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Ribosome-associated protein quality control

Onn Brandman! & Ramanujan S Hegde?

Protein synthesis by the ribosome can fail for numerous reasons including faulty mRNA, insufficient availability of charged tRNAs
and genetic errors. All organisms have evolved mechanisms to recognize stalled ribosomes and initiate pathways for recycling,
quality control and stress signaling. Here we review the discovery and molecular dissection of the eukaryotic ribosome-associated
quality-control pathway for degradation of nascent polypeptides arising from interrupted translation.

Faithful interpretation of the genetic code is essential to make
functional protein products that participate in all areas of cellular
physiology. Hence, every step in the production of proteins not only
is under tight regulatory control but also is monitored for errors. All
the key ‘ingredients’ for translation are subject to quality control:
cells have evolved pathways to degrade aberrant mRNAs!, to detect
mutant or damaged rRNAs and ribosomes?, and to ensure appropri-
ate tRNA aminoacylation3. Various steps during translation are also
monitored, including kinetic proofreading during codon-anticodon
recognition®?, and several protein quality-control pathways check the
folding of nascent polypeptides during and after synthesis®.

The importance of high-fidelity translation is evidenced by the
numerous diseases associated with remarkably subtle deviations from
normal. For example, defective editing activity of a single tRNA syn-
thetase, whose intrinsic accuracy is already around 99%, leads to neu-
rodegeneration in mice’. Similarly, mutation of only one isoacceptor
tRNA out of six in mice can predispose cells toward ribosome stalling
and neurodegeneration®. More broadly, mutations to myriad transla-
tion components are linked to disease®. Thus, cells devote considerable
resources to defending their proteome from erroneous products whose
accumulation induces stress responses!?-12 and whose failed clearance
causes an increasingly broad range of protein-misfolding diseases!3.

In recent years, two seemingly different areas of quality control,
mRNA surveillance and protein degradation, have intersected at the
ribosome. The truncated protein products generated by ribosomes
that stall on a defective mRNA have been found to be targeted for
degradation by a specialized pathway that is initiated on the ribosome.
In this Review, we discuss the discovery and mechanistic dissection
of this ribosome-associated quality-control pathway in eukaryotes,
highlight key areas for future investigation and speculate about its
potentially broader roles in cellular physiology.

Why degrade nascent proteins?
At first glance, it is not intuitively obvious why a cell should target
a polypeptide for degradation before it has an opportunity to fold.
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In hindsight, one answer is straightforward: the cell benefits from
detecting and removing errors at the earliest opportunity. There are
situations in which a nascent polypeptide on the ribosome can be
deduced to have a low probability of acquiring a fully functional state.
If a ribosome will never successfully reach the correct termination
codon, the protein product is necessarily truncated and is very likely
to be defective; even if this truncated polypeptide could fold into a
stable protein, it might lack key downstream domains and hence be
functionally impaired or have dominant-negative effects'4!>. Thus,
it would be advantageous for the cell to degrade these incomplete
nascent chains by using the criteria of truncation rather than their
capacity to fold.

Because the truncated polypeptide is essentially ‘captive’ on the
ribosome, tagging it for degradation at this stage would ensure its
rapid elimination and minimize inappropriate interactions in the
bulk cytosol. Thus, ribosome-associated quality control eliminates
the partially synthesized protein products from ribosomes that stall
before reaching the stop codon. How nascent chains on actively elon-
gating ribosomes are directly monitored for their folding status and
are subjected to degradation is less well studied at this time (Box 1)
and has been reviewed elsewhere!617,

Translation can stall for several reasons, including truncated or
damaged mRNA!819, excessive mRNA secondary structure??, insuffi-
cient amounts of a particular amino acid or tRNA21:22 and translation
of particular mRNA sequences including the poly(A) tail?3-2¢ (Fig. 1).
These unsuccessful translation cycles typically signify a problem
and merit a response from the cell to resolve the issue and adapt
accordingly. This response may include degrading the mRNA?20:27:28,
ribosome? or nascent polypeptide chain?®%°. Although most quality-
control pathways recognize the target to be degraded??, the stalled
nascent chain and corresponding mRNA do not have a direct role
in recognition. Instead, the cell monitors the state of the ribosome3!
and in cases of stalling ‘assumes’ that the protein, mRNA, and perhaps
even the ribosome are likely to be corrupted and hence should be
targeted for degradation.

mRNA surveillance necessitates nascent-chain degradation

The first link between failed translation and quality control in
eukaryotes came from the study of defective mRNA. It was observed
that mRNAs with premature stop codons are selectively degraded
by nonsense-mediated decay (NMD)32-34, Using artificial model
substrates (Box 2), it was later found that mRNAs that lack stop
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Box 1 Ribosome-associated versus cotranslational quality control

Nascent chains can be tagged for destruction before they leave the ribosome. This can happen for two conceptually different reasons whose mechanistic

underpinnings are probably distinct.

Cotranslational quality-control mechanisms. These mechanisms sense the folding or maturation state of nascent chains as they are translated and influence

their fate16:17.77-81 For example, specialized ribosome-associated chaperones help nascent chains fold and insulate them from the rest of the cellular milieu”®.
General cytosolic protein quality-control mechanisms (for example, the N-end rule) can target nascent chains for destruction’7.80.81, Cotranslational quality-control
mechanisms are therefore used to handle and avoid intrinsic defects in protein quality and to cue the crucial decisions regarding the nascent chain itself.

