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Abstract

During protein synthesis, ribosomes encounter many roadblocks, the outcomes of which are
largely determined by substrate availability, amino acid features, and reaction kinetics. Prolonged
ribosome stalling is likely to be resolved by ribosome rescue [G] or quality control pathways,
whereas shorter stalling is likely to be resolved by ongoing productive translation. How ribosome
function is affected by such hindrances can therefore have a profound impact on the translational
output (yield) of a particular mRNA. In this Review we focus on these roadblocks and the
resumption of normal translation elongation, rather than on alternative fates wherein the stalled
ribosome triggers degradation of the mRNA and the incomplete protein product. We discuss the
fundamental stages of the translation process in eukaryotes, from elongation through ribosome
recycling. We pay particular attention to recent discoveries that highlight the complexity of the
genetic code and regulatory elements that control gene expression, including ribosome stalling
during elongation, the role of MRNA context in translation termination, and mechanisms of
ribosome rescue that resemble recycling.

INTRODUCTION

Across all domains of life, translation of the information encoded in mRNA to protein is
performed by a large macromolecular machine called the ribosome. The ribosome reads the
information one codon (three nucleotides) at a time, translating it into protein through the
actions of tRNAs that recognize each codon to insert the appropriate amino acid (Figure 1).
The tRNAs are really the central ‘translators’ in the translation process.

The process of translation can be broken into four main phases: initiation, elongation,
termination and ribosome recycling (Figure 1A). Although core aspects of translation are
highly conserved between eukaryotes, bacteria, and archaea, there are substantive
differences in how each of these four steps is accomplished. In this review, we will focus on
eukaryotic translation. In the first step, many eukaryotic translation initiation factors (elFs)
guide the proper assembly of an 80S ribosome at the AUG start codon with an initiator
methionyl-tRNA bound in the P site [G]. During elongation, 80S ribosomes move
processively along the mRNA, three nucleotides per step, synthesizing the encoded protein
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one amino acid at a time through the coordinated actions of aminoacyl-tRNAs [G] and
eukaryotic elongation factors (eEFs). Throughout this process tRNAs vectorially transition
between three sites inside the ribosome, which span both the large ribosomal subunit (60S)
and small ribosomal subunit (40S): E site [G], P site and A site [G] (Figures 1B-C). At the
end of the open reading frame (ORF) the ribosome encounters a termination codon that is
specifically recognized by a set of protein factors called eukaryotic peptide chain release
factors (eRFs), which promote the release of the nascent protein from the peptidyl-tRNA [G]
(and ultimately the from the ribosome). Finally, in the recycling phase, the post-termination
80S ribosome complex is recycled by ATP-binding cassette sub-family E member 1
(ABCEL1) into separate 40S and 60S subunits to begin a new round of translation.

In this Review we discuss our current knowledge of translation elongation, termination and
ribosome recycling, including the order and timing (where known) of events that occur at
each step. We highlight recent discoveries and regulatory mechanisms that affect each step,
including ribosome stalling during elongation, the role of MRNP context in translation
termination, and mechanisms of ribosome rescue that resemble recycling. The heart of each
step includes a fate decision that is determined by the state of the ribosome, whether to
continue translation or invoke quality control mechanisms. For example, some ribosome
pauses are resolved by auxiliary factors, such as elF5A, whereas other pauses lead the
ribosome to abandon translation altogether with the help of ribosome rescue factors such as
the Dom34-Hbs1 complex (PELO-HBSLL in humans). As with all processes, Kinetic events
are determined by the cellular concentrations of players in the process and these parameters
dictate biological outcome. These decisive moments can have a profound effect on the
output from a particular mMRNA by determining how much or which products are produced.

Translation elongation

The process of elongation begins immediately after translation initiation has taken place and
an 80S ribosome is positioned at an AUG start codon with a methionyl-tRNAIMet in the P
site (Figure 2A). Although we do not discuss translation initiation in this review, the details
are well described in several excellent reviews' . The elongation phase extends from the
loading of the first aminoacyl-tRNA at the start of the ORF (after the initiation codon) until
the ribosome reaches the termination codon at the end of the ORF, and is thought to be
mostly conserved relative to bacterial elongation, as outlined below.

Translation elongation is composed of three basic steps that take place at the incorporation
of each amino acid in the elongating peptide chain: tRNA selection (or decoding), peptide-
bond formation, and translocation of the MRNA—tRNA complex (Figures 1C and 2A). tRNA
selection is the process wherein the aminoacyl-tRNA with the proper anticodon to match the
MRNA codon is loaded into the A site of the ribosome. Aminoacyl-tRNAs are delivered to
the ribosomal A site by the specialized GTPase eEF1A (elongation factor Tu (EFTu) in
bacteria) in a ternary complex with GTP>~/. Once cognate interactions between the codon
and anticodon are sensed, eEF1A is activated and hydrolyzes GTP to enable the tRNA to be
fully accommodated into the A site (reviewed in 8 for bacteria). In the next step, peptide-
bond formation, the amino group of the incoming amino acid attacks the ester linkage on the
peptidyl-tRNA in the ribosomal P site and the growing peptide chain is transferred to the
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tRNA in the A site (a more detailed view of this process is reviewed in 9, again for bacteria)
(Figures 1C, 1D). As the peptide bond forms, the ribosomal subunits rotate with respect to
one another and the tRNAs adopt an altered conformation referred to as the ‘hybrid’ state, in
which the anticodon end of the tRNAs remain positioned essentially in the P and A sites of
the small ribosomal subunit, while the acceptor ends of the tRNA are positioned in the E site
and P sites of the large subunit (P/E and A/P states, respectively)10-12 (Figures 1C and 2A).
This rotated state of the ribosome is then the substrate for the action of another GTPase,
eEF2 (elongation factor G (EFG) in bacteria), which translocates the mMRNA-tRNA complex
relative to the ribosome and returns the tRNAS to their “classical’ states (E/E and P/P)13-17,
Although no structures exist for translocation intermediates (eEF2 bound with two
translocating tRNAS) in eukaryotes, by analogy to structural data from bacteria,
translocation is expected to involve the swiveling of the small subunit head and rotation of
the small subunit relative to the large subunit to accompany tRNA movement into the
classical E/E and P/P states'8-20, In addition to eEF1A and eEF2, a third factor, eEF3, is
essential for elongation in fungi, potentially by promoting tRNA release from the E site after
translocation?1:22, This elongation cycle is repeated until each codon has been translated and
a complete protein synthesized.

