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cytoplasmic 5' —» 3' (Xrn1p) and 3' —» 5' (exosome) decay factors (Shoemaker
and Green 2012). This process was initially discovered in S. cerevisiae when
researchers expressed a plasmid encoding a pgk1 variant that contained a stem

loop within the ORF (PGK1-SL) (Doma and Parker 2006); this strong secondary
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Figure 1.1: Aberrant RNA sequence features

Aberrant RNA sequence features that trigger non-stop decay (NSD), no-go
decay (NGD), peptide dependent translation arrest (PDTA) or ribosome quality
control (RQC), and 18S nonfunctional rRNA decay (18S NRD). mRNAs lacking
a stop codon but contain a poly(A) tail are subject to NSD. mRNAs containing a
strong secondary structure within the ORF or mRNAs lacking both a stop codon
and poly(A) tail are subject to NGD. mRNAs containing stretches of poly(A) or
rare codons within the ORF are subject to PDTA/RQC. 18S rRNA containing
mutations within the decoding center is subject to 18S NRD.
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structure was previously shown to stall ribosomes (Hosoda et al. 2003). Yeast
rapidly degraded PGK1-SL, even in the absence of DCP2 (decapping complex)
or SKI7 (Ski complex; 3' = 5' decay). However, strains lacking XRN1 or
components of the Ski complex accumulated 5' and 3' PGK1-SL fragments,
which disappeared when translation initiation on the PGK1-SL mRNA was
prevented (Doma and Parker 2006). This suggests NGD occurs during
translation elongation and is initiated by an endonucleolytic cleavage event.
Other sequence features that stall ribosomes (including pseudoknots, rare
codons, GC-rich regions, and abasic sites) also induce a cleavage event (Doma
and Parker 2006; Gandhi et al. 2008; Passos et al. 2009; Kuroha et al. 2010;
Tsuboi et al. 2012).

The discovery of NGD led to the finding that Dom34p (mammalian Pelota)
and Hbs1p, homologs to eRF1 and eRF3 respectively, are required for the
release of stalled ribosomes (Shoemaker et al. 2010; Tsuboi et al. 2012). In S.
cerevisiae, the Dom34p:Hbs1p heterodimer binds to the ribosome at the A-site
(Figure 1.2), and GTP hydrolysis by the GTPase activity of Hbs1p promotes
subunit dissociation (Shoemaker et al. 2010; Pisareva et al. 2011). Similar to
eRF1, Dom34p consists of three domains: N-terminal domain (N), middle domain
(M), and the C-terminal domain (C) (Graille et al. 2008; Pisareva et al. 2011).

The M and C domains are homologous to the eRF1 domains Il and Ill, but the
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Dom34p N domain differs in that it adopts an Sm-fold (Chen et al. 2010). Cryo-
EM data of Dom34p:Hbs1p bound to non-stop ribosome complexes place the
Dom34p N domain at the A-site, occupying the same space as the tRNA
anticodon region. The N domain also contains a loop that extends into the
mMRNA channel, suggesting that Dom34p recognizes an empty A-site (Hilal et al.
2016). Alternatively, this extension may destabilize shortened mRNA, as in the
case of NGD complexes with mRNAs occupying the A-site and the downstream
entrance channel (Shoemaker et al. 2010; Becker et al. 2011; Pisareva et al.
2011; Hilal et al. 2016; Shao et al. 2016). Unlike eRF1 domain Il, the M domain
of Dom34p lacks the catalytic GGQ motif (Graille et al. 2008; Hilal et al. 2016),
consistent with the observation that subunit dissociation facilitates the release of
an intact peptidyl-tRNA (Shoemaker et al. 2010). The body of Hbs1p folds
similarly to the translational GTPase eRF3 and is organized into three domains:
GTPase domain (G), domain Il, and domain Ill. Hbs1p also contains a unique
globular N-terminal domain that is attached to the body via a flexible linker.
Hbs1p domains Il and Il interact with domains M and C of Dom34p, with their
overall structural interaction comparable to that of eRF1-eRF3-GTP (Chen et al.
2010). Hbs1p holds Dom34p in the inactive state until GTP hydrolysis triggers
the accommodation of Dom34p into the active state (Hilal et al. 2016). The N-

terminal domain of Hbs1p resides near the mRNA entrance channel, between
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h16 and ribosomal protein S3 (Rps3p; uS3), possibly acting as another sensor
for an empty A-site or truncated mRNA (Becker et al. 2011; Pisareva et al. 2011;
Shoemaker and Green 2011; Franckenberg et al. 2012; Hilal et al. 2016). While
Dom34p:Hbs1p alone can dissociate ribosome subunits, biochemical
experiments not only demonstrate that the ATPase Rli1p (mammalian ABCE1)
can function with Dom34p in subunit dissociation, but that Rli1p binding
significantly accelerates the splitting rate (Pisareva et al. 2011; Shoemaker and

Green 2011).

