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The elucidation of the genetic code remains among the most influential discoveries in biology.
While innumerable studies have validated the general universality of the code and its value in
predicting and analyzing protein coding sequences, established and emerging work has also sug-
gested that full genome decryption may benefit from a greater consideration of a codon’s neigh-
borhood within an mRNA than has been broadly applied. This Review examines the evidence for
context cues in translation, with a focus on several recent studies that reveal broad roles for
mRNA context in programming translation start sites, the rate of translation elongation, and

stop codon identity.

Introduction

The simple concept that 64 distinct nucleotide triplets can be
unambiguously read by the ribosome as coding sequence starts,
amino acid strings, and stop signals is powerful, although also
incomplete. With knowledge of an organism’s gene sequences
and a few simplifying assumptions, this code could, in principle,
allow prediction of the full set of proteins produced in that organ-
ism. Indications that additional or alternate information may lurk
in mMRNA sequences beyond the simple codon conversion rules
have been long recognized in at least some instances (for exam-
ples, see Baranov et al., 2015; Gouy and Gautier, 1982), although
the importance and prevalence of most such additional cues has
been unclear. Recent research, however, has revealed broad
and surprising complexity to genome decoding, including evi-
dence for efficient translation initiation at unexpected sites,
non-additive effects of codon pairs on translation elongation,
regulated and prevalent translation readthrough of stop codons,
widespread modifications to mRNA bases, and context-depen-
dent amino acid incorporation. Together, these findings suggest
a higher-order set of rules for genome decoding by the ribosome
than previously thought, with great relevance for our understand-
ing of transcript- and condition-specific regulation of protein
synthesis.

Following a refresher on the primary canonical rules for eu-
karyotic translation, we will review here established context con-
tributions to translation, and recent developments that have
defined new types of MRNA context cues and provided evidence
for the widespread influence of new and previously identified
cues in programming translation. Finally, the emerging role of
mRNA modification on translation will be discussed. While this
review focuses primarily on eukaryotic translation, the translation
mechanism is remarkably conserved, and thus, many of the prin-
ciples discussed here are applicable to all forms of life. Examples
of non-eukaryotic regulation will be specifically noted at some
points, when deemed relevant and informative.
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The Canonical Model for Translation
Translation of an MRNA by the eukaryotic ribosome begins with
recognition of the 5’ m’G cap by a complex of proteins that re-
cruit the small ribosomal subunit together with additional initia-
tion factors, including an initiator tRNA conjugated to methionine
and positioned in the ribosome’s peptidyl transfer (P-) site. This
pre-initiation complex (PIC) scans in a 5’ to 3’ direction until it en-
counters an AUG start codon, which forms canonical base pairs
with the complementary initiator tRNA anticodon and triggers
irreversible scanning arrest and release of a subset of initiation
factors, enabling large ribosomal subunit recruitment and 80S
ribosome assembly (reviewed in Hinnebusch, 2011) (Figure 1).
The elongating ribosome traverses the mRNA, pausing by codon
until recognition occurs by base-pairing of the complementary
aminoacyl-tRNA anticodon with the codon in the ribosome
A-site, triggering peptide bond formation and transfer of the
growing peptide chain to the A-site. Translocation moves the
new tRNA-peptide conjugate, still base-paired to the mRNA, to
the P-site and the initiator tRNA to the exit (E-) site, opening
the A-site for the next mRNA codon to be recognized by its
cognate aminoacyl-tRNA (reviewed in Dever and Green, 2012)
(Figure 1). It is important to note that for much of this process,
two tRNAs are closely juxtaposed within the ribosome. It has
been proposed that their degree of “fit” is likely to differ among
specific tRNA pairs and that this may influence translation effi-
ciency (Bossi and Ruth, 1980). The elongation process continues
until one of three possible stop codons is reached, at which point
a protein release factor will preferentially recognize this codon.
Hydrolysis of the linkage between the elongated peptide chain
and P-site tRNA releases the nascent protein, and the ribosome
dissociates, aided by recycling factors (Dever and Green, 2012).
Translation is largely unidirectional and extremely energy
intensive as a result of multiple GTP hydrolysis steps. It is
also quite precise, with errors in amino acid incorporation
into the peptide chain predicted to occur at a rate between
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Figure 1. Diverse Context Cues Are Known to Regulate Translation

The canonical model of translation is pictured above, with a selected set of established examples of context influence on translation below for initiation (green),
elongation (blue), and termination (pink). Some examples, such as Kozak sequences, are thought to be broadly influential in most eukaryotic organisms, while
others, such as SECIS and IRES elements, are message-specific modulators with usage that varies significantly among organisms.