Ribosome-associated quality-control mechanisms. These mechanisms sense the state of translation rather than the state of the nascent chain. When translation
stalls, for example because of defective mRNA, are detected, the associated nascent chains26 and mRNAZ20 may be targeted for destruction. Like cotranslational
quality control, ubiquitination of the nascent chain occurs at the ribosome. However, unlike cotranslational quality control, ribosome-associated quality control
does not seem to depend on the state of the nascent chain; any nascent chain will be tagged for destruction if it is the product of defective translation.

Thus, ribosome-associated quality control appears to make key fate decisions about the mRNA and nascent protein by monitoring the translation machinery,

predominantly the ribosome31.

codons?”?8, are truncated within the coding region!?, contain strong
secondary structure?’, have rare codons?? or are damaged!® are all
selectively degraded. Critically, these mRNA-surveillance mecha-
nisms all require the mRNA to be translated. Thus, the idea emerged
that mRNAs are ‘tested” for their integrity by translation, and failure
of this test initiates their degradation to prevent production of
faulty proteins®31.

This model of mRNA surveillance has two key implications. First,
ribosomes involved in detecting a defective mRNA would never reach a
stop codon, the signal that normally terminates translation and initiates
recycling of the ribosome. Therefore, these ribosomes need to be recy-
cled by a noncanonical pathway or degraded to avoid accumulation of
nonfunctional complexes. Second, although mRNA degradation limits
subsequent rounds of defective protein translation, detection of a defec-
tive mRNA necessarily produces a partially synthesized and potentially
defective protein. Prescient studies by Inada and colleagues?®2° have
used cleverly designed assays (Box 2) to rigorously demonstrate
that such polypeptides are rapidly degraded by the proteasome.
Thus, ribosome rescue and polypeptide degradation are now understood
to necessarily accompany most or all mRNA decay pathways, but the
molecular mechanisms have only recently come into focus.

The initial insight into eukaryotic ribosome rescue came from genetic
studies in yeast implicating Dom34 (Pelota in mammals) and Hbs1 in
no-go decay (NGD)?9, a situation in which ribosomes are translation-
ally stalled. The homology of Dom34 and Hbs to release factors eRF1
and eRF3 indicates that they function at the ribosome. Reconstitution
studies in a purified system have shown that Dom34 and Hbs] are able
to split the subunits of stalled ribosomes?’, a reaction later found to also
use the ATPase Rlil (ABCEI in mammals)3¢-37. Splitting would permit
the 60S and 40S subunits to be reused for translation, similarly to the
analogous recycling reaction that follows normal translation termina-
tion (mediated by eRF1, eRF3 and Rlil (refs. 37,38)).

The experiments reconstituting the recycling of stalled ribosomes
contained a nascent peptidyl-tRNA that was only a few amino acids
long and thus could ‘drop off’ upon ribosome splitting3>37. Stalled
ribosomes in a physiologic context would typically contain much longer
nascent chains, and drop-off would be unlikely to occur. How such
polypeptides are resolved was unclear until the crucial discovery by
Bengtson and Joazeiro of a ubiquitin ligase that polyubiquitinates
stalled truncated polypeptides and facilitates their rapid degradation’.
The ligase, termed Ltn1 (originally Rkrl1), is homologous to mammalian
Listerin, which is encoded by a gene identified in a forward genetic screen
for neurodegenerative disease?’. The role of Ltn1 will be discussed in
detail below.

Thus, the study of eukaryotic mRNA surveillance pathways led
to an appreciation of a concurrent need for ribosome recycling and
nascent polypeptide degradation, which are also presumably linked
to mRNA degradation (Fig. 1). This is perhaps not surprising in
hindsight, given how bacteria deal with the problem: they use an
entirely different system to simultaneously target defective mRNA for
degradation, terminate translation, recycle ribosomes and tag the
truncated nascent chain for destruction!#2 (Box 3).

The factors involved in ribosome-associated quality control

The discovery of Ltn1’s function in degradation of stalled translation
products facilitated the placement of other genes found by subsequent
work into a single pathway. Two parallel studies in yeast, investigat-
ing different problems, converged on the set of factors that currently
define ribosome-associated quality control. The first study used genetic
interaction maps in yeast to find factors that modulate the cytosolic
heat-shock response®>. Among this data set were two factors with very
similar profiles of genetic interactions with translation-related genes:
one was Ltnl, and the other was named Rqcl. Affinity purification of
Rqcl copurified not only Ltn1 but also Rqc2 (termed Tae2 at the time),
the entire 60S ribosomal subunit, and the AAA+ ATPase Cdc48 with its
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Figure 1 Causes of aberrant translation elongation. Top, normal translation
involves initiation, elongation through the coding region, termination and
recycling of ribosomal subunits. Bottom, four different situations that can
cause ribosomal stalling before the stop codon is reached. In each case,
stalling can initiate one or more downstream pathways that facilitate stall
resolution and cellular adaptation. Figure adapted with permission from
ref. 63, Elsevier. aa-tRNA, aminoacyl-tRNA; ORF, open reading frame.
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Box 2 Tools of the trade