Non-stop Decay (NSD)

Non-stop decay targets ribosomes stalled at the 3' end of mRNAs lacking
a stop codon (Shoemaker and Green 2012). Yeast genetic studies
demonstrated rapid degradation of an mRNA reporter that lacks a stop codon in
the ORF or 3' untranslated region (UTR). This degradation was dependent on
on-going translation since the addition of cycloheximide or depletion of charged
tRNAs stabilized the non-stop transcript. Studies also showed that rapid
degradation occurred in the absence of the major turnover factors, XRN7 (5' - 3'
exonuclease), DCP1 (decapping complex), or CCR4 (deadenylase complex)

(Frischmeyer et al. 2002). Rather, the Ski complex and the 3' = 5' exosome was
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found to mediate the degradation of non-stop transcripts (van Hoof et al. 2002;
Wilson et al. 2007).

The Ski complex binds to the small subunit of non-stop ribosomes and
directs the exosome 3' - 5' degradation of non-stop mMRNAs (Wang et al. 2005;
Kowalinski et al. 2016; Schmidt et al. 2016a). The Ski complex consists of three
proteins: Ski2p, Ski3p, and Ski8p. Structural data place Ski2p, a DExH-box
helicase, near the mRNA entrance channel where it is positioned to feed the
MRNA substrate into the exosome (Halbach et al. 2013; Schmidt et al. 2016b).
The N-terminal region of the tetratricopeptide (TRP) protein Ski3p, and one copy
of the WD-repeat® protein Ski8p, make additional interactions with the 40S
subunit; a second copy of Ski8p binds to the surface-exposed Ski3p (Schmidt et
al. 2016a). Mediating the physical interaction between the Ski complex and the
exosome is the eRF3-like factor Ski7p (Araki et al. 2001; Wang et al. 2005;
Kowalinski et al. 2016). The Ski7p GTP-binding domain, domain Il, and domain
[l all reside in the C-terminus, whereas the N-terminus houses distinct regions
for exosome- and Ski complex-binding (Kowalinski et al. 2015; 2016).
Immunoprecipitation experiments demonstrated direct binding of Ski7p to Ski8p

and to multiple regions of Ski3p; these interactions allow for the indirect binding

® Tryptophan (W) and aspartic acid (D) repeats
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of Ski7p to Ski2p (Brown et al. 2000; Araki et al. 2001; Wang et al. 2005). With
Ski7p being a stable component of the cytoplasmic exosome — and the
observation that the Ski complex directly interacts with the ribosome in the
absence of SKI7 — the Ski complex likely recruits a preassembled Ski7p-
exosome complex to the ribosome to initiate non-stop MRNA degradation
(Kowalinski et al. 2016; Schmidt et al. 2016a).

Non-stop complexes can form from a variety of aberrant mMRNA species.
The read-through or complete lack of an in-frame stop-codon would result in
ribosomes associated with the 3' UTR, poly(A) tail, or the 3' end of the mRNA.
Alternatively, an endonucleolytic cleavage event within the ORF (as in the case
with NGD substrates) would result in a ribosome complex stuck at the very 3' end
of the mRNA. The formation of non-stop complexes from a NGD substrate have
led researchers to speculate that the same NGD factors might also play a role in
NSD. Indeed, both Dom34p and Hbs1p function in NSD by dissociating
ribosomes stalled at the 3' end of the mRNA (Tsuboi et al. 2012; Saito et al.
2013a; Guydosh and Green 2014). This suggests NSD and NGD describe the
same surveillance mechanism and differ only in the type of stalled ribosome

complex that initiated the pathway.
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Peptide-Dependent Translation Arrest (PDTA)

While NGD and NSD were discovered by examining the fate of aberrant
mRNA, PDTA was discovered by examining the fate of the nascent peptide.
Yeast expression of a plasmid encoding either stretches of positively-charged
((+)-charged) amino acids, poly(A) stretches, or rare codons resulted in rapid
degradation of the associated nascent peptide (Dimitrova et al. 2009; lkeuchi and
Inada 2016). PDTA mRNAs likely stall or severely slow down ribosomes since
stretches of (+)-charged amino acids can make electrostatic interactions with the
ribosome's negatively-charged peptide channel (Lu et al. 2007; Requido et al.
2016), and rare codons reduce translation efficiency (Letzring et al. 2010; 2013;
Wolf and Grayhack 2015). Furthermore, PDTA mRNAs are subject to
endonucleolytic cleavage (Kuroha et al. 2010; Chen et al. 2010; Tsuboi et al.
2012; Guydosh and Green 2017), suggesting they are also targets for NGD.
Indeed, NGD factors Dom34p and Hbs1p facilitate endonucleolytic cleavage and
dissociate the 60S and 40S subunits of stalled PDTA complexes (Kuroha et al.
2010; Tsuboi et al. 2012).

