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Summary

Nonsense mediated mRNA decay (NMD) is widely regarded as an active cellular
surveillance mechanism that eliminates mRNAs that contain a premature translation
termination codon (PTC). In this study, | present an alternative hypothesis, formulated
as the ribosome release model, which proposes that NMD may occur as a passive
consequence of general roles that NMD factors play in ribosome release upon
translation termination. | tested this directly, by looking at whether NMD factors affect
NMD reporter mRNA association with the ribosomes. | also analysed the role of NMD
factors in general translation and their association with translating mRNAs. My data
indicates that NMD factors do bind mRNAs undergoing translation, regulating
translation of many transcripts, and indeed possibly triggering ribosome release from
mMmRNAs upon termination. Additionally, | found that UPF1 associates with ribosome-
free RNA granules in the cell, into which in stress conditions, when global translation is
impaired, it almost entirely re-distributes, possibly sequestering translationally
repressed mRNAs from the translational pool. Finally, whilst investigating the role of
NMD factors in translation by means of a puromycylation assay, | made unexpected
observations that indicate that many complete proteins can be released from the

ribosome with a tRNA still attached to the last C-terminal amino acid.
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NMD Nonsense mediated mMRNA decay
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CHAPTER 1: INTRODUCTION

1.1. Eukaryotic gene expression
Gene expression is a fundamental cellular process, which converts genetic
information deposited in DNA into either RNA molecules that exert specific
functions in the cell or messenger RNAs (mRNAS) that are translated into

proteins, the main structural and functional cellular components.

Whilst there are fundamental similarities between prokaryotes and eukaryotes
in terms of gene expression, this process is far more complex in eukaryotic
organisms. Eukaryotic protein-coding gene expression comprises of
transcription, pre-mRNA processing, formation of messenger ribonucleoprotein
particles (MRNPs) and their transport into the cytoplasm, translation as well as
posttranslational modifications of resulting proteins that regulate their

localisation and functionality (Watson et al., 2014) (Figure 1.1).

In contrast to prokaryotic cells, which do not contain nuclei so transcription and
translation are coupled as ribosomes can bind to nascent transcripts, eukaryotic
cells are compartmentalised. Transcription and pre-mRNA processing occur in
the nucleus, the resulting mRNA is then transported through the nuclear pore
complex into the cytoplasm where translation and further modifications take

place (Moore and Proudfoot, 2009) (Figure 1.1).
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Figure 1.1 — Overview of eukaryotic protein-coding gene expression. Schematic
displaying the key steps in eukaryotic gene expression of protein coding genes,
detailed in the text. In brief, transcription uses a DNA molecule as a template to
generate an mRNA molecule, a process catalysed by RNA Polymerase Il (in purple).
During transcription, mRNA is processed, which involves 5’ capping, splicing, and
cleavage and polyadenylation, creating a mature mRNA molecule that is complexed
with a number of proteins, generating an mRNP. Mature mRNA is then transported
through the nuclear pore complex into the cytoplasm, where it engages with ribosomes
(in light purple) that translate its nucleotide sequence into the sequence of a
polypeptide chain (amino acids presented as red circles). The newly synthesised
polypeptide is released from the ribosome upon termination (terminating ribosome
indicated in dark purple), due to a concerted action of eukaryotic release factors. 5’
CAP — 5’ capping complex; START - start codon; STOP - stop codon; PABCN —
poly(A) binding complex, nuclear; 43S — translation pre-initiation complex; UTR —
untranslating region; eRF1 — eukaryotic release factor 1; eRF3 — eukaryotic release

factor 3; PABPC - poly(A) binding complex, cytoplasmic.



1.2. Transcription

A protein-coding gene is copied into a primary mRNA (pre-mRNA) molecule by
means of transcription, a process catalysed by a multi-unit enzyme, RNA
polymerase Il. Association of transcription factors to promoter elements as well
as chromatin remodelling allow RNA polymerase Il to bind the DNA, the double
helix to unwind locally, which enables RNA polymerase Il to commence
generating an mMRNA molecule using DNA as a template (Shandilya and

Roberts, 2012; Venters and Pugh, 2009).

Rpbl, the RNA polymerase Il largest subunit, contains C-terminal domain
(CTD) consisting of multiple amino-acid heptad repeats of the consensus motif
Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (Harlen and Churchman, 2017). CTD is
subjected to phosphorylation/dephosphorylation cycles of specific amino-acid
residues during transcription. Phosphorylation patterns of Rpbl CTD domain
facilitate dynamic interactions of RNA Polymerase Il with transcription factors,
required for its progression through transcription stages (Buratowski, 2009).
Key modifications, demonstrated by chromatin immunoprecipitation studies in
budding yeast as well as mass spectrometry studies, include phosphorylated
serine residue at position 5 affiliated with RNA polymerase |l present at or near
the promoter of a gene and serine 2 phosphorylation, which is a hallmark of
elongating RNA polymerase Il (KomarnitskyCho and Buratowski, 2000; Suh et
al.,, 2016; Mayfield et al., 2017). Hence, transition from the initial low-
processivity stage into productive transcription elongation, pre-mRNA
processing steps as well as transition into termination and RNA cleavage and

polyadenylation, is regulated by CTD phosphorylation/dephosphorylation



cycles, and appropriate factor association and activity (Buratowski, 2009). As a

result, mMRNA transcript is generated and processed, as detailed in section 1.3.

1.3. Pre-mRNA processing
Pre-mRNA molecules undergo different modifications during transcription,
termed pre-mRNA processing, which include 5 cap formation (5 capping),

splicing and 3’ polyadenylation.

Once the nascent transcript is about 25-30 nucleotides long, it undergoes 5’
capping, which involves a multi-step addition of a 7-methylguanosine to the
transcript’'s 5’ end via 5’-5’ triphosphate bond (Topisirovic et al., 2011). This is
followed by the association of the cap binding complex (CBC) proteins, CBC20

and CBC80, with CBC20 directly binding to the cap (Shatkin, 1976).

Eukaryotic genes typically consist of exons, protein-coding sequences, and
introns which, being non-protein-coding sequences, are eliminated from pre-
MRNAs during splicing when the exons are joined together, generating an open
reading frame. Splicing is catalysed by the spliceosome, a ribonucleoprotein
particle, consisted of five small nuclear uridine-rich RNAs (U1, U2, U4, U5, U6
snRNAs) and a number of associated proteins (MooreQuery and Sharp, 1993).
Intron defining features within a gene are mainly the 5’ and 3’ splice sites (ss),
the branch point and the polypyrimidine tract (MooreQuery and Sharp, 1993;
BurgeTuschl and Sharp, 1999). Spliceosome assembly and catalysis of the two
consecutive transesterification splicing reactions are carried out via complex
and dynamic sets of interactions with the nascent mRNA, mainly with the intron-

defining features (WahlWill and Lihrmann, 2009). Additionally, it was shown in



mammalian cells that during splicing, exon junction complexes (EJCs) are being
deposited 22-24 nucleotides upstream of each exon-exon junction, which,
among other functions, coat and protect the mRNA (Le Hir et al., 2000; Le Hir et

al., 2001).

At the 3’ end of the mRNA, sequences termed as signals for polyadenylation
lead to the cleavage of nascent mRNA followed by a sequential addition of
multiple adenine residues to form a poly(A) tail, to which poly(A) binding

proteins (PABPSs) bind (Colgan and Manley, 1997).

The 5’ cap and the poly (A) tail protect the transcript from degradation by
exonucleases, enable nuclear export, interact with a number of factors and
have a role in translation initiation and mRNA circularisation, which is thought to
allow stabilisation of the translation circuit and its rapid re-initiation (Watson et

al., 2014).

Therefore, an MRNA undergoes a series of modifications from its synthesis up
to the final degradation step. It is associated with a number of specific proteins
to form an mRNP, which is being remodelled as mRNA progresses through its
life cycle (McCarthy and Kollmus, 1995; Muhlemann et al., 2008). One of the
key changes in mRNP composition occurs during its export into the cytoplasm,
when the nuclear mMRNP changes into a cytoplasmic mRNP (Kuersten and

Goodwin, 2005).



1.4. Translation
Processed mature mRNAs are transported through the nuclear pore complex
into the cytoplasm where they are translated into proteins (MehlinDaneholt and
Skoglund, 1992; MehlinDaneholt and Skoglund, 1995). Translation is catalysed
by the ribosome; a cellular ribonucleoprotein complex consisted of ribosomal
RNAs (rRNAs) and proteins (Yusupova and Yusupov, 2014). The mRNA
sequence determines the order of amino acids in the resulting protein; where
each triplet of nucleotides, termed as codon, encodes an amino acid.
Nucleotide triplets, anticodons, present in amino acid-carrying transport RNAs
(tRNAs) recognise the codons via base pairing and consequently bring
appropriate amino acids into the growing polypeptide chain. Therefore, tRNAs
serve as adapter molecules, key for decoding the mRNA nucleotide sequence
into amino acids of the resulting polypeptide (Kapp and Lorsch, 2004; Dever

and Green, 2012).

1.4.1. Ribosome structure and functional implications

Eukaryotic ribosome (80S) is consisted of a large 60S and a small 40S
ribosomal subunit. S indicates the Svedberg unit that measures sedimentation
rate of particles upon centrifugation. The small ribosomal subunit is comprised
of the 18S rRNA and 33 ribosomal proteins while the large ribosomal subunit
consists of 28S (25S in yeast), 5.8S and 5S rRNAs forming a complex with 46
ribosomal proteins (Ben-Shem et al., 2011). Bacterial ribosome (70S), in turn,
has a similar structure with its large 50S subunit consisting of 23S and 5S
rRNAs and 33 proteins, while its small 30S subunit consists of 16S rRNA and

21 associated proteins (Armache et al., 2010; Yusupov et al., 2001).



When the two subunits come together during translation, three major sites are
formed on the interphase — E, P and A sites with specific functions during
translation, detailed in section 1.4.2. In brief, A site is where aminoacyl-tRNAs
form the codon-anticodon interactions bringing amino-acids, protein building
blocks, to the nascent chain. P site is the location where the growing
polypeptide chain resides, while the deacetylated tRNAs exit the ribosome

within the E site (Melnikov et al., 2012).