Model substrates have been instrumental in the investigation of ribosome-
associated quality-control mechanisms. The original model substrate was a
gene lacking a stop codon in any frame of the untranslated region (termed
a ‘non-stop’ mRNA)27:28, This synthetic substrate mimics mRNAs subject
to premature polyadenylation, a potentially common mRNA defect82.
In this case, the ribosome reads into the poly(A) tail, which is interpreted
as a tract of lysine residues. Later it was discovered that simply including
a stretch of adenosine nucleotides anywhere in the coding sequence
arrests translation and induces a ribosome-associated quality-control
pathway that may be identical to the response induced by a native non-
stop mRNAZ6, Stretches of basic residues (arginine or lysine), depending
on the codon?!, also trigger ribosome-associated quality control in yeast6?!,
although this may not be mechanistically identical to the non-stop case.
Other mRNA sequences that induce translational stalling also induce
ribosome-associated quality-control pathways. These include stem-0ops2°,
rare codon tracts®2 and mRNAs truncated within the coding region!9.
An advantage of encoding an arrest-inducing sequence in the middle of a
gene is that an additional readout can be used past the arrest point.
For example, encoding fluorescent proteins before and after a stall site

5

REVIEW

Assayable reporter Normal transcript

Alc—CTD UAA (A), &
‘Nonstop’ transcript
AUG — ) (A), 3 (poly(A) tail part of
open reading frame)
AUG—_—M UAA (A), &
‘No-go’
Self-cleavage E ji 0 transcripts
g S P
AUG UAA (A), 3
Dual-reporter transcript
AUG UAA (A), 3

Reporter 1 / \ Reporter 2

Stalling sequence
(polybasic; stem-loop; rare codons; etc.)

allows a quantitative, ratiometric readout of translation arrest and nascent-chain degradation43. Other assays used to measure processing of ribosome-associated
quality-control substrates include measuring mRNA levels (for example, by northern blotting20.26.29,61) and protein fragments (for example, by western

blotting26.61), and ribosome footprinting®°.

cofactors Npl4 and Ufd1. In parallel, a search for genetic interactions
with Ltnl and mRNA decay pathways uncovered Rqcl, Rqc2 and the
Cdc48 complex, all of which again were seen physically associated with
60S subunits*4. Thus, these factors together compose the 60S-associ-
ated ribosome quality-control complex (RQC).

Using reporters for defective mRNAs and translational stalling, these
and subsequent studies have shown that each RQC component is required
for efficient degradation of stalled protein products*3-4>. The presence
of polyubiquitin in purified RQC is completely dependent on Ltn1 and,
to a lesser degree, Rqc2; in contrast, Rqcl and the Cdc48 complex are
dispensable for this phenotype*®. Recruitment of the Cdc48 complex to
the ribosome requires both Rqcl and nascent-chain ubiquitination344,
These observations, together with nascent-chain interaction analysis39’43,
have suggested a model wherein Ltn1 and Rqc2 facilitate nascent-chain
ubiquitination. Subsequently, the Cdc48 complex, recruited in part via
Rqcl, mediates extraction of ubiquitinated nascent chains from the
ribosome for degradation (Fig. 2). In agreement with this model, in the
absence of functional Cdc48, stalling reporters have been observed in
ribosomal fractions with a peptidyl-tRNA still attached*>.

These functional assignments matched with Ltn1 being a predicted
ubiquitin ligase and the capacity of the Cdc48 complex to impart
force on polyubiquitinated clients in other systems¢. However, the
functional roles of Rqcl and Rqc2 were unclear. Another important
observation was the association of all of these factors primarily with
the 60S subunit3>4344 but not with 80S ribosomes or polysomes.
This finding linked the action of these factors with splitting of the
ribosome, although the order of events and their role in splitting, if
any, remained unclear. Thus, with a solid parts list and several basic
features of this pathway in hand (Fig. 2), the next challenge was to
understand how these components work to mediate quality control.

The order of events in the RQC pathway

An important advance toward dissection of the RQC pathway was the
serendipitous observation of polyubiquitinated nascent chains on stalled
ribosomes produced by in vitro translation in reticulocyte lysates*’.

The protein translocation field had long used the trick of translating
a truncated mRNA to produce stalled ribosome-nascent chain com-
plexes*8. This permits the generation of defined-length translation
complexes, depending on the point of truncation, to trap putative
intermediates in a cotranslational process such as protein transloca-
tion into an organelle. The realization that ubiquitination of a small
proportion of these nascent chains might represent a physiologically

Box 3 The prokaryotic solution: tmRNA

Bacteria have evolved a distinct mechanism to resolve translational
stalling at the end of a truncated mRNA lacking a stop codon. This situation
results in a trapped mRNA, partially synthesized nascent chain and
ribosome. All these three issues are resolved by the molecule tmRNA83-86,
an RNA with both tRNA- and mRNA-like properties. The tRNA-like domain
of tmRNA encodes an alanine codon that can bind at the empty A site of
the stalled ribosome and restart translation; the adjacent mRNA-like region
is used to translate a short degradation tag before a stop codon is reached.
Thus, the nascent chain terminates and is released, but it is short lived,
owing to the C-terminal degradation tag. The ribosome is recycled by the
usual termination and recycling pathway, and the defective mRNA is
released so that it can be degraded by its exposed 3’ end.

