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Abstract

Protein synthesis in eukaryotic cells is fundamental for gene expression. This process involves the binding of an mRNA molecule to the
small ribosomal subunit in a group of reactions catalyzed by eukaryotic translation initiation factors (eIF) eIF4. To date, the role of each of
the four elF4, i.e. eIFAE, elFAG, elF4A and elF4B, is well established. However, with the advent of genome-wide sequencing projects of
various organisms, families of genes for each translation initiation factor have been identified. Intriguingly, recent studies have now
established that certain elF4 proteins can promote or inhibit translation of specific mRNAs, and also that some of them are active in processes
other than translation. In addition, there is evidence of tissue- and developmental-stage-specific expression for some of these proteins. These
new findings point to an additional level of complexity in the translation initiation process. In this review, we analyze the latest advances
concerning the functionality of members of the eIF4 families in eukaryotic organisms and discuss the implications of this in the context of our
current understanding of regulation of the translation initiation process.

© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

In eukaryotes, protein synthesis, or translation as it is also
called, is fundamental for gene expression and is mainly
regulated at the initiation step. Protein synthesis is initiated
by the recruitment of the 5’-untranslated region (UTR) of
the mRNA to the small subunit of the ribosome. This
reaction is catalyzed by the eukaryotic translation initiation
factors (elF) of the elF4 families. First, eIF4E binds the cap
structure (m’GpppN, where N is any nucleotide) at the 5’
end of the mRNA. Next, eIF4A, an ATPase/RNA helicase,
unwinds the secondary structure in the 5'UTR allowing the
small ribosomal subunit to scan along the mRNA and to
reach the start codon; a process that is stimulated by elF4B
and in mammals by eIF4B and e[F4H. After interacting with
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both the 18S rRNA and elF3, elF4B also mediates the
binding of the 40S ribosome to the mRNA. In addition, after
interacting with eIF4E, elF4A, poly A-binding protein
(PABP), and the ribosome-associated elF3, the scaffold
elFAG coordinates the binding of the small ribosomal
subunit to the mRNA. Factors eIF1, eIF1A, and elF5 assist
the proper positioning of the small ribosomal subunit to the
start codon. For picornaviral mRNAs and some cellular
mRNAs, 5" UTR recognition is mediated independent of the
cap structure through an internal ribosome entry site (IRES)
that is located in the proximity of the initiation codon.
Finally, before protein translation can proceed, other
reactions, such as the binding of the initiator methionyl-
tRNA to the small ribosomal subunit, and the joining of a
large ribosomal subunit with the 40S initiation complex to
form an 80S ribosome complex, are required (Berthelot
et al., 2004; Browning, 1996; Gingras et al., 1999; Hershey
and Merrick, 2000; Kozak, 1978, 2002; Pain, 1996; Pestova
and Hellen, 2000; Pestova and Kolupaeva, 2002).

The presence of elFAE, elF4A, and eIF4G proteins is
essential for cap binding and the subsequent RNA helicase
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activities leading to protein translation (Browning, 1996;
Gingras et al., 1999; Hershey and Merrick, 2000; Liiking
et al., 1998; Pain, 1996; Pestova and Hellen, 2000; Prevot
et al., 2003; Rogers et al., 2002; von der Haar et al., 2004).
Genome-wide sequencing projects have revealed the pre-
sence of gene families for each elF4 factor in numerous
eukaryotic species. Intriguingly, recent studies have even
identified more specialized activities of these factors in the
protein synthesis process than previously thought and even
that some factors play a role in processes other than
translation.

Here, we examine the newly discovered specialized roles
of members of each elF4 family and suggest that this
diversity adds a new level of complexity to the regulation of
gene expression by enabling protein synthesis to be
regulated in specific tissues and/or at different develop-
mental stages. The function of some eIF4 proteins in
non-translational processes as well as the evolutionary
relationships of the elF4 gene families are also discussed.

