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Review

Introduction

Protein synthesis is one of the most energy-consuming pro-
cesses in the cell1 and is a major step in the regulation of gene 
expression.2 Notwithstanding the relatively high fidelity of 
mRNA translation (approximately 2–3 errors for every 10,000 
amino acids added to a NSP in mammalian cells),3 rates of 
incorrect amino acid incorporation arise in an estimated 20% 
of proteins due to an accumulation of errors in protein synthesis 
and/or upstream gene expression regulatory mechanisms (e.g., 
transcription).4,5 In addition, aberrant proteins can be generated 
by anomalous post-translational modifications and dysfunc-
tion of trans-acting factors that influence the folding of NSPs.5 
Eukaryotes have evolved a variety of mechanisms to ensure high-
quality surveillance of their proteomes. Accordingly, a substantial 
proportion of NSPs are thought to be rapidly degraded during 
or shortly after their synthesis by the ubiquitin-proteasome sys-
tem.6,7 The exact percentage of NSPs that are degraded remains 

the subject of debate. Pioneering studies contend that approxi-
mately 30–50% of NSPs are co-translationally degraded.8,9 
However, cells in these studies were deprived of amino acids 
prior to metabolic labeling in order to minimize competition 
between the radiolabeled and endogenous unlabeled amino 
acids. Subsequently, it was demonstrated that amino acid depri-
vation induces a feedback loop mechanism, whereby proteasomes 
are activated to degrade mature, non-aberrant proteins to replen-
ish the endogenous amino acid pool.10 This observation strongly 
suggests that the proportion of degraded NSPs was overestimated 
due to methodological shortcomings.10 More recently, the extent 
of NSP degradation was assessed using an alternative method 
that centers on the level of ubiquitination in lieu of metabolic 
labeling. Here, nascent polypeptide chains were labeled with a 
biotin-conjugated fluorescent version of puromycin.11 Using this 
approach, the authors have found that approximately 15% and 
8% of NSPs are co-translationally ubiquitinated in mammalian 
cells and in yeast, respectively.11 Taken together, these findings 
indicate that a sizable portion of NSPs are co-translationally 
ubiquitinated and degraded by the proteasome.

In addition to their well-established role in mRNA transla-
tion, ribosomes play a central role in the regulation of folding and 
degradation of NSPs. Herein, we will review recent findings that 
illuminate the molecular mechanisms underlying the role of the 
ribosome and other components of the translational machinery 
in the quality control of NSPs and discuss the functional conse-
quences of these processes.

The role of ribosomes in the folding of NSPs

As they emerge from the ribosomes, nascent polypeptide 
chains fold into complex three-dimensional structures that char-
acterize the functional protein.12 The dimensions of the ribo-
some exit tunnel are limiting (80–100Å long and 10–20Å wide 
in yeast),13,14 only allowing folding of the elongating polypeptide 
chain up to the secondary structural elements.15 Consequently, 
the final stages of NSP folding must be accomplished in the 
crowded cytoplasmic environment. Nascent polypeptides that 
emerge from the ribosome contain surface-exposed hydropho-
bic domains that can engage in nonspecific interactions with 
an array of cytosolic proteins, as well as with the other nascent 
polypeptides.16,17 Ribosome-associated chaperones protect these 
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During protein synthesis, nascent polypeptides emerge from 
ribosomes to fold into functional proteins. Misfolding of newly 
synthesized polypeptides (NSPs) at this stage leads to their aggre-
gation. These misfolded NSPs must be expediently cleared to 
circumvent the deleterious effects of protein aggregation on 
cell physiology. To this end, a sizable portion of NSPs are ubiqui-
tinated and rapidly degraded by the proteasome. This suggests 
the existence of co-translational mechanisms that play a pivotal 
role in the quality control of NSPs. It is generally thought that ribo-
somes play a central role in this process. During mRNA translation, 
ribosomes sense errors that lead to the accumulation of aber-
rant polypeptides, and serve as a hub for protein complexes that 
are required for optimal folding and/or proteasome-dependent 
degradation of misfolded polypeptides. In this review, we discuss 
recent findings that shed light on the molecular underpinnings of 
the co-translational quality control of NSPs.
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partially folded polypeptides from these nonspecific interactions, 
thereby increasing the likelihood of accurate folding.18

The growing nascent chain first encounters the nascent poly-
peptide-associated complex (NAC).19 The NAC is a heterodi-
meric complex that associates with ribosomes in close proximity 
to the ribosome exit tunnel (Fig. 1A).19 It shields approximately 
30 N-terminal amino acids of the nascent polypeptide.19 As the 
nascent polypeptide chain lengthens, the NAC is replaced by 
other ribosome-associated factors, such as the signal recognition 
particle (SRP) and the elongation factor eEF1A, both of which 

have a higher affinity for the hydrophobic 
regions of the nascent polypeptide chain than 
the NAC (Fig. 1A).20 Subsequently, additional 
chaperones are recruited to the exposed and 
partially folded hydrophobic domains of NSPs. 
Heat shock proteins Hsp70, Hsp90 and the 
eukaryotic TCP-1 ring complex (TRiC) were 
identified as the predominant classes of these 
chaperones (Fig.  1A).21-25 In eukaryotic cells, 
Hsp70 chaperones associate with ribosomes, 
bind elongating polypeptide chains and facili-
tate their folding, which promotes the asso-
ciation of NSPs with downstream chaperones 
such as Hsp9026 or TRiC.21,27 Hsp70 chaper-
ones preferentially promote the folding of long 
nascent chains that are characterized by abun-
dant hydrophobic regions.23 Although some 
NSPs that had been partially folded by Hsp70 
are transferred to Hsp90,26 the role of Hsp90 
chaperones in co-translational folding remains 
largely elusive. Hsp90 chaperones appear to 
regulate the folding of a restricted subset of pro-
teins such as steroid receptors and Src-related 
kinases.28 TRiC is a large multimeric complex 
that bears a resemblance to the bacterial GroEL 
double ring.29 It was originally identified as a 
chaperone complex that binds to polar regions 
of newly synthesized cytoskeletal proteins 
and facilitates their optimal folding.30,31 More 
recently, the TRiC interactome has been fur-
ther explored.32 Like its prokaryotic homolog 
GroEL, the TRiC complex appears to associate 
with a plethora of structurally and functionally 
distinct NSPs, which indicates that it plays a 
general role in the folding of a broad spectrum 
of NSPs.32,33

In yeast, NAC cooperates with Hsp70 chap-
erone Stress 70B (SSB)–Ribosome Associated 
Complex (RAC) and the Hsp110 chaperone 
Sse1 in the folding of NSPs.34 RAC is a het-
erodimeric complex formed by members of 
the conserved Hsp70 (Ssz) and Hsp40 chaper-
one families (Zuotin).35 Zuotin interacts with 
rpL31,25 which surrounds the peptide exit tun-
nel.36 In yeast, deletion of Sse1 and SSB results 
in protein aggregation, which is further exacer-
bated by the loss of NAC.34 Intriguingly, deple-

tion of Sse1 and SSB also causes reduction of small and large 
ribosomal subunits with concomitant enrichment of ribosomal 
proteins and rRNA in the pool of aggregated NSPs. This sug-
gests the presence of a regulatory feedback loop whereby an 
increase in NSP aggregation in cells with abrogated chaperone 
activity downregulates protein synthesis, thereby preventing fur-
ther accumulation of misfolded NSPs.34 These findings show 
that RAC and associated chaperones play an important role in 
the optimal folding of NSPs and moreover, that they serve as a 

Figure 1. Mechanisms of ribosome stalling, ribosomal subunit dissociation and NSP ubiquiti-
nation. A) During elongation, NAC, eEF1A, TRiC and Hsp70 chaperones assist the folding of the 
polypeptide chains fostering their passage through the exit tunnel. Severe stress decreases 
the association of Hsp70 with ribosomes and nascent chains. Consequently, ribosomes stall 
on the first ~100 nucleotides of the open reading frame (ORF) to shield the nascent chains, 
thereby blocking elongation. B) Ribosomes are stalled on the poly(A) tail of mRNAs with no 
stop codon due to strong electrostatic interactions between positively charged poly-lysine 
and the negatively charged peptide exit tunnel. Hbs1/Pelota/ABCE1 complex dissociates 
stalled ribosomes while Listerin ubiquitin E3 ligase ubiquitylates abnormal nascent poly-
peptide chains. Cdc48 AAA-ATPase forms a complex with Ufd1-Npl4 that binds the ribo-
some through Rqc1 and Tae2. This complex is thought to “pull out” the ubiquitinated stalled 
nascent polypeptide chains from the ribosomes and delivers them to the proteasome for 
degradation.
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central node of protein quality control, coordinating both pro-
tein folding and rates of mRNA translation (see below).