Structural and biochemical studies have resolved the structure of the two
subunits and provided significant insight into the ribosome functioning. These
ranged from studies resolving the structure of the bacterial ribosome to some of
the key eukaryotic studies, including X-ray crystallography of yeast ribosome
structure at 3.0A (Ben-Shem et al., 2011), and a cryo-EM study resolving the
structure of the human ribosome in different phases of translation (Behrmann et

al., 2015).

One of the key findings regarding ribosome activity was that the active site of
the ribosome, which catalyses peptide bond formation as well as peptidyl-tRNA
hydrolysis, is comprised solely of rRNA, it is in fact a ribozyme (Cech, 2000).
This was hypothesised early on, in a study that identified a region of 23S rRNA
that associates with the peptidyl transferase site, indicating an important role of
rRNA in the ribosome enzymatic activity (Barta et al., 1984). Moreover, peptidyl
transferase reaction remains largely unaffected even after approximately 95%
of proteins from the large ribosomal subunit are removed while the reaction is in
turn abolished upon treatments that destroy the RNA component of the

ribosome (NollerHoffarth and Zimniak, 1992). The definitive confirmation that



the catalytic activity resides in the rRNA was the finding that a specific,
conserved 23S rRNA region forms the catalytic site to which substrates bind,
with the ribosomal protein component being as far as 18.0A from the site of the
reaction (Nissen et al., 2000). Testing the catalytic activity of purified ribosomes
containing an array of mutations in the 23S rRNA led to identification of
conserved nucleotides responsible for peptidyl transferase and hydrolysis

reactions (Youngman et al., 2004).

The catalytic core of the ribosome, regarding both its rRNA and protein
component, is highly evolutionarily conserved, with the structure of the peptidyl
transferase centre between bacterial and eukaryotic ribosomes being nearly
identical (Ben-Shem et al., 2011; Dever and Green, 2012). The key tendency
during evolution of the eukaryotic ribosomes was increasing the ribosome size,
particularly with the appearance of outer rRNA expansion segments that do not
affect the structure of the conserved core but provide a platform for new
interactions with different cellular components (Gerbi, 1996; Spahn et al., 2001).
Interestingly, a recent study establishing the ribosome affinity purification
method of mammalian ribosomes, uncovered an array of ribosome associated
proteins (RAPS) that regulate cell cycle and cell metabolism-related translation
as well as RNA- and protein-modifying enzymes that affect ribosome
functionality (Simsek et al., 2017). Additionally, it was found that ribosomes
could be heterogeneous in terms of ribosomal proteins they consist of. Thereby,
ribosomes of a certain RP composition direct translation of a subset of

transcripts, adding another layer to translational regulation (Shi et al., 2017).



1.4.2. The mechanism of translation
In eukaryotes translation consists of four stages: initiation, elongation,
termination and ribosome recycling, as detailed below (Figure 1.2). In short,
during initiation stages, the 40S subunit, together with the initiating tRNA
carrying the first amino acid, associates with the 5’ cap of the mRNA, scans the
5'UTR until it encounters the start codon, upon which the large ribosomal unit
joins and forms the complete ribosome. During elongation, ribosome
propagates across the mRNA, catalysing polypeptide chain formation based on
the information in the mMRNA. Once the stop codon is encountered, the
ribosome catalyses hydrolysis of the peptidyl-tRNA and release of the
polypeptide. Finally, post-termination ribosomes dissociate from mRNA into
ribosomal subunits becoming available to engage in a new cycle of translation

(Hinnebusch and Lorsch, 2012; JacksonHellen and Pestova, 2010).
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Figure 1.2 — The mechanism of translation. (A) Schematic of a translation circuit
composed of translating ribosomes trailing on an mRNA, displaying the key stages of
translation. Detailed schematics of individual translation stages are shown below (B-D),
as follows. (B) Translation initiation. A detailed explanation of this stage is presented in
section 1.4.2.1. In brief, nuclear cap binding complex is replaced in the cytoplasm by
the elF4F factors: elF4E, elF4G and elF4A, as indicated. A pre-initiation 43S complex
(PIC) assembles, composed of the small ribosomal subunit, the ternary complex elF2-
GFP-Met-tRNA®" and associated factors elF1 and elF3. Once the PIC binds to the 5’
cap, it generates a 48S complex. elF4A is a 5-3' RNA helicase that translocates
across the 5" UTR, unwinding secondary structures and thus enabling small ribosomal
subunit with associated factors to move across the 5 UTR, scanning for the start
codon. Once the initiating tRNA successfully base pairs with the start codon, elF5
stimulates GTP hydrolysis of the ternary complex and elF5B-mediated association of
the large ribosomal subunit. (C) Translation elongation, detailed in section 1.4.2.2.
eEF1-a-GTP-aminoacyl-tRNA complementary base pairs with the second codon. If the
base pairing is perfect, GTP hydrolysis ensues, releasing eEFl-a and allowing
peptidyl-transferase centre to properly position the two amino acids and to catalyse
peptide bond formation. The tRNAs are then found in the P/E and A/P hybrid states, as
indicated. eEF2 stimulates ribosome translocation three nucleotides across the mRNA
which resolves the hybrid state. Deacetylated tRNA exits the ribosome via the E site.
tRNA carrying the growing polypeptide chain is present in the P site and the A site is
free, allowing the next aminoacyl-tRNA to bind. (D) Translation termination and
ribosome recycling, detailed in section 1.4.2.3 and 1.4.2.4. Termination occurs once
the ribosome encounters a stop codon (UAA, UAG or UGA). The stop codon is
recognised by the eRF1-eRF3-GTP complex, where eRF1 recognises the stop codon
and eRF3 then catalyses GTP hydrolysis that stimulates eRF1-mediated peptidyl-tRNA

hydrolysis and release of the polypeptide. Ribosomes are then dissociated from the
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MRNA via an unclear mechanism. It is proposed that elF3 and ABCE1 play a key role,
stimulating dissociation of the large ribosomal subunit. elF1 then stimulates tRNA
dissociation while elF3j releases the mRNA, allowing ribosomal subunits to engage in
a new translation cycle. 5 CAP — 5’ capping complex; UTR — untranslated region;
START - start codon; STOP — stop codon; 40S — small ribosomal subunit; 60S — large
ribosomal subunit; PABPC - poly(A)-binding protein, cytosolic; elF — eukaryotic
initiation factor; eEF — eukaryotic elongation factor; eRF — eukaryotic release factor;

GTP- guanosine-triphosphate.
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1.4.2.1. Translation initiation

Upon mature mRNA transport into the cytoplasm, the cytoplasmic elF4F
complex consisting of elF4E, elF4G and elF4A replaces the nuclear
CBC20/CBC80 cap-binding complex (Pestova et al., 2001). elF4E directly binds
to the cap while elF4G interacts with the PABPC bound to the 3’ end poly(A)
tail, causing the mRNA to form a closed loop, thought to be responsible for
stabilisation of the translation circuit and translation re-initiation (Wells et al.,
1998). elF4A is a helicase that unwinds any secondary mRNA structures,
allowing the 48S pre-initiation complex (PIC) to scan the 5’ UTR of the mRNA

(Figure 1.2B) (Pestova et al., 2001; PrévétDarlix and Ohlmann, 2003).

The initiation stage commences when the PIC, consisted of the small ribosomal
subunit with associated eukaryotic initiation factors elF1, elF1A, elF3 and the
ternary complex comprised of elF2 complexed with initiating aminoacyl-tRNA

carrying methionine and a GTP molecule (elF2-GTP-Met-tRNAM®!

), assembles
on the mRNA (Pestova et al., 2001; JacksonHellen and Pestova, 2010). The
assembly is mediated via an interaction between elF4G, bound to the mRNA,
and elF3, associating with the PIC, generating a 48S complex (Korneeva et al.,
2000; Villa et al., 2013; Eliseev et al., 2018). The complex then scans the
MRNA until it reaches the AUG initiation codon, detected by the initiator tRNA
anticodon-start codon base pairing (JacksonHellen and Pestova, 2010;
Hinnebusch and Lorsch, 2012). Once the initiation codon is identified, elF5, via
interaction with elF2 and elF3, triggers hydrolysis of the GTP bound to elF2,

which further leads to dissociation of the initiation factors and elF5B-mediated

binding of the large ribosomal subunit (Das and Maitra, 2001; Nag et al., 2016).

14



Initiating Met-tRNAM®' remains hybridised with the mRNA, residing within the

ribosome P site (Figure 1.2B) (Hinnebusch and Lorsch, 2012).
1.4.2.2. Translation elongation

As previously outlined, the ribosome contains E, P and A sites. Initiating
tRNAY® resides within the P site upon the completion of the initiation step.
Elongation step commences when the eukaryotic elongation factor eEF-la
complexed with GTP binds an aminoacyl-tRNA and directs it to the ribosome A
site, allowing it to base pair with the second mRNA codon (Figure 1.2C) (Kapp
and Lorsch, 2004; Dever and Green, 2012). Upon successful anticodon-codon
base pairing, GTP is hydrolysed and the elongation factor released from the
ribosome. The GTP hydrolysis is a rate-limiting step as the time required for it
allows tRNAs whose anticodons do not bind perfectly to the codon to dissociate
from the ribosome, serving as a proofreading mechanism (Dever and Green,
2012). Once eEF-1a is released, the peptidyl transferase centre catalyses
peptide bond formation between the methionine and the second aminoacyl-
tRNA (Polacek and Mankin, 2005). When the peptide bond is formed, the two
aminoacyl-tRNAs are found in the P/E and A/P hybrid states, where the peptide
is bound to the tRNA with its acceptor arm present in the P site and its
anticodon located in the A site. The deacetylated tRNA in turn has its acceptor
arm in the E site while its anticodon is within the P site (Schuller and Green,
2018). The subsequent translocation of the ribosome three nucleotides
downstream within the mRNA sequence, mediated by the elongation factor
eEF-2 and utilising energy of GTP hydrolysis, leads to deacetylated tRNA

transferring into the E site and exiting the ribosome, while the peptidyl-tRNA
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now fully residing in the P site (Dever and Green, 2012). The A site is free for a
new aminoacyl-tRNA to bind and introduce the next amino acid into the peptide
chain (Figure 1.2C). For a new aminoacyl-tRNA to bind to the ribosome, GDP
now bound to eEF-1a has to be converted back to GTP, a reaction catalysed by
eEF-1B3 (Gromadski et al., 2007). The ribosome progresses through elongation
via repeated cycles of aminoacyl-tRNA binding to the ribosome, peptide bond
formation and translocation, until it reaches the stop codon (UAA, UAG or UGA
triplet).
1.4.2.3. Translation termination

