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Abstract: eIF4E, the mRNA cap-binding protein, is well known as a general initiation factor allowing
for mRNA-ribosome interaction and cap-dependent translation in eukaryotic cells. In this review we
focus on eIF4E and its interactors in unicellular organisms such as yeasts and protozoan eukaryotes.
In a first part, we describe eIF4Es from yeast species such as Saccharomyces cerevisiae, Candida albicans,
and Schizosaccharomyces pombe. In the second part, we will address eIF4E and interactors from parasite
unicellular species—trypanosomatids and marine microorganisms—dinoflagellates. We propose
that different strategies have evolved during evolution to accommodate cap-dependent translation
to differing requirements. These evolutive “adjustments” involve various forms of eIF4E that are
not encountered in all microorganismic species. In yeasts, eIF4E interactors, particularly p20 and
Eap1 are found exclusively in Saccharomycotina species such as S. cerevisiae and C. albicans. For
protozoan parasites of the Trypanosomatidae family beside a unique cap4-structure located at the
5′UTR of all mRNAs, different eIF4Es and eIF4Gs are active depending on the life cycle stage of the
parasite. Additionally, an eIF4E-interacting protein has been identified in Leishmania major which is
important for switching from promastigote to amastigote stages. For dinoflagellates, little is known
about the structure and function of the multiple and diverse eIF4Es that have been identified thanks
to widespread sequencing in recent years.

Keywords: translation; eIF4E; eIF4E-interactors; yeast; protozoan parasites

1. Introduction

Unicellular eukaryotes consist of many species and have been traditionally characterized as fungi
(yeasts), obligate parasites of animals such as trypasonomatids (e.g., Leishmania and Trypanosoma
species) or marine prototrophs and parasites (such as those defined as dinoflagellates). It could be
assumed that unicellular organisms have a simpler functional organization as compared to metazoans.
The genomes of baker’s budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces
pombe (which were sequenced about 30 years ago) have rendered plenty of biological information
to our current knowledge on eukaryotic processes. Sequencing of the genome of less well-known
unicellular species has been achieved in recent years, which allows us to compare genes encoding
translation factors.

In this review, we will audit current knowledge on the yeast cap-binding protein eIF4E and its
interactor eIF4G as well as further eIF4E interactors. eIF4G acts as a scaffold protein for further initiation
factors and forms together with eIF4E and the helicase eIF4A the eIF4F complex. More than one form
of eIF4E and its interactors such as the scaffold protein eIF4G and other 4E-BPs (eIF4E-binding proteins)
have been identified. In higher eukaryotes, several variants of eIF4E and eIF4G though quite conserved
in their protein sequence probably fulfill specific functions. While canonical eIF4E is required for
overall cap-dependent translation, other eIF4Es fulfill specific functions required under different stress
conditions such as high temperature, hypoxia, or nutritional restriction. Additionally, different eIF4Es
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have been shown to be specifically required during fundamental developmental processes such as
germ cell differentiation and embryogenesis (spermatogenesis, oogenesis) in a variety of eukaryotic
model organisms such as Xenopus laevis, Drosophila melanogaster, or Caenorhabditis elegans [1–12].

Surprisingly, and due to the variety of ecosystems, different strategies to cope with stress
and to allow for complex developmental programs of different microorganisms exist. There is no
simple and uniform system describing the function and structure of eIF4Es and interactors in all
eukaryotic microorganisms.

2. eIF4E

In 1997, the 3D-structure of both S. cerevisiae and murine eIF4E was solved [13,14]. Both eIF4Es
share 30% sequence identity. For both, a concave part consisting of 8 antiparallel beta-sheets (β1–β8)
that form the cap-binding groove is covered by three long antiparallel helices (α2, α4, and α5). Three
short helical structures (α1, α3, and α6) are inserted in loops connecting beta-sheets and contribute to
the convex part of eIF4E-proteins to which interactors such as eIF4G bind to. In all known eukaryotic
species, eIF4E consists of a conserved core of 160-170 amino acids carrying eight conserved tryptophane
residues (named W1 to W8). To illustrate these features, we present the 3D-structure of yeast eIF4E
(Figure 1). The aromatic tryptophane amino acids W3 and W5 are positioned in a way that they form a
stack with the 7m-G purine residue of the mRNA cap structure. W8 interacts in the cap-binding groove
with the methyl group of the 7m-G residue. W4 is located at the dorsal part of eIF4E and is involved
in the interaction with eIF4G or other interactors. Next to W4 is the conserved motif S/TVxxF which
forms part of the dorsal helix1 interacting with eIF4G (highlighted in yellow).
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essential for translation of capped mRNAs, further versions eIF4E class 2 and eIF4E class 3 may be 
required for translation of particular mRNAs or act as inhibitors of translation [15,18,19]. Not 
surprisingly, while most eIF4E class 1 cross-complement for S. cerevisiae eIF4E, eIF4E class 2 or class  
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Figure 1. 3D structure (1RF8) of S. cerevisiae eIF4E (gold) in complex with eIF4G (grey; aa 393 to
490). Displayed in red are aromatic residues W3, W5 and W8 in the cap-binding groove and aromatic
residue W4 located at the dorsal part of eIF4E which interacts with eIF4G. Highlighted in yellow is the
conserved S/TVxxF motif forming helix1 next to W4. Phosphorylated residue S28 of S. cerevisiae eIF4E
is displayed in blue.

Later discoveries of eIF4E variants in various eukaryotic species [7,15–17] opened the possibility
that eIF4Es might fulfill different functions: while eIF4E class 1, which exists in all organisms, is essential
for translation of capped mRNAs, further versions eIF4E class 2 and eIF4E class 3 may be required for
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translation of particular mRNAs or act as inhibitors of translation [15,18,19]. Not surprisingly, while
most eIF4E class 1 cross-complement for S. cerevisiae eIF4E, eIF4E class 2 or class

3 do not. As an example, three out of eight Drosophila eIF4E isoforms do not complement for the
lack of S. cerevisiae eIF4E: eIF4E3, eIF4E6, and eIF4E8 [15,16]. While little is known about eIF4E6, eIF4E3
has been identified as a testis-specific protein required for spermatogenesis [20]. eIF4E8 or 4E-HP has
been shown to act as a mRNA-specific inhibitor of eIF4E-activity during embryogenesis [15,18,19].
Variations in the arrangement of the conserved tryptophane residues has allowed for classification of
metazoan eIF4Es as class 1, 2 or 3 [17,21]. While class 1 carries all eight tryptophanes, class 2 members
possess W1 modified to Y, F, or L and W3 to Y or F. Rare class 3 carry W1 but W3 is replaced by C or Y.
It is not clear in which way those rather conservative variations affect eIF4E activity. A clear functional
assignment of these three classes is still lacking. Especially due to eIF4E’s role as a potential target in
cancer treatment, much interest has been created in recent years in studying eIF4E and interactors in
mammalian cells (for recent reviews, see Osborne and Borden, 2015 or Volpon et al., 2019 [22,23]).

2.1. eIF4E from Yeast Species

Here we describe the variety of eIF4Es and eIF4E-binding proteins from unicellular fungi
subphyla Taphrinomycotina and Saccharomycotina, known popularly as yeasts. The subphylum
Pezizomycotina—consisting mostly of mold species such as Penicillium and Aspergillus—is not clearly
defined as uni- or multicellular and will not be further analyzed in this article.

Among the best-known and studied yeast species are Saccharomyces cerevisiae (budding yeast), Pichia
pastoris (a methanogenic yeast used for overexpression of eukaryotic proteins), Candida albicans (used
to study fungal pathogens [24]), and Schizosaccharomyces pombe (fission yeast). The first three species
belong to the subphylum Saccharomycotina or true yeasts, the fourth to subphylum Taphrinomycotina.
Though unicellular, yeast populations possess—especially when under stress—multicellular-like
properties such as pseudohyphenation [25,26] and quorum sensing, increasing thereby their survival
potential [27]. At the cellular level, yeast cells have developed strategies to cope with various forms
of stress. Different cytoplasmic compartments called P-bodies or stress granules are preferentially
formed depending on the type and the strength of stress imposed. P-bodies are mainly formed
upon acute stress (such as hydrogen peroxide or other detrimental chemical treatment) and contain
enzymes responsible for translation inhibition and for mRNA degradation [28,29]. Stress granules are
preferentially formed upon temperature changes or nutritional deprivation (for nitrogen or glucose)
and carry translationally arrested mRNA/eIF4F complexes in conjunction with other initiation factors
and 40S ribosomal subunits. Upon relief of stress, both types of compartments are dissolved [30,31].

More than 30 years ago, cloning of the gene encoding for the cap-binding protein eIF4E from
S. cerevisiae was shown to be essential for the survival of haploid cells [32] and allowed us to obtain
eIF4E-mutants with the endogenous eIF4E-gene being replaced by ortholog versions of the gene from
different organisms [15,33] or temperature-sensitive alleles of S. cerevisiae eIF4E [34,35]. This offered
interesting insights into the properties of eIF4E [32,33]. Surprisingly, eIF4E from so different organisms
as Drosophila, human or plants could complement for the essential eIF4E-activity in S. cerevisiae [15,33,36].
Nevertheless, not all eIF4Es are capable of substituting for yeast eIF4E, e.g., Trypanosoma or Leishmania
eIF4Es do not complement in S. cerevisiae [37] and we will discuss why.

While all yeasts carry (at least) one copy of eIF4E, eIF4E class 2 is found in several unicellular
yeast species (see Figure 2A,B). Classification results in unicellular fungi species carrying two possible
eIF4E combinations:

1.) One (sometimes two) copies of the eIF4E1 gene, e.g., S. cerevisiae.
2.) Besides eIF4E1, one eIF4E2 gene is thought to act as an eIF4E-inhibitor or might be required for

translating specific mRNAs under stress conditions (e.g., C. albicans or S. pombe). While eIF4E1 is
essential for survival, eIF4E2 is not [38].
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S/TVxxF adjacent to W4 of all shown yeast eIF4E1 and S. pombe eIF4E2 (but not conserved in 
Saccharomycotina eIF4E2s). (B) Phylogenetic summary of eIF4E1, eIF4E2, Eap1, and p20 from yeast 
species of different subphyla and families. i) Eap1 containing species are marked in blue; ii) p20 
containing species in dark green for families Metschnikowiaceae or Debaryomycetaceae and light 
green for families Pichiaceae, Phaffomycetaceae, Saccharomycodaceae, Saccharomycetaceae, and 
Ascoideaceae. iii) eIF4E1 (yellow) is present in all species; iv) eIF4E2 containing species from 
Taphrinomycotina (dark orange), from families Metschnikowiaceae or Debaryomycetaceae (light 
orange) and from Pichiaceae (salmon). 