As the ribosome elongates along an ORF, it can encounter a variety of problematic
sequences that slow its progress. First, certain amino acid sequence combinations can stall
the ribosome, either because of poor reaction kinetics resulting from the nature of the amino
acids themselves or from inhibitory conformations of the nascent peptide in the exit tunnel
(Figure 2B). mRNA sequences rich in codons of lowly-expressed cognate tRNAs also pause
ribosomes (Figure 2C). In some cases, the order of codons affects how long the ribosome
takes to translate them, suggestive of complexity in the interactions of certain tRNAs within
the ribosome23 (Figure 2D). Additionally, the ribosome may encounter strong mRNA
secondary structures such as stem loops or pseudoknots that can arrest elongation (Figure
2E). In all of these cases, the ribosome can either continue or abort translation. Several of
these challenges are corrected simply by waiting — the ribosome waits until the proper factor
or tRNA is delivered. In other cases, the ribosome undergoes frameshifting to resume
translation in a different frame, where the problematic sequence is no longer translationally
relevant. If translation is aborted, ribosomes are recycled by specific machinery (discussed
below). Additional emerging evidence suggests that ubiquitylation of ribosomal proteins
may affect the fate of ribosome stalling, though the direct mechanistic effects of these
modifications remains poorly understood?4-27

Specific amino acid combinations cause ribosome stalling

During elongation the ribosome is faced with the challenge of forming 400 different peptide
bonds in its active site, as any of the twenty amino acids can be found on the P- or A-site
tRNAs. Unlike many molecular machines that are specific for one substrate, the ribosome
must be sufficiently accommodating to allow for reactivity between any of the twenty
substrates and to ignore perturbations in peptidyl-tRNA conformation that result from the
structure of the newly synthesized peptide. Although the ribosome is capable of making all
400 possible peptide bonds, not all reactions are equally favorable (Figure 2B). For example,
proline is unigue among the substrates because its reactive amine is found within a five-
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membered ring, making it a secondary amine with substantially reduced nucleophilicity.
This makes Pro-tRNA a poor peptidyl acceptor in the A site?8.29, Additionally, due to
entropic constraints, proline is not an ideal donor substrate in the P site either. As a result of
these different negative contributions to catalysis, the synthesis of Pro—Pro bonds is slow and
the addition of a third proline is even more challenging for the ribosome30-33,

Although poly-proline formation is kinetically slow, stretches of proline are found
throughout eukaryotic genomes, and the encoded proteins are indeed translated. Initial work
in the bacterium Escherichia coliidentified the ribosome-interacting protein elongation
factor P to be essential for resolving translation stalling at proline stretches30:32:34 |n
eukaryotes, the homologous factor eIF5A is a highly abundant3® and essential protein3® that
is comprised of only 157 amino acids and contains a unique post-translational modification
called hypusine [G] 37. Early fractionation experiments showed that elF5A stimulated a
model translation initiation reaction (formation of Met—Puromycin bond)38-49, In retrospect,
this biochemical assay more simply reports on peptide-bond formation than true initiation,
and multiple studies have suggested that the predominant role of elF5A in translation is
promoting elongation3141-43_ Indeed, following the lead from the work on elongation factor
P, elF5A was shown to be crucial for the eukaryotic ribosome to overcome the challenges of
Pro—Pro bond formation3L. This activity depends on its unique hypusine modification3! and
several high-resolution structures have provided initial mechanistic details of elF5A binding
in the ribosomal E site?*45 (Figure 1E). These structures reveal that eIFSA binding is
incompatible with the presence of an E site tRNA, suggesting that the tRNA must be
released before elF5A can bind. One of these studies was able to capture an elF5A-80S
complex with a P-site tRNA present, thereby revealing interactions between the hypusine
moiety of eIF5A and the phosphate backbone of the A76 nucleotide at the tRNA 3" (CCA)-
end in the peptidyl-transferase center [G]*°. These findings suggested that eIF5A promotes
peptide-bond formation by stabilizing the conformation of the peptidyl-tRNA for
nucleophilic attack by the aminoacyl-tRNA in the A site (Figures 1D-1E).

Although these studies had clearly identified a crucial role for eIF5A in translation
elongation, stretches of three or more consecutive proline codons are found in as few as 10%
of yeast genes and thus it was not clear whether this was a complete description of the role
of this essential and extremely abundant factor3l. More recent approaches to define the in
vivo function of eIF5A by unbiased methods including ribosome profiling [G]#¢ and 5PSeq
[G]* revealed considerable pausing at a wide spectrum of amino acid motifs, including
those containing proline, aspartic acid, glycine, alanine, valine, and isoleucine. Moreover,
experiments using an /n vitro reconstituted translation system showed that elF5A is crucial
for stimulating peptide-bond formation on a broad range of amino acid combinations (seven
of eight tested combinations showed stimulation by elF5A, all except for Phe-Phe)*6. Given
its high concentration (>273,000 molecules of elF5A per cell in S. cerevisiae®®, which is
comparable to 630,000 molecules of eEF1A35, 181,000 molecules of eEF23%, and 187,000
ribosomes?8 per cell) and high affinity for ribosomes*?, elF5A likely contributes to most (if
not all) peptidyl transfer events during translation. These data together argue that elF5A is a
global, core translation factor that functions during the formation of each peptide bond to
increase the processivity and efficiency of translation elongation (Figure 2A).
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These findings also suggest that the E site has a crucial role as a sensor of ribosome
elongation kinetics. Following peptide-bond formation and translocation, the deacylated
tRNA moves to the ribosomal E site, the new peptidyl-tRNA moves from the A site to the P
site, and the A site is made available for a new aminoacyl-tRNA. It is presumed that upon
accommodation of the next aminoacyl-tRNA into the ribosome, the deacylated tRNA is
released from the E site, as is the case in in bacterial ribosomes®. Thus, when peptide-bond
formation is slow (such as for Pro-Pro), the aminoacyl-tRNA would initially remain
unreacted, but the E site would be predicted to be available for eIF5A binding as the E-site
tRNA naturally dissociates (Figure 1). Thus, an unoccupied E site effectively functions as a
sensor for translation arrest and elF5A binding as the response to this condition.