When the ribosome encounters one of the three stop codons, located in its A
site, the stop codon cannot be recognised by an aminoacyl-tRNA, as there are
no anticodons compatible to it; it is recognised by release factors instead
(Dever and Green, 2012). Release factor eRF1 can recognise each of the three
stop codons (Chavatte et al., 2002). eRF3 factor complexed with GTP, via its
interaction with eRF1, also binds the terminating ribosome. The energy
produced by GTP hydrolysis stimulates a conformational shift of eRF1,
triggering hydrolysis of the ester bond in the peptidyl-tRNA and generating a
newly synthesised polypeptide chain and an empty deacetylated-tRNA (Figure
1.2D) (Frolova et al., 1996). Polypeptide release is followed by post-termination

ribosome dissociation.
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1.4.2.4. Ribosome recycling
Upon successful release of the synthesised polypeptide chain, post-termination
ribosome contains a deacetylated tRNA in its P site and the release factors in
its A site. A ribosome-recycling factor (RRF) was identified in bacteria, playing a
crucial role in the dissociation of the ribosomes upon translation termination
(Hirokawa et al., 2005). A homologue has not been identified in eukaryotes and
the exact mechanism of post-termination ribosome disassembly is yet not
completely clear. Two proteins, eukaryotic initiation factor complex elF3, as well
as an ABC-family ATPase ABCEL1 are thought to play a role in these processes

(Figure 1.2D) (PisarevHellen and Pestova, 2007; Pisarev et al., 2010).

The only factor found to be capable of stimulating post-termination ribosome
release alone is elF3, with its activity being stimulated by elF3j, elF1 and elF1A
(PisarevHellen and Pestova, 2007). Once incubated with in vitro assembled
translation termination complexes, elF3 stimulated dissociation of
approximately 45% of ribosomes, with elF1 and elF1A stimulating disassembly
of an extra 15%, while elF3] had a more substantial effect, with elF3 and elF3;
together stimulating dissociation of 70-75% of terminating ribosomes into
subunits (PisarevHellen and Pestova, 2007). Concerted actions of elF3 and
elF1A generate 40S/mMRNA/tRNA complexes where elF1l then stimulates
release of deacetylated tRNA and elF3j triggers mRNA dissociation from the
40S subunit (Figure 1.2D). elF3 was also shown to remain with the dissociated
40S subunits, preventing them from re-associating with 60S. This mechanism of
ribosome recycling is functional only in low Mg®* conditions (PisarevHellen and

Pestova, 2007).
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ABC-family ATPase ABCEL, on the other hand, was shown to significantly
stimulate the disassembly of in vitro assembled termination complexes into 60S
subunits and MRNA/tRNA/40S complexes over a wide range of Mg
concentrations (Figure 1.2D) (Pisarev et al.,, 2010). It was postulated that
ABCEL1 promotes the rate of peptide release via association to the release
factors, playing a role in post-termination ribosome disassembly by transforming
ATP hydrolysis energy into movements that can separate the two subunits
(Pisarev et al., 2010; Barthelme et al., 2011). The joint action of all the above-
discussed factors allows the ribosome recycling to take place; however, further

studies are necessary to acquire full understanding of this process.

1.4.3. Methods of studying translation

A wide range of structural and biochemical methods have been developed to
study the process of translation, in vitro translation assays being among the
most important. Another significant method is polysome fractionation, which
enables separation of translation complexes using sucrose gradients, thereby
allowing studies into the cellular translation profiles, translation of individual
MRNAs, as well as into the roles of different translation factors in the process
(Chassé et al., 2017). Ribosome profiling, in turn, is a more recently developed
genome-wide method that enables tracking ribosome occupancy on mRNAs by

analysing ribosome footprints, at a nucleotide resolution (Ingolia et al., 2009).

One of traditional ways to investigate translation-related processes is by
utilising a range of translation inhibitors, typically antibiotics isolated from
various bacterial sources that inhibit translation at specific stages.

Cycloheximide and emetine are among the standard translation elongation
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inhibitors, typically used in polysome and ribosome profiling studies as they trap
the ribosomes on mRNAs and allow creating a snapshot of cellular translation
profile at a given time (Pestka, 1971). Cycloheximide acts by binding to the
large ribosomal subunit, within its E site, impairing eEF2-mediated mRNA-tRNA
translocation, thereby inhibiting translational elongation (Grollman, 1966;
Schneider-Poetsch et al.,, 2010). Cycloheximide can bind to the E site
regardless of whether the site is occupied with a deacetylated tRNA or not,
therefore, it can inhibit translation elongation at any given time (Schneider-
Poetsch et al., 2010). Emetine was shown to inhibit translation by binding to the
small ribosomal subunit, within its E site, and again, by inhibiting mMRNA/tRNA
translocation, similarly to cycloheximide (Grollman, 1966; Wong et al., 2014).
On the other hands, anisomycin, another potent translation inhibitor, binds to
the ribosome A site, blocking new amino-acid incorporation and, hence,
stimulating translation arrest (Grollman, 1967; loannouCoutsogeorgopoulos and

Synetos, 1998).

Puromycin is an additional important translation inhibitor used from the very
classic studies until the present day. Structurally, it mimics amino-acyl-tRNA
and as such, it binds to the ribosome A site (Figure 1.3A) (Pestka, 1971). The
ribosome catalyses its incorporation into the nascent peptide chain which leads
to an immediate polypeptide release and dissociation of translation complexes
(Figure 1.3B) (Azzam and Algranati, 1973). Puromycin was used in structural
studies, as well as in studies investigating the mechanism of translation. Since it
gets incorporated into nascent peptides, it can be used to analyse proteins

being synthesised in the cells at a given time. Also, a ribopuromycylation
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technigue has recently been developed where puromycin treatment was
combined with pre-treatment with cycloheximide or emetine (DavidBennink and
Yewdell, 2013). The authors reported that immobilising the ribosomes using
translation elongation inhibitors will prevent the release of the puromycylated
peptides, therefore, this technique, paired with immunostaining, could be used

to visualise translation loci in the cells (DavidBennink and Yewdell, 2013).

It is widely acknowledged that puromycylation is catalysed exclusively by the
ribosome. Interestingly, in this study, | demonstrated that puromycylation could

potentially be driven independently of the ribosome (detailed in Chapter 3).
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Figure 1.3 — Puromycin gets incorporated into the nascent polypeptide via
reaction catalysed by translating ribosomes. (A) Comparison between the structure
of an aminoacyl-tRNA and puromycin. (B) Schematic of the puromycylation reaction. In
brief, puromycin, upon entering an empty ribosomal A site, gets incorporated into the
nascent peptide chain. This leads to its release and, consequently, release of
ribosomal subunits and translation inhibition. 40S — small ribosomal subunit; 60S —
large ribosomal subunit; 80S — monosome; UTR — untranslated region; PABPC —

poly(A)-binding protein, cytosolic.
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1.5. Quality control of eukaryotic gene expression
Many mechanisms have evolved to regulate gene expression on every step of
the complex mRNA life cycle, ensuring that it occurs in a correct temporal and
spatial manner. On the other hand, as gene expression steps are prone to
mistakes, which can lead to production of aberrant transcripts and proteins,
various quality control mechanisms are thought to have evolved to ensure gene
expression fidelity, by detection and elimination of such aberrant products,

together with their potential toxic effects (Mihlemann and Jensen, 2012).

Mechanisms of eukaryotic mRNA surveillance coupled with translation are no
go decay (NGD), nonstop decay (NSD) and nonsense mediated mRNA decay
(NMD) (AtkinsonBaldauf and Hauryliuk, 2008). NGD happens when a ribosome
stalls on an mMRNA undergoing translation due to an occurrence of an RNA
secondary structure or sequence elements (Doma and Parker, 2006; Becker et
al., 2011). NSD eliminates mRNAs that lack a stop codon or occurs when
ribosomes have read through the normal stop codon (Klauer and van Hoof,
2012; Sundermeier et al., 2008). An additional mechanism has been discovered
in mammalian cells — Staufen mediated decay (SMD) (Kim et al., 2005). In this
process a double stranded mRNA binding protein, STAUL, triggers degradation
by recognising its binding site in the 3'UTR of target mMRNAs. This binding site
can either be an intramolecular secondary structure or an intermolecular base
pairing of a 3'-UTR sequence with a long-noncoding RNA (IncRNA) (Kim et al.,

2005; Park and Maquat, 2013).