2. Versatile eIF4E

Many different eIF4E-related proteins have been charac-
terized in eukaryotes: Three in mammals, termed eIF4E-1
(Rychlik et al., 1987; Sonenberg et al., 1979), 4EHP (Rom
etal., 1998), and eIF4E-3 (Joshi et al., 2004); three in plants,
termed elF4E, elF(iso)4E (Allen et al., 1992; Browning,
1996; Browning et al., 1992; Metz et al., 1992a; Rodriguez
et al., 1998), and novel cap-binding protein nCBP (Ruud
et al., 1998); five in C. elegans (Jankowska-Anyszka et al.,
1998; Keiper et al., 2000); two in zebra fish (Fahrenkrug
et al., 1999; Robalino et al., 2004); two in Xenopus
(Wakiyama et al., 2001); two in S. pombe (Ptushkina
et al., 1996, 2001); two in Leishmania (Yoffe et al., 2004);
and eight in Drosophila (Hernandez et al., 1997, 2005;
Hernandez and Sierra, 1995; Lavoie et al., 1996; Maroto and
Sierra, 1989). In contrast, only one elF4E gene is present in
S. cerevisiae (Altmann et al., 1987). Interestingly, the first
viral elF4E gene was recently discovered in the Mimivirus,
the largest eukaryotic virus known to date (Raoult et al.,
2004). Some elF4E genes are also restricted to specific
phylogenetic groups. For example, elF(iso)4E is found only
in plants (Browning, 1996; Browning et al., 1992), nCBP in
metazoans (Ruud et al., 1998), and mouse-related eIF4E-3
in chordates (Joshi et al., 2004). Analysis of the phyloge-
netic relationships of the eIF4E family members illustrates
that they group into eight clades (Fig. 1a): (1) Drosophila
proteins (except for eIF4E-8/d4EHP) (gray); (2) Xenopus,
human eIF4E-1, and zebra fish proteins (orange); (3)
C. elegans (except for IFE-4) proteins (violet); (4) fungi
proteins (blue); (5) plant proteins, subdivided in eIF4Es and
elF(iso)4Fs (green); (6) Drosophila eIFAE-8/d4EHP, mam-
malian 4EHP, C. elegans IFE-4, Arabidopsis nCBP, mouse
elF4E-3, and Leishmania elF4E-1 (brown); (7) Leishmania
elF4E-2 (yellow); and (8) eIF4E from Mimivirus (red).

In general, elF4E is characterized by its cap-binding
activity (Browning, 1996; Gingras et al., 1999; Hershey and
Merrick, 2000; Pain, 1996; Pestova and Hellen, 2000;
Rogers et al., 2002; von der Haar et al., 2004), although
some cellular processes require the activity of specific
elF4E proteins. Indeed, the accumulation of one eIF4E
isoform appears to be a universal requirement for gameto-
genesis (Table 1). In C. elegans, IFE-1 is required for
spermatogenesis (Amiri et al., 2001), and in Drosophila,
removal of the maternal contribution of eIF4E-1 and eIF4E-
2 results in females with no ovary development (Hernandez
et al., 2004b). The latter observation is in agreement with
the finding that the interaction of eIF4E-1 with Cup and
Barentsz is required for ovary development (Nakamura
et al., 2004; Wilhelm et al., 2003; Zappavigna et al., 2004).
During this developmental stage, e[F4E-1 plays a role in the
ventral furrow development (Gong et al., 2004), and the
interaction of eIF4E-1-Cup-Smaug is crucial for the proper
space-regulated nanos translation (Nelson et al., 2004).
These observations indicate that Drosophila elF4E-1 is
essential for ovary and embryo development. In fact, a lack
of eIF4E-1 activity in Drosophila embryogenesis is lethal
(Hernandez et al., 2004b). On the other hand, in S. pombe,
elF4E-1 supports general cap-dependent translation,
whereas eIF4E-2 is involved in translation during stress
response (Ptushkina et al., 1996, 2004).

Due to differential cap-binding activities some elF4Es
play a role in the selection of the type of mRNA to be
translated. In plants, wheat eIFAE and elF(iso)4E (Carberry
et al., 1991) as well as A. thaliana nCBP and elF(iso)4E
(Ruud et al., 1998) bind methylated cap structures
with different affinities in vitro. In C. elegans, the in vitro
activity of the five elF4Es is related to the differential
recognition of mono- and trimethylated mRNA cap
structures present in this organism. IFE-3 binds only
7-methylguanosine caps and is essential for cell viability.
In contrast, IFE-1, IFE-2, and IFE-5 are non-essential
proteins and bind 2,2,7-trimethylguanosine caps, a structure
present in 70% of the mRNAs from C. elegans (Jankowska-
Anyszka et al., 1998; Keiper et al., 2000). Finally, in
C. elegans, a small subset of mRNAs, most of them related
to egg laying, are recognized specifically by IFE-4 in vivo
(Dinkova et al., 2005).

The differences in activity between elF4E proteins of a
particular organism have been studied in vivo by comple-
mentation experiments of a conditionally lethal yeast
mutant deficient in elF4E. Human eIF4E-1 (Altmann
et al., 1989), zebra fish eI[F4E-1A (Robalino et al., 2004),
A. thaliana eIF4E (Rodriguez et al., 1998), and Drosophila
elF4E-1, eIF4E-2, eIF4E-3, elF4E-4, and eIF4E-7
(Hernandez et al., 2005) rescue yeast growth in the absence
of endogenous eIF4E. This might reflect the finding that
different binding affinities for eIF4G and also for eIF4AE-BPs
(eIF4E-binding proteins) have been found for the eight
Drosophila (Hernandez et al., 2005) and the three
mammalian (Joshi et al., 2004) eIF4Es.
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C.elegans IFE-5 (AF214652)

C.elegans IFE-2 (Q21693)