2.1.1. Yeast eIF4E1 Is Phosphorylated 

The aminoterminal part of S. cerevisiae eIF4E (aa 1-36) is unstructured and could be only 
determined when in a complex with the core of eIF4G (aa 393-490; Figure 1) [39]. While deletion of 
the aminoterminal part of yeast eIF4E (aa 1-20) does not affect its activity, further deletions diminish 
S. cerevisiae growth and past aa35 render a lethal phenotype [39]. 

Phosphorylation of yeast eIF4E aminoterminus has been reported before, especially of S2, S15, 
T22, and S28 [40]. The significance of these phosphorylation sites has remained a mystery for a long 
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Figure 2. (A) Scheme representing the core of different yeast eIF4E1 and eIF4E2 including the eight
conserved tryptophane residues W1 to W8 (labelled in red), substitutions of W3 for Y (labelled in grey).
Highlighted in orange is the conserved aminoterminus (motif MSENLKRAESLFNRIMN) found in
several eIF4E2s of Saccharomycotina species, marked in yellow is the helix-forming motif S/TVxxF
adjacent to W4 of all shown yeast eIF4E1 and S. pombe eIF4E2 (but not conserved in Saccharomycotina
eIF4E2s). (B) Phylogenetic summary of eIF4E1, eIF4E2, Eap1, and p20 from yeast species of different
subphyla and families. (i) Eap1 containing species are marked in blue; (ii) p20 containing species in dark
green for families Metschnikowiaceae or Debaryomycetaceae and light green for families Pichiaceae,
Phaffomycetaceae, Saccharomycodaceae, Saccharomycetaceae, and Ascoideaceae. (iii) eIF4E1 (yellow)
is present in all species; (iv) eIF4E2 containing species from Taphrinomycotina (dark orange), from
families Metschnikowiaceae or Debaryomycetaceae (light orange) and from Pichiaceae (salmon).

All so far studied eIF4E1 variants from different yeast species are conserved and cross-complement
S. cerevisiae eIF4E. We have aligned eIF4Es from subphylum Taphrinomycotina (Schizosaccharomyces
pombe—SCHPO) and eIF4Es from Saccharomycotina species representing different families such as
Saccharomyces cerevisiae (family Saccharomycetaceae), Candida albicans (family Debaryomycetaceae),
and Pichia kudriavzevii (family Pichiaceae). Beside S. cerevisiae eIF4E, the other yeasts carry two
distinguishable forms, eIF4E1 and eIF4E2 (see Figure 2A,B and Figure S1A,B). All eIF4E1s are similar in
mass (about 25 kDa) and show a high degree of sequence conservation, especially of the eight canonical
tryptophane residues W1 to W8 and surrounding amino acid sequences.

2.1.1. Yeast eIF4E1 Is Phosphorylated

The aminoterminal part of S. cerevisiae eIF4E (aa 1-36) is unstructured and could be only determined
when in a complex with the core of eIF4G (aa 393-490; Figure 1) [39]. While deletion of the aminoterminal
part of yeast eIF4E (aa 1-20) does not affect its activity, further deletions diminish S. cerevisiae growth
and past aa35 render a lethal phenotype [39].
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Phosphorylation of yeast eIF4E aminoterminus has been reported before, especially of S2, S15, T22,
and S28 [40]. The significance of these phosphorylation sites has remained a mystery for a long time,
especially as the aminoterminus of eIF4E (aa1-20) can be erased without visible phenotypic effects [40].
Interestingly, many eIF4E1s share a serine residue at position S28 (shown in Figure 1). If not serine,
this position is replaced in some yeast species by glutamic or aspartic acid mimicking constitutive
phosphorylation (see Figure S1A). In a phosphopeptide analysis of different yeast species, S28 of
eIF4E has been identified as an ancient conserved phosphorylation site [41]. S28 is localized at the
unstructured aminoterminal part of eIF4E which interacts with eIF4G (Figure 1). Phosphorylation of
S28 or phospho-mimick mutants S28D or S28E show an increased affinity for eIF4G as opposed to the
non-phosphorylatable mutant S28A [41]. This renders eIF4E-phosphorylation at position S28 a good
candidate for regulation of eIF4E-eIF4G interaction. Stable eIF4E/eIF4G-interaction mediated through
eIF4E-phosphorylation may serve as a hallmark for arrested translation complexes being delivered to
stress granules, and interaction of both factors—though essential for cap-dependent translation—may
be regulated. Surprisingly, S. cerevisiae eIF4E S28A or S28D/S28E mutants do not show any evident
phenotype (our unpublished results).

2.1.2. eIF4E2 from Saccharomycotina

Not all yeast species from subphylum Saccharomycotina carry two eIF4Es, but for those that
do (such as Candida albicans and Pichia kudriavzevii), a second version, eIF4E2, can be distinguished
(see Figure 2A,B). Different eIF4E2s carry an extended amino- and/or carboxy-terminus and show
several gaps and/or insertions when aligned with eIF4E1 (as an example, see the primary sequence of
C. albicans eIF4E2 in Figure S1B). eIF4E2 from P. kudriavzevii does not show an aminoterminal extension
as compared to S. cerevisiae eIF4E but has also several insertions and an extended carboxy-terminus
(Figure 2A and Figure S1B). Additionally, W3, which is responsible with W5 to form a stack with the
capped structure of the mRNA, is mostly replaced in eIF4E2s by F, Y, or other bulky hydrophobic
amino acids (see Figure 2A and Figure S1B). This modification may not severely affect its cap-binding
affinity as previous experiments showed that W3 (and other tryptophane residues) of S. cerevisiae
eIF4E can be individually replaced by F without compromising its cap-binding activity and without
rendering any significant in vivo phenotype [42].

C. albicans eIF4E2 does not cross-complement yeast eIF4E (our unpublished results). A special
feature is its aminoterminal amino acid sequence which is shared among several Saccharomycotina
eIF4E2s (motif MSENLKRAESLFNRIMN; highlighted in Figure 2A and Figure S1B) and which is not
observed for C. albicans eIF4E1 that can replace S. cerevisiae eIF4E. Beside its extended aminoterminus
and the exchange of W3 for F, C. albicans eIF4E2 carries several peptide insertions along its primary
sequence as compared to S. cerevisiae eIF4E. As opposed to S. pombe eIF4E2, deletion of its first 56 aa
does not convert it into a class 1-type eIF4E (our unpublished results). In that sense, eIF4E2 from
C. albicans (and probably other Saccharomycotina species) differs from S. pombe eIF4E2. We assume
that C. albicans eIF4E2 could act as an inhibitor of translation which becomes active under specific
circumstances, e.g., nutritional or other forms of stress.

2.1.3. eIF4E2 from Taphrinomycotina

Yeast species from subphylum Taphrinomycotina are distant relatives from those of the subphylum
Saccharomycotina. Taphrinomycotina yeast species carry two eIF4Es which for S. pombe have been
termed eIF4E1 and eIF4E2 [43]. While eIF4E1 is required for survival of S. pombe, eIF4E2 is non-essential.
It is overexpressed upon salt stress under conditions when eIF4G is downregulated [38]. eIF4E2 shows
reduced interaction with eIF4G and it may be required for translation of specific stress mRNAs. As
opposed to S. pombe eIF4E1, eIF4E2 does not cross-complement for S. cerevisiae eIF4E [38,43,44]. Beside
an extended aminoterminus, the core of S. pombe eIF4E2 is well conserved as compared to S. cerevisiae
or S. pombe eIF4E1, especially all eight tryptophanes and surrounding sequences are present (see
Figure 2A and Figure S1A,B).
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We have experimentally addressed the properties of S. pombe eIF4E2 shortening its aminoterminus
by deleting its first 28 amino acids. The shortened version of S. pombe eIF4E2 complements for yeast
eIF4E (our unpublished results), indicating that indeed its extended aminoterminus is impeding
any function equivalent to eIF4E1. Probably, the aminoterminal part of S. pombe eIF4E2 reduces or
completely abolishes its interaction with eIF4G. Similar findings exist for variants of Arabidopsis eIF4E
with extended aminotermini that attenuate their interaction with plant eIF4G [45]. In which way this
attenuated form of eIF4E favors translation of specific mRNAs is not clear. One possibility is that
mRNAs devoid of secondary structure at their 5′UTR such as those encoding for heat shock proteins
and which are known to require less eIF4F for translation, are favored under circumstances when
general translation is downregulated [46].

Thereby, eIF4E2s may be divided into two subgroups: those from Taphrinomycotina vs. those
from Saccharomycotina and it remains unclear what the functional implications are; if eIF4E2 plays
a role as either inhibiting or mitigating capped mRNA translation and thereby allowing for the
preferential expression of specific mRNAs or for translational arrest under stress conditions.