A screen of S. cerevisiae mutants suppressing PDTA activity identified
ASC1 (mammalian RACK1) as a required factor. Asc1p is a highly conserved,
stoichiometric component of the 40S ribosomal subunit (Figure 1.2) (Coyle et al.

2009). Without ASC1, protein products from PDTA mRNAs are stabilized
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Figure 1.2: Structure of Dom34p:Hbs1p in complex with the ribosome

Cryo-EM structure of the yeast 80S ribosome in complex with Dom34p (orange), Hbs1p (red), P-site tRNA
(yellow), and mRNA (black). Shown in green is the ribosomal protein Asc1p (PDB: 5M1J)

(Hilal et al. 2016).
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(Kuroha et al. 2010; lkeuchi and Inada 2016). It was thought that Asc1p
promoted stalling of the ribosome (Kuroha et al. 2010; Inada 2013; Letzring et al.
2013), but more recent data suggest Asc1p is involved in targeting stalled
ribosomes for quality control (Sitron et al. 2017).

Asc1p belongs to a class of WD-repeat (Trp-Asp) proteins and folds into a
seven-bladed beta-propeller structure (Coyle et al. 2009). It was originally
identified as an activator of Protein Kinase C (PKC), hence its mammalian name
Receptor for Activated C Kinase 1 (RACK1) (Ron et al. 1994; 1999). This
eukaryotic-specific factor is highly conserved from yeast to humans and, like
other WD proteins, acts as a scaffold for multiple proteins. Indeed, RACK1 has
been implicated in many signal transduction pathways, including the Src kinase,
MAP kinase, and cAMP-specific phosphodiesterase PDE4Ds pathways (McCabhill
et al. 2002; Rachfall et al. 2013). In higher eukaryotes, loss of RACK1 is
embryonic lethal with disruptions to neural tube closure, post-synaptic function in
neurons, and cell migration (Ron et al. 1999; Yaka et al. 2002; Kiely et al. 2009;
Wehner et al. 2011). In yeast, deletion of ASC1 leads to slow growth, loss of cell
wall integrity, loss of invasive growth (glucose sensing), and mitochondrial
dysfunction (Valerius et al. 2007; Coyle et al. 2009; Melamed et al. 2010;
Rachfall et al. 2013). Both RACK1 and Asc1p primarily exist as ribosome-bound

factors, specifically associating with 40S subunits in proximity to the mRNA exit
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channel (Coyle et al. 2009; Ben-Shem et al. 2010; Anger et al. 2013). Studies in
mammalian cells show RACK1 participating in translation initiation by directing
PKC phosphorylation of elF6* (Ceci et al. 2003). RACK1 has also been shown
to promote ubiquitination of various proteins (Liu et al. 2007; Subauste et al.
2009; Sundaramoorthy et al. 2017). In yeast, loss of ASC1 increases ribosome
frameshifting at CGA repeats (Wolf and Grayhack 2015). Finally (as mentioned
above), RACK1/Asc1p functions in ribosome quality control, where it promotes
the degradation of nascent peptides associated with stalled ribosomes (Kuroha

et al. 2010; Juszkiewicz and Hegde 2017; Sundaramoorthy et al. 2017).

Ribosome Quality Control (RQC)

RQC is similar to PDTA in that both describe the fate of nascent peptides
associated with stalled ribosomes; however, RQC expands on the mechanism of
peptide targeting and degradation (Brandman and Hegde 2016). RQC was
originally discovered during a genome-wide screen of S. cerevisiae loss-of-
function strains exhibiting high Heat Shock Factor 1 (Hsf1p) transcriptional
activity. This was accomplished by expressing a reporter encoding GFP driven

by Hsf1p promoter elements, and monitoring Hsf1p activity by high-throughput

4 Dephosphorylated elF6 prevents premature formation of 80S ribosomes by
stably associating with free 60S subunits (Ceci et al. 2003; Brina et al. 2015).
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flow cytometry. The Hsf1p transcription factor activates genes in response to
various stressors (e.g. heat shock); thus, the reporter system allowed for the
identification of genes contributing to cellular homeostasis. A prominent subset
of translationally-related genes modulating Hsf1p activity included those of the
RQC pathway. Further experiments revealed Asc1p, Hel2p (an E3 ubiquitin
ligase), Rqc1p, Rqc2p/Tae2p, Lin1p (an E3 ubiquitin ligase), Cdc48p (an AAA
ATPase), Npl4p (a cofactor of Cdc48p), and Ufd1p (a cofactor of Cdc48p) as
protein components of the RQC pathway (Brandman et al. 2012).

