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Abstract

The stage at which ribosomes are recruited to messenger RNAs (mRNAs) is
an elaborate and highly regulated phase of protein synthesis. Upon comple-
tion of this step, a ribosome is positioned at an appropriate initiation codon
and primed to synthesize the encoded polypeptide product. In most circum-
stances, this step commits the ribosome to translate the mRNA.We summa-
rize the knowledge regarding the initiation factors implicated in this activity
as well as review different mechanisms by which this process is conducted.
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INTRODUCTION

Translation of messenger RNA (mRNA) is an energetically demanding and complex process that
is subject to sophisticated regulation. It is divided into four phases: initiation, elongation, termina-
tion, and ribosome recycling. In eukaryotes, translation initiation is the most intricate of all phases
and is generally rate limiting. It serves to achieve three major objectives: (a) render the 40S ribo-
some subunit competent for mRNA binding, (b) recruit the 40S ribosome to the mRNA, and (c)
relocate the 40S ribosome to the initiation codon, followed by joining of the 60S ribosome subunit.
In most models, initiation starts with the recruitment of a ternary complex (TC) [consisting of eu-
karyotic initiation factor 2 (eIF2), GTP, and a methionyl-initiator transfer RNA (Met-tRNAi)],
eIF1, eIF1A, eIF3, and eIF5 to the 40S subunit to form a 43S preinitiation complex (PIC).The 43S
PIC is then recruited to the 5′ cap structure by the eIF4F complex, andGTP is hydrolyzed upon or
after 43S PIC binding, but the products (GDP and Pi) remain associated with eIF2. The mRNA-
bound PIC scans along the 5′ leader region [also referred to as the untranslated region (UTR)]
until an initiation codon is encountered, whereupon eIF1, Pi, and the eIF2–GDP–eIF5 complex
are released. This allows eIF5B–GTP to bind the 40S ribosome to facilitate 60S joining. Next,
GTP is hydrolyzed, eIF5B and eIF1A are discharged, and the newly assembled 80S ribosome is
now poised for elongation. This route of initiation is referred to as “cap dependent” or “eIF4E de-
pendent.” An alternative mechanism involving recruitment of a ribosome directly to a site within
the mRNA 5′ leader is known as internal ribosome entry site (IRES)–mediated initiation.
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Translation initiation is controlled via three major checkpoints: the phosphoinositide 3-kinase
(PI3K)/mammalian (or mechanistic) target of rapamycin (mTOR) pathway, the mitogen-activated
protein kinase (MAPK) signaling cascade, and the integrated stress response (ISR). PI3K/mTOR
integrates extra- and intracellular cues to effect translation by regulating the association of eIF4E
with its inhibitory partners, 4E-binding proteins (4E-BPs). Activation of theMAPK pathway leads
to phosphorylation of eIF4E, thereby stimulating translation of select mRNAs. The ISR engen-
ders eIF2α subunit phosphorylation, reduces TC levels, and causes a depression of general trans-
lation, while paradoxically stimulating the translation of selective mRNAs [e.g., general control
non-depressible 4 (GCN4) in yeast, activating transcription factor 4 (ATF4) and ATF5 in ver-
tebrates]. In this review, we focus on the commitment step of eukaryotic protein synthesis, in
particular the role that the eIF4 class of initiation factors play in the recruitment of the 43S PIC
to the mRNA.

THE eIF4 TRANSLATION INITIATION FACTORS

The principal function of eIF4F is to act as a molecular broker in recruiting ribosomes to
mRNAs. eIF4F consists of three subunits: eIF4E (a cap-binding protein), eIF4A (a DEAD-box,
RNA-dependent ATPase and RNA helicase), and eIF4G (a molecular platform with multiple
docking sites). The RNA chaperones, eIF4B and eIF4H, stimulate eIF4A and eIF4F activity by
promoting the coupling of ATP hydrolysis to RNA unwinding.

The m7GpppN (where N is any nucleotide, and m is a methyl group) cap structure
(Figure 1a), present on all nuclear-transcribed cytoplasmic eukaryoticmRNAs, is critical for splic-
ing, polyadenylation, mRNA stability, and translation. In most eukaryotes (notable exceptions be-
ing fungi and plants), the 2′ hydroxyl residue of the first (found in Cap 1) and second (found in
Cap 2) downstream ribose is also methylated.

The eIF4E Family

The role of the cap structure in translation is multifaceted. It is recognized by different cap-
binding proteins that act to impart disparate functional outcomes on gene expression, ranging
from stimulating ribosome recruitment to selective inhibition of mRNA translation and miRNA-
mediated suppression of translation.

eIF4E. eIF4E (eIF4E1) (Figure 1b), the best-characterized cap-binding protein, was initially
identified by chemical cross-linking to the reovirus mRNA cap structure and was purified using
cap-immobilized affinity resins (1). EIF4E is an essential gene (2, 3) conserved across Eukaryota
kingdoms. The mammalian gene can fully substitute for yeast eIF4E (4). eIF4E protein levels are
generally rate limiting for initiation, with levels in exponentially growing cells estimated to be at
∼4× 105 molecules/cell (∼0.1 molecules/ribosome) (5). Expression of eIF4Emust be tightly con-
trolled, as even a modest increase in levels (2.5-fold) is sufficient to drive tumorigenesis and drug
resistance (6–8). The human eIF4E gene (there are five eIF4E pseudogenes) is located on chromo-
some 4q23. It is amplified in several cancers and can trigger resistance to PI3K/mTOR–targeted
therapy (9, 10). Its transcription is stimulated by the c-MYC (MYC) proto-oncogene product
(11, 12), andMYC translation is eIF4E responsive, establishing an oncogenic self-sustaining feed-
forward loop (13). Elevated eIF4E levels are associated with autistic-like behaviors in mice (14).
A heterozygous base change in the eIF4E promoter region that leads to a 2-fold increase in pro-
tein levels was reported in two unrelated families with autistic siblings (15). Reductions in eIF4E
activity have recently been linked to depression-like behavior in mice due to translational effects
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b

a

eIF4E  -----------MATVEPETTPTPNPPTTEEEKTE------SNQEVANPEHYIKHPLQNRWALWFFKNDK
4EHP   MNNKFDALKDDDSGDHDQNEENSTQKDGEKEKTERDKNQSSSKRKAVVPGPAEHPLQYNYTFWYSRRTP
eIF4E3 -------MALPPAAAPPAGAREPPGSRAAAAAAAPEPPLGLQQLSALQPEPGGVPLHSSWTFWLDRSLP
                     :         .         :        .:  *        **:  :::*  : 

eIF4E  -----SKTWQANLRLISKFDTVEDFWALYNHIQLSSNLMPGCDYSLFKDGIEPMWEDEKNKRGGRWLIT
4EHP   GRPTSSQSYEQNIKQIGTFASVEQFWRFYSHMVRPGDLTGHSDFHLFKEGIKPMWEDDANKNGGKWIIR
eIF4E3 G--ATAAECASNLKKIYTVQTVQIFWSVYNNIPPVTSLPLRCSYHLMRGERRPLWEEESNAKGGVWKMK
            :     *:: * .. :*: ** .*.::    .*   ..: *::   .*:**:: * .** * :

eIF4E  LNKQQRRSDLDRFWLETLLCLIGESFDDYS---DDVCGAVVNVRAKGDKIAIWTTECENREAVTHIGRV
4EHP   LRKG----LASRCWENLILAMLGEQFMVG----EEICGAVVSVRFQEDIISIWNKTASDQATTARIRDT
eIF4E3 VPKD----STSTVWKELLLATIGEQFTDCAAADDEVIGVSVSVRDREDVVQVWNVNASLVGEATVLEKI
       : *       .  * : :*. :**.*       ::: *. *.** : * : :*.  ..    .: :   

eIF4E  YKERLGLPPKIVIGYQSHADTATKSGSTTKNRFVV
4EHP   LRRVLNLPPNTIMEYKTHTDSIKDNSSFRNTKITL
eIF4E3 YELLPHITFKAVFYKPHEEHHAFEGGRGKH-----
   .    :. : ::    . .   ...   :
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Figure 1

