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Abstract

Gene expression requires the accurate production of RNA from DNA. Raw transcription products are
usually non-functional, requiring processing by nucleases to reach a functional, mature state. If a tran-
script is not processed correctly it will be targeted by nucleases for degradation; in some cases the same
nuclease required for maturation can mediate degradation. By understanding the mechanisms nucleases
use to bind their substrates, it is possible to understand nucleases features that direct a transcript towards
maturation or degradation. This study aims to dissect the substrate recognition mechanisms of Rex1,a3”
exonuclease belonging to the DEDD nuclease superfamily found in the model eukaryote Saccharomyces
cerevisiae. Rex1 is unique in the yeast proteome for its ability to precisely trim short stem-loop adjacent
3’ overhangs found at the end of small RNA precursors including tRNA and 5S rRNA. The equivalent
processing event is performed in Escherichia coli by a related DEDD exonuclease RNase T, however the
sequence features responsible for substrate binding in RNase T are not found in Rex1. This study uses
phylogenetic analysis, sequence conservation, and structure prediction to identify candidate substrate-
binding features within the Rex1 exonuclease domain, and defines a novel Alphafold2-predicted ‘RYS’
domain that is conserved throughout eukaryotes. An in vitro biochemical analysis of recombinant Rex1
is performed by observing the trimming of single-stranded oligo substrates. These trimming assays are
used alongside in vivo complementation and RNA crosslinking to examine the contribution of Rex1 pro-
spective substrate-binding features to function. This study demonstrates that the RYS domain is central
to Rex1 substrate binding, which may be conserved in the structural homologues of Rex1 that are found

in eukaryotes spanning plants to humans.
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Chapter 1

Introduction

1.1 Nucleases define gene expression.

Nucleases are critical to gene expression, with this criticism taking the form of phosphodiester bond
breakage. Evolution takes a broad approach to this end, with nuclease families harnessing a range of
catalytic approaches with little correlation to biological function (for an extensive review of the full
diversity of nucleases, see Yang, 2011).

Nuclease activity is required at every stage of RNA synthesis, as transcription by DNA-directed
RNA polymerase (DrRP; commonly abbreviated to RNA polymerase or RNAP) innately polymerises
more RNA than is necessary. This is a consequence of the mechanistic imprecision at each stage of
transcription from initiation to termination.

Stochastic initiation throughout euchromatic regions of the genome can result in RNA production
independent of promoter motifs, described as ‘pervasive transcription’ (Wyers et al., 2005; Thompson
and Parker, 2007; Lee et al., 2008; for recent review see Villa et al., 2023). These pervasive transcripts
are thought to be degraded to avoid titrating the components of RNA metabolism away from canonical
gene expression. At canonical promoter sites for RNAPII, initiation seems to be bi-directional with
antisense transcripts arising that are rapidly degraded (Seila et al., 2008; Neil et al., 2009; Xu et al.,
2009). Further bidirectional transcription is observed roughly 1.5kb upstream of such promoters in
mammalian cells (PROMoter upstream Transcripts, or ‘PROMPTSs’; Preker et al., 2008).

Transcription termination is a multi-faceted source of phosphodiester bonds, requiring numerous
cleavage events (for recent review, see Xie et al., 2023). Premature transcription termination can give
rise to truncated transcripts incapable of function, again risking titration of gene expression apparatus
and requiring degradation. At the other extreme, a failure to terminate transcription may lead to unneces-
sary extension of a transcript that will be either trimmed off or serve to target the transcript for degrad-
ation, for example cytoplasmic nonsense-mediated decay in the case of mRNA (Losson and Lacroute,
1979; Maquat et al., 1981; reviewed in Kishor et al., 2019). Even for correctly executed transcription
termination, the ‘torpedo’ models of RNAPI and RNAPII require nuclease activity first to define the 3~
end of the transcript (Kufel et al., 1999), then to simultaneously degrade the separate downstream se-
quence in a 5°-3 " direction and dislodge the polymerase (Connelly and Manley, 1988; Kim ef al., 2004;
West et al., 2004, 2008; El Hage et al., 2008; Kawauchi et al., 2008; Han et al., 2023). By contrast the
termination mechanisms of RNAPIII can be induced by the transcription of four to six U nucleotides
(Bogenhagen and Brown, 1981; Allison and Hall, 1985; Braglia et al., 2005). This mechanism is en-
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hanced by adjacent stem loops (Nielsen et al., 2013; Xie et al., 2022), but these U nucleotides require
removal nucleases to define the mature 3” end (with the exception of the SCRI RNA, which is produced
with a mature 3 terminus; Felici et al., 1989).

The sum of a cell’s ribonuclease activity is mediated by a large number of often overlapping spe-
cificities. Each nuclease demonstrates substrate recognition mechanisms that require the presence or
absence of sequence motifs, secondary structures, or bound proteins. By acting in concert a cell’s nuc-
leases mediate a delicate balance between stabilisation and destabilisation. Certain transcripts require
specific nucleases for maturation, and can be left with sequence features rendering them vulnerable to
degradation in their absence; nucleases can protect or sensitise an RNA to other nucleases. In order to
understand how a cell’s nucleases jointly define the sequence and lifespan of RNA, we need an under-

standing of nuclease substrate recognition mechanisms.

1.2 Nucleases can be classified by catalytic mechanism.

Nucleases can be broadly distinguished by their catalytic mechanisms: endoribonucleases can cleave
phosphodiester bonds found throughout the length of an RNA strand, while exoribonucleases cleave
the terminal phosphodiester bonds of an RNA as outlined in Figure 1.1A. Exonuclease activity can be
differentiated further by polarity; a given substrate recognition mechanism is only able to target either
the 5” or 3 terminus of a nucleic acid, but certain conditions may enable an exonuclease to act as an
endonuclease (for example Mrell; Cannavo and Cejka, 2014) and vice versa (for example T4 RNase
H, Bhagwat ef al., 1997; and Apel, Chou and Cheng, 2002). Far fewer 5° exoribonucleases than 3°
exoribonucleases are found in any given genome (Yang, 2011; Bechhofer and Deutscher, 2019), with
only a single 5” exonuclease identified in E. coli (Ghodge and Raushel, 2015; Jain, 2020). Another
property of exonucleases is processivity, the number of individual nucleotides removed per binding
event. Processive nucleases may be able to degrade a transcript fully with a single binding event, whereas
distributive exonucleases will tend to remove one or only a few nucleotides before dissociating, as
demonstrated in Figure 1.1B. Nucleases can be further classified by the nucleophile used: hydrolytic
nucleases use H,O, whereas phosphorolytic nucleases use inorganic phosphate (for review see Yang,
2011).

The classification of nucleases into superfamilies is challenging, with one heroic effort manually
describing over 30 superfamilies, spanning the breadth of known nucleases as of 2011 (Yang, 2011). A
more systematic classification can be seen by searching the InterPro database, which as of September
2023 describes 68 superfamilies that encode nuclease activity (Jones et al., 2014; Paysan-Lafosse ef al.,
2023. for full list see Appendix B).

The focus of this thesis centres on the DEDD superfamily of 3° exonucleases, so named for four
conserved acidic residues (Asp-Glu-Asp-Asp ). The DEDD residues mediate the binding of two divalent
cations required for phosphodiester backbone hydrolysis, as shown in Figure 1.2 (Beese and Steitz, 1991;
Steitz and Steitz, 1993). This hydrolysis reaction also uses a conserved histidine or tyrosine residue as a
general base for activation of the water nucleophile, which gives the further designation of DEDDh and
DEDDy . This active site catalyses the breakage of phosphodiester bonds using a ‘2-ion” mechanism
(Beese and Steitz, 1991; Steitz and Steitz, 1993), summarised in Figure 1.2 B. Two catalytic Mg2+ ions

are coordinated by the DEDD residue acidic patch, the ions interacting with both the 3 “ end of a nucleic
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Figure 1.1: The properties of nuclease activity
A: Demonstration of different modes of nuclease activity, depicted against a short CG-rich RNA. RNA
represented as a hybrid between stick models for ribose and base groups, with a cartoon ribbon for the
phosphodiester backbone. Oxygen atoms are shown in red, nitrogen atoms are shown in blue, all other
atoms are shown in beige. B: Visualisation of distributive and processive exonuclease activity. RNA
is represented as beige ribbons. RNA generated using UCSF ChimeraX 1.2.5 to represent PDB entry
IRC7, RNAse 11l complexed with nicked dsRNA (Blaszczyk et al., 2004).
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Figure 1.2: DEDD exonucleases possess conserved catalytic residues spread across three EXO motifs
A: Multi-alignment of DEDD EXO motifs from E. coli, S. cerevisiae, and human, aligned using Clustal-
Omega with default settings (Sievers et al., 2011; Madeira et al., 2022) and displayed in Jalview
v2.11.2.7 (Waterhouse et al., 2009). DEDDh (top) and DEDDy (bottom) alignments performed sep-
arately. Numbers ‘1. - ‘5’ correspond to positions in catalytic scheme in part B. Amino acids are
coloured based on the Clustal X colour scheme (shown in full in Figure A.1): all glycines are shown in
orange, all other colours are shown when >60% of aligned residues share a residue group, with polar
and His/Tyr residues also shown if the 60% threshold is met for aligned hydrophobic residues. B: The
‘2-ion’” model of nucleic acid hydrolysis, demonstrated in an experimentally derived DEDDy active site.
Annotations based on Steitz and Steitz, 1993, structural model of E. coli DNA polymerase I Klenow
fragment (PDB: 1KRP; Hamdan et al., 2002) displayed using ChimeraX v1.2 (Pettersen et al., 2021).
Majority of protein chain not shown, with main chain N- and C- termini shown instead as blue and red
respectively. ‘Ec’ = E. coli, ‘Sc’ = S. cerevisiae, ‘Hs’ = H. sapiens.
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acid and a OH™ nucleophile to stabilise a pentavalent phosphate intermediate.

The DEDD motif was first identified in the proofreading modules of E. coli DNA polymerases I
(polA) and III (dnaQ), featuring a DEDDy and DEDDh motif respectively (Bernad et al., 1989). The
DEDD superfamily was later coined in a bioinformatic analysis that aimed to classify the known exo-
nucleases into five superfamilies (Zuo and Deutscher, 2001). The DEDD superfamily has since come
to include the domains in enzymes involved with RNA maturation and turnover, but also domains in
enzymes with roles as varied as DNA repair (TREX1, Lindahl et al., 1969; WRN, Huang et al., 1998),
replication proofreading for the sSRNA genome of nidoviruses (for example SARS-CoV nspl4; Min-
skaia et al., 2006), and the acquisition of DNA fragments in certain bacterial CRISPR immune systems
(recently identified in the Megasphaera trimmer integrase; Wang et al., 2023).

The DEDD family describes a conserved globular domain. Some DEDD exonucleases manage to
achieve their specificity through internal features of the DEDD domain, however many achieve their
specificity through the contribution of additional substrate-binding domains found within the protein,

and/or contributed through the binding of partner proteins and complexes.

1.3 The mechanisms and domain arrangements of DEDD exonucleases

are conserved to varying extents between E. coli and eukaryotes.

The bulk of our early understanding of RNA metabolism has been gained from fast growing and genet-
ically pliable models such as E. coli and S. cerevisiae (for recent reviews, see Bechhofer and Deutscher,
2019 for prokaryotic nuclease activity; Phizicky and Hopper, 2023 for nuclease activity in eukaryotic
tRNA metabolism; and Schneider and Bohnsack, 2023 for nuclease activity in eukaryotic rRNA meta-
bolism). By applying the foundational knowledge of RNA metabolism gained in these organisms, it is
possible to extrapolate similar mechanisms in humans.

Three of the eight 3" exonucleases identified in E. coli belong to the DEDD superfamily (Zuo and
Deutscher, 2001), which serve well to demonstrate the diversity of substrate preferences for 3 exo-
nucleases. Oligoribonuclease is uniquely adapted to break down 2-5 nucleotide end products from the
degradation of larger RNA substrates (Stevens and Niyogi, 1967; Niyogi and Datta, 1975; Ghosh and
Deutscher, 1999); RNase D is thought to trim the unstructured distal 3” sequence of tRNA precursors
(Ghosh and Deutscher, 1978; Zhang and Deutscher, 1988; Reuven and Deutscher, 1993); and RNase T
is unique in the E. coli proteome for its ability to precisely trim short overhangs immediately adjacent to
stem loop structures, such as those found in the final stages of tRNA maturation (Deutscher et al., 1984;
Zuo and Deutscher, 2002b).

The E. coli DEDD exonucleases each have known functional homologues in S. cerevisiae and hu-
mans: Rex2/REXO2 for oligoribonuclease (Hanekamp and Thorsness, 1999; van Hoof et al., 2000a;
Nguyen et al., 2000), Rrp6/EXOSC10 for RNase D (Ge et al., 1992; Briggs et al., 1998), and Rex1
(also known as RNAS82 and RNH70) /REXO5 (also known as Nef-sp) for RNase T (Piper et al., 1983;
Frank et al., 1999; van Hoof et al., 2000a; Gerstberger et al., 2017; Silva et al., 2017). The eukaryotic
homologues of oligoribonuclease and RNase D, REXO2 and Rrp6 have received thorough mechanistic
characterisation, while the absence of structural models for Rex1 and REXOS5 have prevented the same
level of understanding for functional homologues of RNase T, despite rigorous characterisation of RNase
T itself.
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Figure 1.3: Conservation of domain structure for DEDD exonucleases

Comparison of domain arrangements for six DEDD exonucleases. Domain cartoons based on PDB
entries indicated to the left with the DEDD active site highlighted in red. Domains not shown in car-
toons are shown as white boxes with black outlines. Domain cartoons displayed using ChimeraX v1.2
(Pettersen et al., 2021). Linear domain models represented in scale with each other, based on Uni-
protKB entries of accession numbers indicated next to gene names. A: Comparison of Rex1 and RNase
T. RNase T based on PDB entry 3V9S (Hsiao et al., 2012), represented as a homodimer with purple
spots indicating the position of the nucleotide binding site (NBS; Zuo and Deutscher, 2002a). Rex1 rep-
resented by the isolated DEDD domain of RNase T from the same PDB entry. B: Comparison of E. coli
oligoribonuclease (PDB 7VH4; Badhwar ef al., 2022) with human REXO2 (6J7Y; Chu et al., 2019). C:
Comparison of E. coli RNase D (PDB 1YT3; Zuo et al., 2005 with S. cerevisiae Rrp6 in complex with
the exosome complex (5K36; Zinder et al., 2016). Exosome subunits Rrp40, Rrp43, Rrp45, and Rrp46
are abbreviated.

