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Abstract

Ribosomes that stall inappropriately during protein synthesis harbor proteotoxic components
linked to cellular stress and neurodegenerative diseases. Molecular mechanisms that rescue

stalled ribosomes must selectively detect rare aberrant translational complexes and process

the heterogeneous components. Ribosome-associated quality control (RQC) pathways eliminate
problematic mMRNAS and nascent proteins on stalled translational complexes. In addition, recent
studies have uncovered general principles of stall recognition upstream of quality control pathways
and fail-safe mechanisms that ensure nascent proteome integrity. Here, we discuss developments
in our mechanistic understanding of the detection and rescue of stalled ribosomal complexes in
eukaryotes.
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Rescuing stalled ribosomes

Protein synthesis must be tightly regulated to maintain cellular and organismal health.
Rescuing ribosomes that stall aberrantly during translation is required to prevent
proteotoxicity (see Glossary), mitochondrial dysfunction, and neurodegeneration [1-10].
Ribosome rescue involves several considerations. First, selectively detecting aberrant
translational complexes is a non-trivial task. Ribosomes may stall for diverse reasons, and
stalled ribosomes are rare among much more abundant functional counterparts. Second,
rescue mechanisms must account for all components of stalled translational complexes,
including messenger RNA (mRNA), an incompletely-synthesized nascent protein attached
to transfer RNA (tRNA), the ribosomal subunits, and associated translation factors. Because
any factor may contribute to stalling, cells would ideally triage each component for recycling
or degradation. Finally, in addition to rescuing individual ribosomes, excessive ribosome
stalling should activate cellular responses to minimize proteotoxic burden.

Dedicated eukaryotic ribosome rescue mechanisms were revealed by observations that
problematic mMRNAs (Box 1) and the nascent proteins they produce are degraded specifically
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in a translation-dependent manner (reviewed in [10-13]). Work over the last 5 years has
rapidly advanced our understanding of what happens upstream and in parallel to these
degradative pathways, such as how specific MRNA sequences cause ribosomes to stall, and
how cells selectively detect stalled ribosomes, scrutinize translational factors, and ensure
aberrant nascent protein degradation (Figure 1). This review focuses on recent developments
in our mechanistic understanding of ribosome stalling and rescue in yeast and mammalian
cells.

How ribosomes stall

MRNA defects are the best understood causes of ribosome stalling. Stall-inducing mRNA
features include truncations within coding sequences and specific mMRNA sequences such

as poly(A) tracts [10-14]. Indeed, premature polyadenylation of up to ~1-5% of mMRNAs
may be the most common cause of ribosome stalling in eukaryotes [14,15]. Stable secondary
structures and repeats of CGA arginine codons are also routinely used as reporters of
ribosome stalling in yeast, although these specific features may not stall metazoan ribosomes
(Box 1) [10-13,16].

Recent studies revealed how eukaryotic ribosomes stall on poly(A) and certain endogenous
MRNA sequences [17-19]. Poly(A) mRNA was originally thought to stall ribosomes
through interactions between the basic lysines encoded by AAA codons and the negatively
charged ribosomal exit tunnel [20]. However, neither poly-lysine encoded by AAG codons
nor basic poly-arginine tracts are sufficient to stall mammalian ribosomes [21]. Analysis of
different combinations of AAG and AAA codons /n vitro revealed that ribosome stalling
requires the simultaneous presence of lysines in the exit tunnel and poly(A) mRNA in the
decoding center [19,21] (Figure 2A). In yeast, a stalling sequence in the SDD1 mRNA also
requires “coincidence detection” of both nascent polypeptide and mRNA features [17].

The coincidence detection model is supported by cryo-electron microscopy (cryoEM)
structures showing perturbations in both the peptidyl-transferase center (PTC) and mRNA
decoding center of ribosomes stalled on poly(A) or SDD1 mRNA [17-19] (Figure 2B).

In the PTC of poly(A)-stalled ribosomes, the side chain of the lysine attached to P-site
tRNA points towards the A-site [18,19], opposite to the orientation seen in elongating
ribosomes [22]. This orientation may disfavor peptidyl-transfer, although further work is
needed to understand how A-site tRNA binding influences these conformations. In the
SDD1-stalled ribosome, interactions between the nascent protein and the ribosomal exit
tunnel may displace key 28S ribosomal RNA (rRNA) bases in the PTC into a suboptimal
conformation for peptide bond formation [17]. Notably, a parasite with a disproportionately
high number of poly(A)-containing open reading frames (ORFs) that apparently do not
cause ribosome stalling also show differences in the ribosomal exit tunnel that reduce
nascent peptide interactions [23].

Nascent protein-induced PTC deformations likely slow translation, prolonging the amount
of time the ribosome resides at one location on the mRNA. This lengthened dwell period
may allow certain mMRNA sequences to adopt intrinsic structures that rearrange the decoding
center and terminally stall the ribosome. For example, in the poly(A)-stalled ribosome, four

Trends Biochem Sci. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yip and Shao

Page 3

adenosines form a single-stranded helix that stacks with A1825 and C1698 (Saccharomyces
cerevisiae A1756 and C1634) of 18S rRNA, which are “flipped out” from their positions
during decoding [18,19]. Helix formation is favored for poly(A) RNA [24], explaining why
AAA but not AAG codons in the decoding center lead to ribosome stalling. Further, the
structure of the SDD1-stalled ribosome revealed a similar helical mMRNA conformation of
CGAA in the A-site [17]. A more severe defect at the PTC of SDD1-stalled ribosomes may
compensate for the time needed for CGAA to adopt this conformation. Thus, an interplay of
nascent protein and mRNA interactions contributes to ribosome stalling propensity.