(a) Schematic diagram depicting cap–eIF4E interactions. � electrons are indicated in blue. Water-mediated
interactions are indicated with small green circles. Information is taken from PDB 1EJ1, PDB 1L8B, and
PDB 1IPC. (b) CLUSTAL 2.1 multiple sequence alignment of human eIF4E (NP_001959), 4EHP
(NP_001263265), and eIF4E3 (NP_001128123). Highlighted amino acids indicate m7G-stacking and
hydrogen-bonding amino acids (yellow) and amino acids interacting with the phosphates (green). (Note that
E116 in eIF4E3 is not highlighted, as there is no information implicating it in cap binding.) In red is the C69
residue of eIF4E3 that substitutes for the canonical aromatic amino acid involved in m7G stacking. Grey and
black highlights denote the amino acids involved in interacting with the 4E-BP1–conserved 4E-BM
(YX4L�) motif and nonconserved domain, respectively (23, 55, 57, 223). Purple highlights identify amino
acids interacting with the elbow loop in 4E-BP1 and eIF4G, which link 4E-BM to the noncanonical domain.
The nonconserved domain of eIF4G1 interacts with the eIF4E amino acids, denoted by downward arrows.
Abbreviations: 4E-BM, eIF4E-binding motif; 4E-BP, 4E-binding proteins; eIF, eukaryotic initiation factor;
PDB, Protein Data Bank.

on mRNAs that are sensitive to the eIF4E phosphorylation state (16). These examples illustrate
the link between perturbed eIF4E regulation and disease.

The structural basis for cap binding by eIF4E is explained by sandwiching of the m7G base
between the indole side chains of tryptophans W56 and W102 (Figure 1a,b). The N7-methyl
residue ensures that the cap is in the anti-conformation, rather than the syn-conformation, thus
rendering the cap more accessible for interaction with cap-binding proteins. The delocalized N7
positive charge significantly contributes to the binding energy via cation–π interactions (17, 18).
Cap binding is further stabilized by E103, through interactions with the N1 and N2 hydrogens
of the N7-methylguanine moiety and W102. A number of additional contacts are made between
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charged side chains and the phosphates directly, or via water, to further stabilize the eIF4E–cap
interaction (Figure 1a). This explains why cap analogs (e.g., m7GpppG, m7GDP, m7GTP) are
more potent inhibitors of translation than m7GMP or m7G (19). The cap-binding cavity of eIF4E
contains a pocket above the N7-methyl moiety capable of accommodating larger groups, thus
explaining why mRNAs with artificial, bulky N7-ethyl or N7-benzyl caps are efficiently translated
(20, 21).

In mammals, three related repressor proteins regulate the availability of eIF4E for the assem-
bly of the eIF4F complex: 4E-BP1, 4E-BP2, and 4E-BP3 (4E-BP1 is the best characterized) (22).
When hypophosphorylated, 4E-BPs compete with eIF4G for eIF4E and repress cap-dependent
translation. The core eIF4E-binding motif (4E-BM; YX4L�, where � denotes a hydrophobic
residue) is found in all three 4E-BPs (Figure 2a). A second noncanonical eIF4E-interacting

eIF4A/eIF3

RRM
DRYG 

repeats
Argenine-rich

motif

Dimerization,
binds eIF3

Binds 
RNA

Binds 
eIF4A

Binds 
RNA

Binds 
PABP

eIF4A Mnk1/2

eIF2β
Mnk1/2

eIF4E

HEAT domains

RBDs

eIF4G1

eIF4B

eIF4H

eIF4G3

eIF4G2

PABP

PP

S406

S422

1 2 3

....RIIYDRKFLMECRNSPVTKTPPRDLPTIPGVT.SPSS...4E-BP1:

eIF4G1:

4E-BM Elbow Noncanonical
binding site

...KKRYDREFLLGFQFIFASMQKPEGLPHISDVVLDKAN...

a

b

c

Figure 2

(a) Sequence alignment of eIF4E-interacting regions of human 4E-BP1 (NP_004086) and eIF4G1
(AAI40897) highlighting the canonical 4E-BM, the elbow region, and the noncanonical binding site.
(b) Comparison between eIF4G1, eIF4G3, and eIF4G2 domain/motif organization. Colored blocks identify
homologous regions. The HEAT domain and RBDs for eIF4G1 are shown. (c) Comparison between eIF4B
and eIF4H domain/motif organization. The two phosphorylation sites at S406 and S422 and the function of
each domain are indicated. Abbreviations: 4E-BM, eIF4E-binding motif; 4E-BP, 4E-binding protein;
DRYG, aspartic acid, arginine, tyrosine, and glycine; eIF, eukaryotic initiation factor; HEAT, Huntingtin,
elongation factor 3, protein phosphatase 2A, and TOR1; Mnk, MAP kinase-interacting kinase; PABP,
poly(A)-binding protein; RBD, RNA-binding domain; RRM, RNA recognition motif.
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domain is present downstream of the canonical 4E-BM (23–25) (Figure 2a). Binding to the
noncanonical region increases the affinity of 4E-BP1 for eIF4E by three orders of magnitude and
enables 4E-BP1 to outcompete eIF4G for eIF4E binding (23). Binding of 4E-BP1 to eIF4E does
not significantly affect the overall tertiary structure of eIF4E, including its cap-binding scaffold.
In HeLa cells, the aggregate amount of 4E-BP1 and 4E-BP2 is similar to eIF4E, whereas the
levels of eIF4G are in excess of eIF4E levels, indicating that sufficient 4E-BPs are available to
compete with eIF4G for binding to eIF4E (5, 26).

In addition to 4E-BPs, eIF4E binds to other proteins through canonical and noncanonical
sites to influence eIF4E function (27). Examples of these include (a) cup, a protein required for
translational repression of oskar, nanos, and gurken mRNAs during Drosophila development (28),
and (b) CYFIP1, which blocks translation of FMRP-targeted mRNAs (29). In other situations,
protein interactions with eIF4E exert amore global effect on translation (e.g.,Gemin5) (30).Other
proteins, like 4E-T, a nucleocytoplasmic shuttling protein for eIF4E (31) and a component of the
mRNA decay machinery (32), and Angel1, a predominantly endoplasmic reticulum– and Golgi–
restricted factor (33), alter the subcellular localization of eIF4E. Further characterization of these
interacting partners and their effects on eIF4E function should advance our understanding of how
the eIF4E regulome is molded.

eIF4E homologous protein. eIF4E homologous protein (4EHP, eIF4E2) shares 30% identity
with eIF4E, is 5–10 times less abundant than eIF4E, binds to cap analogs with 30- to 200-fold
lower affinity than eIF4E, and does not interact with eIF4G (34–36). Similar to eIF4E, 4EHP
binds to the cap via stacking interactions mediated by two aromatic residues (Y78 and W124)
and through hydrogen bonding to the guanine base by the E125 side chain and the W124 back-
bone amide (35). The α- and β-phosphates directly contact the side chains of H100 and R174,
respectively (35) (Figure 1b).