C. elegans IFE-3 (061955)
S. pombe elF4E-1 (X99444)
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S. cerevisiae elF4E  (M15436)
N. tabacum elF(iso)4E (AY699609)
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Drosophila elF4E-8 (CG33100)

Human 4EHP (AF047695)

C.elegans IFE-4 (AF214651)

A. thaliana nCBP (AF028809)

Mouse elF4E-3 (AK005054)

Leishmania elF4E-1 (CAB77676)

Leishmania elF4E-2 (CAB94111)

S. cerevisiae elF4G-| (L16923)

S. cerevisiae elF4G-ll (L16924)

S. pombe elF4G (¢17C9)

A. thaliana elF4G (Q9LKQT)
Wheat elF(is0)4G-l p82 (M95746)

Drosophila elF4G (AF030155)
C. elegans elF4G (M110.4)
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Drosophila (CG3845)
Human p97/DAP5/NAT-1 (U73824)

Fig. 1. Evolutionary relationships of (a) eIF4E or (b) eIF4G family members. Cladograms were constructed using the CLUSTAL W algorithm (Thompson
et al., 1994) in the Megaline program of the DNA Star software package. Since the carboxy-terminal moiety of eIF4E is highly conserved and contains all the
functional residues (Gingras et al., 1999; von der Haar et al., 2004), it was used to construct the eIF4Es tree. For a definition and comparison of the carboxy-
terminal moiety of eIF4Es, see Hernandez et al. (2005). The accession numbers are in parenthesis.

Interestingly, although eIFAE and most of its cognates
are thought to promote initiation of translation, some
members of this family have diverged in function. Human
4EHP shares sequence similarity and is structurally related
to eIF4E (Rom et al., 1998). However, 4EHP and its closest
ortholog Drosophila eIFAE-8/d4EHP (Fig. 1a) bind to the
cap structure but not to eIF4G (Hernandez et al., 2005; Rom
et al., 1998), and thus may act as translational repressors.
Indeed, Cho et al. (2005) showed that during Drosophila
embryogenesis, eI[F4E-8/d4EHP binds to both to the cap of
caudal mRNA and to Bicoid, thereby inhibiting the
cap-dependent translation of the caudal mRNA in
the anterior of the embryo. Moreover, since Drosophila

elF4E-6 binds the cap structure but does not interact with
elF4G and also since neither complements the yeast eIF4E,
this may indicate that eI[F4E-6 can also act as a translational
repressor (Hernandez et al., 2005). It was also proven that,
although is expressed, zebra fish e[F4E-1B does not bind to
the cap and eIlF4G (Robalino et al., 2004).

As depicted in Table 1, eIF4E cognates from several
species are differentially expressed in the tissues and/or at
different developmental stages which suggests a degree of
functional diversity. Interestingly, differences in the cellular
location of eIF4E cognates (either cytoplasmic or both
nuclear and cytoplasmic) have been found between species
(Table 1). Overall, for organisms with several eIF4E-related
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Table 1

Location of eI[F4 mRNA and/or proteins

Protein Known localization and pattern of expression Source

elF4E cognates

At elF4E mRNA expressed in all tissues, except in some root cells Rodriguez et al. (1998)

At elF(iso)4E mRNA enriched in floral and young tissues Rodriguez et al. (1998)

Ce IFE-1 mRNA detected in all cells in early embryogenesis and enriched ~ Amiri et al. (2001)

Ce IFE-3 and 5
Ce IFE-2 and 4
Dm elF4E-1

Dm elF4E-3,4, 5,6
and 7

Dm eIF4E-5

Dm elF4E-8/d4EHP
L elF4E

M elF4E-1

M elF4E-3
M 4EHP

Sc elF4E
W elF4E

W elF(iso)4E

X1 eIF4Es
Z elF4E-1A

Z eIF4E-1B

elF4G cognates

Dm CG3845

M elF4G-1

M elF4G-1I

M p97/NAT-1/DAP5

W elF4G

W elF(is0)4G

elF4A cognates
Dm elF4A-I

Dm elF4A-III
M elF4A-1

in the germ line from larvae 3 on. Protein predominantly present
in the adult germ line associated with P granules

Protein is predominantly present in the adult germ line cells
Protein is predominantly present in the adult somatic cells
mRNA upregulated during autophagic cell death and enriched in
gonads, especially ovaries. Cytoplasmic protein. Constitutively
expressed throughout development, with the highest mRNA
accumulation at the early embryonic stage, especially in the
embryo pole cells. Accumulation of the protein in the pole of
oocyte

mRNA expressed from larve 2 stage on, with a peak in pupa

mRNA upregulated during autophagic cell death

mRNA expressed in early embryogenesis

Cytoplasmic protein

mRNA ubiquitous and enriched in testis and skeletal muscle.
Nuclear and cytoplasmic protein

mRNA expressed in heart, lung, and skeletal muscle

mRNA ubiquitous but enriched in testis. Low expression in heart
and brain

Nuclear and cytoplasmic protein

Protein constitutively expressed during seed development, with
the lowest expression during early stages of it. By 5-7 days
germination, the protein level declined in leaves but remained
high in scutella and roots

