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Translation initiation in eukaryotes is a highly regulated and complex stage of gene expres-
sion. It requires the action of at least 12 initiation factors, many of which are known to be the
targets of regulatory pathways. Here we review our current understanding of the molecular
mechanics of eukaryotic translation initiation, focusing on recent breakthroughs from in vitro
and in vivo studies. We also identify important unanswered questions that will require new

ideas and techniques to solve.

his work aims to present the current state of
Tour knowledge of the molecular mechanics
of translation initiation in eukaryotes. We focus
on advances that have taken place over the last
few years and, because of space limitations, as-
sume readers will be able to find references to the
foundational literature for the field (published
before 2000) in the more recent works that are
cited here. As always, we apologize for not hav-
ing the space to cite many important works.
Please view this as merely an introduction to
the field rather than a complete summary.

OVERVIEW OF THE INITIATION PATHWAY

Figure 1 presents the basic outline of the eukary-
otic cap-dependent initiation pathway, and the
reader is referred to a number of recent reviews
that summarize the evidence supporting the

current paradigm outlined below (Hinnebusch
et al. 2007; Pestova et al. 2007; Lorsch and Dever
2010; Hinnebusch 2011; Parsyan et al. 2011).
Identification of the initiation codon by the
eukaryotic translational machinery begins with
binding of the ternary complex (TC) consisting
of initiator methionyl-tRNA (Met-tRNA;) and
the GTP-bound form of eukaryotic initiation
factor 2 (elF2) to the small (40S) ribosomal
subunit to form the 43S preinitiation complex
(PIC). Binding of the TC to the 40S subunit is
promoted byelFs 1, 1A, 5, and the elF3 complex
(Fig. 1). A network of physical interactions links
elFs 1, 3, 5, and TC in a multifactor complex
(MEFC) inyeast (Asano et al. 2000), plants (Den-
nis et al. 2009), and mammals (Sokabe et al.
2011). In budding yeast, the MFC enhances
the formation or stability of the 43S PIC in
vivo (reviewed in Hinnebusch et al. 2007).

Editors: John W.B. Hershey, Nahum Sonenberg, and Michael B. Mathews
Additional Perspectives on Protein Synthesis and Translational Control available at www.cshperspectives.org

Copyright © 2012 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a011544

Cite this article as Cold Spring Harb Perspect Biol 2012;4:a011544



g’&’ﬁf\b Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

A.G. Hinnebusch and J.R. Lorsch

elFs 1,1A, 3
80S <> 60S+ i <

5 Ternary complex (TC)

mRNA M’G~/\ Paya NN (A),

ATP ~ elFs 4A, 4B, 4E, 4G 4
ADP <| PABA
PABP

(A),AA \AAA
4G b
G AUG

mRNA activation ; f

Met-tRNAMet

43S°mRNA

A

n

ATP
% Scanning elF2:GTP @
[
2B
(€]
elF2¢GDP —>
68
ADP A kinase

PAB
(A),AAAA
48S 3
Al
é; i 4/ AUG recognition
elF5B*GTP ﬁ R : )
PABP .
(A),ARAA elF2.GDP

60S
<_$—> elFs  Subunit joining

PABP
(A),AAA/ AA .

4G
Ye

Elongation
80S

Figure 1. Model of canonical eukaryotic translation initiation pathway. The pathway is shown as a series of
discrete steps starting with dissociation of 80S ribosomes into subunits. Binding of factors is depicted both as a
single step via the multifactor complex and as two separate steps, with eIFs 1, 1A, and 3 binding first followed by
binding of ternary complex and eIF5. The resulting 43S preinitiation complex (PIC) is then loaded onto an
activated mRNP near the 5 cap. (Legend continues on facing page.)
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The 43S PIC binds to the messenger RNA
(mRNA) near the 5'-7-methylguanosine cap in
a process facilitated by elF3, the poly(A)-bind-
ing protein (PABP), and eIFs 4B, 4H (in mam-
mals), and 4E The eIF4F complex is comprised
of the cap-binding protein eIF4E, eIF4G, and the
RNA helicase elF4A. elF4G is a scaffold protein
that harbors binding domains for PABP, eIF4E,
elF4A, and (in mammals) eIF3. Both yeast and
human eIlF4G also bind RNA. The binding do-
mains for elF4E and PABP in eIF4G, along with
its RNA-binding activity, enable eIF4G to coor-
dinate independent interactions with mRNAvia
the cap, poly(A) tail, and sequences in the
mRNA body to assemble a stable, circular mes-
senger ribonucleoprotein (mRNP), referred to
as the “closed-loop” structure. The eI[F4AG—elF3
interaction is expected to establish a protein
bridge between this “activated mRNP” and the
43S PIC to stimulate 43S attachment to the
mRNA, and the helicase activity of elF4A is
thought to generate a single-stranded landing
pad in the mRNA on which the 43S PIC can
load (reviewed in Hinnebusch et al. 2007; Pes-
tova et al. 2007; Lorsch and Dever 2010; Hinne-
busch 2011).

Once bound near the cap, the 43S PIC scans
the mRNA leader for an AUG codon in a suit-
able sequence context. Base-pairing between
the anticodon of Met-tRNA; and the AUG in
the peptidyl-tRNA (P) site of the 40S subunit
is the initial event in start codon recognition
(Lomakin et al. 2006; Kolitz et al. 2009; Hinne-
busch 2011). AUG recognition causes arrest of
the scanning PIC and triggers conversion of
elF2 in the TC to its GDP-bound state via gated
phosphate (P;) release and the action of the
GTPase-activating (GAP) factor eIF5. Following
release of eIF2:GDP and several other elFs pre-
sent in the PIC, joining of the large (60S) sub-
unit is catalyzed by eIF5B to produce an 80S

Mechanism of Eukaryotic Translation Initiation

initiation complex (IC) containing Met-tRNA;
base-paired to AUG in the P site and ready to
begin the elongation phase of protein synthesis
(Fig. 1) (reviewed in Hinnebusch et al. 2007;
Pestova et al. 2007; Hinnebusch 2011).

RECRUITMENT OF Met-tRNA; TO
THE 40S RIBOSOMAL SUBUNIT

elF2 Is a G-Protein Switch that Carries
Met-tRNA; onto the Ribosome

The Met-tRNA; is delivered to the 40S subunit in
the TCwith eIF2:GTP. The affinity of Met-tRNA;
is greater for e[F2-GTP than for e[F2:GDP, and
this affinity switch depends on the methionine
moiety on the Met-tRNA; (Kapp and Lorsch
2004). This contribution of methionine, plus
the stimulatory role of the unique A1:U72 base
pair (bp) in the acceptor stem of tRNA; in bind-
ing eIF2 (Kapp and Lorsch 2004; Pestova et
al. 2007), presumably act to prevent binding of
elongator tRNAs to the factor. This specificity,
coupled with the requirement for eIF2 to load
tRNA onto the 40S subunit, is thought to elim-
inate the need for a mechanism to reject elonga-
tor tRNAs during PIC assembly, a process in
bacteria that relies heavily on IF3 (Hershey and
Merrick 2000). (As described below, a structural
homolog of IF3 is absent in eukaryotes, but eIF1
acts similarly to ensure selection of AUG as a
start codon.) Understanding the structural basis
for the stimulatory effects of methionine, the
A1:U72 bp, and GTP versus GDP on initiator
tRNA binding to eIF2 would be advanced by
high-resolution structural analysis of the com-
plete TC. Whereas the crystal structure of the
archaeal ortholog (alF2) has been solved, as
well as various alF2 subcomplexes bound to
GDP or GTP analogs (reviewed in Schmitt
et al. 2010), no crystal structures or cryo-EM

Figure 1. (Continued) Subsequent scanning of the mRNA allows recognition of the start codon, which triggers
downstream steps in the pathway including eIF1 release from the PIC, P; release from eIF2, and conversion to the
closed, scanning-arrested state of the complex. eIF2*GDP released after subunit joining is recycled back to
eIF2*GTP by the exchange factor eIF2B. eIF5B in its GTP-bound form promotes joining of the 60S subunit to the
preinitiation complex, which triggers release of eIlF5B*GDP and eIF1A to form the final 80S initiation complex,
which can begin the elongation phase of protein synthesis. Throughout, GTP is depicted as a green ball and GDP
as a red ball. (Modified from Hinnebusch 2011; reproduced, with permission, from the author.)
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(electron microscopy) models of heterotrimeric
elF2 have been described.

elF2+y binds directly to both GTP and Met-
tRNA; and it appears that the a and B subunits
each increase the affinity of the eIF2 complex
for Met-tRNA; by ~100-fold (Naveau et al.
2010), but it is unknown whether this stimula-
tory effect involves direct contacts between Met-
tRNA; and elF2a or eIF2[3. Based on the crystal
structure of a heterotrimer of alF23, alF2+y, and
a portion of alF2a (Yatime et al. 2007) it has
been proposed that the a and B subunits allo-
sterically induce a conformation in alF2y with
high affinity for Met-tRNA; (Naveau et al.
2010). Evidence consistent with an allosteric
mechanism, at least for eIF2a, comes from di-
rected hydroxyl radical cleavage mapping of
Met-tRNA; binding to yeast elF2 in reconstitut-
ed PICs. Met-tRNA; was cleaved by free radicals
generated from particular positions in elF2y
or elF2[3, but not from elF2a, suggesting the
latter does not make direct contact with the
tRNA. Interestingly, the patterns of cleavage
imply a mode of initiator binding to eIF2y dra-
matically different from that seen in crystal
structures of the EF-Tu*GDPNP+Phe-tRNA™
TC, which delivers aminoacylated tRNAs to
the A site during elongation. In contrast to the
latter complex, domain III of eIF2y, the subunit
homologous to EF-Tu, does not contact the
T stem of Met-tRNA;; instead the sole contact
is with the methionylated acceptor end of the
tRNA in a pocket in elF2y formed between the
G domain and domain II (Shin et al. 2011). A
recent crystal structure of the TC formed by
an archaeal alF2, GDPNP, and E. coli Met-
tRNA(fMet) also demonstrated that the tRNA
is bound by alF2 in a manner dramatically dis-
tinct from that of elongator tRNA binding to
EF-Tu (Schmitt et al. 2012). Consistent with
previous models (Schmitt et al. 2010; Shin et
al. 2011), the acceptor end of the tRNA binds
to alF2y according to the EF-Tu paradigm;
however, the T-stem minor groove does not
contact alF2 and, instead, the T-loop in the
tRNA “elbow” interacts with regions of the
alF2a subunit. As these last contacts were not
detected in the hydroxyl radical probing of the
elF2 TC (Shin et al. 2011), it remains to be seen

whether they are important in solution and
conserved in eukaryotic TC.

