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Abstract

After transcription, mRNA translation is another highly regulated process in gene expression.
In plants, translation regulation plays an important role during progamic phase, fertilization and
seed development, where synthesized transcripts are stored and selectively translated later in
development. Translation regulation is also broadly used in stress responses as a fast and
flexible tool to change gene expression; therefore, it plays an essential role in the survival
strategy of sessile organisms like plants. Both regulation of the global translational rate as well
as selective regulation of specific transcripts modulate the final gene expression response. Most
of the regulatory mechanisms are concentrated in the stage of initiation, which is facilitated by
several translation initiation factors. Eukaryotic translation initiation factor 3 (elF3) is the
largest and most complex of these factors, consisting of 12 conserved subunits. Its key function
in the initiation is to scaffold the formation of the translation initiation complex and in the
scanning mechanism accuracy. In past decades, additional elF3 functions were discovered
acting upon the whole translation cycle, including its importance in global and specific
translation regulation. The aim of this work is to review elF3 functions and to discuss current

evidence for e[F3-mediated translation regulation in flowering plants.
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Abstrakt

Translace mRNA je po transkripci dal$i vysoce regulovanou etapou genové exprese. U rostlin
nabyva regulace translace znacného vyznamu béhem progamické faze, oplozeni a vyvoje
semen, kdy jsou s riznou mirou selektivity translatovany jiz skladované molekuly mRNA. Daéle
se regulace translace uplatituje diky své rychlosti a flexibilité i v reakci na stresové situace, coz
ma velky vyznam pro schopnost pteziti rostlin jakozto pfisedlych organismil. Pfesna modulace

genoveé exprese je vysledkem globalni translacni regulace stejné jako specifické regulace

.....

.....

translacni iniciacni faktor 3 (eIF3) je nejvétsim a nejslozitéjSim translacnim iniciacnim
faktorem, skladajicim se z 12 konzervovanych podjednotek. Jeho role strukturniho leseni
ptesnost skenovaciho mechanismu. V poslednich letech byly objeveny dalsi funkce, které
rozsifily ptisobnost elF3 do celého transla¢niho cyklu, a to v¢etné jeho vyznamu v globalni i
specifické translacni regulaci. Cilem ptedkladané bakalarské prace je popsat funkce elF3 a

diskutovat poznatky o jeho roli v transla¢ni regulaci krytosemennych rostlin.
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List of frequently used abbreviations

ABA - abscisic acid

ATP - adenosine triphosphate

CTD - C-terminal domain

CaMV - Cauliflower mosaic virus

eEF - eukaryotic translation elongation factor
el[F - eukaryotic translation initiation factor
EPP - EDTA/puromycin-resistant particle
eRF - eukaryotic translation release factor
GTP - guanosine triphosphate

IRES - internal ribosome entry site

MFC - multi-factor complex

MPN - Mpr-Pad1-N-terminal domain
MUMP- microbe associated molecular patterns
NMD - nonsense mediated decay

NTD - N-terminal domain

ORF - open reading frame

PABP - poly adenylate binding protein

PCI - Proteasome, COP9 signalosome, eIF3 domain
PIC - pre-initiation complex

PRR - pattern recognition receptor

PTC - peptidyl transferase center

S - Svedberg unit

SAM - shoot apical meristem

TAV - transactivator viroplasmin protein

TC - ternary complex

UTR - untranslated region

YLC - yeast-like core
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1 Introduction

Translation is an essential step for gene expression. The process of translation requires not
only large amount of cell energy, different RNA molecules, ribosomal proteins but also precise
regulation. In plants, expression of some key developmental regulators is specifically controlled
at the translational level. Moreover, stress-related transcripts are selectively translated under
stress conditions, when translation is globally downregulated. Specific translational regulation
comes to importance also during pollen maturation and pollen tube growth, where the complex
process of mRNA storage and subsequent selective translation needs precise control. Most of
the translational regulation is centered in the translation initiation phase, where several
translation initiation factors ensure mRNA association with the ribosome, precise start codon
recognition and correct ribosome assembly.

Eukaryotic translation initiation factor 3 (elF3) is the largest initiation factor, conserved
across eukaryotic kingdom and is consisting of 12 subunits in plants. eIF3 forms two structural
modules that are joined together; PCI/MPN octamer and yeast-like core (YLC). In initiation
process, the octamer module plays a role of scaffold structure that interacts with multiple
components of translational machinery, promotes assembly of pre-initiation complex and joins
together mRNA and small ribosomal subunit, while the YLC module participates in scanning
and stringency of start codon recognition. Recent studies also uncovered many additional
species-specific roles for elF3 in other translational processes and for individual eIF3 subunits
in global and specific translation regulation.

Plant eIF3 composition is similar to the mammalian elF3 complex, and some plant elF3
subunits were analyzed during the last 20 years using mainly Arabidopsis thaliana as a model
organism. Plant elF3 research focused mainly on the subunit elF3h and described its ability in
promoting the translation of specific transcripts that contain inhibitory upstream open reading
frames (UORFs) in their 5" leader. Several other studies pointed to the importance of other elF3
subunits in various plant developmental stages as well as in abiotic and biotic stress response.
However, the knowledge about the exact regulation mechanisms pertained by elF3 is still
mostly unknown.

The aim of this work was to review the current evidence for the translation regulation
mediated by individual elF3 subunits in flowering plants and to suggest future directions in
plant elF3 research. Because of the translation context complexity, preceding the description of
elF3 structure and functions, the process of translation initiation is presented for better

understanding and orientation in the topic.



2 Eukaryotic translation

Translation is the last step of the central dogma of molecular biology, where the nucleotide
sequence is translated into amino acids by the rules of the genetic code. Translation consumes
the majority of the cell energy and is a conserved, multistep and multifactorial process.
Excluding translation in organelles, this chapter presents the general process of eukaryotic

translation for better orientation in the plant translation regulation.

2.1 Components of the translational machinery

The complex process of translation requires many proteins with structural, enzymatic and
regulatory function. Also, three types of RNA play key informational, structural and functional
roles in protein synthesis: ribosomal (rRNA), transfer (tRNA) and messenger (mRNA).

rRNAs and ribosomal proteins form ribosomes, massive ribonucleoprotein complexes with
catalytic activity ensuring protein synthesis. Across species, the catalytic function is performed
by rRNA in the conserved peptidyl transferase center (PTC), while ribosomal proteins have
rRNA stabilizing and regulative function (Graifer and Karpova, 2015). Within the eukaryotic
cell, ribosomes are localized freely in cytoplasm or associated with endoplasmic reticulum.
Eukaryotic cells also contain subpopulations of prokaryotic-like ribosomes in semi-autonomous
organelles (mitochondria, plastids). Cytoplasmic 80S ribosome consists of four rRNA chains;
288, 188, 5.88S, and 58S, and 70-80 ribosomal proteins, all divided into two subunits: large 60S
and small 40S. In the assembled 80S ribosome (Figure 1) there are three channels; polypeptide
exit channel, mRNA entry and mRNA exit channel. For the tRNA, three sites are identified,
aminoacyl-tRNA binding site (A site), peptidyl-tRNA binding site (P site) and exit site (E site).

tRNA is a short non-coding RNA with a specific cloverleaf-like secondary structure,
L-shaped tertiary structure and many base modifications. It plays a major role in deciphering
the genetic code during the translation, as it holds the three-nucleotide anticodon on one of its
loops and can covalently bind the proper amino acid on the acceptor stem. The binding of amino
acid to its specific tRNA (tRNA charging) is performed with high efficiency by aminoacyl-
tRNA synthetases.

mRNA carries the sequence information from the nucleus to cytoplasm, where the protein
synthesis apparatus is located. From the start of transcription, the elongating nascent transcript
undergoes mRNA processing; a series of co- and posttranscriptional modifications, that add
7-methylguanosine cap (5 cap) on its 5" end, polyadenylate tail (polyA) on 3 end and remove
introns (Reviewed by Moore and Proudfoot, 2009). Moreover, transcripts are never fully

“naked”, but associate with proteins to form the ribonucleoprotein particles (mRNPs). The
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Figure 1: Crystal structure of the S. cerevisiae 80S ribosome. Views from the E site (A), small subunit side
(B), A site (C) and large subunit side (D). Polypeptide exit tunnel, mRNA entry and exit tunnels are indicated.
The large 60S subunit is shown in yellow with orange proteins and the small 40S subunit in cyan with blue
proteins. Adapted from (Jenner et al., 2012). Schematic model of three sites for tRNA (E), here shown with
mRNA and two aminoacyl-tRNA molecules in P and A site. Modified from (Browning and Bailey-Serres, 2015)

composition of mRNPs is highly dynamic and changes several times during the mRNA life, as
it directs the mRNA molecule throughout the RNA processing, nuclear export, translation
viability, mRNA storage or the rate of degradation (Singh et al., 2015). For translation, mRNA
is activated by several initiation factors and multiple copies of the cytoplasmic Poly(A)-binding
proteins (PABPs).