Constant expression of the protein during seed development up
to mid-development. By 5-7 days germination, the protein level
declined in leaves but remained high in scutella and roots
mRNA constitutively expressed during oocyte and embryo
development, with the strongest expression in early oocytes
mRNA ubiquitously and constitutively expressed with the
highest accumulation in ovary

mRNA expressed in early embryonic development, muscle,
gonads and erythrocytes. Asymetric expression in embryo

mRNA upregulated during autophagic cell death

mRNA expressed in all tissues. Upregulated in liver and testis.
Nuclear and cytoplasmic protein

mRNA expressed in all tissues, with the lowest amount in lung,
heart, liver, and placenta. Upregulated in testis and fetal brain
mRNA ubiquitously expressed in all tissues

Protein constitutively expressed during seed development.
Steady increase of the levels throughout it. By 3 days of
germination, the protein is present in high level in the embryo
scutello and expanding shoot, but is present at lower level in
roots. By 5-7 days of germination, the protein is not detectable
in any tissue

Protein constitutively expressed during seed development.
Steady decrease of the levels throughout it. By 5 days of
germination, the protein is present in all tissues but is not
detectable in 7-day-old leaves

mRNA and protein ubiquitous in embryogenesis, constitutively
expressed during development

Nuclear protein

mRNA ubiquitous with the highest level in thymus. In excess
over elF4A-II in almost all tissues. Cytoplasmic protein

Amiri et al. (2001)

Amiri et al. (2001)

Hernandez et al. (2005), Hernandez et al. (1997), Hernandez and
Sierra (1995), Nakamura et al. (2004), Wilhelm et al. (2003),
Zappavigna et al. (2004), Gorski et al. (2003), and Parisi et al.
(2004)

Hernandez et al. (2005)

Gorski et al. (2003)

Hernandez et al. (2005)

Yoffe et al. (2004)

Joshi et al. (2004), Miyagi et al. (1995) and Dostie et al. (2000)

Joshi et al. (2004)
Joshi et al. (2004)

Lejbkowicz et al. (1992)
Gallie et al. (1998)

Gallie et al. (1998)

Wakiyama et al. (1995)
Fahrenkrug et al. (1999) and Robalino et al. (2004)

Fahrenkrug et al. (1999) and Robalino et al. (2004)

Gorski et al. (2003)
Gradi et al. (1998) and McKendrick et al. (2001)

Gradi et al. (1998)
Imataka et al. (1997), Levy-Strumpf et al. (1997), and

Yamanaka et al. (1997)
Gallie et al. (1998)

Gallie et al. (1998)

Dorn et al. (1993) and Hernandez et al. (2004a)

Palacios et al. (2004)
Nielsen and Trachsel (1988), Chan et al. (2004), Ferraiuolo et al.
(2004), Palacios et al. (2004), and Shibuya et al. (2004)

(continued on next page)



Table 1 (continued)

G. Herndndez, P. Vazquez-Pianzola / Mechanisms of Development 122 (2005) 865-876 869

Protein Known localization and pattern of expression Source
M elF4A-11 mRNA expressed in all tissues. Enriched in skeletal muscle, Nielsen and Trachsel (1988) and Sudo et al. (1995)
brain, and gonads, with the lower amounts of mRNA in liver,
pancreas, thymus, and spleen
M elF4A-IIT mRNA expressed in all tissues. Enriched in testis and heart and ~ Li et al. (1999), Chan et al. (2004), Ferraiuolo et al. (2004),

Nt eI[F4A-2 and 3

Nt el[F4A-5, 9, 11,
and 15
Nt eIF4A-8

X1 elF4A-1
X1 elF4A-11

X1 elF4A-II1

W elF4A

elF4B cognates
Dm elF4B-S and -L

W elF4B

placenta, with lower amounts of mRNA in leukocytes, ovary and
brain. Nuclear and cytoplasmic protein

mRNA ubiquitous. Lowest expression in fruit, young leaves, and
sepal and the highest in root, stem, polen and shoot apex. mRNA
of eIF4A-3 is highly enriched in petal

mRNA ubiquitous. Lowest expression in stem, roots, and fruit.
elF4A-5 is the least expressed in all organs

mRNA expressed in anther and mature pollen

mRNA expressed at all embryonic stages and tissues

mRNA present in low amounts prior to stage 11 and increased
sharply thereafter, localized only in dorsal ectoderm. mRNA is
30 times more aboundant than that of eIF4A-I in some
embryonic stages

mRNA constitutively expressed with asymetric spatial
expression during embryogenesis. Enriched after stage 9.5 in
ventral ectoderm of gastrula