Ribosomes Link Translational Control and NSP 
Folding

Folding of nascent polypeptides may be coordinated with 
translation rates, which in turn are determined by both pro-
tein length and mRNA sequence.37,38 Mild inhibition of pro-
tein synthesis has been shown to facilitate folding of NSPs.39 
Interestingly, in yeast, proteins that are synthesized rapidly are 
more prone to co-translational ubiquitination, an effect that 
appears to be mediated by a complex network of E3 ubiquitin 
ligases, including ribosome-bound Rkr1 and Hel2.40 In general, 
the translation rate and folding efficiency is determined, at least 
in part, by features of the mRNA that are being translated. For 
example, yeast TRP3 mRNA contains a cluster of consecutive 
rare codons that correspond to a highly-structured region of PYK 

protein that separates its two enzymatic domains. 41In light of 
these and similar findings, it has been proposed that mRNA 
regions encompassing elongation pausing sites define the domain 
boundaries and facilitate the structural organization of NSPs.42-45 
Potential effects of codon bias on protein folding also highlight 
hitherto unappreciated effects that synonymous single-nucleotide 
polymorphisms (SNPs) may exert on protein function. Namely, 
SNPs are commonly not expected to affect synthesis, folding and 
function of polypeptides as the genes harboring them encode the 
same amino acids as their wild-type counterparts. However, it 
has been demonstrated that SNPs in the multidrug resistance 
(MDR1) gene that encodes transmembrane ABC-transporter 
MDR1/P-glycoprotein affect its folding and transporter activ-
ity.46,47 In addition, an elongation pause site in signal recognition 
particle receptor (SRα) mRNA is required for co-translational 
ER membrane anchoring of SRα receptor, inasmuch as syn-
onymous mutations that alleviate elongation pausing impede 
ER localization of this receptor.48 Therefore, optimal protein 

Figure 2. Potential cross-talk between chaperone system, mTORC1 and eIF2 kinases in coordination of NSP folding and translation rates and the role of 
JNK in mediating degradation of NSPs during stress. A) Chaperones stimulate folding of NSPs and their depletion and/or inhibition leads to translational 
arrest. At an early phase of stress response, however mTORC1 appears to phosphorylate the heat shock transcription factor 1 (HSF1) to induce the expres-
sion of chaperone-encoding genes. Chaperone activity prevents accumulation of misfolded NSPs whereas mTORC1 stimulates mRNA translation by 
phosphorylating 4E-BPs (4E-BP1, 2 and 3 in mammals) and ribosomal protein S6 kinases (S6 kinase 1 and 2 in mammals). In stark contrast, various types 
of prolonged stress including nutrient deprivation have been shown to inhibit mTORC1 and downregulate protein synthesis rates. In response to vari-
ous types of stress eIF2 kinases (PERK, PKR, GCN2 and HRI in mammals) phosphorylate eIF2α resulting in the inhibition of global protein synthesis and 
concomitant stimulation of translation of mRNAs bearing inhibitory upstream open reading frames that encode stress response proteins (e.g., ATF4 and 
CHOP). Inhibition of the chaperone system (e.g., geldanamycin) appears to suppress mTORC1 activity, but the role of mTORC1 in co-translational protein 
degradation is still largely elusive. B) Stress such as UV-irradiation and altered levels of intracellular Ca2+ (PMA) activate JNK. Activated JNK is recruited to 
ribosomes via interaction with the structural ribosomal protein RACK1. On the ribosomes, JNK phosphorylates eEF1A2 and stimulates its binding to NSPs 
thereby bolstering their degradation by the proteasome. In mammals, the link between eEF1A2 and proteasome remains unknown.
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function requires well-orchestrated regulation of translation and 
protein folding.

Ribosome-Dependent Regulation of Ubiquitination 
and Proteasomal Degradation of NSPs

Misfolded NSPs must be rapidly targeted for degradation to 
avoid the accumulation of protein aggregates that have deleteri-
ous repercussions for cells. Accordingly, several key components 
of the ribosome-associated NSP quality surveillance system have 
been recently described including Listerin (Ltn1 in yeast), trans-
lation elongation factor 1A (EF1A), and 97-kDa valosin-contain-
ing protein (p97/VCP; Cdc48 in yeast) (Fig. 1A and B).

Listerin mediates degradation of NSPs encoded by non-stop 
mRNAs

The role of the ribosome in orchestrating co-translational deg-
radation of aberrant NSPs appears to be an essential part of the 
mRNA surveillance mechanism referred to as non-stop decay. 
Non-stop decay eliminates mRNAs that are missing appropri-
ate stop codons (non-stop mRNAs) and give rise to anomalous 
NSPs.49,50 During the translation of non-stop mRNAs, the poly(A) 
tail is translated into a polylysine stretch at the C-terminus of 
the NSP.51,52 The positively charged polylysine stretch engages 
in strong electrostatic interactions with the negatively charged 
surface of the ribosome exit channel, thereby inducing ribosome 
stalling.53 To free stalled ribosomes, these aberrant non-stop poly-
peptides must be removed and degraded.51 A ribosome-dependent 
quality control pathway that removes NSPs encoded by non-stop 
mRNAs has been recently described. This pathway appears to 
be preserved from yeast to mammals and is centered on Listerin 
(Ltn1 in yeast), a highly conserved E3 ubiquitin ligase.54 Listerin 
contains a lysine-rich domain at the N-terminus and a RING 
finger at the C-terminus.55 The RING domain has intrinsic E3 
ubiquitin ligase activity.55 Listerin associates with the large, 60S 
ribosomal subunit54,56 and promotes ubiquitination of aberrant 
non-stop polypeptides in yeast54 and humans.57 Recruitment of 
Listerin to the 60S ribosome is facilitated by the Hbs1/Pelota/
ABCE1 recycling complex that dissociates stalled ribosomes 
from non-stop mRNAs, leading to their degradation by the exo-
some (Fig. 1B).58 Hbs1 is a paralogue of the translation termina-
tor factor, eukaryotic release factor 3 (eRF3)59. It binds to the 
sarcin-ricin loop of the large ribosomal subunit, which represents 
a highly conserved region of 28S rRNA that interacts with trans-
lation elongation factors.60 The binding of Hbs1 to this region 
displaces elongation factor-tRNA complexes from stalled ribo-
somes. Pelota (Dom34 in yeast) is a paralogue of the eukaryotic 
release factor 1 (eRF1)61 that associates with the A-site of stalled 
ribosomes and promotes their dissociation in conjunction with 
ABCE1, which is a conserved member of the ATP-binding cas-
sette (ABC) family of proteins.62,63 It is worthwhile to note that, 
in yeast, the Hbs1/Dom34 complex plays a central role in the 
mRNA surveillance mechanism known as no-go decay (NGD) 
that is induced by prolonged ribosome pausing.64 Taken together, 
these findings highlight the mechanism whereby the surveillance 
complex composed of Hbs1/Pelota/ABCE1 dissociates ribosomes 

stalled on non-stop mRNAs, while Listerin targets non-stop 
polypeptides for proteasomal degradation (Fig. 1B).

The role of the eukaryotic translation elongation factor 1A 
(eEF1A) in degradation of NSPs

eEF1A is an abundant elongation factor which delivers ami-
noacyl-tRNAs to the A-site of the ribosome in a ternary com-
plex with GTP.65 Upon anticodon/codon recognition, ribosomes 
activate the GTPase activity of eEF1A, leading to GTP hydro-
lysis and release of GDP-bound eEF1A from the ribosome.66,67 
Interestingly, in addition to its essential role in translation elon-
gation, archaebacterial translation elongation factor 1A (aEF1a) 
appears to sense stalled ribosomes during no-go and non-stop 
mRNA decay. aEF1a recruits ribosome release factor1 (aRF1) 
and aPelota to the ribosome.68,69 aRF1 recognizes the stop codon 
and terminates mRNA translation by stimulating peptidyl-tRNA 
bond hydrolysis, whereas aPelota dissociates ribosomes that are 
stalled on aberrant mRNAs. Thus, aEF1a orchestrates the trans-
lation elongation, termination and quality control of NSPs.2,68,69

The potential role of eEF1A in NSP quality control has also 
been reported in a variety of eukaryotic organisms ranging from 
yeast to mammals. To this end, eEF1A has been demonstrated to 
bind ubiquitinated NSPs and associate with the proteasomes in 
yeast and C. elegans.20,70,71 In addition, eEF1A appears to be neces-
sary for the degradation of a subset of N-acetylated polypeptides 
in vitro72 and has also been recently identified as a component of 
the “translasome complex” which is composed of translation fac-
tors, ribosomes and proteasomal components.73 Taken together, 
these findings suggest that eEF1A is a central factor in the regu-
lation of NSP surveillance and implies that its role may be to 
deliver aberrant NSPs to the proteasome.