Importantly, the patterns of free radical-in-
duced cleavages of 18S rRNA observed in this
last study suggested that eIF2y domain III inter-
acts with h44 of 18S rRNA, but no other contacts
between eIF2 and 18S rRNA were detected. Using
the cleavage data to dock elF2y onto h44 and
the 3’ end of Met-tRNA;, making use of high-
resolution structures of a bacterial 70S-tRNA-
mRNA complex (Selmer et al. 2006), the
40S-elF1 complex (Rabl etal.2011), and alF2ay
and alF2Rvy heterodimers (Yatime et al. 2006,
2007) (among others), a structural model of
the 43S PIC was constructed (Shin et al. 2011).

Although this model represents an impor-
tant step, high-resolution crystal structures and
cryo-EM reconstructions of free TC and TC
bound to the 43S PIC remain critical goals. In
addition, the model does not include known
interactions of the eIlF2@3 N-terminal domain
(NTD) (lacking in alF2f3) with elFs 1 and 5 in
the MFC (Asano et al. 2000; Singh et al. 2004),
and there might be contacts between elF2a
or elF23 with 40S ribosomal proteins not de-
tected by the hydroxyl radical mapping. Identi-
fying mutations in yeast elF2 subunits, ribo-
somal proteins, and 18S rRNA that reduce TC
binding to the PIC should help identify the
elF2:40S contacts most critical in vivo. Only
one such mutation has been identified in do-
main III of elF2y (R439A) and it produces a
synergistic reduction in TC binding to reconsti-
tuted 43S*mRNA complexes when combined
with an 18S rRNA substitution in helix 28
(A1152U) (Shin et al. 2011) that likely weakens
interaction of the anticodon stem loop (ASL) of
Met-tRNA; with the 40S P site (Dong et al.
2008). Identifying h44 mutations with these
phenotypes would provide valuable support
for the Shin et al. model of the 43S PIC.

Binding of TC to the 40S Subunit
Is Promoted by Other Factors

TC does not bind to the 40S subunit on its own,
and instead requires the assistance of elFs 1, 1A,
5,and the eIF3 complex (Asano etal. 2001; Algire
et al. 2002; Majumdar et al. 2003; Kolupaeva
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et al. 2005; Pestova et al. 2007). All of these fac-
tors, except for elF1A, are components of the
MEC. As all MFC components can bind directly
to the 40S subunit (Hinnebusch et al. 2007; Pes-
tova et al. 2007; Sokabe et al. 2011), they would
be expected to bind cooperatively in the context
of the MFC. Indeed, there is considerable evi-
dence that disrupting particular contacts be-
tween MFC components reduces the rate or
stability of TC binding to 40S subunits in yeast
cells (Valasek et al. 2002, 2004; Nielsen et al.
2004; Singh et al. 2005, 2006; reviewed in Hin-
nebusch et al. 2007). Recent studies on reconsti-
tuted mammalian MFC indicate that the rate of
MEFC binding to 40S-eIF1A complexes is indis-
tinguishable from TC binding to 40S-elF1A
complexes preloaded with elFs 1, 3, and 5 (So-
kabe etal. 2011), suggesting that the stimulatory
effects of other MFC components on TC binding
can be exerted outside of the preformed MFC.
Thus, itisimportant to determine in vivo wheth-
er TC generally binds to the 40S subunit in the
context of the MFC or, rather, the MFC repre-
sents only one possible pathway for TC recruit-
ment (as depicted in Fig. 1), or serves another
function. It is intriguing that dissociation of
Met-tRNA; from elF2:GDP is enhanced when
eIF2 resides in the mammalian MFC, and eIF5
figures prominently in this activity (Sokabe et al.
2011). This might implicate eIF5 in the final step
of AUG selection, release of Met-tRNA; from
elF2:GDP in addition to its function in pro-
moting GTP hydrolysis in the TC. As discussed
below, the physical connections among MFC
components also function in AUG recognition
in yeast cells. Interestingly, these connections
might be regulated in plants by phosphorylation
of the interacting segments in elF3c, elF5, and
elF2B by casein kinase 2 (Dennis et al. 2009).
The unstructured amino-terminal tail (NTT)
of yeast elF1A interacts with elF2 and elF3
(Olsen et al. 2003), which could also help stabi-
lize TC binding to the 40S. In addition to phys-
ically contacting eIF2, however, eIF1A and eIF1
stimulate TC binding indirectly by stabilizing an
“open” conformation of the 40S subunit that is
permissive for rapid TC loading (Passmore et al.
2007). As discussed below, it is likely that Met-
tRNA; binds differently to the PIC in this open

Mechanism of Eukaryotic Translation Initiation

conformation than in the “closed,” scanning-
arrested state that prevails after AUG recogni-
tion. Presumably, TC binding to the PIC in the
model produced by Shin et al. (2011) represents
the closed conformation because it was gener-
ated using reconstituted 43S*mRNA complexes
in which start codon recognition has already
taken place (Kolitz et al. 2009). Hence, deter-
mining the locations of TC in the free 43S PIC
and open, scanning conformation of the
43S*mRNA complex should also be important
goals for future research.

Recycling of elF2:GDP

In the course of initiation, the GTP in TC is
hydrolyzed to GDP, and eIF2:GDP must be re-
cycled to elF2-GTP for renewed TC assembly,
a reaction catalyzed by the heteropentameric
elF2B complex. The essential exchange reaction
is catalyzed by the carboxy-terminal segment
of elF2Be, which interacts directly with the G
domain of eIF2vy and with lysine-rich regions of
elF2B (Gomez and Pavitt 2000; Gomez et al.
2002; Alone and Dever 2006; Hinnebusch et al.
2007). The other eIF2B subunits, notably the a-
-3 “regulatory” subcomplex also contribute to
elF2-GDP binding through interactions with
elF2a (Dev et al. 2010), and this latter interac-
tion is enhanced by phosphorylation of Ser51 by
one of the eIF2a kinases, which are activated in
stress conditions to down-regulate general initi-
ation (Krishnamoorthy et al. 2001; Hinnebusch
etal. 2007). It was proposed that tighter binding
of elF2a-P to the elF2B regulatory subcomplex
disrupts productive interaction of the catalytic
(e) subunit with eIF2vy, rendering phosphory-
lated elF2a*GDP a competitive inhibitor of
eIF2B that impedes recycling of unphosphory-
lated eIF2. Although this model is consistent
with a large body of biochemical and genetic
data, it should be tested further by structural
analysis of elF2B in complexes with phosphor-
ylated and unphosphorylated eIF2:GDP. There
is in vivo evidence in yeast that the recycling of
elF2-GDP by eIF2B is negatively regulated by
formation of a competing eIF5-elF2:GDP com-
plex (Singh et al. 2006). Moreover, eIF5 contains
a segment in the linker region connecting its

Cite this article as Cold Spring Harb Perspect Biol 2012;4:a011544 5



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

A.G. Hinnebusch and J.R. Lorsch

amino- and carboxy-terminal domains that in-
teracts with eIF2-y and inhibits GDP release from
elF2, serving as a GDP dissociation inhibitor
(GDI) (Jennings and Pavitt 2010).

elF2-Independent Met-tRNA; Recruitment

Recent studies indicate that in mammalian re-
constituted systems, the protein Ligatin/elF2D
can deliver Met-tRNA; to the 40S subunit inde-
pendently of eIF2:GTP in the case of certain
specialized mRNAs (internal ribosome entry
sites [IRES] containing, leaderless, or with A-
rich 5’ untranslated regions [UTRs]) in which
the AUG can be placed directly in the P site
independently of scanning (Dmitriev et al.
20105 Skabkin et al. 2010). This could explain
the ability of certain viral mRNAs containing
IRESs to maintain translation in the face of
elF2a phosphorylation, a host defense mecha-
nism triggered by many viruses (Dever et al.
2007). It was proposed that Ligatin/elF2D can
increase both on and off rates of tRNA bind-
ing in the P site, which could explain its other
known activity of dissociating deacylated elon-
gator tRNAs from recycled ribosomes after ter-
mination (Skabkin et al. 2010). There is also
evidence that the protein elF2A can bind to
the IRES of hepatitis C virus (HCV) and en-
hance Met-tRNA; loading to the 40S subunit
when eIF2 is phosphorylated, and knockdown
of elF2A reduces HCV proliferation in cells
(Kim et al. 2011).