0.01%-0.1% (Loftfield and Vanderjagt, 1972; Ribas de Pouplana
et al., 2014). Initiation at the most 5 AUG is thought to occur in
90%-95% of cases (Hinnebusch, 2011; Kozak, 1986), and termi-
nation efficiency at the first in-frame stop codon ranges from
90%-99% (Arribere et al., 2016). The differences in these start
and stop codon “efficiency” ranges relative to those observed
for amino acid incorporation during elongation was an early
clue that context is a factor in programming translation initiation
and termination codons. Subsequent studies defined some such
cues, generally identified in an ad hoc manner or using reporter
constructs, that were found to contribute to start and stop codon
recognition beyond the initial simple rules put forth by the canon-
ical translation model (Figure 1). A broad set of elegant studies
thus defined global and specialized translation mechanisms
and have also revealed gaps in our understanding of decoding
rules and have suggested a greater role for context than is ex-
plained by standard translation rules (reviewed in Baranov
et al., 2015; Grosjean and Westhof, 2016). Systematic ap-
proaches to define the degree to which codon context influences
translation, however, have long been limited by available exper-
imental and computational tools. This has changed with recent
dramatic advances in sequencing technology that have resulted
in thousands of largely complete genomes available for analysis
and have enabled the development of genomic tools such as
ribosome profiling, a method for systematic and in vivo transla-
tion measurement. Based on these and other advances, evi-
dence has rapidly accumulated to suggest that mRNA context
cues provide a layer of information that exceeds and occasion-
ally overrides classical codon cues in translation initiation, elon-
gation, and termination. Below, we discuss established historical
and emergent evidence that context cues program translation
initiation, elongation, and termination.
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Initiation: Context Can Influence Start Site Selection
Pioneering studies by Marilyn Kozak in the 1980s defined the
eponymous eukaryotic sequence cues that bias an AUG start
codon toward higher initiation efficiencies (Kozak, 1986, re-
viewed in Hinnebusch, 2011). These cues include a purine
in the position three nucleotides before the first start codon
nucleotide and a G in the position immediately after the start
codon AUG. AUGs that were bypassed by the scanning
PIC were generally found to lack these context cues, allowing
“leaky scanning” and initiation at the next AUG encountered
by the PIC. Translation initiation in prokaryotes differs from that
in eukaryotes, with no scanning stage and an even stronger
role for context. In E. coli, AGGAGG (commonly termed the
“Shine-Delgarno sequence”) located 4-7 nucleotides upstream
of the initiator AUG positions the ribosome to initiate translation
by base-pairing directly to the 16S rRNA (reviewed in Marintchev
and Wagner, 2004).

Subsequent studies have identified additional types of viral
and eukaryotic translation initiation that depend on mRNA
context cues, including at internal ribosome entry sites (IRESes),
generally associated with RNA structure that can functionally
substitute for translation initiation factors or the 5 mRNA cap.
Translation initiator of short 5’ UTR (TISU) elements allow initia-
tion to occur on 5’ UTR (leader) regions that are fewer than 15 nu-
cleotides long and, thus, too short to allow a canonical scanning
mechanism of initiation (reviewed in Komar et al., 2012). The
broad importance of alternate context-driven initiation mecha-
nisms is highlighted by the mRNA for the conserved gene, his-
tone H4, which has a very short 5 UTR and is translated in a
manner that depends on RNA secondary structures within the
OREF rather than the classic scanning mechanism (Martin et al.,
2011).
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Figure 2. Translation Initiation at Non-AUG Codons Is More Common than Traditionally Thought and Leads to Unexpected Protein Products
(A) A general model for near-cognate initiated UORF translation is shown with outstanding questions noted, including the stability of the resultant peptide and the

context cues that program premature translation initiation in these cases.

(B) Translation initiation at in-frame near-cognate codons prior to the canonical AUG start codon can produce an alternate protein product.

(C and D) A working model for RAN translation in multiple frames, based on the case for CGG repeats in the 5’ leader of FMR1. Panel (C) illustrates translation in the
GGC frame, resulting in poly-glycine peptides. Panel (D) illustrates translation in the GCG frame, resulting in poly-alanine peptides. Translation initiation at non-
AUG codons in both of these cases can occur simultaneously on different transcript molecules in the same cell population. RAN translation of FMR1 is cap-
dependent and proposed to involve downstream RNA structures within the tri-nucleotide repeat stretch that affect start site selection stringency.

Emergent Evidence of Pervasive Non-canonical
Translation Initiation

Ribosome profiling involves capturing and sequencing every
~30 nucleotide mRNA region (“ribosome footprint”) that is pro-
tected from nuclease digestion by in vivo translating ribosomes
in a cell population. The first ribosome profiling study (Ingolia
et al., 2009), performed in budding yeast cells, largely supported
predictions based on the prevailing view of translation mecha-
nism but also revealed efficient translation initiation at dozens
of non-AUG start codons, suggesting more complex translation
initiation context cues than anticipated. These alternate initiation
sites were near-cognate start codons, meaning that they differed
from AUG at just one nucleotide position and were positioned in
5’ leader regions, resulting in translation of generally short up-
stream open reading frames (UORFs) (Figure 2A). Near-cognate
initiation had been observed previously but was thought to be
inefficient and rare under wild-type (WT) conditions (Clements
et al., 1988; Kozak, 1989; Peabody, 1989). Subsequent ribo-
some profiling studies also identified much more widespread
near-cognate initiation than expected in a variety of systems,