p97/VCP: transferring ubiquitinated NSPs from ribosome 
to proteasome

In addition to Listerin and eEF1A, p97/VCP (Cdc48 in yeast) 
has recently emerged as a pivotal regulator of ribosome-mediated 
NSP surveillance. p97/VCP is a multifunctional AAA-ATPase 
that has been implicated in a variety of cellular processes includ-
ing autophagy, endosomal sorting and ubiquitin/proteasome-
dependent proteolysis.74 This protein acts as a central node in the 
endoplasmic reticulum-associated degradation (ERAD) path-
way, where it facilitates the retrotranslocation of ubiquitinated 
proteins from the endoplasmic reticulum and delivers them to 
the proteasome.75,76 Cdc48 recognizes ubiquitin chains on tar-
get proteins in conjunction with the heterodimeric Ufd1-Npl4 
complex, which is followed by the activation of its ATPase activ-
ity and subsequent extraction of ubiquitinated proteins from the 
ER.77 Cdc48/Ufd1-Npl4 complexes have been recently shown to 
associate with the 60S ribosomal subunit,78 which also hosts Ltn1 
(Fig. 1B). Moreover, ubiquitinated NSPs are accumulated on the 
ribosomes of Cdc48-deficient yeast.78 Importantly, ribosomal 
localization of Cdc48 requires ribosome-associated factors Tae2 
and Rqc1, factors that have also been shown to interact with Ltn1 
(Fig. 1B).56,79 Therefore, a model has been proposed whereby the 
Cdc48/Ufd1-Npl4 complex recognizes erroneous NSPs that are 
co-translationally ubiquitinated by Ltn1 and delivers them to 
proteasomes (Fig. 1B).
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The Cross-Talk between Ribosomes and 
Chaperones Determines Translation Rates under 

Stress

Cells respond to various types of stress, such as UV-irradiation, 
nutrient deprivation and ER-stress, by reprogramming gene 
expression and shutting down global mRNA translation.80 
A stress-induced decrease in the global protein synthesis rate 
is mediated by the members of the eukaryotic translation ini-
tiation factor 2 (eIF2) kinase family (PERK, PKR, GCN2 and 
HRI).81 eIF2 forms a ternary complex with the initiator tRNA 
(Met-tRNAi) and GTP that delivers Met-tRNAi to the 40S ribo-
somal subunit to form the 43S pre-initiation complex.82 At the 
end of initiation, eIF2-bound GTP is hydrolyzed and the binary 
eIF2/GDP complex is released from the ribosome.83 eIF2B is a 
guanine nucleotide exchange factor (GEF) that exchanges GDP 
bound to eIF2 for GTP allowing the formation of the ternary 
complex and another round of initiation.83 eIF2 kinases inacti-
vate eIF2 via phosphorylation of its regulatory eIF2α subunit, 
which stabilizes eIF2/GDP/eIF2B complexes and inhibits GEF 
activity of eIF2B.84-86 Whereas phosphorylation of eIF2α inhibits 
global translation, it promotes the translation of a specific subset 
of mRNAs harboring short, inhibitory upstream ORFs (uORFs) 
that encode master transcriptional regulators of stress response 
such as CHOP and ATF4 (Fig.  2A).87 In non-stressed cells, 
uORFs impede the progression of scanning ribosomes toward 
the downstream initiation codon.88,89 In contrast, stress-induced 
eIF2α phosphorylation attenuates re-initiation on uORFs, 
thereby favoring the translation of downstream ORFs.90

In addition to the well-established role of eIF2α phosphor-
ylation in stress-induced downregulation of mRNA transla-
tion, several recent studies implicate chaperones in this process. 
Proteotoxic stress is a condition in which protein homeostasis 
(protein synthesis, folding, and clearance) is altered by various 
stressors including heat-shock or oxidation.91 Cells respond to 
proteotoxic stress by decreasing mRNA translation rates and 
increasing the chaperone capacity.92 Recent findings show that in 
addition to its role in the folding of NSPs, Hsp70 bolsters transla-
tion elongation rates by facilitating extrusion of nascent chains 
from the ribosome exit tunnel.21,93 In cells exposed to heat stress 
or toxic amino acid analogs, Hsp70 chaperones dissociate from 
ribosomes, presumably due to excess misfolded proteins out-com-
peting nascent polypeptides for Hsp70. The overall reduction 
in ribosome-associated Hsp70 is paralleled by a genome-wide 
elongation pausing ~100 nucleotides downstream of the initia-
tion codon.93,94 Under these conditions, stalled ribosomes shield 
the first ~30–40 amino acids of nascent polypeptide chains 
(Fig. 1A). Consistently, depletion or pharmacological inhibition 
of Hsp70 recapitulates the elongation pausing phenotype even in 
the absence of proteotoxic stress.93 Therefore, elongation pausing 
of ribosomes is considered to be a strategy to prevent potentially 
harmful unspecific interactions of nascent polypeptides, and to 
allow time for more Hsp70 chaperones to become available, as 
well as to block other ribosomes from engaging the mRNA under 
conditions where chaperone capacity is diminished.93,94

Although the mechanism underlying the pausing of ribo-
somes during elongation remains poorly understood, emerging 
data indicate that chaperones and the ribosome exit tunnel col-
laboratively orchestrate protein folding and ribosome scanning 
(Fig.  1B).95 Ribosomal proteins of the large subunit rpL4 and 
rpL22 appear to form what resembles a gated opening in the ribo-
some exit tunnel36 and have a role in ribosome stalling.15 Hsp70 
chaperones associate with rpL22 and rpL4 and this interaction 
may cooperate to resize the ribosome exit tunnel.36,93 These stud-
ies provide the first look into the mechanisms that chaperones 
may employ to coordinate protein folding and translation elonga-
tion rates.

NSP Quality Control during Stress

Although ribosome-mediated quality control of NSPs repre-
sents an important mechanism of proteome surveillance, mech-
anisms that regulate this process in response to stress remain 
largely obscure. Below, we discuss recent findings that provide 
the first evidence implicating the mammalian target of rapamy-
cin complex 1 (mTORC1) and c-jun N-terminal kinase (JNK) 
in the regulation of NSP folding and degradation under stress.

Chaperones and mTORC1
In addition to affecting translation rates by stimulating elon-

gation of polypeptides, recent findings suggest that chaperones 
may influence protein synthesis at the rate-limiting initiation 
step via modulation of mTORC1 activity. mTORC1 stimulates 
mRNA translation by phosphorylating a multitude of down-
stream targets including eukaryotic translation initiation factor 
4E (eIF4E)-binding proteins (4E-BPs), ribosomal protein S6 
(rpS6) kinases (S6Ks) and their downstream targets (e.g., rpS6, 
eIF4B, PDCD4 and eukaryotic elongation factor 2 kinase), as 
well as by stimulating ribosome biogenesis and tRNA synthesis 
(Fig. 2A).96

The mTORC1 pathway is the major anabolic pathway whose 
activity is downregulated when cells are exposed to adverse condi-
tions such as nutrient or oxygen deprivation.96 Paradoxically, dur-
ing the initial phase of cellular response to a variety of stressors, 
including misfolding agents (heat shock, hydrogen peroxide) or 
unrelated stressors (such as UV-irradiation), mTORC1 appears 
to be activated (Fig.  2A).97,98 Recent observations suggest that 
partial reduction in availability of the chaperone Hsp90 during 
the early stress response stimulates mTORC1 signaling, whereas 
prolonged exposure to stress that exceeds buffering capacity of 
the chaperones appears to inhibit mTORC1 activity.99 Depletion 
of chaperone function by genetic (loss of heat shock factor pro-
tein 1 [HSF1]) or pharmacological means (using the Hsp90 
inhibitor geldanamycin) resulted in a more rapid inhibition of 
mTORC1 signaling during the course of stress as compared with 
control cells (Fig. 2A).99 This suggests that a reduction in chaper-
one availability during moderate stress may modulate mTORC1 
activity. Dietary restriction and optimal chaperone capacity have 
been linked to an increase in longevity in numerous species.100-103 
Notwithstanding that further studies are required to establish 
the underlying mechanism of chaperone-dependent modulation 
of mTORC1 signaling, moderately reduced chaperone capacity 



e28109-6	 Translation	V olume 2 

and nutrient excess may have synergistic effects on the activation 
of mTORC1. Consistently, hyperactivation of mTOR is linked 
to various pathological states including cancer and diabetes, 
whereas chronic suppression of mTOR signaling has been linked 
to lifespan extension in a variety of organisms.96 Furthermore, a 
recent report implied that mTORC1 may modulate the chaper-
one capacity of the cell by phosphorylating HSF1,104 which sug-
gests the existence of regulatory feedback loops that coordinate 
mTORC1 activity, translation rates and chaperone availability 
(Fig. 2A).

