ASCT and RPS3: new actors in 18S nonfunctional rRNA decay
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ABSTRACT

In budding yeast, inactivating mutations within the 40S ribosomal subunit decoding center lead to 18S rRNA clearance by a quality
control mechanism known as nonfunctional 18S rRNA decay (18S NRD). We previously showed that 18S NRD is functionally
related to No-Go mRNA Decay (NGD), a pathway for clearing translation complexes stalled on aberrant mRNAs. Whereas the
NGD factors Dom34p and Hbs1p contribute to 18S NRD, their genetic deletion (either singly or in combination) only partially
stabilizes mutant 185 rRNA. Here we identify Asc1p (aka RACK1) and Rps3p, both stable 40S subunit components, as
additional 18S NRD factors. Complete stabilization of mutant 18S rRNA in dom34A;asc1A and hbs1A;ascTA strains indicates
the existence of two genetically separable 185 NRD pathways. A small region of the Rps3p C-terminal tail known to be subject
to post-translational modification is also crucial for 18S NRD. We combine these findings with the effects of mutations in
the 5 — 3’ and 3’ — 5’ decay machinery to propose a model wherein multiple targeting and decay pathways kinetically

contribute to 18S NRD.
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INTRODUCTION

Accurate and efficient flow of information from nucleic acids
to proteins is essential for all life. Central to this process is
protein synthesis, which requires the coordinated action of
myriad components including mRNAs and rRNAs. As with
any complex manufacturing process, tight quality control is
crucial for both ensuring functional products and eliminat-
ing defective machine parts. Therefore, numerous mecha-
nisms exist to ensure the overall integrity of the translation
machinery (Shoemaker and Green 2012). In eukaryotes,
the best understood quality control pathways are those that
eliminate mRNAs that contain a premature stop codon (sub-
ject to nonsense mediated decay; NMD) (Amrani et al. 2006),
lack a stop codon altogether (subject to non-stop decay;
NSD) (Frischmeyer et al. 2002; van Hoof et al. 2002; Saito
et al. 2013; Horikawa et al. 2016), or have some structural
feature that leads to ribosome stalling (subject to no-go
decay; NGD) (Doma and Parker 2006; Tsuboi et al. 2012).
Each of these pathways involves specific factors that recognize
and target the defective mRNA for degradation by the general
mRNA decay machinery. Decay is often initiated via endonu-
cleolytic cleavage of the mRNA at or adjacent to the ribosome
stall site, followed by 5 — 3’ and 3’ — 5 degradation by
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Xrnlp and the exosome, respectively (Gatfield and
Izaurralde 2004; Doma and Parker 2006; Dimitrova et al.
2009; Eberle et al. 2009; Tsuboi et al. 2012).

Other eukaryotic quality control pathways monitor and
target rRNA. Previous work from our laboratory examined
the fate of S. cerevisite rRNAs containing inactivating
mutations in either the 18S rRNA decoding center or
the 25S rRNA peptidyl-transferase center (LaRiviere et al.
2006). These mutant rRNAs are synthesized, processed,
and assembled into ribosomal subunits similar to wild-type
rRNAs. The functionally defective mature subunits, however,
are cleared by mechanistically distinct pathways known,
respectively, as 18S and 25S nonfunctional rRNA decay
(18S NRD and 25S NRD). Large ribosomal subunits contain-
ing defective 25S rRNAs fail to form stable 80S monosomes
(LaRiviere et al. 2006) and localize to perinuclear foci (Cole
et al. 2009). Elimination of these particles by 255 NRD can
occur in the absence of ongoing translation (Cole et al.
2009), requires the DNA damage repair factors, Mmslp
and Rtt101p, and involves ubiquitination of 60S subunit pro-
teins (Fujii et al. 2009, 2012). Therefore, 255 NRD appears to
occur via a mechanism unrelated to mRNA quality control.
In contrast, 18S NRD shares many similarities with NGD.
Mutant 18S rRNAs exhibit diffuse cytoplasmic localization
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rRNA quality control involves ribosomal proteins

and cosediment with 40S subunits, 80S monosomes and, to a
lesser extent, polysomes (LaRiviere et al. 2006; Cole et al.
2009). Further, 18S NRD does not occur in the presence of
translation elongation inhibitors and is substantially reduced
in yeast strains lacking the known NGD factors DOM34
and HBSI (Cole et al. 2009). Structurally related to eRF1
and eRF3, the Dom34p:Hbslp heterodimer recognizes
the A-site of stalled ribosomes and functions to both dis-
sociate the ribosomal subunits and initiate decay of the
associated mRNA (Lee et al. 2007; Passos et al. 2009;
Shoemaker et al. 2010; van den Elzen et al. 2010, 2014;
Becker et al. 2011; Pisareva et al. 2011; Shoemaker and
Green 2011; Tsuboi et al. 2012; Guydosh and Green 2014;
Hilal et al. 2016).