Moreover, as a consequence of translation errors, nascent polypeptide might be

released from the ribosome with a tRNA still attached to it, as a peptidyl-tRNA,
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instead of being hydrolysed and released as a polypeptide (Harigaya and
Parker, 2010; Cruz-Vera et al., 2003). This process has mainly been described
in bacteria, where the peptidyl-tRNAs released prematurely from ribosomes are
typically very short (Cruz-Vera et al., 2003; Cruz-Vera et al., 2004). Peptidyl-
tRNA accumulation in prokaryotes can impede translation as it can significantly
reduce the cellular pool of aminoacyl-tRNAs, protein synthesis building blocks.
These aberrant translation products are destroyed by the action of peptidyl-
tRNA hydrolase (Pth) in bacteria (Késsel, 1970). It is yet unclear how frequently
the described process occurs in eukaryotic organisms as these translation by-
products have largely been overlooked. Peptidyl-tRNAs were mainly reported
as a consequence of ribosome stalling that triggers the NGD process (Harigaya
and Parker, 2010). Two homologues of the bacterial enzyme, Pth and Pth2,
were identified in eukaryotes, one of which was shown to indeed possess
peptidyl-tRNA hydrolase activity (Pth2), while the second, Pth, has shown no
such activity and its function remains unknown (BurksMcFeeters and
McFeeters, 2016). Pth2 purified from rabbit reticulocytes catalyses peptidyl-
tRNA hydrolysis only when they are released from the ribosomes, and has no
effect on ribosome-associated peptidyl-tRNAs (Gross et al., 1992; GrossCrow
and White, 1992). Human Pth2 crystal structure has been resolved and the
protein was found to catalyse peptidyl-tRNA hydrolysis at a much higher rate
than the bacterial Pth, but at a rate comparable to that of Pth2 in archaea (De
Pereda et al., 2004; Fromant et al., 2003). These observations suggest that
peptidyl-tRNAs do arise during translation, being released from the ribosome

and eliminated from the cell by peptidyl hydrolase activity. Results presented in
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this study suggest that peptidyl-tRNAs dissociation from ribosomes could have
a higher occurrence in eukaryotic cells that originally thought; how much these
translation by-products contribute to overall translation should be explored
further.
1.6. Nonsense mediated mRNA decay (NMD)

NMD describes a universal translation-coupled phenomenon of nonsense
mutations causing a reduction in mRNA levels. It is recognised as an
evolutionarily conserved mechanism that initiates rapid degradation of
transcripts that possess a premature translation termination codon (PTC)
(Brogna and Wen, 2009; BrognaMcLeod and Petric, 2016). A PTC can occur as
a consequence of frameshift or nonsense mutations or as a secondary
consequence of errors during transcription or pre-mRNA processing
(Mdhlemann et al., 2008; Schweingruber et al., 2013). It typically occurs as a
result of inefficient splicing, in alternately spliced isoforms, in presence of
upstream reading frames (UORFs), atypically long 3'UTRs or in genes
particularly prone to mutations such as T-cell-receptor, immunoglobulin and
other antigen-receptor genes (CelikKervestin and Jacobson, 2015; Miuhlemann

et al., 2008).

NMD was initially regarded exclusively as a surveillance mechanism that
eliminates PTC-containing transcripts, preventing synthesis of truncated
proteins that would possibly have toxic effects on normal cell functioning
(Czaplinski et al.,, 1998). However, it was shown in a variety of organisms,
ranging from S. cerevisiae to human cells, that upon deletion of NMD factors,

expression of not only NMD targets but also normal transcripts becomes
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upregulated (Guan et al., 2006; Mendell et al., 2004). This suggested that NMD
could have a more widespread role in gene expression regulation as expression
of 3-10% of all physiological transcripts is altered in NMD mutants, depending
on the organism (Stalder and Muhlemann, 2008). Many of these transcripts are
involved in cellular processes such as metabolism, cell cycle progression, DNA

repair and telomere maintenance (Stalder and Muhlemann, 2008).

The study of NMD is medically important, as approximately 30% of all human
disease-inducing mutations are nonsense mutations. Modulation of NMD can
therefore affect the clinical outcome of such diseases (Stalder and Mihlemann,
2008; Muhlemann et al., 2008). Due to its significance, NMD has been studied
to a large extent, various factors involved in it have been identified and several
models have been proposed to explain how this process is carried out.
However, some of the key aspects of its functioning in the cell still remain

unclear.
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1.7. Factors involved in NMD
1.7.1. Identification of the NMD factors
NMD factors were initially identified in a genetic screen of randomly induced
mutants (CulbertsonUnderbrink and Fink, 1980). A his4-38 mutant contains a
G/C insertion, which causes a frameshift in the HIS4 gene, introducing a
premature translation termination codon (PTC). Consequently, the enzyme
encoded by this gene, important for later phases of histidine biosynthesis, is not
expressed and the cells, therefore, cannot produce histidine. In a genetic
background of a tRNA frameshift suppressor in which this four-base codon is
also recognized and translated, the open reading frame is restored and the
enzyme is expressed, allowing cells to grow in the absence of histidine (His*
phenotype). The frameshift suppressor is efficient only at 30°C in normal cells,
while at 37°C the suppression resulting in HIS4 protein synthesis occurs only in
the presence of mutations in three S. cerevisiae genes. Proteins encoded by
these three genes were consequently named Up-frameshift 1, 2, and 3 (UPF1,
UPF2 and UPF3) (CulbertsonUnderbrink and Fink, 1980) since mutations in the
genes encoding these proteins would cause up-frameshift suppression. Their
homologues, which comprise the core NMD machinery, were identified in

multicellular organisms, together with additional factors.

Six NMD factors were identified in a mutagenesis screen in Caenorhabditis
elegans, and due to the phenotype of these mutants, they were named
suppressors with morphogenic effects on genitalia 1-6 (SMG1-6) (Hodgkin et
al., 1989; Pulak and Anderson, 1993). A seventh was later discovered and

named SMG7 (Cali et al., 1999). Two additional factors named SMG lethal 1
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and 2 (SMGL-1 and SMGL-2) were identified in a genome wide RNAI screen in
C. elegans (Longman et al., 2007b; Longman et al., 2007a). Finally, the last
two proteins involved in the NMD process were discovered in the most recent

study in mammalian cells, named SMG8 and SMG9 (Yamashita et al., 2009).

SMG2, SMG3 and SMG4 are homologous to the yeast UPF1, UPF2 and UPF3,
respectively. Orthologues of the remaining SMG proteins were not identified in
yeast; all are present in mammalian cells, while Drosophila melanogaster lacks

only the orthologue of SMG7 (Muhlemann et al., 2008).

UPF1, UPF2 and UPF3 and are considered to be the core of the NMD complex
and are highly evolutionarily conserved, as demonstrated by the protein
sequence alignment between a number of eukaryotic organisms shown in
Figures 1.4-1.6 (Kerényi et al., 2008). The results demonstrate that UPF1 is
most evolutionarily conserved protein of the three, as UPF1 of S. pombe shares
54.6% of amino acid identity with human UPF1 and 51.3% with S. cerevisiae
(Figure 1.4) (calculated as a percentage of identity between the two sequences
using the pairwise alignment function of the Jalview software). As for UPF2,
there is 25.1% amino acid identity between S. pombe and human, and 22.3%
between S. cerevisiae and human (Figure 1.5). UPF3 is the least conserved of
the three, with S. pombe sharing 20.5% amino acid identity with human UPF3

and 22.7% with budding yeast UPF3 (Figure 1.6).
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Figure 1.4 — UPF1 sequence alignment. Protein sequence alignment of UPF1
originating from S. cerevisiae (Sc), S. pombe (Sp), Arabidopsis thaliana (At), D.
melanogaster (Dm), C. elegans (Ce), Xenopus laevis (XI), Mus musculus and Homo
sapiens (Hs). The intensity of the blue colour indicates how much identity between the
amino acid residues do the different organisms share, with stronger blue indicating
higher correlation between the organisms. The sequence alignment was generated
using an integrated Clustal omega plug-in of Jalview software, version 2.10.5. Protein

sequences corresponding to the key UPF1 domains are indicated below the alignment.
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Figure 1.5 — UPF2 sequence alignment. Protein sequence alignment of UPF2
originating from S. cerevisiae (Sc), S. pombe (Sp), Arabidopsis thaliana (At), D.
melanogaster (Dm), C. elegans (Ce), Xenopus laevis (XI), Mus musculus and Homo
sapiens (Hs). The intensity of the blue colour indicates how much identity between the
amino acid residues do the different organisms share, with stronger blue indicating
higher correlation between the organisms. The sequence alignment was generated
using an integrated Clustal omega plug-in of Jalview software, version 2.10.5. Protein

sequences corresponding to the key UPF2 domains are indicated below the alignment.
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Figure 1.6 — UPF3 sequence alignment. Protein sequence alignment of UPF3
originating from S. cerevisiae (Sc), S. pombe (Sp), Arabidopsis thaliana (At), D.
melanogaster (Dm), C. elegans (Ce), Xenopus laevis (XI), Mus musculus and Homo
sapiens (Hs). The intensity of the blue colour indicates how much identity between the
amino acid residues do the different organisms share, with stronger blue indicating
higher correlation between the organisms. The sequence alignment was generated
using an integrated Clustal omega plug-in of Jalview software, version 2.10.5. Protein

sequences corresponding to the key UPF3 domains are indicated below the alignment.
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1.7.2. Structure and interactions of NMD factors

Deletion or silencing of genes encoding the three proteins that comprise the
core NMD machinery, UPF1, UPF2 and UPF3, leads to stabilisation of NMD
substrates also in S. pombe (Wen and Brogna, 2008; Wen and Brogna, 2010).
The three proteins were shown to interact by yeast two-hybrid assays and co-
immunoprecipitation studies, with the interacting domains characterised
(detailed below) (He and Jacobson, 1995; HeBrown and Jacobson, 1997).
UPF2 was shown to mediate the interaction, as UPF1-UPF3 association is
abolished upon UPF2 deletion while overexpression of the UPF2 regions
identified to interact with UPF1 and UPF3 drastically stimulates UPF1-UPF2-

UPF3 complex formation (HeBrown and Jacobson, 1997).

