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The ribosome-bound quality control complex 
remains associated to aberrant peptides during 
their proteasomal targeting and interacts with 
Tom1 to limit protein aggregation

ABSTRACT  Protein quality control mechanisms eliminate defective polypeptides to ensure 
proteostasis and to avoid the toxicity of protein aggregates. In eukaryotes, the ribosome-
bound quality control (RQC) complex detects aberrant nascent peptides that remain stalled 
in 60S ribosomal particles due to a dysfunction in translation termination. The RQC complex 
polyubiquitylates aberrant polypeptides and recruits a Cdc48 hexamer to extract them from 
60S particles in order to escort them to the proteasome for degradation. Whereas the steps 
from stalled 60S recognition to aberrant peptide polyubiquitylation by the RQC complex 
have been described, the mechanism leading to proteasomal degradation of these defective 
translation products remains unknown. We show here that the RQC complex also exists as a 
ribosome-unbound complex during the escort of aberrant peptides to the proteasome. In 
addition, we identify a new partner of this light version of the RQC complex, the E3 ubiquitin 
ligase Tom1. Tom1 interacts with aberrant nascent peptides and is essential to limit their ac-
cumulation and aggregation in the absence of Rqc1; however, its E3 ubiquitin ligase activity 
is not required. Taken together, these results reveal new roles for Tom1 in protein quality 
control, aggregate prevention, and, therefore, proteostasis maintenance.

INTRODUCTION
Protein homeostasis is an essential feature of eukaryotic cells be-
cause it prevents the accumulation of defective peptides and poten-
tially toxic protein aggregates (for a review, see Richter et al., 2010). 

In the cytosol and the nucleus, most of the misfolded or defective 
proteins are selectively degraded by the ubiquitin-proteasome sys-
tem (Bhattacharyya et al., 2014). This process requires selective rec-
ognition of substrates by E3 ubiquitin ligases, which perform sub-
strate polyubiquitylation in concert with ubiquitin conjugating 
enzymes (E2) and the ubiquitin activating enzyme Uba1 (E1) (Finley 
et al., 2012). In Saccharomyces cerevisiae, two of these E3 ligases, 
Not4 and Ltn1 (listerin in mammals), have been characterized for 
their role in cotranslational quality control by recognition and poly
ubiquitylation of nascent peptides synthesized from aberrant tran-
scripts (Dimitrova et  al., 2009; Bengtson and Joazeiro, 2010). 
Whereas Not4 specifically targets polypeptides generated from ab-
errant polyadenylated mRNAs lacking a STOP codon (nonstop) or 
carrying an internal poly(A) tail (no-go), Ltn1 polyubiquitylates na-
scent peptides translated from “nonstop” mRNAs independently of 
their polyadenylation status (Matsuda et al., 2014), thus preventing 
the cellular accumulation of aberrant peptides that are potentially 
defective or even toxic. Polyubiquitylation requires prior dissociation 
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peptide is escorted to the proteasome only by Cdc48 or whether 
other factors, such as Ltn1, Rqc1, and Rqc2, also stay associated 
during proteasomal targeting. In addition, whether additional fac-
tors are recruited and also participate in this quality control process 
remains unknown. Here we show that the RQC complex also exists 
as a light-sedimenting, nonribosomal complex in vivo and interacts 
with the E3 ubiquitin ligase Tom1, which participates in limiting fur-
ther protein aggregation. We describe mechanistic features of pro-
teasomal targeting by the RQC complex and show that several qual-
ity control pathways participate in aberrant protein elimination and 
aggregate prevention.

RESULTS
The RQC complex remains bound to aberrant nascent 
peptides after their extraction from stalled 60S particles
Recent studies focused on the RQC complex and its mechanism of 
action, describing the 60S-bound steps of this quality control path-
way leading to aberrant nascent peptide polyubiquitylation by Ltn1 
and extraction from the stalled 60S particle by Cdc48. However, the 
downstream events leading to proteasomal degradation of these 
aberrant peptides remain unknown. To better understand the fate of 
60S-extracted aberrant proteins, we performed affinity purifications 
using a protein reporter containing a TAP-tag (Rigaut et al., 1999) 
synthesized from an aberrant nonstop mRNA called TAP-NonStop 
(Defenouillère et al., 2016), coupled with sucrose gradient fraction-
ation to separate the different complexes associated with this aber-
rant reporter by their sedimentation coefficient. To enrich ribonu-
cleoprotein complexes (RNCs) associated with factors of the RQC 
complex, we performed affinity purifications in a yeast strain lacking 
SKI2 to increase the abundance of the aberrant mRNA reporter 
and depleted of Cdc48 to limit the extraction of our aberrant re-
porter protein from the 60S and slow down its proteasomal escort 
(Figure 1). The absorbance profile at 260 nm of this fractionated TEV 
eluate and the gel staining of corresponding fractions revealed an 
enrichment of proteins cosedimenting with 80S and 60S ribosomal 
particles, as well as proteins located in the light, nonribosomal frac-
tions of the sucrose gradient and, to a lesser extent, polysome frac-
tions (Figure 1A). This pattern was in agreement with the sedimenta-
tion profile of the TAP-NonStop accumulation in the absence of 
SKI2 and upon Cdc48 depletion that we previously observed by 
Western blot (Defenouillère et al., 2013). To characterize the pro-
teins associated with this TAP-NonStop reporter within these frac-
tionated complexes, we analyzed each fraction of the gradient by 
label-free quantitative mass spectrometry and observed a specific 
enrichment of the RQC complex proteins (Rqc2, Rqc1, Ltn1, and 
Cdc48) in the 60S fraction compared with the 80S fraction (Figure 
1B and Supplemental Dataset S1), in agreement with the current 
model that the RQC complex interacts with 60S ribosomal particles 
only after stalled 80S dissociation (Shao et al., 2013; Lyumkis et al., 
2014). As expected, proteins of the 40S subunit (RpS) were enriched 
in the 80S fractions compared with the 60S (Figure 1B and Supple-
mental Dataset S1). In parallel, we detected an enrichment of ubiq-
uitin in the 60S-purified fractions compared with the 80S, which can 
be explained by the presence of polyubiquitylated aberrant pep-
tides specifically at the 60S level (Defenouillère et al., 2013; Shao 
and Hegde, 2014). Moreover, analysis of the light-sedimenting, 
nonribosomal fractions (mainly fractions 4 and 5) revealed an enrich-
ment of components of the proteasome and of the RQC factors 
Rqc1, Rqc2, Ltn1, and Cdc48 associated with nonribosomal forms of 
the TAP-NonStop reporter compared with stalled 80S fractions 
(Figure 1C and Supplemental Dataset S1), whereas the RQC com-
plex has so far been identified as 60S-bound (Brandman et al., 2012; 

of the stalled ribosomal subunits (Shao and Hegde, 2014). The dis-
sociation process implicates Dom34 (pelota in mammals), Hbs1, and 
Rli1 (ABCE1 in mammals) (Shoemaker et al., 2010; Shoemaker and 
Green, 2011). To prevent continuous translation of defective tran-
scripts that would lead to repeated stalling of ribosomal particles, 
aberrant transcripts associated with stalled ribosomes are recog-
nized by Ski7 and the SKI complex in parallel to nascent peptide 
degradation, enabling mRNA degradation by the cytosolic exosome 
through the exonucleolytic activity of Dis3 (Frischmeyer et al., 2002; 
van Hoof et al., 2002; Doma and Parker, 2006; Tsuboi et al., 2012).