3. Yeast eIF4E Interactors

Three proteins interacting with eIF4E in S. cerevisiae have been described: eIF4G, Eap1, and p20.
eIF4G, consisting of eIF4G1/Tif4631p and eIF4G2/Tif4632p, is a scaffold protein that attracts several
other initiation factors and allows for the circularization of translated mRNAs by interacting with
PAB1, the poly(A)-binding protein. Eap1 and p20 are modulators that affect translation and/or stability
of particular mRNAs. All eIF4E-interactors carry the canonical amino acid motif YxxxxLΦ which
forms a helical structure and is required for interaction with eIF4E. As this short amino acid motif is
present in many proteins (in S. cerevisiae around 15% of all proteins) it is not possible to predict by
in silico alignments which proteins might bind to eIF4E. A characteristic arrangement of negatively-
and positively-charged amino acid stretches around the canonical eIF4E-binding domain has been
proposed for eIF4E-binding proteins that could electrostatically embrace capped mRNAs and thereby
stabilizing mutual interactions [47]. Additional to the canonical eIF4E-binding alpha-helix found in
different species (highlighted in green; Figure 3A,B), a second non-canonical motif binding to the
lateral surface of eIF4E has been described in several structural studies of eIF4E/partner complexes
(highlighted in violet; Figure 3A,B). This second binding motif which also forms an alpha-helix does
not consist of a precise primary amino acid sequence and its distance to the canonical motif is not
exactly defined [48–50].
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3.1. eIF4G

eIF4G is a scaffold protein which binds several initiation factors such as eIF4E and eIF4A but also
carries an interaction domain for poly(A)-binding protein and thereby allows for the circularization of
translating mRNAs [51]. Especially important is its HEAT/MIF1-domain (aa 607-805 of eIF4G1 and aa
567-808 of eIF4G2 in S. cerevisiae), a crescent-shaped domain consisting of 10 alpha-helices arranged in
5 antiparallel HEAT-repeats [52] which is found in several proteins. It serves as an interaction platform
for other proteins such as eIF4A. In higher eukaryotes, eIF4G has a second binding site for eIF4A at his
carboxyterminus and also interacts with the multisubunit complex eIF3 and the MAP kinase Mnk1/2.
As opposed to metazoans, yeast eIF4G is lacking the extended carboxyterminus and does not bind to
eIF3 which independently, and together with eIF2, binds to 40S subunits [53]. Beside binding sites for
other initiation factors, yeast eIF4G carries at least three distinct RNA-binding sites [54].
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S. cerevisiae has two gene copies encoding for eIF4G, named TIF4631 and TIF4632. While deletion
of one of the both genes is non-essential, deletion of both is lethal, indicating that eIF4G1 and eIF4G2
are functionally redundant [55]. This is reinforced by experiments where the ORFs encoding for both
eIF4G1 and eIF4G2 have been interchanged in a yeast strain without causing any phenotype [56].
Studies silencing eIF4G-activity in S. cerevisiae indicate that it is required for effective translation of all
capped mRNAs and that it is involved in recognition by 43S-preinitiation complexes of the capped
5′UTR but not for the scanning of the 5′UTR region of mRNAs [57].

Saccharomycetales species exist with only one or two genes encoding for eIF4G. While their
aminoterminal part shows considerable length difference, their carboxyterminus is rather conserved
both in length and in sequence (not shown). So far, no evidence for specialized functions of eIF4Gs
exist in yeast. The divergence at the aminoterminus of yeast eIF4Gs does not affect the core essential
part located in the HEAT-domain and we assume that it just reflects the accumulation of mutations
during evolution.

Recent experiments using tagged versions of eIF4E and eIF4G suggest that interaction of eIF4E
and eIF4G is dynamic [58], a notion that was already raised in the 1990s [59,60]. While actively
translated mRNAs are relatively depleted for eIF4F, stabilized eIF4F-mRNA interactions are detected
for translationally arrested mRNA complexes such as those found in stress granules [58]. As a simple
model we propose, that eIF4E-eIF4G interaction, which is essential for cap-dependent translation [61], is
disrupted during initiation and that this interaction is regulated by phosphorylation/ dephosphorylation
of eIF4E (and maybe also of eIF4G). Conditions leading to the formation of stress granules would
enhance eIF4E-eIF4G interaction due to phosphorylation of eIF4E and thereby block translation
initiation. This could explain why translation factors associated with eIF4E/eIF4G/mRNA in stress
granules (such as ASC1, STM1/TIF3, and TIF34) bind much better the eIF4E S28E than the S28A
mutant [41].

3.2. Eap1

Eap1 is a 70 kD protein with several functions ascribed [62]. It is assumed to interact in S.
cerevisiae with the spindle pole body. Lack of insertion of newly formed spindle pole body into the
nuclear envelope leads to Eap1 specifically inhibiting translation of POM34 mRNA which encodes
for a membrane protein of the nuclear pore [63]. Furthermore, a knockout of EAP1 is non-lethal
but causes an increased rate of aneuploidy and a temperature-sensitive phenotype. Its function in
chromosome separation during mitosis seems to be separate from its second property in competing
with eIF4G for eIF4E-binding [64]. Eap1 also forms part of a regulatory mechanism whereby
translation is downregulated when lipid synthesis is inhibited [65,66]. Additionally, Eap1 has been
described to accelerate degradation by increasing through its interaction with eIF4E decapping of
certain mRNAs [67,68]. Additionally, Eap1 has been shown to interact with the helicase Dhh1 under
nitrogen-deprivation and allow by direct mRNA-binding translation of autophagy related ATG1 and
ATG13 mRNAs [69].

Eap1 (as p20) only exists in Saccharomycotina (summarized in Figure 2B). Recent data suggest that
Eap1 is interacting with several hundred mRNAs that are affected by Eap1′s action. The interactome
of Eap1 though sharing partial identity is different from that of p20 [70,71]. Beside its eIF4E-binding
domain, Eap1 does not share homology with p20 [72].

3.3. p20

p20 is a small, non-essential protein which is the target for multiple phosphorylation at several
serine and threonine residues [40,73]. It is expressed in S. cerevisiae at approximately half the level of
eIF4E with around 20′000 copies per cell (see also Saccharomyces Genome Database: www.yeastgenome.
org). p20 (as Eap1) only exists in yeast species from the subphylum Saccharomycotina (see Figure 2B).

It should be emphasized that beside the conserved eIF4E-binding motif YxxxxLΦ, p20 has no
homology of its primary amino acid sequence to 4E-BPs from higher organisms. Mammalian 4E-BP2

www.yeastgenome.org
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only inhibits cap-dependent translation in S. cerevisiae when endogenous eIF4E is replaced by human
eIF4E [33,74]. So, the affinity of mammalian 4E-BPs for yeast eIF4E is much smaller than that for
mammalian eIF4E [74]. p20 probably accomplishes similar functions as metazoan 4E-BPs by modulating
the expression of specific mRNAs and forming a structurally similar complex with eIF4E [13]. Thus,
p20/metazoan 4E-BPs represent an example of evolutionary convergence (no homology of primary
amino acid sequence but similar function) [75].

Though p20 was originally assumed to be an inhibitor of translation competing with eIF4G for
eIF4E, a knockout haploid ∆p20 yeast strain did not show any particular phenotype under laboratory
conditions [76]. Only overexpression of p20 in yeast strains carrying mutations in eIF4E and associated
proteins enhanced the phenotype of those mutations [77]. Data of the translational profile of a
p20-knockout S. cerevisiae strain lead to the conclusion that it acts as a modulator of translation
affecting preferentially cap-dependent translation of certain mRNAs [70]. Recent experiments using
purified p20 in complex with eIF4E (both expressed and purified from E. coli) show that p20 is per
se an RNA-binding protein which stabilizes a ternary complex formed by both proteins and capped
mRNA [78]. Surprisingly, in vitro experiments with an eIF4E/p20-dependent yeast lysate show clear
stimulation of translation when adding purified p20/eIF4E complex. The stimulatory effect is much more
pronounced than when adding equimolar amounts of eIF4E alone and is observed for capped reporter
mRNAs with 5′UTRs of differing length and complexity [78]. We propose that p20/eIF4E/capped
mRNA form a stable complex in the cell which might be in a dynamic equilibrium with other complexes
consisting of S. cerevisiae eIF4E and eIF4G or Eap1 and that depending on prevailing physiological
conditions this equilibrium might shift towards translation initiation, mRNA degradation and/or other
processes. Remodeling of distinct eIF4E-4E-BP complexes causing translational inhibition, activation
or degradation of specific mRNAs as an answer to outer stimuli has been recently proposed for C.
elegans and Drosophila germline and embryonic cell development [4,8].

It has been difficult in the past to associate a phenotype to the loss of p20 in S. cerevisiae, as
we have only observed a mild temperature-sensitive phenotype (reduced growth at 37 ◦C). As
mentioned, only yeast species from subphylum Saccharomycotina carry p20 and Eap1 (Figure 2B).
We assume that p20′s (and Eap1′s) function regulating translation of particular mRNAs is specific for
Saccharomycotina and/or that such a regulatory function might be accomplished by eIF4E2 in species
of the Taphrinomycotina subphylum which are genetically very distant from S. cerevisiae (and do not
have p20 or Eap1).

The aminoterminus carrying the eIF4E-binding motif and the carboxyterminus consisting of
a hydrophobic motif FNAFEAL followed by several acidic residues are very conserved among all
p20s [72]. Yeast species such as S. cerevisiae and other Saccharomycetaceae share a very conserved p20
form and carry only eIF4E1, while yeast such as C. albicans and related species that additionally have
eIF4E2 carry a somewhat different p20 with an amino acid motif insertion in the middle part of the
protein (indicated in Figure 2B). Is this correlation just reflecting phylogenetical distance? We cannot
answer that question yet, but C. albicans p20 complements for the lack of endogenous yeast p20 in
our knockout S. cerevisiae strains with a mild temperature-sensitive phenotype (poor growth at 37◦C;
unpublished results) indicates similar functional properties.

4. eIF4E and Interactors from Protozoan Parasites

There is a large variety of eukaryotic protozoan parasites such as Giardia lamblia (colonizing the
small intestine and causing giardiasis) or Plasmodium falciparum (causing malaria). Their translation
machinery has been studied intensively. They both carry eIF4E and form eIF4F complexes to promote
translation of own capped mRNAs. For Giardia lamblia, eIF4E1 and eIF4E2 have been identified. While
eIF4E2 promotes translation of 7mGpppG-capped mRNAs, eIF4E1 interacts with small nuclear RNAs
that carry a m2,2,7GpppN cap-structure [79]. In the case of Plasmodium falciparum, beside eIF4E, eIF4G
and PABP have been identified, suggesting conserved translational features in comparison with other
eukaryotic species [80].
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In recent years, an increasing number of publications has been dealing with properties of
translation initiation factors of protozoan parasites belonging to the Trypanosomatidae family (order
Kinetoplastida) such as Trypanosoma cruzi (causing Chagas-disease), Trypanosoma brucei (causing the
sleepness disease transmitted by Tse-Tse flies), and Leishmania major (causing leishmaniosis that
particularly affects macrophages and dendritic cells). Trypanosomatidae have a digenetic life cycle
(two or more hosts through the course of their life cycle), e.g., Leishmania parasites cycle between
sand-fly vectors and mammalian hosts. In the salivary gland of the fly, the promastigote corresponding
to the infective flagellated form predominates. After infection through the bloodstream of host
mammalian cells such as macrophages, the non-flagellated amastigote becomes dominant. Conversion
from promastigote to amastigote involves several differentiation stages and a reprogramming of the
protozoan translatome.