During all of the steps of translation, ribosomes need the support of many other proteins,
known as translation factors (Table 1). Initiation factors control the activation of mRNA, its
assembly with small ribosomal subunit and initiator tRNA, scanning of mRNA and start codon
recognition. Then they are released from the initiation complex to allow for the joining of the
60S to form an elongation-competent 80S ribosome. Elongation factors supply charged tRNAs
to the A-site and mediate mRNA translocation within the ribosome. Their functions are fueled
by GTP hydrolysis. Release factors are responsible for the proper termination of translation by

recognizing the stop codon and promote the separation of ribosomal subunits.
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Table 1: Overview of eukaryotic translation factors and their function in canonical translation. Simplified
from the list of Arabidopsis thaliana translation factors in (Browning and Bailey-Serres, 2015).

Protein Function

Initiation factors (elF’s)

eIF1 PIC formaFion, scanning, AUG selection, controls elF5 activity, promotes 40S open
conformation
elF1A PIC formation, scanning, AUG selection, promotes 40S open conformation
elF2 subunits a, B,y | Small GTPase, forms ternary complex with GTP and Met-tRNAM®!
elF2B GDP-GTP recycling factor for elF2
elF3 12 subunits Formation of PIC, scanning and AUG recognition, mnRNA joining
elF3j elF3 associated factor, promotes elF3 binding to 40S
elF4A ATP-dependent helicase, unwinds secondary structure of mRNA, binds mRNA to 40S
elF4B Cofactor of elF4A
elF5 GTPase activating protein for eIlF2, Met-tRNAM® placement on AUG
elF5B Joining of 60S subunit, GTPase
PABP Binds poly(-A) tail, interacts with eIF4G
Elongation factors (eEFs)
eEF1A small GTPase, binds aminoacyl tRNA and GTP
¢EF1B subunits a, B,y | Recycling factor of eEF1A
eEF2 tRNA and mRNA translocation
Release factors (eRF’s)
eRF1 Termination/peptide release
eRF3 Termination/peptide release
ABCE1 Ribosome recycling

2.2 Variability of translational machinery enables specific regulation
2.2.1 Ribosomal proteins build populations of heterogenous ribosomes

In ribosomes, rRNA molecules are enveloped by ribosomal proteins. In plants, there are
more than 200 genes for 80 gene families of ribosomal proteins, each family being encoded by
two to five paralogs in Arabidopsis (Browning and Bailey-Serres, 2015). In all eukaryotes, most
of the ribosomal proteins are found in some ribosomal complex, therefore one cell contains
many populations of heterogenous ribosomes (Simsek et al., 2017). Moreover, distinct
ribosomes were found to preferentially translate specific subpopulations of mRNA (Shi et al.,
2017), increasing their role in selective translation. Plants are no exception from this
phenomenon, and show as well some plant specifics in ribosomal biogenesis (Weis et al., 2015).
2.2.2 Sequence and structure determine translation of individual mRNAs

Some mRNAs contain special features that influence their lifespan or translation efficiency
(Figure 2). These additional features are mostly found in 5 untranslated region (5"UTR), less
commonly in 3 "untranslated region (3"UTR) or in main ORF (mORF). Recognition of transcript

specificity is dependent mostly on sequence and ability to form secondary structures. Upstream
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Figure 2: Structural features of mRNA that influence translation. The 5 Cap and the poly(A) tail enhance
translation. Internal ribosomal entry sites (IRESs) promote cap-independent translation; hairpins and upstream
open reading frames (WORFs) generally reduce translation of the main ORF (mORF). Light orange ovals represent
RNA-binding proteins that recognize specific sequences in the transcript, marked as blue bands, and can either
inhibit or enhance translation. Red bands represent small RNA binding sites and enhance mRNA degradation and
specific gene silencing. Adapted and modified from (Merchante et al., 2017).

open reading frames (UORFs) have inhibitory effect on translation of the major ORF. Another
well-known regulatory mechanism used is sequence-specific translation repression mediated
by small RNAs (Reviewed by Islam et al., 2018 and Liu et al., 2018). Hairpin secondary
structures in mRNA are found to be a barrier in scanning process and can be surpassed by
additional helicases or rarely by ribosome shunting. More complicated structures mediate
IRES-like initiation or might be recognizable by classical or additional RNA binding proteins
(Merchante et al., 2017).
2.2.3 Plant-specific initiation factors operate on different mRNA pools

Similarly to ribosomal proteins, plants frequently encode a translation factor by more than
one gene. Moreover, two structurally distinct eIF4F complexes are found in plants to provide
mRNA activation; canonical eukaryotic eIF4F and plant specific elF4isoF (Figure 3). elFisoF

is comprised of a plant specific cap

mRNA
binding protein eIF4isoE and a scaffold m’G ®)n
protein elF4isoG. However, mixed e ::;Q:;:ABP
complexes of eukaryotic and plant o
specific factors could be formed, too | Plant-specific Eukaryotic

(Mayberry et al., 2011). Recent studies
suggest that both complexes are
differentially expressed and operate on
different mRNA pools (Mayberry et
al., 2009; Martinez-Silva et al., 2012;
Gallie, 2016). The plant elF4B is non-
conserved and may have alternative
functions (Browning and Bailey-
Serres, 2015). Plants also possess large

variety of PABPs (Belostotsky, 2003).

elFiso4F
complex

Yy

|

Figure 3: Plant options of mRNA activation. After export
from the nucleus, mRNA is activated by cap-binding complex
elF4F or plant-specific elFiso4F at the 5’ end, PABP at the 3’ end
and additional factors eI[F4A and elF4B before loading to 43S
PIC. Adapted from (Browning and Bailey-Serres, 2015)



2.3 The translation cycle
2.3.1 Initiation phase

Initiation is the opening step of translation (Figure 4), accomplished by the scanning
mechanism in eukaryotes (Reviewed by Hinnebusch, 2014; 2017). Initiation starts with
formation of the Ternary Complex (TC) from elF2-GTP and initiator Met-tRNAM®, The TC is
then bound to free 40S ribosomal subunit along with initiation factors elF1, eIF1A, elF3 and
elF5 to form the 43S pre-initiation complex (43S PCI). In this assembly, eIF3 plays a role of a
scaffold that joins other proteins together. In addition, elF1, elF2, elF3 and elF5 could pre-
assemble, independently on 40S, forming the so called multi-factor complex (MFC). Free
cytoplasmic MFC was observed in yeast (Asano et al., 2000), plants (Dennis et al., 2009), and
in mammals (Sokabe et al., 2012). In the 43S PIC, Met-tRNAM® is placed almost precisely in
the future P-site of the ribosome with anticodon CAU complementary to start codon AUG.

Activated mRNA joins 43S PIC along with associated proteins; elF4E, elF4A, elF4B,
PABP and elF4G. 43S PIC and mRNA are joined together via the elF3-elF4G bond to form
48S pre-initiation complex (48S PIC) in the open conformation (Villa et al., 2013). The open
48S PIC starts scanning the 5'UTR until the AUG codon is reached in Kozak consensus

elfs1,1A,3,5
OGTP  &ATP 3) 4
APE L 5 T ®
P ——

O GDP-P; E
405
®GDP  @ADP ¢

AUG recognition

1A
A
mRNA m’G\/\/\Aus/\/\f\f(A)" @ ‘%’)485

® MFC b

B elFs 4A,4B,4E,4G o
Y PABP " elF5-elF2-GDP
PICassambly < Pelrse-GTP &
PABP A@ F 5

A) AA AAA
I ,’] Cd : L 43s A A
AU m’G, 4G
mRNA activation C L H
) AL
G 605 ﬁigb i
MR N

Subunit joining n P o

4G

m

) % v

80S Elongation

Figure 4: Model of the Scanning Mechanism of Eukaryotic Translation Initiation. Here shown as a series
of steps. Starting with 43S PIC assembly (A) and mRNA activation (B), followed by mRNA acquisition to form
43S-mRNA PIC (C). GTP hydrolysis on elF2 starts subsequent scanning of the mRNA (D), accompanied with
ATP dependent unwinding of mRNA by elF4A (E). AUG recognition form the closed 48S that triggers the
release of elF1, Pi, and elF5-eIF2-GDP to, while eIF5B-GTP binds to the complex (F) and promotes joining of
the 60S subunit to the PIC, with the release of residual initiation factors (G). Formed 80S IC is then ready for the
first round of elongation (H). Adapted and modified from (Hinnebusch, 2017)
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sequence, a favorable context of surrounding nucleotides (Kozak, 1987). Scanning is first
driven by hydrolysis of GTP on elF2, a process promoted by elF5, where the phosphate remains
bound to the elF2 through the scanning process (Algire et al., 2005). Then, eI[F4A unwinds the
5"UTR using the ATP hydrolysis as an energy source. Start codon in Kozak sequence consensus
is recognized by the codon-anticodon pairing with Met-tRNAM¢t with the support of eIFs. The
following release of eIF1 opens the way for the phosphate to dissociate from elF2 (Algire et
al., 2005). The phosphate release is followed by the dissociation of eIF1A, eIF2-GDP, elF3 and
elF5. PIC is then in the closed conformation, ready to bind with the 60S large ribosomal subunit,
with Met-tRNAM® anticodon interacting with start codon in the future P-site. The 60S subunit
is joined with the help of eIF5B, in a process fueled by GTP hydrolysis, resulting in the 80S
initiation complex (80S IC), ready for the first round of elongation.
2.3.2 Elongation, termination and ribosome recycling

In one elongation cycle, eEF1A-GTP delivers charged tRNA to the A-site, accompanied by
GTP hydrolysis. After the ribosome catalyzes new peptide bonding in the PTC, eEF2 promotes
tRNA translocation within the ribosome sites and allows mRNA to move by one codon, a
process powered by another GTP hydrolysis. The GDP in the eEF1A is exchanged for GTP by
eEF1B, while eEF2 requires no recycling factor for recharging. As the ribosome completes the
elongation, one tRNA molecule binds stepwise to the codon in the A-site, moves to the P-site,
holding the growing peptidyl chain and leaves through the E-site after another elongation round.