1.7.2.1. UPF1 structure and function

UPF1 is the most evolutionarily conserved protein involved in NMD, considered
to be the crucial NMD regulator, being essential for NMD practically in all
eukaryotes. UPF1 belongs to the RNA helicase superfamily 1 and it contains
several protein domains: a cysteine- and histidine-rich (CH) domain at its N
terminus, a helicase domain towards its C terminus and an ATPase domain. CH
domain comprises of two zinc knuckle structures whilst the RNA helicase
domain contains two core helicase segments (RecAl and RecA2) and two
regulatory segments (1B and 1C) (CelikKervestin and Jacobson, 2015; Cheng

et al., 2007) (Figure 1.7).
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UPF1
Rec A2

Figure 1.7 — UPF1 domain organisation and structure. (A) Schematic representation
of UPF1 protein domains. (B) Crystal structure of human UPF1 in the closed
conformation, with indicated domains, as well as the RNA binding region (Llorca,
2013). (C) A predicted S. pombe UPF1 structure based on its amino acid sequence,
using ExPASy SWISS-MODEL, a protein structure-modelling server. The blue
indicates regions whose structure has been modelled to a high confidence, while the
red determines regions modelled with a low confidence. The two protein structures

bear significant similarities.
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The protein exhibits ATPase as well as helicase activity. UPF1 ATPase activity
was demonstrated in an in vitro assay, by incubating the yeast UPF1, in the
presence or absence of RNA or DNA, with radiolabelled [y-**P]-ATP molecule
and by measuring the quantity of the released phosphate. UPF1 was shown to
exert nucleic acid-dependent ATPase activity, as the reaction was greatly
stimulated only when nucleic acids were present in the reaction (Czaplinski et
al., 1995). The helicase activity of UPF1, on the other hand, was assessed via a
strand displacement assay, in which a radiolabelled oligonucleotide was
hybridised with a long synthetic DNA or RNA molecule, generating double
stranded regions used to test UPF1 unwinding properties. UPF1 displayed 5’-3’
helicase activity only in the presence of ATP, suggesting that this enzymatic
activity is dependent on energy generated by ATP hydrolysis (Czaplinski et al.,
1995). UPF1 remodelling properties were again tested in a recent in vitro study
that used magnetic tweezers, tethering an RNA molecule containing a hairpin
between a glass coverslip and a paramagnetic bead (where the 3’ end of the
RNA was tethered) (Fiorini et al.,, 2015). Unwinding of the RNA secondary
structure was assessed by the extension of the molecule, demonstrated via
bead movements. Using this assay, in the presence of supplied ATP, human
UPF1 was shown to translocate over single stranded RNA stretches with a
processivity of > 10 kb whilst unwinding the secondary, double-stranded
structures as well as translocating across protein-bound sequences, indicating
its role as a potent remodeller of ribonucleoprotein complexes (Fiorini et al.,

2015).
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In vitro, UPF1 was shown to bind and remodel both RNA and DNA molecules,
however in vivo, UPF1 binds solely mRNAs, best demonstrated via CLIP
experiments, indicating that UPF1 functions specifically as an RNA helicase in
cells (Zind et al.,, 2013). UPF1 primarily associates with 3 UTR of mRNAs,
being mainly present in the cytoplasm where it is thought to remodel the 3'UTR
and recruit the decay machinery during NMD (Zund et al., 2013). Indeed, the
ATPase dependant mRNPase activity of UPF1, which remodels the mRNP in a
5’ to 3’ direction seems to be crucial in the NMD pathway (FranksSingh and
Lykke-Andersen, 2010). This activity triggers the dissociation of NMD factors
from PTC containing mRNAs, which is obligatory for efficient and complete
degradation of NMD substrates and recycling of NMD factors (FranksSingh and

Lykke-Andersen, 2010).

UPF1 enzymatic activities are regulated via interactions between the UPF1 CH-
domain and the C-terminal region of UPF2. UPF1 is in its closed conformation
when its CH domain interacts with the helicase domain. After UPF2 binds to it,
a conformational change occurs, CH domain distances from the helicase
domain which brings UPFL1 into its unwound, active conformation where its
ATPase and helicase enzymatic activities are at an increased rate (Figure 1.8)

(Chakrabarti et al., 2011).
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Figure 1.8 — UPF1-UPF2 interaction. (A) Crystal structure of the human UPF1-UPF2
complex showing a bipartite mode of interaction (Structure obtained from Protein Data
Bank in Europe — http://www.ebi.ac.uk/pdbe — PDB code: 2wjv). UPFL1 is presented in
green and blue, while the domain of UPF2 it is interacting with is shown in purple and
yellow. (B) Conformational change that ensues when UPF2 binds to UPF1 — crystal
structure of the closed UPF1 conformation is shown on the left, while the active form is
presented on the right (UPF2 is shown in blue). In closed conformation CH domain
interacts with the helicase domain. UPF2 binding induces a conformational change —
CH domain moves apart and UPF1 transits into its active conformation (Llorca, 2013).
(C) | used EXPASY SWISS-MODEL server to obtain the predicted S. pombe structures
of both the closed (left) and the active (right) UPF1 conformations. The blue indicates
regions whose structure has been modelled to a high confidence, while the red

determines regions modelled with a low confidence.
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So far, no evidence has been found that the phosphorylation of NMD factors
plays a role in NMD regulation in yeast. However, in metazoans, UPF1 activity
is regulated by phosphorylation and dephosphorylation cycles catalysed by
other NMD factors (Ohnishi et al., 2003; Chiu et al., 2003). In fact
phosphorylation of UPF1 is thought to activate the protein and consequently
initiate the NMD process. The sites of phosphorylation are the numerous
serine/threonine-glutamine rich (SQ-rich) motifs in the C-terminal region of

UPF1 (Muhlemann et al., 2008).

UPF1 was shown to selectively co-purify with eukaryotic release factors 1
(eRF1) and 3 (eRF3) recruited to the terminating ribosome (Czaplinski et al.,
1998). In human cells UPF1 is considered to interact with eRF1, eRF3 and
SMG1, leading to formation of the Smg-1-Upfl-Release Factors (SURF)
complex. SMG8 and SMG9 inhibit SMG1 activity which keeps UPF1l in a
dephosphorylated state in the SURF complex until it interacts with UPF2 and
UPF3 (CelikKervestin and Jacobson, 2015). Only then SMG1 phosphorylates
UPF1 after which UPF1 dissociates from eRF1/eRF3 and triggers NMD

(Kashima et al., 2006).

1.7.2.2. UPF2 structure and function
UPF2 contains three mIF4G domains (structures which are comparable to the
middle domain of eukaryotic initiation factor elF4G) (Clerici et al., 2014).
Mutations in a conserved motif of two of the mIF4AG domains were shown to
suppress NMD in S. pombe, suggesting the importance of the domains in this
process (Mendell et al., 2000). The mIF4G closest to the UPF2 C-terminus

mediates its interaction with UPF3 (Kadleclzaurralde and Cusack, 2004) while

43



its N- and C-terminal regions were mapped to interact with UPF1, regulating its
conformational change from a closed, catalytically inactive, into an open
conformation that enables UPF1 helicase activity, as discussed above
(Kadleclzaurralde and Cusack, 2004; Clerici et al., 2014). Therefore, UPF2
binds both UPF1 and UPF3, representing a bridge that interconnects these two
proteins, allowing the concerted functions of the three proteins in NMD. Human
UPF2 was also shown to interact directly with eRF3, in a UPF3 independent
manner, only being able to bind one of the two proteins at a time, functional
implications of which remain unclear (L6pez-Perrote et al., 2016). Additionally, a
highly conserved region of the N-terminal mIF4AG that does not mediate the
interactions with UPF1 and UPF3 was shown to be essential for NMD. This
region might mediate interactions of UPF2 with other factors, which would

stimulate NMD (Fourati et al., 2014).

1.7.2.3. UPF3 structure and function
UPF3 is the third core NMD factor, absence of which results in NMD
suppression. A single gene encoding this protein is present in lower eukaryotes
while human cells contain two UPF3 homologues, UPF3A and UPF3B,
encoding two UPF3 isoforms. The isoforms display antagonistic roles, UPF3A is
considered to have an inhibitory, while UPF3B has a stimulatory effect on NMD

(Shum et al., 2016).

UPF3 contains a ribonucleoprotein-type RNA-binding domain (RBD), otherwise
termed as an RNA recognition motif (RRM); however, this protein has no RNA-
binding properties even though the region indeed folds as a canonical RBD

(Kadleclzaurralde and Cusack, 2004). UPF3 was found to interact with UPF2,
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which in turn, mediates formation of the UPF1-UPF2-UPF3 complex. The
interaction occurs between the C-terminal mIF4G domain of UPF2 and the
region of UPF3 that includes the RNP domain, involving highly conserved
residues of both proteins. Once the interaction is established, the complex,

interestingly, obtains RNA-binding ability (Kadleclzaurralde and Cusack, 2004).

UPF3 was also found to associate with Y14, a protein that forms the EJC
complex deposited on exon-exon junctions during splicing and it is this
observation that led to the postulation of the EJC model of NMD, detailed below

(Gehring et al., 2003).

1.7.3. Role of NMD factors beyond NMD
Most observations obtained by investigating the structure, enzymatic activity
and interactions of NMD factors have been interpreted in the context of the
roles that these factors play in NMD. However, NMD factors may play roles in

other cellular processes, which may or may not have a consequence on NMD.

UPF1 binds mRNAs globally, as demonstrated by CLIP studies, with the protein
not discriminating between NMD targets and normal transcripts (Zind et al.,
2013). Primarily it binds the 3'UTR with its distribution being shifted towards the
coding sequence upon translation inhibition suggesting that it binds mRNA
across its coding sequence and gets displaced from it into the 3 UTR by the
translating ribosome (Zind et al., 2013). As, being an ATP-dependent mRNA
helicase, UPF1 has mRNA remodelling properties, it could potentially
translocate along the mRNA molecule, unwinding secondary structures,
displacing RNA-bound proteins which could help ribosome translocation. UPF1,

therefore, may have a more general role in translation efficiency. Additionally,
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UPF1 might stimulate translation termination events as mutations in the CH
domain lead to inhibition of translation termination (Czaplinski et al., 1998). Its
association with elF3, demonstrated by co-immunoprecipitation studies, may
also indicate a role of UPF1 in post-termination ribosome release (Isken et al.,
2008). Therefore, the role of UPF1 in NMD may be a consequence of its wider

roles in mMRNP remodelling and translation.