including in mice (Ingolia et al., 2011) and meiotic budding
yeast cells, the latter of which displayed at least 8,000 instances
of regulated near-cognate translation initiation in 5' leader re-
gions (Brar et al., 2012). Oddly, in these meiotic cells, ~3000
transcripts—or roughly half of the mRNA species present in
the cell—exhibited efficient translation initiation at near-cognate
codons in 5’ leaders whereas half did not, suggesting that condi-
tion-specific regulation might dramatically modulate fidelity of
translation initiation for distinct pools of transcripts. While little
is known about the mechanism underlying these many newly
identified cases of near-cognate translation initiation, a recent
mass spectrometry study found that the resultant stable amino
acid chains from near-cognate-initiated translation in mamma-
lian cells are initiated by methionine, indicating that such initia-
tion events share at least some key features of the canonical
scanning mechanism (Menschaert et al., 2013).

AUG-initiated uORF translation was similarly seen to be wide-
spread in several other ribosome profiling studies, including in
yeast, plants, human, mouse, and zebrafish, and such cases
have been more heavily investigated for context cues than
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near-cognate initiated UORFs to date (Brar et al., 2012; Chew
et al., 2013, 2016; Fields et al., 2015; Ingolia et al., 2011, 2014;
Johnstone et al., 2016; Liu et al., 2013). Analyses of vertebrate
cases have found evidence for positional conservation for trans-
lated UORFs, indicating functional importance for these unex-
pected translation events (Chew et al., 2016; Fields et al.,
2015; Johnstone et al., 2016). Studies of neighboring sequences
that allow translation initiation at non-AUG start codons or nor-
mally bypassed AUG codons have not yet yielded a clear set
of context signals, however. Some analyses, for example, have
suggested that translated uORFs generally conform to Kozak
sequence rules (Menschaert et al., 2013), while others have not
observed this trend (Chew et al., 2016), suggesting the influence
of as-yet unidentified context cues. Similar cues may influence
the translation initiation efficiency of traditional ORFs, as the
UORF initiation codons that were most likely to be translated in
zebrafish had upstream context that was most like that seen up-
stream of known coding sequence start codons (Johnstone
et al., 2016).

A subset of newly identified AUG and near-cognate translation
initiation sites in 5’ leader regions are in-frame with the canonical
ORF and lack intervening stop codons. Their translation results
in a protein with an N-terminal extension of the canonical ORF-
encoded protein product, rather than the short, possibly unsta-
ble peptide products expected to result from uORF translation
(Figure 2B) (Brar et al., 2012; Fields et al., 2015; Ingolia et al.,
2011; lvanov et al., 2011; Menschaert et al., 2013). The context
cues leading to these cases of alternative initiation remain unde-
fined and are likely to be similar to those seen for uORFs, but
their biological significance is clearly different, as these transla-
tion initiation events result in extensions to proteins that may
affect their properties, including localization (Baranov et al.,
2015; Touriol et al., 2003).

RAN Translation: Initiation Driven Entirely by Context?

In parallel with the discovery of widespread translation initiation
in 5’ leader regions, a disparate type of context-dependent
translation initiation was found to be prevalent in repeat expan-
sion diseases, a group of neurodegenerative or neuromuscular
conditions that are associated with expanded triplet or sextuplet
repeats. The prevailing models for toxicity in these diseases
posit that translation of the expanded regions, which frequently
repeat glutamine codons, results in proteins that are aggregation
prone, or that the repeat RNAs cause toxicity by binding to
and limiting free pools of other proteins (Cleary and Ranum,
2014; Green et al., 2016). Zu et al. (2011) first identified a type
of aberrant translation initiation from within CAG repeats of
ATXNS8 (associated with spinocerebellar ataxia type 8, SCAS).
Resultant poly-alanine protein products can be observed in
cell types that typically degenerate as part of SCA8 progression
in mice and in human autopsy tissue from SCA8 patients. Sur-
prisingly, the translation of these polymers was found to be inde-
pendent of an AUG or near-cognate codon and was thus termed
“repeat-associated non-ATG” (RAN) translation. RAN transla-
tion was subsequently observed in other repeat expansion
genes, including—most strikingly —the amyotrophic lateral scle-
rosis- and frontotemporal dementia-associated C9ORF72, in
which both sense and antisense transcripts were found to be
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translated in all three frames without any initiating AUG codon,
resulting in three distinct peptide polymers from the GGGGCC
or CCCCGG repeats (Cleary and Ranum, 2014). The degree
to which RAN translation products contribute to pathology re-
mains unclear, but the prevalence of RAN translation in these
repeat contexts has raised interesting questions about the
non-canonical mechanism of translation initiation underlying
the phenomenon.