The RACK1/JNK/eEF1A2 complex
Stress-activated c-Jun N-terminal kinase (JNK) is a major 

regulator of cellular stress responses that has been implicated 
in several protein surveillance mechanisms.105 Nonetheless, the 
role of JNK in NSP quality control remains poorly understood. 
We demonstrated that JNK co-translationally regulates stabil-
ity and multimerization of the tumor suppressor protein p53.106 
E2-ubiquitin conjugating enzyme Ubc13 associates with p53 
on polysomes. This results in K63-ubiquitination of p53 and 
inhibition of its tetramerization and transcriptional activity.107 
UV-irradiation or phorbol ester-induced activation of JNK leads 
to phosphorylation of polysome-associated p53 and dissociation 
of p53/Ubc13 complexes. This is accompanied by tetrameriza-
tion of p53 and its subsequent transcriptional activation.106

Lately, a more general role for JNK in NSP decay has been sug-
gested.108,109 Upon activation, JNK is recruited to the 40S ribo-
somal subunit via the receptor for activated C kinase 1 (RACK1) 
and it co-sediments with polysomes (Fig.  2B).109 RACK1 is a 
scaffold protein that interacts with a wide repertoire of signaling 
molecules including JNK.110 It is also a structural component 
of the 40S ribosomal subunit that localizes proximally to the 
mRNA exit channel.111 The yeast homolog of RACK1 (Asc1p) 
promotes the degradation of erroneous nascent polypeptides 
encoded by the non-stop mRNAs.112 Moreover, association of 
RACK1 with the ribosome appears to be necessary for ubiqui-
tination of NSPs.108 In mammalian cells, activated JNK binds 
and phosphorylates the eEF1A2 isoform of eEF1A on evolu-
tionarily conserved serine/proline motifs (Ser205 and Ser358) 
that are notably absent in the eEF1A1 isoform.109 As mentioned 
previously, eEF1A is considered to play an evolutionarily con-
served role in folding and co-translational degradation of NSPs. 
Accordingly, JNK-mediated phosphorylation of eEF1A2 stimu-
lates its recruitment on polysomes and its binding to NSPs.109 
This is paralleled by increased proteasomal degradation of NSPs 
(Fig. 2B).109 Remarkably, while critical for stress-induced NSP 
decay, JNK-mediated phosphorylation of eEF1A2 does not 
appear to have a major effect on translation elongation rates.109 
Although it remains to be assessed whether eEF1A2 activates E3 
ubiquitin ligases, directly delivers NSPs to the proteasome, or 
whether this is mediated by as-yet unknown factors, these results 
indicate that ribosome-associated RACK1/JNK/eEF1A2 com-
plexes represent a central node of the stress-induced NSP quality 
control network in mammalian cells (Fig.  2B). A mass spec-
trometry-based approach revealed that, in addition to eEF1A2 
and a number of proteasomal components, ribosome-associated 
JNK complexes contain a variety of chaperones including Hsp70 

chaperones and TRiC subunits.109 This suggests that JNK may 
be a major regulator of NSP folding and degradation under 
stress.

Future Challenges and Concluding Remarks

Emerging data indicate that, in addition to their well-estab-
lished role in translation, ribosomes and other components of the 
translational machinery play a major role in NSP surveillance. 
However, cellular networks that link protein synthesis, chap-
erones, and proteasome machineries are still largely unknown. 
Alterations in chaperone capacity modulate protein synthesis 
rates,94,93 whereas inhibition of translation appears to down-
regulate chaperone production by disrupting the transcriptional 
activity of heat shock factor protein 1 (HSF1).113 In turn, HSF1 
has been shown to regulate mTORC1 activity during stress and 
to stimulate rDNA transcription in cancer cells, thus suggesting 
that it may bolster translation.99,114 In addition to HSF1, SKN-1 
(C. elegans ortholog of mammalian nuclear respiratory factors 
Nrf1, 2 and 3), a master transcriptional regulator of oxidative 
stress, has been shown to coordinate rates of protein synthesis 
and degradation by modulating the activity of the ubiquitin-
proteasome system.115 Inhibition of the proteasome leads to the 
induction of SKN-1, whereas suppression of translation leads to 
its inactivation.115 Importantly, SKN-1 promotes resistance to 
oxidative stress and extends the lifespan of worms.116 These find-
ings suggest that HSF1 and SKN-1 may serve as central nodes of 
cellular stress network that sense alterations in translation rates 
and proteotoxic stress to coordinate protein synthesis, folding 
and decay to maintain organismal and cellular homeostasis.

In addition to knowledge gaps related to the molecular under-
pinnings of cellular networks that coordinate mRNA transla-
tion, NSP quality control and degradation, it is still not clear 
whether NSP surveillance equally affects all cellular proteins, or 
whether it targets specific subsets of NSPs. The potential impor-
tance of selective mechanisms of NSP surveillance is substanti-
ated by defective ribosomal products (DRiPs) that are generated 
by rapid degradation of a specific subset of NSPs shortly after 
completion of their synthesis and serve as peptide ligands for 
MHC class I molecules.117,118 These findings suggest that targeted 
degradation of NSPs may play a major role in essential cellular 
processes such as immune response and immunosurveillance of 
tumors.119 The plausibility of the selective degradation of NSPs 
also puts forward a model, whereby decay of a subset of NSPs 
would produce changes in the proteome that are required for the 
optimal stress response (e.g., by degrading nascent polypeptides 
that are not required during stress). In this way, degradation of 
NSPs may serve not only as a quality control mechanism, but 
also as the crucial step in the regulation of gene expression.

In this review, we summarized emerging mechanisms of co-
translational surveillance of NSPs and the networks that coor-
dinate translation rates, folding and degradation of NSPs. The 
results of these studies strongly suggest that the co-translational 
surveillance of NSPs is achieved via the orchestrated action of 
the translational machinery, chaperones and the ubiquitin-pro-
teasome system.



www.landesbioscience.com	 Translation	 e28109-7

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We are grateful for the helpful discussion and invaluable 
comments from Jason C. Young, Martin Wiedmann and Ze’ev 

Ronai. We thank Valerie Henderson for help with editing the 
manuscript. Research in Topisirovic’s lab is supported by the 
Canadian Institutes of Health Research grant (CIHR MOP-
115195), Canada Foundation for Innovation (CFI) and Fonds 
de recherche du Québec – Santé (FRQ-S). I.T. is a recipient of 
CIHR Young Investigator Award.

References
1.	 Rolfe DF, Brown GC. Cellular energy utilization and 

molecular origin of standard metabolic rate in mam-
mals. Physiol Rev 1997; 77:731-58; PMID:9234964

2.	 Sonenberg N, Hinnebusch AG. Regulation of transla-
tion initiation in eukaryotes: mechanisms and biologi-
cal targets. Cell 2009; 136:731-45; PMID:19239892; 
http://dx.doi.org/10.1016/j.cell.2009.01.042

3.	 Loftfield RB, Vanderjagt D. The frequency of errors 
in protein biosynthesis. Biochem J 1972; 128:1353-6; 
PMID:4643706

4.	 Lynch M. Evolution of the mutation rate. Trends 
Genet 2010; 26:345-52; PMID:20594608; http://
dx.doi.org/10.1016/j.tig.2010.05.003

5.	 Drummond DA, Wilke CO. The evolutionary con-
sequences of erroneous protein synthesis. Nat Rev 
Genet 2009; 10:715-24; PMID:19763154; http://
dx.doi.org/10.1038/nrg2662

6.	 Wheatley DN, Inglis MS. Turnover of nascent pro-
teins in HeLa-S3 cells and the quasi-linear incor-
poration kinetics of amino acids. Cell Biol Int Rep 
1985; 9:463-70; PMID:4016964; http://dx.doi.
org/10.1016/0309-1651(85)90154-7

7.	 Wheatley DN, Giddings MR, Inglis MS. Kinetics 
of degradation of “short-“ and “long-lived” proteins 
in cultured mammalian cells. Cell Biol Int Rep 
1980; 4:1081-90; PMID:7460022; http://dx.doi.
org/10.1016/0309-1651(80)90045-4

8.	 Schubert U, Antón LC, Gibbs J, Norbury CC, 
Yewdell JW, Bennink JR. Rapid degradation of a 
large fraction of newly synthesized proteins by prote-
asomes. Nature 2000; 404:770-4; PMID:10783891; 
http://dx.doi.org/10.1038/35008096

9.	 Turner GC, Varshavsky A. Detecting and measuring 
cotranslational protein degradation in vivo. Science 
2000; 289:2117-20; PMID:11000112; http://dx.doi.
org/10.1126/science.289.5487.2117

10.	 Vabulas RM, Hartl FU. Protein synthesis upon acute 
nutrient restriction relies on proteasome function. 
Science 2005; 310:1960-3; PMID:16373576; http://
dx.doi.org/10.1126/science.1121925