One particular feature of protozoan mRNAs is the unusual 5′ structure as the result of primary
polycistronic transcript processing to form monocistronic polyadenylated mRNAs with a trans-spliced
39 nucleotide sequence at the 5′UTR carrying a cap4 structure. The unusual 5′ structure consists
of m7Gppp3

6,6,2Apm2′Apm2′Cpm2
3,2′U which means that amino group N6 of adenine residue 1 is

bimethylated, the imino group (at position 3) of uracil residue 4 and 2′-OH ribose moiety of residues 1
to 4 are methylated (see Figure 4A) [81]. mRNA trimethylation of residue at position 1 is also observed
for other unicellular protozoans such as dinoflagellates (see below) and for certain higher eukaryotes
such as C. elegans.

Very recently, a first crystal structure of Trypanosoma cruzi eIF4E5 in complex with cap4 has been
obtained [82]. The interaction of T. cruzi eIF4E5 with cap4 shows notable differences to previously
obtained 7mGpppG-eIF4E-structures due to the hydrophobic contacts of the additional methyl groups
at 2′-OH ribose residues 1 to 4 and at adenine 1 and uracil 4 residues of the cap4 structure [82].

At least 6 different eIF4E (see Figure 4B) and 5 eIF4G paralog genes have been identified for
trypanosomatids (properties summarized in Table 1). For a recent review on protozoan parasites, see
Freire et al., 2017 [83]. Certain protozoan eIF4E/eIF4G combinations may be required during different
stages of the complex life cycle of these parasites. eIF4E1 and eIF4E2 are less abundant and do not form
eIF4F-like complexes. eIF4E3 and eIF4E4 are considered as the canonical translation factors required
for cap4-dependent translation. They are more abundant and carry an aminoterminal extension not
observed for other eIF4Es (see Figure 4B). Leishmania eIF4E4 is essential for growth of the parasite [84],
deletion of a single eIF4E3 allele (out of two) results in altered morphology and impaired infectivity of
the parasite [85]. While Leishmania eIF4E3 interacts with eIF4G4, eIF4G3 interacts with eIF4E4, but not
with eIF4E1, eIF4E2, or eIF4E3 [86,87]. eIF4E5 and eIF4E6 are rather small, their core eIF4E-structure
is less conserved, and they are not supposed to be involved in general translation [88]. Trypanosoma
eIF4E5 interacts with eIF4G1 and eIF4G2. Knockdown of eIF4E5 results in the loss of motility, so its
activity is related to provide flagellar movement to the parasite [88]. Trypanosoma eIF4E6 interacts with
eIF4G5 and forms a cytosolic complex with G5-IP, an eIF4G5-interacting protein. eIF4E6 knockdown
causes flagellum loss [89].
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and Shapira [81]). (B) Scheme representing the core of Leishmania major eIF4E1 to eIF4E6 (accession
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None of four tested Leishmania eIF4E genes 1-4 complements for S.cerevisiae eIF4E [37], even
though at least Leishmania eIF4E1 is able to bind to the conventional 7mGpppG cap structure [96,97]
and Leishmania eIF4E2 contains the eight canonical tryptophane residues typical for class 1 eIF4E (see
Figure 4B). For eIF4E3 to eIF4E6, several canonical tryptophanes are replaced by phenylalanine, tyrosin,
or even other hydrophobic amino acids such as isoleucine, leucine, or valine (see Figure S2). This does
not impede their interaction with the cap4 structure as shown for Trypanosoma eIF4E5 (see above; [82]).
The only tryptophane residues that are absolutely conserved among Leishmania eIF4Es are W1 and
W8 (Figure 4B). Not unexpectedly, trypanosomatid eIF4Es have structurally evolved differently as
compared to other species due to its interaction with the unusual cap4 structure.

Interestingly, Leishmania eIF4E4 is capable of binding directly to PAB1 via 3 conserved motifs
located in its aminoterminal domain, forming thereby beside the well-known eIF4E-eIF4G-PAB1
bridge an unusual cap4-eIF4E-PAB1-polyA bridge to circularize mRNAs involved in translation [84,95].
eIF4E4-PAB1 interaction leads to multiple phosphorylation of the extended eIF4E aminoterminus
which is essential for the activity of the protein. So, beside binding to eIF4G3, eIF4E4 binds directly to
PAB1 and this interaction is essential for translation [84].
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Table 1. Summary of reported Trypanosomatid eIF4E-interactions from Leishmania major (Lm) and
Trypanosoma brucei (Tb).

eIF4E Source eIF4E-Binding
Protein

eIF4E-Binding
Motif Function/Significance Reference

LmeIF4E1 Lm4E-IP 7-YTREELL-13 Inhibitory complex [90,91]

LmeIF4E1 LmeIF3a eIF4G3 not
involved [83,92]

TbeIF4E2

TbSLBP-2
(binds to stem-loop
motif in 3′UTR of
histone mRNA)

Central part of
TbSLBP-2 which

does not carry the
canonical

4E-binding motif

Translation of
histone mRNA [93]

LmeIF4E3 LmeIF4G4 22-LADILAFRDT-31
eIF4F complex,

dissociates upon
heat stress

[94]

LmeIF4E4/(LmeIF4E1) LmeIF4G3 20-YPGFSLDE- 27
eIF4F complex

(LmeIF4A1 also
detected)

[87]

LmeIF4E4 LmPAB1 5′-3′-mRNA
circularization [84,95]

TbeIF4E5 TbeIF4G1
TbeIF4G2 [88]

TbeIF4E6 TbeIF4G5
(TbG5-IP) [89]

Initially, Leishmania eIF4E4 was shown to form an eIF4F complex with eIF4G3 via a canonical
YPGFSLDE motif [87]. Later studies indicate that eIF4E3 (which has only a weak cap-binding activity)
interacts through a non-canonical alpha-helix of eIF4G4. Upon nutritional stress, this interaction ceases
and eIF4E3 enters stress granules [85,94].

Leishmania eIF4E1 has been studied intensively in recent years. While eIF4E4 predominates
in promastigotes (the flagellated and elongated infective form of Leishmania), in amastigotes (the
non-flagellated form replicating in infected cells) eIF4E4 decreases and is replaced by eIF4E1 which
does not interact with eIF4G [90]. An eIF4E1-knockdown is viable but the parasite cannot form the
infective flagellated promastigote form [85]. In vitro, Leishmania eIF4E1 forms a complex with the
carboxyterminus of eIF3a in the absence of eIF4G3 [92]. Leishmania eIF3 consists of twelve subunits
and interacts with further initiation factors such as eIF1, eIF2, and eIF5 and eIF4G establishing a link
between the eIF4F-complex and the 40S ribosomal subunit. It is assumed that the eIF4E1-eIF3a complex
can stimulate translation of stage-specific mRNAs [83].

In promastigotes, but not in amastigotes, eIF4E1 interacts with 4E-IP (eIF4E-interacting protein)
through a canonical YTREELL motif. Additionally, 4E-IP which is constitutively expressed, only
interacts with eIF4E1 during the promastigote stage [90]. It has been proposed that 4E-IP allosterically
destabilizes interaction of Leishmania eIF4E1 with the cap4 structure [91]. Bloodstream forms of the
parasite lacking 4E-IP are defective in translational suppression and cannot develop into the procyclic
form which initiates the promastigote life cycle [98].

In Trypanosoma brucei eIF4E2, the less well known eIF4E paralog which does not interact with eIF4G
has been shown to interact with the 3′UTR-located histone mRNA stem-loop-binding protein SLBP2.
Both proteins interact directly through a central protein segment which is missing in other SLBPs and
does not carry the canonical eIF4E-binding motif [93]. A precedent for active 5′-3′ interaction during
translation was previously established in Xenopus and mammalian oocytes. Histone mRNAs carry
a 3′UTR stem-loop structure to which SLBP binds. Vertebrate SLBP interacts through an unknown
factor X with eIF4E rendering histone translation cap-dependent [99,100]. In that sense, SLBP acts as a
molecular mimic of PABP to circularize 5′-3′ ends of histone mRNAs during translation.

In summary, the variety of protozoan eIF4Es and interactors is much larger than that of other
unicellular organisms, such as yeasts. This is probably due to their complex life cycle involving several
differentiation stages. The diverse repertoire is extended by translational repressors such as 4E-IP
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which is used by the parasite to allow for reprogramming of protein expression when facing varying
conditions in different hosts [98].

5. eIF4Es from Dinoflagellates

According to phylogenetic studies, dinoflagellates belong together with apicomplexans and
ciliates to a huge monophyletic group called alveolates. Dinoflagellates are eukaryotic microorganisms
that exist in a variety of ecosystems under different natural conditions. They can subsist as predators,
photoautotrophs, or intracellular parasites. Though some dinoflagellates are parasites, most are either
free-living predators or phototrophs in aquatic habitats [101]. Many photosynthetic dinoflagellates
are also consumers of bacteria and other microeukaryotes. Dinoflagellate species are very important
players in oceanic nutrient cycles, and some cause harmful algal blooms when cell densities reach
exceedingly high levels [101]. Dinoflagellate species vary enormously considering the size of their
genome which ranges from a few to a hundred thousand Mbytes and they have particular nuclear
features (e.g., permanently condensed chromosomes) that make them very different from other
eukaryotes. Similar to protozoan parasites, their mRNAs are also trans-spliced from polycistronic
primary transcripts to form cap4-like monocistronic mRNAs and several options have been identified
as alternative for the nucleotide that follows the first trimethylated base [21]. As for protozoan parasites
described in this review (Trypanosomatidae), regulation of gene expression is posttranscriptional [102].

The huge differences in DNA content among dinoflagellate species is due to several genome
duplications and results in species with several eIF4E gene copies (up to 15 or more). Phylogenetical
studies have led to the classification of nine core dinoflagellate sub-clades organized in three different
eIF4E-groups (class 1 consisting of sub-clades 1a to 1d, class 2 consisting of sub-clades 2a and 2b, and
class 3 consisting of sub-clades 3a to 3c) [21]. As for other organisms, all dinoflagellate eIF4Es consist
of a core amino acid sequence of around 120 amino acids with the characteristic eight tryptophane
residues. As an example, we present an alignment of eIF4E of sub-clade 1a, sub-clade 2a, and sub-clade
3a from the dinoflagellate Amphidinium carterae (see Figure 5 and Figure S3). For class 1, W3 is replaced
by Y and W6 for F, for class 2, W3 and W4 are replaced for Y. Class 3 carries all eight tryptophane
residues [6]. All three classes carry the conserved S/TVxxF motif next to W4/F4 (see Figure 5 and Figure
S3). Though sub-clade 3a of dinoflagellate species Amphidium carterae looks like class 1-eIF4E (W1 to
W8 conserved), it is difficult to predict which class fulfills which function (general vs. specialized
eIF4E) as no functional or structural studies of dinoflagellates eIF4Es have been published.
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Figure 5. Scheme representing the core of dinoflagellate eIF4E1a, eIF4E2a, and eIF4E3a from
Amphidinium carterae (accession numbers in brackets) including the eight conserved tryptophane
residues W1 to W8 (labelled in red), and substitutions of W3, W4, and W6 for Y or F (labelled in grey).
Highlighted in yellow is also the conserved helix-forming motif STVxxF next to W4.