IRES-based initiation has been proposed as a potential RAN
translation mechanism, but recent work has shown that RAN
translation from FMR1 (associated with fragile X-associated
tremor and ataxia syndrome; Figures 2C and 2D) requires an
m’G mRNA cap and ribosome-scanning components, suggest-
ing a modification only in start site selection cues rather than an
entirely alternative initiation mechanism (Cleary and Ranum,
2014; Green et al., 2016; Kearse et al., 2016). In the case of
FMR1, as with other cases of RAN translation, efficient repeat-
based initiation is highly dependent on long repeats, which result
in stable mMRNA secondary structures. It has been proposed that
such secondary structures downstream of RAN translation initi-
ation sites may stall the ribosome pre-initiation complex, result-
ing in a higher probability of a non-canonical initiation event at
the stall site. Interestingly, it has also been suggested that
aspects of this mechanism may be more general and could
explain the translation initiation at near-cognate codons in
5’ leaders discussed above (Kearse et al., 2016). This model is
intriguing, given that a number of IRES-based mechanisms
have been proposed for observed cases of non-canonical trans-
lation initiation, but rigorous in vivo proof of IRES activity outside
of viral systems has been elusive in many cases (reviewed in Ko-
mar et al., 2012; Kozak, 2002). A model in which secondary
structure kinetically modifies the classical scanning mechanism,
rather than allowing internal ribosome entry, may prove to be
applicable to some such inconclusive cases and is consistent
with trends seen at AUG start codons in suboptimal context (Hin-
nebusch, 2011).

The Long-Standing Enigma of Context-Influenced
Translation Elongation

Despite established roles for specific context cues in initiation
and termination (discussed below), the general importance of
context in translation elongation has been difficult to rigorously
determine outside of important but infrequently observed mech-
anisms such as frameshifting (reviewed in Baranov et al., 2015).
This lack of clarity is best exemplified by the deliberate codon-
optimization approaches that are a common step in designing
constructs for efficient heterologous expression. Early strategies
for codon optimization were based on the idea that codons that
were infrequently used in a given organism, relative to synony-
mous options, should be avoided to achieve maximum transla-
tion elongation speed and protein production. The rationale
was that rare codons are associated with low-abundance
cognate tRNAs and that translation elongation should be slowed
at these sites while the ribosome waits for these aminoacyl-
tRNAs to diffuse to the A-site. It was observed, however, that
often fully optimized open reading frames were not translated
as efficiently as expected, leading to an array of hypotheses,
including those implicating neighboring codon effects and
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Figure 3. Codon Pair Orientation Can Influence Translation Elon-
gation Rate

Interactions between P- and A-site tRNAs within the ribosome can result in
slowed translation elongation for codon pairs in an orientation-dependent
manner. This effect is rescued by replacement of wobble codon-anticodon
pairing, with exclusively Watson-Crick base-pairing for either the A-site (3') or
P-site (5’) tRNA-mRNA interaction.

competition for tRNAs (Elena et al., 2014; Gustafsson et al.,
2004; Hatfield and Roth, 2007). Advances in codon-optimization
algorithms for higher protein expression have, by necessity,
largely come from empirical observations and have tended to
lack concrete mechanistic explanations. Based on these algo-
rithms, however, it has become clear that most of the commonly
seen differences in protein expression cannot be accounted for
by our existing understanding of codon effects on translation
elongation. It has been proposed that this may be due to a
lack of importance of codon context within ORFs relative to
the effects of initiation rate, but it also may reflect the existence
of context cues that we do not yet understand (Pop et al., 2014;
Shah et al., 2013). Whether elongation rate sets protein produc-
tion rates under normal cellular conditions, greater understand-
ing of context effects in translation would clearly have significant
utility in advancing diverse synthetic biology and biochemical
approaches.

New Evidence that Ribosome-tRNA Interaction
Influences Translation Elongation

Codon context influence on translation elongation has been
extremely challenging to study due to the highly constrained na-
ture of the nucleotide sequence of mMRNA, which has evolved to
accommodate secondary structures, splicing cues, binding sites
for proteins, and the encoded protein sequence and also reflects
mutational biases (Letzring et al., 2010; Moura et al., 2007). For
these reasons, although it has long been known that individual
and codon pair biases exist in all organisms, clear experimental
strategies to assess the broad role of codon context in transla-
tion have been elusive. Moreover, no consensus has emerged
on the relative importance of various factors in programming
translation elongation rate, including tRNA availability, tRNA-
ribosome interactions, and interactions between the ribosome
and amino acids conjugated to a tRNA or traversing the ribo-
some exit tunnel.

