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Toward a Kinetic Understanding
of Eukaryotic Translation

Masaaki Sokabe and Christopher S. Fraser

Department of Molecular and Cellular Biology, College of Biological Sciences, University of California,
Davis, California 95616

Correspondence: csfraser@ucdavis.edu

The eukaryotic translation pathway has been studied for more than four decades, but the
molecular mechanisms that regulate each stage of the pathway are not completely defined.
This is in part because we have very little understanding of the kinetic framework for the
assembly and disassembly of pathway intermediates. Steps of the pathway are thought to
occur in the subsecond to second time frame, but most assays to monitor these events require
minutes to hours to complete. Understanding translational control in sufficient detail will
therefore require the development of assays that can precisely monitor the kinetics of the
translation pathway in real time. Here, we describe the translation pathway from the perspec-
tive of its kinetic parameters, discuss advances that are helping us move toward the goal of a
rigorous kinetic understanding, and highlight some of the challenges that remain.

Determining how the process of translation
is regulated in eukaryotic cells remains a

central challenge in biology. Translation can be
studied in vitro and in vivo using techniques that
range from single-molecule analysis to genome-
wide measurements. The latter are playing a key
part in revealing the extent to which translation-
al control plays a central role in regulating many
aspects of cell physiology. The canonical path-
way of translation can be depicted as four main
stages (Fig. 1). The initiation stage determines
which messenger RNA (mRNA) is recruited to
the ribosome and which start codon is selected.
During elongation, the ribosome translates the
open reading frame (ORF) into a polypeptide
chain. Termination occurs when the termina-
tion codon enters the aminoacyl (A) site of the
ribosome, leading to the release of the polypep-

tide chain. Finally, recycling of the ribosome
takes place so that it can enter another cycle of
translation.

Translational efficiency (TE) relates the abun-
dance of an mRNA to its rate of translation into
protein. In yeast and mammals, the TE can vary
between mRNAs by at least 20-fold, which pro-
vides a considerable range of translational con-
trol (Ingolia et al. 2009; Weinberg et al. 2016).
Genome-wide analysis of the translatome indi-
cates that the TE of a large number of different
mRNAs is altered in response to changes in en-
vironmental conditions and events such as pro-
gression through stages of the cell cycle (Ingolia
et al. 2011; Brar et al. 2012; Stumpf et al. 2013;
Tanenbaum et al. 2015). A major challenge is to
elucidate the molecular mechanisms that repro-
gram the translational machinery to determine:
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(1) what mRNA is selected for translation from
the pool of mRNAs in the cell; (2) which start
codon is used to specify the ORF that is trans-
lated; (3) how much protein is made from the
selected mRNA; and (4) which termination
codon is used.

As we discuss below, each stage of transla-
tion is generally believed to occur as a series of
intermediate sequential substeps. Pathway in-
termediates are typically monitored at steady-
state, which provides only limited information
about how the pathway is regulated. To fully
understand translational control, it will be
essential to determine the rate at which inter-
mediates are formed. This will require precise
monitoring of the dynamics of the translational
machinery in real time throughout the transla-
tion pathway in vitro and in vivo. In this review,
we discuss the progress being made toward this
goal and how we may achieve this with contin-
ued technological progress.

INITIATION

During initiation, an mRNA is recruited to the
ribosome and a start codon is selected (for de-
tails of the initiation pathway, see Merrick and
Pavitt 2018). Of all the stages of translation,
initiation is the most different between the do-
mains of life. This is highlighted by the fact that
the combined molecular weight of the initiation
factors is roughly an order ofmagnitudemore in
eukaryotes as compared to bacteria. Initiation
can be separated into substeps, which are de-
picted in Figure 2. It is important to note, how-
ever, that the proposed substeps have generally
been detected and characterized by virtue of
their being relatively long-lived thermodynam-
ically stable complexes. Being that many inter-
mediates in the pathway are likely to exist on the
subsecond or second timescale, new approach-
es for rapidly detecting pathway intermediates
will be needed to verify the importance of these

• Selects which mRNA from the pool
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Figure 1. Pathway of eukaryotic translation. The model depicts four main stages of translation. (1) The initiation
stage includes the recruitment of the 40S subunit to the m7G cap structure, followed by its migration in a 30

direction. Following start codon selection, the 60S subunit joins to form the 80S ribosome. This stage determines
which messenger (mRNA) is selected from the pool and which start codon is chosen to initiate translation.
(2) The elongation stage involves decoding the open reading frame (ORF) into a polypeptide chain. This stage can
determine the rate at which protein is synthesized when initiation is very rapid (see main text). (3) Translation
termination occurs when a termination codon is positioned in the A site of the ribosome, which results in the
release of the polypeptide chain. The regulation of termination versus readthrough occurs at this step. (4) Fol-
lowing termination, the 40S and 60S subunits are recycled so that they can take part in another round of
translation. For simplicity, the model depicts the recycling of the 40S subunit back onto the same mRNA. The
rate of recycling can regulate the availability of ribosomal subunits for translation.
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Figure 2. Cap-dependent translation initiation. The eukaryotic translation initiation pathway is depicted as a
series of substeps, many of which are likely to be reversible (see main text for details). Potential sources of
regulation for each substep are summarized in boxes and described in more detail in the main text. Selection of
messenger RNA (mRNA) by eukaryotic initiation factor (eIF)4F: the mRNA is selected for translation by the
binding and accommodation of the eIF4F complex. The accommodation step requires secondary structure in the
mRNA to be unwound by the ATP-dependent helicase activity of eIF4A (secondary structure is depicted as
“loops” in the 50UTR). Selection of an mRNA by the 43S PIC: the 43S PIC (40S subunit, eIF1, eIF1A, ternary
complex [TC], eIF3, and eIF5) is recruited to the 50 end of the mRNA through its interaction with eIF4F.
Productive recruitment occurs through initial binding and accommodation steps. The accommodation step
requires a conformational change in the 40S subunit to a POUT/open conformation (described in the main
text and depicted as a light gray-colored 40S subunit). Selection of the start codon: the base-pairing between
the methionyl-transfer RNA (Met-tRNAi) and the start codon generates a scanning arrested 43S preinitiation
complex (PIC). The arrested complex possesses a PIN/closed conformation. The final step of the pathway involves
the recruitment of the 60S subunit to form the 80S initiation complex (IC). This step is stimulated by the GTPase
activity of eIF5B. Following its release from the 40S subunit, the eIF2•GDP complex is recycled to eIF2•GTP by
the guanine nucleotide exchange factor (GEF) activity of eIF2B. It should be noted that the possible function of
poly(A)-binding protein (PABP) in circularization of the mRNA is not shown for clarity.
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proposed intermediates. Moreover, whereas the
initiation pathway is presented as a sequence of
ordered steps, the order of binding and release of
components during initiation is not known. It is
also not clear whether different initiation factors
exist in a free form, or are bound together in
larger multifactor complexes. Two unanswered
fundamental questions about the regulation of
initiation are (1) how does the translation ma-
chinery discriminate between mRNAs for their
recruitment to the ribosome; and (2) how is the
selection of the ORF regulated? Here, we discuss
how we can move toward a kinetic framework
for the initiation stage and explain why this will
be needed to fully answer these two questions.