The elongation cycle is repeated, until a stop codon (UAA, UGA, UAGQG) is reached. In most
organisms, there is no tRNA with proper anticodon. Instead, eRF1 recognizes all three stop
codons in the A-site and binds eRF3. eRF3-mediated GTP hydrolysis releases the polypeptide
from the ribosome by the hydrolysis of tRNA-eRF3 bond within P-site (Brown et al., 2015).

Ribosome recycling starts after the polypeptide chain has been released and 80S ribosome
is still bound to mRNA. In eukaryotes, there is no homolog of prokaryotic ribosome recycling
factor (RRF). Instead, eRF1 remains bound to the 80S after termination and may have a role in
ribosome recycling (Pisarev et al., 2007). The dissociation of the 80S ribosome to 40S and 60S
subunits is in eukaryotes promoted by highly conserved ATP-binding cassete E (ABCEI)
(Pisarev et al., 2010). Elongation, termination and ribosome recycling are discussed in detail in
Dever and Green, 2012.
2.3.3 Non-canonical translation events

There are several exceptions, where general rules of translation cycle are challenged. To be
treated independently of global translation and its regulation, viruses developed several

mechanisms to do so, and as was mentioned in previous chapter, some cell transcripts also
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possess specific features enabling them to fine-tune their own translation. In Leaky scanning,
the start codon is surpassed during the mRNA scanning, when AUG is in weak surrounding
sequence (Kozak, 2002). To the contrary, during non-AUG initiation ribosomes initiate
translation on codon other than AUG (Hsu et al., 2016). Viral internal ribosome entry sites
(IRES) are complex structures in their 5"UTR that bind 408, initiation factors, and place viral
RNA in ribosome with AUG directly in P-site. Some cell transcripts also possess IRES-like
structures to promote Cap-independent initiation (Yamamoto et al., 2017). Other mRNA
secondary structures, inhibitory hairpins in 5’UTR, can be bypassed by the scanning complex
by the so-called ribosome shunting, a mechanism performed by some viruses as well (Pooggin
and Ryabova, 2018). Reinitiation occurs on post-termination ribosomes, where mRNA remains
bound to 40S and fresh TC and elFs are loaded to form a new 43S PIC that is able to scan and
reinitiate (Skabkin et al., 2013). During Stop codon readthrough, successful recognition of stop

codon is decreased and ribosomes continue in elongation cycles (Schueren and Thoms, 2016).
3 Eukaryotic initiation factor 3

In the previous chapter, eukaryotic translation initiation factor 3 (elF3) was shown as a part
of the initiation machinery. This chapter provides a more detailed description of structural and
functional features of this protein complex. In most studies, yeast and mammalian eIF3 was
examined, but much could be applied on other organisms, because elF3 is conserved in all
eukaryotes, comprised of as much as 12 subunits. First was isolated from rabbit reticulocytes
in the 1970’s (Benne and Hershey, 1976; reviewed by Cate, 2017) and from then, several elF3

functions were discovered, with some of them not even related to the translation initiation.

3.1 Composition differences in organisms

elF3 is likely to be present in every eukaryotic cell. Individual subunits are conserved in
their structure, protein domains and at least the basal functions (Table 2). In the beginning of
the 21% century, a unified letter nomenclature for eIF3 subunits was proposed instead of
molecular weight (Browning et al., 2001; Burks et al., 2001). The most diverged elF3 complex
that has been discovered and intensively studied is in Saccharomyces cerevisiae, consisting of
just 5 subunits (-3a, -3b, -3c, -31, and -3g) with molecular mass of ~360 kDa (Asano et al., 1998;
Phan et al., 1998; Khoshnevis et al., 2012), suggesting for the essential subunits needed for elF3
functions in translation initiation. elF3;j is also found in S.c. and is necessary for elF3 binding
to 40S, but is only loosely attached to elF3 (Valasek et al., 2001; Elantak et al., 2010) and not
present in purified yeast elF3 complex, considered as an elF3 associated factor (Asano et al.,

1998; Khoshnevis et al., 2012). In mammals, homologs of all 5 yeast elF3 subunits are found



Table 2: Table of el F3 subunit composition in different organisms. Not including eIF3 associated protein elF3j.
Modified from (Valasek et al., 2017), with respect to (Li et al., 2016) and (Li et al., 2017).

Subunit Domains Organism

S. S. T. H. A. 0.
cerevisiae  pombe brucei sapiens thaliana sativa

elF3a PCI, Spectrin X X X X X X
elF3b WD40, RRM X X X X X X
elF3c PCI X X X X X
elF3d 5’cap binding? X X X X X
elF3e PCI X X X X X
elF3f MPN X X X X X
elF3g RRM, Zn finger b'e b'e b'e X X X
elF3h MPN X X X X X
elF3i WD40 X X X X X X
elF3k PCI X X X X
elF3l1 PCI X X X X
elF3m PCI X X X X

in the purified complex, together with 7 additional subunits -3d, -3e, -3f, -3h, -3k, -31 and -3m
(Zhou et al., 2008; Smith et al., 2013). In mammals and Neurospora crassa, elF3-associated
protein elF3j shows similar functions as its S.c. ortholog (Fraser et al., 2004; Smith et al., 2013).
Plant elF3 composition is similar to the mammalian model (Burks et al., 2001), suggesting for
a high conservation of the 12 subunits and that the yeast eIF3 is likely reduced. In Excavata,
elF3 composition is also similar to the mammalian model, although subunits differ in sequence,
keeping conserved only their domains, and for some species from this group, there is a lack of
evidence for some subunits (Rezende et al., 2014; Han et al., 2015; Meleppattu et al., 2015). In
Bacteria and Archaea, there is no homology for elF3 subunits, except of the homology with the
subunit elF3i found in Archaea (Benelli and Londei, 2011; Rezende et al., 2014), corresponding

with the fact that neither Bacteria nor Archaea initiate translation by the scanning mechanism.

3.2 Structure and assembly

Size, complexity and structural flexibility are barriers in solving the complete elF3 structure.
In recent years, major progress pushed the boundaries of knowledge further, as the structure of
elF3 in different contexts of PICs has been solved in yeast (Erzberger et al., 2014; Korostelev,
2014; Aylett et al., 2015) and in mammals (Hashem et al., 2013a; Querol-Audi et al., 2013; des
Georges et al., 2015; Simonetti et al., 2016; Eliseev et al., 2018), together with the biochemical
data of proposed elF3 subunit assembly, composition and mutual interactions (Zhou et al.,
2005; Masutani et al., 2007; Zhou et al., 2008; Sun et al., 2011; Herrmannova et al., 2012;
Khoshnevis et al., 2012; Wagner et al., 2014; 2016).

Mammalian elF3 can be divided into two modules (Figure 5C), first module being an
octamer formed from elF3a, -3c, -3e, -3f. -3h, -3k, -31 and -3m subunits. Assembly of this

octamer is enabled by a scaffold structure of 6 subunits (-3a, -3¢, -3e, -3k, -31 and -3m)
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containing a PCI (for Proteasome, CSN, elF3) domain and 2 subunits (-3h and -3f) containing
a MPN (for Mpr1-Pad1-N-terminal) domain. This PCI/MPN octamer has a five-lobed structure
(Siridechadilok et al., 2005; Querol-Audi et al., 2013), stabilized by two interaction hubs; the
PCI domain-containing subunits form a structure known as B-sheet arc, plus every subunit of
the octamer joins with one a-helix, forming the helical bundle (des Georges et al., 2015). This
structure is shared between otherwise functionally unrelated protein complexes (Figure 5); CSN
(COP9 signalosome) and 26S proteasome lid (Pick et al., 2009; Enchev et al., 2010; Ellisdon
and Stewart, 2012). The second module consists of elF3 subunits -3b, -31 and -3g, structurally
similar to the yeast orthologs. Both modules are connected via -3a/-3b interaction. In the most
reduced S.c. complex, -3a PCI domain binds with the second PCI domain of eIF3c to form one
subcomplex. The second subcomplex consist of the mutual interaction between elF3g and
elF3i. Both subcomplexes are bridged by elF3b, binding both -3g and -3i via its CTD, while its
NTD binds with elF3a. Associated protein elF3j binds loosely to the spectrin domain of elF3a
and to RNA recognition motif (RRM) of elF3b (Valasek et al., 2001; 2003).

