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Eukaryotic cells have quality control systems that elim-

inate nonfunctional rRNAs with deleterious mutations

(nonfunctional rRNA decay, NRD). We have previously

reported that 25S NRD requires an E3 ubiquitin ligase

complex, which is involved in ribosomal ubiquitination.

However, the degradation process of nonfunctional ribo-

somes has remained unknown. Here, using genetic screen-

ing, we identified two ubiquitin-binding complexes, the

Cdc48–Npl4–Ufd1 complex (Cdc48 complex) and the pro-

teasome, as the factors involved in 25S NRD. We show that

the nonfunctional 60S subunit is dissociated from the 40S

subunit in a Cdc48 complex-dependent manner, before it is

attacked by the proteasome. When we examined the non-

functional 60S subunits that accumulated under protea-

some-depleted conditions, the majority of mutant 25S

rRNAs retained their full length at a single-nucleotide

resolution. This indicates that the proteasome is an essen-

tial factor triggering rRNA degradation. We further

showed that ribosomal ubiquitination can be stimulated

solely by the suppression of the proteasome, suggesting

that ubiquitin–proteasome-dependent RNA degradation

occurs in broader situations, including in general rRNA

turnover.
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Introduction

Eukaryotic ribosomes are highly stable ribonucleoproteins

(RNPs) composed of four rRNAs and roughly 80 ribosomal

proteins. Ribosomes involve highly stable interactions

between rRNAs and basic proteins (Ban et al, 2000). These

static interactions contribute to the physical robustness of the

ribosomes, because the stably bound proteins would hinder

the access of RNases to the rRNAs (Williamson et al, 1969).

As a result, the half-life of ribosomes in the mammalian liver

is reported to be as long as 100 h (4 days) (Tsurugi et al,

1974). Ribosomal turnover is also only marginally observed

in the growing cells of Saccharomyces cerevisiae.

Nevertheless, some cases have been reported in which

these highly stable ribosomes are rapidly degraded

(Lafontaine, 2010).

One of these cases is ribophagy, a substrate-specific

autophagy described in S. cerevisiae (Kraft et al, 2008). Both

ribosomal subunits are preferentially degraded in the

ribophagy pathway when cells are starved of nitrogen (Kraft

et al, 2008). Ribophagy has been shown to be essential for cell

survival during nutrition shortage, suggesting that the

degradation of excess ribosomes may provide new building

blocks to maintain cellular homeostasis. It has been reported

that a deubiquitinase complex, consisting of four factors,

Ubp3, Bre5, Ufd3, and Cdc48, is required for 60S ribophagy

(Kraft et al, 2008; Ossareh-Nazari et al, 2010). This complex

is involved in the removal of ubiquitin molecules from

ribosomes, suggesting that the ubiquitination status of

ribosomes is important for their degradation.

Another reported mechanism of ribosomal degradation is

a quality control mechanism, nonfunctional rRNA decay

(NRD), which eliminates nonfunctional 18S and 25S rRNAs

(LaRiviere et al, 2006). When mutant 18S or 25S rRNAs

containing a deleterious point mutation in their decoding

centre or peptidyltransferase centre (PTC), respectively, were

expressed in S. cerevisiae, the nonfunctional rRNAs are

selectively degraded after being incorporated into the 40S

and 60S particles, respectively (LaRiviere et al, 2006).

Interestingly, it has been shown that 18S NRD requires the

same proteins as in no-go mRNA decay (NGD) (Cole et al,

2009), which selectively eliminates aberrant mRNAs

containing regions that prevent ribosomal passage (Doma

and Parker, 2006), including regions with strong secondary

structures, rare codons, depurination sites, etc. (Chen et al,

2010). This supports the idea that 18S NRD and NGD are

different sides of the same phenomenon, both initiated by a

stalled ribosome on a sense codon. It has also been shown

that 25S NRD is a distinct process and requires a distinct set

of factors, which are not involved in 18S NRD (Cole et al,

2009; Fujii et al, 2009).

By genetically screening a yeast knock-out (YKO) collec-

tion, we have previously found that an E3 ubiquitin ligase

complex containing Mms1 and Rtt101 is required for 25S NRD

(Fujii et al, 2009). We have shown that ribosomal

ubiquitination is induced in an Mms1–Rtt101-dependent man-

ner when nonfunctional 25S rRNA is expressed, indicating a

role for ubiquitin in this pathway (Fujii et al, 2009). However,

the principle underlying the disassembly of the ribosome, a

highly stable RNP, has been unclear, including whether or not

the ubiquitin molecules are conjugated selectively to the

nonfunctional ribosomes as a degradation tag.

In this study, we identified two ubiquitin-binding com-

plexes, the Cdc48–Ufd1–Npl4 complex and the protea-

some, as novel factors required for 25S NRD, by genetically
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screening the essential genes of S. cerevisiae. We showed that

the selectively ubiquitinated nonfunctional 60S subunit

dissociates from the intact 40S subunit in a Cdc48 complex-

dependent manner, before it is attacked by the proteasome.

We also showed that proteasome activity is essential for the

initiation of 25S rRNA degradation, suggesting a role for

the proteasome in removing a key factor(s) that prevents

the access of RNase(s) to the ribosomes. Our results identify a

previously unappreciated role of the ubiquitin–proteasome

system in the degradation of stable RNAs.

Results

A novel ribosomal purification method was developed

to study nonfunctional ribosomes containing a mutant

25S rRNA

We have previously reported that ubiquitin signals are

enhanced in the ribosomal fractions of S. cerevisiae cells

expressing nonfunctional mutant 25S rRNAs. This ubiquiti-

nation is dependent on an E3 ubiquitin ligase complex

containing Mms1 and Rtt101, both of which are essential

for 25S NRD. Although these results revealed an important

role for the ubiquitin ligase in this pathway, the role of

ubiquitin in the degradation process remained unclear. In

this study, we investigated the principle underlying the

degradation of a stable RNP, the ribosome, by identifying

the direct role of ubiquitin in 25S NRD. The first question

discussed in this paper is whether or not the ubiquitin

molecules are conjugated specifically to the nonfunctional

ribosomes.