Ltn1 has been described as the E3 ubiquitin ligase of a multipro-
tein quality control complex called the ribosome-bound quality 
control (RQC) complex, composed of Ltn1, Rqc1, Rqc2, a hexamer 
of Cdc48, and its cofactors Ufd1 and Npl4 (Brandman et al., 2012; 
Defenouillère et al., 2013). The RQC complex detects stalled 60S 
particles after their dissociation from unconventional translation ter-
mination events by the presence of a peptidyl-tRNA located in their 
P-site and exit tunnel (Bengtson and Joazeiro, 2010; Lyumkis et al., 
2014; Shao et al., 2015; Doamekpor et al., 2016). Rqc2 (NEMF in 
mammals) binds stalled 60S subunits at the exposed 40S interface 
(Lyumkis et al., 2014; Shao et al., 2015; Shen et al., 2015), recog-
nizes the presence of a tRNA in the P-site, and recruits alanyl- and 
threonyl-tRNAs to perform the addition of C-terminal alanine-threo-
nine tails (CAT-tails) to the aberrant nascent peptide (Shen et al., 
2015). In parallel, the docking of Rqc2 stabilizes the interaction of 
Ltn1 with the 60S (Defenouillère et al., 2013; Lyumkis et al., 2014; 
Shao et al., 2015), thus stimulating aberrant nascent peptide polyu-
biquitylation by Ltn1 (Bengtson and Joazeiro, 2010; for a review, see 
Brandman and Hegde, 2016). This triggers the recruitment of the 
ubiquitin-selective AAA-ATPase Cdc48 and its cofactors Ufd1-Npl4 
(Brandman et  al., 2012; Defenouillère et  al., 2013; Verma et  al., 
2013), which converts ATP hydrolysis into mechanical energy to ex-
tract the nascent peptide from the 60S exit tunnel and escorts it to 
the proteasome for degradation (Richly et al., 2005).

Both Rqc1 (TCF25 in mammals) and the polyubiquitylation pro-
cess by Ltn1 are essential for Cdc48 recruitment to stalled 60S par-
ticles (Brandman et al., 2012; Defenouillère et al., 2013). Functional 
studies focused on the RQC complex revealed that Rqc1 and Ltn1 
are both essential to prevent cytosolic aberrant protein aggregation 
(Choe et al., 2016; Defenouillère et al., 2016; Yonashiro et al., 2016), 
which results from a failure in recruitment of the ubiquitin-selective 
chaperone Cdc48 to stalled 60S and therefore inefficient protea-
somal targeting of these aberrant substrates (Defenouillère et al., 
2016). These aggregates contain polyubiquitin chains and are also 
degraded by the proteasome. However, their formation strictly re-
lies on the addition of CAT-tails to aberrant nascent peptides by 
Rqc2 (Choe et al., 2016; Defenouillère et al., 2016; Yonashiro et al., 
2016). In addition to its role in aberrant protein quality control, the 
RQC complex is also important to trigger the Hsf1 response to 
translational stress (Brandman et al., 2012), a process that also re-
quires CAT-tail addition by Rqc2 (Shen et al., 2015). Finally, Ltn1 has 
also been shown to mediate the degradation of translation-stalled 
polypeptides at the endoplasmic reticulum membrane (Crowder 
et  al., 2015), and, closely related, the RQC complex can access 
stalled polypeptides at the Sec 61 translocon (von der Malsburg 
et al., 2015), underlining the various cellular processes in which this 
quality control complex is involved.

Although the mechanistic steps between stalled 80S dissociation 
and aberrant peptide extraction from the 60S have been described, 
the downstream events leading to proteasomal delivery and degra-
dation of the aberrant peptide remain to be elucidated. After its 
extraction from the 60S, it is not clear whether the aberrant nascent 



Volume 28  May 1, 2017	 Aggregate prevention by the RQC and Tom1  |  1167 

reporter containing a STOP codon (referred to as TAP-Stop). As ex-
pected, gel silver staining (Figure 2A) and liquid chromatography–
tandem mass spectrometry (LC-MS/MS) analyses (Figure 2B and 
Supplemental Dataset S1) of fractions 4 and 5 from TAP-NonStop 
and TAP-Stop pullouts revealed an enrichment of the RQC complex 
only for the TAP-NonStop purification (whereas the two TAP report-
ers were identified and quantified in a similar manner), which con-
firms that the RQC complex specifically interacts with aberrant 
nascent peptides. In addition, this proteomics analysis of fractions 
4 and 5 revealed a specific enrichment of ubiquitin, as well as com-
ponents of the proteasome, strengthening the possibility that this 
nonribosomal interaction between the RQC complex and its aber-
rant substrates occurs during their escort to the proteasome for 
degradation.

Rqc1 accumulates in light-sedimenting fractions in the 
absence of Rqc2, Ltn1, or Cdc48
We then checked that the accumulation of the RQC complex in light 
fractions did not depend on the overexpression of our aberrant 
“nonstop” substrate. To this end, we looked at the sedimentation 
profile of a genomic TAP-tagged fusion of Rqc1 in various RQC 
complex mutants (Figure 3). As previously described, Rqc1-TAP 

Defenouillère et al., 2013; Shao et al., 2015; Shen et al., 2015). This 
revealed that the RQC complex associated with aberrant nascent 
peptides can also exist as non–ribosome bound in vivo after their 
extraction from the stalled 60S and possibly during the escort of 
these substrates to the proteasome for degradation, an intermedi-
ate that could be accumulating upon Cdc48 depletion. Fractions 
1–3 were devoid of RQC factors (unpublished data) and were there-
fore not analyzed further.

To verify that this “light” RQC complex detected in light-sedi-
menting fractions of the gradient specifically interacts with aberrant 
proteins, we performed a similar purification of the TAP-NonStop 
in Cdc48-depleted cells and, as a negative control, purified a TAP 

FIGURE 1:  The RQC complex binds aberrant peptides in both 60S 
cosedimenting fractions and light fractions. (A) Sedimentation profile 
(absorbance at 260 nm) of a 10–50% sucrose gradient fractionation of 
TAP-NonStop affinity-purified complexes in ski2Δ cells depleted of 
Cdc48. The proteins contained in each fraction were monitored by 
acrylamide gel migration and silver nitrate staining. (B) The proteins 
associated to the TAP-NonStop complexes cosedimenting with the 
60S, the 80S, and fractions 4 and 5 of the gradient were identified and 
quantified by LC-MS/MS. Comparison of the LFQ intensities of each 
protein between the 60S and 80S fractions. Each dot indicates an 
identified and quantified protein. The black star refers to the 
TAP-NonStop bait. (C) Comparison between proteins identified in 
fractions 4and 5 with 80S fractions. This purification coupled with 
gradient fractionation was repeated six times, and all LC-MS/MS 
analyses yielded comparable results. The list of proteins identified is 
given in Supplemental Dataset S1.

