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Abstract

The stalling of ribosomes during protein synthesis results in the production of truncated 

polypeptides that can have deleterious effects on cells, and therefore must be eliminated. In 

eukaryotes, this function is carried out by a dedicated surveillance mechanism known as ribosome-

associated protein quality control (RQC). The E3 ubiquitin ligase Ltn1 (Listerin in mammals) 

plays a key part in RQC by targeting the aberrant nascent polypeptides for proteasomal 

degradation. Consistent with having an important protein quality control function, mutations in 

Listerin cause neurodegeneration in mice. Ltn1/Listerin is part of the multi-subunit RQC complex, 

and recent findings have revealed that the Rqc2 subunit of this complex catalyses the formation of 

C-terminal alanine and threonine tails (CAT tails), which are extensions of nascent chains known 

to either facilitate substrate ubiquitylation and targeting for degradation or induce protein 

aggregation. RQC, originally described for quality control on ribosomes translating cytosolic 

proteins, is now known to also have a role on the surfaces of the endoplasmic reticulum and 

mitochondria. This Review describes our current knowledge on RQC mechanisms, highlighting 

key features of Ltn1/Listerin action that provide a paradigm for understanding how E3 ligases 

operate in protein quality control in general, and discusses how defects in this pathway may 

compromise cellular function and lead to disease.

Introduction

Aberrant proteins are continuously produced as a consequence of, for example, gene 

mutations, errors during gene expression, chemical damage or the absence of an interacting 

partner. As such proteins can fold improperly, lose normal function, and/or acquire new 

anomalous functions (such as forming toxic aggregates) cells have a variety of protein 

quality control mechanisms that detect their production and prevent their accumulation—in 

general, relying on molecular chaperones to promote correct protein folding and/or prevent 

protein aggregation, and on the ubiquitin-proteasome and autophagy systems for protein 

degradation1,2. Consistent with having a crucial role in ensuring the integrity of the 
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proteome and cellular fitness, defects protein quality control are associated with various 

diseases and are a hallmark of neurodegeneration3.

Protein surveillance, which must occur with great sensitivity and precision to detect as many 

forms of protein aberration as possible, is carried out by a variety of specialized machineries. 

Studies over the past years have increased our understanding of one such surveillance 

process: ribosome-associated protein quality control (RQC). The RQC pathway is initiated 

as a result of ribosome stalling on mRNA (Box 1; Fig. 1) and targets newly-synthesized 

proteins for proteasomal degradation while they are still associated with the ribosomal 60S 

subunit. Degrading proteins at their birthplace may seem counterintuitive, as nascent chains 

only have the opportunity to achieve their final fold, and sometimes to engage in stabilizing 

interactions with other cellular components, after translation is terminated and the complete 

polypeptides are released from ribosomes. However, stalled ribosomes are perceived by cells 

of all organisms as a dangerous source of defective nascent polypeptide chains4,5. Thus, a 

commitment to proteolysis is made already at the ribosomal level, minimizing the potential 

to release toxic protein species (Fig. 1). Furthermore, this mechanism of targeting protein 

quality control substrates expands the code that cells utilize to recognize aberrant proteins, 

as it senses the state of translation rather than the folding state of the nascent chain.

The central player in RQC is the RING domain [G] E3 ubiquitin-protein ligase Ltn14,6,7, 

which polyubiquitylates the polypeptides obstructing the 60S ribosomal subunit to promote 

their degradation. Lnt1 is the yeast homologue of mammalian Listerin, and consistent with 

its important function in protein quality control, mutation of Listerin causes 

neurodegeneration in mice8. Ltn1 works closely with its cofactor Rqc2 (NEMF in mammals) 

as part of the multi-subunit RQC complex9,10.

This Review describes the function and mechanisms of RQC. It also highlights how this 

mechanistic understanding can inform on more general principles underlying E3 ligase-

mediated protein surveillance; this is important, as knowledge on how E3 ligases work in 

protein surveillance is scarce, with the exception of endoplasmic reticulum-associated 

degradation (ERAD) [G]. Moreover, the Review discusses the molecular and cellular 

consequences of RQC dysfunction and work implicating RQC in protecting the integrity of 

organelles such as the endoplasmic reticulum (ER) and mitochondria. Finally, it comments 

on how our understanding of RQC provides a framework for hypothesis-driven research on 

the mechanisms underlying neurodegeneration.

Overview of the RQC pathway

Unlike co-translational ubiquitylation on elongation-competent ribosomes11,12, nascent 

chain proteolytic tagging in RQC takes place after stalled ribosomes have been sensed and 

split into the 40S and 60S subunits (the small and large ribosomal subunits, 

respectively)13,14 (Fig. 1, Box 1, Box 2). This so-called rescue of stalled ribosomes upstream 

of RQC has been recently reviewed4,15 and is not the focus of this article.

With the rescue reaction, released 40S ribosomal subunits can be recycled and the mRNA 

can be degraded by the 5’−3’ exoribonuclease Xrn1 and the exosome complex, preventing 
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new rounds of translation of a transcript that is possibly aberrant, thus helping keep the 

levels of the encoded proteins low16,17 (Fig. 1)(see, e.g.,6,18). Another product of the rescue 

reaction is a 60S subunit that remains attached to an obstructing nascent chain-tRNA 

conjugate13,14,19 (Box 2). This aberrant 60S structure must therefore undergo further 

processing, and it is RQC that resolves the obstruction, while simultaneously marking the 

nascent chain for destruction6,9,10,20–22 (Fig. 1).

Obstructed 60S ribosomal subunits are sensed by the RQC complex subunit Rqc2 (also 

known as Tae2; NEMF in mammals) by binding to the 60S subunit simultaneously with the 

tRNA moiety of the peptidyl-tRNA that is exposed on the 60S20–22. Rqc2 then recruits Ltn1 

and stabilizes the binding of Ltn1 to the 60S10,22.

Ltn1 catalyses the polymerization of poly-ubiquitin chains on the nascent polypeptide6. This 

ubiquitin signal recruits Cdc48 (VCP or p97 in mammals), which is an ATPase of the AAA 

family, and its cofactors9,10. Cdc48 recruitment also requires the Rqc1 subunit of the RQC 

complex, the exact function of which remains to be elucidated. Cdc48 extracts and delivers 

the nascent chains to the proteasome for degradation23 (Fig. 1).

Extraction by Cdc48 requires that the 60S-trapped nascent chain be released from the tRNA 

to which it is covalently linked (Fig. 1). The Vms1 protein (ANKZF1 in mammals) has 

recently been identified as a crucial factor performing this function in RQC24,25. Of note, 

Vms1 is a paralog of the eukaryotic translation termination factor eRF1, a peptidyl-tRNA 

hydrolase that releases nascent chains in canonical translation termination (Fig. 1).

Cells have built mechanisms that take over RQC when the canonical pathway does not 

function properly21,26–30. Notably, Rqc2 has another role in supporting Ltn1, when the 

nascent polypeptide sequence exposed outside the ribosome exit tunnel has no Lys residues 

accessible to ubiquitin modification. In this case, Rqc2 recruits charged tRNAs to extend the 

C-terminus of the nascent chain with Ala and Thr residues, which pushes the polypeptide 

out of the ribosomal exit tunnel, until a Lys residue that would otherwise be unavailable to 

ubiquitylation becomes exposed21,26. Moreover, in case ubiquitylation fails altogether, the 

C-terminal Ala and Thr tails (known as ‘CAT tails’) synthesized by Rqc2 may play a fail-

safe role by mediating amyloid-like aggregation of the nascent chains28–30 (see below).

Substrate recognition and ubiquitylation

mRNAs lacking stop codons (nonstop mRNAs) encode proteins extended with polyLys, due 

to translation of the poly(A) tail (Box 1b). Such aberrant proteins are unstable and degraded 

by the proteasome31,32. At the time this phenomenon was initially described, the E3 ligase 

involved and the mechanism of substrate selectivity remained elusive, and contemporary 

paradigms suggested that the aberrant nascent chains might be released and then targeted by 

a cytosolic E3 ligase. However, those aberrant proteins were found to be marked for 

degradation by Ltn1 while still associated with the ribosome6. Ltn1 was found to be 

predominantly associated with the 60S ribosomal subunit and in the absence of Ltn1, 

nascent chains produced by ribosome stalling accumulated partially in ribosome-associated 

form6. These observations defined a novel pathway of protein surveillance taking place on 
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ribosomes—now known as RQC—and have since been extended by structural biology, 

biochemical and molecular genetic studies.