The assembly of the 12 subunit eIF3 was proposed by Wagner and co-workers in 2016. In
this model, the -3a binds -3b, forming the nucleation core, then -3i and -3g join the -3b to form
a subcomplex of -3a, -3b, -3g and -31, containing four out of five budding yeast elF3 subunits,
therefore called yeast-like core (YLC) (Figure 5C), which alone is still able to bind to 40S and
recruit activated mRNA in vivo (Wagner et al., 2014). Assembly of other PCI/MPN core
subunits proceeds, starting with -3¢ joining -3a to form the “head”, followed by -3m, -3f and -
3h to form the “left leg”. Then, the “right arm” -3e joins, followed by the “right leg” -31 and -3k
to complete the octamer. elF3d is a non-octameric subunit, which is bound to -3e. Although in
this model, the proposed human nucleation core is the -3a/-3b dimer and the YLC is considered
a key prerequisite for octamer assembly, the whole human octamer alone was reconstituted in
vitro and subunits -3b, -3d and -31 completed the whole complex when added later on. In this
study, the dimer of -3a/-3c was proposed as the main nucleation core (Sun et al., 2011). From
these slightly different evidences it might be suggested that both modules can be formed
independently, therefore variable elF3 subcomplexes might be present in vivo, still capable of
at least the basal functions. Moreover, such subcomplexes were observed in some
aforementioned experiments as well as in recent reconstitution of Neurospora crassa elF3
(Smith et al., 2016). In this study, minimal subcomplex containing -3a, -3b, -3¢, -3f, -3g, -31,
and -3m subunit was proposed as sufficient for survival (Smith et al., 2016). As suggested on
these little differences between the essential subunits needed, the probability of species-specific

functions for eIF3 subunits is apparent.
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Figure 5: Structure comparison of the 26S proteasome lid, COP9 signalosome and elF3 protein complexes
that share PCI/MPN core and helical bundle interactions. Cartoon model of the yeast 26 S proteasome lid (A),
modified from (Estrin et al., 2013). Cartoon model of human COP9 signalosome (B), modified from (Lingaraju et
al., 2014). Cartoon model of human eIF3 (C), modified from (Wagner et al., 2016).

3.3 elF3 in translation initiation

elF3 alone is able to bind to 40S and in the case of some initiation factor missing in PIC,
elF3 prevents the 40S and 60S association (Kolupaeva et al., 2005). After binding to 40S, elF3
enhances TC, elF1, elF1A, elF5 loading on the 40S (Valasek, 2012). Moreover, elF3 can bind
elF1, elF1A, elF2 and elF5 without the presence of 40S, forming the multifactor complex
(MFC) that loads the Met-tRNA;M' on the 40S (Sokabe et al., 2012). In the MFC assembly, the
elF3c provides several interactions with other factors (Karaskova et al., 2012; Obayashi et al.,
2017). In assembled 43S PIC, elF3 encircles the 40S in a clamp-like fashion. In S.c., elF3c
and -3a bind to the solvent side of 40S and elF3b, -3g and -3i are placed near mRNA entry
channel (Aylett et al., 2015). elF3g interacts with two entry channel ribosomal proteins, Rps3
and Rps20 (Cuchalova et al., 2010), and associated eIF3j interacts with two other ribosomal
proteins, Rps2 and Rps23, in entry channel (Elantak et al., 2010). The position of the 12 subunit
mammalian eIF3 on 40S ribosome seems to be analogous, the PCI/MPN octamer is placed on
the solvent side of the 40S with e[F3a NTD reaching the mRNA exit channel, and YLC placed

on the intersubunit side near the mRNA entry channel (des Georges et al., 2015), interacting
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Figure 6: elF3 structure position in the context of mammalian 43S PIC. Cryo-EM reconstruction of the
octamer reconstituted from mammalian eIF3 (A), Adapted from (des Georges et al., 2015) Polyalanine-level model
of the eIF3 PCI/MPN octamer m43S PIC, showing the seven-helix bundle formed by subunits -3h, -3¢, -3e, -31, -
3f, and -3k (B), adapted from (Hinnebusch, 2017). Location of eIF3 subunits in the mammalian 43S PIC, with the
PCI/MPN octamer bound the mRNA exit channel and peripheral domains bound near the mRNA entry channel
(C), adapted from (Hinnebusch, 2017), originally from (des Georges et al., 2015). Model of mammalian 40S-elF1-
elF3 complex. Here, the problematic placement of flexible YLC is modelled accordingly to the yeast elF3 (D),
adapted from (Erzberger et al., 2014).

with the 40S by a 9-bladed B-propeller structure in eIlF3b (Liu et al., 2014). After the 43S PIC
is formed, elF3 is necessary for loading the activated mRNA to the 43S PIC (Mitchell et al.,
2010). The recruitment of mRNA to PIC is enabled by the direct binding of the eIF4G to a
surface made from three elF3 subunits; -3c, -3d, -3e (Villa et al., 2013). elF3a interacts directly
with mRNA in the exit channel (Pisarev et al., 2008), thus the mRNA stabilization on 40S is
enhanced by elF3 on both mRNA entry and exit channel, presumably by extending the
interactions of PIC and mRNA by few nucleotides (Aitken et al., 2016). The processivity of
scanning and stringent AUG recognition are also enhanced by elF3, probably by stabilizing the
conformation on the mRNA and factors involved in scanning (Cuchalové et al., 2010; Elantak

et al., 2010; Chiu et al., 2010; Karaskova et al., 2012; Aitken et al., 2016; Obayashi et al., 2017,
12



Valasek et al., 2017). Analyzed by two recent structural studies, the YLC module undergoes
rearrangement on 40S during mRNA binding, as it relocates from the solvent exposed site to
the intersubunit surface and stabilizes the interaction of the scanning complex (Simonetti et al.,
2016). Upon AUG recognition, YLC is relocated back to the solvent exposed site, probably via

a conformational change of elF2 (Eliseev et al., 2018).

3.4 elF3 beyond initiation

Translation reinitiation occurs mostly after short uORFs in the presence of elF3, as it was
shown that eIF3 remains bound to the elongating ribosomes for a short time during first couple
of elongation cycles on uORFs and subsequent reinitiation (Mohammad et al., 2017). In S.c.,
elF3a promotes reinitiation after recognizing the secondary structure on the uORF of GCN4
transcript (Szamecz et al., 2008; GuniSova et al., 2018), while elF3h promotes reinitiation in
mammals (Hronova et al., 2017) and in plants, in a process which will be described later on.

In yeast, elF3 participates in stop codon readthrough, as suggested by elF3 interacting with
eRF1 in vivo, elF3 presence in terminating complexes, and decreased rate of stop codon
readthrough in systems with mutated eIF3 (Beznoskova et al., 2013). The mechanism proposed
was that elF3, by binding to eRF1, interferes with eRF1 ability of decoding the third nucleotide
in stop codon, thus enabling a near-cognate tRNA binding to stop codon and the continuation
of elongation (Beznoskova et al., 2015; Dabrowski et al., 2015). The elF3j, to the contrary,
decreased the rate of stop codon readthrough (Beznoskova et al., 2013).

Another role for elF3 was discovered in Nonsense-Mediated mRNA decay (NMD). NMD
is a transcript degradation pathway that occurs when a premature termination codon (PTC) is
recognized on mRNA during the first round of elongation (Celik et al., 2017; Gupta and Li,
2018). UPF1, a key NMD factor, binds to elF3 after mRNA is marked for NMD and probably
inhibits the translation initiation on such transcripts (Isken et al., 2008; Flury et al., 2014).
Moreover, elF3e was shown as the elF3 subunit needed for NMD pathway initiation (Morris et
al., 2007), while NMD inhibitory effects were proposed for elF3g, -3f and —3h, (Choe et al.,
2012; Peixeiro et al., 2012; Pereira et al., 2015).