FIGURE 2:  The RQC complex specifically interacts with aberrant 
nascent peptides in light-sedimenting fractions. (A) Silver-staining 
analysis of the proteins purified and fractionated from TAP-Stop (left) 
vs. TAP-NonStop (right) purifications upon Cdc48 depletion. (B) The 
proteins sedimenting in fractions 4 and 5 for both purifications were 
analyzed and quantified by LC-MS/MS. Comparison of LFQ intensities 
of all proteins identified in fractions 4 and 5 between the two 
purifications. The dots correspond to identified proteins, and the 
black star refers to the TAP-Stop or the TAP-NonStop baits (the four 
gray dots in the vicinity of the black star correspond to the 
contaminant proteins Pgk1, Act1, Pdb1, and Ssa1). The purifications 
using the TAP-Stop and TAP-NonStop reporters were repeated twice. 
The list of proteins identified is given in Supplemental Dataset S1.
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were analyzed by gel silver staining (Figure 4A) and mass spectrom-
etry: statistical t tests between Rqc1-TAP and the negative control 
were performed for the proteins quantified in fractions 4 and 5 and 
60S, respectively, and were represented as volcano plots (Figure 4B 
and Supplemental Dataset S1). The 60S fractions purified with Rqc1-
TAP showed a significant enrichment of Rqc1, Rqc2, Ltn1, ubiquitin, 
and ribosomal proteins of the large 60S subunit (RpL), and in this 
regard, they resembled the results obtained for the 60S fractions 
using the TAP-NonStop as bait (Figure 1B). The light-sedimenting 
fractions revealed an enrichment of RQC complex factors (Rqc1, 
Rqc2, and Ltn1) and ubiquitin (Figure 4B and Supplemental Dataset 
S1), as observed for the TAP-NonStop in the same fractions (Figures 
1C and 2B). Cdc48 was also identified in fractions 4 and 5, although 
this factor was depleted, which may be due to a high binding affinity 
between Rqc1-TAP and Cdc48 despite the low cellular abundance 
of this protein after depletion. In contrast to the results obtained 
with TAP-NonStop purifications (Figure 2B), we did not observe any 
enrichment of proteasomal subunits in light-sedimenting fractions 
purified with Rqc1-TAP. However, analysis of these fractions revealed 
a significant enrichment of another partner, the E3 ubiquitin ligase 
Tom1, associated with the RQC complex in its light form and not 
with the 60S-bound version (Figure 4B). This high–molecular weight 
protein of 374 kDa was also visible on the silver-stained gel for the 

cosediments with 60S particles in wild-type cells (Defenouillère 
et al., 2013). However, in all mutants of other RQC factors (rqc2Δ, 
ltn1Δ, and Cdc48 depletion), an additional fraction of Rqc1 accumu-
lating in light fractions of the gradient was observed (Figure 3). Of 
interest, the sedimentation profile of Rqc1-TAP in the absence of 
Rqc2 or Ltn1 resembled the pattern previously observed for the 
Ltn1–3HA fusion in the absence of Rqc2 (Defenouillère et al., 2013), 
suggesting that in rqc2Δ cells, Ltn1 and Rqc1 cosediment and may 
interact both with the 60S ribosomal subunit and nonribosomal 
complexes. Of note, shifted species of Rqc1-TAP were visible upon 
Cdc48 depletion, which might correspond to ubiquitylated forms of 
Rqc1, a phenomenon that may be due to the autoregulation pro-
cess of Rqc1 by the RQC complex itself, which has been demon-
strated to be a consequence of the N-terminal polybasic stretch 
carried by Rqc1 (Brandman et al., 2012).

The light RQC complex interacts with the E3 ubiquitin 
ligase Tom1
To characterize the proteins associated with the light-sedimenting 
form of Rqc1-TAP and its 60S-bound version, respectively, we per-
formed purifications coupled with gradient fractionation using 
Rqc1-TAP as bait, with an untagged strain in parallel as a negative 
control. Similarly to the TAP-NonStop pullouts (Figure 2), Rqc1-TAP 
pullouts were performed in Cdc48-depleted cells to stabilize inter-
mediates of the RQC quality control pathway. Fractionated samples 

FIGURE 3:  Rqc1 cosediments in light-sedimenting fractions in the 
absence of Rqc2, Ltn1, or Cdc48. Sedimentation profile (absorbance 
260 nm) and Western blots performed with polysome extracts 
prepared from cells expressing Rqc1-TAP with a wild-type 
background, deleted for LTN1 or RQC2 or depleted for Cdc48, 
separated on 10–30% sucrose gradients. The localization of Rqc1-TAP 
was assessed using PAP antibodies; the 60S fractions and the 
Cdc48-sedimenting fractions were determined with anti-Nog1 and 
anti-Cdc48 antibodies, respectively.

FIGURE 4:  Tom1 interacts significantly with the light-sedimenting 
RQC complex. (A) Silver-staining analysis of the proteins fractionated 
from Rqc1-TAP (right) vs. negative control (left) purifications upon 
Cdc48 depletion. (B) Proteins associated with Rqc1-TAP complexes 
cosedimenting with fractions 4 and 5 (left) or the 60S (right) were 
identified by LC-MS/MS, and t tests of LFQ intensities for each protein 
were performed in comparison with the negative control. Statistical 
results are given in the form of volcano plots. The x-axis shows the 
log2 of LFQ ratios between the samples, and the y-axis shows the 
–log10 of the p value of each protein enrichment among statistical 
groups. The semicircular curve defines candidates that are significantly 
enriched according to a statistical t test. These purifications coupled 
with gradient fractionation were repeated four times. The list of 
proteins identified is given in Supplemental Dataset S1.
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and mass spectrometry analysis (Figure 6B and Supplemental Data-
set S1). As expected, silver-stained gel analysis of Rqc1-TAP purifi-
cation upon Cdc48 depletion and in the absence of Tom1 caused a 
disappearance of the high–molecular weight band, confirming that 
this band corresponded to Tom1; however, no other difference in 
protein abundance was observed compared with a negative con-
trol, even by mass spectrometry (unpublished data). Together these 
results suggest that Tom1 interacts with the light RQC complex after 
polyubiquitylation of aberrant peptides by Ltn1 but independently 
from Rqc2, an intermediate that can be visualized in vivo in the con-
text of Cdc48 depletion.