As elegant as the tmRNA system is, it is limited to truncated mRNAs
that leave an empty A site in the mRNA channel. Thus, other types of
stalling, e.g., those resulting from mRNA secondary structure or amino acid
insufficiency, would need a nuclease to remove mRNA from the A site87.
The greater diversity of potential clients in eukaryotes might have driven
the evolution of more elaborate surveillance and degradation systems.
Nevertheless, eukaryotic and prokaryotic ribosome-associated quality control
share some key features. Both systems ensure efficient nascent-chain and
mRNA degradation, and both permit the addition of an artificial tag to the
C terminus. However, the eukaryotic mechanism performs ribosome splitting,
nascent-chain tagging and nascent-chain extraction in separate steps—a
modular design that may allow regulation and accommodate a more
diverse array of substrates.
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Figure 2 Primary steps and factors of Nascent
ribosome-associated quality control.

A stalled ribosome is recognized and
acted upon by ribosome-recycling
factors that split the ribosomal subunits.
Removal of the 40S subunit exposes the
peptidyl-tRNA and intersubunit interface
on the 60S subunit. These cues are
recognized by RQC components, whose
assembly on the 60S subunit permits
ubiquitination of nascent polypeptides.
The polyubiquitinated complex is then
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nascent chain. Shown below are the homologous yeast and mammalian factors implicated at each step. Question marks indicate factors implicated by
homology whose direct role remains to be examined experimentally. Figure adapted with permission from ref. 57, Elsevier.

relevant degradation pathway suggested an experimentally tractable
route to its mechanistic study.

Characterization of the reticulocyte lysate in vitro system provided
several pieces of evidence suggesting that this system reflected the
mammalian correlate of the yeast Ltnl pathway*’. First, ubiquitina-
tion occurred on nascent chains that remained ribosome associated and
covalently attached to a peptidyl-tRNA. Second, multiple types of ribos-
ome stalling led to ribosome-associated nascent-chain ubiquitination.
Third, ubiquitination was dependent on the mammalian Ltn1 homolog,
Listerin, which associated with 60S subunits as seen in yeast. Hence,
the polyubiquitinated nascent chain cofractionated with 60S subunits.
What remained uncertain was whether ribosome splitting preceded or
rapidly followed ubiquitination: both possibilities would result in the
same endpoint of ubiquitinated nascent chain-60S complexes.

This question was resolved by the demonstration that inhibition of
splitting (by depleting Hbs1 or using a dominant-negative mutant)
precluded Listerin recruitment and nascent-chain ubiquitination?’.
Conversely, artificially splitting the ribosomal subunits permitted
Listerin to mediate ubiquitination of the nascent chain. Furthermore,
an unstructured nascent chain was shown to drop off with its pepti-
dyl-tRNA, in a process that was dependent on subunit splitting and
could not have occurred if the polypeptide were first ubiquitinated.
Thus, ribosome splitting not only precedes but also is required for
nascent-chain ubiquitination. Subsequent reconstitution of nascent-
chain ubiquitination with recombinant splitting factors and Listerin
confirmed this conclusion and showed that Listerin alone can discrimi-
nate between stalled nascent chains on 80S versus 60S ribosomes and
preferentially ubiquitinate the latter*®. Because discrimination occurred
regardless of how 80S ribosomes were split, Listerin appeared to identify
intrinsic features specific to 60S-nascent chain complexes, a conclusion
later supported by the structural studies described below.

The reconstitution experiments?’4%, together with the earlier
yeast studies3®4344, segregated the pathway into three discrete
and successive phases (Fig. 2): (i) splitting of a stalled ribosome into
subunits; (ii) RQC assembly and nascent-chain ubiquitination; and
(iii) nascent-chain extraction and degradation. This framework pro-
visionally assigns splitting factors the task of recognizing a stalled ribo-
some; Ltnl and Rqc2 the task of nascent-chain ubiquitination; and
Rqcl the task of Cdc48 recruitment for nascent-chain extraction.

Recognition of a stalled ribosome

Because stalling can occur for many reasons (Fig. 1), the configura-
tion of the nascent chain-ribosome-mRNA complex can differ in
key ways. This includes the presence or absence of mRNA in the
ribosomal aminoacyl (A) site, the codon identity of the A site and the
conformational state of the ribosome. It is unclear whether each of

these states is recognized and split by a unified mechanism or whether
different states require specific factors®>>!. We discuss below how
different types of stalling might be handled.

At present, the best-studied system that mediates preferential split-
ting of stalled ribosomes is the Hbs1-Dom34-Rlil pathway, and its
best-characterized target is a ribosome stalled at the 3" end of a trun-
cated mRNA. Hbsl is a member of the translational GTPase family,
whose members bind at the GTPase center near the A site of the ribos-
ome2. The family includes eukaryotic elongation factor 1 (eEF1A),
which delivers tRNAs to the ribosome, and eRF3, which delivers eRF1
to the ribosome for termination®3-°4; another member, eEF2, mediates
ribosome translocation. These proteins, either alone (eEF2) or in com-
plex with a partner (eEF1A with tRNA; eRF3 with eRF1; and Hbsl
with Dom34) bind in a GTP-dependent manner to distinct states of
the ribosome: eEF2 probably prefers the hybrid state of the ribosome,
whereas the other complexes favor the nonrotated (or canonical) state>*.
In addition, the binding partners (tRNA and eRF1) impart further spe-
cificity on the basis of the mRNA codon in the A site>>%. Thus, the
translational GTPases can be conceptualized as monitoring the state of
the ribosome and initiating the appropriate downstream reaction>*.