Related ideas that were suggested a number of years ago in the so-called allosteric three-site
model have argued that E-site occupancy directly affects translation fidelity in the A site®?,
though this hypothesis has remained controversial (reviewed in8). More recent observations
using biochemistry and single-molecule Forster resonance energy transfer [G] (FRET)
experiments, mostly in bacteria, have renewed the interest in mechanisms of communication
between E-site binding and A-site reactivity13:52:53 |n particular, a recent study observed
that dissociation of the E-site tRNA is necessary for conformational changes prior to
translocation to the next codon®2. Taken together, there is good reason to assume that the E
site of the ribosome is a crucial modulator of translation elongation kinetics; further
investigation will no doubt lead to increased understanding of the precise mechanisms and
effects of this communication.

Codon-choice affects ribosome stalling

Ribosome stalling can also occur when the ribosome encounters specific rare or suboptimal
codons in the ORF (reviewed in®4:5%). The idea of rare codons has been discussed in the
translation field for many years®® and it has been argued that organisms preferentially use
certain codons relative to others to encode amino acids at particular positions or in particular
genes®#-56, The optimality of a particular codon is a reflection of its usage in the
transcriptome and the availability of the corresponding tRNA for use by translating
ribosomes®’~61, Optimal codons have a pool of tRNAs readily available for elongation;
conversely, suboptimal codons have a limited supply of the corresponding tRNA for
translation®6:62, Qver the past decade a correlation was identified between the average
optimality of codons over an entire mRNA and its translation rate52-65. A related, but
distinct problem can result from inefficient aminoacylation [G] by the corresponding
aminoacyl-tRNA synthetase and therefore a reduction in the cognate aminoacyl-tRNA
level®.

The molecular signature of stalling owing to decreased levels of either tRNA or
aminoacylation is a kinetic barrier to translation elongation resulting from an unoccupied A
site (Figure 2C). The ribosome may stall until the proper tRNA is delivered to the A site,
until a near-cognate tRNA [G] is delivered (miscoding), or until a non-canonical event such
as frameshifting occurs®”-70 (Figure 2C). And, if all such events fail to occur, the stalled
ribosome may be targeted for quality control’L. Other studies have identified correlations
between the overall ‘optimality’ of an mMRNA and its stability, which are likely related to the
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more drastic quality control mechanisms that are triggered on problematic mMRNAs. A more
in-depth discussion of these processes can be found elsewhere’2.

An interesting recent study identified a surprisingly subtle difficulty in mMRNA coding
wherein a particular order of codons can be problematic, even when neither codon is rare. In
a screen of a randomized GFP library containing random codons at adjacent positions, 17
different codon pairs that inhibit translation were identified?3. In some cases, the inhibition
could be explained by the low abundance of a particular tRNA or by likely inefficient
wobble decoding [G]. However, in other instances, the authors observed that the particular
order of the codons in the pair impacts optimal translation (Figure 2D). For example, the
codons pair CUC-CCG (encoding Leu—Pro) strongly inhibited translation compared to the
optimally Leu-Pro-encoding UUG-CCA; importantly, however, the same two codons in the
reverse order CCG-CUC (Pro-Leu) are no longer inhibitory. These observations are
suggestive of subtle coordination between the P- and A-site tRNAs during elongation, and
highlight the potential complexity of the genetic code.

Ribosome stalling caused by mRNA structures

Ribosome stalling can also result from the formation of substantial secondary structures in
MRNAs. The presence of an RNA stem-loop or pseudoknot structure is widely assumed to
cause stalling. In some of these cases the ribosomes stall on top of a repetitive, ‘slippery’
sequence, such as AAAAAAG, that in turn promotes ribosome frameshifting”3-78 (Figure
2E). Many such sites are the product of natural selection and are referred to as
“programmed” ribosomal frameshifting (PRF) sites’®. Although pausing at PRF sites is
similar to the pauses discussed above, here it is considered advantageous for the desired
gene-expression outcome.

Viruses commonly use PRF sites to more efficiently encode genes in their limited genomes.
Often, frameshifting events control the ratio of the viral structural and enzymatic proteins
being translated, such as in human immunodeficiency virus 1 (HIV-1), where a -1 PRF
adjusts the Gag/Gag—Pol expression ratio needed for proper viral particle replication and
assembly8081, The HIV-1 PRF signal is comprised of two parts: an mMRNA stem-loop
structure and a U-rich slippery sequence’*. The structure leads to ribosome stalling directly
over the slippery sequence, where slow reaction kinetics increase the likelihood of
frameshifting that would permit translation of the downstream, out-of-frame pol gene
(Figure 2E). Again, the ribosome is faced with a barrier that impacts the kinetics of
elongation (in this case a stem-loop), but in this case, programmed frameshifting enables the
ribosome to get past the barrier and continue translating the downstream gene.

Translation termination

The process of translation termination begins when the ribosome encounters a stop codon in
the ribosomal A site (Figure 3A-B)®2. In eukaryotes, all three stop codons (UAA, UAG, and
UGA) are recognized by a single release factor, eRF1. The overall shape and size of eRF1 is
strikingly similar to that of a tRNA, as would be expected of a molecule that binds the A
site, and it has two distinct functions. First, eRF1 contains a structural Asn—lle—Lys—Ser
(NIKS) motif and several other conserved elements, including the Gly—Thr-Ser (GTS) and
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YxCxxxF motifs, which recognize with high specificity the three termination codons83-87,
Second, eRF1 has a precisely positioned Gly-Gly-GIn (GGQ) motif that extends into the
peptidyl-transferase center to promote the release of the nascent peptide88, similarly to the
bacterial release factors RF1 and RF289 (Figure 3B—C). Finally, like tRNA, eRF1 requires a
specialized GTPase, eRF3%, for proper function; eRF3 is most closely related to eEF1A and
EFTu®L. eRF3 is known to stimulate termination in a GTPase-dependent manner92-94 and
may be required for dissociation of eRF1 following peptide release; as such it is crucial
when eRF1 is present at sub-stoichiometric levels9. After the eRF1-eRF3 complex engages
the ribosome, eRF3 dissociates following GTP hydrolysis (similarly to EFTu), and the GGQ
motif of eRF1 is poised to coordinate a water molecule at the peptidyl-transferase center that
hydrolyzes the nascent peptide from the peptidyl-tRNA88 (Figure 3C). Upon release of the
peptide, the process of termination is complete.

