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Abstract
Eukaryotes possess numerous quality control systems that monitor both the synthesis of RNA and
the integrity of the finished products. We previously demonstrated that Saccharomyces cerevisiae
possesses a quality control mechanism, nonfunctional rRNA decay (NRD), capable of detecting and
eliminating translationally defective rRNAs. Here we show that NRD can be divided into two
mechanistically distinct pathways: one that eliminates rRNAs with deleterious mutations in the
decoding site (18S NRD) and one that eliminates rRNAs containing deleterious mutations in the
peptidyl transferase center (25S NRD). 18S NRD is dependent on translation elongation and utilizes
the same proteins as those participating in no-go mRNA decay (NGD). In cells that accumulate 18S
NRD and NGD decay intermediates, both RNA types can be seen in P-bodies. We propose that 18S
NRD and NGD are different observable outcomes of the same initiating event: a ribosome stalled
inappropriately at a sense codon during translation elongation.

Introduction
High fidelity information transmission from DNA to RNA to protein is critical for proper gene
expression. Maintenance of this fidelity requires tight quality control over each individual step
as well as the machinery mediating that step. An emerging realization with regard to eukaryotes
is the remarkable extent to which they monitor the synthesis, processing and final integrity of
the RNA species involved in translation: mRNAs, rRNAs and tRNAs (Doma and Parker,
2007). All of these species are transcribed as precursor RNAs (pre-RNAs) that must undergo
extensive trimming, splicing, editing, addition of extra sequences (e.g., polyA and CCA tails)
and/or chemical modifications in order to generate the mature RNAs that participate in
translation.

Quality control of eukaryotic transcripts begins in the nucleus. Nuclear RNA surveillance has
been most extensively studied in S. cerevisiae and relies heavily on the exosome, the cell’s
major 3′->5′ exonuclease (Houseley et al., 2006). The nuclear and cytoplasmic exosomes share
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ten core subunits, one of which, Rrp44p, is responsible for its exonucleolytic activity
(Dziembowski et al., 2007). However, nuclear and cytoplasmic exosomes differ by the
presence of the exoribonuclease Rrp6p and nucleic acid binding protein Rrp47p in the nucleus
versus the GTPase Ski7p in the cytoplasm. Within the nucleus, the exosome has been shown
to degrade aberrant pre-mRNAs, pre-tRNAs, pre-rRNAs and pre-snoRNAs (Houseley et al.,
2006). Prior to their decay, many nuclear exosome substrates undergo polyadenylation by the
Trf4/5p/Air/Mtr4p polyadenylation (TRAMP) complex, which stimulates decay via exosome
recruitment (Kadaba et al., 2004; LaCava et al., 2005; Vanacova et al., 2005). Decay of such
polyadenylated RNAs is thought to occur within a region of the nucleolus known as the No-
body (Dez et al., 2006). Some polyadenylated pre-RNAs are also thought to be decayed by the
nuclear 5′->3′ exonuclease Rat1p, although where this occurs within the nucleus is unknown
(Fang et al., 2005).

In the cytoplasm, several pathways have been described for mRNA quality control (Isken and
Maquat, 2007). All of these pathways are translation-dependent, initiating when a ribosome
stalls during translation in a context that impedes efficient elongation or termination. Nonstop
mRNA decay (NSD) eliminates mRNAs lacking any in frame stop codon, such as truncated
or prematurely polyadenylated transcripts. This pathway is dependent on Ski7p, which recruits
the cytoplasmic exosome (Frischmeyer et al., 2002; van Hoof et al., 2002). A second quality
control system, nonsense-mediated mRNA decay (NMD), eliminates mRNAs containing a
stop codon in a poor context for translation termination, often a nonsense or premature
termination codon (Amrani et al., 2006). Following recruitment of the Upf proteins (Upf1p,
Upf2p and Upf3p) to the stalled translation complex, the mRNA is decapped and then degraded
by the major cytoplasmic 5′->3′ exoribonuclease Xrn1p (Muhlrad and Parker, 1994). Nonsense
transcripts are also subject to 3′->5′ degradation by the cytoplasmic exosome via interaction
between Upf1p and Ski7p (Mitchell and Tollervey, 2003; Takahashi et al., 2003). In D.
melanogaster and human cells, NMD can also be initiated by endonucleolytic cleavage of the
mRNA (Gatfield and Izaurralde, 2004; Huntzinger et al., 2008). Finally, no-go mRNA decay
(NGD) eliminates mRNAs containing a structural barrier within the open reading frame that
induces ribosome stalling. Such stalling stimulates endonucleolytic cleavage of the mRNA
immediately upstream of the structural barrier, followed by Xrn1p- and Ski7p-mediated decay
of the 3′ and 5′ halves, respectively. NGD also involves the eukaryotic release factor (eRF)
homologs Dom34p and Hbs1p, although the precise functions of these proteins are not yet
understood (Doma and Parker, 2006). Within the cytoplasm, both general mRNA turnover and
NMD are thought to occur in discrete structures known as processing or P-bodies. P-bodies
are regions in eukaryotic cells that contain translationally repressed mRNPs proteins involved
in mRNA decay. These proteins include the decapping complex Dcp1p/Dcp2p, decapping
activator Dhh1p and exoribonuclease Xrn1p (Parker and Sheth, 2007). Where NSD and NGD
occur, however, has not been previously examined.