6. Summary and Conclusions

Yeast species such as S. pombe or C. albicans carry more than one eIF4E gene copy. eIF4E2
was probably “invented” in yeast species to allow for translation of specific mRNAs or to inhibit
general capped mRNA translation under a variety of stress conditions. Simple eIF4E2s, such as the
one from S. pombe, show an attenuated eIF4G interaction which was probably introduced during
evolution by addition of extended aminotermini. Complex eIF4E2s, such as the one from C. albicans
diverged from an original eIF4E1 to accomplish other functions, possibly repression of translation
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for a reprogramming of proteins expressed to accommodate to environmental changes. It is known
that C. albicans pathogenicity depends on its switch from a unicellular to a multicellular hyphal
form that helps to forage the environment for nutrients and probably also to adapt to changing
environmental conditions.

The repertoire for potential regulation of translation was presumably augmented with the
acquisition of eIF4E-interactors such as p20 and Eap1 which only exist in Saccharomycotina (for a
summary, see Figure 2) and affect the translation of a subset of mRNAs by mechanisms which are
not yet well understood [71]. It is clear that neither p20 nor Eap1 are inhibitors of cap-dependent
translation but that their interaction with eIF4E can even favor the translation of certain subsets of
mRNAs. It is surprising that a knockout of p20 in S. cerevisiae does not produce a strong phenotype. A
possible explanation is that multiple affecting parameters are encountered by yeast cells in free nature
(such as simultaneous changes of humidity, temperature, nutrition) that are not simple to mimic under
laboratory conditions. It is also possible that yeasts have developed several parallel pathways to cope
with different stress conditions.

More complex is the scenario for protozoan parasites such as Leishmania and Trypanosoma where
several paralogs of eIF4E and eIF4G exist. This is due to different life stages requiring particular
reprogramming of expressed proteins. As mentioned, different variants of eIF4E in conjunction with
partner 4E-BPs also help to regulate mRNA selection under differing developmental conditions in
multicellular eukaryotic organisms [1–12]. As mainly post-transcriptional regulation of gene expression
exists for protozoans, it may require variations of initiation factors to favor expression of certain
stage-specific mRNAs. The details of reprogramming at the level of translation initiation are not yet
well understood. At least two different types of eIF4Es can be distinguished: general cap4-dependent
eIF4Es (such as eIF4E3 and eIF4E4) and specialized eIF4Es (such as eIF4E1, eIF4E2, eIF4E5, and eIF4E6)
which are required to allow for the synthesis of specific proteins. Additionally, inhibitors of eIF4E-cap4
interaction such as 4E-IP may be required when translation is downregulated during the passage from
the amastigote to the premastigote stage.

Little is known about eIF4E and their interactors in alveolates such as marine dinoflagellates.
We predict that eIF4Es and interactors from this large and heterogeneous group of eukaryotic
microorganisms will become an exciting field of investigation in coming years.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/6/2170/s1.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Valzania, L.; Ono, H.; Ignesti, M.; Cavaliere, V.; Bernardi, F.; Gamberi, C.; Gargiulo, G. Drosophila 4EHP is
essential for the larval-pupal transition and required in the prothoracic gland for ecdysone biosynthesis.
Dev. Biol. 2016, 410, 14–23. [CrossRef] [PubMed]

2. Ou, H.-L.; Kim, C.S.; Uszkoreit, S.; Wickstrom, S.A.; Schumacher, B. Somatic Niche Cells Regulate the
CEP-1/p53-Mediated DNA Damage Response in Primordial Germ Cells. Dev. Cell 2019, 50, 167–183.
[CrossRef] [PubMed]

3. Minshall, N.; Schernthaner-Reiter, M.H.; Weil, D.; Standart, N. CPEB Interacts with an Ovary-specific eIF4E
and 4E-T in Early Xenopus Oocytes. J. Biol. Chem. 2007, 282, 37389–37401. [CrossRef] [PubMed]

4. Hernández, G.; Miron, M.; Han, H.; Liu, N.; Magescas, J.; Tettweiler, G.; Lasko, P. Mextli is a novel eukaryotic
translation initiation factor 4E-binding protein that promotes translation in Drosophila melanogaster.
Mol. Cell. Biol. 2013, 33, 2854–2864. [CrossRef]

5. Rieckher, M.; Markaki, M.; Princz, A.; Schumacher, B.; Tavernarakis, N. Maintenance of Proteostasis by P
Body-Mediated Regulation of eIF4E Availability during Aging in Caenorhabditis elegans. Cell Rep. 2018, 25,
199–211. [CrossRef]

http://www.mdpi.com/1422-0067/21/6/2170/s1
http://dx.doi.org/10.1016/j.ydbio.2015.12.021
http://www.ncbi.nlm.nih.gov/pubmed/26721418
http://dx.doi.org/10.1016/j.devcel.2019.06.012
http://www.ncbi.nlm.nih.gov/pubmed/31336098
http://dx.doi.org/10.1074/jbc.M704629200
http://www.ncbi.nlm.nih.gov/pubmed/17942399
http://dx.doi.org/10.1128/MCB.01354-12
http://dx.doi.org/10.1016/j.celrep.2018.09.009


Int. J. Mol. Sci. 2020, 21, 2170 15 of 19

6. Dinkova, T.D.; Keiper, B.D.; Korneeva, N.L.; Aamodt, E.J.; Rhoads, R.E. Translation of a small subset of
Caenorhabditis elegans mRNAs is dependent on a specific eukaryotic translation initiation factor 4E isoform.
Mol. Cell. Biol. 2005, 25, 100–113. [CrossRef]

7. Keiper, B.D.; Lamphear, B.J.; Deshpande, A.M.; Jankowska-Anyszka, M.; Aamodt, E.J.; Blumenthal, T.;
Rhoads, R.E. Functional characterization of five eIF4E isoforms in Caenorhabditis elegans. J. Biol. Chem.
2000, 275, 10590–10596. [CrossRef]

8. Huggins, H.P.; Subash, J.S.; Stoffel, H.; Henderson, M.A.; Hoffman, J.L.; Buckner, D.S.; Sengupta, M.S.;
Boag, P.R.; Lee, M.-H.; Keiper, B.D. Distinct roles of two eIF4E isoforms in the germline of Caenorhabditis
elegans. J. Cell Sci. 2020, 237990. [CrossRef]

9. Friday, A.J.; Henderson, M.A.; Morrison, J.K.; Hoffman, J.L.; Keiper, B.D. Spatial and temporal translational
control of germ cell mRNAs mediated by the eIF4E isoform IFE-1. J. Cell Sci. 2015, 128, 4487–4498. [CrossRef]

10. Song, A.; Labella, S.; Korneeva, N.L.; Keiper, B.D.; Aamodt, E.J.; Zetka, M.; Rhoads, R.E. A C. elegans
eIF4E-family member upregulates translation at elevated temperatures of mRNAs encoding MSH-5 and
other meiotic crossover proteins. J. Cell Sci. 2010, 123, 2228–2237. [CrossRef]

11. Henderson, M.A.; Cronland, E.; Dunkelbarger, S.; Contreras, V.; Strome, S.; Keiper, B.D. A germline-specific
isoform of eIF4E (IFE-1) is required for efficient translation of stored mRNAs and maturation of both oocytes
and sperm. J. Cell Sci. 2009, 122, 1529–1539. [CrossRef] [PubMed]

12. Amiri, A.; Keiper, B.D.; Kawasaki, I.; Fan, Y.; Kohara, Y.; Rhoads, R.E.; Strome, S. Faculty of 1000 evaluation
for An isoform of eIF4E is a component of germ granules and is required for spermatogenesis in C. elegans.
Development 2001, 128, 3899–3912. [PubMed]

13. Matsuo, H.; Li, H.; McGuire, A.M.; Fletcher, C.M.; Gingras, A.C.; Sonenberg, N.; Wagner, G. Structure of
translation factor eIF4E bound to m7GDP and interaction with 4E-binding protein. Nat. Genet. 1997, 4,
686–689.

14. Marcotrigiano, J.; Gingras, A.C.; Sonenberg, N.; Burley, S.K. Cocrystal Structure of the Messenger RNA 5′

Cap-Binding Protein (eIF4E) Bound to 7-methyl-GDP. Cell 1997, 89, 951–961. [CrossRef]
15. Hernández, G.; Altmann, M.; Sierra, J.M.; Urlaub, H.; Del Corral, R.D.; Schwartz, P.; Rivera-Pomar, R.