1.3.1 Oligoribonuclease and Rex2

Oligoribonuclease has received extensive structural study in E. coli (Badhwar ef al., 2022; additional
unpublished PDB entries 1YTA and 2IGI) and humans (Kim et al., 2019; Chu et al., 2019; Szewczyk
et al., 2020), revealing a functional homodimer that is conserved between prokaryotes and eukaryotes.
The subunits of this dimer consist of the DEDD exonuclease domain with little extra sequence besides
a short N-terminal mitochondrial localisation sequence in eukaryotes. While oligoribonuclease and
its homologues are best known for their unique ability to trim nucleotide end products that are 2-5
nucleotides in length, yeast Rex2 is also known to provide redundancy in the processing of stable RNAs
including 5.8S rRNA and the U4 and U5 spliceosomal snRNAs, indicating a degree of activity on large,
structured substrates (van Hoof et al., 2000a).

1.3.2 RNase D, Rrp6, and the exosome complex

In contrast, RNase D and Rrp6/EXOSC10 demonstrate significant divergence in structural organisation.
Both RNase D and Rrp6/EXOSC10 feature a central DEDD exonuclease domain followed by a HRDC
(Helicase and RNase D C-terminal; Morozov et al., 1997; Phillips and Butler, 2003) domain, but while
RNase D functions as a monomer, Rrp6/EXOSC10 possesses an additional N-terminal PMC2NT do-
main that results in stoichiometric binding to Rrp47 (Stead et al., 2007; C1D in humans); this binding
mutually increases stability of Rrp6 and Rrp47 (Feigenbutz et al., 2013a,b) and enables association of
the Rrp6/Rrp47 heterodimer with the exosome complex (Peng et al., 2003).

The exosome complex is central to eukaryotic gene expression, coordinating RNA maturation, qual-
ity control, turnover, and transcription termination (for review see Lemay and Bachand 2015; Zinder
and Lima 2017; Bresson and Tollervey 2018). RNase D serves as a comparatively peripheral source of
37 exonuclease activity in E. coli, acting as a backup pathway for the exonucleolytic trimming of tRNAs
and other small ncRNAs (Zhang and Deutscher, 1988; Reuven and Deutscher, 1993; Li et al., 1998).

The exosome is a sophisticated arrangement of nucleases and pseudonucleases (Liu et al., 2006;
Dziembowski et al., 2006). The exosome core features a hexameric barrel resembling RNase PH, but
with a unique protein for each subunit and a loss of phosphorolytic exonuclease activity. The barrel is
capped with a trimer featuring folds known to be active in RNA binding (Liu et al., 2006). In yeast,

these 9 subunits form a stable interaction with Rrp44 via the PIN endonuclease domain fused to a C-
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terminal RNase II-like 3 exonuclease (Schneider et al., 2007; Lebreton et al., 2008; Schaeffer et al.,
2009; Schneider et al., 2009). Association of Rrp6 is observed in the nucleus and not observed in the
cytoplasm (Allmang et al., 1999a). The human exosome complex features a greater degree of specialisa-
tion between compartments: the Rrp6 homologue EXOSCI10 is the sole nuclease bound to the 9 subunit
core in the nucleolus, both EXOSC10 and the Rrp44 homologue DIS3 are bound in the nucleoplasm, and
a separate Rrp44 homologue DIS3-like (DIS3L) is the only nuclease bound to the core in the cytoplasm
(Staals et al., 2010; Tomecki et al., 2010).

The activity of the yeast exosome complex is stimulated by additional cofactors. Mpp6 is a small
RNA-binding protein that assists with the turnover of structured substrates through binding at the top of
the barrel to the Rrp6/Rrp47 heterodimer (Schilders et al., 2005; Milligan et al., 2008; Feigenbutz et al.,
2013a; Garland et al., 2013; Wasmuth et al., 2017). The TRAMP (Trf4/Air2/Mtr4 Polyadenylation)
adaptor complex is a multi-protein complex featuring an untemplated polyA polymerase (either Trf4
or Trf5), a zinc knuckle RNA-binding protein (Airl or Air2), and an ATP-dependent helicase (Mtr4;
LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005). The polyadenylation of substrates and
binding to the TRAMP complex seems to enhance the activity of Rrp6 several-fold (Callahan and Butler,
2010), and is capable of targeting substrates for exosome-mediated maturation or turnover.

1.3.3 RNase T and Rex1

RNase T has received rigorous biochemical (Deutscher and Marlor, 1985; Viswanathan et al., 1998; Zuo
and Deutscher, 1999, 2002a,b,c) and structural (Zuo et al., 2007; Hsiao et al., 2011, 2012, 2014) charac-
terisation, revealing a homodimeric structure wherein both subunits contribute to substrate specificity. In
addition to processing the short stem-loop adjacent overhangs of stable RNAs (Deutscher et al., 1984),
RNase T has been shown to play a role in the processing of DNA damage-associated ssDNA overhangs
(Viswanathan et al., 1999; Hsiao et al., 2014). The RNase T open reading frame includes minimal se-
quence aside from the DEDD exonuclease domain, with a positively charged Nucleotide Binding Site
(NBS) found towards the C-terminal end (Zuo and Deutscher, 2002c), which is responsible for accom-
modating the non-scissile strand of the RNA duplex in the active site (Zuo et al., 2007; Hsiao et al.,
2011, 2012). An additional layer of substrate specificity is imposed on top of the binding of dsRNA, the
residues E73 and 5 phenylalanines are able to recognise a 3" terminal CC sequence, and inhibit nuclease
activity through mis-positioning of the DEDDh residues to mediate a so-called ‘C-effect’ that serves to
prevent over-trimming of tRNA (Zuo and Deutscher, 2002b; Hsiao et al., 2011).

This domain arrangement is substantially different in the yeast functional homologue of RNase T,
Rex1. Rexl is known to behave as a monomer (Frank et al., 1999; Hama Soor, 2017) and possesses
extra N- and C-terminal sequence flanking the DEDD exonuclease domain including a 50aa Nuclear
Localisation Sequence (NLS) at the N-terminus (Frank ef al., 1999; Hama Soor, 2017; Daniels et al.,
2022).

Although DEDD exonucleases demonstrate unique substrate recognition mechanisms, a degree of
redundancy is shared in the processing of RNAs (for review, see Bechhofer and Deutscher, 2019; Phiz-
icky and Hopper, 2023; Schneider and Bohnsack, 2023). Through considering common features between
substrates that are shared between and unique to certain exonucleases, it is possible to identify the sub-

strate features that are required for an exonuclease to recognise its substrate.
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1.4 Rex1 uses RNase T-like activity for the accurate production of stable
RNAs in yeast, primarily RNAPIII transcripts.

Rex1 and RNase T process similar sets of substrates in their respective organisms, as outlined in Figure
1.4. In S. cerevisiae and E. coli, Rex1 and RNase T are the sole nucleases with the ability to trim the 3
nucleotide 3 overhang adjacent to the terminal stemloop of 5S rRNA, but other substrates demonstrate
redundant processing by alternative nucleases as outline in Figure 1.4. The best characterised substrates
of Rex1 are transcribed by RNAPIII, although Rex1 also plays a role in the maturation of 25S rRNA
from RNAPI transcripts.

The most abundant RNAPIII transcripts are 5S rRNA and tRNAs, the genes coding for which feature
Type I and Type II RNAPIII promoters respectively. These promoters require specific sequence elements
embedded downstream of the initiation site in the transcribed sequence itself, termed A-boxes and B-
boxes. Other transcripts such as U6 snRNA (Das et al., 1988), the RNase P RNA component Rprl (Lee
et al., 1991), and the SRP importin RNA component scR1 (Felici et al., 1989) use Type III RNAPIII
promoters that do not feature promoter sequences downstream of the initiation site, with the A-boxes
and B-boxes instead occurring upstream (for review see Acker et al., 2013).

The termination of RNAPIII is induced by the transcription of a poly dA template to create a nascent
run of rUs, resulting from the innate instability of dA:rU base pairing (Martin and Tinoco, 1980). Human
RNAPIII efficiently terminates upon transcription of four Us, but S. cerevisiae seems to require five to
six (Braglia et al., 2005; Iben and Maraia, 2012). Transcriptome sequencing studies have revealed that
read-through of canonical RNAPIII termination sites is common (Turowski ef al., 2016), in which case a
backup termination site may be used, for example as mediated by the NNS (Nrd1-Nab3-Senl) complex
in yeast (Xie et al., 2022). RNA stemloop formation upstream of a polyU can increase termination
efficiency and promote termination at weaker polyU sites (Nielsen et al., 2013; Xie et al., 2022). Upon
release from the DNA template, the nascent RNA is removed from the RNAPIII using internal proteins of
the complex including Rpc11. Rpcl1 stimulates the intrinsic nuclease activity of the RNAPIII active site
in an analogous manner to TFIIS in RNAPII transcription (Chédin et al., 1998, for review of internal
RNAPIII termination mechanisms see Arimbasseri ef al., 2013). The 3 end of the released nascent
transcript is bound and protected by the Lupus antigen Homology Protein (Lhpl) and LSm complexes,
which both serve to enhance termination, protect the 3 ends of nascent RNAs from exonuclease activity,
and promote correct folding (Mayes ef al., 1999; Kufel et al., 2002). The mechanistic preference of
canonical RNAPIII termination for a stemloop followed by a polyU site (Xie et al., 2022) seems to

produce 3 ends that are natural substrates for Rex1 by necessity.

1.4.1 RNase T and Rexl1 target the 3" ends of tRNA.

In eukaryotes, tRNAs are transcribed by RNAPIII at hundreds of loci: 275 tRNA genes are found in S.
cerevisiae, and 466 are found in humans (Goodenbour and Pan, 2006). Mature tRNAs contain between
75-95 nucleotides, and feature variation far beyond that seen in the acceptor stem anticodons that are
used to decode mRNA (Phizicky and Hopper, 2023). In yeast, 61 of the 275 tRNA genes contain introns
that require excision by tRNA splicing endonuclease and tRNA ligase (for recent review see Hayne ef al.,
2023). These introns serve to guide modification of nucleotides, aid recognition of the type II RNAPIII

promoter, and potentially serve as insulating elements for the spread of chromatin (Donze ef al., 1999;
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Figure 1.4: Rex1 shares substrates with other yeast exonucleases, and with E. coli RNase T
Summary of overlapping substrate processing roles for RNase T, Rex1-3, and the exosomal nucleases
Rrp6 and Rrp44. For each substrate, a heavily simplified representation is shown of the final stemloop of
the mature species. The nucleotides of the mature sequence are shown in black, with trimmed precursor
sequences shown in colours that correspond to the nucleases that process them, assigned according to
the scale (top left). RNase T-like activity is represented in green, with broader exonuclease activity is
shown in yellow-red. For simplicity no distinction is made between Rrp44 exonuclease or endonuclease
activity, and the multiple threading routes of the exosome complex are not shown. Each substrate pro-
cessing event is based on published models indicated as follows: A, Based on Piper ef al., 1983, the
two different termination sites are indicated; B, Based on Abou Elela et al., 1996; Kufel et al., 1999;
C, Based on Thomson and Tollervey, 2010; Faber et al., 2002; Leshin et al., 2011, green nucleotides
show the cytoplasmic action of NgI2; D, Based on Lan et al., 2018; E, Based on Engelke et al., 1985; F,
Based on Nguyen et al., 2015. *RNase T is included in cases where the equivalent processing event takes
place in E. coli, in which case the corresponding species is stated if named differently. RNA species not
included in E. coli are marked with ‘n/a’.
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Hayashi et al., 2019). Prokaryotic tRNA genes by comparison tend to be self-splicing if present (Xu
et al., 1990; Reinhold-Hurek and Shub, 1992; Ferat and Michel, 1993), although no tRNA introns are
found in E. coli. In both S. cerevisiae and E. coli, tRNAs are produced as precursor transcripts featuring

57 and 3~ extensions that require removal by nucleases.

1.4.1.1 The maturation of tRNA in E. coli and S. cerevisiae

In both E. coli and S. cerevisiae, the mature 5 end of tRNAs is generated by the endonuclease ribozyme
RNase P (Guerrier-Takada et al., 1983; Lee et al., 1991). There are however differences in the 3~
maturation of tRNA between E. coli and eukaryotes: the initial 3" CCA of all E. coli tRNAs is templated
by the genome, meaning RNase T is required to mediate trimming up until the CCA (Reuven and
Deutscher, 1993; Zuo and Deutscher, 2002b); in eukaryotes the 3” CCA is added in a non-templated
manner after removal of the 3~ precursor sequence, requiring trimming until the discriminator base prior
to untemplated CCA addition (Marck and Grosjean, 2002).

A further difference is that a subset of eukaryotic tRNAs possess introns (Hopper et al., 1978) that
are spliced out using the tRNA splicing endonuclease complex and tRNA ligase; tRNA splicing takes
place independently of trimming the 5" and 3 termini, and in S. cerevisiae requires export of the tRNA
from the nucleus to access the tRNA splicing endonuclease complex (TSEN) and tRNA ligase that are
anchored to the surface of the mitochondria (Yoshihisa et al., 2003).