Whereas translation inhibitors completely abrogate 18S
NRD, elimination of either DOM34 or HBSI only slows
its kinetics (Cole et al. 2009); therefore, additional factors
must contribute. Although we previously demonstrated
that NMD factors are not required for 185 NRD (Cole
et al. 2009), other candidates include proteins involved in
nascent peptide-dependent translation arrest (PDTA)
(Dimitrova et al. 2009; Kuroha et al. 2010) or ribosome qual-
ity control (RQC) (Brandman et al. 2012). PDTA targets
mRNAs containing rare codons or encoding stretches of
positively charged amino acids, whereas RQC mediates the
degradation of nascent peptide chains associated with stalled
ribosomes. One factor known to participate in NGD, PDTA,
and RCQ is the WD-repeat protein Asclp (Dimitrova et al.
2009; Brandman et al. 2012). Asclp (aka RACK1 in mam-
mals) is a stoichiometric component of the small ribosomal
subunit located in the vicinity of the mRNA exit channel
(Coyle et al. 2009; Ben-Shem et al. 2010). ASCI deletion in-
creases the ability of ribosomes to read through rare codons
and stretches encoding positively charged amino acids
(Kuroha et al. 2010; Brandman et al. 2012; Letzring et al.
2013). Deletion of ASCI also increases ribosome frameshift-
ing at CGA repeats (Wolf and Grayhack 2015). Although
these observations led to a model wherein Asclp somehow
promoted ribosomal stalling (Kuroha et al. 2010; Inada
2013; Letzring et al. 2013), more recent data suggest Asclp
functions instead to target stalled ribosomes for quality
control (Sitron et al. 2017). Asclp may also promote
endonucleolytic cleavage of NGD substrates (Ikeuchi and
Inada 2016).

Another set of factors implicated in NGD, PDTA, and
NSD are the Ski proteins. Ski2p, Ski3p, and Ski8p form
the Ski complex, which binds tightly to ribosomes stalled
on mRNA 3’ ends (van Hoof et al. 2002; Wang et al. 2005;
Schmidt et al. 2016). The central component Ski2p is a
DExH-box helicase located near the mRNA entrance channel
where it is well positioned to feed the mRNA 3’ end into the
exosome (Schmidt et al. 2016). Exosome recruitment is me-
diated by Ski7p, which bridges the exosome to Ski3p and
Ski8p (Wang et al. 2005; Kowalinski et al. 2016; Schmidt
et al. 2016). We previously showed that elimination of SKI7

in combination with HBSI completely abrogates 185 NRD
(Cole et al. 2009), but we did not examine the requirement
of other Ski proteins.

The major goal of this study was to identify additional 18S
NRD factors and elucidate their genetic and mechanistic
relationships. Here we show that both ASCI and SKI2 con-
tribute to the rate of mutant 18S decay, and we identify a
small region of Rps3p, an essential 40S subunit protein phys-
ically residing between Asclp and the mRNA entrance chan-
nel, as crucial for 18S NRD.

RESULTS

A simplified system for monitoring 18S NRD

The system we use to monitor 185 NRD employs a galactose-
inducible (GAL7 promoter) URA" plasmid encoding the
entire 35S pre-rRNA (Fig. 1A). Benign sequence tags within
the 18S and 25S regions allow for specific Northern blot
detection of plasmid-derived rRNAs, which, when fully in-
duced, account for only ~1% of total rRNA in BY4741 yeast
(LaRiviere et al. 2006). Introduction of an A to C mutation at
position 1755 in the decoding center (equivalent to A1492C
in E. coli 16S rRNA) renders the 40S subunit incapable of
carrying out efficient elongation and therefore subject to
NRD (LaRiviere et al. 2006; Cole et al. 2009). Whereas
wild-type 18S rRNA (18S:WT) has no discernible decay
over a 6-h time course (data not shown), mutant 18S
rRNA (185:A1492C3) decays with a half-life of <100 min
(LaRiviere et al. 2006; Cole et al. 2009).

In previous studies, we monitored 185 NRD by normaliz-
ing 18S:A1492C to endogenous SCR1 RNA after correcting
for cell growth (LaRiviere et al. 2006; Cole and LaRiviere
2008; Cole et al. 2009). However, knowledge that 185 NRD
is an entirely post-ribosome synthesis process (LaRiviere
et al. 2006) raised the possibility that the tagged wild-type
25S rRNA (25S5:WT) derived from the same 35S pre-rRNA
transcript as 18S:WT or 185:A1492C might be a better (or
at least equivalent) normalization control. An added advan-
tage of normalizing tagged 18S to tagged 25S:WT is that there
is no need to correct for cell growth or variable plasmid copy
number. To test the reliability of this 18S:25S ratio approach,
we grew parental BY4741 yeast harboring either the 18S:WT
or 185:A1492C plasmid (both paired with 255:WT) to mid-
log phase in synthetic complete minus uracil media (SC-ura)
plus raffinose, induced tagged pre-rRNA expression for 90
min with galactose, turned off transcription by adding glu-
cose, then collected samples over time (Fig. 1B). Our results

?Although 188:A1755C would be a more accurate name for this mutation in S. cerevi-
siae, we originally chose to dub it 185:A1492C in our first NRD paper (LaRiviere et al.
2006) to call particular attention to the fact that this position is equivalent to E. coli 16S
rRNA nucleotide A1492, about which the effects of mutations on ribosome decoding
were well understood. In the time since, multiple papers using our plasmids have con-
tinued to use the 185:A1492C nomenclature (e.g., Fujii et al. 2009, 2012; van den Elzen
et al. 2010). Therefore, to avoid compounding any confusion, we will retain the 18S:
A1492C nomenclature here.
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FIGURE 1. (A) Diagram of rDNA plasmid reporter (fop) and summary of experimental design (bottom). The reporter contains sequence tags for
Northern blot detection of plasmid-derived 18S and 25S rRNAs. (B) Time course analysis of tagged 18S and 25S rRNAs in parental, dorn34A, and
hbs1A yeast strains. (C) Same as B, but for dom34A, ski7A, dom34A;ski7A, and hbs1A;ski7A strains. (B,C) Tagged 18S:tagged 258 ratios (185/25S)
were normalized to the T=0 time point; error bars represent standard error of the mean (n=3). 185:A1492C half-life is indicated on the right.
(D-F) Single time-point analyses of tagged 18S rRNAs. Error bars represent standard error of the mean (n = 3). (D) Unpaired #-test was used for
significance testing against parental strain 185:A1492C levels. (E) One-way ANOVA with planned comparisons was used for significance testing com-
paring 185/25S in parental strain to single mutants or in dom34A strain to double mutants. (ns) Not significant. (F) One-way ANOVA with planned
comparisons was used for significance testing comparing 185/25S in all mutant strains against the parental strain.