Functional analysis of seven genes encoding eight translation initiation factor 4E (eIF4E) isoforms in
Drosophila. Mech. Dev. 2005, 122, 529–543. [CrossRef]

16. Hernández, G.; Vazquez-Pianzola, P. Functional diversity of the eukaryotic translation initiation factors
belonging to eIF4 families. Mech. Dev. 2005, 122, 865–876. [CrossRef]

17. Joshi, B.; Lee, K.; Maeder, D.L.; Jagus, R. Phylogenetic analysis of eIF4E-family members. BMC Evol. Biol.
2005, 5, 48. [CrossRef]

18. Tettweiler, G.; Kowanda, M.; Lasko, P.; Sonenberg, N.; Hernández, G. The Distribution of eIF4E-Family
Members across Insecta. Comp. Funct. Genom. 2012, 2012, 1–15. [CrossRef]

19. Cho, P.F.; Poulin, F.; Cho-Park, Y.A.; Cho-Park, I.B.; Chicoine, J.D.; Lasko, P.; Sonenberg, N. A New Paradigm
for Translational Control: Inhibition via 5′-3′ mRNA Tethering by Bicoid and the eIF4E Cognate 4EHP. Cell
2005, 121, 411–423. [CrossRef]

20. Hernández, G.; Han, H.; Gandin, V.; Fabian, L.; Ferreira, T.; Zuberek, J.; Sonenberg, N.; Brill, J.A.; Lasko, P.
Eukaryotic initiation factor 4E-3 is essential for meiotic chromosome segregation, cytokinesis and male
fertility in Drosophila. Development 2012, 139, 3211–3220. [CrossRef]

21. Jones, G.D.; Williams, E.; Place, A.; Jagus, R.; Bachvaroff, T.R. The alveolate translation initiation factor 4E
family reveals a custom toolkit for translational control in core dinoflagellates. BMC Evol. Biol. 2015, 15, 14.
[CrossRef] [PubMed]

22. Osborne, M.J.; Borden, K.L.B. The eukaryotic translation initiation factor eIF4E in the nucleus: Taking the
road less traveled. Immunol. Rev. 2015, 263, 210–223. [CrossRef] [PubMed]

23. Volpon, L.; Osborne, M.J.; Borden, K.L. Biochemical and Structural Insights into the Eukaryotic Translation
Initiation Factor eIF4E. Curr. Protein Pept. Sci. 2019, 20, 525–535. [CrossRef] [PubMed]

24. Kabir, A.; Hussain, M.A.; Ahmad, Z. Candida albicans: A Model Organism for Studying Fungal Pathogens.
ISRN Microbiol. 2012, 2012, 1–15. [CrossRef] [PubMed]

25. Ross-Kaschitza, D.; Saxena, M.; Altmann, M. eIF4E Is an Important Determinant of Adhesion and
Pseudohyphal Growth of the Yeast S. cerevisiae. PLoS ONE 2012, 7, e50773. [CrossRef]

26. Cullen, P.J.; Sprague, G.F. The Regulation of Filamentous Growth in Yeast. Genetics 2012, 190, 23–49.
[CrossRef]

http://dx.doi.org/10.1128/MCB.25.1.100-113.2005
http://dx.doi.org/10.1074/jbc.275.14.10590
http://dx.doi.org/10.1242/jcs.237990
http://dx.doi.org/10.1242/jcs.172684
http://dx.doi.org/10.1242/jcs.063107
http://dx.doi.org/10.1242/jcs.046771
http://www.ncbi.nlm.nih.gov/pubmed/19383718
http://www.ncbi.nlm.nih.gov/pubmed/11641215
http://dx.doi.org/10.1016/S0092-8674(00)80280-9
http://dx.doi.org/10.1016/j.mod.2004.11.011
http://dx.doi.org/10.1016/j.mod.2005.04.002
http://dx.doi.org/10.1186/1471-2148-5-48
http://dx.doi.org/10.1155/2012/960420
http://dx.doi.org/10.1016/j.cell.2005.02.024
http://dx.doi.org/10.1242/dev.073122
http://dx.doi.org/10.1186/s12862-015-0301-9
http://www.ncbi.nlm.nih.gov/pubmed/25886308
http://dx.doi.org/10.1111/imr.12240
http://www.ncbi.nlm.nih.gov/pubmed/25510279
http://dx.doi.org/10.2174/1389203720666190110142438
http://www.ncbi.nlm.nih.gov/pubmed/30636602
http://dx.doi.org/10.5402/2012/538694
http://www.ncbi.nlm.nih.gov/pubmed/23762753
http://dx.doi.org/10.1371/journal.pone.0050773
http://dx.doi.org/10.1534/genetics.111.127456


Int. J. Mol. Sci. 2020, 21, 2170 16 of 19

27. Youk, H.; Lim, W.A. Secreting and Sensing the Same Molecule Allows Cells to Achieve Versatile Social
Behaviors. Science 2014, 343, 1242782. [CrossRef]

28. Decker, C.J.; Parker, R. P-Bodies and Stress Granules: Possible Roles in the Control of Translation and mRNA
Degradation. Cold Spring Harb. Perspect Biol. 2012, 4, a012286. [CrossRef]

29. Brengues, M.; Parker, R. Accumulation of polyadenylated mRNA, Pab1p, eIF4E, and eIF4G with P-bodies in
Saccharomyces cerevisiae. Mol. Biol. Cell 2007, 18, 2592–2602. [CrossRef]

30. Hoyle, N.P.; Castelli, L.M.; Campbell, S.G.; Holmes, L.E.; Ashe, M.P. Stress-dependent relocalization of
translationally primed mRNPs to cytoplasmic granules that are kinetically and spatially distinct from
P-bodies. J. Cell Biol. 2007, 179, 65–74. [CrossRef]

31. Buchan, J.R.; Nissan, T.; Parker, R. Analyzing P-Bodies and Stress Granules in Saccharomyces cerevisiae.
Meth. Enzymol. 2010, 470, 619–640.

32. Altmann, M.; Handschin, C.; Trachsel, H. mRNA cap-binding protein: Cloning of the gene encoding protein
synthesis initiation factor eIF-4E from Saccharomyces cerevisiae. Mol. Cell. Biol. 1987, 7, 998–1003. [CrossRef]

33. Altmann, M.; Müller, P.P.; Pelletier, J.; Sonenberg, N.; Trachsel, H. A mammalian translation initiation factor
can substitute for its yeast homologue in vivo. J. Biol. Chem. 1989, 264, 12145–12147.

34. Altmann, M.; Sonenberg, N.; Trachsel, H. Translation in Saccharomyces cerevisiae: Initiation factor
4E-dependent cell-free system. Mol. Cell. Biol. 1989, 9, 4467–4472. [CrossRef]

35. Altmann, M.; Trachsel, H. Altered mRNA cap recognition activity of initiation factor 4E in the yeast cell cyde
division mutant cdc33. Nucleic Acids Res. 1989, 17, 5923–5931. [CrossRef]

36. Altmann, M.; Linder, P. Power of Yeast for Analysis of Eukaryotic Translation Initiation. J. Biol. Chem. 2010,
285, 31907–31912. [CrossRef]

37. Yoffe, Y.; Zuberek, J.; Lerer, A.; Lewdorowicz, M.; Stepinski, J.; Altmann, M.; Darzynkiewicz, E.; Shapira, M.
Binding Specificities and Potential Roles of Isoforms of Eukaryotic Initiation Factor 4E in Leishmania.
Eukaryot. Cell 2006, 5, 1969–1979. [CrossRef]

38. Ptushkina, M.; Malys, N.; McCarthy, J.E.G. eIF4E isoform 2 in Schizosaccharomyces pombe is a novel
stress-response factor. EMBO Rep. 2004, 5, 311–316. [CrossRef]

39. Gross, J.D.; Moerke, N.J.; Von Der Haar, T.; Lugovskoy, A.A.; Sachs, A.B.; McCarthy, J.E.; Wagner, G. Ribosome
loading onto the mRNA cap is driven by conformational coupling between eIF4G and eIF4E. Cell 2003, 115,
739–750. [CrossRef]

40. Zanchin, N.I.T.; McCarthy, J.E.G. Characterization of thein VivoPhosphorylation Sites of the
mRNA·Cap-binding Complex Proteins Eukaryotic Initiation Factor-4E and p20 inSaccharomyces cerevisiae.
J. Biol. Chem. 1995, 270, 26505–26510. [CrossRef]

41. Studer, R.A.; A Rodriguez-Mias, R.; Haas, K.M.; I Hsu, J.; Viéitez, C.; Solé, C.; Swaney, D.L.; Stanford, L.B.;
Liachko, I.; Böttcher, R.; et al. Evolution of protein phosphorylation across 18 fungal species. Science 2016,
354, 229–232. [CrossRef]

42. Altmann, M.; Edery, I.; Trachsel, H.; Sonenberg, N. Site-directed mutagenesis of the tryptophan residues in
yeast eukaryotic initiation factor 4E. Effects on cap binding activity. J. Biol. Chem. 1988, 263, 17229–17232.

43. Ptushkina, M. A second eIF4E protein in Schizosaccharomyces pombe has distinct eIF4G-binding properties.
Nucleic Acids Res. 2001, 29, 4561–4569. [CrossRef]

44. Ptushkina, M.; Fierro, I.; Heuvel, J.V.D.; Vasilescu, S.; Birkenhäger, R.; Mita, K.; McCarthy, J.E.G.
Schizosaccharomyces pombeHas a Novel Eukaryotic Initiation Factor 4F Complex Containing a Cap-binding
Protein with the Human eIF4E C-terminal Motif KSGST. J. Biol. Chem. 1996, 271, 32818–32824. [CrossRef]

45. Patrick, R.M.; Mayberry, L.K.; Choy, G.; Woodard, L.E.; Liu, J.S.; White, A.; Mullen, R.A.; Tanavin, T.M.;
Latz, C.A.; Browning, K.S. Two Arabidopsis loci encode novel eukaryotic initiation factor 4E isoforms that
are functionally distinct from the conserved plant eukaryotic initiation factor 4E. Plant Physiol. 2014, 164,
1820–1830. [CrossRef]

46. Barnes, C.A.; MacKenzie, M.M.; Johnston, G.C.; Singer, R.A. Efficient translation of an SSA1-derived
heat-shock mRNA in yeast cells limited for cap-binding protein and eIF-4F. Mol. Genet. Genom. 1995, 246,
619–627. [CrossRef]

47. Cawley, A.; Warwicker, J. EIF4E-binding protein regulation of mRNAs with differential 5′-UTR secondary
structure: A polyelectrostatic model for a component of protein-mRNA interactions. Nucleic Acids Res. 2012,
40, 7666–7675. [CrossRef]

http://dx.doi.org/10.1126/science.1242782
http://dx.doi.org/10.1101/cshperspect.a012286
http://dx.doi.org/10.1091/mbc.e06-12-1149
http://dx.doi.org/10.1083/jcb.200707010
http://dx.doi.org/10.1128/MCB.7.3.998
http://dx.doi.org/10.1128/MCB.9.10.4467
http://dx.doi.org/10.1093/nar/17.15.5923
http://dx.doi.org/10.1074/jbc.R110.144196
http://dx.doi.org/10.1128/EC.00230-06
http://dx.doi.org/10.1038/sj.embor.7400088
http://dx.doi.org/10.1016/S0092-8674(03)00975-9
http://dx.doi.org/10.1074/jbc.270.44.26505
http://dx.doi.org/10.1126/science.aaf2144
http://dx.doi.org/10.1093/nar/29.22.4561
http://dx.doi.org/10.1074/jbc.271.51.32818
http://dx.doi.org/10.1104/pp.113.227785
http://dx.doi.org/10.1007/BF00298969
http://dx.doi.org/10.1093/nar/gks511


Int. J. Mol. Sci. 2020, 21, 2170 17 of 19

48. Grüner, S.; Peter, D.; Weber, R.; Wohlbold, L.; Chung, M.Y.; Weichenrieder, O.; Izaurralde, E. The Structures
of eIF4E-eIF4G Complexes Reveal an Extended Interface to Regulate Translation Initiation. Mol. Cell 2016,
64, 467–479. [CrossRef]