Ltn1/Listerin is largely specialized in RQC.

E3 ligases operate in either cellular regulation or protein quality control, a functional 

distinction that can have implications at the mechanistic level, although some E3 ligases can 

perform both functions33–38(Box 3). A major difference between these two classes is that at 

least some regulatory E3 ligases have evolved to optimally modify a limited number of 

substrates, whereas quality control E3 ligases must be able to handle a wide range of 

substrates that can be highly heterogeneous with regard to sequence, structure and type of 

aberration, thus requiring mechanisms that enable broad substrate recognition and 

modification.

Protein quality control E3 ligases must solve a difficult problem—the need for broad action 

is counteracted by the need for high sensitivity and selectivity, as their substrates can be 

present in low abundance (at least under normal growth conditions) relative to an excess of 

normal proteins. Perhaps as a result of this pressure, quality control E3 ligases have evolved 

some degree of specialization, which often relies on subcellular 

compartmentalization6,39–42. This is, e.g., the case of Ltn1, whose predominant association 

with the 60S subunit is linked to a specialized role in protein quality control at the 

ribosome6.

Ltn1/Listerin binds to the 60S subunit to recognize diverse substrates.

Mechanisms that generate aberrant proteins often lead to the exposure of hydrophobic 

patches that would normally be hidden inside the protein core and/or a higher-order protein 

complex. Sensing exposed hydrophobicity underlies the canonical mechanism of molecular 

chaperones, and E3 ligases can work with chaperones to target misfolded proteins. For 

example, the E3 ligase CHIP uses Hsp70 and Hsp90 as adaptors for substrate binding43–45 

(Box 3). Alternatively, misfolded proteins can be recognized directly by E3 ligases; for 

example, the nuclear protein quality control E3 ligase San1 binds to substrates through its 

unstructured domains46 (Box 3). Ltn1/Listerin illustrates a third mechanism by which 

diverse aberrant proteins can be recognized by an E3 ligase, as revealed by the cryo-EM 

structures of RQC complexes (Fig. 2 and Box 3)—as predicted from molecular genetics and 

biochemistry data, Ltn1 binds to the ribosomal 60S subunit and uses it as an adaptor to 

target the variety of nascent chains that can be produced by translational stalling20. These 

observations were confirmed by reports of RQC complex structures solved at higher 

resolution and expanded towards the mammalian complex21,22.

Ltn1 negatively selects against binding to normally translating ribosomes.

[Ltn1/Listerin homologs are large proteins (~150–190 kDa) conserved from yeast to 

humans. Sequence conservation is highest in the N-terminal domain (NTD) and C-terminal 

domain (CTD)6,47, which are connected via a middle linker region that has variable 

sequence but folds as a series of HEAT/ARM-type helical repeats in Ltn1/Listerin 

orthologs47 (Fig. 2). Cryo-EM and crystal structures revealed that the NTD and CTD bind 

directly to the 60S (Fig. 2). A subset of conserved residues in the Ltn1 NTD are part of an 
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exposed patch48 that binds to the 60S subunit near the 40S-binding surface, whereas the 

CTD binds near the opening of the nascent polypeptide exit tunnel20–22. The NTD and CTD 

both contribute to 60S binding affinity, as suggested by the observation that mutations in 

either domain are detrimental to the Ltn1−60S interaction22,48 and to the function of Ltn1 in 

vivo48. The large size of Ltn1/Listerin and the presence of a linker region are consistent with 

Ltn1/Listerin functioning in the RQC complex as a monomer that has to simultaneously bind 

to two distal sites on the 60S subunit47 (Fig. 2).

The architecture of the Ltn1–60S complex provides the basis for a key mechanism imparting 

fidelity to protein surveillance. Several lines of evidence indicate that initial binding to 60S 

ribosomal subunits and substrate ubiquitylation by Ltn1 occur after the sensing of 80S 

ribosome stalling by rescue factors, and 40S and 60S ribosomal subunit separation13,14,19. 

The structural data are in agreement with this model as they show that Ltn1 and the 40S 

cannot simultaneously bind to the 60S subunit as the NTD would face extensive steric 

clashes with the 40S subunit if the latter were present20 (Fig. 2a). Moreover, analyses of free 

Ltn120,47 argue against the possibility of Ltn1 binding to 80S ribosomes even if Ltn1 was 

anchored to the 60S subunit via the CTD alone.

Thus, Ltn1/Listerin can select and broadly target diverse nascent chains obstructing the 60S 

subunit while sparing normal nascent chains in 80S translating ribosomes from becoming 

erroneously ubiquitylated20.

Mechanisms that enable modification of a wide variety of substrates

Solving of the structures of two regulatory RING E3 ligases (PRC1 and APC) bound to their 

cognate E2 ubiquitin-conjugating enzymes and substrates has shed light on the substrate 

modification reaction49,50. As expected of bi-substrate enzymes51, these E3 ligases have 

evolved to juxtapose the two reacting parts, the E2 active site Cys and the acceptor Lys in 

the substrate, with remarkable precision to facilitate ubiquitin transfer (Box 3). These 

observations raise the important question of how other E3 ligases, especially those 

implicated in protein surveillance, are able to modify a great diversity of substrates that are 

structurally unrelated and have distinct amino acid sequence and composition, and therefore 

have Lys residues potentially accessible for modification in different locations. The RQC 

system provides an example of strategies that enable tackling substrate diversity.

The CTD of Ltn1/Listerin, which includes the RING domain, binds to the 60S near the 

opening of the nascent chain exit tunnel. Thus, it is clear that Ltn1 positions E2~ubiquitin in 

the general proximity of its substrate nascent polypeptides20,22 (Fig. 2). However, further 

action needs to be taken to position the E2 active site Cys in close proximity to an acceptor 

residue in any of the enormous diversity of substrates that can become jammed on 

ribosomes. Potential mechanisms enabling such action are discussed here.

Although protein ubiquitylation most often occurs on Lys residues, it can also occur on other 

residues. The N-terminal methionine (Met1) can be modified by certain E3 ligases52,53 but it 

is unlikely that Ltn1 would adopt Met1 ubiquitylation as a general mechanism for substrate 

targeting, as the spatial location of the N-termini of polypeptides trapped in the 60S is 

diverse and sometimes inappropriately oriented relative to the RING domain. Moreover, in 
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the case of 60S subunits that are blocked on organellar translocons (see below), the nascent 

chain N-terminus is entirely inaccessible. Alternatively, Ltn1/Listerin could modify different 

amino acid residues. Ubiquitylation by certain E3 ligases can occur on Cys, Ser, and Thr 

residues53–56, and E3 ligases that function in ERAD are thought to employ such relaxation 

strategy57–59. However, mutation of all Lys residues in RQC substrates markedly decreased 

their ubiquitylation and degradation, suggesting that Ltn1 preferentially modifies Lys26,28.

Structural flexibility can potentially facilitate access to substrate modification sites present 

in variable locations relative to E3 ligases. For example, members of the multi-subunit 

cullin-dependent E3 ligase [G] family use a variety of adaptors to target highly diverse 

substrates60. The RING domain is connected to the cullin subunit via a mobile linker that is 

unleashed through a regulated mechanism61. Furthermore, the adapter subunits can also be 

flexibly arranged within the architecture of the E3 ligase complex62. It is reasonable to 

hypothesize that structural flexibility is also important for E3 ligases involved in protein 

surveillance, and Ltn1 seems to be highly flexible. Ltn1 flexibility was suggested by the 

observation of >20 distinct conformations under negative staining and cryo-EM47 and by the 

poor resolution of Ltn1 in structures of the RQC complex (compared to that achieved for the 

60S ribosomal subunit in the same complex)20–22. However, a requirement for flexibility in 

substrate modification by Ltn1 has not been demonstrated experimentally thus far.

Ltn1 has been proposed to preferentially modify Lys residues of model reporter substrates 

within a surprisingly short stretch of amino acids exposed immediately outside the exit 

tunnel26. Although it is unclear whether the same is true for endogeneous substrates, this is 

expected to be the case for nascent polypeptides traversing organellar translocons, as 

discussed below. Recent studies have uncovered a mechanism, mediated by Rqc2, that is 

thought to address this problem: the synthesis of CAT tails pushes out Lys residues that 

would otherwise be buried in the exit tunnel in a presumably stepwise manner, until one 

such residue is rendered accessible to ubiquitin transfer26 (discussed below). It is tempting 

to speculate that other E3 ligases, particularly those that function in protein quality control 

and target substrates in an extended conformation (such as proteins during retrotranslocation 

from an organelle), may likewise scan the polypeptide sequence linearly—and not only 

three-dimensionally—for a modification site.