Protein constitutively expressed during seed development with
highest levels during the early stages. By 5-7 days germination,
the protein level declined in leaves but remained high in scutella
and roots

mRNA and proteins ubiquitous in embryogenesis, constitutively
expressed during development with a peak during early
embryonic development. Three times higher amount of eI[F4BS
than eIF4B-L at all stages. Cytoplasmic protein

Level of protein increases to a maximum during mid-
development of the seed before declining. By 3 days of
germination, the protein is present in high level in the embryo
scutello and expanding shoot, but is present at lower level in
roots. By 5-7 days of germination, the protein is aboundant in
leaves but not detectable in scutella and roots

Palacios et al. (2004), and Shibuya et al. (2004)

Owttrim et al. (1991, 1994) and Brander and Kuhlemeier (1995)
Owttrim et al. (1994)

Brander and Kuhlemeier (1995) and op den Camp and
Kuhlemeier (1998)

Morgan and Sargent (1997)
Morgan and Sargent (1997)

Weinstein et al. (1997)

Gallie et al. (1998)

Hernandez et al. (2004c¢)

Gallie et al. (1998)

At, Arabidopsis thaliana; Ce, Caenorhabditis elagans; Dm, Drosophila melanogaster; L, Leishmania; M, mammalian; Nt, N. tabacum; Sc, Saccharomyces
cerevisiae; Sp, Schizosaccharomyces pombe; W, wheat germ; X1, Xenopus laevis; Z, zebra fish.

proteins, only a single eIF4E isoform that is ubiquitously
and constitutively expressed seems to be responsible for
routine cap-dependent translation. This isoform is rep-
resented by Drosophila eIF4E-1 (Hernandez et al., 2005;
Hernandez and Sierra, 1995), mammalian eIF4E-1 (Joshi
et al., 2004), C. elegans IFE-3 (Keiper et al., 2000), zebra
fish elF4E-1A (Robalino et al., 2004), and plant elF4E
(Rodriguez et al., 1998) (Table 2). The other eIF4E-related
proteins may be elF4E isoforms that are active only in
particular tissues or bind to only certain mRNAs. This
confers a considerable amount of versatility to the activity
of elF4E or elF4E-structurally related proteins with a
completely different function, as demonstrated for eIF4E-8/
d4EHP (Cho et al., 2005) (Tables 1 and 2).

Furthermore, human eIF4E-1 has been recently found to
also play an additional role as it is involved in nuclear
mRNA transport of a subset of specific mRNAs (Strudwick
and Borden, 2002). This observation indicates that eIF4E is
versatile enough to utilize the features required for

cap-binding activity for participating in other processes in
the cell (Strudwick and Borden, 2002).

3. Unknown elF4G

So far, two eIF4G proteins have been characterized from
human, elF4G-I (Bradley et al., 2002; Byrd et al., 2002;
Lloyd et al., 1987; Tahara et al., 1981; Yan et al., 1992) and
elFA4G-II (Gradi et al., 1998); one from rabbit, elF4G-I
(Lamphear et al., 1993); two from wheat, eIF4G (Lax et al.,
1985, 1986) and elF(is0)4G (Allen et al., 1992; Browning
et al., 1987, 1992; Lax et al., 1985, 1986) with ortholog
genes in other plants (Browning, 1996; Browning et al.,
1992); two from S. cerevisiae, TIF4631 and TIF4632
(Goyer et al., 1993); one from S. pombe (Hashemzadeh-
Bonehi et al., 2003); and one from Drosophila, Dm elF4G
(Hernandez et al., 1998; Zapata et al., 1994). Human p97/
NAT1/DAP-5 is an elF4G-related protein that contains
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Table 2

Known activities of elF4 proteins

Protein Activity Source

elF4E cognates

Dm eIF4E-1, M elF4E-1, Ce
IFE-3, Sp eIF4E-1, Sc elF4E,
Plant eIF4E, Z eIF4E-1A

Dm elIF4E-1

M elF4E-1
Plant elF(iso)4E

Sp elF4E-2

Ce IFE-1, IFE-2, IFE-5
Ce IFE-1
Ce IFE-4

Dm eIF4E-8/d4EHP

elF4G cognates

M elF4G-1 and elF4G-II, Dm
elF4G, Sc elF4G-1 and
elF4AG-1I1, plant eIF4G

p97/NAT-1/DAP5

Plant elF(is0)4G

elF4A cognates
M elF4A-1, W elF4A-I, Sc
elF4A

M elF4A-1II, Dm eIF4A-IIT

Supports general cap-dependent initiation of translation
by recognizing the cap structure (7-methyl guanosine).
Essential gene

Required for ovary and embryo development

mRNA nucleo-cytoplam transport

Supports general cap-dependent initiation of translation by
recognizing the cap structure

Supports cap-dependent initiation of translation during
stress response

Binds to 2,2,7 trimetyl cap structures. Non-essential gene
Required for spermatogenesis

Involved in expression of specific mRNAs involved in egg
lying. Non-essential gene

Negative translation regulator

Scaffold protein. Supports general cap- and
IRES-dependent initiation of translation

Translational inhibitor of cap-dependent mRNAs. Supports
translation initiation of IRES-driven mRNAs encoding for
proteins involved in apoptosis

Supports general cap-dependent initiation of translation

ATP-dependent RNA helicase. Supports general cap- and
IRES-dependent initiation of translation. Essential gene

Involved in splicing, mRNA localization and mRNA decay.