RECRUITMENT OF mRNA TO THE 43S
PREINITIATION COMPLEX (PIC)

In response to various physiological stimuli,
the translation machinery is reprogrammed to
changewhichmRNAs are preferentially selected
for recruitment to the ribosome. A large amount
of data indicate that reprogramming occurs in
response to changes in the availability of at least
two canonical initiation factors. These are the
cap-binding protein, eukaryotic initiation factor
(eIF)4E, which together with eIF4A and eIF4G
forms the cap-binding complex, eIF4F; and the
eIF2•GTP•Met-tRNAi ternary complex (TC).
An increase in the availability of eIF4E (see
Proud 2018) correlates with increased recruit-
ment of growth-promoting mRNAs, whereas a
decrease in its availability correlates with re-
duced recruitment of these mRNAs. In contrast,
reduced availability of the TC more generally
lowers global rates of translation, although the
translation of some mRNAs containing up-
stream ORFs (uORFs) can be increased in re-
sponse to reduced TC availability (see Wek
2018).

Regulation of 43S PIC Availability

The 43S PIC can be purified from eukaryotic
cells as a stable complex containing the 40S sub-
unit, eIF1, eIF1A, TC, eIF3, and eIF5. Thermo-
dynamic frameworks for the yeast and human
43S PIC in the absence of mRNA have revealed

that the stability of this complex is governed
by a network of direct and indirect interactions
among its components (reviewed in Fraser
2015). This complex can be formed on free ribo-
somal subunits, or on 40S subunits that are gen-
erated during ribosome recycling (see Hellen
2018). A kinetic framework for association/dis-
sociation rates of eIF1, eIF1A, TC, eIF3, and eIF5
from the 40S subunit has not been determined
and it is not known whether different kinetically
favored complexes regulate the subsequent re-
cruitment of specific mRNAs to the 43S PIC.

The availability of TC is one 43S PIC com-
ponent that is regulated in response to changes
in environmental conditions. In response to dif-
ferent cellular stresses, eIF2 is phosphorylated,
which results in reduced TC availability for 40S
binding by virtue of an altered interaction with
its guanine nucleotide exchange factor, eIF2B
(see Merrick and Pavitt 2018; Wek 2018). Initi-
ation pathway models imply that binding of
the TC to the 40S subunit is required before
mRNA recruitment, suggesting that reduced TC
levels would globally reduce translation. How-
ever, sucrose gradient, gel shift, and toeprinting
assays that are generally used to monitor the
mRNA•eIF4F•43S PIC complex (often described
as the 48S PIC) rely on start codon recognition
by the TC to stabilize the complex. Thus, it is
unclear whether prior binding of the TC is re-
quired before mRNA recruitment to the 40S
ribosomal subunit. To investigate this, we re-
cently generated an equilibrium-binding assay
that revealed a 10-fold reduction in the affinity
of eIF3j for the eIF4F•43S PIC on mRNA ac-
commodation into the mRNA entry channel
(Sokabe and Fraser 2017). The TC was found
to be absolutely required for the reduced eIF3j
affinity in an mRNA-dependent, but AUG co-
don-independent manner. This is consistent
with the recruitment of the TC being needed
for mRNA to fully accommodate into the
mRNA entry channel of the 40S subunit.
What is currently not known is whether
mRNA accommodation into the entry channel
is absolutely required for the scanning stage of
initiation, or whether scanning can occur on
an mRNA that is partially accommodated into
the entry channel of the 40S subunit. An m7G
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cap-proximal AUG codon is more frequently
bypassed when TC availability is reduced in cells
in response to increased eIF2 phosphorylation
(Palam et al. 2011). A similar observation was
made in cell-free extracts when mRNA concen-
tration was increased (Dasso et al. 1990). These
findings are consistent with TC not being abso-
lutely required for mRNA recruitment to and
accommodation into the decoding site of the
40S subunit, or the subsequent translocation
of the 40S subunit. However, TC is of course
absolutely necessary for the recognition of the
initiation codon. More investigation will be
needed to establish the precise role of TC in
mRNA recruitment to the 43S PIC and whether
its availability can influence mRNA selection
in addition to start site selection. In addition
to TC availability, it is possible that the amount
of free 43S PICs for mRNA recruitment be-
comes limiting for translation when the major-
ity of ribosomes are engaged in translation in
actively growing cells. Under such conditions,
the rate of ribosome recycling after termination
would be expected to play a significant role in
controlling translation (see below).

The Role of the eIF4F Complex in
mRNA Selection

Themolecular details of how eIF4F regulates the
selective recruitment of differentmessages to the
ribosome are complex. eIF4F comprises eIF4E,
the m7G-cap-binding subunit; eIF4A, an RNA
helicase protein; and eIF4G, a large scaffolding
protein. It therefore is capable of numerous
activities: binding to the m7G-cap; melting
of RNA secondary structure; and interacting
through eIF4G with other proteins such as the
poly(A)-binding protein (PABP), eIF3, DDX3/
ded1, and the protein kinase MNK1 (Lamphear
et al. 1995; Imataka et al. 1998; Pyronnet et al.
1999; Korneeva et al. 2000; Hilliker et al. 2011;
Soto-Rifo et al. 2012). Human eIF4F can be pu-
rified from cells as a stable trimeric complex,
but in cells may also be present as a mixture of
larger complexes containing the eIF4G-binding
proteins and possessing different mRNA-bind-
ing properties (Merrick 2015). Given the dy-
namic aspects of eIF4F and its complexes, we

will evaluate how the different substeps of
mRNA selection are accomplished.

The first step in the interaction of eIF4F with
mRNA is its binding to the m7G-cap through
its eIF4E subunit. The rate of cap binding can
be reduced if secondary structure in the mRNA
“hides” the cap, sterically hindering its interac-
tion with eIF4E (reviewed in Kozak 2005; Liv-
ingstone et al. 2010; Fraser 2015). Such weak
RNA secondary structures are likely dynamic,
being partially or completely unwound through
thermal energy in the cell. When the m7G-cap
is sufficiently exposed, eIF4E binds and forms
an eIF4F•mRNA complex called the preaccom-
modated state. This complex is not thought to
be very stable, although its rates of binding and
dissociation are not well elucidated. It seems
likely that mRNAs differ in how exposed their
cap structures are. Under conditions of limiting
eIF4F, the mRNAs must compete for binding to
the factor. Those mRNAs that are best able to
bind with well-exposed 50 caps are often called
“strong” mRNAs (reviewed in Gingras et al.
1999).

Thermodynamic frameworks have shown
that eIF4E can bind to the m7G-cap in its free
form, bound to eIF4G (and eIF4F associated
factors), or associated with 4E-BPs. The binding
of eIF4F to the cap is thermodynamically fa-
vored over that of uncomplexed eIF4E binding
(Niedzwiecka et al. 2002), but this does not
inform about the order in which these compo-
nents bind to the cap structure. Heterogeneity in
the order of binding is likely to occur, but
whether this contributes to regulating specific
mRNA recruitment is not known. The use of
single-molecule analysis similar to that recently
used to study the order of binding and release
of components during bacterial initiation will
likely help solve this question (Tsai et al. 2012;
see Prabhakar et al. 2018).