Ribosome profiling has provided some insight into this issue,
while also revealing surprising complexity to the impact of
specific codons on translation. Each ribosome footprint can be
mapped to the codon representing the A-site position of the

translating ribosome that protected it, theoretically allowing inter-
pretation of the amount of time taken to decode each codon (In-
golia et al., 2012). After known artifacts based on drug treatment
during sample harvesting and biases in footprint sizes are taken
into account (discussed in Brar and Weissman, 2015; Hussmann
et al., 2015; Lareau et al., 2014), several groups have observed
reproducible codon-specific variability in ribosome dwell time.
One such analysis concluded that ribosome occupancy levels
at a given position were influenced by tRNA-mRNA interac-
tions and the amino acid being encoded (Lareau et al., 2014).
Specifically, as observed in nematodes (Stadler and Fire, 2011),
some wobble codon-anticodon interactions were associated
with markedly higher ribosome footprint occupancy levels, inter-
preted to reflect slower decoding than canonical Watson-Crick
codon-anticodon interactions. It was also found that codons for
small, polar amino acids showed greater ribosome occupancy
than those for large hydrophobic amino acids, suggesting that in-
teractions between the ribosome and the amino acid in the A-site
contribute to translation elongation rate (Lareau et al., 2014).
In vivo mRNA structure has been weakly implicated in the elonga-
tion rate of an mRNA, Pro-Pro and polybasic repeats have been
shown to modulate translation elongation, and analyses of multi-
ple published ribosome profiling datasets show that there is likely
to be an additional contribution of tRNA abundance on translation
elongation rate, as broadly predicted (Artieri and Fraser, 2014a;
Bazzini et al., 2016; Brandman et al., 2012; Hussmann et al.,
2015; Ingolia et al., 2011; Koutmou et al., 2015; Lareau et al.,
2014; Pop et al., 2014; Weinberg et al., 2016).

Gamble et al. (2016) performed a large-scale, systematic
screen aimed at assessing the degree to which codon context
may modulate eukaryotic translation elongation rates beyond
effects seen at individual codons. The authors screened yeast
cell populations housing libraries containing random sets of
triplet codons within an ORF encoding superfolder GFP. Control-
ling for reading frame and excluding variants predicted to give
rise to inhibitory RNA structures, it was found that 17 codon
pairs, rather than single codons, were strongly associated with
reduced GFP expression. This set included the known inhibitory
codon pair CGA-CGA (Letzring et al., 2010) and was enriched for
codons decoded by wobble interactions. Ribosome profiling
data were consistent with the predicted translation elongation
slowing over these codon pair sets, and GFP expression could
be rescued by overexpression of the complementary tRNA to
the 3’ (A-site) codon in the pair or, to a greater degree, by muta-
tion of the tRNA such that wobble interactions were no longer
required for codon recognition. In codon pair cases in which
the 5’ (P-site) codon required wobble decoding, expression of
a mutant tRNA version that no longer required wobble tRNA-
codon recognition also suppressed the GFP expression defect.
Moreover, among the 12 inhibitory codon pairs that were not
repeats of the same codon, in all cases, the translation inhibi-
tion depended on the ordering of the pair, suggesting that the
specific positioning of their complementary tRNAs base-paired
to these mRNA codon pairs within the ribosome mediates the
inhibitory effect (Figure 3) (Gamble et al., 2016). A model by
which tRNA interactions within the ribosome can affect trans-
lation is consistent with findings from E. coli, in which it was
observed that P-site tRNA-codon mismatches can trigger a
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quality control pathway that reduces the fidelity of subsequent
A-site tRNA-codon recognition, ultimately triggering premature
translation termination (Zaher and Green, 2009). Moreover, ana-
lyses of the thermodynamics of aminoacyl-tRNA binding within
the ribosome decoding site suggest that all natural tRNAs
show similar binding energies despite strongly differing codon-
anticodon pairing stabilities, suggesting significant interactions
among—and coevolution of—the ribosome structure, tRNA
sequence, and codon usage within mRNAs (reviewed in Gros-
jean and Westhof, 2016).

These findings highlight the need to consider adjacent codon
sequences in the context of a translating ribosome (also in Chev-
ance et al., 2014; reviewed in Grosjean and Westhof, 2016). It is
interesting to note that, while there are strong codon pair biases
known to exist in all organisms, the inhibitory pairs identified by
Gamble et al. (2016) are not generally the rarest codon pairs pre-
sent in the yeast ORFeome (Moura et al., 2005). This is likely to
partially reflect evolutionary constraints, including mutational
bias, but it may also support a model in which translation speed
modulation may be evolutionarily selected for due to a regulatory
function, perhaps in enabling proper co-translational protein
folding (Gingold and Pilpel, 2011). The recent observation that
the codon composition of the abundant set of mMRNAs, in concert
with corresponding tRNAs, can be dynamic, shifting in response
to cellular stress or proliferation status (Gingold et al., 2012,
2014) adds even greater complexity to analyses of the functional
significance of codon pair composition in translation speed.