Coincidence detection does not apply to all instances of ribosome stalling. For example,
ribosomes stalled on the XBP1 stalling sequence show nascent protein-ribosome interactions
but no remodeling of the decoding center [25], while yeast ribosomes stalled on CGA
codons do not show obvious PTC defects [18]. In addition to mRNA features, ribosomes
may stall for reasons such as deficiencies in aminoacylated tRNAs, mutated or damaged
translation factors, ribosome or translation factor inhibitors, and during cellular stresses such
as oxidation or UV exposure [4,6,10-13,22,26-28]. Additional insights into how specific
rescue mechanisms respond to ribosomes that stall for different reasons may come from
analyzing the functional and structural effects of translation inhibitors that inhibit distinct
steps of translation elongation [22,26,27].

Detecting stalled ribosomes

Ribosome rescue factors must selectively recognize rare stalled ribosomes among abundant
functional counterparts. At least two molecular features, an empty mRNA channel in

the ribosomal A site and unique composite interfaces formed by ribosome collisions,
distinguish stalled ribosomes from translation-competent ribosomes and recruit specific
rescue factors (Figure 3A).

Ribosome splitting factors detect ribosomes with an empty decoding center

The Hbs1L-Pelota (yeast Hbs1-Dom34) complex was among the first eukaryotic factors
identified to recognize stalled ribosomes [10-13,16,29]. Hbs1L and Pelota are homologous,
or structurally related, to the eEF1A-like family of translational GTPases and their partner
decoding factors, respectively. This group includes the translation elongation factor eEF1A-
aminoacylated tRNA (aa-tRNA) complexes and the termination factors eRF3-eRF1. Each
GTPase-decoding factor complex engages the GTPase center and A-site of ribosomes based
on mRNA features in the decoding center. While aa-tRNAs pair with sense codons and
eRF1 recognizes stop codons, Pelota/Dom34 extends a p-loop into the mRNA entry channel
[22,30,31], which requires either the absence or displacement of mMRNA. Supporting the
model that Pelota/Dom34 rescues ribosomes on truncated mRNAS, yeast lacking Dom34
show an increase in 16-nucleotide ribosome-protected fragments following nuclease
treatment, a signature of ribosomes lacking mRNA in the A-site [32] (Figure 3B). /n

vitro, Hbs1L-Pelota preferentially acts on stalled ribosomes with short downstream mRNA
sequences [33]. Thus, Hbs1L-Pelota recognizes ribosomes with empty decoding centers,
conceptually similar to the activity of certain bacterial ribosome rescue factors (reviewed in

[11]).
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After recognition, Hbs1L hydrolyzes GTP and dissociates from stalled ribosomes, which
allows Pelota to recruit the recycling ATPase ABCEL1 (yeast RIil) to dissociate stalled
ribosomes into 40S and 60S subunits [29,33,34]. Ribosomal subunit dissociation generates
specific substrates for mRNA and protein quality control (see below and Box 1). Pelota also
interacts with GTPBP2, a mammalian Hbs1L homolog required to rescue ribosomes that
stall due to mutation of a neuron-specific arginyl-tRNAycy [6]. Hbs1L cannot compensate
for loss of GTPBP2, suggesting that these GTPases have nonoverlapping functions in
resolving different types of stalled ribosomes. Other members of this family, such as
GTPBP1 and Hbs1L3, a splicing isoform of Hbs1L, also are implicated in distinct aspects of
ribosome rescue, although the details of their functions remain to be clarified [35,36].

Ribosome collisions are a universal consequence of ribosome stalling

Most stalled ribosomes contain mMRNA downstream of the A-site and are not optimal

Hbs1L -Pelota substrates. Accumulating evidence shows that the collision of a translating
ribosome into a stalled ribosome generates unique composite interfaces that are selectively
recognized by ribosome rescue factors. Ribosome collisions are a general signature

of ribosome stalling irrespective of the original cause of translational arrest, and two
experimental strategies have proved instrumental in studying how cells detect and respond
to ribosome collisions. First, the frequency of ribosome collisions can be manipulated with
different concentrations of translation elongation inhibitors. For example, while a high
concentration of an irreversible inhibitor stalls all translating ribosomes, low concentrations
stall only a subset, causing collisions with uninhibited ribosomes (Figure 3C) [37-40].
Second, unlike multiple ribosomes independently translating the same mRNA, collided
ribosome interactions are resistant to nuclease treatment, permitting biochemical isolation of
collided ribosomes and “disome” profiling to identify collision sites (Figure 3B) [38,40-43].

