilation of an ideally short uORF, some of
80S ribosomes terminating at its stop codon stithycelF3. (E, G) The specific sequences
upstream of UORF1 contact the a/TIF32-NTD to stabithe post-termination 40S on the
MRNA after 60S dissociation. Thus stabilized 40®usit probably recruits scanning-
promoting factors such as elF1 and elF1A and reswsoanning for reinitiation downstream.
(F, H) Lack of these specific sequences upstreamn@RF4 and thus an absence of the
a/TIF32-NTD — mRNA stimulatory interaction resuitscompletion of ribosomal recycling
by 80S ribosome and 40S release from the mRNA &R40
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implicated in translation

Till today, another one essential elF3 subunit, 85 was shown to directly promote
the reinitiation mechanism after uORF1 translatibime g/tif35-KLF mutation in the RRM of
the g/TIF35 subunit induced a strong Ggohenotype also owing to an inability of
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the post-termination 40S subunits to resume scgnmifter the first UORF translation
(Cuchaloveet al., 2010). However, detailed analysis revealed thagi TIF35-RRM probably

ensures efficient resumption of scanning by a dbfie mechanism than by that of
the a/TIF32-NTD described previously. It was shotnat the g/TIF35-RRM does not
cooperate with the 5'sequences of uORF1 and ohsiéawas hypothesized that
the g/TIF35-RRM may interact witeCN4 3' UTR (Cuchaloveet al. 2010). In any case,

a precise mechanism of g/TIF35 function in reitibia mechanism remains to be elucidated.

Interestingly, the reinitiation-supporting role efF3 was also demonstrated in other
organisms besides the ye&8sterevisiae . For example, , the conserved h subunit of el&8 w
shown to ensure efficient reinitiation after uOR&nslation inArabidopsis thaliana (Roy et
al., 2010). Also, it was proposed that the recruitnanelF3, and in particular its g subunit,
by thecauliflower mosaic virus transactivator TAV enabteanslation of polycistronic viral
MRNAs by reinitiation (Parkt al., 2001). Although budding yeast lacks elF3h, ¢hiesdings
show again that elF3 plays a pivotal role in rétibn events.

Besides elF3, other initiation factors were alslioated in promoting efficient
reinitiation in mammalian cells, namely elF4A an@&46. It was proposed that an efficient
reinitiation occurs only if the elF4 family of imation factors (either elF4F or just the central
domain of elF4G plus elF4A) have participated ia grimary initiation event at the uORF

start codon (Poyrgt al., 2004). However, the precise molecular mechanssamknown

7. Future perspectives

7.1. The secondary structure of mRNA preceding uORF 1 supports

efficient translation reinitiation

The most recent computational modeling data indidhiat the a/TIF32-NTD-interacting
MRNA sequences located 5' of uUORF1 most probabbgrpssively fold into a specific
secondary structure as they leave the mRNA ex# pbthe elongating ribosome (Munzarova
et al.,, 2011). It is assumed that establishment of a spgvtific fold of theseis-acting
sequences is critically required for making theiattion with a/TIF32 to support retention of
40S subunit on the mRNA. Importantly, a similara®tary structure was predicted to form
also upstream of yet another reinitiation-permissORF occuring in the 5' leader of
the yeastYAP1, the gene encoding a transcription factor impartarcell response to stress
(Vilela et al., 1998). The fact both these uUORFs operate in fhid-32-dependent manner
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(Munzarovaet al., 2011) may suggest that the underlying mechanitmeiaitiation after

short uUORFs translation is conserved, at leastastg.

7.2. Does the 3' UTR of GCN4 contribute to the intrigue regulation of its

expression?

In 1980s it was shown that insertion of tBEN4 mMRNA 5' leader containing all four uUORFs
into the GAL1-lacZ fusion construct conferred th@CN4-like translational control upon
the GAL1-lacZ transcript (Muelleret al., 1987). It is surprising that whereas the absaice
the sequences upstream of UORFL1 led to a substaettiaction in theGCN4-lacZ expression
(by approximately 8-fold) (Grangt al., 1995), deletion of the very similar region in
the recombinanGAL1-lacZ construct containingCN4 mRNA 5' leader resulted in less than
2-fold reduction (Muelleret al., 1987). This discrepancy has never been resol8atte
besides the coding region, the recombin@AL1-lacZ construct differs from the original
GCN4-lacZ construct also in the 3' UTR following the codiregion, it is conceivable that
3' UTR also contributes to the overall translatlantrol of GCN4 expression. Its inhibitory
effect, however, is negligible when sequences apstrof UORF1 are present and interact
with the a/TIF32-NTD. Thus, the mechanism by whitle 3' UTR of GCN4 mRNA
contributes to the overall regulation®ECN4 translational control is still unknown and should

be subjected to future investigations.

8. Conclusion

Undoubtedly, there has been huge progress in umgesleveral details of the reinitiation
mechanism in the recent years. Above all, the petisable role of elF3 in translational
control mechanism ofGCN4 expression, and perhaps some other genes as welk
confirmed the complexity and multifunctionality diis initiation factor, whose roles thus
extend beyond canonical translation initiation.tiéatarly intriguing observations are those
indicating that elF3 remains transiently boundh® ¢longating 80S ribosome in some sort of
a metastable state as it gradually drops off dusngcessive elongation cycles. If this
hypothesis that is mostly based on genetic datiwes further biochemical support by future
experiments, the currently favored textbook modetlaring that all initiation factors
dissociate from the 40S ribosomal subunit upon sitljoining will require a substantial
revision to take this fact into account.

This special ability of elF3 proved to play a @di role for the reinitiation mechanism

by the virtue of its contact with the 5' sequenoéREIl-permissive uORFs that stabilizes
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the 40S subunit on mMRNA and allows it to resumensicey. But here again, most of
the supporting evidence is based on genetic egEstaperiments obtained in yeasts and thus
a clear biochemical proof of the direct contactwesstn the NTD of a/TIF32 and uORF’s
5' sequences is needed to strengthen the curretglmo

Even though several hypotheses picturing the mtdecucontribution of
the 3' sequences of UORF1 GECN4 to efficient reinitiation exist, the true mechanism
unknown and will require other analyses. Similathe actual role of the 3' UTR of tk&CN4
MRNA is also a completely unexplored field thatidlddoe studied in the future.

Finally, as it appears now, the most of the fegwe@ncerning reinitiation mechanism
are highly conserved from lower to higher eukargofEhe outstanding example supporting
this claim is mammaliaATF4, a transcription factor representing a functidmainologue of
yeastGCN4. ATF4 expression involves participation of two diffedgracting uORFs located
in 5' leader oATF4 mMRNA, and its regulation strongly resemb&SN4 translational control
mechanisn{Vattem & Wek, 2004).

Thus, a very exciting theme to explore in the fetwill be the focus on biochemical

and genetic analysis of the molecular mechanisreioitiation in higher eukaryotes.
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