demonstrate that normalizing tagged 18S:WT or 185:A1492C  parent decay of 18S:WT, 18S:A1492C had a half-life of 76
to the tagged 25S5:WT vyielded similar findings as normalizing ~ min in the parental strain (Figs. 1B, 2B). The 18S:25S ratio
to endogenous SCRI RNA. That is, whereas there was no ap- also reproduced previous findings that individual deletion
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FIGURE 2. (A) Single time-point analysis of tagged 18S and 25S rRNAs. One-way ANOVA with planned comparisons was used for significance test-
ing comparing the parental strain and each single deletion 185:A1492C/25S:WT ratio. Unpaired t-test was used to compare the parental strain and
dom34A;asc1A 18S:A1492C/25S:WT ratios. Error bars represent standard error of the mean (n = 3). (B) Time course analysis of 185:A1492C and 18S:
WT decay in dom34A and ascIA single and double deletion strains. Representative Northern blots of tagged 185:A1492C and 25S rRNAs and graphs
summarizing multiple (n = 3) biological replicates. Normalization and error bars as in Figure 1B and C. (C) Single time-point analysis of tagged 18S:
A1492C rRNA in parental and ascIA strains harboring indicated plasmids. One-way ANOVA with planned comparisons was used for significance
testing of all strains against the “Parental strain + empty vector” strain. Error bars represent standard error of the mean (n=3).
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of either DOM34 or HBSI resulted in partial 185:A1492C
stabilization (Fig. 1B; Cole et al. 2009).

Because time courses are inherently low throughput, we
also tested the feasibility of monitoring a single time point.
After inducing expression for 90 min, cells were immediately
harvested and subjected to Northern analysis. As expected,
18S:A1492C was substantially lower than 18S:WT in the
parental BY4741 yeast, with the decrease being less drastic,
but still statistically significant (P = 0.0022, unpaired t-test),
in the dom34A strain (Fig. 1D). Thus, a single-time-point
assay proved sufficient as an initial mutant screen.

DOM34 paralogs are not involved in 18S NRD

Whereas deletion of DOM34, HBS1, or both slows 18S:
A1492C decay, small molecule translation inhibitors
completely abrogate decay (Cole et al. 2009); this suggests
the existence of a second, kinetically separable 185 NRD
pathway. Consistent with the multiple-pathway hypothesis,
we previously showed that double deletion of HBSI and
SKI7 completely stabilizes 185:A1492C (Fig. 1C; Cole et al.
2009). Since Hbslp and Dom34p form a heterodimer and
their simultaneous deletion had no additive effect on 18S
NRD (Cole et al. 2009), we reasoned that double deletion
of DOM34 and SKI7 would also completely stabilize 18S:
A1492C. Unexpectedly, however, no synthetic effect was
apparent in the dom34A;ski7A strain (Figs. 1C, 4). One
possible explanation for this result was the existence of a
cross-functional Dom34p paralog. Dom34p consists of three
domains: N (1-131 amino acids), M (136-268 amino acids),
and C (271-370 amino acids), with M and C serving as the
binding sites for Hbslp (Chen et al. 2010; van den Elzen
et al. 2010). S. cerevisiae contains two genes of unknown
function, YCLOOIW-A and YCLO0IW-B, and a multiple
sequence alignment showed both having high similarity
with the M and C domains of Dom34p (data not shown).
However, no decrease in 185 NRD efficiency was observed
in either a YCLOOIW-A or YCLOOIW-B knockout strain,
and when either deletion was combined with the DOM34
deletion, there was no enhancement of the dom34A pheno-
type (Fig. 1E). Thus, we conclude that neither YCLOOIW-A
nor YCLOOIW-B contribute to 18S NRD.

Asc1p contributes to 185 NRD

To identify additional 18S NRD factors, we performed a
small screen in strains lacking proteins previously implicated
in other degradation pathways (Fig. 1F). Among these, only
the ASCI knockout diminished 18S NRD (Figs. 1F, 2A).
Substantially more 18S5:A1492C was observed in the ascIA
strain than the parental strain, with the level being compara-
ble to the dom34A strain. In the dom34A;asc1A double-dele-
tion strain, 18S:A1492C levels were indistinguishable from
18S:WT (Fig. 2A). Time course data confirmed that, whereas
deletion of either ASCI or DOM34 alone resulted in a two-
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fold increase in 18S:A1492C half-life, deletion of both led
to its complete stabilization (Fig. 2B). ASCI was also synthet-
ic with HBSI (Fig. 4), and in no strain was 18S:WT detectably
degraded (Figs. 2B, 4). Although the dom34A;ascIA and
hbs1Asasc1A strains grew more slowly than the parental
strain, neither grew more slowly than the ascIA single dele-
tion strain (Fig. 3B). Therefore, slower cell growth could
not account for the observed synthetic effects.