UPF1 is most abundant in the cytoplasm where it exerts its role in NMD and
potentially in other processes discussed above. However, UPF1 is shown to
localise in the nucleus, too, co-purifying with DNA polymerase & as well as
playing a role in DNA damage response and telomere maintenance (Azzalin
and Lingner, 2006a; Azzalin and Lingner, 2006b). Some of the key recent
findings on the nuclear role of UPF1 were made in the Brogna lab, where it was
shown that UPF1 globally associates with transcription active sites in D.
melanogaster, preferentially binding exons (unpublished). The authors have
shown that UPF1 plays a key role in the release of polyadenylated mRNAs from
the transcription sites and in their export into the cytoplasm. The data suggests
that UPF1 may play a global role not only in NMD, but also in all stages of

MRNA biogenesis, from its processing in the nucleus to the cytoplasm.

UPF3 is an NMD factor that shuttles between the nucleus and the cytoplasm. It
was shown to interact with the EJC complex and to elicit NMD via its interaction
with the remaining core NMD factors (Kadleclzaurralde and Cusack, 2004;
Gehring et al., 2003). Recent findings have demonstrated that this protein,
however, plays a more general role in translation termination. By using an in

vitro re-constituted translation termination assay, UPF3B isoform was shown to
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interact with the release factors and the ribosome directly and to play a critical
role in two phases of translation termination, firstly delaying termination and
inhibiting peptide release and then stimulating post-termination ribosome
release upon peptide dissociation (Neu-Yilik et al., 2017; Gao and Wilkinson,
2017; Muhlemann and Karousis, 2017). These observations suggest that a key
role of UPF3B in NMD could be a consequence of its role in translation

termination events.

NMD factors were shown to associate with cellular granules, namely P bodies
as well as stress granules (BrognaRamanathan and Wen, 2008). The
association with P bodies was mainly interpreted as a consequence of NMD
substrates being targeted to these cytoplasmic bodies for degradation (Sheth
and Parker, 2006). Normally, the NMD substrates go through the P bodies
transiently, however, when the NMD process is impaired, the mRNAs
accumulate in these granules instead. Indeed, it was demonstrated that PTC-
containing mMRNAs accumulate in P bodies in UPF deletion strains, as their
degradation is impaired (Sheth and Parker, 2006). On the other hand, the UPF
factors might be sequestered into the stress granules together with the pool of
MRNASs that are silenced during the course of stress conditions. Whether these
factors play a role in the assembly and functionality of the cellular granules

remains to be investigated.
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1.8. Standard NMD models

NMD is a translation dependent process, which is thought to be the joint
function of NMD factors (discussed above), required for PTC recognition and
MRNA degradation. It is not yet understood whether and how NMD
distinguishes between natural and premature stop codons and how degradation
of PTC-containing mRNAs is initiated. Current NMD models offer different
explanations as to how NMD occurs in cells. However, what all these models
have in common is the presumption that NMD occurs as an active surveillance
mechanism, a result of coordinated actions of UPF proteins that recognise
PTC-containing transcripts and eliminate them (BrognaMcLeod and Petric,
2016).

Therefore, in the following, | will discuss the models proposed so far which
explain a number of characteristics of this phenomenon. Finally, | will discuss

an alternative model that we propose, assessed in this study.

1.8.1. DSE Model
One of the first observations regarding NMD was the position-dependent effect
of a PTC, meaning that the transcripts containing PTCs early within their
sequences are strongly targeted by NMD. In a study carried out in budding
yeast S. cerevisiae, where nonsense mutations were introduced at different
positions within the URA3 gene, mutants that contained nonsense mutations
closer to the 5’ end produced lower levels of URA3 mRNA compared to PTCs
introduced towards the 3’ end (Losson and Lacroute, 1979). This phenomenon
has since been observed in other organisms, such as D. melanogaster and

mammals (PeltzBrown and Jacobson, 1993; Maquat and Li, 2001).
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The presence of one or more sequence motifs, which elicit NMD, termed
downstream sequence elements (DSEs), was first proposed as an explanation
of the described phenomenon. The DSEs were predicted to occur more often in
the coding regions compared to the 3' UTRs (Czaplinski et al., 1998; Wang et
al., 2001). Consequently, if a PTC is encountered early in the coding sequence,
the higher is the probability for a DSE motif to occur in the downstream region
and to trigger NMD. The DSE model was, therefore, postulated based on this

hypothesis (Figure 1.9).
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Figure 1.9 — The DSE model. Translation termination is labelled as premature due to
the presence of a downstream sequence element (DSE). HRP1, an RNA binding
protein, binds to the putative DSE in the nucleus and remains associated during mRNA
transport into the cytoplasm. Upon translation termination, a surveillance complex,
composed of UPF1, UPF2 and UPF3 proteins, assembles on the terminating ribosome
and scans the downstream sequence. The interaction between UPF1 of the
surveillance complex and the HRP1 bound to the DSE indicates that translation
termination is premature, which triggers rapid mRNA degradation (the figure was
published in (BrognaMcLeod and Petric, 2016). 5° CAP — 5’ capping complex; UTR —
untranslated region; START - start codon; PTC — premature translation termination
codon; STOP - stop codon; PABPC - poly(A)-binding protein, cytosolic; eRF —

eukaryotic release factor; DSE — downstream sequence element.
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This model predicted that HRP1, an RNA binding protein, plays a crucial role in
NMD. This protein would bind a DSE in the nucleus and remain bound to the
MRNA during its export to the cytoplasm (Kessler et al., 1997). When
translation termination occurs, a surveillance complex comprised of UPF1,
UPF2 and UPF3 assembles on the terminating ribosome and scans the
downstream sequence. Only if it encounters a DSE, the interaction between
HRP1 bound to the DSE and UPF1 of the surveillance complex determines that
translation termination is premature, recruiting the decay factors and initiating
MRNA rapid degradation (BrognaMcLeod and Petric, 2016). HRP1 was found
to interact in vitro with both UPF1 and a putative DSE, which was in favour of
the model (Gonzalez et al., 2000). Additionally, NMD is suppressed if
sequences downstream of a nonsense mutation are deleted. However, as a
consensus has not been established between the DSE sequences of different
MRNAs and as artificial extension of 3’'UTRs also strongly stimulates NMD, the
hypothesis of specific sequence motifs that induce NMD has been largely
abandoned (Muhlrad and Parker, 1999; Ruiz-EchevarriaGonzalez and Peltz,

1998).
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1.8.2. The EJC Model

Similarly to the previous hypothesis, the EJC model postulates that a
downstream signal, which in this case is a splice junction, distinguishes

premature translation termination from a normal termination event.

NMD was first linked to splicing in mammalian cells where it was shown that a
PTC located upstream of an intron strongly stimulated NMD (Zhang et al.,
1998) (Figure 1.10). Moreover, artificial insertion of an intron downstream of a
natural stop codon leads to an NMD-induced degradation of the transcript
(CarterLi and Wilkinson, 1996; Wen and Brogna, 2010). These observations
suggested that an intron downstream of a PTC might serve as the signal that

distinguishes a PTC from a natural termination codon.
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Figure 1.10 — Splicing enhances NMD. (A) An intronless construct that contains a
PTC late in its sequence escapes NMD. (B) The same construct containing an intron
introduced downstream of the PTC undergoes strong NMD, with undetectable mRNA
levels. UTR — untranslated region; START — start codon; PTC — premature translation

termination codon; STOP — stop codon.

53
























Figure 4.3 — NMD factors might have a minor effect in translation of individual
proteins. Representative polysome fractionation traces of cell extracts from (A) wild
type, (B) upflA and (C) upf3A strains. Traces represent the absorbance profiles
(OD3sq) recorded during the fractionation. The gradient was split into 12 fractions:
polysomal, 80S, 60S, 40S and light fractions, as indicated. Below each of the traces, its
corresponding Western blot is shown, derived from protein extracts of individual
polysomal fractions, which were treated with puromycin (50 pug/mL) immediately upon
collection, and the signal was detected using an a-puromycin antibody. The lanes of
which the intensity profiles were compared between the strains (analysed in D-G) are
indicated with rectangles with dashed borders — black (wild type), red (upflA) and
orange (upf3A). (D) Intensity lane profiles of puromycylated peptides synthesised by
polysomes, compared between wild type (black) and upflA (dark red) strain. The key
bands/areas containing proteins that are differentially translated between the two
strains are indicated with red arrows. (E) Intensity lane profiles of puromycylated
peptides synthesised by polysomes, compared between wild type (black) and upf3A
(orange) strain. The key bands/areas containing proteins that are differentially
translated between the two strains are indicated with orange arrows. (F) Intensity lane
profiles of puromycylated peptides synthesised by monosomes, compared between
wild type (black) and upflA (dark red) strain. The key bands/areas containing proteins
that are differentially translated between the two strains are indicated with red arrows.
(G) Intensity lane profiles of puromycylated peptides synthesised by monosomes,
compared between wild type (black) and upf3A (orange) strain. The key bands/areas
containing proteins that are differentially translated between the two strains are

indicated with orange arrows.
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4.2.4 UPF1 is directed into heavy ribosome-free cytoplasmic compartments upon

treatment with high salt

As observed in Figure 4.1, UPF1 binds to translating mRNAs, however, it also
localises in heavy cellular compartments that are void of ribosomes (Figure
4.1C; D; F). | investigated under which conditions UPF1 becomes strongly re-
distributed from the pool of translating mRNAs into the detected heavy

cytoplasmic granules. Furthermore, | attempted to identify their composition.