Two other observations regarding ribosomal ubiquitination

have been reported. First, the ubiquitination of Rpl28p,

which constitutes the largest proportion of total ubiquitinated

proteins in S. cerevisiae, is regulated by the cell cycle and is

predominantly observed in G1 phase (Spence et al, 2000).

Second, Kraft et al (2008) reported that nitrogen starvation

stimulates ribosome-specific autophagy (ribophagy), in

which the deubiquitination of the ribosomes is involved.

The observed ribosomal ubiquitination in 25S NRD (Fujii

et al, 2009) might be a consequence of G1 arrest or the

modulation of the ribophagy pathway potentially induced

by the expression of nonfunctional 25S rRNA. If either of

these possibilities is true, then it would predict the general

enhancement of ubiquitination in the total ribosomal pool.

Another possibility is that ubiquitin molecules are selectively

conjugated to nonfunctional ribosomes as tags for their

degradation, as occurs in the quality control of damaged

proteins. To clarify this issue, we purified nonfunctional

and functional ribosomes separately to compare the extent

of their ubiquitination.

To purify ribosomes containing certain mutant rRNAs, we

developed an MS2 tag-based pull-down system. A six-fold

(6� ) repeated MS2 coat protein-binding site was inserted in

a non-essential loop of 25S rRNA (Figure 1A). We observed

that the expression of the MS2-tagged 25S rRNA from a

polymerase II promoter, GAL7 promoter, could rescue the

growth of a polymerase I temperature-sensitive (ts) mutant

(Nogi et al, 1991) on an SD–galactose plate at the restrictive

temperature (Figure 1B), indicating that the 213-nt insertion

in this loop did not affect the function of 25S rRNA in vivo.

We next examined whether this tag could be used to pull

down ribosomes experimentally. A glutathione S-transferase

(GST) protein-fused MS2 coat protein (GST–MS2) was

co-expressed in a wild-type strain with MS2-tagged 25S

rRNA. From this strain, the ribosomal fractions (60S and
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Figure 1 Ribosomes containing MS2-tagged rRNAs can be affinity
purified with GST–MS2. (A) Schematic representation of the plas-
mids used for rRNA expression. An 18-nt tag or MS2 tag was inserted
into the 50 region of the 25S rRNA. Both rRNAs were transcribed from
the GAL7 promoter by RNA polymerase II. (B) Complementation test
of an RNA polymerase I temperature-sensitive (ts) strain. The
NOY401 strain containing various plasmids were grown and spotted
onto SD–galactose plates after a series of 10-fold dilutions. (C–E)
Protein and RNA compositions of affinity-purified ribosomes. (C)
Each ribosomal fraction was isolated by sucrose density gradient
sedimentation from the strain expressing the indicated plasmids and
subjected to GST pull-down. The proteins were visualized by silver
staining. Lanes 4, 8, and 12 show the intact ribosomal particles
immunopurified with Rpl28–Flag from the fractions. GST–MS2cp:
GST–MS2 coat protein. (D, E) RNAs were separated on the indicated
gels and visualized with SYBR Gold staining. Figure source data can
be found with the Supplementary data.
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80S) were prepared by sucrose density gradient sedimenta-

tion and used separately for the affinity purification of the

GST fusion protein. As shown in Figure 1C, the ribosomal

proteins were efficiently recovered from both the 60S and 80S

fractions with this method (compare lanes 3 and 4, 7 and 8,

11 and 12). Lanes 4, 8, and 12 show the ribosomal proteins

isolated from the indicated fractions by immunoprecipitation

using Rpl28–Flag (Fujii et al, 2009). The recovery of the

ribosomal proteins was dependent on the insertion of

the MS2 tag into the 25S rRNA, and on the co-expression of

the GST–MS2 protein. We confirmed that all the expected

rRNAs were observed in the isolated particles (Figure 1D and

E). The introduction of a deleterious mutation in PTC,

A2451U, into MS2-tagged 25S rRNA reduced the yield of

ribosomes pulled down (Figure 1D and E), which is consis-

tent with a reduction in the nonfunctional 25S rRNA by NRD

in the wild-type strain. Taking these data together, we con-

cluded that ribosomes with a certain mutation can be purified

with the pull-down system developed here.

Nonfunctional ribosomes are selectively ubiquitinated

In addition to the MS2-tagged 25S rRNA described above, we

also used another version of 25S rRNA that had an 18-nt

insertion in the same position (Figure 1A), to express two

different rRNAs in a single cell. These tagged 25S rRNAs,

with or without the A2451U mutation, were co-expressed in

SD–galactose medium. At mid-log phase, the medium of each

culture was replaced with SD–glucose medium to shut off

rRNA expression from the GAL7 promoter. The cells were

harvested at various time points and the stability of the

tagged 25S rRNAs was monitored by northern blotting.

As shown in Figure 2A, we observed that nonfunctional

25S rRNAs were degraded in the wild-type strain with similar

kinetics, regardless of the inserted tag sequence (‘A2451U’,

upper panel). In contrast, both tagged 25S rRNAs were quite

stable when they did not carry the A2451U mutation (‘WT1’,

upper panel). Even when they carry the A2451U mutation,

both tagged 25S rRNAs were stable in the 25S NRD-defective

strain (‘mms1D’, lower panel). These results indicate that the

inserted tag sequences neither interfered with normal 25S

NRD nor induced other types of degradation. Therefore, we

next analysed the level of ubiquitination in ribosomes con-

taining the MS2 tag, using GST pull-down eluates from these

strains after the co-expression of the GST–MS2 protein

(Figure 2B and C).