To confirm that the 185 NRD defect observed in the asc1A
strain was due to the loss of the ASCI protein and not the
snR24 snoRNA that derives from the ASCI intron, we trans-
formed the ascIA strain with different plasmids containing
the ASCI gene with or without the intron, both under control
of the endogenous ASCI promoter. The intron-less version
completely restored 18S NRD (Fig. 2C). Further, when trans-
formed into the parental strain, neither plasmid enhanced
18S:A1492C decay. Thus, we conclude that Asclp is an 18S
NRD factor, and its endogenous levels are sufficient for
optimal 18S NRD. Taken together, these data indicate the
existence of two genetically separable pathways contributing
to 18S NRD Kkinetics: one involving DOM34 and HBSI, and
another involving ASCI.

Increased nonfunctional 80S monosomes in dom34A;
asc1A lysates

In a wild-type background, 185:A1492C rRNA predominant-
ly cosediments on sucrose gradients with 40S subunits (Fig.
3A; LaRiviere et al. 2006). This suggests highly efficient
resolution of stalled 80S monosomes containing the 18S:
A1492C mutation. Since both Asclp and Dom34p have
been implicated in targeting and resolving stalled ribosomes
(Shoemaker et al. 2010; Tsuboi et al. 2012; Sitron et al. 2017),
we next examined sucrose gradients of ascIA, dom34A, and
dom34A;ascIA. The sedimentation pattern in ascIA lysates
revealed a slight increase in the amount of 185:A1492C
cosedimenting with 80S monosomes, and this increase was
more noticeable in dom34A lysates. This effect was further
amplified in the dom34A;ascIA double-mutant (Fig. 3A).
While there was some increase in bulk 80S monosomes in
both the dom34A and dom34A;asclA profiles (data not
shown), this increase was much less pronounced than the
change in 80S cosedimentation of 18S:A1492C in the
dom34A;ascIA lysate (Fig. 3A). Thus, cells lacking both
ASCI and DOM34 are substantively impaired in their ability
to resolve nonfunctional 80S ribosomes.

Variable effects of Ski proteins on 185 NRD

Having identified a new ASCI-dependent pathway contribut-
ing to 18S NRD, we next tested whether ASCI was synthetic
with SKI7. However, we could detect no difference in the rate
of 185:A1492C decay between the ascIA single deletion and
asclA;skiZA double deletion strain (Fig. 4). To investigate
whether the Ski complex itself contributes to 185 NRD, we
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examined 18S:A1492C decay kinetics in ski2A strains (Fig. 4).
Deletion of SKI2 alone had no effect on cell doubling time
(Fig. 3B), but it slowed 18S:A1492C decay to a similar extent

as deletion of either DOM34 or ASCI alone. No further
decrease in decay rate was observed, however, in either a
dom34A;ski2A or asclAsski2A strain (Fig. 4) despite decreased
growth rates of these double-mutant strains (Fig. 3B). Thus,
while both SKI7 and SKI2 contribute to the rate of 18S:
A1492C decay, neither is synthetic with DOM34 or ASCI.
Further, there is no clear relationship between cell doubling
time and the rate of 185:A1492C decay.

The Rps3p C-terminal tail

On the ribosome, the binding sites for Dom34p:Hbs1p and
Asclp are separated by >75 A (Becker et al. 2011; Hilal
et al. 2016). Whereas Dom34p:Hbslp interact with the
A-site at the interface between the large and small subunits,
Asclp resides on the opposite (solvent-exposed) surface
of the small subunit in the general area of the mRNA exit
channel. Physically linking these two sites is a single protein:
Rps3p (Fig. 5A). The body of Rps3p consists of an N-termi-
nal type II KH domain (three-stranded B-sheet backed by
three a-helices; amino acids 1-88) attached via a nine-amino
acid linker to a central RRM-like domain (four-stranded f-
sheet backed by two a-helices; amino acids 98—-189); together
these form part of the mRNA entrance channel adjacent to
the A-site. Intriguingly, cryo-EM studies indicate that the
body of Rps3p contacts the N-terminal 90-amino acid glob-
ular domain of Hbs1p, which is attached via a 62-amino acid
flexible linker to the GTPase core (Becker et al. 2011; Hilal
et al. 2016). A 50-amino acid C-terminal tail extends from
the body of Rps3p along the outer surface of the small ribo-
somal subunit and contacts the fourth WD repeat in Asclp
(Ben-Shem et al. 2010). This network of structural contacts
between Hbslp, Rps3p, and Asclp suggested to us that
RPS3 might be a component of the 18S NRD pathway.

Because RPS3 encodes an essential protein, it was impos-
sible to monitor 185 NRD in an RPS3 knockout strain. We
therefore implemented a 5-FOA plasmid shuffle approach
in a rps3A background to test the effects of various rps3
mutations (Figs. 5B, 6A). Validating this approach, a LEU™
plasmid encoding wild-type RPS3 complemented the knock-
out strain, whereas the empty LEU" vector did not. For point
mutations, we chose positions that were highly conserved
across all eukaryotes (data not shown) and were previously
proposed to make specific interactions with the Hbs1p ami-
no-terminal domain (Fig. 5A; Becker et al. 2011). All point
mutations tested complemented the rps3A strain, indicating
that none of the amino acids we mutated were required for
viability. All four mutations also had 18S:A1492C/25:WT
ratios similar to wild-type RPS3 (Fig. 5B), suggesting that
the mutations fail to compromise the interaction between
Rps3p and Hbslp or that the interaction might be dispensa-
ble for 18S NRD.

To more rigorously test the functionality of the Rps3p:
Hbslp interaction, we next mutated HBSI. Earlier work
had shown that an hbsl protein variant lacking the entire

www.rnajournal.org 1951



Limoncelli et al.