Sensing of obstructed 60S subunits

The Ltn1/Listerin cofactor Rqc2/NEMF plays a crucial and more complex part in RQC than 

initially anticipated.

The cryo-EM structure of the endogenous yeast RQC complex indicated that Rqc2 directly 

senses obstructed 60S subunits20. Rqc2 recognizes aberrant proteins in a non-canonical 

manner as it does not bind them directly. Rqc2 binds to ribosomal proteins and rRNA on the 

intersubunit surface of the 60S, while simultaneously binding to the tRNA moiety of the 

peptidyl-tRNA residing on the 60S subunit P site. The structure thus uncovered an elegant 

way by which cells can detect abnormalities in macromolecules—a binary binding code that 

detects the juxtaposition of components (in this case a tRNA and a free 60S subunit) that 
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should not be present together20. Higher resolution structures of yeast and mammalian RQC 

have confirmed and provided further detail to these observations21,22 (Fig. 2).

Rqc2, like Ltn1, binds at the inter-subunit surface of the 60S in a mutually exclusive manner 

with the 40S subunit (Fig. 2a, as discussed above). Consequently, Rqc2 cannot bind to a 

translating 80S ribosome, which confers selective degradation of substrates associated with 

the 60S subunit. Moreover, Rqc2 prevents dissociated 40S subunits from re-associating with 

obstructed 60S subunits that are generated from rescue of stalled ribosomes9,10,20–22 (Fig. 

1). That is because Rqc2 is more abundant than free 40S subunits and can thus better 

compete for binding to the 60S subunit20,63; this is important as 40S reassociation with 

obstructed 60S subunits would prevent the binding of Ltn1, which is much less abundant.

Rqc2 also binds directly to Ltn120–22 (Fig. 2). The interaction is mediated by the Ltn1 NTD 

and the Rqc2 middle (M) domains but the exact interaction surfaces differ between yeast and 

mammals48. Consistent with the structural data, Rqc2 stabilized Ltn1 binding to the 60S in 

yeast10 and biochemical reconstitution of mammalian RQC assembly supported the notion 

that NEMF facilitates Listerin association with the complex22,27.

The relative abundance of RQC complex components, the ability of Rqc2/NEMF to sense 

obstructed 60S subunits, and its function of stabilizing and/or facilitating Ltn1/Listerin−60S 

interaction suggest that Rqc2/NEMF is the first RQC complex subunit to bind to the 60S. 

However, in the absence of Rqc2, Ltn1 is able to bind to 60S subunits and promote substrate 

degradation, albeit less efficiently9,10,20–22,28–30,64.

CAT tail formation and functions

The C terminus of tRNA-conjugated nascent polypeptides obstructing 60S subunits can be 

modified (extended) with Ala and Thr residues in a process that is independent of the mRNA 

and the 40S subunit, known as CATylation21. CAT tails facilitate the Ltn1/Listerin-

dependent degradation of aberrant proteins but can also induce protein aggregation and 

stress responses (Fig. 3).

Rqc2 modifies 60S-associated nascent chains with CAT tails.

CATylation is mediated by Rqc221 (Fig. 3). Because the CATylation reaction occurs without 

an mRNA template, the Ala- and Thr-containing tails that it produces are of varying length 

and heterogeneous in sequence and in length21,28–30. CAT tail formation has been observed 

in response to different stalling signals, such as polyLys synthesis, mRNA truncation, or Arg 

CGN codons28 (see, e.g., Box 1b). It remains to be determined whether nascent polyLys 

peptides encoded by prematurely polyadenylated mRNA slow down the rates of CAT tail 

elongation, as they are thought to engage in strong electrostatic interactions with the 

ribosomal exit tunnel65.

Mechanisms underlying CATylation have only begun to be elucidated (Fig. 3a). While 

binding to the nascent chain-linked tRNA that is in the P site of the 60S subunit, Rqc2 

simultaneously recruits a second tRNA molecule (tRNA-Ala or tRNA-Thr) to the A site and 

positions the two tRNAs close to each other to facilitate peptidyl transfer21. Accordingly, 
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Rqc2 mutations that interfere with A-site tRNA binding, but do not affect Rqc2 binding to 

the 60S or Ltn1, led to a selective defect in CATylation21,28–30.

CAT tail elongation seems to be independent of the canonical eukaryotic translation 

elongation factors eEF1A and eEF2, as a non-hydrolyzable GTP analog did not block 

CATylation in an in vitro reconstitution of the reaction27. Whether any cofactors are required 

for elongation and whether repeated cycles of Rqc2 association and dissociation underlie 

chain elongation remains unknown.

Recent findings have shed some light on the termination of CAT tail synthesis24,25. These 

studies suggest that the Vms1 protein releases nascent chains from their linked tRNA, 

thereby preventing further tail elongation and presumably decreasing the binding affinity of 

Rqc2 towards the RQC complex. This model is consistent with the report that Vms1 

antagonizes the formation of CAT tail-dependent protein aggregates (see below), and 

stimulates Rqc2 dissociation from the complex66.

Consequences of nascent chain CATylation.

Different functions for CAT tails have been proposed (Fig. 3)

Nascent chain aggregation.

CATylated polypeptides form stable protein aggregates and cellular inclusions that share 

properties with amyloids and yeast prions28–30 (Fig. 3b). Reporter constructs encoding a 

GFP fusion with C-terminal Ala-Thr repeats led to GFP aggregation independent of 

ribosome stalling, suggesting that CAT tails play a direct and sufficient role in the process28. 

Notably, engineered tails containing both Ala and Thr were found to have greater propensity 

for aggregation than tails made of only Ala or Thr28, raising the question of why the 

amyloid-forming Ala and Thr combination has not been selected against. One possibility is 

that aggregation may be an intended fail-safe function of CAT tails. Although protein 

aggregation is usually associated with cellular toxicity, one can speculate on the potential 

benefits of diverting aberrant nascent chains that fail to be ubiquitylated by Ltn1 towards 

aggregation. The sequestration of aberrant proteins in confined compartments, such as the 

aggresome [G], would reduce the likelihood of disrupting cellular functions67,68. 

Furthermore, the aggregation of aberrant proteins could provide alternative pathways for 

elimination, via proteasomal degradation, loss owing to asymmetric distribution during cell 

division, or autophagy (see, e.g.,30,69,70). Lastly, aggregates may elicit adaptive stress 

signalling, which is indeed known to take place in response to Ltn1 defects9.

Activation of stress signalling.

A universal response to perturbations in protein homeostasis is the activation of stress 

signaling pathways, such as that orchestrated by heat shock factor 1 (HSF1)71. In yeast, Hsf1 

is normally kept inactive by interaction with chaperones. Under conditions of proteotoxic 

stress, chaperones are diverted to handling misfolded proteins, releasing Hsf1 and allowing 

this factor to activate the expression of stress genes, in particular genes encoding chaperones 

themselves71. Chaperone induction prevents further aggregation of misfolded proteins72,73. 

Notably, Hsf1 is activated in response to defective Ltn1 function and RQC being 
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compromised9. Furthermore, under these conditions Hsf1 activation is dependent on Rqc29, 

suggesting that it is mediated by the formation of CAT tail aggregates (Fig. 3b), which 

sequester chaperones28–30.

Nascent chain proteolysis.

CAT tails can promote proteolysis by facilitating Ltn1-mediated ubiquitylation26 (Fig. 3b). 

Such a role is consistent with a partitioning model of ubiquitylation versus CATylation in 

RQC (Fig. 3b). CATylation of stalling reporters is more conspicuous in the absence of either 

Ltn1 or Rqc121,28–30 or in wild type cells expressing a reporter polypeptide lacking Lys 

residues28. A possible explanation for these observations is that nascent chain ubiquitylation 

and extraction is kinetically preferred over CATylation, but if acceptor Lys residues to be 

modified by Ltn1 cannot be readily targeted, Rqc2 is allowed time to add Ala and Thr 

residues to the C-terminal end of the nascent polypeptide. Given that the ribosomal tunnel 

covers ~35 amino acids of a nascent polypeptide74 and that CAT tails formed in the absence 

of Ltn1 can have as many as ~60 residues added (judged on the size of the smears formed in 

SDS-PAGE), repeated rounds of Ala and Thr addition would eventually expose any Lys 

residues buried in the tunnel to the outside (Fig. 3b). This strategy would certainly be 

effective for ribosomes stalled in the poly(A) tails of prematurely polyadenylated mRNA4,5 

(Box 1b), as poly(A) encodes polyLys. Furthermore, computational analyses predict that 

CATylation would increase the fraction of RQC substrates that can be targeted by Ltn1 if 

ribosome stalling occurred with equal probability at each codon on the yeast 

transcriptome26.