The ubiquitination was examined with Myc-tagged ubiqui-

tin (Ellison and Hochstrasser, 1991). First, we purified the

ribosomes from the strains with an Rpl28–Flag immunopre-

cipitation system to confirm whether ribosomal ubiquitina-

tion was also induced by the MS2-tagged mutant 25S rRNA.

We observed that all the wild-type strains expressing non-

functional 25S rRNA showed similar levels of ribosomal

ubiquitination (Figure 2B, lanes 2–4). However, when only

wild-type ribosomes were pulled down using the MS2 sys-

tem, these signals were greatly reduced and only very faint

signals were observed (Figure 2C, lane 4; we will discuss

these signals later). In sharp contrast, the nonfunctional

ribosomes with the A2451U mutation were highly ubiquiti-

nated (Figure 2C, lanes 2 and 3). These observations led us to

conclude that the ubiquitination observed in 25S NRD is not

attributable to the universal enhancement of ubiquitination

in the whole population of ribosomes. Instead, ubiquitination

is highly specific to nonfunctional ribosomes, suggesting that

the conjugated ubiquitin might be used as a degradation

signal for nonfunctional ribosomes.

We next examined the actual role of this selective ubiqui-

tination. To address this question, we used genetic screening

to identify new factors involved in 25S NRD.

Screening for essential genes revealed the involvement

of the Cdc48 complex in 25S NRD

We previously identified Mms1 and Rtt101 as factors involved

in 25S NRD by screening a YKO collection with a colony

northern technique (Fujii et al, 2009). In the present study, to

identify more factors, we screened another set of yeast

mutants, the yeast Tet-off Hughs collection (yTHC) (Hughes

et al, 2000). This collection consists of B800 distinct mutant

strains. In each strain, the promoter of a certain essential

gene is replaced by the Tet-off promoter, making the strain a
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Figure 2 Nonfunctional ribosomes are selectively ubiquitinated
and degraded in an Mms1-dependent manner. (A) Northern blotting
of 18-nt- or MS2-tagged 25S rRNAs. The total RNAs were isolated
from cells carrying the indicated plasmids after transcriptional shut-
off. These RNAs were cleaved with RNase H (Supplementary Figure
S7A). Northern hybridization was performed using a probe that
detected both tagged RNAs. (B, C) Immunoblotting of ribosomes
purified from cells expressing the indicated tagged rRNAs and Myc–
ubiquitin. (B) Ribosomes were Rpl28–Flag immunopurified. In lane
6, an empty vector was used instead of pMyc–Ubi. In lane 7, a wild-
type strain with untagged Rpl28 was used. (C) GST–MS2 affinity
purification of the ribosomal fraction sedimented by sucrose density
gradient centrifugation. In lane 6, an 18-nt-tagged wild-type rRNA
was expressed as the negative control. Figure source data can be
found with the Supplementary data.
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conditional lethal. When doxycycline (Dox) is added to the

medium, it represses the expression of the essential gene,

leading to the cessation of growth after several generations.

We looked for a mutant strain in which the A2451U mutant

rRNA is stabilized after growth is reduced by Dox treatment.

After screening several hundred strains, we noted that

Cdc48 and a related factor, Ufd1, are involved in 25S NRD.

The growth rates of the strains carrying these mutations

decreased at 24 or 12 h after Dox was added to the medium,

respectively (Figure 3A). It was indicated that the non-

functional 25S rRNAs were stabilized in these strains

(Figure 3B and C; Supplementary Figure S1A), whereas the

levels of pre-rRNAs containing the PTC mutation A2451U,

as well as C2452G and U2585A, persisted unchanged

(Supplementary Figure S1B). The A2451U mutant 25S rRNA

was degraded with normal kinetics when no Dox was added

(Figure 3B and C, Dox– panel) or each repressed gene product

was expressed from a plasmid (Figure 3B and C, pCDC48 or

pUFD1 panel, respectively; Supplementary Figure S1C and

D). These results indicate that Cdc48 and Ufd1 are newly

identified factors required for 25S NRD. We also confirmed

that Npl4, a binding partner of Ufd1 and Cdc48 (Meyer et al,

2000), is involved in 25S NRD, by showing that

nonfunctional mutant 25S rRNA is stabilized in an npl4-1 ts

strain (DeHoratius and Silver, 1996) at the semipermissive

temperature (Figure 3D; Supplementary Figure S1E).

Recently, it has been shown that another Cdc48-containing

complex, consisting of Cdc48, Ufd3, Ubp3, and Bre5, is

necessary for ribophagy (Ossareh-Nazari et al, 2010). This

result prompted us to examine the possibility that the same

complex is also involved in 25S NRD. As shown in

Supplementary Figure S2A, we initially observed that 25S

NRD was inefficient to some extent in the ufd3D strain.

However, in contrast to ribophagy (Ossareh-Nazari et al,

2010), the overexpression of ubiquitin rescued 25S NRD in

this mutant strain (Supplementary Figure S2B). These results

suggest that the observed inefficiency of 25S NRD was attri-

butable to the effects of ubiquitin starvation, providing further

proof of the requirement for ubiquitination in 25S NRD.

Therefore, Ufd3 was excluded from the factors directly in-

volved in 25S NRD. We also observed 25S NRD with normal

kinetics in the atg7D strain and the atg8D strain

(Supplementary Figure S2C), in which the autophagy pathway

is totally absent (Tsukada and Ohsumi, 1993). Taking these

data together, we concluded that 25S NRD and ribophagy are

distinct processes catalysed by distinct ubiquitin-binding

complexes, which share Cdc48 as a common factor. We also

confirmed that no other known binding partners of Cdc48 are

required for 25S NRD (Supplementary Figure S2D).