Ribosome collisions trigger ribosomal protein ubiquitination and ribosomal

subunit dissociation

The first ribosome collision sensor identified was the E3 ubiquitin ligase ZNF598 (yeast
Hel2) [37,38]. A link between Hel2 and ribosome rescue emerged from a genetic screen

for factors that stabilize a ribosome stalling reporter [44]. Cells lacking ZNF598/Hel2

show increased readthrough of stalling sequences [44,45], presumably because ribosomes
that are not rescued slowly resume translation. ZNF598/Hel2 selectively ubiquitinates

small ribosomal subunit proteins near the mRNA entry channel: yeast Hel2 ubiquitinates
ribosomal proteins uS3 and uS10, while in human cells, ZNF598 preferentially ubiquitinates
uS10 and eS10 [45-48]. ZNF598/Hel2-mediated ubiquitination leads to ribosomal subunit
dissociation and, in yeast, endonucleolytic cleavage of stall-inducing mRNAs by Cue2 (Box
1) [37,45,48,49]. Mapping 3” mRNA fragments revealed that Hel2-dependent cleavages
occur at 30-nucleotide periodicities from the stall site, consistent with the spacing between
different numbers of collided ribosomes [37]. In addition, only low levels of translation
inhibitors resulted in ZNF598/Hel2-dependent ribosomal protein ubiquitination [37,38].
Critically, in vitro reconstitutions showed that ZNF598 recruitment and ubiquitination
occurs only on nuclease-resistant collided ribosomes [38]. Further, cryo-EM structures of
collided ribosomes showed extensive 40S-40S interactions involving the ribosomal protein
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RACK1 (yeast Ascl) and ribosomal proteins ubiquitinated by ZNF598/Hel2 [10-12,38,50].
Although density for ZNF598/Hel2 was not visualized in these structures, this composite
interface likely facilitates specific recognition of collided ribosomes.

Hel2-bound ribosomes co-purify the ribosome-associated quality control (RQC)-
triggering (RQT) complex comprised of Slhl, Cue3, and YWR023W (human ASCC3,
ASCC2, and TRIP4/ASC-1) [48,51-53]. The RQT complex dissociates ZNF598/Hel2-
ubiquitinated ribosomes into 60S and 40S subunits [17,53], generating the same substrates
for quality control as Hbs1L-Pelota. SIh1 contains a helicase domain required for ribosomal
subunit dissociation, and Cue3 contains a ubiquitin-binding CUE domain which may

bind Hel2-ubiquitinated ribosomes. /n vitro reconstitutions showed that the leading stalled
ribosome is preferentially ubiquitinated by ZNF598/Hel2 and selectively dissociated by the
RQT complex [17,53]. After clearance of the leading ribosome, trailing ribosomes may
resume elongation, which may distinguish problematic mRNAs that would cause trailing
ribosomes to also stall from defective translational components that would stall only one
ribosome.

Ribosome collisions lead to local translation inhibition

Recognition that ribosome collisions are a universal signal of ribosome stalling prompted
the search for other factors that preferentially associate with collided ribosomes; ultimately,
this led to two independent identifications of EDF1 (yeast Mbfl) and GIGYF2 [40,54].
Knocking down either GIGYF1/2 or EDF1 resulted in increased translation of stalling
reporters [40,54,55], supporting a model that ribosome collisions selectively inhibit
translation /n7 cisto minimize additional collisions and aberrant protein production from
that MRNA.. Cryo-EM structures revealed EDF1/Mbf1 bound near the A-site of the mRNA
channel specifically of rotated trailing collided ribosomes, changing the path of mMRNA
through interactions with 18S rRNA, uS3, and mRNA [40,56]. Further, EDF1 facilitates
recruitment of GIGYF2 [40,54], which represses translation initiation by interacting with
4EHP, a competitor of the cap-binding initiation factor elF4E [57]. GIGYF2 also may
directly or indirectly to influence mRNA turnover in yeast, which lack 4EHP, and in
mammals [55,58].

Ribosome collisions activate cellular stress responses

Translation inhibition by ribosome-inactivating proteins, small molecule translation
inhibitors, and UV irradiation also activate the ribotoxic stress response (RSR) mediated
by the mitogen-activated protein kinases (MAPKS) p38 and JNK that regulate inflammation
and cell death [39,59]. Indicative of a link to ribosome collisions, only intermediate

levels of translation elongation inhibitors activate the RSR in a mechanism dependent on
autophosphorylation of the MAP-3-kinase (MAP3K) ZAKa in human cells [39]. ZAKa
generally associates with polysomes through an isoform-specific C-terminal domain, but is
specifically and acutely autophosphorylated in conditions that induce ribosome collisions via
a mechanism that may involve EDF1 [39,40,60].
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Collided ribosomes also may play a role in activating GCN2, which phosphorylates elF2a
to repress cap-dependent translation as part of the integrated stress response [39,61,62].
GCN2 responds to amino acid starvation through incompletely understood mechanisms

that may include sensing deacylated tRNAs and ribosome stalling [61]. For example, in

a neurodegenerative mouse model, the combined loss of function of a neuron-specific
arginine tRNA and GTPBP2 lead to increased ribosome stalling and GCNZ2 activation [6,63].
Intermediate concentrations of translation elongation inhibitors also selectively activate
GCNZ2 independently of amino acid deprivation via a mechanism that, in human cells, may
involve a structural role for ZAKa [39,62]. /n vitro, purified ribosomes or the C-terminal
acidic tails of ribosomal P-stalk proteins are sufficient to activate mammalian GCN2 to

a greater extent than deacylated tRNAs [64,65]. Disrupting P-stalk proteins in cells also
selectively impairs activation of the integrated stress response by GCN2 [64]. Notably,

a recent cryo-EM study showed GCN1, a GCN2 activator, directly bound to collided

yeast disomes [56]. GCN1 spans both the leading and collided ribosomes: the C-terminus
approaches the P-stalk of the leading ribosome, while the N-terminus contacts the P-stalk

of the trailing ribosome. Because the P-stalk is part of the ribosomal GTPase center that is
blocked by elongation factor binding, translational arrests that cause ribosome collisions and
disfavor translation factor binding may preferentially activate GCN2.