mRNA RECRUITMENT TO THE 43S PIC

elF4F Actively Promotes Loading
of mRNA onto the PIC

A critical aspect of the scanning mechanism
concerns the reactions involved in directing the
43S PIC to the 5’ end of the mRNA. eIF4F stim-
ulates this step through interaction of eIF4E
with the cap structure, recruiting eIF4A to the
5" UTR (Pestova et al. 2007). elF4G holds e[F4A
in its active conformation (Oberer et al. 2005;
Schutz et al. 2008; Hilbert et al. 2011; Nielsen
et al. 2011; Ozes et al. 2011), enabling it to un-
wind the mRNA and produce a single-stranded

binding site for the 43S PIC near the 5’ cap. It is
believed that eIF4G also helps to recruit the 43S
PIC directly, via physical interactions with elF3
or elF5 in the PIC (Asano et al. 2001; Pestova
et al. 2007). There is genetic and biochemical
evidence implicating eIF4A and eIF4F in pro-
moting 43S attachment to mRNAs, in some cases
even if they contain relatively short 5 UTRs with-
out obvious secondary structures. As might be
expected, a greater requirement for these factors
has been observed for mRNAs with more struc-
tured 5 UTRs (Svitkin et al. 2001; Pestova and
Kolupaeva 2002; Mitchell et al. 2010; Hinne-
busch 2011). In addition, 43S attachment to
model mRNAs expected to lack any structure
in the 5 UTR can occur in reconstituted systems
without elF4F (Pestova and Kolupaeva 2002;
Mitchell et al. 2010).

Simultaneous binding of eIF4E to the cap,
PABP to the poly(A) tail, and eIF4E and PABP
to their separate binding sites in the eIF4G NTD
enables circularization of the mRNA (Pestova
et al. 2007), and it is frequently assumed that
this “closed-loop” conformation is crucial for
efficient recruitment of the 43S PIC. However,
the importance of the PABP—eIF4G interaction
seems to vary with the cell type. Eliminating the
PABP-elF4G interaction by deleting or mutat-
ing the PABP-binding domain in eIF4G is not
lethal in yeast (Tarun et al. 1997); and even if the
elF4G—elF4E interaction is impaired, deleting
the PABP-binding domain has no effect on yeast
cell growth provided that the RNA-binding re-
gion in the amino terminus of eIlF4G1 (RNAI)
is intact (Park et al. 2011a). It appears that
RNA1 and the PABP- and eIF4E-binding do-
mains in yeast e[F4G collaborate to promote
stable association of e[F4G with mRNA near
the cap, and formation of a closed loop may
be incidental to the efficiency of 43S attach-
ment. Impairing the PABP—eIF4G interaction
had only a modest effect on translation in rabbit
reticulocyte lysates (RRLs) (Hinton et al. 2007)
but a dramatic effect was seen in Krebs-2 cell
extracts, in which it reduced eIF4E binding to
the cap, 48S assembly, and 60S subunit join-
ing (Kahvejian et al. 2005). The PABP indepen-
dence of RRLs likely results from the high ratio
of elF4F to general RNA-binding proteins, as
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addition of the RNA-binding protein YB-1 to
RRLs confers PABP dependence (Svitkin et al.
2009). In addition, tight binding of mammalian
elF4F to the capped 5’ end of mRNA requires
the RNA-binding domain in the middle of
eIF4G (Yanagiya et al. 2009). Thus, interaction
of eIF4G with PABP bound to the poly(A) tail
might be critical only when YB-1 or other gen-
eral RNA-binding proteins effectively compete
with elF4G for direct binding to the mRNA—a
situation that apparently does not exist in yeast
cells under favorable culture conditions. Inter-
estingly, although the elF4E—cap interaction
adds little to the binding affinity of eIF4F for
mRNA in vitro (Kaye et al. 2009), the eIF4E—
cap interaction with elF4G should provide
elF4F with yet another way to circumvent com-
petition with general RNA-binding proteins. In
general, it appears that a number of the interac-
tions among the components of the mRNP are
redundant and may serve to safeguard the sys-
tem against failure at a single point and to give
the mRNA recruitment machinery an advan-
tage over competing RNA—protein and pro-
tein—protein interactions rather than playing
central mechanistic roles.

In yeast elF4G, there are two other RNA-
binding domains in the middle and carboxyl
terminus (RNA2 and RNA3, respectively) (Ber-
set et al. 2003), which appear to perform criti-
cal functions downstream from eIF4F mRNA:*
PABP assembly (Park et al. 2011a). Interestingly,
the RNA3 domain contains a binding site for
the DEAD-box RNA helicase Ded1/Ddx3 (Hil-
liker et al. 2011), an essential protein in yeast
implicated in ribosomal scanning (Berthelot
et al. 2004; Abaeva et al. 2011; Hinnebusch
2011). Although eliminating the elF4G-binding
domain in the carboxyl terminus of Dedl im-
pairs translation in vitro, it does not affect cell
growth (Hilliker et al. 2011), implying either
that the RNA3 domain has another critical
function in vivo besides Ded1 recruitment or
that Ded1 can be recruited by a redundant path-
way. It is clearly important to identify the mo-
lecular functions of RNA2 and RNA3 in mRNA
recruitment and/or ribosomal scanning. In this
regard, a recent study has shown that the three
RNA-binding sites in yeast elF4G work together

Mechanism of Eukaryotic Translation Initiation

to impart a strong preference on the e[F4F com-
plex for unwinding RNA duplexes with 5'-sin-
gle-stranded overhangs over duplexes with 3'-
overhangs (Rajagopal et al. 2012). This polarity
may be important for establishing the 5'-3' di-
rectionality of scanning by the PIC.

elF4A is not a processive helicase and is
thought to melt short helices in the mRNA by
binding in its ATP-bound form to an unpaired
RNA strand, with ATP hydrolysis serving either
to disrupt the neighboring duplex or to release
eIF4A for subsequent rounds of RNA binding
and melting (Sengoku et al. 2006; Liu et al.
2008; Bulygin et al. 2010; Parsyan et al. 2011).
In the crystal structure of free eIF4A, its amino-
and carboxy-terminal RecA-like domains are
widely separated and a functional active site
does not exist (Caruthers et al. 2000). Interac-
tion with the “HEAT” domains of eIF4G holds
the RecA-like domains of eIF4A near each other
in a conformation that may be poised to inter-
act with substrates and release products (Oberer
et al. 2005; Schutz et al. 2008; Hilbert et al.
2011). It seems clear that e[F4A undergoes a
cycle of conformational and ligand-affinity
changes driven by ATP hydrolysis and/or nucle-
otide binding and release and that the confor-
mation of the enzyme is modulated by interac-
tions with other proteins (Oberer et al. 2005;
Pestova et al. 2007; Schutz et al. 2008; Ma-
rintchev et al. 2009; Hilbert et al. 2011). Exactly
how these changes result in RNA unwinding
is not yet clear, nor is the stoichiometry of
events. It is noteworthy that eIF4A is the most
abundant initiation factor; at a concentration of
50 wM in yeast it exists in fivefold excess over
ribosomes (von der Haar and McCarthy 2002)
and at a concentration similar to that of actin.
Thus, itis possible that multiple elF4A molecules
act during recruitment of an individual mRNA
to the PIC, both within eIF4F and outside of it.
A full understanding of the mechanism of action
of elF4A will require additional structural and
biophysical studies, including use of ensemble
and single-molecule kinetics approaches.

In addition to recruiting and activating
elF4A, there is evidence that a segment of mam-
malian elF4G helps to recruit the 43S PIC to
the mRNA 5’ end by its interactions with the e

Cite this article as Cold Spring Harb Perspect Biol 2012;4:a011544 7



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

A.G. Hinnebusch and J.R. Lorsch

subunit of eIF3 (Korneeva et al. 2000; LeFebvre
et al. 2006). This conclusion is based on the
inhibitory effects of overexpressing elF3e (pre-
sumably to out-compete elF3 binding to eIF4G)
on translation initiation and on eIF4G and elF2
association with native PICs. It would be valu-
able to extend the analysis to include cells
depleted of elF3e, as it is possible that the e sub-
unit does not make the sole (or even most crit-
ical) contact between elF3 and eIF4G. Neither
elF3e nor the elF3-binding segment of eIF4G is
present in yeast (Marintchev et al. 2009), and
yeast elF3 and eIlF4G do not directly interact
(Asano et al. 2001; Mitchell et al. 2010). How-
ever, yeast e[F4G and elF5 interact directly
(Mitchell et al. 2010), and the carboxy-terminal
domain (CTD) of eIF5 can bridge interaction
between elF4G2 and the eIF3¢-NTD (elF5’s di-
rect partner in yeast elF3) and stimulate eI[F4G—
elF3 association in yeast cell extracts (Asano etal.
2001). Although a mutation in the eIF5-CTD
that disrupts its interaction with elF4G im-
paired 43S binding to mRNA in extracts, this
defect was not seen in living cells, possibly be-
cause the eIF5-CTD mutation also reduces elF5
GAP function and blocks the downstream con-
version of PICs to 80S ICs (Asano et al. 2001).
A stimulatory function of eIF5 on mRNA re-
cruitment to the PIC was not observed in a re-
constituted yeast system, however (Mitchell et al.
2010). Hence, more work is required to deter-
mine whether the eI[F4G—elF5 interaction sig-
nificantly enhances 43S binding to mRNAs in
yeast cells, and if a similar interaction in mam-
malian cells is redundant with the eIlF3—elF4G
interaction.