It is well documented that the Cdc48–Ufd1–Npl4 complex

is involved in the proteolysis of ubiquitinated proteins by

the proteasome in divergent pathways (Ye, 2006). The

proteasome might be responsible for the degradation of

nonfunctional 25S rRNAs. Therefore, we next examined this

possibility.

Proteasomal activity is required for the degradation of

the 25S NRD substrate

To examine the involvement of the proteasome in 25S NRD,

we measured the stability of nonfunctional 25S rRNA

after the cellular proteasomal activity was compromised

with three different approaches (Figure 4A–C). First, we

used a cim3-1 mutant strain (Ghislain et al, 1993), which

has a point mutation in Rpt6, a component of the 19S

regulatory subunit of proteasome (Glickman et al, 1998).

As shown in Figure 4A, the nonfunctional A2451U mutant

rRNA was degraded only slowly in this mutant strain, even at

the permissive temperature (upper panel). Similarly, 25S

NRD was inhibited when another component of the 19S

subunit, Rpt2 (Glickman et al, 1998), was depleted with the

Tet-off system (Figure 4B; Supplementary Figures S2B and

S3A). These instances of inhibition were rescued by a plas-

mid encoding the corresponding wild-type protein, Cim3/

Rpt6 or Rpt2, respectively (Figure 4A and B; Supplementary

Figure 3B and C). These results clearly indicate that the 19S

proteasomal subunit is essential for 25S NRD.
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plex-deficient strains. (A) Growth curves for CDC48 and UFD1 tet-
off strains in the presence (Doxþ ) and absence (Dox–) of Dox. The
cells were grown in SD–galactose medium and A600 was monitored
at the indicated times. The arrows indicate the time points at which
the cells were harvested for the following analyses. (B, C) Time
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Rpt2 and Rpt6 are two of the six AAA-ATPases in the base

subcomplex of the 19S subunit (Lander et al, 2012), which are

responsible for unwinding ubiquitinated proteins before their

degradation by the 20S subunit (Benaroudj et al, 2001; Finley,

2009). To clarify whether the unwinding activity of the 19S

subunit or the proteolysis by the 20S subunit is required for

25S NRD, we inhibited the proteasomal activity by treatment

with MG132 using the MG132-pearmeable erg6D strain.

MG132 is a potent inhibitor of the chymotrypsin-like

activity of the 20S subunit (Lee and Goldberg, 1996).

Figure 4C and Supplementary Figure S3D show that the

inhibition of the 20S proteasome by MG132 also interfered

with the degradation of nonfunctional 25S rRNAs. The over-

expression of ubiquitin did not rescue 25S NRD in this

case, indicating that the inhibitory effect of MG132 on 25S

NRD is not attributable to the ubiquitin starvation caused

indirectly by the drug treatment (Figure 4C: Supplementary

Figure S3D). Therefore, we concluded that proteolysis by the

20S proteasome is directly involved in 25S NRD. In contrast

to 25S NRD, 18S NRD was not affected by the MG132

treatment (Figure 4D).

Recently, it was proposed that ubiquitin and proteasomes

are also involved in ribosome biogenesis in the nucleus

(Stavreva et al, 2006). To confirm that the proteasome-

dependent process demonstrated here is executed in the

cytoplasm, we visualized the nonfunctional 25S rRNA in

several mutant strains with an in-situ hybridization technique

using a Cy3-labelled oligonucleotide probe (Figure 4E). Four

hours after transcriptional shut down, no signals for the

nonfunctional A2451U rRNA were detected in the wild-type

strain. In contrast, in the mms1D, UFD1 tet-off, and RPT2 tet-

off strains, the remaining signals were distributed uniformly

in the cytoplasm (Figure 4E; Supplementary Figure S3E).

These observations indicate that the Cdc48 complex and

the proteasome are involved in a cytoplasmic process

of 25S NRD.
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strain containing the combination of plasmids indicated, to overexpress ubiquitin. (D) The other 16-nt-tagged 18S rRNAs, with or without
A1492C mutation, were detected by northern blotting. (E, F) Subcellular localization of 18-nt-tagged 25S rRNAs in various mutant strains.
After transcriptional shut-off, the cells were harvested at the indicated time points. (E) The tagged 25S rRNAs were visualized with an
in-situ hybridization technique. Scale bar, 4 mm. (F) Cleared lysates were resolved on a 10–40% sucrose gradient and the amounts of tagged
rRNA were visualized by northern blotting. All dots of every lane come from the same membrane. Figure source data can be found with the
Supplementary data.
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Considering the involvement of the Cdc48 complex and the

proteasome in 25S NRD, we presumed that the observed

ubiquitin molecule conjugated to the nonfunctional ribosome

was a K48-linked polyubiquitin chain, a common signal for

proteasomal degradation. To confirm this, we expressed a

nonfunctional mutant 25S rRNA together with Myc–ubiquitin

containing either the K48R or K63R mutation and analysed

the ribosomal fractions by immunoblotting with anti-Myc

antibody. The ladder-like ubiquitin signals were observed

when the K63R mutant was used (Supplementary Figure

S3F). In contrast, all of these signals were clearly absent

when the expressed Myc–ubiquitin contained the K48R mu-

tation, which prevents the formation of the K48-linked poly-

ubiquitin chain. These results indicate that the ubiquitin

conjugated to the nonfunctional ribosomes was the K48-

linked polyubiquitin chain and supporting the conclusion

that it is used as the degradation tag for the proteasome.