11.	 Wang F, Durfee LA, Huibregtse JM. A cotransla-
tional ubiquitination pathway for quality control 
of misfolded proteins. Mol Cell 2013; 50:368-78; 
PMID:23583076; http://dx.doi.org/10.1016/j.
molcel.2013.03.009

12.	 Anfinsen CB. Principles that govern the fold-
ing of protein chains. Science 1973; 181:223-
30; PMID:4124164; http://dx.doi.org/10.1126/
science.181.4096.223

13.	 Menetret JF, Neuhof A, Morgan DG, Plath K, 
Radermacher M, Rapoport TA, Akey CW. The 
structure of ribosome-channel complexes engaged 
in protein translocation. Mol Cell 2000; 6:1219-
32; PMID:11106759; http://dx.doi.org/10.1016/
S1097-2765(00)00118-0

14.	 Beckmann R, Spahn CM, Eswar N, Helmers J, 
Penczek PA, Sali A, Frank J, Blobel G. Architecture 
of the protein-conducting channel associated with 
the translating 80S ribosome. Cell 2001; 107:361-
72; PMID:11701126; http://dx.doi.org/10.1016/
S0092-8674(01)00541-4

15.	 Bhushan S, Gartmann M, Halic M, Armache JP, 
Jarasch A, Mielke T, Berninghausen O, Wilson DN, 
Beckmann R. α-Helical nascent polypeptide chains 
visualized within distinct regions of the ribosomal 
exit tunnel. Nat Struct Mol Biol 2010; 17:313-
7; PMID:20139981; http://dx.doi.org/10.1038/
nsmb.1756

16.	 Ellis RJ, Hartl FU. Principles of protein folding in 
the cellular environment. Curr Opin Struct Biol 
1999; 9:102-10; PMID:10047582; http://dx.doi.
org/10.1016/S0959-440X(99)80013-X

17.	 Brandt F, Carlson LA, Hartl FU, Baumeister W, 
Grünewald K. The three-dimensional organization 
of polyribosomes in intact human cells. Mol Cell 
2010; 39:560-9; PMID:20797628; http://dx.doi.
org/10.1016/j.molcel.2010.08.003

18.	 Fedyukina DV, Cavagnero S. Protein folding at 
the exit tunnel. Annu Rev Biophys 2011; 40:337-
59; PMID:21370971; http://dx.doi.org/10.1146/
annurev-biophys-042910-155338

19.	 Wang S, Sakai H, Wiedmann M. NAC covers ribo-
some-associated nascent chains thereby forming a 
protective environment for regions of nascent chains 
just emerging from the peptidyl transferase center. J 
Cell Biol 1995; 130:519-28; PMID:7622554; http://
dx.doi.org/10.1083/jcb.130.3.519

20.	 Hotokezaka Y, Tobben U, Hotokezaka H, Van Leyen 
K, Beatrix B, Smith DH, Nakamura T, Wiedmann 
M. Interaction of the eukaryotic elongation fac-
tor 1A with newly synthesized polypeptides. J Biol 
Chem 2002; 277:18545-51; PMID:11893745; http://
dx.doi.org/10.1074/jbc.M201022200

21.	 Nelson RJ, Ziegelhoffer T, Nicolet C, Werner-
Washburne M, Craig EA. The translation machinery 
and 70 kd heat shock protein cooperate in protein 
synthesis. Cell 1992; 71:97-105; PMID:1394434; 
http://dx.doi.org/10.1016/0092-8674(92)90269-I

22.	 Eggers DK, Welch WJ, Hansen WJ. Complexes 
between nascent polypeptides and their molecular 
chaperones in the cytosol of mammalian cells. Mol 
Biol Cell 1997; 8:1559-73; PMID:9285825; http://
dx.doi.org/10.1091/mbc.8.8.1559

23.	 Willmund F, del Alamo M, Pechmann S, Chen T, 
Albanèse V, Dammer EB, Peng J, Frydman J. The 
cotranslational function of ribosome-associated 
Hsp70 in eukaryotic protein homeostasis. Cell 
2013; 152:196-209; PMID:23332755; http://dx.doi.
org/10.1016/j.cell.2012.12.001

24.	 Chiabudini M, Conz C, Reckmann F, Rospert S. 
Ribosome-associated complex and Ssb are required 
for translational repression induced by polylysine 
segments within nascent chains. Mol Cell Biol 
2012; 32:4769-79; PMID:23007158; http://dx.doi.
org/10.1128/MCB.00809-12

25.	 Leidig C, Bange G, Kopp J, Amlacher S, Aravind A, 
Wickles S, Witte G, Hurt E, Beckmann R, Sinning 
I. Structural characterization of a eukaryotic chap-
erone--the ribosome-associated complex. Nat Struct 
Mol Biol 2013; 20:23-8; PMID:23202586; http://
dx.doi.org/10.1038/nsmb.2447

26.	 Hartl FU, Hayer-Hartl M. Converging concepts of 
protein folding in vitro and in vivo. Nat Struct Mol 
Biol 2009; 16:574-81; PMID:19491934; http://
dx.doi.org/10.1038/nsmb.1591

27.	 Frydman J, Nimmesgern E, Ohtsuka K, Hartl FU. 
Folding of nascent polypeptide chains in a high 
molecular mass assembly with molecular chaperones. 
Nature 1994; 370:111-7; PMID:8022479; http://
dx.doi.org/10.1038/370111a0

28.	 Frydman J. Folding of newly translated proteins in 
vivo: the role of molecular chaperones. Annu Rev 
Biochem 2001; 70:603-47; PMID:11395418; http://
dx.doi.org/10.1146/annurev.biochem.70.1.603

29.	 Frydman J, Nimmesgern E, Erdjument-Bromage H, 
Wall JS, Tempst P, Hartl FU. Function in protein 
folding of TRiC, a cytosolic ring complex contain-
ing TCP-1 and structurally related subunits. EMBO J 
1992; 11:4767-78; PMID:1361170

30.	 Hynes GM, Willison KR. Individual subunits of 
the eukaryotic cytosolic chaperonin mediate inter-
actions with binding sites located on subdomains 
of beta-actin. J Biol Chem 2000; 275:18985-94; 
PMID:10748209; http://dx.doi.org/10.1074/jbc.
M910297199

31.	 Pappenberger G, Wilsher JA, Roe SM, Counsell 
DJ, Willison KR, Pearl LH. Crystal structure of the 
CCTgamma apical domain: implications for sub-
strate binding to the eukaryotic cytosolic chaperonin. 
J Mol Biol 2002; 318:1367-79; PMID:12083524; 
http://dx.doi.org/10.1016/S0022-2836(02)00190-0

32.	 Yam AY, Xia Y, Lin HT, Burlingame A, Gerstein 
M, Frydman J. Defining the TRiC/CCT interac-
tome links chaperonin function to stabilization of 
newly made proteins with complex topologies. Nat 
Struct Mol Biol 2008; 15:1255-62; PMID:19011634; 
http://dx.doi.org/10.1038/nsmb.1515

33.	 Chapman E, Farr GW, Usaite R, Furtak K, Fenton 
WA, Chaudhuri TK, Hondorp ER, Matthews RG, 
Wolf SG, Yates JR, et al. Global aggregation of newly 
translated proteins in an Escherichia coli strain defi-
cient of the chaperonin GroEL. Proc Natl Acad Sci 
U S A 2006; 103:15800-5; PMID:17043235; http://
dx.doi.org/10.1073/pnas.0607534103

34.	 Koplin A, Preissler S, Ilina Y, Koch M, Scior A, 
Erhardt M, Deuerling E. A dual function for chap-
erones SSB-RAC and the NAC nascent polypep-
tide-associated complex on ribosomes. J Cell Biol 
2010; 189:57-68; PMID:20368618; http://dx.doi.
org/10.1083/jcb.200910074

35.	 Gautschi M, Lilie H, Fünfschilling U, Mun A, Ross 
S, Lithgow T, Rücknagel P, Rospert S. RAC, a stable 
ribosome-associated complex in yeast formed by the 
DnaK-DnaJ homologs Ssz1p and zuotin. Proc Natl 
Acad Sci U S A 2001; 98:3762-7; PMID:11274393; 
http://dx.doi.org/10.1073/pnas.071057198

36.	 Nissen P, Hansen J, Ban N, Moore PB, Steitz TA. 
The structural basis of ribosome activity in pep-
tide bond synthesis. Science 2000; 289:920-30; 
PMID:10937990; http://dx.doi.org/10.1126/
science.289.5481.920

37.	 Ouyang Z, Liang J. Predicting protein folding rates 
from geometric contact and amino acid sequence. 
Protein Sci 2008; 17:1256-63; PMID:18434498; 
http://dx.doi.org/10.1110/ps.034660.108