In addition to the above mRNA quality control pathways, recent studies showed that S.
cerevisiae also has the capacity to eliminate mature but functionally defective tRNAs and
rRNAs. Hypomodified, but otherwise mature tRNAs undergo rapid tRNA decay (RTD) by a
process involving Rat1p and Xrn1p (Chernyakov et al., 2008). Work from our laboratory has
shown that rRNAs containing deleterious mutations in either the peptidyl transferase center of
25S rRNA or the decoding site of 18S rRNA are subject to a late-acting quality control system
dubbed nonfunctional rRNA decay (NRD) (LaRiviere et al., 2006). In bacteria, the highly
conserved bases A2451 and U2585 (E. coli numbering) in the peptidyl transferase center and
G530 and A1492 in the decoding site are all required for proper ribosome function, and
mutations at any of these positions have dominant negative phenotypes (Green et al., 1997;
Powers and Noller, 1990, 1993; Thompson et al., 2001; Yoshizawa et al., 1999; Youngman et
al., 2004). In contrast, mutations introduced at the analogous positions in yeast are recessive
due to degradation of the rRNAs containing them. Prior to their decay, such NRD substrates
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are transcribed and processed with normal kinetics into mature 18S and 25S rRNAs and are
contained within ribosomal subunit-sized complexes (LaRiviere et al., 2006). Thus NRD is
clearly different from the early-acting, nuclear pre-rRNA quality control pathways described
above.

Here we show that NRD constitutes at least two mechanistically distinct pathways, one that
eliminates mutant 25S rRNAs (25S NRD) and one that eliminates mutant 18S rRNAs (18S
NRD). 25S NRD substrates, which are largely contained in 60S complexes, accumulate just
outside the nuclear envelope, and degradation of these rRNAs is not blocked by small molecule
inhibitors of translation elongation. Conversely, mutant 18S rRNAs localize throughout the
cell, and their decay is completely abolished when translation elongation is inhibited. Further,
elimination of mutant 18S rRNAs involves the same set of proteins as does NGD, and both
18S NRD and NGD substrates accumulate in P-bodies.

Results
Subcellular localization of NRD substrates

We previously described a plasmid-based rDNA reporter system for expressing 35S pre-rRNAs
from a Pol II promoter (Cole and LaRiviere, 2008). In this system, the resultant rRNA products
are distinguishable from endogenous rRNAs by virtue of short neutral sequence tags inserted
near the 5′ ends of the plasmid-based 18S and 25S genes (Figure 1A). Use of these rDNA
reporter plasmids allows for expression and ready detection of tagged rRNAs in a large
background of untagged endogenous rRNAs in otherwise normally growing wild-type yeast
cells (Cole and LaRiviere, 2008; LaRiviere et al., 2006).

To determine whether rRNAs subject to NRD exhibit any altered subcellular localization
compared to wild type rRNAs, we employed fluorescence in situ hybridization (FISH) with
oligonucleotide probes complementary to the sequence tags in the plasmid-derived rRNAs
(Figure 1B, C). No FISH signal above background was detected in cells lacking an rDNA
reporter plasmid, indicating no significant cross reaction of the oligonucleotide probes with
endogenous nucleic acids.

As expected for rRNAs in translating ribosomes, wild type 18S and 25S rRNAs were found
throughout the cell, with strong but diffuse localization in the cytoplasm. This same diffuse
cytoplasmic distribution was observed for NRD substrates 18S:G530U and 18S:A1492C
rRNAs (Figure 1B). In contrast, NRD substrates 25S:A2451G and 25S:U2585A rRNAs were
largely confined to one or more foci adjacent to the DNA (Figure 1C). To address the possibility
that these foci were coincident with the nucleolus, we combined FISH with
immunofluorescence for the nucleolar protein Nop1p (Figure 2A). Whereas the α-Nop1p
antibody stained a region within the nucleus, consistent with the expected location of the
nucleolus, the larger accumulations of 25S:A2451G and 25S:U2585A rRNAs were
consistently found to be spatially distinct from Nop1p-positive regions. The mutant 25S rRNA
foci are therefore not coincident with the nucleolus. To examine the relationship between the
mutant 25S rRNA foci and the nuclear envelope, we combined FISH with immunofluorescence
for O-linked glycoproteins in the nuclear pore complex. The specificity of the antibody was
confirmed by immunofluorescence and DAPI staining (Figure 2B). Whereas a portion of the
mutant 25S rRNA FISH signals did colocalize with the nuclear pore complex, a much larger
fraction was clearly external to the nucleus (Figure 2C). Thus, unlike the mutant 18S rRNAs,
which exhibit the same dispersed distribution as wild type rRNAs, mutant 25S rRNAs
accumulate in perinuclear foci in the cytoplasm.
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The role of translation in NRD
To assess whether NRD is dependent on ongoing translation, we measured the stability of the
NRD substrates by transcriptional pulse-chase analysis in the absence or presence of
cycloheximide. Cycloheximide is an antibiotic that inhibits the peptidyl transferase activity of
ribosomes engaged in translation elongation, effectively locking them onto mRNA via an
interaction with the large subunit (Stocklein and Piepersberg, 1980). For this and subsequent
analyses, we focused on the 18S:A1492C and 25S:U2585A rRNA mutants. Wild type cells
were transformed with plasmids expressing either 18S:A1492C or 25S:U2585A rRNA under
control of a galactose-inducible promoter. Cultures grown in raffinose-containing media were
induced with galactose and then shifted either to media containing glucose or glucose plus
cycloheximide. At the indicated time points after glucose addition, samples were taken and
total RNA analyzed by northern blotting with tag-specific oligonucleotide probes (Figure 3).
As expected, wild type rRNAs were stable over the time course and this stability was unaffected
by the addition of cycloheximide. Also, as previously observed (LaRiviere et al., 2006), both
the 18S:A1492C and 25S:U2585A rRNAs were subject to elimination when no cycloheximide
was present. However, in the presence of cycloheximide, 18S:A1492C rRNA was stable
throughout the time course (Figure 3A). Complete stabilization of 18S:A1492C rRNA was
also observed in the presence of hygromycin B, an antibiotic that interferes with translation
elongation by a mechanism different from cycloheximide (Supplemental Results and Figure
S1).