Rqc1-TAP purification but not on the negative control gel (Figure 
4A) and specifically sedimented with fractions 4 and 5, consistent 
with Tom1 only binding the non-60S form of the RQC complex. 
Most of the previously described roles for Tom1 are in the nucleus 
(Duncan et al., 2000; Kim and Koepp, 2012; Kim et al., 2012). The 
fact that Tom1 might participate in aberrant protein degradation 
suggests that it could also be localized into the cytosol. To address 
this question, we used a Tom1–green fluorescent protein (GFP) fu-
sion protein to monitor the cellular localization of Tom1 in wild-type 
cells and cells deleted for RQC1 or SKI2 or depleted for Cdc48 
(Supplemental Figure S1). Our results show that, although most of 
the Tom1-GFP fluorescence signal is nuclear, a signal could be ob-
served in nonnuclear regions of the cells, mainly corresponding to 
the cytosol (although Tom1 is excluded from the vacuoles), reveal-
ing that Tom1 is not strictly nuclear and can therefore also function 
in other cellular compartments, such as the cytosol. It is also inter-
esting that the localization of Tom1-GFP does not significantly 
change in the absence of Rqc1, Ski2, or Cdc48.

The interaction between Tom1 and the RQC complex 
requires the polyubiquitylation activity of Ltn1
We thus identified an additional E3 ubiquitin ligase, Tom1, able to 
interact with the RQC complex during an intermediate step of the 
quality control pathway that was likely stabilized by the Cdc48 
depletion (Figure 4). We then performed Rqc1-TAP pullouts in the 
absence of Rqc2 and Ltn1; however, we did not observe the band 
corresponding to Tom1 on a silver-stained gel of the eluates in 
these mutant conditions and did not identify Tom1 associated to 
Rqc1-TAP by LC-MS/MS in these conditions (Figure 5, A–D, and 
Supplemental Dataset S1). In contrast, a pullout performed upon 
Cdc48 depletion revealed the presence of Tom1 on the gel, even 
without gradient fractionation. The significant enrichment of Tom1 
in this gradient-free Rqc1-TAP purification was verified by perform-
ing Rqc1-TAP pullouts upon Cdc48 depletion with an untagged 
strain as negative control in triplicate and with mass spectrometry 
and statistical analysis of the identified proteins (Figure 5B and 
Supplemental Dataset S1). We next checked whether the presence 
or activity of Rqc2 and Ltn1 was required for Tom1 binding to the 
light RQC complex, and for this purpose, we purified Rqc1-TAP 
upon Cdc48 depletion in strains deleted for RQC2 and LTN1, re-
spectively. We analyzed samples by mass spectrometry and com-
pared them with an Rqc1-TAP purification upon Cdc48 depletion 
(Figure 5, C and D). The RQC2 deletion had no effect on Tom1 
binding to the RQC complex (Figure 5, A and D), showing that 
Tom1 binding to the RQC complex does not require Rqc2 or the 
presence of CAT-tails on aberrant nascent peptides (Shen et al., 
2015).

Strikingly, the deletion of LTN1 completely abolished the enrich-
ment of Tom1 in the Rqc1-TAP pullout (Figure 5, A and C), revealing 
that Tom1 can interact with the light RQC complex only when Ltn1 
is present. Because the Tom1-RQC interaction depends on the pres-
ence of Ltn1 and the mammalian orthologue of Tom1, Huwe1, con-
tains a UBA domain that is capable of binding polyubiquitin chains 
(Chen et al., 2005), we tested whether the polyubiquitylation pro-
cess by Ltn1, a crucial step of RQC-associated protein degradation, 
was essential for Tom1 binding to the RQC complex. Rqc1-TAP pull-
outs performed upon Cdc48 depletion in mutant strains lacking ei-
ther LTN1 or its Really Interesting New Gene (RING) domain, which 
is essential for the interaction with its E2 ubiquitin ligases and there-
fore for the polyubiquitylation process, proved that Tom1 required 
prior polyubiquitylation of aberrant substrates by Ltn1 to interact 
with the light RQC complex, both with gel silver staining (Figure 6A) 

FIGURE 5:  The interaction between Tom1 and the light RQC complex 
is Rqc2 independent but requires Ltn1. (A) Silver-staining analysis of 
TEV eluates purified from an Rqc1-TAP genomic fusion in various 
mutant strains (wild-type, rqc2Δ, and ltn1Δ) with or without Cdc48 
depletion. (B) Proteins enriched with Rqc1-TAP purifications upon 
Cdc48 depletion were identified by LC-MS/MS, and t tests of LFQ 
intensities for each protein were performed in comparison with an 
untagged strain (negative control). Statistical results are presented in 
the form of a volcano plot. The x-axis shows the log2 of LFQ ratios 
between Rqc1-TAP and the control, and the y-axis shows the –log10 of 
the p value of each protein enrichment among statistical groups. The 
semicircular curve defines the candidates that are significantly 
enriched according to a statistical t test. (C) Mass spectrometry 
analyses of proteins identified in Rqc1-TAP purifications upon Cdc48 
depletion, with or without a deletion of LTN1. Comparison of LFQ 
intensities obtained for each protein in the two samples; each dot 
represents an identified protein. (D) Comparison of Rqc1-TAP 
purification upon Cdc48 depletion, with or without a deletion of 
RQC2. The purifications presented in B were performed four times 
each, and those in C and D were performed once. The list of proteins 
identified is given in in Supplemental Dataset S1.
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Tom1 physically interacts with aberrant nascent peptides 
in the absence of Ski2 and Cdc48
To determine whether Tom1 could directly interact with the aber-
rant peptides, we performed Tom1-TAP affinity purifications in cells 
deleted for the SKI2 gene, depleted of Cdc48, and expressing a 
3FLAG-His3-NonStop aberrant reporter that derives from the His3-
NonStop reporter (pAV188 plasmid; van Hoof et al., 2002; Figure 
7A). We observed an enrichment of the aberrant nonstop reporter 
with Tom1-TAP as bait compared with an untagged strain in the 
same genetic background (absence of Ski2 and Cdc48; Figure 7B, 
top). Furthermore, the use of anti-ubiquitin antibodies revealed that 
Tom1 binds polyubiquitylated peptides (Figure 7B, bottom). These 
results are consistent with Tom1 physically interacting in vivo with 
the aberrant translation products. Using an Rpl1 antibody, we con-
firmed that the Tom1-TAP associated with 3FLAG-His3-NonStop 
aberrant peptides complex did not bind to the 60S subunit. In addi-
tion, we examined the sedimentation profile of Tom1-TAP in a su-
crose gradient and detected the presence of Tom1-TAP in the light 
fractions of the gradient (Figure 7C). We also observed a subset of 
Tom1 cosedimenting with the fractions corresponding to higher–
molecular weight complexes similar to the 40S fractions. Because 
Tom1 is also involved in nuclear processes, these higher–molecular 
weight fractions of Tom1 could be related to these additional pro-
cesses (Duncan et al., 2000; Kim and Koepp, 2012; Kim et al., 2012).