From the available information, the simplest model to explain
Dom34-Hbs1 specificity for stalled ribosome complexes is one in
which the crucial cue is a failure to be promptly engaged by either
aminoacyl-tRNA-eEF1A or eRF1-eRF3 complexes (Fig. 3). This is easiest
to understand for the situation in which a ribosome translates to the
end of a truncated mRNA: the A site is unoccupied by mRNA, thus pre-
cluding recognition by either the tRNA-eEF1A or eRF1-eRF3 complex,
both of which rely on A-site codon interactions. In mammalian in vitro
systems, both purified or in lysate, a stalled truncated complex is effi-
ciently split by Pelota-Hbs1-ABCEI (refs. 35,37,49,57). In yeast, reso-
lution of this situation is dependent on Dom34-Hbs1-Rlil (refs. 35,36).
In the absence of Dom34, the mRNA is not degraded efficiently because
the 3" end is protected by a stalled ribosome from the RNA-degradation
machinery?, and the protein is not produced efficiently because
the mRNA cannot be translated repeatedly®®. Ribosome profiling in
the presence and absence of Dom34 has shown that an endogenous
substrate for this pathway is Hacl, a cytosolically spliced mRNA whose
incorrect ligation results in an mRNA truncated in the coding region>®.
Thus, Dom34-Hbs1-Rlil is both necessary and sufficient for resolving
stalling on truncated mRNAs in vitro and in vivo.

Dom34-Hbs1-Rlil can also resolve stalling in which mRNA is
present in the A site. In vitro in both mammalian and yeast systems,
stalling due to aminoacyl-tRNA unavailability, poly(A) translation or
a stem-loop can all be engaged by Dom34-Hbsl (refs. 35,37,49,52).
Furthermore, Hbs1 depletion or excess GTPase-deficient Hbsl par-
tially inhibits nascent-chain ubiquitination of stalls in a poly(A) tail,
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Figure 3 Working model for recognition of a stalled ribosome by recycling
factors. Top left (green background), a simplified translation elongation
cycle is shown. A translating ribosome in the nonrotated state (center)
engages the tRNA-eEF1A-GTP ternary complex in response to a sense
codon in the A site. Codon recognition by the tRNA triggers GTP hydrolysis
by eEF1A, release of the latter from the ribosome and accommodation

of the tRNA to catalyze peptide-bond formation. The ribosome is then
translocated by one codon via the action of eEF2 to complete the cycle.
Top right (white background), when a stop codon enters the A site, it is
recognized by an eRF1-eRF3-GTP complex that functions analogously to
the elongation complex. Upon accommodation of eRF1, the ATPase Rlil
(ABCE1 in mammals) is recruited, and peptidyl-tRNA is hydrolyzed, thus
releasing the nascent protein. The ribosomal subunits are separated by
the action of the eRF1-RIi1 complex. Bottom (pink background), failure
to be engaged by either the eEF1 or eRF1 complex permits ‘default’
engagement by the Dom34-Hbs1-GTP complex, which does not exhibit
codon specificity. These factors act similarly to the homologous eRF1-eRF3
complex, with the exception that Dom34 (Pelota in mammals) does not
catalyze peptidyl-tRNA hydrolysis. Thus, subunit separation results

in a 60S-peptidyl-tRNA complex that is targeted by the RQC. T, GTP;

D, GDP; E, exit tunnel.

similarly to the results seen with a truncated mRNA#’. Thus, it can be
inferred that, at least in vitro, the Dom34-Hbs1 complex can bind to
a stalled ribosome independently of codon identity in the A site. This
notion is consistent with a moderate-resolution cryo-EM structure
showing Dom34-Hbsl bound to a nonrotated ribosome stalled by
a stem-loop2. In vivo evidence for a Dom34-Hbsl requirement in
splitting internally stalled ribosomes is less complete but is supported
by the finding of blocked translocons in yeast strains that lack Dom34
or Hbs1 and express a stalled protein targeted to the endoplasmic
reticulum or mitochondria. Furthermore, the tRNA-linked product
of a reporter protein stalled in a poly(A) tail has been shown to be
stabilized comparably in Dom34- or Ltn1-deleted yeast*>. Thus, it can
provisionally be assumed that the Dom34-Hbs1-Rlil system is at least
one pathway for resolving stalling in which mRNA is in the A site.
How might specificity for stalls be determined in this case?.

After initial binding of a GTP-Hbs1-Dom34 complex to a stalled
ribosome, GTP hydrolysis by Hbsl is crucial for Hbs1 dissociation,
which allows accommodation of Dom34 into the A site of the ribos-
ome>> (Fig. 3). The accommodated Dom34 recruits Rlil, which
catalyzes subunit separation through a poorly understood mecha-
nism3®37. Until accommodation occurs, the binding is presumably
labile, thereby permitting kinetic proofreading. It is therefore attrac-
tive to think that the time needed for GTP hydrolysis by Hbs1 rep-
resents a window for competition by tRNA-eEF1A or eRF1-eRF3
complexes. Competition is feasible only if the appropriate codon is
in the A site, and the suitable complex is available. Otherwise, Hbs1
hydrolyzes its GTP, thereby initiating downstream steps in splitting.
Thus, if a suitable aminoacylated tRNA is unavailable (for example,
in the case of rare codons or amino acid deficiency) or the ribosome
cannot elongate, owing to a physical block, Dom34-Hbs1 would even-
tually access the ribosome and initiate splitting.