In contrast to its stabilizing effect on 18S:A1492C rRNA, cycloheximide did not prevent decay
of 25S:U2585A rRNA. Instead, cycloheximide addition coincident with transcriptional shutoff
appeared to shorten 25S:U2585A rRNA half-life (Figure 3B). Because 25S maturation is
significantly slower than 18S maturation (Trapman and Planta, 1976; Udem and Warner,
1973), wild type 25S rRNA reaches its maximal level 30 minutes later than does 18S rRNA
during transcriptional pulse-chase analysis (Cole and LaRiviere, 2008; LaRiviere et al.,
2006). This is apparent in Figure 3A and B, where 25S rRNA levels, but not 18S rRNA levels,
continue to increase 30 minutes after transcription shut off. To ensure that this apparent
acceleration of mutant 25S rRNA decay by cycloheximide was not due to disruption of 25S
rRNA synthesis, we delayed cycloheximide addition by 30 minutes relative to the
transcriptional shutoff. Nonetheless, accelerated mutant 25S rRNA decay was still observed
(Figure 3C). Additionally, at a concentration of hygromycin B that completely inhibited decay
of 18S:A1492C rRNA, decay of 25S:U2585A rRNA was still observed (Figure S1). Therefore
decay of the mutant 18S rRNA (18S NRD) is more sensitive to translation elongation inhibitors
than decay of the mutant 25S rRNA (25S NRD).

The role of exonucleases in NRD
We next tested a set of known exonucleases for their involvement in 18S and 25S NRD. Using
transcriptional pulse-chase analysis as above, we measured the stability of plasmid-derived
18S:A1492C and 25S:U2585A rRNAs in the absence of the nonessential exonucleases Rrp6p
and Xrn1p and the cytoplasmic exosome recruitment factor Ski7p (Figure 4A and B). To
account for any growth rate differences between strains, all half-life calculations were corrected
for cell division. Deletion of RRP6 had no significant effect on the decay rate of either
18S:A1492C or 25S:U2585A rRNA. Similarly, no significant change in 25S:U2585A rRNA
half-life was observed in the ski7Δ and xrnlΔ strains. In contrast, deletion of SKI7 led to a
twofold stabilization of mature 18S:A1492C rRNA, while deletion of XRN1 led to the
appearance of an approximately 1kb 18S:A1492C rRNA fragment († in Figure 4A). Despite
this apparent decay intermediate, the half-life of full-length 18S:A1492C rRNA was unchanged
in this S288C-based xrn1Δ strain. However, in a different strain background (W303), deletion
of XRN1 did significantly stabilize full-length 18S:A1492C rRNA compared with its isogenic
wild type strain (Figure S2).
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Because a portion of the 25S:U2585A FISH signal was coincident with the nuclear envelope,
we also examined 25S:U2585A rRNA stability in a strain carrying a temperature sensitive
allele of the essential nuclear 5′->3′ exonuclease Rat1p (Figure S3). At the non-permissive
temperature (37°C), we observed no significant change in 25S:U2585A rRNA stability by
transcriptional shutoff when compared to cells grown at the permissive temperature.

To directly test whether the core exosome participates in 18S and/or 25S NRD, we measured
by transcriptional shut off the stability of 18S:A1492C rRNA and 25S:U2585A rRNA in a
strain carrying a temperature sensitive allele of RRP44 (rrp44-1). At the restrictive temperature
(37°C) there was no significant change in decay of either full-length 18S:A1492C or
25S:U2585A rRNA when compared to decay at the permissive temperature (23°C) (Figure 4C
and D). However, at 37°C we did observe a decrease in smaller RNA products seen as a smear
below both full-length 18S:A1492C and 25S:U2585A rRNAs (Figure S4), as well as
stabilization of an approximately 2 kb fragment of 25S:U2585A rRNA (Figure 4D). This
fragment is unique to 25S rRNA containing the U2585A mutation, as it was not observed upon
analysis of wild type 25S rRNA in the rrp44-1 strain at the restrictive temperature (Figure S4).
Taken together, these results indicate that while not rate limiting for the decay of full-length
NRD substrates, the core exosome does contribute to both 18S and 25S NRD. Further, Ski7p
and Xrn1p contribute to 18S NRD but not to 25S NRD.

