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Abstract. Protein synthesis is one of the most complex
cellular processes, involving numerous translation
components that interact in multiple sequential steps.
The most complex stage in protein synthesis is the
initiation process. It involves initiation factor-mediated
assembly of a 40S ribosomal subunit and initiator
tRNA into a 48S initiation complex at the initiation
codon of an mRNA and subsequent joining of a 60S
ribosomal subunit to form a translationally active 80S
ribosome. The basal set of factors required for trans-

lation initiation has been determined, and biochemical,
genetic, and structural studies are now beginning to
reveal details of their individual functions in this pro-
cess. The mechanism of translation initiation has also
been found to be influenced significantly by structural
properties of the 5 and 3’ termini of individual
mRNAs. This review describes some of the major de-
velopments in elucidating molecular details of the
mechanism of initiation that have occurred over the
last decade.
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Protein synthesis is one of the main energy-consuming
steps in eukaryotic cells and it must therefore be inte-
grated closely with other cellular metabolic pathways. It
is also one of the most complex of cellular processes,
involving the concerted action of over a hundred differ-
ent RNA and protein molecules in multiple sequential
steps. Protein synthesis can be divided into initiation,
elongation, and termination phases. Initiation is by far
the most complex of these phases and is the focus of the
greatest number of regulatory processes. The last
decade has seen many significant developments in eluci-
dating molecular details of the mechanism of transla-
tion initiation, and this review will focus on them. The
field cannot be covered completely, and the reader is
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therefore encouraged to consult a number of excellent
reviews for background information on earlier data on
the initiation process [1-4], as well as on recent devel-
opments in elucidating the mechanisms of translation
elongation and termination [5-9].

The ribosome

The ribosome provides the framework for protein syn-
thesis in all organisms. Recent advances in cryoelectron
microscopy and X-ray crystallography have revealed
fine details of ribosomal structure [10—17]. The mam-
malian 80S ribosome consists of a 40S subunit [which
comprises 18S ribosomal RNA (rRNA; 1869 bases) and
~ 33 different ribosomal proteins] and a 60S subunit
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[which contains 5S rRNA (120 bases), 5.8S rRNA (159
bases), 28S rRNA (5025 bases), and ~49 different
proteins] [18]. Comparative analysis of rRNAs and ri-
bosomal proteins strongly suggests that all ribosomes
have evolved from a common ancestral ribonucle-
oprotein (RNP) particle [18, 19]. Eukaryotic 80S ribo-
somes contain more proteins than their bacterial 70S
counterparts, and eukaryotic 18S and 28S rRNAs con-
tain several insertions relative to bacterial 16S and 23S
rRNAs that map to peripheral regions of a common
core [19]. Although 80S ribosomes are larger and more
complex than 70S ribosomes, their structures show sig-
nificant overall similarity in the architecture of the inter-
subunit cavity where the tRNA molecules are bound
and in the location of the mRNA decoding and pep-
tidyltransferase centers. The structural similarities in
these functional centers of prokaryotic and eukaryotic
ribosomes justify assumptions concerning the conserva-
tion of a universal mechanism of translation [20]. The
path followed by mRNA in prokaryotic 30S subunits
through two holes formed by non-covalent sub-domain
interactions can be mapped onto the 40S subunit, sug-
gesting that incoming mRNA is precisely clamped into
position as it approaches the decoding area [14, 21].
Mapping of sites in 18S rRNA to which mRNA ana-
logues bind after they have been cross-linked to 40S
subunits suggests that the arrangement of rRNA with
respect to the mRNA track is similar in eukaryotic and
bacterial ribosomes [e.g., refs 22, 23].

Initiation factors

Protein synthesis can be divided into different phases,
each of which can be described as a series of partial
reactions that are promoted by soluble protein factors.
Translation initiation involves at least ten eukaryotic
initiation factors (elFs) that together comprise over 26
different polypeptides. This degree of complexity
reflects the multiple stages in the process of translation
initiation and the elaborate mechanisms for its regula-
tion. In the last year, sequencing of all known initiation
factors has been completed, and the structures of sev-
eral have been determined. We shall review these devel-
opments before describing current models for their role
in translation initiation.

elF1

elF1 is the smallest initiation factor and has a similar
length and conserved sequence in different eukaryotes
[24, 25]. elF1 exists in free form but also interacts
weakly with the equivalent human p110 and yeast p93/
Nipl subunits of eIF3, and indeed is necessary for the
activity of yeast elF3 [26—29]. It is essential for viability
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in Saccharomyces cerevisiae, and human eIF1 can re-
place yeast eIF1 in vivo [30, 31]. The solution structure
of human elIF1, a protein of 113 residues, has been
determined by nuclear magnetic resonance (NMR)
spectroscopy [29] (fig. 1). Residues 29—113 form a single
tightly packed domain that has a novel fold comprising
two o helices on one side of a mixed parallel and
anti-parallel five-stranded f sheet. Residues that have
been implicated in altering the accuracy of initiation site
selection [30, 31] are clustered together, likely forming a
binding site for another component of the translation
apparatus [29]. There are several charged clusters of
surface residues that are potential sites for electrostatic
interaction with as yet unidentified components of the
translation apparatus.

elF1A

elF1A is one of the most conserved factors in terms of
structure and function: wheat and rabbit factors are
interchangeable in vitro and human eIF1A can replace
yeast eIF1A in vivo [32-34]. Moreover, there is signifi-
cant sequence homology between elF1A (143-151
amino acids in length) and the prokaryotic initiation
factor IF1 (72—75 amino acids in length) [25, 35]. This
region of homology corresponds to a f barrel oligomer-
binding (OB) fold [36], and the structures of human
elF1A (residues 33-94) and Escherichia coli IF1 are
very similar over this entire region [37, 38]. It is tempt-
ing to speculate that these structural similarities relate
to common functions in the initiation process for the
prokaryotic factor IF1 and eukaryotic eIF1A. elF1A is
highly charged and contains clusters of basic and acidic
regions at its N and C termini, respectively [33, 34]. It is
an RNA-binding protein [39] and NMR studies have
identified a well-defined RNA-binding surface [38]. The
nature of the RNA ligand for eIF1A is not yet known.

elF2

elF2 is a stable heterotrimeric protein consisting of
essential «, f, and p subunits. The principal function
of elF2 is formation of a ternary complex with GTP
and aminoacylated initiator methionyl-tRNA (Met-
tRNAM<) which then binds to the 40S subunit, and in
turn enables the resulting 43S complex to bind mRNA.
After several intervening steps in the initiation process,
elF5 (see below) triggers hydrolysis of GTP bound to
elF2 and release of an elF2-GDP complex. The GDP
bound to eIF2 must be exchanged for GTP in a guanine
nucleotide exchange reaction catalyzed by eIF2B before
elF2 can again form a ternary complex. Binding of
Met-tRNAMet to the 40S subunit by elF2 is a common
step in translation of all eukaryotic mRNAs, and elF2
is the focal point of several regulatory mechanisms that
control overall protein synthesis rates [40].
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Figure 1. Structure of human eIF1. (4) Smoothed trace through the Co positions of the folded region (residues 29—113) of human
elF1, showing residues (in blue) equivalent to mutations in Saccharomyces cerevisae suil that allow initiation at non-AUG codons and
adjacent conserved surface residues (in red). (B) Space-filling model of the same structure rotated 90° towards the viewer. Figure
courtesy of G. Wagner and C. M. Fletcher [reprinted from ref. 29].
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Significant progress has recently been made in charac-
terizing the structure of eIF2 and interactions between
it and various components of the translation apparatus.
Yeast and human o subunits are most strongly con-
served in the N-terminal third [41] which corresponds to
an OB-like domain [42, 43]. Substitutions at the N
terminus of this domain confer on yeast ribosomes the
ability to initiate translation despite the absence of an
AUG initiation codon [41]. This and other data (see
below) implicate elF2 in playing a role in ribosomal
recognition of the initiation codon. The f subunit is the
only subunit of elF2 to bind mRNA strongly [44, 45].
Different eukaryotic eIF2/ subunits range from 250 to
333 amino acid residues in length, but all contain two
motifs that could interact with RNA. These are
polylysine tracts in the poorly conserved N-terminal
half of eIF2f and a C,-C, zinc finger-like motif in its
strongly conserved C-terminal half [46]. Neither binding
of zinc to eIF2 nor a functional requirement for zinc by
elF2 have been observed. Cross-linking studies iden-
tified residues 205-333 of rabbit eIF2f which contain
the C,-C, motif as the primary site of mRNA binding
[44], whereas in a different study, the N-terminal half of
yeast elF2f (which contains three polylysine tracts)
bound mRNA more strongly than the C-terminal half
[45]. These tracts are required for binding of mRNA but
not tRNA to yeast elF2 and are essential for elF2
function in vivo [45, 47]. They also mediate binding of
elF2 to the eIF2Be¢ subunit and to elF5 by interacting
with bipartite motifs conserved in these two polypep-
tides [47—49]; other elements in the C-terminal third of
elF2p are also required for the interaction with eIF2B
[50]. Interactions of eIF5 and elF2B with elF2f are
mutually exclusive, consistent with these two factors
promoting opposing reactions on the guanosine nucle-
otide bound to elF2. The C,-C, motif is required for the
in vivo function of eIF2 [51] and has been implicated in
start site selection during the scanning process: ten
independent mutations in or adjacent to this motif
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allow initiation to occur at a UUG codon in the ab-
sence of an AUG initiation codon [51, 52]. These sup-
pressor mutations do not alter the interaction of eIF2
with mRNA [45], but at least one conferred a high
intrinsic rate of spontaneous GTP hydrolysis and a
consequent high rate of initiator tRNA dissociation on
elF2 [53].