The next step is the formation of an addi-
tional interaction involving the RNA-binding
region of eIF4G and a cap-proximal portion of
the mRNA that is unstructured. The resulting
eIF4F•mRNA complex, called the accommodat-
ed state, is more stable, although again its rate
of formation and dissociation are not known.
Based on cross-linking experiments, it was shown

Kinetics of Eukaryotic Translation
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that formation of the accommodated state is in-
hibited by cap-proximal secondary structure
(Pelletier and Sonenberg 1985; Lawson et al.
1986). DEAD-box helicases, such as eIF4A, un-
wind duplex regions by local strand separation,
whereby they can bind directly to the duplex
region and destabilize it (Yang et al. 2007).
Whether the opening of cap-proximal struc-
tures by thermal energy to allow eIF4A access
to a duplex contributes to eIF4F accommoda-
tion is unknown. It is thought that eIF4F accom-
modation could function as a kinetic checkpoint
for mRNA selection, as the accommodated
state is more stable than the pre-accommodated
state and therefore more likely to progress down
the initiation pathway. Should the rate of accom-
modation of eIF4F not be suitably fast, it is
possible that the entire eIF4F complex will dis-
sociate from the mRNA, preventing its selection
for translation. The accommodation model will
need to be experimentally tested by determining
detailed kinetic frameworks of eIF4F binding
to different mRNAs. Obtaining high-resolution
structures of mRNAs in the absence and pres-
ence of eIF4F (or other RNA-binding proteins)
will provide the necessary structural informa-
tion to explain how mRNAs are selected by
eIF4F.

How can the mechanism of mRNA bind-
ing by eIF4F be regulated so that mRNA re-
cruitment can be reprogrammed? It has long
been proposed that mRNAs compete for limit-
ing amounts of eIF4F in the cell (Gingras et al.
1999). The regulation of eIF4F availability is
controlled by eIF4E-binding proteins (4E-BPs)
acting as competitive inhibitors to prevent eIF4E
binding to eIF4G (Richter and Sonenberg 2005).
It is generally assumed that eIF4G (and associ-
ated proteins) cannot productively bind to the 50

end of an mRNA and successfully recruit it to
the ribosome in the absence of eIF4E. However,
this can be accomplished in vitro by an eIF4G
truncation lacking its eIF4E-binding domain
(eIF4G682-1599 [Ali et al. 2001]). Whether full-
length eIF4G can accomplish this has not been
rigorously tested.

Following formation of the eIF4F•mRNA
accommodated state, binding of the 43S PIC
to the 50 end of the mRNA occurs through an

interaction between eIF4G and eIF3 (Lamphear
et al. 1995; Korneeva et al. 2000; Morino et al.
2000; Villa et al. 2013). Binding and mRNA en-
try into themRNA channel of the 40S ribosomal
subunit requires an unstructured portion of the
mRNA. To enable 43S PIC binding, a secondary
structure near the cap-bound eIF4F complex is
unwound by the helicase activity of its eIF4A
subunit, together with eIF4B (or eIF4H) (Rozen
et al. 1990; Rogers et al. 2001; Nielsen et al. 2011;
Özeş et al. 2011; Harms et al. 2014; see Merrick
and Pavitt 2018). The ability of eIF4F to unwind
hairpins in vitro is thought to be limited to those
with modest stability (∼ΔG −30 kcal/mol [Lin-
der and Jankowsky 2011]). A limited unwinding
potential of eIF4F may be caused by the fact
that eIF4A, like other DEAD-box helicase pro-
teins, functions as a nonprocessive helicase in
the absence of eIF4G (Linder and Jankowsky
2011; García-García et al. 2015). However, using
a force-generated, single-molecule assay, eIF4A
was shown to behave as a processive helicase
protein in the presence of eIF4G and eIF4B/4H
(García-García et al. 2015). Single-molecule
fluorescence resonance energy transfer (smFRET)
has shown that eIF4B, eIF4H, and eIF4G
promote unwinding by increasing the rate of
cycling between “open” and “closed” conforma-
tions of eIF4A (Sun et al. 2012; Harms et al.
2014). It should be noted that the processivity
mechanism used by eIF4A is still not clear. It
is possible that, whereas eIF4A itself may not
remain stably bound to an mRNA following
ATPhydrolysis, cooperative interactions between
eIF4A, eIF4G, eIF4B, and RNA may prevent
eIF4A from dissociating from the eIF4F•eIF4B
complex (thereby enabling eIF4A to take part
in another round of unwinding). Monitoring
rapid kinetics of the association and dissociation
rates between eIF4F components during this
process will explain this in greater detail. The
interaction of Pdcd4 with eIF4A may function
to inhibit the availability and/or unwinding
activity of eIF4A, thereby decreasing 43S PIC
binding on structured mRNAs (Yang et al.
2003). Finally, the recruitment of additional
helicase proteins, such as DDX3/ded1p, to the
eIF4F complex may regulate its ability to un-
wind secondary structure (Gao et al. 2016).

M. Sokabe and C.S. Fraser
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Accommodation of the 43S PIC onto mRNA

It is possible that the final stage of mRNA
selection for translation is completed when the
mRNA fully accommodates into the mRNA en-
try channel and decoding site of the 43S PIC
(Fig. 2). However, it should be noted that the
dissociation rate of a decoding site–accommo-
dated mRNA has not been measured, so it is
entirely possible that start codon recognition
could serve as the final stage of mRNA selection.
For mRNA accommodation into the entry
channel and decoding site of the 40S subunit,
the 43S PIC must adopt an open conformation
of the decoding site. The binding of eIF1 and
eIF1A to the 40S subunit generates this confor-
mation (Pestova et al. 1998; Passmore et al. 2007;
Hussain et al. 2014). However, other initiation
components may contribute to stabilizing this
conformation because structures of 40S subunit
complexes that include eIF1 and eIF1A adopt
a closed conformation (Hashem et al. 2013; Lo-
makin and Steitz 2013; Weisser et al. 2013). All
structures to date have been determined in the
absence of the eIF4F complex. It is therefore
unknown whether this complex affects the con-
formation of the 40S subunit decoding site. In
support of this possibility, eIF4F and eIF4B were
recently shown to lower the affinity of eIF3j for
the 43S PIC, but only in the presence of mRNA
(Sokabe and Fraser 2017). This is likely caused
by the fact that eIF3j binds to the mRNA entry
channel andA site of the 43S PICwith a reduced
affinity when mRNA is stabilized in the mRNA
entry channel (Unbehaun et al. 2004; Fraser
et al. 2007; Aylett et al. 2015; Sharifulin et al.
2016). Notably, an unstructured mRNA is re-
quired for the reduction of the affinity of eIF3j
for the 43S PIC. This is consistent with the
observation that secondary structure serves as
a barrier to productive 48S PIC formation on
mRNAs containing the iron responsive element
([IRE]; Muckenthaler et al. 1998). Thus, the 43S
PIC likely binds to an mRNA first in a pre-
accommodated state (with themRNA not stably
bound to the mRNA entry channel) and then in
an accommodated state (with the mRNA stably
bound to the mRNA entry channel). It is antic-
ipated that high-resolution structures of eIF4F

bound to the 43S PICwill help determinewheth-
er this affects the conformation of the 40S sub-
unit decoding site to enablemRNA entry. Equal-
ly important is the need to generate kinetic assays
to monitor the rate by which prebound mRNA
accommodates into the decoding site of the 43S
PIC or dissociates from the ribosome.

Generating a kinetic assay to monitor the
rate of mRNA accommodation into the decod-
ing site of the 43S PIC will help establish the
extent to which the mRNA accommodation
step can serve as a kinetic checkpoint to regulate
mRNA selection. Reduced availability of the 43S
PIC would be expected to regulate the pre-ac-
commodation step if the 43S PIC becomes lim-
iting for translation. This would also be expected
to be the case when TC is limiting (when eIF2 is
phosphorylated). Comparable to the regulation
of eIF4F accommodation onto an mRNA, the
rate at which secondary structure is unwound
by eIF4A and other helicases could play a critical
role in controlling such a checkpoint. In mam-
mals, a direct interaction between eIF4G and
eIF3 plays an important role in stabilizing the
43S PIC on an mRNA (Hinton et al. 2007; Villa
et al. 2013). Immunoprecipitation assays have
indicated that the affinity of eIF4G binding
to eIF3 is enhanced by TORC1 activation by a
yet-to-be-determined mechanism (Harris et al.
2006; Thoreen et al. 2012). Altering the lifetime
of this interaction could regulate 48S PIC for-
mation on different mRNAs. Should the rate of
accommodation of mRNA into the decoding
site of the 43S PIC not be suitably fast, it is
entirely possible that the entire 43S PIC dissoc-
iates from the mRNA, preventing its selection
for translation.