In Vivo Single-Molecule Imaging of Translation Detects
Elongation Heterogeneity

A major limitation of the in vivo methods discussed thus far to
dissect codon context effects in translation elongation is that
they require averaging, sometimes among mRNAs for different
genes and always among different mRNA molecules for a given
gene. These approaches can be valuable in identifying trends,
but they are unable to identify complexity based on heterogene-
ity. Single-molecule biophysical approaches have been valuable
in dissecting bacterial translation dynamics and can detect mo-
lecular heterogeneity but typically allow study of only a small
number of messages and in an ex vivo system (reviewed in Bus-
tamante et al., 2014, Tsai et al., 2016). Recently, several groups
converged in development of a suite of tools for live imaging of
in vivo translation of single transcripts that allows direct moni-
toring of variability in translation elongation rates (Morisaki
et al., 2016; Wang et al., 2016; Wu et al., 2016; Yan et al.,
2016). These methods use simultaneous fluorescent tagging of
individual mMRNAs and the nascent peptide produced from their
translation, enabling quantitative analyses of diverse aspects
of translation. Application of the very similar methodologies to
different mRNAs in different biological systems revealed average
translation elongation rates that ranged from 3 to 10 codons per
second, roughly similar to each other and also the rate of 5.6 co-
dons per second determined using run-off analyses by ribosome
profiling (Ingolia et al., 2011). The differences in the measure-
ments may reflect condition- or mRNA-specific variability in
translation elongation. In fact, one of the studies reported elon-
gation speed variability based on codon composition, with a
faster elongation rate measured for a codon-optimized reporter
construct relative to a non-optimized transcript (Yan et al.,
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2016). The same study also identified apparently bimodal het-
erogeneity in elongation rates, even among different molecules
of the same mRNA. These findings suggest surprising variability
in translation dynamics among individual mRNA molecules, and
also highlight the potential of these approaches for future mech-
anistic dissection of context effects on translation elongation.

Termination: Context Can Define the Meanings of Stop
Codons

The first hint that context affects termination came from a study
of nonsense suppression (Bossi and Ruth, 1980), in which a
mutant tRNA with an anticodon sequence complementary to
the UAG stop codon competed with the release factor to sup-
press termination at that stop codon. It was observed that there
was variability over an order of magnitude in suppression effi-
ciency that depended on the nucleotide immediately 3’ of the
stop codon. Since then, numerous context-dependent modifiers
of termination have been identified. For example, the position of
a stop codon relative to other features of an mMRNA can commit
the mRNA to destruction by nonsense-mediated decay (NMD;
reviewed in Hug et al., 2016); the highly specific selenocysteine
insertion sequence (SECIS)-dependent insertion of the amino
acid selenocysteine at a stop codon (reviewed in Baranov
et al., 2015; Gonzalez-Flores et al., 2013) allows production of
full-length functional proteins from coding regions that use
them, and readthrough, in which termination at the stop codon
yields WT protein and translation through the stop codon yields
an extended protein isoform that may have altered or even oppo-
site function (Figure 4A) (Baranov et al., 2015; Eswarappa and
Fox, 2015; Steneberg et al., 1998). While the mechanisms and
significance of NMD and selenocysteine insertion are largely es-
tablished, with few exceptions, the causes and consequences of
readthrough remain enigmatic. Nonetheless, biologically signifi-
cant examples of readthrough in non-pathological conditions
have been observed, and cases have even been identified in
which readthrough is essential to life (Baranov et al., 2015;
Bekaert et al., 2010; True et al., 2004), indicating that low termi-
nation efficiency, rather than a stochastic error, may be an evolu-
tionarily selected property.

Emergent Evidence for Context as a Major Determinant
of Termination

The pervasive influence of context on translation termination has
been highlighted by recent phylogenetic and ribosome profiling
analyses. Elegant genomic analysis of 12 Drosophila species
predicted ~280 cases of conserved stop codon readthrough,
based on signatures of protein coding conservation (Jungreis
et al., 2011). Ribosome profiling studies provided experimental
evidence for many of these predicted cases, but also found
translational readthrough in flies to be generally much more
common than previously thought and often regulated. The ma-
jority of these novel readthrough cases did not show signs of
conservation across species, although they did show signs of
selection within D. melanogaster, suggesting lineage specificity.
In several cases, it was shown that the C-terminal extensions re-
sulting from these readthrough events (Figure 4A) shifted the
cellular localization of the encoded protein, implying biological
significance. The efficiency of readthrough relative to termination
for the new cases identified in flies was seen to vary over at least
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three orders of magnitude, though the context cues enabling
these readthrough events remain largely mysterious (Dunn
et al., 2013). Subsequent analyses continue to identify additional
cases of readthrough in fungi (Artieri and Fraser, 2014b), insects
(Jungreis et al., 2016), and mammals (Loughran et al., 2014),
suggesting roles for translational readthrough in protein regula-
tion, localization, and evolution, and consistent with earlier re-
ports that elevated readthrough can play a functional role in
organismal fitness (Baranov et al., 2015; Bekaert et al., 2010;
True et al., 2004).