The Mysterious elF4B

Mammalian eIF4B binds in vitro to elF3a
through its internal “DRYG” repeats and thus
could potentially form a protein bridge be-
tween the eIF4F-mRNP and 43S PIC, function-
ing redundantly with the eIF3—eIF4G interac-
tion. It has been proposed that mammalian
eIF4B can also stimulate 43S binding to mRNA
more directly by binding simultaneously to
mRNA, through its carboxy-terminal, arginine-
rich RNA-binding domain, and to 18S rRNA

through its amino-terminal RNA recognition
motif (RRM). Yeast elF4B (Tif3) also appears
to possess a single-stranded RNA (ssRNA)-bind-
ing domain located carboxy-terminal to the con-
served amino-terminal RRM, and it was con-
cluded that both halves of Tif3 are required for
its ability to stimulate translation in vitro and in
vivo; hence, the putative mRNA—rRNA bridging
mechanism could apply to yeast eIF4B as well
(reviewed in Pestova et al. 2007; Hinnebusch
2011). It is important to test the effects of dis-
rupting the eIF3a- and RNA-binding domains of
eIF4B or Tif3 on the efficiency of 43S binding to
mRNA both in vitro and in vivo.

Mammalian elF4B is best known for its
function in stimulating the helicase activity of
elF4A—an activity it shares with a homolog,
elF4H (Pestova et al. 2007; Rozovsky et al.
2008; Parsyan et al. 2011). Consistent with this,
PICbinding and scanning of structured mRNAs
in an in vitro mammalian system was shown to
be highly dependent on eIF4B (Dmitriev et al.
2003). A recent study suggests that eIF4B in-
creases the efficiency with which elF4G-stimu-
lated ATP hydrolysis is coupled to RNA duplex
unwinding by elF4A, and that e[F4H is less effi-
cient than elF4B in this respect (Ozes et al.
2011). This is consistent with the finding that
the carboxy-terminal, RNA-binding region of
mammalian elF4B is required for stimulation
of helicase activity (Rozovsky et al. 2008) and
the fact that eIF4H is shorter and lacks most of
the carboxy-terminal region found in eIF4B.

The mechanism by which eIF4B stimulates
eIF4A helicase activity remains unclear. There is
evidence that eIF4B stimulates binding of both
ATP and RNA by eIF4A (Bi et al. 2000; Rozovsky
et al. 2008; Marintchev et al. 2009; Nielsen et al.
2011), possibly by enhancing interdomain clo-
sure in the manner described for eIF4G. eIF4B
couldalso load onto single-stranded RNA exten-
sions to stabilize eIF4A binding to the duplex-
containing substrate (Rozovsky et al. 2008), it
could capture the single-stranded RNA products
of the helicase reaction to prevent reannealing,
or it could stabilize a conformation of the
elF4A-RNA complex incompatible with duplex
formation. Presumably, eIF4H is incapable of
one or more of these activities, rendering it
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less effective than elF4B in stimulating eIF4A
helicase activity (Ozes et al. 2011).

Cross-linking studies have indicated that
elF4B, elF4H, and eIF4A are bound to mRNA
from 12 nucleotides to at least 52 nucleotides
from the cap and suggest that multiple mole-
cules of each factor interact with a single mRNA
both near the elF4F-cap complex and further
downstream from it (Lindqvist et al. 2008). It is
currently unclear, however, whether eIF4A and
elF4B directly interact with each other and
whether eIF4B can bind to eIF4G (Marintchev
et al. 2009; Nielsen et al. 2011).

As described above, the current model for
mRNA recruitment posits that the elF4 factors
and PABP cooperatively assemble on an mRNA
and mediate unwinding to produce the activat-
ed mRNP. The activated mRNP then binds to
the 43S PIC via interactions between the eIF4
factors and factors associated with the PIC,
and the 5 end of the mRNA is loaded into the
mRNA-binding channel of the 40S subunit.
One alternative to this prevailing model is that
the eIF4 factors assemble on the PIC to form
a “holoPIC,” which then directly recruits an
mRNA. In this model unwinding of the mRNA
actually takes place on the holoPIC, allowing
the unwound segments of the 5 UTR to be
directly fed into the mRNA-binding channel
of the 40S subunit. This model is appealing
because it is unclear how the unwound 5’ end
of the activated mRNP can be handed off to the
PIC without refolding occurring first. Distin-
guishing between the activated mRNP and
holoPIC mechanisms will require the develop-
ment of new, quantitative assays to directly
measure unwinding and mRNA loading in the
presence of different combinations of initiation
components.

elF3, a Central Hub in mRNA Recruitment

In addition to the eIF4 group of factors, eIF3
also plays a critical role in mRNA recruitment to
the PIC. eIF3 is a large complex of 13 noniden-
tical subunits (a—m) in mammals, and only 6
subunits (a, b, ¢, g, h, and j) in budding yeast.
There is accumulating evidence that eIF3 inter-
acts primarily with the solvent-exposed, “back-

Mechanism of Eukaryotic Translation Initiation

side” of the 40S, that it spans the entry and exit
pores of the mRNA-binding channel, and that it
likely interacts with the mRNA itself at these
locations to stabilize 43S attachment or to reg-
ulate scanning (Pestova et al. 2007; Hinnebusch
2011). Recent findings from Cate et al. indicate
that the bulk of the density visible in cryo-EM
models of mammalian eIF3-40S complexes
is contributed by the so-called PCI/MPN oc-
tamer, which represents only ~1/2 of the mass
of holo-eIF3 and lacks homologs of the essential
yeast elF3 subunits b, g, and i. The PCI/MPN
octamer can bind the HCV IRES, 40S subunits,
elF1 and eIF1A, but cannot stimulate 48S PIC
assembly, additionally requiring the b-g-i sub-
complex for this key activity (Sun et al. 2011).
Clearly, a high-resolution model of eIF3 bind-
ing to the 40S subunit is an important goal
for future research. It has long been known
that both yeast and mammalian eIF3 promote
43S binding to mRNA, but because eIF3 also
stimulates 43S assembly, it was unclear if it
acts directly in 43S attachment to mRNA. Con-
sistent with a direct role are findings that 40S
binding of mammalian eIF3 is stimulated by
ssRNAs that can likely occupy the mRNA-bind-
ing channel of the 40S, although the stabilizing
effect of mRNA on eIF3-40S interaction might
play a greater role following AUG recognition
and release of eIF2+GDP than in 43S attachment
to the 5 UTR (Unbehaun et al. 2004; Kolupaeva
et al. 2005). However, recent findings indicate a
direct role for yeast elF3 in 43S binding to
capped, native mRNA in vitro, even more crit-
ical than that of eIF4F and eIF4B (Mitchell et al.
2010), and conserved residues in the carboxyl
terminus of elF3a have been implicated in this
function both in vivo (Chiu et al. 2010) and in
vitro (AG Hinnebusch and JR Lorsch, unpubl.
observations).

UV-cross-linking data indicate direct inter-
actions of mammalian elF3a and elF3d at the
mRNA exit channel (Pisarev et al. 2008), which
is consistent with the role of yeast elF3a in re-
initiation on GCN4 mRNA (Szamecz et al.
2008). It is thought that these elF3 subunits
comprise an extension of the mRNA exit
channel. Consistent with this, yeast elF3 more
strongly enhanced 43S binding to a model
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mRNA with a long leader upstream of AUG
(that would protrude from the exit channel)
than one containing a short leader but a long
3’ extension (that would protrude from the en-
try channel) (Mitchell et al. 2010). Yeast elF3a
substitutions that impair 43S attachment to
mRNA also produce phenotypes in vivo indi-
cating defects in scanning and AUG recognition
(Chiu et al. 2010). Considering evidence that
the yeast elF3a (Tif32) CTD interacts directly
with 40S structural elements (h16 and Rps3)
(Valasek et al. 2003; Chiu et al. 2010) that
promote the open conformation of the mRNA
channel latch (Passmore et al. 2007), it was sug-
gested that the eIF3a CTD facilitates opening of
the latch, although it could also help to recruit a
helicase that functions at the entry channel to
remove secondary structure. Clearly, more de-
tailed structural information about interactions
of eIF3 subunits with the ribosome, mRNA,
elF4G, and elF4B are required to develop a mo-
lecular picture of its manifold roles in 43S at-
tachment to mRNA.

Knocking out the Model?