The roles of mRNA decay factors in NRD
Since efficient 18S NRD requires the cytoplasmic mRNA decay proteins Xrn1p and Ski7p as
well as ongoing mRNA translation, we hypothesized that it might be mechanistically related
to one of the known mRNA quality control pathways. We therefore assessed the effects of
deleting mRNA decay factors UPF1, DOM34 and HBS1 on 18S:A1492C rRNA half-life by
transcriptional pulse-chase (Figure 5). Compared to isogenic wild type and upf1Δ strains, both
of which degraded the 18S:A1492C rRNA with a half-life of approximately 100 minutes,
stability of this rRNA was increased approximately two-fold in both the dom34Δ and hbs1Δ
strains. Deletion of both DOM34 and HBS1 together had no additional effect on 18S:A1492C
rRNA stability, suggesting that Dom34p and Hbs1p act together in the same pathway.
However, deletion of both SKI7 and HBS1 resulted in a dramatic stabilization of 18S:A1492C
rRNA, with no half-life detected during the time course. Deletion of both DOM34 and XRN1
also greatly increased the half-life of the 18S NRD substrate, although unlike in the
ski7Δhbs1Δ strain, 18S:A1492C rRNA decay still occurred. Further, in the absence of both
Dom34p and Xrn1p, the 18S:A1492C rRNA intermediate seen in the absence of Xrn1p alone
was still observed (Figure 5C). Lastly, none of the single or double deletions tested significantly
affected 25S:U2585A rRNA half-life (Figure 5B and S5).

Taken together with the exonuclease data, the above results confirm that 18S NRD is
mechanistically distinct from 25S NRD. Further, the dependence of 18S NRD on Ski7p, Xrn1p,
Dom34p and Hbs1p, which have all been implicated in NGD, indicates that 18S NRD is
mechanistically related to NGD.

Localization of 18S NRD and NGD substrates
In eukaryotic cells, mRNA decay has been linked to P-bodies (Parker and Sheth, 2007). P-
body size and abundance increases upon XRN1 deletion, which stabilizes mRNA decay
intermediates (Sheth and Parker, 2003, 2006). Since an apparent 18S rRNA decay intermediate
was observed in xrn1Δ strains, we used FISH to determine whether 18S NRD substrate
localization changes in the absence of Xrn1p. In contrast to their diffuse cytoplasmic
localization in wild type cells, 18S:G530U and 18S:A1492C rRNAs accumulated in distinct
cytoplasmic foci xrn1Δ cells (Figure 6A). In contrast, no significant change in wild type 18S

Cole et al. Page 5

Mol Cell. Author manuscript; available in PMC 2009 November 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rRNA, wild type 25S rRNA or 25S NRD substrate localization was observed in xrn1Δ cells
(Figure 6A and S6).

Deletion of XRN1 is also known to stabilize the 3′ half of mRNAs cleaved during NGD (Doma
and Parker, 2006). Since efficient 18S NRD requires the same proteins as NGD, we next
examined the spatial relationship between 18S:A1492C rRNA and PGK1-SL mRNA in the
absence of Xrn1p. PGK1-SL mRNA is identical to PGK1 reporter mRNA except for a stem
loop within the open reading frame that induces NGD. Both PGK1-SL and PGK1 reporters
are distinguishable from endogenous PGK1 mRNA via a unique 3′-UTR sequence tag (Doma
and Parker, 2006). In cells lacking Xrn1p, the PGK1 reporter had a low but detectable signal
that was dispersed throughout the cytoplasm, consistent with the localization of endogenous
PGK1 mRNA by FISH (Hurt et al., 2000). In contrast, the PGK1-SL mRNA accumulated in
distinct cytoplasmic foci (Figure 6B), which colocalized with foci containing 18S:A1492C
rRNA (Figure 6C).

To determine whether the cytoplasmic foci containing 18S NRD substrates are P-bodies, we
performed FISH for 18S:A1492C rRNA in an xrn1Δ strain expressing GFP-tagged Dcp2p.
Dcp2p is a component of the Dcp1p/Dcp2p decapping complex that removes 5′ cap structures
from mRNAs prior to their decay, and its localization is highly concentrated in P-bodies
(Dunckley and Parker, 1999; Sheth and Parker, 2003, 2006). It was previously reported that
P-bodies, as monitored by GFP-tagged Dcp2p localization, are sensitive to in situ hybridization
conditions, resulting in decreased P-body abundance (Brengues and Parker, 2007). Under our
standard FISH conditions, we also observed this same phenomenon (data not shown).
However, by modifying the fixation and hybridization protocols (see Methods), we were able
to establish conditions in which Dcp2p-positive P-bodies could still be observed in most cells,
albeit at reduced numbers per cell (data not shown). Using these conditions, we observed that
the surviving P-bodies marked by GFP-tagged Dcp2p were coincident with the foci containing
18S:A1492C rRNA (Figure 6D). We therefore conclude that both 18S NRD and NGD
substrates colocalize in the same cytoplasmic foci, and these foci are P-bodies.

It is possible that the accumulation of 18S NRD substrates in P-bodies in the absence of Xrn1p
is merely a consequence of the increased P-body size and abundance in this strain. To address
this possibility, we performed FISH for 18S:A1492C rRNA in cells lacking the mRNA
decapping factor Dcp1p. These cells have large and abundant P-bodies (Figure S6) presumably
due to a general inhibition of mRNA decay (Sheth and Parker, 2003). In this strain 18S:A1492C
rRNA exhibited diffuse cytoplasmic staining indistinguishable from wild type 18S rRNA
(Figure 6E). This indicates that accumulation of 18S NRD substrates in P-bodies in the
xrn1Δ strain is a specific effect of deleting XRN1 and not an indirect consequence of increasing
P-body abundance.