Tom1 limits aberrant protein aggregation in the absence 
of Rqc1
Tom1 is an E3 ubiquitin ligase of the homologous to E6AP C-termi-
nus (HECT) family that has been previously described as being in-
volved in the degradation of specific proteins, notably in the turn-
over of Dia2 during the cell cycle (Kim and Koepp, 2012), the 

FIGURE 6:  The RQC-Tom1 interaction relies on the polyubiquitylation 
activity of Ltn1. (A) Silver-staining analysis of TEV eluates purified from 
Rqc1-TAP–expressing cells in various mutant strains (wild-type, ltn1Δ, 
ltn1ΔRING, and tom1Δ) upon Cdc48 depletion. (B) LC-MS/MS 
analyses of proteins identified in Rqc1-TAP purifications upon Cdc48 
depletion, with and without a deletion of the RING domain of LTN1. 
Comparison of LFQ intensities obtained for each protein in the two 
samples; each dot represents an identified protein. These purifications 
were performed once, except for the ltn1Δ mutant purification, which 
was performed twice. The list of proteins identified is given in 
Supplemental Dataset S1.

FIGURE 7:  Tom1 physically interacts with aberrant nascent peptides 
in vivo in the absence of SKI2 upon Cdc48 depletion. (A) Proteins 
enriched with Tom1-TAP purifications (TEV eluate) upon Cdc48 
depletion and deleted for SKI2 were separated on 4–12% gradient 
polyacrylamide NuPAGE gel and silver stained. For comparison, a 
fraction of total cellular extracts (input) was loaded. (B) Western blots 
were performed with input and TEV eluates fractions as in A. The 
presence of the 3XFlag-His3-NS aberrant peptides was assessed 
using anti-Flag antibodies. Tom1-CBP bait was probed with a CBP 
antibody. Anti-Rpl1 antibody was used to reveal Rpl1 ribosomal 
protein, and polyubiquitylated proteins were assessed with anti-
ubiquitin antibodies. (C) Tom1 cosediments in light-sedimenting 
fractions. Western blots were performed with polysome extracts 
prepared from cells deleted for SKI2, depleted of Cdc48, and 
separated on 10–50% sucrose gradients. Tom1-TAP was assessed 
using PAP antibodies. The 40S and 60S fractions were determined 
with anti Rps8 and anti-Nog1 antibodies, respectively.
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pearance of TAP-NonStop aggregates in the absence of Rqc1 and 
Tom1 when RQC2 was deleted (Figure 8B).

In parallel, we used a previously described aberrant protein re-
porter called GFP-NonStop deriving from the TAP-NonStop re-
porter, except that it contains a GFP fluorescent sequence that en-
ables the visualization of aberrant protein aggregates within yeast 
cells by fluorescence microscopy (Defenouillère et al., 2016). As ex-
pected, monitoring the accumulation and localization of the GFP-
NonStop reporter in tom1Δ cells showed no increase in fluorescence 
levels compared with a wild type (Figure 9). However, the cytosolic 
aggregates of aberrant proteins accumulating in the absence of 
Rqc1 were larger and more numerous per cell in the rqc1Δtom1Δ 
double mutant (Figure 9), which corroborates the results obtained in 
these same mutants for the TAP-NonStop reporter (Figure 8A).

Because the aggregates accumulating in rqc1Δ cells are known 
to contain aberrant proteins that are polyubiquitylated in an Ltn1-
dependent manner (Defenouillère et  al., 2016), we assessed the 
level of polyubiquitylated protein aggregates in the absence of 
Tom1 and Rqc1 compared with the rqc1Δ single mutant in reporter-
free cells. Whereas we observed no signal with an anti-ubiquitin an-
tibody in the stacking gel of tom1Δ cells (as previously reported for 
a wild-type strain), we found that the quantity of aggregated polyu-
biquitylated proteins was higher in the rqc1Δtom1Δ double mutant 
than with the rqc1Δ single mutant (Figure 10A), confirming that 
Tom1 becomes essential to limit the accumulation of cytosolic pro-
tein aggregates that appear in the absence of Rqc1. A deletion of 
LTN1 in this rqc1Δtom1Δ strain completely abolished the accumula-
tion of polyubiquitin chains in the stacking gel (Figure 10A), as de-
scribed for polyubiquitylated aggregates accumulating in rqc1Δ 
cells (Defenouillère et  al., 2016), which shows that aberrant sub-
strates that aggregate in the absence of both Rqc1 and Tom1 are 
also polyubiquitylated via Ltn1.

The E3 ubiquitin ligase activity of Tom1 is not required 
for its role in protein aggregate prevention
Finally, to determine whether the E3 ubiquitin ligase activity of Tom1 
is required for its function in aberrant protein aggregate limitation, 
we generated a HECT-C3235A genomic point mutation within 

stability of Cdc6 after DNA damage (Kim et al., 2012), and the deg-
radation of excess histones (Singh et al., 2009). More recently, Tom1 
has been shown to limit the excess of specific ribosomal proteins in 
concert with E2 enzymes Ubc4/5 (Sung et al., 2016). To investigate 
whether Tom1 could have a role in RQC-mediated protein quality 
control when bound to the light RQC complex, we assessed the ef-
fect of a TOM1 deletion on the accumulation of the TAP-NonStop 
reporter in a polysome gradient but did not observe any stabiliza-
tion of this aberrant protein (Figure 8A). Rqc1 and Ltn1 were recently 
shown to prevent the aggregation of aberrant nascent peptides, a 
process that requires CAT-tail addition by Rqc2 (Choe et al., 2016; 
Defenouillère et al., 2016; Yonashiro et al., 2016). These types of 
aggregates can be revealed by Western blot as a protein fraction 
that accumulates in the stacking part of an acrylamide gel. Because 
Tom1 interacted with the light RQC complex in similar sedimenting 
fractions as the protein aggregates accumulating in rqc1Δ cells 
(Defenouillère et al., 2016), we checked whether Tom1 could have a 
role in preventing the accumulation of aggregated aberrant pro-
teins by comparing aggregate accumulation of the TAP-NonStop 
reporter between rqc1Δ cells and a tom1Δrqc1Δ double mutant. 
Strikingly, the quantity of aggregated aberrant proteins was mas-
sively increased in the absence of both Rqc1 and Tom1 compared 
with the absence of Rqc1 alone (Figure 8A), which shows that Tom1 
has an important role in limiting the accumulation of protein aggre-
gates when Rqc1 is defective. However, Tom1 does not seem to 
participate directly in the degradation of soluble aberrant proteins, 
because no accumulation of the TAP-NonStop was detected in 
tom1Δ single-mutant cells. We then examined whether the forma-
tion of protein aggregates in the tom1Δrqc1Δ double mutant also 
required CAT-tail addition by Rqc2 and observed a complete disap-

FIGURE 8:  Tom1 becomes essential to limit aberrant protein 
aggregation when Rqc1 is impaired. (A) Western blots performed with 
polysome extracts prepared from TAP-NonStop–expressing cells in a 
wild-type background or deleted for RQC1, TOM1, or both, and 
separated on 10–50% sucrose gradients. The sedimentation profiles 
of aggregated (stacking gel) and soluble TAP-NonStop were assessed 
using PAP antibodies, and the 60S cosedimenting fractions were 
probed using anti-Nog1 antibodies. (B) As in A, using TAP-NonStop–
expressing cells deleted for RQC1 and RQC2 (left) or RQC1, RQC2, 
and TOM1 (right).