Coordinating different responses to ribosome collisions

Collisions are a universal consequence of ribosome stalling, yet different causes of ribosome
stalling trigger distinct consequences [39,41,56,62]. The principles that determine the choice
and order of pathways remain poorly understood, but may involve contributions from the
extent of ribosome collisions throughout the cell, competition between factors for collided
ribosomal interfaces, and stabilization of distinct transient ribosomal conformations due to
different causes of ribosome stalling. For instance, EDF1 is 50-fold more abundant than
GIGYF2 or ZNF598, providing an advantage to engage collided ribosomes first [40,54].
Early engagement by EDF1 and GIGYF2 recruitment would acutely inhibit translation to
minimize further collisions, while ZNF598 recruitment and ribosomal protein ubiquitination
probably requires more time to effect dissociation of leading stalled ribosomes for mMRNA
and protein quality control. Although GIGYF2 also independently interacts with ZNF598
[54,55,57], deleting either ZNF598 or GIGYF2 enhances the other response [40,54,55],
hinting at nuanced or redundant regulation beyond simple competition or recruitment.

These local events appear to be prioritized over stress responses [39,41,62], where
ribosome collisions may acutely activate ZAKa and GCN2 to minimize translational load
and promote cellular survival, while prolonged widespread collisions eventually activate
downstream RSR kinases and cell death [39]. Different translational aberrancies also

may stabilize distinct ribosomal conformations recognized by specific rescue factors, such
as the role of P-stalk protein access in GCN2 activation [64,65]. Thus, assigning the
appropriate response to ribosome stalling stems from a combination of structural and kinetic
considerations. At the level of an individual ribosome, stall recognition may occur based

on an empty decoding site that arises from translating a truncated mRNA or prolonged
residence times of typically short-lived ribosomal conformations. Another layer of stall
recognition leverages the unique interfaces formed by ribosome collisions. Future work will
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determine more precisely how these responses are regulated based on how often collisions
occur, how long collision interfaces persist, specific ribosomal conformations that mediate
accessibility to structural components such as the P-stalk, and the relative abundance and
activity of ribosome rescue factors.

Quality control of stalled ribosomal complex components

Dissociation of stalled ribosomes into 40S and 60S subunits downstream of recognition
by Hbs1L -Pelota or ZNF598 trigger mRNA surveillance (Box 1) and ribosome-associated
nascent protein quality control (RQC) mechanisms to degrade the substrates and products
of aberrant translation [10-13]. Other components, such as tRNAs and ribosomal subunits,
are assumed to be recycled by mechanisms that also may scrutinize and eliminate faulty
translational factors.

RQC degrades nascent proteins

Nascent proteins on stalled ribosomes are either truncated or contain non-native sequences.
After ribosomal subunit dissociation, the tRNA and folded polypeptide domains at either end
of the ribosome exit tunnel trap aberrant nascent peptidyl-tRNAs on the 60S ribosomal
subunit [10-12]. NEMF (yeast Rqc2) selectively binds the 60S-tRNA interface that
distinguishes these complexes from 80S ribosomes and empty 60S subunits (Figure 4A)
[10-12,66,67]. NEMF also prevents 40S rejoining and helps recruit the E3 ubiquitin ligase
Listerin (yeast Ltn1). The Listerin RING domain resides directly outside the ribosomal exit
tunnel to catalyze K48-linked polyubiquitiylation on the nascent protein for proteasomal
degradation [10-12,44,66—-68]. Genetic screens for RQC factors also identified a functional
role for TCF25 (yeast Rqcl), possibly involving suppressing non-K48 ubiquitin linkages
[7,44,69].

Once ubiquitinated, nascent proteins must be released from the 60S subunit for proteasomal
degradation. These latter steps require the AAA+ ATPase p97 (yeast Cdc48) and its
ubiquitin-binding cofactors [44,70] (Figure 4A). While it seemed possible that p97 could
‘pull’ the nascent protein from the ribosome, recent studies showed that ANKZF1 (yeast
Vms1), a homolog of eRF1, separates the nascent protein from tRNA on 60S subunits
[71,72]. Indeed, in a yeast cryo-EM structure [73], Vms1 resides in the A-site with its
catalytic domain reaching towards the PTC, resembling eRF1. In addition, the ribosome
biogenesis factor Arbl (mammalian ABCF2) occupies the E-site and extends a ‘leg
domain’ towards the peptidyl-tRNA that may help position it for release. Deleting Vms1
leads to nascent protein aggregation and mitochondrial dysfunction [2,74]. However, the
proportion of RQC substrates released by ANKZF1, and how ANKZF1/Vms1, which
independently interacts with Cdc48 [74], coordinates with other RQC factors is not known.
In vitro, ANKZF1/Vms1 activity is slow relative to Listerin-mediated ubiquitination [69,75],
possibly avoiding premature release of non-ubiquitinated nascent proteins. Vms1-released
nascent proteins freely “fall off” 60S subunits [75], suggesting that p97 is not required

for extraction and may be most relevant in unfolding substrates immediately upstream of
proteasomal degradation.
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Scrutiny and recycling of tRNAs