Initial data concerning the identity of the eIF2 subunit
responsible for binding GTP and tRNAM** were contra-
dictory: photoaffinity labelling of eIF2 with GTP ana-
logues and cross-linking of eIF2 to Met-tRNAM¢! led to
labelling of both £ and y subunits [54—56]. However,
more recent biochemical and genetic evidence indicates
that the eIF2 y subunit is primarily responsible for
binding these ligands [53, 57-59]. The eIF2y subunits
from various eukaryotes range in length from 446 to
527 residues but their sequences are remarkably con-
served [ > 72% identity; refs 56, 60—62], particularly in
the sequence blocks surrounding the consensus motifs
that are found in a superfamily of GTP-binding
proteins, including prokaryotic translation, initiation,
and termination factors [63, 64] (fig. 2). Remarkably,
elF2y shares strong homology with the prokaryotic
elongation factor EF-Tu (~ 50% similarity and 27%
identity) and its sequence is compatible with the three-
domain structure of EF-Tu [65]. The principal differ-
ences are that relative to EF-Tu, elF2y has a
non-essential N-terminal extension and an essential in-
sertion in domain 1 [60]. EF-Tu, the prototype for G
protein translation factors, also binds aminoacylated
(elongator) tRNAs in a GTP-dependent manner and
might therefore serve as a useful model for GTP-depen-
dent binding of initiator tRNA by elF2y. The GTP-
and tRNAM¢<-binding sites are in close proximity in
EF-Tu [65]. Consensus motif G4 forms part of the
guanine ring-binding loop in G proteins; mutations in
this motif abrogated or strongly impaired the function
of yeast eIF2y in vivo and impaired binding of guanine
nucleotides in vitro [57, 59]. Binding of initiator tRNA

G1 G2
GxXXXGKT/S DXXXXKKAHXXXT
eIF2y 43 NIGTIGHVAHGKSTVVKA (6) VRFKNELERNITIKLGY (45)
eIF5B 628 ICVLMGHVDTGKTKILDK (3) THVQDGEAGGITQQIGN (26)
IF2 388 VVTIMGHVDVGKTSLLDY (3) TKVASGEAGGITQHIGA (8)
EF-Tu 10 NVGTIGHVDHGKTTLTAA (19) DNAPEEKARGITINTSH (8)
EF-1 4 NIVVIGHVDSGKSTTTGH (34) DKLKAERERGITIDISL (8)

G3 G4 GS

DxxG NKxD SAK/L
HVSFVDCPGHDILM (42) ILILONKIDLVKES (21) PIIPISAQLKYNI
GMLIIDTPGHESFS (40) FIVALNKIDRLYDW (54) SLVPTSAHTGDGM
MITFLDTPGHAAFT (40) VVVAVNKIDKPEAD (22) QFVHVSAKAGTGI
HYAHVDCPGHADYV (41) IIVFLNKCDMVDDE (24) PIVRGSALKALEG
YVTIIDAPGHRDFI (48) LIVGVNKMDSTEPP (38) NMLEPSANMPWEK

Figure 2. Sequence alignment of eukaryotic GTP-binding factors elF2y, eIF5B, and EF-1, and the prokaryotic translational
GTP-binding factors IF2 and EF-Tu. Bold characters correspond to amino acid residues that are identical to those in the consensus

sequences G1-G5 [63, 64, 185].
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Table 1. Properties of mammalian and Saccharomyces cerevisiae elF3 subunits.
Mammalian Number of Yeast subunit Yeast gene Number of Identity Motifs/function References
subunit amino acids amino acids

pl3s TIF31 1277 81
pl70 1382 pl10 Rpgl/TIF32 964 29% PCI 82-84
pll6 873 p90 Prtl 724 36% RRM, PCI 85-87
pl10 913 p93 Nipl 813 31% 81, 88
po6 548 binds RNA 89
p48 445 PCI 90
p47 320 p33 Tif35 274 32% RRM 91-94
p40 352 Mov-34 family 89
p36 325 p39 Tif34 347 46% WD40 repeats 79, 81
p35 258 p30 HCRI1 265 26% 94, 97
(eIF1) 113 pl6 Suil 108 58% binds p110/Nipl 29, 30

The subunits are named according to their electrophophoretic mobility, which often differs significantly from calculated molecular
masses. elF1 is not regarded as a subunit of mammalian eIF3 but interacts with it weakly, whereas yeast elF1 exists in free form as
well as associated with eIF3 [26-29]. A 135-kDa protein encoded by TIF31 is associated with eIF3 but has not definitively been
characterized as a subunit of eIF3 [81]. The abbreviations used to designate sequence motifs in eIF3 subunits are: PCI, proteasome-

COP9 complex-initiation, and RRM, RNA recognition motif.

to yeast elF2 was impaired by N135K and Y142H
mutations, which also resulted in increased initiation at
non-AUG codons [53, 58, 59]. All three subunits of
elF2 are therefore implicated in start site selection dur-
ing the scanning process.

elF2B

The guanine nucleotide exchange factor eIF2B recycles
elF2 from its inactive GDP-bound state to its active
GTP-bound state [66]. Phosphorylation of eIF2 inhibits
recycling and leads to a general inhibition of transla-
tion. The mammalian o, f, y, J, and ¢ subunits are
homologous to the yeast GCN3, GCD7, GCDI,
GCD?2, and GCD6 subunits, respectively; there is in
turn significant homology between GCN3 (x), GCD7
(f), and GCD2 (J) subunits on the one hand, and
between GCDI1 (y) and GCD6 (¢) subunits on the other
[67—70]; they form two separate sub-complexes that can
bind eIF2 independently [71, 72]. GCD6 (¢) is the
catalytic subunit and GCDI1(y) indirectly stabilizes its
binding to elF2 [72-74]. GCD6 (&) contains a nucle-
otidyltransferase-related domain, suggesting that eIF2B
catalyzes nucleotide exchange directly, rather than indi-
rectly, for example by promoting dissociation of GDP
from elF2 [66]. The GCN3 («) subunit is not required
for eIF2B catalytic activity but plays a regulatory role,
mediating the inhibitory effects of phosphorylated elF2
as part of a GCN3-GCD7-GCD2 sub-complex that
binds eIF2(P) through its GCD2 subunit [72—74]. This
sub-complex has no nucleotide exchange activity but
may act by preventing a productive interaction between
elF2-GDP and the catalytic sub-complex. The require-
ment for GCD7 (f) and GCD?2 (J) subunits for yeast
viability suggests that they may play other roles in
addition to regulating eIF2B function [70, 75].

elF3

elF3 plays a central role in initiation and is implicated
in several consecutive steps in this process. It dissociates
the 80S ribosome into 40S and 60S subunits and binds
to 40S ribosomal subunits, thus acting as an anti-associ-
ation factor [4]. It prevents dissociation of the initiator
tRNA-eIF2-GTP ternary complex by mRNA, stabilizes
binding of the ternary complex to the 40S subunit, and
is required for binding of mRNA to the resulting 43S
complex. Recent genetic evidence has suggested that
elF3 could also play a role in start site selection during
scanning [76].

elF3 is the largest and most complex initiation factor.
Mammalian eIlF3 has a molecular mass of ~ 650 kDa,
consists of ten polypeptides and can bind elF1 (table 1).
Yeast elF3 appears to consist of between six and eight
polypeptides including elF1 [27, 28, 77, 78]. Two (p29
and p2l1) of the eight elF3 subunits identified by
Naranda et al. [77] are degradation products of other
factors [79, J. Hershey, personal communication]. A
62-kDa protein (GCDI10) associates with eIF3 but is
not required for its function [80]. A 135-kDa protein
associated with the p110 subunit of eIF3 has not defini-
tively been characterized as a subunit of elF3 [§1]. The
sequences of all mammalian and yeast elF3 subunits
have been determined and give some insights into the
multiple functions of this factor.