FIGURE 9:  Tom1 prevents the expansion of cytosolic protein 
aggregates in the absence of Rqc1. WT, tom1Δ, rqc1Δ, and 
rqc1Δtom1Δ strains expressing the GFP-NonStop reporter protein 
were analyzed by fluorescence microscopy. Left, yeast cells 
(Nomarski); second and third sets of images, GFP and Hoechst 
fluorescence signals, respectively; right, their merge. Scale bar, 5 μm.
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tion of aggregates in the absence of Rqc1 does not rely on the E3 
ubiquitin ligase activity of Tom1, suggesting that other functions 
carried out by this protein are required to perform this process.

Together our data show that the RQC complex remains associ-
ated with aberrant nascent peptides after their extraction from the 
60S exit tunnel and thus during their escort to the proteasome for 
degradation and reveal the existence of an additional partner of the 
RQC complex, Tom1, which specifically interacts with the light, non-
ribosomal form of this complex. Our study reveals a new role for 
Tom1 in protein quality control and proteostasis by interacting with 
the light RQC complex and limiting the accumulation of cytosolic 
aberrant protein aggregates.

DISCUSSION
The RQC complex has been described as a cotranslational quality 
control complex that recognizes stalled 60S particles. It polyubiquity-
lates aberrant nascent peptides via Ltn1 (Brandman et  al., 2012; 
Defenouillère et al., 2013), adds CAT-tails to these substrates via Rqc2 
(Shen et al., 2015), and extracts these polyubiquitylated, CAT-tailed 
polypeptides from the 60S exit tunnel via the Cdc48 hexamer 
(Brandman et al., 2012; Defenouillère et al., 2013). Furthermore, func-
tional studies focused on RQC deficiency revealed the importance of 
Rqc1 and Ltn1 in preventing the accumulation of cytosolic protein 
aggregates (Choe et al., 2016; Defenouillère et al., 2016; Yonashiro 
et al., 2016), a phenotype likely due to a defect in Cdc48 recruitment 
on stalled 60S and therefore in inefficient proteasomal targeting of 
aberrant translation products. The RQC complex is also known to 
trigger Hsf1-driven translational stress response (Brandman et  al., 
2012). Of interest, both protein aggregation and RQC-mediated Hsf1 
activation rely on CAT-tail addition to nascent peptides, suggesting 
that these two systems may be linked (Shen et al., 2015; Choe et al., 
2016; Defenouillère et al., 2016; Yonashiro et al., 2016). However, be-
yond the studies focused on the mechanism of action of the RQC 
complex, the respective fates of this complex and of its aberrant sub-
strates after their dissociation from the stalled 60S remain unclear.

Here we focused on the downstream steps of this quality control 
pathway and showed that 1) the RQC complex remains associated 
to aberrant peptides independently of 60S particles, 2) the RQC 
complex interacts with Tom1 after 60S extraction of nascent pep-
tides, and 3) Tom1 interacts with aberrant nascent peptides, pre-
venting the accumulation of aberrant protein aggregates when the 
RQC pathway is impaired. Indeed, purification of an RQC-targeted 
reporter peptide showed that Rqc1, Rqc2, Ltn1, and Cdc48 remain 
bound to the nonstop aberrant protein reporter after its synthesis 
but in a form that accumulates in nonribosomal fractions of the gra-
dient (Figures 1 and 2). This implies that this intermediate complex 
corresponds to a step occurring after extraction of the polyubiquity-
lated aberrant peptide from the stalled 60S and thus corresponds to 
an escorting step of the polypeptide before it is delivered to the 
proteasome for degradation (Richly et al., 2005). The enrichment of 
constituents of both the RQC complex and the proteasome specifi-
cally with our aberrant “nonstop” reporter (Figure 2B), all the more 
cosedimenting in the same purified fractions of a sucrose gradient, 
suggests that there might be an interaction between these two mul-
tiprotein complexes at the moment of aberrant substrate delivery. 
Our attempts to isolate such an intermediate by performing double 
affinity purifications using both the TAP-NonStop reporter and the 
proteasome itself as baits remained unfruitful (unpublished data), 
but this may be due to the fact that aberrant polyubiquitylated sub-
strates are rapidly degraded when they reach the proteasome, sug-
gesting that, if such a proteasome-RQC intermediate exists, it is 
likely to be very transient and unstable.

TOM1 that was previously shown to disrupt its E3 ubiquitin ligase 
activity (Duncan et al., 2000). In contrast to our observations upon 
deletion of TOM1, there was no additional accumulation of TAP-
NonStop aggregates or any effect on their polyubiquitylation level 
when this tom1-C3235A mutant was introduced into an rqc1Δ back-
ground (Figure 10B). These results show that Tom1-mediated limita-

FIGURE 10:  The E3 ubiquitin ligase activity of Tom1 is not required 
for its role in protein aggregate prevention. (A) Western blots 
performed with polysome extracts prepared from tom1Δ, rqc1Δ, 
rqc1Δtom1Δ, and rqc1Δtom1Δltn1Δ mutant cells and separated on 
10–50% sucrose gradients. The sedimentation profiles of 
ubiquitylated proteins in their aggregated form (stacking gel) were 
assessed using anti-ubiquitin antibodies. The 60S cosedimenting 
fractions were probed using anti-Nog1 antibodies. (B) Western blots 
were performed using total protein extracts and polysome extracts 
separated on 10–50% sucrose gradients (for which the light-
sedimenting fractions [SC] and the 60S-sedimenting fractions were 
respectively pooled), prepared from rqc1Δ, rqc1Δtom1Δ, and 
rqc1Δtom1-C3235A mutant yeast cells expressing the TAP-NonStop 
reporter. The sedimentation profiles of the aggregated and soluble 
versions of the TAP-NonStop reporter were probed with PAP 
antibodies (middle), and the levels of aggregated polyubiquitylated 
proteins were assessed with anti-ubiquitin antibodies (top). Anti-
G6PDH antibodies were used as a loading control (bottom).
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the quality of the cellular ribosome pool may have an effect on trans-
lation efficiency, indirectly reducing the amount of aberrant transla-
tion products and thus the quantity of protein aggregates. However, 
the E3 ubiquitin ligase activity of Tom1 is required for this ribosomal 
protein quality control, but its impairment does not affect aberrant 
aggregate accumulation (Figure 10B); besides, Tom1 interacts with 
the RQC complex in ribosome-independent fractions (Figure 4). 
Therefore the data presented in our study do not support a func-
tional link between these two roles of Tom1.