Under stress conditions, elF4F activity is inhibited and elF3 was shown to bind the 5’cap
itself via e[F3d and -31 (Kumar et al., 2016; Lee et al., 2016). Moreover, elF3 binds to transcripts
encoding cell growth, differentiation or apoptosis proteins (Lee et al., 2015), and mRNAs
containing N6-methyladenosine (m®A) in their 5 UTR (Meyer et al., 2015). IRES-like
containing transcripts also need elF3 for efficient translation initiation (Sun et al., 2013;

Hashem et al., 2013b). DHX29 helicase interacts with the RRM motif of elF3b and CTD of
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elF3a to cooperate in scanning on the complicated secondary structures in 5'UTRs (Pisareva
and Pisarev, 2016). In vitro, elF3 splits the post-terminated 80S ribosomes to individual
subunits, suggesting elF3 can act as a recycling factor. Presence of other initiation factors
increased the ability of e[F3-dependent ribosome recycling. It is possible, that recycling factor

ABCEI and elF3 cooperate in recycling, as both factors directly interact (Pisarev et al., 2007).
4 Plant translation regulation

4.1 Regulation of translation in response to environment changes and stress

Protein synthesis is the most ATP consuming cell process (Buttgereit and Brand, 1995), so
logically when cell energy resources decrease, so does translation. Plants are sessile autotrophic
organisms, and their energy state depends mostly on photosynthesis. Environmental changes
that affect photosynthesis have therefore an impact on translation as well. A decrease in
translation is observed typically when there is lack of light during nights, or in the immediate
light to dark shift. Global decrease in translation is also observed during abiotic stress responses,
such as sucrose starvation, water deficiency, high salt condition, oxygen deprivation, ROS, heat
and cold stress or in response to abscidic acid (ABA) (Reviewed by Merchante et al., 2017).
During microbial biotic stress, specific recognition of microbe associated molecular patterns
(MUMPs) by pattern recognition receptors (PRRs) triggers reprogramming of the translation
that is not correlating with the simultaneous changes in the transcription (Xu et al., 2017). In
case of viral infections, viruses modulate the translation for their own multiplication by
commonly using non-canonical modifications (Echevarria-Zomeio et al., 2013).

Several protein kinases regulate translation through phosphorylation, doing so after
perceiving signals of changed cell state and environment change. Many initiation factors and
ribosomal proteins are phosphorylated with a different impact on their function (Reviewed by
Browning and Bailey-Serres, 2015). One of the classic examples of global downregulation is
the phosphorylation of e[F2a. In plants, eIF2a is phosphorylated by GCN2 in response to amino
acid starvation, UV exposure or cold treatment. The phosphorylation increases elF2 affinity for
binding its recycling factor eIF2B, thus impairing the formation of TC, leading to inhibition of
the initiation (Lageix et al., 2008).

The general downregulation of translation, however, doesn't affect some transcripts that are
able to bypass the repression and are efficiently translated. For example, during nights,
polysomal occupancy is low, but transcripts of ribosomal protein and mitochondrial respiratory
chain are translated with high efficiency (Missra et al., 2015). Also, facilitating proper abiotic

stress response requires translation of specific stress-responding proteins even though global
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translation is repressed. Such translational specificity is also seen for some key development
regulators and is generally a result of the great variability in translation machinery (briefly

described in 2.2), that enables almost individual regulation for some special transcripts.

4.2 mRNA storage during plant reproduction and development

In plant life cycle, two generations are altering, haploid gametophyte and diploid sporophyte.
In flowering plants, gametophytic generation is reduced to just a couple of cells. Translation
regulation occurs in all developmental stages, being very interesting during male gametophyte
development. In the tissues of anther loculi, diploid microsporocyte undergoes meiosis,
resulting in four haploid microspores. Microspores then undergo two cell divisions; asymmetric
division forms the vegetative and the generative cell, and subsequent division of the generative
cell into two sperm cells (Figure 7). After pollination, pollen is activated, and pollen tube bursts
out of the pollen grain. The pollen tube elongates through the stigma, style and ovary to the
embryo sac, where one gamete fuses with the egg cell and the other gamete fuse with the central
cell, a process known as double fertilization (Reviewed by Hafidh et al., 2016).

During early microgametogenesis, some mRNAs are stored in large ribonuclear particles,
known as EPPs (Honys et al., 2000). After pollination, mRNA translation rapidly increases, as
the stored mRNAs in EPPs are quickly released and translated. Moreover, some EPPs carry
transcripts needed later on during the tip growth. These EPPs are transported to the tip of the
pollen tube and stored mRNAs are continuously activated (Honys et al., 2000; Honys et al.,
2009). Similar regulation of specific mRNA storage is found in plant embryo and endosperm
during seed maturation, and their rapid translation during seed germination (Rajjou et al., 2004;
Nakabayashi et al., 2005; Galland et al., 2014). EPPs contain some components of the
translational machinery; ribosomal proteins, rRNA, translation factors and other accessory
proteins. EPPs in Tobacco pollen contain several proteins that could regulate the specific

translation; eIFAE, elF4isoE, eI[F4A, PABPs, translation elongation factors and also elF3a and
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Figure 7: Diagram describing pollen development. After meiosis, tetrad of microspores is covered by callose,
from which are later released. Released microspores undergo asymmetric division, pollen mitosis I (PMI), to form
generative and vegetative cell. The generative cell is engulfed in the cytoplasm of vegetative cell and divides once
more in pollen mitosis II (PMII) into two sperm cells - male gametes. Adapted from (Hafidh et al., 2016)
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elF3b (Honys et al., 2009). Whether all these factors are found in EPPs just to be at hand when
mRNA is activated or are participating in the regulation and control of pollen specific

translation is yet unknown.
5 elF3-mediated translation regulation in flowering plants

As most of the elF3 structure and functions discoveries were done in yeast and mammals,
we can only confirm via biochemical analyses that plant elF3 is a complex of 12 subunits in
Arabidopsis thaliana, Triticum aestivum and Oryza sativa (Browning et al., 2001; Burks et al.,
2001; Li et al., 2016). Similar composition and domain conservation as the mammalian elF3,
suggest also structural similarities. However, additional functions of individual subunits might
have diverged in plants. Even though plant elF3 knowledge is still limited, existing studies of
individual subunits have presented some of the regulative functions of plant eIF3 subunits. Most
of plant eIF3 studies are concentrating on Arabidopsis thaliana, a model dicot for plant basic
research. Arabidopsis genome has 21 coding sequences for elF3 subunits, including two genes
for elF3j. Five subunits are encoded by one gene; elF3a, -3e, -3f, -3h, -3k, and seven subunits
are encoded by two genes; elF3b, -3c, -3d, -3g, -31, -31, -3m (Browning and Bailey-Serres,
2015). This chapter gathers the existing studies on the individual plant eIF3 subunits, including
the associated protein elF3j and suggests possibilities for future plant eIF3 research. Where the

knowledge is limited, suggestions are based on elF3 subunit studies from other eukaryotes.

5.1 Expression profiles of individual eIF3 subunits share common pattern

elF3 is undoubtedly an essential factor for translation and therefore it comes to no surprise
that its expression correlates with global translation rate in plant tissues. The available mRNA
expression profiles from Microarray data sets via ePlant browser (Winter et al., 2007;
http://bar.utoronto.ca/eplant/), RNA sequencing via Araport (Krishnakumar et al., 2015;
https://www.araport.org) and from promoter-reporter constructs in referred studies confirm this
fact and locate highest elF3 expression in rapidly proliferating and growing tissues like the
shoot apical meristem (SAM), root apical meristem, leaf primordia, flowers, female
reproductive tissues and during pollen, seed and embryo development. At the subcellular level,
elF3 is localized mainly in the cytoplasm. As all the eIF3 subunits share common expression

profile, only the exceptions are mentioned in the following individual eIF3 subunit sections.

5.2 elF3ais an essential elF3 subunit
elF3ais encoded by a single gene in Arabidopsis, and there is no evidence of any plant elF3a
mutant phenotype, as it is probably an essential gene like it is in mammals and yeast (Valasek

et al.,, 2017 ref. to Luo et al., 2014). ATEIF3A was recognized in several studies as an

16



interacting partner with histone deacetylase GCNS5 (Servet et al., 2008), as substrate of
phosphorylation in the light to dark shift response (Boex-Fontvieille et al., 2013), as a ubiquitin-
conjugate protein (Kim et al., 2013), and as part of the EPP particle in tobacco (Honys et al.,
2009). Another interaction was discovered with plant reinitiation supporting protein (RISP),
that increase reinitiation on Cauliflower mosaic virus (CaMV) mRNA (Thiébeauld et al., 2009).
The implementation of e[F3 in CaMV translation is discussed in the eIF3g subunit section (5.8).
One older study presented Oryza sativa OSEIF3A as a gene induced by auxin (Li et al., 2003).

elF3a is the first octamer subunit in elF3 assembly and the described modifications might
impact the assembly of the elF3 complex. Whether plant elF3a is a gene regulated by auxin,
and what impact has the phosphorylation or ubiquitin modification would require further

research.

5.3 elIF3b is an essential elF3 subunit with an impact on development

elF3b is encoded in Arabidopsis by two genes, ATEIF3BI and ATEIF3B2. ATEIF3BI
expression is higher in all tissues when compared to the ATEIF3B2 expression levels.
Homozygous ateif3b2 insertion plants have delayed development but are viable (Roy, 2010;
Linhart, 2017). Mutant ateif3b1 plants were obtained only as heterozygotes, thus ATEIF3BI is
an essential gene in plants. Heterozygous ateif3b1 plants had higher frequency of aborted
embryos than wild type and could not be fully complemented by ATEIF3B2. Neither of the
single elF3b mutants affected pollen development or fertilization (Linhart, 2017). Both
Arabidopsis elF3b subunits were found as a substrate of phosphorylation in the light to dark
shift response (Boex-Fontvieille et al., 2013), and as part of the EPP particle in tobacco (Honys
et al., 2009).