Less clear is the situation in which the A-site codon has a suitable
aminoacyl-tRNA. This might occur with stalling at a polybasic coding
sequence such as the poly(A) tail. Perhaps competition with aminoacyl-
tRNA-eEF1A does occur in these situations, but elongation is not possible,
owing to unfavorable architecture around the peptidyl transferase center,
as has been observed in other cases of peptide-induced stalling?>%0. In this
case, Dom34-Hbs1 would eventually act, albeit more slowly.

Alternatively, other factors may participate in this circumstance.
This possibility has been suggested by the observation that deleting
the 40S ribosomal protein Ascl or the ubiquitin ligase Hel2 leads to
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increased protein synthesis downstream of polybasic stretches*361:62,
How polybasic regions selectively recruit Hel2 or why its presumptive
ubiquitination activity toward the ribosome causes translation to be
aborted remain to be examined. It is important to understand this step
in molecular detail because the outcomes of both mRNA degradation
and protein degradation are ultimately decided by the irreversible
decision to split or not to split a translation complex.

Assembly and structure of the ubiquitination complex

The immediate consequence of removing the small subunit from a
nascent chain-80S complex is the exposure of the intersubunit inter-
face of the nascent chain-60S complex (Fig. 2). If the nascent chain
is relatively short, it can drop off and leave behind an empty 60S that
presumably can reenter the translation cycle3>3747. However, longer
nascent chains would be trapped, thereby exposing the attached
peptidyl (P)-site tRNA at the interface side of the 60S. It has therefore
been speculated that the interface and/or tRNA might provide the
cue for Ltnl recruitment?”:93, thereby explaining why Ltnl is seen
only on 60S complexes and does not promiscuously target translat-
ing ribosomes3%4347. Indeed, the initial low-resolution structure of
a reconstituted nascent chain-60S-Listerin complex has shown that
Listerin’s position substantially clashes with the 405%.

However, such reconstituted complexes rapidly reassociate with
free 40S ribosomal subunits, and the basis for Listerin specificity
toward nascent chain-containing 60S over free 60S is unclear®’. By
contrast, 60S—-peptidyl-tRNA particles produced in a cytosolic trans-
lation extract contain stably bound Listerin and do not reassociate
with free 40S subunits*’. This suggests that Listerin acts with cofac-
tors that stabilize its 60S association and prevent 40S binding. One
such cofactor has been found to be NEMEF, the mammalian homolog
of Rqe2. Inclusion of NEMF in the reconstituted in vitro reaction has
been shown to inhibit 40S rebinding to 60S—nascent chain complexes
and stabilize the Listerin-60S interaction, thereby improving ubiqui-
tination efficiency®”. Order of addition experiments have indicated
that NEMF can be recruited to nascent chain-60S complexes first,
and Listerin recruitment follows (Fig. 4a).
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Figure 4 Steps of RQC assembly on 60S—peptidyl-tRNA complexes.

(a) Upon subunit separation, the exposed interface of the 60S subunit
has high affinity for both the 40S subunit and the factor NEMF (Rqc2

in yeast). NEMF binding via both the tRNA and 60S interface effectively
precludes 40S reassociation and facilitates binding of Listerin (Ltn1 in
yeast). Listerin’s RING domain is positioned near the polypeptide exit
tunnel, thus facilitating nascent-chain ubiquitination. Figure adapted with
permission from ref. 57, Elsevier. (b) Intersubunit view of the assembled
mammalian 60S-peptidyl-tRNA-RQC complex. Teal, NEMF; purple, P-site
tRNA; orange, Listerin; gray, ribosome. The direct interaction between
NEMF and Listerin is shown. (c) Cutaway view illustrating the direct
recognition of P-site tRNA by NEMF and the proximity of Listerin to the
polypeptide exit tunnel over 100 A away.

Structures of the yeast and mammalian 60S-RQC by cryo-EM have
not only corroborated these biochemical conclusions but also defined
the binding sites and locations of these factors®”-04%> (Fig. 4b,c).
To isolate the yeast 60S-RQC, the complex was assembled in vivo
and stabilized by use of a strain in which the RING ligase domain
of Ltnl is deleted (thereby precluding progression beyond the step
of RQC assembly®49%); the complex was then affinity isolated via an
epitope-tagged Rqcl or Ltnl. The mammalian complex was instead
assembled in vitro by incubation of a purified stalled 80S ribosome-
nascent chain complex with recombinant splitting factors (Pelota,
Hbs1 and ABCE1), NEMF and Listerin*>>7. Thus, both the yeast and
mammalian complexes represent the step immediately preceding
nascent-chain ubiquitination.

Assignment of density to Ltn1 versus Rqc2 was based on difference
maps from structures obtained from individual deletion strains, the
expected shape for Ltnl according to its negative-stain structure in
isolation® and an earlier low-resolution Listerin structure bound to
the 60S%. Similarly, assignments in the mammalian structure were
based on density relative to a structure lacking NEMF and, in areas
with sufficient resolution, by direct building of atomic models. These
analyses collectively showed that Rqc2 and NEMF are in approxi-
mately the same position, occupying a large proportion of the 60S
surface that would ordinarily bind the 40S subunit. This binding posi-
tion has provided a mechanism for Rqc2’s and NEMF’s specificity
for 60S and for how they prevent 40S-subunit reassociation after
80S splitting.