Ribosomal remodelling is observed in 25S NRD

To gain further insight into the details of the 25S NRD

pathway, we next analysed the size of the particles containing

25S NRD substrates in each mutant, using a sucrose density

sedimentation assay. As shown in Figure 4F, Cdc48 depletion

caused nonfunctional 25S rRNA to accumulate mainly in the

80S fraction, with less signal observed in the 60S fraction

(panel 4). A similar pattern of accumulation was observed

when Ufd1p was depleted (panel 5). In sharp contrast, when

proteasomes were compromised by Rpt2 depletion, the 25S

NRD substrate mainly accumulated in the 60S fraction (panel

6). Although faint signals were also detected in the 80S

fraction, it is clear that the 60S/80S signal ratio in this strain

was the inverse of that in strains depleted of the Cdc48

complex (Supplementary Figure S4A). The difference in the

nonfunctional 25S rRNA distribution in each mutant is not

attributable to the general change in the 60S/80S ratio in the

cellular ribosomes, because these mutations essentially do

not affect that ratio (Supplementary Figure S4B). Instead, the

different pattern of nonfunctional 25S rRNAs in Figure 4F

must represent the specific effect of each mutant strain on the

nonfunctional 25S rRNAs.

The observed 60S signals in the Rpt2-depleted strain do not

simply represent newly synthesized unused 60S particles.

Instead, these 60S signals should correspond to the degrada-

tion intermediates, which have undergone a size reduction

from 80S particles. We inferred this for two reasons. First, at

this time point, only signals stabilized by gene depletion or

disruption were detected (Figure 4F, compare panels 3–7 with

panel 2), indicating that these signals represent degradation

intermediates that accumulated immediately before the steps

carried out by those gene products. Second, Rpt2 depletion

did not prevent nonfunctional 60S particles from forming 80S

particles. When the RPT2 tet-off mms1D double mutant was

used, the nonfunctional 25S rRNA signals were also

observed in the 80S fraction. Essentially, the same pattern

was produced in the mms1D single-mutant strain (Figure 4F

panel 7, compared with panel 3), suggesting that there is no

significant delay in the formation of the 80S particle under

Rpt2-depleted conditions. Therefore, the reduced signal in the

80S fraction and its enrichment in the 60S fraction of the

Rpt2-depleted strain is attributed to the size transition from

80S to 60S of the particles containing nonfunctional

25S rRNA. This 80S to 60S size reduction is dependent

on the Cdc48 complex (Figure 4F, panels 4 and 5), which

functions in various pathways upstream from the proteasome

(Ye, 2006).

Do the observed signals around the 60S fractions represent

60S ribosomal subunits lacking 40S subunits? Or are they

incomplete 80S complexes that lack a number of factors from

both subunits? To clarify this point, we next purified and

analysed the 60S particles that accumulated in the RPT2 tet-

off strain, using the MS2 system. As shown in Figure 5A, the

accumulated 60S particles clearly retained most of the ribo-

somal proteins normally found in 60S subunits, when visua-

lized by silver staining after sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS–PAGE). We also

confirmed the presence of Rpl3, 5, and 24 and the absence

of Rps4 in the particles with immunoblotting (Supplementary

Figure S5A). Furthermore, when the RNAs were isolated and

analysed, all the expected RNAs (25S, Figures 5B; 5.8S and

5S, Figure 5C) were detected with no apparent size reduction.

Conversely, 18S rRNA was completely missing in this inter-

mediate (Figure 5B). From these results, we conclude that

nonfunctional 80S particles undergo remodelling from 80S to

60S particles with the Cdc48-dependent dissociation of the

40S subunit, before the process in which proteasomal degra-

dation is involved.

Proteasomal degradation of key protein(s) is required

for the initiation of nonfunctional 25S rRNA

degradation

As shown in Figure 5B, almost full-length 25S rRNA was

detected in the nonfunctional 60S subunits that accumulated

in the Rpt2-depleted strain. A straightforward interpretation

is that the protein degradation and RNA degradation are

ordered processes; the elimination of certain protein(s) by

the proteasome is required for the initiation of RNA degrada-

tion by removing key proteins that prevent the access of

RNase(s) to the ribosomes. Another interpretation is that the

protein degradation facilitates the processivity of unidentified

exonuclease(s) by continuously removing proteins that hin-

der the path of the enzyme(s). If the former is true, then we

should see 25S rRNA with complete ends preserved in the

nonfunctional 60S particles in the Rpt2-depleted strain.

Conversely, if the latter is true, then degradation intermedi-

ates that lack some nucleotides or fragments at their ends

should be observed. To determine which is the case, we next

analysed the accumulated nonfunctional 25S rRNAs in the

Rpt2-depleted strain in detail.

When the 30 ends of the accumulated nonfunctional 25S

rRNAs were examined by northern hybridization (Figure 5D)

and an RNase protection assay (Figure 5E; Supplementary

Figures S5B and S7C), we found that intact 30 ends were

precisely preserved in the accumulated nonfunctional 25S

rRNAs. Similarly, we confirmed by primer extension that the

50 ends were also intact (Figure 5F and G; Supplementary

Figure S7D). Based on these results, we concluded that the

proteasome is required for the initiation of 25S rRNA degra-

dation in NRD, but not for the processivity of the RNase(s).

Ribosomes are continuously degraded by the ubiquitin–

proteasome system

Is the ubiquitin–proteasome-assisted degradation of riboso-

mal particles described in this paper limited to 25S NRD? Or

is it observed in other, more general cases of ribosomal
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degradation? To address this question, we next evaluated

whether ribosomal ubiquitination is enhanced when riboso-

mal degradation is artificially induced by drug treatments.

It has been reported that the extensive decay of rRNAs can

be artificially induced by the treatment of yeast cells with

several compounds, including H2O2, acetic acid, and methyl-

methanesulphonate (Supplementary Figure S6A; Mroczek

and Kufel, 2008; Thompson et al, 2008). We added these

drugs to the cultures to induce rRNA decay. During the lag

period before rRNA degradation, we immunopurified the

ribosomes using Rpl28–Flag and analysed the ubiquitination

status of those ribosomes using an Myc–ubiquitin system

(Figure 6A and B; Supplementary Figure S6B). In all the cases

examined, ribosomal ubiquitination was enhanced by the

drug treatment in a dose-dependent manner. The distribution

of the ubiquitination signals shifted to higher molecular

weights. The total intensity of the signals also increased.

