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Abstract

In eukaryotic translation, eukaryotic initiation factors (elFs) are at least as important as the
ribosome itself. Some of these factors play different roles throughout the entire process to
ensure proper assembly of the preinitiation complex on mRNA, accurate selection of the
initiation codon, errorless production of the encoded polypeptide and its proper termination.
Perhaps, the most important factor integrating signals from others and coordinating their
functions on the ribosome is elF3. In Saccharomyces cerevisiae, elF3 is formed by five
subunits. All these subunits contain structural motifs responsible for contact with ribosomal
proteins and RNAs. In addition to these highly structured parts, the rest of elF3 is unstructured
and very flexible. Therefore, despite the recent progress thanks to the use of a cryo-electron
microscopy, a precise structure and position of elF3 on the 40S ribosomal subunit are still not
known. Also, the presence of elF3 on 80S during early elongation and its role in reinitiation
and readthrough are not fully understood.

In order to crack mysteries of yeast elF3, we used x-ray crystallography, chemical cross-
linking coupled to mass spectrometry, and various biochemical and genetic assays.

We demonstrated that eIF3 is very compactly packed when free in solution. This finding
is in sharp contrast with the situation when elF3 interacts with the 40S and embrace it almost
completely from both the mRNA entry and exit channels. Considering that elF3 association
with its major interacting partners, namely elF1 and elF5, do not seem to dramatically change
the globular shape of ribosome-free elF3, we conclude that it is most probably the initial contact
of elF3 with the 408 that triggers its dramatic structural rearrangement. Importantly, using the
same approach we determined the so far unknown binding site of elF5 on 40S.

With the help of the newly developed pull-down assay, we also demonstrated that elF3
stays bound on ribosomes elongating and terminating on short upstream open reading frames
and promotes reinitiation in both yeast and mammals. On top of that, we designed and verified
an in vivo assay for the comprehensive study of translational readthrough.

This thesis thus markedly extends the knowledge of yeast elF3, its geometry, structural
rearrangements provoked by its different binding partners, and its roles in reinitiation and

readthrough.
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z téchto faktoru je elF3, ktery integruje signaly od ostatnich faktorti a koordinuje jejich funkci
na ribosomu. V ptipadé Saccharomyces cerevisiae je elF3 tvoten péti podjednotkami. VSechny
tyto podjednotky obsahuji strukturni motivy zodpovédné za kontakt s ribosomalnimi proteiny
a molekulami RNA. Krom¢ téchto vysoce strukturovanych ¢asti je zbytek elF3 nestrukturovany
a velmi flexibilni. Z toho diivodu nejsou i pies soucasny pokrok v kryoelektronové mikroskopii
doposud zndmy ani pfesna struktura elF3, ani jeho pfesna poloha na ribosomalni podjednotce
40S. Rovnéz piitomnost elF3 na ribosomu 80S béhem casné elongace a role elF3 v reiniciaci
a proCitani stop kodonu nejsou zatim zcela prostudovany.

K rozlusténi téchto tajemstvi elF3 jsme pouzili rentgenovou krystalografii, chemické
zesiténi spojené s hmotnostni spektrometrii a rozlicné biochemické a genetické metody.

Nase prace ukazuje, ze je elF3 velmi kompaktné sbaleny, pokud se nachédzi volny
v roztoku. Toto zjisténi je v ostrém kontrastu se situaci, kdy se elF3 vaze na 40S a témét
kompletné ji objima od kanalu pro vstup mRNA az po kanal pro jeji vystup. Jelikoz vazba elF3
s jeho hlavnimi interakénimi partnery elF1 a elF5 zfejm¢ nema zasadni vliv na jeho globularni
tvar, usuzujeme, ze az kontakt s 40S spousti jeho dramatickou strukturni pfeménu. Za pouziti
stejného piistupu jsme téz blize urcili dosud nezndmé vazebné misto elF5 na 40S.

Rovnéz jsme popsali, ze elF3 zlistava navazan na ribosom béhem elongace a terminace
na kratkych otevienych ¢tecich rdmcich a podporuje naslednou reiniciaci shodné v kvasinkach
1 v sav¢ich bunkach.

Tato dizertacni prace tak vyrazné rozsifuje dosavadni znalost kvasinkového elF3, jeho
uspotadani, strukturnich zmén navozenych vazbou interak¢nich partnert a jeho roli v reiniciaci

a procitani stop kodonu.



1 Introduction

Gene expression is a fundamental process during which the genetic information encoded in
DNA is first transcribed into a messenger RNA and subsequently translated into a chain of
amino acids, giving rise to a new protein molecule. This basic flow of genetic information was
named as the central dogma of molecular biology by Francis Crick between years 1957 and
1958 and re-stated in 1970 (Crick, 1958, 1970). Since then, different ways of information
transfer were discovered thanks to studying viruses and chemical modifications of nucleic acids
and proteins (reviewed in Koonin, 2012).

Gene expression is regulated on multiple levels to limit energy wasting and ensure proper
functioning of an organism. Since translation machinery uses existing mRNAs, regulation on
translation level allows rapid changes in concentration of proteins.

Despite the accepted theory that history of life on Earth begun as RNA world, the vast
majority of functions in living cells are provided by proteins. Translation of the mRNA-encoded
information into a protein is a multistep process consisting of initiation, elongation, termination,
and ribosomal recycling as presented in Figure 1. Most of the regulation takes place during the
initiation phase making it the most critical step of the whole translation process (reviewed in
Hinnebusch, 2011; Aitken and Lorsch, 2012; Valasek, 2012; Dever et al., 2016). Translation
initiation in eukaryotes requires participation of numerous proteins and protein complexes
called eukaryotic initiation factors (elFs). At least a dozen of those elFs are required to assembly
elongation-competent 80S ribosomes. This is in sharp contrast to bacteria, where only three
main factors are necessary.

The main aim of my postgraduate study was to gain more information about the structure
of the protein complex elF3 from the budding yeast Saccharomyces cerevisiae. After several
attempts to obtain crystals suitable for x-ray crystallography have failed, I changed my approach
and employed chemical cross-linking coupled to advanced mass spectrometry (XL-MS). This
method gave me an exciting, yet limited understanding about the geometry of elF3 in its
different states. Besides that, together with my colleagues I collaborated on projects dealing
with roles of elF3 in reinitiation and stop codon readthrough. I provided them with my
knowledge of protein biology and structural bioinformatics. Nevertheless, this thesis is almost

exclusively focused on the yeast eIF3 structure and its role in translation initiation.
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(NMD) pathway, and programmed stop codon readthrough. The role of eIF3 at individual steps is highlighted.
For details, please see the main text.

Adapted from (Valasek et al., 2017).



1.1 Eukaryotic translation initiation

Translation cycle begins with initiation. During this step, mRNA is brought to the ribosome in
a way that assures the proper identification of the start of the coding sequence (reviewed in
Valéasek, 2012; Hinnebusch, 2017). This is ensured by the initiator methionyl-tRNA
(Met-tRNA;) whose CAU anticodon is complementary to the canonical initiation AUG codon.
Ternary complex (TC) consisting of Met-tRNA;, elF2, and GTP bound to the y subunit of elF2
(Erickson and Hannig, 1996) binds to 40S together with other elFs such as elF1, 1A, 3, and 5
(reviewed in Hinnebusch et al., 2007; Pestova et al., 2007). As a result of this step, the so-called
43S pre-initiation complex (PIC) is formed. Factors elF1, 1A, 3, and 5 subsequently prepare
40S for mRNA docking by opening the mRNA binding channel. Importantly, mRNA is loaded
to 40S pre-bound by elF4F, elF4B, and poly(A)-binding protein PABP1 (Mitchell et al., 2010)
with the help of elF3. The trimeric complex elF4F includes the scaffold protein elF4G, the
helicase elF4A, and elF4E binding the 5’ 7-methylguanosine cap of mRNA. Binding of the 43S
PIC to mRNA near its cap structure forms the 48S PIC. The 48S PIC subsequently starts to scan
the sequence of nucleotides downstream of the cap in order to find the initiation codon in
optimal context (Kozak, 1986). In order to ensure a smooth movement along the 5’ untranslated
region (UTR) up to the start codon recognition, mRNA secondary structures have to be
unwound. This task is performed by helicases such as elF4A or Ded1, and in higher eukaryotes
Dhx29 (Rogers et al., 1999; Iost et al., 1999; Pisareva et al., 2008). The AUG recognition causes
conformational changes in the PIC. As a result, hydrolysed GTP is released from elF2, 40S
mRNA binding channel is closed, and most of the initiation factors are ejected from the 48S
PIC (reviewed in Hinnebusch, 2014). GTP-bound elF5B mediates 60S joining (Pestova et al.,
2000) and subsequently dissociates together with eI[F1A producing an elongation-competent

80S ribosome (Fringer et al., 2007).

1.1.1 Comparison of translation initiation between S. cerevisiae and higher

eukaryotes

In general, translation initiation in S. cerevisiae is remarkably similar to translation initiation in
mammals. This fact was demonstrated many times by substituting mammalian elFs for their
yeast homologues and vice versa (Altmann et al., 1989; Jaramillo et al., 1990; Schwelberger et
al., 1993). However, there are still smaller or bigger sequential and/or structural differences
among these homologues caused by additional regulatory roles of elFs in higher eukaryotes.

This phenomenon will be demonstrated by the case of elF3 in chapter 1.2.
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A stable multifactor complex (MFC) comprising elF1, TC, elF3, and eIF5 is formed in
yeast in the absence of 40S both in vitro and in vivo stabilising the 43S PIC formation (Asano
et al., 2000; Valasek et al., 2002; Singh et al., 2004). The same multifactor complexes were
later described in plants and mammals as well (Dennis et al., 2009; Sokabe et al., 2012).

In mammalian in vitro reconstituted systems, purified 40S, elFs 1, 1A, and 3 were
sufficient to promote scanning on unstructured 5" UTRs and locate the initiation codon without
any requirement for ATP. In contrast, the presence of even weak secondary structures in
5" UTRs required RNA helicases (eIF4F) and ATP (Pestova and Kolupaeva, 2002). In yeast,
also elF5 is necessary for this minimal PIC translation initiation, at least in vivo (Yamamoto et

al., 2005; Cuchalova et al., 2010).

1.2 The elF3 complex

Translation initiation factor 3 is the largest and most complex of all elFs. In years after its
discovery in the 1970s, it was shown that elF3 is a multisubunit protein complex (Schreier and
Staehelin, 1973; Freienstein and Blobel, 1975; Benne and Hershey, 1976). In S. cerevisiae, elF3
is composed of five subunits: a/Tif32, b/Prtl, ¢/Nipl, 1/Tif34, and g/Tif35 (Figure 2A) (Asano
et al., 1998). All these subunits have orthologues in the more complex mammalian elF3, which
contains 12 subunits (elF3a-m; Figure 2B) (reviewed in Hinnebusch, 2006; Valasek, 2012). For
many years, the yeast j/Herl (Valasek et al., 1999) and its mammalian orthologue eIF3j (Block
et al., 1998) were considered as the sixth and thirteenth subunit of elF3, respectively.
Nonetheless, recent evidence strongly indicates that they rather represent elF3-associated
factors having mostly elF3-independent roles. Herl was proposed to have a more important
role in termination than in initiation (Beznoskova et al., 2013), and elF3j was found to block
mRNA binding to 40S by interacting with ribosomal decoding centre and eIlF1A (Fraser et al.,
2007), whereas elF3 is one of key factors promoting mRNA recruitment to the 43S PIC.
Thanks to the intensive research done mainly in budding yeast, elF3 has been
demonstrated to participate in nearly every step of translation initiation. Some domains of elF3
stimulate the TC and mRNA recruitment to the PIC and control the processivity of scanning
and the fidelity of the start codon selection (Valasek et al., 2002, 2004; Nielsen et al., 2004;
Jivotovskaya et al., 2006; ElAntak et al., 2010; Chiu et al., 2010; Cuchalova et al., 2010;
Herrmannova et al., 2012; Karaskova et al., 2012; Khoshnevis et al., 2014; Aitken et al., 2016;
Obayashi et al., 2017); elF3 also keeps both ribosomal subunits apart (Kolupaeva et al., 2005),

but, as we also recently demonstrated, stays bound to the 80S even during early elongation stage

11
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Figure 2: Schematic models depicting structural organization of the yeast and mammalian eIF3 complexes.
(A, B) In S. cerevisiae, the elF3 complex is formed by five subunits (A), whereas in mammals it consists of 12
subunits (B). These schematics illustrate both similarities as well as differences between budding yeast and
mammalian elF3. One of the main structural domains shared by several elF3 subunits — the PCI (for Proteasome,
COP9, Initiation factor 3) domain — is shown in bold in both panels. (B) The so-called octamer with its
anthropomorphic shape is highlighted in grey.