The architecture of NEMF consists of N- and C-terminal globu-
lar lobes that are positioned near each other at the ribosomal P site
and connected by a long outstretched middle region extending to the
sarcin-ricin loop (SRL). The N- and C-terminal globular domains
cradle the P-site tRNA>7:6465 (Fig. 4c), thus explaining the factor’s
specificity for nascent chain-containing 60S complexes over empty
60S>7. Of note, free tRNA can compete for NEMF binding to its target,
but only at concentrations exceeding that of cytosolic tRNA>’. Thus,
NEMEF uses coincidence detection of both tRNA and 60S to identify
their targets, and the multitude of interactions provide a specific high-
avidity interaction.

The middle domain of NEMF that interacts with the SRL and ribo-
somal P stalk is precisely where the N terminus of Listerin interacts
with both the ribosome and NEMF (Fig. 4b). The ensuing middle part
of Listerin contains HEAT repeats that adopt a superhelical structure
extending over 100 A toward the exit tunnel at the other side of the
60S. This is followed by an RWD domain whose interaction with
the ribosome®” positions the C-terminal RING domain very close
to the exit tunnel. Thus, the specificity of Listerin for stalled nas-
cent chains is imparted at two levels. First, the N terminus of Ltn1
and Listerin clashes with the region where the 40S subunit would
be, thereby excluding promiscuous ubiquitination of translating
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polypeptides. Second, the reliance of Listerin on NEMF for part of
the 60S interaction probably helps Listerin find 60S subunits whose
nascent-chain occupancy has already been vetted via the P-site tRNA.
The importance of these key interactions for ubiquitination efficiency
have been validated by structure-guided point mutations in the mam-
malian system?®’.

An additional tRNA was unexpectedly observed in the yeast, but
not mammalian, 60S-RQC structure® (Fig. 5a). This difference is
probably because the mammalian complex came from a purified
in vitro reaction lacking free tRNA, whereas the yeast complex was
assembled in vivo. The extra tRNA is in nearly the same position
as tRNAs bound to the A site of translating 80S ribosomes. In the
absence of 40S or mRNA, this A-site tRNA in the RQC structure is
held in place by interactions with Rqc2 (Fig. 5a,b). We will discuss the
implications and repercussions of this finding in the next section.

CAT tails and induction of a stress response

The saturation of most biosynthetic or quality-control processes
triggers stress responses that facilitate restoration of homeostasis.
Prominent examples include the unfolded-protein responses of the
endoplasmic reticulum!! and mitochondrial?, and the heat-shock
response in the cytosol!?. Perhaps similarly, disruption of Ltn1 or Rqcl
induces activation of heat-shock factor 1 (Hsf1) in yeast43; however,
disruption of Rqc2 not only fails to induce Hsfl but also abrogates
the response induced by deleting Ltn1 or Rqcl. Although the RQC-
dependent mechanism of induction of Hsfl remains unknown,
the observation of an A-site tRNA bound to Rqc2 in the cryo-EM
structure (Fig. 5a,b) has led to new insights that might hold the key
to understanding this stress response.

Sequencing of tRNAs from the purified 60S-RQC complexes has
revealed that they are markedly overrepresented by alanyl- and threonyl-
tRNAs%%. Alanine and threonine are also enriched in total amino
acid analysis of the stalled nascent polypeptide. Furthermore, the
molecular weight of stalled model polypeptides has been found to be
slightly larger than predicted in earlier studies?3, a discrepancy that
has proven to be a C-terminal extension®. This extra polypeptide is
dependent on Rqc2 and is particularly prominent when resolution
of the stalled nascent chain is inhibited by preventing its ubiquitina-
tion or extraction. These observations have led to a model wherein
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Figure 5 CAT-tail formation by Rqc2p.

(a) Architecture of the Rqc2-60S complex
bound to both A- and P-site tRNAs, illustrating
that the two amino acid—attachment sites
are juxtaposed at the peptidyl transferase
center (PTC). (b) Recognition of the A-site
tRNA via the anticodon loop and D loop

is thought to provide specificity for alanine
and threonine tRNAs. (c) A speculative
elongation cycle in which a 60S-RQC
complex with P-site tRNA interacts with

a threonine- or alanine-charged tRNA in
the A site. This brings the charged amino
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acid into the peptidyl transferase center, thereby facilitating attack of the ester bond (arrow) on the peptidyl-tRNA. Transfer of the nascent chain to the
A-site tRNA frees the P-site tRNA, which over time dissociates. The A-site peptidyl-tRNA can then engage the P site, which might be a higher-affinity
site, to complete the cycle. Figure adapted with permission from ref. 64, AAAS.

charged A-site tRNA in the 60S-RQC structure represents a snapshot
of polypeptide elongation preferentially with alanine and threonine
(Fig. 5¢), in an unusual reaction that is not dependent on either the
40S subunit or mRNA. Such extensions have been dubbed C-terminal
alanine and threonine (CAT) tails®4.