SCANNING AND START CODON
SELECTION

Following accommodation of the mRNA into
the entry channel and decoding site of the 43S
PIC, the complex migrates in a 30 direction until
it selects a suitable codon with which to initiate
protein synthesis. The scanningmechanismwas
first proposed by Kozak and Shatkin and has
remained the primary mechanism to explain
the process of start codon selection on the ma-

Kinetics of Eukaryotic Translation
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jority of eukaryotic cellular mRNAs (Kozak and
Shatkin 1978; Kozak 1980). Progress toward elu-
cidating the thermodynamic and kinetic frame-
works of start site selection has been made,
but how the 43S PIC scans/migrates in a 50 to
30 direction is less understood. This is largely
caused by the fact that kinetic assays to monitor
43S PIC migration have not yet been developed.
Thus, little is known about the extent to which
the rate of scanning can contribute to the regu-
lation of translation or selection of mRNA.

The Scanning Mechanism

The ability of the eIF4F•4B complex to migrate
along an mRNA in a 50 to 30 processive manner
is consistent with eIF4A serving as the translo-
cation motor for the scanning 43S PIC. The un-
winding step size of eIF4A is 11 ± 2 base pairs,
which is the same as themajor steps taken by the
hepatitis C virus NS3 DEx(H/D) helicase (Du-
mont et al. 2006; García-García et al. 2015). This
relatively large step size is remarkable given that
the 43S PICmust inspect each nucleotide during
the scanning process. Generating single-mole-
cule assays that are able to monitor scanning
of the 43S PIC in real time at single-nucleotide
resolution will likely play an important role in
determining how the step size of eIF4A helicase
activity relates to the migration of the 43S PIC.
In addition, the emergence of high-resolution
structures of scanning intermediates will help
provide a structural basis for scanning. The re-
lationship between scanning and start site selec-
tion is discussed in more detail in the following
section.

Kinetics of Start Codon Recognition

The fidelity of start site selection is primarily
governed by mRNA cis-elements, such as the
codon sequence, the context surrounding the
codon (Kozak sequence), and the position and
stability of secondary structure. AnORF starting
with the AUG codon is >50-fold better translat-
ed than one with a near-AUG codon, such as
UUG (Fekete et al. 2005). Similarly, an AUG in
the optimal context can be >20-fold more effi-
ciently selected than one in the weakest context

(Kozak 1986). Start codon selection is one of
the most well-characterized steps in the eukary-
otic translation pathway (Lorsch and Dever
2010; Hinnebusch 2014, 2017). Recognition of
the start codon requires concerted structural
rearrangements of initiation factors, initiator
Met-tRNAi, and the 40S subunit. This results
in a stable, scanning-arrested, 43S PIC harbor-
ing Met-tRNAi base-paired with the start codon
at the P site (see Jobe et al. 2018 and Merrick
and Pavitt 2018 for details). Structurally, codon–
anticodon base-pairing results in transition of
the 40S subunit from an open to a closed confor-
mation together with a movement of the Met-
tRNAi from an unaccommodated (POUT) to an
accommodated (PIN) state (Llácer et al. 2015;
Hinnebusch 2017). The release of the γ phos-
phate from the hydrolyzed TC-bound GTP en-
sures that the process is irreversible. The kinetics
of these events have been primarily identified
and characterized using a purified reconstituted
yeast system in conjunction with structural and
genetic studies (reviewed in Hinnebusch 2017).

The Lorsch laboratory has pioneered a re-
constituted purified yeast system to monitor
start site selection using fluorescently tagged
components. What has emerged from this work
is a model that describes a complex set of dy-
namic interactions between initiation compo-
nents and the decoding site of the 40S subunit
to ensure the fidelity of start site selection. Fast
kinetic monitoring of a purified 40S subunit to-
gether with eIF1, eIF1A, andTC (40S•1•1A•TC)
revealed that the rate of eIF5-dependent GTP
hydrolysis is rapid (within a second) and some-
what insensitive to the presence of an mRNA
(only a ∼1.5-fold stimulation was observed by
adding an mRNA with an AUG codon) (Algire
et al. 2005). In contrast to GTP hydrolysis, the
rate of Pi release from 40S•1•1A•TC is sensitive
to the presence of a preboundmRNA, but only if
it possesses anAUG codon. The rate of Pi release
was 0.04–0.06/sec (taking >40 sec to comple-
tion) in the absence of an AUG codon and was
>100-fold accelerated in the presence of an
mRNAwith an AUG codon (6.7/sec). The rates
of GTP hydrolysis and Pi release are similar in
the presence of an mRNA containing an AUG
codon, which is consistent with a model where-
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byGTPandGDP•Pi (possibly a hydrolysis tran-
sition state) are in rapid equilibrium within
the 40S•1•1A•TC in the presence of eIF5 and
independent of the codon in the P site. Upon
start site selection, Pi release is the commitment
step that makes GTP hydrolysis irreversible.
The Lorsch laboratory also found that Pi release
from 40S•1•1A•TC is >10-fold slower (0.54/sec)
when saturating mRNA with an AUG codon
was added together with eIF5 to trigger the
reaction, instead of the mRNA being prebound
to 40S•1•1A•TC (Algire et al. 2005). Because the
rate of mRNA binding was not limiting for a
saturated concentration, this 10-fold reduced
rate is entirely consistent with Pi release being
limited by a conformational change that occurs
on placement of the AUG codon of an mRNA
into the P site.

To characterize the conformational change
of the 40S subunit on start site selection, a
kinetic analysis was undertaken using a FRET
signal between eIF1A and eIF1 to monitor the
dissociation rate of eIF1 from 40S•1•1A•TC
(Maag et al. 2005). The dissociation rate of
eIF1 was accelerated 40-fold by the mRNA
with an AUG codon, resulting in a dissociation
rate (0.6/sec) that is the same as that of Pi release
triggered by the same mRNA and eIF5 (Maag
et al. 2005). This is consistent with eIF1 disso-
ciation from the 40S•1•1A•TC complex acting
as the rate-limiting step for Pi release. To verify
this, when slowly or rapidly dissociating mu-
tants of eIF1 (G107K or G107E) were used in
this assay, the Pi release rate was appropriately
reduced or increased (Algire et al. 2005; Nanda
et al. 2013). It is worth noting that the rate of
decrease in eIF1-eIF1A FRET in response to an
mRNA containing anAUG codonwould also be
consistent with a rapid conformation change of
eIF1 preceding its dissociation (with the rate of
9/sec). Such a conformational change may be
similar to the recent structural model in which
eIF1 adopts an altered conformation whenMet-
tRNAi adopts the accommodated conformation
(PIN state described above) (Hussain et al. 2014;
Llácer et al. 2015). It is important to note that
the kinetic experiments were performed in the
absence of eIF3 and eIF4F, so possible contribu-
tions of these components in this process could

not be determined. Using a mammalian recon-
stituted system, both eIF3 and eIF4F (bound
to the m7G cap) have been shown to inhibit
eIF5-induced GTP hydrolysis in the absence of
the AUG codon (Majumdar and Maitra 2005).
This indicates that GTP hydrolysis is regulated
by these initiation components, which were not
present in the yeast work. It will be important in
the future to rigorously explore these regulatory
roles of eIF4F and eIF3 on GTP hydrolysis and
Pi release using kinetic assays.