As might be expected from their established bio-
chemical functions, eIF4E, eIF4G, and eIF4A
are all essential proteins in yeast. Moreover,
mutational analysis indicates that the elF4E
and elF4A interactions with their respective do-
mains in elF4G are also essential for yeast cell
viability (Hinnebusch et al. 2007). However,
depletion of eI[F4G1 to undetectable levels in a
yeast strain lacking the other isoform (eIF4G2)
does not abolish translation initiation, reducing
it by only ~75% and leaving a considerable
fraction of polysomes intact (Jivotovskaya et al.
2006), even though cell division is blocked.
In contrast, a similar depletion of elF3 subunits
virtually eliminates polysomes and detectable
translation. In addition, microarray analysis of
polyribosomal mRNAs after e[F4G depletion re-
vealed substantial alterations in translational ef-
ficiencies for only a fraction of cellular mRNAs
(Park et al. 2011b). These results suggest that
eIF4G is rate enhancing, rather than fundamen-
tally crucial, for translation initiation on the
large majority of yeast mRNAs in cells, and raise

the question of how 43S PICs are directed to the
5" ends of mRNAs in the absence of cap—elF4F
interaction. It is possible that the RNA-binding
sites in yeast elF4G, which impart a 5" end de-
pendence on eIF4E might provide an additional
means for directing PICs to the 5 ends of
mRNAs (Rajagopal et al. 2012). Additionally,
perhaps the A + U bias and lack of strong sec-
ondary structure for the majority of yeast 5’
UTRs (Shabalina et al. 2004; Lawless et al.
2009) renders them intrinsically permissive for
43S attachment, albeit at rates significantly be-
low those possible with eIF4F present. This con-
clusion is consonant with findings from the yeast
reconstituted system, in which omitting eIF4G
from reactions containing elF3, eIF4A, and
elF4B (in addition to elFs 1, 1A, and TC) re-
duced the rate of mRNA recruitment by 20-
fold, but did not alter the end point of 48S PIC
assembly, at least for one native mRNA tested
(RPL41A), whereas no mRNA recruitment was
observed without eIF3 (Mitchell et al. 2010).
Interestingly, the group of mRNAs displaying
the largest reductions in translational efficien-
cies in elF4G-depleted yeast cells was among
the most efficiently translated in wild-type cells
and displayed shorter than average 5-UTR
lengths (Park et al. 2011b). Furthermore, none
of the yeast mRNAs predicted to contain strong
secondary structures in their 5-UTRs (Lawless
et al. 2009) were found to be unusually de-
pendent on elF4G, suggesting that another fac-
tor(s), possibly DEAD-box helicases Ded1 or
Dbpl, can substitute for eIF4G to enable 43S
attachment or scanning on structured 5’ UTRs
in yeast.

The significant G + C bias of mammalian
mRNAs (Shabalina et al. 2004) might be ex-
pected to impart a much stronger requirement
for eIF4F for translation initiation. However,
substantial siRNA-mediated depletion of both
elF4AGI and eIF4GII simultaneously in mam-
malian cells had only a moderate effect on trans-
lation rates (Ramirez-Valle et al. 2008), and si-
multaneous depletion of e[F4GI and the elF4G-
like protein DAPS5 left >30% of translation in-
tact. The possibility that the residual pool of
elF4G was rendered more active by a compen-
satory reduction in a negative regulator of elF4F
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seems unlikely because assembly of eIF4F was
strongly reduced; however, it remains a possi-
bility that depletion of elF4GI, elF4GII, and
DAP5 simultaneously would more severely im-
pact translation. These studies underscore the
importance of examining the in vivo conse-
quences of depleting initiation factors that are
deemed to be essential for translation initiation
purely on the basis of work performed using in
vitro systems. They may also point again to a
redundancy of function in the translational ma-
chinery, ensuring system failure cannot come
from disruption at a single point.

SCANNING AND AUG RECOGNITION

Once the 43S PIC has been loaded onto the 5
end of an mRNA it scans the 5" UTR for the start
codon, using complementarity with the antico-
don of Met-tRNA; to identify the AUG. There
are two key aspects of this process that, to some
extent, are mechanistically distinct. The first
concerns the factors that promote a conforma-
tion of the 43S PIC that is competent for thread-
ing along the mRNA with base-by-base inspec-
tion of the nucleotide sequence for an AUG in
suitable context, and which trigger irreversible
hydrolysis of GTP in the TC on AUG recognition
(refer to Figs. 2 and 3). The second aspect, dis-
cussed further below, concerns the requirement
to unwind secondary structure in the mRNA 5’
UTR to enable the mRNA to pass through the
40S mRNA entry channel in single-stranded
form for base-by-base inspection in the P site.
There is also the issue of how the 5’3" direc-
tionality of the scanning process is established.

An Open and Shut Case: elFs 1, 1A, and 5
Mediate Conformational Changes Required
for Start Codon Recognition

Toe-printing experiments in the mammalian
reconstituted system suggested that eIF1 and
elF1A stabilize an “open” conformation of the
43S PIC conducive to scanning, and that eIF1
impedes formation of a closed state required for
progression to downstream steps in the pathway
in a manner that is overcome efficiently only
when an AUG in preferred sequence context

Mechanism of Eukaryotic Translation Initiation

occupies the P site (Pestova and Kolupaeva
2002). Subsequently, it was found that eIF1 is
ejected from the PIC on start codon recognition
(Maag et al. 2005), consistent with this proposal
(Fig. 2). The structure of the Tetrahymena 40S
subunit bound to elF1 appears to explain the
mechanism of elF1 release on start codon rec-
ognition, as modeling of tRNA into the P site
indicates that it sterically clashes with elF1 (Rabl
et al. 2011). These results support the notion
that the anticodon end of the tRNA is not deeply
bound in the P site during scanning (P, state)
and only fully engages in the site (P;, state) on
codon:anticodon pairing (Yu et al. 2009; Saini
et al. 2010), which in turn drives eIF1 out of the
site owing to the steric clash.

Ejection of elF1 triggers release of P; from
elF2 in the PIC. GTP hydrolysis by elF2 occurs
nearly as fast before start codon recognition as
after it, but P; is only released rapidly once elF1
has been ejected from the complex (Algire et al.
2005). The connection between elF1 release and
P; release was shown by the fact that mutations in
elF1 that slow or speed up release of the factor
from the complex correspondingly slow or speed
up P; release, which occurs at the same rate as
elF1 release in all cases (Algire et al. 2005; Cheung
et al. 2007; Nanda et al. 2009). Supporting the
central role of eIF1 as a gatekeeper in start codon
recognition, substitutions in the factor that in-
crease initiation at near-cognate UUG codons
in vivo (Sui~ phenotype) generally weaken eIF1
binding to 40S subunits and accelerate release of
elF1 and P; from reconstituted PICs, whereas a
substitution in elF1A that suppresses UUG initi-
ation (Ssu~ phenotype) retards elF1 dissociation
in vitro (Cheung et al. 2007). In addition, over-
expressing wild-type elF1 suppresses UUG initi-
ation in Sui” mutants (Valasek et al. 2004), con-
sistent with a requirement for its release to trigger
downstream events following initial start codo-
n:anticodon pairing in the P site.

elF1 and eIF1A bind directly and coopera-
tively to the 40S subunit (Maag and Lorsch
2003), with eIF1 occupying the platform near
the P site (Lomakin et al. 2003; Rabl et al. 2011),
and the globular (OB-fold) domain of eIF1A
most likely occupying the A site (Yu et al
2011) in the manner observed for its bacterial
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Closed

Figure 2. Model of structural rearrangements in the PIC accompanying start codon recognition. (Top) Before
start codon recognition, the PIC exists in an open conformation, promoted by eIF1 and eIF1A, which is capable
of scanning the mRNA. (Middle) Base pairing between the anticodon of the initiator tRNA and the start codon
promotes movement of the tRNA from the P, to Py, states and release of eIF1 from the complex. (Bottorm)
Ejection of elF1, in turn, triggers release of P; from eIF2, converting it to its GDP-bound form. Because elF1
stabilizes the open state of the PIC, its departure also results in conversion of the complex to the closed,
scanning-arrested conformation (shown as the closure of a latch on the mRNA entry site). Release of eIF1 is
promoted by eIF5, possibly by competition between one of eIF5’s domains (depicted here as the amino-terminal
domain; 5N) and eIF1 for the same binding site in the PIC. Start codon recognition also induces an interaction
between elF1A and elF5, which further stabilizes the closed state of the complex. (Modified from Hinnebusch
2011; reproduced, with permission.)
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Figure 3. Model of the roles of eIF1A’s amino- and carboxy-terminal tails in mediating start codon recognition
and later steps in eukaryotic translation initiation. Before start codon recognition (complex 1) the amino- and
carboxy-terminal tails (CTTs; shown in red and green, respectively) are both in the P site of the 40S subunit. On
start codon recognition (complex 2), the initiator tRNA moves from the P, to P;, state, causing both eIF1 and
the CTTof eIF1A to be ejected from the P site. eIF1 stabilizes the open conformation of the PIC and the P,,,,; state
of the initiator tRNA. The scanning enhancer (SE) elements in the CTT of eIF1A (shown as blue balls) stabilize
the open state of the PIC relative to the closed state. Conversely, the scanning inhibitor (SI) element in eIF1A’s
NTT destabilizes the open state, thus promoting closed complex formation. The CTT of eIF1A may interact
directly with eIF5 after start codon recognition, and it is hypothesized that this interaction triggers P; release
from eIF2. After P; release and dissociation of eIF2*GDP and eIF5 from the PIC (complex 3), the CTTof eIF1A is
free to interact with eIF5B*GTP, recruiting it to the complex and promoting subunit joining. Release of
elF5B*GDP and eIF1A from the resulting 80S IC produces the final translation-competent ribosome, poised
at the start codon to commence decoding of the mRNA. (Modified from Hinnebusch 2011; reproduced, with
permission.)
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ortholog (IF1) (Carter et al. 2001). Cryo-EM
analysis shows that when eIF1 and eIF1A are
bound simultaneously to the 40S, they provoke
a structural rearrangement that involves an
open conformation of the “latch” of the mRNA
entry channel, which is thought to render the
PIC competent for scanning. In contrast, the
40S-elF1A complex, which might be expected
to resemble the PIC following eIF1 release, is in
a closed state with the latch in a locked confor-
mation that might impede scanning (Passmore
et al. 2007). Importantly, elF1 and eIF1A to-
gether stimulate the rate of TC binding to the
40S, but TC binds more tightly to the PIC in the
absence of elF1, leading to the deduction that
TCbinds to the “open” conformation of the PIC
in a metastable state (P,,,) conducive for scan-
ning but incompatible with start codon recog-
nition. On AUG recognition, the TC achieves
a more stable interaction with the P site (P;,)
through an isomerization that requires elFIl
dissociation and rearrangement to the closed
40S conformation (Passmore et al. 2007; Kolitz
et al. 2009). The physical basis for the stimula-
tory effects of eIF1 and eIF1A and the open con-
formation of the 40S subunit on the rate of TC
binding are not understood, although for eIF1A
this function has been localized to its unstruc-
tured carboxy-terminal tail (CTT) (Saini et al.
2010). As described above, the crystal structure
of the Tetrahymena 40S-eIF1 complex suggests
that eIF1 may physically block full entry of the
anticodon end of the tRNA into the P site (Rabl
et al. 2011), preventing conversion to the P;,
state before start codon recognition. Additional
structural studies will be required to fully eluci-
date the modes of action of elF1 and eIF1A in
the conformational transitions associated with
scanning and start codon recognition.