38.	 O’Brien EP, Vendruscolo M, Dobson CM. Prediction 
of variable translation rate effects on cotransla-
tional protein folding. Nat Commun 2012; 3:868; 
PMID:22643895; http://dx.doi.org/10.1038/
ncomms1850

39.	 Meriin AB, Mense M, Colbert JD, Liang F, Bihler H, 
Zaarur N, Rock KL, Sherman MY. A novel approach 
to recovery of function of mutant proteins by slowing 
down translation. J Biol Chem 2012; 287:34264-72; 
PMID:22902621; http://dx.doi.org/10.1074/jbc.
M112.397307



e28109-8	 Translation	V olume 2 

40.	 Duttler S, Pechmann S, Frydman J. Principles of 
cotranslational ubiquitination and quality con-
trol at the ribosome. Mol Cell 2013; 50:379-93; 
PMID:23583075; http://dx.doi.org/10.1016/j.
molcel.2013.03.010

41.	 Crombie T, Swaffield JC, Brown AJ. Protein 
folding within the cell is influenced by con-
trolled rates of polypeptide elongation. J Mol Biol 
1992; 228:7-12; PMID:1447795; http://dx.doi.
org/10.1016/0022-2836(92)90486-4

42.	 Purvis IJ, Bettany AJ, Santiago TC, Coggins JR, 
Duncan K, Eason R, Brown AJ. The efficiency of 
folding of some proteins is increased by controlled 
rates of translation in vivo. A hypothesis. J Mol Biol 
1987; 193:413-7; PMID:3298659; http://dx.doi.
org/10.1016/0022-2836(87)90230-0

43.	 Krasheninnikov IA, Komar AA, Adzhubei IA. 
Nonuniform size distribution of nascent globin pep-
tides, evidence for pause localization sites, and a con-
translational protein-folding model. J Protein Chem 
1991; 10:445-53; PMID:1799404; http://dx.doi.
org/10.1007/BF01025472

44.	 Thanaraj TA, Argos P. Ribosome-mediated trans-
lational pause and protein domain organization. 
Protein Sci 1996; 5:1594-612; PMID:8844849; 
http://dx.doi.org/10.1002/pro.5560050814

45.	 Parmley JL, Huynen MA. Clustering of codons 
with rare cognate tRNAs in human genes suggests 
an extra level of expression regulation. PLoS Genet 
2009; 5:e1000548; PMID:19578405; http://dx.doi.
org/10.1371/journal.pgen.1000548

46.	 Kimchi-Sarfaty C, Oh JM, Kim IW, Sauna ZE, 
Calcagno AM, Ambudkar SV, Gottesman MMA. A 
“silent” polymorphism in the MDR1 gene changes 
substrate specificity. Science 2007; 315:525-8; 
PMID:17185560; http://dx.doi.org/10.1126/
science.1135308

47.	 Komar AA. Silent SNPs: impact on gene func-
tion and phenotype. Pharmacogenomics 2007; 
8:1075-80; PMID:17716239; http://dx.doi.
org/10.2217/14622416.8.8.1075

48.	 Young JC, Andrews DW. The signal recognition par-
ticle receptor alpha subunit assembles co-translation-
ally on the endoplasmic reticulum membrane during 
an mRNA-encoded translation pause in vitro. EMBO 
J 1996; 15:172-81; PMID:8598200

49.	 van Hoof A, Frischmeyer PA, Dietz HC, Parker R. 
Exosome-mediated recognition and degradation 
of mRNAs lacking a termination codon. Science 
2002; 295:2262-4; PMID:11910110; http://dx.doi.
org/10.1126/science.1067272

50.	 Frischmeyer PA, van Hoof A, O’Donnell K, 
Guerrerio AL, Parker R, Dietz HC. An mRNA sur-
veillance mechanism that eliminates transcripts lack-
ing termination codons. Science 2002; 295:2258-61; 
PMID:11910109; http://dx.doi.org/10.1126/
science.1067338

51.	 Ito-Harashima S, Kuroha K, Tatematsu T, Inada T. 
Translation of the poly(A) tail plays crucial roles in 
nonstop mRNA surveillance via translation repres-
sion and protein destabilization by proteasome in 
yeast. Genes Dev 2007; 21:519-24; PMID:17344413; 
http://dx.doi.org/10.1101/gad.1490207

52.	 Inada T, Aiba H. Translation of aberrant mRNAs 
lacking a termination codon or with a shortened 
3α-UTR is repressed after initiation in yeast. EMBO 
J 2005; 24:1584-95; PMID:15933721; http://dx.doi.
org/10.1038/sj.emboj.7600636

53.	 Lu J, Deutsch C. Electrostatics in the ribosomal 
tunnel modulate chain elongation rates. J Mol Biol 
2008; 384:73-86; PMID:18822297; http://dx.doi.
org/10.1016/j.jmb.2008.08.089

54.	 Bengtson MH, Joazeiro CA. Role of a ribosome-asso-
ciated E3 ubiquitin ligase in protein quality control. 
Nature 2010; 467:470-3; PMID:20835226; http://
dx.doi.org/10.1038/nature09371

55.	 Chu J, Hong NA, Masuda CA, Jenkins BV, Nelms 
KA, Goodnow CC, Glynne RJ, Wu H, Masliah E, 
Joazeiro CA, et al. A mouse forward genetics screen 
identifies LISTERIN as an E3 ubiquitin ligase 
involved in neurodegeneration. Proc Natl Acad Sci U 
S A 2009; 106:2097-103; PMID:19196968; http://
dx.doi.org/10.1073/pnas.0812819106

56.	 Brandman O, Stewart-Ornstein J, Wong D, Larson 
A, Williams CC, Li GW, Zhou S, King D, Shen PS, 
Weibezahn J, et al. A ribosome-bound quality con-
trol complex triggers degradation of nascent peptides 
and signals translation stress. Cell 2012; 151:1042-
54; PMID:23178123; http://dx.doi.org/10.1016/j.
cell.2012.10.044

57.	 Saito S, Hosoda N, Hoshino S. The Hbs1-Dom34 
protein complex functions in non-stop mRNA decay 
in mammalian cells. J Biol Chem 2013; 288:17832-
43; PMID:23667253; http://dx.doi.org/10.1074/jbc.
M112.448977

58.	 Shao S, von der Malsburg K, Hegde RS. Listerin-
dependent nascent protein ubiquitination relies 
on ribosome subunit dissociation. Mol Cell 2013; 
50:637-48; PMID:23685075; http://dx.doi.
org/10.1016/j.molcel.2013.04.015

59.	 Wallrapp C, Verrier SB, Zhouravleva G, Philippe H, 
Philippe M, Gress TM, Jean-Jean O. The product of 
the mammalian orthologue of the Saccharomyces 
cerevisiae HBS1 gene is phylogenetically related 
to eukaryotic release factor 3 (eRF3) but does not 
carry eRF3-like activity. FEBS Lett 1998; 440:387-
92; PMID:9872408; http://dx.doi.org/10.1016/
S0014-5793(98)01492-6

60.	 Moazed D, Robertson JM, Noller HF. Interaction 
of elongation factors EF-G and EF-Tu with 
a conserved loop in 23S RNA. Nature 1988; 
334:362-4; PMID:2455872; http://dx.doi.
org/10.1038/334362a0

61.	 Graille M, Chaillet M, van Tilbeurgh H. Structure 
of yeast Dom34: a protein related to translation ter-
mination factor Erf1 and involved in No-Go decay. 
J Biol Chem 2008; 283:7145-54; PMID:18180287; 
http://dx.doi.org/10.1074/jbc.M708224200

62.	 Pisarev AV, Skabkin MA, Pisareva VP, Skabkina 
OV, Rakotondrafara AM, Hentze MW, Hellen 
CU, Pestova TV. The role of ABCE1 in eukary-
otic posttermination ribosomal recycling. Mol Cell 
2010; 37:196-210; PMID:20122402; http://dx.doi.
org/10.1016/j.molcel.2009.12.034

63.	 Pisareva VP, Skabkin MA, Hellen CU, Pestova TV, 
Pisarev AV. Dissociation by Pelota, Hbs1 and ABCE1 
of mammalian vacant 80S ribosomes and stalled 
elongation complexes. EMBO J 2011; 30:1804-
17; PMID:21448132; http://dx.doi.org/10.1038/
emboj.2011.93

64.	 Becker T, Armache JP, Jarasch A, Anger AM, Villa 
E, Sieber H, Motaal BA, Mielke T, Berninghausen 
O, Beckmann R. Structure of the no-go mRNA 
decay complex Dom34-Hbs1 bound to a stalled 
80S ribosome. Nat Struct Mol Biol 2011; 18:715-
20; PMID:21623367; http://dx.doi.org/10.1038/
nsmb.2057