The role of Rqc2-mediated CAT tail synthesis in exposing Lys residues for ubiquitylation 

may be especially relevant when ribosomes stall during co-translational protein import into 

organelles. In this case, the nascent polypeptide chain that that exits the ribosomal tunnel 

becomes quickly inaccessible to Ltn1 because it enters the translocon [G] on the organelle 

membrane and is then transferred to the organelle interior (where there is no Ltn1 or other 

components of the ubiquitin system) (Fig. 4). Therefore, the window of opportunity for 

Ltn1-dependent ubiquitylation is probably smaller in comparison to RQC on 60S subunits 

that are free in the cytosol.

In conclusion, the synthesis of CAT tails during RQC uncovers a fail-safe strategy that may 

both facilitate E3 ligase function during protein surveillance and promote alternative 

mechanisms that handle and dispose of aberrant proteins when the E3 ligase function is 

compromised (Fig. 3b). The CAT tail studies also highlight that protein quality control E3 

ligases have evolved alternative solutions to modify heterogeneous substrates— whereas 

some E3 ligases seem to have adopted a relaxed amino acid specificity approach, Ltn1 

appears to utilize a cofactor (Rqc2) to scan a polypeptide sequence one-dimentionally and 

unidirectionally for the presence of Lys residues.

The termination phase of RQC

The ubiquitin chains that are linked to nascent polypeptides obstructing ribosomal 60S 

subunits function as a signal for protein extraction from the 60S subunit both for 60S 

recycling for nascent polypeptide proteasomal degradation.
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Vms1 releases nascent chains from linked tRNA.

The bulky tRNA that is linked to nascent chains on the opposite end of the ribosomal exit 

tunnel relative to the ubiquitin signal poses an impediment to nascent chain extraction. 

Recent studies have identified Vms1/ANKZF1 as a specific factor that functions in the 

release of the nascent chain from tRNA24,25 (Figs. 1 and 3a).

Vms1 interacts with the 60S subunit and RQC complex components10,24,25,66. Although 

Vms1 had been previously characterized as a Cdc48 cofactor, the role of this association in 

RQC is unclear and the Vms1 motif that binds to Cdc48 has been reported as not essential 

for its function in RQC in one study66.

Vms1 is conserved in eukaryotes (like other RQC components) and was found to be a 

paralog of eRF1 and Dom3424. Conservation includes a ribonuclease H [G] fold and a 

glutamine residue (Gln295) at a position comparable to that of the eRF1 catalytic Gln 

necessary for peptidyl-tRNA hydrolysis24,25. As predicted by these observations, both Vms1 

and ANKZF1 were able to promote release of nascent chains obstructing 60S subunits in 

vitro, in a Gln295-dependent manner24,25. Furthermore, loss of Vms1 function or mutation 

of Gln295 led to the accumulation of ubiquitylated peptidyl-tRNA associated with the 60S 

subunit in vivo, and mutated Vms1 could not rescue growth defects caused by ribosome 

stalling or Ltn1 dysfunction24. Despite these relationships between eRF1 and Vms1, more 

recent work has suggested that, rather than functioning as a bona fide peptidyl-tRNA 

hydrolase, ANKZF1 acts as an endonuclease and releases the nascent chain still linked to a 

few nucleotides from the tRNA 3’ end75. Further studies will be required to clarify the 

precise mechanism of Vms1/ANKZF1 in RQC.

Thus, in contrast with canonical translation termination, where eRF1 mediates ribosome 

subunit splitting and nascent chain release, in RQC these functions have been uncoupled 

such that Dom34 promotes the splitting but nascent chains remain anchored to the 60S 

subunit via the tRNA until Vms1 releases them. It remains to be established whether and 

how the activities of Ltn1 and Vms1 are coordinated to prevent premature release of non-

ubiquitylated nascent chains--while in vitro studies indicate that peptidyl-tRNA 

susceptibility to human ANKZF1 can be stimulated by NEMF, Listerin and ubiquitylation75, 

results of yeast molecular genetic analyses suggest that Ltn1 binding or nascent chain 

ubiquitylation are not essential for Vms1 to release nascent chains24,25,66.

It is also reasonable to speculate that the release of nascent chain from tRNA plays a part in 

the disassembly of the RQC complex as, although the complex is stable in vitro (C.A.P.J. 

unpublished observations), it must be rapidly disassembled in vivo given that there are only 

very few Ltn1 molecules in a cell6. By releasing the tRNA from its conjugated polypeptide, 

Vms1 might induce the dissociation of Rqc2 and the entire complex from the 60S subunit 

(see also76).

Cdc48/p97 extracts and delivers nascent chains to the proteasome.

Cdc48 (p97 or VCP in mammals) is a AAA ATPase that functions as a segregase in various 

ubiquitin-dependent pathways77. Cdc48 also delivers polypeptides extracted from complexes 
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to the proteasome for degradation, which may be important to prevent their aggregation or 

unwanted interactions with other cellular components.

Cdc48 and its cofactors, Ufd1 and Npl4 (UFD1 and NPLOC4 in mammals), are recruited to 

RQC complexes in a manner that is dependent on Rqc1 and on Ltn1/Listerin-dependent 

ubiquitylation9,10,23(Fig. 1). Loss of Cdc48 function resulted in increased amount of RQC 

substrates remaining trapped in 60S subunits10,23,78. Thus, Cdc48 contributes to 

unobstructing 60S subunits for recycling and facilitates proteasomal degradation of the 

nascent chain.

Nascent chains can remain associated with RQC complex subunits following extraction by 

Cdc4876. These complexes, which have been called ‘light RQC’, have been proposed to 

function in preventing aggregation and/or facilitating proteasomal delivery of the aberrant 

nascent chains (Fig. 1)76.

The function of Rqc1 in the RQC complex remains poorly understood.

The Rqc1/TCF25 subunit is conserved among eukaryotes, suggesting it has an important 

function. Deletion of the RQC1 gene in yeast leads to accumulation of reporter substrates 

that become CATylated, indicating that loss of Rqc1 causes a defect in some step before or 

during nascent chain extraction from the 60S28–30. RQC1 deletion did not affect either the 

binding of Ltn1 to the RQC complex or the extent of ubiquitylation of RQC substrates. It 

was thus suggested that Rqc1 is required, together with the ubiquitin chains placed by Ltn1, 

for the recruitment of Cdc48 to the complex9,10,76 (Fig. 1). Recent biochemical analyses 

provide a potential mechanistic basis for this observation: ubiquitin chains linked via Lys48 

of ubiquitin—which are selectively bound by Cdc48-Ufd1-Npl4 (e.g.,79)—were 

preferentially formed over other types of chain in presence of TCF2575. However, whether 

this is also true in vivo remains to be shown.

In contrast, another study found that overall nascent chain ubiquitylation levels were greatly 

reduced when the yeast RQC system was reconstituted in vitro using extracts of Rqc1-

deficient yeast, and that this defect could be reversed by addition of recombinant Rqc1 to the 

extracts27. Based on these observations it was concluded that Rqc1 is required for Ltn1-

mediated ubiquitylation, although alternative explanations remain possible. Thus, the role of 

Rqc1 in the RQC complex is controversial, and structural analyses have so far failed to 

provide insights on its function or mechanism of action20,21.

RQC protects organellar function

Maintaining the structure and function of organelles is key to cellular homeostasis and 

requires control of the quality of proteins that transit through or reside in those subcellular 

compartments. An important quality control step occurs during cotranslational protein 

import in to the organelles, via the RQC pathway.