18S:A1492C

W | 2ss
LT

Parental strain

hbs1A;asc1A

dom34A;ski7A w
asc1A;ski7A -‘
-

0 30 60 90 150 210
minutes post glucose addition

18S:A1492C

255
M | 1ss

ski2A

dom34A;ski2A

asc1A;ski2A

0 30 60 90 150 210
minutes post glucose addition

Parental strain

ski2A

0 30 60 90 150 210
minutes post glucose addition

18S:A1492C te
1 * -4 % hbs1A;asc1A none
detected
A ascl1A 192 min
%)) O ascl1A;ski7A 188 min
& é O dom34A;ski7A 182 min
(7}
x
+ ® Parental strain 76 min
0.1
0 50 100 150 200 250
minutes post glucose addition
18S:A1492C
t112
A dom34A;ski2A 192 min
1) © asc1A;ski2A 154 min
Q @ ski2A 145 min
®
)
0.1
0 50 100 150 200 250
minutes post glucose addition
18SWT_ o kioa
@ Parental strain
1 g ***1 % hbs1A;asc1A
A A ski7A
1}
n
[sV)
17}
®

0.1

0

50 100 150 200 250

minutes post glucose addition

FIGURE 4. Time course analysis of 185:A1492C and 18S:WT in single and double deletion strains. Representative Northern blots of tagged 18S:
A1492C and 25S rRNAs and graphs summarizing multiple (n=2-3) biological replicates. Normalization and error bars as in Figure 1B and
C. 18S:A1492C data from the parental and ascIA single deletion strains are the same as in Figure 1B (parental) and Figure 2B (ascIA).

N-terminal domain (amino acids 1-152) retains its ability to
bind to ribosomes in complex with Dom34p (Becker et al.
2011). When we complemented the hbsIA strain with plas-
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mids encoding either full-length HBSI (1-611) or hbsI lack-
ing either the first 90 or 152 amino acids (hbsl;_g9a and
hbs1y_is,4, respectively), we observed no difference in the
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rate of 185:A1492C decay (Fig. 5C). Therefore, we conclude
that the interaction of the Hbslp N terminus with Rps3p is

dispensable for 18S NRD.
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We next examined the Asclp:Rps3p interaction. The
Rps3p C-terminal tail (amino acids 190-240) exhibits
much lower sequence conservation than the N-terminal
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domains (data not shown). To test the essentiality of the tail,
we made a series of C-terminal truncation mutants. Whereas
1ps31_200 proved inviable, cells expressing either rps3;_,1; or
1ps31.217 grew equally well as cells expressing full-length
RPS3 (amino acids 1-240) (Figs. 3B, 6A). Thus, amino acids
1-211 of S. cerevisiae Rps3p are sufficient for both survival
and wild-type cell growth. We did, however, observe a signif-
icant difference between the two truncation mutants with
regard to 18S NRD efficiency: Whereas yeast expressing
ps31_517 degraded 18S:A1492C at a rate indistinguishable
from cells expressing the full-length protein, 18S:A1492C
decay in rps3;_5;; yeast was >11-fold slower (Fig. 6B). The
magnitude of this effect is so far the largest we have observed
for any single mutation or gene deletion tested (this study;
Cole et al. 2009). Thus, a small region of the Rps3p C-termi-
nal tail is crucial for efficient 185 NRD. Of the six amino acids
(KEEEPI), the first three (KEE) are highly conserved across
eukaryotic species (Fig. 6C).

DISCUSSION

Here we identified Asclp, Ski2p, and Rps3p as factors con-
tributing to 18S:A1492C rRNA decay kinetics. We found
that ASCI is synthetic with DOM34 and HBSI, but not
with SKI7 (Figs. 2B, 4). Further, whereas deleting SKI2
slowed 18S:A1492C rRNA decay similarly to deletion of
ASC1, DOM34, or HBSI, no synthetic effects were detectable
upon combining a SKI2 deletion with deletion of ASCI or
DOM34 (Fig. 4). Finally, we found that mutant 18S rRNA
is substantially stabilized upon deletion of a six-amino acid
region within the C-terminal tail of Rps3p (Fig. 6B), impli-
cating Rps3p as a central player in targeting nonfunctional
40S subunits for preferential elimination by 185 NRD. We
synthesize these findings with previous data to propose a
model wherein 18S NRD is the result of multiple indepen-
dent targeting and decay pathways (Fig. 7).

18S NRD, NGD, PDTA, and RQC: different outcomes
of ribosome stalling

The data in this paper strengthen and extend our previous
findings that 18S NRD is functionally related to the mRNA
and protein quality control pathways associated with ribo-
some stalling (this study; Cole et al. 2009). NGD, PDTA,
18S NRD, and RQC were all discovered independently by
examining the fate of mRNAs (NGD and PDTA) or rRNAs
(18S NRD) with features that inhibit protein production,
or by a genome-wide screen for deletions that overactivate
the heat-shock stress response pathway (RQC) (Doma
and Parker 2006; LaRiviere et al. 2006; Cole et al. 2009;
Dimitrova et al. 2009; Kuroha et al. 2010; Brandman et al.
2012). Subsequent investigation of the identified RQC genes
led to the finding that this increased stress response was due
to accumulation of aberrant nascent peptides associated with
stalled ribosomes (Brandman et al. 2012; Choe et al. 2016).

)

functionally defective 40S

Ascip Q

53 l
(Xr1p)

subunit disassembly

Dom34p:Hbs1p

N

40S marked
for 18S NRD
(Rps3p?)