Drosophila 4EHP interacts with both the cap structure and proteins bound to specific mRNA
3′ UTRs to inhibit translation (37). The interaction between 4EHP and its partners is mediated
through an extended 4E-BMmotif (YXYX4L�, where the requirement of the first Y varies among
different interacting partners) as well as a noncanonical site. Selectivity for recruiting 4EHP, in-
stead of eIF4E, to binding partners is imparted by the noncanonical site. In mammals, this is illus-
trated byGrb10-interactingGYFproteins (GIGYF) 1 and 2,which bind 4EHPbut not eIF4E—an
interaction that results in the suppression of translation of a subset of mRNAs during embryonic
development (38). 4EHP is also an integral component of the microRNA (miRNA)–mediated
silencing machinery (39). The translational repressive activity of the miRNA-induced silencing
complex (RISC) is mediated by CNOT1—the scaffolding subunit of the CCR4–CNOT complex
that recruits DDX6 to bind to 4E-T (see above). Interaction between 4E-T and 4EHP leads to a
4-fold increase in the affinity of 4EHP for the cap structure (39).

eIF4E3. eIF4E3 shares 29% identity with eIF4E1 and has not been well studied. Its mRNA ex-
pression is low and restricted to the heart, lung, and skeletal muscle (34). Binding of eIF4E3 to
m7GDP and m7GTP is 10- to 40-fold lower as compared with eIF4E (40). eIF4E3 interacts with
an eIF4G1 fragment containing the canonical YX4L� binding site but does not bind any of the
4E-BPs (34). eIF4E3 is atypical in that it has only one aromatic residue (W115) that stacks with
the guanine base of the cap (Figure 1b). Instead of a second aromatic residue that participates
in stacking in all other known cap-binding proteins, C69 is the residue that contacts the gua-
nine base and the N7-methyl group (40). Mutagenesis of W115 or C69 to alanine severely im-
pairs cap recognition. Given the tissue-restricted expression and low mRNA levels of eIF4E3, as
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well as eIF4E3’s lower affinity for the cap structure, its physiological relevance needs to be better
delineated.

The eIF4G Family

The members of the eIF4G family of proteins serve as scaffolds that link mRNA recognition to
ribosome binding. They recruit the 43S PIC, either to the 5′ end of the mRNA by hosting the
eIF4E–cap interaction or internally on some IRESes by directly interacting with specific RNA
structural features. Our understanding of the mechanisms whereby these events are regulated is
quite rudimentary owing to a lack of complete structural information, difficulties in working with
these large proteins, and redundancies in function between family members.

eIF4G1 and eIF4G3.Mammals have three related eIF4G proteins: eIF4G1 (widely referred
to in the literature as eIF4GI), eIF4G3 (referred to as eIF4GII), and eIF4G2 [referred to as
DAP5 (death associated protein)/p97/NAT1 (novel APOBEC-1 target no. 1)] (Figure 2b). Mul-
tiple isoforms of the proteins arise owing to differential promoter usage, alternative splicing, and
the use of multiple translation initiation codons (41–43). eIF4G1 and eIF4G3 possess binding
sites for poly(A)-binding protein (PABP), eIF4E, eIF4A, eIF3, and MAP kinase-interacting kinase
(MNK), although some of the eIF4G isoforms produced from 5′ distal initiation codons lack the
N-terminal PABP binding site. A homozygous germline missense mutation within the C-terminal
domain (CTD) of eIF4G3 (mapping to the MNK binding site) in mice leads to infertility due to
defective spermatogenesis (44).

Poly(A)-binding protein interaction. eIF4G1 and eIF4G3 interact with PABP through a shared
motif located near the N-terminal domain (NTD) (Figure 2b). PABPC1, the major cytoplasmic
PABP, has four nonidentical RNA recognition motifs (RRMs) and a globular CTD, binds poly(A)
tracks, and is considered a critical regulator of mRNA translation and decay (45). By simultane-
ously interacting with the poly(A) tail and eIF4G1/3 via a stretch of 29 amino acids, PABPC1
engenders the formation of an mRNA closed loop, which is considered the basis for the observed
synergy between the cap and the poly(A) tail in translation (46).Recent single-molecule-resolution
fluorescent in situ hybridization (smFISH) experiments are at apparent variance with this no-
tion (47, 48). By monitoring the proximity of mRNA 5′ and 3′ ends, the bulk of translating test
mRNAs rarely exhibit colocalized 5′ and 3′ ends, unlike nontranslating mRNAs or mRNAs in
stress granules where the ends are in close proximity (47, 48). Whether the eIF4G–PABPC1 in-
teraction is transient in cells, is more important for translation of mRNAs that have just emerged
from the nucleus, or occurs on mRNAs with exceedingly long poly(A) tails (which would not have
been sampled in the smFISH analysis) remains to be established. Clearly, these results highlight
the need to study translational mechanisms in cells.

The mechanistic models of enhancement of translation initiation by eIF4G–PABPC1 interac-
tion are multifaceted: The interaction (a) stabilizes the association of eIF4F with the mRNA cap
to stimulate the recruitment of 43S PICs, (b) stimulates 60S ribosomal subunit joining, and (c) in-
creases the concentration of terminating ribosomes in the vicinity of the cap, which is aided by an
interaction between eukaryotic release factor 3 (eRF3) and PABPC1 to loop out the 3′ UTR (45).
Perturbing mRNA circularization impairs translation initiation. This can be achieved, for exam-
ple, through binding of PABP-interacting protein 2 (Paip2) to PABPC1 RRMs 2 and 3, resulting
in decreased affinity of PABPC1 for poly(A) RNA and prevention of PABPC1–eIF4G interac-
tion (49). In HeLa cells, Paip2 levels are ∼10-fold lower than PABPC1 and PABPC3 levels (5),
suggesting that this regulatory mechanismmay be cell-type specific or locally restricted in the cell.
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The findings that some mRNAs are circularized even in the absence of a cap or poly(A) tail
and that circularization is used by some viruses during replication suggest this to be an important
gene regulation feature. For example, picornavirus mRNAs are circularized even though they
do not possess a cap (50, 51). Histone mRNAs, which lack a poly(A) tail, possess a stem-loop
structure in their 3′ UTR responsible for recruiting SLBP (stem-loop-binding protein) and SLIP1
(SLBP-interacting protein 1) (52). SLIP1 binds eIF3g and eIF4G at a region located N-terminal
to the PABP binding site (52, 53), thus forming a closed loop. Rotavirus mRNAs lack poly(A)
tails but are rendered circular by the nonstructural protein 3 (NSP3) viral protein, which binds
to a sequence motif in the 3′ UTR and to eIF4G (54). Because the NSP3 binding site on eIF4G
overlaps with that of PABP,NSP3 also enhances rotavirus mRNA translation by blocking eIF4G–
PABP interaction on cellular mRNAs, thus dampening competing host mRNA translation (54).
A robust assay that could distinguish between de novo ribosome recruitment and the recycling of
termination ribosomes is needed to advance our understanding of this latter step of translation
initiation.

eIF4E binding and its regulation. The 4E-BM (YX4L�) in eIF4G is conserved across species
(55). In yeast, sequences adjacent to the 4E-BM also contribute to eIF4E binding by forming a
bracelet-like structure around the eIF4E amino terminus (56). In Drosophila, plants, and humans,
a bracelet structure is not formed; instead, eIF4G utilizes a second noncanonical binding site con-
sisting mainly of hydrophobic interactions and differing from the site used by 4E-BP1 described
above (57, 58) (Figure 2a).