Studies of ribosomal stalling and Ltn1-mediated protein ubiquitylation and degradation have 

largely used reporters encoding cytosolic proteins; however, many proteins are targeted to 

organelles cotranslationally and ribosome stalling can occur during this process (Fig. 4a). 
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For example, ribosomes could stall on the ER surface while translating aberrant (e.g., 

prematurely polyadenylated) mRNA encoding proteins in the secretory pathway. On the 

surface of mitochondria, ribosome stalling could occur as a result of mRNA or ribosomal 

damage caused by reactive oxygen species produced by mitochondria80 (note that 

mitochondrial ribosomes that become stalled during translation within the organelle are 

handled by a distinct mechanism81). Aberrant proteins that are produced as a result of 

ribosome stalling during cotranslational import into organelles must be eliminated. Indeed, 

nonstop reporters targeted to the ER or mitochondria are unstable, and, in the absence of the 

Dom34 or Hbs1 rescue factors, they block the translocons (Sec61 in the ER and translocase 

of the outer membrane (TOM) complexes in mitochondria)82. Importantly, this blockade 

results in general impairment of protein import and growth defects82. Thus, ribosomal 

rescue protects the structure and function of organelles, which depend largely on import of 

nuclear-encoded proteins synthesized on their cytosolic side.

Like ribosomal rescue, the RQC pathway has been shown to function both on the ER83–85 

(Fig 4b) and on mitochondria66 (Fig 4c). In the current model, ribosome stalling during 

cotranslational import prevents further translocation of the nascent chain. Ribosomal rescue 

then releases the mRNA and 40S subunits, allowing the RQC complex to assemble. Finally, 

Ltn1-mediated ubiquitylation promotes reverse translocation—probably via Cdc48-

dependent nascent chain extraction—so that the nascent chain can be degraded in the cytosol 

by the proteasome.

ER-RQC.

Biochemical studies indicate that active mammalian RQC complexes can be found 

associated with the ER membrane, and the recruitment of RQC components to those 

membranes is stimulated by translational stalling85. In both yeast and mammalian cells, 

model substrates with diverse topologies, encoding soluble or transmembrane ER proteins, 

were successfully targeted for degradation by Ltn1 in a translational stalling-dependent 

manner83–85. Interestingly, ERAD E3 ligases apparently cannot substitute for Ltn1 function 

to induce the degradation of ER-stalled RQC substrates84, which illustrates the specificity of 

protein quality control pathways.

Structural modeling suggests that there is a gap between the 60S subunit and the translocon 

that is sufficiently large to allow access of the Ltn1 C-terminus to its canonical binding site 

on the 60S subunit, thus enabling nascent chain ubiquitylation85. Of note, the short length of 

nascent polypeptide sequence exposed through this gap limits the availability of Lys residues 

for ubiquitylation26. Although the involvement of Rqc2/NEMF and CAT tails in ER-RQC 

has yet to be examined, this observation provides a plausible rationale underlying a role for 

CATylation in exposing buried Lys residues to Ltn1 (Fig 4b).

Mito-RQC.

A link between RQC and mitochondria has been recently established. Notably, RQC was 

found to be required for yeast growth under conditions that promote oxidative 

phosphorylation metabolism66. As for RQC involving cytosolic proteins, nonstop proteins 

targeted to the mitochondria were degraded in a Ltn1-dependent manner, and in the absence 
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of Ltn1, reporter polypeptides were modified with CAT tails in an Rqc2-dependent 

manner66. Vms1 was also implicated in the metabolism of mitochondrial nonstop proteins66. 

Vms1 may help unclog the 60S and the TOM complex through its ability to cleave tRNA off 

the 60S-trapped nascent chain24,25 (Fig. 4c).

Cellular consequences of defects in RQC

Even in the absence of any exogenously applied stress, the yeast RQC factors are found 

bound to the 60S and active, suggesting that the RQC pathway is constitutively active and 

receiving a continuous flux of substrates6,9,10,78. This is consistent with known causes of 

ribosome stalling upstream of RQC, such as constitutive errors in gene expression leading to 

premature mRNA polyadenylation. However, Ltn1 is not essential for yeast cell growth in 

the absence of stress. It is possible that other fail-safe mechanisms—both at the level of 

RQC and other machineries—can handle substrates in the absence of Ltn1 function on non-

stressed conditions. Ltn1 becomes essential for growth when the amounts of substrate to be 

degraded increases6, or when other factors that restrain the accumulation of aberrant mRNAs 

or proteins become limiting10. Different mechanisms that may contribute to the growth 

defects observed under these conditions are discussed below.

Ribosome sequestration.

Failure to resolve obstructed 60S ribosomal subunits, leading to their sequestration in an 

inactive form, can potentially decrease cellular translational efficiency. This is better 

exemplified by studies of ribosome stalling in bacteria—in many situations, the critical 

function of the tmRNA/ssrA system [G] appears to be ribosomal rescue rather than 

proteolytic targeting86.

Accumulation of aberrant proteins and protein aggregates.

Polypeptides produced by ribosome stalling are often misfolded and can be extended with 

polyLys if encoded by a prematurely polyadenylated mRNA. Misfolded proteins in general, 

and polylysine extensions in specific, have the potential to interact with different factors or 

cellular components and thus interfere with cellular functions (e.g.,87). Moreover, misfolded 

proteins can exhibit toxic gain-of-function through formation of different types of aggregates 

(e.g.,1,2).

As discussed above, polypeptides produced by ribosome stalling can also be modified with 

CAT tails, and CAT tail-mediated aggregation may serve as a protective mechanism when 

those polypeptides fail to be marked with ubiquitin for degradation. However, result show 

that if produced in excess, CAT tail aggregates can be toxic, possibly owing to sequestration 

of components of the chaperone system. This has been observed, for example, following 

inactivation of Ltn1 alone or both Ltn1 and Vms1 by gene deletion28–30,66,88,89. Under these 

conditions, the growth defect could be suppressed by deletion of the RQC2 gene28–30,66.

Notably, in cells deficient for both Ltn1 and Vms1, overexpression of a nonstop reporter for 

mitochondrial RQC (mito-RQC; Fig. 4c) caused a more severe growth phenotype in 

comparison to a nonstop cytosolic reporter66; furthermore, Rqc2-dependent endogenous 

aggregates isolated in the absence of reporter constructs were mostly composed of 

Joazeiro Page 13

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2020 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mitochondrial proteins. Aggregates were also found to sequester components of the 

mitochondrial protein homeostasis machinery, which correlated with the collapse of 

mitochondrial activities66. These results suggest that mitochondrial dysfunction due to CAT 

tail-mediated aggregation may be a major cause of yeast growth defects in response to loss 

of RQC activity and raise the question why mitochondria seem to be especially sensitive to 

loss of Ltn1 function. One possibility is that mitochondria are not able to clear CAT tail-

dependent aggregates as efficiently as the cytosol, although earlier studies with polyGln-

mediated aggregation suggested the contrary90.

Organellar protein import defects.

In comparison to stalling of ribosomes producing cytosolic proteins, stalling of ribosomes on 

the surfaces of ER and mitochondria (Fig. 4) has at least one additional detrimental 

consequence. 60S subunits obstructed with nascent chain-tRNA can block the organellar 

import channels (translocons)66,83 and thus have the potential to impair general protein 

import to organelles and cause organellar dysfunction. The extent to which the toxicity 

resulting from ribosome stalling in organellar surfaces83,84 is due to the blockade of 

translocons, the aggregation of proteins within organelles, or both, requires further 

investigation.

Listerin mutation causes neurodegeneration

Defects in protein surveillance leading to imbalance in protein homeostasis and to the 

accumulation of toxic proteins are associated with various types of cellular and tissue 

dysfunction in metazoans, collectively referred to as proteinopathies (e.g.,91). In particular, 

defects in protein quality control are a hallmark of neurodegeneration, and studies of Listerin 

support this notion.

Whereas complete loss of Listerin function impairs mouse embryonic development, a 

hypomorphic mutation [G] in the Listerin non-conserved middle region (listerENU mice) 

allows embryonic development to proceed but later gives rise to a neurodegenerative 

phenotype8. Notably, a mutation in mouse GTPBP2 (a paralog of Hbs1), which functions in 

ribosomal rescue upstream of RQC, also gives rise to neurodegeneration92.

Simple model systems such as the yeast RQC have greatly contributed to our understanding 

of the molecular mechanisms of RQC and the cellular consequences of RQC dysfunction, 

providing insights in the possible causes underlying neurodegeneration in mammals. For 

example, results from those studies raise the possibility that the accumulation and/or 

aggregation of aberrant RQC substrates, ribosomal subunit sequestration and defective 

organellar protein import could all contribute to the pathophysiology of neurodegeneration. 