Discussion
Although much attention has been paid to cytoplasmic mRNA surveillance pathways, it is now
becoming apparent that stable RNAs such as rRNAs and tRNAs are also subject to quality
control in the cytoplasm. For example, a recent study in S. cerevisiae examining tRNA stability
revealed that otherwise mature but hypomodified tRNAs are subject to elimination via the RTD
pathway. Involvement of the cytoplasmic 5′->3′ exonuclease Xrn1p in this process suggests
that least a portion of RTD occurs in the cytoplasm (Chernyakov et al., 2008). Our findings
here indicate that mutant rRNAs capable of assembling into ribosomal subunits but incapable
of supporting efficient translation are also eliminated in the cytoplasm.

Previous data supporting the idea that 18S NRD is a cytoplasmic process included the
observation that NRD acts on mature 18S rRNA (LaRiviere et al., 2006), which is only
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generated upon 20S pre-rRNA cleavage in the cytoplasm (Fromont-Racine et al., 2003).
Further, we had found that 18S NRD substrates co-sediment with both monosomes and
polysomes (LaRiviere et al., 2006). Consistent with the latter, we show here that in wild type
cells 18S NRD substrates exhibit an intracellular localization pattern indistinguishable from
wild type rRNAs. Additionally, inhibition of 18S NRD by both cycloheximide and hygromycin
B indicates that the process requires ongoing translation elongation. We also identified the
major cytoplasmic 5′->3′ exonuclease Xrn1p, the core exosome, the cytoplasmic exosome
recruitment factor Ski7p and the cytoplasmic eRF3- and eRF1-like proteins Hbs1p and
Dom34p as key 18S NRD participants. Finally, in xrn1Δ strains, we find that 18S NRD
substrates accumulate in P-bodies. Therefore, we conclude that 18S NRD is a cytoplasmic
process.

18S NRD factors Xrn1p, Ski7p, Dom34p and Hbs1p were previously shown to participate in
the NGD mRNA quality control pathway (Doma and Parker, 2006). However, where in the
cytoplasm NGD occurs had not been previously examined. We find here that an NGD substrate
colocalizes with our 18S NRD substrate in P-bodies. In addition to implicating these structures
as the site of NGD substrate decay, our data indicate that rRNA can also localize to P-bodies.
Prior to this work, the presence of other RNAs in P-bodies had not been examined. It was
thought that ribosomes are excluded from these structures, since ribosomal proteins fail to
colocalize with known P-body components, and P-bodies contain non-translating mRNAs
(Teixeira et al., 2005). Consistent with the idea that P-bodies do not contain significant
quantities of ribosomes, we find that the diffuse cytoplasmic localization pattern of wild type
rRNAs is unchanged even when P-body size and abundance are increased by the absence of
either Xrn1p or Dcp1p. We propose that the presence of 18S NRD substrates or decay
intermediates in P-bodies is a consequence of these rRNAs being specifically targeted there,
and P-bodies also function in aberrant rRNA elimination.

Given all the similarities between 18S NRD and NGD, it is likely that what is being recognized
in both cases is a ribosome inappropriately stalled on an mRNA due to an inability to elongate.
In the case of 18S NRD, this stalling is due to a defect in the decoding center of the small
ribosomal subunit, whereas in the case of NGD, it is due to some structural barrier in the mRNA
that prevents ribosome translocation. In both cases, the stalled ribosome contains a sense codon
within the A-site. Hbs1p and Ski7p are both members of the eEF-1A-like GTPase family,
which includes elongation factor eEF-1A (EF-Tu in bacteria) and termination factor eRF3 (RF3
in bacteria) (Benard et al., 1999; Nelson et al., 1992; van Hoof et al., 2002). Our finding that
deletion of both HBS1 and SKI7 enhanced the stabilization of 18S:A1492C rRNA compared
to deletion of either gene alone suggests that these two proteins facilitate 18S NRD via separate
pathways. One possibility is that Hbs1p and Ski7p compete for interaction with the empty A-
site of a ribosome stalled at a sense codon and that interaction with either protein is sufficient
to initiate 18S NRD/NGD. Although our current data do not directly address either the fate of
the mRNA bound to a NRD substrate or the fate of the ribosome bound to an NGD substrate,
it seems reasonable to propose that both the bound mRNA and at least the 18S rRNA of the
stalled ribosome are targeted together to P-bodies where they are degraded (Figure 7).

In contrast to the combination of HBS1 and SKI7 deletions, double deletion of HBS1 and
DOM34 had no additive effect on 18S NRD over deletion of either gene alone. This is consistent
with Dom34p being an accessory factor for Hbs1p. Dom34p is homologous to eRF1 (Davis
and Engebrecht, 1998) and has been shown to interact with Hbs1p in vivo, as well as to enhance
Hbs1p’s affinity for GTP in vitro (Carr-Schmid et al., 2002; Graille et al., 2008). Interestingly,
Dom34p has been shown to have endonuclease activity in vitro, and this endonuclease activity
was proposed to be responsible for NGD substrate cleavage (Lee et al., 2007). The presence
of an 18S rRNA decay intermediate in the absence of Xrn1p could suggest that the 18S:A1492C
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rRNA is cleaved endonucleolytically during 18S NRD. However, because this intermediate is
still observed in xrn1Δdom34Δ cells, its generation does not require Dom34p.

Enhanced stabilization of 18S:A1492C rRNA in the xrn1Δdom34Δ strain compared to the
single mutant strains suggests that Xrn1p’s function in 18S NRD is independent of Dom34p
(and by inference Hbs1p). Unfortunately, we were unable to determine the effect of
simultaneously deleting XRN1 and SKI7 as these genes proved synthetically lethal in our strain
background (Figure S7).