4E-BPs are recruited to mTORC1 by its raptor subunit via a 4E-BP C-terminal motif [F(E,D,
Q or S)(M, I, L or V)(E or D)(M, I, L or V)] known as TOS (TOR signaling) (59). The 4E-BPs are
phosphorylated on multiple threonine and serine residues in a hierarchical manner in response
to mTORC1 activation, thus reducing their affinity for eIF4E (60–62). Phosphorylation of the
accessible loop region between the canonical and noncanonical 4E-BP binding sites is sufficient
to disengage 4E-BP from eIF4E (63). Additionally, phosphomimetic mutations engineered in the
linker region of theDrosophila 4E-BP ortholog, Thor, confer resistance to translational repression
(23). By coupling the phosphorylation status of 4E-BPs to mTOR activity, cells propagate many
extra- and intracellular inputs to the translation initiation machinery.

Free, hypophosphorylated 4E-BP1, but not its phosphorylated counterpart, is targeted by the
KLHL25-CUL3 ubiquitin ligase for degradation, thus conferring a shortened half-life on the
former (64). Upon eIF4E knockdown the levels of free, hypophosphorylated 4E-BP1 are rapidly
reduced as an adaptivemechanism tomaintain physiological levels of eIF4F (64).This homeostatic
control explains how, in spite of acute reductions in eIF4E, cells are able to sustain cap-dependent
translation and viability (3, 64).

eIF4A binding. Human eIF4G contains three HEAT domains, which consist of tandem repeats
of stacked α-helices linked by short loops and named after the proteins in which the motif was
first discovered (Huntingtin, elongation factor 3, protein phosphatase 2A, and TOR1).HEAT-1 is
located within the middle of the protein (eIF4Gm), whereas HEAT-2 and HEAT-3 are positioned
at the C-terminal region (eIF4Gc) (Figure 2b). HEAT-1 and HEAT-2 bind both the NTD and
CTD of eIF4A (65, 66). Yeast eIF4G lacks the HEAT-2 and HEAT-3 domains and therefore has
only one eIF4A binding site, possibly explaining why eIF4A is weakly associated with yeast eIF4F
(67, 68). Binding of eIF4A to HEAT-1 stimulates ATP hydrolysis and RNA binding (69). The
ability to associate with two different HEAT domains may allow eIF4A to remain associated with
eIF4G during the conformational changes that occur when eIF4A binds ATP and RNA (70).
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eIF3-binding and RNA-binding domains. eIF4G contains a domain that binds to eIF3 (Kd =
132 nM) (71) (Figure 2b). The association between eIF4G and eIF3 is mediated by the eIF3c, d,
and e subunits, stabilized by mTORC1, unaffected by eIF4A, and thought to be the underlying
mechanism by which the 43S PIC is recruited to the metazoan mRNA (71–73). Human eIF4G
contains two RNA-binding domains (RBDs): one positioned amino-terminal to HEAT-1 and the
other overlapping HEAT-1 (74, 75). The interaction between eIF4E and the cap is dramatically
enhanced by these RBDs (75). The N-terminal RBD in yeast eIF4G promotes eIF4F–PABP as-
sociation on mRNAs (76).

MAP-kinase interacting kinase and eIF4E phosphorylation. In mammals, there are two MNK
genes (MNK1 and MNK2), each producing two proteins having different C termini through
alternative splicing. MNK1 binds to the eIF4G CTD HEAT domain that facilitates the phos-
phorylation of eIF4E on S209 (77, 78). A comparison of wild-type and eIF4ES209A/S209A murine
embryonic fibroblasts identified a small number of mRNAs whose translation is diminished in
eIF4ES209A/S209A cells (79). Phosphorylation of eIF4E S209 does not affect eIF4E binding to 4E-
BP1 but does decrease eIF4E’s affinity for the cap (80, 81). MNK-mediated eIF4E phosphoryla-
tion may be required to facilitate faster rates of eIF4E/F release from the cap following a round of
initiation.Clearly, better insight is required to elucidate the mechanism by which phosphorylation
affects the eIF4E translatome.

Loss of MNK1 and MNK2 as well as knock-in of a nonphosphorylatable mutant of eIF4E
(S209A) are well tolerated in mice; however, eIF4E phosphorylation is critical to its oncogenic
activity (79, 82–84). Recently, the inability to phosphorylate eIF4E at S209 in the tumor mi-
croenvironment was found to reduce metastatic burden, in part owing to decreased survival of
prometastatic neutrophils (85). These results highlight the potential antineoplastic activity that
MNK1/2 inhibitors hold.

Virus targeting of eIF4G. A number of viral proteins earmark eIF4G during infection. The pro-
teins interact with eIF4G either to alter its functional properties or to cleave it. For example, at the
commencement of the late phase of adenovirus infection, the adenovirus 100-kDa protein binds
to the eIF4G1 CTD, which in turn blocks MNK interaction and reduces eIF4E S209 phospho-
rylation (86). The Epstein–Barr virus 2 (EB2) protein associates with eIF4F through interactions
with PABP and eIF4G and stimulates translation in vitro (87). The influenza NS1 protein specifi-
cally binds to viral mRNAs and redirects the translational apparatus to viral mRNAs by co-opting
eIF4G and PABP (88). These few selected examples underscore the untapped opportunities for
developing antiviral drugs that would act by blocking eIF4G–virus protein engagement to curtail
viral replication.

eIF4G is a prime target for proteolytic cleavage by viral and cellular proteases. Infection of cells
by several picornaviruses, such as poliovirus, results in cleavage of eIF4G1 and eIF4G3, leading to
the separation of the NTD PABP and eIF4E binding sites from the eIF4A/eIF3 binding domains.
HIV (as well as several other retroviruses) cleaves eIF4G1 to generate three fragments (eIF4G3 is
not efficiently cleaved by theHIV protease) (89).Cellular caspase-3 cleaves eIF4G1 and eIF4G3 at
two sites, one that resides between the PABP and eIF4E binding sites and the other downstream
of the eIF3 interaction site, which correlates with shutoff of translation during apoptosis (89).
These examples emphasize the essential role that eIF4G plays in linking cap binding to ribosome
recruitment.

eIF4G2. eIF4G2 lacks the PABP and eIF4E binding sites present in eIF4G1 and eIF4G3 (90–
92) (Figure 2b). eIF4G2 does not support cap-dependent translation, as it cannot interact with
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eIF4E, but instead has been implicated in IRES-driven translation via a mechanism that recruits
eIF4A1, eIF3, and eIF2β (93, 94). eIF4G2 is essential, as its knockout in mice results in death at
early gastrulation (95). The role of eIF4G2 in cap-independent translation is critical for stem cell
fate decisions, especially when stem cells transit from pluripotency to the differentiated state (96,
97). The absence of eIF4G2 in embryonic stem cells results in a failure of eIF4E-independent
translation of, among others, the mRNAs encoding MAP3K3 and SOS1—two proteins that act
upstream of ERK1/2. This deficiency causes a block to the differentiation program (97).