Direct sequencing of CAT tails from a stalled polypeptide has
shown roughly equal amounts of alanine and threonine yet without
a specific sequence. The preference for these residues is apparently
imparted by the specificity of Rqc2 for alanyl- and threonyl-tRNA
(Fig. 5b), both of which feature the modified base inosine in the
wobble position of the anticodon loop®. The 60S-RQC structure
suggests that Rqc2 facilitates positioning of the charged A-site tRNA
sufficiently close to the peptidyl transferase center to permit attack of
the peptidyl-tRNA ester bond®* (Fig. 5a). Once this bond is formed,
the untethered P-site tRNA can dissociate, thereby permitting the
adjacent A-site tRNA to occupy the P site (which may be the higher-
affinity site). This would make the A site available to bind the next
aminoacyl-tRNA (Fig. 5¢). Reconstitution of CAT-tail elongation
in vitro will enable this and other mechanistic models to be tested.

At least one purpose of CAT tails may be to extend or reposition
the nascent polypeptide relative to the exit tunnel when a suitable
ubiquitination site is not readily available. Given that lysines are rela-
tively common, and stalling in a poly(A) tail presumably incorporates
at least one lysine, most stalled complexes are likely to have a lysine
inside the 35-residue-long ribosomal tunnel. Thus, CAT-tail elonga-
tion (which can proceed for at least this length®*) may facilitate expo-
sure of this lysine for ubiquitination by Ltn1. Such a function might be
especially important when the stalled complex is being translocated
across a membrane, and most of the nascent polypeptide is not avail-
able to Ltnl (ref. 67). In cases in which the nascent chain does not
include lysine, the threonines in CAT tails might provide alternative
residues for ubiquitination.

CAT tails appear to be required for activating Hsfl when the RQC
is compromised. CAT tails and Hsf1 induction are both dependent on
Rqc2 (refs. 43,64). Furthermore, point mutations in conserved Rqc2
residues that abolish CAT-tail formation while preserving degradation
of model stalled polypeptides abolish RQC-induced Hsf1 signaling®.
CAT tails, which are likely to contain homopolymers that are aggrega-
tion prone®®, may disrupt protein homeostasis®® and therefore indi-
rectly activate Hsfl. Alternatively, CAT tails may signal more directly
to Hsfl. An important immediate goal is to rigorously establish the
causal link between CAT tails and Hsfl activation, after which the
mechanism of activation can be investigated.

Stress and translational stalling may be related in the reverse direc-
tion as well. Ribosome profiling experiments have indicated that heat
shock can lead to pervasive translation stalling ~60 codons from the

initiation site’®7!. This position is noteworthy because it is the point
at which chaperones are likely to first engage the nascent polypep-
tide. Thus, there may be mechanisms by which chaperone availability
is communicated to the translation apparatus to reduce synthesis.
Similarly, stress in the endoplasmic reticulum has recently been
observed to trigger regulatory ubiquitination on the ribosome, per-
haps to modulate translation”2. Whether or how these stress-triggered
effects on translation initiate mRNA7374 or polypeptide degradation
remains to be studied in depth, but the observations highlight the
intimate and emerging relationships between translation elongation
and protein homeostasis pathways.

Nascent-chain extraction and degradation

Although a number of mechanistic issues remain to be resolved,
the steps leading to a polyubiquitinated nascent chain-60S complex
are reasonably well defined and have now been reconstituted with
purified factors*>%7. In contrast, the subsequent steps culminating
in nascent-chain degradation and recycling of the 60S-RQC remain
obscure. The central challenge is probably to free the nascent chain
from the 60S-RQC within which it is embedded. The nascent chain is
threaded through the very narrow 60S exit tunnel with bulky elements
on either side: a polyubiquitinated N-terminal domain with potential
folded regions and a covalently attached C-terminal tRNA.

Genetic studies have suggested that the Cdc48 complex is required
for nascent-chain extraction*3-4>75, Because neither Rqcl nor Cdc48
is needed for nascent-chain ubiquitination in vitro®’, both appear
to act after Ltnl. This scenario is supported by the dependence
of Cdc48 recruitment on both Ltn-mediated polyubiquitination and
Rqcl (refs. 43,44). Because Rqcl is not needed for Ltnl-mediated
ubiquitination®3, the current model posits that the Cdc48 complex is
recruited by a bivalent interaction with Rqcl and polyubiquitin, after
which it uses its ATP-powered activity to drive downstream steps. The
established ‘separase’ activity of Cdc48 (ref. 46) may apply force to
the nascent chain and/or RQC and hence facilitate extraction of the
ubiquitinated substrate from the 60S ribosome.

Notably, once the ester bond between the tRNA and nascent chain
is broken, there may be relatively little impedance to polypeptide
release. Thus, hydrolysis of this bond is likely to be the key step in
freeing both the nascent chain and the tRNA. One model suggests that
Cdc48 pulls the nascent chain, via its polyubiquitin, from the mouth
of the exit tunnel. This might reposition the ester bond slightly to a
location that is more favorable for its hydrolysis. Perhaps the ability
of Rqe2 to bind tRNA in the A site® allows uncharged tRNA or eRF1
to somehow act in this hydrolysis reaction. It is noteworthy that eRF1
has the approximate shape of a tRNA7° and could conceivably interact
with Rqc2 or NEMF in the same way as alanyl- or threonyl-tRNA.
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