Intriguingly, the importance of Tom1 for aberrant aggregate pre-
vention was observed only in specific mutants of the RQC complex, 
which raises the question of the biological relevance of this RQC-
Tom1 interaction in wild-type cells. The autoregulatory loop per-
formed by the RQC complex constantly maintains Rqc1 at a low 
cellular abundance (Brandman et al., 2012), and hence it is possible 
that during translational stress, the sudden accumulation of aberrant 
substrates rapidly titrates Rqc1, in which case, the Tom1-mediated 
quality control pathway may act as a backup mechanism to ensure 
the degradation of aberrant translation products and limit protein 
aggregation.

In conclusion, our study shows that translational quality control is 
not limited to the action of the RQC complex but integrates other 
quality control pathways, such as the role of Tom1 for aggregate 
limitation in case of failure of the RQC machinery. This network of 
quality control pathways may confer eukaryotic cells the ability to 
rapidly adapt and overcome stressful conditions in order to maintain 
proteostasis and avoid the toxicity arising from protein aggregates.

MATERIALS AND METHODS
Yeast strains and plasmids
Yeast strains used in this study are listed in Table 1. All yeast strains 
were constructed from Saccharomyces cerevisiae genetic back-
grounds BY4741 or BY4742 by homologous recombination. Deple-
tions of CDC48 were performed by inserting a tetO2 promoter and 
incubating yeast cultures with doxycycline (10 µg/ml) for 13.5 h as 
described (Defenouillère et  al., 2016). The pTAP-Stop and pTAP-
Non-Stop plasmids were constructed by yeast homologous recom-
bination using ProteinA-NonStop (pAV184) and ProteinA-Stop 
(pAV183) as host vectors as described (Defenouillère et al., 2013). 
The 3XFLAG-His3-NonStop reporter was constructed by yeast ho-
mologous recombination using the pAV188 as host vector (van Hoof 
et al., 2002) and a 3XFLAG PCR fragment. Details concerning these 
constructs will be provided upon request.

Polysome gradients, proteins extraction, and Western 
blotting
Polysome extracts, sucrose gradients, and proteins extractions were 
performed as described (Defenouillère et  al., 2016). For Western 
blot, proteins were detected by hybridization with the appropriate 
antibodies. Peroxidase anti-peroxidase (PAP) complex (Sigma-Al-
drich) was used at 1:10,000. The rabbit antibodies against Nog1, 
Rpl1, and Cdc48 were used at 1:5000; the rabbit anti-CBP at 1:2000, 
the rabbit anti–glucose-6-phosphate dehydrogenase (G6PDH) at 
1:100,000, the mouse P4D1 monoclonal antibody against ubiquitin 
(Covance) at 1:1000; and the monoclonal anti-FLAG M2-peroxidase 
antibody (Sigma-Aldrich) at 1:5000.

Affinity purifications coupled with sucrose gradient 
fractionation
Affinity purifications were performed as in Defenouillère et al. (2013). 
For Rqc1-TAP purifications, 4 l of yeast cells grown in rich medium 
were depleted from CDC48 for 13.5 h with 10 µg/ml doxycycline 

Further evidence for the existence of a “light,” nonribosomal 
version of a RQC-associated complex in vivo was reinforced by pu-
rifications coupled with gradient fractionation using Rqc1-TAP as 
bait. The fractionation experiments (Figures 3 and 4) confirmed the 
existence of two complexes associated with Rqc1-TAP with different 
sedimentation coefficients: one 60S-bound and the other corre-
sponding to the nonribosomal RQC complex, which was physically 
associated with an additional partner, the E3 ubiquitin ligase Tom1 
(Figure 4). Of interest, the significant enrichment of Tom1 with this 
nonribosomal version of Rqc1-TAP did not depend on Rqc2 (Figure 
5) but strictly relied on the E3 ubiquitin ligase activity of Ltn1 (Figures 
5 and 6). Because the mammalian orthologue of Tom1, Huwe1, con-
tains a UBA domain conferring on Huwe1 the capacity to interact 
with polyubiquitin chains (Chen et al., 2005), one possibility is that 
Tom1 may interact with the light RQC complex via Ltn1-produced 
polyubiquitin chains. It is surprising, however, that Tom1 was identi-
fied only with Rqc1-TAP purifications and not with the TAP-NonStop 
reporter (Figures 1 and 2), although the purification protocols were 
similar and were both performed upon Cdc48 depletion. These dis-
crepancies may reflect the fact that Rqc1-TAP pullouts are more spe-
cific and adapted to RQC complex partners because they might rely 
on high binding efficiencies between the different factors of the 
complex, whereas TAP-NonStop purifications are less selective be-
cause they enable purification of a larger variety of complexes, such 
as 80S particles or the proteasome (Figure 2B). However, affinity pu-
rifications using Tom1-TAP as bait in the absence of Ski2 and upon 
Cdc48 depletion proved to be specific enough to efficiently enrich 
aberrant nascent peptides (Figure 7) and confirmed that Tom1 
physically binds aberrant proteins to prevent them from accumulat-
ing and therefore aggregating when the RQC complex is impaired.

In parallel, our functional study of a TOM1 deletion clearly 
showed the importance of Tom1 for the reduction of TAP-NonStop 
and GFP-NonStop aggregates when the RQC activity is compro-
mised (Figures 8 and 9). This confirms that Tom1 indeed has a role 
in RQC-associated quality control because it interacts physically with 
the aberrant peptide associated with the light RQC complex and 
participates in the degradation of RQC-targeted substrates. Of 
note, the absence of Rqc2 did not affect Tom1 binding to the RQC 
complex (Figure 5D and Supplemental Dataset S1), although Rqc2 
is essential for CAT-tail addition and thus aberrant aggregate forma-
tion (Figure 8B) (Shen et al., 2015, Choe et al., 2016; Defenouillère 
et al., 2016; Yonashiro et al., 2016), suggesting that Tom1 instead 
targets soluble forms of aberrant proteins. Our results also show that 
the E3 ligase activity of Tom1 is not required for its role in aggregate 
prevention, suggesting that other functional domains of Tom1 are 
involved in this process. Previous studies focused on the mammalian 
orthologue of Tom1, Huwe1, may provide some insights into this 
matter: indeed, in addition to its UBA domain conferring on Huwe1 
the capacity to bind polyubiquitin chains (Chen et al., 2005), Huwe1 
has also been described as a proteasome-associated factor (Besche 
et  al., 2009). It is therefore possible that Tom1 recognizes RQC-
bound polyubiquitylated aberrant proteins and binds the protea-
some, thus acting as a physical bridge between polyubiquitylated 
substrates and proteasome moieties to ensure the elimination of 
aberrant translation products and preventing their aggregation. Fur-
ther investigation of proteasomal targeting by the RQC-Tom1 com-
plex could determine whether Tom1 can bind polyubiquitin chains 
and the proteasome and whether Tom1 promotes proteasomal de-
livery of aberrant proteins when interacting with the RQC complex.