The pl116 and p44 subunits and their S. cerevisiae Prtl
and TIF35 homologues contain RNA recognition motif
(RRM) domains present in many RNA-binding
proteins [87, 92-94]. These and the p170 and p66 sub-
units of mammalian eIF3 bind rRNA, cellular mRNA,
and viral mRNA [89, 94, 98]; the ability to bind rRNA
may contribute to the interaction between elF3 and 40S
subunits [99]. The yeast TIF34 protein is essential for
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the integrity of the eIF3 complex [79]. This protein and
its mammalian p36 homologue contain seven WD re-
peat elements [79, 88] which are thought to interact with
other proteins, promoting the assembly of macromolec-
ular complexes [95]. Mutations in the most highly con-
served WD repeats weaken the interaction of TIF34
with TIF35 and PRT1 [28]. Subunits of eIF3 contain
additional homology domains also present in con-
stituents of other macromolecular complexes that may
mediate homo- or heterotypic subunit-subunit interac-
tions. The N-terminal halves of mammalian p40 and
p47 subunits and their lower eukaryotic homologues are
similar to each other and all contain an ~ 140-amino
acid residue motif also found in members of the Mov-34
family of proteins [89]. Constituents of the same macro-
molecular complexes, including the p170, p116, and p48
subunits of eIF3 all contain a purely «-helical homol-
ogy domain of ~ 200 amino acid residues [96]. A num-
ber of interactions between subunits of mammalian and
of yeast eIF3 have been identified [27, 28, 87, 93, 94].
Significantly, eIF3 also interacts with eIF5 and through
its p110 (Nip1) subunit with eIF1 [27-29, 92]. eIF3 also
binds elF4F, probably to its eIF4G subunit [100] and to
elF4B [101].

elF4A

elF4A is an ATP-dependent RNA-binding protein, an
RNA-dependent ATPase, and an RNA helicase [102—
105]. It is thought to disrupt secondary and tertiary
structure in the 5-untranslated region of capped
mRNAs in order to facilitate ribosomal attachment and
to permit scanning to the initiation codon. e[F4A is the
prototype of a large family of ‘DEAD’ box RNA heli-
cases that contain specific consensus sequences in eight
conserved motifs [106]. In helicases of known structure,
these conserved motifs, including the ATP-binding site,
line the cleft between two sub-domains [107]. The N-ter-
minal ATPase domain of S. cerevisiae eIF4A (lacking
the RNA-binding motifs) comprises a seven-stranded,
twisted S sheet flanked by five « helices on one side and
four on the other [108]. The positions of the conserved
motifs in this e[F4A fragment are clustered together in
an identical manner to those of the DNA helicase PcrA
of Bacillus stearothermophilus [109]. This observation
suggests that these enzymes utilize an identical mecha-
nism for hydrolysis of ATP and possibly for transfer-
ring the energy of ATP hydrolysis to the (RNA or
DNA) substrate. ATP is fixed at two sites in eIF4A: the
adenine base fits into a conserved pocket and the phos-
phate is positioned by motif 1. All eIF4A polypeptides
are very similar in size ( ~ 410 amino acid residues) and
their sequences are all closely related, particularly in the
conserved motifs. The functions of some of these con-
served motifs in S. cerevisiae and mouse eIF4A have
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been elucidated by mutational analyses [110—114]. Mu-
tations in motif 1 (AxxxxGKT) render e[F4A incapable
of binding ATP; motif 5 (DEAD) is critical for ATP
hydrolysis and thus for RNA helicase activity, but is
not essential for ATP binding. These observations are
consistent with the location of these motifs in the crystal
structure relative to the bound nucleotide [108]. Motif 6
(SAT) is dispensable for ATP binding and hydrolysis
but is required for RNA helicase activity, and motif 8
(HRIGRxxR) is required for RNA binding and RNA
helicase activity. RNA activates ATP binding, so muta-
tions that impair RNA binding also impair ATP hy-
drolysis. Mutations in these domains yield proteins that
are trans-dominant inhibitors of translation, probably
because they are incorporated into elF4F and subse-
quently inactivate this factor [114].

Duplex unwinding by elF4A may result from a cycle of
changes in protein conformation and RNA affinity
caused by ATP binding and hydrolysis. Nevertheless,
elF4A alone is an inefficient helicase (maximally hy-
drolyzing ATP at a rate of ~3 per minute) and is
non-processive, because it dissociates from ssRNA
faster than it hydrolyzes ATP [104, 105, 115]. The
helicase activity of eIF4A is enhanced by elF4B, eIF4H,
and elF4F [102, 104, 105, 112, 116]. It is not yet known
whether and how these factors alter enzymatic and
kinetic parameters of eIF4A interactions with its sub-
strates and products, for example to increase its affinity
for RNA and to confer processivity to its activity. In
yeast, e[F4B suppresses a temperature-sensitive muta-
tion in elF4A in vivo and the same eIF4A mutant is
synthetically lethal with elF4B, eIF4E, and elF4G
[117-119]. In eukaryotes, eI[F4A exists in free form and
as part of elF4F, binding to two sites in mammalian
elF4G and to a single site in yeast eI[F4G [120-122]. Tt
also binds to the translational regulators p97 and
polyadenylate-binding protein (PABP)-interacting pro-
tein (PAIP) [123, 124].

elF4B and eIF4H

Although elF4B is thought to play a stimulatory role
during translation initiation, no unique essential func-
tions have been assigned to it in either mammals or in
yeast. Mammalian eIF4B strongly stimulates the heli-
case activity of eIF4A and eIF4F [102, 125] and en-
hances (but is not essential for) ribosomal attachment
to capped globin mRNA [126] and to the encephalomy-
ocarditis virus (EMCYV) internal ribosomal entry site
(IRES) [127] (see below). In S. cerevisiae, genetic inter-
actions between elF4B and elF4A, elF4E, and elF4G
[117, 119] suggest a role for this factor in ribosomal
binding to mRNA and in unwinding RNA secondary
structure that is supported experimentally [118]. Never-
theless, S. cerevisiae eIF4B is not essential for growth
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[117, 118]. Human eIF4B (611 amino acid residues
long) has a modular structure consisting of an N-termi-
nal RRM domain, a middle domain with a DRYG
repeat motif [128] and a second, C-terminal RNA-bind-
ing region [129, 130]. Similar motifs are found in the
smaller S. cerevisiae and Saccharomyces pombe factors
(436 and 388 amino acid residues long, respectively).
Human eIF4B may form a bridge between elF3 and the
40S subunit, since the central domain mediates homo-
dimerization and interaction with the p170 subunit of
elF3 [101] and the RRM may bind specifically to 18S
rRNA [130]. The N- and C-terminal domains of yeast
elF4B also bind RNA, but the N-terminal RRM does
not have a similar rRNA-binding specificity [131]. This
protein does have an RNA-annealing activity [131, 132]
which has been proposed to function reciprocally with
the helicase activity of eIF4A to systematically open
and close intractions between mRNA and rRNA,
tRNA or mRNA during the scanning process. It has
been noted that this process occurs too slowly and
appears to require excessively high protein-to-RNA
concentrations to be biologically relevant [133].
Recently, a new mammalian translation initiation factor
termed eIF4H has been identified that shows significant
homology with elF4B, is five- to tenfold less abundant
and has similar functions, enhancing the activities of
elF4A and elF4F in translation and ATP hydrolysis
assays [105, 134].

elF4E

Cytoplasmic eukaryotic mRNAs have a 7-methyl-
G(5)ppp(5')N ‘cap’ (where N is any nucleotide) at their
5" termini that synergizes with the 3’ poly(A) tail in
stimulating translation initiation [135, 136]. This ‘cap’ is
specifically recognized by elF4E, the cap-binding sub-
unit of the heterotrimeric factor eIF4F. All eukaryotes
appear to encode multiple isoforms of eIF4E that are
strongly conserved, except for a non-essential N-termi-
nal sequence of variable length [137, 138]. The struc-
tures of this conserved domain of murine eIF4E bound
to the cap analogue 7-methyl-GDP and of S. cerevisiae
elF4E have been determined by X-ray crystallography
and by NMR [138-141]. These proteins resemble a
cupped hand consisting of a curved f sheet of eight
anti-parallel strands (S1-S8) backed by three long he-
lices that lie almost parallel to the top strand of the f
sheet (fig. 3). The cap analogue binds in a narrow slot
on the concave surface of eIF4E. Recognition is medi-
ated by I7-II stacking between the 7-methyl-guanine
and the indole groups of two absolutely conserved
tryptophan residues, by three Watson-Crick-like hydro-
gen bonds and by van der Waal’s contact with a third
conserved tryptophan [138]. Phosphorylation of elF4E
at Ser209 in murine eIF4E or its equivalent enhances
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binding of eIF4E to capped mRNA and stabilizes the
interaction between eIF4E and eIF4G [142, 143]. Phos-
phorylation of this residue may enable it to form a salt
bridge with Lys159 to form a retractable bridge over the
slot, thereby stabilizing the binding of capped mRNA
to eIF4E. These conclusions are consistent with muta-
tional analyses [144, 145].