Although eRF1 is the main catalytic factor of translation termination, other trans-acting
factors appear to affect translation termination. ABCEL (RIlil in S. cerevisiag) interacts with
eRF196-98 to stimulate the catalytic activity (the kgy;) of eRF198, and a cryoEM structure of
the ABCE1-eRF1-80S complex showed that ABCEL1 stabilizes an active eRF1
conformation® (Figure 3B). We discuss ABCE1 in greater detail below as it is the key
catalytic factor for ribosome recycling. Conversely, several components of the multimeric
initiation factor elF3 and its associated factor elF3j (Hcrl in S. cerevisiag) promote
readthrough at stop codons!09:101 \which is generally thought to be an indicator of decreased
termination efficiency.

Sequence context also affects the efficiency of translation termination. Recent structural
studies of 80S—eRF1 complexes revealed interactions between the 18S rRNA and the +4
nucleotide of the termination sequence (the first nucleotide of the 3 untranslated region
(UTR))85:86, These structural observations are consistent with the observation from
ribosome profiling that the size of ribosome protected fragments (RPFs) at stop codons is
one nucleotide longer than RPFs on sense codons!02. Moreover, a role for the +4 nucleotide
was suggested years ago using bioinformatics1?3 and more recently experimentally
supported by reporter assays in yeast101:104.105 and mammalian cells16, These studies
revealed that particular stop codons and the identity of the +4 nucleotide are more or less
likely to promote stop codon readthrough. Weaker termination codons such as UGAC lead to
higher levels of readthrough relative to stronger termination codons such as UAAG as
measured by readthrough through the incorporation of near-cognate aminoacyl-tRNAs07 or
by frameshifting (reviewed in108). Thus, although all three stop codons elicit termination,
the +4 nucleotide adds a layer of complexity to the regulation of termination that can affect
overall gene expression or create unique carboxy-terminal protein extensions109.110,
Emerging evidence suggests that beyond the +4 nucleotide, the sequence context
surrounding the termination codon (including in the 3" UTR)110-114 and elements of the
nascent peptide?®115 may also affect termination efficiency.

Translation termination is mechanistically quite similar to translation elongation: in the case
of peptidyl-transfer in elongation, a nucleophilic attack on the peptidyl-tRNA occurs from
the amino acid conjugated on the incoming A-site tRNA whereas in termination, a
nucleophilic attack occurs from the water molecule coordinated by the GGQ motif of eRF1
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(Figure 3C). Kinetically, the rate of peptidyl-release is slower than the rate of peptidyl-
transferl16, potentially because the water molecule is a worse nucleophile than most amino
acids. These /n vitro kinetic observations are consistent with the /n vivo observation that the
accumulation of ribosomes at stop codons in ribosome profiling experiments is typically
greater than at an average sense codon (see 46 for example). In a recent study, elF5A not
only strongly enhanced the rate of peptidyl-transfer but also of peptidyl-release®®. This is not
particularly surprising considering the chemistry of these two events is quite similar (Figures
1D and 3C). Importantly, however, the fact that elF5A promotes translation termination is an
additional evidence for a role for the E site as a sensor of slow ribosome kinetics and as a
site through which translation rates can be modulated. In this case, as termination is
kinetically slow, the E site is more likely to become unoccupied, and elF5A could bind and
stimulate peptidyl-release.

RNA-binding proteins regulate translation termination

Recent work has begun to shed light on more subtle mechanisms that regulate the
termination process. Although the +4 nucleotide involves the direct interaction of the mRNA
with the terminating ribosome, the stop codon context could also affect the termination
process by recruiting RNA binding proteins that interact with release factors or with the
ribosome. Recent work on poly(A)-binding protein (PABP) has suggested that it may
influence the efficiency of termination. First, physical interactions between PABP and the
amino-terminus of eRF3 have been documented using co-immunoprecipitation and pull-
down assays17-119, though the consequence of this interaction has been unclear. And, using
an /n vitro reconstituted termination system, it was recently shown that PABP can directly
promote the recruitment of eRF1-eRF3 to a terminating ribosome!20 (Figure 3D).
Subsequent biochemical experiments also revealed that PABP stimulated the peptidyl-
hydrolysis activity of eRF1-eRF3, though the mechanism is still unknown120,

Additional connections between PABP and translation termination come from investigations
of the nonsense-mediated decay (NMD) pathway. NMD is a quality control pathway that
selectively degrades mRNASs with premature termination codons (PTCs). This pathway is
likely crucial as it minimizes the production of truncated and often deleterious proteins. A
reporter-based assay in which PABP was artificially tethered to mRNA at various positions
found that the proximity of PABP to a PTC decreased the efficiency of NMD, possibly by
enhancing the efficiency of termination or ribosome recycling?1. Although the precise
connections between termination and NMD remain elusive, these findings suggest that the
proximity of PABP or other mRNA-binding proteins could affect termination rates and
therefore mMRNA decay (Box 1).

Box 1

Connections between nonsense-mediated decay and mRNP context in
termination and recycling

In eukaryotes, the nonsense-mediated decay (NMD) pathway selectively degrades
mRNAs that contain what is broadly referred to as a premature termination codon (PTC)
dependent on the three conserved UPF proteins: UPF1, UPF2 and UPF3172173 sych
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MRNAs are created through multiple routes: genes may carry a mutation that results in a
PTCI74, inefficient splicing may lead to export of a pre-mRNA with a PTC that is (almost
inevitably) encoded in the intron172176 or the stop codons of upstream open reading
frames1?7:178 and non-coding RNAs179:180 can be sensed as PTCs.

In many eukaryotes, the presence of a termination codon upstream of an exon-junction
complex (EJC; a large protein complex deposited at splice junctions) is known to be a
strong signal for NMD281, UPF2 interacts with components of the EJC and with
UPF1181.182 notentially recruiting UPF1 to a nearby terminating ribosome to signal
NMD. However, some organisms that lack an EJC (such as Saccharomyces cerevisiae)
have robust NMD, suggesting the NMD machinery can be recruited to PTCs by
mechanisms independent of the EJC.