3—5
(SKI complex/exosome)

N

FIGURE 7. Proposed model depicting the contributions of multiple in-
dependent targeting and decay pathways to 185 NRD. A stalled ribo-
some harboring mutant 18S rRNA (blue splatter) can be marked for
decay by two separate pathways involving either Asclp or Dom34p:
Hbs1p. Once marked (possibly by covalent modification of the Rps3p
C-terminal tail), 40S ribosomes are disassembled and 18S rRNA degrad-
ed by 5 - 3’ and 3’ — 5’ decay pathways.

Evidence accumulating since these initial discoveries suggests
that all four pathways are simply alternate outcomes of the
same initiating event—a stalled or slowly elongating ribo-
some (Shoemaker and Green 2012; Brandman and Hegde
2016). Whether an individual stall event leads to all or only
a subset of these outcomes may depend on both the nature
of the stall and the kinetic stability of the stalling event
(i.e., whether the ribosome is completely halted or is simply
moving slowly).

A recently proposed unifying model (Brandman and
Hegde 2016) suggests the following order of events for the
resolution of stalled ribosomes: (i) recognition and targeting
of the stalled ribosome by Asclp, Hel2p (an E3 ubiquitin li-
gase), and the recently identified RQT complex (Brandman
et al. 2012; Matsuo et al. 2017; Sitron et al. 2017); (ii) subunit
dissociation by Dom34p, Hbslp, and Rlilp (mammalian
ABCEl) (Shoemaker et al. 2010; Pisareva et al. 2011;
Shoemaker and Green 2011; Tsuboi et al. 2012); (iii) degra-
dation of the associated aberrant mRNA (Frischmeyer et al.
2002; van Hoof et al. 2002; Doma and Parker 2006; Tsuboi
etal. 2012); (iv) assembly of the remaining RQC components
onto the 60S subunit (Brandman et al. 2012; Shao et al.
2015); (v) CAT-tailing by Rqc2p and/or ubiquitination of
the nascent peptide chain by Ltnlp (another E3 ubiquitin
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ligase) (Bengtson and Joazeiro 2010; Shao and Hegde 2014;
Shen et al. 2015; Shao et al. 2015; Osuna et al. 2017); and
(vi) extraction and degradation of the ubiquitinated nascent
peptide (Brandman et al. 2012; Defenouillére et al. 2013;
Verma et al. 2013; Kostova et al. 2017; Osuna et al. 2017).
Missing from this model is the fate of the 40S subunit. In cas-
es where ribosome stalling was not due to any specific 40S
dysfunction, it would seem reasonable that the subunit would
simply be released to return to the translationally active pool.
However, when stalls are due to a specific 40S defect (such as
the decoding center mutation used here), the defective sub-
unit is ultimately dismantled and the 18S rRNA decayed.
Since ASCI1 and DOM34:HBS]1 are additive for 185:A1492C
kinetics (Figs. 2B, 4), our data suggest that initial targeting
of the 40S subunit for decay occurs prior to or concurrent
with 80S ribosome dissociation. However, the lack of an
185 NRD defect in the ltnlA strain (Fig. 1F) suggests that
the 40S subunit fate is not tied to the process of dismantling
of the nascent peptide-60S complex.

Multiple kinetic contributors to 18S NRD targeting
and decay

While we were successful in identifying additional 185 NRD
factors (Asclp, Rps3p, and Ski2p), some of the single- and
double-mutant results were confounding. For example,
while the deletion of SKI2 partially stabilizes mutant 18S
rRNA, it is not synthetic with either DOM34 or ASCI
(Fig. 4). Furthermore, whereas a HFY1200 strain lacking
XRNT1 exhibits decreased 18S NRD kinetics, this same dele-
tion in a BY4741 background is without apparent conse-
quence (Cole et al. 2009). Finally, we previously observed
no substantial decrease in 185 NRD kinetics in a tempera-
ture-sensitive exosome strain (Cole et al. 2009). To explain
these apparent inconsistencies, we propose a model wherein
multiple parallel and sequential pathways kinetically con-
tribute to 18S NRD (Fig. 7). In this model, Asclp and
the Dom34p:Hbs1p heterodimer sit at the top of the path-
way where they function independently to target nonfunc-
tional 40S subunits for decay. Once targeted, 18S rRNA
decay likely involves subunit disassembly and both endonu-
cleolytic and exonucleolytic activities, with the relative kinet-
ic contributions of 5 — 3’ decay by Xrnlp and 3" — 5 decay
by the exosome being highly dependent on strain back-
ground and growth conditions (Cole et al. 2009; Merrikh
2012).

Whereas the half-lives of NGD, NSD, and PDTA mRNAs
range from 2 to 9 min in wild-type yeast (Frischmeyer et al.
2002; Doma and Parker 2006; Sweet et al. 2012; Tsuboi et al.
2012), the half-life of 18S:A1492C rRNA ranges from 41 to
96 min (this study; LaRiviere et al. 2006; Cole et al. 2009).
Since the 18S:A1492C half-lives are of similar magnitude
to the doubling time of wild-type yeast (87 min), a simple
explanation could have been that 18S NRD is somehow
tied to the cell cycle. However, we observed no consistent re-
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lationship between 18S:A1492C decay kinetics and cell
growth rate over multiple strain backgrounds (Fig. 3B).
What can account for the 10-fold slower kinetics of 18S
NRD compared to defective mRNA decay? Is 18S NRD tar-
geting slow, with nonfunctional 40S subunits going through
multiple rounds of initiation prior to being tagged for decay,
or is targeting efficient and decay slow? What steps are in-
volved in decay? Does decay first require 40S disassembly
(i.e., removal of some or all of the proteins) to allow for
18S rRNA decay, or is 185 rRNA decay initiated within
the intact subunit with protein disassembly occurring con-
comitant with rRNA degradation? While the available data
do not address these questions directly, the observation of
no 18S:A1492C decay in the presence of elongation inhibi-
tors (Cole et al. 2009) suggests that targeting of nonfunc-
tional 40S subunits to 185 NRD is relatively inefficient and
may require multiple rounds of initiation. Slow targeting
would also be consistent with the variable kinetic effects of
eliminating individual components of the degradation
machinery.