Adopted from (Zeman et al., 2019)

(Szamecz et al., 2008; Munzarova et al., 2011; Mohammad et al., 2017). In addition to these
roles in the general translation initiation mechanism, elF3 has roles in selective mRNA
translation initiation as well. Distinct groups of human mRNAs were found to bind elF3 with
their 5' UTR specific structural elements. These mRNAs encoding proteins involved in the cell
cycle, differentiation or apoptosis are thus involved in elF3-specific, cap-dependent activation
or inhibition of translation initiation (Lee et al., 2015). In two later studies, elF3d itself and
elF31 as part of the entire e[F3 complex were shown to be able to bind directly to 5' cap (Kumar
et al., 2016; Lee et al., 2016). These results suggest that eIF3 could interact with numerous
mRNAs coding for regulatory factors in an unusual way involving 5' cap and/or 5" UTR
secondary structures and mediates their loading to the 43S PIC. In fact, such a case has been
reported recently and authors estimate that this alternate form of cap-dependent translation
initiation mediated by elF3d is responsible for translation of up to 20% of cellular mRNAs (de
la Parra et al., 2018). Another special type of translation initiation is an internal ribosomal entry
site (IRES)-mediated initiation. In case of the cellular mRNA encoding the X-linked inhibitor
of apoptosis (XIAP), binding of elF3 together with PABP was shown to help the 40S

12



recruitment to XIAP IRES and promote IRES-mediated translation (Thakor et al., 2017). In the
case of many viral IRESs, it was believed for a long time that eIF3 also promotes IRES-
mediated translation (Otto and Puglisi, 2004). However, using cryo-EM, it was shown that
Hepatitis C virus (HCV)-like IRESs actually displace eIF3 from its regular binding site on 40S
and that elF3 may in fact serve as an IRES-inhibitor (Hashem et al., 2013b), at least in this case.
Due to the great diversity of so far identified IRESs, it is therefore conceivable that eIF3 have
stimulatory effect on some classes but inhibitory on others.

In contrast with its given name, eIF3 was shown to participate not only in initiation but
in virtually every step of translation (Figure 1) including termination and ribosomal recycling
(Pisarev et al., 2007, 2010), stop codon readthrough (Beznoskova et al., 2013), reinitiation (Park
et al., 2001; Szamecz et al., 2008; Roy et al., 2010; Cuchalova et al., 2010; Munzarova et al.,
2011; Mohammad et al., 2017), or nonsense-mediated decay (NMD) pathway (Morris et al.,
2007; Isken et al., 2008; Choe et al., 2012; Flury et al., 2014). Three studies shedding light on
roles of eIF3 in reinitiation and stop codon readthrough are part of this thesis.

This thesis is mainly focused on yeast elF3, therefore only subunits of yeast elF3 are
described in details. Nevertheless, basic structural information about mammalian eIF3 is

provided as well.

1.2.1 The a/Tif32 subunit

The largest subunit of yeast elF3 is a/Tif32 with molecular weight of 110.3 kDa. Under the
name Rpgl, it was originally characterized as a factor required for passage through the G1
phase of the cell cycle (Kovarik et al., 1998).

The N-terminal domain (NTD; amino acids 1-321) is formed by several alpha helices
and is followed by the so-called PCI domain (amino acids 321-496) (Khoshnevis et al., 2014).
The PCI domain is a structural motif shared by proteasome, COP9 signalosome, and elF3. In
all these protein complexes, PCI domains serve as a scaffold enablingbinding to each other and
to other proteins (Aravind and Ponting, 1998; Hofmann and Bucher, 1998; Scheel and
Hofmann, 2005). The N-terminal part of a/Tif32 binds the C-terminal domain (CTD) of ¢/Nip1
and ribosomal protein uS2 (Valasek et al., 2002; Kouba et al., 2012a; Khoshnevis et al., 2012).
Truncation of the first 200 amino acid residues of a/Tif32 resulted in a reduction of MFC
binding to 40S in vivo suggesting a very important role of a/Tif32-NTD in stabilizing the elF3-
40S complex (Valasek et al., 2003). Later, it was proposed that the N-terminal part of a/Tif32

bound to uS2 forms an extension of the mRNA exit channel since uS2 is located near this
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channel (Munzarova et al., 2011). This is in agreement with the fact that both yeast a/Tif32 and
mammalian elF3a interact with mRNAs emerging from the mRNA exit channel (Pisarev et al.,
2008; Aitken et al., 2016), which is in specific cases highly important for a gene-specific
regulatory mechanism called reinitiation (REI) (Szamecz et al., 2008; Munzarova et al., 2011).

The C-terminal part of a/Tif32 contains the Hcrl-like domain (HLD, amino acids 625-
869) that shares 25 % sequence identity with Herl. HLD interacts with Herl, b/Prtl, and elF1
(Valasek et al., 2001, 2002). The very C-terminal end of a/Tif32 interacts with elF2 (Valasek
et al., 2002), ribosomal proteins uS3 and uS5 (Chiu et al., 2010), and helices 16-18 of the 18S
rRNA (Valasek et al., 2003). These ribosomal proteins and helices form the mRNA entry
channel, so it is not surprising that the a/Tif32-CTD was shown to promote mRNA recruitment,

scanning, and influence the start codon selection (Chiu et al., 2010).

1.2.2 The b/Pri1 subunit

The third largest subunit of yeast elF3 is b/Prtl, an 88.1 kDa protein. The DNA fragment
containing PRT] was isolated and cloned as a first gene required for the initiation of protein
biosynthesis in Saccharomyces cerevisiae by complementation of the temperature-sensitive
prtl-1 mutation (Keierleber et al., 1986).

The N-terminal part of b/Prt1 contains an RNA recognition motif (RRM, amino acids 71-
166) that mediates interactions with a/Tif32-HLD, Herl-NTD, and 40S. The precise binding
site on 408 is not known yet (Valasek et al., 2001; ElAntak et al., 2007, 2010; Chiu et al., 2010).

The central part of b/Prtl was originally believed to be composed of fourteen WD40
repeats folded into two seven-bladed B-propellers (Marintchev and Wagner, 2004) until a
crystal structure from Chaetomium thermophilum revealed that this propeller is unusually
formed by nine WD40 repeats and this unique architecture is common to all eIF3b orthologues
(Liu et al., 2014). Via its B-propeller domain, p/Prtl binds to ¢/Nipl, ribosomal protein uS4,
and the 18S rRNA helix h16 (Valasek et al., 2002; Liu et al., 2014).

The C-terminal part folds into a long a-helix (amino acids 691-729) with unstructured C-
terminal tail and is required for binding of i/Tif34 and g/Tif35 (Asano et al., 1998; Herrmannova
et al., 2012). Mutation of residues mediating the interaction with 1/Tif34 eliminates also g/Tif35
from MFC in vivo and leads to severe leaky scanning phenotype caused by the presence of

aberrant PICs (Herrmannova et al., 2012).
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1.2.3 The ¢/Nip1 subunit

The second largest subunit of yeast elF3 is ¢/Nipl with molecular weight of 93.2 kDa. Since it
was discovered during a study screening for temperature-sensitive mutants manifesting defects
in nuclear import, it was named Nipl which stands for Nuclear import 1 (Gu et al., 1992).

The N-terminal part of ¢/Nipl contains binding sites for eIF5 and elF1 and thus regulates
AUG recognition and serves as a nucleation centre for MFC assembly and 43S PIC formation
(Greenberg et al., 1998; Asano et al., 2000; Valasek et al., 2002, 2003; Kouba et al., 2012b;
Karaskova et al., 2012; Obayashi et al., 2017). Mutations in the ¢/Nipl-NTD impairing its
contact with elF1 are causing the so-called Sui” phenotype (Sui, suppressor of initiation codon
mutation) which allows selection of near-cognate codons instead of AUG as a start codon
(Valasek et al., 2004), whereas mutations impairing binding of elF5 lead to defects in TC
recruitment (Karaskova et al., 2012). The following part of ¢/Nip1 contains a binding site for
the PCI domain of a/Tif32 (Valasek et al., 2002, 2003).

The central part of ¢/Nip1 folds into several a-helices (amino acids 251-608) and contains
a binding site for b/Prt1 (Valasek et al., 2002; Khoshnevis et al., 2012).

Immediately after this helical region is located the C-terminal PCI domain (amino acids
608-783). However, deletion of this PCI domain does not influence the integrity of elF3
(Khoshnevis et al., 2012). The ¢/Nip1-PCI binds non-specifically to RNA and blades 1-3 of
ribosomal protein Rackl (Kouba et al., 2012b).

1.2.4 The i/Tif34 subunit

With the molecular weight of 38.7 kDa, 1/Tif34 is the second smallest subunit of yeast elF3. It
was identified as an important factor in translation initiation, cell cycle progression, and yeast
mating (Naranda et al., 1997; Verlhac et al., 1997). It adopts a canonical seven-bladed
B-propeller structure with a short C-terminal a-helix. Binding partners of i/Tif34 are b/Prtl via
blades 5 and 6 (Herrmannova et al., 2012) and g/Tif35-NTD via blades 1, 6, and 7 (Erzberger
et al., 2014). Mutation in blade 6 causes a slow scanning phenotype but has no effect on elF3

integrity (Cuchalova et al., 2010).

1.2.5 The g/Tif35 subunit

The smallest subunit of yeast elF3 is the 30.5 kDa protein g/Tif35.
The N-terminal third of g/Tif35 contains a zinc finger domain and is responsible for

interaction with i/Tif34 and b/Prtl (Asano et al., 1998). Otherwise weak binding of b/Prtl to
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g/Tif35 is stabilised by the presence of 1/Tif34 (Herrmannova et al., 2012; Khoshnevis et al.,
2012).

The C-terminal third folds into the RRM (amino acids 183-273) which non-specifically
binds both rRNA and mRNA, but was shown to be not essential (Hanachi et al., 1999).
The structure of human eIlF3g-RRM was originally solved by K. Tsuda et al. (unpublished data,
PDB accession code 2CQ0), and because there is a high sequence homology with yeast g/Tif35-
RRM, it can be assumed that they share a common structure (Cuchalova et al., 2010).

The interactions of g/Tif35 with ribosomal proteins uS3 and uS10 were described and
since are these proteins located near the ribosomal mRNA entry channel, this interactions are
associated with roles of g/Tif35 in promoting reinitiation and scanning through stable secondary

structures on mRNAs (Cuchalova et al., 2010; Aitken et al., 2016).

1.2.6 The loosely associated factor Her1

Herl is a 29.5 kDa protein originally isolated as a high copy suppressor of the temperature-
sensitive phenotype of the rpgi-1 allele of T/F32 (Valasek et al., 1999).

The N-terminal part of Herl interacts with the RRM domain of b/Prtl and its deletion
causes a leaky scanning phenotype which can be suppressed by eIF1A overexpression (El1Antak
et al., 2010). The C-terminal part of Hcrl interacts with ribosomal proteins uS5 and uS12
located in the vicinity of the mRNA entry channel and with a/Tif32. Both parts of Herl are
required for binding to the a/Tif32-HLD (Chiu et al., 2010).

As already mentioned, Hcrl is not considered as a subunit of eIF3 anymore because of
its different roles as a separate factor, especially in translation termination. It binds to Rlil, a
protein critically promoting translation termination and ribosomal recycling (Khoshnevis et al.,
2010; Barthelme et al., 2011; Shoemaker and Green, 2011). In our laboratory, it was shown that
deletion of HCRI increased termination codon read-through which was suppressible by
overexpression of RLII. Also, RLII fully suppressed the slow growth phenotype of the hcrl A
strains. Therefore, it was proposed that a defect in translation termination, and not initiation, is
the major contributor to the slow growth phenotype of 4crl deletion strains (Beznoskova et al.,

2013).
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1.3 Structure of free elF3

Despite the fact that eIF3 was discovered many years ago, its structure was shrouded in mystery
for a long time and not even today is fully known. Originally, contacts among individual
subunits of yeast elF3 were very thoroughly studied using pull-down assays, analytical
size-exclusion chromatography (SEC), and in vivo mutations, while methods like nuclear
magnetic resonance (NMR) spectroscopy and x-ray crystallography were applied later (Asano
et al., 1998, 2000; Phan et al., 2001; Valasek et al., 2001, 2002, 2003; ElAntak et al., 2010;
Herrmannova et al., 2012; Kouba et al., 2012b; Khoshnevis et al., 2014). The overall geometry

of yeast elF3 was described very

well, but structures of only
elF2 (TC) individual domains were solved
(Figures 3 and 4C), in many cases
just thanks to their homology with
already resolved mammalian
counterparts. Otherwise, there

were no successful attempts to

NN crystalize neither yeast nor

Khinpmd mammalian eIF3 and only low-
‘“ d?

A resolution single particle electron

microscopy (EM) analyses of
Figure 3: A 3D model of eIF3 and its associated elIFs in

the multifactor complex (MFC) negatively stained samples were
A schematic model of MFC originally published by Valasek available (Figure 4A, B) (Behlke
et al. (2002) supplemented with real protein structures of )

individual domains. et al., 1986; Khoshnevis et al.,
ntd, N-terminal domain; ctd, C-terminal domain; hld, HCR1- 201 2). The causes of this failures

like domain; rrm, RNA recognition motif; pci, PCI domain; )
were ascribed to the great

flexibility of eIF3 which is needed

TC, ternary complex; wd40, B-propeller domain.

for its rearrangement in different roles and situations throughout the translation cycle. This
flexibility is mostly provided by unstructured parts of individual subunits and rearrangement of
the whole complex. Hence, the original purpose of my project was to overcome these issues
using different methods and modified complexes in order to shed more light on the structure of
free yeast elF3.

