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Abstract

The process of peptide bond synthesis by ribosomes is conserved between species, but the
initiation step differs greatly between the three kingdoms of life. This is illustrated by the
evolution of roughly an order of magnitude more initiation factor mass found in humans compared
with bacteria. Eukaryotic initiation of translation is comprised of a number of sub-steps: (i)
recruitment of an mMRNA and initiator methionyl-tRNA to the 40S ribosomal subunit; (ii)
migration of the 40S subunit along the 5" UTR to locate the initiation codon; and (iii) recruitment
of the 60S subunit to form the 80S initiation complex. Although the mechanism and regulation of
initiation has been studied for decades, many aspects of the pathway remain unclear. In this
review, | will focus discussion on what is known about the mechanism of mRNA selection and its
recruitment to the 40S subunit. I will summarize how the 43S preinitiation complex (PIC) is
formed and stabilized by interactions between its components. | will discuss what is known about
the mechanism of mRNA selection by the eukaryotic initiation factor 4F (elF4F) complex and
how the selected mRNA is recruited to the 43S PIC. The regulation of this process by secondary
structure located in the 5 UTR of an mRNA will also be discussed. Finally, | present a possible
kinetic model with which to explain the process of mMRNA selection and recruitment to the
eukaryotic ribosome.

1. Overview of translation initiation in eukaryotes

It has long been recognized that initiation serves as the rate-limiting step of the translation
pathway on the majority of cellular mRNAs. However, rare codons located in open reading
frames (ORFs) have been shown to control protein abundance, implying that elongation can
serve as the rate-limiting step on some abundant mRNAs [1-6]. To directly address which
step limits translation in yeast, a recent study tested if the abundance or body sequence of
the rare AGG tRNA is able to control translation efficiency [7]. Using the recently
developed ribosome profiling technique to monitor ribosome pauses, the experiments clearly
revealed that translation efficiency is unchanged even when rare tRNA levels are
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dramatically altered [7]. This reaffirms that initiation likely serves as the rate-limiting step
on the majority of mRNAS, even when rare codons are found in ORFs. The apparent codon
bias observed in mMRNAs may therefore exist in part to ensure the efficient use of the
translational machinery in highly translated mRNAs. Ultimately, the overall rate of protein
production in the cell depends primarily on the availability of free ribosomes to enter a
translation cycle. To this end, the rate of ribosome recycling will likely play a significant
role in controlling translational efficiency during low ribosomal availability [8]. As
discussed later, the competition between mRNAs for this limiting pool of free ribosomes
will likely determine the translation efficiency of individual mRNAs. Interestingly, a recent
computational model generated from available data for translation rates in yeast has
predicted that initiation events on mMRNASs can range by two orders of magnitude (from ~4
seconds to ~240 seconds; [9]). This clearly provides a cell with a substantial capacity with
which to fine tune protein synthesis by regulating initiation efficiency. In eukaryotes,
translation initiation requires the coordinated action of a large number of initiation factors
and two ribosomal subunits. The initiation phase essentially proceeds through three main
steps (Figure 1). In the first step, the mMRNA and initiation factors are recruited to the 40S
subunit to form the 43S—-mRNA-—preinitiation complex (43S-mRNA-PIC). In step two, this
complex is converted into the 43S—mRNA-initiation complex (43S—-mRNA-IC) when the
anticodon of the initiator tRNA interacts productively with the initiation codon of the
mRNA. In the third step, the 60S subunit binds to the 40S subunit, forming the 80S initiation
complex (80S—-mRNA-IC). Each step is promoted by interactions between different
initiation factors and the two ribosomal subunits. The entire process must occur with high
fidelity so that the correct initiation codon is selected to ensure accurate translation.
Although this simplified pathway is shown that includes three main steps, it is important to
note that a number of key sub-steps are likely important in mRNA selection and recruitment,
as will be discussed later. In this review, | will discuss our current understanding of the
mechanism by which capped mRNAs are recruited to the 40S subunit. In particular, | will
discuss how thermodynamic and kinetic frameworks are beginning to reveal how 40S
subunits are prepared for mMRNA recruitment, and how different MRNAs can be selected for
translation. For an extensive review of the mechanism of eukaryotic initiation, | encourage
the reader to refer to a number of excellent recent reviews [10-13]. More specific reviews
discussing initiation codon selection [14-16], ribosome recycling and reinitiation [17-19]
are also available. In addition, tremendous advances in our understanding of the structures of
eukaryotic initiation complexes have been made and are summarized in earlier reviews [20-
24].

1.1. Initiation components

The core set of components needed to recruit an mRNA to the eukaryotic ribosome and
initiate protein synthesis was first identified in the 1970s. Using biochemical techniques, the
Staehelin, Hershey, Anderson, and Merrick laboratories successfully reconstituted the
initiation process using purified components. The activities of individual factors were
determined by omitting one factor at a time, providing the first pathway models for
assembly of initiation complexes [25-29]. Due to the relatively poor separation qualities of
the ion exchange columns of the time, some initiation factor preparations were in fact
“contaminated” with more than one initiation factor. This resulted in some initiation factors
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possessing several activities that were not established until later; the presence of elF4G in
early elF3 preparations is a good example [30]. Nevertheless, these early experiments
provided a general pathway for eukaryotic initiation that has essentially stood the test of
time. However, the parts list of the initiation machinery has continued to grow, with
activities of new initiation factors such as DHX29 and DDXa3 still being discovered (see
below).

2. The 43S pre-initiation complex

Prior to the recruitment of an mRNA to the 40S subunit, initiation factors must bind to the
40S subunit to form what is generally named the 43S pre-initiation complex (PIC). These
factors include elF1, elF1A, elF2-GTP-Met-tRNA,, elF3 and elF5, which through a
complex set of interactions stabilize each other on the surface of the 40S subunit. These
initiation factors function in part by altering the conformation of the 40S subunit mMRNA
decoding site to promote: (i) MRNA recruitment; (ii) scanning; and (iii) initiation codon
selection. A considerable amount of biochemical, biophysical, genetic, and structural data
has converged to generate models for the eukaryotic 43S PIC. Here, | will briefly summarize
what is known regarding the binding sites of each 43S PIC factor on the 40S subunit and
how they alter the 40S subunit conformation. | will then discuss what is known about the
maturation pathway of the 43S PIC.

2.1. Initiation factor binding sites on the 40S subunit

The mRNA decoding site of the 40S subunit extends across the width of the 40S subunit
interface between the head and body domains (Figure 2; 40S subunit interface view). The
mRNA entry and exit channels are located at each end of the decoding site, and as the names
suggest, constitute the entry and exit sites of the mMRNA. The binding sites for the 43S PIC
initiation factors have been established using different methods, including crosslinking,
footprinting, electron microscopy and crystallography (Figure 2; reviewed in [22, 31]).
Biochemical and structural models position elF1 and elF1A close to the peptidyl (P) and
aminoacyl (A) sites respectively, where they are able to play an important role in controlling
mRNA binding and the fidelity of initiation codon selection (Figure 2; 40S—elF1-elF1A).
These proteins are structurally and functionally related to bacterial IF1 (elF1A) and IF3
(elF1), which bind to analogous regions of the 30S subunit [32-37]. Two recent cryo-EM
models have revealed how the elF2-GTP-Met-tRNA; ternary complex (TC) is positioned in
the P-site of the 40S subunit in the absence and presence of mMRNA (Figure 2; 40S—elF1-
elF1A-TC) [36, 38]. Interestingly, the TC appears to accommodate more deeply into the P-
site of the 40S subunit upon mRNA binding and codon recognition [36]. The majority of the
large elF3 complex binds to the solvent exposed surface of the 40S subunit (Figure 2; 43S—
mMRNA) [35, 38]. Consistent with its known interactions with elF1, elF2 and elF5, it is
expected that a number of its subunits extend into the 40S subunit interface and decoding
site. To date, only the elF3j subunit has been shown to bind to the mRNA entry channel and
A-site of the 40S subunit [35, 39]. The position of the GTPase activating protein (GAP) elF5
on the 40S subunit is less clear. Presumably, it would likely bind to the 40S subunit interface
close to elF1, elF1A, and elF2 since it is known to make direct and/or indirect interactions
with these proteins on the 40S subunit [40]. Consistent with this, a recent cryo-EM
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reconstruction of a yeast 43S PIC intermediate complex (minus elF3) indicates that elF5
may in fact bind in between elF2 and elF1 on the surface of the 40S subunit [36].