Browning (1996), Altmann et al. (1987), Fahrenkrug et al.
(1999), Gingras et al. (1999), Hershey and Merrick (2000),
Jankowska-Anyszka et al. (1998), Pain (1996), Pestova and
Hellen (2000), Rodriguez et al. (1998), Maroto and Sierra
(1989) and Hernandez et al. (2005)

Gong et al. (2004), Hernandez et al. (2004b), Nakamura
et al. (2004), Nelson et al. (2004), Wilhelm et al. (2003),
and Zappavigna et al. (2004)

Strudwick and Borden (2002)

Browning (1996)

Ptushkina et al. (2004)

Jankowska-Anyszka et al. (1998) and Keiper et al. (2000)
Amiri et al. (2001)
Dinkova et al. (2005)

Cho et al. (2005) and Hernandez et al. (2005)

Browning (1996), Gallie and Browning (2001), Gingras
et al. (1999), Hentze (1997), Hershey and Merrick (2000),
Pain (1996), Pestova and Hellen (2000), Prevot et al.
(2003), and Zapata et al. (1994)

Imataka et al. (1997), Yamanaka et al. (1997),
Levy-Strumpf et al. (1997), Henis-Korenblit et al. (2002),
and Warnakulasuriyarachchi et al. (2004)

Browning (1996)

Browning (1996), Gingras et al. (1999), Hershey and
Merrick (2000), Pain (1996), Pestova and Hellen (2000),
and Rogers et al. (2002)

Chan et al. (2004), Ferraiuolo et al. (2004), Palacios et al.

Essential gene
elF4B cognates
M elF4B and elF4H, Dm

elF4B, Sc elF4B, W elF4B Non-essential gene

Supports general initiation of translation.

(2004), and Shibuya et al. (2004)

Browning (1996), Gingras et al. (1999), Hershey and
Merrick (2000), Lopez de Quinto et al. (2001), Pain (1996),
Pestova and Hellen (2000) and Richter-Cook et al. (1998),
and Hernandez (2004c)

At, Arabidopsis thaliana; Ce, Caenorhabditis elagans; Dm, Drosophila melanogaster; L, Leishmania; M, mammalian; Nt, N. tabacum; Sc, Saccharomyces
cerevisiae; Sp, Schizosaccharomyces pombe; W, wheat germ; X1, Xenopus laevis; Z, zebra fish.

the domains present in eIF4G allowing for interaction with
both elF3 and eIF4A (Imataka et al., 1997; Levy-Strumpf et
al., 1997; Yamanaka et al., 1997). In Drosophila, the
annotated gene CG3845 encodes an ortholog of p97/NAT-1/
DAPS. The phylogenetic relationships depicted in Fig. 1b
show that elF4G-related proteins are divided into the
following groups: (1) fungi proteins (blue); (2) plants
proteins (green); (3) Drosophila elFAG and C. elegans
elFAG (gray); (4) mammalian eIF4Gs (orange); and (5)
human p97/NAT-1/DAPS and Drosophila CG3845 proteins
(yellow). The last group displays the least similarity to all
other eIF4G cognates.

The role of elFAG as a scaffold during the initiation of
translation is well documented (Browning, 1996; Gingras
etal., 1999; Hentze, 1997; Hershey and Merrick, 2000; Pain,
1996; Pestova and Hellen, 2000; Prevot et al., 2003).

Although functional diversity of a few elF4G-related
proteins has also been established, this is not as common
as for the eIF4E and eIF4A families (see latter in the text). In
yeast, the translation of HSP101 mRNA specifically requires
TIF4632 to be translated under certain stress conditions
(Wells et al., 2004); whereas in mammals, capped mRNAs
are specifically translated by eIF4G-II at the onset of
hematopoietic cell differentiation (Caron et al., 2004). In
plants, eIF4G is more efficient than eIF(is0)4G in supporting
translation of structured mRNAs, and thereby supports
internal initiation of translation (Gallie and Browning,
2001). Mammalian eIF4G-1 also associates with the nuclear
cap-binding complex (CBC) (McKendrick et al., 2001),
which raises the possibility that el[F4G-1 may also mediate
mRNA export from the nucleus to cytoplasm (Prevot et al.,
2003). p97/NAT-1/DAPS seems to be a general translational
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inhibitor (Imataka et al., 1997; Yamanaka et al., 1997).
However, when cleaved by caspases, p97/NAT-1/DAPS5
promotes the translation of IRES-dependent mRNAs whose
products are involved in apoptosis, like its own mRNA
as well as mRNAs encoding for c-Myc, XIAP, Apaf-1
(Henis-Korenblit et al., 2002), and HIAP2 (Warnakulasur-
iyarachchi et al., 2004).