Using computational screening, the Nowacki lab recently
identified a marine ciliate, C. magnum, that contains no dedi-
cated stop codons. Ciliates have previously been seen to have
stop codon reassignments—in fact, studies dating back de-
cades noted that ciliate genes could not be efficiently expressed
in other organisms due to this phenomenon (Caron and Meyer,
1985)—but Nowacki and colleagues identified the first organism
in which all stop codons appear to have been (conditionally) re-
assigned to sense codons. Analyses of substitution rates for
essential genes, along with ribosome profiling data, provided
strong evidence that in C. magnum, all three stop codons are
used to encode amino acids. tRNA sequencing identified natural
“nonsense suppressor” aminoacyl-tRNAs for two of the three
stop codons, providing mechanistic clues to how stop codon re-
assignment occurred in this organism (Swart et al., 2016). It was
observed that the three standard stop codons are depleted from
the last 50 nucleotides of coding sequences except at the termi-
nal position, where ribosome profiling data confirmed that pro-

tein synthesis efficiently terminates. Remarkably, the positioning
of these codons at the 3’ end of transcripts was a sufficient
context cue to define them as either sense or termination
codons, resulting in readthrough rates that are similar to those
seen in organisms with dedicated stop codons. The authors
noted that the 3" UTRs of C. magnum are unusually short and
therefore propose proximity to polyA-tail-binding protein,
PABP, as a trigger for stop codon recognition (Figure 4B) (Swart
et al., 2016). This is an intriguing potential mechanism, as PABP
interactions with NMD machinery have also been widely pro-
posed to explain the ability of this pathway to distinguish be-
tween premature and normal stop codons (Hug et al., 2016).

Although simultaneous, fully context-dependent regulation of
all three stop codons may not exist outside of ciliate lineages,
the case demonstrates intriguing parallels to the standard trans-
lation initiation mechanism. In translation initiation, the largely
unidirectional nature of scanning complex progression deter-
mines that proximity to the 5* mMRNA end is a primary factor spec-
ifying the utilized start codon (Kozak, 2002). Also similarly, while
some near-cognate-initiated uORFs are translated and some
AUG codons are bypassed during scanning, both are depleted
from directly prior to the canonical start codon (Brar et al,
2012; Chew et al., 2016; Johnstone et al., 2016; Kozak, 1987;
Zur and Tuller, 2013).
mRNA Modifications Are Widespread and Impact
Translation at Multiple Levels
Modifications to the four standard RNA nucleotides have long
been recognized to influence RNA structure and function, but
until recently, these effects were thought to be mostly limited
to noncoding RNAs (Machnicka et al., 2013). A recent flurry of
genome-wide studies, however, have identified widespread
methylation of mMRNA bases (m®A, m°C, m'A) beyond the well
characterized m’G cap and isomerization of uridine to pseudour-
idine (¥) within mRNA populations in bacterial, yeast, and
mammalian cells (Carlile et al., 2014; Deng et al., 2015; Dominis-
siniet al., 2012, 2016; Edelheit et al., 2013; Ke et al., 2015; Khod-
dami and Cairns, 2013; Li et al., 2015, 2016; Liu and Pan, 2015;
Lovejoy et al., 2014; Meyer et al., 2012; Schwartz et al., 2013,
2014; Squires et al., 2012). Most of these newly identified mod-
ifications are of unknown function, but there is strong evidence
that they may influence multiple aspects of mRNA structure, sta-
bility, and function (reviewed in Gilbert et al., 2016), and their
study may shed light on aspects of translation that thus far
cannot be explained by sequence analyses alone.

Several such mRNA modifications have been shown to
directly influence translation initiation, elongation, and termina-
tion. In the case of mPA, the most abundant of the known
mRNA modifications, the position of base modification affects
its impact on translation. Under most conditions examined
thus far, m®A is seen to be enriched near 3’ ends of mRNA
ORFs and 3’ UTRs, where it has been shown to affect mMRNA sta-
bility, translation, and polyA site choice (Ke et al., 2015; Wang
et al., 2014, 2015; Zhang et al., 2016). Under heat shock and
other cellular stress conditions, there is removal of 3 m®A mod-
ifications and a relative increase in 5’ leader m®A modifications
for a subset of messages, including that for the chaperone
Hsp70 (Figures 5A and 5B) (Dominissini et al., 2012; Meyer
et al., 2015; Zhou et al., 2015). These new 5 m°A bases are
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(C and D) Stop codon readthrough and serine/threonine incorporation can be seen to be enhanced by pseudouridylation of the stop codon.