Such a more general mechanism of NMD may in part be mediated by the proximity of
poly(A)-binding protein (PABP) to the stop codon. In budding yeast, for example, an
experiment tethering PABP to an mRNA at various sites found that the proximity of
PABP to a PTC affected the efficiency of NMD, likely by impacting the efficiency of
translation termination or ribosome recyclingl2!. As PABP stimulates translation
termination directly’20, it is possible that the distance between the PTC and PABP can
determine whether the mRNA undergoes NMD or not. Indeed, PTCs located near the 3'-
end of open-reading frames are weaker substrates for NMD183,

A broad and simple view might be that the efficiency of termination and/or recycling is
crucial for distinguishing between authentic and premature stop codons. And, the context
of a stop codon is crucial in defining the efficiency of the termination or recycling
process. This context may include proximal (or more distal) mMRNA sequences or the
constellation of RNA binding proteins (both stimulatory and inhibitory) that are recruited
to them.

mRMA Decay

The idea that the mRNA context can affect translation termination has recently been
supported by the discovery that some ciliates and trypanosomes can use the three canonical
stop codons to encode amino acids (sense) at some sites!22-124, |n some of these organisms,
RNA sequencing readily identified novel tRNAs with anticodons that directly pair with the
stop codons (historically known as suppressor tRNAs12%). Further work that included
ribosome profiling approaches led to a model wherein stop codons are recognized by
aminoacyl-tRNA as substrates by default unless they are located sufficiently close to the
poly(A) tail, in which case they are recognized by the canonical eRFs (Figures 3D-E)122.123:
a termination-stimulatory role for PABP would fit nicely into such a model. Other ciliates
appear to contain large numbers of in-frame stop codons that are preceded by a slippery
sequence that promotes frameshifting!26. Again, in these cases, frameshifting outcompetes
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relatively inefficient termination when the stop codon is in a relatively upstream position, but
termination dominates when the stop codon is sufficiently close to the poly(A) tail. Support
for this polyA-proximity-model comes from the observation that mMRNAs in these organisms
typically contain short (or nonexistent) 3° UTRs122123 Because of inherent experimental
difficulties in working with these unusual organisms, a direct connection to PABP /n vivo
has not yet been demonstrated.

In addition to PABP other mRNA-binding proteins might have a role in termination,
especially considering the great number of MRNA-binding proteins2” and that many have
no determined functions. One such example is heterogeneous nuclear ribonucleoprotein
A2/B1, which promotes readthrough of the vascular endothelial growth factor A mRNA to
create an isoform with a unique carboxy-terminus28. Additionally, several mMRNA-binding
proteins that have been implicated in the NMD pathway, including Hrp1129 and Pub1130 in
budding yeast and APOBEC1 complementation factor'31 and polypyrimidine tract-binding
protein 1132 in mammalian cells, are potentially direct regulators of the translation
machinery and thus could positively or negatively regulate translation termination.

Ribosome recycling

At the end of translation termination, the 80S complex containing a deacylated-tRNA in the
P site must be recycled into its 40S and 60S subunits (Figure 4A). Subunit recycling is
accomplished by ABCEL, an essential protein in all eukaryotes that contains two nucleotide-
binding domains (NBDs) and an amino-terminal iron-sulfur (Fe-S) cluster133, Using force
generated by ATP-binding and hydrolysis, ABCEL dissociates the post-termination
ribosome into the 40S and 60S subunits in collaboration with eRF197:98.134 Findings in S.
cerevisiae also suggest that ABCE1-eRF1 interactions couple termination and recycling,
since ABCEZ1 stimulates peptidyl hydrolysis by eRF1%. The separated ribosomal subunits
are next bound by available initiation factors for a subsequent round of translation
initiation3°. Following subunit dissociation, the mRNAs and tRNAs must also be removed
from the 40S subunit, potentially through the activity of Ligatin (also known as elF2D) or
the related protein complex MCT-1-DENR136.137: \we will not further discuss post-subunit
dissociation events in this review.

Ribosome profiling experiments in ABCE1-depleted yeast have confirmed its role in
ribosome recycling /n vivo and highlight the consequences to the cell when recycling is
lost138. Upon ABCEL1 depletion, increased ribosome occupancy was observed both at the
stop codon and in the 3" UTR, suggestive of defects in termination and/or recycling.
Additional experiments using amino acid starvation and reporter constructs revealed that, at
least in some cases, the ribosomes in the 3" UTR were actively translating, having re-
initiated translation close to the stop codon of the main ORF.

Before ABCE1 was shown to function in recycling, ABCE1 was initially associated with
translation initiation. Work from several labs showed that ABCE1 co-immunoprecipitates
with several initiation factors13%-141 it was found to sediment with 40S subunits in a sucrose
gradient in a manner dependent on its ATPase activityl3%141 and genetic depletion of
ABCEL in yeast impaired assembly of pre-initiation complexes as determined by polysome
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analysis#1. As the process of ribosome recycling happens immediately prior to translation
initiation in the translation cycle, it is likely that the early and later studies are reconciled by
ABCEL having an important role in connecting the sequential processes of recycling and
initiation.

Cryo-EM studies of the structure of ABCE1 bound to 80S ribosomes®>-99 and to 40S
subunits!42 provide a framework for elucidating how ABCE1 may function to stimulate
ribosome recycling and recruit translation initiation machinery for the next round of
translation. In the 80S-ABCEL1 pre-splitting structure, the ABCE1 Fe-S cluster is positioned
in the ribosomal A site, making direct contacts with the eRF1 carboxy-terminal domain85:99,
whereas in the 40S-ABCEL1 post-splitting structure, the Fe-S cluster of ABCE1 adopts a
completely different conformation, rotated approximately 150 degrees from the pre-splitting
state142 (Figure 4B). Superposition of these structures suggests that, during splitting,
movement of the Fe—S domain (coordinated by ATP binding and/or hydrolysis) forces eRF1
deeper into the ribosome inter-subunit space, leading to dissociation of the subunits. After
splitting, the Fe-S cluster would clash with the protein uL14 of the 60S subunit, thereby
preventing 60S rejoining and ensuring the irreversibility of recycling (Figure 4C).

ABCEL1 was also serendipitously visualized in a study reporting the structure of a 48S pre-
initiation complex from mammalian cells}43-145_ Although the ABCE1 density in this
structure was originally attributed to elF3i and elF3g, this interpretation has since been
corrected to ABCEL. Importantly, this structure also includes other members of the pre-
initiation complex, including subunits of elF2 and elF3, thereby providing some sense as to
how ABCEL might have a dual-role in promoting ribosome recycling and translation
initiation through initial interactions with the 80S ribosome post-termination complex and
later interactions with the 40S subunit and initiation factors. Further mechanistic and
structural studies will be required to fully decipher these connections.