E. coli and S. cerevisiae differ in the ordering of 5" and 3~ trimming events. In E. coli, 5° cleavage
by RNase P only precedes 3 trimming in cases where the 5~ extension of a pre-tRNA base pairs to the
37 extension (Li and Deutscher, 2002); 3” processing only precedes RNase P cleavage in cases where
the 3 extensions are particularly long (Li and Deutscher, 1994), with the order of activity otherwise
proceeding stochastically (Li and Deutscher, 1996, 2002). In S. cerevisiae, RNase P cleavage of the 5°
precursor extension is required before 3 ” trimming by default (Lee ef al., 1991; O’Connor and Peebles,
1991; Lygerou et al., 1994; Engelke et al., 1985), with the reverse occurring in the case of tRNATP
(Kufel and Tollervey, 2003) and for other tRNAs in the absence of Lhp1 (Yoo and Wolin, 1997).

While the bulk of tRNA 3° trimming in E. coli is exonucleolytic, in eukaryotes it seems that 3°
trimming is mediated by both the endonuclease tRNase Z (a homologue of RNase BN) and Rex1 with
a minor contribution from Rrp6 and Rex2 (Skowronek et al., 2014). Distribution of substrates between
endonucleolytic and exonucleolytic maturation seems to be based in part on the length and composition
of the trailer sequence (Skowronek et al., 2014).

Short trailers (1-10 nucleotides) can be processed by both pathways, but the binding of Lhp1 to a 3~
terminal trailer of at least 3 Us protects the tRNA end from exonucleases, likely acting as a chaperone to
facilitate folding, and actively stimulating the endonucleolytic pathway (Yoo and Wolin, 1997; Copela
et al., 2008). Longer trailers (>25 nucleotides) featuring secondary structures are proposed to be poor
substrates for exonucleolytic trimming, instead requiring the activity of tRNase Z (Skowronek et al.,
2014).

Conversely, the Arg3-Asp tRNA gene is a case in yeast where only Rex1 can produce a mature 3°
end; two tRNAs are expressed as exons in the dicistronic tRNAATE_(RNAASP transcript, with the initial
3’ end of the 5° tRNAA™3 precursor generated by RNAse P endonuclease activity instead of termin-
ating RNAPIII (Engelke et al., 1985; Piper and Straby, 1989; van Hoof ef al., 2000a); this resembles

the endonucleolytic release of tRNA from polycistronic precursors in E. coli (Li and Deutscher, 2002;

26



Mohanty and Kushner, 2007; Agrawal et al., 2014), albeit with the additional involvement of splicing.
Maturation of the tRNAA™3-tRNAASP transcript is further complicated by the fact that the 5 precursor
extension base pairs to 5 of the 10 nucleotide 3 extension, forming an extended acceptor stem precursor
(Engelke et al., 1985). Until the 5" precursor is removed, the 5 base paired 3° extension nucleotides
are protected from degradation, and the remaining 3~ overhang of this precursor duplex require RNase

T-like activity for their removal. A schematic of this maturation pathway is shown in Figure 1.5.

1.4.1.2 Quality control and turnover of tRNA

Exonuclease activity also plays an essential role in the quality control and turnover of tRNAs (for re-
view, see Hopper, 2013). RNase T was initially isolated based on its unique ability to turn over the CCA
terminal adenine at the end of mature tRNAs (Deutscher et al., 1984). This trimming role underpins the
futile cycle of CCA removal by RNase T and addition by tRNA terminal nucleotide transferase at the
end of mature tRNAs in bacteria, which serves to couple quality control of a tRNA to its aminoacyla-
tion status (Dupasquier et al., 2008). RNase T was later observed to have a role in the exonucleolytic
maturation of the 3" precursor extension of E. coli tRNAs with joint contribution from RNases PH, and
with minor contributions from RNases D, II, and BN (Reuven and Deutscher, 1993; Li and Deutscher,
1996).

These roles for RNase T resemble the roles proposed for Rex1 in S. cerevisiae tRNA metabolism. It
has been suggested that Rex1 may be the exonuclease responsible for trimming the 3 terminal adenine
for an equivalent futile CCA cycle in yeast (Copela et al., 2008), and that the RNase A-like endonuclease
angiogenin may fill this role during oxidative stress in humans (Czech et al., 2013; for review of bacterial
and eukaryotic CCA cycling see Wellner et al., 2018).

In §. cerevisiae, turnover takes place through three pathways: 3 degradation by Rrp44 as part of the
exosome complex, promoted by tRNA polyadenylation by the TRAMP complex (Kadaba et al., 2004,
2006; Schneider et al., 2007); 5 degradation by Ratl and Xrnl, ‘Rapid tRNA Decay’ (RTD), directed
by the instability of tRNA folds that lack the correct modifications (Alexandrov et al., 2006; Whipple
et al., 2011); and jointly-induced 5 and 3 degradation directed against tRNAs that have been marked
with a 3 CCACC(A) sequence, although this addition of a second CCA motif is only seen in tRNAs
featuring a 5" GG (Wilusz et al., 2011).

The levels of attrition directed against tRNAs in S. cerevisiae is high, with 50% of transcribed tRNAs
in yeast undergoing degradation by the exosome before reaching maturation (Gudipati et al., 2012).
This TRAMP-mediated pathway seems to be inhibited by timely Lhpl binding or Rex1 processing
(Copela et al., 2008; Ozanick et al., 2009), meaning the down-regulation of Rex1 activity by temperature
or nutrient stress results in an increased direction of tRNA towards Lhpl-mediated end protection or
TRAMP/exosome-mediated turnover (Foretek ef al., 2016). The race between maturation and turnover
is emblematic of RNA quality control and represents a common theme throughout the production of
stable RNAs (Porrua and Libri, 2013).

1.4.2 Rex1 and RNase T are required for the full maturation of 5S rRNA.

The transcription of 5S rRNA differs from the transcription of other rRNAs (for review see Ciganda
and Williams, 2011): 5S is the only rRNA not to be transcribed by RNAPI as part of the rDNA re-
peat, instead being transcribed by RNAPIII from a type I promoter; 5S genes are found in-between
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Figure 1.5: Maturation of S. cerevisiae tRNAAZ{RNAAP requires multiple nucleolytic processing
events

Schematic of cleavage events required for the maturation of tRNAA™3-tRNAAP in S. cerevisiae based
on secondary structure map shown in Engelke et al., 1985. Two RNase P cleavage sites result in multiple
precursors of tRNAA™3 that serve as substrates for Rex1; nucleotides that require Rex1 for removal are
indicated in green. The order of RNase P cleavage events is not indicated, and the discistronic precursor
that would be produced from cleavage at the 5 site is not shown. A: The raw RNAPIII transcription
product of discistronic tRNAA3{RNAAP. Cleavage at the 3° RNase P site gives *Precursor 1°. B:
Precursor 1, which features an extended acceptor stem. Base paired nucleotides are inaccessible to
maturation by 3” exonucleases, with the 3 nucleotides accessible to RNase T-like trimming by Rexl1.
Cleavage of this precursor at the 5° RNase P cleavage site gives 'Precursor 2°. C: Precursor 2, which
may lack 1-3 37 nucleotides if processed by Rex1 prior to cleavage at the 5 RNase P site. Nucleotides
indicated in orange may be trimmed by 3 exonuclease of other DEDD exonucleases such as Rrp6.

rDNA repeats in the yeast nucleolus (Philippsen et al., 1978) or nuclear tandem repeats in most other
eukaryotes (Douet and Tourmente, 2007); and 5S rRNA doesn’t seem to require any nucleotide modific-
ation in most eukaryotes, although a pseudouridylation at position 50 has been observed in S. cerevisiae
(Miyazaki, 1974). Transcription at a separate locus can lead to a stoichiometric discrepancy with the
jointly-transcribed 18S-5.8S-25S species, which is leveraged to couple the dysregulation of ribosome
biogenesis to induction of apoptosis by p53 in higher eukaryotes (for recent review see Lindstrom et al.,
2022).

1.4.2.1 The maturation of 5S rRNA in E. coli and S. cerevisiae

The eukaryotic 5S rRNA precursor is transcribed without additional 5 sequence (Dieci et al., 2013),
explaining reports in S. cerevisiae, mice, and humans of 5° tri- and di- phosphorylated 5S species per-
sisting from the initiating ribonucleotide tri-/di- phosphates (Soave et al., 1973; Mori and Ichiyanagi,
2021). E. coli by comparison requires the removal of 5 extensions by the activity of one or more nuc-
leases (Feunteun et al., 1972) including the recently identified 5 exonuclease RNase AM (Jain, 2020),
leaving a 5~ monophosphate (Soave et al., 1973).

Eukaryotic and prokaryotic 5S demonstrate more similarity in the processing of 3” precursors of
their extensions, both requiring the action of 3 exonucleases, Rex1 and RNase T respectively for the
removal of the final 3nts (Piper et al., 1983; Li and Deutscher, 1995). The upstream processing of
these 3~ precursor sequences have different origins: in eukaryotes, the distal sequence of the raw 5S
transcription product is removed by exonucleases, most likely the exosome (Wlotzka et al., 2011), with
the final 3 nucleotides removed by Rex1 (Piper et al., 1983; van Hoof ef al., 2000a); in prokaryotes, the
37 end of the 5S transcript is defined by the endonuclease RNase E, with distal nucleotides potentially
trimmed with varying contributions from RNases II, D, PH, and BN, with only RNase T able to remove
the final 2nts (Li and Deutscher, 1995). This extension of 5S by 2-3 nucleotides is characteristic for
loss of the exonuclease activity of Rex1 and RNase T, indeed this defect was how the rna82-1 yeast
mutant was initially identified (Piper et al., 1983), which would later be revealed by sequencing to be a
premature termination mutant of Rex1 (van Hoof et al., 2000a).

The extended 5S rRNA is still readily incorporated into the ribosomes of both E. coli and S. cerevisiae
with seemingly no detriment to ribosome function, indeed E. coli 5S precursors seem to be more effect-

ively targeted by RNase T post-integration into the large subunit, likely stemming from the need for
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trimming of the unpaired 5° overhang by RNase AM before the full 3° precursor overhang can be
accessed (Jain, 2020).

1.4.2.2 Quality control and turnover of 5S rRNA

In eukaryotes, the maturation of 5S seems to be limited to 3" trimming. In light of this, there are
limited scenarios for which 5S would be targeted for degradation. Premature termination of RNAPIII
can give rise to truncated 5S products, which seem to be degraded by the exosome (Wlotzka et al.,
2011; Schneider, Kudla, Wlotzka, Tuck and Tollervey, 2012; Han and van Hoof, 2016; Delan-Forino
et al., 2017). Over trimming of 5S by Rex1 and the exosome may give rise to truncation products, with
a discrete truncation product seen in mutants of TRF4, RRP44 (specifically the exonuclease module;
Schneider, Kudla, Wlotzka, Tuck and Tollervey, 2012), RRP6 (Kadaba et al., 2006; Schneider, Kudla,
Wlotzka, Tuck and Tollervey, 2012; Han and van Hoof, 2016; Delan-Forino et al., 2017) and RRP47
(Garland et al., 2013; Feigenbutz et al., 2013a), which is abolished with the co-deletion of REXI (Copela
et al., 2008; Garland et al., 2013). As the activity of Rex1 should be stopped by the terminal stemloop
found in correctly-folded 5S rRNA, one explanation for this observation could be that Rex1 activity is
able to truncate and target for degradation 5S precursors that have failed to fold correctly. Conversely, it
may be that rapid Rex1 activity directed against 5S that isn’t protected by Lhp1 may lead to the erroneous
degradation of 58S that hasn’t been allowed sufficient time to fold correctly, as proposed for Rex1 activity
directed against scR1 (Copela et al., 2008).

1.4.3 Rexl1 activity is detrimental to accurate maturation of the signal recognition particle
RNA component scR1.

RNAPIII transcription termination by necessity produces transcripts ending with at least 4 U nucle-
otides. In many cases this polyU tail is removed to form a mature product, however scR1 represents
an exception; the 6xU tail of the transcript forms a 3~ terminal stemloop in the mature product (Fe-
lici et al., 1989). For scR1, a joint protective effect against Rex1 seems to be mediated by Lhpl and
polyadenylation by the TRAMP complex (Leung et al., 2014), with a TRAMP-destablised truncation
product observed in #fr4A yeast that isn’t seen in #r4A/rex] A mutants (Copela ef al., 2008). A se-
quencing study of scR1 revealed a dependence on the TRAMP complex and exonuclease activity of the
exosome for the correct maturation of the scR1 3" terminus, and suggests that Rex1 may not be the only
exonuclease responsible for over-trimming of the terminal 6xU in the absence of Lhpl (Leung et al.,
2014).

1.4.4 Maturation of the RNase P RNA component requires the activity of Rex1, Rex2,
or Rex3.

The maturation of RPRI, the RNA component of RNase P in S. cerevisiae, is unusual amongst eu-
karyotes: most eukaryotes express RPRI as a mature transcript requiring no further end processing,
however maturation of an extended precursor has been shown in S. cerevisiae to accumulate with the
joint deletion of REX1, REX2, and REX3 (van Hoof et al., 2000a). This suggests that removal of the
30nt of sequence between the mature 3 ” end and the canonical termination site (Lee et al., 1991) can be

mediated by any of Rex1, 2 or 3, with inefficient processing mediated by other nucleases, potentially the

30



exosome complex (Delan-Forino et al., 2017), giving rise to a heterogeneous 3 extended end product
in addition to the mature species (van Hoof et al., 2000a). Interestingly, the initial characterisation of
the RPRI gene revealed a faint 28-30nt extended precursor (Lee ef al., 1991) in the rna82-1 Rex1 loss
of function strain (Piper et al., 1983).

1.4.5 Non-RNAPIII Rex1 targets

1.4.5.1 RNAPI: Rexl1 is involved in 3" maturation of 25S rRNA and 5.8S rRNA, but not 18S
rRNA.

Rex1 has also been observed to process transcripts from RNAPI. 18S rRNA is the only rRNA that seems
to lack involvement of Rex1 in the generation of its 3* end, as the mature 3~ end is produced in a single
step through endonucleolytic cleavage by Nob1 (Fatica et al., 2003, 2004).