In the current model (Figure 1.3), Asc1p functions with Hel2p and the
recently identified RQT complex (Slh1p:Cue3p:Rqt4p) in targeting stalled
ribosomes for RQC engagement (Saito et al. 2015; Matsuo et al. 2017; Sitron et
al. 2017). Upon expression of a reporter mMRNA encoding stretches of (+)-
charged amino acids, deletion of either ASC1, HEL?2, or the RQT proteins led to
the increased stability of associated nascent peptides (Kuroha et al. 2010;
Brandman et al. 2012; Matsuo et al. 2017; Sitron et al. 2017). Hel2p (along with
its cofactors E2 ubiquitin-conjugating enzyme Ubc4p, E1 ubiquitin-activating
enzyme Ube1p, and ubiquitin) ubiquitinates 40S proteins Rps3p (uS3; amino
acid K212) and Rps20p (uS10; amino acids K6 and K8). Notably, the K6/K8
ubiquitination is required for RQC engagement (Matsuo et al. 2017). Hel2p co-

sediments with polysomes, even in the absence of its RING domain or its Ubc4p
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binding-site, suggesting Hel2p associates with ribosomes prior to ubiquitination
(Matsuo et al. 2017). The RQT complex associates with Hel2p-bound ribosomes
and likely functions in recognizing Rps20p (uS10) ubiquitination via the ubiquitin-
binding CUE domain of Cue3p. The ATPase activity of the RecA helicase Slh1p
is required for targeting and subsequent RQC engagement, but the exact role of
the ATPase activity is still unknown (Matsuo et al. 2017). Work in mammalian
cells using a poly(A) mRNA reporter demonstrates that the targeting of stalled
ribosomes by Asc1p and Hel2p is highly conserved. Both ZNF598 (yeast HEL?2)
and RACK1 (yeast ASC1) facilitate the ubiquitination of specific 40S proteins in
stalled ribosomes. ZNF598 primarily functions in RPS20 (uS10) and RPS10
(eS10) ubiquitination, whereas RACK1 functions in RPS3 (uS3) and RPS2 (uS5)
ubiquitination. A similar ubiquitination pattern was apparent in cells treated with
inhibitors of translation elongation or activators of the unfolded protein response
(Higgins et al. 2015; Juszkiewicz and Hegde 2017; Sundaramoorthy et al. 2017).
Finally, the current model places targeting upstream of ribosomal subunit
dissociation given the evidence that DOM34 and HBS1 function in splitting
ribosomes and that peptidyl-tRNA is stabilized in yeast lacking either factor
(Tsuboi et al. 2012; Shao et al. 2013; Verma et al. 2013; Osuna et al. 2017).
Once targeted, the RQC factors Rqc1p, Rqc2p, and Ltn1p associate with

nascent-chain containing 60S subunits to tag the nascent peptide for



CHAPTER | 21

poly(Ub)

nascent

60S peptide
P-site
tRNA Dom34/
f“ _ < T Hbs1 T

A

a0s/ \J “‘
._Auﬁ/.\—mAAMr o AUG STOP apap . 4 Y
c1 N\

As

ﬂeavage\
./ degradation AAAA

(1) (2) ©) 4)

stalling subunit dissociation RQC engagement peptide extraction
recognition/targeting mRNA degradation CAT-tailing complex dissociation
ubiquitination peptide degradation
Asc1 Dom34 Rqc1
Hel2 Hbs1 Rqc2 Cdc48-Ufd1-Npl4
SIh1-Cue3-Rqt4 RIi1 Ltn1

Figure 1.3: Ribosome Quality Control pathway

Current model of Ribosome Quality Control (RQC). Step 1) Recognition and targeting by Asc1p, Hel2p, and
the RQT complex (Slh1p:Cue3p:Rqtdp). Step 2) Subunit dissociation by Dom34p:Hbs1p and Rli1p.
Endonucleolytic cleavage and degradation of mMRNA. Step 3) Assembly of remaining RQC factors. CAT-
tailing by Rgc2p, nascent peptide ubiquitination by Ltn1p. Step 4) Peptide extraction by
Cdc48p:Ufd1p:Npldp, complex dissociation, and peptide degradation by the proteosome. Figure adapted
from (Brandman and Hegde 2016).
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degradation. This is accomplished by CAT-tail synthesis and/or ubiquitination.
Rqc2p directs the template-independent addition of alanine and threonine
extensions (CAT-tails) to the C-terminus of the nascent peptide (Shen et al.
2015). Rqgc2p interacts with alanine- or threonine-charged tRNA, bringing the A-
site tRNA to the peptidyl-transferase center for the ribosome to catalyze peptide
bond formation (Shao et al. 2015; Osuna et al. 2017). Cryo-EM data revealed
extensive interactions between the P-site tRNA and the N- and C-terminal
domains of Rqc2p, suggesting that Rqc2p stabilizes P-site tRNA after 40S
dissociation (Shao et al. 2015; Shen et al. 2015). CAT-tailing also promotes
Hsf1p transcriptional activation and is abrogated in the absence of Rqc2p in vivo
and in vitro (Shen et al. 2015; Osuna et al. 2017).