Ribosome rescue

As the ribosome regularly pauses in response to obstacles that it encounters, we suspect that
in most cases, the pauses are resolved in a productive manner. We also know, however, that
sometimes such mechanisms fail and that in these cases, ribosome rescue may be required as
a last resort. In eukaryotes, there is a complex set of machineries that target these aberrant
ribosome complexes to degrade the nascent polypeptides and problematic mRNAs, and to
rescue the trapped ribosomes46.147 Here we will focus on ribosome rescue and its
mechanism, the details of which substantially overlap with ribosome recycling.

Early genetic studies in budding yeast identified Dom34 (Pelota in other eukaryotes) to be
crucial for the selective degradation of a stem-loop-containing mMRNA and coined the
phenomenon no-go decay (NGD)48. NGD is broadly considered to be an mMRNA quality
control pathway that degrades mRNASs with sequence features that inhibit translation,
including mRNA secondary structures, stretches of non-optimal codons or truncated
mRNASs48. Dom34 is structurally similar to eRF1149.150 with three important exceptions: it
does not contain the NIKS maotif-containing domain that recognizes stop codons, it does not
contain the GGQ motif that catalyzes peptidyl-hydrolysis, and it is delivered to the ribosome
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by a distinct GTPase called Hbs11%1:152, \We note that there are additional isoforms13.154
and homologs!®® of Hbs1 in higher eukaryotes that may add further diversity to this system.

The structural similarities with eRF1 suggested a direct role for Dom34 on the ribosome
(rather than downstream in mRNA decay!48), but likely a somewhat distinct role given the
key differences outlined above. Indeed, biochemical work using an /in vitro reconstituted
translation system showed that Dom34 and its associated GTPase Hbs1 dissociates ribosome
subunits independently of peptidyl-release and independently of the identity of the codon
positioned in the A sitel®6 (Figure 4D). Additionally, Dom34-Hbs1 appears to preferentially
dissociate ribosome complexes carrying mRNA species truncated at their 3" end98:157,
Importantly, whereas Dom34 on its own is sufficient to promote subunit dissociation /n
vitrot®8, the recycling factor ABCE1 appears to greatly enhance the rate of subunit
dissociation with both eRF1 and Dom3497.98.157,

Though these biochemical studies suggested a role for Dom34 in ribosome rescue, the /in
vivo targets of this function were unknown. Subsequent experiments using ribosome
profiling and reporter constructs in yeast revealed that their natural targets include several
distinct ribosome species that accumulate in sometimes unanticipated places. First, Dom34
rescues un-recycled ribosomes stranded in the 3" UTR138:158 or those that have translated
into the poly(A) tail (non-stop decay (NSD)) and have stalled there159160 (Figure 4D).
Additionally, Dom34 appears to rescue stalled ribosomes found at the end of truncated
MRNA species generated as a result of endo- (or exo-) nucleolytic cleavage, which can result
from a variety of stalling events, including owing to rare codons and stem loops!48.160,
NSD159.160 or as a part of the unfolded protein response [G]158:161,

Overall, these data suggest a general role for Dom34 in removing ribosomes that translate
into problematic regions. Importantly, some internal ribosome-stalling sequences may not
depend on Dom34-mediated rescue, including those caused by histidine starvation158, CGA-
codon-induced stalling52, or stalling at poly-Arg sequences62. Further exploration with
controlled reporter genes in specific genetic backgrounds will be required to completely
define the specificities of Dom34 rescue /n vivo.

Given its broad function in rescuing ribosomes, Dom34 is crucial in maintaining ribosome
homeostasis. The absence of Dom34 was first identified in a genome-wide screen in yeast to
exacerbate growth defects arising from ribosomal protein haploinsufficiency63. More recent
experiments using both /n vivo and in vitro methods showed that Dom34-Hbs1 in concert
with ABCEL1 recycle inactive, ‘hibernating’ 80S ribosomes bound by Stm1 thereby
maintaining the pool of translation-competent ribosomes (Figure 4E)164. In S. cerevisiae
Stm1 associates with non-translating 80S ribosomes following nutrient deprivation and has a
crucial role in restoring translation after the stress is removed165-167_ Structural analysis of a
Stm1-bound 80S ribosome revealed that Stm1 binds at the mRNA entry channel where it
interacts with both the 40S and 60S subunits to lock this translationally-inhibited statel68;
the activity of Dom34-Hbs1 is required to dissociate the subunits thereby allowing them to
return to translation.
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These findings are consistent with recent observations in certain blood cell lineages69.170,
In particular, a recent study of human erythroid cells argued that unusual regulation of
Dom34 (PELO in humans) expression compensated for cellular defects in ribosome
recycling resulting from loss of ABCE1170 (Box 2). This was important in revealing a
dynamic regulation of the rescue and recycling factors in order to regulate the availability of
ribosomes in this biological system. The implications of these results for the class of
diseases known as ribosomopathies [G]171 will be interesting to explore further. What these
and other studies suggest is that ribosome rescue and recycling are very important for the
maintenance of ribosome homeostasis in all cell types°>163.170,

Box 2
Implications of ribosome recycling defects for human disease

A recent study using a human erythroleukemia cell line discovered a dynamic regulation
of the ribosome rescue factors ABCE1 and Dom34-Hbs1 (PELO-HBSIL in humans) that
resulted in reprogramming of the cellular translation machinery70. During the hemin—
mediated differentiation of K562 cells into erythrocytes, the levels of ABCE1 gradually
decline, concomitant with an increase in unrecycled ribosomes at the mRNA 3’
untranslated regions (UTRS) (see the figure). During the initial phase of ABCEL loss,
sharp increase in the levels of the ribosome rescue factor PELO were observed at the
exact point of the induction of hemoglobin expression. Following this point, PELO levels
decreased and ribosomes began to substantially accumulate at the 3° UTRs of all the
mRNAs in the cell. At this stage, without ABCE1 or PELO to recycle or rescue
ribosomes, the cells experienced a global decrease in ribosome availability, which
ultimately led to a global translation defect and a trend toward decreased hemoglobin
output.