These results clearly show that ribosomal ubiquitination

occurs when ribosomal degradation is triggered by chemical

stressors. The ubiquitination described here was also

observed in the mms1D strain (Figure 6A, lanes 7–10),

suggesting that multiple ubiquitin ligases are involved in

the ubiquitination of the damaged ribosomes.

Interestingly, during these experiments, we noticed that

ribosomes from untreated cells always displayed some level

of ubiquitination signal (Figure 6A, lanes 1 and 7; see also

Figure 2B, lane 1). These faint signals were also observed in

MS2-purified wild-type ribosomes (Figure 2C, lanes 1, 4, and

5). We hypothesized that ribosomes might be slowly

degraded by the ubiquitin–proteasome system, even in nor-

mally growing cells. If this is the case, then the ribosomal

ubiquitination will be enhanced without drug treatments

when proteasomal activity is compromised. To investigate

this possibility, we examined whether Rpt2 depletion influ-

enced the ubiquitination status of the ribosomes.

As shown in Figure 6C, Rpt2p depletion markedly elevated

the ubiquitination of the 60S ribosomal subunit (compare

lane 5 with lanes 6 and 7). In this assay, the Rpl28–Flag-

containing complex was immunopurified from the 60S frac-

tion prepared from the RPT2 tet-off strain expressing Rpl28–

Flag and Myc–Ubi (Supplementary Figure S6C), and ubiqui-

tination was detected with anti-Myc antibody after SDS–

PAGE. When Rpl28–Flag and Myc–Ubi were expressed sepa-

rately in different strains and the 60S fractions from those

strains were mixed and used for immunoprecipitation, almost

no ubiquitination signals were recovered (lane 8), showing

that the ubiquitinated proteins in lanes 6 and 7 are ribosomal

proteins or proteins physiologically associated with the ribo-

somes. These results suggest that cellular ribosomes are more

or less continuously ubiquitinated and degraded, even in

normally growing cells. A similar result was obtained when

40S subunits were analysed (Figure 6D, compare lane 5 with

lanes 6 and 7). Therefore, we conclude that the degradation

of stable RNPs by the ubiquitin–proteasome system is not

specific to 25S NRD but occurs more widely, as ribosomal

ubiquitination is observed in the degradation of drug-treated

ribosomes and the natural turnover of normally growing

cells.

Discussion

In this study, we have shown that the Cdc48–Ufd1–Npl4

complex and the proteasome are the essential factors

involved in the late steps of 25S NRD. The 40S subunit

dissociated from the nonfunctional 60S subunit in a

Cdc48 complex-dependent manner. The affinity purifica-

tion of nonfunctional 60S particles that accumulated in a
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Figure 5 Nonfunctional 60S particles that accumulated under pro-
teasome-depleted conditions contained most ribosomal proteins
and complete sets of all three rRNAs. (A–G) The protein and RNA
compositions of nonfunctional ribosomes affinity purified with
GST–MS2 from the RPT2 tet-off strain 4 h after transcriptional
shut-off. GST pull-down was performed using B60S fractions.
(A) The eluates were separated and silver stained. In lane 3,
WT1–MS2-containing 60S ribosomal particles were purified from
the wild-type strain (*non-ribosomal proteins). (B, C) Purified RNAs
were separated and stained with SYBR Gold. In lanes 2 and 4, total
RNA was purified from the wild-type strain. (D) Northern hybridiza-
tion was performed using a proof which was designed to bind the 30-
most region of 25S rRNA (position þ 3251). The number below each
lane shows the relative signal intensity. (E) An RNase protection
assay was used to examine the 30 ends of the 25S rRNAs. In lanes 5
and 6, the 30 region of the 25S rRNA was transcribed in vitro and
used. For lanes 7–9, total RNAs diluted two-fold were used. For lane
10, no target RNA was added to the reaction. Lane 11 is the no-RNase
control. (F, G) Primer extension showed the 50 ends of the 25S
rRNAs. The primer used was designed to bind the region into which
the tags were inserted (Supplementary Figure S7D). (G) The
corresponding sequence for the sense strand of the 25S rDNA is
shown. The 50 end of the mature 25S rRNA is indicated by an
arrowhead. Figure source data can be found with the Supplementary
data.
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proteasome-depleted strain indicated that the proteasome is

required for the initiation of rRNA degradation in 25S NRD.

Moreover, we have provided evidence that the ubiquitin–

proteasome system is involved in stress induced ribosomal

degradation and ribosomal turnover.

Novel affinity purification system for eukaryotic

ribosomes containing a certain mutation

We have described here a newly developed affinity purifica-

tion method for ribosomes. Using this system, ribosomes

with a certain mutation in their 25S rRNA were biochemically

isolated. To date, there have been a number of reports

characterizing eukaryotic ribosomes containing mutant 25S

rRNAs (Macbeth and Wool, 1999; Panopoulos et al, 2004;

Rakauskaite and Dinman, 2008). However, in those studies,

entire populations of cellular ribosomes were replaced by the

mutant ribosome to be characterized. This limits the variety

of mutants that can be characterized, because nonfunctional

ribosomes with a critical mutation cannot be prepared with

this approach. With the MS2-based purification method

described here, any mutant ribosomes containing a

deleterious mutation(s) in the 25S rRNA can be isolated,

because the growth of the cells is supported by cellular

ribosomes in this case. This offers a new avenue for the

biochemical characterizations of eukaryotic ribosomes. X-ray

crystallography has recently begun to reveal the detailed

structures of these ribosomes at atomic resolution

(Ben-Shem et al, 2010; Rabl et al, 2011).