The function of Tom1 in the degradation of excess ribosomal pro-
teins such as Rpl26 (Sung et al., 2016) may also be relevant for the 
role of Tom1 in RQC-mediated quality control: indeed, optimizing 
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NonStop and TAP-Stop purifications, cells transformed with one of 
these vectors were grown in synthetic medium containing galactose 
without uracil and depleted of CDC48 for 13.5 h with 10 µg/ml doxy-
cycline. Cells were resuspended in lysis buffer and lysed with glass 
beads on a vortex (four times for 1 min). Lysates were clarified by 
centrifugation and incubated for 45 min with 50 µl of magnetic beads 
coupled with IgG antibodies and washed four times in lysis buffer 
containing 0.075% IGEPAL. TAP-associated complexes were eluted 
using 10 µl of AcTEV protease for 100 min. TEV eluates were loaded 
on 10–50% sucrose gradients, and ultracentrifugation was performed 
at 39,000 × g for 3 h. The rest of the sample preparation was identical 
to Rqc1-TAP purifications. For Tom1-TAP purifications in presence of 
the 3XFlag-His3-NonStop aberrant peptides, 1 l of yeast cells grown 
in minimal medium without uracil were depleted from CDC48 for 
13.5 h with 10 µg/ml doxycycline and harvested by centrifugation at 
4000 × g for 7 min. Cells were washed with cold water and lysed with 
Magnalyser and glass beads (three times at 3000 × g for 90 s) in lysis 
buffer (50 mM Tris HCl, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 

and harvested at OD600 = 1.0 by centrifugation at 4000 × g for 7 min. 
Cells were washed with cold water, frozen with dry ice, and lysed with 
a French press (twice at 1200 psi) in lysis buffer (50 mM Tris HCl, 
100 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol [DTT], 1 mM 
phenylmethylsulfonyl fluoride [PMSF], and water with EDTA-free pro-
tease inhibitor cocktail from Roche). Lysates were centrifuged at 
16,000 × g for 20 min at 4°C and incubated for 45 min at 4°C with 50 
µl of magnetic beads (Dynabeads; Thermo Fisher) coupled with im-
munoglobulin G (IgG) antibodies, 1/2500 antifoam, and 0.075% IGE-
PAL. Beads were washed twice with lysis buffer with 0.075% IGEPAL 
and twice without. Elution was performed in lysis buffer with 10 µl of 
TEV protease (AcTEV; Life Technologies) for 100 min at 17°C. TEV 
eluates were loaded on a 10–30% sucrose gradient, and ultracentri-
fugation was performed at 27,000 × g for 15 h. Sucrose fractions 
were collected and precipitated with the methanol-chloroform 
method (Wessel and Flügge, 1984). Samples were divided into one-
third for 4–12% gradient polyacrylamide NuPAGE gel loading and 
silver staining and two-thirds for analysis by LC-MS/MS. For TAP-

Strain Genotype Reference

BY4741 MATa, ura3Δ0, his3Δ1, leu2Δ0, met15Δ0 Brachmann et al. (1998)

BY4742 MATα, ura3Δ0, his3Δ1, leu2Δ0, lys2Δ0 Brachmann et al. (1998)

LMA1951 as BY4741, rqc1-TAP:HIS3MX6 Ghaemmaghami et al. (2003)

LMA2688 as BY4741, rqc1-TAP:HIS3MX6, rqc2Δ::KANMX4 Defenouillère et al. (2013)

LMA2689 as BY4741, rqc1-TAP:HIS3MX6, ltn1Δ::KANMX4 Defenouillère et al. (2013)

LMA2648 as BY4741, rqc1-TAP:HIS3MX6, KANMX4:PrTetO2:CDC48 This study

LMA2869 as BY4741, rqc1-TAP:HIS3MX6, KANMX4:PrTetO2:CDC48, rqc2Δ::URA3 This study

LMA2870 as BY4741, rqc1-TAP:HIS3MX6, KANMX4:PrTetO2:CDC48, ltn1Δ::URA3 This study

LMA3002 as BY4741, rqc1-TAP:HIS3MX6, KANMX4:PrTetO2:CDC48, tom1Δ::LEU2 This study

LMA3058 as BY4741, rqc1-TAP:HIS3MX6, KANMX4:PrTetO2:CDC48, ltn1ΔRING::URA3 This study

LMA4747 as BY4741, tom1-Gfp:HIS3MX6 Ghaemmaghami et al. (2003)

LMA4748 as BY4741, tom1-Gfp:HIS3MX6, ski2∆::KANMX4 This study

LMA4750 as BY4741, tom1-Gfp:HIS3MX6, rqc1∆::KANMX4 This study

LMA4752 as BY4741, tom1-Gfp:HIS3MX6, KANMX4:PrTetO2:CDC48 This study

LMA2773 as BY4741, tom1-TAP:HIS3MX6 Ghaemmaghami et al. (2003)

LMA3006 as BY4741, tom1-TAP:HIS3MX6, rqc1Δ::KANMX4, This study

LMA4806 as BY4741, tom1-TAP:HIS3MX6, ski2Δ::KANMX4, NATMX4:PrTetO2:CDC48 This study

LMA1967 as BY4742, rqc1Δ::KANMX4 Brachmann et al. (1998)

LMA2070 as BY4741, rqc1∆::KANMX4 Brachmann et al. (1998)

LMA2714 as BY4741, rqc1Δ::HIS3 Defenouillère et al. (2013)

LMA2948 as BY4742, tom1Δ::LEU2 This study

LMA3123 as BY4742, tom1Δ::LEU2, rqc1Δ::KANMX4 This study

LMA3202 as BY4742, tom1Δ::LEU2, rqc1Δ::KANMX4, ltn1Δ::NATMX4 This study

LMA3193 as BY4742, tom1-hectC3235A:LEU2, rqc1Δ::KANMX4 This study

LMA2135 as BY4742, rqc1Δ::KANMX4, rqc2Δ:: PrαNATMX4 Defenouillère et al. (2016)

LMA3645 as BY4742, rqc1Δ::KANMX4, tom1Δ::LEU2 rqc2Δ::HIS3 This study

LMA2719 as BY4742, PrαNATMX4:PrTetO2:CDC48 Defenouillère et al. (2013)

LMA2746 as BY4742, PrαNATMX4:PrTetO2:CDC48, ski2Δ::KANMX4 Defenouillère et al. (2013)

LMA3121 as BY4742, PrαNATMX4:PrTetO2:CDC48, rqc1Δ::KANMX4 Defenouillère et al. (2016)

TABLE 1:  Yeast strains used in this study.
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