CAT-tailing appears to facilitate ubiquitination of the nascent chain
(Brandman and Hegde 2016; Kostova et al. 2017; Osuna et al. 2017). For
example, when ribosomes stall due to stretches of (+)-charged amino acids,
lysine residues would be enclosed within ribosome's exit channel and, therefore,
would be unavailable for ubiquitination. The addition of alanine and threonine
residues to the nascent chain would move the lysine residues through the
channel, eventually exposing them for post translational modification.
Alternatively, if sufficient lysine residues were already exposed, ubiquitination

and degradation of the nascent peptide proceeds regardless of CAT-tails (Shao
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and Hegde 2014; Shen et al. 2015; Choe et al. 2016; Defenouillere et al. 2016;
Yonashiro et al. 2016; Kostova et al. 2017; Osuna et al. 2017). In addition to
CAT-tail synthesis, Rqc2p functions in CAT-tail termination by promoting
hydrolysis of the peptidyl-tRNA. Although the exact mechanism remains unclear,
it was shown that peptidyl-tRNA was stabilized in the absence of RQC2 (Osuna
et al. 2017).

While Rqc2p promotes CAT-tailing, the E3 ubiquitin ligase Ltn1p
ubiquitinates the nascent peptide of stalled complexes in an Rqc1p-dependent
manner (Osuna et al. 2017).°> Biochemical experiments showed that Ltn1p is
able to distinguish nascent chains associated with 60S subunits from 80S
ribosomes; therefore, ribosomal subunit dissociation must occur before
ubiquitination by Ltn1p (Shao et al. 2013; Shao and Hegde 2014). Structural
studies place the RING domain (the binding site of E2 ubiquitin-conjugating
enzyme) near the peptide exit channel (Shao et al. 2015), priming Ltn1p to
ubiquitinate the emerging nascent chain. Of note, the positioning of both Rqc2p
and Ltn1p on the 60S subunit effectively blocks the 40S subunit from re-

associating (Shao et al. 2015; Shen et al. 2015).

® The role of Rqc1p in ubiquitination remains elusive, but authors have
speculated that Rqc1p either helps position the nascent chain near the Lin1p
RING domain, stimulates Lin1p's ligase activity, or promotes E2 binding (Osuna
et al. 2017).
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The final steps of the current model describe the degradation of the
peptide. Tagging by polyubiquitination initiates the association of the AAA+
ATPase Cdc48p and its cofactors Ufd1p and Npl4p for extraction of the nascent
peptide. Based on its role in the endoplasmic reticulum associated protein
degradation (ERAD), it is believed that Cdc48p uses its ATPase activity to pull
the tagged nascent peptide from the 60S subunit, consequently freeing the
peptide for degradation by the proteasome (Brandman et al. 2012; Wolf and

Stolz 2012; Verma et al. 2013; Brandman and Hegde 2016).

Nonfunctional rRNA Decay (NRD)

NRD describes the surveillance of nonfunctional 18S (18S NRD) and 25S
(25S NRD) ribosomal RNAs (LaRiviere et al. 2006; Cole and LaRiviere 2008;
Cole et al. 2009). Previous work from our laboratory monitored the fate of
mature but functionally defective S. cerevisiae rRNAs that contained inactivating
mutations in the 18S rRNA decoding center (equivalent to G530U, U534G, or
A1492C in E. coli 16S rRNA) or the 25S rRNA peptidyl-transferase center
(equivalent to A2451G, C2452U, or U2585A in E. coli 23S rRNA). These
mutations were embedded in a plasmid encoding the entire 35S pre-rRNA
sequence driven by the polymerase |l promoter GAL7. The plasmid-derived

rRNA also contains benign sequence tags that enable specific detection of the
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reporter rRNA amongst total rRNA via northern blot analysis (LaRiviere et al.
2006; Cole and LaRiviere 2008). Induction of transcription by galactose
produces reporter rRNA that makes up only 1% of total rRNA (LaRiviere et al.
2006). Thus, 18S NRD kinetics can be monitored by performing a transcriptional
pulse chase (Cole and LaRiviere 2008). Like their corresponding wild-type
rRNAs, mutant rRNAs are synthesized, processed, and assembled into
structurally intact ribosomes. However, the mutant 18S and 25S rRNAs are
eliminated by mechanistically distinct pathways (LaRiviere et al. 2006; Cole et al.
2009).