Upon start site selection, a conformational
change occurs between the carboxy-terminal
tail of eIF1A (1A-CTT) and the amino terminus
of eIF5 (5-amino-terminal domain [NTD]).
Specifically, the placement of the AUG codon
at the P site induces a biphasic increase in
a FRET signal between 1A-CTT and 5-NTD
(24/sec and 0.4/sec in rates) (Nanda et al.
2013). This is consistent with a two-step confor-
mational change of these proteins during start
site selection. The rate of the slow phase in this
process is once again very similar to the rate of
AUG-dependent eIF1 dissociation. As expected,
the slow kinetic phase can be reduced further,
or increased, when more slowly or rapidly dis-
sociating mutants of eIF1 were used (Nanda
et al. 2013). Mutations in the 1A-CTT that re-
duce this slow phase (to 0.01–0.02/sec) further
reduced the Pi release rate but did not alter the
dissociation rate of eIF1. This implies that eIF1
dissociation is not in fact sufficient to induce Pi
release, but is likely a key mediatory event in
start site selection followed by the altered bind-
ing of eIF1A and eIF5.

How is the conformation of the 43S PIC
altered on start codon recognition? Upon start
codon recognition, the 43S PIC adopts a closed/
PIN conformation, in which eIF1A binding is
stabilized. This is shown in recent cryoelectron
microscopy (cryo-EM) structures where eIF1A
bridges the narrowed gap between head and
body domains with its NTD interacting with
the codon–anticodon duplex and +4 to +6 nu-
cleotides of mRNA (Hussain et al. 2014; Llácer
et al. 2015). The dissociation rate of fluorescent-
ly labeled eIF1A shows a biphasic pattern (with
fast and slow phases) in the absence of an
AUG codon (Maag et al. 2006). This is consis-
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tent with two distinct populations, each possess-
ing a defined conformation of the 40S subunit.
Importantly, AUG recognition increases the
occupancy of the slow phase population from
∼30% to ∼90%. The 43S PIC may therefore be
spontaneously switching back and forth be-
tween open and closed states even in the absence
of mRNA, with AUG recognition shifting the
equilibrium between these conformations to-
ward the closed state. Thus, rather than a static
model in which an open conformation 40S sub-
unit slides along the mRNA during scanning,
the scanning complex may dynamically sample
the codon–anticodon interaction, whereas initi-
ation factors function to help stabilize the con-
formation with stable base-pairing.

Start Codon Recognition during Scanning

The above kinetic studies provide precise infor-
mation about the molecular steps and time
frame for start codon recognition, but one
wonders if the observed ∼twofold difference
of the Pi release rates at AUG and near-AUG
(UUG/AUU) codons is sufficient to enable a
>50-fold difference in their translation efficien-
cies (Cheung et al. 2007; Nanda et al. 2009). As
noted above, it is possible that the partially re-
constituted system used in these studies (minus
eIF4F and eIF3) possesses altered kinetics and/
or reduced fidelity. This partial system allows for
direct loading of an unstructured short mRNA
to the 43S PIC without imposing migration of
the 43S PIC driven by ATP hydrolysis, which is
mediated by eIF4F. Lack of scanning may enable
the prolonged lifetime (or iterative reposition-
ing) of a near-cognate codon in the P site com-
pared to a 43S PIC that migrates at a certain rate
using an energy-dependent translocase (eIF4A).
It will therefore be important to determine the
rate of Pi release (i.e., fidelity) of the 43S PIC
under more stringent physiologically relevant
scanning conditions. Interestingly, placing a
moderately stable hairpin (19 kcal/mol) ∼14 nt
downstream of a weak AUG codon (near the
leading edge of the 43S PIC) dramatically in-
creases the likelihood of initiating translation
at that codon (Kozak 1990). This is entirely con-

sistent with improved recognition of a weak
codon when the rate of scanning is reduced.

The rate of 43S PIC migration is generally
believed not to be limiting for the overall rate of
translation, as long as the 50UTR is unstructured.
This has been inferred from experiments that
have shown that the extension of a 50UTR does
not result in decreased translation, andmay even
lead to increased translation (possibly caused by
the increased capacity for loading multiple 43S
PICs) (Kozak 1991). Nevertheless, secondary
structure in themRNA could reduce the kinetics
of 43S PICmigration to a rate comparable to that
needed to select a weak AUG codon. As men-
tioned earlier, the mechanism of codon recog-
nition requires a dynamic set of interactions and
conformational changes that likely reduces the
rate of scanning. These include interactions of
the Kozak sequence with eIFs and ribosomal
proteins, codon–anticodon base-pairing, a clos-
ing of the mRNA decoding site conformation,
and the generation of a PIN conformation. Con-
sistent with this, in a cell-free extract, the closed/
PIN scanning 43S PIC located at an optimum
AUG (formed with nonhydrolyzable GTP) is
stable at least for an hour, with marginal “slid-
ing” to downstream start codons (Terenin et al.
2015). Presumably, the lifetime of the closed/PIN
state formed at a weak/noncognate codon is
much shorter to allow 43S PIC moving down-
stream more occasionally before Pi release.

Regulation of Start Site Selection

Early studies identified eIF1, eIF2, and eIF5 as
the primary components that maintain the fi-
delity of start site selection in yeast (Donahue
et al. 1988; Cigan et al. 1989; Yoon andDonahue
1992; Huang et al. 1997). Subsequentwork char-
acterizing additional yeast mutants has revealed
that the fidelity of start site selection is main-
tained by coordinated interactions between the
mRNA, the 40S subunit, and all initiation fac-
tors that make up the 43S PIC (eIF1, eIF1A,
eIF2, eIF3, and eIF5 [reviewed in Hinnebusch
2014, 2017]). A conserved autoregulatory trans-
lation mechanism maintains the cellular con-
centrations of both eIF1 and eIF5, underscoring
the importance of these components in main-
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taining fidelity (Ivanov et al. 2010; Loughran
et al. 2012). What appears to be missing is a
regulatory mechanism to control the fidelity of
start site selection to reprogram the proteome in
response to different cell stimuli. An attractive
mechanism would be provided by regulated
phosphorylation of fidelity-controlling compo-
nents. Interestingly, Thr72 in eIF1 can be phos-
phorylated in response to arsenite stress, and
this correlates with the upregulation of arse-
nite-inducible regulatory particle-associated
protein (AIRAP) synthesis (Zach et al. 2014).
This has been proposed to occur by increased
leaky scanning of an inhibitory uORF that pos-
sesses a suboptimal AUG codon (Zach et al.
2014). The phosphorylation of eIF5 occurs at
several sites in the carboxy-terminal domain in
a cell-cycle-dependent manner (Homma et al.
2005). These phosphorylation sites are correlat-
ed with increased formation of the 43S PIC and
cyclin B1 translation, although it is not clear
whether they lead to selective or general trans-
lation activation. One anticipates that regulatory
mechanisms will be identified that are able to
precisely control start site selection. The ability
to monitor the kinetics of start site selection
using in vitro assays will undoubtedly help pro-
vide the necessary molecular insight into these
mechanisms as they are found.