49. Grüner, S.; Weber, R.; Peter, D.; Chung, M.-Y.; Igreja, C.; Valkov, E.; Izaurralde, E. Structural motifs in eIF4G
and 4E-BPs modulate their binding to eIF4E to regulate translation initiation in yeast. Nucleic Acids Res. 2018,
46, 6893–6908. [CrossRef]

50. Peter, D.; Igreja, C.; Weber, R.; Wohlbold, L.; Weiler, C.; Ebertsch, L.; Izaurralde, E. Molecular Architecture of
4E-BP Translational Inhibitors Bound to eIF4E. Mol. Cell 2015, 57, 1074–1087. [CrossRef]

51. Wells, S.E.; Hillner, P.E.; Vale, R.D.; Sachs, A.B. Circularization of mRNA by Eukaryotic Translation Initiation
Factors. Mol. Cell 1998, 2, 135–140. [CrossRef]

52. Marcotrigiano, J.; Lomakin, I.B.; Sonenberg, N.; Pestova, T.V.; Hellen, C.U.T.; Burley, S.K. A Conserved HEAT
Domain within eIF4G Directs Assembly of the Translation Initiation Machinery. Mol. Cell 2001, 7, 193–203.
[CrossRef]

53. Jivotovskaya, A.V.; Valášek, L.; Hinnebusch, A.G.; Nielsen, K.H. Eukaryotic translation initiation factor 3
(eIF3) and eIF2 can promote mRNA binding to 40S subunits independently of eIF4G in yeast. Mol. Cell. Biol.
2006, 26, 1355–1372. [CrossRef]

54. Berset, C.; Zurbriggen, A.; Djafarzadeh, S.; Altmann, M.; Trachsel, H. RNA-binding activity of translation
initiation factor eIF4G1 from Saccharomyces cerevisiae. RNA 2003, 9, 871–880. [CrossRef]

55. Goyer, C.; Altmann, M.; Lee, H.S.; Blanc, A.; Deshmukh, M.; Woolford, J.L.; Trachsel, H.; Sonenberg, N.
TIF4631 and TIF4632: Two yeast genes encoding the high-molecular-weight subunits of the cap-binding
protein complex (eukaryotic initiation factor 4F) contain an RNA recognition motif-like sequence and carry
out an essential function. Mol. Cell. Biol. 1993, 13, 4860–4874. [CrossRef]

56. Clarkson, B.K.; Gilbert, W.V.; Doudna, J.A. Functional Overlap between eIF4G Isoforms in Saccharomyces
cerevisiae. PLoS ONE 2010, 5, e9114. [CrossRef]

57. Park, E.-H.; Zhang, F.; Warringer, J.; Sunnerhagen, P.; Hinnebusch, A.G. Depletion of eIF4G from yeast cells
narrows the range of translational efficiencies genome-wide. BMC Genom. 2011, 12, 68. [CrossRef]

58. Costello, J.; Kershaw, C.J.; Castelli, L.M.; Talavera, D.; Rowe, W.; Sims, P.F.G.; Ashe, M.P.; Grant, C.M.;
Hubbard, S.J.; Pavitt, G. Dynamic changes in eIF4F-mRNA interactions revealed by global analyses of
environmental stress responses. Genome Biol. 2017, 18, 201. [CrossRef]

59. Rhoads, R.E. Regulation of eukaryotic protein synthesis by initiation factors. J. Biol. Chem. 1993, 268,
3017–3020.

60. Keiper, B.D.; Gan, W.; E Rhoads, R. Protein synthesis initiation factor 4G. Int. J. Biochem. Cell Biol. 1999, 31,
37–41. [CrossRef]

61. Hershey, P.E.C.; McWhirter, S.M.; Gross, J.D.; Wagner, G.; Alber, T.; Sachs, A.B. The Cap-binding Protein
eIF4E Promotes Folding of a Functional Domain of Yeast Translation Initiation Factor eIF4G1. J. Biol. Chem.
1999, 274, 21297–21304. [CrossRef]

62. Cosentino, G.P.; Schmelzle, T.; Haghighat, A.; Helliwell, S.B.; Hall, M.N.; Sonenberg, N. Eap1p, a novel
eukaryotic translation initiation factor 4E-associated protein in Saccharomyces cerevisiae. Mol. Cell. Biol.
2000, 20, 4604–4613. [CrossRef]

63. Sezen, B.; Seedorf, M.; Schiebel, E. The SESA network links duplication of the yeast centrosome with the
protein translation machinery. Genome Res. 2009, 23, 1559–1570. [CrossRef]

64. Chial, H.J.; Stemm-Wolf, A.J.; McBratney, S.; Winey, M. Yeast Eap1p, an eIF4E-associated protein, has a
separate function involving genetic stability. Curr. Biol. 2000, 10, 1519–1522. [CrossRef]

65. Deloche, O.; De La Cruz, J.; Kressler, D.; Doère, M.; Linder, P. A membrane transport defect leads to a rapid
attenuation of translation initiation in Saccharomyces cerevisiae. Mol. Cell 2004, 13, 357–366. [CrossRef]

66. Meier, K.D.; Deloche, O.; Kajiwara, K.; Funato, K.; Riezman, H. Sphingoid base is required for translation
initiation during heat stress in Saccharomyces cerevisiae. Mol. Biol. Cell 2006, 17, 1164–1175. [CrossRef]

67. Blewett, N.H.; Goldstrohm, A.C. A Eukaryotic Translation Initiation Factor 4E-Binding Protein Promotes
mRNA Decapping and Is Required for PUF Repression. Mol. Cell. Biol. 2012, 32, 4181–4194. [CrossRef]

68. Rendl, L.M.; Bieman, M.A.; Vari, H.K.; A Smibert, C. The eIF4E-Binding Protein Eap1p Functions in
Vts1p-Mediated Transcript Decay. PLoS ONE 2012, 7, e47121. [CrossRef]

69. Liu, X.; Yao, Z.; Jin, M.; Namkoong, S.; Yin, Z.; Lee, J.H.; Klionsky, D.J. Dhh1 promotes autophagy-related
protein translation during nitrogen starvation. PLoS Biol. 2019, 17, e3000219. [CrossRef]

http://dx.doi.org/10.1016/j.molcel.2016.09.020
http://dx.doi.org/10.1093/nar/gky542
http://dx.doi.org/10.1016/j.molcel.2015.01.017
http://dx.doi.org/10.1016/S1097-2765(00)80122-7
http://dx.doi.org/10.1016/S1097-2765(01)00167-8
http://dx.doi.org/10.1128/MCB.26.4.1355-1372.2006
http://dx.doi.org/10.1261/rna.5380903
http://dx.doi.org/10.1128/MCB.13.8.4860
http://dx.doi.org/10.1371/journal.pone.0009114
http://dx.doi.org/10.1186/1471-2164-12-68
http://dx.doi.org/10.1186/s13059-017-1338-4
http://dx.doi.org/10.1016/S1357-2725(98)00130-7
http://dx.doi.org/10.1074/jbc.274.30.21297
http://dx.doi.org/10.1128/MCB.20.13.4604-4613.2000
http://dx.doi.org/10.1101/gad.524209
http://dx.doi.org/10.1016/S0960-9822(00)00829-0
http://dx.doi.org/10.1016/S1097-2765(04)00008-5
http://dx.doi.org/10.1091/mbc.e05-11-1039
http://dx.doi.org/10.1128/MCB.00483-12
http://dx.doi.org/10.1371/journal.pone.0047121
http://dx.doi.org/10.1371/journal.pbio.3000219


Int. J. Mol. Sci. 2020, 21, 2170 18 of 19

70. Cridge, A.; Castelli, L.M.; Smirnova, J.B.; Selley, J.; Rowe, W.; Hubbard, S.J.; McCarthy, J.E.; Ashe, M.P.;
Grant, C.M.; Pavitt, G. Identifying eIF4E-binding protein translationally-controlled transcripts reveals links
to mRNAs bound by specific PUF proteins. Nucleic Acids Res. 2010, 38, 8039–8050. [CrossRef]

71. Castelli, L.M.; Talavera, D.; Kershaw, C.J.; Mohammad-Qureshi, S.S.; Costello, J.; Rowe, W.; Sims, P.F.G.;
Grant, C.M.; Hubbard, S.J.; Ashe, M.P.; et al. The 4E-BP Caf20p Mediates Both eIF4E-Dependent and
Independent Repression of Translation. PLoS Genet. 2015, 11, e1005233. [CrossRef]

72. Ross, D.; Altmann, M. eIF4Es and Their Interactors from Yeast Species. In Evolution of the Protein Synthesis
Machinery and Its Regulation; Springer: Cham, Switzerland, 2016.

73. Albuquerque, C.P.; Smolka, M.B.; Payne, S.H.; Bafna, V.; Eng, J.; Zhou, H. A multidimensional chromatography
technology for in-depth phosphoproteome analysis. Mol. Cell. Proteomics 2008, 7, 1389–1396. [CrossRef]

74. Hughes, J.M.; Ptushkina, M.; Karim, M.; Koloteva, N.; Von Der Haar, T.; McCarthy, J.E.G. Translational
Repression by Human 4E-BP1 in Yeast Specifically Requires Human eIF4E as Target. J. Biol. Chem. 1999, 274,
3261–3264. [CrossRef]

75. Hernández, G.; Altmann, M.; Lasko, P. Origins and evolution of the mechanisms regulating translation
initiation in eukaryotes. Trends Biochem. Sci. 2010, 35, 63–73. [CrossRef]

76. Altmann, M.; Schmitz, N.; Berset, C.; Trachsel, H. A novel inhibitor of cap-dependent translation initiation in
yeast: p20 competes with eIF4G for binding to eIF4E. EMBO J. 1997, 16, 1114–1121. [CrossRef]

77. De la Cruz, J.; Iost, I.; Kressler, D.; Linder, P. The p20 and Ded1 proteins have antagonistic roles in
eIF4E-dependent translation in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 1997, 94, 5201–5206.
[CrossRef]

78. Arndt, N.; Ross-Kaschitza, D.; Kojukhov, A.; Komar, A.A.; Altmann, M. Properties of the ternary complex
formed by yeast eIF4E, p20 and mRNA. Sci. Rep. 2018, 8, 6707. [CrossRef]