The rna82-1 mutant corresponding to a premature termination mutant of Rex1 was observed to ac-
cumulate extended 25S rRNA precursors (Kempers-Veenstra et al., 1986). This observation was later
contextualised as acting downstream of the rntl endonucleolytic cleavage site T2, requiring the trim-
ming of 14nt (Abou Elela et al., 1996; Kufel et al., 1999). The final maturation step of 25S rRNA in
yeast is proposed to be the removal of a non-base-paired 5 overhang (Geerlings et al., 2000), recently
discovered through serendipity to be mediated by the cytoplasmic 5° exonuclease Dxol (Hurtig and
van Hoof, 2022). This mature 5” end is found upstream of a stemloop formed with the 3" end of 5.8S
rRNA, forming an unpaired 5 -UUU and UUG-3" respectively (Leshin et al., 2011; see Figure 1.4C).
As the final maturation step of 5.8S rRNA is also performed by the cytoplasmic 3 exonuclease Ngl2
(Thomson and Tollervey, 2010), it is interesting to note how both exonucleases are unable to trim any
closer to this stemloop than 3nt.

Rex1 was initially thought to share a redundant processing role with Rex2 in the 3 trimming of 5.8S
rRNA with a minor contribution from Rex3 (van Hoof et al., 2000a), although recent studies suggest this
involvement may be limited, with other nucleases responsible for the bulk of 3" 5.8S rRNA processing
(Thomson and Tollervey, 2010; Hurtig and van Hoof, 2022; reviewed in Schneider and Bohnsack, 2023):
the endonuclease Las] generates the initial 5.8S 3 end through cleavage of the rDNA transcription
product at site C, (Castle et al., 2010; Schillewaert et al., 2012; Castle et al., 2013), the exosome trims the
bulk of the precursor sequence through the successive activities of Rrp44 (7S to 5.85+30; Mitchell et al.,
1997) and Rrp6 (5.8S+30 to 6S; Briggs et al., 1998), at this point Rex1/2 has been suggested, but not
proven, to trim nucleotides between the 6S species and the 5.85+6 species (van Hoof et al., 2000a; Faber
et al., 2002; Thomson and Tollervey, 2010), with the final 6 nucleotides trimmed by the cytoplasmic
exonuclease Ngl2 (Faber et al., 2002; Thomson and Tollervey, 2010). A simplified schematic of this

processing is shown in Figure 1.4C.

1.4.5.2 RNAPII: Rex1-3 are required for USL maturation, and the loss of REXI exacerbates
snoRNA processing defects in rrp6 A yeast.

In addition to transcribing mRNA, S. cerevisiae RNAPII also transcribes a wide range of ncRNAs in-
cluding all snoRNA (with the exception of snR52) and all spliceosomal RNAs (with the exception of
U6; Brow and Guthrie, 1990). The activity of snoRNA-containing RNPs includes accurate modifica-
tion of ribosomes, primarily 2 “-O- methylation (C/D box snoRNA) or pseudouridylation (H/ACA box
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snoRNA). In yeast, the 3 ends of snoRNAs arise from NNS-dependent termination at one or more site
if the gene is not contained within an intron, followed by TRAMP-guided trimming by Rrp6 and the
exosome (Allmang et al., 1999b; van Hoof et al., 2000b). Although the deletion of REX/ individually
doesn’t lead to snoRNA processing defects (Garland et al., 2013; Feigenbutz et al., 2013a), combining
this mutant with an inducible RRP6 loss of function mutant led to accumulation of extended snR13,
snR38, snR50, and U14 with a depletion of mature species (Garland et al., 2013). It is suggested that
widespread use of polyadenylation for backup snoRNA processing underpins the synthetic lethality ob-
served with the loss of both proteins, resulting in titration of RNA processing factors away from essential
mechanisms of RNA metabolism (Garland et al., 2013; Feigenbutz et al., 2013a).

Of the spliceosomal RNAs, Rex1 has been implicated jointly with Rex2 and Rex3 in the formation of
USL snRNA, an isoform of U5 snRNA (van Hoof ef al., 2000a). The mature USL snRNA possesses a 3”
terminal stemloop, whereas the other isoform U5S features a short single-stranded 3 extension (Patter-
son and Guthrie, 1987; Chanfreau et al., 1997). Joint deletions of REX1, REX2, and REX3 demonstrate
a dramatic depletion of USL with a mild extension phenotype visible for USS, leading to the suggestion
that Rex1-3 are primarily responsible for maturation of U5 (van Hoof et al., 2000a), with less efficient
processing mediated by the exosome in their absence (Allmang et al., 1999b), and with both exonuc-
leolytic pathways acting downstream of endonucleolytic cleavage by Rntl (Chanfreau ef al., 1997). It
is unclear to what extent Rex1-3 impact the exonucleolytic processing of the other spliceosomal RNAs,

although there is clear involvement of the exosome (for review, see Peart et al., 2013).

1.4.6 Do Rex1 substrates have common features?

By considering which substrates are uniquely processed by Rex1, and which substrates are shared
between Rex1 and other exonucleases, a trend seems to emerge. Where Rex1 is uniquely able to pro-
cess substrates such as 5S rRNA and dicistronic tRNAA™3, these are cases where the 5 end of the
substrate RNAs are found base-paired in close proximity to the 3" end. For substrates where Rex1 is
one of several nucleases able to perform maturation, for example in the USL snRNA and 5.8S rRNA,
there is a terminal stemloop, but with extensive 5 sequence. One simple model that may explain the
differing efficiencies of Rex1 on different substrates could be that a base-paired 5 * terminal nucleotide is
required for efficient processing, with stemloops featuring both 5” and 3~ overhangs presenting similar,
but sub-optimal substrates that are equally well processed by other exonucleases.

At the boundary between these two classifications is RPRI, the RNA component of RNAse P. In
a high resolution electron cryo-microscopy map of the mature RNase P complex (Lan et al., 2018),
a single unpaired G is seen at the 5° end that is unable to hydrogen bond with the 3" terminal GC
overhang. If it is the case that a base paired 5" nucleotide is a hallmark of efficient Rex1 processing,
then it may be the case that a single unpaired 5" nucleotide is sufficient to render Rex1’s efficiency on
the substrate as comparable to other exonucleases such as Rex2 or Rex3. This model is summarised in
Figure 1.6.

This model for substrate specificity has been proposed for RNase T (Li et al., 1998, 1999), where it
is suggested that a base-paired 5 terminal nucleotide is required for efficient trimming by RNase T. An
informative comparison can be drawn between the processing of 25S rRNA by Rex1 in S. cerevisiae and
the equivalent processing of 23S rRNA by RNase T in E. coli: the 3" terminus of 255 in S. cerevisiae is

found adjacent to a stemloop that ends at the 5~ end with unpaired nucleotides, leaving a 3 * GU overhang
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Figure 1.6: Substrate binding patterns suggest stemloop context influences optimal processing by Rex1
or RNase T

Model of Rex1 and RNase T substrate preferences based on the common features of Rex1/RNase T-
unique substrates. Arbitrary nucleotides shown, with optimally processed nucleotides shown in green
(A), with suboptimally processed nucleotides shown in yellow (B).

that can’t be efficiently processed by Rex1 (Leshin et al., 2011); the 3 terminus of 23S rRNA in E. coli
is adjacent to a stemloop that terminates at the 5” end with a base-paired nucleotide, meaning the 3°
overhang is efficiently trimmed by RNase T (Li et al., 1999), although this 5 end doesn’t represent the
mature 5 end that is generated by the subsequent action of RNase AM (Jain, 2020).

If the activities of Rex1 and RNase T are so similar, why have the two proteins adopted such different
folds? One difference may be in the number of 5 phosphates that are found in the 5S rRNA of their
respective organisms: S. cerevisiae 5S rRNA often contain 5° tri-phosphates in their mature products,
whereas E. coli 5S tend to be produced with 5° monophosphates (Soave et al., 1973; Guerrier-Takada
et al., 1983; Mori and Ichiyanagi, 2021). With the hallmarks of RNase T-like activity in mind, it is

possible to consider whether this activity seen in human RNA metabolism.

1.4.7 Human RNase T-like activity may be distributed between multiple DEDDh en-
Zymes.

The most likely sequence homologue of Rex1 in humans is REXOS5 (Silva et al., 2017; Gerstberger
et al., 2017), which possesses predicted structural features of Rex1 that may be universally conserved
throughout eukaryotes, but a close sequence homologue of RNase T itself is represented in mammals by
the TREX1 family (Yuan et al., 2015).

14.7.1 REXOS5S

REXOS has received characterisation in mouse (Silva et al., 2017) and D. melanogaster (Gerstberger
et al., 2017). The initial study in mouse examined both murine and human REXOS, and described
how expression measured by reverse transcription PCR (RT-PCR) of REXO5 RNA in mice seems to
be limited to the testes, and that REXOS5 seems not to be expressed in HeLLa or HEK293 cells. This
resembles what can be seen for human REXOS5 in the Genotype Tissue expression (GTEx) database,
which suggests that REXOS levels in the testes reach wildly variable levels with a median of roughly
400 transcripts per million (TPM), with other tissues showing baseline expression of between 0.5-10
TPM as shown in Figure 1.7A. Although not detected by Silva et al., the cell line gene expression
database suggests that REXO5 may be expressed at low levels in most cell lines with the exception of

Jurkat cells as shown in Figure 1.7B.
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Figure 1.7: REXO)5 expression in human tissues is at its highest in the testes

The expression of human REXO5 mRNA (ENSG00000005189.19) based on online expression data
repositories. A: The expression of REXO5 mRNA in different tissues of the human body. Tissues,
shown on the X-axis, are arranged in order of increasing expression. Boxes represent lower and up-
per quartiles of data points, median indicated with a white line. The following modifications are made
for clarity: the median expression several tissues at regular percentiles of the distribution are stated in
boxes; the expression of REXO)5 in the testes is shown on a separate graph to increase Y-axis resol-
ution for the other tissues. B: The expression of REXO5 mRNA in a range of common human cell
lines. Boxes represent upper and lower quartiles, with the median indicated by a horizontal black
line. Two replicates are shown for each cell line with the exception of HDLM-2 and SiHa for which
only one replicate is shown, and U20S for which 4 replicates are shown. The following modifica-
tions were made for clarity: The axis labels were rewritten in larger fonts; a notched line was ad-
ded to link boxes to cell line names. Licenses: A: Graph .svg image reproduced in accordance with
the GTEx Portal Data License. The Genotype-Tissue Expression (GTEx) Project was supported by
the Common Fund of the Office of the Director of the National Institutes of Health, and by NCI,
NHGRI, NHLBI, NIDA, NIMH, and NINDS. The data used for the analyses described in this manu-
script were obtained from the GTEx Portal on 31/8/2023 and dbGaP Accession phs000424.v8.p2, at the
following link: https://www.gtexportal.org/home/gene/ENSG00000005189 on 31/8/2023. B: Screen-
shot taken 31/8/2023 from the Human Protein Atlas v23.0, subsection ‘Cell line dataset’ in accord-
ance with ‘Creative Commons Attribution-ShareAlike 3.0 International’ License, graph available at
v23.proteinatlas.org/ENSG00000005189-REXO5/summary/rna (Uhlén et al., 2015).

Silva et al. demonstrate properties of human REXOS5 including localisation, in vitro activity, and
examined the phenotype of REXOS loss using single-cell sequencing of RNA for a mouse CRISPR-Cas9
knockout model. In a REXOS5 plasmid-transfected HeLa cell model, human REXOS5 was observed to
primarily accumulate in the nucleolus in an N-terminal NLS-dependent manner. Recombinant REXO5
demonstrated distributive 3~ exonuclease activity against RNA and DNA substrates, with a preference
for RNA. REXO5 was also shown to be active against an RNA hairpin, although the substrate may have
been a sub-optimal substrate for RNAse T-like activity due to the presence of an unpaired 5 overhang.
This study concluded with analysis of a mouse REXOS5 knockout, which revealed no defects in fertility or
growth. A single-cell sequencing approach was used to identify differences in gene expression, however
defects in ribosomal RNA processing were not examined as ribosomal RNA was depleted before library

preparation.

An analysis of REXOS5 in D. melanogaster was published shortly after, describing a REXOS5 knock-
out strain with embryonic lethality and defects in snoRNA and rRNA maturation (Gerstberger et al.,
2017). Small RNA sequencing and Northern blotting revealed an accumulation of 3 extensions for 27S
rRNA, 5S rRNA, and the majority of snoRNAs. The depletion of mature snoRNA was proposed to cause
ribosomal assembly defects, leading to nucleolar stress and genomic instability. The authors noted that
unlike in S. cerevisiae, Rrp6 homologues in higher eukaryotes are not involved with the 3" maturation
of snoRNAs, with PARN serving to mature a subset of snoRNAs in a polyA-dependent manner as a

potentially inefficient alternative in the absence of REXOS5.

Considered through the lens of RNase T activity, snoRNAs don’t seem to represent optimal sub-
strates: both C/D and H/ACA box snoRNAs feature a 3 overhang adjacent to a stemloop preceded by a
2nt unpaired 5 extension, or protracted extra sequence for C/D and H/ACA box snoRNAs respectively
(for review, see Reichow er al., 2007). Although 3 extended snoRNAs accumulate in REXO5 knockout
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flies, a large fraction of mature length snoRNAs still accumulate (Gerstberger ef al., 2017). This may
mirror Rex1’s role in S. cerevisiae RNA metabolism where its broad exonuclease activity enables pro-
cessing at comparable levels to other exonucleases that can equally process 3° overhangs of stemloop
with unpaired 5° extensions, as opposed to relying on RNase T-like activity (as discussed in section
1.4.5.2).