The assembly of yeast elF3 as well as more complex elF3 of mammals and Neurospora

crassa most likely starts with the creation of the elF3 nucleation core formed by elF3a and
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elF3b subunits. They interact with each other via the N-terminal RRM of elF3b and C-terminal
spectrin domain (HLD in yeast) of elF3a (Valasek et al., 2001, 2002; Khoshnevis et al., 2012;
Dong et al., 2013). The very C-terminal part of eIF3b then binds elF3g and eIF3i. In yeast, their
mutual interactions fortify the so-called elF3b-g-i module (Asano et al., 1998). In the case of
mammalian elF3, the spectrin domain of elF3a plays a similar role in stabilizing the elF3b-i
interaction (Dong et al., 2013). In yeast, N-terminal PCI domain of a/Tif32 and C-terminal
domain of b/Prtl bind c¢/Nipl to complete the whole protein complex assembly (Figure 2A)
(Phan et al., 2001; Valasek et al., 2002; Khoshnevis et al., 2014). In mammals and other higher
eukaryotes, six subunits containing the PCI domain (a, c, e, k, I, m) and two subunits containing
the MPN (Mpr1-Padl N-terminal) domain (f, h) bind together in a horseshoe shape to form the
so-called octamer (Figure 2B). In vivo, the formation of the eIF3a-b nucleation core is probably
a prerequisite for the human octamer assembly (Wagner et al., 2016). Based on the research of
our group, it seems that the formation of the yeast-like core (YLC) consisting of elF3a-b-g-i
subcomplex precedes the nucleation of the octamer as YLC was also shown to exist free in the

cytoplasm of human cells (Wagner et al., 2014, 2016).
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Figure 4: Structural information about free eIF3 complexes

(A) Single particle EM analysis of negatively stained native (upper row) and in vitro reconstituted (lower row)
elF3 complexes.

(B) Electron micrographs of negatively stained glutaraldehyde-fixed elF3 from rat liver.

(C) Yeast elF3 interaction map. Subcomplexes that are stable according to the SEC analysis are depicted by dashed
lines. The interaction of ¢/Nip1 with b/Prt1-i/Tif34-g/Tif35 subcomplex is represented by a solid line around this
subcomplex. Binding of Nip137%-*70to Prt1¢™ was observed by Valasek et al. (2002), while the binding of Tif35¢™P
to Prt1¢™P was concluded from indirect observations. Therefore, hese two interactions are represented by the grey
dashed lines.

Adapted from (Behlke et al., 1986 (B); Khoshnevis et al., 2012 (A, C))
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1.4 Structure of elF3 bound on 40S

Shortly after its discovery, mammalian eIF3 was shown to bind to the platform of 40S
(Figure 5) (Emanuilov et al., 1978). The first 3D reconstruction at the resolution of 48 A
confirmed that eIF3 binds to the solvent-exposed side of the 40S platform, but also showed that
it reaches the 40S intersubunit side as well (Srivastava et al., 1992). It took more than 20 years
to obtain structures of mammalian 43S PIC in a resolution high enough to predict the position
of the YLC subunits (Hashem et al., 2013a)

and to even assign densities to the individual

subunits (Des Georges et al., 2015). Thanks ’9

to these and other structural and biochemical ‘

studies, nowadays it is already well 0° 45° 90°

established that mammalian elF3 body binds Figure 5: First model of the mammalian eIF3-

40S complex
Schematic representation of the elF3-40S
some of its domains onto the ribosomal complex isolated from rabbit reticulocytes based

on electron microscopy images of negatively

to the 40S solvent-exposed side and projects

intersubunit side. Subunits elF3a and elF3c stained samples.
contact ribosomal proteins eS1 and eS26, Adapted from (Emanuilov et al., 1978)

and uS15 and eS27, respectively, occurring

near the mRNA exit channel. Near the mRNA entry channel, electron densities corresponding
to the elF3b-1 module were observed in contact with uS4 (Hashem et al., 2013a; Erzberger et
al., 2014; Des Georges et al., 2015). In comparison with the octamer anchoring eIF3 on 40S,
the elF3b-g-1 module is rather mobile thanks to the C-terminal part of elF3a which serves as a
mechanical arm.

The integrative modelling of the yeast 40S-elF1-elF3 complex stabilised by cross-linking
and the cryo-EM structure of also cross-linked yeast 40S-elF1-elF1A-elF3-elF3j complex
showed that yeast elF3 is embracing 40S in the same manner as the mammalian eIF3 does
(Figure 6A-C) (Erzberger et al., 2014; Aylett et al., 2015). These results were confirmed by the
structure of the uncross-linked partial yeast 48S PIC (Figure 6D) (Llacer et al., 2015). The
elF3a-elF3c PCI heterodimer sits near the mRNA exit channel having the anchoring function.
This structural information is in agreement with the already above mentioned biochemical
experiments in yeast showing that eI[F3a-NTD interacts with the ribosomal protein uS2 which
is part of the mRNA exit channel (Valasek et al., 2003; Kouba et al., 2012a). The NTD of elF3a
also contacts specific mRNA elements that promote translation reinitiation and are located near

the mRNA exit channel (Szamecz et al., 2008; Munzarova et al., 2011; Mohammad et al., 2017).
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The elF3b-i subcomplex represented by the RRM and both B-propellers was shown to be
attached to the elF3a-CTD with the elF3g-NTD being sandwiched between the elF3i
B-propeller and the 40S body (Erzberger et al., 2014; Aylett et al., 2015). This position is in
accord with a previous study identifying contacts between yeast g/Tif35 and uS3 and uS10 near
or at the mRNA entry channel (Cuchalova et al., 2010). Identically to the mammalian elF3
complex, this position of the elF3b-g-i module is allowed by the flexible eIF3a-CTD. Contacts
between the elF3a-CTD and uSS5, uS3, and helices 16-18 of 18S rRNA were mapped before
already (Valasek et al., 2003; Chiu et al., 2010). It was also demonstrated that in this
conformation, the elF3b-g-i module extends the mRNA entry channel, interacts with incoming
mRNA, and module the rate and processivity of scanning (Nielsen et al., 2004; Nielsen and
Valéasek, 2006; ElAntak et al., 2010; Chiu et al., 2010; Cuchalova et al., 2010). The important
role of elF3 extending both mRNA entry and exit channels was shown in a biophysical study.
Alterations to the a/Tif32-CTD and the elF3b-g-i module significantly slowed mRNA
recruitment, and mutations in the elF3b-g-i module destabilised binding of TC to the PIC.
Alterations to the a/Tif32-NTD destabilised mRNA interactions with the PIC at the exit channel
(Aitken et al., 2016).

The elF3c-NTD was shown to mediate interactions with elF1 and elF5 in yeast (Phan et
al., 1998; Asano et al., 2000; Valasek et al., 2004; Karaskova et al., 2012) and proposed to
coordinate AUG recognition via the contact with these elFs (Valasek et al., 2003). Interactions
between the elF3c-NTD and elF1, elF2, and elF5 within the PCI complex were proposed to
enable rapid scanning arrest at the AUG codon by clearing elF1 from the ribosomal P-site
(Valasek et al., 2004; Karaskova et al., 2012; Obayashi et al., 2017). This hypothesis seemed
possible since elF3 brings elF1 to the PIC in form of MFC (Asano et al., 2000), but could only
be true with the eIF3c-NTD stretching around the platform of 40S all the way to the 40S P-site.
This mechanism was confirmed just recently by a cryo-EM study of yeast partial 43S and 48S
PICs (Figure 7) (Llacer et al., 2018a, 2018b). During the formation of 43S PIC, TC binds in a
metastable conformation (Pour) to the 40S. The head of 40S moves upwards upon mRNA
recruitment and expands the mRNA entry channel. During this phase, the e[F3b-g-i module
bound to the elF3a-CTD relocates from its original position near the mRNA entry channel on
the solvent side to the subunit interface, connecting elF2y and elF1. Together with elF2f3
contacting elF1 and Met-tRNA;, this arrangement probably stabilises the open (scanning-
competent) conformation of the 48S PIC. After start codon recognition, the 40S head moves
downward to secure mRNA in position, anticodon stem-loop of tRNA buries deeper in the P-

site (P state) and the contact between elF2p, elF1, and Met-tRNA; is lost. The N-terminal tail
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(NTT) of elF1A stabilises the AUG:anticodon duplex, and the D1 domain of elF2a interacts
with mRNA in the E-site. In addition, Met-tRNA; push elF1 aside from its original binding site.
Finally, the base pairing of the start codon with Met-tRNA; tilts Met-tRNA; towards the 40S
body and weakens elF1 binding to 40S causing elF1 dissociation. Consequently, the elF3b-g-i
module was shown to relocate back to the solvent side of 40S and the elF5-NTD binds at the
side originally occupied by elF1. Loop-1 and loop-2 residues of the eIF5-NTD then interact
with the AUG:anticodon duplex and stabilise the conformation of Met-tRNA,.

Moreover, mammalian elF3 was proposed to interact also with e[F1A, elF4B, and eIlF4F
via two binding sites on eIF4G (Méthot et al., 1996; Querol-Audi et al., 2013; Villaetal., 2013).
This clearly shows how important elF3 is during translation initiation and that its flexibility is

essential to fulfil all these tasks.
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Figure 6: Models and cryo-EM structures of eIF3 bound on 40S

(A, B) Models of 40S-cIF1-elF3 complexes in yeast (A) and mammals (B) based on cross-links and known
structures.

(C) Structure of the budding yeast 40S-elF1-eIF1A-elF3-elF3j complex viewed from the solvent side.

(D) The partial yeast 48S PIC in a closed state viewed from the beak side (left) and the intersubunit side (right),
respectively.

Adapted from (Erzberger et al., 2014 (A,B); Aylett et al., 2015 (C); Llacer et al., 2015 (D))
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p48S-closed

p48S-5N

Figure 7: Schematic model of major conformational changes during initiation

(A) Formation of the 43S PIC (408, elF1, eIF1A, TC, and elF3).

(B) Loading of mRNA, upward movement of the 40S head (black arrows), reposition of the elF3b-g-i module
connected to the e[F3-CTD to the subunit-interface (pink arrow).

(C) Head movement after start codon recognition, displacement of elF1 (black and blue arrows, respectively).
(D) Base pairing of Met-tRNA; with the start codon tilts Met-tRNA; toward the 40S body (green arrow), relocation
of the elF3b-g-i module back to the solvent side of 40S (pink arrow), the eI[F5-NTD binds at the site originally
occupied by elF1 (light cyan arrow).

NTT — N-terminal tail. For details, please see the main text.

Adapted from (Llacer et al., 2018b)
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2 Aims of the study

The ultimate goal of my study was to solve the structure of yeast elF3 and its position on 40S.

To achieve this challenging task, I deployed different methods and optimised them to provide

better results. In addition, I collaborated with my colleagues in order to shed more light on

different roles of elF3 besides initiation.

In particular, I aimed to:

A. modify purification protocol of elF3 subunits and in vitro assembly of yeast elF3 to
produce diffractable crystals of eIF3 alone as well as bound on 80S,

B. optimize chemical cross-linking and preparation of samples for mass spectrometry in order
to obtain structural data of free elF3,

C. describe more precisely binding sites of yeast e[F3 on 408,

D. explore the role of elF1 and elF5 in the structural rearrangement of yeast elF3 preceding
its binding to 408,
determine the degree of elF3 persistence on 80S during early elongation phase, and

F. elucidate the role of elF3 in reinitiation and the effect of elF3 and tRNAs in stop codon

readthrough.
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3 Materials and methods

DNA sequences encoding yeast proteins were cloned into vectors and expressed in Escherichia
coli strains. Studies on yeast were performed using different laboratory strains of

Saccharomyces cerevisiae.

3.1 List of methods

Protein purification (immobilized metal affinity chromatography, affinity chromatography,
size exclusion chromatography)

Yeast and bacteria cultivation, transformation
Molecular cloning and DNA modifications
Ribosome purification

Chemical cross-linking of protein complexes
Mass spectrometry data analysis

3D modelling

Polyacrylamide gel electrophoresis

Western blot and dot blot analysis
Electrophoretic mobility shift assay

Sucrose gradient and sucrose cushion sedimentation
Pull-down assay

In-vitro transcription and translation

Structural bioinformatics and sequence analysis
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Myrte Jansen, Mahabub Pasha Mohammad, Petr Novak, Leos Shivaya Valasek

Binding of elF3 in complex with elF5 and elF1 to the 40S ribosomal subunit is
accompanied by dramatic structural changes

Nucleic Acids Research 2019

doi: 10.1093/nar/gkz570

Contribution of the author: 80%; I purified all molecules, prepared samples for MS analysis,
analysed MS data, and created 3D models.

Petra Beznoskova, Zuzana Pavlikova, Jakub Zeman, Colin Aitken, LeoS§ Valasek

Yeast applied readthrough inducing system (YARIS): An in vivo assay for the
comprehensive study of translational readthrough

Nucleic Acids Research 2019

doi: 10.1093/nar/gkz346

Contribution of the author: 20%; I was involved in experimental design and bioinformatics
analysis of ribosomal structures and tRNA sequences.

Mahabub Pasha Mohammad, Vanda Munzarova Pondélickova, Jakub Zeman, Stanislava
GuniSova, Leos Shivaya Valasek

In vivo evidence that elF3 stays bound to ribosomes elongating and terminating on short
upstream ORFs to promote reinitiation

Nucleic Acids Research 2017; 45 (5): 2658 2674.

doi: 10.1093/nar/gkx049

Contribution of the author: 15%; I contributed with sucrose cushion centrifugation and
electrophoretic mobility shift assay experiments conducted as independent support for the
results obtained by the newly developed and herein published pull-down assay.

Leos Shivaya ValaSek, Jakub Zeman, Susan Wagner, Petra Beznoskové, Zuzana Pavlikova,
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Stanislava GuniSova

Embraced by elF3: structural and functional insights into the roles of eIF3 across the
translation cycle
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doi: 10.1093/nar/gkx805

Contribution of the author: 20%; I contributed to the manuscript preparation, especially to
chapters about elF3 structure and assembly.
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Does elF3 promote reinitiation after translation of short upstream ORFs also in
mammalian cells?

RNA Biology 2017, 14:12, 1660-1667.

doi: 10.1080/15476286.2017.1353863

Contribution of the author: 7.5%; I contributed to the manuscript preparation.