These findings improve our understanding of ribosomopathies, which comprise a
heterogeneous set of diseases that result from perturbations in ribosome homeostasis,
such as the loss of a ribosomal protein, and in humans most typically present as
hematopoietic dysfunction184. Diamond-Blackfan Anemia is a well-documented
ribosomopathy that results from the heterozygous loss of any of a number of ribosomal
proteins, and is associated with a reduced erythroid progenitor cell populationl8, The
same study that identified a dynamic regulation of ribosome rescue factors in the
differentiating K562 cells also explored the connection between ribosome rescue factors
and the loss of 40S ribosomal protein S19 (RPS19)170, Importantly, overexpression of
PELO-HBS1L was sufficient to rescue defects in hemoglobin synthesis that resulted
from RPS19 depletion. Together these results are consistent with the idea that careful
regulation of ribosome rescue factors is important for maintaining a cytoplasmic pool of
active ribosomes that is suitable for supporting translation homeostasis.
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Conclusions and future perspective

Although the ribosome was discovered more than sixty years ago and the genetic code
deciphered in the 1960s, a host of new data underscores the complexity of translation and
the possible layers of regulation of gene expression that exist beyond the simple three-letter
codon table. As the ribosome proceeds through the phases of translation (Figure 1), it
encounters many roadblocks that can have a profound impact on the translational output of a
particular mRNA. Although these problematic encounters are diverse in nature, in each case
the subsequent steps of translation are affected and so the ribosome must either continue or
abort translation. The different outcomes can have a dramatic effect on global gene
expression and thus on the physiology of the organism.

During translation elongation (Figure 2), the ribosome’s task is to synthesize the mRNA-
encoded polypeptide, even when particular sequences of amino acids, codons, or interactions
between tRNAs inhibit elongation kinetics. In some cases, the cell has evolved intricate
machinery to promote faster translation kinetics (elF5A, for example) or to permit ribosome
frameshifting to resume proper translation, but in other cases the cellular mechanism that
resolves these kinetic defects remains unknown. For instance, the discovery of specific
tRNA-codon pairs that inhibit translation elongation remains quite puzzling. What about
these particular pairs elicits a translation arrest by the ribosome? And why does the order of
the tRNA—-codon pair matter? Moving forward it will be important to improve our
understanding of the communication between the ribosomal P and A sites during elongation,
as mediated by the codons, tRNAs, and active site of the ribosome. Additionally, the role of
the ribosomal E site remains to be fully defined. The general stimulatory factor elF5A binds
the unoccupied ribosome E site to stimulate peptide-bond formation when peptidyl-transfer
kinetics are slow between the P- and A-site tRNAs. Thus, the occupancy of the E site is
likely to be a key indicator of the translation elongation rate at a particular site in the coding
sequence. Further investigation into the coordination of the E, P, and A sites using careful
biochemical or single-molecule approaches should provide a deeper understanding of the
dynamics of ribosome pauses during translation elongation and their influence on gene
expression.
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Translation termination (Figure 3) is also a rich area for continued exploration. What are the
determinants of stop codon recognition beyond the codons themselves? Recent studies in
organisms that use termination codons for both coding and termination functions (sense and
nonsense) increased the interest in models where termination is guided by the mRNP context
near the termination codon. One potential candidate for directly stimulating termination is
PABP120, However, although we have begun to characterize the diverse collection of mMRNA
binding proteins using computational and biochemical approaches!??, we still have little
idea of the composition of a single mMRNP and how this composition varies on mRNAs
encoding different genes (or even the same gene). More relevant to our interests here, we
have no idea how this mMRNP context might influence the actions of the ribosome and
translation factors. A more thorough investigation using both proteomic and single-molecule
approaches to define an mRNP-code will provide insight into the communication between
the ribosome, translation factors, and mRNPs as they relate to translation.

Finally, although the last phase of translation, ribosome recycling (Figure 4), is reasonably
well-determined biochemically and structurally, potential connections between recycling and
translation initiation through ABCE1 remain particularly intriguing. Although there is some
evidence to suggest a role for ABCEL in connecting these phases of translation, how ABCE1
works to recruit initiation factors and promote pre-initiation complex assembly remains to be
determined. Additionally, further dissection of the connections between the activity of
recycling factors, the availability of translation-competent ribosomes and gene expression
patterns (that is, how ribosome concentration affects gene-specific expression) will be of
great importance to better understand the etiology of ribosomopathies. Given all these areas
of further investigation and the constant discovery of new regulatory factors and sequence
elements that modulate translation, the field will continue to be an exciting area for scientific
exploration.

Ribosome rescue
Mechanism of ribosomal subunit dissociation when translation stalls cannot be resolved to
return to productive translation.

P site
‘Peptidyl’ site of the ribosome, which binds the tRNA attached to the elongating peptide
chain.

Aminoacyl-tRNAs
tRNA molecules charged with their corresponding amino acids.

E site
‘Exit’ site of the ribosome, which binds the de-acylated (uncharged) tRNA after
translocation and before this tRNA dissociates from the ribosome.

A site
‘Aminoacyl’ site of the ribosome, which binds the incoming aminoacyl-tRNA for peptide-
bond formation.
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Peptidyl-tRNA
tRNA molecule covalently attached to the nascent polypeptide.

Hypusine
A unique lysine post-translational modification of elF5A that is crucial for its translation
elongation and termination functions.

Peptidyl-transferase center
The active site of the ribosome where peptide-bond formation and peptide release occur
during translation.

Ribosome profiling
High-throughput sequencing method that provides a global snapshot of translating
ribosomes in the cell by mapping mMRNA fragments protected by ribosomes.

5PSeq
Technique to identify mRNAs that contain phosphorylated 5”-ends resulting from
exonucleolytic (5" to 3") mRNA degradation pathways.

Forster resonance energy transfer (FRET)
Biophysical technique to monitor molecular dynamics that relies on energy transfer between
two fluorescent molecules located close in space.

Aminoacylation
Chemical reaction whereby a tRNA molecule is ‘charged’ with its corresponding amino
acid.

Near-cognate tRNA
tRNA molecule that is not a perfect match to the codon; usually unmatched at one position
of the codon.

Wobble decoding
Codon-anticodon interactions typically at the third (3") position of the codon that do not
follow strict Watson—Crick base pairing rules.

Unfolded protein response
Cellular stress response that is activated upon the accumulation of unfolded or misfolded
proteins in the endoplasmic reticulum.