The eIF4A Family

Mammals possess two highly related eIF4A paralogs: eIF4A1 (DDX2A) and eIF4A2 (DDX2B),
which in humans are 90% identical at the amino acid level. eIF4A1 is more abundant and better
studied than eIF4A2 (98, 99). In vitro, the two isoforms exhibit similar biochemical activities (100).
In vivo, however, their roles may not be equivalent. Notable differences include the following.
(a) eIF4A1 is predominantly synthesized during active cell growth, whereas eIF4A2 is produced
during growth arrest (101). This is consistent with EIF4A1, but not EIF4A2, being transcrip-
tionally activated by MYC (11). (b) Following FMDV (foot-and-mouth disease virus) infection,
eIF4A1, but not eIF4A2, is cleaved, which coincides with a decline in protein synthesis (102).
(c) Suppression of eIF4A1 leads to increased eIF4A2 levels, but this change is insufficient to com-
pensate for the ensuing cell death associated with eIF4A1 loss (98). (d) eIF4A1 is essential for cell
survival, but eIF4A2 is not (103).

eIF4A is the most abundant translation initiation factor in mammals (∼2.4 copies/ribosome in
HeLa cells), implying that only a small fraction (∼5%) of the total population is incorporated into
the eIF4F complex (5). eIF4A, which is the founding member of the DEAD-box RNA helicase
family, contains two RecA-like domains that assume a dumbbell-shaped structure (67, 104–108).
Although in vitro eIF4A shows bidirectional helicase activity, its delivery to the mRNA by eIF4F
confers 5′ to 3′ directionality (109), which in yeast is imparted by the eIF4G RBD (110, 111). Un-
winding by eIF4A proceeds by transitioning through reiterative cycles of open and closed confor-
mations, as upon ATP and RNA binding, eIF4A adopts a closed conformation (112–114). Upon
ATP hydrolysis and phosphate release, eIF4A assumes an open conformation and disengages from
the RNA. Binding of free eIF4A to ATP or RNA is not ordered but is coupled (115). The pre-
ferred substrate for eIF4A is a single-stranded polypurine RNA (116). RNA fragments as short as
4 nucleotides can stimulate the ATPase activity of free eIF4A, but fragments of 15–20 nucleotides
are optimal (117). On its own, eIF4A is a weak, nonprocessive helicase that unwinds ∼11 base
pairs per hydrolyzed ATP molecule at a very slow rate (kcat) of ATP hydrolysis (∼20 s) (111). In
the presence of eIF4B, eIF4H, and eIF4G, eIF4A acts as a processive helicase (see below). The
binding of eIF4E to eIF4G promotes RNA restructuring by stimulating eIF4A helicase activity, a
property that is independent of eIF4E cap binding (118).

eIF4A and cap dependency.Cap dependency of mRNA translation increases with the stability
of steric barriers within the 5′ leader region, consistent with eIF4A acting at the core of eIF4F’s
ability to discriminate among different mRNAs (119, 120). At one extreme, initiation in vitro on
simple, unstructured model mRNAs containing no secondary structure (e.g., 5′ leaders harbor-
ing [CAA]n repeats) does not require eIF4A (nor eIF4F, ATP, or a cap structure), demonstrating
that eIF4A (and eIF4F) is not absolutely required for initiation (121). In fact, a class of cellular
mRNAs whose translation is eIF4E dependent but eIF4A independent has been identified. These
mRNAs harbor a unique transcription/translation regulatory feature, termed a TISU (transla-
tion initiator of short 5′-UTR) element, consisting of very short 5′ leaders (median distance of
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AUG from the cap is 12 nt) present in ∼3% of human genes (122). Introduction of secondary
structure at the 5′ end of a [CAA]n leader region or within a TISU element is sufficient to confer
eIF4A dependency (121, 123). These are exceptional cases, however, because for the majority of
mRNAs, cap-proximal steric barriers (secondary structure or protein complexes) interfere with
efficient eIF4F–mRNA interaction (124–126), and this correlates with reduced translational effi-
ciency (119, 120, 127, 128). In yeast, eIF4A is required for ribosome recruitment by all mRNAs
regardless of the 5′ leader structure, but a second DEAD-box RNA helicase, Ded1, is dedicated
to overcoming structural barriers in the 5′ leader to drive ribosome scanning (129–131). Under
conditions of limiting Ded1 activity, the 43S PIC exhibits reduced scanning potential and initi-
ates translation at near-cognate initiation codons proximal to structural barriers within mRNA 5′

leader regions (131). Some evidence does suggest that the mammalian Ded1 homolog, DDX3X,
may participate in initiation (132), but a clear mechanistic role is difficult to obtain from genetic
approaches given that DDX3X has also been implicated in nuclear processes (transcription, pre-
mRNA splicing and export, and miRNA biogenesis) (133).

Recently, a role for eIF4A in initiation that is distinct from its function as a subunit of the
eIF4F complex has been proposed. Earlier experiments had shown that eIF3j binds to the 43S
PIC at the mRNA entry channel and A site (134–136).To allow full accommodation of the mRNA
in the mRNA entry channel, eIF3j affinity for the 43S PIC is reduced in an eIF4A-dependent
manner (and eIF4G- and eIF4B-dependentmanners) (137).The closed ATP-bound conformation
of eIF4A, but not ATP hydrolysis, is required for this activity (137).

Modulating eIF4A availability. eIF4A1 and eIF4A2 can be sequestered from eIF4F via their
association with the programmed cell death 4 (PDCD4) tumor suppressor gene product (138–
140), which binds eIF4A, blocks formation of the closed conformation, and masks the eIF4A RBD
(105, 141, 142). Ectopic expression of PDCD4 preferentially represses cap-dependent translation
of mRNAs containing structured 5′ leaders (143). The PDCD4–eIF4A interaction is under S6
kinase 1 (S6K1) and S6K2 control, in which phosphorylation of PDCD4 by S6K leads to PDCD4
ubiquitination and degradation (144, 145). In HeLa cells, the amount of PDCD4 is insufficient to
sequester the majority of free eIF4A (5), so this regulatory mechanism is likely cell specific.

eIF4B and eIF4H

eIF4B is the least conserved initiation factor across species, is not absolutely required for ribo-
some recruitment, and is dispensable in yeast (albeit the null mutant exhibits a slow-growth and
cold-sensitive phenotype) (146, 147). In yeast, loss of eIF4B preferentially causes a reduction of
translation of mRNAs with elevated secondary structure in their 5′ leader region (146). Mam-
malian eIF4B has two RBDs: an RRM within the NTD region capable of binding 18S rRNA
and an arginine/serine–rich basic region at the CTD (148, 149) (Figure 2c). A DRYG (aspar-
tic acid, arginine, tyrosine, and glycine) region mediates homodimerization and interaction with
eIF3 (150). Cryogenic electron microscopy (cryo-EM) studies have tentatively positioned eIF4B
at the ribosomal mRNA channel entrance (151), in agreement with biochemical findings from
yeast eIF4B–ribosome interaction studies (152) and consistent with its role in promoting 43S PIC
recruitment. Yeast eIF4B shares only the RRM domain with mammalian eIF4B.

eIF4H is related to eIF4B (39% identity) and has one RRM but lacks the other eIF4B domains.
EIF4H mRNA is alternatively spliced (at exon 5) to produce two isoforms encoding proteins of
25.2 and 27.3 kDa. The EIF4H gene resides on chromosome 7q11, in a region known as the
Williams-Beuren syndrome (WBS) critical region. WBS is a multisystem developmental disor-
der that includes neurodevelopmental and cardiovascular abnormalities, infantile hypercalcemia,
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and dysmorphic facial features. It is associated with heterozygous interstitial deletions spanning
∼1.5Mb (OMIM 603431).Eif4h−/− null mice display growth retardation, have altered brain mor-
phology, show a reduction in the number and complexity of neurons, and exhibit impaired learning
and memory formation (153).

eIF4B and eIF4H are expressed in all tissues, and in HeLa cells their levels are similar (5).
Both proteins form complexes with eIF4A1 at overlapping binding sites, rendering their binding
to eIF4A1 mutually exclusive (154). eIF4B and eIF4H stimulate ATP binding to eIF4A, RNA-
dependent ATPase activity, ATP-dependent RNA binding, and the helicase activity of eIF4A (116,
155, 156). The stimulation of eIF4A helicase activity by eIF4B is ∼10-fold, but together with
eIF4G (which on its own modestly stimulates eIF4A unwinding <2-fold), a 100-fold stimulation
is obtained (157). The unwinding activity observed by combining eIF4A, eIF4B, and eIF4G is
impressive, as revealed by single-molecule experiments, andwhen combined, they canmelt a 70-bp
hairpin (>100 kcal/mol) (111). eIF4B and eIF4H also stabilize partially unwound substrates and/or
prevent mRNA reannealing, activities that further facilitate RNA restructuring during initiation
(158).