I hereby confirm that the author of the thesis, Jakub Zeman, has substantially contributed to
the publications listed above. In the case of his first-author publication, he performed the
major part of experimental work and contributed to the manuscript preparation.

Mgr. Leos$ Shivaya Valasek, PhD
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4.1 Publication |

Jakub Zeman, Yuzuru Itoh, Zdenék Kukacka, Michal Rostlek, Daniel Kavan, Tomas Kouba,
Myrte Jansen, Mahabub Pasha Mohammad, Petr Novak, Leos Shivaya Valasek

Binding of eIF3 in complex with elF5 and elF1 to the 40S ribosomal subunit is
accompanied by dramatic structural changes

In this study, we revealed an overall geometry of free yeast elF3 and its structural changes
during binding to 40S. To overcome known problems with forming crystals, we decided to use
chemical cross-linking coupled to mass spectrometry. Using different cross-linkers, we were
able to obtain information about distances between different parts of the elF3 complex. We
used these restraints to model free yeast eIF3. Applying the same methodology, we described
the shape of elF3 in complex with its binding partners, elF1 and elF5, and 40S.

As opposed to the compactly packed elF3 when free in solution, elF3 bound on 40S is
dramatically rearranged and embraces almost the whole 40S. These results are in agreement
with recently published structures of partial 48S PIC obtained by cryo-EM. In order to
determine the involvement of other eIFs in triggering structural changes of elF3, we applied the
cross-linking approach to the partial MFC containing elF3, elF1, and elF5. Our data indicate
that eIF3 in this partial MFC is even more compactly packed suggesting that the contact with
40S is most probably coercing elF3 to reorganization.

We also tried to exploit our methodology for determining the binding of eIF5 on 40S
since the exact position of this factor was not fully mapped yet. Our results are in agreement
with predicted binding sites of both elF5 domains, but in addition support the prevailing idea

of elF5 being very flexible and contacting different ribosomal proteins.
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4.2 Publication Il

Petra Beznoskova, Zuzana Pavlikova, Jakub Zeman, Colin Aitken, Leo§ Valasek

Yeast applied readthrough inducing system (YARIS): an in vivo assay for the
comprehensive study of translational readthrough

Based on observations of premature termination codons causing a plethora of human diseases,
translation readthrough has emerged as a potential new therapeutic target. We identified and
described a defined group of yeast tRNAs that, when overexpressed, induced translation
readthrough in a stop codon tetranucleotide-specific manner. We refer to these tRNAs as
readthrough-inducing tRNAs (rti-tRNAs). Rti-tRNAs are the keystones of herein established
yeast applied readthrough inducing system (YARIS), a comprehensive reporter-based assay
enabling simultaneous detection of readthrough levels at all twelve stop-codon tetranucleotides
as a function of individual rti-tRNAs.

We proved the applicability of YARIS for the systematic study of translation readthrough
by employing it for the interrogation of the effects of natural modifications of rti-tRNA, as well
as various readthrough-inducing drugs (RTIDs). We determined how increased levels of
specific rti-tRNAs interact with RTIDs. While some rti-tRNAs are relatively insensitive to
RTIDs, others can be specifically enhanced by RTIDs and their readthrough promoting ability
increased several fold. These specific effects may be promising for custom-tailored treatments
targeted at inducing readthrough of specific premature termination codons. This analysis
identified a variety of genetic interactions demonstrating the power of YARIS to characterize

existing and identify novel RTIDs.
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4.3 Publication 1lI

Mahabub Pasha Mohammad, Vanda Munzarova Pondé¢lickova, Jakub Zeman, Stanislava
GuniSova, Leos Shivaya Valasek

In vivo evidence that elF3 stays bound to ribosomes elongating and terminating on short
upstream ORFs to promote reinitiation

Some uORFs are able to prevent recycling of the post-termination 40S in order to resume
scanning and reinitiate downstream. It was shown that the time needed to translate an uORF is
more critical than its length. This led to a hypothesis that some initiation factors needed for
reinitiation are preserved on the 80S ribosome during early elongation. Here, we demonstrated
that one of these factors is elF3.

We developed a novel in vivo pull-down assay utilizing formaldehyde RNA-protein
crosslinking, specific RNase H cleavage, immobilized metal affinity chromatography resin, and
RT-gPCR. As a model, we used the yeast GCN4 mRNA containing four short uORFs that is a
textbook example of mRNA regulated by reinitiation. eIlF3 but not elF2 preferentially
associated with RNA segments encompassing two GCN4 reinitiation permissive uORFs
(uORF1 and uORF2), containing cis-acting 5’ reinitiation-promoting elements (RPEs). We
showed that the preferred association of elF3 with these uORFs is dependent on intact RPEs
and the a/Tif32 subunit and sharply declines with the extended length of uORFs. Thus, our data
imply that elF3 travels with early elongating ribosomes and that the RPEs interact with eIF3 in
order to stabilize the mRNA-elF3-40S post-termination complex to stimulate efficient

reinitiation downstream.
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4.4 Publication IV

Leo$ Shivaya Valasek, Jakub Zeman, Susan Wagner, Petra Beznoskova, Zuzana Pavlikova,
Mahabub Pasha Mohammad, Vladislava Hronova, Anna Herrmannova, Y aser Hashem,
Stanislava GuniSova
Embraced by elF3: structural and functional insights into the roles of eIF3 across the
translation cycle
In this comprehensive review, we provided an up-to-date knowledge about elF3 from different
perspectives. First, we described the structure of yeast and mammalian elF3 complexes, their
assembly, and binding sites on 40S. Then, we discussed all known roles of elF3 in canonical
and non-canonical translation initiation, translation termination, ribosomal recycling, stop
codon readthrough, NMD pathway, and reinitiation. We also enlisted different human diseases
including numerous types of cancer that are associated with deregulation or loss of functionality
of elF3.

Taken all together, this review article is a very valuable source of information about elF3

from structural, functional, and medical points of view.
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4.5 Publication V

Vladislava Hronova, Mahabub Pasha Mohammad, Susan Wagner, Josef Panek, Stanislava
GuniSova, Jakub Zeman, Kristyna Poncova & Leos Shivaya ValaSek
Does elF3 promote reinitiation after translation of short upstream ORFs also in
mammalian cells?
In this publication, we unravelled the molecular mechanism of reinitiation in human cells using
human ATF4 mRNA as a model. Atf4 is a functional homologue of yeast Gen4, which we have
previously used in our laboratory to understand the process of reinitiation in yeast cells. Both
GCN4 and ATF4 mRNA molecules contain the REIl-permissive uORF1. By targeted
mutagenesis of the sequences flanking the 47F4 uORF1, we discovered that these sequences
are, analogously to yeast, REI-promoting as their mutation decreased the reinitiation efficiency
in our reporter assay. These sequences independently enhance the REI capability of this uORF.
Thanks to experiments based on bioinformatics predictions, we showed that the 5’ sequence of
the ATF4 uORF1 folds into an evolutionarily conserved structure necessary for its REI-
permissive potential. Moreover, we proved that similarly to the yeast GCN4 mRNA, elF3
contributes to the reinitiation on human 47F4 mRNA as well. Due to the higher complexity of
the human elF3, elF3h and not a/Tif32 is responsible for this role.

Taking together, we proposed that the basics of the molecular mechanism of the

reinitiation is well conserved in both yeast and humans.
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5 Discussion

5.1 The modified yeast elF3 purification and reconstitution
protocol

There are always two possible basic protocols for the purification of protein complexes: to add
a purification tag to at least one subunit and purify the entire complex from the original
organism, or to express and isolate individual subunits and reconstitute the complex in vitro.
As an expression system, either the original organism or different heterologous systems can be
used. For the production of eukaryotic proteins, one should always consider the selection of an
appropriate expression system based on organismal codon usage, amount of protein needed for
downstream application, as well as the requirements for the maintenance of post-translational
modifications or disulphide bonds. The selection of optimal expression conditions is critical for
proper folding of functional proteins and, at the same time, serves to avoid the potential cross-
species toxicity of produced molecules. The directly purified endogenous elF3 has been usually
contaminated with its binding partner or lacked the perfect stoichiometry of its subunits. (Asano
et al., 1998; Phan et al., 1998; Sun et al., 2011).

To obtain elF3 in the highest possible purity and to enable the process of further subunit
mutagenesis, we originally decided to deploy a published protocol in which the eIF3 subunits
were first individually produced in E. coli expression strains and subsequently assembled
together in vitro (Khoshnevis et al., 2012). The authors shoved that elF3 reconstituted in vitro
from subunits expressed in bacteria has the same molecular mass, overall shape, and translation
activity in an in vitro translation assay as native yeast elF3. However, the original protocol led
to the production of a mixture of full-length (FL) and truncated proteins as well as stable dimers
of some subunits.

Our modifications described in Zeman et al. (2019) significantly improved the yields of
elF3 FL subunits, the ratios between FL proteins and partially cleaved subunits, and generally
simplified the whole workflow. This protocol is now suitable for further elF3 structural studies

as well as different functional biochemical assays (Zeman et al., 2019).
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5.2 Cross-linking versus high-resolution structural methods

Structural flexibility is a fundamental property of elF3. It is required especially during binding
to the ribosome to change the eIF3 conformation adequately in order to enable and stabilise its
contacts between elF3 subunits and ribosomal proteins and other eIFs. Nevertheless, flexibility
has always been the biggest concern of all structural biologists, especially crystallographers.
For this reasons, only one single particle EM analysis of negatively stained sample is available
for free yeast elF3 (Khoshnevis et al., 2012). Every other scientific group working on the
structure of eIF3 has rather chosen to stabilise elF3 as much as possible by its binding to 40S.

Our original intention was to obtain crystals of free elF3 or of elF3 in complex with 80S
since, to our knowledge, elF3 binds more strongly to 80S than to 40S (unpublished
observations). We established a collaboration with the laboratory of Marat Yusupov (France)
whose work on ribosomal structures is very well known. When our initial attempts with native
complexes failed, I prepared modified elF3 without flexible unstructured parts and elF3
complexes containing one subunit fused with specifically chosen protein to increase the
efficiency of binding to 80S. We designed fusion proteins containing Stm1 protein sequence
fused to the N-terminus of b/Prtl, i/Tif34, or j/Hcrl. Stml was shown to be a ribosome-
associated protein important for protein synthesis (Van Dyke et al., 2006). Therefore, we
selected for modification those elF3 subunits the presence of which was expected in the
proximity of the binding site of Stm1 on 80S. The same idea led us to preparation of ¢/Nipl
C-terminally fused with the ribosomal protein Rack] as it is already well known that the very
C-terminus of ¢/Nipl locates in the proximity of Rackl when elF3 binds to the ribosome
(Kouba et al., 2012b). We then mixed modified elF3-Rack1 with 80S lacking Rack1 protein to
form a more stable complex. In all cases, these modified complexes were successfully
assembled and showed high stability during SEC (data not shown). Unfortunately, even despite
many attempts and hard work, we were only able to obtain small or needle-shaped crystals not
suitable for x-ray crystallography.

As a next strategy, we decided to apply XL-MS. This method was previously succesfuly
used to study macromolecular complexes like RNA polymerases I (Jennebach et al., 2012)
and I (Chen et al., 2010), proteasome (Lasker et al., 2012; Karadzic et al., 2012; Kao et al.,
2012) or membrane proteins (Jacobsen et al., 2006). Cross-linking constraints could be even
used for solving protein structures and molecular dynamics simulations (Kahraman et al., 2013;
Belsom et al., 2016; Brodie et al., 2017). However, potential concerns exist whether chemical

cross-linkers could produce an artificial conformational change or oligomerization. A recent
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study showed that chemical cross-linking can indeed affect protein function, in this case
enzymatic activity, but does not significantly affect protein structure at low cross-linker
concentrations (Rozbesky et al., 2018). Having this in mind, we first optimised the protein
concentration and molar excess of cross-linkers in our samples to obtain enough cross-links
and, at the same time, to avoid any unwanted oligomerization having impact on the structure.
However, with the increasing total amount of amino acid residues per sample (adding other
factors or 40S into reactions), we were forced to increase the amount of cross-linker as well.
Nevertheless, using sucrose gradient centrifugation and dot blot analysis, we were able to prove
that our samples were not oligomerized. In samples containing 40S, we also have to deal with
the impact of a high amount of rRNA on MS analysis. Therefore, incorporation of treatment
with RNase I after cross-linking was necessary. After optimisation of these variables, we were
able to obtain high confidence cross-links.

We were also able to obtain good results using cleavable cross-linker DSBU
(disuccinimidyl dibutyric urea), as characteristic patterns of the cross-linker as well as backbone
fragments of the connected peptides are observable using collision-induced dissociation (CID)-
MS/MS workflow (Arlt et al., 2016). This helped us greatly to distinguish more precisely
between true-positive and false-positive cross-links. On the other hand, otherwise widely used
so-called StageTips (manually prepared pipette tips containing very small disks made of beads
with reversed phase, cation-exchange, or anion-exchange surfaces embedded in a Teflon mesh)
which are supposed to enrich the number of cross-links in cleaved samples (Rappsilber et al.,
2007) did not work in our hands (data not shown).

Our next effort was to use the obtained cross-links as constraints for modelling protein
complexes using already known 3D structures of elF3 subunits and domains with the help of
Vojtéch Spiwok group (UCT, Prague). Unfortunately, due to high complexity and
flexible/unstructured segments of elF3 subunits, current protocols (Karaca et al., 2010;
Kahraman et al., 2013; Van Zundert et al., 2016) were unable to give us any results. Because
of that, we were compelled to use a general 3D modelling software to create simplified
‘sausage’ models (Zeman et al., 2019).