In contrast to 18S NRD, 25S NRD appears unrelated to any of the known translation-dependent
mRNA decay pathways. Unlike NMD, NSD, NGD and 18S NRD, 25S NRD still occurs in the
presence of translation elongation inhibitors. Further, 25S NRD substrates accumulate around
the nuclear envelope as opposed to the dispersed cytoplasmic localization observed for 18S
NRD substrates in wild type cells. Finally, 25S NRD is independent of all mRNA decay factors
tested, with the exception of the core exosome exonuclease Rrp44p. Thus 25S NRD occurs by
a different pathway from 18S NRD.

That the nuclear exosome exonuclease Rrp6p is dispensable for 25S NRD suggests that 25S
NRD is not a nuclear process related to TRAMP-mediated pre-rRNA decay. Supporting this
idea, 25S:A2451G and 25S:U2585A rRNAs do not accumulate in either the nucleolus or
nucleoplasm. The lack of any discernible effect of inactivating Rat1p on 25S NRD lends further
support to the idea that 25S NRD occurs subsequent to nuclear export. Since we saw neither
stabilization of 25S:U2585A rRNA nor appearance of the Rrp44p-dependent degradation
intermediate upon deletion of Ski7p, 25S NRD must recruit the exosome independent of Ski7p.

Previously we had shown that, at steady state, 25S NRD substrates co-sedimented primarily
with 60S ribosomal subunits and were largely absent from monosome and polysome fractions
(LaRiviere et al., 2006). Here we showed that 25S NRD substrates accumulate close to the
nuclear envelope, as opposed to the dispersed cytoplasmic distribution observed for translating
wild type 25S rRNAs. Both of these observations are consistent with our finding that 25S NRD
occurs in the presence of cycloheximide and hygromycin B. Our data suggest that ribosomal
subunits containing 25S NRD substrates fail to enter the translationally active pool. Once
exported from the nucleus, 60S subunits undergo a number of cytoplasmic maturation steps
involving the release of some nuclear acquired proteins and acquisition of cytoplasmic factors
prior to becoming translationally competent (Zemp and Kutay, 2007). It is possible that 25S
NRD is a consequence of the failure of one or more of these late maturation proteins to either
efficiently bind or release newly synthesized 60S subunits containing a NRD substrate. Such
late quality control steps could function to prevent 60S subunits with a functional defect in the
peptidyl transferase center from interfering with normal protein synthesis.

A common feature of the NMD, NGD and NSD mRNA quality control pathways is that they
all rely on the same basic decay machinery involved in bulk mRNA turnover, but with the
addition of specific targeting factors. Yet in comparison to our in depth understanding of
general and targeted mRNA turnover, remarkably little is known about cytoplasmic rRNA
decay. This is due in part to the extreme stability of wild type rRNAs in normally growing
cells. Although bulk ribosome turnover in eukaryotic cells is known to occur during apoptosis,
starvation, UV and chemical stress (Casati and Walbot, 2004; Kraft et al., 2008; Mroczek and
Kufel, 2008), the pathways involved are just beginning to be understood. It will be of interest
to determine if and how 18S and 25S NRD relate to these pathways, and whether there exist
even more surveillance mechanisms that ensure the integrity of the translational machinery.
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Materials and Methods
Yeast strains and plasmids

Strains and plasmids are described in the Supplemental Data and listed in Table S1.

Fluorescent In Situ Hybridization and Immunofluorescence
FISH analysis was adapted from Singer and colleagues (Long et al., 1995). Oligonucleotides
probes are listed in Table S2. For FISH analysis of plasmid-derived rRNA, cells were grown
to early log phase (OD600 of 0.3–0.5) in the appropriate dropout medium and fixed with 4%
formaldehyde and 10% glacial acetic acid for 15 minutes at room temperature. Cells were
pelleted three times and resuspended in 1.2 M sorbitol, 0.1M potassium phosphate, pH 6.5
(Buffer A) and adhered to poly-L-lysine coated slides for 60 minutes at 4°C. Cells were washed
for 5 minutes at room temperature in Buffer A plus 0.2% β-mercaptoenthanol. Spheroblasts
were generated by incubating cells in Buffer A plus 20 mM vanadyl-ribonucleoside, 5%
zymolyase 20T, 1% DTT and 1000 U/mL of lyticase for 20 minutes at 30°C. Cells were washed
twice for 5 minutes at room temperature in Buffer A, twice in 0.1 M potassium phosphate, pH
6.5 and incubated overnight at −20°C in 70% ethanol. After rehydration in two washes of 2 ×
SSC, cells were incubated for a minimum of 15 minutes at room temperature in 0.4 M urea, 2
× SSC. Cells were hybridized overnight at 30°C in a solution of 20% dextran sulfate, 2 mM
vanadyl-ribonucleoside, 0.02% RNAse-free BSA, 25 μg yeast tRNA, 25 μg salmon sperm
DNA, 0.5 M urea, 2 × SSC and 30 ng of Alexa 594 5′-end labeled oligonucleotide FL125 or
FL126 (IDT DNA). Cells were washed twice for 15 minutes at 30°C in 0.4 M urea, 2 × SSC
and then once for 15 minutes in 2 × SSC, 0.1% Triton X-100, twice for 15 minutes in 1 × SSC,
and once for 5 minutes in 1 × PBS, all at room temperature. Coverslips were mounted with
Prolong Gold Antifade reagent with DAPI (Invitrogen).