Temporal and spatial expression has also been observed
in tissues for some elF4G-related proteins (Table 1).
However, to date, the biological relevance of this expression
is still totally unknown, and more work is needed to
understand the physiological relevance of all elF4G-related
proteins. Currently, the elF4G family remains one of the
least characterized of all the elF4 families.

4. Ancient eIF4A

Three eIF4A proteins have been studied in humans,
elF4A-I, eIF4A-III (Li et al., 1999), and elF4A-II (Sudo
et al., 1995); two in mouse, eIF4A-I (Nielsen et al., 1985)
and elF4A-II (Nielsen and Trachsel, 1988); one in rabbit
(Conroy et al., 1990); three in Xenopus (Morgan and
Sargent, 1997; Weinstein et al., 1997); one in S. cerevisiae
encoded by the genes TIF-I and TIF-2 (Linder and
Slonimski, 1989); two in Drosophila, Dm elF4A (Dorn
et al., 1993; Hernandez et al., 2004a) and Dm elF4A-III
(Palacios et al., 2004); and one in E. coli (Lu et al., 1999).
While two genes have been cloned in A. thaliana (Metz
et al., 1992b) and one in wheat (Metz and Browning, 1993),
more than 10 elF4A genes have been identified in tobacco
(Brander et al., 1995; Owttrim et al., 1994). Other putative
elF4A genes, identified by sequence similarity to those
already characterized, have been found in many species
including mouse, rice, and C. albicans (Fig. 2a). The
phylogenetic relationships of e[F4A family members show
that they are grouped in six clades (Fig. 2a): (1) plant
proteins (green); (2) mammalian, Xenopus elF4A classes 1
and II, together with Drosophila eIF4A (orange); (3) fungi
proteins (blue); (4) elF4A-III (yellow); (5) E. coli elF4A
(red); and (6) archaecobacteries (violet).

The universal necessity for RNA helicases in cell
metabolism is undisputed (Liiking et al., 1998). The
translation initiation factor elF4A-I, which has been
extensively characterized in mammals, yeast and wheat, is
an RNA helicase that is active during the initiation of
translation (Browning, 1996; Gingras et al., 1999; Hershey
and Merrick, 2000; Pain, 1996; Pestova and Hellen, 2000;
Rogers et al., 2002). An elF4A-related protein, elF4A-III,
was recently discovered to play an unrelated role than in
translation. Human and Drosophila eIF4A-III form part of
the exon junction complex which is formed during the
splicing process of mRNAs. This complex is essential for
nonsense-mediated mRNA decay in mammals (Chan et al.,
2004; Ferraiuolo et al., 2004; Palacios et al., 2004; Shibuya
et al., 2004). In Drosophila, eIFAA-III is also essential for

the proper localization of oskar mRNA in oocytes (Palacios
et al., 2004). Null Dm eIF4A mutants were found to be
lethal (Dorn et al., 1993), which further indicates that eIF4A
and eIF4A-III play different, non-redundant roles. Hence,
whereas elF4A-I plays a major role in the initiation of
translation, eIF4A-III might serve as a link between
splicing, mRNA localization, mRNA decay, and cell
differentiation. Although eIF4A-II could be an isoform of
elF4A-], its real function is not known. Moreover, there is so
far no plausible explanation for the disparity in the number
of elF4A genes identified among plants.

Members of the eIF4A family play a role in a variety of
developmental processes. In Xenopus, eIF4A-II seems to be
involved in the development of neuroectodermus (Morgan
and Sargent, 1997), and in tobacco, eIF4A-8 may play a role
in the development of gametophyte (op den Camp and
Kuhlemeier, 1998). Moreover, the activity of specific
elF4A-related proteins has been directly related to the
growth status of the cell. This is the case for human elF4A-1,
whose expression is upregulated in melanomas (Eberle
et al., 1997). Also, Drosophila eIF4A (but not eIF4A-III) is
overexpressed in wing imaginal discs in the tumor-
suppressor mutants ft and /(2)gd, in which excessive cell
proliferation occurs (Hernandez et al., 2004a). In addition,
mutations in Drosophila elF4A gene affect larval growth,
cell proliferation, and DNA replication (Galloni and Edgar,
1999). In mouse, elF4A-I is synthesized preferentially in
growing cells, while elF4A-II synthesis is associated
with growth-arrested cells (Nielsen and Trachsel, 1988;
Williams-Hill et al., 1997).