In 25S NRD, 60S subunits containing mutant 25S rRNA cannot form
stable 80S monosomes, and mutant 25S rRNA localize to perinuclear foci.
Further, yeast preserve 25S NRD in the presence of the translation elongation
inhibitor cycloheximide, indicating 25S NRD is not dependent on ongoing
translation (LaRiviere et al. 2006; Cole et al. 2009). Finally, 25S NRD involves
DNA damage repair factors MMS1 and RTT101 (an ubiquitin E3 ligase) (Fuijii et
al. 2009). 60S subunits containing mutant 25S rRNA are tagged with ubiquitin in
a Mms1p:Rtt101p-dependent manner, which is subsequently recognized by the
Cdc48p:Ufd1p:Npldp complex and the proteasome (Fuijii et al. 2012). Since 25S

NRD still occurs in yeast lacking XRN7 or SKI7 (Cole et al. 2009), it remains
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unknown how exactly mutant 25S rRNA is removed from the 60S subunit and
degraded.

In contrast, 18S NRD exhibits similar characteristics of other translation-
dependent pathways (Figure 1.4). Like wild-type rRNA in translating ribosomes,
mutant 18S rRNA displays diffuse cytoplasmic localization, and co-sediments
with 40S subunits and 80S monosomes — mutant 18S rRNA also co-sediments
with polysomes but to a much lesser extent (LaRiviere et al. 2006; Cole et al.
2009). Treatment with cycloheximide completely abrogates 18S NRD,
demonstrating its dependence on ongoing translation (Cole et al. 2009).
Furthermore, 18S NRD involves a number of factors implicated in other
translation-dependent surveillance pathways. 18S NRD kinetics is significantly
reduced in the absence of either DOM34, HBS1, ASC1, or SKI7 (Cole et al.
2009). Double deletion of DOM34 and HBS1 only partially stabilizes mutant 18S
rRNA (Cole et al. 2009), consistent with the model that the Dom34p:Hbs1p
heterodimer function in the same pathway by dissociating ribosomal subunits.
On the other hand, a dom34A strain lacking ASC1 completely abrogates 18S
NRD (Merrikh 2012). Thus, 18S NRD appears to consist of two genetically
separable pathways, one involving ASC17 and the other involving DOM34:HBS1.
Examination of the cryo-EM structure of the yeast 80S ribosome in complex with

Dom34p:Hbs1p revealed that the ribosomal protein S3 (uS3) structurally
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Figure 1.4: Shared mechanisms among 18S NRD and other translation-
dependent quality control pathways

18S NRD, NGD, PDTA, and RQC are all initiated by ribosomal stalling.
Mutations within the 18S rRNA decoding center lead to ribosomal stalling,
whereas aberrant mMRNAs containing strong secondary structures (NGD),
stretches of CGA repeats, or basic amino acids (PDTA/RQC) stall ribosomes.
Ribosome stalling is recognized by the splitting factors Dom34p:Hbs1p in all
pathways. After subunit dissociation, cytoplasmic exonucleases degrade
problematic RNAs (18S NRD and NGD), while the proteasome degrades the
nascent peptide (PDTA/RQC).

interacts with Hbs1p and Asc1p, leading us to predict that RPS3 might be
involved in 18S NRD. Chapter Il of this thesis investigates whether RPS3

contributes to the rapid decay of mutant 18S rRNA and confirms the role of ASC1

in 185 NRD.
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RNA Damage

Normal metabolic byproducts and environmental factors can negatively
affect cellular function by damaging macromolecules. Although a considerable
amount of work has focused on pathways that deal with damaged proteins, lipids,
and DNA (Doetsch and Cunningham 1990; Demple and Harrison 1994; Gros et
al. 2002; Niki 2014), little is known about the cellular responses to RNA damage.
Numerous studies have shown that RNA is highly susceptible to oxidation,
alkylation, and irradiation that result in aberrant RNA modifications (Wurtmann
and Wolin 2009) (Figure 1.5); such lesions could lead to ribosome stalling and
protein miscoding (Simms and Zaher 2016). Since translation-dependent quality
control mechanisms target stalled ribosomes, recent data implies that damaged
RNA may stand in as a possible substrate (Simms et al. 2014; Calabretta et al.
2015; Hudson and Zaher 2015; Jamar et al. 2017). In addition, damaged RNA
has been linked to many diseases, including amyotrophic lateral sclerosis (ALS),
Alzheimer's, and Parkinson's (Zhang et al. 1999; Shan et al. 2003; Chang et al.
2008; Nunomura et al. 2009), but whether this is merely an outcome of the
pathology, or part of the cause, remains elusive. The amount of unanswered
questions points to a need for higher-resolution tools to further our knowledge on

how cells deal with damaged RNA.
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Figure 1.5: Types of RNA damage

Different types of damaging agent-induced adducts. ROS: reactive oxygen
species; 80x0G: 8-oxoguanosine; MMS: methyl methanesulfonate; O°-meG: O°-
methylguanosine; UV: ultraviolet; Pt-RNA: platinated RNA.

Types of damage and molecular consequences

Ultraviolet (UV) radiation

Irradiation of purified RNA induces several types of photoproducts,

including cyclobutane pyrimidine dimers, uridine hydrate, and cytidine hydrate.