Biochemical reconstitutions revealed ANKZF1/Vms1 to be an endonuclease [69,75] that
selectively cleaves off the 3’-CCA nucleotides of the peptidyl-tRNA on 60S RQC complexes
[75]. Because the 3’-CCA is invariant on all tRNAs, ANKZF1 can act on ribosomes stalled
at any codon and generate a CCA-less tRNA intermediate incompatible with aminoacylation
that is recycled in a two-step pathway (Figure 4B) [75]. In the first step, a 2°,3"-cyclic
phosphate on the 3’ nucleotide ribose of the cleaved tRNA is converted to 2’-OH and 3’-OH.
Two enzymes may perform this function. One is ELAC1, a mammalian homolog of RNase
Z that appears to have specialized activity to remove 2°,3’-cyclic phosphate from CCA-less
tRNAs [76]. ELAC2, the other RNase Z homolog, cleaves tRNA precursors during tRNA
biogenesis but has poor 2’,3’-cyclic phosphate removal function, while Trz1, the only RNase
Z in yeast, can perform both functions. Consistent with this assignment, cells lacking
ELAC1 accumulate ANKZF1-dependent CCA-less tRNA intermediates when treated with
translation inhibitors. 2°,3’-cyclic phosphate removal also may be carried out by ANGEL2,
which has promiscuous 2°,3’-cyclic phosphatase activity against multiple RNA species /in
vitro [77]. After removal of the 2°,3’-cyclic phosphate, the CCA-adding enzyme TRNT1
adds back the 3’-CCA nucleotides [75]. TRNT1 also has a proofreading function which
adds tandem CCA repeats to tRNAs with a destabilized acceptor stem, targeting them for
rapid removal [78]. Thus, the integrity of tRNAs cleaved on stalled ribosomes is specifically
checked during recycling.

How cells process other components of stalled ribosomal complexes, such as the ribosomal
subunits and translation factors, remain open questions. In yeast, mutating certain key

rRNA bases in the PTC or decoding center is compatible with ribosome assembly but

results in rapid rRNA degradation [79]. In particular, nonfunctional rRNA decay (NRD) of
mutated 18S rRNA requires translation, Ascl, and Dom34, factors linked to ribosome rescue
[80,81], as well as ubiquitination of ribosomal proteins [82]. Thus, similar concepts as those
discussed above may apply to studying how lesser understood forms of ribosome damage
are selectively recognized for quality control.

mRNA-independent polypeptide elongation ensures nascent protein degradation

The unexpected observation of two tRNAs in the cryo-EM structure of the yeast RQC
complex led to the discovery that Rqc2 mediates the non-templated addition of C-terminal
alanine and threonine residues (“CAT” tails) to nascent proteins that are not efficiently
released from 60S subunits [66] (Figure 4C). Remarkably, this MRNA-independent peptide
elongation function is conserved in gram-positive bacteria via the function of RqcH, the
only known bacterial RQC factor, which adds C-terminal poly-alanine tails that serve as
degrons for proteolysis [83] (Box 2). In eukaryotes, CAT tails may facilitate Ltn1-mediated
ubiquitination by ‘pushing out’ lysines buried in the ribosomal exit tunnel [84,85], or by
increasing the accessibility of lysines in structured domains for ubiquitylation [86]. Recent
work suggests that physiological CAT tails in mammals also may primarily contain alanines
[9] and serve as degrons off the ribosome recognized by independent quality control factors
[86]. The details and regulation of these quality control mechanisms remain subjects of
investigation. If not degraded, CAT-tailed proteins are prone to aggregation, which are
proteotoxic and titrates away chaperones to activate the heat shock response [1,2,4,7,87].
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Thus, Rqc2 homologs and C-terminal degrons may comprise a ‘core’ ribosome-associated
protein quality control mechanism that was elaborated on by the ubiquitin-proteasome
system in eukaryotes.

Concluding Remarks

Over the last decade, RQC has been an exciting field full of fast-paced, elegant, and
unexpected discoveries. Since the report of a ribosome-associated ubiquitin ligase [68],

the field has gained clear molecular insights into how rescue factors specifically recognize
and act on aberrantly stalled ribosomes. Findings in recent years particularly highlight

the complexity and intricate interplay of rescue mechanisms, from the conserved role of
mRNA-independent polypeptide elongation in nascent protein quality control, a mechanism
that specifically scrutinizes tRNAs as they are recycled, and how multiple factors recognize
ribosome collisions as a universal proxy of ribosome stalling to activate different responses.
Future progress (Outstanding Questions) promises to reveal how ribosome rescue pathways
deviate and collaborate with each other, how ribosome rescue mechanisms operate in
different cellular contexts (Box 2) and cell types, and how these functions relate to
neurodegenerative diseases.
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A-site
aminoacyl-tRNA binding site on the ribosome