ELONGATION

Duringelongation, the80Sribosomedecodesthe
ORF of the mRNA into protein (for a review of
the elongation pathway in eukaryotes, see Dever
et al. 2018). The process of elongation can be
regulated at all three substeps: (1) decoding of
the codon, (2) peptide bond formation, and
(3) translocation of the reading frame (Fig. 3).
The rate-limiting step of the elongation process
is almostalwaysthedecodingof thecodon,which
is governed by the rate of delivery and accommo-
dation of the cognate aminoacyl transfer RNA
(aa-tRNA) to the A site of the ribosome (re-
viewed inWohlgemuth et al. 2011). Importantly,
the peptidyl-transferase center (PTC) of the ri-
bosome is one of its most highly conserved re-
gions, highlighting the fact that the fundamental
mechanism of peptide bond formation is con-

servedacross all organisms (reviewed inRodnina
and Wintermeyer 2009; Simonovic and Steitz
2009). Maintaining the speed and accuracy of
translation requires precise coordination be-
tween the ribosome, mRNA, tRNA, and elonga-
tion factors (reviewed in Rodnina et al. 2017).
The rateof elongationcan in some instances con-
trol protein abundance, which implies that it can
serve as the rate-limiting step of translation.
However, this almost certainly depends on the
mRNA that is being studied and the growth state
of the cell. Recent analysis of yeast ribosomepro-
filing data together with methods to monitor
translation in real time have indicated that initi-
ation rates in yeast likely vary between 4 and 240
sec (∼60-fold) on different mRNAs, whereas
elongation rates appear to vary between three
and five amino acids per second (∼twofold)
(Shah et al. 2013; Wang et al. 2016; Yan et al.
2016).However, directmeasurements of transla-
tion onmRNAs containing different rare codons
in vitro have indicated that elongation rates can
in fact vary by as much as∼20-fold (reviewed in
Rodnina2016).This suggests that elongationcan
provide a mechanism with considerable poten-
tial to regulate protein synthesis, especially on
mRNAs for which initiation is not rate limiting.
It is anticipated that more precise methods to
measure initiation and elongation in real time
will help to fully understand the precise contri-
butions that initiation and elongation stages can
have on regulating translation on different
mRNAs.

Regulation of Elongation by Codon
Optimality

The rate of elongation in all organisms can
be regulated by the degree of codon optimality
of an mRNA. Optimal codons correspond to
tRNA species that are abundant and rapidly ac-
commodated into the ribosome during elonga-
tion, whereas nonoptimal codons (rare codons)
interact with tRNAs that are low in abundance
and therefore more slowly accommodated into
the A site of the ribosome during elongation
(reviewed in Chamary et al. 2006; Plotkin and
Kudla 2011; Koutmou et al. 2015; Rodnina 2016;
Hanson and Coller 2018). The introduction of
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ribosome profiling (see Ingolia et al. 2018) and
other techniques to monitor translation in real
time in living cells is helping to reveal the extent
to which codon optimality contributes to the
regulation of translation by influencing ribo-
some pausing at these codons (Gardin et al.
2014; Lareau et al. 2014; Weinberg et al. 2016;
Yan et al. 2016). It has been estimated that
codon optimality can account for about 30%
of the variation that exists between mRNA
abundance and protein abundance in human
cells (Vogel et al. 2010; Hanson and Coller
2018). A region of mRNA where rare codons

have a particularly strong effect on translation
is that directly following the start codon. This is
likely caused by the fact that slowing ribosomes
in this region of themRNA further decreases the
rate of initiation by slowing the rate that ribo-
somes clear the start codon (Mitarai et al. 2008;
Potapov et al. 2012; Chu et al. 2014). How can
the regulation of elongation through rare codons
be regulated in response to changes in cell
stimuli? One solution would be to alter the con-
centration of tRNAs that decode rare codons.
Accordingly, tRNA concentrations can be in-
creased or decreased in cells by altering both

• Type of codon (rare codon)
• tRNA abundance
• tRNA modification
• eEF1A/1B phosphorylation

• Proline codons
• Stalling peptides
• eIF5A

• eEF2 phosphorylation

• mRNA secondary structure
eEF2

eEF1B eEF1A-GDP

AccommodationInitial binding

GDP GTP

(1) Decoding

(2) Peptide bond
formation(3) Translocation

Figure 3. Model of eukaryotic elongation. Elongation is depicted as three main stages: (1) During the decoding
step, eEF1A•GTP recruits the appropriate aminoacyl-transfer RNA (aa-tRNA) to the A site of the ribosome.
Productive recruitment occurs through initial binding and accommodation steps. The accommodation step
requires the hydrolysis of eEF1A-bound GTP, followed by release of eEF1A•GDP. The rate of decoding can be
reduced by the presence of rare codons. Following its release, eEF1A•GDP is recycled by the guanine nucleotide
exchange factor (GEF) activity of eEF1B. (2) Peptide bond formation between the aa-tRNA in the A site and the
peptidyl-tRNA in the P site is catalyzed by the ribosomal RNA (rRNA) through different substeps (not shown).
The rate of peptide bond formation is affected by recruitment of eIF5A. (3) The translocation step moves the
mRNA relative to the ribosome by one codon. This step requires the recruitment of eEF2•GTP, followed by GTP
hydrolysis and release of eEF2•GDP. Potential sources of regulation for each step are summarized in boxes and
described in more detail in the main text.

M. Sokabe and C.S. Fraser

12 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a032706



transcription and turnover rates in response to
different cell stimuli (Kirchner and Ignatova
2015; Wilusz 2015). This would enable control
of the translation of mRNAs that contain a
disproportionate number of rare codons in their
ORF.

An additional function of rare codons is
to slow down ribosomes in mRNA sequences
that encode low complexity regions found in
between folded domains. This ensures that com-
plex domains are given suitable time to correctly
fold (reviewed in Komar 2009). This function
can be augmented by structural features in an
mRNA that slow the rate of elongation at the
translocation step (Fig. 3) (Nackley et al. 2006;
Kudla et al. 2009). Importantly, in addition
to regulating the rate at which a protein is syn-
thesized from its mRNA, the regulation of elon-
gation by rare codons also contributes to the
regulation of translation fidelity, protein folding,
and mRNA stability (reviewed in Hanson and
Coller 2018).

Regulation of Translation by
Elongation Factors

The elongation step of translation in all organ-
isms requires twoGTP-binding factors (reviewed
inDever et al. 2018). In eukaryotes, eEF1A binds
to an aa-tRNA and recruits it to the ribosome
in a GTP-dependent manner. Following the
accommodation of the aa-tRNA in the A site
of the ribosome, the GTP is hydrolyzed and
eEF1A•GDP is released. The GDP-bound form
of eEF1A is then recycled back to eEF1A•GTP by
the guanine nucleotide exchange factor (GEF),
eEF1B. Both eEF1A and eEF1B can be differ-
entially phosphorylated in cells, with evidence
suggesting that phosphorylation enhances the
rate of GEF activity (reviewed in Traugh 2001;
Browne and Proud 2002). This could increase
the rate at which eEF1A can rebind to an aa-
tRNA following each round of elongation and
therefore increase the overall rate of aa-tRNA
recruitment and translation.