Since elF4A-I and elF4A-IIl are present in very
divergent taxonomical groups, including mammals, plants,
Xenopus, fungi, and Drosophila (Fig. 2a), it is possible that
both elF4A proteins are paralogous genes that were present
in an ancestor of nowadays eukaryotic cells. It is interesting
that elF4A-I is unique among elF4s in archeobacteries
(Dennis, 1997) (also see Fig. 2a). Archaeal mRNAs lack cap
structure, and neither eIF4E nor eIF4G homologs appear to
be present in these organisms (Dennis, 1997). Since the
nucleous-cytoplasm of eukaryotic cells evolved from proto-
archaeabacterial cells (Woese, 2000), eIF4A-I could already
have been present in the Archaea translational apparatus of
an eukaryotic ancestor.

As for the members of other eIF4 families, the tissue- and
temporal-specific expression of the eI[F4A family members
is well documented for several organisms, although the
functional significance of these differences is unknown
(Table 1).

5. Evasive elF4B and elF4H

To date, characterized members of the elF4B and eIF4H
family include human elF4B (Milburn et al., 1990), wheat
elF4B, A. thaliana eIF4B-1 and elF4B-2 (Metz et al., 1999),
S. cerevisiae TIF3 (Milburn et al., 1990), and Drosophila
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(a)

' Human elF4A-lll (P38919)
_|:|: Xenopus elF4A-lll (042226)
Drosophila elF4A-Ill (CG7483)

N. plumbaginifolia elF4A-Il )(P41 380)

S. pombe elF4A-1Il (Q10055)

(b)

Fig. 2. Evolutionary relationships of (a) eIF4A or (b) eIF4B and elF4H family members. Cladograms were constructed as described in Fig. 1. The accession

numbers are in parenthesis.

elF4B-L and elF4B-S (Hernandez et al., 2004c). Genes
encoding putative elF4B have also been identified in
the genome of other organisms (Fig. 2b). Human
elF4H displays functional similarities with human elF4B
(Richter-Cook et al., 1998). S. pombe SCE3 encodes
an RNA-binding protein involved in cell division (Schmidt
et al., 1997) that appears to be a fungi ortholog of elF4H
(Fig. 2b). The evolutionary relationships depicted in Fig. 2b

show that elF4Bs from plants (green), fungi (blue), and
those from mammalian, zebra fish, sea snake, and
Drosophila, together with elF4Hs and SCE3 (orange),
form three separate groups.

The involvement of elF4B and elF4H during initiation
of translation is well established (Browning, 1996; Gingras
et al., 1999; Hershey and Merrick, 2000; Loépez de
Quinto et al., 2001; Pain, 1996; Pestova and Hellen, 2000;
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Richter-Cook et al., 1998). However, the study of the
expression of the elF4B isoforms in different tissues or
during development has been addressed only in Drosophila
(Hernandez et al., 2004c) and in wheat during seed
development and germination (Gallie et al., 1998)
(Table 1). Until now, there are no reports concerning the
expression of e[F4H. The lack of information about eIlF4B
and elF4H may in part be due to the fact that both proteins
are the least conserved of all elF4s, with essentially no
sequence similarity between the elF4Bs from yeast and
mammals with those from plants (Metz et al., 1999). This
renders their identification in other organisms more difficult.

6. Concluding remarks

All protein members from each eIlF4 multigenic family
are structurally- and sequence-related proteins, and
although their general function has been known for quite a
while, their functional diversity has only recently begun to
be recognized (Table 2). On the other side, a recent survey
of the human genome detected 199 proteins containing
potential eIF4E-binding sites, and a model for the regulation
of elFAE activity in a tissue-specific context was proposed
(Topisorivic et al., 2003). Here, we extend this model to the
members of all elF4 families that could be regulated in a
tissue- and/or temporal-specific manner by different
interactors.

6.1. The combinatorial elF4F complexes formation

In multicellular organisms, many genes are expressed in
a developmental- and tissue-specific manner. In many cases,
regulation of this expression is performed at the level of
initiation of translation. The existence of families of all
elF4s and combination of members thereof would allow for
the formation of various elF4F complexes with different
biochemical properties and functions. Although in some
cases, redundancy of functionality may also exist, e[F4Fs
with different components may confer selectivity for mMRNA
translation under certain conditions, or in different tissues or
at developmental stages. This phenomenon would imply an
additional level of regulation of protein synthesis. The
involvement of some elF4 isoforms in developmental- or
tissue-specific processes as well as in the translation of
certain mRNAs argue for this scenario.

6.2. Perspectives for functional studies
on elF4 families members

The expression and specific activity of most of the newly
identified elF4 factors is largely uninvestigated and new
studies are needed in order to understand the physiological
meaning of the wide diversity of the elF4 families. On the
other hand, the recent discovery that some elF4 proteins are
translational repressors (e.g. Drosophila eIFAE-8/d4EHP)

or even have a role in a process other than translation
(e.g. eIF4E-1 and elF4A-III) indicates that the diversity of
the elF4 families has a greater biological significance than
previously thought. Whether other members of elF4
families have a role in a process other than translation
remains to be seen. Thus, these observations have opened a
new and unsuspected line of investigation in an area of
research still in its infancy.
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