The plant insertion mutant lines confirmed that elF3b is essential for elF3 function, and that
the two Arabidopsis paralogs are not redundant and might play distinct roles in plant
development, as suggested from the ateif3b2 delayed development phenotype. What is the

impact of phosphorylation on elF3b protein function is not known.

5.4 elF3cis phosphorylated by CK2 and promotes the plant MFC assembly
In Arabidopsis, elF3c is encoded by two genes, ATEIF3C1 and ATEIF3C2. Expression of
ATEIF3C1 shows the common elF3 expression pattern, whereas ATEIF3C2 gene is expressed
only during pollen development and in the endosperm. The heterozygous ateif3cI insertion
mutant had defects in embryo development, leading to higher rate of aborted seeds (Roy, 2010).
Arabidopsis and wheat elF3c was shown to be phosphorylated on multiple sites by CK2

kinase (Dennis et al., 2009), an essential and highly conserved serine/threonine kinase that is
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involved in cell cycle, cell proliferation and apoptosis (Nufiez de Villavicencio-Diaz et al.,
2017). In plants, CK2 affects plant development and is under control of plant hormones
(Mulekar and Huq, 2014; Vilela et al., 2015). Amongst other substrates, plant CK2
phosphorylates initiation factors elF2 and eIF5 and already mentioned elF3c, which altogether
increases the interaction affinity among these factors and thus the tendency to form free MFC
in cytoplasm (Dennis et al., 2009) (Figure 8). Another interaction discovered was with RISP, a
protein that increases reinitiation on CaMV mRNA (Thiébeauld et al., 2009). The
implementation of elF3 in CaMV translation is discussed in the elF3g subunit section (5.8).
elF3c was shown as essential for the octamer
stability in mammals (Wagner et al., 2016). In
plants, ATEIF3CI is dispensable during male
gametophyte development, probably
complemented by ATEIF3C2. If the low
expression of ATEIF3C?2 in the mutant ateif3cl

embryo suffice for proper eIF3 complex

i “ R
function is not known. The higher levels of |} \‘ ’/

ATEIF3C2 found in endosperm and pollen could E
o ) elF3c-NTD
cause distinct subpopulations of elF3 complexes
with  different roles. Also, CK2 could Figure 8: Model for in vitro plant multifactor

. complex interactions and the influence of
phosphorylate both ATEIF3C differently. Thus, k2. solid lines indicate interactions within
plant MFC. Dotted lines are interactions that are

enhanced by CK2 phosphorylation in vitro.
might bring novel findings in future research of /Adapted from (Dennis et al., 2009)

plant eIF3c shows some interesting features that

plant development regulation.

5.5 elF3d

Plant eIF3d lacks PCI or MPN domain but is bound to elF3e in the octamer. There are two
genes encoding elF3d in Arabidopsis, ATEIF3D1 and ATEIF3DZ2. Single insertion mutants had
no phenotype, but in ateif3d1, the insertion is in the 3"UTR and its expression was not affected.
Both genes show similar expression patterns, peaking during male microgametogenesis. In
mammals, e[F3d was recently identified as a cap binding protein, that enables elF3 to bind cell-
proliferative transcripts and loading them on 40S, independently of e[F4F (Lee et al., 2015; Lee
etal., 2016). In plants, e[F4isoE is one of the transcript specific cap binding proteins, as is elF3d
in mammals. Thus, plant eIF3d might have lost this function in the evolution without affecting

the plant fitness.
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5.6 elF3e regulates global translation and is controlled by CSN

elF3e is another octamer subunit encoded by a single gene in Arabidopsis. The ateif3e
insertion mutant impaired pollen germination but did not affect pollen grain development or
pollen tube elongation of the very rarely germinating mutant pollen grains. Also the fitness of
female gametophyte was decreased (Roy, 2010; Roy et al., 2011; Linhart, 2017). Interestingly,
ATEIF3E overexpression leads to retardation defects during seedling, vegetative and floral
development. Therefore, loss of function in ateif3e insertion mutant as well as its
overexpression leads to phenotypic defects. ATEIF3E was proposed be an essential regulator
of translation in plants (Yahalom et al., 2008; Roy, 2010). In contrast to elF3h, elF3e affects
the rate of translation initiation on global level rather than on specific transcripts. Normally,
ATEIF3E protein is a part of the eIF3 complex and contributes in the binding of eIF4G to the
PIC, but it was shown that excess of free ATEIF3E inhibits translation rate in vitro, probably
by impairing the ability of entire elF3 complex in binding to 40S (Paz-Aviram et al., 2008;
Yahalom et al., 2008). To maintain the desired correct protein level in the cell, the strict
homeostasis of ATEIF3E is controlled by COP9 signalosome (CSN), a nuclear protein complex
that shares the PCI/MPN architecture with elF3 and 26S proteasome lid and regulates activity
of ubiquitin ligases, thus controlling specific protein degradation (Stratmann and Gusmaroli,
2012; Jin et al., 2018). There are multiple described interactions between all three PCI/MPN
complexes in vitro (Karniol et al., 1998; Yahalom et al., 2001; Pick et al., 2009). However,
ATEIF3E was not only shown to interact with CSN7 subunit but was also localized in nucleus
in photosynthetically active tissues (Yahalom et al., 2001). Based on similarities between
ateif3e and csn mutants, overexpression phenotypes and in vitro analyses, ATEIF3E is believed
to be a substrate for degradation in proteasome in a CSN dependent way (Yahalom et al., 2008).

Rice OSEIF3E has similar expression pattern as the Arabidopsis ortholog, and shows a
mRNA increase during cold stress and in ABA response. RNAi knockdown plants were
mannitol sensitive and had slower and dwarf development, defects in pollen maturation,
reduced reproductive organ size and lower seed biomass (Wang et al., 2016). OSEIF3E forms
homodimers and interacts with inhibitors of cyclin dependent kinases in vitro (Wang et al.,
2016), suggesting an unknown role in cell cycle regulation and possible self-regulation,
considering that homodimers might impair the inhibition effect of the OSEIF3E monomer.

In summary, elF3e is normally a part of elF3 complex, while its monomer negatively
regulates global translation and is under control of CSN in Arabidopsis. Mutants studies suggest

its role in multiple developmental stages, but the influenced stages differ between species.
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5.7 elF3fis needed for pollen development and embryogenesis

In plants, elF3f characterized in Arabidopsis thaliana and Oryza sativa is encoded by a
single gene in both species (Roy, 2010; Xia et al., 2010; Li et al., 2016). In a knockdown
insertion mutant, ateif3f, pollen grains were unable to germinate, although microsporogenesis
and microgametogenesis was unaffected. The embryo development of the homozygous mutant,
obtained by pollen rescue, showed higher rates of abortion at different developmental stages.
Some of abnormal embryos formed seeds and even seedlings. These seedlings were malformed
in stem shape, root system, lacked chlorophyll, and were sensitive to sugar (Xia et al., 2010),
similarly to the el/F3h mutant (Kim et al., 2004). Xia et al., 2010 further analyzed the
transcriptome of homozygous seedlings to identify 3100 genes with significantly altered
expression. The number of upregulated transcripts in ateif3f was almost as high as the number
of downregulated transcripts. The phenotype could be at least partially explained by
downregulation of genes important for sugar response (ASNI, ProDH?2), normal pollen tube
growth and embryo development (CSLA7), plastid differentiation and chlorophyll synthesis
(SCO1, NAP7, CAO) (Xia et al., 2010). Unfortunately, authors in the study concede lack of
plant material from homozygous seedlings to perform any protein analyses (Xia et al., 2010).
However, some presumption could be assumed from the similarity with elF3h. Sugar response
genes ASNI and ProDH? are regulated by transcription factor ATBZIP11 (Hanson et al., 2008),
its specific translation is described in eIF3h subunit section (5.9). Transcript levels of ASN/ and
ProDH?2 genes were downregulated in ateif3f, while ATBZIP11 transcript level was normal
(Xia et al., 2010). It could be assumed that in the ateif3f knockdown, most e[F3 complexes lack
ATEIF3F, thus disrupting translation of A7BZIP11 but not affecting its mRNA level. Therefore,
genes regulated by ATBZIP11 would be lowered, which was the case of ASN/ and ProDH?.

In rice, expression of OSEIF3F was increased in anthers, pollen and seeds development.
RNAi knockdown of OSEIF3F caused no abnormalities in vegetative growth, but reduced seed
production and caused male sterility by decreasing pollen viability. In contrast to the reduced
pollen germination observed in Arabidopsis ateif3f, rice oseif3f pollen grains were arrested at
various stages of microgametogenesis (Li et al., 2016). Surprisingly, OSEIF3F expression
showed novel localization in endoplasmic reticulum, leaving another elF3-question mark for
future research (Li et al., 2016).