These products are more likely to occur in single-stranded RNA than double-

stranded RNA (Pearson and Johns 1966; Pearson et al. 1966; Miller and Cerutti

1968; Remsen et al. 1970; Holmes and Singer 1971; Wurtmann and Wolin 2009;

Kladwang et al. 2012). Several lines of work suggest UV-irradiated RNA can

substantially impact RNA-based methods, cellular components, and cellular
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function. For instance, one group noted significant RNA damage upon UV-
shadowing (Kladwang et al. 2012). Gel-purification of RNA is routinely practiced
during the preparation of RNA deep-sequencing libraries, and many laboratories
use hand-held UV lamps to visualize RNA within gels. However, even at low-
energy settings, UV-shadowing induces damaging photo lesions in RNA samples
(Kladwang et al. 2012). Moreover, gel-purification of size-selected RNA often
precedes the reverse transcription step for some specialized deep-sequencing
libraries (Ingolia et al. 2012). Since reverse transcriptase tends to stop at
pyrimidine dimers (lordanov et al. 1998; Kladwang et al. 2012), incomplete cDNA
synthesis can bias downstream analyses.®

In vivo studies of cells irradiated with UV revealed extensive cross-linking
between ribosomal proteins and RNA that coincides with reduced global
translation (Stiege et al. 1986; lordanov et al. 1998; Casati 2004). UV-irradiation
also induces the conserved ribotoxic stress response’. Upon exposure to UV

radiation, mammalian 28S rRNA acquired specific sites of damage, notably in the

® On the other hand, the cross-linking effects of UV-irradiation have proven to be
an asset in certain experimental designs, such as those aimed at identifying
sequence targets of RNA-binding proteins (Greenberg 1979; Hafner et al. 2010).
" A signaling pathway that is initiated in response to treatment with ribotoxins
ricin A chain or alpha-sarcin (lordanov et al. 1997). Ribotoxins cleave the 60S
sarcin-ricin loop (SRL), a highly conserved rRNA domain that facilitates
elongation by anchoring EF-G to the ribosome during translocation (Wool et al.
1992; Shi et al. 2012); thus, ribotoxins essentially inactivate ribosomes.
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peptidyl transferase center and the sarcin-ricin loop (SRL). Furthermore, cellular
response to UV-exposure requires actively translating ribosomes as a
prerequisite for the activation of several kinases and the transcriptional induction
of stress-related genes (lordanov et al. 1998). Another study demonstrated a
connection between UV-irradiated RNA and skin inflammation (i.e. sunburn)
(Bernard et al. 2012). Exposing keratinocytes to UV radiation induces cytokine
production from neighboring, non-irradiated keratinocytes via activation of the
Toll-like receptor 3 (TLR3). UV-exposure also induces changes to RNA
secondary structure, specifically the noncoding snU1 RNA. The authors were
able to show that purified UV-irradiated snU1 RNA, as well as lysate from UV-
exposed cells, was sufficient to induce TLR3 activation. Therefore, irradiated
cells release damaged snU1 RNA, which then serves as a signaling molecule for

TLR3-mediated inflammatory response (Bernard et al. 2012).

Platination

Cisplatin, carboplatin, and oxaliplatin are platinum-based
chemotherapeutic drugs often used for the treatment of numerous cancers.
Their utility has earned them a spot on the World Health Organization (WHO) List
of Essential Medicines. Platinum-based molecules react primarily with the N7

position of guanosine to form intrastrand and interstrand crosslinks in nucleic
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acids. The cross-linking properties of platinum-based molecules can lead to cell-
cycle arrest and programmed cell-death (Rosenberg 1985). While some
literature attribute the antitumor activity of platinum-based molecules on their
ability to damage DNA (Roberts and Thomson 1979; Rosenberg 1985; Siddik
2003), emerging evidence indicates platination effects the chemical and
functional integrity of RNA and RNA-related processes. For instance, cisplatin
treatment reduced the splicing activity of HeLa nuclear extracts in a dose-
dependent manner (Schmittgen et al. 2003). Further, S. cerevisiae treated with
micromolar amounts of cisplatin accumulated 4- to 20-fold more platinum-RNA
products than DNA. Most platinum-RNA products occurred on rRNA at
functionally-relevant sites, with estimates of one to two platinum products
occurring every three ribosomes (Hostetter et al. 2012; Osborn et al. 2014;
Melnikov et al. 2016). Cisplatin appears to inhibit both translation initiation and
elongation. An in vitro translation study using rabbit reticulocyte lysate
demonstrated that cisplatin prevented the joining of 60S and 48S particles to
form stable 80S complexes (Rosenberg and Sato 1993), while another study
found that cisplatin arrested elongation (Heminger et al. 1997). Although a direct
link has yet to be shown, it is possible that the platinum effects on RNA-related
processes might contribute to the neuropathies many cancer patients experience

from cisplatin treatment (Windebank and Grisold 2008).
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Alkylation