| hypothesised that the granules in question could potentially be stress granules
or P bodies, to which UPF1 has previously been brought into connection (Sheth
and Parker, 2006; Hubstenberger et al.,, 2017; Cherkasov et al., 2015).
Therefore, | first tested the effect of stress on UPF1 distribution relative to
translation by treating the cells with high salt (500 mM KCI) during the
experiment. To eliminate the possibility that any UPF1 present in heavy
polysomal fractions is due to UPF1 associating with polysomes, | treated the
cell lysate with puromycin to induce polysome breakdown (Figure 4.4B). Under
these conditions, RpS2801, a protein of the small ribosomal subunit, completely
shifts into fractions corresponding to ribosomal subunits (97 = 1%) (Figure 4.4B,
lanes 9-11; C), demonstrating that puromycin treatment efficiently destroys
polysomes. On the other hand, UPF1 does not shift to the light fractions, but
remains stably associated with heavy fractions, which are now void of
ribosomes (58 + 2% of the total signal detected in heavy fractions) (Figure 4.4B,
fractions 1-6; C). These observations suggest that UPF1 indeed re-localises
from translating mRNAs into heavy ribosome-free cytoplasmic compartments

upon high salt treatment.
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Figure 4.4 — UPF1 localises in heavy, ribosome-free cytoplasmic compartments
upon high-salt stress. Polysome traces of UPF1-FLAG and RpS2801-HA tagged
strains in which (A) the cells were treated with cycloheximide (100 pg/mL) for 5
minutes, (B) the cells were treated with 500 mM potassium chloride and throughout
polysome fractionation and the lysate was treated with puromycin (100 yg/mL) for 20
minutes. Traces represent the absorbance profile (ODgss) recorded during the
fractionation. The gradient was split into 12 fractions: polysomal, 80S, 60S, 40S and
light fractions, as indicated. Top panel in each sample shows Western blotting of
protein extracts from individual polysome fractionations detecting UPF1-FLAG using an
anti-FLAG antibody, while bottom panel shows the RpS28-HA band, detected using an
anti-HA antibody. (C) The intensity of UPF1 signal for each lane was determined using
Image J software and was expressed as a percentage of the total signal. The
percentages from lanes 1 to 6 were added together to give the combined signal for the
polysomal fractions, lanes 7-10 were similarly combined to give the total signal for the
ribosomal subunits and lanes 11-12 were combined to give the total signal for the light
fractions. The means of three independent biological repeats + SD are demonstrated in

the graph.
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4.2.5 Over-expressed UPF1-GFP shows the same distribution pattern as that of
endogenous UPF1-FLAG

As | demonstrated biochemically that UPF1-FLAG localises in heavy cellular
fractions upon stress (Figure 4.4B), | intended to further substantiate this
observation by visualising the distribution of UPF1 microscopically under these
stress conditions. A strain in which UPF1-GFP is episomally expressed had
already been designed in the Brogna lab (Sandip De PhD thesis, 2011).
Therefore, | visualised UPF1 by monitoring GFP fluorescence and comparing
UPF1 distribution in normal versus stress conditions. Prior to performing
microscopy, since UPFL1 is overexpressed in this strain, | checked whether its
distribution upon polysome fractionation mirrors that of endogenous UPF1, to
assess whether | could extrapolate any results | obtain to the endogenous

gene.

In the control sample, untreated with translation inhibitors, as well as in the
cycloheximide treated sample, UPF1-GFP is present throughout polysomal
fractions, reflecting the distribution of the endogenous gene (Figure 4.5A; B; G
compared to Figure 4.1A; B; G). In parallel, I carried out high salt (500 mM KCI
throughout) (Figure 4.5C) as well as heat shock (30 minutes at 39°C) (Figure
4.5D) treatments upon which | detected a strong accumulation of UPF1-GFP in
heavy cytoplasmic fractions (Figure 4.5C; D, lanes 1-6; E), particularly upon
high salt treatment (Figure 4.5D, lanes 1-6; E), despite the polysome
breakdown observed in polysome traces in both cases. The observations
suggest that UPF1-GFP is directed to heavy cytoplasmic compartments, which

are void of ribosomes, upon stress conditions.
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Figure 4.5 — Episomally expressed UPF1-GFP polysome distribution pattern
mimics the endogenous UPF1 distribution. Polysome traces of an episomally-
expressed UPF1-GFP tagged strain in which (A) the sample was untreated with
translation inhibitors, (B) the cells were treated with cycloheximide (100 ug/mL) for 5
minutes, (C) the cells were heat-shocked at 39°C for 30 minutes, (D) the cells were
treated with 500 mM KCI for 20 minutes and throughout polysome fractionation. The
gradient was split into 12 fractions: polysomal, 80S, 60S, 40S and light fractions, as
indicated. The panel below each of the traces shows Western blotting of protein
extracts from individual polysome fractionations, detecting UPF1-GFP using an anti-
GFP antibody. (E) The intensity of UPF1 signal for each lane was determined using
Image J software and was expressed as a percentage of the total signal. The
percentages from lanes 1 to 6 were added together to give the combined signal for the
polysomal fractions, lanes 7-10 were similarly combined to give the total signal for the
ribosomal subunits and lanes 11-12 were combined to give the total signal for the light

fractions. The results are summarised in the graph.
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4.2.6 UPF1-GFP localises in cytoplasmic granules upon heat-shock treatment

Since UPF1-GFP has the same distribution pattern upon polysome fractionation
as endogenous UPF1-FLAG, | used the strain to assess UPF1 distribution in
the cell, visualising GFP fluorescence using fluorescent microscopy, in

physiological and stress conditions.

UPF1-GFP is homogenously distributed in the cytoplasm of untreated cells
(Figure 4.6A, 1), and cycloheximide-treated cells (Figure 4.6A, 2). Upon high
salt (500 mM KCI) treatment for 15 minutes, | did not observe any obvious
accumulation of UPFL1 in cytoplasmic foci (Figure 4.6A, 3). This could be due to
the treatment being mild, resulting in changes that are not visible via fluorescent
microscopy. Heat shock treatment (30 minutes at 39°C) in turn led to strong
accumulation of UPF1-GFP in distinct cytoplasmic foci (Figure 4.6A, 4). This
suggests that UPF1 detected in heavier polysomal fractions in Figure 4.5C is
associated with cytoplasmic granules under heat shock conditions, which could
indicate that UPF1 found in heavier polysomal fractions under high-salt stress

conditions (Figures 4.4B and 4.5D) is also associated with such granules.

A member of the Brogna lab has investigated the same phenomenon in D.
melanogaster S2 cells and observed the same pattern of UPF1 distribution
(Anand Singh, unpublished). From being homogenously distributed in the
cytoplasm under normal conditions (Figure 4.6B, top images), UPF1 re-
localises into distinct granules under heat shock (Figure 4.6B, bottom images),
indicating that the UPF1 distribution in response to stress is conserved from

yeast to fruit fly.
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Figure 4.6 — UPF1-GFP localises in cytoplasmic granules upon heat-shock. (A)
UPF1 GFP fluorescence (green) of S. pombe control cells (1), cycloheximide-treated
cells (2), cells treated with 500 mM KCI for 15 minutes (3) and cells heat-shocked at
39°C for 30 minutes (4), as indicated. Counter-staining of chromosomes with DAPI
(blue), merged with the GFP signal, is shown in the bottom row. Observed UPF1
granules are indicated with red arrows. (B) UPF1 GFP fluorescence of D.
melanogaster S2 cells under control conditions (top) and under heat shock treatment at
42°C for 30 minutes. Counter-staining of chromosomes with DAPI (blue), merged with
the GFP signal, is shown on the right, as indicated. Observed UPF1 granules are

indicated with red arrows (Anand Singh, unpublished data).
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4.2.7 UPF1-GFP localises in cytoplasmic granules under higher concentrations
of KCI

As | did not visualise any accumulations of UPF1 in distinct foci upon 500 mM
KCI treatment, | hypothesised that the treatment is too mild, and the granules
observed biochemically in polysome fractionation are probably too small to be
detected using fluorescent microscopy. Therefore, | performed a time-course
treatment using higher salt concentrations (Figure 4.7). Indeed, upon 1 M KCI
(Figure 4.7, 2" row images) and particularly upon 2 M KCI treatment (Figure
4.7, 3" row images), a clear accumulation of UPF1 in cytoplasmic granules was
visualised. Prolonged 30-min treatment led to increased granule formation
(Figure 4.7, 3). The observation suggests that the effects are more prominent,
and the granules to which UPF1 associates increase in size, the more severe

the stress conditions are.
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Figure 4.7 — UPF1-GFP localises in cytoplasmic granules upon higher

concentrations of KCI. (I) UPF1-GFP fluorescence (green) of S. pombe control cells;
UPF1-GFP fluorescence of cells treated with 0.5 M KCI (top row), 1 M KCI (middle row)
and 2 M KCI (bottom row) carried out for 5 min (1), 15 min (2) and 30 min (3), prior to
fixation and GFP visualisation, as indicated. Chromosome DAPI counter-staining (blue)

was carried out in all samples. Observed UPF1 granules are indicated with red arrows.

176



4.2.8 UPF1-GFP localisation in cytoplasmic granules is reversible
As detailed in previous sections, UPF1 re-distributes from translating mRNAs
into cytoplasmic granules upon stress. Further, | assessed whether these

accumulations are reversible once the stress conditions are overcome.

Therefore, | first induced stress conditions by incubating the cells at 39°C for 30
minutes and then performed recovery, by returning them back to 30°C for
another 30 minutes, taking aliquots prior to, after treatment and after recovery,
for GFP fluorescence monitoring (Figure 4.8A). As expected from previous
results, under heat shock conditions, UPF1 localises in cytoplasmic granules
(Figure 4.8A, 2" row images). Upon recovery, the granules are no longer
visible in the cells and UPF1 was again homogenously distributed throughout
the cytoplasm (Figure 4.8A, 3" row images), suggesting that UPF1 reversibly
accumulates in distinct cellular foci, being released from accumulations upon
recovery. The release could be due to UPF1 solely being released from the
granules, although the granules themselves most probably disassemble once

the stress conditions are overcome.