The 40S subunit is a dynamic machine that can adopt a number of conformations [31]. In the
absence of initiation factors, the 40S subunit is likely to rapidly move between these
conformations. Initiation factor binding stabilizes specific conformations, helping to prepare
the 40S subunit for mMRNA binding and subsequent steps in the initiation pathway.
Footprinting, hydroxyl radical probing, fluorescent assays, electron microscopy and
crystallography can observe changes in 40S subunit conformation at different degrees of
resolution and time (reviewed in [31]). A well-characterized conformational rearrangement
of the 40S subunit is one that occurs upon the binding of elF1 and elF1A to the subunit
interface. These small initiation factors stabilize a conformation that “opens” the mRNA
binding channel [34, 41]. This conformation is consistent with the function of these small
initiation factors in promoting mRNA recruitment into the 40S subunit decoding site and
subsequent scanning [42]. Interestingly, a similar opening of the mRNA binding channel can
be observed upon binding elF3. This was revealed using a hydroxyl radical probing assay
that monitored the position of elF3j relative to the 18S rRNA in the absence and presence of
elF1 and elF1A, or elF3 [43]. Interestingly, the binding of the HCV-IRES also promotes a
similar conformational rearrangement of the mRNA binding channel in the 40S structure,
implying that there are multiple ways to achieve a similar change in 40S subunit
conformation [43, 44]. Recent advances in cryo-EM are beginning to generate exciting new
high-resolution structural models for ribosomal subunits and intermediates in the initiation
pathway [45, 46]. It is anticipated that new high-resolution structural models will help to
reveal how the dynamic nature of the 40S subunit is fine-tuned by the different components
of the 43S PIC in order to prepare it for mMRNA recruitment.

2.2. Assembly of the 43S PIC

Genetic, biochemical, and biophysical approaches have begun to reveal how a complex
network of direct and indirect interactions exists between the components of the 43S PIC.
Non-equilibrium methods such as sucrose gradients and size exclusion chromatography
have provided some information about the relative affinity of each component for the 40S
subunit in vitro and in vivo. However, a detailed thermodynamic framework of the 43S PIC
requires binding experiments that are able to measure equilibrium dissociation constants.
The Lorsch laboratory was first to address this by measuring a number of interactions
between 43S PIC components in yeast using equilibrium binding assays. The elucidated
thermodynamic frameworks have generated profound mechanistic insight into how
interactions between initiation factors stabilize the 43S PIC. Importantly, they have also
rigorously tested their in vitro models using in vivo experiments in collaboration with the
Hinnebusch laboratory (reviewed in [10]). This extensive body of work has quantitatively
shown how elF1, elF1A, elF5 and TC all stabilize one another on the yeast 40S subunit in
the absence of mMRNA [41, 47-51]. One particularly important interaction within this
framework is the thermodynamic coupling between elF1 and elF1A on the surface of the
40S subunit [50, 52, 53]. As mentioned earlier, these small initiation factors regulate the
opening and closing of the mRNA binding channel, which ensures mRNA recruitment,
scanning and the fidelity of initiation codon selection [41, 42, 49]. Although these small

Biochimie. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fraser

Page 5

initiation factors independently possess high affinity to the 40S subunit (15-50 nM),
thermodynamic coupling between them increases their affinity for the 40S subunit roughly
five-fold [47, 50, 52]. In addition, this coupling provides a central mechanism by which the
43S PIC stabilizes the TC and elF5 on the 40S subunit prior to mRNA binding [48, 51].

One limitation of the binding experiments using yeast components is that technical
difficulties prevented the inclusion of the large elF3 complex when measuring equilibrium
binding affinities. Since non-equilibrium binding assays indicate that elF3 increases the
relative affinity of elF1, elF1A and TC for the 40S subunit, it would be expected to
appreciably increase the affinity of these initiation factors in the 43S PIC. It has now been
possible to monitor how human elF3 changes the affinity of elF1, elF1A and elF3j in the
43S PIC [52]. Interestingly, elF3j binds to the 40S subunit A-site and mRNA entry channel
and reduces the affinity of elF1, elF1A and TC for the 40S subunit [39, 52]. To overcome
this negative cooperativity, the binding of the elF3 complex to the 40S subunit ensures that
all of these components possess high affinity (<10 nM). One limitation of this study is that it
did not address a possible contribution of elF5 on the stability of the 43S PIC [52].
Nevertheless, the frameworks developed for the yeast and human systems are starting to
generate important quantitative information regarding the connections between components
of the 43S PIC that ultimately stabilizes it. It is important to note that the cellular
concentration of the 43S PIC initiation factors is likely to be around 0.5-1 uM [54]. This
means that the 40S subunit would likely be saturated with the 43S PIC components at
equilibrium, even without the observed thermodynamic coupling between them. However,
the positive cooperativity between initiation factors indicates that their lifetime on the
surface of the 40S subunit could be many times longer when all factors are present.
Maintaining the integrity of the 43S PIC for long enough to productively engage an mRNA
is therefore likely to rely on these stabilizing interactions. An important goal for the future
will therefore include determining the rates of binding and release of individual 43S PIC
components. It should be noted that the concentration of initiation components and
ribosomes might vary considerably between cell types and species [55-58]. Although in
vitro assays are able to determine how the concentration of initiation components can
regulate the formation of different initiation intermediates, it will be important to relate these
models to in vivo concentrations of initiation components.

The pathway of 43S PIC formation is expected to depend on whether the 40S subunit is
selected from free ribosomal subunits or 40S subunits generated during ribosome recycling
after the termination of mRNA translation [17]. When generated from free ribosomal
subunits, the independent binding of each component could generate the 43S PIC. This may
be accomplished by a random order of binding, or potentially by kinetically favoured routes
dictated by the arrival times of individual components. This has recently been shown to be
the case in bacteria, where sophisticated kinetic experiments have revealed different
pathways of 30S PIC assembly that partly depend on initiation factor concentrations [59,
60]. We currently know very little about the kinetically favoured routes of 43S PIC
assembly on free ribosomal subunits because association rates for individual components
have not been rigorously determined. It has been shown that a multifactor complex (MFC)
containing elF1, elF2, elF3 and elF5 can form independently of the 40S subunit in yeast and
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mammals [61, 62]. It is therefore entirely possible that formation of this complex prior to
40S subunit binding may provide a favourable kinetic pathway of 43S PIC formation. Even
though kinetic and equilibrium binding constants can help reveal how the 43S PIC forms on
a free 40S subunit, it is currently unclear how a free 40S subunit can be derived from an 80S
ribosome that is not actively translating a message. The elF3 complex possesses anti-
association activity by binding to the 40S subunit following 80S dissociation, but it is not
clear if elF3 can accelerate the dissociation of a 60S ribosomal subunit from the 40S
subunit. Ultimately, if different 43S PIC assembly pathways do in fact exist in eukaryotic
cells, it will be important to determine if these different pathways affect the recruitment of
specific MRNASs to the 40S subunit.