Ribosomopathies
Broad group of human disorders resulting from ribosomal protein haploinsufficiency or
defects in ribosome biogenesis.
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Figure 1. Overview of eukaryotic translation

(A) Overview of eukaryotic translation. Translation begins with initiation where a complex
coordination of many eukaryotic translation initiation factors (elFs), initiator methionyl-
tRNA (Met-tRNAMeY) the ribosomal subunits and mMRNA to be translated come together at
the AUG start codon of the open reading frame. Next, elongation involves synthesis of the
peptide chain through the coordinated actions of eukaryotic elongation factors (eEFs) and
aminoacyl-tRNAs (aa-tRNAs) until the ribosome reaches a termination or stop codon. In this
termination phase the peptide is released through the actions of eukaryotic peptide chain
release factors (eRFs). Finally, the ribosome subunits must be recycled by ATP-binding
cassette sub-family E member 1 (ABCEZ1) for a subsequent round of translation. (B)
Structural model of the yeast 80S ribosome depicting three sites for tRNA binding: E (exit;
colored orange), P (peptidyl; colored purple) and A (aminoacyl; colored cyan). mRNA is
shown in red. The model was created by alignment of the Saccharomyces cerevisiae 80S
ribosome (PDB 4V88) and Thermus thermophilus 70S ribosome (PDB 4V9l). (C) Overview
of the elongation cycle highlighting tRNA movement through the ribosome. tRNA selection
occurs at the A site. Next, peptide-bond formation occurs, which transfers the peptide to the
A-site tRNA. Concurrent with peptide bond formation, the tRNAs adopt a ‘hybrid’ state
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(relative to the large and small ribosomal subunits) and this ribosome complex is the
substrate for translocation to allow the decoding of the next codon. (D) Schematic of the
peptidyl-transfer reaction that occurs during translation elongation. The amino group of the
incoming amino acid (cyan) attacks the ester linkage on the peptidyl-tRNA (purple) in the
ribosomal P site to transfer the growing peptide chain to A-site tRNA. (E) Structural model
of the S. cerevisiae 80S ribosome bound to elF5A. elF5A binds in the ribosomal E site.
Zoom-in area shows interactions between the hypusine modification of elF5A and the CCA
nucleotides at the 3”-end of the peptidyl-tRNA. The model was created by alignment of the
S. cerevisiae 80S ribosome (PDB 4V88) with coordinates for the 60S subunit bound by
elF5A (PDB 5GAK).
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Figure 2. Translation elongation and resolution of ribosome stalling
(A) Overview of translation elongation. Aminoacyl-tRNAs are delivered to the ribosome in

complex with elongation factor 1-alpha (eEF1A) and GTP (not shown). Peptide bond
formation occurs and the tRNAs are positioned in a “hybrid’ state with respect to the
ribosome subunits. Subsequent translocation driven by elongation factor 2 (eEF2) causes
tRNA repositioning from a hybrid state to classical state, creating an open A site for the next
incoming aminoacyl-tRNA. elF5A, which is a small protein that binds in the ribosomal E
site, stimulates catalysis in the peptidyl transferase center throughout translation elongation.
(B) Ribosome stalling due to slow peptidyl-transfer Kinetics (such as during the formation of
Pro—Pro) is rescued by elF5A, which promotes peptide-bond formation. (C) Ribosome
stalling caused by poor A-site occupancy resulting from poorly-expressed tRNAs
(represented in figure) or poor tRNA aminoacylation can be rescued by mis-incorporation of
near-cognate tRNAs or by frameshifting (represented as conversion of orange to purple). (D)
Ribosome stalling can be caused by certain consecutive tRNA-codon pair orders that are
sub-optimal (pink and orange) relative to synonymous pairs (purple and blue). (E) Ribosome
stalling caused by mRNA secondary structures can be resolved by programmed ribosomal
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frameshifting (PRF) at adjacent slippery sequences. The example illustrates the -1 PRF that
is required for translation of the Gag-Pol fusion protein of human immunodeficiency virus.
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Figure 3. Translation termination and the role of mRNP context
(A) Overview of translation termination. When the ribosome encounters a termination (stop)

codon, eukaryotic peptide chain release factor 1 (eRF1) is delivered by eukaryotic peptide
chain release factor 3 (eRF3) to catalyze peptidyl-hydrolysis at the ribosome peptidyl-
transferase center. elF5A binds in the ribosomal E site to stimulate eRF1-mediated
hydrolysis. (B) Structure of the 80S—eRF1-ATP-binding cassette sub-family E member 1
(ABCE1L) complex (PDB 3JAH) with close-up view showing the GGQ motif of eRF1, which
is positioned to coordinate a water molecule for peptidyl-hydrolysis of the P-site peptidyl-
tRNA. (C) Schematic of peptidyl-release reaction coordinated by eRF1. (D) Proximity to
poly(A)-binding protein (PABP) and other stimulatory RNA-binding proteins (RBPS) can
affect translation termination efficiency. (E) Alternatively, if a termination codon is located
in a non-ideal MRNP context, far from PABP or stimulatory RBPs, or if certain inhibitory
RBPs (colored red) are present near the stop codon, the ribosome may terminate
inefficiently. In these cases, the ribosome may undergo frameshifting or incorporate a near-
cognate tRNA (orange) to continue translation until a more ideal stop codon is reached.
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Figure 4. Ribosome recycling and rescue
(A) Overview of ribosome recycling by ABCE1. ATP-binding cassette sub-family E

member 1 (ABCEZ1) binds to 80S ribosomes loaded with eukaryotic peptide chain release
factor subunit 1 (eRF1) and uses the power generated from ATP-binding and hydrolysis to
dissociate the ribosomal subunits. ABCE1 remains bound to the 40S subunit to stimulate
subsequent translation initiation steps. (B) Superposition of ABCEL structures in the pre-
splitting (PDB 3JAH) and post-splitting (PDB 5LL6) states to highlight the 150-degree
rotation of the iron-sulfur (Fe-S) cluster that occurs during ribosomal subunit dissociation.
(C) Superposition of ABCEL1 structures pre- and post-splitting in the context of eRF1 and
ribosomal protein uL14. In the pre-splitting state, the Fe=S cluster of ABCEL1 interacts with
eRF1. Following splitting, the Fe-S cluster undergoes a dramatic conformational change
which drives eRF1 into the inter-subunit space of the ribosome to promote subunit
dissociation. In the post-splitting state the Fe—S cluster would clash with 60S ribosomal
protein uL 14, thereby preventing 60S rejoining and effectively completing the recycling
reaction. (D) Dom34-Hbs1 in coordination with ABCE1 rescues stalled ribosomes at the
truncated 3”-ends of MRNAs resulting from endo- or exo-nucleolytic cleavage, or those
found translating the poly(A) tail. (E) Inactive or ‘hibernating’ Stm1-bound 80S ribosomes
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in Saccharomyces cerevisiae can be rescued by Dom34—Hbs1 in coordination with ABCE1
to re-enter the cytoplasmic pool of translating ribosomes.
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