Some structural biologists consider XL-MS being not necessary and outdated in the age
of x-ray crystallography and cryo-EM. But taken together, XLL-MS is still a useful method for
mapping protein complexes, their geometry, stoichiometry, and dynamics, and can be used in
combination with other structural methods (reviewed in Urlaub, 2017). In addition, cross-
linkers alone are used for stabilisation of flexible proteins and complexes in cryo-EM samples

as well (Aylett et al., 2015; Engel et al., 2016).
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5.3 Structural and functional implications of yeast elF3
geometry

First, it is necessary to perform a thought experiment on how amounts of free elF3 and elF3 in
complex with its binding partners differ in a yeast cell. Based on a meta-analysis of 21 protein
abundance analyses utilising MS, GFP-microscopy, and tandem affinity purification
(TAP)-immunoblot, median values for S. cerevisiae elF3 subunits abundance are between
12 175 (Tif35) and 28 010 (Tif32) molecules per cell (Table 1). Values for elF1 and elF5 are
17 154 and 30 676, respectively (Ho et al., 2018). In theory, there should be enough of elF1
and elF5 molecules to saturate all eIF3 complexes in cell (assuming that the total number of
elF3 complexes is defined by the lowest abundant subunit) and those elF3 not bound on
ribosomes should probably exist in the form of (partial) MFC. In light of this these theoretical
conclusions, our effort to obtain the

Table 1: The abundance of selected proteins in structure of free eIF3 could be seen as

S. cerevisiae cells according to (Ho et al., 2018). futile, especially when the general

Protein Mean Median flexibility of elF3 and its contamination
molecules  molecules with other factors after purification directly
per cell per cell

; from cells were already mentioned many

3a/Tif32 30 782 28 010

times before. However, when this project
3b/Prtl 26 807 26 937
: started several years ago, almost nothing
3¢/Nipl 29 536 27 447
- was known about the structure of neither
3i/Tif34 18 518 17 836
free elF3, MFC the elF3-40S lex.
3g/Tif35 13037 12 175 reectts, ML, nortiec compiex
eIF1/Suil 23223 17 154 In that time, crystallisation of eIF3 or
oIF5/Tif5 31 136 30 676 obtaining at least some structural

information about free elF3 was the
ultimate goal of many groups.

As our study as well as cryo-EM studies showed, there is a dramatic structural
rearrangement when elF3 binds to the 40S (Erzberger et al., 2014; Aylett et al., 2015; Llacer et
al., 2015, 2018b; Zeman et al., 2019), but only small structural changes occur when elF1 and
elF5 bind to elF3 (Zeman et al., 2019). Because of the lack of indication of any steric clashes,
there is apparently no need for a huge rearrangement of the elF3 geometry prior to the binding
of elF1 and. In view of this fact, we concluded that the contact between elF3 and 40S is the
ultimate trigger of those dramatic structural changes. Moreover, our hypothesis that all

important parts of elF3 are in this conformation perfectly accessible for the initial contact with
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ribosomal proteins corresponds with already proposed most probable mediators of this initial
interactions (a/Tif32-NTD-uS2 and ¢/Nipl-CTD-RACKI1) (Fraser et al., 2007; Mitchell et al.,
2010) as well as with a subset of our cross-links of the e[F3-40S complex (Zeman et al., 2019).

Our models of elF3 either free or in complex with elF1 and elF5 are in striking contrast
with the structures of elF3 embracing 40S published in recent years (Erzberger et al., 2014;
Aylett et al., 2015; Llacer et al., 2015, 2018b). However, even from low-resolution EM images
it is obvious that yeast eIF3 adopts roughly globular shape stretched in one plane (Khoshnevis
et al., 2012). In order to further confirm this globular shape conformation, small-angle X-ray
scattering (SAXS) or combination of size exclusion chromatography with multi-angle light
scattering (SEC-MALS) analysis could be used.

Besides this just described globular geometry of elF3, there is another important result of
our cross-linking study. Many years ago, LeoS ValaSek proposed in his articles that there is
another a/Tif32 binding site on ¢/Nipl roughly between amino acid residues 157 and 370
(Valasek et al., 2002, 2003) in addition to the PCI-PCI contact between these two subunits
(Khoshnevis et al., 2012; Erzberger et al., 2014). This binding site was mapped using in vitro
and in vivo pull-down assays with mutated variants of ¢/Nip1 subunit. Since then, structures of
PCI-PCI heterodimers or whole elF3 bound to 40S were published and all these studies only
captured a/Tif32 binding to ¢/Nip! via their PCI domains (Erzberger et al., 2014; Aylett et al.,
2015; Llécer et al., 2015). This is in perfect agreement with our results showing elF3
rearrangement after binding on 40S, however, our cross-links also support the existence of the
second a/Tif32 binding site in the first third of ¢/Nipl. This binding site is most probably used
in free elF3 where three main subunits a/Tif32-b/Prt1-c/Nipl forms a triangle and possibly for
some regulatory reasons keep both PCI domains apart. We propose that the rearrangement of
a/Tif32 and ¢/Nip1 subunits after the initial contact between elF3 and 40S enables anchoring
of elF3 to 40S via the PCI-PCI heterodimer, movement of e[F3b-g-i module and binding and
wrapping of ¢/Nip1-NTD around the 40S platform to reach the P-site. To test this hypothesis,
methods like single-molecule fluorescence resonance energy transfer (sSmFRET) could be

employed.

5.4 Flexibility of yeast elF3 bound on 40S

As was already described in chapter 1.4, the elF3b-g-i module moves dramatically during
translation initiation thanks to the CTD of a/Tif32 (Llacer et al., 2018a, 2018b). However, the

part of a/Tif32 between the end of the PCI domain towards the C-terminus (amino acid residue
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496) and the a-helix that is in contact with the B-propeller of b/Prtl (from amino acid residue
814) was not visible in any structure to date. This problem is most probably caused by the
movement of this a/Tif32 part on or above the surface of 40S. Using secondary structure
prediction tools like PSIPRED (Figure 9) (Jones, 1999) or Jpred4 (data not shown) (Drozdetskiy
et al., 2015), this whole part of a/Tif32 seems to be folded into individual a-helices. More
interestingly, protein structure prediction tools Phyre2 (Kelley et al., 2015) and SWISS-
MODEL (Waterhouse et al., 2018) predict that these a-helices are folded together in a coiled
coil structural motif (Figure 8) (reviewed in Mason and Arndt, 2004). This could possibly
implicate that the a/Tif32-CTD is folded in the coiled coil motif in 40S-free elF3 and just after
the rearrangement during the contact
A 582 with 408, this whole domain’s fold is
loosened to fulfil its role of a flexible
mechanical arm.

Similarly, the c¢/Nipl-NTD is

736

usually not resolved in cryo-EM
structures of PICs (Aylett et al., 2015;
Llacer et al., 2015, 2018b) with some

o exceptions of the very N-terminus.

According to our cross-linking data,
Figure 8: Predicted 3D structures of the a/Tif32-CTD
(A, B) Predicted coiled coil helices using Phyre2 (A) and

SWISS-MODEL (B) protein structure prediction tools.  flexible and can move all the way
Amino acid residues are numbered according to the

this part of yeast elF3 is also very

sequence of a/Tif32. between the head and the right foot of

40S. This could be in agreement with
recently published structure, where the elF3b-g-i module relocates in the 48S PIC to the area
where the ¢/Nip1-NTD should otherwise bind (Llacer et al., 2018b). In theory, the ¢/Nip1-NTD

could free the space for the elF3b-g-i module, or is just possibly covered by the module.
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Figure 9: Secondary structure prediction of the a/Tif32-CTD
Cartoon representing the result of PSIPRED prediction tool for the CTD of a/Tif32 from the amino acid residue
D497 to residue R964 (C-terminus) of the sequence of a/Tif32. Colour coding according to the legend.

5.5 The binding site of yeast elF5 on 40S is still not fully
known

Roles of elF5 as a GTPase-activating protein and as a GDP dissociation inhibitor to prevent
recycling of elF2 were described years ago (Asano et al., 2000; Das et al., 2001; Singh et al.,
2006) as well as structures of both of its domains (Conte et al., 2006; Wei et al., 2006).
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However, its precise position on 40S remained a mystery for a long time and even nowadays is
not completely known. Just recently, partial yeast 48S PIC cryo-EM maps containing clear
density for eI[F5-NTD were obtained (Llacer et al., 2018b) and to my best knowledge, structures
containing also density for e[F5-CTD should be published soon.

Our effort to describe the binding site of eIF5 on 40S using our cross-linking methodology
has brought some partial success. Our data are in agreement with the only recently published
study which placed the eIF5-NTD near the P-site where elF1 binds in the open state (Llacer et
al., 2018b). According to our results, the eI[F5-CTD seems to reside near the E-site. However,
since the existence of sole eIF5-40S complex was not observed in cells and elF5 is very flexible
and, we obtained more than one binding site for each domain (Zeman et al., 2019). This could
be probably also caused by the absence of other elFs since their presence on 40S may possibly

limit the elF5 flexibility and restrict its binding area on ribosome.

5.6 The presence of elF3 on 80S during early elongation

Our novel in vivo Rap-NiP assay brought more direct evidence that yeast elF3 stays bound on
80S during first few elongation cycles after initiation on uORFs, as was already proposed earlier
(Szamecz et al., 2008; Beznoskova et al., 2013; Mohammad et al., 2017). Even before it was
described that the cauliflower mosaic virus transactivator (TAV) is associated with polysomes
on viral polycistronic RNA and recruits elF3 to 80S to promote reinitiation on the downstream
cistron (Park et al., 2001).

From a structural point of view, both position and mechanism of action of elF3 bound on
80S during early elongation steps are very interesting. Because in the elongation ribosomes 60S
is bound to the intersubunit side of 40S, the steric clashes between 60S and the very N-terminal
parts of ¢/Nip1 and b/Prtl (RRM) protruding into the interphase area might disrupt or at least
weakens the interactions of these subunits with 40S as well as with other elF3 subunits (possibly
helical region of ¢/Nipl and a/Tif32-NTD). This weakened interaction could then lead to
gradual dissociation of elF3 from the 80S during prolonged elongation, which was confirmed
by our results using constructs with systematically extended coding regions of tested uORFs
(Mohammad et al., 2017). However, because elF3 was shown to stay bound on 80S during early
elongation even without the presence of stabilising RPEs (Mohammad et al., 2017), this shortly
persisting interaction could be possibly supported via its contact with other factor(s) present on
early elongating 80S, possibly elF4F or eIF4G that were previously reported to be required for
efficient reinitiation (Poyry et al., 2004). For a deeper look into behaviour of elF3 on 80S,
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methods like smFRET or cry-EM could be used. With the latter method, a proper way how to

stabilise this complex would need to be found.

5.7 Limitations and directions for the future research of elF3

In years after its discovery in the 1970s, eIF3 was shown to participate not only as a key player
in translation initiation but also in termination, ribosomal recycling, stop codon readthrough,
reinitiation and NMD pathway. Moreover, this list is most probably far from being complete,
especially considering the potentially distinctive roles of individual eIF3 subunits or its
subcomplexes in higher eukaryotes (reviewed in Valasek et al., 2017). Despite their importance,
the structures of both yeast as well as mammalian elF3 were for a long time a mystery. And
even though the cryo-EM instrumentation and data analysis are improving rapidly, there is still
a lot to learn about the structure of elF3. Other methods like XL-MS, smFRET, pull-down
assays, NMR, and x-ray crystallography also greatly helped with elucidating of particular steps
of how elF3 works. However, it will be for sure the cryo-EM that will further help us to
understand the particular structures and mechanisms of elF3 in different complexes and
situations. Although we already know a lot about 43S and 48S PICs, there are still other equally
important areas to explore: position of elF4F on PIC during initiation and its possible contact
with elF3 or other factors, the structure of elF3 on early elongating 80S, during reinitiation, as
well as during readthrough, recycling etc. Nevertheless, all of those tasks are certainly highly
challenging not only from the technical but also from the functional point of view — how to
stabilise the required complex just in the right moment.

In recent years, almost all the attention in the field of translation has been naturally drawn
to structural biology almost constantly providing us with new and more detailed structures.
Still, we have to be very careful with drawing any conclusions and every new case of structural
study that tries to convince us about some new ways of molecule functioning has to be taken
under thorough investigation with the ultimate effort for a deeper understanding of the biology

hidden behind that process.
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6 Conclusions

This thesis brings novel information about yeast elF3, its structural changes and its diverse roles
not only in translation initiation.

We substantially optimised the yeast elF3 purification and reconstitution protocol in
order to produce higher yields of full-length proteins for further structural applications.

Even despite many attempts and modifications, our effort to obtain some crystallographic
data of yeast elF3 or elF3 bound on 80S was not successful.

We succeeded in optimising the protocol for chemical cross-linking and sample
preparation for mass spectrometry to acquire structural information about large protein
complexes. We discovered that free yeast elF3 adopts a globular architecture that is further
compacted by the binding of elF1 and eIF5.

Our results show that elF3 undergoes a dramatic structural rearrangement during its
binding to 40S from the compactly packed globular geometry with separated PCI domains to
the stretched form almost completely embracing 40S with PCI-PCI heterodimer serving as an
anchor.

Using to our newly developed in vivo assay, we demonstrated that eIF3 travels with early
elongating ribosomes and that the RPEs interact with elF3 in order to stabilize the mRNA-elF3-
40S post-termination complex to stimulate efficient reinitiation. Comparing our knowledge of
reinitiation on uORFs of yeast GCN4 mRNA with mammalian ATF4 mRNA, we concluded
that the molecular mechanism of the reinitiation is well conserved both in yeast and in humans.