An alternative pathway of 43S PIC formation exists when ribosomal subunits are derived
from terminating ribosomes (Figure 3). Generation of the 43S PIC by ribosome recycling
appears to follow a better-defined pathway than from free ribosomal subunits [17, 63-65].
During stop codon recognition, eRF1 and eRF3 bind into the available A-site and promotes
termination of protein synthesis. Following eRF3 release, an ATPase named ABCEL is
recruited to the 80S complex and functions to dissociate eRF1 and split the 40S-mRNA-
tRNA complex from the 60S ribosomal subunit upon ATP hydrolysis. The deacylated tRNA
remaining in the P-site of the 40S is then ejected during the binding of elF1, elF1A and
elF3. However, the order of binding of these three initiation factors is not known and will
need kinetic experiments to precisely define them. Importantly, the binding of these
initiation factors to known bridge contacts likely ensures that re-association of the ribosomal
subunits is prevented. Finally, elF3j associates with the A-site of the 40S subunit to aid
MRNA dissociation from the 40S subunit. Whether mRNA dissociates spontaneously from
the 40S subunit (as found for mMRNA release from 30S subunits during recycling [66, 67]) or
if elF3j somehow accelerates mMRNA dissociation is currently unknown. Finally, the binding
of the TC and elF5 completes the formation of the 43S PIC, which likely allows it to enter
into another round of initiation. At present, the timing of elF5 recruitment to complete the
43S PIC is poorly understood. Interestingly, since the MFC is able to form independently of
the 40S subunit, it is also possible that the TC will be recruited to the 40S subunit via this
complex.

3. Selection and Recruitment of mMRNA to the 43S PIC

All mMRNAs in the cell must compete with one another for the translation machinery through
their efficiency in recruitment to the cap-binding complex (elF4F) and the 43S PIC. It is 40
years since Harvey Lodish first proposed a kinetic rate equation to model eukaryotic mRNA
translation [68]. His model postulated that an increase in the rate of initiation at the mMRNA
recruitment step would result in a preferential increase in the translation of poorly competing
mRNAs. A subsequent model from the Thach laboratory further separated initiation into
substeps and introduced the concept of a “discriminatory factor” binding to the mRNA prior
to its recruitment to the 40S subunit [69]. A mechanism to explain how mRNAs can
compete for such a discriminatory factor was then provided by a correlation between m’G
cap accessibility and translation efficiency [70, 71]. Nevertheless, the molecular details for
how different classes of mMRNAs actually compete for recruitment to elF4F and the ribosome
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in cells is still poorly defined. Moreover, possible mechanisms to regulate the recruitment of
different subsets of mMRNAS in response to environmental changes are not clear.

A large amount of data indicates that an increase in the amount and stability of secondary
structure in the 5 UTR of an mRNA leads to a decrease in the rate of initiation (reviewed in
[72]). This is thought to be due to the fact that the thermodynamic barrier of any secondary
structure in the 5" UTR must be overcome to enable efficient recruitment to elF4F and the
43S PIC. Consistent with this, mRNAs containing large amounts of secondary structure in
their 5 UTRs are more dependent on the unwinding activity of elF4F [73]. Cellular mMRNAs
that appear to fall into this category include VEGF, ODC and cyclin D1, all of which
possess relatively long G-C rich 5 UTRs that are predicted to possess extensive secondary
structure [72]. In contrast, highly translated mRNAs such as GAPDH are not predicted to
possess significant secondary structure and are translated much more efficiently [72]. While
it is likely that many different classes of MRNAS possessing various amounts of secondary
structure in their 5 UTR exist in cells, experimentally determined mRNA 5" UTR secondary
structure is still limited. It is hoped that high-throughput chemical probing techniques will
help to address this in the future [74-78].

3.1. Assembly of the elF4F complex

Eukaryotic mRNAs are modified with a 7-methyl-guanosine cap (m’G cap) on the 5 end
and a polyadenylated (poly(A)) tail on the 3’ end. These modifications promote nuclear
export, stabilize the mRNA, but also act in a cooperative manner to stimulate the rate of
initiation [79, 80]. A key initiation factor complex that interacts directly and indirectly with
both of these mMRNA features is elF4F, which was first identified in mammals three decades
ago [81, 82]. This complex consists of three subunits: the m’G cap binding protein, eIF4E;
the DEAD-box helicase, elF4A; and the molecular scaffold protein, elF4G. These proteins
consist of several conserved domains that have been shown to directly interact with different
initiation components (Figure 4A). Some structural models for these proteins and their
interaction with other components are available (Figure 4B). However, we still lack
structures for the entire elF4F complex from any species. It is important to note that while
mammalian, plant, and yeast elF4F are likely to function similarly in mRNA recruitment,
their structure and regulation appears to be somewhat different. Although I will focus
discussion primarily on the mammalian elF4F complex, some aspects of yeast and plant
elF4F function will be discussed in the following sections.

The availability of elF4F for binding to an mRNA is an important regulated step early in the
initiation pathway. Accordingly, the elFAE component can be sequestered from the complex
by a family of elFAE binding proteins (4E-BPs). These proteins bind to elF4E and act as
competitive inhibitors to prevent its binding to elF4G [83]. This mechanism takes advantage
of the fact that elF4E is generally believed to be the lowest abundant initiation factor in
many cells, although this fact has been questioned [54, 84]. There are three known
mammalian isoforms named 4E-BP1, 4E-BP2, and 4E-BP3. Together with elF4G, these
proteins share a YXXXXL® motif that binds to elFAE [85, 86]. Non-phosphorylated 4E-BPs
interact tightly with elF4E, preventing it from interacting with elF4G. A hierarchical
phosphorylation pathway converts 4E-BPs to proteins that possess a roughly 4000-fold
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reduced affinity to elF4E [87, 88]. Interestingly, recent structural information has revealed
how an extended surface in 4E-BPs beyond the YXXXXL® motif also interacts with elF4E
[89, 90]. It has been proposed that this surface may play a key role in promoting the
dissociation of elF4E from elF4G [89]. Although this is an interesting possibility, it will be
important to test this hypothesis using equilibrium and kinetic assays. As discussed later, an
important goal of future work is to fully elucidate the thermodynamic and kinetic
frameworks for the interaction between elF4E and all of its binding partners.