Aberrant methylation of RNA can stem from endogenous sources, such as
S-adenosyl methionine (SAM), or exogenous sources, such as methyl halides
(found in pesticides and tobacco smoke) and many chemotherapeutic drugs
(Drablgs et al. 2004; Sedgwick 2004; Simms and Zaher 2016). The nitrogenous
bases and phosphate backbone are all susceptible to methylation, with the 7-
methylguanosine being the most prevalent (Sedgwick 2004). O°-
methylguanosine is highly mutagenic due to its ability to base pair with thymidine
or uridine. Kinetic studies using a reconstituted in vitro translation system
determined the effects of O°-methylguanosine on the ribosome decoding process
(Hudson and Zaher 2015). The authors monitored peptide-bond formation by
incubating purified bacteria-initiation complexes (carrying fMet-tRNA® in the P-
site) with elongation factors, charged tRNA, and mRNA (with or without O°-
methylguanosine positioned at the A-site). Cytidine:OG—methnguanosine pairs in
the first and second codon:anticodon positions slowed ribosome decoding by
100- to 1000-fold. Uridine:O®-methylguanosine pairs in the second position also
slowed ribosome decoding. Conversely, ribosomes readily translated uridine:0°-

methylguanosine pairs occupying the first position, and cytidine:O°-

8 N-formyl-methionyl tRNA (fMet-tRNA) is the bacteria-specific initiator tRNA
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methylguanosine pairs in the third position (Hudson and Zaher 2015). Thus,
depending on the position of the modified codon, methyl adducts can either slow
ribosome transit or permit incorrect tRNA selection. Another study examined
other types of methylated adducts on translation fidelity. Depending on the
location of the methyl group and the codon position of the methylated base,
some adducts had no effect on translation whereas others inhibited it (You et al.
2017). Overall, these data suggest that mMRNA containing methylated bases can

severely slow down ribosomes or lead to the production of aberrant peptides.’

Oxidation

Cells generate reactive oxygen species (ROS) as a normal metabolic
byproduct. For example, the mitochondria electron chain transporter can
prematurely leak oxygen, giving rise to the superoxide radical (-O2") (Turrens

2003). Neutrophils also generate superoxide radicals during phagocytosis of

? Interestingly, members of the AlkB-like family have been shown to demethylate
RNA (Aas et al. 2003; Ougland et al. 2004, Jia et al. 2011; Vagbg et al. 2013),
implicating a repair mechanism for methylated RNA. However, RNA methylation
is wide-spread and a normal part of the maturation and function of noncoding
RNA (Decatur and Fournier 2002; Duechler et al. 2016; Liu et al. 2016).
Methylated mRNA, such as N°-methyladenosine (m°A), has been recently
implicated in regulating gene expression (Fu et al. 2014; Gilbert et al. 2016;
Hoernes et al. 2016). Therefore, it is unclear whether these enzymes necessarily
repair methylated RNA or assist in the dynamic regulation of post transcriptional
methylation (Wu et al. 2016).
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invading microorganisms (Rada and Leto 2008). Finally, peroxisomes produce
many precursors of ROS, including hydrogen peroxide (H20;) and nitric oxide
(-NO)1°, which can both pass through the peroxisomal membrane (Bonekamp et
al. 2009)." Many exogenous stressors can lead to the intracellular production of
ROS. UV radiation, inflammation, heat shock, or treatment with carcinogens or
chemotherapeutic drugs have all been shown to increase intracellular ROS (Fiala
et al. 1989; Nunoshiba and Demple 1993; Bruskov et al. 2002; Cadet et al. 2005;
Rada and Leto 2008; Carozzi et al. 2010). Bacteria, yeast, and mammalian cells
treated with oxidizing agents have yielded more oxidized RNA than DNA. 8-oxo-
7,8-dihydroguanosine (8-oxoguanosine; 8oxoG) is the most prevalent product,
however, 8-oxo-7,8-dihydroadenosine (8oxoA), 5-hydroxycytidine (5-HO-C), and
5-hydroxyuridine (5-HO-U) have also been observed; 8oxoG is particularly
mutagenic due to its ability to base pair with adenosine (Fiala et al. 1989;
Yanagawa et al. 1990; 1992; Shen et al. 2000; Weimann et al. 2002; Hsu et al.
2004; Hofer et al. 2005; 2006; Kim et al. 2006; Liu et al. 2012; Simms et al.

2014).

"% H,0, reacts with iron to produce the hydroxyl radical (-OH") via Fenton's
reaction (Walling 1975), and nitric oxide reacts with superoxide radicals to
produce the oxidant peroxynitrite (ONOQO") (Bonekamp et al. 2009).

" It should be noted that cells contain a variety of enzymes that neutralize ROS.
For instance, catalase breaks down H>O2, while superoxide dismutase (SOD1)
catalyzes the disproportionation of the superoxide radical.