Finally, we proved the applicability of the newly developed in vivo assay YARIS for the
systematic study of translation readthrough. This process is specifically influenced by
readthrough-inducing tRNAs and drugs. Further studies could identify new and more specific

ways how to treat diseases caused by the presence of premature stop codons.

41



7 References

Aitken Colin Echeverria, Beznoskova Petra, VIickova Vladislava, Chiu Wen-Ling, Zhou Fujun,
Valasek Leos Shivaya, Hinnebusch Alan G, and Lorsch Jon R (2016) Eukaryotic
translation initiation factor 3 plays distinct roles at the mRNA entry and exit channels of
the ribosomal preinitiation complex. Elife 5: €20934

Aitken Colin Echeverria, and Lorsch Jon R (2012) A mechanistic overview of translation
initiation in eukaryotes. Nat. Struct. Mol. Biol. 19: 568-576

Altmann M, Miiller PP, Pelletier J, Sonenberg N, and Trachsel H (1989) A mammalian
translation initiation factor can substitute for its yeast homologue in vivo. J. Biol. Chem.
264: 12145-7

Aravind L, and Ponting Chris P (1998) Homologues of 26S proteasome subunits are regulators
of transcription and translation. Protein Sci. 7: 1250—1254

Arlt Christian, Gotze Michael, Thling Christian H, Hage Christoph, Schifer Mathias, and Sinz
Andrea (2016) Integrated Workflow for Structural Proteomics Studies Based on Cross-
Linking/Mass Spectrometry with an MS/MS Cleavable Cross-Linker. Anal. Chem. 88:
7930-7937

Asano Katsura, Clayton Jason, Shalev Anath, and Hinnebusch Alan G (2000) A multifactor
complex of eukaryotic initiation factors, elF1, elF2, elF3, elF5, and initiator tRNA(Met)
is an important translation initiation intermediate in vivo. Genes Dev. 14: 2534-2546

Asano Katsura, Phan Lon, Anderson James, and Hinnebusch Alan G (1998) Complex formation
by all five homologues of mammalian translation initiation factor 3 subunits from yeast
Saccharomyces cerevisiae. J. Biol. Chem. 273: 18573—18585

Aylett Christopher HS, Boehringer Daniel, Erzberger Jan P, Schaefer Tanja, and Ban Nenad
(2015) Structure of a Yeast 40S—elF1—elF 1 A—elF3—elF3j initiation complex. Nat. Struct.
Mol. Biol. 22: 269-271

Barthelme D, Dinkelaker S, Albers SV, Londei P, Ermler U, and Tampe R (2011) Ribosome
recycling depends on a mechanistic link between the FeS cluster domain and a
conformational switch of the twin-ATPase ABCEIl. Proc. Natl. Acad. Sci. 108: 3228—
3233

Behlke Joachim, Boomer Ulrich-Axel -A, Lutsch Gudrun, Henske Annemarie, and Bielka
Heinz (1986) Structure of initiation factor eIF-3 from rat liver: Hydrodynamic and electron
microscopic investigations. Eur. J. Biochem. 157: 523530

Belsom Adam, Schneider Michael, Fischer Lutz, Brock Oliver, and Rappsilber Juri (2016)
Serum Albumin Domain Structures in Human Blood Serum by Mass Spectrometry and
Computational Biology. Mol. Cell. Proteomics 15: 1105-1116

Benne R, and Hershey JW (1976) Purification and characterization of initiation factor IF-E3
from rabbit reticulocytes. Proc. Natl. Acad. Sci. 73: 3005-3009

42



Beznoskova Petra, Cuchalova Lucie, Wagner Susan, Shoemaker Christopher J, GuniSova
Stanislava, von der Haar Tobias, and Valasek Leos Shivaya (2013) Translation Initiation
Factors elF3 and HCR1 Control Translation Termination and Stop Codon Read-Through
in Yeast Cells. PLoS Genet. 9: €¢1003962

Block Karen L, Vornlocher Hans Peter, and Hershey John WB (1998) Characterization of
cDNAs encoding the p44 and p35 subunits of human translation initiation factor elF3. J.
Biol. Chem. 273: 31901-31908

Brodie Nicholas I, Popov Konstantin I, Petrotchenko Evgeniy V., Dokholyan Nikolay V., and
Borchers Christoph H (2017) Solving protein structures using short-distance cross-linking
constraints as a guide for discrete molecular dynamics simulations. Sci. Adv. 3: €1700479

Chen Zhuo Angel, Jawhari Anass, Fischer Lutz, Buchen Claudia, Tahir Salman, Kamenski
Tomislav, Rasmussen Morten, Lariviere Laurent, Bukowski-Wills Jimi Carlo, Nilges
Michael, Cramer Patrick, and Rappsilber Juri (2010) Architecture of the RNA polymerase
II-TFIF complex revealed by cross-linking and mass spectrometry. EMBO J. 29: 717—
726

Chiu Wen-Ling, Wagner Susan, Herrmannova Anna, Burela Laxminarayana, Zhang Fan, Saini
Adesh K, Valasek Leos, and Hinnebusch Alan G (2010) The C-terminal region of
eukaryotic translation initiation factor 3a (elF3a) promotes mRNA recruitment, scanning,
and, together with elF3j and the eIF3b RNA recognition motif, selection of AUG start
codons. Mol. Cell. Biol. 30: 4415-34

Choe Junho, Oh Nara, Park Sungjin, Lee Ye Kyung, Song Ok Kyu, Locker Nicolas, Chi Sung
Gil, and Kim Yoon Ki (2012) Translation initiation on mRNAs bound by nuclear cap-
binding protein complex CBP80/20 requires interaction between CBP80/20-dependent
translation initiation factor and eukaryotic translation initiation factor 3g. J. Biol. Chem.
287: 18500-18509

Conte Maria R, Kelly Geoff, Babon Jeff, Sanfelice Domenico, Youell James, Smerdon Stephen
J, and Proud Christopher G (2006) Structure of the eukaryotic initiation factor (elF) 5
reveals a fold common to several translation factors. Biochemistry 45: 4550—4558

Crick Francis (1958) On Protein Synthesis. Symp. Soc. Exp. Biol. 12: 138—-163

Crick Francis (1970) Central dogma of molecular biology. Nature 227: 561-563

Cuchalova Lucie, Kouba Tomés, Herrmannova Anna, Danyi Istvan, Chiu Wen-Ling, and
Valasek Leos (2010) The RNA recognition motif of eukaryotic translation initiation factor
3g (elF3g) is required for resumption of scanning of posttermination ribosomes for
reinitiation on GCN4 and together with elF3i stimulates linear scanning. Mol. Cell. Biol.
30: 4671-86

Das Supratik, Ghosh Rajarshi, and Maitra Umadas (2001) Eukaryotic Translation Initiation
Factor 5 Functions as a GTPase-activating Protein. J. Biol. Chem. 276: 6720—6726

43



Dennis Michael D, Person Maria D, and Browning Karen S (2009) Phosphorylation of plant
translation initiation factors by CK2 enhances the in Vitro interaction of multifactor
complex components. J. Biol. Chem. 284: 20615-20628

Dever Thomas E, Kinzy Terri Goss, and Pavitt Graham D (2016) Mechanism and regulation of
protein synthesis in Saccharomyces cerevisiae. Genetics 203: 65-107

Dong Zizheng, Qi Jing, Peng Hui, Liu Jianguo, and Zhang Jian Ting (2013) Spectrin domain
of eukaryotic initiation factor 3a is the docking site for formation of the a:b:i:g
subcomplex. J. Biol. Chem. 288: 27951-27959

Drozdetskiy Alexey, Cole Christian, Procter James, and Barton Geoffrey J (2015) JPred4: A
protein secondary structure prediction server. Nucleic Acids Res. 43: W389-W394

Van Dyke Natalya, Baby Johnson, and Van Dyke Michael W (2006) Stmlp, a Ribosome-
associated Protein, is Important for Protein Synthesis in Saccharomyces cerevisiae under
Nutritional Stress Conditions. J. Mol. Biol. 358: 1023-1031

ElAntak Latifa, Tzakos Andreas G, Locker Nicolas, and Lukavsky Peter J (2007) Structure of
elF3b RNA Recognition Motif and Its Interaction with elF3j. J. Biol. Chem. 282: 8165—
8174

ElAntak Latifa, Wagner Susan, Herrmannova Anna, Karaskova Martina, Rutkai Edit, Lukavsky
Peter J, and Valasek Leos (2010) The indispensable N-terminal half of elF3j/HCRI1
cooperates with its structurally conserved binding partner eIF3b/PRT1-RRM and with
elF1A in stringent AUG selection. J. Mol. Biol. 396: 1097-1116

Emanuilov Ivan, Sabatini David D, Lake James A, and Freienstein Christoph (1978)
Localization of eukaryotic initiation factor 3 on native small ribosomal subunits. Proc.
Natl. Acad. Sci. 75: 1389-1393

Engel Christoph, Plitzko Jiirgen, and Cramer Patrick (2016) RNA polymerase [-Rrn3 complex
at 4.8 A resolution. Nat. Commun. 7: 12129

Erickson FL, and Hannig EM (1996) Ligand interactions with eukaryotic translation initiation
factor 2: role of the gamma-subunit. EMBO J. 15: 6311-20

Erzberger Jan P, Stengel Florian, Pellarin Riccardo, Zhang Suyang, Schaefer Tanja, Aylett
Christopher HS, Cimermanci¢ Peter, Boehringer Daniel, Sali Andrej, Aebersold Ruedi,
and Ban Nenad (2014) Molecular Architecture of the 40S-elF1-elF3 Translation Initiation
Complex. Cell 158: 1123-35

Flury Valentin, Restuccia Umberto, Bachi Angela, and Miihlemann Oliver (2014)
Characterization of phosphorylation- and RNA-dependent UPF1 interactors by
quantitative proteomics. J. Proteome Res. 13: 3038-3053

Fraser Christopher S, Berry Katherine E, Hershey John WB, and Doudna Jennifer A (2007)
elF3j Is Located in the Decoding Center of the Human 40S Ribosomal Subunit. Mol. Cell
26: 811-819

Freienstein C, and Blobel G (1975) Nonribosomal proteins associated with eukaryotic native
small ribosomal subunits. Proc. Natl. Acad. Sci. 72: 3392-3396

44



Fringer Jeanne M, Acker Michael G, Fekete Christie A, Lorsch Jon R, and Dever Thomas E
(2007) Coupled Release of Eukaryotic Translation Initiation Factors 5B and 1A from 80S
Ribosomes following Subunit Joining. Mol. Cell. Biol. 27: 2384-2397

Des Georges Amedee, Dhote Vidya, Kuhn Lauriane, Hellen Christopher UT, Pestova Tatyana
V, Frank Joachim, and Hashem Yaser (2015) Structure of mammalian elF3 in the context
of the 43S preinitiation complex. Nature 525: 491-495

Greenberg Jay R, Phan Lon, Gu Zhenyu, Desilva Aravinda, Apolito Christopher, Sherman Fred,
Hinnebusch Alan G, and Goldfarb David S (1998) Niplp associates with 40 S ribosomes
and the Prtlp subunit of eukaryotic initiation factor 3 and is required for efficient
translation initiation. J. Biol. Chem. 273: 23485-23494

Gu Z, Moerschell RP, Sherman F, and Goldfarb DS (1992) NIP1, a gene required for nuclear
transport in yeast. Proc. Natl. Acad. Sci. 89: 10355-10359

Hanachi Parisa, Hershey John WB, and Vornlocher Hans Peter (1999) Characterization of the
p33 subunit of eukaryotic translation initiation factor-3 from Saccharomyces cerevisiae. J.
Biol. Chem. 274: 8546—8553

Hashem Yaser, Georges A des, and Dhote Vidya (2013a) Structure of the mammalian
ribosomal 43S preinitiation complex bound to the scanning factor DHX29. Cell 153:
1108-19

Hashem Yaser, Des Georges Amedee, Dhote Vidya, Langlois Robert, Liao Hstau Y, Grassucci
Robert A, Pestova Tatyana V., Hellen Christopher UT, and Frank Joachim (2013b)
Hepatitis-C-virus-like internal ribosome entry sites displace elF3 to gain access to the 40S
subunit. Nature 503: 539-543

Herrmannova Anna, Daujotyte Dalia, Yang Ji Chun, Cuchalova Lucie, Gorrec Fabrice, Wagner
Susan, Danyi Istvan, Lukavsky Peter J, and ValdSek Leos Shivaya (2012) Structural
analysis of an elF3 subcomplex reveals conserved interactions required for a stable and
proper translation pre-initiation complex assembly. Nucleic Acids Res. 40: 2294-2311

Hinnebusch Alan G (2006) elF3: a versatile scaffold for translation initiation complexes.
Trends Biochem. Sci. 31: 553-562

Hinnebusch Alan G (2011) Molecular mechanism of scanning and start codon selection in
eukaryotes. Microbiol. Mol. Biol. Rev. 75: 434—67

Hinnebusch Alan G (2014) The scanning mechanism of eukaryotic translation initiation. Annu.
Rev. Biochem. 83: 779-812

Hinnebusch Alan G (2017) Structural Insights into the Mechanism of Scanning and Start Codon
Recognition in Eukaryotic Translation Initiation. Trends Biochem. Sci. 42: 589-611

Hinnebusch Alan G, Dever Thomas E, and Asano Katsura (2007) Mechanism of Translation
Initiation in the Yeast Saccharomyces cerevisiae. In Translational Control in biology and
medicine, Sonenberg N Mathews M & Hershey JWB (eds) pp 225-268. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory Press