79. Li, L.; Wang, C.C. Identification in the Ancient Protist Giardia lamblia of Two Eukaryotic Translation Initiation
Factor 4E Homologues with Distinctive Functions†. Eukaryot. Cell 2005, 4, 948–959. [CrossRef]

80. Tuteja, R. Identification and bioinformatics characterization of translation initiation complex eIF4F
components and poly(A)-binding protein from Plasmodium falciparum. Commun. Integr. Biol. 2009,
2, 45–260. [CrossRef]

81. Zinoviev, A.; Shapira, M. Evolutionary conservation and diversification of the translation initiation apparatus
in trypanosomatids. Comp. Funct. Genomics 2012. [CrossRef]

82. Reolon, L.W.; Vichier-Guerre, S.; De Matos, B.M.; Dugué, L.; Assunção, T.R.D.S.; Zanchin, N.I.T.; Pochet, S.;
Guimaraes, B.G. Crystal structure of the Trypanosoma cruzi EIF4E5 translation factor homologue in complex
with mRNA cap-4. Nucleic Acids Res. 2019, 47, 5973–5987. [CrossRef] [PubMed]

83. Freire, E.R.; Sturm, N.R.; Campbell, D.A.; Neto, O.P.D.M. The Role of Cytoplasmic mRNA Cap-Binding
Protein Complexes in Trypanosoma brucei and Other Trypanosomatids. Pathogens 2017, 6, 55. [CrossRef]
[PubMed]

84. Neto, O.P.D.M.; Lima, T.D.C.D.C.; Xavier, C.C.; Nascimento, L.M.; Romão, T.P.; Assis, A.L.; Pereira, M.M.C.;
Reis, C.R.S.; Papadopoulou, B. The unique Leishmania EIF4E4 N-terminus is a target for multiple
phosphorylation events and participates in critical interactions required for translation initiation. RNA Biol.
2015, 12, 1209–1221. [CrossRef] [PubMed]

85. Shrivastava, R.; Tupperwar, N.; Drory-Retwitzer, M.; Shapira, M. Deletion of a Single LeishIF4E-3 Allele by
the CRISPR-Cas9 System Alters Cell Morphology and Infectivity of Leishmania. mSphere 2019, 4. [CrossRef]

86. Moura, D.M.; Reis, C.R.; Xavier, C.C.; da Costa Lima, T.D.; Lima, R.P.; Carrington, M.; de Melo Neto, O.P.
Two related trypanosomatid eiF4G homologues have functional differences compatible with distinct roles
during translation initiation. RNA Biol. 2015, 12, 305–319. [CrossRef]

87. Yoffe, Y.; Léger, M.; Zinoviev, A.; Zuberek, J.; Darzynkiewicz, E.; Wagner, G.; Shapira, M. Evolutionary
changes in the Leishmania eIF4F complex involve variations in the eIF4E-eIF4G interactions. Nucleic Acids
Res. 2009, 37, 3243–3253. [CrossRef]

88. Freire, E.R.; Vashisht, A.A.; Malvezzi, A.M.; Zuberek, J.; Langousis, G.; Saada, E.A.; Nascimento, J.D.F.;
Stepinski, J.; Darzynkiewicz, E.; Hill, K.; et al. eIF4F-like complexes formed by cap-binding homolog
TbEIF4E5 with TbEIF4G1 or TbEIF4G2 are implicated in post-transcriptional regulation in Trypanosoma
brucei. RNA 2014, 20, 1272–1286. [CrossRef]

http://dx.doi.org/10.1093/nar/gkq686
http://dx.doi.org/10.1371/journal.pgen.1005233
http://dx.doi.org/10.1074/mcp.M700468-MCP200
http://dx.doi.org/10.1074/jbc.274.6.3261
http://dx.doi.org/10.1016/j.tibs.2009.10.009
http://dx.doi.org/10.1093/emboj/16.5.1114
http://dx.doi.org/10.1073/pnas.94.10.5201
http://dx.doi.org/10.1038/s41598-018-25273-3
http://dx.doi.org/10.1128/EC.4.5.948-959.2005
http://dx.doi.org/10.4161/cib.2.3.8843
http://dx.doi.org/10.1155/2012/813718
http://dx.doi.org/10.1093/nar/gkz339
http://www.ncbi.nlm.nih.gov/pubmed/31066441
http://dx.doi.org/10.3390/pathogens6040055
http://www.ncbi.nlm.nih.gov/pubmed/29077018
http://dx.doi.org/10.1080/15476286.2015.1086865
http://www.ncbi.nlm.nih.gov/pubmed/26338184
http://dx.doi.org/10.1128/mSphere.00450-19
http://dx.doi.org/10.1080/15476286.2015.1017233
http://dx.doi.org/10.1093/nar/gkp190
http://dx.doi.org/10.1261/rna.045534.114


Int. J. Mol. Sci. 2020, 21, 2170 19 of 19

89. Freire, E.R.; Malvezzi, A.M.; Vashisht, A.A.; Zuberek, J.; Saada, E.A.; Langousis, G.; Nascimento, J.D.F.;
Moura, D.; Darzynkiewicz, E.; Hill, K.; et al. Trypanosoma brucei Translation Initiation Factor Homolog
EIF4E6 Forms a Tripartite Cytosolic Complex with EIF4G5 and a Capping Enzyme Homolog. Eukaryot. Cell
2014, 13, 896–908. [CrossRef]

90. Zinoviev, A.; Léger, M.; Wagner, G.; Shapira, M. A novel 4E-interacting protein in Leishmania is involved in
stage-specific translation pathways. Nucleic Acids Res. 2011, 39, 8404–8415. [CrossRef]

91. Meleppattu, S.; Arthanari, H.; Zinoviev, A.; Boeszoermenyi, A.; Wagner, G.; Shapira, M.; Léger-Abraham, M.
Structural basis for LeishIF4E-1 modulation by an interacting protein in the human parasite Leishmania
major. Nucleic Acids Res. 2018, 46, 3791–3801. [CrossRef]

92. Meleppattu, S.; Kamus-Elimeleh, D.; Zinoviev, A.; Cohen-Mor, S.; Orr, I.; Shapira, M. The eIF3 complex of
Leishmania-subunit composition and mode of recruitment to different cap-binding complexes. Nucleic Acids
Res. 2015, 43, 6222–6235. [CrossRef]

93. Freire, E.R.; Moura, D.M.; Bezerra, M.J.R.; Xavier, C.C.; Morais-Sobral, M.C.; Vashisht, A.; Rezende, A.M.;
Wohlschlegel, J.A.; Sturm, N.R.; Neto, O.P.D.M.; et al. Trypanosoma brucei EIF4E2 cap-binding protein binds
a homolog of the histone-mRNA stem-loop-binding protein. Curr. Genet. 2017, 64, 821–839. [CrossRef]

94. Zinoviev, A.; Manor, S.; Shapira, M. Nutritional stress affects an atypical cap-binding protein in Leishmania.
RNA Biol. 2012, 9, 1450–1460. [CrossRef]

95. Dos Santos Rodrigues, F.H.; Firczuk, H.; Breeze, A.L.; Cameron, A.D.; Walko, M.; Wilson, A.J.; McCarthy, J.E.
The Leishmania PABP1-eIF4E4 interface: A novel 5′-3′ interaction architecture for trans-spliced mRNAs.
Nucleic Acids Res. 2019, 47, 1493–1504. [CrossRef]

96. Dhalia, R.; Reis, C.R.; Freire, E.R.; Rocha, P.O.; Katz, R.; Muniz, J.; Standart, N.; Neto, O.P.D.M. Translation
initiation in Leishmania major: Characterisation of multiple eIF4F subunit homologues. Mol. Biochem.
Parasitol. 2005, 140, 23–41. [CrossRef] [PubMed]

97. Tupperwar, N.; Shrivastava, R.; Shapira, M. LeishIF4E1 Deletion Affects the Promastigote Proteome,
Morphology, and Infectivity. mSphere 2019, 4, 1–20. [CrossRef] [PubMed]

98. Terrao, M.; Marucha, K.K.; Mugo, E.; Droll, R.; Minia, I.; Egler, F.; Braun, J.; Clayton, C. The suppressive
cap-binding complex factor 4EIP is required for normal differentiation. Nucleic Acids Res. 2018, 46, 8993–9010.
[CrossRef] [PubMed]

99. Gorgoni, B.; Andrews, S.; Schaller, A.; Schümperli, D.; Gray, N.; Müller, B. The stem–loop binding protein
stimulates histone translation at an early step in the initiation pathway. RNA 2005, 11, 1030–1042. [CrossRef]

100. Allard, P.; Yang, Q.; Marzluff, W.F.; Clarke, H.J. The stem-loop binding protein regulates translation of histone
mRNA during mammalian oogenesis. Dev. Biol. 2005, 286, 195–206. [CrossRef]

101. Sarjeant, W.A.S.; Taylor, F.J.R. The Biology of Dinoflagellates; Stony Brook University: Stony Brook, NY, USA, 1989.
102. Jagus, R.; Bachvaroff, T.R.; Joshi, B.; Place, A.R. Diversity of Eukaryotic Translational Initiation Factor eIF4E

in Protists. Comp. Funct. Genom. 2012, 2012, 1–21. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/EC.00071-14
http://dx.doi.org/10.1093/nar/gkr555
http://dx.doi.org/10.1093/nar/gky194
http://dx.doi.org/10.1093/nar/gkv564
http://dx.doi.org/10.1007/s00294-017-0795-3
http://dx.doi.org/10.4161/rna.22709
http://dx.doi.org/10.1093/nar/gky1187
http://dx.doi.org/10.1016/j.molbiopara.2004.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15694484
http://dx.doi.org/10.1128/mSphere.00625-19
http://www.ncbi.nlm.nih.gov/pubmed/31722993
http://dx.doi.org/10.1093/nar/gky733
http://www.ncbi.nlm.nih.gov/pubmed/30124912
http://dx.doi.org/10.1261/rna.7281305
http://dx.doi.org/10.1016/j.ydbio.2005.07.023
http://dx.doi.org/10.1155/2012/134839
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	1
	eIF4E 
	eIF4E from Yeast Species 
	Yeast eIF4E1 Is Phosphorylated 
	eIF4E2 from Saccharomycotina 
	eIF4E2 from Taphrinomycotina 


	Yeast eIF4E Interactors 
	eIF4G 
	Eap1 
	p20 

	eIF4E and Interactors from Protozoan Parasites 
	eIF4Es from Dinoflagellates 
	References