A central role for RPS3

Rps3p (a.k.a. uS3 in the recently adopted systematic ribo-
somal protein nomenclature [Ban et al. 2014]) is an essential
component of the small ribosomal subunit. Along with
Rps2p (uS5) and Rps30p (eS30), Rps3p forms part of the
mRNA entrance channel (Ben-Shem et al. 2010). The type
II KH and RRM-like domains of Rps3p are structurally
conserved from bacteria to humans, whereas the C-terminal
tail is more conserved in eukaryotes (data not shown).
Proteomics studies in S. cerevisiae have identified C-terminal
tail amino acids K200, T207, K212, S221, and T231 as sites of
acetylation, phosphorylation, succinylation, and/or ubiquiti-
nation (Peng et al. 2003; Albuquerque et al. 2008; Seyfried
et al. 2008; Holt et al. 2009; Soulard et al. 2010; Weinert
etal. 2013; Fang et al. 2014). If 18S NRD consists of indepen-
dent targeting and decay pathways, then post-translation
modification of the Rps3p tail could serve as the mark that
connects targeting to decay. Indeed, the significant decrease
in 18S:A1492C rRNA half-life (>11-fold) observed upon
removing Rps3p amino acids 212-217 (Fig. 6B) suggests a
central role for one or more of these residues.

In S. cerevisiae, Drosophila, and human ribosomes, the
Rps3p/RPS3 tail interacts with the WD40 blade IV of
Asclp/RACK1 (Ben-Shem et al. 2010; Anger et al. 2013),
but functional relevance had been lacking. Recent studies
in mammalian cells investigating ribosome read-through
on poly(A) stretches now suggest a regulatory link between
Asclp and Rps3p (Juszkiewicz and Hegde 2017;
Sundaramoorthy et al. 2017). RACK1 (yeast ASCI) and
ZNF598 (yeast HEL2) are both involved in ubiquitination
of stalled ribosomes (Saito et al. 2015; Juszkiewicz and
Hegde 2017; Sundaramoorthy et al. 2017). HEL2 was previ-
ously identified as a genetic component of the S. cerevisiae
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RQC pathway where it, along with ASCI, acts upstream
of LTNI (Brandman et al. 2012; Letzring et al. 2013; Sitron
et al. 2017). Both mammalian ZNF598 and RACK1 facilitate
RPS3 (uS3) ubiquitination, although ZNF598 primarily par-
ticipates in RPS10 (eS10) and RPS20 (uS10) ubiquitination,
whereas RACK1 primarily participates in RPS2 (uS5) and
RPS3 ubiquitination. Furthermore, inhibitors of translation
elongation and activators of the unfolded protein response
pathway also result in RPS3 ubiquitination, with the ubiquiti-
nation site occurring on the yeast equivalent of K212 (Higgins
et al. 2015; Juszkiewicz and Hegde 2017; Sundaramoorthy
et al. 2017). Another recent study showed that yeast Hel2p
ubiquitinates both Rps20p (uS10) K6/K8 and Rps3p K212
in stalled ribosomes (Matsuo et al. 2017). Collectively, these
findings may explain why loss of ASCI only partially stabilizes
18S:A1492C, whereas deletion of RPS3 amino acids 212-217
has a much stronger effect. It seems likely that Asclp and
Hel2p converge to ubiquitinate Rps3p K212, which in turn
serves to target the mutant 18S rRNA for decay.

Multiple pathways for resolving stalled ribosomes
across domains

The existence of multiple pathways in eukaryotes for detect-
ing and eliminating functionally defective ribosomes parallels
the situation in prokaryotes. Although the decoding center
A1492C and G530U mutations are known to inactivate the
16S rRNA decoding center (Powers and Noller 1990, 1993;
Yoshizawa et al. 1999; Ogle et al. 2001), these mutant
rRNAs are not subject to preferential degradation in E. coli
(Paier et al. 2015). Nonetheless, E. coli does harbor three
functionally redundant pathways for rescuing ribosomes
stalled on truncated mRNAs: the trans-translation pathway,
ArfB, and ArfA (Keiler et al. 1996; Karzai et al. 1999;
Chadani et al. 2010, 2011). In the trans-translation pathway,
tmRNA/SmpB recognizes the empty A-site and acts as both a
tRNA and mRNA to allow continued elongation and normal
termination at the tmRNA stop codon. ArfB and ArfA act as
backups to the tmRNA/SmpB system. ArfB, a release factor 2
(RF2) homolog, binds to the stalled ribosome and initiates
peptidyl-tRNA hydrolysis and ribosome release. ArfA accom-
plishes the same thing, but does so by binding within the
empty mRNA channel and directly recruiting RF2 to the A-
site. Of particular note for our findings, the ArfA and ArfB
pathways were discovered only upon tmRNA/SmpB inactiva-
tion (Chadani et al. 2010, 2011). The existence of so many re-
dundant mechanisms in bacteria to rescue stuck ribosomes
suggests that ribosome stalling is a pervasive problem.
Indeed, it has been estimated that 2%-4% of all translating
ribosomes in E. coli are in need of rescue at any given time
(Ito et al. 2011; Keiler 2015). Given the greater complexity
of their translation machinery, one might predict ribosome
stalling to be even more problematic in eukaryotes. Thus, it
would not be surprising if more pathways for resolving stalled
translation complexes await discovery.