A clear indicator of RNase T-like activity is the accumulation of extended 5S rRNA, and the study
of D. melanogaster REXO5 clearly demonstrates loss of the mature 5S species. This may suggest that
REXOS is the only exonuclease in D. melanogaster with RNase T-like activity. The lack of REXO5
activity seems to have a severe phenotype in D. melanogaster, but has seemingly little impact in mice.
One simple explanation for this could be that there is an additional source of RNase T-like activity in the
mouse proteome, allowing redundancy in the processing of RNase T-like substrates. TREX1 represents
a good candidate as it bears close structural and sequence homology to RNase T (Yuan et al., 2015) and

is found in mammals, but a homologue is yet to be identified in D. melanogaster.

14.7.2 TREX1

TREXT is a homodimeric DEDDh exonuclease (Mazur and Perrino, 1999, 2001). Since its initial isola-
tion (Lindahl ez al., 1969), TREX1 has received intense characterisation in its capacity as a DNA repair
enzyme (for review see Lindahl, 2013). TREX1 also mediates the turnover of cytoplasmic DNA that
otherwise leads to cGAS-mediated inflammation in the pathogenesis of autoimmune disease (for review,
see Wang et al., 2022).

A recent biochemical study however may overturn the long-held view that TREX1 is only active on
DNA (Yuan et al., 2015). Previous in vitro studies of TREX1 activity made the observation that TREX1
was unable to process sSRNA to any extent (Mazur and Perrino, 1999), however Yuan and colleagues
made the incisive observation that the initial biochemical studies of TREX1 used an isoform with 10
fewer amino acids than the most common isoform, and that the addition of these 10 amino acids to
untagged TREX1 is sufficient to confer RNA exonuclease activity. The RNA exonuclease activity of
TREX1 was measured as 10-fold less than is seen against DNA (Yuan et al., 2015), but this is also
known to be the case for RNase T (Zuo and Deutscher, 1999). A degree of sequence-dependence was
observed for ssSRNA trimming: TREX]1 processed polyA efficiently, but seemed to process polyU less
efficiently. This is surprising, given the high U content of 5S and tRNA trailer sequences. However,
Yuan and colleagues demonstrated the in vitro ability of TREX1 to trim the terminal adenine from the
CCA-3’ of a tRNA, demonstrating RNase T-like activity. An additional case of in vitro RNA trimming
has been recently reported for TREX1 against an siRNA-RISC RNP (Sim et al., 2022).

14.7.3 Eril

Eril was initially characterised under the name 3 "hExo, a DEDDh exonuclease that was observed to
trim the 3 ° overhangs of the stemloop structures found at the end of histone mRNAs (Dominski et al.,
2003). In the years since, Eril has been implicated in the trimming of similar stemloop overhangs in the
turnover of siRNA (Kennedy et al., 2004), and in the final, cytoplasmic step of 5.8S rRNA maturation
(Ansel et al., 2008; Gabel and Ruvkun, 2008). The mechanistic basis for Eril’s ability to trim in close
proximity to stem loops seems to be mediated by a C-terminal SAP domain (Yang et al., 2006), a domain

that is otherwise thought to mediate DNA binding (Aravind and Koonin, 2000). Eril also demonstrates a
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preference for a consensus ACCCA motif in the binding of the 3“ overhang, and has a reduced affinity to
histone mRNAs where this sequence has been artificially replaced with a AUUUU sequence (Yang et al.,
2006). Of Eril’s substrates, the substrate that most closely resembles an RNase T-like base paired 5°
terminal stemloop with 3 overhang is siRNA, a 22 nucleotide dsSRNA duplex flanked with 3 nucleotide
37 overhangs, although there are hints that this substrate may not be processed in an RNase T-like
manner; as opposed to trimming a 3" overhang up until the base of the stemloop for RNA maturation
as seen for RNase T, Eril seems to be able to process into the stemloop itself to mediate a broader
function of degrading these RNAs (Hoefig et al., 2012). While Eril does serve a role in the cytoplasmic
maturation of 5.8S rRNA (Ansel et al., 2008; Gabel and Ruvkun, 2008), the mature end it produces is 3
nucleotides away from the terminal stemloop, and this stemloop possesses a 2 nucleotide 5~ extension
(Petrov et al., 2014). The 3 “ maturation of 5.8S thus resembles a different niche of exonuclease activity,
rather than RNase T-like activity; it remains to be seen whether Eril is capable of mediating RNase

T-like processing.

1.4.7.4 RNase T-like activity in humans: specialisation or redundancy?

REXO5 and TREX1 seem to represent the best candidates for RNase T-like activity in humans, and it
will be intriguing to examine the extent of redundant processing shared between them. There may also be
uncharacterised human RNases that also harbour this activity; Eril has two close sequence homologues,
Eri2 and Eri3, that are yet to receive any characterisation. Aside from the potential for redundancy,
additional barriers exist to the study of these exonucleases. The extensively studied DNA exonuclease
behaviour of TREX1 may render interpretation of cell-level defects in nucleotide metabolism difficult,
but the dependence on the 10 N-terminal amino acids for RNA exonuclease activity may present an
opportunity for selective depletion by RNALI, or a separation of function mutation to remove the relevant
exon. In the study of REXOS, it will be important to assess the extent of expression at the protein
level by proteomics or Western blotting in mammalian tissues and cell lines, as the focus on mRNA-
level expression currently suggests that mammalian REXOS is only expressed in the testes (Silva et al.,
2017). When attempting to study sources of RNase T-like activity in human cells, it will be important
to consider the possibility that there may be several nucleases with mechanistic means to the same 3~

ends.

1.5 Aims and objectives

The RNase T-like activity of Rex1 is required for the full maturation of many stable RNAs in S.
cerevisiae. This project aimed to dissect the substrate recognition mechanisms that allow Rex1 to per-
form this activity, and identify analogous mechanisms that may be conserved in humans. A bioinform-
atic sequence analysis of the Rex] DEDDh exonuclease domain was used to identify Rex1 sequence
homologues, and identify conservation of substrate binding mechanisms. A later structural model of
Rex1 released in the Alphafold Database (Jumper ef al., 2021; Varadi et al., 2022) was analysed, reveal-
ing a novel and widely conserved ‘RYS’ domain composed of the uncharacterised N- and C-terminal
sequence that flanks the exonuclease domain. Structural models of Rex1 in complex with an RNA sub-
strate were generated to give a list of prospective substrate binding features in both the exonuclease

domain and RYS domain of Rex1. This project next aimed to conduct a biochemical analysis of wild-
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type Rex1, examining the buffer requirements and reaction parameters for the trimming of a simple
ssDNA substrate. Rex1 mutants for analysis by X-ray crystallography were purified with the aim of pro-
ducing an experimentally-derived Rex1 structure. In the absence of an experimental Rex1 structure, the
substrate binding features of Rex1 predicted by the bioinformatic analysis were examined. An in vivo
RNA-crosslinking approach revealed RNA binding to both the N- and C-terminal regions of the RYS
domain. Rex1 mutants lacking features of the RYS domain and residues of the exonuclease domain
were cloned and examined for in vivo and in vitro Rex1 activity, revealing specific defects seen in the
absence of specific Rex1 features. This study concluded with the generation of a yeast expression vector
designed for the expression of human DEDDh exonucleases, and observed a lack of complementation

by REXOS5 of yeast mutants lacking or deficient in Rex1 activity.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 General buffers and reagents

Table 2.1: List of buffers and solutions for SDS-PAGE and Western blotting

2 ML Loading of proteins onto SDS-

biffek . . PAGE gels, denaturing lysis of E.
1x Protein loading .
coli and yeast
buffer
TGS running buffer Runnlng buffer for electrophoresis
of proteins
Stacking protein
acrylamide gel Electrophoresis of proteins
solution
12% resolving protein
acrylamide gel Electrophoresis of proteins
solution

Western blot transfer of protein

VEE O U 2 resolved by PAGE onto

buffer .
nitrocellulose membrane
Washing and probing of

TBST membranes during Western
blotting

ECL solution | Visualisation of antibodies bound
during western blotting by

ECL solution Il chemiluminescence
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25% B-mercaptoethanol, 25% glycerol, 400mM
Tris-HCI pH 6.8, 0.25% bromophenol blue, 5% SDS
5% B-mercaptoethanol, 5% glycerol, 80mM Tris-
HCI pH 6.8, 0.05% bromophenol blue, 1% SDS

25mM Tris, 198mM glycine, 0.1% SDS

4.67% 38:1 Protogel acrylamide, 117mM Tris-HCI
pH 6.8, 0.1% SDS, 0.1% ammonium persulphate

12% 38:1 Protogel acrylamide, 42mM Tris-HCI pH
8.7, 0.1% SDS, 0.1% ammonium persulphate,
0.001% TEMED

12.5mM Tris, 96mM glycine, 20% methanol, 0.1%
SDS

10mM Tris-HCI pH 6.8, 150mM NaCl, 0.1% Tween-
20

2.5mM luminol, 400uM p-coumaric acid, 100mM
Tris-HCI pH 8.7

5.4mM H,0,, 100mM Tris-HCI pH 8.7



Table 2.2: List of buffers and solutions for nucleic acid electrophoresis and Northern blotting

6x DNA loading buffer | ading of nucleic acids into
1x DNA loading buffer @9arose gels

2x Formamide RNA
loading buffer

1x Formamide RNA

. exonuclease assays
loading buffer y

10x TBE

0.5x TBE
16% DNA acrylamide
gel solution

8% RNA acrylamide
gel solution

Electrophoresis of short DNA
oligonucleotides

Electrophoresis of RNA

20x SSPE
6x SSPE
2x SSPE

0.1x SSPE

50x Denhardt’s
solution

Northern
oligohybridisation
buffer

Northern stripping
buffer

stripping of Northern blot
membranes

Transfer, washing, probing, and
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30% glycerol, 0.25% bromophenol blue

5% glycerol, 0.042% bromophenol blue
95% formamide 20mM EDTA, 0.05% bromophenol

Loading of nucleic acids onto Urea-blue 0.05% xylene cyanol
TBE gels, stopping solution for

47.5% formamide 10mM EDTA, 0.025%
bromophenol blue 0.025% xylene cyanol

Running buffer and gel solution for 900mM Tris, 900mM boric acid, 20mM EDTA
electrophoresis of nucleic acids

45mM Tris, 45mM boric acid, 1mM EDTA

16% 19:1 acrylamide, 0.5x TBE, 50% urea, 0.07%
ammonium persulphate, 0.007% TEMED

8% Accugel 19:1 acrylamide, 45mM Tris, 45mM
boric acid, 1mM EDTA, 50% urea, 0.07%
ammonium persulphate, 0.007% TEMED

3M NaCl, 180mM NaH,PO,, 20mM EDTA, pH 7.4
with NaOH

900mM NaCl, 54mM NaH,PO,, 6mM EDTA, pH 7.4
with NaOH

300mM NaCl, 18mM NaH,PO,, 2mM EDTA, pH 7.4
with NaOH

15mM NaCl, 0.9mM NaH,PO,, 0.1mM EDTA, pH
7.4 with NaOH

2% ficoll, 2% polyvinylpyrrolidone, 2% BSA

300mM NaCl, 18mM NaH,PO,, 2mM EDTA, pH 7.4
with NaOH, 0.2%ficol, 0.2 polyvinylpyrrolidone,
0.2% BSA

15mM NaCl, 0.9mM NaH,PO,, 0.1mM EDTA, pH
7.4 with NaOH, 0.1% SDS



Peroxidase anti-peroxidase (PaP)
Rabbit anti-Glutathione-S-Transferase (a-GST)

anti-phosphoglycerate kinase (a-PGK1)

Goat anti-rabbit peroxidase (GaRPO)

Goat anti-mouse peroxidase (GaMPQO)

Table 2.4: List of antibodies used in this study

Sigma-Aldrich
1/10,000 2 hour (P1291) None

Merck
1/10,000 2 hour (G7781) GaRPO

Life technologies
1/10,000 2 hour (clone 22C5D8) GaMPO
1/10,000 1 hour Sigma-Aldrich (A4914)
1/10,000 1 hour Bio-Rad Laboratories (1706516)

Table 2.3: List of buffers for extraction and purification of proteins and nucleic acids

Plasmid Solution |
Plasmid Solution Il

Plasmid Solution Il

DNA Phenol
Chloroform

5x Protein Loading
Buffer

1x Protein Loading
Buffer

E. coli native lysis
buffer

Yeast denaturing lysis

buffer

Yeast native lysis
buffer

Yeast protein wash
buffer

Yeast stringent wash
buffer

PNK buffer
GTC mix

NaAc mix

RNA phenol
chloroform

Alkaline lysis for plasmid miniprep
Alkaline lysis for plasmid miniprep

Alkaline lysis for plasmid miniprep

Alkaline lysis for plasmid miniprep

Loading of proteins onto SDS-

PAGE gels, denaturing lysis of E.

coli and yeast

Native extraction of soluble protein

from E. coli

Denaturing extraction of soluble

protein from yeast

Native extraction of soluble protein

from yeast

Wash steps for
immunoprecipitation of yeast
protein

Stringent wash steps for
immunoprecipitation of yeast
protein

32P-labeling of RNA-protein
crosslinked complexes

RNA extraction from yeast
RNA extraction from yeast

RNA extraction from yeast
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50mM glucose, 25mM Tris pH 8, 10mM EDTA pH8
0.2M NaOH, 1% SDS
3M KAc

25:24:1 phenol (pH 6.5):chloroform:isoamyl alcohol

25% B-mercaptoethanol, 25% glycerol, 400mM
Tris-HCI pH 6.8, 0.25% bromophenol blue, 5% SDS
5% B-mercaptoethanol, 5% glycerol, 80mM Tris-
HCI pH 6.8, 0.05% bromophenol blue, 1% SDS
10mM Tris-HCI, 150mM NacCl, 0.1% Tween-20,
1mM PMSF, 5ng/pl Leupeptin, 7ng/ul Pepstatin A,
1mM DTT, 100ug/pl lysozyme