capable of directly recruiting the translation initiation factor elF3
and enabling translation initiation independent of the canonical
elF4E cap-binding complex. It is interesting to note that, in
contrast to the canonical cap-dependent translation initiation
model, which requires elF4E-cap interaction, recent work has
shown that elF3 can form an alternate cap-binding complex
(Lee et al., 2016). This result suggests that pervasive perception
of “cap-dependent” as generally synonymous with elF4E-
dependent may require revisiting, and that choice between these
two types of cap-dependent initiation may represent a broad
new mode of selective translation initiation control. The elF4E-in-
dependent translation initiation seen for Hsp70 is highly specific
to m®A modifications and also highly dependent on the context
of the modification. A non-structured 5 mRNA end is required,
implying a scanning rather than IRES-based mechanism of
translation initiation, and the effect was seen to be strongest
when the methylated A was flanked by a 5'G and 3'C base.
m®A modifications outside of the 5’ leader did not retain this
activity (Meyer et al., 2015). Given the reversibility of this modifi-
cation, these results suggest a mechanism by which mRNA initi-
ation cues can be dynamically and selectively modulated.
Pseudouridylation, unlike m®A modification, is not reversible
and thus seems likely to mediate less dynamic roles in transla-
tion. The clearest function established thus far for ¥ modifica-
tions in mRNA is in nonsense suppression (Karijolich and Yu,
2011). Site-specific targeting of W to a premature stop codon
in a yeast reporter system led to amino acid incorporation at all
three stop codons (Figures 5C and 5D). Mass spectrometry anal-
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ysis determined that incorporation of either serine or threonine,
or phenylalanine or tyrosine, occurred at the pseudouridylated
codon, depending on the stop codon sequence that was modi-
fied. Interestingly, the amino acids incorporated show similarity
in structure, but the tRNAs that supply these amino acids do
not show similar anticodon sequences, leading the authors to
propose either the presence of an unidentified modification of
the tRNAs or a change in the local structure of the A-site that en-
ables recognition driven partially by the conjugated amino acid
rather than tRNA anticodon sequence (Karijolich and Yu,
2011). A subsequent crystal structure of the bacterial ribosome
with a WAG codon stably bound to a tRNA(Ser) revealed the un-
usual purine-purine basepairing that can enable such cases of
nonsense suppression (Fernandez et al., 2013). The degree to
which nonsense suppression is seen at endogenous sites of W
modification remains unclear, as stop codons were not enriched
for ¥ modification in large-scale datasets (Carlile et al., 2014;
Lovejoy et al., 2014; Schwartz et al., 2014).

m°C mRNA modifications can be seen in mammals and bac-
teria, and a recent study showed that m°C at the second nucle-
otide of the CCC proline-encoding codon resulted in leucine or
isoleucine misincorporation at a rate of 4% in bacteria (Hoernes
et al., 2016). The effects of this type of recoding on protein
structure and translation elongation, and the degree of in vivo
amino acid misincorporation at endogenously modified sites,
remain intriguing open questions. It is interesting to consider
that RNA modifications, including m°C, pseudouridylation, and
m°®A, are now known to be abundant on all three major cellular



components that intimately interact during translation—mRNA,
tRNAs, and the rRNA of the ribosome. Given the apparent uni-
versality and abundance of such modifications, it seems likely
that their study will prove to be critical to unraveling the complex
set of structural and sequence cues that program translation.

Prospects

A recent surge of analytical and experimental tool development
has catalyzed new directions in translation research that continue
to reveal important and often conserved aspects of this process
that have been inaccessible or difficult to systematically assess
by previously available approaches. Experimental tools for
genome-wide monitoring of gene expression have allowed us
to identify features of translation—including broad and prevalent
effects due to mRNA context—that fall outside of our expecta-
tions without having to know the mechanisms or prevalence of
such behaviors. As these approaches have allowed us to begin
filling gaps in our understanding of the role of mMRNA sequence
and structure context in translation, they also pave the way for
tackling a new and exciting set of mechanistic questions of how
changes in the ribosome, mMRNAs, aminoacyl-tRNAs, and other
factors impact each other and the polypeptide product in the
extremely close quarters of a translating ribosome.

Intimately linked with the increased understanding of the
complexity of the mechanism of translation suggested by recent
studies has been emerging evidence that broad and long-stand-
ing categorizations of coding versus noncoding regions may be
flawed, with a large and diverse set of data suggesting surprising
prevalence to regulated translation in unexpected regions.
These include 5 and 3" mRNA regulatory regions, multiple
reading frames within long tri-nucleotide repeats, and short re-
gions within RNAs previously thought to be noncoding (Aspden
et al., 2014; Bazzini et al., 2014; Bekaert et al., 2010; Brar and
Weissman, 2015; Brar et al., 2012; Chew et al., 2013, 2016;
Dunn et al., 2013; Fields et al., 2015; Green et al., 2016; Ingolia
et al.,, 2011, 2014; Ji et al., 2015; Jungreis et al., 2011; Ma
et al., 2014; Menschaert et al.,, 2013; Stern-Ginossar et al.,
2012; Young et al., 2015; Zu et al., 2011). This rich body of recent
research has allowed us to begin to form a more complete set of
rules for predicting the full set of genomic regions that are trans-
lated and the levels of the translation of these regions.

Key outstanding questions include the specific set of context
cues that specify uORF translation, alternative start codon selec-
tion, MRNA modifications, and translational readthrough, as well
as the functional importance of these phenomena and their de-
gree of condition-specific regulation. We are just beginning to
be able to identify and verify sequences and additional cues
that affect translation elongation, an area of study that is likely
to be important for advancing our understanding of translation
fidelity and protein folding. Future breakthroughs are likely to
result from integrating the findings of genome-scale studies
with single-molecule analyses of in vivo translation, the
continued development and application of computational tools
to new and existing gene expression and genome sequence
datasets, functional screening, as well as advances in our ability
to solve in vivo mRNA structures. Together, these approaches
will bring us closer to full decryption of the complex, layered in-
formation encoded in mMRNA sequences.
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