Despite its importance in mRNA recruitment to the 43S PIC, the molecular details of how
elF4F selects mMRNAs from the cellular pool is poorly defined. To this end, a number of
laboratories have worked to elucidate the thermodynamic and kinetic frameworks for elF4F
complex formation in the absence and presence of mMRNA. Recent work with purified yeast
factors has revealed a strong thermodynamic coupling between elF4E and elF4A binding to
elF4G [91]. Interestingly, this coupling increases the affinity of elF4A for elF4G roughly
10-fold from 200 nM to <30 nM in the presence of elFAE. However, elF4A is one of the
most abundant initiation factors in all cells, so it is possible that this change in affinity
doesn’t appreciably change the saturation of elF4A in the elF4F complex at equilibrium in
the absence of MRNA [58]. Although not directly measured, this coupling would also be
expected to increase the affinity of elF4E for elF4G when elF4A is bound to the complex.
Again, since elF4E binds elF4G with a high affinity in the absence of elF4A (<30 nM), this
increase in affinity may not be important for controlling elFAE saturation in the elF4F
complex. Nevertheless, the cooperative binding between elF4A and elF4E with elF4G could
have an important role in increasing the lifetime of the elF4F complex in the absence of
mRNA. To date, no thermodynamic framework for the formation of the human elF4F
complex has been determined using full-length elF4G. The affinities of key interactions
between elF4E and elF4A with domains of elFAG have been determined, but whether these
binding affinities are relevant in the context of the complete elF4F complex is unknown.
Interestingly, it does appear that the affinity of elF4A for human elF4G is likely to be higher
than that of the yeast complex. This is inferred from the fact that human elF4A is readily
purified as a complex with elF4G, while this tends not to be the case in yeast [92]. Whether
this is due to the fact that human elF4G possesses an additional elF4A-binding domain in its
C-terminal extension remains to be determined. While the thermodynamic framework for
elF4F complex formation is beginning to take shape, more work is clearly needed to
precisely define it and its kinetic framework. As mentioned above, high-resolution structural
models are available for some elF4F components and their interacting domains (Figure 4B),
but the field eagerly awaits high-resolution structural models of the complete elF4F complex
to help us better understand how this complex functions in the initiation pathway.

3.2. mRNA selection by elF4F

Cellular mMRNAs exist as messenger ribonucleoprotein particles (MRNPs) [93]. These
MRNPs can be found in actively translating polysomes, repressed in granules such as P-
bodies, or awaiting selection by elF4F. The composition and amount of MRNAs in each of
these pools change over time, depending on variables such as the growth state of the cell.
Importantly, de novo mRNPs newly exported from the nucleus likely differ in their protein
content from previously translated mMRNPs, although precisely what proteins are associated
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with different mMRNPs is poorly defined [93]. The pioneer round of translation is promoted
by the cap-binding heterodimer CBP80-CBP20 and functions to remove the exon-junction
complex to ensure that the mMRNA is suitable for translation [94]. Additional remodelling of
mRNPs likely occurs during translation, further altering the composition of mMRNPs and
perhaps the mRNA structure. These rearrangements may provide an important mechanism
in controlling translation efficiency of subsequent translation cycles.

How elF4F selects an mRNA from a complex mixture in the available pool is poorly
defined. One possibility is that MRNAs might possess different affinities for this complex,
resulting in preferential selection. While this is an attractive model, it is not clear how the
concentration of elF4F relates to the concentration of mRNAs awaiting recruitment. Should
the concentration of elF4F be appreciably lower than that of the mRNA pool, selection
likely becomes more important than if the concentration of elF4F approaches that of the
mRNA pool. Appropriately, regulating the amount of available elF4E through sequestration
by 4E-BPs will clearly have an important role to play in controlling the concentration of
elF4F [83]. Once again, the specific mRNP pool that the mRNA is derived from may also
significantly alter the selection process. For example, the recruitment efficiency of mMRNA to
elF4F may be greater when an mRNA is actively being translated compared to one that is
awaiting selection. This would be consistent with the finding that initiation rates on actively
translating mRNAs appear to be higher than de novo initiation events [95]. This could be
due to preferential selection of these mMRNAs by elF4F as the m’G cap becomes available
during, or following the previous initiation event.

A crosslinking approach first identified the elFAE subunit of eIF4F as the m’G cap-binding
protein [96]. High-resolution structures later revealed how this protein uses two conserved
tryptophan amino acids to sandwich the modified guanosine of the m’G cap with a third
tryptophan interacting with the N7-methyl group [97, 98] (Figure 4). The interaction of this
protein with the m’G cap structure of an mRNA has been extensively studied using different
quantitative approaches including fluorescence (bulk and single molecule), surface plasmon
resonance (SPR), and isothermal titration calorimetry (ITC) [99-104]. These approaches
have all revealed that elF4E has a reasonably high affinity to the m’G cap structure (~100
nM) and any change in m’G cap proximal secondary structure can change the affinity of
elFAE for the m’G cap by up to 5-fold [102, 105]. Therefore, it is possible that a change in
affinity by secondary structure might explain how different mMRNAs could compete for
elF4E binding. However, one limitation of these experiments is that they typically employ
short (~50 nt) oligonucleotides in place of a functional MRNA. It will therefore be important
to determine the rate of elFAE binding to different functional mMRNAs that possess well-
characterized secondary structures located at different distances from the m’G cap structure.

In addition to the binding of elF4E to the m’G cap, elF4G and elF4A both possess RNA
binding domains that could combine to increase the affinity of elF4F for an mRNA (Figure
4). This has been recently investigated using yeast elF4F in an elegant single molecule
FRET assay. Using this approach, the affinity of elF4E for the m’G cap structure was found
to be increased about 5-fold from ~100 nM to ~20 nM upon binding full-length yeast elF4G
[102]. Although not tested, it is likely that the multiple RNA binding domains in elF4G play
a critical role in this coupling. This would be consistent with the fact that these RNA binding
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domains promote mRNA recruitment and subsequent stages of initiation in vivo [106].
Because of the positive coupling between the components of elF4F in the absence of
MRNA, the recruitment of mMRNA to the complex would be expected to substantially
increase the affinity of elF4E and elF4A to elF4G in order to stabilize the elF4F complex on
the mRNA. Presently, it is not clear what the role of the RNA binding property of the elF4A
helicase is on the affinity of the elF4F complex for an mRNA. It has also been shown that
ATP increases the affinity of elF4A for the HEAT-1 repeat of human elF4G, but it has not
been determined if this would be true for full-length elF4G [107].

Although elF4F is a stable complex that can be purified in the absence of other proteins,
accessory proteins that can associate with it include the elF4E kinase (MNK1) and poly(A)
binding protein (PABP) (Figure 4). It has been shown that PABP binds to a conserved
domain in the N-terminus of elF4G [108-110]. This interaction possesses a very high
affinity in plants (~40 nM; [111]), while the human factors have been reported to interact
with a much weaker affinity (27 uM; [112]). However, the affinity of the human
components has only been tested using a minimal binding domain of elF4G and it remains
to be determined if full-length elF4G will possess an affinity closer to that shown for plant
elF4G. In yeast, the relative affinity between elF4G and PABP appears to be dramatically
increased by the poly(A) tail, although no quantitative data are yet available [108].
Importantly, the interaction of PABP with the elF4F complex has been proposed to explain
why addition of a m’G cap and poly(A) tail synergistically stimulate translation in vivo [79,
108, 113, 114]. However, there may be some amount of redundancy in this interaction since
a mutation in yeast elFAG that lowers its affinity to PABP still shows a synergistic activation
of translation by the m’G cap and poly(A) tail [80]. An alternative model whereby PABP
stimulates 60S subunit joining has been proposed to explain these data [80]. Consistent with
PABP playing an important role in mRNA recruitment to the ribosome, the binding of
PABP to elF4F has been shown to increase the affinity of elF4E for am’G cap analogue
(minus mRNA) by 40-fold [115]. As expected, this coupling also increases the affinity of
elF4F to PABP by the same degree. While these changes in affinity are striking, it will be
important to verify the extent to which this coupling changes these affinities using a
functional mMRNA. A small, but appreciable 2-fold increase in PABP binding to the poly(A)
tail has been shown in the presence of elF4F [111, 116]. However, the importance of
stabilizing this interaction is not clear since the affinity of PABP for the poly(A) tail on its
own is very high (7 nM; [117]). Taken together, the interaction between elF4G and PABP
stabilizes the elF4F complex on the mMRNA m’G cap. This may substantially increase the
lifetime of the complex so that it can efficiently recruit the selected mMRNA to the 43S PIC.
A widely adopted model is that an mMRNA can be circularized as a result of this interaction.
While this can be shown using in vitro components [113], whether this is important or even
occurs in vivo is still unclear [118, 119]. Therefore, despite a considerable amount of work
being carried out on the interaction between elF4F and PABP, it remains to be determined
mechanistically how this contributes to mRNA selection and the rate of mMRNA recruitment
to the 43S PIC.
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3.3. Duplex unwinding by elF4F