The elF4G constituent of eIF4F uses an invariant Tyr-
XXXX-Leu-@ peptide segment (where X is variable and
@ is a hydrophobic residue) to recognize eIF4E (fig. 3);
this recognition motif undergoes a disorder-to-order
transition when it interacts with a phylogenetically in-
variant site on the convex surface of eIF4E [139]. Sub-
stitution of interacting residues in either eIF4E or
elF4G impairs or abolishes interactions between these
factors [146—151]. A reduction in the affinity of eIF4E
for eIF4G is likely to favor cap-independent translation
over cap-mediated initiation. Remarkably, mammalian
and yeast 4E-binding proteins that inhibit cap-depen-
dent protein synthesis by competing with elF4G for
binding to elF4E [152—-154] are molecular mimics of
elF4G that undergo the same disorder-to-order transi-
tion on binding to the same site as elF4GII on the
convex surface of eIF4E (fig. 3) [139, 141].

elF4G

The cap-binding complex elF4F consists of elF4A,
elF4E, and eIF4G subunits, although in lower eukary-
otes elF4A is bound less strongly [122, 155, 156]. A
growing body of evidence indicates that eIF4G plays a
central role in coordinating and enhancing the activities
of various factors during the early stages of initiation
[157, 158]. These include the cap-binding activity of
elF4E, the RNA helicase activity of elF4A, the
poly(A)-binding activity of PABP, and the mRNA and
40S subunit-binding activities of elF3 [100, 121, 146,
153, 159-161]. In addition, eIF4G binds directly and in
some instances specifically to mRNA [162-164]
through a putatively RRM-like domain [165]. eIF4G
binds each of these translational components directly
(see below). Taken together, these observations suggest
that eIF4G plays an essential bridging role as a riboso-
mal recruitment factor.

Mammalian, plant, and yeast cells all contain two
elF4G isoforms that differ from each other significantly
in size, sequence, and activities. Mammalian elF4GI is
ten times more abundant than eIF4GII and shares only
46% amino acid identity with it [166]; yeast TIF3632
(914 amino acids in length and 53% identical to the
TIF4631 protein) can be disrupted without effect in
vivo, whereas disruption of TIF4631 (952 amino acids
in length) confers a slow-growth phenotype [165]. The
plant elF4F complex contains a 220-kDa eIF4G
polypeptide and a 26-kDa eIF4E component, whereas
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the elFiso4F complex contains elFiso4G (86 kDa) and
a 28-kDa eIF4E [167]. There are significant sequence
homologies between various eIF4G polypeptides [156,
168] which have in some instances been shown to corre-
spond to binding sites for other translation compo-
nents. The binding site for PABP within yeast eIF4G
has been localized [148, 159] to a 115-amino acid region
N terminal to the binding site for eIF4E [153]. Mam-
malian elF4G and wheat elFiso4G proteins also con-

N elF4GIT
peptide

C elF4GIT
peptide

N 4E-BP1
peptide

X

li elF4E
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tain a binding site for PABP [160, 168] N terminal to
the elF4E-binding site, which in mammals has been
limited to 17 amino acid sequence [139, 146]. The cen-
tral third of mammalian eIF4G binds elF4A, elF3, and
RNA; the C-terminal third of eIF4G contains a second
elF4A-binding site [100, 121, 162]. This region is absent
in yeast eI[F4G and although present in wheat elFiso4G
appears not to be bound by eIF4A, which binds only to
a central region of this factor [168].

N elF4GIT

B peptide

N 4E-BP1

. peptide

N eIF4E

* 4E-BP1
peptide

Figure 3. Structures of eIF4E bound to m’GDP and either eIF4G peptides (4, B) or 4E-BP1 peptides (C, D). Ribbon diagrams of the
ternary complex structures of murine eIF4E (blue) bound to m’GDP (ball and stick representation) and eIF4GII or 4E-BP1 peptides,
viewed perpendicular to the eIF4E f sheet (4, C) and in profile, rotated 90° about the vertical axis from the previous view (B, D).
7-methyl-GDP is in the cap-binding slot on the convex face of eIF4E. (4, B) The eIF4GII peptide (orange) forms an L-shaped structure
that interacts with the N terminus of eIF4E and two of three long « helices (Hl and H2) on its convex dorsal surface. (C, D) The
4E-BP1 peptide (yellow) adopts a very similar conformation on binding to eIF4E. Figure courtesy of S. K. Burley and J. Marcotrigiano
[reprinted from ref. 139].
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elF5

elF5 is a GTPase-activating protein specific for elF2
[169]. It interacts with the 48S complex to promote
hydrolysis of eIF2-bound GTP which leads to the re-
lease of eIF2-GDP and Pi from the 40S subunit and
eventually to its joining with a 60S subunit to form an
active 80S ribosome [170]. S. cerevisiae eIF5 is an essen-
tial, single-copy gene that can be functionally replaced
by rat eIF5 [171-173]. Sequence similarity between elF5
moieties from different species is greatest over the N-ter-
minal 160 amino acid residues, which contain a putative
C,-C, zinc finger that has been implicated in binding
RNA [174], and a shorter C-terminal region that con-
tains determinants of the eIFS5 interaction with elF2
[47-49]. Determinants of elF5’s interaction with the
p110/Nipl subunit of eIF3 are not known [27, 28, 92].

elF5A

Formation of the first peptide bond, which marks the
end of the initiation process and the beginning of elon-
gation, is assayed using methionylpuromycin synthesis
as a model reaction. This reaction is stimulated in vitro
by eIF5A, which is therefore implicated late in the
initiation process. Eukaryotic ( ~ 154 amino acids long)
and archaebacterial eI[FSA polypeptides have strongly
conserved sequences and are all uniquely modified at a
conserved lysine residue to form hypusine [25, 175].
Crystal structures of two archaebacterial eIF5A
polypeptides show that they comprise an N-terminal f
domain connected by a flexible linker to a C-terminal
OB-like domain [176, 177]. The eIF5A protein and its
hypusine modification are both essential in S. cerevisiae
[178] but depletion of eIF5A does not affect the rate of
protein synthesis significantly in vivo, casting some
doubt on its requirement in translation [179, 180]. Alter-
native functions for eIF5SA in mRNA turnover or cellu-
lar RNA export have been suggested [180]. However,
other experiments in mammalian cells support a role for
elF5A in protein synthesis [181].