0.2M NaOH, 0.2% B-mercaptoethanol

50mM HEPES pH 7.6, 150mM NaCl, 1mM EDTA,
100uM PMSF, 1x yeast protease inhibitor cocktail;
Melford, Ipswich, UK)

50mM HEPES pH 7.6, 150mM NaCl

25mM HEPES pH 7.6, 75mM NaCl, 2M MgCl,

50mM HEPES pH 7.6, 10mM MgCl,, 1mM DTT

47% GTC, 50mM Tris-HCI pH 8.0, 10mM EDTA pH
8.0, 2% sarkosyl, 1% B-mercaptoethanol

100mM NaAc pH 5.0, 10mM Tris HCI pH 8.0, 1mM
EDTA, DEPC-H,O

25:24:1 pH 4 phenol: chloroform: isoamyl achohol



2.1.2 List of E. coli strains, media, and transformation buffers used in this study

Table 2.5: List of E. coli strains

F—, endA1, gInV44, thi-1, recA1, relA1,

gyrA96, deoR, nupG, ®80dlacZAM15, Invitrogen, Paisley,
A(lacZYA-argF)U169, hsdR17(rK- UK

mK+), A~

Propagation of plasmid
DH5a stocks and cloning of
ligation products

Production of
recombinant protein
through autoinduction

BL21 (DE3)
pLysS

F—, dem, ompT, lon, hsdS(rB-, mB-), Stratagene, California,
gal, NDE3), pLysS US.A

Table 2.6: List of E. coli media compositions and antibiotics

1% Bactotryptone, 0.5% Yeast extract, 1% NaCl, 2% Bactoagar for plate

LB (Luria Bertani) media

2xYT 2% Bactotryptone, 1% Yeast extract, 1% NaCl

1.2% Bactotryptone, 2.4% Yeast extract, 0.6% Glycerol, 0.23% KH,PO,,

Auto-induction (Studier, 2005) 4 550 i« PO, 0.5% Glucose, 2% Lactose

1000x Ampicillin 80mg/ml, 50% ethanol
1x Ampicillin 80pg/ml, 0.05% ethanol
1000x Chloramphenicol 25mg/ml, 100% ethanol
1x Chloramphenicol 25ug/ml, 0.1% ethanol

Table 2.7: Competent E. coli buffers

30mM Kac, 100mM RbCl,, 10mM CaCl,, 50mM MnCl,, 15% Glycerol, pH 5.8
with acetic acid, sterile filter

10mM MOPS, 10mM RbCl,, 75mM CaCl,, 15% Glycerol, pH 6.5 with KOH,
sterile filter

TFI

TFII

2.1.3 List of S. cerevisiae strains, media, and transformation buffers used in this study

All strains are listed with ‘P’ numbers as part of the Mitchell laboratory nomenclature system.
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Table 2.8: List of S. cerevisiae strains

BY4741 Wild-tvoe laboratory strain Mata, his3A1, leu2A0, met15A0,
(P364) yp ry ura3A0
. Euroscarf, The
. . Mata, his3A1, leu2A0, met15A0, . .
P356 RRPA47 deletion strain ura3A0, rp47A::KANMX4 University of
Frankfurt, Germany
. . Mata his3A1 leu2A1 lys2A0 ura3A0
P550 REX1 deletion strain rex1A: KANMX4
. Mata his3A1 leu2A0 met15A0 ura3A0
P1604 g ‘fr); ﬁ/ rp47A plasmid shuffle 1\ KANMX4 rrp47A::HohMX4 + .
p659(zz-REX1, URA3) Taib Hama Soor,
; (Hama Soor, 2017;
ppr0p  rPagged rext SANTOr o, pisaad leu2a0 met15A0 ura3a0  Daniels etal., 2022)
ng endog rex1-HTP::URA3
expression
P2240, . Mata his3A1 leu2A0 met15A0 ura3A0
P2241, f‘Fggs'fg'étze_fel'ﬁ(%zggo“ rex1A::KANMX4 rrp47A::HphMX4 +
P2242 P pRS313(zz-rex1K340A)
P2243, . Mata his3A1 leu2A0 met15A0 ura3A0
P2244, f‘FF?Q?)'fg'(itz'e_fel'fY‘;f7Zl§04 rex1A::KANMX4 rrp47A::HphMX4 +
P2245 P pRS313(zz-rex1Y272A)
P2246, . Mata his3A1 leu2A0 met15A0 ura3A0
P2247, i-FISSA3I‘Tgl(2tze-?el(-fN€1ng€;04 rex1A::KANMX4 rrp47A::HphMX4 +
P2248 P pRS313(zz-rex1N312A)
P2249, . Mata his3A1 leu2A0 met15A0 ura3A0
P2250, i-F§§3I1sglét;?el-f|403fo?;\304 rex1A::KANMX4 rrp47A::HphMX4 +
P2251 P pRS313(zz-rex1H308A)
P2252 Mata his3A1 leu2A0 met15A0 3A0 This study
5 : ata his3A1 leu2A0 met15A0 ura3A
P2253, i‘Fg&'?g'étz'a_fel'fsg‘;ggo“ rex1A::KANMX4 rrp47A::HphMX4 +
P2254 P pRS313(zz-rex1S342A)
P2255, . Mata his3A1 leu2A0 met15A0 ura3A0
P2256, E'F(RJQ?"fg'étz‘ffel'fAi‘;? ??4 rex1A:KANMX4 rp47A::HphMX4 +
P2257 P P pRS313(zz-rex1ALoop1)
P2258, . Mata his3A1 leu2A0 met15A0 ura3A0
P2259, E-F}(QJSA3I‘Tgl(2t;?eL-fAOLfOZ1 2?4 rex1A::KANMX4 rrp47A::HphMX4 +
P2260 P P pRS313(zz-rex1ALoop2)
P2261, . Mata his3A1 leu2A0 met15A0 ura3A0
P2262, E-Fg'sl-\:;?glét;fel_f AoLfo? 584 rex1A:KANMX4 rrp47A::HphMX4 +
P2263 P P pRS313(zz-rex1ALoop3)
Table 2.9: List of S. cerevisiae media compositions
YPD 2% Bactopeptone, 1% Yeast extract, 2% Glucose, 2% Bactoagar for plate media

0.17% yeast nitrogen base, 0.5% ammonium sulphate, amino acids as described in ‘List
of amino acid stocks and supplements for S. cerevisiae media’, excluding histidine for
‘-His’, or leucine for ‘-Leu’, 2% carbon source: Glucose, ‘SD’ ; galactose, ‘SGal’ ;or
raffinose, ‘SRaf’

Synthetic complete media
(-His, -Leu; SD, SGal, SRaff)
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Table 2.10: List of amino acid stocks and supplements for S. cerevisiae media

LTS Eehy Stock composition: Final Concentration (mg/L, % w/v)
supplements

370mg/L (0.002% arginine, 0.02%

29 adenine hemisulphate, 2g arginine threonine, 0.003% tyrosine, 0.005%

pondor mx  monohydrochiorde, 2g methionine, 5 Prenyialanine, 0.002% methionie,
. ’ ; V= 0.003% lysine, 0.002% adenine, 0.002%
phenylalanine, 20g threonine, 3g tyrosine o
arginine

Leucine 0.6% leucine (100x) 0.006%

e 0.2% histidine monohydrochloride 9
Histidine monohydrate (100x) 0.002%
Tryptophan 0.2% tryptophan (100x) 0.002%
Uracil n/a 20mg/L or 5mg/L for 5'FOA plates
5-FOA 10% in DMSO 0.1%

Table 2.11: S. cerevisiae transformation buffers

Transformation Buffer | Composition:

TE 10mM Tris-HCI pH 7.5, 10mM EDTA pH 8.0, filter sterilised
LiT 10mM Tris-HCI pH 7.5, 10mM EDTA pH 8.0, 100mM LiAc pH 7.5, filter sterilised

2.1.4 List of plasmids used and generated in this study

All plasmids originating from the Mitchell laboratory are listed with ‘p’ numbers without additional

letters (such as pRS) as part of the lab nomenclature system.
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pGEX-6-P1

PRSETb

pBlueScript
IIKS

pRS425

pRS415

pRS313

pRS314

p956

p968

p969

Table 2.12: List of plasmid backbones used in this study

amp, GST::ORF

amp, 6xHis::ORF

amp

amp, LEU2, 2y,
zz::ORF

amp, LEU2,
CENP, zz::ORF

amp, HIS3, CENP,
zz::ORF

amp, TRP1,
CENP, zz::ORF

amp, TRP1,
CENP, GAL1 -
zz::ORF-
Adh13'UTR

amp, LEU2,
CENP, GAL1 -
zz::ORF-
Adh13'UTR

amp, HIS3, CENP,
GAL1 - zz::ORF-
Adh13'UTR

Vector for E. coli expression of GST-tagged
protein

Vector for E. coli expression of 6xHis-tagged
and untagged protein

Compact vector for site-directed mutagenesis

High-copy number yeast expression vector for
zz-tagged protein

Low-copy number yeast expression vector for
zz-tagged protein

Low-copy number yeast expression vector
derived from pRS314. For human DEDDh
OREFs, featuring GAL promoter and the 3' UTR
of Adh1

Low-copy number yeast expression vector
derived from pRS415. For human DEDDh
ORFs, featuring GAL promoter and the 3' UTR
of Adh1

Low-copy number yeast expression vector
derived from pRS313. For human DEDDh
OREFs, featuring GAL promoter and the 3' UTR
of Adh1
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(Smith and Johnson,
1988)

(Schoepfer, 1993)

(Alting-Mees and
Short, 1989)

(Christianson et al.,
1992)

(Sikorski and Hieter,
1989)

This study



p674

p675

p679

p680

p701

p705

p706

p713

p716

p719

p720

p721

p748
p752

p754

p869

p872

p880

p966

p967

p972

Table 2.13: List of pre-existing plasmids used in this study

pRS313[amp, CENP, HIS3, rrp4pro - zz-REXT]

pRS415[amp, CENP, LEU2, rrp4pro - zz-REX1]
pRS415[amp, CENP, LEU2, rrp4pro - zz-
rex1D229A]

pRS415[amp, CENP, LEU2, rrp4pro - zz-
rex1A509-553]

pRS415[amp, CENP, LEU2, rrp4pro - zz-
rex1A1-205]

pRS425[amp, 2u, LEU2, rrp4pro - zz-rex1A509-
553]

pRS415[amp, CENP, LEU2, rrp4pro - zz-
rex1A84-205]

pRS415[amp, CENP, LEU2, rrp4pro - zz-
rex1A1-84]

pRS415[amp, CENP, LEU2, rrp4pro - zz-
rex1A428-470]

pRS425[amp, 2u, LEU2, rrp4pro - zz-rex1A1-
205]

pRS425[amp, 2u, LEU2, rrp4pro - zz-rex1A1-
84]

pRS425[amp, 2u, LEU2, rrp4pro - zz-rex1A428-
470]

pRS425[amp, 2u, LEU2, rrp4pro - zz-rex1A84-
205]

pRS425[amp, 2u, LEU2, rrp4pro - zz-REXT1]

pRS425[amp, 2u, LEU2, rrp4pro - zz-
rex1D229A]

pRS414[amp, CENP, TRP1 GAL — HA-MTR4]

pGEX-6P-1[amp, tac — GST-REX1]

pGEX-6P-1[amp, tac — GST-rex1D229A]

pRS313[amp, CENP, HIS3, rrp4pro — zz-
rex1A459-472]

pRS313[amp, CENP, HIS3, rrp4pro — zz-
rex1A145-154]

pRS313[amp, CENP, HIS3, rrp4pro — zz-
rex1A506-544]
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Yeast expression of
REX1 (HIS marker)

Yeast expression of
REX1 (LEU marker)

Plasmid shuffle
assay of rex1
truncation mutants
based on Hama
Soor, 2017 and
Daniels et al., 2022

Cloning source of
GAL promoter
sequence

E. coli expression of
GST-REX1 forin
vitro assays

E. coli expression of
GST-rex1D229A for
in vitro assays

Yeast expression of
rex1 truncation
mutants based on
Alphafold2 model
(Jumper et al., 2021,
Varadi et al., 2022)

Taib Hama Soor
(Hama Soor, 2017;
Daniels et al., 2022)

Phil Mitchell

William Royle

Sopida Wongwas

Sophie Kelly



p907

p908

p909

p910

p911

p912

p913

p914

p915

p916

p917

p918

p919

p920

p921

Table 2.14: List of plasmids constructed during this study: p907-921

pBlueScript Il KS[amp,
rex1K340AA543-553]

pBlueScript Il KS[amp,
rex1A543-553]

pBlueScript Il KS[amp,
rex1Y272AA543-553]

pBlueScript Il KS[amp,
rex1H220-SR(Bglll)-
G221A543-553]

pBlueScript Il KS[amp,
rex1R366-SR(Bglll)-
A367A543-553]

pBlueScript Il KS[amp,
rex1N511-SR(Bglll)-
A512A543-553]

pBlueScript Il KS[amp,
rexIN312AA543-553]

pBlueScript Il KS[amp,
rexTH308AA543-553]

pBlueScript Il KS[amp,
rex1S342AA543-553]

pBlueScript Il KS[amp,
rex1H220-SR-
PsP(concatenated)-SR-
G221A543-553]

pBlueScript Il KS[amp,
rex1R366-SR-
PsP(concatenated)-SR-
A367A543-553]

pBlueScript Il KS[amp,
rex1N511-SR-PsP-SR-
A512A543-553]

pRS313[amp, CENP,
HIS3, rrp4pro - zz-
rex1K340A]

pRS313[amp, CENP,
HIS3, rrp4pro - zz-
rex1Y272A]

pRS313[amp, CENP,
HIS3, rrp4pro - zz-
rex1N312A]

SDM product cloning intermediate of
rex1K340A, truncated at rex?’s
internal Xmal site

Cloning intermediate of rex1,
truncated at rex7’s internal Xmal site.
For use as an extended PCR SDM
template