The activity of eIF4B is controlled through phosphorylation of S406 and S422 (159, 160).
Phosphorylation of eIF4B on S422 increases the affinity of eIF4B for eIF3, consistent with the
stimulation of translation observedwith phosphomimeticmutants of eIF4B (159, 160).Translation
of MYC is particularly sensitive to the phosphorylation status of eIF4B, an effect that is mediated
in part by S6K1-dependent phosphorylation of eIF4B (161).

eIF4E-DEPENDENT RIBOSOME RECRUITMENT

Despite a rich knowledge of the activity of the individual eIF4 factors, a clear understanding of the
temporal order of the steps spanning cap recognition to 43S PIC recruitment is lacking. How-
ever, several plausible scenarios can be proposed, which may serve to guide future experiments
(Figure 3).

1. The first step is eIF4E-mediated cap recognition, which does not require ATP (162). It
is unlikely to involve recognition of the penultimate mRNA nucleotide (163), as surface
plasmon resonance (SPR) analysis of m7GTP and m7GpppA binding to eIF4E detected no
notable differences in affinities (164). Secondary structure positioned immediately adjacent
to the cap impairs eIF4E’s ability to interact with the cap (165) but not when positioned 6 nt
downstream of the cap (126).

2. eIF4G likely then clamps down onto RNA via its RBDs in a process that stabilizes eIF4E–
cap association (75). A role for eIF4A or other helicases in this activity cannot be ruled out.
For mRNAs possessing a TISU element, eIF4A is not required for 43S PIC recruitment.

3. The next step is more of a puzzle. eIF4G-bound eIF4A may hydrolyze ATP followed by
eIF4B (or eIF4H) binding to eIF4A, as suggested by experiments whereby eIF4B (and
eIF4H) can be cross-linked to the cap in the presence of Mg++/ATP (162, 166). The func-
tional consequence of this step may be to convert eIF4A from a nonprocessive to a pro-
cessive helicase, leading to unwinding of proximal secondary structure or displacement of
protein–RNA complexes (111, 157, 158, 167). Alternatively, eIF4A (and eIF4B) could clamp
on the mRNA, similar to the action of eIF4AIII in the EJC (exon junction complex) (W.C.
Merrick, personal communication).

4. DHX29, a 40S-boundDExH-box helicase, stimulates binding of the 43S PIC to themRNA,
although the details are unclear (168).
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Figure 3

A possible mechanism for preparing the mRNA template for eIF4E-mediated, cap-dependent initiation.
Although both eIF4B and eIF4H function in conjunction with eIF4A, only eIF4B interplay is shown. Cap
recognition by eIF4E is ATP independent and is likely followed by RNA clamping by eIF4G to stabilize the
eIF4F complex at the mRNA 5′ end. In an ATP-dependent step, eIF4A, in conjunction with eIF4B and/or
eIF4H, resolves structural barriers adjacent to the cap structure, preparing the mRNA template to
accommodate a 43S PIC. Abbreviations: eIF, eukaryotic initiation factor; mRNA, messenger RNA; PIC,
pre-initiation complex.

5. Interactions between eIF4G and ribosome-bound eIF3 are required for recruiting the 43S
PIC to the mRNA. A recent cryo-EM study placed the eIF4G-interacting eIF3 subunits
(c, d, and e) near the mRNA exit channel of the 40S ribosome and eIF4B at the mRNA
entrance channel (151), a finding that seems at odds with the need for eIF4F to interact
with both eIF3 and eIF4B during ribosome recruitment. However, eIF4G is sufficiently
large to possibly toggle between the entrance and exit channels. The cryo-EM view is also
a static one and does not inform on the dynamic changes that could occur during different
binding events.

6. How the mRNA is inserted into the ribosome mRNA channel is unknown. (a) A threading
model has been proposed,whereby eIF4F binds near the entrance site and a handoff is made,
transferring the 5′ mRNA cap from eIF4E to eIF3l (169). eIF3l possesses cap-binding activ-
ity, although unlike eIF4E, the N7-methyl moiety is not essential for this binding, as GTP
and GpppG can compete with the eIF3l–cap interaction (169). This model is consistent
with experiments showing that ribosomes do not have a blind spot when it comes to AUG
recognition, with AUGs 2 nt downstream from the cap being recognized as start codons
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(169). (b) A slotting mechanism could be used if eIF4F were to bind near the exit site, but
this would be at variance with the aforementioned experiments, indicating the absence of
an AUG blind spot (169). (c) A third mechanism could entail binding of the eIF4F–mRNA
complex near the entrance channel followed by repositioning of eIF4E or eIF4F to the exit
channel. During this process, eIF4E remains cap-bound and the mRNA is dragged into,
and through, the 40S channel. In this model, every nucleotide could still be inspected, but
a handoff of the mRNA cap would not occur. eIF4A helicase activity could serve to pull the
mRNA through the channel, or if eIF4A were to act as a clamp, this could serve to pre-
vent backward movement of the ribosome. Perhaps DHX29 and Ded1 (in yeast) could then
resolve the cap-distal secondary structure to promote scanning. That IRESes can recruit
ribosomes to an internal sequence implies that mRNAs must be able to slot or be dragged
into the 40S channel.

Whether eIF4F disengages from the mRNA and recycles to a different mRNA for each round
of ribosome recruitment or it (or eIF4E) remainsmRNAbound formultiple rounds is unclear.UV
cross-linking experiments on a 40S-bound RNA containing an AUG codon 28 bases downstream
from the cap showed reduced interaction with eIF4E, suggesting that eIF4E–cap interaction is
not maintained during scanning (169). Consistent with this finding is the absence of footprint
density near the cap in translation complex profiling (TCP)-Seq, a novel approach that reports
on small ribosome subunit footprints within mRNA 5′ leaders (170). The fast dissociation rate
of eIF4E from the cap (Koff = 79 s−1) also supports a model by which eIF4E does not remain
cap associated, although the effect that eIF4G could exert on this rate was never reported (171).
Alternatively, the ability of cap analogs to inhibit de novo initiation, but not ongoing transla-
tion, would argue that eIF4E does not recycle (efficiently) during multiple rounds of initiation
(172).

INTERNAL RIBOSOME RECRUITMENT

Viral Internal Ribosome Entry Sites

IRESes were first described in picornaviruses (173, 174) and subsequently extensively studied for
a small set of viral mRNAs. Significant variation in the structural features and the set of initiation
factors required for ribosome recruitment by IRESes exists, and they are stratified into four types
(175). Type I IRESes occur in the Enterovirus genus. In the case of poliovirus, the first initiation
event on the newly uncoated RNA plus strand utilizes intact eIF4G as the initiation factor. Here,
bound eIF4E stimulates the rate of poliovirus IRES restructuring by eIF4A as part of the intact
eIF4F complex (175). Following translation, viral encoded 2A protease cleaves eIF4G, separating
the eIF4E and eIF4A binding sites. Subsequent rounds of initiation utilize 2A-cleaved eIF4G,
retaining the eIF4A and eIF3 binding sites. Poly(C)-binding protein 2, one of several documented
IRES trans-acting factors (ITAFs), binds to C-rich motifs within the IRES and also promotes its
usage (175). Following ribosome recruitment, the ribosome scans in the 5′ to 3′ direction in search
of the initiation codon.