It is likely that one of the main determinants of successful elF4F docking onto an mRNA is
the amount of secondary structure located in the m’G cap proximal region. As mentioned
above, relatively stable hairpin structures can lower the affinity of elF4F for the m’G cap
structure when tested using short oligonucleotides [102]. This is presumably due to elF4F
possessing a reduced affinity to double stranded RNA regions, although this has not been
rigorously tested. To overcome the inhibitory effect of secondary structure close to the m’G
cap structure, elF4F can melt this structure by the duplex unwinding activity of the elF4A
component. It is not clear whether there is a minimal amount of single stranded RNA that is
needed to enable elF4G to productively bind to the m’G cap proximal region of mRNA. It
has been shown that the rate of duplex unwinding by the elF4F complex on an uncapped
substrate is strongly stimulated by the presence of a single-stranded RNA region in vitro
[120]. Presumably, this is due to a greater affinity of elF4G/elF4F to single-stranded regions
of MRNA when they are available, although this has not been rigorously tested using a m’G
capped mRNA. Therefore, spontaneous unwinding of any m’G cap-proximal secondary
structure would likely enable elFAF to be stabilized on the mRNA by virtue of an increase in
available single stranded RNA. The unwinding potential of elF4F invitrois limited to
melting short hairpins with modest stability (~AG —30 kcal/mol; [121]). This may be due to
the fact that elF4A, like all DEAD box proteins, is not thought to be a processive helicase
[121]. However, it is entirely possible that it becomes processive in the presence of elF4G
and/or elF4B [120]. Importantly, the in vitro helicase activity of elF4A is synergistically
activated by its binding to elF4G and the accessory factors elF4B and elF4H [120, 122—
124]. These accessory proteins have been shown to accelerate the cycling of elF4A between
open and closed conformations, which is needed to destabilize RNA duplex regions [124—
126] (Figure 4B; compare open and closed elF4A conformations). This activity of elF4B is
consistent with the finding that mMRNAs containing large amounts of predicted secondary
structure in their 5 UTRs are translated less efficiently when elF4B protein is reduced using
RNA interference (RNAI) [127]. Importantly, the binding of elFAE to elF4G is also required
to counteract an autoinhibitory domain within human elF4G that otherwise inhibits elF4A
unwinding [128]. Therefore, the rate of duplex unwinding by elF4A will be greatest when
bound to the elF4F complex and in the presence of elF4B/elF4H. Interestingly, elF4B also
interacts directly with PABP in plants and mammals, which may play an additional role in
stabilizing this accessory protein on the elF4F complex [111, 129]. Taken together, any
increase or decrease in the rate of unwinding by elF4A could be an important factor in
determining whether elF4F will fully accommodate on a selected mRNA. While this is an
attractive model to explain the pathway of mRNA selection by the elF4F complex, a
significant amount of quantitative data that will be needed to fully support it is still missing.
It is noteworthy to mention that the helicase activity of elF4F may also function to disrupt
RNA-—protein interactions in addition to its function in melting duplex regions. This would
be consistent with the finding that other RNA helicases can lead to the dissociation of
proteins from RNA substrates independently of their duplex unwinding activity [130].
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3.4. Recruitment of mRNA to the 43S PIC

The mRNA binding channel on the 40S subunit can only accommodate single stranded
RNA. Therefore, any secondary structure located in the m’G cap proximal region of the
mMRNA must be melted in order to bind the 43S PIC. Consistent with this, changing the
position of hairpin structures within the first 10 nt of a reporter mMRNA can modulate
translation by more than 50-fold [131]. Whether such hairpin structures inhibit recruitment
of mRNA to the elF4F complex, or subsequent binding of this complex to the 43S PIC is not
known. The stable binding of the eIF4F complex to the m’G cap proximal region of an
MRNA serves as a docking site for the 43S PIC. Using a non-equilibrium gel shift assay,
elF4F has been shown to possess the highest affinity to ~60 nt of RNA, although the precise
footprint of the complex has not yet been determined [132]. Footprinting and structural
models indicate that the 40S subunit accommodates ~30 nt of mMRNA, while the elF4F-43S
PIC protects ~60 nt of mMRNA [133, 134]. The additional 30 nt of protected mRNA beyond
that protected by the 40S subunit appears to be a 5" extension on the solvent side of the 40S
subunit where elF3 is located and can crosslink to the mRNA [134]. Thus, the minimum %/
UTR length that would likely enable full protection would be ~45 nt long, since the 40S
subunit protects ~15 nt of RNA downstream of the initiation codon when it is located in the
P-site. Accordingly, the average length of 5 UTRs across species is ~100 to ~200
nucleotides, which would indicate that full accommodation of the elF4F-43S PIC would be
possible on the majority of 5 UTRs [135]. A well-characterized hairpin structure that can
specifically inhibit 43S PIC binding is the iron responsive element (IRE; [136]). Generally
found in mMRNAs that regulate iron metabolism, these MRNAS possess a ~30 nt hairpin
structure within ~50 nts from the m’G cap structure. In the absence of iron, the IRE-binding
protein binds to the hairpin with high affinity and prevents 43S PIC binding. This inhibition
occurs despite the fact that elF4F can still bind to the m’G cap with a very high affinity (9
nM; [136, 137]). Although not directly tested, the limited unwinding potential of the elFAF
complex is likely not able to melt the IRE hairpin when it is stabilized by IRE-binding
protein. Upon binding of iron to the IRE-binding protein, the protein dissociates from the
hairpin, which enables unwinding of the IRE hairpin and the recruitment of the 43S PIC.
While this is an extreme case of secondary structure regulating mRNA recruitment to the
43S PIC, it is likely that many m’G cap proximal hairpin structures could also regulate 43S
PIC recruitment to some extent.

In mammals, productive recruitment of the mRNA-elFAF complex to the 43S PIC requires a
direct interaction between elF4G and elF3 [138, 139]. This interaction likely stabilizes the
43S PIC on the mRNA for long enough to enable it to engage the unstructured mRNA in its
decoding site, although this has not been directly measured. Immunoprecipitation assays
have indicated that the relative affinity of elF4G binding to elF3 is increased following
mTORC1 activation [140, 141]. Prolonging the lifetime of this interaction in this way could
significantly increase the likelihood of mMRNA recruitment to the 43S PIC. Surprisingly, a
direct interaction between elF4G and elF3 does not appear to exist in yeast [91, 142]. The
reason for this is not clear, but it is possible that other interactions between initiation
components could accomplish the same goal. Such stabilizing interactions may include the
elF4G—elF5, elF4B—-elF3, and even the elF4B-40S interaction [91, 142, 143].
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Equilibrium and non-equilibrium binding assays have indicated that the large elF3 complex
stabilizes the 43S PIC prior to mRNA binding [28, 52, 61, 144-147]. In addition, elF3 also
plays a critical role in promoting mMRNA recruitment to the 43S PIC in vitro and in vivo
(reviewed in [10]). Using a gel-shift assay to monitor mMRNA recruitment to the 43S PIC, the
Lorsch laboratory has recently shown that yeast elF3 increases the affinity and the rate of
m’G capped mRNA binding to the 43S PIC [91]. Yeast elF3 increases the apparent affinity
of mRNA for the 43S PIC 12-fold when the mRNA possesses a 37 nt 5’ UTR [91].
Interestingly, this increase in apparent affinity is only 2-fold when the mRNA possess a 4 nt
5 UTR, indicating that elF3 stimulates mMRNA recruitment to the 43S PIC when the mRNA
extends beyond the mMRNA exit channel. Since elF3a and elF3d both crosslink to an mRNA
region on the 5 side of the 40S subunit binding channel, this may explain how elF3
increases the affinity of mMRNA to the 43S PIC [134]. Nevertheless, recent cryo-EM models
also indicate that elF3 may make additional contacts with the mRNA close to the mRNA
entry channel [35, 38]. Both of these interaction sites are consistent with the fact that
mutations in different elF3 subunits reduce the apparent affinity of mRNA for the 43S PIC
invivo [148, 149]. However, since elF3 also changes the conformation of the mMRNA
binding channel, it is also possible that this complex plays an additional role beyond direct
mRNA binding in stabilizing mRNA in the 40S subunit decoding site [43]. Although the
elF3 complex increases the affinity and rate of mRNA recruitment to the 43S PIC, the elF3j
subunit actually decreases the affinity of mMRNA for the 40S subunit [39, 91]. This apparent
paradox may be explained by the finding that the TC overcomes the elF3j-mediated
inhibition, implying that elF3j may function in part to ensure TC is recruited to the 43S PIC
prior to mMRNA. However, the role of TC in overcoming elF3j mediated inhibition of mMRNA
recruitment has only been quantitatively demonstrated in the absence of the elF3 complex
[39]. Although not investigated using equilibrium binding assays, the HCV IRES promotes
the release of elF3j from the mMRNA binding channel in a manner that is dependent on the
TC and domain Il of the IRES [43]. Since this IRES domain induces a conformational
change in the 40S subunit that opens the mRNA binding channel [44], it is possible that
other canonical initiation factors will play a similar role in releasing elF3j during the mRNA
binding step.

As mentioned earlier, elF1 and elF1A play an important role in stabilizing a 40S subunit
conformation that promotes mMRNA recruitment [41, 42]. In addition, equilibrium and non-
equilibrium assays have revealed that elF1 and elF1A enhance the affinity of TC binding to
the 40S subunit [41, 47, 52, 144, 145, 150]. Increasing the affinity and rate of TC binding to
the 40S subunit is likely to be important since initiation codons could be bypassed if
scanning were initiated prior to TC loading. Although elF3j may help to minimize this
potential problem, there is evidence that mMRNA recruitment and scanning can occur, at least
to some extent, in the absence of TC. In particular, this appears to be true for GCN4
regulation, which is dependent on the fact that following termination after a uORF, a
rescanning 40S subunit doesn’t require the presence of the TC [151]. For de novo initiation
events, a5’ m’G cap proximal AUG codon is bypassed more readily when TC availability is
reduced by the mechanism of elF2 phosphorylation in vivo [152]. Bypassing a m’G cap
proximal AUG codon has also been demonstrated in vitro when the concentration of mMRNA
is increased [153]. Importantly, preferential selection of the first AUG codon was recovered
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when the elF2 concentration was increased in the lysate. While these data are consistent
with mRNA recruitment to the 43S PIC prior to TC binding, it is not yet clear to what extent
these events may occur naturally for de novo initiation events. Since aberrant initiation
codon selection could occur if MRNA recruitment and scanning occurs in the absence of TC,
it is likely that more than one mechanism could be in place to prevent this.

It is worth noting that the elF4A accessory protein, elF4B, appears to play multiple roles in
MRNA recruitment to the 43S PIC [10]. As mentioned above, this protein plays a key role in
stimulating the ATPase and helicase activity of elF4A in eukaryotic cells [122, 154, 155]. In
yeast, elF4B plays an additional role in increasing the affinity between elF4A and elF4G
[143, 156]. In spite of this data, the precise mechanism by which elF4B promotes duplex
unwinding is still not clear. A Brownian Ratchet model has been proposed whereby elF4B
functions as the pawl of the ratchet [157]. This activity would enable elF4B to restrict the
backward diffusional sliding of the unwinding complex, while enabling stochastic forward
movement. Interestingly, yeast elF4B also binds directly to the 40S subunit, which appears
to be critical for increasing the affinity and rate of mMRNA recruitment to the 43S PIC [143,
158]. It remains to be determined if mammalian elF4B will play an equally important role in
mMRNA recruitment to the 43S PIC, or if it primarily functions to stimulate the helicase
activity of elF4A within the elF4F complex. Interestingly, plant elF4B binds to both PABP
and the elF3g subunit of elF3 [159]. This additional interaction may be important in
promoting MRNA recruitment to the 43S PIC. In contrast, it has been shown that a truncated
form of mammalian elF4B binds elF3a [160]. However, full-length elF4B appears to bind
elF3g, which would be consistent with plant elF4B (John Hershey, personal
communication). Interestingly, mammalian elF4B is phosphorylated on S422 by S6K in
response to serum and insulin [161-163]. Immunoprecipitation has indicated that
phosphorylation increases the affinity of elF4B to elF3 and the 43S PIC [162]. It is possible
that phosphorylation may promote duplex unwinding by elF4A, but this has not yet been
directly tested. Curiously, phosphomimetic amino acid substitutions S422D and S422E
activate elF4B in cells, but these mutations do not alter translation rates in cell-free
translation systems [161, 164]. It is hoped that obtaining high-resolution structures of
unwinding intermediates will help reveal how this protein functions in promoting duplex
unwinding and mRNA recruitment to the 43S PIC. In addition, further single molecule
assays should also help provide additional biophysical information regarding the mechanism
by which the elF4AF complex together with elF4B is able to step through hairpin structures.
Lastly, it is still unclear exactly what function elF4H plays in promoting elF4A helicase
activity. This protein has been shown to function in a very similar way to elF4B in its ability
to stimulate elF4A activity, although it appears to have reduced activity in terms of duplex
unwinding kinetics [120, 122, 165]. It is curious to note that elF4H exhibits some amount of
differential expression across tissues, which may suggest that it plays a specific role in the
translation of certain mMRNAS [166].

4. Scanning and initiation codon selection

Following accommodation of the mMRNA into the decoding site of the 40S subunit, the 43S
PIC migrates along the 5 UTR in a 5" to 3’ direction until the anticodon of the Met-tRNA;
base-pairs with the initiation codon [10]. I will only comment briefly on the mechanism of
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scanning and initiation codon selection here since it takes place after the main focus of this
review, which is mMRNA recruitment to the 43S PIC. For a more detailed discussion about
these steps in the initiation pathway | recommend some excellent recent reviews [10, 11, 13,
157, 167]. The scanning mechanism was originally proposed by Kozak and Shatkin over
three decades ago, and has remained the primary mechanism to explain the process of
initiation codon selection on the majority of eukaryotic mMRNAs [168]. The migration of the
43S PIC along the 5" UTR requires ATP energy, which is presumably used to promote the
unwinding of secondary structure and/or backtracking [157]. Consistent with this, the
Pestova laboratory has elegantly shown that ATP energy is not absolutely required for
migration if the 5 UTR is devoid of secondary structure [169]. While it was generally
accepted for many years that elF4A constituted the only helicase protein in the initiation
pathway, recent genetic and biochemical work has revealed that at least two other helicases
may also play an important role in scanning [167]. The DEAD-box protein DDX3/ded1 has
been shown to associate with elF4G and to increase the rate of initiation on mRNAs that
contain extensive secondary structure in their 5 UTR [170, 171]. Interestingly, DDX3 can
stimulate initiation on mRNAs with secondary structure positioned close to the m’G cap
structure [170]. Since this protein interacts with elF4G, it is possible that it plays a role in
MRNA recruitment as well as scanning. It will be important in future to quantitatively
determine if this protein accelerates the rate of mRNA recruitment to the 43S PIC. The
second helicase that has been shown to stimulate initiation is the DExH-box protein named
DHX29. This protein was recently identified to selectively stimulate initiation on mMRNAs
containing secondary structure in their 5 UTRs in vitro and in vivo [172, 173]. This protein
binds close to the mRNA entry channel of the 40S subunit and could conceivably unwind
MRNA as it enters the decoding site [38].

The scanning 43S PIC will pause when the initiation codon enters into the P-site of the 40S
subunit. The Kozak consensus sequence, GCC(A/G)CCAUGG, regulates the fidelity of
initiation codon selection, at least in mammals. In the sequence shown here, the A of the
AUG (underlined) is defined as the +1 position. The more critical bases for recognition at
the —3 and +4 positions are indicated in bold. Any deviation of this sequence can cause the
scanning 40S subunit to bypass the initiation codon, a process generally called leaky
scanning. Although AUG is the most common initiation codon for the primary ORF, CUG
and GUG can be used as initiation codons, especially for short upstream open reading
frames (UORFs) [174]. These alternative initiation codons are not as efficiently recognized
by the scanning 40S subunit, but they play an important role in regulating the number of
ribosomes that initiate at the main ORF. Presumably, any secondary structure in the region
around the initiation codon that alters the rate of scanning around the initiation codon could
change the likelihood of initiation codon selection, either in a positive or negative way.

Kinetic experiments have revealed that mRNA recruitment to the 43S PIC results in
hydrolysis of the elF2 bound GTP [175]. Consistent with other GTPase reactions, it is
actually the release of inorganic phosphate (P;) that ultimately results in the committed step
in the pathway. To this end, it is the base-pairing between the anti-codon of the initiator
tRNA and the codon in the P-site that results in P;j release [175]. This is brought about by
coordinated movements between elF1, elF1A and elF5 on the surface of the 40S subunit
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(reviewed in [10, 14]). Similar to the role of IF3 in bacteria, elF1 plays a key role in
ensuring the fidelity of initiation codon selection in eukaryotes. It has been proposed that the
release of elF1 from the 40S subunit ultimately helps to commit the scanning 43S PIC to a
particular initiation codon.

5. Towards a kinetic model for mRNA recruitment to the 40S subunit

Tremendous advances have been made in recent years to elucidate the kinetic framework of
mRNA recruitment in bacteria [176]. In contrast, the additional complexity of the eukaryotic
initiation mechanism has hampered efforts to elucidate the kinetic framework of the
eukaryotic pathway. Nevertheless, a possible model for mRNA recruitment to the 40S
subunit can be proposed with likely kinetic partitions in the pathway. This pathway is
depicted in Figure 5 with appropriate forward and reverse rates indicated for each step.

The rate of initial binding of a m’G cap structure by the elF4F complex will depend on the
abundance of the mRNA and the concentration of elF4F that is available to bind it (ky;
Figure 5). As mentioned earlier, the concentration of elF4F is directly controlled by the
family of 4E-BPs [83]. This is important since less abundant mRNAs are expected to
compete more effectively for the elF4F complex when the amount of elF4F is increased
[68]. In addition, the interaction of PABP with the poly(A) tail and elF4F may play a
significant role in promoting MRNA recruitment to the elF4F complex. This could occur by
increasing the association rate (kq; Figure 5) or decreasing the dissociation rate (k-q; Figure
5) of the m’G cap structure with elF4F. Although it has not been rigorously tested on
physiologically relevant mMRNAs, any occlusion of the m’G cap structure by secondary
structure would be expected to reduce the association rate (kq; Figure 5) and/or increase the
dissociation rate (k_1; Figure 5) of the mRNA to the elF4F complex. Following initial m’G
cap binding by the elF4AE subunit of elF4F, complete accommodation of elF4F onto the 5/
end of the mRNA will likely be regulated by the availability of single stranded mRNA for
elF4G to bind to. Therefore, the fate of an MRNA at this stage in the pathway will depend of
the rate of dissociation (k_q; Figure 5) and accommodation (ko; Figure 5) of elF4F on the
mRNA. The latter rate will likely be reduced if secondary structure prevents the RNA
binding domains of elF4G binding to the m’G cap proximal region of the mRNA. As a
result, combining the Kinetic rates of steps 1 and 2 will determine how the elF4F complex
selects an mMRNA from the pool.

The rate of 43S PIC recruitment to the elF4F-mRNA complex will in part depend on the
concentration of the 43S PIC. The presence of TC on the 43S PIC will likely be important in
promoting mMRNA recruitment (high ks; Figure 5). Thus, reducing the availability of TC
through elF2a phosphorylation will decrease the rate of 43S PIC recruitment and/or
possibly increase the dissociation rate (low k3 and high k_s; Figure 5). Importantly, stable
secondary structure located within ~50 nucleotides of the m’G cap structure can reduce the
rate of 43S PIC recruitment (ks; Figure 5). This has been particularly well demonstrated by
IRE containing mRNAs, which block 43S PIC [136]. However, understanding the direct
effect of secondary structure on the kinetics of mMRNA recruitment to the 43S PIC is still
needed. In addition, the possible kinetic roles of additional helicase proteins, such as DDX3/
ded1 and DHX29, have not been quantitatively determined. These proteins may increase the
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rate of 43S PIC recruitment to the mRNA (ks; Figure 5), but sophisticated kinetic assays
will be needed to test this possibility. It is also possible that elF3 plays an important role in
stabilizing the mRNA on the 43S PIC. This is apparent from mutations in elF3 that inhibit
43S-mRNA-PIC stability (reviewed in [10]). Interestingly, the over-expression of specific
elF3 subunits in cells can selectively increase the translation of growth promoting
“structured” mRNAs [177]. Whether the binding of these elF3 subunits to the elF3 complex
plays a role in promoting mRNA recruitment to the 43S PIC remains to be determined.

The rate of scanning to the initiation codon is expected to depend on the amount of
secondary structure in the 5 UTR of an mRNA. Highly structured 5 UTRs will likely delay
the movement of the 43S PIC along the mRNA, resulting in a low k4 value (Figure 5). The
role of secondary structure in controlling the transition towards initiation codon selection
(step 4) will therefore dictate the translation efficiency of an mRNA. Increasing the rate of
helicase activity associated with the scanning 43S PIC would likely increase the rate of
scanning (high ky; Figure 5). This could be achieved by increasing the rate of elF4A
helicase activity, or by recruiting additional helicase proteins, such as DHX29 [172, 173].
Unfortunately, the actual rate of scanning (ky; Figure 5) is difficult to determine using
current assays, which are generally not Kinetic in nature. It should be noted that although a
single step (4) is shown to constitute the scanning mechanism and initiation codon selection,
multiple sub-steps likely exist to explain the mechanism of initiation codon selection [10,
11, 14].

6. Perspectives

Despite many years of research, mechanistic insight into mRNA selection by the eukaryotic
machinery is still poorly defined. Although the role of 5 UTR secondary structure in
controlling the rate of translation in vivo is apparent, how it precisely controls different
stages of the initiation pathway is still not clear. Without this knowledge, we will only
possess a superficial understanding of how initiation rates can be controlled in cells. In
addition, we will not appreciate how mRNA selection and initiation can be dysregulated in
disease states. Our lack of kinetic understanding of the initiation pathway is in part due to
the fact that it has been very difficult to generate kinetic assays to monitor pathway
intermediates. While gel shift assays can be used to some degree, this approach is not able to
monitor rapid association rates. A powerful assay often used to capture the mMRNA-elF4F-
43S PIC complex is that of primer extension, or toeprinting. This assay is able to monitor
the position of the 40S subunit on an mRNA. However, this assay is limited by the fact that
it only monitors relative stability of complexes that reach the initiation codon and is not able
to detect changes in kinetics. Therefore, a challenge to overcome in the future will be to
generate new assays in vitro and in vivo to monitor the kinetic checkpoints of mMRNA
recruitment to the 43S PIC (Figure 5). It will also be important to include natural full-length
mRNAS in in vitro assays to avoid the limitations that short oligonucleotides can introduce.
Interestingly, it has also become apparent that the translation machinery can be extensively
modified by phosphorylation. Understanding how these modifications modulate mMRNA
recruitment and initiation codon selection will be essential for determining how cells change
the proteome in response to environmental signals.
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Figure 1.
Pathway of eukaryotic translation initiation. In the first step of initiation (step 1), a mRNA is

recruited to the 40S subunit. The elF4F complex (elF4E, elF4A, and elFAG) specifically
binds to the m’G cap structure located on the 5’ end of the mMRNA. Although not shown, an
interaction between PABP, the poly(A) tail and elF4F can also occur. The elF4F bound
mMRNA is recruited to the 43S PIC by virtue of numerous interactions between initiation
components described in the text. In the second step of initiation (step 2), the 40S subunit
scans along the 5 UTR in a 5’ to 3 direction. Codons are continuously sampled by the
initiator tRNA anticodon until one is selected (shown here as an AUG). In the final step of
initiation (step 3), two GTP hydrolysis steps occur, resulting in the recruitment of the 60S
subunit and initiation factor release. The newly formed 80S ribosome then enters the
elongation cycle.
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Figure 2.
40S subunit structure and substrate binding sites. The atomic model of the yeast 40S subunit

is shown from the interface view according to a recent 40S—-mRNA-elF1-elF1A-TC cryo-
EM model (PDB: 3J81 [36]). Landmarks for the 40S subunit are labeled: A, A-site; P, P-
site; E, E-site; bk, beak; b, body; pt, platform; and h, head. The latch of the 40S is formed
between helix 18 of the body and helix 34 of the head. The mMRNA entry and exit channels
either side of the neck are labeled accordingly. Binding sites of mMRNA (40S-mRNA), elF1
and elF1A (40S-elF1-elF1A), TC (40S—elF1-elF1A-TC) are shown individually for clarity
by removal of individual substrates from the original atomic model (PDB: 3J81). The
general binding site for the bulk of the elF3 complex is shown on the solvent exposed
surface of the 40S subunit according to a recent low-resolution cryo-EM model of the
mammalian 43S complex [38].
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Figure 3.

Ribosome recycling pathway in eukaryotes. One possible pathway of 43S PIC generation is
shown according to recent models [63-65]. A termination/prerecycling complex containing
eRF1 and ABCEL1 is shown as the first complex in the pathway, although it should be noted
that additional steps in the termination pathway exist prior to this step [17]. The ATPase
activity of ABCEL is responsible for the dissociation of the 60S subunit and eRF1 in the first
step of the pathway. The deacylated tRNA in the P-site is then released, most likely upon
recruitment of elF1, elF1A and elF3. The mRNA is then released from the complex upon
binding of elF3j into the mMRNA entry channel and A-site of the 40S subunit. Finally, the TC
is recruited to the 40S subunit to form the 43S PIC. In addition to the labelling of eRF1 and
ABCEL, individual initiation components are shown according to the key provided in Figure
1.
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Figure 4.
High-resolution structures of elF4F components. (A) Cartoon representations of human

elF4GI and elF4Al proteins. Colored boxes represent the general positions of conserved
domains in each protein and are labelled accordingly. The binding sites of other initiation
components with each conserved domain in elF4G are indicated. (B) A selection of high-
resolution structures for domains of elF4G together with elF4E and elF4A are shown. Each
structural model is colored according to the cartoons shown in panel A. The HEAT-1
domain of yeast elF4G bound to elF4Al is shown with elF4Al in an “open” conformation
(bound to AMP), which is not compatible with RNA binding (PDB: 2VSO [178]). As a
comparison, the “closed” conformation of elF4Alll from the exon junction complex is
presented (bound to ADPNP), which is bound to RNA (PDB: 2HY [179]). Other
components of the exon-junction complex have been omitted for clarity. A solution structure
of the yeast elFAE bound to m’GDP (cap) and its elF4G-binding domain is shown with
elF4E colored orange (PDB: 1RF8 [180]). A structure of the C-terminal HEAT-2 and
HEAT-3 domains of human elF4GlI is shown in the absence of its elF4Al and MNK1
binding partners (PDB: 1UG3 [181]). The N-terminal PAM domain of elF4G is shown
bound to RRM1 and RRM2 of PABP together with a short stretch of poly(A) mRNA (PDB:
4F02 [182]).
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A possible kinetic pathway of eukaryotic mMRNA recruitment. In the step 1 of the pathway,
initial binding of the eIF4F complex to the m’G cap structure of the mRNA occurs through
the elF4E subunit of eIF4F. In step 2, any m’G cap proximal secondary structure must be
melted to enable elF4F accommodation to occur. This likely involves the interaction of
elF4G RNA binding domains with single stranded mRNA. In step 3, the elF4F-mRNA
complex is recruited to the 43S PIC. This step involves the positioning of single stranded
MRNA into the decoding site of the 40S subunit. In step 4, additional mMRNA secondary
structure downstream of the m’G cap structure is melted as the 43S PIC migrates along the
5 UTR in search of the initiation codon. While dissociation of the m’G cap structure from
elF4E is depicted during this step, the precise timing of elF4E detachment from the m’G cap
and/or elF4G is not known. For each step in the pathway, forward and reverse rate constants
are shown, as described in the text. Individual initiation components are shown according to
the key provided in Figure 1. Although not shown, it should be noted that ATP hydrolysis is

likely to accelerate each forward step.
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