65.	 Carvalho MD, Carvalho JF, Merrick WC. Biological 
characterization of various forms of elongation factor 
1 from rabbit reticulocytes. Arch Biochem Biophys 
1984; 234:603-11; PMID:6568109; http://dx.doi.
org/10.1016/0003-9861(84)90310-2

66.	 Ono Y, Skoultchi A, Waterson J, Lengyel P. Peptide 
chain elongation: GTP cleavage catalysed by factors 
binding aminoacyl-transfer RNA to the ribosome. 
Nature 1969; 222:645-8; PMID:4889758; http://
dx.doi.org/10.1038/222645a0

67.	 Baliga BS, Schechtman MG, Munro HN. Competitive 
binding of EF1 and EF2 by mammalian ribosomes: 
role of GTP hydrolysis in overcoming inhibition by 
EF2 of aminoacyl-tRNA binding. Biochem Biophys 
Res Commun 1973; 51:406-13; PMID:4693484; 
http://dx.doi.org/10.1016/0006-291X(73)91272-2

68.	 Kobayashi K, Kikuno I, Kuroha K, Saito K, Ito K, 
Ishitani R, Inada T, Nureki O. Structural basis for 
mRNA surveillance by archaeal Pelota and GTP-
bound EF1α complex. Proc Natl Acad Sci U S A 
2010; 107:17575-9; PMID:20876129; http://dx.doi.
org/10.1073/pnas.1009598107

69.	 Saito K, Kobayashi K, Wada M, Kikuno I, 
Takusagawa A, Mochizuki M, Uchiumi T, Ishitani R, 
Nureki O, Ito K. Omnipotent role of archaeal elonga-
tion factor 1 alpha (EF1α in translational elongation 
and termination, and quality control of protein syn-
thesis. Proc Natl Acad Sci U S A 2010; 107:19242-
7; PMID:20974926; http://dx.doi.org/10.1073/
pnas.1009599107

70.	 Chuang SM, Chen L, Lambertson D, Anand M, 
Kinzy TG, Madura K. Proteasome-mediated degra-
dation of cotranslationally damaged proteins involves 
translation elongation factor 1A. Mol Cell Biol 
2005; 25:403-13; PMID:15601860; http://dx.doi.
org/10.1128/MCB.25.1.403-413.2005

71.	 Davy A, Bello P, Thierry-Mieg N, Vaglio P, Hitti 
J, Doucette-Stamm L, Thierry-Mieg D, Reboul J, 
Boulton S, Walhout AJ, et al. A protein-protein inter-
action map of the Caenorhabditis elegans 26S protea-
some. EMBO Rep 2001; 2:821-8; PMID:11559592; 
http://dx.doi.org/10.1093/embo-reports/kve184

72.	 Gonen H, Smith CE, Siegel NR, Kahana C, Merrick 
WC, Chakraburtty K, Schwartz AL, Ciechanover A. 
Protein synthesis elongation factor EF-1 alpha is essen-
tial for ubiquitin-dependent degradation of certain N 
alpha-acetylated proteins and may be substituted for 
by the bacterial elongation factor EF-Tu. Proc Natl 
Acad Sci U S A 1994; 91:7648-52; PMID:8052636; 
http://dx.doi.org/10.1073/pnas.91.16.7648

73.	 Sha Z, Brill LM, Cabrera R, Kleifeld O, Scheliga JS, 
Glickman MH, Chang EC, Wolf DA. The eIF3 inter-
actome reveals the translasome, a supercomplex link-
ing protein synthesis and degradation machineries. 
Mol Cell 2009; 36:141-52; PMID:19818717; http://
dx.doi.org/10.1016/j.molcel.2009.09.026

74.	 Bug M, Meyer H. Expanding into new markets-
-VCP/p97 in endocytosis and autophagy. J Struct Biol 
2012; 179:78-82; PMID:22450227; http://dx.doi.
org/10.1016/j.jsb.2012.03.003

75.	 Ye Y, Meyer HH, Rapoport TA. The AAA ATPase 
Cdc48/p97 and its partners transport proteins 
from the ER into the cytosol. Nature 2001; 
414:652-6; PMID:11740563; http://dx.doi.
org/10.1038/414652a

76.	 Jarosch E, Taxis C, Volkwein C, Bordallo J, Finley 
D, Wolf DH, Sommer T. Protein dislocation from 
the ER requires polyubiquitination and the AAA-
ATPase Cdc48. Nat Cell Biol 2002; 4:134-9; 
PMID:11813000; http://dx.doi.org/10.1038/ncb746

77.	 Meyer HH, Wang Y, Warren G. Direct binding 
of ubiquitin conjugates by the mammalian p97 
adaptor complexes, p47 and Ufd1-Npl4. EMBO J 
2002; 21:5645-52; PMID:12411482; http://dx.doi.
org/10.1093/emboj/cdf579

78.	 Verma R, Oania RS, Kolawa NJ, Deshaies RJ. 
Cdc48/p97 promotes degradation of aberrant 
nascent polypeptides bound to the ribosome. Elife 
2013; 2:e00308; PMID:23358411; http://dx.doi.
org/10.7554/eLife.00308

79.	 Defenouillère Q, Yao Y, Mouaikel J, Namane A, 
Galopier A, Decourty L, Doyen A, Malabat C, 
Saveanu C, Jacquier A, et al. Cdc48-associated com-
plex bound to 60S particles is required for the clear-
ance of aberrant translation products. Proc Natl Acad 
Sci U S A 2013; 110:5046-51; PMID:23479637; 
http://dx.doi.org/10.1073/pnas.1221724110

80.	 de Nadal E, Ammerer G, Posas F. Controlling gene 
expression in response to stress. Nat Rev Genet 2011; 
12:833-45; PMID:22048664

81.	 Wek RC, Jiang HY, Anthony TG. Coping with stress: 
eIF2 kinases and translational control. Biochem 
Soc Trans 2006; 34:7-11; PMID:16246168; http://
dx.doi.org/10.1042/BST0340007



www.landesbioscience.com	 Translation	 e28109-9

82.	 Kozak M. The scanning model for transla-
tion: an update. J Cell Biol 1989; 108:229-41; 
PMID:2645293; http://dx.doi.org/10.1083/
jcb.108.2.229

83.	 Kimball SR. Eukaryotic initiation factor eIF2. Int J 
Biochem Cell Biol 1999; 31:25-9; PMID:10216940; 
http://dx.doi.org/10.1016/S1357-2725(98)00128-9

84.	 Koumenis C, Naczki C, Koritzinsky M, Rastani S, 
Diehl A, Sonenberg N, Koromilas A, Wouters BG. 
Regulation of protein synthesis by hypoxia via acti-
vation of the endoplasmic reticulum kinase PERK 
and phosphorylation of the translation initiation 
factor eIF2alpha. Mol Cell Biol 2002; 22:7405-
16; PMID:12370288; http://dx.doi.org/10.1128/
MCB.22.21.7405-7416.2002

85.	 Jiang HY, Wek RC. GCN2 phosphorylation of eIF2al-
pha activates NF-kappaB in response to UV irradia-
tion. Biochem J 2005; 385:371-80; PMID:15355306; 
http://dx.doi.org/10.1042/BJ20041164

86.	 Fels DR, Koumenis C. The PERK/eIF2alpha/
ATF4 module of the UPR in hypoxia resistance 
and tumor growth. Cancer Biol Ther 2006; 5:723-
8; PMID:16861899; http://dx.doi.org/10.4161/
cbt.5.7.2967

87.	 Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, 
Calfon M, Sadri N, Yun C, Popko B, Paules R, et al. 
An integrated stress response regulates amino acid 
metabolism and resistance to oxidative stress. Mol 
Cell 2003; 11:619-33; PMID:12667446; http://
dx.doi.org/10.1016/S1097-2765(03)00105-9

88.	 Werner M, Feller A, Messenguy F, Piérard A. The 
leader peptide of yeast gene CPA1 is essential for 
the translational repression of its expression. Cell 
1987; 49:805-13; PMID:3555844; http://dx.doi.
org/10.1016/0092-8674(87)90618-0

89.	 Hill JR, Morris DR. Cell-specific translational regula-
tion of S-adenosylmethionine decarboxylase mRNA. 
Dependence on translation and coding capacity of the 
cis-acting upstream open reading frame. J Biol Chem 
1993; 268:726-31; PMID:8416975

90.	 Lu PD, Harding HP, Ron D. Translation reinitia-
tion at alternative open reading frames regulates gene 
expression in an integrated stress response. J Cell Biol 
2004; 167:27-33; PMID:15479734; http://dx.doi.
org/10.1083/jcb.200408003

91.	 Goldberg AL. Protein degradation and protection 
against misfolded or damaged proteins. Nature 
2003; 426:895-9; PMID:14685250; http://dx.doi.
org/10.1038/nature02263