Role of the Cdc48 complex in the disassembly of

ribosomes

We have shown that the depletion of the Cdc48–Npl4–Ufd1

complex causes nonfunctional 25S rRNAs to accumulate in

the 80S particle. When a downstream step was interrupted by
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proteasomal depletion, those nonfunctional 25S rRNAs were

detected in the 60S subunit. These results indicate that the

Cdc48 complex is essential for the segregation of the 40S

subunit from the nonfunctional 60S subunit. The dissociated

40S subunit will probably be reused for the next round of

translation, because the dissociated 40S subunit should be

intact, and recycling the 40S particle will reduce cellular

energy consumption during the reconstruction of the massive

ribosome particle.

An interesting possibility is that the Cdc48 complex directly

catalyses this segregation. Cdc48 belongs to the AAA-ATPase

family (Ogura and Wilkinson, 2001). It has been reported that

the Cdc48–Npl4–Ufd1 complex is involved in the segregation

of misfolded proteins from the ER to the cytoplasm during

ERAD (Ye et al, 2001). In general, the heterodimer Npl4p–

Ufd1p directly binds ubiquitin (Meyer et al, 2002), and the

mechanical force for the segregation is provided by a

hexamer of Cdc48p (Rape et al, 2001; Ye et al, 2001). Using

the ubiquitinated protein on the 60S subunit as a handle, this

complex might physically dissociate the 40S subunit from

the nonfunctional 80S particle. Another possibility is that

the Cdc48 complex indirectly assists the function of other

factor(s) involved in subunit dissociation (Kurata et al, 2010;

Pisarev et al, 2010; Shoemaker et al, 2010). An in-vitro

reconstitution system for Cdc48–Npl4–Ufd1 activity

(Shcherbik and Haines, 2007) would effectively address this

issue.

Use of a variety of RNP degradation mechanisms

It has recently been shown that the RNA helicase Upf1 is

involved in the disassembly of mRNPs in nonsense-mediated

mRNA decay (Franks et al, 2010). Using RNA helicase for the

disassembly of relatively unstable mRNPs is reasonable,

because such disassembly occurs quite often and RNA-

binding proteins can be recycled in this situation (Bono and

Gehring, 2011). A similar mechanism is also observed in the

degradation of the intron lariat complex, where the RNA

helicase Prp43 is involved in the disassembly (Arenas and

Abelson, 1997; Tsai et al, 2005; Yoshimoto et al, 2009). In

contrast, we have shown in this study that the disassembly of

a stable RNP, the 60S ribosomal subunit, is processed by a

distinct mechanism, a proteasomal degradation dictated

by the specific ubiquitination of nonfunctional ribosomes

(Figure 7). Why do cells not recycle proteins after the

disassembly of stable RNPs?

There seem to be at least two reasons. First, we infer that it

is because recycling ribosomal proteins would be risky for

cells. Most of the ribosomal proteins are highly basic and

chemically likely to aggregate with cellular RNAs (Jakel et al,

2002). Ribosomal protein(s) should be degraded before RNA

degradation to avoid the potential risk of harmful ribosomal

proteins dispersed in the cytoplasm. Second, it could be

because the ribosomes are composed of a number of

components. Most ribosomal proteins and the entire

sequences of rRNAs are well conserved, from yeasts to

humans (Lecompte et al, 2002), implying that any change

in these conserved components might harm the ribosomal

function. The identification of the aberrant component in a

large nonfunctional ribosome might cost more than the

degradation and reconstruction of the total complex, when

we consider that cellular stress must randomly induce

various ribosomal damages to each component. One such

stress is the oxidative stress examined in Figure 6A. In this

case, as was shown, various types of ribosomal ubiquitina-

tion were induced, suggesting that multiple components were

damaged by this treatment.

We have shown in this study that the ubiquitination of

ribosomes (both the 60S and 40S subunits) occurs in various

situations in which ribosomes are degraded, except in 18S

NRD (Figure 4D). How far can we apply this principle of RNP

degradation to other stable RNPs? There are a number of

stable RNPs in eukaryotic cells. These stable RNPs must also

eventually be degraded, for various reasons, including qual-

ity control and changes in RNPs’ repertoires during differ-

entiation, apoptosis, etc. It will be very interesting to clarify

whether ubiquitin–proteasome-directed RNP disassembly is

also involved in the degradation of these stable RNPs.

Materials and methods

Plasmids, yeast strains, and growth conditions
Please see the Supplemental Experimental Procedures. Plasmids
and yeast strains are listed in Supplementary Tables S1 and S2,
respectively. All oligonucleotides used in this study are listed in
Supplementary Table S3.

RNA purification and analysis
To extract the total RNA from yeast cells, we used the MasterPure
Yeast RNA Purification Kit (Epicentre Biotechnologies). Sepasol-
RNA1 Super (Nacalai Tesque) was used to extract the RNA from cell
lysates or purified ribosomes. In a northern analysis of the stability
of the tagged rRNAs, 500 ng of total RNA was loaded into the lane at
time 0. The amount of RNA loaded into the other lanes was
increased according to the growth of the cells, measured as the
absorbance at 600 nm (A600), leaving the signals of the stable RNA
species unchanged.