As mentioned above, the HEAT domain in
the elF5-CTD interacts with the el[F23-NTD,
which could help stabilize TC binding to the
43S PIC in the open (P,,) conformation. It
appears that eIF5 also promotes rearrangement
to the more stable P;, conformation on AUG
recognition by enhancing the dissociation of
elF1 (Nanda et al. 2009). One possibility is
that the eIF5-CTD stimulates elF1 eviction by
weakening one of the contacts that anchors

elF1 to the MFC. At least in yeast, however, it
appears that the interactions of elF1 and the
eIF5-CTD with the eIF2B-NTD (Singh et al.
2004) and the eIF3c-NTD (Singh et al. 2004)
are not mutually exclusive. Another possibility
is that the eIF5 NTD facilitates ejection of elF1
by competing with it for binding to a common
site in the PIC—an idea prompted by elF5-
NTD’s structural similarity with elF1 (Conte
et al. 2006). The NTD of elF5 interacts with
elF2y via its elFl-like folded region (Alone
and Dever 2006) and also contains a long, un-
structured amino-terminal tail (NTT) that in-
cludes the key arginine residue required for
GTPase activation (Das et al. 2001; Paulin et al.
2001). Nanda et al. (2009) speculated that either
the NTD or CTD of eIF5 might move into elF1’s
binding site in the PIC after the latter is released
following start codon recognition. This move-
ment could in turn affect the position of the
NTT of eIF5 on elF2v, allowing P; release from
the TC (Figs. 2 and 3). An attractive feature of
this model is that it provides a mechanism for
coupling P; release to eIF1 dissociation, as there
is currently no evidence that eIF1 can interact
with the eIF2y G domain and block P; release
directly. Testing the models will require determi-
nation of which domain of elF5 is responsible
for promoting eIF1 release and data concerning
the positions of eIF5’s domains in the PIC before
and after start codon recognition.

Consistent with the role of elF5 in promot-
ing eIF1 dissociation from the PIC (Nanda et al.
2009), in both mammals and yeast, overexpress-
ing elF5 reduces the requirement for optimal
context and AUG start codon for efficient initi-
ation, whereas overexpressing eIF1 has the op-
posite effect (Nanda et al. 2009; Ivanov et al.
2010, 2011; Martin-Marcos et al. 2011). These
activities are used to negatively autoregulate
translation of elF1 in yeast (Martin-Marcos et
al. 2011) and both eIF1 and eIF5 in mammals
(Ivanovet al. 2010; Loughran et al. 2012). High-
level eIF1 decreases recognition of its own start
codon, which has a poor context. High-level
elF5 expression increases initiation at uORFs
in its mRNA leader (whose AUGs are in poor
context), which then blocks initiation at the
main eIlF5 ORE Overexpressing elF1 has the
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opposite effect on elF5 production by promot-
ing leaky scanning of the upstream open read-
ing frames (uORFs) and attendant increased
recognition of the main ORF AUG, which has
afavorable context. Thus, the opposing effects of
elF5 and elF1 on accuracy of start codon selec-
tion underlie a network of auto- and cross-reg-
ulatory interactions that should stabilize the
stringency of start codon selection.

At least in yeast, the NTTand CTT of eIF1A
display opposing activities that enable the PIC
to toggle between the open and closed 40S con-
formations (Fekete et al. 2007), and also the P;,
and P,,, modes of Met-tRNA; binding to the
40S. Two 10-amino acid repeats in the CTT,
dubbed SE elements, cooperate with elF1 to
promote the open 40S conformation and accel-
erate TC loading in the P, state (Saini et al.
2010). Based on directed hydroxyl radical cleav-
age-mapping, the (mammalian) e[F1A CTToc-
cupies the P site in a manner incompatible with
canonical P-site binding of Met-tRNA; (Yu et al.
2011). Hence, the CTT (with its SE elements)
must presumably be ejected from the P site for
isomerization to the stable P;, state upon AUG
recognition. In this view, the SE elements re-
semble eIF1 in having to be removed from their
binding site in the open 40S conformation to
achieve the closed state. Consistent with this,
mutations inactivating the SE elements show
the same Sui ™ phenotype (elevated UUG:AUG
initiation ratio) (Saini et al. 2010) produced by
elF1 mutations that provoke abnormally rapid
elF1 dissociation from the PIC (Cheung et al.
2007). As the eIF1A CTT functionally interacts
with the eIF5 GAP domain on AUG recognition
(Maag et al. 2006), it is attractive to envision that
ejection of the CTT from the P site is stabilized
by physical interaction with the eIF5-NTD
(Fig. 3). The yeast elF1A NTTand a helical do-
main adjacent to the CTT contain SI elements
that appear to oppose SE function by destabi-
lizing the open, P, conformation, thereby pro-
moting the closed, P;, configuration for AUG
recognition. Accordingly, SI mutations suppress
UUG initiation in Sui. mutants (Fekete et al.
2007; Saini et al. 2010). The eIF1A NTT also
seems to occupy the P site, but should not clash
with Met-tRNA,; in the P;, state (Yu et al. 2011).

Mechanism of Eukaryotic Translation Initiation

Genetics Brings It All Together: Other Factors
Participate in Start Codon Recognition

In addition to eIF1 and eIF1A, the subunits of
elF2 and elF5 have been implicated in stringent
AUG recognition by the isolation of Sui~ mu-
tations (Donahue 2000). Biochemical analysis
suggested that certain Sui~ mutations in elF2y
weaken Met-tRNA; binding to e[F2:GTPE, which
might allow inappropriate release of initiator
tRNA into the P site at near-cognate start co-
dons. More recently, however, other mutations
in elF2y that weaken binding of Met-tRNA;
have been found that increase rather than de-
crease the stringency of start codon recognition,
suggesting that the orientation of tRNA bind-
ing to elF2, rather than simply its affinity, may
be crucial for proper start codon recognition
(Alone et al. 2008). Sui~ mutations in elF23,
in contrast, appear to primarily elevate elF5-
independent GTP hydrolysis by the TC, and
the SUI5 mutation was reported to increase
the GAP function of elF5 (Donahue 2000).
Both of the latter effects might accelerate P; re-
lease, and thereby enhance initiation, at near-
cognate triplets. As the e[F23 Sui~ mutations
map to the zinc-binding domain (ZBD), and
the ZBD likely interacts directly with the
elF2y G domain (Yatime et al. 2007), the affect-
ed ZBD residues could control access of the
GAP domain of eIF5 to the elF2-y GTP-binding
pocket or prevent P; release at non-AUG co-
dons. As noted above, in addition to promoting
start codon selection by its GAP function, there
is evidence that eIF5 also functions to stabilize
the closed conformation of the PIC through
functional interaction with eIlF1A (Maag et al.
2006) and by accelerating elF1 release (Nanda
et al. 2009); however, the physical basis of these
non-GAP activities is unknown. Their impor-
tance is indicated, however, by the fact that the
G31R Sui mutation (SUI5) in eIF5 completely
inverts the preference for AUG and UUG co-
dons in an assay measuring the effect of the
factor on the open:closed complex equilibrium
(Maag et al. 2006).