MATERIALS AND METHODS

Yeast strains and plasmids

All strains and plasmids used in this study are listed in Supplemental
Table S1. The dom34A;asclA, hbslA;asclA, asclA;ski7A, and asclA;
ski2A mutants were constructed by transforming a dom34A, hbsIiA,
ski7A, or ski2A strain with dsDNA encoding ascIA:NATMX and
colony selection on G418;ClonNat plates. The dom34A;ski7A and
dom34A;ski2A mutants were constructed by transforming a ski7A
or ski2A strain with dsDNA encoding dom34A::NATMX and colony
selection on G418;ClonNat plates. Homologous recombination at
the ASCI or DOM34 locus was confirmed by PCR. rps3 mutant
strains were constructed by plasmid shuffling. Briefly, a RPS3/
rps3A:KANMX diploid strain was transformed with a RPS3/
URA3" plasmid, sporulated, and selected on SC-ura;G418 plates
to obtain a haploid rps3A:KANMX strain harboring the URA3"
plasmid. LEU2" plasmids encoding rps3 variants were then trans-
formed into the rps3A::KANMX; URA3* haploid strain; rps3 variants
that had lost the URA3" plasmid were then selected on SC-leu;5-
FOA plates. To generate hbsI N-terminal deletion strains, a hbsIA
haploid strain was transformed with plasmids encoding either
HBSI, hbsli.goa, Or hbsl)_isya; all variants were expressed under
the endogenous HBSI promoter.

Single time-point assay

Strains harboring pSC40-WT (18S:WT;25S5:WT) or pSC40-A1492C
(18S:A1492C;25S:WT) plasmids were grown at 30°C in SC-ura
media plus 2% raffinose to mid-log phase (OD600 = 0.4-0.5).
Following addition of 20% galactose (final concentration = 2%) to
induce rRNA transcription, cells were incubated at 30°C for an
additional 90 min. Pre-warmed SC-ura media plus 2% galactose
was added as necessary to maintain OD600 = 0.5. Cells were then
harvested by centrifugation and flash frozen in liquid nitrogen or
a dry ice/EtOH mixture.

Pulse-chase analysis

Pulse-chase analysis was performed as previously described (Cole
and LaRiviere 2008) with some modifications. Strains harboring
pSC40-WT or pSC40-A1492C plasmids were grown at 30°C in
SC-ura media plus 2% raffinose to mid-log phase (OD600 = 0.4—
0.5). Twenty percent of galactose was added to a final concentration
0f 2% to induce rRNA transcription, and cells were incubated for an
additional 90 min. Fifty percent of glucose was then added to a final
concentration of 2% and the first-time point (7'=0) was immedi-
ately harvested; subsequent time points were taken at indicated
intervals post glucose addition. Samples were pelleted by centrifuga-
tion, and then flash frozen in liquid nitrogen or a dry ice/EtOH
mixture. Prewarmed SC-ura media plus 2% glucose was added as
necessary to maintain an OD600 of 0.5 for the duration of the
time course.

Northern blot analysis

For each sample, 2.0-2.5 ug total RNA was electrophoresed on a 1%
agarose—formaldehyde gel and transferred to a nitrocellulose mem-
brane as previously described (Cole and LaRiviere 2008; Cole et al.
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2009). Total RNA was detected via staining with Methylene Blue
(Molecular Research). Membranes were hybridized with *2P-end-
labeled probes FL125 (anneals to plasmid-derived 18S rRNA)
and FL126 (anneals to plasmid-derived 25S rRNA) for 12-24 h
at 42°C in ExpressHyb (BD Biosciences). Bands were visualized
using a Typhoon Phosphorimager (Molecular Dynamics) and
quantified via ImageQuant software (GE Lifesciences). Signal
from the tagged-18S rRNA was normalized to the signal from the
tagged-25S rRNA. Curve fitting was done using GraphPad Prism
7 software.

Sucrose gradients

The parental wild-type, dom34A, asclA, and dom34A;asclA strains
were transformed with the pSC40-A1492C plasmid and grown to
mid-log in SC-ura media plus 2% raffinose (80 mL culture volume
per gradient). After a 90-min induction with 2% galactose, cyclo-
heximide was added to a final concentration of 0.1 mg/mL. Cells
were immediately chilled on ice, harvested, and lysed in the pres-
ence of glass beads and lysis buffer (20 mM Tris-HCI pH = 8.0,
140 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT, 1% Triton X-100,
0.1 mg/mL cycloheximide, 1 mg/mL heparin). Individual lysates
(12 A260 units) were layered onto 5%-47% sucrose gradients
(sucrose, 20 mM Tris-HCl pH=8.0, 140 mM KCI, 5 mM
MgCl,, 0.5 mM DTT, 0.1 mg/mL cycloheximide, 0.5 mg/mL hep-
arin) and spun in an ultracentrifuge (35K rpm, 160 min, SW41 ro-
tor). Individual fractions were then collected and subjected to
Northern blot analysis.

Multiple sequence alignments

A multiple sequence alignment of the DOM34, YCLOOIW-A, or
YCLOOIW-B protein sequences was performed using ClustalW
(v1.83). A multiple sequence alignment of RPS3 protein sequences
across various species (from E. coli to H. sapiens) was also performed
using ClustalW (v1.83).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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