Coincidence detection

a process in which an output is achieved only by simultaneous detection of two signals
that may be spatially separated. In the context of ribosome stalling on certain mMRNA
sequences such as poly(A) tracts, coincidence detection of perturbations in both the
peptidyl-transferase center and the decoding center of a ribosome leads to stable stalling

Decoding center

the site on the small ribosomal subunit where codon:anticodon pairing of mMRNA and
A-site tRNAs occur. 18S rRNA bases and ribosomal proteins at the decoding center make
interactions to facilitate accurate decoding during translation

Disome
a unit of two ribosomes, often used to refer to two collided ribosomes

Integrated stress response (ISR)

a eukaryotic stress response characterized by the phosphorylation of the translation initiation
factor elF2a., resulting in the downregulation of general translation and upregulation of
specific stress response genes. In yeast, the ISR is activated by GCN2. In mammals,

four kinases including GCN2 may activate the ISR in response to a variety of cellular

or environmental stresses, including nutrient depletion, ER stress, and viral infection
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Nonfunctional rRNA decay (NRD)
rapid degradation of rRNA on mature but defective ribosomes
P-site
peptidyl-tRNA binding site on the ribosome
P-stalk proteins
ribosomal proteins uL10, P1, and P2 comprising a pentameric structure on the large
ribosomal subunit that interacts with translational GTPases that bind the A-site
Peptidyl-transferase center (PTC)
site of peptide bond formation on the large ribosomal subunit
Proteotoxicity
adverse cellular effects due to the accumulation of misfolded, damaged, or aggregated
proteins
Ribosome collision
when a translating ribosome runs into a stalled ribosome
Ribosome-associated quality control (RQC)
a eukaryotic cellular pathway responsible for proteasomal degradation of incompletely-
synthesized nascent proteins on stalled ribosomes. RQC is triggered by ribosomal subunit
dissociation and selective recognition of large ribosomal subunit-peptidyl-tRNA complexes
Ribosome-protected fragment (RPF)
mRNA fragments protected by ribosomes after nuclease digestion and whose sequences are
identified in the process of ribosome profiling
Ribotoxic stress response (RSR)
a cellular response in which ribosomal damage or inhibition activates mitogen- and stress-
activated protein kinases that regulate inflammation and cell death
RNA exosome
a conserved multisubunit complex that degrades RNA in the 3’'-5" direction
RQC-triggering (RQT) complex
a protein complex comprising Slhl, Cue3, and YWR023W in yeast (ASCC3, ASCC2, and
TRIP4/ASC-1 in humans) that selectively dissociates stalled ribosomes ubiquitinated by
ZNF598/Hel2 into ribosomal subunits
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Box 1 -
Ribosome stalling and mRNA degradation
Ribosomal subunit dissociation triggers mRNA surveillance

Defective mRNAs that stall ribosomes are cleared to eliminate risk of future stalls [10—
13]. Although mRNA surveillance was the first quality control mechanism linked to
aberrant translation, mechanistic understanding of mRNA surveillance now lags behind
other aspects of ribosome-associated quality control (RQC). Stall-inducing mRNA
features and surveillance mechanisms also may differ between yeast, where the most
work has been done, and metazoans. In yeast, degradation of 3’-truncated mRNAs
depends on Dom34 and the Ski2/3/8 complex, an adaptor for the RNA exosome [34,88],
suggesting that ribosomal subunit dissociation mediated by Dom34 is a prerequisite for
MRNA degradation. Loss of the C-terminal domain of Ski7, an eEF1A-like GTPase
homolog and exosome cofactor, further stabilizes 3’-truncated mMRNAs in a dom34A
background [34], indicating a possible parallel degradation mechanism. The HBS1L3
isoform may be the mammalian homolog of Ski7 and similarly interacts with the
exosome [35].

Degradation of non-truncated stall-inducing mRNAs, such as on poly(A) mRNA lacking
stop codons [14,88], requires Hel2-mediated ubiquitination of uS10 [37,50]. mMRNA
fragments generated by Hel2-dependent endonucleolytic cleavages [48] are not protected
by a poly(A) tail or a 5’-cap and are readily degraded by the exosome or the 5’-3’
exonuclease Xrnl [16,88]. Recent genetic screens identified yeast Cue2 (NONU-1 in
Caenorhabditis elegans) as this endonuclease [49,89]. Cue2 contains a SMR hydrolase
domain and ubiquitin-binding CUE domains that may recognize Hel2-ubiquitinated
ribosomes, although this remains to be conclusively demonstrated. While endonucleolytic
cleavage was originally considered an obligate step for mRNA degradation, deleting
Cue2 abrogates the generation of low-abundance mRNA fragments but does not stabilize
stalling reporter mRNA levels [49]. Thus, endonucleolytic cleavage is not required

and may not constitute the major pathway for mRNA degradation. Instead, ribosome
clearance by the RQT complex leading to exonucleolytic mMRNA degradation appears
more prevalent [49]. In mammalian cells, mRNA degradation of poly(A) stalling
reporters is less obvious [41], and further work is needed to understand analogous
pathways in other eukaryotes.