There is also genetic evidence that the inter-
actions between elF3c, elF1, and elF5 promote
the opposing functions of the latter two factors
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in start codon recognition, as e[F3¢c-NTD mu-
tations that weaken its binding to eIF1 or eIF5
confer Sui- or Ssu~ phenotypes, respectively
(Valasek et al. 2004). More work is needed to
determine whether eIF1 binds simultaneously
to the 40S subunit and the eIF3¢-NTD to stabi-
lize the open conformation, as both interactions
seem to require helix a1 in eIF1 (Reibarkh et al.
2008; Rabl et al. 2011), or whether eIF1 toggles
between these alternative binding sites at differ-
ent stages of the initiation pathway (i.e., before
and after start codon recognition). There is also
evidence that a patch of basic residues on the
surface of elF1 that encompasses helix a2 (the
“KH” region) interacts with the eI[F23-NTD
and elF5-CTD to promote the open conforma-
tion of the PIC (Cheung et al. 2007; Reibarkh
et al. 2008); however, the relative importance of
these interactions in maintaining 40S associa-
tion of eIF1 in the scanning complex, or in stim-
ulating eIF1 release at the start codon, remains
to be determined. In addition, a mutation in
elF4G that reduces its interaction with eIF1
has been found to produce a weak Sui~ pheno-
type in yeast, suggesting that eIF4G might also
act to stabilize binding of eIF1 to the scanning
PIC (He et al. 2003). Use of FRET probes on
elF1 and each of its potential binding partners
might reveal the dynamics of its myriad inter-
actions during the transition from the open to
closed PIC conformations (Maag et al. 2005).

How Does the Sequence Context around
the Start Codon Influence Initiation
Site Recognition?

There is evidence that eIF2a mediates the stim-
ulatory effect of a permissive sequence context
surrounding the AUG codon and interacts with
the —3 nucleotide of the mRNA, the key con-
textual determinant of AUG recognition (Pi-
sarev et al. 2006). Interaction of elF2a with
the 40S E site, in which the —3 nucleotide
would reside when AUG is in the P site, would
require a substantial reorientation of elF2a
from its location in the 43S model of Shin
et al. (Shin et al. 2011); however, crystal struc-
tures reveal that domains 1-2 of the alF2« are
highly flexible (Stolboushkina et al. 2008), so

perhaps this is possible. elF23 and elFs 1 and
1A also function in discriminating against poor
AUG context, and the same domains/residues
in these factors involved in this activity also dis-
criminate against non-AUG start codons, sup-
porting the model that the AUG and context
nucleotides act as a unit to stabilize the closed
PIC conformation (Pisarev et al. 2006; Ivanov
et al. 2010; Martin-Marcos et al. 2011). Al-
though sequence context regulates AUG recog-
nition in animals and yeast, with the exception
of A at —3, the preferred nucleotides differ
(Shabalina et al. 2004). In addition to residues
immediately upstream of the AUG, it seems
that a 5 UTR of sufficient length to occupy
the mRNA exit channel (~12 nt) and extend
some distance from the backside of the 40S is
also required to stabilize the closed PIC confor-
mation (Pestova and Kolupaeva 2002). It will be
important to determine whether segments of
18S rRNA or ribosomal proteins in the 40S E
site or mRNA exit channel (Rabl et al. 2011)
interact directly with the context nucleotides
and 5'-UTR sequences in a manner that regu-
lates initiation efficiency or accuracy.

What Roles Do rRNA and tRNA Play in Start
Codon Recognition and Scanning?

In addition to the various elFs that regulate
scanning and start codon recognition, there is
evidence that specific residues in the 18S rRNA
and in Met-tRNA; (beyond the anticodon) func-
tion in TC binding and AUG recognition. Sub-
stitutions that perturb the location or identity of
the “bulge” residue in h28 of 18S rRNA decrease
therate and stability of TC binding to mutant 40S
subunits in vitro. The bulge G contacts the +1
position of the P-site codon (A of AUG) in crystal
structures of bacterial 70S*mRNA“tRNA com-
plexes. Substitutions in other 18S residues pre-
dicted to contact the AUG or the ASL of Met-
tRNA; also confer in vivo phenotypes indicating
unstable TC binding to the scanning PIC or
the PIC arrested at AUG (Dong et al. 2008).
Thus, the contacts with the codon or ASL of P-
site tRNA seen in bacterial elongation complexes
are likely also critical for stabilizing Met-tRNA;
binding to eukaryotic PICs. Genetic analysis also
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implicated A1193 in the h31 loop, located di-
rectly below the codon-anticodon duplex in
bacterial 70S complexes, and G875 in h22, in
stabilizing Met-tRNA; binding at the AUG
in the closed complex (Pj,), either directly
(A1193U) or indirectly by reducing the 40S as-
sociation of elFs that promote TC binding
(G875A) (Nemoto et al. 2010). Further struc-
tural studies are required to determine whether
bases or proteins in the 40S subunit itself play a
direct role in responding to codon—anticodon
pairing in the P site, as bacterial bases A1492,
A1493, and G530 do in the A site during tRNA
selection in the elongation phase of protein syn-
thesis.

tRNAM®" contains highly conserved bases
(identity elements) that are not present in elon-
gator tRNAs (Marck and Grosjean 2002). These
identity elements appear to play important roles
in allowing specific binding of the initiator
tRNA by initiation factors (e.g., elF2) and pre-
venting its binding to elongation factors. They
may also be involved in transmitting the signal
that the start codon has been located from ini-
tial codon:anticodon pairing to the rest of the
PIC, promoting downstream events. The ASL of
tRNA; contains three consecutive G:C pairs that
are conserved from bacteria to eukaryotes. In
yeast, changing the first and third of these G:C
pairs to their identities in elongator tRNAfQ/IEt,
eliminates the strong thermodynamic coupling
between TC binding to the PIC and an AUG
codon in the mRNA (Kapp et al. 2006), sug-
gesting a role for these bases in start codon rec-
ognition. Base-pair substitutions at these posi-
tions also destabilized mammalian 48S PICs, at
least following elF5-stimulated GTP hydrolysis
in the TC (Lomakin et al. 2006).

Strikingly, substitution of two other identity
bases in eukaryotic tRNAMetMe, A54, and A60
in the T loop, with the cognate elongator tRNA
residues was found to suppress the loss of
coupling between the AUG codon and TC in
binding to the PIC caused by the elongator /ini-
tiator base swap at the third G:C pair in the ASL
(G31:C39; Kapp et al. 2006). It was suggested
that the A54,A60 replacements might lower the
energy barrier to a structural rearrangement of
Met-tRNA; necessary for its full accommoda-

Mechanism of Eukaryotic Translation Initiation

tion in the P site (i.e., P;, state), and thereby
compensate for the effect of the G31:C39 re-
placement, which may decrease the ability of
the tRNA to fully engage in the P site (Kapp
et al. 2006). In this view, structural features of
the tRNAM®' contribute with eIF1 and the SE
elements in the e[F1A CTT to block the rear-
rangement from the P, to Pj, state in the ab-
sence of a perfect AUG duplex in the P site. Test-
ing the hypothesis that the tRNAM body plays
an active role in the proper response to start co-
don recognition will require additional muta-
genesis studies to probe the functions of the
uniquestructural elementsin theinitiator tRNA.

N6-threonylcarbamoyl modification of A37
(t6A37) of tRNAMe, immediately adjacent to
the anticodon triplet, is thought to stabilize
the first base pair of the codon:anticodon du-
plex for ANN or UNN codons (Agris 2008),
which includes decoding of AUG by tRNAM®,
Consistent with this, inactivation or elimina-
tion of yeast proteins that catalyze t6A37 forma-
tion, including Sua5 (El Yacoubi et al. 2009; Lin
et al. 2009) and subunits of the EKC/KEOPS
complex Kael and Pccl (Daugeron et al. 2011;
El Yacoubi et al. 2011; Srinivasan et al. 2011)
evokes phenotypes indicating impaired recog-
nition of AUG codons by the scanning 43S PIC.

Untangling the RNA Helicases Involved
in Translation Initiation

As mentioned above, in addition to achieving
a ribosomal conformation conducive to scan-
ning, there is also a need to remove secondary
structures to allow the mRNA to pass through
the 40S mRNA entry or exit channels and per-
mit its base-by-base inspection in the P site. In
addition, assuming scanning is a directional
process (5" to 3') one or more factors must trans-
duce the energy required to impart this direc-
tionality, presumably using ATP hydrolysis. By
analyzing the effect of increasing the 5" UTR
length on the time required to complete the first
round of translation of a reporter mRNA in cell
extracts, it was concluded that scanning occurs
at a frequency of 6—8 bases/sec in wheat germ
and mammalian cell extracts, even in the pres-
ence of a strong secondary structure in the 5
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UTR (Vassilenko et al. 2011), which is similar to
the figure of ~10/sec calculated for yeast ex-
tracts (Berthelot et al. 2004). The linear relation-
ship between the translation time and 5-UTR
length implies a substantial bias toward 5 -3’
movement at each base; although a certain
amount of backward scanning cannot be ex-
cluded (Berthelot et al. 2004; Vassilenko et al.
2011). The fact that increasing leader length
does not reduce translational efficiency in yeast
cells was taken to indicate that multiple PICs can
load and scan simultaneously onlong 5’ UTRs to
compensate for the increased time required for
each PIC to reach the AUG codon in extended
leaders (Berthelot et al. 2004).

Multiple DEAD-box RNA helicases have
been implicated in translation initiation, includ-
ing elF4A, Dhx29, and Ded1/Ddx3. Although
itis not fully understood which ones participate
in scanning, there is increasing evidence that
elF4A stimulates both ribosome attachment
at the 5’ end and scanning through structured
5’ UTRs, whereas Dhx29 and Ded1 act primarily
in scanning and are particularly important for
negotiating long or highly structured 5 UTRs.