In support of this hypothesis, dysfunction of ER and mitochondria—much like defects in 

protein homeostasis—are known hallmarks of neurodegeneration93,94. Moreover, mutations 

directly affecting the function of the mitochondrial import machinery have been linked to 

progressive neurodegenerative syndromes95. Therefore, studying organellar dysfunction due 

to defective protein import, accumulation of protein aggregates, or both, will be of particular 

interest in the context of listerENU mice.
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Conclusions and future perspectives

Our understanding of the mechanisms and functions of the RQC pathway has substantially 

increased in the last 8 years, since the initial report on Ltn1/Listerin function. Together, the 

studies highlight the complexity of RQC, and how knowledge on Ltn1/Listerin can provide 

new insights on general principles of E3 ligase-mediated protein surveillance (Table 1). Yet, 

much needs to be learned about fundamental as well as disease-related aspects of RQC. Box 

4 discusses mechanistic and functional or physiological aspects of the RQC requiring further 

investigation.
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GLOSSARY

RING domain
globular domain that characterizes the vast majority of E3 ligases and functions by recruiting 

E2 conjugases and sometimes additionally binding the E2-conjugated ubiquitin moiety to 

prime it for transfer.

Endoplasmic reticulum-associated degradation (ERAD)
process in which aberrant proteins in the lumen or membrane of the ER are ubiquitylated by 

ER membrane-resident E3 ligases and retrotranslocated for degradation in the cytosol.

Cullin-dependent E3 ligase
E3 ligase complex consisting of a RING domain subunit (Rbx1/2), a cullin subunit, and 

adapter proteins that link the RING-cullin subunit core to substrates.

Aggresome
cellular inclusion containing misfolded proteins and formed in a regulated manner, typically 

increased under stress.

Translocon
complex on organellar surfaces that mediates import of proteins made in the cytosol (with 

this term being most commonly utilized for the ER translocon).

Ribonuclease H
family of endonuclease enzymes that cleave RNA phosphodiester bonds in an RNA-DNA 

duplex in a sequence-unspecific manner.

tmRNA/ssrA
hybrid transfer-messenger RNA (tmRNA) molecule, a central component of the bacterial 

pathway of ribosomal rescue and protein quality control elicited in response to translational 

stalling.
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Hypomorphic mutation
recessive mutation that causes partial loss of gene function due to reduced activity or 

expression.

N-end rule pathway
ubiquitylation pathway that targets proteins for degradation as a function of their N-terminal 

residue.

Ribophagy
selective autophagy of 60S ribosomal subunits in response to nutrient starvation and 

requiring the Ubp3 deubiquitylating enzyme in yeast.
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Box 1:

The translation cycle and causes for ribosome stalling

Following initiation, protein synthesis proceeds through a phase of elongation before the 

process is terminated and the small (40S) and large (60S) ribosomal subunits are recycled 

for engaging in other rounds of translation (see the figure, part a). During elongation, 

aminoacyl-tRNAs (aa-tRNAs) are loaded onto the ribosomal A site by the GTPase 

eukaryotic elongation factor 1A (eEF1A). The nascent chain linked to the P-site tRNA is 

transferred to the aminoacyl-tRNA on the A site. With this reaction, the ribosomal 

subunits become rotated relative to each other, and the nascent chain-accepting tRNA 

adopts a ‘hybrid’ (P/A) state. The GTPase eEF2 binds to such rotated ribosomes and 

drives the subunits back to the classical conformation, resulting in the nascent chain-

linked tRNA adopting a P-site state, while emptying the A site for the next aminoacyl-

tRNA to be recruited. When translating ribosomes encounter a stop codon on the A site, 

the GTPase eukaryotic peptide chain release factor 3 (eRF3) loads the translation 

termination factor eRF1 instead of tRNA. eRF1 catalyses hydrolysis of the peptidyl-

tRNA linkage to release the nascent chain and recruits the ATPase Rli1 (ABCE1 in 

mammals) to split the ribosomal subunits. Translation termination and ribosome 

recycling are coupled in eukaryotes.

During the elongation phase of translation, there can be different causes for ribosomal 

stalling (see the figure, part b): decoding of suboptimal codons, fluctuations in tRNA 

levels or tRNA modifications, chemical damage of mRNA or ribosomes, strong mRNA 

secondary structure, certain nascent chain sequences, immature 60S subunits that have 

escaped from the nucleus, or mRNAs lacking stop codons (nonstop mRNA), which can 

be generated by endonuclease cleavage or premature polyadenylation4,5,96. Premature 

cleavage and polyadenylation of mRNA within coding sequences is a naturally occurring 

error during gene expression, and is believed to be a prevalent source of nonstop mRNA. 

Unless a stop codon is generated at the junction between the truncated open reading 

frame and the poly(A) tail, ribosomes continue translating through the poly(A) tail, 

producing a truncated polypeptide that is extended with the poly(A)-encoded polyLys 

sequence (part b, right panel). Translation into poly(A) sequences is at present the only 

known mechanism to cause efficient stalling in reporter gene assays with mammalian 

cells97,98. Programmed ribosomal pausing can also occur in response to different signals 

and can have regulatory functions99. It remains unknown how cells distinguish such 

ribosomal pauses from more permanent and detrimental stalling that requires rescue4.
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Box 2:

Ribosomal stalling and rescue generate substrates for RQC

In response to ribosomal stalling in eukaryotes, dedicated factors act to rescue and 

recycle the 40S and 60S ribosomal subunits. Ribosomes stalled at the 3’ end of truncated 

mRNAs are rescued by the concerted action of Dom34, Hbs1 and Rli1 in yeast, the 

mammalian orthologs of which are pelota (PELO), HBS1L and GTPBP2, and ABCE1, 

respectively) (see the figure, part a). The GTPase Hbs1 is a paralog of the canonical 

termination factor, eRF3, and Dom34 is a paralog of eRF1 (see Box 1).

The Dom34/PELO-mediated rescue reaction has been characterized at multiple levels 

and a recent cryo-EM structure of Dom34 bound to a ribosome stalled at the mRNA 3’ 

end has provided new insight into how the sensing of stalled ribosomes occurs100. The 

picture on the left portion of the inset (see the figure, part a) shows the segmented 

electron density maps for P-site tRNA (red), nonstop mRNA in (blue) and Dom34 on the 

ribosomal A site (pink) (adapted with permission from REF.100; ribosome not shown). 

Two independent events appear to detect an unobstructed mRNA entry channel in the 

ribosome as indicative of a ribosome being stalled at an mRNA 3’ end: the Hbs1 N-

terminal domain binds to the ribosome in the vicinity of entry to the mRNA channel, 

whereas Dom34 binds to an empty ribosomal A site and inserts a β loop into the 

channel100. The picture on the right portion of the inset (see the figure, part b) shows the 

superposition of atomic models for P-tRNA and Dom34 with mRNA from human 

polysomes (native mRNA). It illustrates how the Dom34 β loop would clash with the 

mRNA if the latter were present.

Once Dom34/PELO is bound, Hbs1/HBS1L dissociates and, like eRF1, Dom34/PELO 

recruits the ATPase Rli1/ABCE1 to induce the splitting of the two ribosomal subunits. 

However, Dom34/PELO lacks peptidyl-tRNA hydrolase activity, leading to the release of 

a 60S subunit that remains obstructed with a nascent chain-tRNA conjugate.

In contrast to ribosome stalling at the mRNA 3’ end, how ribosomes that stall on internal 

mRNA sequences are sensed is not understood (see the figure, part b). The Zaher model 

proposes that the clashing of an elongating ribosome with a stalled one (collided 

ribosomes) produces a unique structural identifier of stalling80. An alternative model 

hypothesizes that stalled ribosomes may be recognized in a rotated conformation with 

tRNA in a hybrid state (see Box 1)101. At least in some cases, sensing of ribosomes 

stalled on internal mRNA sequences may be mediated by the E3 ubiquitin-protein ligase 

Hel2 (ZNF598 in mammals)97,101–104 (for reviews, see4,5,105). Hel2/ZNF598 catalyzes 

the site-specific mono- or oligo-ubiquitylation of 40S proteins in stalled ribosomes. This 

ubiquitin signal is not proteolytic, but rather is thought to induce the recruitment of 

factors required for 80S subunit splitting.