Slowed translation triggers degradation of nonoptimal mRNAs

mMRNAs containing nonoptimal codons slow translation and are preferentially degraded.
This sensing mechanism involves Not5, a subunit of the Ccr4-Not deadenylase complex,
which binds the E-site of ribosomes in the post-translocated state that occurs after E-site
tRNA exit but before A-site tRNA binding [90]. The lack of cognate aminoacylated-
tRNA may stabilize this normally transient conformation, providing time for Not5
binding to selectively sense ribosomes that slow translation on nonoptimal codons.
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Box 2 -
RQC at organelles and in bacteria

In eukaryotes, cytosolic ribosomes may target to organelles that can influence ribosome-
associated quality control (RQC). Principles of RQC also may apply to stalled bacterial
and mitochondrial ribosomes.

RQC at the ER

Approximately 1/3 of the proteome cotranslationally target to the endoplasmic reticulum
(ER), where ribosomes dock at the Sec61 translocon. RQC is intact on non-stop ER-
targeted model substrates [91-93], and Listerin can ubiquitinate translocating nascent
proteins on Sec61-bound ribosomes /7 vitro [94]. While Sec61 does not sterically
occlude Listerin binding, successful ER-RQC may have additional considerations such
as the capacity of the nascent protein to backslide across the ER membrane to increase
accessibility of lysines for ubiquitination, or additional factors to extract translocated
portions of the nascent protein for degradation. ER-RQC may also be influenced by
mechanisms that regulate translation to help insert, chaperone and fold membrane
proteins [95,96].

Independent of RQC, inducing ribosome stalling also specifically increases UFMylation
of uL24 on ER-bound ribosomes [97,98]. UFMylation is a metazoan-specific post-
translational modification in which the ubiquitin-like protein UFML1 is added onto
substrate lysines. Ribosome UFMylation may facilitate lysosome-dependent nascent
protein degradation [97], although the prevalence and mechanisms of this pathway
remains to be determined.

RQC at the outer mitochondrial membrane

Mitochondrial function is especially sensitive to defects in RQC, particularly in
conditions that promote accumulation of CAT-tailed nascent proteins [2,4,73]. Deleting
Vms1 and Ltn1 in yeast causes growth defects under respiration-dependent conditions, in
which nascent mitochondrial proteins form detergent-insoluble aggregates that sequester
mitochondrial chaperones and disrupt mitochondrial quality control [2]. Interestingly, this
defect is rescued by deleting or mutating Rqc2 to abolish CAT-tailing [2]. Similarly, in fly
models, ribosome stalling and accumulation of CAT-tailed respiratory complex 1-30 kDa
protein (C-130) disrupts ATP production [4].

RQC-like mechanisms on bacterial and mitochondrial ribosomes

Although bacteria do not have the ubiquitin-proteasome system, the Rqc2 homolog RqcH
specifically adds C-terminal alanines to nascent proteins on 50S ribosomal subunits

that signal for proteolysis [83]. Two recent cryo-EM studies clarified the mechanism of
Ala-tailing by RgcH [99,100]. These studies revealed that RgcH-bound 50S ribosomal
subunits containing a canonical P-site tRNA, but not A/P-tRNA, specifically engage the
Hsp15 family protein RgcP, suggesting that RgcP may facilitate non-canonical tRNA
translocation. Whether similar factors mediate CAT-tailing in eukaryotes remains to be
determined. A RQC-like pathway also may rescue stalled mitochondrial ribosomes [101],
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tRNA complexes and engages mtRF-R to release nascent proteins.
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Outstanding questions

How prevalent are ribosome stalling sequences in the transcriptome of
different cell types? What are the functions of endogenous ribosome stalling
sequences such as SDD1 and how are these genes regulated?

How do defects in translational components such as tRNAs, ribosomal
proteins, rRNA, and elongation factors affect translation? Are there
translation-dependent quality control mechanisms that sense and degrade
these components?

Beyond EDF1 and GCN1, how do other ribosome collision sensors
selectively detect collided interfaces? What is the molecular basis for ZAKa
and GCN2 activation?

What principles determine how different pathways are prioritized at collided
ribosomal interfaces to activate the appropriate cellular responses?

Do additional factors aid Rqc2 in mRNA-independent polypeptide elongation
on large ribosomal subunits in eukaryotes? Is the composition of Rqc2-
generated tails regulated, and what factors recognize Rqc2-generated tails off
the ribosome in different organelles and eukaryotes?

How does subcellular localization influence ribosome stalling and ribosome-
associated quality control mechanisms?

How do defects in ribosome rescue lead to neurodegeneration?
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Highlights

Errors that occur during protein synthesis must be detected rapidly and either
corrected or eliminated to maintain protein homeostasis.

Ribosomes may stall during protein synthesis due to local reasons such

as a damaged mRNA, or due to general cellular stresses such as amino

acid depletion. Understanding how differently-stalled ribosomes activate the
appropriate cellular responses is an area of active investigation.

Ribosome collisions are a universal signature of ribosome stalling. Unique
composite interfaces formed by collided ribosomes specifically recruit
ribosome rescue factors that enact local quality control mechanisms, inhibit
translation, and trigger cellular responses to mitigate proteotoxicity.