eIF5B

The term eIF5B has recently been suggested to designate
a ~ 175-kDa protein that is required with eIF5 for
joining of the large (60S) ribosomal subunit to a 48S
initiation complex assembled at the initiation codon of
an mRNA [182]. This single large polypeptide is the
eukaryotic homologue of IF2 and has itself previously
been designated as eIlF5 [1] and more recently as
FUNI12, yeast IF2 (yIF2), and human IF2 (hIF2) [183—
186]. eIF5B polypeptides from different organisms range
from ~ 1000 to 1200 amino acid residues in length and
have highly charged but otherwise relatively divergent N
termini [183—186]. The extensive sequence homology in
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the C-terminal half of all family members is highest in
the center of each protein in a region that contains all
five sequence motifs characteristic of GTP-binding
proteins (fig. 2). Human eIF5B can be UV cross-linked
to GTP and has a GTPase activity that is absolutely
dependent on the presence of ribosomal subunits [182].
Knockout experiments show that yeast eIFSB has an
important function in translation [183, 184]. By analogy
with prokaryotic IF2, this function could be recruitment
of initiator tRNA to the small ribosomal subunit, ad-
justment of its position in the ribosomal P site, or
subsequent joining of ribosomal subunits [187, 188]. The
first of these seems unlikely since eIF5B does not bind
initiator tRNA (S. A. Wilson, personal communication)
and cannot complement lack of eIF2 in vivo [184].
Moreover, a defect in recruitment of initiator tRNA to
the ribosome should enhance regulated reinitiation at
the GCN4 initiation codon by permitting ribosomes to
bypass the short upstream opening reading frames
(ORFs) 2—4 but depletion of elF5B in S. cerevisiae did
not have this effect [184]. A role for eIF5B in adjusting
the position of initiator tRNA in the ribosomal P site
cannot be ruled out at present, but the principal step in
the initiation process for which eIF5B is required is the
joining of the large (60S) to the 48S initiation complex
after it has assembled at the initiation codon of an
mRNA (see below).

elF6

Anti-association of dissociated ribsomal subunits is me-
diated by several factors, and had been thought to
involve a 27-kDa protein termed eIF6 [189]. Although
this protein binds strongly to 60S subunits, recent evi-
dence suggests that it may be involved in ribosome
biogenesis or assembly but plays no part in ribosomal
anti-association [190-192].

PABP

The 3’ poly(A) tail of mRNAs stimulates their transla-
tion even in the absence of a 5'-terminal m’G cap, and
acts synergistically together with it to enhance transla-
tion [135, 136, 193, 194]. The effect of the poly(A) tail on
translation is mediated by the cytoplasmic poly(A)-bind-
ing protein PABP [136, 195, 196]. The overall structure
of PABP from divergent organisms is remarkably well
conserved. PABP contains a proline-rich C-terminal
domain and four highly conserved RNA-binding do-
mains each consisting of an RRM of ~ 80 amino acids.
All four RRMs can bind RNA independently, but the
highest affinity for poly(A) resides in the first two
domains together [197, 198]. These two RRMs each
contain four f strands and two « helices and are con-
nected by a linker that contains a short o helix [199].
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The two adjacent S sheets form the floor and an inter-
strand loop from each RRM and the RRMI1-RRM2
and RRM2-RRM3 interdomain linkers form the sides
of a continuous RNA-binding trough. It mediates spe-
cific, high-affinity binding to polyadenylate RNA,
which adopts an extended conformation running
through the entire length of the trough [199]. The less-
conserved C-terminal domain does not contribute to
RNA affinity or selectivity but enables formation of
homodimers of PABP [198].

Experiments performed in vitro and in vivo have re-
vealed that in the synergistic stimulation of translation
of capped, polyadenylated mRNA, PABP participates
in steps during initiation involving factors associated
with the cap [135, 136, 194]. PABP has subsequently
been found to bind to human and yeast eIF4G [159—
161] and to wheat elFiso4G and eIF4B [168]. PABP
also binds to a human 480-amino acid PABP-interact-
ing protein-1 (PAIP-1) which resembles the central por-
tion of elF4G [124]. Current models hold that PABP
can stimulate poly(A)-dependent recruitment of 43S
complexes to mRNA through its association with
elF4G, which in turn provides the link to this complex
by interacting with its eIF3 constituent [200]. In addi-
tion, PABP can stimulate cap-dependent translation
independently of its interaction with eIF4G and poly(A)
by an unknown mechanism [200]. This stimulatory in-
fluence may be related to the role of PABP in the
synergistic activation of translation of capped,
polyadenyated mRNAs. These models for enhanced
recruitment of 43S complexes do not rule out possible
involvement of PABP in the subunit-joining reaction,
and possibly in ‘recycling’ ribosomes from the 3’ end to
the 5’ end of an mRNA after termination of translation
[196].

The PABP-binding site in yeast eIF4G lies within a
115-amino acid region N terminal to the binding site for
elF4E [148, 159] and to an equivalent region in mam-
malian elF4G [160, 161]. RRM2 of yeast PABP is
required but not sufficient for its interaction with
elF4G [201]. The cocrystal structure of PABP RRMs
1 + 2 with polyadenylate RNA [199] suggests phyloge-
netically conserved hydrophobic and acidic surface
residues on the convex dorsal surface of PABP that may
interact with eIF4G and PAIP-1. Synergistic activation
of translation by the cap and the poly(A) tail can be
destroyed in vitro by disruption of the interaction be-
tween elF4E and elF4G or between PABP and elF4G,
but additional stabilizing interactions possibly involving
additional factors may occur in vivo, because mutations
that weaken interactions in the eIF4E/eIF4G/PABP
complex do not lead to cell lethality [147, 148, 159, 202].
Yeast PABP is an essential protein [202], so, alterna-
tively, functions of PABP other than synergistic activa-
tion of translation are necessary for viability. The
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functional consequences of the interactions between
PABP, elF4G, and eIF4B are, at least in plants, to
enhance the affinity of PABP for poly(A) and of eIF4F/
elFiso4F for the 5" cap [168, 203], and in yeast to bring
the termini of an mRNA into close physical proximity
during initiation [204]. These RNA-protein interactions
may synergize, contributing to enhanced recruitment of
43S complexes to the 5" end of an mRNA.

The mechanism of translation initiation

Models for the mechanism of translation initiation in
eukaryotes (fig. 4) are in large part based on the results
of in vitro biochemical experiments, in the most part
done using f-globin as a model capped mRNA. Al-
though some steps in the proposed pathway have re-
ceived independent support, most significantly from
genetic studies in yeast, it is important to note that
many steps in initiation are poorly understood and that
all descriptions of them should be considered as work-
ing models. Specifically, (i) initiation of translation of a
small but significant number of eukaryotic mRNAs
apparently occurs by mechanisms such as internal ribo-
somal entry and shunting [205] that are incompatible
with the canonical model and (ii) it is by no means
certain that the full set of factors that mediate transla-
tion initiation on canonical mRNAs is known. Over the
last 3 years, a significant number of novel factors have
been implicated in translation initiation but have not
yet been integrated into a coherent model of this pro-
cess. These include the Dedl protein [119, 206, 207],
elF4H [105, 134], p50 [208], the PABP-interacting
protein PAIP-1 [124], and a family of eIF4E-related
proteins [209, 210].

Dissociation of 80S ribosomes

Initiation of protein synthesis in all organisms begins
with separated ribosomal subunits. In eukaryotes, ribo-
somes are released from mRNA after translation termi-
nation, but whether or not dissociation requires
additional factors is not yet known. Physiological ionic
concentrations favor the (premature) reassociation of
subunits to form inactive 80S ribosomes, but this is
prevented by the anti-association activities of eIF1A
and elF3, which bind to the 40S subunit to prevent it
from binding to the 60S subunit [4]. The mechanism by
which elF3 prevents association is not known, but
appears not to involve direct physical blockage of the
subunit-subunit interface [211]. Until recently ‘elF6’
was assumed to have had significant anti-association
activity, resulting from its strong interaction with the
60S subunit, but it is now thought that this polypeptide
plays no part in this process [187—-189].
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Figure 4. Schematic representation of the pathway of 48S complex formation on a capped eukaryotic mRNA. This model depicts the
initial stage of action of some of the initiation factors that participate in initiation complex formation. A ternary complex comprising
initiator tRNA, GTP, and elF2 is bound to a 40S subunit associated with elF1, eIF1A, and elF3 to form a 43S preinitiation complex.
At least four factors, eIF4A, eIF4B, eIF4F, and PABP cooperate in ATP-dependent mRNA binding to the 43S complex. The function
of these factors is described in the text. The bound 43S complex then scans the 5’ non-translated region in a 5'-3’ direction until it
recognizes the initiation codon. At this stage, hydrolysis of elF2-bound GTP is triggered by elF5, leading to release of eIF2-GDP and
allowing the resulting 48S complex to join with a 60S ribosomal subunit to form a translationally competent 80S ribosome.

Recognition of initiator tRNA by elF2

Aminoacylated initiator tRNA forms a ternary complex
with eIF2 and GTP before it binds the 40S subunit. In
the 80S subunit, initiator tRNA binds to the P site and
is excluded from the ribosomal A site. Initiator tRNA
has unique sequence and structural features that are not
found in elongator tRNAs, some of which either deter-
mine its interaction with elF2 or act as anti-determi-
nants of interaction with elongation factors so that it is
excluded from the ribosomal A site. The identity (me-
thionine) and the presence of the aminoacyl residue are
essential for ternary complex formation with elF2 and
GTP [212] and the A1-U72 base pair at the end of the
acceptor stem determine the efficiency of its formation
[213]. Mutation of this base pair to G1-C72 abolished
the function of yeast initiator tRNA in vivo [214]. The
amino acid residues in elF2 that determine its recogni-
tion of Met-tRNAM' are not known. The factors
elF1A and eIF3 may associate with 40S subunits imme-
diately after dissociation of 80S ribosomes (see above)
and have been reported to stabilize binding of ternary
complexes to 40S subunits [4, 215]. This activity may
result from direct interactions between these factors and
the ternary complex, or may be the result of induced

changes caused by their binding to 40S subunits. A
third factor, eIF4C, may also play a similar role, but
although it has been cloned recently [216], little more is
known about this protein.

Recruitment of 43S complexes to capped mRNA

The majority of eukaryotic mRNAs are capped and
their binding to ribosomal 43S preinitiation complexes
is thought to be mediated by the synergistic effects of
the 5'-terminal cap and the 3’ poly(A) tail [135, 136,
193, 194] and an interacting network of initiation fac-
tors, including the eIF4E, elF4A, and elF4G subunits
of eIF4F, elF4B, and PABP. Physical and genetic inter-
actions between several of these factors have been de-
tected and shown to enhance binding of eIF4A and
elF4E to mRNA (see above). The cycling of elF4A
through elF4F [120] and the inhibitory effect of 4E-
binding proteins on elF4E-eIF4G interaction [152—154]
provide clear evidence for an equilibrium between
elF4F and its subunits. However, whether elF4F as-
sembles before or after binding to capped mRNA is not
yet clear: conflicting evidence suggests either that eI[F4E
alone [217] or elF4F [149, 218, 219] first binds to the
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cap. The 43S complex then either binds eIF4G and is
recruited to the elF4E-bound capped mRNA via
elF4E-eIF4G association, or the 43S complex is re-
cruited directly to the capped mRNA /eIF4F complex.

The mechanism of 43S preinitiation complex binding to
capped mRNA has not been characterized in detail, but
several individual steps in this process have been sug-
gested. First, binding of the eIF4A subunit of elF4F
and associated eIF4B to the cap-proximal region of an
mRNA results in localized unwinding of the 5’ non-
translated region (SNTR) in an ATP-driven reaction,
yielding single-stranded mRNA that is potentially a
ribosome-binding site [102, 103]. A reaction of this type
would explain the ATP requirement for ribosomal re-
cruitment to mRNA [220, 221]. Subsequent ribosomal
recruitment to a ‘prepared’ mRNA could then be medi-
ated by bridging interactions between elF3 and eIF4G
[100], eIF4B [101], mRNA [77, 89, 91, 94], and the 40S
subunit [2, 99], as well as by direct binding of elF4A,
elF4B, elF4G, and the 40S subunit to mRNA. Disrup-
tion of the yeast eI[F4B gene led to preferential inhibi-
tion of translation of mRNAs with stable secondary
structure in the 5NTR [118], and over-expression of
elF4E in mammalian cells facilitated translation of such
mRNAs [224]. Nevertheless, some of these interactions
may be redundant: e[F4B enhances initiation but is
non-essential in vivo in S. cerevisiae [117, 118] and in
vitro in reconstituted mammalian initiation [126], and
initiation on uncapped mRNAs occurs as a result of 5’
end-dependent scanning [222] even though it does not
require elF4E or the N-terminal third of eIF4G [147,
223]. The component of the translation apparatus that
promotes attachment of 43S complexes to the 5’ termini
of uncapped mRNAs is not known, but the properties
of eIF3 and its presence at the entry site of the mRNA-
binding cleft of eukaryotic 40S subunits suggest that it
is a candidate. Recent genetic experiments have impli-
cated additional factors in ribosomal recruitment: the
essential DEAD box helicase Ded1p and its non-essen-
tial Dbpl homologue (72% identity) both suppressed a
temperature-sensitive defect in eIF4E, and mutants of
the former protein were synthetically lethal with eI[F4A
and elF4E mutants and synthetically lethal in cells
lacking eIF4B or one of the two eIF4G genes [119, 206,
207]. The function of Dedlp in translation appears to
be evolutionarily conserved because the yeast DEDI1
gene could be functionally replaced by a mouse homo-
logue [206].

Recruitment of 43S complexes by internal ribosomal
entry

Initiation of translation of several viral and cellular
mRNAs is 5" end independent and occurs instead by
ribosomal attachment to an IRES [225-228]. All IRESs
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are long RNAs with extensive secondary structure and
are functionally defined by their ability to promote
translation of the downstream cistron in a dicistronic
mRNA independently of translation of the upstream
cistron (fig. 5). Related viruses contain similar IRESs,
but otherwise most IRESs differ significantly from one
another in terms of length, sequence and structure, and
thus very likely in details of the mechanism by which
they bind ribosomes. The number of mRNAs known to
contain an IRES is increasing continually, but only
three groups of IRESs have been characterized in sig-
nificant detail.

Hepatitis C virus and related viruses contain a compact
~ 330 nucleotide-long IRES that extends ~ 30 nucle-
otides into the coding region. Initiation occurs at the
site of ribosomal attachment and does not involve scan-
ning [229, 230]. This mode of direct ribosomal attach-
ment may explain why the initiation codon context has
little influence on the efficiency of initiation and why
initiation can occur efficiently if the initiation codon is
replaced by non-AUG triplets. Remarkably, 40S sub-
units form stable binary complexes with this IRES by
binding directly at the initiation codon without any
requirement for initiation factors [231]. This type of
interaction is reminiscent of the interaction of prokary-
otic 30S subunits with Shine-Dalgarno sequences but
not exactly analogous, because ribosomal-binding de-
terminants in this IRES do not comprise a single linear
sequence. A model for ribosomal binding to the hepati-
tis C virus (HCV) IRES suggests that interaction with
at least one ‘recruitment’ site within the IRES is fol-
lowed by accommodation of the initiation codon region
within the mRNA-binding cleft of the 40S subunit
[231]. The HCV IRES also contains a binding site for
elF3 [98, 231] and its interactions with these two com-
ponents of a 43S preinitiation complex are sufficient to
promote both ribosomal recruitment and accurate
placement of initiator tRNA in the ribosomal ‘P’ site
(fig. 6).

EMCYV exemplifies a group of viral IRESs that also
includes foot-and-mouth disease virus (FMDV) and
Theiler’s murine encephalomyelitis virus (TMEV) [232-
234]. The EMCV IRES is more than 100 nucleotides
longer than the HCV IRES and has an unrelated se-
quence and structure, but the initiation codon (AUGg,,)
is nevertheless also at or near the initial site of riboso-
mal attachment [235]. TMEV and FMDYV IRESs pro-
mote initiation at two sites, one at and one downstream
of a position equivalent to EMCV AUGg,,. Whether
ribosomes reach the second start site by scanning from
the vicinity of the first or by some other mechanism has
not yet been established [e.g., refs 236, 237]. Initiation
on the EMCV IRES to the stage of 48S complex
formation requires a basal set of factors (eIFs 2, 3, 4A,
and 4G), is enhanced by elF4B and a cellular RNA-
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binding protein termed the pyrimidine tract-binding
protein (PTB), and does not involve elF4E [127, 162].
Direct and specific binding of eIlF4G to a domain
upstream of the initiation codon promotes binding of
elF4A and elF4B to the EMCV IRES, and is required
(but is not sufficient) for ribosomal recruitment to this
and all related IRESs [e.g., refs 127, 162, 163] (fig. 6).
Interaction of eIF4G with these IRES-containing mR-
NAs may therefore play an analogous role in their
translation to that of eIF4E with the cap in cap-medi-
ated translation. The requirement for PTB in this initia-
tion mechanism is not absolute and it seems likely that
when PTB is required, its binding to the IRES helps to
maintain its higher-order structure in an appropriate
active conformation [238].