Type II IRESes, found predominantly in Cardiovirus and Aphthovirus genera, have structural
domains unrelated to type I IRESes with the exception of a conserved C-rich loop and GNRA
tetraloop (175). Type II IRESes can function independent of eIF4E, although some require one
or more ITAFs (175).

Type III IRESes, as found in hepatitis C virus (HCV), require only eIF2, 40S ribosomes, and
Met-tRNAi to form initiation complexes and position the AUG codon in the P site (auxiliary fac-
tors are involved and influence the rate of initiation). Initiation on HCV is independent of eIF3,
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eIF4F, eIF4A, or eIF4B (176). Cryo-EM studies revealed that the location of the HCV IRES and
the eIF3 binding sites on the 40S ribosome overlap (177). The HCV IRES contains a domain
upstream of the ribosome binding site that interacts with and sequesters eIF3, thus enabling the
HCV IRES to bind to the 40S ribosome while simultaneously reducing eIF3-dependent 48S for-
mation on cellular mRNAs (177).

Type IV IRESes, as exemplified by the insect cricket paralysis virus (CrPV), bind ribosomes in
the absence of any translation initiation factors (178). The CrPV IRES harbors a structural ele-
ment [pseudoknot I (PKI) domain], which mimics a tRNA–codon interaction and positions itself
into the A site, blocking binding of aminoacyl-tRNAs (179). A pseudotranslocation step,mediated
by eEF2, shifts the PKI domain into the P site and inserts the adjacent codon (encoding alanine)
into the A site, with the resulting complex poised to undertake the first round of elongation (179).

Cellular Internal Ribosome Entry Sites

The existence of cellular IRESes was proposed to rationalize the efficient translation of mRNAs
harboring long, complex 5′ leaders and the persistent translation of some mRNAs under condi-
tions of stress. The absence of conserved primary or structural features among cellular IRESes
necessitated the use of functional assays—generally involving bicistronic mRNAs to identify cel-
lular IRESes—which had shortcomings (activation of cryptic promoters or splice sites) (180). A
recent genome-wide approach to identify cellular IRESes reported that as many as 10% of cel-
lular mRNAs use IRESes for initiation (181). Cellular and biochemical validation are required to
authenticate these as bona fide IRESes.

N6-Methyladenosine and Internal Ribosome Entry Site Activity

N6-methyladenosine (m6A) base modifications in mRNA have been reported to stimulate trans-
lation. Meyer et al. (182) reported that 48S complexes can form on m6A-containing mRNAs
in the absence of eIF4A, eIF4F, and eIF4B. They concluded that eIF3 is recruited to 5′ leader
m6A sites and is responsible for stimulating 43S PIC loading. The m6A methylase, METTL3
(methyltransferase-like 3), has been implicated in enhancing translation by directly recruiting
eIF3 to the mRNA (183). In tethering assays, in whichMETTL3was artificially recruited to bind-
ing sites at the 3′ UTR of the target mRNA, an ∼2-fold stimulation in expression was reported.
Additionally, Wang et al. (184) showed that the m6A reader, YTHDF1 (YT521-B homology
N6-methyladenosine RNA binding protein 1), promoted ribosome occupancy of m6A-targeted
mRNAs. Using a tethering assay in which multiple copies of YTHDF1 were recruited to a target
mRNA within the 3′ UTR, they found that translation was stimulated ∼1.7-fold. It is difficult
to reconcile these results with other findings concerning m6A. First, m6A modifications are not
restricted to one location but are heterogeneously distributed along the body of the mRNA. Sec-
ond, the frequency of m6A is low (∼3 m6A residues/mRNA) (185). And last, the m6A modification
can alter mRNA stability (186), which has to be accounted for in experiments assessing potential
effects of m6A on translation.

Circular RNAs

Circular RNAs (circRNAs) arise from pre-mRNA back splicing and are dependent on intronic
sequences that juxtapose the donor and acceptor splice sites (187). CircRNAs can act as miRNA
sponges and as docking sites for RNA-binding proteins (188). Inserting a viral IRES into a
chimeric circRNA promotes translation of the downstreamORF (open reading frame) (189, 190).
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Several cytoplasmic cellular circRNAs are translated, but the mechanism of ribosome recruit-
ment is not well understood. It was postulated that translation of circRNAs may be driven by
internal m6A modifications in which the YTH3 reader protein recruits eIF4G2 to promote cap-
independent initiation (188). Rigorous experimental approaches are needed to ensure that trans-
lation products arise from circRNAs rather than from linear trans-spliced products.

eIF4E-INDEPENDENT, CAP-DEPENDENT MODES
OF TRANSLATION INITIATION

Nuclear Cap-Binding Proteins nCBP20 and nCBP80

Initiation on an mRNA that emerges from the nucleus is referred to as the pioneer round of
translation and appears to be distinct from subsequent rounds. The nuclear cap-binding complex
(nCBC), comprised of nCBP20 and nCBP80, binds the cap synergistically through two aromatic
residues in nCBP20 (191).How ribosomes are then recruited to themRNA is unclear; some exper-
iments suggest that eIF4G interacts with the nCBP20–nCBP80 complex, whereas others invoke
an nCBC-dependent translation initiation factor (CTIF) that exhibits affinity for ribosome-bound
eIF3g (53). Importins have been implicated in dissociating the nCBC from the mRNA to facilitate
the transition from nCBC- to eIF4E-mediated initiation. In yeast, the nCBC is not essential, as
eIF4E mediates the pioneer round of translation (192).

eIF3d

Lee et al. (193) demonstrated that translation of the c-Jun mRNA is eIF4F independent but
requires eIF3d cap-binding activity. They proposed that a stem-loop element within the c-Jun
mRNA prevents recruitment of eIF4F to the 5′ end and directly recruits eIF3, whose subunit
eIF3d binds to the c-Jun cap structure (193). Recent structural studies have positioned eIF3d near
the mRNA exit channel in the 40S ribosome, where it does not contact the mRNA (151). In
cross-linking experiments, eIF3d did not show cap-binding activity, which suggests that eIF3d’s
cap-binding activity may be mRNA specific (169).

CAP-INDEPENDENT, 5′-END–DEPENDENT
TRANSLATION INITIATION

Norovirus is responsible for acute gastroenteritis. Like several other animal and plant mRNAs,
norovirus mRNA contains a covalently linked small viral peptide, VPg (viral protein genome-
linked), at its 5′ end.During norovirus infection, a 20-amino-acid region at the VPgCTD interacts
with eIF4G HEAT-1 and substitutes for the requirement of a 5′ cap (194). The VPg binding site
on eIF4G does not overlap with the eIF4A binding site. In plants, an interaction between the
potyvirus VPg and eIF(iso)4E is critical for viral infection and has been linked to increased viral
mRNA expression, presumably due to redirection of the translation machinery to viral mRNAs
(195, 196). These studies underscore the antiviral potential that small-molecule inhibitors could
have by interdicting VPg–eIF4G and VPg–eIF4E interactions.

SCANNING

The signal or signals that trigger the 40S ribosome to begin the search for an initiation codon
following mRNA binding are unknown. ATP is required for scanning, but the question remains
whether eIF4A–eIF4B or eIF4A–eIF4H complexes are sufficient for this process. Studies in yeast
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showed that Ded1 plays a major role in scanning (130, 131). In yeast, mRNAs with extended
5′ leader length and greater secondary structure exhibit a higher dependency on Ded1, whereas
most mRNAs display a similar dependency on eIF4A, possibly due to a more universal role for
eIF4A in 43S PIC attachment. TCP-Seq revealed that small ribosome subunit footprints from
relatively short and unstructured mRNAs show a uniform distribution of reads throughout the 5′

leader regions, suggesting smooth continuous scanning (170). In contrast, mRNAs with longer 5′

leaders showed evidence of read clustering, suggesting pausing during the scanning process.
Secondary structures present upstream of an initiation codon can block scanning (197). In con-

trast, when located downstream of, and in proximity to, an initiation codon, a secondary structure
can increase utilization of the initiation codon by slowing 40S migration and allowing increased
codon sampling time (198). Multiple 40S ribosomes can accumulate on a 5′ leader region (199).
Whether the helicase power needed to load and support scanning of the first 43S PIC is the same
as that required by subsequent 43S PICs is an open question. It is noteworthy that increasing 5′

leader length does not necessarily lead to reduced translational efficiency (200). Perhaps ribosome
queuing is an effective way of keeping the mRNA 5′ leader region partially unwound to reduce
the need for persistent helicase activity.

REINITIATION

Approximately 40% of eukaryotic mRNAs harbor upstream (u)ORFs (201). Ribosome profil-
ing experiments uncovered widespread translation at many of these uORFs (202). The ability
to resume scanning following termination at uORFs is inversely correlated with the length of the
uORF, negatively influenced by structural constraints in the uORF that decrease elongation, and
dependent on the distance between the ORFs (203). It was suggested that a subset of initiation
factors are required for reinitiation and that they remain ribosome bound for a very short period
of time following the start of elongation (204). Translation of average-sized ORFs ultimately leads
to the ejection of these factors and loss of reinitiation potential.

Initiation at near-cognate AUG codons has been documented for ∼30 years. Until recently,
few attempts to study the underlying mechanism have been made, as it was generally thought not
to differ from canonical AUG initiation. Recent studies have underscored the increased preva-
lence and importance of translation from near-cognate AUG codons: (a) ribosome profiling has
uncovered that initiation at near-cognate start sites is widespread (202); (b) non-AUG initiation
appears to increase during cellular stress (205); and (c) non-AUG initiation has been shown to
drive cancer progression in a squamous cell carcinoma (SCC) model, and its suppression led to
an antineoplastic effect (206). Although eIF2 is generally required for Met-tRNAi delivery to the
P site, eIF2A, eIF2D (ligatin), and the multiple copies in T cell lymphoma 1–density regulated
protein (MCT-1–DENR) complex can substitute for eIF2. A well-studied example of an mRNA
that requires eIF2A to support initiation at a CUG codon is the phosphatase and tensin homolog
(PTEN), which leads to synthesis of the PTENα isoform (207). eIF2A was shown to be essen-
tial for cancer progression in an SCC model, in which it promoted translation of select cancer
genes and was associated with poor prognosis (206). eIF2A is not necessary for normal develop-
ment because eIF2A−/− mice are viable (208), indicating that it might represent a tumor-selective
vulnerability.

LONG NONCODING RNAs

There are ∼20,000 vertebrate long noncoding RNAs (lncRNAs) (RNAs >200 nt), with biological
functions attributed to only a small fraction. Evidence has been found that a sizable fraction of
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lncRNAs are translated (202, 209, 210), producing short peptides that originate from some of the
encoded small ORFs (211, 212). Recent analysis of ribosome profiling data across eight human cell
lines revealed that ribosome footprints from lncRNAs exhibit a high degree of cell-type specificity
and only a small fraction (1.4% out of 4,709 sampled lncRNAs) displayed ribosome footprints
across all cell lines (213). The mechanism by which ribosomes are loaded onto lncRNAs remains
to be established.

REPEAT-ASSOCIATED NON-AUG TRANSLATION

Nucleotide expansion repeats within genes are the underlying cause of a number of neurological
diseases. For example, the molecular basis for Huntington’s disease is an expansion of a CAG
repeat sequence in the coding sequence of the HTT gene. Expansion of the nucleotide repeats
results in repeat-associated non-AUG (RAN) translation, in which non-AUG codons are used
to initiate translation in all three reading frames from within the expanded repeat, generating
protein products that form toxic aggregates. RAN translation is orders of magnitude less efficient
than canonical cap-dependent initiation (214). Initiation of RAN translation requires the 5′ cap,
eIF4E, and eIF4A and entails scanning (214), but in a manner not well understood, it bypasses the
canonical normal requirements for start codon selection.

INHIBITING INITIATION BY CAP SEQUESTRATION

Ribosomal biogenesis in multicellular organisms is under stringent translational regulation. Tran-
scripts encoding ribosomal proteins, many translation factors, and some RNA-binding proteins
carry a unique 5′ terminal oligopyrimidine (TOP) sequence, with known exceptions being yeast
and Caenorhabditis elegans (215, 216). The TOP motif consists of an invariant 5′ cytosine as
the penultimate base, m7GpppC, followed by a track of 4–14 pyrimidines. La-related protein 1
(LARP1) is a downstream target of mTORC1 and mediates the translational control of TOP-
containing mRNAs (217, 218). LARP1 is a member of the LARP family of proteins (consisting of
seven proteins), which are defined by the presence of an evolutionarily conserved La module com-
prising the La motif and an RRM, which together recognize and bind a variety of RNA sequence
elements.

A tripartite cocrystal structure of the human LARP1 DM15 region in complex with a 5′ TOP
motif and a cap analog (m7GTP orm7GpppC) has recently been published (219).The cap-binding
pocket of LARP1 contains two aromatic residues that stack the guanosine of the cap as well as an
acidic side chain that interfaces with the Watson-Crick face of the m7G base.

LARP1 interacts with the first four bases adjacent to the cap structure, explaining why it se-
lectively recognizes capped oligopyrimidine RNA sequences (219, 220). LARP1 is thus able to
compete with eIF4F for binding to TOP mRNAs. LARP1 associates with raptor when mTORC1
is active, but upon mTORC1 inhibition, nonphosphorylated LARP1 dissociates from raptor and
binds to TOP-containing mRNAs (219), leading to occlusion of eIF4F and inhibition of transla-
tion (217). Phosphorylation of LARP1 by mTORC1 and Akt/S6K1 causes it to dissociate from
TOP mRNAs, relieving translational repression. LARP1 binding to TOP mRNAs also stabilizes
the target mRNAs (216).

CONCLUSIONS AND PERSPECTIVES

Much of our knowledge of the many steps of the mRNA translation pathway has been garnered
thorough biochemical and genetic investigations. Computation modeling of translation rates in
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yeast, based on ribosome footprinting data, predictmedian initiation rates of∼40 s/round,whereas
elongation rates are predicted to be 9.3 aa/s with a mean distance between consecutive bound
ribosomes of 60 codons (221). Single-molecule imaging in live cells has estimated elongation rates
of 3.1–4.9 aa/s with initiation rates of 17–43 s/round (222). These results are consistent with the
notion that initiation is a generally slow, and rate-limiting, step in vivo.

Biophysical studies aimed at deciphering the sequence of steps between eIF4F cap recogni-
tion and 43S ribosome–mRNA binding are required to further our understanding of translation
initiation. These studies will go hand in hand with detailing the precise location of eIFs. In vivo
imaging approaches have much to offer in visualizing these steps and documenting possible nu-
ances. Considering the presence of two eIF4A and eIF4G genes, there are four possible eIF4F
complexes (more if we consider the different isoforms encoded by each single eIF4G gene), yet
we have no idea if these complexes are equivalent in activity.

Finally, enormous progress in identifying small-molecule inhibitors of the translation initiation
pathway has been made (10). Consequently, there are untapped opportunities for the discovery
of novel probes that could be used to help elucidate the function of key factors. The impact of
deregulated translational control in human diseases makes translation a promising therapeutic
target.
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