Individual components of stalled ribosome are scrutinized and triaged for
degradation or recycling to ensure clearance of defective components.
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Figure 1 |. Progress on ribosome rescue in eukaryotes.
Recent work has revealed (1) insights into how ribosomes stall while translating specific

MRNA sequences (red). The aminoacyl (A), peptidyl (P), and exit (E) tRNA binding sites,
decoding center, and peptidyl-transferase center (PTC) on an 80S ribosome are indicated. (2)
Ribosome rescue requires factors that specifically detect molecular signatures of ribosome
stalling, such as an empty decoding center or ribosome collisions. Ribosome rescue

factors activate (3a) local quality control and recycling mechanisms to process individual
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components of stalled ribosomal complexes and (3b) cellular stress responses to reduce
proteotoxic burden.
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Figure 2 |. Coincidence detection leads to ribosome stalling.
A, In vitrotranslation of reporters containing 10 lysine residues encoded by different

combinations of AAA and AAG codons demonstrate that the simultaneous presence of
lysines in the ribosomal exit tunnel and poly(A) mRNA in the decoding center is required

to stall mammalian ribosomes [19]. Specifically, ribosomes slow but do not terminally stall
when lysines are present in the exit tunnel and AAG codons are in the decoding center (far
left; indicated by single ), but strong stalling is detected when lysines occupy the exit tunnel
and AAA codons are in the decoding center (far right; indicated by two !). (AAG)1g and
(AAA) o refer to 10 AAG or AAA codons, respectively; (AAA)7(AAG)s refers to 7 AAA
codons followed by 3 AAG codons; (AAG)7(AAA);3 refers to 7 AAG codons followed by

3 AAA codons. B, The coincidence detection model for ribosome stalling suggests that 1)
nascent peptide interactions with the ribosomal exit tunnel lead to nonoptimal conformations
at the peptidyl transferase center (PTC) that slow translation and allow 2) specific mMRNA
sequences to adopt intrinsic structures that remodel the decoding center at the A-site of the
ribosome, resulting in translational arrest.
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Figure 3 |. Detecting stalled ribosomes.
A, Two unique molecular signatures of stalled ribosomes are an empty decoding center

(top) and ribosome collision interfaces (bottom). Each are recognized by specific ribosome
rescue factors that activate molecular pathways leading to dissociation of the stalled
ribosome into 60S and 40S ribosomal subunits and activation of ribosome-associated

quality control (RQC) pathways. Ribosome collisions also activate cellular pathways

that inhibit translation /n c/s and stress response pathways that downregulate translation
(integrated stress response) and regulate cellular survival (ribotoxic stress response). (top)
The Hbs1L-Pelota complex engages ribosomes with an empty decoding center, leading to
ribosomal subunit dissociation via the ribosome recycling factor ABCE1. (bottom) EDF1
selectively binds collided ribosomes, possibly stabilizing the collision interface to recruit
downstream factors. Collision-dependent ribosome rescue factors include the E3 ubiquitin
ligase ZNF598, which ubiquitylates small ribosomal subunit proteins leading to ribosomal
subunit dissociation by the RQT complex, the translation initiation repressor GIGYF2,

the MAP3 kinase ZAKa, and the GCN2 co-activator GCN1. B, Ribosome-protected
fragments (RPFs) after nuclease treatment distinguish different ribosomal populations. RPF
peaks at 21 and 28 nucleotides correspond to translating ribosomes that lack or contain A-
site tRNA respectively (blue) [27]. Ribosomes lacking A-site mMRNA protect ~16 nucleotides
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(teal) [32], and collided ribosomes protect ~60 nucleotides (red) [41-43]. C, Effects of
translation elongation inhibitor concentrations on ribosome collisions. Treating cells with
a high concentration of an elongation inhibitor “freezes’ translating ribosomes, preventing
collisions. A low concentration of an elongation inhibitor stalls only a subset of ribosomes,
resulting in collisions with uninhibited trailing ribosomes [37-40].
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Figure 4 |. Quality control and recycling of peptidyl-tRNAs on stalled ribosomes.
A, Ribosomal subunit dissociation downstream of stall recognition by Hbs1L-Pelota or

ZNF598 traps the peptidyl-tRNA on the 60S ribosomal subunit. NEMF (yeast Rqc2) binds
the exposed 60S-tRNA interface, which prevents 40S rejoining and facilitates recruitment
of the E3 ubiquitin ligase Listerin (yeast Ltn1) to polyubiquitinate the nascent chain. The
polyubiquitinated nascent chain may be released by the endonuclease ANKZF1 (yeast
Vms1) for proteasomal degradation via a process involving the AAA+ ATPase p97 (yeast
Cdc48) and its ubiquitin binding cofactors. B, ANKZF1 cleaves the peptidyl-tRNA just
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before the invariant 3’CCA nucleotides, generating a CCA-less tRNA intermediate with a
terminal 2’,3’-cyclic phosphate (2°,3’>p) that is recycled in a two-step pathway involving
the removal of the 2°,3’>p by the phosphatases ELAC1 or ANGEL2, followed by re-addition
of the 3’-CCA by TRNT1. TRNT1 also possesses proofreading capabilities that can target
defective tRNAs for degradation (QC). C, Rqc2 can catalyze the non-templated addition

of C-terminal alanine and possibly threonine residues (CAT tails). CAT tails can push

out lysines within the ribosome exit tunnel for ubiquitylation by Listerin. Alternatively,
CAT-tailed nascent chains may be released from 60S ribosomal subunits. Off the ribosome,
CAT tails may serve as degrons leading to proteasomal degradation, or are otherwise prone
to aggregation, which may titrate away chaperones and, in yeast, activate the heat shock
response via HSF1.
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