SDM product cloning intermediate of
rex1Y272A, truncated at rex?’s
internal Xmal site

SDM product cloning intermediate of
rex1H220-SR(Bglll)-G221, truncated
at rex?’s internal Xmal site

SDM product cloning intermediate of
rex1R366-SR(Bglll)-A367, truncated
at rex1’s internal Xmal site

SDM product cloning intermediate of
rex1N511-SR(Bglll)-A512, truncated
at rex1’s internal Xmal site

SDM product cloning intermediate of
rex1N312A, truncated at rex?’s
internal Xmal site

SDM product cloning intermediate of
rexTH308A, truncated at rex?’s
internal Xmal site

SDM product cloning intermediate of
rex1S342A, truncated at rex1’s
internal Xmal site

Linker insertion cloning intermediate
of rex1H220-SR-PsP(concatenated)-
SR-G221, truncated at rex?’s internal
Xmal site

Linker insertion cloning intermediate
of rex1R366-SR-PsP(concatenated)-
SR-A367, truncated at rex7’s internal
Xmal site

Linker insertion cloning intermediate
of rex1N511-SR-PsP-SR-A512,
truncated at rex?’s internal Xmal site

Yeast expression of zz-rex1K340A
(HIS marker)

Yeast expression of zz-rex1Y272A
(HIS marker)

Yeast expression of zz-rex1N312A
(HIS marker)
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Extended PCR SDM of
p933 using 01255/01256
(HindlIl)

EcoRI-Xmal fragment of
p675 ligated into
pBlueScript Il KS

Extended PCR SDM of
p908 using 01271/01272
(Nhel)

Extended PCR SDM of
p908 using 01243/01244

(Bglll)

Extended PCR SDM of
p908 using 01245/01246

(Bglll)

Extended PCR SDM of
p908 using 01247/01248

(Bglll)

Extended PCR SDM of
p908 using 01265/01266
(Pstl)

Extended PCR SDM of
p908 using 01267/01268
(Nhel)

Extended PCR SDM of
p908 using 01269/01270
(AN

Insertion of linker
01259/01260 into Bglll
site of p910

Insertion of linker
01259/01260 into Bglll
site of p911

Insertion of linker
01259/01260 into Bglll
site of p912

EcoRI-Xmal fragment of
p907 ligated into
pRS313

EcoRI-Xmal fragment of
p909 ligated into
pRS313

EcoRI-Xmal fragment of
p913 ligated into
pRS313



p922

p923

p924

p925

p926

p927

p928

p929

p930

p931

p932

p933

p934

p935

Table 2.15: List of plasmids constructed during this study: p922-935

pRS313[amp, CENP, HIS3,
rrp4pro - zz-rex1H308A]

pRS313[amp, CENP, HIS3,
rrp4pro - zz-rex1S342A]

pRS313[amp, CENP, HIS3,
rrp4pro - zz-rex1H220-SR-
PsP(concatenated)-SR-
G221]

pRS313[amp, CENP, HIS3,
rrp4pro — zz-rex1R366-SR-
PsP(concatenated)-SR-
A367]

pRS313[amp, CENP, HIS3,
rrp4pro — zz-rex1IN511-SR-
PsP-SR-A512]

pRS313[amp, CENP, HIS3,
rrp4pro - zz-rex1H220-SR-
LEVLLQDFQR-SR-G221]

pRS313[amp, CENP, HIS3,
rrp4pro — zz-rex1R366-SR-
PsP-SR-A367]

pRS313[amp, CENP, HIS3,
rrp4pro - zz-rex1H220-SR-
PsP-SR-G221]

pRS313[amp, CENP, HIS3,
rrp4pro - zz-rex1H220-SR-
PsP-SR-G221,D229A]

pRS313[amp, CENP, HIS3,
rrp4pro — zz-
rex1D229A,R366-SR-PsP-
SR-A367]

pRS313[amp, CENP, HIS3,
rrp4pro — zz-
rex1D229A,N511-SR-PsP-
SR-A512]

pBlueScript Il KS[amp, zz-
rex1A543-553, -Hindlll site,
+Nhel site]

pRS425[amp, 2u, LEU2,
rrp4pro - zz-rex1H220-SR-
PsP-SR-G221(D229A)]

pRS425[amp, 2u, LEU2,
rrp4pro — zz-
rex1(D229A)R366-SR-PsP-
SR-A367]

Yeast expression of zz-rex1H308A
(HIS marker)

Yeast expression of zz-rex1S342A
(HIS marker)

Sub-cloning intermediate of
rex1H220-SR-PsP(concatenated)-
SR-G221

Sub-cloning intermediate of
rex1R366-SR-PsP(concatenated)-
SR-A367

Yeast expression of zz-rex1N511-
SR-PsP-SR-A512 (HIS marker) for
testing viability of SR-PsP-SR
insertion rex1 mutant

Sub-cloning intermediate of zz-
rex1H220-SR-LEVLLQDFQR-SR-
G221

Yeast expression of zz-rrex1R366-
SR-PsP-SR-A367 (HIS marker) for
testing viability of SR-PsP-SR
insertion rex1 mutant

Yeast expression of zz-rex1H220-
SR-PsP-SR-G221 (HIS marker) for
testing viability of SR-PsP-SR
insertion rex1 mutant

Yeast expression of zz-rex1H220-
SR-PsP-SR-G221,D229A for Rex1-
RNA crosslinking mapping

Yeast expression of zz-
rex1D229A,R366-SR-PsP-SR-A367
for Rex1-RNA crosslinking mapping

Yeast expression of zz-
rex1D229A,N511-SR-PsP-SR-A512
for Rex1-RNA crosslinking mapping

Klenow reaction cloning
intermediate for extended PCR SDM
to give p907

High copy number yeast expression
of zz-rex1H220-SR-PsP-SR-
G221,D229A for Rex1-RNA
crosslinking mapping

High copy number yeast expression
of zz-rex1D229A,R366-SR-PsP-SR-
A367 for Rex1-RNA crosslinking

mapping
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EcoRI-Xmal fragment of
p914 ligated into pRS313

EcoRI-Xmal fragment of
p915 ligated into pRS313

EcoRI-Xmal fragment of
p916 ligated into pRS313

EcoRI-Xmal fragment of
p917 ligated into pRS313

EcoRI-Xmal fragment of
p918 ligated into pRS313

Removal of concatemer
from p924 using EcoNI

Removal of concatemer
from p925 using EcoNI

Extended PCR SDM of
p927 using 01273/01274
(Apal)

Extended PCR SDM of
p929 using 01275/01276
(Sphi)

Extended PCR SDM of
p928 using 01275/01276
(Sphl)

Extended PCR SDM of
p926 using 01275/01276
(Sphi)

Klenow fill-in treatment of
p908 Hindlll site

Notl-Xmal fragment of
p930 ligated into pRS425

Notl-Xmal fragment of
p931 ligated into pRS425



p936

p941

p943

p944

p945

p946

p947

p948

p949

p950

p953

p954

Table 2.16: List of plasmids constructed during this study

pRS425[amp, 2u, LEU2,
rrp4pro — zz-
rex1(D229A)N511-SR-
PsP-SR-A512]

pBlueScript Il KS[amp,
rexTH360AA543-553]

pBlueScript Il KS[amp,
hREXOS5]

pRS313[amp, CENP, HIS3,

rrp4pro - rexTH360A]

pGEX-6P-1[amp, tac —
GST-rex1H360A]

pGEX-6P-1[amp, tac —
GST-rex1K340A]

pGEX-6P-1[amp, tac —
GST-rex1Y272A]

pGEX-6P-1[amp, tac —
GST-rex1N312A]

pGEX-6P-1[amp, tac —
GST-rex1H308A]

pGEX-6P-1[amp, tac —
GST-rex1S342A]

pRS414[amp, CENP,
TRP1, GAL(-Agel site) —
HA-MTRA4]

pRS314[amp, CENP,
TRP1, GAL(-Agel site)]

High copy number yeast
expression of zz-rex1D229A,N511-
SR-PsP-SR-A512 for Rex1-RNA
crosslinking mapping

SDM product cloning intermediate
of rex1TH360A, truncated at rex?’s
internal Xmal site

cDNA PCR product cloning
intermediate of human REXO5

Yeast expression of zz-rexTH360A
(HIS marker)

E. coli expression of GST-
rex1H360A for in vitro assays

E. coli expression of GST-
rex1K340A for in vitro assays

E. coli expression of GST-
rex1Y272A for in vitro assays

E. coli expression of GST-
rex1N312A for in vitro assays

E. coli expression of GST-
rex1H308A for in vitro assays

E. coli expression of GST-
rex1S342A for in vitro assays

Klenow reaction cloning
intermediate for generating GAL1
promoter that lacks an Agel site

Cloning intermediate for
construction of human DEDDh
OREF yeast expression vector,
addition of GAL1 promoter(lacking
Agel)
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: p936-954

Notl-Xmal fragment of
p932 ligated into pRS425

Extended PCR SDM of
p908 using 01289/01290
(PfIFI)

PCR of HCT116 cDNA
(courtesy of Ang Li from
the Wilson Laboratory)
using
01283(Sall)/0o1284(Apal)
into pBlueScript Il KS

EcoRI-Xmal fragment of
p941 ligated into pRS313

PCR on p944 using
01133(BamHlI)/01215(Xh
ol), ligated into pGEX-6P-
1

PCR on p919 using
01133(BamHI)/01215(Xh
ol), ligated into pGEX-6P-
1

PCR on p920 using
01133(BamHlI)/01215(Xh
ol), ligated into pGEX-6P-
1

PCR on p921 using
01133(BamHl)/01215(Xh
ol), ligated into pGEX-6P-
1

PCR on p922 using
01133(BamHlI)/01215(Xh
ol), ligated into pGEX-6P-
1

PCR on p923 using
01133(BamHI)/01215(Xh
ol), ligated into pGEX-6P-
1

Klenow treatment of p869
Agel site

PCR on p953 using
01291(Notl)/01292(Spel),
ligated into pRS313



p955

p956

p961

p962

p963

p968

p969

p970

p971

p976

p977

p978

p979

Table 2.17: List of plasmids constructed during this study: p955-979

pRS314[amp, CENP,
TRP1, GAL(-Agel site) —
zz-ORF]

pRS314[amp, CENP,
TRP1, GAL(-Agel site) —
zz-ORF-Adh1 3' UTR]

pRS314[amp, CENP,
TRP1, GAL(-Agel site) —
zz-REXO5-Adh1 3'
UTR]

pRSETb[amp, T7 -
rexTH360AA1-51]

pRSETb[amp, T7 —
6xHis-rexTH360AA1-51]

pRS415[amp, CENP,
LEU2, GAL(-Agel site) —
zz-ORF-Adh1 3' UTR]

pRS313[amp, CENP,
HIS3, GAL(-Agel site) —
zz-ORF-Adh1 3' UTR]

pRS415[amp, CENP,
LEU2, GAL(-Agel site) —
zz-REXO5-Adh1 3'
UTR]

pRS313[amp, CENP,
HIS3, GAL(-Agel site) —
zz-REXO5-Adh1 3'
UTR]

pGEX-6P-1[amp, (-
BamHI), GST-ORF]

pGEX-6P-1[amp, (-
BamHI), GST-rex1A145-
154]

pGEX-6P-1[amp, (-
BamHI), GST-rex1A459-
472]

pGEX-6P-1[amp, (-
BamHI), GST-rex1A506-
544]

Cloning intermediate for
construction of human DEDDh
ORF expression vector, addition
of zz- tag

Human DEDDh ORF yeast
expression vector (TRP marker)

Gal-inducible yeast expression of
zz-REXOS5 (TRP marker)

E. coli expression of
rexTH360AA1-51 for
crystallisation screening

E. coli expression of 6xHis-
rex1TH360AA1-51 for
crystallisation screening

Human DEDDh ORF yeast
expression vector (LEU marker)

Human DEDDh ORF yeast
expression vector (HIS marker)

Gal-inducible yeast expression of
zz-REXOS5 (LEU marker)

Gal-inducible yeast expression of
zz-REXOS5 (HIS marker)

T4 cloning intermediate for
subcloning of rex1 truncation
mutants (p966, p967, p972)
based on Alphafold2 model
(Jumper et al., 2021, Varadi et al.,
2022) into pGEX-6P-1

E. coli expression of GST-
rex1A145-154 for in vitro assays

E. coli expression of GST-
rex1A459-472 for in vitro assays

E. coli expression of GST-
rex1A506-544 for in vitro assays
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PCR on p674 using
01293(Spel)/01294(BamH]),
ligated into p954

Colony PCR of P550 yeast
using
01295(Pstl)/01296(Clal),
ligated into p954

PCR on p943 using
01299(Agel)/01300(Nsil),
ligated into p956(Xmal/Pstl)

PCR on p945 using
01306(Ndel)/01215(Xhol),
ligated into pRSETb

PCR on p945 using
01336(Ndel)/01215(Xhol),
ligated into pRSETb

Notl/Sall fragment of p956
ligated into pRS415

Notl/Sall fragment of p956
ligated into pRS313

Notl/Sall fragment of p968
ligated into pRS415

Notl/Sall fragment of p968
ligated into pRS313

T4 fill-in treatment of pGEX-
6P-1 BamHlI site

PCR on p967 using
01133(BamHI)/01215(Xhol),
ligated into p976

PCR on p966 using
01133(BamHlI)/01215(Xhol),
ligated into p976

PCR on p972 using
01133(BamHlI)/01215(Xhol),
ligated into p976



Table 2.18: List of plasmids constructed during this study: p980-984

pGEX-6P-1[amp, (-
BamHI), GST-

E. coli expression of GST-

Extended PCR SDM of p948

I rexIN312A K340A 5342  [OXIN312AK340A,S342A for i+ 01330/01331 (Nael)
Al in vitro assays
Fusion PCR of 01345/01347 on
pGEX-6P-1[amp, (- E. coli expression of GST- p967 and 01346/01215 on p966,
p981 BamHI), GST-rex1A145-  rex1A145-154,A459-472 forin  amplified with
154,A459-472] vitro assays 01345(EcoRI)/p1215(Xhol) into
pGEX-6P-1
Fusion PCR of 01345/01349 on
pGEX-6P-1[amp, (- E. coli expression of GST- p967 and 01346/01215 on p972,
p982 BamHI), GST-rex1A145-  rex1A145-154,A506-544 for in  amplified with
154,A506-544] vitro assays 01345(EcoRlI)/p1215(Xhol) into
pGEX-6P-1
Fusion PCR of 01345/01349 on
pGEX-6P-1[amp, (- E. coli expression of GST- p967 and 01348/01063 on p972,
p983 BamHI), GST-rex1A459-  rex1A459-472,A506-544 forin  amplified with
472,A506-544] vitro assays 01345(EcoRlI)/p1215(Xhol) into
pGEX-6P-1
Fusion PCR of 01345/01347 on
E. coli expression of GST- p967 and 01346/01349 on p966,
pGEX-6P-1[amp, (- ) .
0984 BamHl), GST-rex1A145- rex1A145-154,A459 and 01348/01063 on p972

154,A459-472,A506-544]

2.1.5 List of oligonucleotides

472,A506-544 for in vitro
assays

amplified with
01345(EcoRlI)/p1215(Xhol) into
pGEX-6P-1

All oligos are listed with ‘0’ numbers as part of the Mitchell laboratory nomenclature system.