[Figure in part a adapted from ref. 15]
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Box 3:

Regulatory and protein quality control functions of E3 ligases

E3 ligases are the components of ubiquitylation pathways that confer specificity in 

substrate targeting. Accordingly, the approximately 80 E3 ligases predicted to be encoded 

by the yeast genome and the over 650 E3 ligases encoded by the human genome are 

associated with a great variety of domains or motifs that bind specific substrates51,106.

In addition to substrate-binding domains, E3 ligases have a catalytic domain. 95% or so 

of human E3 ligases, like Ltn1/Listerin, depend on a RING domain for catalysis51 (the 

remaining E3 ligases have a HECT domain or operate using a HECT/RING domain 

hybrid mechanism55,107). The RING domain serves as binding site for E2 conjugating 

enzymes, whose active site Cys residue carries ubiquitin via a thioester bond. RING 

domains can also make direct contact with the E2-bound ubiquitin. Through these 

interactions, RING domain E3 ligases mediate the transfer of ubiquitin from the E2 to an 

acceptor residue of a target substrate, typically a Lys51,108.

E3 ligases can operate in either cellular regulation or quality control. Some have both 

functions, such as Huwe1, which promotes degradation of unassembled ribosomal 

proteins33,34 and functions in proliferation, apoptosis, DNA repair and stress responses 

by targeting specific substrates109 and Ubr1, which acts in cytosolic protein quality 

control35–38 and in the N-end rule pathway [G]110. Regulatory E3 ligases are thought to 

target a limited set of substrates, some of which are structurally related. c-Cbl is an 

example of an E3 ligase with regulatory function—it promotes the degradation of 

activated receptor and non-receptor tyrosine kinases thereby terminating signaling111. In 

contrast to regulatory E3 ligases, protein quality control E3 ligases must be able to target 

a great variety of unrelated substrates. For this purpose, the latter often utilize binding 

adapters, as illustrated in part a.

Another example of regulatory E3 ligase is the polycomb complex protein PRC1 (a 

heterodimer of RING1B and BMI1) which functions in epigenetic control. PRC1 binds to 

a nucleosome core particle and ubiquitylates the C-terminus of histone H2A. PRC1 

functions with the E2 enzyme UbcH5c/UBE2D3. A structural study has provided 

remarkable evidence that the PRC1 RING domain acts by positioning the UbcH5c active 

site Cys85 right next to its specific target, Lys119 in the C-terminal tail of histone H2A49 

(part b). Since regulatory E3 ligases like PRC1 act on a more limited range of substrates, 

they can more readily orient the reacting E2~ubiquitin and substrate acceptor residue to 

promote ubiquitin transfer; the main text discusses mechanisms that may allow the 

protein quality control E3 ligase Ltn1 to ubiquitylate diverse 60S subunit-bound 

substrates whose Lys residues are often improperly oriented with regard to the Ltn1-

E2~ubiquitin complex.

E3 ligases are shown in yellow and E2 conjugases in blue.
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Box 4:

Open questions on mechanisms and functions of RQC

• An important subject of current investigation is how cells sense ribosomes 

stalled internally on an mRNA, and how this reaction generates RQC 

substrates. Understanding the former will require indentifying the factors 

directly involved (likely Hel2/ZNF598), and solving their structure bound to 

stalled ribosomes.

• In the canonical RQC pathway, the sequence of events leading to Cdc48-

mediated extraction remains to be understood. That includes elucidating the 

mechanism of action of Rqc1 and how Vms1 function is coordinated with 

Ltn1-mediated ubiquitylation.

• Much has yet to be learned about CAT tails, including: their function; the 

mechanism of synthesis; why CAT tails are composed of Ala and Thr. Of 

note, reagents to study CAT tails in a physiological context are unavailable. 

Furthermore, although Rqc2 residues implicated in A-site tRNA recruitment 

and CAT tail synthesis are highly conserved, including in mammalian NEMF, 

CAT tail formation (or the formation of related tails with different 

composition) has so far only been described in yeast.

• RQC in organellar surfaces is generally assumed to function with a large 

degree of similarity to RQC of cytosolic proteins, but whether subcellular 

compartment-specific RQC factors or mechanisms exist remains to be 

explored.

• Research on the RQC has been mainly focused on yeast and in vitro 

translation systems. It is now appropriate to expand functional and 

mechanistic analyses towards more complex systems, such as metazoan 

model organisms and mammalian cells; indeed, although the RQC complex is 

highly conserved with regard to both components and structure, there are 

already indications that the yeast and mammalian complexes can have 

different properties. For example, the RQC complex is more difficult to 

isolate from mammalian cells, with its subunits apparently existing mostly in 

free form in equilibrium (64,112 and C.A.P.J. unpublished results);

• Next to nothing is known about other direct, non-RQC functions of RQC 

complex components, so this is also a relevant area for future studies. An 

example is Ltn1’s proposed function in ribophagy113, a process that 

selectively degrades ribosomal 60S subunits. Under normal growth 

conditions, ribophagy is negatively regulated by Ltn1, via ubiquitylation of 

the 60S ribosomal subunit protein, Rpl25. Nitrogen starvation leads to 

decreased Ltn1 expression, which allows removal of the ubiquitin inhibitory 

signal in Rpl25 Lys74/75 by the Ubp3/Bre5 deubiquitylase, and ribophagy to 

be triggered. The extent to which Ltn1 function in ribophagy [G] relates to its 

role in RQC, and whether other RQC components are involved, remains 
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unknown. It is also unclear how the few Ltn1 molecules/cell support 

ubiquitylation of the much larger Rpl25 pool;

• Little is known about how RQC components are regulated. Ltn1 levels 

decrease drastically and rapidly upon nutrient starvation, and this occurs at 

least in part via auto-ubiquitylation113. Rqc1 appears to be modified by 

ubiquitylation as well114.

• Finally, mechanistic insights derived from fundamental RQC studies need to 

be tested in the context of mammalian physiology and disease. For example, it 

will be important to determine whether mutations in RQC complex subunits 

other than Listerin can also result in neurodegeneration in mice, and whether 

the pathway is directly or indirectly implicated in human disease. These and 

other more advanced analyses on RQC could also benefit from the 

identification of endogenous substrates of the pathway, which could serve as 

biomarkers for studies with animal models or human disease samples.
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Fig. 1: The eukaryotic ribosome-associated quality control pathway
The ribosomal rescue and Ribosome-Associated Quality Control (RQC) pathways for 

protein surveillance consist of two sequential steps that each sense a unique defect. The first 

step (rescue) senses stalled ribosomes and mediates 80S subunit splitting; the second step 

(RQC) detects 60S subunits obstructed with peptidyl-tRNA—products of the rescue step—

and promotes the resolution of this aberrant structure, to release free, translation-competent 

60S ribosomal subunits and mediate proteolysis of the nascent chain.

(Left) Ribosomal rescue. Ribosomes that are stalled at the mRNA 3’ end are sensed by Hbs1 

in yeast (or HBS1L and GTPBP2 in mammals) and Dom34 (pelota (PELO) in mammals). 

The mechanisms for the recognition of ribosomes stalled on internal mRNA sequences are 

poorly understood and at least in some cases involve the E3 ubiquitin-protein ligase Hel2/

ZNF598. Whether Dom34/PELO also acts downstream of Hel2/ZNF598 is not known, but 

these two factors can target the same mRNA molecule, as ribosome stalling elicits 

endonuclease cleavage of the transcript4. Dom34/PELO recruits Rli1 (ATP-binding cassette 

protein ABCE1 in mammals), which separates the small (40S) and large (60S) ribosomal 

subunits (Box 1). The released truncated mRNA is degraded by the 5’−3’ exoribonuclease 

Xrn1 and the exosome complex, which prevents the mRNA from being translated again, as it 

may be defective. However, unlike eRF1, Dom34 lacks peptidyl-tRNA hydrolase activity, 

the peptidyl-tRNA remains bound to the 60S subunit. Although the peptidyl-tRNA−60S 

complex can potentially reassociate with free 40S subunits, the reassociation can be reversed 

by Dom34, Hbs1 and Rli113,14,115.
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(Right) RQC. Resolution of the peptidyl-tRNA−60S complex is initiated by binding of the 

Rqc2 (NEMF in mammals) subunit of the RQC complex, which recruits and stabilizes the 

binding of the E3 ligase Ltn1/Listerin. At this stage, Rqc2 may synthesize CAT tails to help 

expose Lys residues that are buried in the ribosomal exit tunnel, to be ubiquitylated by Ltn1/