More attention has been given to the regu-
lated phosphorylation of eEF2 in cells, in part
because the eEF2 kinase (eEF2K) is an attractive
drug target in cancer (reviewed in Browne and

Proud 2002; Liu and Proud 2016). Similar to EF-
G in bacteria, eEF2 promotes the translocation
step of eukaryotic elongation. Importantly, the
phosphorylation of eEF2 inhibits its activity by
reducing its affinity for the ribosome by roughly
an order of magnitude (Carlberg et al. 1990).
Inhibiting elongation (and therefore transla-
tion) by eEF2 phosphorylation therefore enables
cells to survive nutrient deprivation (Leprivier
et al. 2013). Although it has not been rigorously
explored, one would expect that stalling transla-
tion by eEF2 phosphorylation would lead to
mRNA decay in a similar way to that observed
for other mechanisms of elongation stalling (re-
viewed in Hanson and Coller 2018; Heck and
Wilusz 2018). It will be interesting in the future
to determine on a genome-wide basis whether
this kind of regulation of elongation functions
to preferentially target specific mRNAs. Gener-
ating this information will help design addition-
al experiments on anmRNA-by-mRNA basis to
fully understand how this mechanism of elon-
gation regulation functions to control transla-
tion in cells.

Following selection and accommodation of
aa-tRNA into the A site of the ribosome, the
intrinsic rate of peptide bond formation is gen-
erally not limiting for elongation (Wohlgemuth
et al. 2010). However, this can in fact be limiting
for certain combinations of peptidyl-tRNAs lo-
cated in the P site and aa-tRNAs in the A site. In
particular, the amino acid proline (Pro) is a poor
acceptor and donor for peptide bond formation
in bacteria (Pavlov et al. 2009). Consistent with
this, stretches of Pro codons in bacteria and eu-
karyotes appear to stall the elongating ribosome
by virtue of slowing down the rate of peptidyl
transfer. This stalling can be overcome by the
addition of EF-P and eIF5A, respectively, in bac-
terial and eukaryotic translation assays (Doerfel
et al. 2013; Gutierrez et al. 2013; Ude et al. 2013;
Schuller et al. 2017; Dever et al. 2018; Rodnina
2018). Further characterization of eIF5A has
indicated that it may have a more general role
in accelerating the rate of peptide bond forma-
tion during every round of elongation nomatter
what the sequence (Schuller et al. 2017). Impor-
tantly, the ability of EF-P to limit the rate of
translation depends on the rate of initiation be-
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ing fast enough to enable elongation to act as
the rate-limiting step (Hersch et al. 2014). Con-
sistent with this, reporters used to study the
regulation of elongation by eIF5A using in vitro
and in vivo assays have generally contained
very short unstructured 50UTRs to avoid initia-
tion becoming rate limiting for translation.
No mechanism has yet been identified that nat-
urally regulates the availability and/or activity
of eIF5A, although eIF5A abundance is reduced
in response to drugs that inhibit its modifica-
tion (reviewed in Mathews and Hershey 2015).
While eIF5A is phosphorylated in yeast (Kang
et al. 1993), this modification does not appear
to regulate its function. It will therefore be im-
portant in the future to determine whether the
function of this important protein is regulated in
response to different cell stimuli.

The Regulation of Elongation

A detailed kinetic framework for the process of
elongation has been made by using a reconsti-
tuted purified system from bacteria (reviewed in
Wohlgemuth et al. 2011; Rodnina 2016). Similar
work is only just beginning to use purified eu-
karyotic systems and it is anticipated that equal-
ly detailed kinetic frameworks will eventually
be generated. It has become clear that the regu-
lation of elongation is complex and can have
profound outcomes affecting the overall rate of
translation, frameshifting, protein folding, and
mRNA stability. Nevertheless, separating these
outcomes can be difficult, especially in intact
cells. A challenge for the future will therefore
be to generate assays that can precisely monitor
all these events in real time so that a more
complete understanding of how regulation of
the rate of elongation controls translation and
the proteome.

TERMINATION AND RECYCLING

The stages of termination and recycling in eu-
karyotes (see Hellen 2018) appear to be rather
different from those described in bacteria. A
fundamental difference between the systems is
that the steps occur independently in bacteria,
but are tightly coupled in eukaryotic cells. This

was only possible to determine through the use
of reconstituted purified systems and a careful
kinetic analysis of the process (reviewed in
Dever and Green 2012; Jackson et al. 2012). A
kinetic checkpoint exists at the point when a
termination codon enters the A site of the ribo-
some (Fig. 4). At this checkpoint, one of two
outcomes is possible: (1) the eRF1/eRF3•GTP
complex can be recruited, resulting in the
termination of polypeptide synthesis; or (2) a
noncognate aa-tRNA can be recruited to enable
the process of elongation to continue. A precise
kinetic framework to explain how this decision
is made is not yet clear, but some mechanistic
details have emerged as to the steps that are
taken during each of these two alternative
outcomes. Understanding how this checkpoint
works is a major goal for translation regulation,
in part because of the fact that many genetic
diseases can be attributed to the generation of
a premature termination codon being intro-
duced into the ORF of various genes (Mort
et al. 2008; Keeling et al. 2014).

Termination Codon Recognition

A cartoon that depicts the generally accepted
termination pathway is shown in Figure 4 (see
also Hellen 2018). In the first step of termina-
tion, a pre-termination complex (pre-TC) is
generated with a termination codon in the A
site and a peptidyl-tRNA in the P site of the
ribosome. The empty A site of the ribosome
allows for a trimeric complex (eRF1/eRF3•GTP)
to be stably recruited. Recruitment to the ribo-
some stimulates the hydrolysis rate of GTP
bound to eRF3, promoting its release from the
ribosome (Frolova et al. 1996). The release of
eRF3 enables eRF1 to correctly position its
GGQ loop into the PTC of the 60S subunit to
help promote peptide release (Alkalaeva et al.
2006; Shoemaker and Green 2011). Unexpect-
edly, it was discovered that the binding of
the ATP-binding cassette protein E1 (ABCE1
in mammals and Rli1 in Saccharomyces cerevi-
siae) together with eRF3 synergistically acceler-
ates peptide release (Shoemaker and Green
2011). The important thing to note in making
this discovery is that it was only possible through
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the kinetic analysis of the termination process.
This kinetic assay further revealed that eIF5A
binding to the ribosome further stimulates the
rate of peptide release by ∼17-fold (Schuller
et al. 2017). This is likely caused by eIF5A bind-
ing to the exit site (E site) of the ribosome
following release of the deacylated tRNA,
where it stabilizes the peptidyl-tRNA.While the
ATPase activity of ABCE1/Rli1 is not required
for promoting peptide release, it is required for
promoting the subsequent release of the 60S
subunit (Pisarev et al. 2010; Barthelme et al.
2011; Shoemaker andGreen 2011). Importantly,

this function of ABCE1/Rli1 was subsequently
verified in live cells by using ribosome profiling
to monitor the presence of ribosomes around
termination codons and the 30UTR of mRNAs
(Young et al. 2015).