Taken together, plant elF3f affects translation rate of specific transcripts that are
transcription regulators for many other genes. Function of ATEIF3F seems to be similar to
ATEIF3H, but not identical, as eIF3f comes to importance in different developmental processes,

such as pollen maturation and seed development in rice or pollen germination in Arabidopsis.
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5.8 elF3g regulates translation in both abiotic and biotic stress conditions

Arabidopsis elF3g is encoded by two paralog genes, ATEIF3G1 and ATEIF3G?2. In single
gene knockout insertion mutants, no phenotype has been observed for both mutated genes (Roy,
2010). No evidence was found about the double mutant characterization. Even though
expression of ATEIF3G1 is consistently several times higher than ATEIF3G2, both genes might
be functionally redundant, because elF3g is considered essential for basal function in initiation.

The Triticum aestivum TAEIF3G has been shown to play an important role in abiotic stress
response and tolerance. TAEIF3G expression was highly increased during drought, cold, high
osmolarity and high salinity stress and induced by brassinosteroids and salicylic acid (Singh et
al., 2007; Singh et al., 2013). TAEIF3G overexpression in Arabidopsis increased the tolerance
to drought, osmotic and salinity stress, increased concentration of soluble proteins and stress
hormone abscisic acid, provided better stability of PSII under stress conditions and decreased
levels of oxidative membrane damage stress (Singh et al., 2013).

Plant eIF3g is a target of some viral proteins that regulate translation. Cauliflower mosaic
virus (CaMV) is a circular dsDNA plant pararetrovirus, that produce capped polycistronic RNA
containing six protein coding ORFs. To translate all six proteins, ribosomes need to reinitiate
after long ORFs (Schepetilnikov and Ryabova, 2014; Schoelz et al., 2016). The product of ORF
VI, transactivator viroplasmin protein (TAV), controls reinitiation after long uORF (Park et al.,
2001) by recruiting elF3 through interactions with elF3g and plant specific reinitiation
supporting protein (RISP) to polysomes (Park et al., 2001; Ryabova et al., 2004; Thiébeauld et
al., 2009). After termination, one TAV binds 60S, a second TAV binds elF3 bound to 40S and
exchanges TC to reinitiate on next ORF. In a Papaya ringspot virus (PRSV) study in Carica
papaya, CPEIF3G mRNA was increased 2-4.5 times during PRSV infection (Gao et al., 2015).
Taken with the TAEIF3G increase during abiotic stress, plant eI[F3g seems to be involved in
both abiotic and biotic stress responses. Moreover, viral nuclear inclusion protein (Nia-Pro)
binds to CPEIF3G, and probably decrease its contribution in stress response (Gao et al., 2015).

There is no evidence about the exact role of plant elF3g during stress responses. What is
known is that stress resistance transcripts are extensively translated in the presence of high
elF3g protein levels. Similar increase of stress tolerance was found by just increasing global
translation rate or when other initiation factors were overexpressed (Wang et al., 2012; Sun and
Hong, 2013), facts that decrease the elF3g specificity in the regulation of stress response genes.
Further research is needed to reveal the inducing mechanism of stress tolerance by elF3g, which

could also have an impact on developing crop plants tolerant to abiotic stress or viral infections.
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5.9 elF3h promotes reinitiation on uORF-containing transcripts

elF3h is encoded by a single gene in Arabidopsis, ATEIF3H, and is found as a stable part of
plant elF3 complex, but dispensable for elF3 general function. However, pleiotropic growth
defects in postembryonic growth, female fertility, sugar sensitivity and pollen fitness are found
in insertion mutant ateif3h, leading to seedling lethality (Kim et al., 2004; Roy et al., 2011).
Some of these growth defects also altered auxin response. To surpass the lethality, addition of
sucrose partially rescued the seedlings, enabling the plants to reproduce (Kim et al., 2004).

Behind this severe phenotype is the ATEIF3H ability to stimulate the translation efficiency
of specific transcripts containing one or more inhibitory uORFs in their 5" leader sequences, by
promoting reinitiation on major ORF after termination event on short uORF. In Arabidopsis,
over 30 % of mRNA possess at least one uORF, with uAUG in favorable Kozak context in
nearly half of them (Kim et al., 2007). A plant model for elF3h translation regulation was
formulated for one uORFs containing gene discovered to be translationally dependent on elF3h;
ATB?2 gene encodes the Arabidopsis basic leucine zipper protein 11 (ATBZIP11), which is a
sugar sensitive transcription factor that activates genes involved in amino acid and sugar
metabolism (Hanson et al., 2008; Ma et al., 2011). The mRNA has a long 5 leader that contains
five uAUGs in four uORF and some of the neighboring uORFs are partially overlapping (Figure
9A). uORF1 has an uAUG in weak context and is mostly skipped by leaky scanning. In the case
that initiation on uORF1 occurs, the long distance between uORF1 and mORF makes
consequent reinitiation highly unlikely. When uORF1 is skipped, uORF2a/2b is translated from
strong uAUGs. Translation of uORF2 makes initiation on uORF3 and uORF4 impossible
because their start codons overlap with uORF2. After uORF2, ribosome reinitiate on mORF
and ATBZIP11 protein is produced (Roy et al., 2010). In ateif3h mutant, reinitiation events
decrease after uORF2, as well as polysomal occupancy on ATBZIPII transcript, thus
downregulation of ATBZIP11 protein level is observed. The uORF2 encodes an inhibitory 28
residues peptide that, in presence of sucrose, stalls the ribosome during its translation and
efficiently inhibits ATBZIP11 translation (Rahmani et al., 2009; Canfield et al., 2017). Stalled
ribosomes are found to be more associated with coding uORFs (Hou et al., 2016), which suggest
that this regulatory mechanism is used more widely.

In over 250 genes translationally downregulated in ateif34, gene classes of transcriptional
regulators and protein modifying enzymes are enriched (Kim et al., 2007; Roy et al., 2010;
Tiruneh et al., 2013). Many bZIP family genes are involved in low or high sugar responses and
possess uORFs (Wiese et al., 2005), which could explain, why e/F3h seedlings were sensitive
to various sugar levels (Kim et al., 2004). The elF3h ability to perform reinitiation after uUORFs
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is also needed in maintaining the correct shoot apical meristem (SAM) size and functionality.
SAM is the primary stem cell niche organized into three layers and several zones of different
stem cells populations and its size is controlled by a CLAVATA3-WUSHEL autoregulatory
negative feedback loop (Figure 9B) (Soyars et al., 2016). CLAVATA3 (CLV3) is a short
extracellular peptide expressed in the central zone and recognized by receptor-like kinase
CLAVATA (CLV1) in underlying cell layers of the so called organizing center. CLV1 signaling
represses transcription of WUSCHEL (WUS), a transcription factor that is delivered through
plasmodesma back to central zone, where it activates the CLV3 expression and ensure the size
of stem cell population (Aichinger et al., 2012; Somssich et al., 2016; Soyars et al., 2016). In
this case, it is the receptor CLV1, which is restrained on the translational level. There are four
uORFs in the CLV1 5" leader and translation of main ORF is highly dependent on the presence
of elF3h. With reinitiation events inhibited in afeif3h mutant, the CLV1 protein level is
downregulated, which disrupts the inhibition of WUS in the negative feedback loop. In e/F3h,
SAM is indeed enlarged, quiescent and has a different dome-like shape than SAM in wild type
(Zhou et al., 2014). Analogically, the translation rate of the auxin response factors (ARFs) class
of transcription factors with diverse uORFs in 5" leader is downregulated in ate/F'3h mutant
(Figure 10) (Zhou et al., 2010), as well as the adaxializing transcription factor that cooperate
in leaf polarity, ASSYMETRIC LEAVESI (ASI) (Figure 9B), that possess three inhibitory
uORFs and its mutant has similar defects in leaf morphology as in ate/F'3h mutant (Zhou et al.,
2014). Selective translation of uORF containing transcripts is also proposed to be one of

important regulative mechanism during seed germination (Basbouss-Serhal et al., 2015).
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Figure 9: Plant eIF3h increases translation of development regulators by promoting reinitiation after
uORFs. Diagram of the 5" leader of AtbZIP11 showing four uORFs in 5’UTR (A), adapted and modified from
(Kim et al., 2004). A concept map for the role of eIF3h in Arabidopsis SAM maintenance and auxin response (B).
By overcoming the translational repression of uORFs, elF3h promotes the translation of ARFs, CLV1 and ASI
and plays an important role in SAM maintenance and organogenesis. Adapted from (Zhou et al., 2014)
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Ensuring control over developmental genes, ATEIF3H function is controlled by target of
rapamycin kinase (TOR), which integrates cytoplasmic auxin, stress, nutrient and energy
signals (Schepetilnikov and Ryabova, 2018). Stimulated TOR binds to initiation complexes or
polysomes and activates kinase S6K1, that phosphorylates EIF3H to increase its ability to
promote reinitiation (Figure 10) (Schepetilnikov et al., 2011; Schepetilnikov et al., 2013).