FISH analysis of PGK1 and PGK1-SL mRNA was done as above using Alexa 647 5′-end
labeled oligonucleotide RP141 (IDT DNA). In cells analyzed for both plasmid-derived 18S
rRNAs and PGK1 mRNAs, Cy3 5′-end labeled FL125 and Alexa 647 5′-end labeled RP141
oligonucleotides were used. FISH for plasmid-derived rRNAs in xrn1Δ DCP2-GFP strain
(yRP1923) was preformed as above except acetic acid was omitted from fixation and cells
were hybridized in buffer containing 25% formamide instead of urea with Cy3 5′-end labeled
oligonucleotide FL125 (IDT DNA).

Immunofluorescence was preformed prior to FISH. After overnight incubation in 70% ethanol,
cells were rehydrated in 1X PBS and blocked in 1% RNAse-free BSA, 1X PBS (Buffer B) for
one hour. To detect Nop1p, cells were incubated with Mouse IgG1 anti-Fibrillarin antibody
(Novus Biologicals) diluted in Buffer B for one hour and washed three times in Buffer B. Cells
were then incubated with Alexa 488 Goat anti-Mouse IgG (Invitrogen) diluted in Buffer B for
one hour and washed twice in Buffer B and 1X PBS. The protocol for nuclear pore O-linked
glycoprotein immunofluorescence was the same except washes in Buffer B contained 0.1%
NP-40, primary antibody (Abcam) was diluted in 1% RNase-free BSA, 1.2 × PBS, and the
secondary antibody was an Alexa 488 Goat anti-Mouse IgM (Invitrogen). All washes were for
5 minutes at room temperature; all incubations were at room temperature.

Cells lacking an rDNA or mRNA reporter plasmid were used as negative controls for FISH.
Primary antibody was omitted for immunofluorescence negative controls. Images were
acquired on an inverted Olympus IX70 microscope in multiple focal planes (z = 0.2 μm, 25–
30 planes), deconvolved and projected in two dimensions using a Delta Vision microscopy
system and accompanying software.
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Northern analysis
For northern blots, 2.5–5 μg total RNA was separated on 1% agarose-formaldehyde gels as
described (Brown, 2004). Membranes were hybridized with 32P-end-labeled probes (Table S2)
for 4–12 hours in ExpressHyb (BD Biosciences). Signals were visualized and quantified using
a Storm 840 Phosphorimager (Molecular Dynamics) and normalized for loading to endogenous
scR1 RNA (Galani et al., 2004).

Half-life analysis
Transcriptional pulse-chases analyses of plasmid-derived rRNAs were done as previously
described (Cole and LaRiviere, 2008). For transcriptional pulse-chase analyses in the presence
of cycloheximide, cycloheximide was added at the indicated time points to a final concentration
of 0.1 mg/mL. For transcriptional shut off analysis in the rrp44-1 and rat1-1 strains (Amberg
et al., 1992; Bousquet-Antonelli et al., 2000), cells were grown in SC-ura containing 2%
galactose to early log phase (OD600 = 0.30-0.40) at 23°C. Prior to transcription inhibition, half
of the cultures were resuspended in SC-ura plus 2% galactose pre-warmed to 42°C and placed
at 37°C for 3 hours as described previously. Transcription was inhibited by the addition of
glucose to a final concentration of 2%. RNA from aliquots taken at indicated time points was
analyzed by northern blot as above. During transcriptional pulse-chase and shut off
experiments, cell division was monitored by OD600 to account for dilution of plasmid-derived
rRNA during the time course. Corrected data were fit to single or to double rate equations using
KaleidaGraph® (Synergy Software); half-lives were calculated using these equations.
Reported half-lives are the averages of at least three independent trials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
In situ localization of wild type and mutant rRNAs. (A) Schematic of rDNA reporter plasmids
containing neutral sequence tags at indicated sites. (B) FISH analysis of wild type cells
(BY4741) carrying no plasmid, pJV12-WT (18S:wild type), pJV12-G530U (18S:G530U) or
pJV12-A1492C (18S:A1492C) using Alexa 594-labeled probe FL125. (C) FISH analysis of
wild type cells (BY4741) carrying no plasmid, pJV12-WT (25S:wild type), pJV12-A2451G
(25S:A2451G) or pJV12-U2585A (25S:U2585A) using Alexa 594-labeled probe FL126. In
both B and C, the nucleus is marked by DAPI staining.
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Figure 2.
Comparison of 25S rRNA localization with nucleolar and nuclear pore complex markers. (A)
Wild type (BY4741) cells carrying pJV12-WT (25S:wild type), pJV12-A2451G
(25S:A2451G) or pJV12-U2585A (25S:U2585A) analyzed by FISH using Alexa 594-labeled
probe FL126 and by indirect immunofluorescence using an antibody recognizing the nucleolar
protein Nop1p plus an Alexa 488-conjugated secondary antibody. (B) Detection of the nuclear
envelope by indirect immunofluorescence using an antibody against nuclear pore complex O-
linked glycoproteins and an Alexa 488-conjugated secondary antibody. In both A and B, DAPI
staining shows the location of the nucleus. (C) Wild type (BY4741) cells carrying pJV12-WT
(25S:wild type), pJV12-A2451G (25S:A2451G) or pJV12-U2585A (25S:U2585A) were
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analyzed by immunofluorescence to visualize the nuclear envelope as in B and FISH to
visualize 25S rRNAs as in A. Arrows indicate foci of mutant 25S rRNA outside the nucleus.
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Figure 3.
Differential effects of cycloheximide on 18S and 25S NRD. (A) Transcriptional pulse-chase
and northern analysis of wild type cells (BY4741) carrying either pSC40 (18S:wild type) or
pSC40-A1492C (18S:A1492C) in the absence or presence of cycloheximide. (B)
Transcriptional pulse-chase and northern analysis of wild type cells (BY4741) carrying either
pSC40 (25S:wild type) or pSC40-U2585A (25S:U2585A) in the absence or presence of
cycloheximide. Cycloheximide was added at transcriptional shut off. (C) Same as in B except
cycloheximide was added 30 minutes after transcriptional shut off. In both A and B, times
indicated are relative to transcriptional shut off (i.e., glucose addition; t=0). In C, times
indicated are relative to cycloheximide addition. In B and C cultures were split at the time of
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cycloheximide addition and thus share the t=0 time point. Plasmid-derived rRNAs were
detected with 32P-labeled probe FL125 or FL126. Endogenous scR1 RNA, which served as a
loading control, was also monitored by northern blotting. Indicated half-lives are the mean of
at least three independent trials (error: standard deviation).