A model of the scanning complex that takes
into account much of the accumulated data re-
garding the role and position of eIF4F has been
presented by Marintchev and colleagues. In this
model, e[F4G spans the mRNA exit and entry
channels on the 40S, positioning elF4A and
elF4B at the entry channel for unwinding struc-
ture ahead of the ribosome. eIF4F can remain
engaged with the cap as scanning proceeds, with
the scanned nucleotides forming a loop be-
tween the cap-elF4F assembly and the ribosome
(Marintchev et al. 2009). The location of the
HEAT-1 domain of eIF4G in this model, below
the 40S platform, differs from that predicted
from a cryo-EM reconstruction (Siridechadilok
et al. 2005), but it is consistent with hydroxyl
radical cleavage mapping of elF4G HEAT-1 in
reconstituted mammalian 43S PICs (Yu et al.
2011).

The notion that the elF4 factors are posi-
tioned on the downstream side of scanning
PICs needs to take into account the lack of
evidence for factors stably associated with the
mRNA 3’ of native 48S complexes, whereas

residues 5’ of the ribosome are protected from
RNAse digestion (Spirin 2009). The latter is
more compatible with eIF4G working exclu-
sively at the mRNA exit channel to “pull” the
mRNA through the 40S subunit (Siridechadilok
et al. 2005). Spirin has suggested that, from
this location, eIF4G could deliver eIF4B—el-
F4A-ATP complexes to single-stranded mRNA
as it emerges from the exit channel, and the
eIF4B would remain bound to the mRNA and
block backward movement by the PIC. When
the ribosome moves again, the cycle would re-
peat itself, constituting a “Brownian ratchet”
with e[F4B as the pawl (Spirin 2009). It is also
possible that unwinding takes place at the en-
trance channel and RNA structures reannealing
after emerging from the exit channel serve to
prevent backward motion of the PIC and confer
5’3" directionality. There is not enough exper-
imental evidence currently available to reject or
select any one of these models of the scanning
PIC.

Genetic evidence from yeast indicates that
the essential Ded1/Ddx3 protein cooperates
with eIF4F in translation initiation (Hinne-
busch 2011), and suggests that Dedl and
Dbp1 are more critical than elF4A for efficient
scanning through along 5 UTR invivo (Berthe-
lot et al. 2004). Using the reconstituted mam-
malian system, it was found that Dhx29, and toa
lesser extent yeast Dedl, enable scanning
through highly stable stem loops in a manner
that is not possible with eI[F4F alone. Dhx29 and
Ded1 could not replace elF4F for initiation on
the B-globin 5" UTR, which was attributed to
their inability to stimulate 43S PIC attachment
to an mRNAwith cap-proximal structure. Thus,
Dhx29 and Dedl might specifically stimulate
scanning through secondary structures, whereas
eIF4F would enhance both 43S attachment and
scanning through secondary structures of mod-
erate stability (Pisareva et al. 2008; Abaeva et al.
2011). Considering the substantial reduction in
total protein synthesis evoked by knockdown of
Dhx29 in mammalian cells (Parsyan et al. 2009),
it seems likely that Dhx29 promotes translation
of a large fraction of the cell’s mRNAs and not
only those burdened with highly stable 5'-UTR
structures.
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SUBUNIT JOINING

After the start codon has been recognized, the
remaining factors must dissociate from the
complex and the 60S subunit must join with
the 40S subunit to form the final 80S IC with
Met-tRNA; and the start codon in the P site.
Subunit joining is facilitated by a second GTPase
initiation factor, eIF5B (Pestova et al. 2000),
which is the ortholog of the bacterial translation
initiation factor IF2. Below we describe the cur-
rent state of knowledge of these final stages of
eukaryotic translation initiation.

As discussed above, start codon recognition
results in conversion of elF2 to its GDP-bound
state, which has a low affinity for Met-tRNA;
(Kapp and Lorsch 2004). eIF2:GDP must dis-
sociate from the tRNA and 40S subunit before
60S subunit joining. Experiments in the recon-
stituted mammalian system showed that the
presence of eIF5B and 60S subunits enhanced
release of e[F2:GDP from PICs following start
codon recognition, most likely by driving the
equilibrium toward dissociation by capturing
the vacated 40S subunits as 80S complexes (Un-
behaun et al. 2004). Whether eIF5B or the 60S
subunit actively accelerates release of eIF2:GDP
is not yet clear. It seems likely that eIF5, which
binds tightly to eIF2 in both its GTP- and GDP-
bound forms (Algire et al. 2005; Singh et al.
2007), leaves the PIC along with elF2. Determin-
ing whether eIF2-GDP dissociates on its own
from the 40S complex after start codon recogni-
tion or if its release is actively promoted by an
initiation factor or the 60S subunit will require
the development of new kinetic assays for this
step in the initiation pathway. Mutations in e[F2
that reduce subunit joining, which should pro-
duce constitutive derepression of GCN4 transla-
tion (Martin-Marcos et al. 2007) without de-
creasing TC occupancy of 43S PICs, would also
be useful to probe factor release from the PIC.

After eIF2:GDP dissociation, eIF5B-GTP
binds to the complex and accelerates the rate of
60S subunit joining (Acker et al. 2006, 2009).
The ability of eIF5B to facilitate this latter step
requires an interaction between the extreme
carboxyl terminus of eI[F1IA (DIDDI) and the
CTD of eIF5B (Marintchev et al. 2003; Olsen

Mechanism of Eukaryotic Translation Initiation

et al. 2003; Acker et al. 2006; Fringer et al.
2007). The requirement for this interaction un-
derscores the importance of eIF1A and, in par-
ticular, its CTT, in the initiation pathway. Before
start codon recognition, the CTT is bound in the
P site, which presumably sequesters the DIDDI
sequence, preventing it from recruiting eIF5B to
the complex prematurely. When start codon rec-
ognition occurs, the CTT is ejected from the P
site. As outlined above, it may then be involved
in an interaction with elF5 that serves to pro-
mote P; release from elF2. Once elF2-GDP and
elF5 dissociate from the PIC, the DIDDI end of
the CTT is freed to recruit eIF5B*GTP to the
complex and promote joining of the 60S sub-
unit. This series of events suggests that the CTT
of eIF1A is a key controller of the timing of the
steps in the initiation pathway (Fig. 3).

After subunit joining, eIF5B hydrolyzes
its bound GTP, which lowers its affinity for
the 80S IC and triggers its release (Lee et al.
2002; Shin et al. 2002, 2007). Release of eIF1A
occurs only after dissociation of eIF5B from the
80S IC, making eIF1A the only factor to remain
on the ribosome during the entire initiation
pathway, with the possible exception of eIF3
(Acker et al. 2009). GTP hydrolysis by eIF5B
appears to alter the conformation of the 80S
IC, as release of eIF1A occurs slowly in the pres-
ence of a mutant form of eIF5B that does not
hydrolyze GTP but has weakened affinity for the
ribosome and thus can still dissociate after sub-
unit joining (eIF5B-T439A,H505Y). A role for
eIF5B GTP hydrolysis in altering the final con-
formation of the IC is consistent with recent
single-molecule FRET studies in the bacterial
system that indicated a similar role for GTP
hydrolysis by the orthologous factor IF2 (Mar-
shall et al. 2009), and with the leaky scanning
and Gen™ phenotypes produced in yeast ex-
pressing the eIlF5B-T439A,H505Y mutant (Shin
et al. 2002).

elF1A has been reported to be the lowest
abundance initiation factor in yeast cells (von
der Haar and McCarthy 2002). This observation
might be explained by the fact that eIF1A still
binds with reasonable affinity to the final 80S
IC (Acker et al. 2009) and presumably could
compete with incoming eEF1A*GTP-aa-tRNA
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complexes for binding to the A site if present at
high concentrations. In addition, the central
role played by the CTT of eIF1A in all stages of
initiation might also have put selective pressure
on cells to keep the factor’s concentration low to
prevent the formation of spurious interactions
that could prematurely trigger transition from
one stage of initiation to another.

Although we now know a considerable
amount about these late events in translation
initiation, a number of important mysteries re-
main. We do not know when eIF5B interacts
with the 60S subunit. Does it bind to it before
it interacts with the PIC and carry it along like a
tugboat pulling a ship or does it bind first to the
PIC and then wait for an encounter with the 60S
to dock the two together? We also know very
little about how eIF5B and its interaction with
eIF1A accelerate the rate of subunit joining. Un-
derstanding the molecular mechanics of this
process will require additional structural studies
of the 80S IC bound to eIF5B before and after
GTP hydrolysis as well as additional mutagen-
esis and kinetics experiments to elucidate the
key regions of each component required to ac-
celerate subunit joining.

FUTURE PROSPECTS

The combination of in vitro and in vivo studies
used by the field over the past 10 years has al-
lowed dramatic advances in our understanding
of the roles of the individual components of the
translation initiation machinery. We have also
begun to gain an understanding of what dif-
ferent regions of each of these components do.
Obtaining a clearer picture of the molecular
mechanics of this critical stage of gene expres-
sion will require the continued coupling of
increasingly sophisticated in vitro and in vivo
approaches, including additional advances in
structural biology (Ben-Shem et al. 2011) and
kinetic and thermodynamic measurements, for-
ays into single-molecule studies, and genome-
wide analyses such as ribosome profiling (Ingo-
lia et al. 2009). The focus will be on understand-
ing how the parts work together to coordinate
and facilitate the complex interactions and rear-
rangements required for the assembly of the 80S

IC on an mRNA, poised to enter the elongation
phase of protein synthesis.
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