RNase H digestion was performed with 1.5mg of total RNA and
0.25 mM oligonucleotide DNA (Kota031), according to Uyeno et al
(2004). Complete digestion produced an B220-nt fragment
containing the 50 end of the 18-nt-tagged 25S rRNAs and an
B440-nt fragment of the MS2-tagged RNAs.
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disassemble
proteins
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mRNP Ribosome

RNases
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mRNA
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Figure 7 A model of RNP degradation. In mRNP degradation,
mRNPs are disassembled by RNA helicases (Upf1 in NMD). This
RNP disassembly step is essential for mRNA degradation by
RNases. During ribosomal degradation, E3 ubiquitin ligase first
ubiquitinates the ribosomal proteins. Using these ubiquitins as
tags, the Cdc48 complex promotes the dissociation of the 40S
subunit. The proteasome degrades key protein(s) from the 60S
particles and then triggers the initiation of RNA decay.
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Ribosome purification and immunoblotting
The purification of total ribosomes using the Flag-tagged ribosomal
protein Rpl28 has been described elsewhere (Fujii et al, 2009). To
isolate the ribosomes containing plasmid-derived rRNAs, MS2-
tagged 25S rRNA and GST–MS2 were co-expressed. Approxi-
mately 800 A600 unit cells were harvested and disrupted in liquid
nitrogen in a mortar (Inada et al, 2002). The lysate was dissolved in
1 ml IPP150 (10 mM Tris–HCl (pH 8.0), 150 mM NaCl, 2.5 mM
MgCl2, 0.1% NP-40) supplemented with Complete Protease
Inhibitor Cocktail (Roche) and 20 mM N-ethylmaleimide. The ribo-
somes containing MS2-tagged rRNA and GST–MS2 were pulled
down with glutathione Sepharose beads from the 60S and 80S
fractions of a sucrose density gradient. The ribosomes were recov-
ered after elution with 100 mM reduced glutathione. To immunoblot
the ubiquitinated ribosomes, equal amounts of ribosomes in the
eluates were subjected to 5–20% gradient SDS–PAGE and trans-
ferred onto a nitrocellulose membrane with a semidry blotting
apparatus. To analyse the co-sedimented proteins, the proteins
were visualized by silver staining after 10–20% gradient SDS–PAGE.

In-situ hybridization
All the cells were grown in SD–raffinose to A600¼ 0.5. The medium
was then replaced with SD–galactose to induce the expression of the
tagged rRNAs from the GAL7 promoter. Six hours after induction,
the medium was replaced again with SD–glucose to shut-off tran-
scription. The cells were harvested onto a glass slide and analysed
4 h after transcriptional shut-off. The specimens were prepared as
described elsewhere (Fujii et al, 2009). Microscopic analyses were
performed using Olympus BX61 and UAPON 150XO microscopes
(NA¼ 1.45). A series of 15–20 Z-stuck was captured for each
picture and processed with AutoQuant deconvolution using
MetaMorph. The best-focused picture for each specimen was
selected and presented.

RNase protection assay and primer extension
An RNase protection assay was performed using an RNase cocktail
(Ambion). The template RNAs (10 ng) and probes (1�104 c.p.m.)
were hybridized overnight at 45 1C in 1� hybridization buffer
(40 mM PIPES (pH 6.8), 1 mM EDTA (pH 8.0), 0.4 mM NaCl, 80%
formamide). The RNase digestion mixture (300 mM NaCl, 10 mM
Tris–HCl (pH 7.4), 5 mM EDTA, 0.5 U/ml RNase A, 20 U/ml RNase
T1) was added to digest the single-stranded RNAs in the reaction.
After the reaction was incubated at 30 1C for 60 min, the RNases
were inactivated by the addition of sodium dodecyl sulphate and
proteinase K. The RNase-resistant hybrids were then analysed by
gel electrophoresis and autoradiography (Sambrook, 2001). The
probe used in this study was synthesized in vitro with T7 RNA
polymerase (Promega). The PCR product generated with primers
Kota379 and Kota383 was used as the template. This probe contains
a 150-nt region complementary to the 30 end of 25S rRNA and
overhangs both the 50 end (30-nt) and 30 end (8-nt). The control
RNA used to indicate the 30 end of the mature 25S rRNA was also
transcribed in vitro with the T7 RNA polymerase system, using the
Kota381–Kota382 PCR product as the template. For primer exten-
sion, 0.5mg of the purified RNAs and 0.25 pmol of 32P-labelled
primer were mixed and treated with reverse transcriptase (ReverTra

Ace, Toyobo), following manufacturer’s instructions. The reaction
was then analysed by autoradiography after separation on an 8%
acrylamide gel containing 7 M urea.

Analysis of the ubiquitination of 40S and 60S ribosomal
particles in the RPT2 tet-off strain
To purify 40S and 60S ribosomal particles, Rps2–Flag and Rpl28–
Flag were expressed, respectively. The RPT2 tet-off strain expressing
Myc–Ubi was grown in SD–glucose. When the cells reached
A600¼ 0.5, they were diluted in the same medium containing
10mg/ml Dox, to maintain the log phase for the indicated times.
Approximately 500 A600 unit cells were harvested and disrupted in
liquid nitrogen in a mortar (Inada et al, 2002). The lysate was
fractionated on a sucrose density gradient containing 40 mM EDTA
and the 40S and 60S fractions were collected. The ribosomal
particles from the RPT2 tet-off strain were immunoprecipitated
with anti-Flag agarose and washed with IPP150 (10 mM Tris–HCl
(pH 8.0), 150 mM NaCl, 2.5 mM MgCl2, 0.1% NP-40). To elute the
ribosomes, IPP150 was used with 3� Flag peptides (Sigma) at a
concentration of 0.25 mg/ml. Before pull-down, the untagged wild-
type 40S and 60S fractions were mixed with the RPT2 tet-off strain-
derived 40S and 60S fractions, respectively. To evaluate the non-
specific binding of ubiquitinated peptides to ribosomes, as a con-
trol, the Flag-tagged ribosomal particles from the wild-type strain
were immunopurified after 40S or 60S fractions from RPT2 tet-off
cells, without Flag-tag expression, were mixed. The purified ribo-
somes were separated by 5–20% SDS–PAGE and the ubiquitinated
proteins were detected with an anti-Myc polyclonal antibody.

Supplementary data
Supplementary Information are available at The EMBO Journal
Online (http://www.embojournal.org).
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