Cole et al. Page 18

Mol Cell. Author manuscript; available in PMC 2009 November 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Analysis of 18S and 25S NRD in exonuclease-deficient strains. (A) Transcriptional pulse-chase
and northern analysis of 18S:A1492C rRNA expressed from pSC40-A1492C in wild type strain
BY4741 or the indicated isogenic exonuclease-deficient strains. † indicates an 18S rRNA decay
intermediate. (B) Same as A, except strains contained pSC40-U2585A expressing
25S:U2585A rRNA. (C) Transcriptional shut off and northern analysis of 18S:A1492C rRNA
expressed from pSC40-A1492C in the temperature-sensitive rrp44-1 strain grown in galactose
at the permissive temperature (23°C) or shifted to the non-permissive temperature (37°C) 3
hours prior to glucose addition. (D) Same as C, except strains contained pSC40-U2585A
expressing 25S:U2585A rRNA. † indicates a 25S rRNA decay intermediate. In all panels, times
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indicated are relative to transcriptional shut off (i.e., glucose addition; t=0). Plasmid-derived
rRNAs and endogenous scR1 RNA, which served as a loading control, were detected
with 32P-labeled probes (FL125, FL126 and FL217). Histograms report average rRNA half-
lives from at least three independent trials (error: standard deviation). Mutant strains exhibiting
statistically significant differences (unpaired student t-test; p<0.01) in 18S:A1492C rRNA half-
lives are indicated (*).

Cole et al. Page 20

Mol Cell. Author manuscript; available in PMC 2009 November 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Analysis of 18S and 25S NRD in strains lacking mRNA decay proteins. (A) Transcriptional
pulse-chase analysis of 18S:A1492C rRNA expressed from pSC40-A1492C in wild type strain
BY4741 or indicated isogenic mutant strains. (B) Same as A, except strains contained pSC40-
U2585A expressing 25S:U2585A rRNA. (C) Same as A. Double mutant strains are isogenic
to BY4741. In A and B, the isogenic wild type time courses shown are the same as those in
Figure 4A and B; experiments in these panels were preformed concurrently. In all panels, times
indicated are relative to transcriptional shut off (i.e., glucose addition; t=0). Plasmid-derived
rRNAs and endogenous scR1 RNA, which served as a loading control, were detected
with 32P-labeled probes (FL125, FL126 and FL217). Histograms report average rRNA half-
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lives from at least three independent trials (error: standard deviation). Mutant strains exhibiting
statistically significant differences (unpaired student t-test; p<0.01) in 18S:A1492C rRNA half-
lives are indicated (*).
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Figure 6.
FISH analysis of 18S NRD and NGD substrates. (A) xrn1Δ strain (YGL173C) carrying pJV12-
WT (18S:wild type), pJV12-G530U (18S:G530U) or pJV12-A1492C (18S:A1492C) analyzed
by FISH using Alexa 594-labeled probe FL125. (B) FISH analysis of xrn1Δ strain (HFY1081)
carrying reporter plasmid PGK1 (pRP469) or PGK1-SL (pRP1251) using Alexa 647-labeled
probe RP141. (C) xrn1Δ strain (HFY1081) carrying pWL160-A1492C and PGK1-SL
(pRP1251) analyzed by FISH using Alexa 647-labeled probe RP141 and Cy3-labeled probe
FL125. (D) FISH analysis of xrn1Δ DCP2-GFP strain (yRP1923) carrying pWL160-A1492C
using Cy3-labeled probe FL125. (E) FISH analysis of dcp1Δ DHH1-GFP strain (yRP1736)
carrying pSC39 or pWL160-A1492C using Alexa 594-labeled probe FL125.
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Figure 7.
Models for 18S NRD and 25S NRD. Upon export from the nucleus, 18S NRD substrates are
able to engage in translation. However, deleterious decoding site mutations cause these
defective 40S subunits to stall on mRNAs, a scenario similar to ribosome stalling on an NGD
substrate due to a structural hindrance in the mRNA. In both cases, the stalled translation
complexes are eliminated through the combined action of Dom34p, Hbs1p, Ski7p, Xrn1p and
the cytoplasmic exosome. 5′->3′ decay of 18S NRD and NGD substrates occurs in P-bodies.
Conversely, 25S NRD substrates, which accumulate around the nuclear envelope, are
eliminated after export to the cytoplasm in a process not requiring ongoing translation
elongation but involving the core exosome.
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