Ribosome Recycling

Following the release of the 60S subunit, the sep-
arated 40S ribosomal subunits are bound by ini-
tiation factors so that they can take part in an-
other round of translation (Pisarev et al. 2007).
The binding of initiation factors to posttermina-

• Context

(1)

(2*)

(2)

(3)

AA

AA

AA

AA
• Secondary structure
• mRNA modification 
• eRF availability 
• Noncognate
   tRNA availability

eRF1

UAG

eRF3•GDP
ABCE1•ATP

ABCE1•ADP

Recycling

eRF1/3 binding

aa-tRNA binding

GTP

UAG

UAG
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(3) Termination
vs. readthrough

Figure 4. Translation termination and ribosome recycling. (1) A pre-termination complex is shown to contain a
stop codon in the A site of the ribosome. Two possible pathways for subsequent steps are depicted. (2) The
recruitment of an eRF1/eRF3•GTP complex to the ribosome in the first step of the termination pathway. (2�) An
alternative possibility is that a noncognate aminoacyl transfer RNA (aa-tRNA) is recruited to the A site of the
ribosome to continue the elongation stage of translation (stop codon readthrough). Potential sources of regu-
lation for determining which pathway is followed are summarized in the box and described in more detail in the
main text. (3) Following the recruitment of eRF1/eRF3•GTP to the ribosome, a number of steps are undertaken to
complete translation termination and are described in detail in the main text. Briefly, these steps involve the
release of eRF3•GDP, recruitment of ABCE1•ATP, and the release of the polypeptide chain. Finally, the 60S
ribosomal subunit is dissociated by the hydrolysis of the ATP bound to ABCE1. As mentioned in the main text,
the precise pathway of 40S subunit recycling following termination is poorly understood.
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tion complexes is often depicted as an ordered
process, but it should be noted that the order of
release and binding of components from the
separated ribosomal subunits is still not known.
This is because these events have been monitored
exclusively by using sucrose gradients, which do
not allow for the order of binding to be deter-
mined (Pisarev et al. 2007). Importantly, the ex-
pected time for the entire process of termination
and recycling is likely to be on the order of sec-
onds. It will therefore be necessary in the future
to generate a kinetic assay that can monitor the
process of termination and ribosome recycling
in real time to solve this question. Recent studies
have suggested that eIF3 can playan active role in
the termination process in vivo (Beznoskova
et al. 2013, 2015). However, these studies were
limited by the fact that cross-linking agents were
necessary to stabilize complexes before sucrose
gradient analysis. A kinetic assay will therefore
be needed to verify whether eIF3 plays a role in
termination, or whether it functions only in the
recycling of the 40S subunit (as suggested from
reconstitution assays).

It is likely that some initiation factors can
bind to a 40S subunit before the release of
mRNA. This is implied by the fact that a post-
termination 40S subunit can resume scanning
in a 30 direction following the translation of a
short uORF. The scanning 40S subunit must
recruit a new TC before it can select a start
codon for another round of translation on the
samemRNA. This process is termed reinitiation
and has been reviewed in detail elsewhere (Hin-
nebusch 2011; Jackson et al. 2012). The fact that
the TC is not required to resume scanning sup-
ports a mechanism by which this complex is not
needed for stabilizing mRNA in the decoding
site of the 40S subunit. However, this may only
be the case for a 40S subunit that is already
bound to an mRNA following the termination
event. Importantly, the resumption of scanning
following termination is restricted to uORFs that
are translated in a short amount of time (Kozak
2001). It has been suggested that this limitation
is caused by the dissociation rate of eIF4G from
eIF3, or possibly the dissociation rate of eIF3
from the 40S subunit (Pöyry et al. 2004; Mo-
hammad et al. 2017). As mentioned above, the

affinity of eIF4G for eIF3 is regulated in a
TORC1-dependent manner (Harris et al. 2006;
Thoreen et al. 2012). It will be interesting to
determine whether this change in affinity cor-
responds to a change in the dissociation rate,
which could conceivably alter the efficiency of
reinitiation.

Reading through Termination Codons

When paused with a termination codon in its
A site, there is a possibility that an aa-tRNAwill
bind to the ribosome to decode the codon and
continue the elongation cycle (a process called
stop codon readthrough). Because the fidelity
of termination is high, the competition between
noncognate, or cognate, aa-tRNA binding and
eRF1/eRF3•GTP binding must favor eRF1/
eRF3•GTP binding. However, recent genome-
wide data sets have unexpectedly indicated
that readthrough can be regulated and is more
pervasive than previously thought (although
still comparatively rare) (Dunn et al. 2013). A
number of factors have been shown to alter
the likelihood of readthrough in cells. These in-
clude the sequence of the termination codon,
the context surrounding the codon, secondary
structure in the mRNA, mRNA modifications,
and the concentration of endogenous suppres-
sor aa-tRNAs (Cassan and Rousset 2001; Chao
et al. 2003; Firth et al. 2011; Karijolich and Yu
2011). Often, various combinations of these
and other factors regulate readthrough, making
it difficult to precisely understand the mecha-
nism(s) by which readthrough is regulated.
Some organisms even use cognate aa-tRNAs to
decode termination codons by default, and ter-
minate at these codons only if a poly(A) tail is in
close proximity (Heaphy et al. 2016; Swart et al.
2016; Zahonova et al. 2016). Context-dependent
readthrough regulation is also apparent in the
process of nonsense-mediated mRNA decay
(NMD) in eukaryotes (see Karousis and Mühle-
mann 2018). For NMD, an mRNA is degraded
when a termination codon is present within the
ORF of an mRNA, but not when it is in the
correct position (reviewed in Popp and Maquat
2013; Kurosaki and Maquat 2016; Celik et al.
2017). The ability of cells to differentiate be-
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tween termination codons in a context-depen-
dent manner raises a fundamental question of
how termination codons are recognized by the
translation machinery. As mentioned above, the
kinetics of termination has begun to be elucidat-
ed, but the mechanism of regulated readthrough
is still poorly defined. To address this, it is an-
ticipated that genome-wide data sets from cells
that show regulated readthrough will continue
to provide a list of mRNAs for further study.
Biochemical approaches will then be needed
to determine the mechanism by which the deci-
sion is made to read through versus terminate
translation. One goal will be to reconstitute the
process of readthrough using a purified system.
Although this is an ambitious challenge, the
ability to monitor this checkpoint in real time
will enable a complete kinetic framework to be
developed. Both bulk assays and single-molecule
approaches will be needed for developing these
frameworks. This information will ultimately
help toward development of small-molecule
drugs that can precisely alter this process to pro-
mote readthrough of premature termination co-
dons that cause a number of genetic diseases.

FUTURE DIRECTIONS

A goal of future work will be to precisely deter-
mine how the translation pathway can be repro-
grammed to control what mRNA is selected
for translation, which initiation/termination co-
dons are used, and how much protein is synthe-
sized from individual mRNAs. This will require
the identification of where specific regulation
checkpoints in the pathway are located. Using
reconstituted purified systems for real-time bulk
and single-molecule assays will establish a kinet-
ic framework for the pathway. Using these as-
says, one can precisely determine how variables
such as the concentration of components can
alter progress of different mRNAs through the
pathway. Nevertheless, reconstituted systems
also suffer from limitations that must be consid-
ered. For example, the kinetics of these systems
is unlikely to approach that found in intact cells,
which may mean that the rate-limiting step of
the pathway in vitro is different from that found
in vivo. Reconstituted systems typically use in

vitro transcribed mRNAs, so possible contribu-
tions of other mRNA-binding proteins that are
present in cells (forming various mRNPs) and
RNA modifications are not easy to test. There-
fore, whereas reconstituted systems will be
important in generating in vitro models for the
pathway of translation, it is essential that these
models be tested in intact cells. The power of this
combination has been highlighted by the suc-
cessful test of start site selection models in yeast
(reviewed inHinnebusch and Lorsch 2012; Hin-
nebusch 2014, 2017). It is anticipated that the
use of new genome engineering methods will
further enhance the ability to test in vitromodels
for the mammalian translation pathway. Contin-
ued improvements to imaging techniques will
also make it increasingly possible to precisely
monitor translation regulation on single mRNAs
in live cells (see Biswas et al. 2018). It is hoped
that once the regulation of translation is under-
stood in sufficient detail, it will be possible to
understand how the dysregulation of translation
can lead to the generation and maintenance of
different disease states.
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