92.	 Richter K, Haslbeck M, Buchner J. The heat shock 
response: life on the verge of death. Mol Cell 2010; 
40:253-66; PMID:20965420; http://dx.doi.
org/10.1016/j.molcel.2010.10.006

93.	 Shalgi R, Hurt JA, Krykbaeva I, Taipale M, Lindquist 
S, Burge CB. Widespread regulation of transla-
tion by elongation pausing in heat shock. Mol Cell 
2013; 49:439-52; PMID:23290915; http://dx.doi.
org/10.1016/j.molcel.2012.11.028

94.	 Liu B, Han Y, Qian SB. Cotranslational response to 
proteotoxic stress by elongation pausing of ribosomes. 
Mol Cell 2013; 49:453-63; PMID:23290916; http://
dx.doi.org/10.1016/j.molcel.2012.12.001

95.	 Berisio R, Schluenzen F, Harms J, Bashan A, Auerbach 
T, Baram D, Yonath A. Structural insight into the 
role of the ribosomal tunnel in cellular regulation. 
Nat Struct Biol 2003; 10:366-70; PMID:12665853; 
http://dx.doi.org/10.1038/nsb915

96.	 Laplante M, Sabatini DM. mTOR signaling in 
growth control and disease. Cell 2012; 149:274-
93; PMID:22500797; http://dx.doi.org/10.1016/j.
cell.2012.03.017

97.	 Ding M, Li J, Leonard SS, Shi X, Costa M, 
Castranova V, Vallyathan V, Huang C. Differential 
role of hydrogen peroxide in UV-induced sig-
nal transduction. Mol Cell Biochem 2002; 234-
235:81-90; PMID:12162463; http://dx.doi.
org/10.1023/A:1015901232124

98.	 Jurivich DA, Chung J, Blenis J. Heat shock induces 
two distinct S6 protein kinase activities in quiescent 
mammalian fibroblasts. J Cell Physiol 1991; 148:252-
9; PMID:1880153; http://dx.doi.org/10.1002/
jcp.1041480210

99.	 Qian SB, Zhang X, Sun J, Bennink JR, Yewdell JW, 
Patterson C. mTORC1 links protein quality and 
quantity control by sensing chaperone availability. J 
Biol Chem 2010; 285:27385-95; PMID:20605781; 
http://dx.doi.org/10.1074/jbc.M110.120295

100.	 Moore SA, Lopez A, Richardson A, Pahlavani MA. 
Effect of age and dietary restriction on expression of 
heat shock protein 70 in rat alveolar macrophages. 
Mech Ageing Dev 1998; 104:59-73; PMID:9751432; 
http://dx.doi.org/10.1016/S0047-6374(98)00052-9

101.	 Chen D, Thomas EL, Kapahi P. HIF-1 modulates 
dietary restriction-mediated lifespan extension 
via IRE-1 in Caenorhabditis elegans. PLoS Genet 
2009; 5:e1000486; PMID:19461873; http://dx.doi.
org/10.1371/journal.pgen.1000486

102.	 Heydari AR, Wu B, Takahashi R, Strong R, 
Richardson A. Expression of heat shock protein 70 is 
altered by age and diet at the level of transcription. 
Mol Cell Biol 1993; 13:2909-18; PMID:7682654

103.	 Soti C, Csermely P. Chaperones come of 
age. Cell Stress Chaperones 2002; 7:186-90; 
PMID:12380686; http://dx.doi.org/10.1379/1466-
1 2 6 8 ( 2 0 0 2 ) 0 0 7 < 0 1 8 6 : C C O A > 2 . 0
.CO;2

104.	Chou SD, Prince T, Gong J, Calderwood SK. mTOR 
is essential for the proteotoxic stress response, HSF1 
activation and heat shock protein synthesis. PLoS 
One 2012; 7:e39679; PMID:22768106; http://
dx.doi.org/10.1371/journal.pone.0039679

105.	 Ip YT, Davis RJ. Signal transduction by the c-Jun 
N-terminal kinase (JNK)--from inflammation to 
development. Curr Opin Cell Biol 1998; 10:205-
19; PMID:9561845; http://dx.doi.org/10.1016/
S0955-0674(98)80143-9

106.	Topisirovic I, Gutierrez GJ, Chen M, Appella E, 
Borden KL, Ronai ZA. Control of p53 multimeriza-
tion by Ubc13 is JNK-regulated. Proc Natl Acad Sci 
U S A 2009; 106:12676-81; PMID:19651615; http://
dx.doi.org/10.1073/pnas.0900596106

107.	 Laine A, Topisirovic I, Zhai D, Reed JC, Borden 
KL, Ronai Z. Regulation of p53 localization and 
activity by Ubc13. Mol Cell Biol 2006; 26:8901-
13; PMID:17000756; http://dx.doi.org/10.1128/
MCB.01156-06

108. Gandin V, Brina D, Marchisio PC, Biffo S. JNK inhi-
bition arrests cotranslational degradation. Biochim 
Biophys Acta 2010; 1803:826-31.

109.	 Gandin V, Gutierrez GJ, Brill LM, Varsano T, Feng 
Y, Aza-Blanc P, Au Q, McLaughlan S, Ferreira TA, 
Alain T, et al. Degradation of newly synthesized 
polypeptides by ribosome-associated RACK1/c-
Jun N-terminal kinase/eukaryotic elongation fac-
tor 1A2 complex. Mol Cell Biol 2013; 33:2510-26; 
PMID:23608534; http://dx.doi.org/10.1128/
MCB.01362-12

110.	 López-Bergami P, Habelhah H, Bhoumik A, Zhang 
W, Wang LH, Ronai Z. RACK1 mediates activation 
of JNK by protein kinase C [corrected]. [corrected]. 
Mol Cell 2005; 19:309-20; PMID:16061178; http://
dx.doi.org/10.1016/j.molcel.2005.06.025

111.	 Sengupta J, Nilsson J, Gursky R, Spahn CM, Nissen P, 
Frank J. Identification of the versatile scaffold protein 
RACK1 on the eukaryotic ribosome by cryo-EM. Nat 
Struct Mol Biol 2004; 11:957-62; PMID:15334071; 
http://dx.doi.org/10.1038/nsmb822

112.	 Kuroha K, Akamatsu M, Dimitrova L, Ito T, Kato 
Y, Shirahige K, Inada T. Receptor for activated C 
kinase 1 stimulates nascent polypeptide-dependent 
translation arrest. EMBO Rep 2010; 11:956-61; 
PMID:21072063; http://dx.doi.org/10.1038/
embor.2010.169

113.	 Santagata S, Mendillo ML, Tang YC, Subramanian 
A, Perley CC, Roche SP, Wong B, Narayan R, Kwon 
H, Koeva M, et al. Tight coordination of protein 
translation and HSF1 activation supports the ana-
bolic malignant state. Science 2013; 341:1238303; 
PMID:23869022; http://dx.doi.org/10.1126/
science.1238303

114.	 Mendillo ML, Santagata S, Koeva M, Bell GW, Hu 
R, Tamimi RM, Fraenkel E, Ince TA, Whitesell 
L, Lindquist S. HSF1 drives a transcriptional pro-
gram distinct from heat shock to support highly 
malignant human cancers. Cell 2012; 150:549-62; 
PMID:22863008; http://dx.doi.org/10.1016/j.
cell.2012.06.031

115.	 Li X, Matilainen O, Jin C, Glover-Cutter KM, 
Holmberg CI, Blackwell TK. Specific SKN-1/
Nrf stress responses to perturbations in translation 
elongation and proteasome activity. PLoS Genet 
2011; 7:e1002119; PMID:21695230; http://dx.doi.
org/10.1371/journal.pgen.1002119

116.	 An JH, Blackwell TK. SKN-1 links C. elegans 
mesendodermal specification to a conserved oxi-
dative stress response. Genes Dev 2003; 17:1882-
93; PMID:12869585; http://dx.doi.org/10.1101/
gad.1107803

117.	 Yewdell JW, Reits E, Neefjes J. Making sense of 
mass destruction: quantitating MHC class I antigen 
presentation. Nat Rev Immunol 2003; 3:952-61; 
PMID:14647477; http://dx.doi.org/10.1038/nri1250

118.	 Lacsina JR, Marks OA, Liu X, Reid DW, Jagannathan 
S, Nicchitta CV. Premature translational termination 
products are rapidly degraded substrates for MHC 
class I presentation. PLoS One 2012; 7:e51968; 
PMID:23251665; http://dx.doi.org/10.1371/journal.
pone.0051968

119.	 Garcia-Lora A, Algarra I, Garrido F. MHC class 
I antigens, immune surveillance, and tumor 
immune escape. J Cell Physiol 2003; 195:346-
55; PMID:12704644; http://dx.doi.org/10.1002/
jcp.10290