Table 2.19: List of oligonucleotides used for sequencing

0235 PGEX-2T seq+  GCAAGCCACGTTTGGT  p945, p946, p947, p948, p949 p9s0,
o774 zz tag primer gGAAAGTAGACAACAAATT p929, p931, p932, p956
, CGCGAATTCAATGCAAGTA
0869 REX1_5R1 R p927
0884 REX1 + (601) CTGGATTCTGGAGACAC  p907, p909, p916, p928, p929, p931, p932,
0986 PGEX6P_rev CTGCATGTGTCAGAGG  p945, p946, p947, p948, p949, p950
nhouse T2 ATT AAC CCT CAC TAA AG p941, p954, p955, p956,
oligos from  T7F TAATACGACTCACTA 941 1953, p954, p955, p956, p962, p963
pectiee I;pcﬁ igT TAT TGC TCA
company;
S T7R GCG G p962, p963
g:;%ﬁggz PGEX5 g?fT%TgT%CAAGCCAC 0976, p977, p981, p982, p983, P984
UK PGEX3 gggfg:ggTGCATGT p976, p977, p981, p982, p983, p9s4
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01103
01165
01337
01338

0238
0243
0339
0517
0821
0925
0950
0951

Table 2.20: List of oligonucleotides used for exonuclease assays

m Length (nt) | Sequence (5' - 3’)

18 TTTTTTTTTTTITTTTTTT
27 CAC GGATCC GAT GAAGTG GTT GTT GTT
18 TTTTTTTTT TTT CCTTTT
18 TITTTTCCTTTTTTTTTT

Table 2.21: List of oligonucleotides used for Northern blotting

m Sequence (5’ - 3') RNA species

TCA CTC AGA CAT CCT AGG
GAG AGG TTACCT ATTATT A
AGA AAC AAA GCA CTC ACG AT

ATC TCT GTATTG TTT CAA ATT GAC CAA
GGT CAG ATA AAA GTA AAA AAA GGT AGC

CTACTC GGT CAG GCT C
CCT TGC TTA AGC AAATGC
AAG ATT TCG TAG TGA TAA
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u14

snR38

Arg tRNA (UCU)

U6

snR13

5S rRNA

Lys tRNA(UUU), intron
Tyr tRNA (GUA)



01133

01215

01243

01244

01245

01246

01247

01248

01255

01256

01259

01260

01265

01266

01267

01268

01269

01270

01271

01272

01273

01274

01275

01276

01289

01290

01291

Table 2.22: List of oligonucleotides used for cloning: 01133-01291

REX1 &' Bam

rex1_end_Xhol

REX1_H220_Bglll_G221

§FEX1_H220_BgIII_G221

_RIEX1_R366_BgIII_A367

§FEX1_R366_BgIII_A367

_RIEX1_N51 1_Bglll_L512

EFEx1_N51 1_Bglll_L512
R

Rex1_K340A_Hindlll_F

Rex1_K340A_Hindlll_R
PreScission_Bglll_F2
PreScission_Bglll_R2
Rex1_N312A_Pstl_F
Rex1_N312A_Pstl_R
Rex1_H308A_Nhel_F
Rex1_H308A_Nhel_R
Rex1_S342A_Aflll_F
Rex1_S342A_Aflll_R
rex1_Y272A_Nhel_F2

rex1_Y272A_Nhel_R2

Rex1_G221_p927-
1_fixer_F
Rex1_G221_p927-
1_fixer_ R

Rex1_D229A Sphl_F
Rex1_D229A_Sphl_R
Rex1_H360A_PfIFI_F
Rex1_H360A_PfIFI_R

Notl_Gall_F

GGT GGATCC ATG CAA GTA
GAA GGG CC

GCG CTC GAGTTATTT TAC
AGT AAAGGA TG

GAA AGA TCT GGT GGC TCC
CAC ATC

GAA AGA TCT ATG GGT AAA
GTC AAC AGT

GAA AGA TCT AGG GCT TGT
CTT GAATTG

GAA AGATCT TGCATC TTC
GAC AGA ATC

GAA AGA TCT CTT TCA ACT
GAGTTAGAGT

GAA AGA TCT ATT GTT CCA
TGG TCT TGT

GAA GCG CCA AGC TTA AAA

TACTTG AGC GAAACCTTTC
GAA GCT TGG CGC GAA AGG
ATC GCC AGC TTT ATG

GAT CTC TGG AAG TCC TGT
TCC AGG GGC CCA

GAT CTG GGC CCC TGG AAC
AGG ACT TCC AGA

GAA CTG CAG GCT GAT TTG
AAA GTC ATG AAATTG

GAA GCC TGC AGC GAATGT
CCT ATC AAAATATC

GAA GCT AGC CTA CAG AAT
GAT TTG AAA GTC

GAA GCT AGC TCC TAT CAA
AAT ATC TGA ACG

GAA CTT AAG AGC TGG CTT
GAA AGG ATC GCC A

GAA GCT CTT AAGTACTTG
AGC GAAACC TTT CTG

GAA GCT AGC GGT ATA ACT
GAA GAG AAACT

GAA GCT AGC ACG TGT CAA
ATAGTCCACT

GAA GGG CCC AGA TCT GGT
GGC TCC CAC

GAA GGG CCC CTG GAA CAG
GAC TTC CAG AGATCT

GAA GCA TGC GAA ATG TGT
CTTTCC GAAC

GAA GCA TGC TAG TGC AAA
GAT GTGGGA G

CGC GCG GAC TCT GTC GAA
GAT GCA AGG

CGC GAC AGAGTC CGC TTC
TCC GTT TTG AAT GCT
GGAGCGGCCGCGTTTTTT
CTC CTT GAC GT
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p945, p946, p947, p948, p949, p950,
p962, p963, p977, p978, p979 (PCR
insert cloning)

p945, p946, p947, p948, p949, p950,
p977, p978, 0979, p981, p982, p983,
p984 (PCR insert cloning)

p910 (Extended PCR SDM)

p911 (Extended PCR SDM)

p912 (Extended PCR SDM)

p907 (Extended PCR SDM)

p916, p917, p918 (anneal with 01260
for linker insertion)
p916, p917, p918 (anneal with 01259
for linker insertion)

p913 (Extended PCR SDM)

p914 (Extended PCR SDM)

p915 (Extended PCR SDM)

p908 (Extended PCR SDM)

p929 (Extended PCR SDM)

p930, p931, p932 (Extended PCR
SDM)

p941 (PCR insert cloning)

p954 (PCR insert cloning)



Table 2.23: List of oligonucleotides used for cloning: 01292-01349

' GGA ACT AGT AAT TTT CAA ) i
01292 Gall_5'UTR_Spel_R AAA TTC TTA CTT TTT p954 (PCR insert cloning)
01293 Spel zz F GGA ACT AGT CAT GGC AGG
el 955 (PCR insert cloning)
01294 7z BamHI R GGA GGA TCC CGC GTCTAC P 9
- - TTTCGGC

GGA CTG CAG CAC TTC TAA
ATAAGC GAATTT C
GGA ATC GAT TGC CGG TAG

01295 Pstl_Adh1_3'UTR_F
p956 (PCR insert cloning)
01296 Adh1_3'UTR_Clal_R

AEE e ©
01205 Agel REXOS5. F GGA ACC GGT ATG GAG CCA
EEGEEOEIE AL 961 (PCR insert cloning)
[T I GGA ATG CAT CAC GAA CAC P 9
NSt AEE 0T €6
01330 REX1_K340A S342A Na GAA GCG CCG GC
el F TTTAAAATACTTGAGCGAAACC
o133 Rexi_K340A_S342A Na GAA GC CGG CGC D (S 2] IR bt
el R GAAAGGATCGCCAGCTTT
. GCG CATATG CAC CAT CAT
01336 Ege'—6XH'S—ReX1—M52— CAC CAT CAC ATGACATGC  p962, p963 (PCR insert cloning)
ACA TTG CTA
GCG GAA TTC ATG CAA GTA  p981, p982, p983, p984 (PCR insert
01345 Rex1_EcoRI_F2 GAA GGG CC cloning)
01346 Rex1_P155_F 22? TACAATTCATTITATT 951 1082, p984 (Overlapping PCR)
01347 Rex1_N458 R Beie el B G @ p981, p984 (Overlapping PCR)
01348 Rex1_A473_F Eeie Mg A1 T eIy © p983, p984 (Overlapping PCR)
01349 Rex1_L498 R EIe Eegren e Eeh p984 (Overlapping PCR)

2.2 Methods

2.2.1 Growth and lysis of E. coli
2.2.1.1 Generation of competent E. coli by the RbCl, method

500ml LB flask cultures were inoculated with a freshly saturated overnight culture, to a sufficient dilution
that 3-4 doublings can take place to reach an ODss5¢ of 0.48. Cultures were incubated at 37°C until
an ODs50 of 0.48 . TfI (30mM KAc, 100mM RbCl,, 10mM CaCl,, S0mM MnCl,, 15% glycerol,
pH 5.8 with acetic acid) and TfII (10mM MOPS, 75mM CaCl,, 10mM RbCl,, 15% glycerol, pH 6.5
with KOH) buffers were prepared and filter sterilised using a 0.22um pore syringe filter. Cells were
harvested at an ODssp of 0.48 in a pre-chilled 4°C centrifuge at 4000xg for 5 minutes. Cells were
resuspended in 40ml of ice-cold TfI buffer, incubated on ice for 10 minutes, and pelleted in a pre-chilled
4°C centrifuge at 4000xg for 5 minutes. Pellets were resuspended in Sml ice-cold TfII buffer. Once
resuspended, cells were incubated on ice for at least 30 minutes, typically 30 to 60 minutes. Cells were
dispensed into ice-cooled 1.5ml microfuge tubes and snap-frozen in a liquid nitrogen vessel for storage
at -80°C. Competency was measured using Sul of pUCI19 at concentrations of 1ng/ul and 0.1ng/ul to

give transformation efficiency in colony forming units per yg of plasmid (CFU/ug).
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2.2.1.2 Plasmid transformation of E. coli

50ul Aliquots of competent E. coli were thawed on ice. Once thawed, no more than 10ul DNA was
added to the cells, mixed by flicking the tube. Cells were incubated with DNA on ice for 30 minutes.
Cells were heat-shocked at 42°C in a water bath for 90 seconds, then incubated on ice for 2 minutes.
Cells were incubated at 37°C for 30-60 minutes with 1ml 2xYT. Cells were flash spun for 10s in a
microcentrifuge. Cells were resuspended in 100ul of media and aspirated onto selective plates, and

spread using 4mm glass roller beads until fully absorbed.

2.2.1.3 Growth of E. coli for plasmid DNA extraction

Freshly grown colonies DHS5a E. coli transformed with plasmid were obtained by transformation, or
streaking of a glycerol stock were inoculated into 2-5ml of 2xYT media with antibiotic, and incubated
at 37°C in a shaking incubator overnight to reach saturation. Cells were pelleted 1.2ml at a time into a
1.5ml microfuge tube, and plasmid DNA was extracted using alkaline lysis, a spin column Kit, or frozen
at -80°C if needed.

2.2.1.4 Isolation of plasmid DNA from E. coli by alkaline lysis

Based on Bimboim and Doly, 1979. Before beginning, Plasmid solutions I (50mM glucose, 25mM
Tris pH 8, 10mM EDTA pH 8), II (0.2M NaOH, 1% SDS), and III (3M KAc) were prepared. Cell
pellets of saturated DH5a E. coli were resuspended in 100yl of Plasmid Solution I. 200ul of Plasmid
Solution II was added to each suspension and mixed by inversion 6 times. Mixtures were incubated
on ice for 5 minutes. 150ul of Plasmid Solution III was added to each lysate and mixed by inversion
6 times, then incubated on ice for 5 minutes. Precipitated cell debris was pelleted by centrifugation
at 13,000xg for 10 minutes. Supernatants were retained in fresh microfuge tubes and placed on ice.
1 volume (typically 450ul-500ul) of ice-cold 25:24:1 phenol (pH 6.5):chloroform:isoamyl alcohol was
added to each lysate. Mixtures were agitated on a vortex mixer briefly, then separated by centrifugation
at 13,000xg for 5 minutes. Aqueous phases were retained in fresh microfuge tubes, and 2 volumes of
ice-cold 100% ethanol was added to each sample for precipitation on ice for 30 minutes, or for 1-2
hours at -80°C. Precipitant was pelleted 13,000xg for 20 minutes and washed with 200ul of ice-cold
70% ethanol. Pelle