Taken together, plant elF3h does not change global translational levels, but its presence is
essential to overcome the inhibitory effects of uORFs in 5” leaders on specific genes that
regulate metabolism, stem cell maintenance and organogenesis. Its activity is promoted
indirectly by TOR kinase, a cytoplasmic node of signal transduction. Similar phenotypes and
involvement in uORF regulated translation were found in some mutants of ribosomal proteins,
RPL4A, RPL4D, RPL5A, RPL24B (Nishimura et al., 2005; Zhou et al., 2010; Rosado et al.,
2012; Tiruneh et al., 2013), suggesting cooperation between large ribosomal subunits and elF3
in reinitiation and complex cooperation of signal transduction, initiation factors, composition
of ribosome and structural features in mRNA in translation regulation of specific genes.

Structure of the mRNA in the model

o

m’G
Reinitiation after uORF translation

COE

Translation of
the main ORF

\AU){IN

Figure 10: Auxin induced activation of eIF3h mediated reinitiation after uORFs. In response to auxin, TOR
is phosphorylated and recruited to polysomes, which triggers the phosphorylation of elF3h through S6K. After the
ribosome subunits disassemble at the uORF stop, the phosphorylation on elF3h allows 40S to recruit new 60S at
the AUG of the followed. Adapted and modified from (Merchante et al., 2017).

5.10 elF3iis activated by brassinosteroids

elF3i is encoded by two duplicate genes in Arabidopsis, ATEIF311 and ATEIF312, that form
direct tandem repeat on chromosome two, with 517 bp between them. Expression estimated
from RNA sequencing experiments shows very low expression of ATEIF312, while ATEIF311

expression follows the common elF3 pattern. Arabidopsis ateif3i RNAI lines were probably
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knockdowns of both genes and lead to severe developmental defects; seeds exhibited delayed
germination, seedlings had dwarf phenotype and died before growing first true leaves. For some
seedlings that survived, developmental malformations in leaf morphology, apical dominance
and aberrant flower development were observed (Jiang and Clouse, 2001; Roy, 2010). It was
also shown that elF3i transcription is regulated by brassinosteroids. Adding brassinosteroids
increased the level of the Phaseolus vulgaris PVEIF3I mRNA in bean, tobacco cells and
Arabidopsis seedlings (Jiang and Clouse, 2001). Moreover, EIF31 was phosphorylated in vitro
by BRASSINOSTEROID-INSENSITIVE 1 (BRII) receptor serine/threonine kinase (Ehsan et
al., 2005), suggesting brassinosteroids control elF3i activity also post-translationally.

In mammals, eIF3i is phosphorylated by transforming growth factor beta (TGF-p) receptor
kinase and modulates TGF-3 response (Choy and Derynck, 1998). Supporting the role of eIF3i
in translation regulation on proliferative genes, elF3i dysregulation was shown in various types
of cancer (Al et al., 2017). In plants, ateif3i mutants also showed developmental defects, but
did not disrupt translation efficiency of ATBZIP11 (Roy, 2010). However, no study identified
how brassinosteroids or phosphorylation affects the function of elF3i within the e[F3 complex
or in interacting with ribosomal proteins to modulate the initiation process and thus global or

specific translation.

5.11 elF3j

The elF3j associated protein has two genes in Arabidopsis, ATEIF3JI and ATEIF3J2, and
is not found as part of elF3 complex in the rice analysis (Li et al., 2016). Expression of
ATEIF3J2 is slightly higher in all tissues when compared to ATEIFJI. In other eukaryotes,
elF3j has stabilizing role in PIC assembly and promotes 40S-mRNA dissociation during
ribosome recycling (Pisarev et al., 2007). Mammalian elF3; is phosphorylated by CK2 protein
kinase, a modification needed for attachment to eIF3 and normal translation efficiency.

Phosphorylation of plant elF3j is not known, as well as any other regulatory function.

5.12 elF3k

elF3k is encoded by a single gene in Arabidopsis. The insertion mutant of afeif3k had no
phenotype and the translational efficiency of ATBZIPI11 was not compromised (Roy, 2010;
Tiruneh et al., 2013). ATEIF3K was identified as a ubiquitin-conjugate (Kim et al., 2013). In
other eukaryotes elF3k is also non-essential, and shows interactions with cell cycle associated
proteins (Shen et al., 2004; Lin et al., 2008; Huang et al., 2012). In Caenorhabditis elegans,
elF3k with elF3l induce apoptosis and loss of function mutants lead to extended lifespan and

higher ER stress resistance (Huang et al., 2012; Cattie et al., 2016).
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5.13 elF3l

There are two elF3l genes are in Arabidopsis genome, ATEIF3L1 and ATEIF3L2, and
expression of ATEIF3L2 is overall stronger than ATEIF3LI1. ATEIF3L1 was identified as a
ubiquitin-conjugate (Kim et al., 2013), but since no plant mutant characterization was done for

elF3], it is hard to make suggestions on its function.

5.14 elF3m

Two genes, ATEIF3M1 and ATEIF3M?2, encode the el[F3m subunit in Arabidopsis. Single
and double mutants lacked any phenotype and the double mutant had no effect on ATBZIP11
expression (Roy, 2010). The ATEIF3M]1 transcript levels are higher than the ATEIF3M?2 levels.
In fission yeast, elF3m is essential for protein synthesis and polysome loading (Zhou et al.,
2005). In mice elF3m is essential for developing embryos and organ size control (Zeng et al.,

2013) and is detected as dysregulated in various human tumors (Gomes-Duarte et al., 2018).
6 Summary

In contrast with the well-known complex regulation of transcription, knowledge is still
restricted for the translation regulation mechanisms. Recent advanced methodologies have just
outlined the complexity of translation regulation, where transcript sequence and structure
possess many regulatory features, heterogeneous ribosomes are occupying different mRNA
populations and the initiation phase of translation is performed by the initiation factors that are
controlled by various signaling pathways. Across the eukaryotic kingdom, elF3 is mostly
studied in yeast and mammals, where individual subunits show essential regulatory roles that
change the translation efficiency and the overall translatome in the organism and their mutations
cause developmental dysfunctions and various types of tumors (Gomes-Duarte et al., 2018).

In plants, a similar role for the elF3 subunits participating in posttranscriptional regulation
is undoubtedly confirmed, but still little is known about the exact mechanisms. Several plant
elF3 subunits were proven to regulate translation, affecting vegetative development as well as
the gametophytic generation and stress response. On the global level, elF3a and elF3b are
essential, needed for the elF3 complex assembly and normal function. Monomeric elF3e is a
negative regulator of the initiation phase, while phosphorylation on elF3c¢ promotes assembly
of the initiation MFC. Increased levels of elF3g during various stresses enhance the translation
of stress response genes. On the level of specific regulation, elF3h increases the rate of
reinitiation after short uORFs, which leads to increased gene expression of specific
development regulators. elF3f plays presumably a similar role as elF3h, but in different

developmental stages. This is also supported by the fact that eIF3h and elF3f both contain the
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MPN domain and are part of the same “left leg” lobe in the PCI/MPN octamer module. Still,
further analysis of the affected proteins in the ateif3f mutant is needed for confirmation. elF3i
showed impact on development by being under control of brassinosteroids. That suggest a
possible involvement in translation regulation, supported by the similarity to the mammalian
elF3i role of selective translational regulation on transcript of proliferative genes in mammals
TGF-p response.

For the best characterized plant subunit elF3h, a detailed structural characterization of
reinitiation in plants might bring out answers and/or new questions about the exact mechanism,
or at least provide new plant elF3 structural data. For the less well understood subunits, recent
studies hint connections to plant hormonal regulation or cell cycle. Post-translational
modifications of some subunits also indicate that their function might be a part of some
regulation mechanisms as well. Further analysis of the character of elF3-hormonal
communication and impact of those modifications is needed. For some plant subunits, very little
is known. The first step for more information for them is the missing characterization of
knockout double mutant for both paralog genes.

An interesting field for future research is the characterization of elF3 subcomplexes, as they
were found in vivo and able to perform at least partially some elF3 functions. Whether they are
just yet unassembled complexes or they have non-identical functions in the translation or its
regulation is yet to be known. In Arabidopsis, this functional modulation might be the case for
non-redundant elF3b paralogs and different expression profiles of elF3c paralogs in male
gametophyte. Moreover, presence of elF3a and elF3b in tobacco pollen EPPs, both being first
subunits for the elF3 assembly, suggest the actual need for elF3 complex after pollen activation.

This work described elF3 structure and function in the initiation phase of translation, using
the well-known mammalian elF3 model, which is similar to the plant elF3 complex. With the
understanding of elF3 in the translational context, discussion of the current knowledge about
elF3 role in translation regulation of flowering plants ensued. The interesting, but limited
information about plant elF3 lead to suggestions on future plant elF3 research that could bring
not just novel findings in the emerging field of posttranscriptional regulation of gene
expression, but also improve applied research especially in the field of stress tolerance of crop

plants.
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