45



Ho Brandon, Baryshnikova Anastasia, and Brown Grant W (2018) Unification of Protein
Abundance Datasets Yields a Quantitative Saccharomyces cerevisiae Proteome. Cell Syst.
6: 192-205

Hofmann Kay, and Bucher Philipp (1998) The PCI domain: A common theme in three
multiprotein complexes. Trends Biochem. Sci. 23: 204-205

lost Isabelle, Dreyfus Marc, and Linder Patrick (1999) Dedlp, a DEAD-box protein required
for translation initiation in Saccharomyces cerevisiae, is an RNA helicase. J. Biol. Chem.
274: 17677-17683

Isken Olaf, Kim Yoon Ki, Hosoda Nao, Mayeur Greg L, Hershey John WB, and Maquat Lynne
E (2008) Upfl Phosphorylation Triggers Translational Repression during Nonsense-
Mediated mRNA Decay. Cell 133: 314-327

Jacobsen Richard B, Sale Kenneth L, Ayson Marites J, Novak Petr, Hong Joohee, Lane Pamela,
Wood Nichole L, Kruppa Gary H, Young Malin M, and Schoeniger Joseph S (2006)
Structure and dynamics of dark-state bovine rhodopsin revealed by chemical cross-linking
and high-resolution mass spectrometry. Protein Sci. 15: 1303—-1317

Jaramillo Maria, Browning Karen, Dever Thomas E, Blum Sylviane, Trachsel Hans, Merrick
William C, Ravel Joanne M, and Sonenberg Nahum (1990) Translation initiation factors
that function as RNA helicases from mammals, plants and yeast. BBA - Gene Struct. Expr.
1050: 134-139

Jennebach Stefan, Herzog Franz, Aebersold Ruedi, and Cramer Patrick (2012) Crosslinking-
MS analysis reveals RNA polymerase I domain architecture and basis of rRNA cleavage.
Nucleic Acids Res. 40: 5591-601

Jivotovskaya A V., Valasek L, Hinnebusch AG, and Nielsen KH (2006) Eukaryotic Translation
Initiation Factor 3 (elF3) and elF2 Can Promote mRNA Binding to 40S Subunits
Independently of elF4G in Yeast. Mol. Cell. Biol. 26: 1355-1372

Jones David T (1999) Protein secondary structure prediction based on position-specific scoring
matrices. J. Mol. Biol. 292: 195-202

Kahraman Abdullah, Herzog Franz, Leitner Alexander, Rosenberger George, Aebersold Ruedi,
and Malmstrom Lars (2013) Cross-link guided molecular modeling with ROSETTA. PLoS
One 8: 73411

Kao Athit, Randall Arlo, Yang Yingying, Patel Vishal R, Kandur Wynne, Guan Shenheng,
Rychnovsky Scott D, Baldi Pierre, and Huang Lan (2012) Mapping the Structural
Topology of the Yeast 19S Proteasomal Regulatory Particle Using Chemical Cross-linking
and Probabilistic Modeling. Mol. Cell. Proteomics 11: 1566—1577

Karaca Ezgi, Melquiond Adrien SJ, de Vries Sjoerd J, Kastritis Panagiotis L, and Bonvin
Alexandre MJJ (2010) Building Macromolecular Assemblies by Information-driven
Docking. Mol. Cell. Proteomics 9: 1784—1794

46



Karadzic Ivanka, Maupin-Furlow Julie, Humbard Matthew, Prunetti Laurence, Singh Pragya,
and Goodlett David R (2012) Chemical cross-linking, mass spectrometry, and in silico
modeling of proteasomal 20S core particles of the haloarchaeon Haloferax volcanii.
Proteomics 12: 1806—1814

Karaskova Martina, GuniSova Stanislava, Herrmannova Anna, Wagner Susan, Munzarova
Vanda, and Valasek LeoS§ Shivaya (2012) Functional characterization of the role of the N-
terminal domain of the ¢/Nipl subunit of eukaryotic initiation factor 3 (elF3) in AUG
recognition. J. Biol. Chem. 287: 2842034

Keierleber C, Wittekind M, Qin SL, and McLaughlin CS (1986) Isolation and characterization
of PRTI, a gene required for the initiation of protein biosynthesis in Saccharomyces
cerevisiae. Mol. Cell. Biol. 6: 44194424

Kelley Lawrence A, Mezulis Stefans, Yates Christopher M, Wass Mark N, and Sternberg
Michael JE (2015) The Phyre2 web portal for protein modeling, prediction and analysis.
Nat. Protoc. 10: 845-58

Khoshnevis Sohail, Gross Thomas, Rotte Carmen, Baierlein Claudia, Ficner Ralf, and Krebber
Heike (2010) The iron-sulphur protein RNase L inhibitor functions in translation
termination. EMBO Rep. 11: 214-219

Khoshnevis Sohail, GuniSova Stanislava, VI¢kova Vladislava, Kouba Tomas, Neumann Piotr,
Beznoskova Petra, Ficner Ralf, and ValaSek Leos$Shivaya (2014) Structural integrity of
the PCI domain of elF3a/TIF32 is required for mRNA recruitment to the 43S pre-initiation
complexes. Nucleic Acids Res. 42: 41234139

Khoshnevis Sohail, Hauer Florian, Milén Pohl, Stark Holger, and Ficner Ralf (2012) Novel
insights into the architecture and protein interaction network of yeast eIF3. RNA 18: 2306—
2319

Kolupaeva Victoria G, Unbehaun Anett, Lomakin Ivan B, Hellen Christopher UT, and Pestova
Tatyana V (2005) Binding of eukaryotic initiation factor 3 to ribosomal 40S subunits and
its role in ribosomal dissociation and anti-association. RNA 11: 470-486

Koonin Eugene V (2012) Does the central dogma still stand? Biol. Direct 7: 1-7

Kouba Tomas, Danyi Istvan, GuniSova Stanislava, Munzarova Vanda, VI¢kova Vladislava,
Cuchalova Lucie, Neueder Andreas, Milkereit Philipp, and ValaSek Leos Shivaya (2012a)
Small ribosomal protein RPSO stimulates translation initiation by mediating 40S-binding
of elF3 via its direct contact with the eIF3a/TIF32 subunit. PLoS One 7: e40464

Kouba Tomaés, Rutkai Edit, Karaskovda Martina, and Valdsek Leos$ Shivaya (2012b) The
elF3¢/NIP1 PCI domain interacts with RNA and RACK1/ASC1 and promotes assembly
of translation preinitiation complexes. Nucleic Acids Res. 40: 268399

Kovarik P, Hasek J, Valasek L, and Ruis H (1998) RPG1: an essential gene of saccharomyces
cerevisiae encoding a 110-kDa protein required for passage through the G1 phase. Curr.
Genet. 33: 1009

47



Kozak Marilyn (1986) Point mutations define a sequence flanking the AUG initiator codon that
modulates translation by eukaryotic ribosomes. Cel/ 44: 283-292

Kumar Parimal, Hellen Christopher UT, and Pestova Tatyana V (2016) Toward the mechanism
of e[F4F-mediated ribosomal attachment to mammalian capped mRNAs. Genes Dev. 30:
1573-88

de la Parra Columba, Ernlund Amanda, Alard Amandine, Ruggles Kelly, Ueberheide Beatrix,
and Schneider Robert J (2018) A widespread alternate form of cap-dependent mRNA
translation initiation. Nat. Commun. 9: 3068-3077

Lasker K, Forster F, Bohn S, Walzthoeni T, Villa E, Unverdorben P, Beck F, Aebersold R, Sali
A, and Baumeister W (2012) Molecular architecture of the 26S proteasome holocomplex
determined by an integrative approach. Proc. Natl. Acad. Sci. 109: 13801387

Lee Amy SY, Kranzusch Philip J, and Cate Jamie HD (2015) elF3 targets cell-proliferation
messenger RNAs for translational activation or repression. Nature 522: 111-114

Lee Amy SY, Kranzusch Philip J, Doudna Jennifer A, and Cate Jamie HD (2016) elF3d is an
mRNA cap-binding protein that is required for specialized translation initiation. Nature
536: 9699

Liu Yi, Neumann Piotr, Kuhle Bernhard, Monecke Thomas, Schell Stephanie, Chari Ashwin,
and Ficner Ralf (2014) Translation Initiation Factor eIF3b Contains a Nine-Bladed -
Propeller and Interacts with the 40S Ribosomal Subunit. Structure 22: 1-8

Llacer Jose L, Hussain Tanweer, Marler Laura, Aitken Colin Echeverria, Thakur Anil, Lorsch
Jon R, Hinnebusch Alan G, and Ramakrishnan V (2015) Conformational Differences
between Open and Closed States of the Eukaryotic Translation Initiation Complex. Mol.
Cell 59: 399412

Llacer Jose Luis, Hussain Tanweer, Gordiyenko Yuliya, Lorsch Jon, Hinnebusch Alan, and
Ramakrishnan Venki (2018a) The beta propellers of elF3b and elF3i relocate together to
the ribosomal intersubunit interface during translation initiation. bioRxiv

Llacer Jose Luis, Hussain Tanweer, Saini Adesh K, Nanda Jagpreet Singh, Kaur Sukhvir,
Gordiyenko Yuliya, Kumar Rakesh, Hinnebusch Alan G, Lorsch Jon R, and Ramakrishnan
V (2018b) Translational initiation factor eIF5 replaces elF1 on the 40S ribosomal subunit
to promote start-codon recognition. Elife 7: €39273

Marintchev Assen, and Wagner Gerhard (2004) Translation initiation: Structures, mechanisms
and evolution. Q. Rev. Biophys. 37: 197-284

Mason Jody M, and Arndt Katja M (2004) Coiled coil domains: Stability, specificity, and
biological implications. In ChemBioChem pp 170-176. John Wiley & Sons, Ltd

Meéthot N, Song MS, and Sonenberg N (1996) A region rich in aspartic acid, arginine, tyrosine,
and glycine (DRYG) mediates eukaryotic initiation factor 4B (eIF4B) self-association and
interaction with elF3. Mol. Cell. Biol. 16: 5328-5334

48



Mitchell Sarah F, Walker Sarah E, Algire Mikkel A, Park Eun Hee, Hinnebusch Alan G, and
Lorsch Jon R (2010) The 5’-7-methylguanosine cap on eukaryotic mRNAs serves both to
stimulate canonical translation initiation and to block an alternative pathway. Mol. Cell
39: 950-962

Mohammad Mahabub Pasha, Pondelickovda Vanda Munzarova, Zeman Jakub, Gunisova
Stanislava, and Valasek Leos Shivaya (2017) In vivo evidence that elF3 stays bound to
ribosomes elongating and terminating on short upstream ORFs to promote reinitiation.
Nucleic Acids Res. 45: 2658-2674

Morris Christelle, Wittmann Jiirgen, Jick Hans Martin, and Jalinot Pierre (2007) Human
INT6/elF3e is required for nonsense-mediated mRNA decay. EMBO Rep. 8: 596—602

Munzarova Vanda, Panek Josef, GuniSova Stanislava, Danyi Istvan, Szamecz Béla, and
Valéasek Leos Shivaya (2011) Translation reinitiation relies on the interaction between
elF3a/TIF32 and progressively folded cis-acting mRNA elements preceding short uORFs.
PLoS Genet. 7: €1002137

Naranda T, Kainuma M, MacMillan SE, and Hershey JW (1997) The 39-kilodalton subunit of
eukaryotic translation initiation factor 3 is essential for the complex’s integrity and for cell
viability in Saccharomyces cerevisiae. Mol. Cell. Biol. 17: 145-153

Nielsen KH, and Valasek LeoS (2006) Interaction of the RNP1 motif in PRT1 with HCR1
promotes 40S binding of eukaryotic initiation factor 3 in yeast. Mol. Cell. Biol. Cell. Biol.
26: 2984-2998

Nielsen Klaus H, Szamecz Béla, Valasek Leos, Jivotovskaya Antonina, Shin Byung-Sik, and
Hinnebusch Alan G (2004) Functions of elF3 downstream of 48S assembly impact AUG
recognition and GCN4 translational control. EMBO J. 23: 116677

Obayashi Eiji, Luna Rafael E, Nagata Takashi, Martin-Marcos Pilar, Hiraishi Hiroyuki, Singh
Chingakham Ranjit, Erzberger Jan Peter, Zhang Fan, Arthanari Haribabu, Morris Jacob,
Pellarin Riccardo, Moore Chelsea, Harmon Ian, Papadopoulos Evangelos, Yoshida
Hisashi, Nasr Mahmoud L, Unzai Satoru, Thompson Brytteny, Aube Eric, Hustak
Samantha, Stengel Florian, Dagraca Eddie, Ananbandam Asokan, Gao Philip, Urano
Takeshi, Hinnebusch Alan G, Wagner Gerhard, and Asano Katsura (2017) Molecular
Landscape of the Ribosome Pre-initiation Complex during mRNA Scanning: Structural
Role for elF3c and Its Control by elF5. Cell Rep. 18: 2651-2663

Otto Geoff A, and Puglisi Joseph D (2004) The pathway of HCV IRES-mediated translation
initiation. Cel// 119: 369-380

Park Hyun Sook, Himmelbach Axel, Browning Karen S, Hohn Thomas, and Ryabova Lyubov
A (2001) A plant viral ‘reinitiation’ factor interacts with the host translational machinery.
Cell 106: 723-733

Pestova Tatyana V., and Kolupaeva Victoria G (2002) The roles of individual eukaryotic
translation initiation factors in ribosomal scanning and initiation codon selection. Genes
Dev. 16: 2906-2922

49



Pestova Tatyana V., Lomakin Ivan B, Lee Joon H, Choi Sang Ki, Dever Thomas E, and Hellen
Christopher UT (2000) The joining of ribosomal subunits in eukaryotes requires elF5B.
Nature 403: 332-335

Pestova Tatyana V., Lorsch Jon R, and Hellen Christopher UT (2007) The Mechanism of
Translation Initiation in Eukaryotes. In Translational Control in biology and medicine,
Sonenberg N Mathews M & Hershey JWB (eds) pp 87-128. Cold Spring Harbor, NY:
Cold Spring Harbor Laboratory Press

Phan L, Schoenfeld L, and Valasek L (2001) A subcomplex of three elF3 subunits binds elF1
and elF5 and stimulates .... EMBO ... 20: 2954—65

Phan L, Zhang X, Asano K, Anderson J, Vornlocher HP, Greenberg JR, Qin J, and Hinnebusch
AG (1998) Identification of a translation initiation factor 3 (elF3) core complex, conserved
in yeast and mammals, that interacts with elF5. Mol. Cell. Biol. 18: 4935-46

Pisarev Andrey V., Hellen Christopher UT, and Pestova Tatyana V. (2007) Recycling of
Eukaryotic Posttermination Ribosomal Complexes. Cell 131: 286299

Pisarev Andrey V., Kolupaeva Victoria G, Yusupov Marat M, Hellen Christopher UT, and
Pestova Tatyana V. (2008) Ribosomal position and contacts of mRNA in eukaryotic
translation initiation complexes. EMBO J. 27: 1609—-1621

Pisarev Andrey V., Skabkin Maxim A, Pisareva Vera P, Skabkina Olga V., Rakotondrafara
Aurélie M, Hentze Matthias W, Hellen Christopher UT, and Pestova Tatyana V. (2010)
The Role of ABCEI in Eukaryotic Posttermination Ribosomal Recycling. Mol. Cell 37:
196-210

Pisareva Vera P, Pisarev Andrey V., Komar Anton A, Hellen Christopher UT, and Pestova
Tatyana V. (2008) Translation Initiation on Mammalian mRNAs with Structured 5'UTRs
Requires DExH-Box Protein DHX29. Cell 135: 1237-1250

Poyry Tuija AA, Kaminski Ann, and Jackson Richard J (2004) What determines whether
mammalian ribosomes resume scanning after translation of a short upstream open reading
frame? Genes Dev. 18: 62—75

Querol-Audi J, Sun C, Vogan JM, and Smith MD (2013) Architecture of human translation
initiation factor 3. Structure 21: 920-928

Rappsilber Juri, Mann Matthias, and Ishihama Yasushi (2007) Protocol for micro-purification,
enrichment, pre-fractionation and storage of peptides for proteomics using StageTips. Nat.
Protoc. 2: 1896906

Rogers George W, Richter Nancy J, and Merrick William C (1999) Biochemical and kinetic
characterization of the RNA helicase activity of eukaryotic initiation factor 4A. J. Biol.
Chem. 274: 1223612244

Roy Bijoyita, Vaughn Justin N, Kim Byung Hoon, Zhou Fujun, Gilchrist Michael A, and Von
Arnim Albrecht G (2010) The h subunit of elF3 promotes reinitiation competence during
translation of mRNAs harboring upstream open reading frames. RNA 16: 748-761

50



Rozbesky Daniel, Rosiilek Michal, Kukacka Zden¢k, Chmelik Josef, Man Petr, and Novak Petr
(2018) Impact of Chemical Cross-Linking on Protein Structure and Function. Anal. Chem.
90: 1104-1113

Scheel Hartmut, and Hofmann Kay (2005) Prediction of a common structural scaffold for
proteasome lid, COP9-signalosome and elF3 complexes. BMC Bioinformatics 6: 1-10

Schreier MH, and Staehelin T (1973) Initiation of eukaryotic protein synthesis: (Met-tRNA f -
40S ribosome) initiation complex catalysed by purified initiation factors in the absence of
mRNA. Nat. New Biol. 242: 35-38

Schwelberger HG, Kang HA, and Hershey JW (1993) Translation initiation factor elF-5A
expressed from either of two yeast genes or from human cDNA. Functional identity under
aerobic and anaerobic conditions. J. Biol. Chem. 268: 1401814025

Shoemaker Christopher J, and Green Rachel (2011) Kinetic analysis reveals the ordered
coupling of translation termination and ribosome recycling in yeast. Proc. Natl. Acad. Sci.
108: 13921398

Singh Chingakham Ranjit, He Hui, [i Miki, Yamamoto Yasufumi, and Asano Katsura (2004)
Efficient incorporation of eukaryotic initiation factor 1 into the multifactor complex is
critical for formation of functional ribosomal preinitiation complexes in vivo. J. Biol.
Chem. 279: 31910-31920

Singh Chingakham Ranjit, Lee Bumjun, Udagawa Tsuyoshi, Mohammad-Qureshi Sarah S,
Yamamoto Yasufumi, Pavitt Graham D, and Asano Katsura (2006) An eIF5/elF2 complex
antagonizes guanine nucleotide exchange by elF2B during translation initiation. EMBO J.
25: 4537 LP — 4546

Sokabe Masaaki, Fraser Christopher S, and Hershey John WB (2012) The human translation
initiation multi-factor complex promotes methionyl-tRNA i binding to the 40S ribosomal
subunit. Nucleic Acids Res. 40: 905-913

Srivastava Suman, Verschoor Adriana, and Frank Joachim (1992) Eukaryotic initiation factor
3 does not prevent association through physical blockage of the ribosomal subunit-subunit
interface. J. Mol. Biol. 226: 301-304

Sun Chaomin, Todorovic Aleksandar, Querol-Audi Jordi, Bai Yun, Villa Nancy, Snyder
Monica, Ashchyan John, Lewis Christopher S, Hartland Abbey, Gradia Scott, Fraser
Christopher S, Doudna Jennifer a, Nogales Eva, and Cate Jamie HD (2011) Functional
reconstitution of human eukaryotic translation initiation factor 3 (elF3). Proc. Natl. Acad.
Sci. U. S. 4. 108: 20473-8

Szamecz Béla, Rutkai Edit, Cuchalova Lucie, Munzarova Vanda, Herrmannova Anna, Nielsen
Klaus H, Burela Laxminarayana, Hinnebusch Alan G, and ValaSek Leo$ (2008) elF3a
cooperates with sequences 5’ of uORF1 to promote resumption of scanning by post-
termination ribosomes for reinitiation on GCN4 mRNA. Genes Dev. 22: 2414-2425

51



Thakor Nehal, Smith M Duane, Roberts Luc, Faye Mame Daro, Patel Harshil, Wieden Hans
Joachim, Cate Jamie HD, and Holcik Martin (2017) Cellular mRNA recruits the ribosome
via elF3-PABP bridge to initiate internal translation. RNA Biol. 14: 553567

Urlaub Henning (2017) Combining cryo-electron microscopy (cryo-EM) and cross-linking
mass spectrometry (CX-MS) for structural elucidation of large protein assemblies. Curr.
Opin. Struct. Biol. 46: 157168

Valéasek L, Nielsen Klaus H, Zhang Fan, Fekete Christie A, and Hinnebusch Alan G (2004)
Interactions of Eukaryotic Translation Initiation Factor 3 (eIF3) Subunit NIP1/c with elF1
and elF5 Promote Preinitiation Complex Assembly and Regulate Start Codon Selection.
Mol. Cell. Biol. 24: 9437-9455

Valasek L, Phan L, Schoenfeld LW, Valaskova V, and Hinnebusch AG (2001) Related elF3
subunits TIF32 and HCR1 interact with an RNA recognition motif in PRT1 required for
elF3 integrity and ribosome binding. EMBO J. 20: 891-904

Valasek Leos, Hasek Jifi, Trachsel Hans, Imre Esther Maria, and Ruis Helmut (1999) The
Saccharomyces cerevisiae HCR1 gene encoding a homologue of the p35 subunit of human
translation initiation factor 3 (elF3) is a high copy suppressor of a temperature-sensitive
mutation in the Rpglp subunit of yeast elF3. J. Biol. Chem. 274: 27567-27572

Valasek LeoS, Mathew Amy A, Shin Byung Sik, Nielsen Klaus H, Szamecz Béla, and
Hinnebusch Alan G (2003) The yeast elF3 subunits TIF32/a, NIP1/c, and elF5 make
critical connections with the 40S ribosome in vivo. Genes Dev. 17: 786—799

Valasek Leos, Nielsen Klaus H, and Hinnebusch Alan G (2002) Direct elF2-elF3 contact in the
multifactor complex is important for translation initiation in vivo. EMBO J. 21: 588698

Valéasek Leos Shivaya (2012) *Ribozoomin’--translation initiation from the perspective of the
ribosome-bound eukaryotic initiation factors (elFs). Curr. Protein Pept. Sci. 13: 305-30

Valasek Leo$ Shivaya, Zeman Jakub, Wagner Susan, Beznoskova Petra, Pavlikova Zuzana,
Mohammad Mahabub Pasha, Hronova Vladislava, Herrmannova Anna, Hashem Yaser,
and GuniSova Stanislava (2017) Survey and summary: Embraced by elF3: Structural and
functional insights into the roles of elF3 across the translation cycle. Nucleic Acids Res.
45: 10948-10968

Verlhac MH, Chen RH, Hanachi P, Hershey JW, and Derynck R (1997) Identification of
partners of TIF34, a component of the yeast elF3 complex, required for cell proliferation
and translation initiation. EMBO J. 16: 6812—-6822

Villa Nancy, Do Angelie, Hershey John WB, and Fraser Christopher S (2013) Human
eukaryotic initiation factor 4G (elF4G) protein binds to elF3c, -d, and -e to promote
mRNA recruitment to the ribosome. J. Biol. Chem. 288: 32932-32940

Wagner Susan, Herrmannovd Anna, Malik Radek, Peclinovskd Lucie, and Valasek Leo$
Shivaya (2014) Functional and biochemical characterization of human eukaryotic
translation initiation factor 3 in living cells. Mol. Cell. Biol. 34: 3041-52

52



Wagner Susan, Herrmannova Anna, Sikrova Darina, and Valasek Leo§ Shivaya (2016) Human
elF3b and elF3a serve as the nucleation core for the assembly of eIF3 into two
interconnected modules: the yeast-like core and the octamer. Nucleic Acids Res. 44:
10772-10788

Waterhouse Andrew, Bertoni Martino, Bienert Stefan, Studer Gabriel, Tauriello Gerardo,
Gumienny Rafal, Heer Florian T, De Beer Tjaart AP, Rempfer Christine, Bordoli Lorenza,
Lepore Rosalba, and Schwede Torsten (2018) SWISS-MODEL: Homology modelling of
protein structures and complexes. Nucleic Acids Res. 46: W296—-W303

Wei Zhiyi, Xue Yanyan, Xu Hang, and Gong Weimin (2006) Crystal Structure of the C-
terminal Domain of S. cerevisiae elF5. J. Mol. Biol. 359: 1-9

Yamamoto Y, Singh CR, Marintchev A, Hall NS, Hannig EM, Wagner G, and Asano K (2005)
The eukaryotic initiation factor (eIF) 5 HEAT domain mediates multifactor assembly and
scanning with distinct interfaces to elF1, elF2, elF3, and elF4G. Proc. Natl. Acad. Sci.
102: 16164-16169

Zeman Jakub, Itoh Yuzuru, Kukacka Zden¢k, Rostulek Michal, Kavan Daniel, Kouba Tomas,
Jansen Myrte Esmeralda, Mohammad Mahabub Pasha, Novak Petr, and Valasek Leos
Shivaya (2019) Binding of eIF3 in complex with elF5 and elF1 to the 40S ribosomal
subunit is accompanied by dramatic structural changes. Nucleic Acids Res.: accepted

Van Zundert GCP, Rodrigues JPGLM, Trellet M, Schmitz C, Kastritis PL, Karaca E,
Melquiond ASJ, Van Dijk M, De Vries SJ, and Bonvin AMJJ (2016) The HADDOCK2.2
Web Server: User-Friendly Integrative Modeling of Biomolecular Complexes. J. Mol.
Biol. 428: 720-725

53



Publication |



Publication |l



Publication llI



Publication IV



Publication V



	Acknowledgements
	Table of contents
	List of abbreviations
	Abstract
	Abstrakt
	1 Introduction
	1.1 Eukaryotic translation initiation
	1.1.1 Comparison of translation initiation between S. cerevisiae and higher eukaryotes

	1.2 The eIF3 complex
	1.2.1 The a/Tif32 subunit
	1.2.2 The b/Prt1 subunit
	1.2.3 The c/Nip1 subunit
	1.2.4 The i/Tif34 subunit
	1.2.5 The g/Tif35 subunit
	1.2.6 The loosely associated factor Hcr1

	1.3 Structure of free eIF3
	1.4 Structure of eIF3 bound on 40S

	2 Aims of the study
	3 Materials and methods
	3.1 List of methods

	4 Results
	4.1 Publication I
	4.2 Publication II
	4.3 Publication III
	4.4 Publication IV
	4.5 Publication V

	5 Discussion
	5.1 The modified yeast eIF3 purification and reconstitution protocol
	5.2 Cross-linking versus high-resolution structural methods
	5.3 Structural and functional implications of yeast eIF3 geometry
	5.4 Flexibility of yeast eIF3 bound on 40S
	5.5 The binding site of yeast eIF5 on 40S is still not fully known
	5.6 The presence of eIF3 on 80S during early elongation
	5.7 Limitations and directions for the future research of eIF3

	6 Conclusions
	7 References
	Publication I
	Publication II
	Publication III
	Publication IV
	Publication V