A third group of IRESs includes poliovirus and rhi-
novirus. These IRESs are similar in size to the EMCV
IRES but differ from it significantly in terms of se-
quence and secondary structure and do not overlap the
initiation codon but instead promote initiation at start
sites that are between 31 and 154 nucleotides from their
3" border [205, 234]. The mechanism by which ribo-
somes reach the start site after initial recruitment to the
IRES is obscure; arguments have been advanced both
for scanning from the 3’ border of the IRES and for
IRES-mediated binding at sites downstream of its 3’
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border [234—-241]. The latter mechanism is analogous to
the proposed two-step binding of 40S subunits to the
HCV IRES, binding of residues flanking the initiation
codon being dependent on an initial interaction between
the body of the IRES and a site in the 43S complex
[231]. The full set of factors required for ribosomal
recruitment to poliovirus and rhinovirus IRESs is not
yet known. Poliovirus translation is inhibited by a
trans-dominant elF4A mutant, so elF4A is required
[114]. These viruses both encode a protease that cleaves
elF4G, separating its elF3/eIF4A-binding domain from
the N-terminal PABP/eIF4E binding domain [100]. Nei-
ther it nor eIF4E is required for IRES function [223].
Poliovirus and rhinovirus translation also requires addi-
tional (non-canonical) factors not involved in cap-medi-
ated initiation; the activity of these IRESs is severely
restricted in some tissue and cell types that support
efficient translation of capped mRNAs. Several candi-
date trans-acting factors have been identified [242-245].
Poliovirus translation is enhanced in rabbit reticulocyte
lysate by a combination of PTB and the poly(C)-bind-
ing protein-2 (PCBP-2), whereas rhinovirus translation
is most responsive to a combination of PTB and unr, a
protein that like PTB and PCBP-2 contains multiple
RNA-binding domains [245]. These three proteins may
contact the IRES at several different points, thereby
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Figure 5. Schematic structure of dicistronic mRNAs used to prove the existence of an IRES and the resulting pattern of expression
of upstream and downstream cistrons. Coding regions are boxed and non-coding regions are shown as thin lines, except segments of
the putative IRES in the intercistronic area which are drawn as thick zig-zag lines. The putative IRES is partially deleted in construct
C and cistron 1 is preceded by a stable hairpin in construct D. Expression of cistrons 1 and 2 is as indicated. This strategy has been
used to identify and characterize IRESs in the 5’ non-translated regions of the RNA genomes of encephalomyocarditis virus,

poliovirus, and hepatitis C virus, amongst others [e.g., 225-228].
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Figure 6. Models for internal ribosomal entry on the IRESs of hepatitis C virus (HCV) (4) and encephalomyocarditis virus (EMCV)
(B), leading to 48S complex formation. (4) A 43S preinitiation complex is recruited to the HCV IRES as a result of specific interactions
between the IRES and both elF3 and the 40S subunit. The resulting complex then undergoes structural rearrangements that place
initiator tRNA in the ribosomal P site so that its anticodon can base pair with the HCV initiation codon. (B) eIF4G binds to a
Y-shaped J-K domain upstream of the EMCYV initiation codon, and then recruits eIlF4A and the 43S preinitiation complex to the IRES,
leading to formation of a 48S complex. The IRESs of some EMCV strains require binding of pyrimidine tract-binding protein to
domains H and K to stabilize the IRES in an active conformation.

stabilizing the IRES in a tertiary conformation required
for internal initiation.

Initiation of HCV and EMCV translation occurs by
very different mechanisms and it would clearly be pre-
mature to assume that other IRESs will not utilize yet
other mechanisms to promote internal ribosomal entry.
Nevertheless, some common aspects of initiation medi-
ated by these different IRESs are apparent. First, initia-
tion by internal ribosomal entry requires a smaller set of
canonical factors than cap-mediated initiation, which
may enable IRES-mediated initiation to continue under
conditions (such as reduced activity of eIF4E or dissoci-
ation of eIF4E from the eIF4F complex) that inhibit
cap-mediated initiation [246]. This ability would enable
a subset of cellular mRNAs to be translated during
conditions such as mitosis, heat shock, or hypoxia.
Second, the activity of some IRESs is strongly depen-
dent on non-canonical factors, often RNA-binding
proteins, that are presumed to stabilize the IRES in a
tertiary conformation required for internal initiation.
Tissue-specific or developmental expression or regula-
tion of such factors would in turn regulate IRES func-
tion without affecting cap-mediated initiation. Third,
IRESs play a direct role in loading a 43S complex on an
mRNA and in directing its binding to a specific location
on it. This ability is probably determined by the correct

spatial dispositon of multiple binding sites on an IRES
and possibly by its ability to undergo defined structural
transitions. This model explains the large size and struc-
tural complexity of IRESs and the functional require-
ment for structural integrity. It is consistent with
observations that the sequences of related IRESs are
less strongly conserved than their secondary structures,
and that conserved residues tend to occur in unpaired
loops and bulges that could participate in RNA-RNA
or RNA-protein interactions [205, 233, 234].

Scanning

Ribosomes locate the initiation codon on conventional
capped mRNAs by ‘scanning’ 50-100 nucleotides
downstream from the initial binding site at the 5’ termi-
nus of an mRNA. Scanning is defined in terms of the
effect of mRNA structure on initiation [247] but the
molecular mechanism of this process remains very
poorly characterized. Initiation is with few exceptions
limited to AUG codons, which are recognized specifi-
cally by the anticodon of initiator tRNA [248]. Initia-
tion efficiency is reduced if the sequence ‘context’
surrounding the initiation codon deviates from a pre-
ferred optimum. However, the component of the trans-
lation apparatus that detects context residues is not
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known. Initiation on eukaryotic mRNAs is usually lim-
ited to the first AUG triplet from the 5 end of an
mRNA, which is best explained by an overall 53’
movement by scanning ribosomes so that the priority
rule is imposed by initial attachment at or near the 5’
end. Specificity of ribosomal attachment has been ar-
gued as being mediated by binding of the eIF4F/PABP
complex to the cap and to the poly(A) tail [194] but,
notably even uncapped and unpolyadenylated mRNAs
are translated by a 5’ end-dependent scanning mecha-
nism [222]. A further argument in favor of the scanning
model is that hairpin structures in the 5SNTR reduce
initiation efficiency, in proportion to their stability and
increasing with increasing proximity to the 5 cap, pre-
sumably by impairing forward movement of the scan-
ning ribosomal complex to the initiation codon [247].
The observation that 43S complexes appear to be ar-
rested upstream of a stable iron-responsive element/
iron-regulatory protein complex placed in a cap-distal
position is consistent with this model [249]. Arrest of
scanning ribosomes at the initiation codon by a down-
stream hairpin enhances start site recognition [250].
The minimal set of factors (elFs 1, 1A, 2, 3, and 4F)
required for 48S complex assembly at the initiation
codon of f-globin mRNA (a model capped cellular
mRNA) have been defined biochemically [126]. A re-
quirement for eIF4A distinct from eIF4F was not inves-
tigated: elF4B enhanced but was not essential for
initiation complex formation. A consideration of the
role of individual factors in scanning may be facilitated
by considering it as consisting of several linked pro-
cesses. They are (i) dissociation of the ribosomal com-
plex from the 5" cap to enter the processive scanning
mode, (ii) unwinding of structured RNA in the SNTR,
(iii) ribosomal movement, (iv) inspection of the 5NTR
for the initiation codon, (v) rejection of mismatched
interactions between triplets in the 5NTR and the anti-
codon of initiator tRNA and (vi) dissociation of ar-
rested complexes from the 5NTR.

A 43S complex that is recruited to the 5'-proximal end
of an mRNA by the concerted actions of elF4F and
PABP must at some subsequent stage dissociate from
these factors. Rearrangement of the preinitiation com-
plex sufficient to cause factor dissociation is most likely
to occur either when this complex enters a processive
scanning mode after initial attachment or during the
subunit joining stage. The evidence on which these
alternatives can be assessed is sparse. Recycling of
elF4E has been attributed to eIF4B [251] and more
recently to disruption of the elF4G-eIF4E interaction
and a consequent reduction of eIF4E cap-binding
affinity [149]. Assays of the association of eIF4E with
fractionated ribosomal complexes have given contradic-
tory results, not least because of the tendency of sucrose
density gradient centrifugation to strip factors from
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ribosomal complexes [217, 252]. Factors such as elF4F
or its elF4G subunit that mediate recruitment of a
ribosomal complex to capped mRNA could participate
in subsequent processes if they are not released from the
complex as it begins scanning. If they remain tethered
to the 5’ end of an mRNA, they could enable ribosomal
complexes that dissociate prematurely during scanning
to rapidly rebind to cap-proximal regions of the same
mRNA [253]. If they dissociate from the 5" end of an
mRNA, they might nevertheless play an active role in
the scanning process itself (such as increasing the pro-
cessivity of the helicase eIF4A or coupling its activity
directly to ribosomal movement).