Listerin (see below). The ribosome binding mode of the Rqc1 subunit (TCF25 in mammals) 

of the RQC complex and its exact function remain unknown. The ubiquitin chain that is 

polymerised by Ltn1 on the nascent polypeptides signals recruitment of the AAA ATPase 

Cdc48 and its cofactors. Cdc48 extracts nascent polypeptides from the 60S ribosomal 

subunit after they have been released from the conjugated tRNA by Vms1 (ANKZF1 in 

mammals). Released polypeptides can then be degraded by the proteasome. The extracted 

nascent polypeptides may remain associated with RQC subunits in the form of a ‘light RQC’ 

complex before proteasomal degradation.
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Fig. 2: The function of Ltn1/Listerin in protein surveillance
(a) Structural model of the ribosomal 60S subunit obstructed with peptidyl-tRNA and bound 

to the ribosomal quality control (RQC) complex subunits Listerin and NEMF. Superposition 

of cryo-EM volume of the RQC (EMDB 2832), molecular models of NEMF and the Listerin 

C-terminal Domain (CTD)22 (PDB 3J92), and the crystal structure of the Ltn1 N-terminal 

Domain (NTD)48 (PDB 5FG1). The cartoon on the right is a representation of the 60S 

subunit bond to the peptidyl-tRNA, Listerin/Ltn1 and NEMF/Rqc2. The conserved N-

terminal and C-terminal domains of Ltn1, separated by a variable middle linker containing 

HEAT/ARM repeats are indicated. The C-terminal Ltn1 RING domain recruits E2~Ub to 

ubiquitylate nascent chains. The dotted grey oval indicates the space that would be occupied 

by the 40S subunit if present, to indicate steric clashes that would occur with Rqc2/NEMF 

and the Ltn1/Listerin NTD. (b) Comparison of the RQC structures from yeast (EMDB 

2797)20 and mammals (EMDB 2832)22.

(Figures courtesy of H. Paternoga)
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Fig. 3: CAT tail synthesis and functions
(a) The ribosome-associated protein quality control (RQC) complex subunit Rqc2 

recognizes ribosomal 60S subunits that are obstructed by a peptidyl-tRNA by 

simultaneously binding to components of the 60S subunit and the tRNA. When 

ubiquitylation of the nascent polypeptide by Ltn1 fails, Rqc2 can extend the trapped nascent 

polypeptide with a C-terminal tail composed of Ala and Thr residues (CAT tail). The 

reaction is mediated by the direct recruitment of charged tRNA-Ala and tRNA-Thr by Rqc2 

and occurs without an mRNA template. The Vms1 protein can terminate CAT tail synthesis 

by releasing the P-site tRNA and presumably promoting Rqc2 dissociation from the 

complex. (b) Alternative fates of RQC substrates. The canonical RQC pathway of Ltn1-

mediated ubiquitylation of nascent polypeptides is kinetically preferred, provided that Lys 
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ubiquitylation sites on nascent chains are readily accessible (top). In this pathway, Rqc2 

functions in recruiting and stabilizing Ltn1 in the complex. An alternative pathway takes 

place when ubiquitylation is compromised (middle). In this pathway, Rqc2 catalyses the 

elongation of a CAT tail, which can result in the exposure of Lys residues that would 

otherwise be hidden in the ribosomal exit tunnel. The increased accessibility to Lys residues 

enables ubiquitylation by Ltn1. However, when ubiquitylation fails altogether (bottom), CAT 

tail-modified nascent chains form aggregates, which can have different fates and effects in 

cellular function, including stress signalling.
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Figure 4: RQC on the endoplasmic reticulum and mitochondrial membranes
Ribosomes can stall while translating proteins destined to different subcellular 

compartments, such as the cytosol, mitochondria and the endoplasmic reticulum (ER). (a) 
ER-RQC: hypothetical model for RQC at ER-associated ribosomes. On nascent chains 

obstructing the 60S ribosomal subunit on organellar surfaces, Ltn1 only has limited access to 

Lys residues, within a short segment of cytosolic-exposed polypeptide sequence 

immediately outside the exit tunnel. The nascent chain segments buried in the ribosomal exit 

tunnel or the translocon, or inside the organelle, are not accessible to ubiquitylation. 

However, Lys residues hidden in the ribosomal exit tunnel can be exposed to Ltn1 through 

Rqc2-mediated nascent chain CATylation. Cdc48 is recruited to extract the ubiquitylated 

nascent chain and deliver it to the proteasome for degradation in the cytosol, after Vms1 

catalyses nascent chain release from the tRNA. (b) Mito-RQC: Example of Ltn1 dysfunction 

on the mitochondrial surface. In the absence of nascent chain ubiquitylation, nascent chains 

are CATylated by Rqc2 and released into the mitochondrial matrix by Vms1. The directional 

pulling force by a mitochondrial chaperone (in pink) is indicated. In the matrix, moderate 

levels of CAT tail-dependent aggregates can be handled by the protein homeostasis 

machinery. However, if both Ltn1- and Vms1-mediated processes fail, CATylation proceeds 
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for an extended period, resulting in the accumulation of larger aggregates which 

mitochondria may have more difficulty in eliminating, and which can interfere with the 

function of the organelle66.
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Table 1:

Key features of RQC-mediated protein quality control

General element of protein 
quality control

Corresponding characteristic for Ltn1/Listerin and RQC

Source of substrate Ribosomal stalling; can occur without exogenous stress

E3 ligase localization Mostly 60S-associated in steady state (yeast); free in the cytoplasm but 60S-bound with increased ribosome 
stalling (mammalian cells)

Nature of protein aberration Any nascent chain trapped on the 60S subunit should in principle be a substrate of RQC, regardless of being 
aberrant. However, those proteins are generally expected to be misfolded due to truncation or extension. 
They can also be functionally defective without exposing hydrophobicity (e.g., having dominant-negative 
activity due to truncation)

Mechanism for broad substrate 
recognition

Ltn1 uses the 60S subunit as adapter to target 60S-trapped nascent chains

Mechanism for substrate 
specificity

Ltn1 is unable to bind to translating 80S ribosomes due to the presence of the 40S subunit

Ubiquitylation Ltn1 targets Lys residues; it sometimes requires CAT tail synthesis by the Rqc2 cofactor, which enables 
scanning the polypeptide linearly for a modification site

Fate of ubiquitylated proteins Proteasomal degradation

Fail-safe mechanism CAT tail-dependent nascent chain aggregation (?); other?

Stress signaling CAT tail-dependent Hsf1 activation

Loss of function phenotypes Sensitivity to increased substrate production (yeast), defective growth when the need for oxidative 
phosphorylation is increased (yeast), embryonic lethality (Listerin knockout or RING domain deletion in 
mice), neurodegeneration (Listerin hypomorphic mutation in mice)

Other key features Aberrant proteins are ubiquitylated shortly after synthesis and before being released to other subcellular 
compartments.
The pathway is coupled to mRNA quality control; experimentally, it is often necessary to simultaneously 
inactivate both pathways to observe accumulation of aberrant protein substrates.

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2020 April 07.


	Abstract
	Introduction
	Overview of the RQC pathway
	Substrate recognition and ubiquitylation
	Ltn1/Listerin is largely specialized in RQC.
	Ltn1/Listerin binds to the 60S subunit to recognize diverse substrates.
	Ltn1 negatively selects against binding to normally translating ribosomes.
	Mechanisms that enable modification of a wide variety of substrates

	Sensing of obstructed 60S subunits
	CAT tail formation and functions
	Rqc2 modifies 60S-associated nascent chains with CAT tails.

	Consequences of nascent chain CATylation.
	Nascent chain aggregation.
	Activation of stress signalling.
	Nascent chain proteolysis.

	The termination phase of RQC
	Vms1 releases nascent chains from linked tRNA.
	Cdc48/p97 extracts and delivers nascent chains to the proteasome.
	The function of Rqc1 in the RQC complex remains poorly understood.

	RQC protects organellar function
	ER-RQC.
	Mito-RQC.

	Cellular consequences of defects in RQC
	Ribosome sequestration.
	Accumulation of aberrant proteins and protein aggregates.
	Organellar protein import defects.

	Listerin mutation causes neurodegeneration
	Conclusions and future perspectives

	References
	Box 1
	Box 2
	Box 3
	Fig. 1:
	Fig. 2:
	Fig. 3:
	Figure 4:
	Table 1:

