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ABSTRACT

The La protein is an RNA-binding protein first identified as an autoantigen in Lupus
patients. La’s best characterized function is to protect the 3’ end of pre-tRNAs from degradation
by binding their characteristic UUU-3’OH tails. La also facilitates pre-tRNA folding through a
poorly understood RNA chaperone mechanism. We hypothesized that the Schizosaccharomyces
pombe La protein (Slalp) discriminates among RNA substrates based on fold, selectively binding
misfolded RNAs for chaperone intervention during cellular stresses predicted to disrupt RNA
structure. High-throughput sequencing of Slalp-associated RNAs did not reveal altered
interaction between Slalp and pre-tRNAs during stress, suggesting a lack of substrate
discrimination by Slalp. Northern blotting revealed novel perturbations to pre-tRNA processing
in S. pombe during oxidative stress and nutrient starvation. Overall, this work has added to our
understanding of La’s chaperone activity, and seeded future work toward uncovering further

details of stress-dependent alterations to pre-tRNA processing in fission yeast.
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CHAPTER 1: INTRODUCTION

The extensive array of RNA molecules in the eukaryotic cell allude to their involvement
in the intricate mechanisms of gene expression. Specifically, cells contain two major functional
classes of RNAs: those that encode proteins, often called ‘coding’ or messenger RNAs (mRNAs),
and functional non-coding RNAs (ncRNAs) that aid in the expression of mRNAs, among other
biological processes. Post-transcriptional regulatory processes are controlled by well-
characterized RNA-protein interactions through the formation of ribonucleoprotein (RNP)
complexes. For example, small nuclear RNAs (snRNAs) assemble into small nuclear
ribonucleoproteins (snRNPs) and together function in the splicing of mMRNAs (Lerner &
Argetsinger Steitz, 1979). Additionally, ribosomal RNAs (rRNAs) associate with ribosomal
proteins in the cytoplasm to form the ribosome, the cellular machine responsible for protein
translation. Importantly, transfer RNAs (tRNAs) function as adapter molecules during
translation by decoding the mRNA and supplying the ribosome with the appropriate amino
acid. Even beyond protein translation, ncRNAs are often implicated in RNPs for their own

maturation. Of particular interest in this work are tRNA-containing RNP complexes.

1.1 RNA chaperone proteins solve the RNA folding problem

The regulatory mechanisms mentioned above are heavily influenced by the dynamic
nature of RNA structure. As is the case with any other biological molecule, the three-

dimensional structure of RNA is intimately related to its function. In comparison to proteins,



whose primary structure is composed of 20 possible amino acids, RNA exhibits a scarcity of
primary structure diversity, with only four possible nitrogenous bases, as well as an overall
structural similarity between these bases (Doetsch et al., 2011; Herschlag, 1995). As a result,
the structural diversity observed in RNA is mediated by secondary and tertiary interactions.
Secondary structure is driven by traditional Watson-Crick, and G-U base pairing in regions of
complementarity, while additional hydrogen bonding and base stacking facilitate tertiary
structure (Draper, 1992). As a result, the folding of RNA is not only a slow process but one that
results in multiple, biologically inactive secondary structures from a single sequence (Doetsch et

al., 2011).

The requirement for RNA molecules to exist in their native conformation is widely
regarded as the ‘RNA folding problem’ and is described as two-fold: a kinetic problem, and a
thermodynamic problem (Russell, 2008). The kinetic problem describes the propensity of
nascent RNAs to be kinetically trapped in a non-functional conformation. The thermodynamic
problem lies within the challenge of the functional RNA structure to outcompete alternate
structures in thermodynamic stability (Russell, 2008). Compared to in vitro environments, RNA
folding in vivo has been shown to be more efficient due to the availability of RNA-binding
proteins that facilitate in their folding (Rajkowitsch et al., 2007). Specifically, a class of RNA-
binding proteins called RNA chaperones help solve the RNA folding problem by decreasing the
energy barrier required for the transition from kinetic traps to a correctly folded structure

(Draper, 1992; Rajkowitsch et al., 2007).



RNA chaperones encompass a wide variety of proteins that do not share a common
motif or structure but are similar in their ability to promote the native fold of RNA molecules in
the absence of an energy input (ie. ATP hydrolysis) (Rajkowitsch et al., 2007). Consistent with
their role of binding negatively charged RNA, RNA chaperone proteins tend to be basic, with
increased proportions of arginine (Russell, 2008). Additionally, many RNA chaperone proteins
contain regions with high intrinsic disorder that are predicted to facilitate rapid association and
dissociation with substrates, as well as provide flexibility to bind a wide range of targets (lvanyi-
Nagy et al., 2008; Rajkowitsch et al., 2007). Binding of RNA chaperones to misfolded RNAs
occurs with low specificity. This, along with the notion that natively folded RNAs are more
thermodynamically stable than chaperone bound RNAs, suggest that chaperones interact
transiently with their RNA substrates (Rajkowitsch et al., 2007). Although RNA chaperones have
been well characterized with respect to their RNA binding ability, detailed mechanisms of their
action remain ambiguous (Rajkowitsch et al., 2007; Vakiloroayaei et al., 2017). The current
general model of RNA chaperone activity depicts weak and transient binding with misfolded
RNAs, resulting in the destabilization of the intermediate fold. An accompanying decrease in
free energy between the intermediate and native fold drives the formation of the native
structure. The chaperone then releases the functional RNA, and associates with a different
misfolded target (Doetsch et al., 2011). Overall, repeated cycles of chaperone-induced
unfolding and refolding provide the substrate with many opportunities to fold correctly

(Woodson et al., 2018).



1.2 The La protein

First identified as an autoantigen in patients with systemic lupus erythematosus and
Sjogren’s syndrome, La proteins are ubiquitous, eukaryotic RNA-binding proteins with
characterized RNA chaperone function (Chakshusmathi et al., 2003; Chan et al., 1989; Huang et
al., 2006; Mattioli & Reichlin, 1974). La is essential in humans and other higher eukaryotes (Park
et al., 2006), while its dispensability in lower eukaryotes drives much of the present research
surrounding its chaperone activity. Genuine La proteins belong to the larger family of La-related
proteins (LARPs) that possess both conserved and divergent structure and functions in

comparison to La (Maraia et al., 2017).

As with many other RNA-binding proteins, La is modular (Figure 1.1), yet also contains
regions of intrinsic disorder. Genuine La proteins have highly conserved N-terminal domains
(NTDs). Characteristic of La protein NTDs is the La module, a region consisting of the conserved
La motif (LAM) and RNA recognition motif (RRM) separated by a short linker sequence (Alfano
et al., 2004). Crystal structures of human La NTD have shown that the LAM contains five alpha
helices and three antiparallel beta sheets that adopt a winged helix-turn-helix fold (Dong et al.,
2004), while the RRM maintains a f1la132B3a2p4 fold, typical of other RRM-containing
proteins. Briefly, the La module facilitates the binding of La to RNA polymerase 11l (RNAP IIl)
transcripts via their common UUU-3'OH sequences (Teplova et al., 2006). The La module is also
conserved in the LARP family (Figure 1.1), whose functions diverge from genuine La proteins,

and are beyond the scope of this study.



In contrast, the C-terminal domains (CTDs) of La proteins tend to be less conserved and
vary in length. In higher order eukaryotes, such as humans, La proteins contain a second RRM
(RRM2) in the CTD that is predicted to have a role in targeting coding RNAs in the cytoplasm
(Marrella et al., 2019). In La proteins lacking an RRM2, such as those found in both budding and
fission yeast, the CTD facilitates additional RNA-binding and chaperone activity (Maraia et al.,
2017). Various elements that control La’s subcellular localization are also positioned in the CTD,
including the nuclear retention element, nuclear localization signal, and short basic motif. These
elements are found in differing combinations depending on the species and play key roles in
the shuttling of La between the nucleus and cytoplasm where it interacts with different
substrates (Fok et al., 2006). Due to this structural variation observed in the CTD, the size of La

proteins can vary between 32 kDa in lower eukaryotes to 50 kDa in higher eukaryotes.

La proteins associate with several RNA targets and are involved in the regulation of their
metabolism, and importantly, their folding. More detailed discussion of La’s function and
mechanisms of action is provided in section 1.3. However, La’s function can generally be
described as two-fold: simple 3’ end protection of transcripts during maturation, and RNA

chaperone activity.



. o
RRM1 5y P
La or LARP i . SNF.
< ]
family member ' j/m ¥ ’ o
== i —- La Module --- 2 "
hLa
DmLa Genuine La proteins.
S. cerevis Lhp1 = ] N Bind UUU-3' OH on nascent
cerevi P1p EI__[ . — RNAP Il transcripts.
S.pomb Slatp [ | E [ RNA chaperone activity.
D. discoidium La Some mRNAs
T brucei La g
Eup. LARP-p43 RRM1 xRRM Ciliate telomerase snRNAs
T thermo p65 LaM = RRM1 xRRM VSO
Metazon 7SK snRNA
JILAHEY RGO viaUUBOH | Nucleus
PAM2 5'TOP Cytoplasm
UGN - [ LaM §/RRMus | om15 | | poly(A) mRNA

5’SL colad
hiarpe o [ IV BRIV N [ESA]

hLARP4B |4 IV NI PBM RIR | AU-rich mRNA

hLARP4 (I BEEYREEY™ [ PBM] RIR| | poly(A) mRNA
poly(A)

Figure 1.1: Schematic of the architecture of La protein homologs in various eukaryotes. The
general architecture of La and La-related proteins (LARPs) in eukaryotes is conserved. Genuine
La proteins (light blue) contain two adjacent RNA binding motifs in the N-terminal domain: the
La motif (LAM) and RNA recognition motif (RRM1), that together form the highly conserved La
module. The La module is also conserved in members of the LARP family. In higher eukaryotes,
a second RRM (RRM2) is found in the C-terminal region. Figure adapted from (Maraia et al.,
2017).

1.3 Pre-tRNA: La’s preferred target
La is known to engage all nascent transcripts of RNAP lll, including pre-5S rRNA, U6
snRNA, and 7SK RNA (Stefano, 1984). However, its best characterized substrates are precursor

tRNAs (pre-tRNAs). As with many other types of RNAs, tRNAs are transcribed as larger



precursor molecules that require extensive processing. In contrast to genes transcribed by
RNAPs | and Il, the promotor elements for tRNA genes lie within the transcribed region. The key
elements required for tRNA transcription are conserved sequences known as the A and B boxes
that correspond to the defined D- and T-arms, respectively, of the natively folded tRNA (Figure
1.2A). The unique transcription termination process for RNAP IlI-transcribed genes drives their
interaction with La. RNAP Il terminates transcription following a tract of A residues encoded in
the template DNA strand. The minimum length required for termination has been reported to
be A4 for humans and As.s for yeast (Arimbasseri et al., 2013). During termination, the weak
interactions between oligo(dA) in the template DNA strand and newly incorporated oligo(U) in
the transcript act as a destabilizing signal, and the oligo(dT) tract of the non-template DNA
strand promotes RNAP Il pausing. Together, these promote the formation of the
pretermination complex, and the release of the transcript (Arimbasseri et al., 2013). The
nascent pre-tRNA is thus transcribed containing a 5’ leader sequence averaging 10 bases, and a
3’ trailer with a variable length of terminal uridylates that must both be processed prior to
export from the nucleus (Figure 1.2B). Following nuclear export, any intron-containing species
are appropriately spliced and charged with their cognate amino acid such that they can

participate in translation.
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Figure 1.2: General architecture of tRNA genes and pre-tRNAs. (A): tRNA genes possess
transcriptional regulatory elements within the transcribed region (A and B boxes) that
correspond to conserved structures of the natively folded tRNA. The TATA box lies upstream of
the transcription start site (TSS) and is occupied by an RNAP Il transcription factor during
transcription. Not drawn to scale. (B): tRNAs are transcribed as larger precursor molecules that
must be processed prior to functioning in translation. Pre-tRNAs possess a short leader
sequence on the 5’ end, and a 3’ trailer of variable length containing a stretch of uridylates that
correspond to encoded thymidines involved in RNAP Ill termination. Some pre-tRNAs possess
introns near the anticodon that must be spliced following their export from the nucleus. Figure
A created in BioRender and Figure B adapted from (Hopper & Phizicky, 2003).

Natively folded mature tRNAs are often depicted in their clover leaf secondary
structure. Complementarity between the 5’ and 3’ ends form the acceptor stem, which harbors

the aminoacylation site on the 3’ end. Other structured regions include the D-arm (so named



for the modified dihydrouridine base in the loop), anticodon arm, variable arm, and T-arm/TyC
arm (so named for conserved thymidine, pseudouridine, and cytidine residues). Intramolecular
interactions between the D- and T-arms facilitate tRNA folding into an L-shaped three-
dimensional structure (Berg & Brandl, 2021) (Figure 1.3). Post-transcriptional modifications also
heavily support tRNA structure. tRNAs are the most modified RNA species in the cell, with
approximately 12% of bases bearing a modification (Berg & Brandl, 2021). While modifications
in the anticodon arm support translational fidelity, those elsewhere on the tRNA (referred to as
the tRNA ‘body’) promote interactions that drive native structure (Porat et al., 2021). As a
result, tRNA modifying enzymes have been shown to function redundantly with RNA

chaperones such as La with respect to promoting native fold (Vakiloroayaei et al., 2017).

A ” B.
A
C Acceptor Domain
C
5 (73 Discriminator Base /
-0 Elbow | \ I pe: Amino Acid
-0 Acceptor
Acceptor Stem -0
-0
-0
8=, ouis
- @58
0085 ., O eeeee® e’
OOOOOO RN @57 T-Am
D-Arm 18@ “3‘0’30.056
190@, 0000 54 55
00002‘ 24 OO Anticodon Domain

Variable Arm O ‘,;/

Anticodon Arm

%e000

8a
[

o
00000000

34
Anticodon

Anticodon

Figure 1.3: General secondary and tertiary structures of mature tRNAs. (A): Secondary
structure resembles a clover leaf. Complementarity drives the formation of the various
stems/arms depicted in differing colours. Natively folded mature tRNAs are aminoacylated on
the 3’ end of the acceptor stem (green). The A and B box regions of the tRNA gene correspond
to the D- (pink) and T-arms (purple), respectively. The anticodon arm (light blue) contains the
three-nucleotide anticodon that decodes complementary codons on mRNA. Some tRNAs
possess an additional structured region called the variable arm (orange) that varies in length.
(B): Intramolecular interactions drive the L-shaped tertiary structure. Colours for structured
regions are consistent between the two diagrams. Figure adapted from (Berg & Brandl, 2021).



Co-crystal structures of the La module with a short RNA ligand terminating in UUU-3’OH
have contributed to a detailed understanding of La’s oligo(U)-dependent binding mode. These
studies revealed that the three terminal uridylates of a substrate occupy a binding cleft formed
by the LAM and RRM1 (Figure 1.4). Contacts are primarily mediated by hydrogen bonding and
base stacking via conserved basic and aromatic residues of the LAM, with a 3’ hydroxyl being a
necessary determinant of binding (Kotik-Kogan et al., 2008; Teplova et al., 2006). Generally, La
has higher affinity for pre-tRNAs with longer 3’ uridylate tails. However, the minimum number
of terminal uridylates required for La binding varies depending on the species, with at least Us

being required for human La, and Ua-s for yeast La (Huang et al., 2005; Stefano, 1984).

Figure 1.4: Three-dimensional rendering of the human La module interacting with a UUU-
3’0OH substrate. RNA shown in yellow; a-helices shown in blue; -sheets shown in pink. The
penultimate uridylate residue (U-2) is positioned within a binding cleft formed by the LaM and
RRM1. Contacts to the other uridylates are made by the LaM. La chaperone activity is mediated
by contacts between the RRM1 and body of the pre-tRNA (not shown). Figure adapted from
(Kerkhofs et al., 2022).
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This well-characterized interaction facilitates the simplest of La’s two functions in the
cell: 3’ end protection from exoribonucleases during maturation. This interaction has been
shown to drive the order of pre-tRNA processing in eukaryotic cells (Yoo & Wolin, 1997). Pre-
tRNA processing can therefore occur via one of two pathways: the La-dependent processing
pathway, or the La-independent processing pathway (Figure 1.5). Binding of La to the 3’
uridylate trailer sequence imparts temporary protection from degradation by exoribonucleases
such as Rex1p. Thus, following La binding to the uridylate tail, the 5’ leader sequence is cleaved
first by the endoribonuclease RNase P (Chamberlain et al., 1998). Following leader removal, the
endoribonuclease RNase Z cleaves the 3’ trailer sequence still bound by La (Yoo & Wolin, 1997).
Following cleavage, La dissociates from the cleaved trailer and becomes available to bind other
substrates. In contrast, in the absence of La, pre-tRNAs may undergo La-independent
processing in which 3’ trailer cleavage by Rex1p precedes 5’ leader cleavage by RNase P.

Additional contact between an internal a-helix of the RRM1 and the penultimate uridine
residue of the pre-tRNA leaves the RRM1 [-sheet exposed for contacts to the pre-tRNA body
(Teplova et al., 2006). Mutations to basic and aromatic patches of the RRM1 were shown to not
affect uridylate-dependent binding of pre-tRNAs, but rather resulted in defective chaperone
activity in vitro and degraded pre-tRNAs in vivo. As a result, the RRM1 is suggested to possess
chaperone function for the correct folding of tRNAs (Bayfield & Maraia, 2009; Huang et al.,
2006). Finally, the disordered nature of La’s CTD is thought to facilitate the transient binding
with substrates required for repeated strand dissociation/binding for chaperone activity. While
La’s two binding modes can be thought of as distinct, it has been shown that intact La module

(LAM + RRM1) has greater affinity for pre-tRNAs than either motif alone (Bayfield & Maraia,
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2009). This cooperativity between La’s two binding modes translates to cooperativity between
La’s functions during pre-tRNA maturation (Figure 1.5). In pre-tRNAs that are functionally
impaired due to misfolding, La’s chaperone activity promotes the acquisition of native structure

and thus protects these species from degradation by the nuclear exosome.
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Figure 1.5: La influences the order of pre-tRNA processing. RNAP Ill transcribes pre-tRNAs
containing a short 5’ leader sequence and a 3’ trailer with a variable number of terminal
uridylates. Pre-tRNAs can undergo end-processing in a La-dependent or independent pathway.
For natively folded pre-tRNAs, La binds the uridylate tail and temporarily protects the 3’ end
from degradation by exoribonucleases. The 5’ leader is cleaved first by RNase P, followed by
cleavage of the protected 3’ end by RNase Z (pathway 1). In the absence of La, the 3’ end of a
normal pre-tRNA is exposed and degraded by the exoribonuclease Rex1p. The order of end-
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processing is reversed in the absence of La (pathway 2). Structurally impaired pre-tRNAs benefit
from La’s chaperone activity during its binding for processing. La still offers temporary 3’ end
protection, but also assists with attaining native fold (pathway 3). In the absence of La,
structurally impaired pre-tRNAs enter the nuclear surveillance pathway for quality control,
where they are ultimately degraded by the nuclear exosome (pathway 4). Figure adapted from
(Maraia & Lamichhane, 2011) and created by Kyra Kerkhofs in BioRender.

1.4 tRNA turnover

Mature tRNAs are highly stable, with half-lives ranging from hours to days (Huang &
Hopper, 2016). In contrast, pre-tRNAs are more prone to misfolding and structural defects that
ultimately lead to shorter-lived intermediates. Structural defects in pre-tRNAs may arise due to
errors in transcription, nascent misfolding (kinetic RNA folding problem), hypomodification, and
damage caused by environmental conditions. There is therefore a need for the quality control
of tRNAs that possess processing, modification and folding defects. Interestingly, there exist
two established tRNA quality control pathways: nuclear surveillance, and rapid tRNA decay
(RTD).

The nuclear surveillance pathway is generally classified by the 3’ to 5’ exonucleolytic
degradation of misfolded pre-tRNAs by the nuclear exosome. In this pathway, structurally
aberrant pre-tRNAs are polyadenylated at the 3’ end by the TRAMP (Trf4/5, Airl/2, Mtr4,
polyadenylation) complex. Although poly(A) tails on mRNAs impart protection and stability, the
shorter polyadenylation of defective pre-tRNAs promotes 3’ to 5’ degradation by nuclear
exosome exonucleases such as Rrp6. (Kadaba et al., 2004, 2006). Interestingly, a large-scale
study on catalytic mutants within the nuclear exosome revealed that as many as 50% of pre-

tRNAs may be degraded via the nuclear surveillance pathway (Gudipati et al., 2012). In contrast,
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RTD is driven by a lack of stabilizing modifications. In this pathway, specific hypomodified
mature tRNAs are degraded in a 5’ to 3’ manner by the exonucleases Xrn1l or Ratl (Chernyakov
et al., 2008).

As illustrated in Figure 1.5, the nuclear surveillance pathway is closely linked to pre-
tRNA maturation, and by association, La. In addition to chaperone activity, La blocks access to
the 3’ end of pre-tRNAs by the nuclear exosome (Huang et al., 2006). tRNA turnover pathways
like nuclear surveillance support cell function by eliminating misfolded, functionally impaired
tRNAs. Due to the abundance of tRNAs in the cell, if tRNA turnover pathways were the cell’s
only strategy to manage aberrant tRNAs, it is conceivable that the system would be
overwhelmed with circulating impaired tRNAs, leading to errors in translation. This notion
points to the importance of the La protein as a key factor that helps drive native tRNA structure

and reduce degradation by surveillance.

1.5 The effects of cellular stress on tRNAs

Changes in a cell’s environment affect many independent and overlapping cellular
processes. Cells respond to changes in environment mainly via conserved signaling cascades
that often result in the up- or down-regulation of genes involved in cell cycle progression/arrest
or a particular response pathway, with extreme stress often resulting in cell death.

As previously highlighted, the three-dimensional structure of RNA is highly sensitive to
perturbations that may be caused by a multitude of factors. While many of these perturbations

occur in an unprovoked nature, it is widely understood that various environmental stresses
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negatively impact overall RNA stability. Oxidative stress is one of the most widely studied
stresses on eukaryotic cells. Oxidative stress is induced by the formation of free radicals: highly
reactive entities with unpaired electrons. Although free radicals play physiological roles in the
cell, their high reactivity allows them to participate in unwanted side reactions that result in
cellular damage (Kong & Lin, 2011). The hydroxyl free radical (denoted OH*) is formed via the
degradation of H,03 in the presence of Fe?* and is responsible for most oxidative damage to
biological molecules in the cell (Kong & Lin, 2011). Several lines of evidence point to the higher
vulnerability of RNA to oxidative damage versus DNA and even other biological
macromolecules. Using in situ immunohistochemistry in neurodegenerative disease tissues, it
has been shown that most oxidized nucleosides in cells belong to RNA rather than nuclear or
mitochondrial DNA (Nunomura et al., 1999, 2002). OH* radicals produced in the vicinity of RNA
can easily modify bases due to their high reactivity and difficulty diffusing from their site of
formation (Kong & Lin, 2011). The most common oxidative modification to RNA is the formation
of 8-hydroxyguanosine (8-OHG). Although oxidative modifications to mRNA have been linked to
ribosome stalling (Shan et al., 2007), in some instances, 8-OHG in the second codon position
has been shown to base pair with adenosine in tRNA anticodons, leading to potential amino
acid misincorporation during protein synthesis (Tanaka & Chock, 2021). Currently, there are no
known repair mechanisms for oxidized RNAs (@rom et al., 2020; Li et al., 2006).

Perhaps the most basic environmental stress that affects RNA structural dynamics is
heat stress. The hydrogen bonds that mediate secondary and tertiary RNA structure may break
(or melt) in response to heat, ultimately resulting in RNA unfolding. In addition, higher

temperatures may also irreversibly hydrolyze RNA more readily than DNA due to interaction
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between the 2’-OH found only in RNA and adjacent phosphate group (Becskei & Rahaman,
2022). Overall, structured ncRNAs are highly susceptible to thermal denaturation and
degradation. In contrast, nutrient starvation is a cellular stress that has less obvious and defined
impacts on RNA structure. However, one group recently found through northern blotting that
bacterial tRNAs are rapidly degraded during amino acid starvation (Svenningsen et al., 2017).
Although not yet proven, it is possible that this response is conserved for eukaryotic tRNAs.
Furthermore, if tRNAs are degraded in a 3’ to 5" manner during amino acid starvation, it is also
possible that La may play a direct role in their metabolism during stress.

Recent works in the budding yeast Saccharomyces cerevisiae have shown that
environmental stresses influence many steps of tRNA biology, especially processing,
modification, subcellular dynamics, and fragmentation (Figure 1.6). These studies demonstrate
that cellular stresses lead to the accumulation of aberrant tRNAs, often in a tRNA-specific
manner, shifting the equilibrium away from native tRNA structure and function. For example,
northern blotting and RNA sequencing experiments have shown that heat stress and changes in
nutrient source inhibit the 3’ end processing of tRNA Tyr and tRNA lleYAV (Foretek et al., 2016).
Additionally, heat and oxidative stress have been shown to reprogram the tRNA modification
landscape, ultimately leading to alterations in tRNA structural stability (Agris et al., 2007; Yarian
et al., 2002). For example, thiolation of uridine bases (S2U) is a common modification found in
the anticodon loop of tRNAs known to impart increased translational fidelity. When found in
the wobble position of the anticodon, S2U facilitates Watson-Crick base-pairing with adenosine
and restricts wobble base-pairing with guanosine (Agris et al., 2007; Yarian et al., 2002).

Additionally, S2U modification in the anticodon loop serves as a recognition element for amino
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acid tRNA synthetases, the enzymes that aminoacylate tRNAs. Oxidative environments have
been shown to dethiolate RNA (Chan et al., 2010). Therefore, alterations to the tRNA
modification landscape caused by oxidative environments may decrease translational fidelity by
disrupting codon-anticodon interaction and promoting non-cognate aminoacylation.
Furthermore, tRNA trafficking in the cell is sensitive to changes in nutrient availability. tRNA
retrograde nuclear import is constitutive, and so tRNA subcellular localization is mainly
controlled at the level of re-export to the cytoplasm (Murthi et al., 2010). Various tRNA
isoacceptors have been shown to accumulate in the nucleus following nutrient deprivation
(Shaheen & Hopper, 2005; Whitney et al., 2007). Finally, oxidative stress has also been shown
to result in the enzymatic cleavage of mature tRNAs in the anticodon loop, leading to the
cytoplasmic accumulation of tRNA halves (Thompson et al., 2008). Although the functions of
tRNA halves are not well-characterized, they are thought to have various regulatory roles in the
cell (Huang & Hopper, 2016).

Overall, there exists an abundance of crosstalk between cellular stresses and
their effects on tRNA biology. While many facets of tRNA biology are conserved, exploring tRNA
response to stress, especially in other organisms, will further understanding of the roles of
tRNAs beyond translation, and provide additional insight into how cells respond to their
environment. Furthermore, any possible crosstalk between La function, tRNA processing, and

changes in tRNA processing during stress has not previously been explored.

17



A. Nutrient/

temperature
stress
\3’ processing
(Ceal) Modifications
5’ processing

Ao N

@aRS) WIS\' C. Nutrient
- / d) deprivation
Nucleus . I A \/
panary thrograde Re-export |
Cytoplasm export import

Splicing/modifications
B. Various
stresses 7

7/
[ \; |
/\_J e\ /\_J aa ) I I_/_\
'\ﬁ.lg\" \ﬁ - S\’ —> Translation
d_.‘ d_\ d‘\
ificati \
reMr%dlrfgz:qm?] D. Oxidative E. Oxidative/ , I pH S o G. Various
e ¢ stress , /Ceat)  stressy/ \stress N ystresses

~ Ly

CCA deactivation tRNA halves 5 RF 3’ RF

aa)

Figure 1.6: Stress-induced regulation of tRNAs is multifaceted. Black arrows represent
canonical tRNA maturation and function. Cellular stresses impact all steps along the canonical
tRNA pathway. (A): 3’ end processing is inhibited by changes in nutrient sources and heat
stress, leading to an accumulation of nuclear pre-tRNAs with extended 3’ ends. (B): Multiple
stresses reprogram the modification landscape of tRNAs, leading to changes in structural
stability. (C): Nutrient starvation stress inhibits re-export of tRNAs into the cytoplasm, leading
to the nuclear accumulation of various tRNA species. (D-G): Various stresses, especially
oxidative stress, lead to the endonucleolytic cleavage of tRNAs at various sites, resulting in the
accumulation of functional tRNA-derived halves and fragments. Figure adapted from (Huang &
Hopper, 2016).
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1.6 Thesis rationale and proposal

La’s role in pre-tRNA processing is well-characterized. However, like other RNA
chaperone proteins, detailed mechanisms surrounding its chaperone activity are yet to be
elucidated. A key question in the study of RNA chaperone proteins is whether they discriminate
among potential RNA substrates based on fold for chaperone activity. Several studies have
shown that many RNA chaperone proteins do not discriminate between natively folded and
misfolded RNA substrates, and rather, promiscuously engage substrates regardless of fold
status (Huang et al., 2006; Keffer-Wilkes et al., 2016; Tijerina et al., 2006). However, this model
of RNA chaperone activity benefits misfolded RNAs by rescuing them from surveillance at the
expense of processing efficiency for correctly folded RNAs. Since La is limiting in the cell relative
to pre-tRNAs and other RNAP Ill transcripts (Huang et al., 2005), discrimination of RNA
substrates based on fold would be energetically favourable for the cell.

Previous work in our lab concluded that the fission yeast Schizosaccharomyces pombe La
protein homolog (Slalp) also does not discriminate between natively folded and misfolded pre-
tRNAs for chaperone activity (Vakiloroayaei et al., 2017). However, a caveat to this study was
that it was limited in scope to pre-tRNAs that were modifiable by a stabilizing post-
transcriptional modification by the methyltransferase Trm1p. Its scope was also limited by low-
throughput techniques that rely on probe functionality such as northern blotting and qRT-PCR.
This thesis expands on this work by both exploring potential substrate discrimination by Slalp
across all pre-tRNAs, as well as in the context of potentially misfolded or misprocessed tRNAs
that may occur under conditions of cellular stress. Central to this work was the generation of a

custom polyclonal antibody against Slalp. This pioneering method in our lab allowed for higher
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specificity in immunodetection assays to avoid confounding issues that arise due to conducting
these experiments in protein-tagged yeast strains. Using the custom a-Slalp antibody, we
utilized a workflow whereby native Slalp-RNA complexes were immunoprecipitated from
variably stressed S. pombe cells, and isolated Slalp-bound RNAs were identified and quantified
via RNA sequencing. As such, the scope of the investigation was broadened by inducing RNA
misfolding in more than one way, as well as by using a high-throughput, unbiased method to
query Slalp’s entire RNA interactome.

The first step of traditional RNA sequencing is the synthesis of complementary DNA
(cDNA) from an RNA template by reverse transcriptase enzymes. This step proves to be
challenging for highly structured and modified RNAs such as tRNAs. Secondary structure causes
inefficient adapter ligation, and modifications cause reverse transcriptase stalling, progressively
limiting the generation of full-length cDNA reads (Arimbasseri et al., 2015). Recently, advances
have been made to overcome these limitations, such as pre-treating tRNAs with enzymes that
remove blocking modifications (Cozen et al., 2015; Zheng et al., 2015). Additionally, a method
termed ‘tRNA-HydroSeq’ employs limited alkaline hydrolysis to produce shorter tRNA
fragments that have less potential to form secondary structures and possess fewer
modifications (Arimbasseri et al., 2015; Karaca et al., 2014). Notably, tRNA-HydroSeq captures
modification information through misincorporation of bases by reverse transcriptase at some
modified bases (Arimbasseri et al., 2015). While this can be informative for some applications,
the most recently developed, and gold standard method for tRNA sequencing involves the use
of the highly processive and structure-tolerant thermostable group Il intron reverse

transcriptase (TGIRT) (Nottingham et al., 2016; Qin et al., 2016). This sequencing method
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(TGIRT-seq) thus permits the full-length sequencing of highly structured and modified tRNAs
(Boivin et al., 2020).

Overall, this project aimed to gain an unbiased view of Slalp’s RNA interactome under
both normal and stress conditions. We hypothesized that Slalp preferentially engages certain
pre-tRNA targets for chaperone intervention under various cellular stresses due to increased

target misfolding. Using TGIRT-seq as a primary method, this project had three goals:

1. Characterize Slalp’s RNA targets into stress-specific cohorts.
2. lIdentify any structure and/or sequence motifs that may explain increased or decreased
interaction with Slalp during stress.

3. Investigate stress-specific alterations to Slalp-dependent pre-tRNA processing.

To achieve the first goal, we looked for changes in Slalp’s RNA interactome under various
cellular stresses that may impact RNA folding, stability, or maturation in comparison to
normally grown cells. Specifically, we chose to implement oxidative stress via H,0,, heat stress,
and nutrient starvation via growth through stationary phase. Should our hypothesis be correct,
completion of the second objective may provide insight into why Slalp may engage certain RNA
substrates over others during stress. Given the established impacts of environmental stress on
tRNA processing in other organisms, our third goal may lead to novel insights with respect to

tRNA processing in S. pombe.

It is hoped that this work will provide progress towards identifying the ambiguous
mechanisms behind La’s chaperone activity. On a clinical scale, the human La protein has been

shown to be implicated in many cancers including ovarian and lung (Huang & Tang, 2020;
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Kaliatsi et al., 2020). La is overexpressed in various malignant tumors and is thought to be
related to tumor cell proliferation, invasion, and metastasis, and can therefore serve as a drug
target during cancer therapy (Huang & Tang, 2020). However, details of La’s involvement in
cancer progression are not fully understood. Although this research project will not directly
shed light onto this subject, new knowledge on substrate discrimination by La proteins may be

helpful in further understanding La’s role in cancer.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Generation of custom a-Slalp polyclonal antibody

2.1.1 Plasmid Isolation

XL1-Gold competent E. coli cells containing the pET23a expression plasmid with inserted
slal bearing a C-terminal 6x-His tag were grown on LB agar plates containing 0.1 mg/mL
ampicillin for selection. Selected colonies were grown at 37°C overnight in 5 mL LB media
containing 0.1 mg/mL ampicillin. Plasmid DNA was isolated using the GenelET plasmid miniprep

kit (Invitrogen cat. #K0502) according to the manufacturer’s instructions.

2.1.2 Bacterial transformation and induction of Slalp expression

Extracted plasmid DNA was transformed into competent BL21 E. coli cells for inducible
expression of Slalp-6x-His. A 1 in 100 dilution of plasmid DNA was prepared and 2 puL was
added to 25 plL of thawed BL21 cells and incubated on ice for 20 minutes. Following incubation,
the cells were heat shocked in a 37°C water bath for 90 seconds and were allowed to rest on ice
for 2 minutes. 200 uL of LB media was added to the transformed cells, followed by recovery at
37°C, shaking at 200 rpm for 1 hour. The transformed cell mixture was plated on LB agar plates
containing 0.1 mg/mL ampicillin, using sterile glass beads to spread. Plates were left to grow
overnight at 37°C.

A 50 mL overnight culture of transformed BL21 cells was made in LB media containing
0.1 mg/mL ampicillin and grown to saturation. The entirety of the overnight culture was then

used to seed into 2 L of LB media containing 0.1 mg/mL ampicillin and was grown at 37°C with
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shaking at 200 rpm until ODgoonm = 0.6-0.8 (mid-log phase). Protein expression was induced with

IPTG (final = 1 mM) for 3 hours at 37°C.

2.1.3 Purification of Slalp by Ni?* affinity chromatography

Following induction, cells were harvested by pelleting at 4°C and 7500 x g for 10
minutes. Pellets were resuspended in 50 mL of Pellet Eluting Buffer (50 mM Tris-HCl pH 7.4, 100
mM NaCl) and re-pelleted at 4°C and 5700 x g for 12 minutes.

To begin cell lysis, pellets were resuspended in 10 mL Lysis Buffer (50 mM Tris-HCI pH
7.6, 500 mM NacCl, 0.05% NP40, 20 mM imidazole, 5 mM [-Mercaptoethanol) by vortexing on
and off ice. Following resuspension, 100 pL each of Protease Inhibitor Cocktail (PIC)
(ThermoFisher) and 100 mM phenylmethylsulfonyl fluoride (PMSF) were added for protease
inhibition. Cells were subsequently sonicated on ice in 15 second on/off intervals for 12
minutes at 0.05 W. To remove cellular debris, sonicated samples were then spun at 4°C and
20,000 x g for 40 minutes, and the supernatant (cell lysate) was transferred to a 15 mL conical
tube.

To begin purification, a Ni2*-His trap column (Sigma Millipore) was washed with 5 mL of
ddH;0 and equilibrated with 5 mL of Lysis Buffer using a sterile syringe. 10 mL of cell lysate was
passed through the column, and flow-through was collected in a 15 mL conical tube. The
column was then washed five times with 5 mL Wash Buffer (50 mM Tris-HCl pH 7.6, 500 mM
NaCl, 20 mM imidazole, 5 mM [-Mercaptoethanol) for each wash. Flow-through from each

wash was collected in separate 15 mL conical tubes. Slalp-6x-His was eluted from the column
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with 5 mL Elution Buffer (50 mM Tris-HCI pH 7.6, 500 mM NacCl, 300 mM imidazole, 5 mM -
Mercaptoethanol, 1 mM EDTA ) and collected in a 15 mL conical tube.

Eluted Slalp was concentrated in a 10 kDa concentrator tube via centrifugation at 4°C
and 4200 x g until a volume of 500 pL was reached. To exchange the buffer for storage, two
rounds of buffer exchange were performed as follows: 4 mL of PBS was added to the
concentrator and spun at 4°C and 4200 x g for 35 minutes. Concentrated and buffer-exchanged

protein was stored at -80°C with 50% glycerol.

2.1.4 Quantification of Slalp concentration

Quantification of purified protein was conducted by comparison to bovine serum
albumin (BSA) standards after separation by SDS-PAGE. Four samples of Slalp were prepared
using 0.05 L, 0.1 pL, 0.25 L, and 0.5 pL of purified Slalp, and diluting with ddH,0 to a final
volume of 12 L. Similarly, four 12 uL samples of BSA were prepared containing 1 ug, 2 ug, 4
pg, and 8 ug of BSA. Each sample was brought to 15 uL by adding 3 plL of 5X Laemmli Sample
Buffer (250 mM Tris-HCl pH 6.8, 5% SDS, 30% glycerol, 0.12% bromophenol blue, 10% 3-
Mercaptoethanol), and heated at 95°C for 10 minutes. Samples were resolved on a 10% SDS-
PAGE gel at 100 V for 80 minutes. Protein was visualized by staining with Coomassie Brilliant
Blue Dye (50% methanol, 10% glacial acetic acid, 0.1% Coomassie Blue) followed by de-staining

(40% methanol, 10% glacial acetic acid).

2.1.5 Raising rabbit polyclonal antibody
6.7 mg of purified Slalp was shipped to Pierce Custom Services (ThermoFisher Scientific)

for immunization into two rabbit models and affinity purification of a-Slalp polyclonal
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antibodies. Their “2 rabbit, 90 day” protocol was followed, consisting of 3 antigen boosts and 4

bleeds per animal.

2.2 Custom antibody validation and optimization

In order to validate the efficacy of the custom anti-Slalp polyclonal antibody, lysates
from various S. pombe strains were assessed for Slalp presence by western blotting using the
custom a-Slalp antibody as primary antibody. Optimization of primary antibody concentration

followed.

2.2.1 Plasmid isolation
XL1-Gold competent E. coli cells containing the pRep4 expression plasmid — either an
empty vector or expressing the slal gene were grown on LB agar plates containing 0.1 mg/mL

ampicillin for selection. Isolation of plasmid DNA was conducted as described in section 2.1.1.

2.2.2 Yeast transformation

pRep4 (empty) and pRep4-sial were transformed into wild-type or Aslal S. pombe
strains. Wild-type and Aslal yeast strains were each grown at 32°C in 20 mL YES media (5 g/L
yeast extract, 225 mg/L each adenine, histidine, leucine, lysine, uracil, 15% dextrose) to mid-log
phase. Cells were pelleted at 4°C and 1900 x g for 10 minutes and resuspended in 40 mL of
sterile H,0. Resuspended cells were pelleted again at the previous conditions. New pellets were
resuspended in 200 pL of chilled LiAc-TE buffer (1X LiAc, 10 mM Tris pH 8, 1 mM EDTA), and 100
ug salmon sperm DNA (Invitrogen) was added. 100 ulL of each cell mixture was added to 2 ulL of

each purified plasmid (pRep4 or pRep4-sial). To each transformation mixture, 700 pL of LiAc-

26



TE-PEG Buffer (1X LiAc, 10 mM Tris pH 8, 1 mM EDTA, 40% PEG) was added and vortexed. Cells
were subsequently heat shocked at 42°C for 15 minutes and pelleted at 5500 x g for 1 minute.
The supernatant was aspirated, and the transformed pelleted cells were resuspended in 200 pL
of sterile ddH,0. The entirety of the 200 pL were plated on Edinburgh minimal media lacking
uracil (EMM-Ura) agar plates (11.8 g/L EMM-glucose base, 225 mg/L each of adenine, histidine

leucine, lysine, 10% dextrose) using sterile glass beads to spread, and were left to grow at 32°C.

2.2.3 Protein extraction and western blotting

Total cell lysates of various untransformed yeast strains and transformed strains (see
section 2.2.2) were prepared for the purpose of detecting either endogenous or recombinant
Slalp with the custom polyclonal anti-Slalp antibody via western blotting. 30 mL cultures of
each strain or transformation were grown at 32°C in appropriate media (YES for untransformed
strains, and EMM-Ura for transformed strains) until mid-log phase. Cells were pelleted at 4°C
and 1100 x g for 5 minutes and the pellets were resuspended in 1 mL of ddH,0 and re-pelleted
at the previous conditions. The new pellets were resuspended in 100 uL of chilled NET-2 Lysis
Buffer (50 mM Tris pH 7.5, 150 mM NacCl, 0.05% NP40, 0.1 mM PMSF), and approximately 150
plL of sterile 0.5 mm glass beads were added to each cell mixture for lysis. In a cold room, cells
were lysed using a Bead Beater (BioSpec), cycling between 20 seconds of beating followed by 2
minutes of rest on ice, until 1 minute of beating was achieved. Following lysis, an additional 100
pL of chilled NET-2 Lysis Buffer was added to each sample, and debris was sedimented by
centrifugation at 4°C and 20,000 x g for 5 minutes. The supernatants were transferred to clean

microfuge tubes and an additional 100 pL of chilled NET-2 Lysis Buffer was added to the pellets
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and beads. To ensure the collection of as much lysate as possible, the mixtures containing the
beads were centrifuged again as described above and the lysates were collected and added to
their respective tubes. Each microfuge tube was then centrifuged at 4°C and maximum speed
for 35 minutes to pellet any glass beads that may have been collected along with the
supernatant. Each lysate was then again transferred to a new microfuge tube.

12 pl of each lysate was mixed with 3 pL of 5X Laemmli Sample buffer to a final 1X
dilution. Samples were heated at 95°C for 10 minutes prior to electrophoresis on a 10%
denaturing SDS polyacrylamide gel. The samples were resolved at 100 V for 80 minutes and
transferred to a nitrocellulose membrane (Novex, ThermoFisher Scientific) at 50 V for 90
minutes. Following transfer, the membrane was blocked with Blocking Buffer (5% skim milk
powder, 1X TBS, 0.1% Tween-20) for 1 hour. The membrane was then incubated in [1:2000]
primary custom antibody in TBST (1X TBS, 0.1% Tween-20) for 1 hour, and washed three times
in 10-minute intervals with TBST. Subsequent western blot attempts for primary antibody
dilution optimization used [1:2000] and [1:10,000] dilutions of custom a-Slalp. Following
washing, the membrane was incubated in [1:5000] HRP-conjugated a-rabbit IgG secondary
antibody (NEB cat. #7074S) for 1 hour and washed as above. Signal was visualized by
incubation in ECL Western Blotting Substrate (ThermoFisher Scientific) for 2 minutes and

imaged using a MicroChemi imager (DNR Bio-Imaging Systems).
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2.3 Preparation of TGIRT RNA-seq samples and quality assessment

2.3.1 Induction of cellular stresses on S. pombe cells

Three cellular stresses predicted to negatively impact pre-tRNA structure in vivo were
applied to wild-type S. pombe cells to ascertain whether Slalp discriminates between a
misfolded and natively folded substrate. The stresses chosen include oxidative stress via H,03,
heat stress, and stationary phase stress (a form of nutrient starvation).

Twelve 1 L cultures of wild-type S. pombe cells were grown in YES media at 32°C (three
stresses plus unstressed control, each in biological triplicate). All stresses were applied when
the cells reached mid-log phase except stationary phase stress, which were grown until ODgoonm
> 2. Oxidative stress was induced by adding H,0; to the liquid cultures to a final concentration
of 1 mM while shaking at 32°C for 30 minutes. Heat stress was induced by transferring cells to
42°C while shaking for 15 minutes. Once all stresses were applied, RNP complexes were
crosslinked by adding formaldehyde (final = 0.2%) to the liquid cultures and shaking at room
temperature for 20 minutes. The crosslinking reaction was quenched with glycine (final = 200
mM) while shaking at room temperature for 5 minutes.

Cells were harvested by pelleting at 4°C and 3300 x g for 10 minutes, and the pellets
were washed with 45 mL sterile ddH;0. The cells were then pelleted again at the previous
conditions. Washed pellets were resuspended in 5 mL of Resuspension Buffer (1.2% PVP40, 20
mM HEPES pH 7.4, 1% PIC, 1 mM PMSF, 1 mM DTT) and re-pelleted at the previous conditions.
Yeast powder (grindate) was obtained from the pellets using a technique described by

(Oeffinger et al., 2007), summarized below in Figure 2.1. Dry pellets were flash-frozen via
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injection into liquid nitrogen using sterile syringes, and subsequently broken in the solid phase

using a mortar and pestle to obtain cell grindate.

‘e

Yeast cells

Cryo-lysis Cell grindate
(storage at -80°C)

X—

Liquid N,

Figure 2.1: Schematic outlining the protocol for obtaining yeast cell grindate from a harvested
pellet. Yeast cells are flash-frozen by injection into liquid nitrogen and ground into a powder
using either a mortar and pestle or planetary ball mill. Figure adapted from (Oeffinger et al.,
2007) and created in BioRender.
2.3.2 RNA immunoprecipitation (RIP) and RNA extraction

For all cellular conditions and replicates, Slalp was immunoprecipitated using the
custom a-Slalp antibody conjugated to Protein-A magnetic Dynabeads (ThermoFisher
Scientific). Non-immune rabbit IgG (Cell Signaling Technology cat. #3678S) was similarly
conjugated to beads and used in parallel for IPs as a negative control.

30 pg of antibody (AB2597 or rabbit IgG) was added to PBS + 0.1% Tween-20 to a final
volume of 100 pL and conjugated to beads via rotation at 4°C for 40 minutes. Rabbit IgG-
conjugated beads were similarly prepared for pre-clearing lysates using half the quantity of

beads and antibody used for IP. Following conjugation, beads were washed twice with 500 uL

of PBS + 0.1% Tween-20, and three times with 1 mL of 1X RNP Buffer (20 mM HEPES pH 7.4, 110
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mM KOAc, 100 mM NaCl, 1 mM PMSF, 1X PIC (ThermoFisher Scientific), 0.1% Tween-20, 0.5%
Triton X-100, 0.2 uL/mL RNase inhibitor (Invitrogen)). Cell lysates were prepared by dissolving
0.4 g of grindate in 3.6 mL of 1X RNP Buffer. Cells were pelleted at 4°C and 1200 x g for 10
minutes. The supernatant (cell lysate) was pre-cleared with rabbit IgG-coupled beads by
rotating at 4°C for 40 minutes. 24 uL and 180 pL of pre-cleared lysate was retained for
downstream western blot validation and input RNA extraction, respectively. The remainder of
the cell lysates were divided equally between AB2597-conjugated beads and rabbit IgG-
conjugated beads and rotated at 4°C for 2 hours for immunoprecipitation.

Following incubation, the remainder of the lysates (flow-throughs) were transferred to
sterile microfuge tubes. Beads bound with Slalp RNP complexes or rabbit-IgG were washed
three times with 1 mL of 1X RNP Buffer and eluted in 400 plL of 1X RNP Buffer. Elutions were
rotated again at 4°C for 5 minutes. 40 pL of the elutions (including beads) was removed into
new tubes, buffer was removed via magnetization, and the beads were resuspended in 30 uL of
5X Laemmli Sample Buffer for downstream validation via western blot.

To the remaining input lysates and 360 pL of elution, RNAse-free SDS (final = 0.125%),
and Proteinase K (final = 1 pg/uL) were added, and the samples were heated at 37°C for 1 hour.
Reverse crosslinking was performed by subsequently heating the samples at 65°C for 1 hour.
Following reverse crosslinking, an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1)
was added to each sample and vortexed until thoroughly mixed. The aqueous layer obtained
from centrifugation at 14,000 x g for 10 minutes was transferred to a sterile microfuge tube. To

each aqueous sample, 2 ulL of GlycoBlue coprecipitant (Invitrogen cat. #AM9515), 10% of the

31



isolated sample volume of 3M NaOAc pH 5.2, and 2.5X the isolated sample volume of ice-cold

100% ethanol was added. RNA was left to precipitate overnight at -80°C.

2.3.3 Total RNA extraction from wild-type and Asla1 cells

In order to assess any changes in global RNA levels in the absence of Slalp, total RNA
was extracted from three biological replicates of wild-type and Aslal S. pombe cells using the
hot phenol method.

Wild-type and As/al cultures were grown to mid-log phase in 25 mL of YES media at
32°C. Cultures were pelleted at 4°C and 1900 x g for 10 minutes and pellets were washed with
25 mL of sterile ddH;0, then re-pelleted at the previous conditions. Pellets were resuspended in
500 pl of nuclease-free H,0 and transferred to sterile microfuge tubes. Cells were re-pelleted
at the previous conditions and pellets were subsequently washed with 250 uL of complete RNA
Extraction Buffer A (50 mM NaOAc pH 5.2, 10 mM EDTA pH 8.0, 1% SDS). 750 uL of warm Buffer
A-saturated acid phenol was then added to each sample. The samples were vortexed to
resuspend the pellet in the buffers and were incubated at 65°C for 4 minutes, vortexing
occasionally. The samples were subsequently centrifuged at maximum speed for 3 minutes and
the aqueous layer was transferred to a new sterile microfuge tube. An additional 250 uL of
complete RNA Extraction Buffer A was added to the initial tubes with cells and a second round
of RNA extraction was performed as described above, adding the aqueous layer to the
corresponding tubes and discarding the phenol layer. Phenol-chloroform RNA extraction and

precipitation was performed on the agueous samples as described in section 2.3.2.
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2.3.4 RNA size exclusion and precipitation

Precipitated input RNA, Slalp-associated RNA, and total RNA from wild-type and Aslal
cells (see sections 2.3.2 and 2.3.3) were pelleted at 4°C and 14,000 x g for 10 minutes. Pellets
were washed with 500 pL of ice-cold RNase-free 70% ethanol and re-pelleted at the previous
conditions. Pellets were air-dried and resuspended in 7 pL of nuclease-free H,O and 7 pL 2X
formamide dye (80% deionized formamide, 10 mM EDTA, 0.06% bromophenol blue, 0.06%
xylene cyanol). RNA samples were heated at 95°C for 5 minutes and snap-cooled on ice prior to
separation on a 10% denaturing urea gel (8 M urea, 10% acrylamide, 1X TBE) at 100 V until the
xylene cyanol dye front reached the bottom of the gel. Following staining with EtBr in 1X TBE (1
uL/5 mL), the gel was visualized under UV light and RNAs were size selected (20-150
nucleotides) by cutting each lane between the bands corresponding to the 5S and 5.8S rRNAs
and retaining the lower halves in microfuge tubes. RNA was eluted from the gel pieces by
overnight rotation at 4°C in 150 mM NaOAc pH 5.2 and 50% phenol:chloroform:isoamylalcohol
(25:24:1). The aqueous layer obtained by centrifugation at 4°C and 20,000 x g for 10 minutes
was precipitated as described in section 2.3.3.

Precipitated RNA for all samples were pelleted, washed, and air-dried as described
above. Pellets were resuspended in 20 plL nuclease-free H,0 and shipped to our collaborators

at L'Université de Sherbrooke for TGIRT RNA sequencing.

2.3.5 Quality assessment: western blotting of IP samples
Immunoprecipitations were validated via western blotting of inputs, Slalp IP elutions

and rabbit I1gG elutions for each stress. Western blotting was conducted as described in section
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2.2.3 with the following alterations: electrophoresed samples were transferred to a PVDF
membrane instead of nitrocellulose; [1:2000] primary custom antibody, [1:5000] conformation
specific mouse a-rabbit secondary antibody, [1:5000] HRP-linked a-mouse IgG tertiary antibody
(Cell Signaling Technology cat. #7076S). Blots were stripped and re-probed for -actin using
[1:2500] primary antibody (Abcam cat. #ab8224) and [1:5000] HRP-conjugated a-mouse I1gG

secondary antibody.

2.3.6 Quality assessment: qRT-PCR of pre-tRNAs

5% of precipitated size-selected RNA for TGIRT RNA sequencing was pelleted, washed,
and air-dried as previously described. Air-dried pellets were resuspended in 11 uL of nuclease
free H,0, and concentration was measured using a NanoDrop spectrophotometer
(ThermoFisher Scientific). RNA was polyadenylated and converted to cDNA using the gScript
microRNA cDNA synthesis kit (Quanta Biosciences) according to the manufacturer’s
instructions.

5 ng of Slalp IP and IgG IP cDNA, and 10 ng of input cDNA was used for quantification by
gPCR. Forward primers (IDT) and PerfeCta® Universal Reverse PCR primer (Quanta Biosciences)
were used at a final concentration of 0.4 uM, and TagMan™ probes (Integrated DNA
Technologies) were used at a final concentration of 0.2 uM. Primer and probe sequences are
provided in Appendix A. See Appendix A for a schematic outlining the qRT-PCR design for pre-
tRNAs. The reactions were conducted as triplicate technical replicates. Cycling conditions are

summarized in Table 1. Amplification curves were generated using a Roto-Gene Q machine
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(Qiagen). Since amplification curves were sufficient for validating the success of the RNA
immunoprecipitations, quantifications and statistical analyses were not performed.

Table 1: gRT-PCR cycle settings for validation of RIP-seq samples.

Cycle Step Temperature Duration Number of Cycles
Initial denaturation 95°C 3 minutes 1
Denaturation 95°C 3 seconds
Annealing and 40
60°C 20 seconds
extension
Hold 4°C 0 n/a

2.4 TGIRT RNA sequencing

2.4.1 Library preparation and sequencing

cDNA libraries for next-generation sequencing were generated using input and Slalp
immunoprecipitated RNA samples at the Université de Sherbrooke RNomics platform using the
TGIRT Il Sequencing kit/protocol (InGex;

https://www.ingex.com/content/Total%20RNA Enzyme 012317.pdf). Sequencing was

performed on an lllumina NextSeq 500 lane for 75 bp paired-end reads.

2.4.2 Analysis pipeline

TGIRT RNA sequencing analysis was conducted by Etienne Fafard-Couture. Details about
tools and parameters of bioinformatic analyses are provided in a Snakemake workflow that can
be found at

https://github.com/etiennefc/S pombe RNA Seq and are also described below. Briefly, paired-

end reads were trimmed using Trimmomatic v0.36 (Bolger et al., 2014), and FastQC v0.11.5 was
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used to evaluate read quality before and after trimming, as described previously (Fafard-
Couture et al., 2021). Resulting trimmed reads were then aligned to the S. pombe genome
assembly version ASM294v2 using STAR v2.6.1a (Dobin & Gingeras, 2016) (with the parameters
described previously (Fafard-Couture et al., 2021)). The index needed to align reads to the
genome was produced using STAR v2.6.1a as described previously (Fafard-Couture et al., 2021)
using the genome assembly described previously and the genome annotation file (version 56)
obtained from PomBase. The annotation file was built by converting the .gff file into a .gtf file
using custom bash scripts. This annotation was corrected for embedded genes using CoCo
v0.2.5.p1 (Deschamps-Francoeur et al., 2019) with the correct_annotation mode and default
parameters. Counts were attributed to genes and normalized as transcripts per million (TPM) as
previously described (Fafard-Couture et al., 2021) using CoCo v0.2.5.p1 with the correct_count
mode.

Bedgraph files were generated using CoCo v0.2.5.p1 (with the correct_bedgraph mode
with default parameters). Differential expression analysis was performed using DESeq2 (Love et
al., 2014) with default parameters and the count output of CoCo correct_count to compare the
wild type versus the slal knockout samples, the different stress input samples against each
other and the different IP samples against each other. Ratios of ratios (RoR) (i.e., (IP stress /
input stress) / (IP normal / Input normal)) were also computed for each gene and a likelihood
ratio test was applied to verify the statistical significance in differences of RoR between stress
and wild type conditions.

tRNA read fishing and binning was conducted by Etienne Fafard-Couture with assistance

from Kyra Kerkhofs. Raw counts for pre-tRNA (3’-UUU) and mature tRNAs (3'-CCA) were
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generated using custom python scripts. A list of unique sequences was generated for each tRNA
isoacceptor and used to obtain (“fish”) all reads from the unmapped raw sequence files (.fastq
file format). Each sequence was grouped in corresponding bins based on the 3'-end of the
reads: -CCA (mature tRNA), 1U, 2U, 3U, 4U, 5U, 6U, 7U, 8U, 9U or 10U (premature tRNA). Raw
counts for each tRNA isotype were normalized as counts per million (CPM) by dividing raw

counts by the total number of fished read per bin for each replicate divided by 10°.

2.5 RIP-seq validations

2.5.1 Northern analyses

DNA oligonucleotide probes (see Appendix A) were radioactively labelled on the 5’-end
using y-32P-ATP. The 10 pL labelling reaction consisted of: 0.5 uL of T4 polynucleotide kinase
(PNK) (New England Biolabs cat. #M0201S), 1 pL of 10X PNK buffer (New England Biolabs cat.
#B0201S), 2.5 uM probe oligonucleotide (Integrated DNA Technologies), 1 uL y-32P-ATP (Perkin
Elmer, 10 mCi/mmol), and 7 pL nuclease-free H,0. The reaction was incubated at 37°C for 2
hours, followed by 5 minutes at 95°C for PNK inactivation.

Precipitated RNAs from repeated immunoprecipitations were prepared as described in
section 2.3.4. 15 ug of input RNA and 100% of Slalp IP and IgG IP RNA were resolved on a 12%
denaturing urea gel (8 M urea, 12% acrylamide, 1X TBE) at 100 V until the bromophenol blue
dye front migrated off the gel. Following electrophoresis, the samples were transferred to a
nylon membrane using the iBlot 2 Dry Blotting System (Invitrogen) according to the
manufacturer’s instructions and cross-linked to the membrane using the Fotodyne DNA

Transfer Lamp for 90 seconds. Following UV cross-linking, the membrane was dried at 80°C for
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15 minutes using a gel dryer (BioRad). The membrane was then incubated in 20 mL of pre-
hybridization buffer (6X SSC, 2X Denhardt’s solution, 1% SDS, 2 mg yeast RNA) at 10°C below
the melting temperature (Tm) of the probe for 2.5 hours. Following pre-hybridization, 10 uL of
radioactively labelled probe was added to the pre-hybridization buffer, and the membrane was
probed overnight in a rotating hybridization oven at 10°C below Trm. The membrane was
subsequently washed three times for 20 minutes with Wash Buffer (2X SSC, 0.1% SDS), with the
first wash occurring at probing temperature, and the second and third at room temperature.
Signal was detected by exposing the membrane to a storage phosphor screen overnight and
imaged using a Typhoon scanner (General Electric).

For re-probing, the membrane was stripped by washing three times for 20 minutes in

Stripping Buffer (0.1X SSC, 0.1% SDS) at 70°C.

2.5.2 H,0; time course

Wild-type and Aslal S. pombe cells were grown in 250 mL of YES media at 32°C until
mid-log phase. 50 mL of each culture was decanted prior to applying oxidative stress to serve as
timepoint 0 minutes. Oxidative stress was applied to the remaining 200 mL of each culture as
described in section 2.3.1. After 30, 60, and 180 minutes post-stress induction, 50 mL of each
culture was harvested and subjected to hot phenol RNA extraction as described in section 2.3.3.
Precipitated RNA was prepared as described in section 2.3.4, and 15 ug of each sample was
resolved on a 12% denaturing urea gel at 100 V until the bromophenol blue dye front migrated

off the gel. Northern blotting was performed as described in section 2.5.1.
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2.6 Oxidative stress survival and growth assays

2.6.1 Spot assay

Biological triplicates of wild-type and Aslal S. pombe cells were grown in 10 mL of YES
media at 32°C until mid-log phase. All cultures were seeded to ODsgonm = 0.6 in 250 uL of YES
media in order to equalize the number of cells in stock cultures. 10-fold serial dilutions were
prepared in a sterile 96-well plate and a pronged replica plater (Sigma-Aldrich) was used to spot
the dilutions on YES agar plates containing either 0, 1, or 2 mM H;0,. Spots were air-dried

beside a flame and were grown at 32°C for two days.

2.6.2 Streaking assay

Wild-type and Aslal S. pombe strains were streaked on YES agar plates and grown at
32°C until visible colonies formed (about three days). Two comparable colonies of each strain
were picked with sterile pipette tips and streaked on YES agar plates containing either 0, 1, or 2

mM H;0,. Plates were grown at 32°C for two days.
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CHAPTER 3: RESULTS

3.1 Successful generation of a-Slalp antibody

In order to raise a custom polyclonal antibody against Slalp, the protein was
recombinantly expressed, purified, and injected into rabbit models as a target antigen. The sla1
gene with a C-terminal 6x-His tag was previously cloned into the pET23a vector and expressed
in E. coli using standard methods. Taking advantage of the 6x-His tag, Slalp was purified from
the bacterial cell lysate using Ni?* affinity chromatography. Aliquots from each step of the
purification were collected and resolved on an SDS-PAGE gel for visualization and concentration

estimation (Figure 3.1).

Most non-specific proteins passed through the column and were collected in the flow-
through, while any that were retained in the column were eluted during the first wash. The loss
of some Slalp (approximately 40 kDa) in each of the five washes as well as intense signal in
each of the two elution lanes suggest robust Slalp expression and saturation of the column

(Figure 3.1A).

According to their ‘2 rabbit, 90 day’ protocol, Pierce Proteomics required a total of 1.7
mg of affinity-purified antigen for the primary and boost immunizations. As such, the
concentration of purified Slalp was estimated using densitometry analysis against BSA
standards. To conduct this analysis, 0.05, 0.1, 0.25, and 0.5 uL of concentrated Slalp was
resolved on an SDS-PAGE gel alongside 1, 2, 4, and 8 ug of BSA standard (Figure 3.1B).

Following Coomassie staining, it was found that the intensity of the 0.25 pL Slalp signal was
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comparable to that of 2 ug BSA, indicating a final concentration of approximately 2 ug/0.25 uL,
or 8 ug/uL. Therefore, the 500 puL sample of concentrated protein sent to Pierce Proteomics for
antigen immunization contained approximately 4 mg of purified Slalp. Rabbits were bled on
the 72" day of the protocol, and the a-Slalp antibody was purified from obtained sera via
affinity chromatography using purified Slalp as an immobilized ligand. Since an additional 5 mg
of antigen was required for affinity purification of the antibody, an identical Slalp purification

was conducted (data not shown) to obtain the additional Slalp.
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Figure 3.1: Affinity purification and concentration estimation of Slalp. (A): Recombinant 6x-
His tagged Slalp was expressed and purified from BL21 E. coli cells using Ni?* affinity
chromatography. The column was washed (W1-5) using a buffer with low imidazole
concentration (20 mM) and the retained Slalp was eluted (E1, E2) from the column using a
competing concentration of imidazole (300 mM). FT = flow-through (B): The concentration of
purified Slalp was estimated visually using densitometry analysis against known BSA standards.
Slalp concentration was estimated to be about 8 ug/pL.
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Two bottles containing 11 mL of affinity-purified custom a-Slalp antibody were
received from Pierce Proteomics, each corresponding to polyclonal antibody produced by one
of the two rabbit models (Figure 3.2). The first antibody (AB2596) was purified to a final
concentration of 1.58 mg/mL, while the second antibody (AB2597) was purified to 1.68 mg/mL.
Since two unique polyclonal antibodies were obtained, all downstream validations and

optimizations were performed in duplicate; one replicate per antibody.
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Figure 3.2: Affinity-purified custom a-Slalp polyclonal antibody. Custom a-Slalp polyclonal
antibody was raised by Pierce Proteomics (ThermoFisher Scientific). Affinity-purified Slalp
antigen was injected into two rabbit models who produced polyclonal antibodies against Slalp
over 72 days. The custom antibody was purified from rabbit blood sera via affinity purification
using Slalp as an immobilized ligand on a column.
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3.2 a-Slalp is functional in immunodetection assays

The custom antibodies were validated via western blotting targeting either endogenous
or exogenous Slalp in various S. pombe strains (Figure 3.3). Total cell lysates were prepared for
each strain and transformant, and western blots were conducted to assess the antibodies’
specificity by using custom a-Slalp as primary antibody. Purified Slalp was included as a

positive control.

In the initial validation, primary antibody was used at a 1:1000 dilution, as per the
recommendation of Pierce Proteomics. Using this dilution, AB2596 appropriately detected
purified Slalp at about 40 kDa (Figure 3.3A, lane 9). Additionally, endogenous Slalp was
detected as expected in both the WT and WT* strains (lanes 1 and 3). The WT strain is an
unmodified wild-type strain, while WT* contains Protein A-tagged SIrl (S. pombe La-related
protein 1) but is wild-type with respect to slal. Further validating the specificity of the
antibody, Slalp was not detected in the Aslal strain (lane 2). A Protein A-tagged Slalp yeast
strain was previously generated by integrating an in-frame Protein A tag to the C-terminus of
Slalp via homologous recombination as previously described (Wang et al., 2017). As a result,
endogenous transcription from the Slalp genomic locus would result in a Slalp-Protein A fusion
protein approximately 20 kDa greater in molecular weight than Slalp. Accordingly, Slalp was
detected at an increased molecular weight (approximately 60 kDa) in the Protein A-tagged

Slalp strain (lane 4).
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The S. pombe transformants also provided information regarding the efficacy of the
antibody in immunodetection. Slalp was detected in WT cells transformed with the empty
pRep4 vector comparable to untransformed WT cells (compare lanes 1 and 5), as well as in
overexpressed amounts in the WT strain transformed with pRep4-slal (compare lanes 1, 5, and
6). In contrast, Slalp was not detected in the Aslal strain transformed with the empty vector
(lane 7), yet expression was rescued when transformed with pRep4-sial (lane 8). Blotting with
AB2597 yielded similar results, however, in all lysate-containing lanes a non-specific protein of
approximately 50 kDa was detected that was not detected using AB2596 (Figure 3.3B),
suggesting lower specificity compared to AB2596. Interestingly, this non-specific protein was
not detected in the lane containing purified Slalp, suggesting it is recognizing an endogenously
expressed S. pombe protein. It was also still present in Aslal strains (lanes 2 and 7), suggesting

its detection is independent of Slalp.

Following this validation, primary antibody dilution for western blots was optimized.
Subsequent attempts of the same western analysis were performed using 1:2000 and 1:10,000
dilutions for each primary antibody. Secondary antibody dilution was maintained at 1:5000 to
provide confidence that the primary antibody dilution influenced any variable signal. Adequate
detection of Slalp was obtained using both dilutions, although diminished detection of Slalp
degradation products using the 1:10,000 dilution decided that all downstream western analyses
would be conducted using a 1:2000 dilution of primary antibody. Subsequent unrelated
western blots (not shown) indicated that 1:5000 is also an acceptable primary antibody

dilution.
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Figure 3.3: Western blots validating custom a-Slalp antibody and optimizing primary
antibody dilution. Endogenous and/or recombinantly introduced Slalp was detected from
yeast whole cell lysates using either AB2596 (A) or AB2597 (B). Initial validation was conducted
using a primary antibody dilution of 1:1000. Subsequent attempts for primary antibody dilution
optimization were conducted at 1:2000 and 1:10,000. WT = wild-type, WT* = yeast strain
containing Protein A-tagged S. pombe La related protein 1, but wild-type with respect to slal.
Pur. Slalp = purified Slalp protein. Marker indications for each blot are identical.

The performance of the custom a-Slalp antibodies was further assessed and optimized

for immunoprecipitations. Endogenous Slalp was immunoprecipitated from either wild-type or
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Aslal S. pombe cells using AB2596 and AB2597. Each IP was conducted with 0.2 g of yeast cell
grindate, and two Protein-A-Dynabead volumes were assessed: 25 pL and 50 pL. Since Protein-
A-Dynabeads have a binding capacity of approximately 100 pL beads:30 pg antibody (per the
manufacturer), these ratios were kept constant and therefore approximately 8 ug and 16 ug of
a-Slalp were used respectively. Samples from each input, flow-through, and
immunoprecipitate were assessed by western blot (Figure 3.4). The primary antibody used for

western analysis was the same as that used for the IP.

Slalp was successfully immunoprecipitated in IPs conducted in wild-type cells, and not
immunoprecipitated in the Aslal strain, suggesting that our custom antibodies function
specifically in IP assays. The use of greater bead and antibody volumes allowed for in increased
immunoprecipitated Slalp. Downstream IPs were therefore maintained at 50 uL beads and 16
pg a-Slalp in order to maximize RNP pulldown. Slalp detected in the flow-through (FT) lanes of
the wild-type IPs suggested an excess of unbound Slalp, and thus was of primary interest
during downstream optimization. The band in each IP lane greater in molecular weight than
Slalp corresponds to detected heavy chain of the a-Slalp antibody. This was resolved in future
western blots by using a conformation-specific secondary antibody that only detects intact IgG.
Similar results were obtained with AB2597. Finally, the 50 kDa non-specific protein previously
found to interact with AB2597 was detected in the input and FT lanes of both wild-type and
Aslal cells, along with a second non-specific protein slightly greater in molecular weight than
Slalp. However, these non-specific proteins are not detectable in each IP lane. This is consistent

with the denatured (by SDS-PAGE) non-specific endogenous proteins being recognized by
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AB2597 by western, but the native versions of these proteins not being immunoprecipitated.
This observed difference in affinity for the non-specific proteins by AB2597 in western blots
versus IPs is addressed further in Chapter 4. Ultimately, these data suggest excellent antigen

affinity for a-Slalp during immunoprecipitation.

25 L beads
8 ug AB2596

50 uL beads
16 ug AB2596

25 L beads

50 uL beads
16 ug AB2597

Figure 3.4: Western blot of Slalp immunoprecipitation using the custom a-Slalp antibodies.
Endogenous Slalp was immunoprecipitated from wild-type (WT) and Aslal S. pombe cells using
either AB2596 or AB2597. Lysate for each immunoprecipitation was prepared using 0.2 g of
yeast cell grindate. Protocol optimization was attempted by conducting each
immunoprecipitation using either 25 pL or 50 pL of Protein A-Dynabeads. Quantity of
conjugated antibody was determined according to the binding capacity of the Dynabeads
stated by the manufacturer. Samples from each input, flow-through (FT) and
immunoprecipitate (IP) were analyzed via western blot using the IP antibody as primary.

As optimal amounts of beads and a-Slalp were previously established, further IP

optimization focussed on decreasing unbound Slalp in the flow-through while enriching Slalp
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in the IP (Figure 3.5). To do this, the amount of yeast grindate used per immunoprecipitation
was reduced to 0.1 g and 0.02 g — 50% and 10% of the previous amount used, respectively.
Although Slalp accumulation in the FT was reduced using 0.1 g of grindate compared to the
initial 0.2 g, this effect was greater using 0.02 g of grindate, where no Slalp was present in the
FT (Figure 3.5A). Although 0.02 g of grindate seemed to provide optimal IP results through
western blot, it was essential to also be able to detect co-immunoprecipitated RNAs in parallel,
namely, pre-tRNAs. Therefore, levels of co-immunoprecipitated RNAs from each amount of
grindate were assessed by northern blot (Figure 3.5B). Precursor and mature isoforms of tRNA
Lys®UY were targeted using probes specific to the intron and processed 3’ end, respectively. In
IPs conducted with 0.1 g of grindate, pre-tRNA Lys“YY was detected in the immunoprecipitates.
In contrast, pre-tRNA Lys®“Y was not detected in IPs using 0.02 g of grindate, due to already low
abundance in cells and small lysate volume. From both grindate amounts, the mature isoform
was less efficiently immunoprecipitated than the precursor as demonstrated by lack of
enrichment of mature tRNA Lys®Vin the IP versus the input. There did not seem to be a
noticeable difference in co-immunoprecipitated RNAs between AB2596 and AB2597. Finally,
the La-non-target U5 snRNA was blotted as a negative control. Lack of enrichment of U5 snRNA
in the IP versus the input indicated minimal interaction with Slalp in vivo and justified its use as
a negative control. Altogether, these data prompted downstream IPs to be conducted with 0.1
g of grindate, 50 pL of beads, and 16 ug of antibody. For IPs conducted to prepare samples for
sequencing, twice the amount of grindate, beads, and antibody were used in order to maximize

RNA available for sequencing.
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AB2597

AB2596
pre-tRNA LysCUUY
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Mat. tRNA LysCul
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Figure 3.5: Optimization of Slalp immunoprecipitation. Endogenous Slalp was
immunoprecipitated from the WT* strain using either AB2596 or AB2597. 50 uL of Protein A-
Dynabeads and 16 ng of each antibody was used for each IP with either 0.1 g or 0.02 g of
grindate. Western blots depicted in (A) using IP antibody as primary. Co-immunoprecipitated
RNAs were analyzed by northern blot (B). tRNA isoforms were detected with radiolabelled
probes according to the legend. The La-non target U5 snRNA was probed as a negative control.
Pre-tRNA Lys®Y was only noticeably enriched in each IP from 0.1 g of grindate.
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3.3 Optimization of RNA size selection prior to sequencing

Prior to TGIRT RNA sequencing, co-immunoprecipitated RNAs needed to be depleted of
overly abundant RNAs that would take up most of the reads, namely rRNAs. This proved to be
challenging for our specific application since rRNA depletion is commonly performed by
enrichment of poly(A)-containing transcripts, as most RNA-seq work focuses on mRNAs. Since
our interest was within the cohort of RNAs transcribed by RNAP Ill, poly(A) enrichment was not
a viable option for transcript selection. Additionally, rRNA depletion kits are not commercially
available for S. pombe. Therefore, RNAs of interest were size selected, and rRNAs were

depleted by gel extraction.

In order to optimize this method, input, Slalp-associated, and IgG-associated RNAs were
resolved on a denaturing urea gel. Following staining with ethidium bromide, the gel was
viewed under UV light to guide cutting (Figure 3.6A). In each lane, two distinct bands were
observed, the larger corresponding to 5.85 rRNA and the smaller to 5S rRNA. The optimization
aimed to retain RNAs that would be of interest during sequencing (ie. tRNAs), while minimizing
overly abundant RNAs that were not of particular interest (ie. rRNAs). Since 55 rRNA is the only
rRNA transcribed by RNAP lll, we suspected it may interact with Slalp. Therefore, we
attempted two distinct gel cutting patterns, indicated in Figure 3.6 as either “1” or “2”. With
pattern 1, the gel was cut above the 5.85 rRNA band such that both types of rRNA were
retained for the RNA extraction, and with pattern 2, the gel was cut below the 55 rRNA band
such that both types of rRNA were not included for RNA extraction. Although not shown in

Figure 3.6A, the same cutting patterns were used for both Slalp IP RNA and IgG RNA. RNAs
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within the gel were extracted overnight with phenol:chloroform:isoamyl alcohol and
precipitated with ethanol. The newly precipitated RNA was then subjected to northern analysis
to assess the value of each cutting pattern (Figure 3.6B). The known Slalp target, pre-tRNA

LySCUU

was only detected in Slalp IP cut with pattern 1, suggesting that cutting pattern 2 was
inadequate, as we wanted to retain pre-tRNAs for sequencing. Similarly, U5 snRNA, which may
interact with Slalp, was only detectable in the Slalp IP with pattern 1. 5S rRNA was blotted for
as a control and was appropriately only detected in lanes cut with pattern 1. These results

prompted us to cut between the two rRNA bands for the final RIP-seq such that pre-tRNAs, U5

snRNA, and 5S rRNA were retained, but other unnecessary larger RNAs were not.
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A. Slalp IP
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5.8S rRNA
5S rRNA

150 nt

100 nt
5S rRNA

60 nt

150 nt

Pre-tRNA LyscUV
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150 nt
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Figure 3.6: Optimization of rRNA depletion gel extraction. Following Slalp
immunoprecipitation from normally grown cells, RNA from the input, Slalp IP, and IgG control
were resolved on a denaturing urea gel for size exclusion (A). Each RNA sample was split equally
into two lanes to assess the efficacy of two distinct gel cutting patterns (1 and 2). Each cutting
pattern was used consistently across RNA samples, and the bottom half of the cut gel was
retained for RNA extraction from the gel. Following gel extraction, precipitated RNA was
subjected to northern analysis with probes targeting 55 rRNA, pre-tRNA Lys““Y and U5 snRNA

(B).
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3.4 Quality assessment of TGIRT RNA sequencing samples

Prior to sending the size-selected RIP samples for sequencing, their quality was validated
by assessing pre-tRNA levels using TagMan qRT-PCR. (Figure 3.7) For all stresses, Slalp IP
samples displayed satisfactory amplification of the pre-tRNA, while inputs and IgG negative
controls did not. Minimal amplification of pre-tRNA in the inputs was hypothesized to be a
consequence of relatively low abundance due to rapid processing in the cell. Minimal signal in
the IgGs once again confirmed that a-Slalp has specific and high affinity for Slalp. Fold
enrichment quantitation was therefore made difficult by the minimal amplification in inputs
and IgGs. As such, the amplification curves were used as a visual tool to validate the samples
and revealed expected enrichment of pre-tRNAs in the Slalp IPs relative to both the inputs and
IgGs. These results indicated that the RIP was successful and justified sending the samples to
our collaborators at L’Université de Sherbrooke, who later confirmed that the cDNA libraries
(prepared by them) were suitable for sequencing. It is necessary to note that RNAs associated
with 1gG IPs were not sent to our collaborators as it was suspected that they were too lowly

abundant for cDNA library preparation.
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Figure 3.7: qRT-PCR validation of co-immunoprecipitated RNAs for sequencing. Input, Slalp IP,
and IgG IP RNAs from all stresses were size selected and validated by gRT-PCR prior to sending
to collaborators for sequencing. The pre-tRNA targeted for each gRT-PCR run is specified for
each stress on the respective graph. For all stresses, Slalp IP samples displayed satisfactory
enrichment of pre-tRNA relative to inputs and IgG controls. The results justified sending the
RNA samples to our collaborators for sequencing.

3.5 Slalp does not differentially engage pre-tRNAs during stress

For all cellular conditions, input and Slalp IP-associated RNAs were prepared by our
collaborators for 75 nucleotide paired-end RNA sequencing using the thermostable group Il
intron reverse transcriptase (TGIRT). Prior to analysis, targets were filtered to remove genes
with less than 1 transcript per million in any of the input samples. DESeg2 was then used to
filter out genes with highly variable expression across replicates. Differential
expression/enrichment analysis was conducted by our collaborators in order to identify RNAs

whose interaction with Slalp is altered during cellular stress. That is, a ratio of ratios (RoR) was
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calculated as below, with interesting targets having a fold enrichment value not equal to 1 after

normalizing for potential differences in expression.

Stress Slalp IP
Stress input
Normal Slalp IP
Normal input

Fold enrichment =

The volcano plots below highlight the RoRs for each target versus the negative log of the
false discovery rate-adjusted p-value during each stress (Figure 3.8). For each plot, targets at
the extremes of the x-axis are differentially associated with Slalp during stress, and hits above
the line y = 1.3 represent statistical significance (padj. < 0.05). Therefore, points residing in the
upper right quadrant represent targets that would engage Slalp more during stress — aligning
with our hypothesis, while points in the upper left would represent targets that engage Slalp
less during stress. Interestingly, there were no tRNAs that displayed significantly increased
interaction with Slalp during cellular stress — excluding the one tRNA hit in stationary phase
stress corresponding to tRNA lle that had highly variable reads, and for unclear reasons was not
successfully filtered by DESeqg2 (Figure 3.8C). Additionally, both heat and stationary phase
stress did not yield increased interaction with Slalp for any RNA subtype (Figure 3.8B & C)
Therefore, the results obtained from the RIP-seq experiment did not align with our hypothesis
that La might preferentially bind certain targets during stress but were consistent with our
previous work indicating that La does not preferentially engage misfolded RNA substrates

(Vakiloroayaei et al., 2017).
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Expanding the analysis to all targets, few transcripts reached a statistically significantly
different Slalp enrichment upon stress treatment. H,O; stress resulted in the most statistically
significant hits, the majority of which were mRNAs (Figure 3.8A). The RNAs that significantly
increased their interaction with Slalp under H;0; stress were primarily ribosomal protein
MRNAs (RoR > 1 and pagj. < 0.05), while those that significantly decreased their interaction with
Slalp were primarily mitochondrially encoded mRNAs (RoR < 1 and pagj. < 0.05) (Appendix B,
Supplementary Table 1). From the raw sequencing data, it was clear that reads for the
ribosomal protein mRNAs generally were not changed by H,0; stress in the inputs but did
increase in the Slalp IP. In contrast, the mitochondrially encoded mRNAs were also not
changed by H,0; stress in the inputs but decreased in the Slalp IP. Validation of these
unexpected results by gRT-PCR was explored on a preliminary basis (data not shown) and

therefore remains an interesting prospect for future work.
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Figure 3.8: Volcano plots depicting altered interaction between Slalp and RNAs under cellular
stress. TGIRT-RNA sequencing was performed on input and Slalp IP samples from normal and
stressed S. pombe cells. Differential expression analysis for each gene was conducted by
calculating a ratio of ratios (RoR) between the Slalp IP / input of each stress relative to the
Slalp IP / input ratio for the normal samples. The RoRs for each gene were plotted against the

negative log of the adjusted p-value for each stress (A: H,0,, B: Heat, C: Stationary phase).

Slalp’s association with tRNAs was not altered by cellular stress. H,O; stress resulted in

increased association between Slalp and select ribosomal protein mRNAs, and decreased

association with select mitochondrially encoded mRNAs. Plots generated by Etienne Fafard-

Couture.
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3.6 Various pre-tRNAs undergo altered processing during H,0, and stationary
phase stress

In order to validate the null result obtained for tRNAs in the RIP-seq, additional RIPs
were conducted in three independent biological replicates for each cellular condition and
followed up with northern blots (Figure 3.9). Interestingly, when using a probe specific to the
intron of pre-tRNA Lys“Y, we observed enrichment for the leader-processed intermediate in
the H,0;Slalp IP that was not evident for the other stresses. Under normal conditions, Slalp
associated more with the nascent, end-unprocessed transcript, consistent with its established
role in 3’ end protection of pre-tRNAs during maturation. The leader-processed intermediate
was similarly enriched in the H,0; input compared to the non-stressed condition. Additionally,
stationary phase stress resulted in enriched interaction between Slalp and the nascent
transcript compared to normal conditions. While the nascent transcript was also the most
associated with Slalp under normal conditions, its abundance relative to other intermediates
was noticeably enhanced during stationary phase stress. The pre-tRNA Lys®“Y nascent transcript
was not visible in the input lanes, so conclusions about the global effect of stress on expression
and processing cannot be made from the northern blot. Under all cellular conditions, Slalp
associated least with the fully processed, intron-containing transcript, once again consistent
with La-dependent tRNA processing. Finally, the percent abundance of each pre-tRNA Lys‘VV
intermediate associated with Slalp was quantified for each stress and compared to normal
conditions for statistical validation (Figure 3.10). Overall, this quantification confirmed the
significance of observed differences in pre-tRNA Lys®“V intermediates associated with Slalp

under H;0; and stationary phase stress.
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In order to address whether the altered interaction between Slalp and pre-tRNA
processing intermediates during stress was a phenomenon unique to Lys*YY, we also probed for
pre-tRNA SerY®A and pre-tRNA Val?A, Interestingly, their processing intermediates were found
to interact with Slalp in a similar distribution as pre-tRNA Lys“YY during H202 and stationary
phase stress. It is necessary to note that sufficient separation of the pre-tRNA ValAA¢
intermediates was not observed in two of the three replicates despite the same or higher

UGA

acrylamide concentration in the gel, and pre-tRNA Ser““”* was only probed from one biological

replicate.

6UU was also targeted in order to address

Finally, an intron-less pre-tRNA species, Asn
whether the observed stress-related changes to pre-tRNA processing is specific to intron-
containing species. H,0; stress similarly resulted in increased Slalp association with leader-
processed transcript compared to normal conditions. Interestingly, stationary phase stress also
resulted in increased Slalp association with leader-processed transcript, rather than primary
transcript as was the case for the intron-containing pre-tRNAs tested. Overall, these data

suggest that H,0; and stationary phase stress result in altered pre-tRNA processing and

association of processing intermediates with Slalp.
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Figure 3.9: Northern blot of RNA in input and co-immunoprecipitated by Slalp during stress.
Endogenous Slalp was immunoprecipitated from wild-type S. pombe cells under normal, and
stress conditions using AB2597. Input and co-immunoprecipitated RNA were resolved on a
denaturing urea gel and subjected to northern analysis. Various RNA species were probed for
using radiolabelled oligonucleotides that anneal to the targets according to the legend. An IP
conducted with non-immune rabbit 1gG from normally grown cells was included as a negative
control. H,0; and stationary phase stress result in altered processing and association of pre-
tRNA intermediates with Slalp compared to normal conditions. The most representative figure

was chosen from three biological replicates.
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% abundance

Figure 3.10: Quantification of pre-tRNA Lys‘"Y processing intermediate abundance from
northern blot. The abundance of each pre-tRNA Lys®“Y processing intermediate in the Slalp IP
was quantified relative to the total signal (all three processing intermediates) for each cellular
condition. Error bars represent mean % abundance of each processing intermediate from three
biological replicates +/- SEM. A paired two-tailed t-test was performed for each stress against
normal conditions. H,0; stress resulted in significant differences in primary transcript and
leader-processed intermediate relative to normal conditions. Stationary phase stress resulted in
significant differences in primary transcript and end-processed intermediate relative to normal
conditions. Heat stress did not result in altered processing intermediate abundance relative to

normal conditions.

Mature tRNA Lys®YY was also probed in order to assess whether the observed effect of
cellular stress on pre-tRNA processing resulted in differences in mature levels (Figure 3.9) as
any observed stalls in pre-tRNA processing could manifest as decreased levels of mature tRNAs.
Probing for mature tRNA Lys“YV indicated that this might not be the case, as the mature
transcript appeared elevated during stress compared to normal conditions. However, since
tRNA half-lives are exceptionally long (hours to days), we also conducted a time course

experiment during H,0; stress (Figure 3.11). Total RNA was extracted from wild-type and Aslal
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cells prior to H,0; stress, and at 30, 60, and 180 minutes after H,0; stress. Subsequent northern
analysis showed an increase in leader-processed pre-tRNA Lys“V in wild-type cells after 30
minutes of H,0; stress — the same length of time that cells were stressed with H,O; in Figure
3.9 — and a relative decrease after 60 and 180 minutes, suggesting that at later time points, S.
pombe cells may somehow adapt in order to restore a more typical distribution of tRNA
processing intermediates. Importantly, a similar trend was observed in Aslal cells, but overall
pre-tRNA Lys® levels were lower compared to wild-type, suggesting that the effects of H,0,
stress on leader-processed pre-tRNA Lys®“Y are independent of Slalp, but overall levels
decrease in the absence of Slalp. Overall, probing for mature tRNA Lys®"Y revealed that H,0>
stress did not result in altered mature tRNA levels, at least during the time course, despite the
observed changes in pre-tRNA processing. Finally, we noticed an apparent decrease in U5
snRNA levels in Aslal cells, which has not previously been observed in fission yeast, but is

reminiscent of proposed functions for La in snRNA processing in budding yeast (Xue et al., 2000)
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Figure 3.11: Northern blot of H,0; time course in wild-type and Aslal cells. Total RNA was
extracted from wild-type and Asla1 cells prior to 1ImM H,0; stress, and after 30, 60, and 180
minutes of H,0; stress. Extracted RNA was resolved on a denaturing urea gel and subjected to
northern analysis. RNA species were probed using radiolabelled oligonucleotides that anneal to
the targets according to the legend. For both wild-type and Aslal cells, leader-processed pre-
tRNA Lys®YY accumulated after 30 minutes of H,0; stress, followed by a relative decrease after
60 and 180 minutes. Deletion of Slalp resulted in lower overall levels of leader-processed pre-
tRNA Lys®UY. Mature tRNA Lys®Y levels did not appear to be altered during stress. Results from
one biological replicate.

3.7 Assessment of Slalp expression and IP efficiency during stress

Given Slalp’s well-established role in pre-tRNA processing, we sought to determine the
extent of Slalp’s involvement in the altered Slalp-dependent pre-tRNA processing observed
during stress. In order to address this, input and IP samples from Slalp IPs conducted under the
chosen cellular conditions were assessed via western blot (Figure 3.12A). To assess Slalp
expression during stress, Slalp levels in stress inputs were normalized to 3-actin and quantified

relative to normal conditions (Figure 3.12B). While there were no significant changes in Slalp

63



expression during heat stress, both oxidative and stationary phase stress resulted in increased
Slalp expression. Exposure to H,0; led to nearly a 2-fold increase in Slalp, while Slalp
overexpression was even less during stationary phase stress. Next, Slalp IP efficiency was
measured by the ratio of Slalp signal in the Slalp IP/input, and quantified relative to normal
conditions (Figure 3.12C). As with Slalp expression, there were no significant differences in
Slalp IP efficiency during heat stress. Interestingly, while oxidative and stationary phase stress
resulted in increased Slalp expression, Slalp IP efficiencies were not correspondingly increased
during these stresses. Oxidative stress did not significantly affect Slalp IP efficiency, while
stationary phase stress resulted in decreased Slalp efficiency compared to normal conditions.
Altogether, these data do not reveal apparent connections between Slalp expression and/or IP
efficiency during stress, and altered pre-tRNA processing during stress. More detailed

discussion is provided in chapter 4.
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Figure 3.12: Assessment of Slalp expression and IP efficiency during cellular stress.
Endogenous Slalp was immunoprecipitated from wild-type S. pombe cells under normal, and
stress conditions using AB2597. Inputs and IP samples were subjected to western analysis using
AB2596 (A). An IP conducted with non-immune rabbit IgG from normally grown cells was
included as a negative control. B-actin was probed as a loading control. Relative changes in
Slalp expression during stress were quantified by comparing Slalp signal in inputs relative to -
actin (B). Relative changes in Slalp IP efficiency under stress were quantified by comparing
IP/input ratios for each stress relative to normal conditions (C). Error bars represent mean ratio
from three biological replicates +/- SEM. A paired two-tailed t-test was performed for each
stress against normal conditions. Slalp expression was increased during oxidative and
stationary phase stress. Slalp IP efficiency was decreased during stationary phase stress.

3.8 Slalp does not influence reduced growth in response to H,0, stress

In order to test the possible function of Slalp in H,0; stress over longer time frames,

survival assays were performed in order to determine whether the observed changes in pre-
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tRNA processing were linked to slal function and cellular survival. Assays were conducted in
both wild-type and Aslal cells to assess the role of Slalp during H,0; stress. Serial dilutions of
cells +/- sla1 were spotted on YES agar plates in the presence or absence of H,0; (Figure 3.13).
Cells spotted on 1 mM H,0; exhibited slightly decreased survival compared to unstressed
conditions, while no growth at all was noted in the presence of 2 mM H,0, (image not shown).
Additionally, there were no noticeable differences in sensitivity to H,0; +/- slal, suggesting that

Slalp does not play a role in the S. pombe response to oxidative stress.

Asla1

YES YES + 1 mM H,0,

Figure 3.13: H,0; stress spotting assay. Serial dilutions of wild-type (WT) and Asla1 cells from
three biological replicates were spotted on YES agar plates containing either 0, 1, or 2 mM
H,0,. There were no significant differences in growth between WT and Aslal cells in the
absence of H,0,. Survival decreased slightly in 1 mM H,0, and presence of Slalp was unable to
rescue growth. No growth was observed in the presence of 2 mM H,0; (not pictured).

Although only minor growth defects were observed during H,0; stress, it was noted that

colonies on the more dilute spots on the plate containing 1 mM H,0; were smaller in size than

unstressed colonies, suggesting slower growth. To gain a closer view of survival under H,0;
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stress, single colonies were spread over larger areas (Figure 3.13). As before, cells did not
survive in the presence of 2 mM H,0,, and growth was not rescued in the presence of Slalp.
Growth was not impaired in the presence of 1 mM H,0, and there were no noticeable
differences +/- Slalp. Altogether, these results suggest decreased cell growth in response to

H,0; stress is not influenced by the presence of Slalp.

YES YES + 1 mM H,0, YES + 2 mM H,0,

Figure 3.14: H,0; stress does not affect survival. Two colonies each of wild-type (WT) and
Aslal strains were picked and streaked on YES agar plates containing either 0, 1, or 2 mM H;0,.
The orientation of each plate is consistent with the quadrant labels for the YES plate. No
notable growth defects were observed in 1 mM H,0; compared to without, as well as in the
absence of Slalp. A notable reduction of growth was observed in 2 mM H,0; compared to
without that could not be rescued with Slalp.

67



CHAPTER 4: DISCUSSION

This thesis aimed to further our understanding of the mechanisms behind the RNA
chaperone activity of the S. pombe La protein homolog. A key question within the RNA
chaperone research niche is whether these proteins can discriminate between potential RNA
substrates based on how closely their structure resembles the native fold. It is predicted that
RNAs whose structure deviates most from the native fold would benefit most from intervention
by RNA chaperones. In the context of the La protein, whose dual role in pre-tRNA processing is
well-characterized, substrate discrimination for chaperone activity would benefit misfolded
RNAs while maintaining processing efficiency for natively folded RNAs that do not require
chaperone intervention. Previous work in our lab concluded that Slalp does not discriminate
between pre-tRNA substrates whose fold differs based on the presence or absence of a single
stabilizing post-transcriptional modification (Vakiloroayaei et al., 2017). This thesis expanded on
this work by querying Slalp’s entire interactome with TGIRT-seq during cellular stresses
expected to have a global negative impact on RNA structure and stability.

Ultimately, we aimed to identify any RNA substrates, but particularly pre-tRNAs, whose
association with Slalp was altered during stress compared to normal conditions. In order to
achieve this, we developed a workflow that began with the generation of an antibody against
Slalp that was used to IP endogenous Slalp-RNA complexes from variably stressed S. pombe
cells. Prior to TGIRT-seq analysis, our antibody was optimized for use in immunodetection
assays, and our workflow was validated for the detection of Slalp-associated pre-tRNAs. Our
workflow directly addressed our research question and revealed novel stress-induced

alterations to pre-tRNA processing in S. pombe.

68



4.1 Comprehensive assessment of custom o-Slalp antibodies

The custom o-Slalp antibodies were validated and optimized for immunodetection
using western analysis (Figure 3.3). When validating antibodies for western blot, the
recommended starting dilution is usually 1:1000 (Koch et al., 2018). Additionally, prior to the
generation of the custom a-Slalp antibody, detection of Slalp in our lab was conducted using a
1:10,000 dilution of a-Protein A antibody against endogenous Protein A-tagged Slalp.
Therefore, detection of Slalp using our antibody at concentrations equal to those of
commercial tag-specific antibodies suggests high antigen affinity. Although most western blots
were conducted using a 1:2000 primary antibody dilution, for the purpose of conserving
antibody stock, future western blots for Slalp detection can be conducted with greater primary

antibody dilutions.

As previously highlighted, tag-specific antibodies are used to detect epitope-tagged
proteins when an antibody targeting the protein of interest is not available. Although epitope
tags are commonly employed in molecular biology for various purposes, their use in an
interactome-based investigation such as this one should be cautioned. Epitope tags may
interfere with protein function and importantly, they may interact with their own cohorts of
RNAs in the cell that may skew results. While tag-specific antibodies are commercially
produced, detection of tagged proteins can also be variable or fail altogether (Debeljak et al.,
2006). Although there are ways to control for and work around these concerns, not using tag-

specific antibodies eliminates them altogether and simplifies the experimental workflow.
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The production of two unique mixtures of custom polyclonal antibody also allows for
comparison between the two regarding their uses in immunodetection assays. As observed in
Figure 3.3, western blots conducted with AB2597 demonstrate detection of a non-specific
protein greater in molecular weight (50 kDa) than Slalp (approximately 40 kDa). Worth noting
is that this protein is detectable in prepared cell lysates and not in the purified Slalp sample
loaded in lane 9, suggesting that it is an endogenous S. pombe protein that bears partial
sequence similarity to Slalp. In IPs conducted with AB2597, the non-specific protein is detected
in the input and FT lanes, but not in the IP elution (Figures 3.4 and 3.5). Since the non-specific
protein is not immunoprecipitated by AB2597, it is likely that AB2597 recognizes it only in its
denatured state, and not its physiological folded conformation. From this we can extrapolate
that the epitope on the protein recognized by AB2597 may remain buried within the inside of
the folded protein under physiological conditions and therefore likely consists of hydrophobic
amino acid residues. Interestingly, the non-specific protein is not detected in western blots
conducted with AB2596, implying greater antigen specificity for AB2596 versus AB2597. As a
result, the IPs conducted ahead of sequencing were conducted with AB2597 and western

validations were conducted with AB2596.

Ultimately, the generation of an antibody targeting Slalp was a pioneering method in
our lab that allowed us to avoid many confounding issues from working within tagged yeast
strains. In this work we optimized our antibody in immunodetection assays, and demonstrated
its success in RNA immunoprecipitation experiments for high-throughput sequencing of Slalp’s

RNA interactome.
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4.2 Slalp does not discriminate among substrates based on fold

Analysis of TGIRT-seq data was conducted by our collaborators at L’Université de
Sherbrooke. Although IgG mock IPs were conducted in parallel to Slalp IPs, RNA isolated from
IgG IPs were not sequenced as it was suspected that there was not sufficient RNA for the
sequencing reaction. I1gG lanes in northern (Figure 3.9) and western (Figure 3.12) analyses from
samples prepared with the same workflow were clear of any RNA and Slalp protein,
respectively. This suggests high antibody-antigen specificity and justified our choice. After
filtering genes with low and variable reads among replicates, our collaborators used differential
expression analysis to identify targets whose interaction with Slalp was altered during stress
(Figure 3.8). From this analysis, a ratio of ratios (RoR) = 1 indicated that the RNA in question
interacted with Slalp equally during stress as during normal conditions. Thus, RoR > 1 indicated
that the RNA in question interacted more with Slalp during stress, presumably due to
decreased stability during stress and necessity of Slalp intervention. In contrast, RoR < 1
indicated the opposite; that the RNA in question was more lowly associated with Slalp during
stress. The sequencing analysis indicated that there were no pre-tRNAs that exhibited
significantly increased interaction with Slalp during stress, suggesting that Slalp does not
discriminate among targets based on fold, presuming that some version of misfolding occurs
during stress conditions. These results are consistent with previous work that showed that
other RNA chaperone proteins, including Slalp from our own lab, promiscuously interact with
tRNAs regardless of fold (Huang et al., 2006; Keffer-Wilkes et al., 2016; Vakiloroayaei et al.,
2017). In contrast to these other studies, our work captured the global in vivo interactome of

Slalp, rather than focusing on select substrates and/or using in vitro interaction studies. As
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previously mentioned, Slalp’s lack of substrate discrimination has implications in pre-tRNA
maturation and turnover. Since Slalp is limiting in the cell compared to pre-tRNAs (Huang et al.,
2005), structurally aberrant pre-tRNAs are not as likely to receive chaperone intervention from
Slalp before they are degraded via nuclear surveillance. This is supported by observed
decreased pre-tRNA levels in Aslal cells (Figure 3.11). As well, Slalp may bind correctly folded
pre-tRNAs with just as much affinity and interfere with their processing efficiency. While it is
known that Slalp’s interaction with the uridylate trailer drives the order of 3’ end processing of
pre-tRNAs, Slalp-independent pre-tRNA processing ultimately leads to the same mature
product. Thus, since a natively folded pre-tRNA does not require chaperone intervention from
Slalp, substrate discrimination would benefit misfolded pre-tRNAs without clear disadvantages
to the processing of natively folded pre-tRNAs.

While significant substrate discrimination was not observed for pre-tRNAs, oxidative
stress resulted in significantly altered interaction with Slalp for a subset of mRNAs (Figure 3.8).
Interestingly, mRNAs whose interaction with Slalp increased during oxidative stress encoded
ribosomal proteins, and those with decreased interaction with Slalp were mitochondrially
encoded mRNAs. At this time, reasons for altered interaction between Slalp and these mRNA
cohorts during oxidative stress remain unclear, especially given Slalp’s preference for RNAP llI-
encoded transcripts and our size selection method. While full-length mRNAs should have been
excluded from our sequencing samples via gel extraction, it is possible that these reads
correspond to mRNA degradation products. It has been reported that damaged RNA can be
degraded by exoribonucleases that bind 8-OHG oligonucleotides with specificity and higher

affinity than undamaged RNA (Hayakawa et al., 2001; Li et al., 2006). Additionally, human La
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has been shown to promote the cap-independent translation of mRNAs via contacts to the
poly(A) tail (Vinayak et al., 2018), and the budding yeast La homolog was previously found to
interact with ribosomal protein mRNAs (Inada & Guthrie, 2004). Validation of altered Slalp
interaction with these mRNAs during H,0; stress was attempted via qRT-PCR on a preliminary
basis and remains an interesting avenue for future work.

Overall, we demonstrated an experimental workflow that successfully addressed our
research question in a direct and physiologically relevant manner. Our data indicate that like
other RNA chaperone proteins, Slalp does not discriminate among natively folded and
structurally aberrant substrates for binding. Limitations to our work are presented in section

4.4 along with recommendations for future studies.

4.3 Novel stress-dependent perturbations to pre-tRNA processing in S. pombe

Northern analyses conducted to validate the results from sequencing analysis provided
novel insights into pre-tRNA processing in S. pombe during stress. Using intron-specific probes
for various pre-tRNAs we observed altered association of pre-tRNA processing intermediates
with Slalp during H20; and stationary phase stress (Figure 3.9). The effect was most prominent
for pre-tRNA Lys®“Y. Under normal cellular conditions, Slalp interacted most with nascent,
unprocessed pre-tRNA Lys®VY, followed by the 5’ end-processed intermediate, and then the
fully processed intermediate. This is consistent with Slalp’s uridylate-dependent binding mode
and established role in pre-tRNA processing. During H,O; stress, this distribution was shifted

towards most interaction with the 5’ end-processed intermediate. During stationary phase

73



stress, the distribution of processing intermediates that interacted with Slalp were the same as
those in the unstressed cells yet signal for the nascent transcript was much more enriched.
Similar results were obtained when probing for other intron-containing pre-tRNAs such as

SerUGA

and Val*C, Interestingly, for an intron-less tRNA, Asn®YY, the 5’ end-processed
intermediate was the most abundant associated with Slalp during both H,0, and stationary
phase stress. Analysis from total input RNA of H,0; stressed cells revealed that 5" end-
processed pre-tRNA Lys“YY was also increased in abundance compared to unstressed cells.
Importantly, the nascent unprocessed intermediate of pre-tRNA Lys®!Y was not observable in
input lanes, as well as precursors for the other tRNA species tested. This is likely due to the
relatively short half-life of pre-tRNAs as well as limited resolution of northern blots. Thus, due
to the intact polyuridylate tail of these species, they associated as expected with Slalp during
the IP and became clearly discernible via northern analysis.

To further support the notion that H.O; stress causes altered pre-tRNA processing, the
same leader-processed pre-tRNA LysYV intermediate was overly present in total RNA inputs
after 30 minutes of stress during the time course (Figure 3.11). While there was less overall pre-
tRNA Lys®YY present in the Aslal strain throughout the time course, the leader-processed
intermediate was similarly more abundant after 30 minutes of H,0; stress. This result is
consistent was Slalp’s role in supporting pre-tRNA stability, and suggests that altered
processing during stress occurs independently from the presence of Slalp. Interestingly, after

60 and 180 minutes of H,0; stress, leader-processed pre-tRNA Lys®YY abundance returned to

levels comparable to unstressed conditions. These data suggest that altered pre-tRNA
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processing may be a response to only acute oxidative stress, and that the cell adapts to
prolonged oxidative stress by resolving processing defects.

Overall, our work has revealed stress-induced alterations to the processing of some pre-
tRNA species in S. pombe. These results are reminiscent of those famously elucidated in S.
cerevisiae (Figure 1.6) but are of a different pattern. To our knowledge, such effects have not
been demonstrated in fission yeast. During H,0; stress, leader-processed intermediates may
accumulate due to either increased rates of 5’ leader processing or inhibited/stalled 3’ trailer
cleavage. It was recently reported that H,O; stress in Streptococcus oligofermentans causes
oxidative degradation of RNase Z, the endonuclease responsible for trailer cleavage (Dong et
al., 2021). The authors also reported an accumulation of trailer-containing pre-tRNA species
and a decrease in mature tRNAs during H,0; stress. It is therefore plausible that S. pombe
RNase Z is also sensitive to oxidative damage, leading to a bottleneck of leader-processed pre-
tRNA species during H,0; stress. Although not clear from northern analysis, tRNA transcription
could be upregulated during nutrient starvation as a means of redistributing energy for
essential processes, leading to increased levels of nascent pre-tRNAs. Alternatively, this

bottleneck could also result from inhibited 5’ leader processing by RNase P.

4.4 Limitations and future directions

This study had two main limitations. First, it was not shown that pre-tRNAs were
misfolded during the chosen cellular stresses. Rather, it was presumed based on literature that

cellular stress led to overall reduced structural stability for RNAs. A recent study has introduced
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a method termed ‘tRNA structure-seq’ that accurately determines the structure of tRNAs in vivo
using chemical probing coupled to high-throughput sequencing (Yamagami et al., 2022). Thus,
this work can be strengthened in the future by validating loss of 3D structure during stress using
in vivo methods such as tRNA structure-seq.

The second key limitation of our study stems from our sequencing analysis pipeline. We
sought to address our research question in the most direct and straightforward way.
Consequently, all pre-tRNA processing intermediates were viewed as a single pre-tRNA species
during the sequence alignment step of analysis. Thus, although our northern analyses depicted
altered interaction of the different processing intermediates with Slalp, this was not reflected
in the sequencing analysis. We therefore plan to re-analyze the sequencing data, separating the
different pre-tRNA processing intermediates, to determine whether the observed stress-
dependent alterations to pre-tRNA processing are reflected in the sequencing data. This more
precise analysis may also address any changes in nascent pre-tRNA levels during stress that
were not clear during northern analysis due to reduced resolution and depth. Importantly, this
analysis may reveal other pre-tRNA species that experience similar or different processing
alterations during stress than those presented here, and may address the universality of our
observation.

Finally, we also plan to address the causes for altered pre-tRNA processing during
cellular stress. As highlighted earlier, a plausible explanation for the accumulation of leader-
processed pre-tRNAs during H,0; stress is the oxidative degradation of RNase Z. To address
this, RNase Z abundance can be measured via western blot from whole-cell lysates of

unstressed and H,0;-stressed cells. Increased accumulation of unprocessed pre-tRNAs during
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nutrient starvation may arise due to increased transcription by RNAP Il or by decreased RNase
P activity. The possibility of increased transcription during stress can be addressed by chromatin
immunoprecipitation coupled to sequencing (ChlP-seq). Using ChlP-seq, RNAP Ill occupancy at
tRNA genes can be quantified, and tRNA transcription can therefore be compared during

normal conditions and nutrient starvation.
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APPENDIX A

Table S1: Sequences of northern blot probes and corresponding melting temperature (Tm).
Membranes were probed at 10°C below the indicated Tm.

Probe Sequence Tm (°C)
Pre-tRNA Lys®V intron 5’-CTT CTG ATA CCA TTC GTA AGA GTC-3’ 52.7
Mature tRNA LysVY 5’-CTC CCA AGG CGA GAC TCG AAC TCG CAA-3’ 65.4
U5 snRNA 5’-CGA CAC CTT ACA AAC GGC TGT TTC TG-3’ 56.1
5S rRNA 5’-CCC GGA TTC CCA TGT TGT CTC CAA C-3’ 61.6
Pre-tRNA Ser®®* intron 5’-GCC CAT TAG ATG ACT AGA ATA CAG GAT 58.2

TCA AG-3

Pre-tRNA Val*C intron 5-GTC TGC GAA CTG TAA ATG TTA AG-3’ 52.1
Pre-tRNA Asn®Y trailer 5’-AGA AAA CGG TCA GGG AGG G-3’ 56.9

Table S2: Primer and probe sequences used for qRT-PCR analysis.

Oligonucleotide Sequence
Pre-tRNA Lys®Y Forward 5’-TCT GAC TCT TAT GAT GGT AAT CGA A-3’
Pre-tRNA Ser®®” Forward 5’-GAA TTC CTA CAT TCG TGG CAT-3’
Universal Reverse PerfeCta® Universal PCR Primer (Quanta Biosciences)
Pre-tRNA Lys®Y Probe 5’-/56-FAM/CGA GTT CGA/ZEN/GTC TCG CCT TGG
G/3IABkFQ/-3’
Pre-tRNA Ser®®* Probe 5’-/56-FAM/CA GGT TCA A/ZEN/A TCC TGC TGG TGA
CG/3IABKFQ/3’

Forward (intron)‘

H ., N, ¢ ¢ 0 000000000 L R ETIIRIIIIIImImmmm CEEEL, P ccccscsssssssnns CeosPPPOP s 0svnnnse <<<<< SedeCen
GOATEEETGTICCOAGT . .GGTL.A. . WIC‘N‘.GCTTTA(XH gegttcaacgeattgea .COOCCAGTGCGA . v v v v v vvvvn s AAGCLCGCGGGTTCGAGTCCCGT . CECEATTICA
G26 , I * Reverse from cDNA
Fluorescein lowa Black

adapter (PerfeCta
Universal Primer)

Figure S1: Schematic of probe hybridization for qRT-PCR of pre-tRNAs. gRT-PCR was used to
validate the IPs for pre-tRNAs prior to sequencing. RNA from inputs, Slalp IPs, and I1gG IPs were
polyadenylated and converted to cDNA using the gqScript microRNA cDNA synthesis kit (Quanta
Biosciences). Pre-tRNA Lys“YY and Ser®” were targeted using unique forward primers and
TagMan™ probes, and the PerfeCta® universal reverse primer from the gScript kit. Sample
gRT-PCR detection demonstrated above for pre-tRNA Leu™®€. Relative position of probes held
constant for all tested pre-tRNAs. Figure adapted from (Vakiloroayaei et al., 2017).
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APPENDIX B

Table S3: Differential expression data for statistically significant mRNAs that exhibit altered
association with Slalp under H,O; stress. The table highlights mRNAs for which RoR # 1 and
Padj. < 0.05 during H,0; stress. mRNAs with increased association with Slalp (RoR > 1) encode
ribosomal proteins and those with decreased association with Slalp (RoR < 1) are
mitochondrially encoded.

|gens_id gana_namea H202 RaoR pval pad) T,
SPCC1322.1 pl230z B.214T04TED 0000774823 0.042063978
IEFAG'ITGE.I]E rps2401 3.207445332 0.0004048 0.034526054
SPBC2F12.04 pl17o1 2.B04793055 0.001161934 0.048398636
IEF’E'E:'I 1C11.09¢ rplan2 2. 662TEG116 0.000585T45 0.040258517
SPCCAT0.05 rplagn 2411359566 0.000726185 0.042063978
SPAC23A1.03 apti 2. 36B0TTE55 0.000822926 0.044B38306
SPBCE38.05¢ ps1701 2.298186204 0.000324951 0.030045487
SPACAGA . 18c rplad 2. 23088723 0.000244268 0.02446T485
SPCC1183.08c pl101 2220172748 0.0006T7B3RZ 0.041326981
SPACIF12.02¢ tma1g 2.2155411689 0000226316 0.023654946
SPAC23A1.08c rplad401 2137212042 0000661958 0.041326881
SPACZEA3.04 rpl2002 2.0931978B4 0.001115586 0.04BT761258
SPAC24HE.07 psa0 1.93TB83354 0.000493874 0.03741466
SPMIT.OT alph 0.15053738E 0.000351434 0.031290679
SPMIT.O4 coxd 0137387909 2 42ED5 0.0052B8639
SPMIT.O08 var 0.0B3610101 2.64E-D6 000100831
SPMIT.O2 coxl-11b 0073734042 1.63E-D6 0.000838103
JSPMIT.03 coxl-12b 0061732318 2. 94E-DE 0.00100831
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