Ribosomal recruitment and scanning both require ATP
[220]. ATP is hydrolyzed by eIF4A and associated fac-
tors that can melt structured RNA in the SNTR that
would otherwise impair ribosomal recruitment to and
subsequent movement from the 5'-proximal region. This
raises the question of whether ATP is required for
ribosomal movement per se (distinct from unwinding of
structured RNA), and if it is, whether ATP is hy-
drolyzed by 40S subunits themselves or by associated
elF4A. The minimal stimulatory effect of ATP on the
ability of 40S subunits to reach the initiation codon of
unstructured mRNAs in depleted cell-free extracts [254]
and the lack of requirement for ATP for 48S complex
formation on such mRNAs in in vitro reconstituted
assembly reactions [T. Pestova, unpublished data] sug-
gests strongly that ribosomal movement per se does not
consume chemical energy. The stimulatory effect on
initiation of a hairpin downstream of the initiation
codon [250] argues against uncoupled helicase-catalyzed
unwinding of structured mRNAs by elF4A [103]. Cou-
pling of RNA unwinding to ribosomal movement might
be mediated by elF4B or eIF4G (which both interact
with both elF4A and elF3), would serve to minimize
futile energy expenditure, and might enhance the pro-
cessivity of scanning during the scanning process.

The function of ribosomal scanning is for the 40S
subunit to locate the initiation codon rapidly and accu-
rately. Many nucleic acid-binding proteins that mediate
or regulate biological processes must similarly locate
their target sites rapidly and accurately and often do so
by being able to diffuse in the reduced dimensions of
polymeric RNA or DNA [255, 256]. Electrostatic non-
sequence-specific binding to nucleic acids allows for
either linear diffusion (sliding) or transient dissociation-
reassociation (short hops or interstrand transfer). These
processes can be considered as a ‘random walk’ driven
by thermal fluctuations in the medium in contrast to
chemical energy-dependent translocation of helicases.
Sliding is a widespread phenomenon, used to locate
target sequences by many RNA- and DNA-binding
proteins, including repressors, polymerases, methyl-
transferases, and nucleases [257-259]. We have sug-
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gested that facilitated diffusion might be an instructive
model for the ribosomal scanning process [253]. Linear
diffusion is theoretically not exclusively unidirectional,
and both prokaryotic and eukaryotic ribosomes are
indeed capable of bidirectional movement on mRNA
during reinitiation [222, 260, 261]. The failure of eu-
karyotic ribosomes to discriminate in favor of the up-
stream codon of the two AUG codons in the sequence
-AAAAUGACAAUGCUA- in the NA/NB mRNA of
influenza type B virus [262] has been suggested by
Jackson [205] as evidence for the possibility that cap-
mediated initiation is a random diffusion process.
DNA-bound EcoR1 endonuclease is thought to be in
continuous transition between a tight, specific and im-
mobile DNA-binding mode (which leads to DNA cleav-
age) and a loose, non-specific binding mode (which
allows for linear diffusion) that depends on the similar-
ity between the recognition sequence and the DNA
sequence being encountered by the enzyme [263]. A
similar transition may occur in the scanning ribosomal
preinitiation complex as it inspects an mRNA for the
initiation codon. The critical interaction that leads to
ribosomal recognition of a start site is the base pair
interaction between the anticodon of tRNAMe and the
AUG codon; translation initiation can occur at an
AGG triplet as long as the anticodon of tRNAMet is
altered from UAC to UCC [248]. Genetic suppressor
analysis has identified additional components of the
yeast translation apparatus that are important determi-
nants of ribosomal start site recognition. Factors impli-
cated in this process include eIF1 [30], all three subunits
of elF2 [41, 51-53], and eIF5 [53]. The Nipl subunit of
elF3, which binds to both eIF1 and eIF5, may also be
part of a complex involved in start site selection [76].
These studies have led to a model in which this complex
of wild-type factors in association with initiator tRNA
and the scanning 40S subunit triggers hydrolysis of
elF2-bound GTP only when a 3-bp codon/anticodon
interaction is realized at an AUG initiation codon [53].
GTP hydrolysis leads to the release of some or all
initiation factors, leaving initiator tRNA at the initia-
tion codon so that 60S subunit joining can occur. The
scanning complex may encounter and pause at a UUG
triplet in the 5NTR but in the absence of a 3-bp
codon/anticodon interaction, GTP hydrolysis is not in-
duced and the ribosome continues to scan the 5SNTR.
Mutations in elF1, elF2, or elF5 impair the ability of
the scanning complex to reject mismatched interactions
between triplets in the mRNA and the anticodon of
initiator tRNA, by promoting premature hydrolysis of
GTP, thereby allowing initiation factors to dissociate
and leaving the initiator tRNA in the ribosomal P site
with partially mismatched base pairing between
tRNAMet and the non-cognate codon.
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In the absence of elFs 1 and 1A, 43S complexes can
bind a model capped mRNA (f-globin) but dissociate
again rapidly rather than scanning to the initiation
codon [126]. These complexes become competent to
scan to the initiation codon only in the presence of elFs
1 and 1A, suggesting that they directly or indirectly
stabilize ribosomal binding and prevent premature dis-
sociation during scanning. A direct effect might involve
formation of an initiation factor ‘clamp’ that regulates
association of the SNTR with the 40S subunit mRNA-
binding cleft [126, 205]. Formation of a transient
‘clamp’ between one or more factors and the 40S sub-
unit [14, 21] could be reversed before a scanning preini-
tiation complex reaches an initiation codon, either in a
programmed event such as non-linear scanning or
shunting (during which scanning ribosomes seem to
skip over large segments of a 5NTR [264-266]) or
randomly, leading to dissociation of scanning com-
plexes before they reach the initiation codon [205].

Subunit joining

The final stage in the initiation process is joining of a
60S ribosomal subunit to the 48S complex assembled at
the initiation codon of an mRNA. This subunit joining
step leads to release of some or all initiation factors
from the 40S subunit and formation of an 80S ribosome
that is competent to begin translation. Investigation of
the subunit joining process has led to apparently con-
tradictory results; initial reports indicated that a ~ 125-
to 160-kDa factor was sufficient to mediate subunit
joining [1, 4] but was subsequently discounted as an
irrelevant contaminant of a smaller factor that is now
termed eIF5 [169, 174]. This confused picture most
likely arose because experiments were done with over-
simplified assay systems: some factors essential for 48S
complex formation on an mRNA can be omitted when
this process is recapitulated on an AUG triplet. These
earlier reports are reconciled by a recent experiment
using a full complement of initiation factors (elFs 1,
1A, 2, and 3) rather than a minimal set to assemble 48S
complexes on an AUG triplet that identifies eIF5 and
the high molecular-weight factor eI[F5B as both being
required for subunit joining [182].

The scanning ribosomal complex contains eIF2 and
elF3 and possibly elF5, which binds both of these
factors [27, 28, 47-49, 92]. This ribosomal complex is
arrested at the initiation codon following its base pair-
ing with the anticodon of initiator tRNA. This interac-
tion induces elF5 to activate the intrinsic GTPase
activity of the eIF2 y subunit, promoting quantitative
hydrolysis of elF2-bound GTP and in turn leading to
release of elF2-GDP and Pi from the 40S subunit,
leaving initiator tRNA in the ribosomal ‘P’ site [53, 169,
170]. Molecular details of the mechanism by which
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correct codon/anticodon base pairing is recognized and
leads to this chain of events are not known but, as
described above, genetic analysis has implicated eIFl1,
elF2, and eIF5 in this process [30, 41, 51-53]. The
elF5-induced hydrolysis of bound GTP on a 48S com-
plex is necessary but not sufficient for subunit joining,
which additionally requires eIF5B, which has a GTPase
activity that is strictly dependent on the presence of
ribosomal subunits [182]. The requirement for both
elF5 and eIF5B is only apparent when assembly reac-
tions contain elF1 and eIF3, which are both necessary
for 48S complex formation on capped cellular mRNAs
but not for assembly on an AUG triplet. In their
presence, elF5B is unable to promote hydrolysis of
elF2-bound GTP and eIF5 may not be sufficient to
displace all factors from the 40S subunit to prepare it
for joining to the 60S subunit. The stage at which these
factors are displaced from the 48S complex and the
mechanism by which this occurs have not been deter-
mined. elF5B must bind GTP to assume an active
conformation that enables it to promote subunit join-
ing, but this process does not require hydrolysis of this
GTP molecule; however, hydrolysis is required subse-
quently so that eIFSB may dissociate from the 80S
ribosome after its assembly [182].
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