A similar pattern of distribution was observed in Drosophila, where UPF1, from
localising in discrete cytoplasmic foci under heat shock (Figure 4.8B, 2" row
images), again becomes homogenously distributed in the cytoplasm after

recovery (Figure 4.8B, 3" row images) (Anand Singh, unpublished data).
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Figure 4.8 — UPF1-GFP cytoplasmic granule localisation is reversible. (A) UPF1
GFP fluorescence (green) of S. pombe control cells (top row), cells heat-shocked at
39°C for 30 min (middle row) and cell recovered from heat shock at 30°C for 30 min
(bottom row), as indicated. Chromosome DAPI counter-staining merged with the GFP
signal is shown on the right (2). (B) UPF1 GFP fluorescence (green) of D.
melanogaster control cells (top row), cells heat-shocked at 42°C for 1 hour (middle
row) and cell recovered from heat shock at 25°C for 1 hour (bottom row), as indicated.
Chromosome DAPI counter-staining merged with the GFP signal is shown on the right
(2) (Anand Singh, unpublished data). Red arrows indicate observed UPF1 granules in

both experiments.
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4,29 The composition of heavy cytoplasmic ribosome-free compartments

suggests that UPF1 associates with stress granules

To investigate the composition of stress-induced UPF1-associating granules, |
performed mass spectrometry analysis on the heavy polysomal fractions of the
sample treated with 500 mM KCI and with puromycin upon lysis (Figure 4.4B).
Puromycin dissociates the polysomal complexes so that all that remains in
heavier fractions are ribosome-free heavy cytoplasmic compartments formed

under high salt stress.

| ran the sample on an SDS-PAGE gel together with a control, cycloheximide-
treated heavy polysome fractionation sample, as a comparison. Alongside
these, | loaded light fractions from both samples, again, as a comparison. |
excised the protein bands that appear in the stress-induced sample and not in
the control, to identify proteins that associate only with the granules, and are not
present under normal conditions (Figure 4.9A). After trypsin digestion and mass
spectrometry analysis of the resulting peptides, the proteins were classified into
gene ontology groups using DAVID bioinformatics tool, with the highly enriched
categories shown in Figure 4.9B. Enriched proteins identified in the granules
strongly indicate that the cellular compartments in question are stress granules.
A highly enriched category represents ATP-dependent RNA helicases, one of
which is UPFL1. It would be interesting to investigate UPF1 association with
these granules further, particularly whether UPF1 has a role in the stress

granule formation.
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Figure 4.9 — Proteins identified in heavy ribosome-free compartments to which
UPF1 associates are components of stress granules. (A) Silver staining of heavy
(1) and light (2) polysome fraction of sample treated with high salt (500 mM KCI) and
puromycin (100 pg/mL), as well as of heavy (3) and light (4) polysome fraction of
control sample treated with cycloheximide (100 pg/mL). Molecular marker is shown on
the right (5). Bands indicated in red in lane 1 were excised from the gel using a clean
scalpel and analysed using mass spectrometry. (B) Gene ontology analysis was
performed on identified proteins, grouping them into categories, based on the highest
confidence (DAVID Bioinformatics online tool). The groups most highly enriched in the

sample are shown in the bar chart.
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4.3 Discussion
This chapter details my investigation of the association of NMD factors with
MRNAS in relation to translation, as well as attempts to assess any NMD-

independent roles of NMD factors, in global translation and stress response.

UPF1 was found to associate with translating mRNAs in vivo, throughout mRNA
sequence, becoming displaced from coding sequence by translating ribosomes
(Zind et al., 2013). Indeed, in control conditions, | found that UPF1 localised
both with fractions corresponding to translating mRNAs as well as with
ribosomal subunits and light fractions, suggesting that a considerable fraction of
cytoplasmic UPF1 is in cellular compartments that are independent of
translating ribosomes. Polysome UPF1 association is dependent on translation,
as polysome breakdown caused by puromycin treatment leads to UPF1 moving
towards light fractions. UPF1 remains associated with fractions corresponding
to the 40S, suggesting that UPF1 potentially forms interactions with the small
ribosomal subunit. A very low UPF1 signal was present in heavy polysome
fractions upon puromycin treatment, and particularly upon EDTA treatment.
This experiment indicates that, even though UPF1 shifts towards light fractions
upon polysome breakdown, a fraction of UPF1 remains associated with heavy
cytoplasmic complexes, which potentially represent cytoplasmic granules. Mild
RNase treatment of polysomes leads to a minor shift of UPF1 towards light
fractions, suggesting that association of UPF1 with the polysomes is in part

driven via RNA binding.

| found that UPF3 is present throughout polysomal fractions, suggesting,

similarly to UPF1, that UPF3 binds translating mRNAs in the cell, as well as
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other cellular compartments. A clear shift towards light fractions was observed
both upon puromycin and EDTA treatments, indicating that UPF3 present in
heavy polysome fractions is indeed predominantly associated with translating
mMmRNAs. Mild RNase treatment leads again to a shift of UPF3 towards light
fractions, suggesting that UPF3 polysome association is driven either by
binding the mRNAs directly or binding proteins associated with mRNAsS other
than ribosomes. These could potentially be proteins of the EJC as UPF3 was

previously shown to interact with this complex (Le Hir et al., 2001).

Since UPF1 and UPF3 bind mRNAs globally, | investigated whether these
factors have a general role in translation. | assessed if there is any difference
between proteins being synthesised by monosomes versus polysomes in the
mutants compared to the wild type, since proteins fully translated by the
monosome are more targeted by NMD (Heyer and Moore, 2016). Indeed, |
observed a different pattern of puromycylation between the two strains and the
wild type, with translation of a subset of proteins being altered. In particular,
proteins synthesised by the monosome were affected, especially in the upf3A
strain. Further, it would be interesting to identify which proteins these are.
Additionally, any effects | observed could be a non-specific, indirect effect of the
factors altering other cellular processes. Therefore, using an auxin-inducible
degron system, for example, to quickly reduce the levels of these proteins in the
cells and then performing the polysome fractionation paired with puromycylation

could be a more direct way to look at the roles of NMD factors in translation.

| found UPF1 to associate with heavy cytoplasmic fractions void of ribosomes

and hypothesised that UPF1 might associate with either P bodies or stress
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granules, as it has previously been linked to these cellular bodies (Sheth and
Parker, 2006; Cherkasov et al., 2015). | first investigated whether stress
conditions would shift the balance of UPF1 association with translating mRNAs
towards cytoplasmic granules, as stress granules are more prominent under
stress conditions. Indeed, under high salt treatment, and upon subsequent
puromycin treatment to destroy polysomes and shift the ribosome components
to light fractions, | observed that UPF1 remained in heavy polysomal fractions

and consequently, in heavy ribosome-free cellular granules.

UPF1-GFP, episomally expressed in the cells, mimics the polysome distribution
of the endogenous UPF1. Therefore, | used UPF1-GFP to visualise UPF1
distribution in the cells by monitoring GFP fluorescence in normal versus stress
conditions, to be able to substantiate the biochemical results with microscopy.
Both under heat shock treatment, as well as upon increased concentrations of
KCI, | observed accumulation of UPF1 in distinct cytoplasmic foci. The
association is reversible, as upon recovery from stress, UPF1 becomes again
homogenously distributed throughout the cytoplasm. The data obtained by
another Brogna lab member (Anand Singh, unpublished) shows the same
phenomenon occurring in D. melanogaster, suggesting that UPF1 association
to granules is conserved from fission yeast to fruit flies. Mass spectrometry
analysis of granule components suggests that these cellular compartments are
in fact stress granules, as key proteins identified were typical stress granule
components such as translation initiation factors, poly(A) binding proteins, as

well as ATP-dependent RNA helicases.
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These exciting observations should be investigated further, either by
investigating how the absence or over-expression of UPF1 might affect granule
formation. Also, it would be interesting to identify, via high-throughput
sequencing, which RNAs localise in these compartments, as well as which
sequences UPF1 binds on these mRNAs, which could be investigated by
utilising the iCLIP approach, a method tailored to specifically identify protein-

RNA interactions.
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Chapter 5: What is the mechanism of NMD?

5.1. Introduction

Although many aspects of NMD functioning in the cells have been investigated
over the years, the crucial mechanism underlying the recognition and
degradation of PTC-containing mRNAs remains largely unclear. Several models
have been proposed to help understand this phenomenon, most prominent of
which are the EJC and the faux 3'-UTR models (Le Hir et al., 2001; Kashima et
al., 2006; Amrani et al., 2004). These models have in common the prediction
that a specific feature of the PTC-containing mRNA, either the presence of an
EJC complex downstream of the PTC, or the long distance of a PTC from the
poly-A tail, labels an mRNA for degradation. This results in the recruitment of
NMD factors and, consequently, the decay machinery (Kashima et al., 2006;

Amrani et al., 2004).

In contrast to the previous models, we propose that premature and normal
translation termination do not differ mechanistically, and NMD is a passive
consequence of ribosome not scanning and therefore not protecting the mRNA
(Brogna and Wen, 2009; BrognaMcLeod and Petric, 2016). As UPF1 has been
shown to interact with elF3, a protein which has a role in recycling ribosomal
subunits from mRNAs (Morris et al., 2007), we proposed that, through this
association and through its helicase activity, UPF1 might release post-
termination ribosomal subunits and potentially other mRNP components, from
MRNAs (Morris et al., 2007; Welch and Jacobson, 1999; FranksSingh and
Lykke-Andersen, 2010) (as described in the Introduction section 1.9 and in

Figure 1.13, wild type). As a result, NMD may not act as an active process that
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recognises and degrades mRNAs harbouring a PTC. NMD could instead occur
as a passive consequence of the dissociation of ribosomal subunits and other
proteins, which normally bind and protect mRNAs from the activity of nucleases,

making mMRNAs susceptible for degradation.

To assay whether UPF1 can act as a stimulator of ribosome dissociation from
prematurely terminating transcripts, | used strains that express NMD reporter
genes, harbouring a PTC at a specific location, in a wild type as well as UPF1
deletion background. | used the green fluorescent protein (GFP) gene as a
reporter, which either contained a PTC at codon position 6 (PTC6), 27 (PTC27)
or 140 (PTC140), while wild type GFP gene served as a control (GFP). The
prediction of the ribosome release model is that if UPF1 indeed stimulates
release of ribosomal subunits from mRNAs, its absence will result in more
ribosomes or ribosomal subunits remaining bound to mMRNAs (as detailed in the
Introduction section 1.9 and Figure 1.13, UPF1 null mutant). Therefore, a PTC-
containing reporter mRNA would be associated with heavier polysomal fractions
in upflA compared to wild type, if the hypothesis is correct (Figure 1.13, UPF1
null mutant) (Hu et al., 2010). Reporter mMRNA distribution was also assessed in
upf2A and upf3A strains to assess whether any observed effect is specific to

UPF1 or due to an absence of NMD in general.

In short, results presented in this chapter suggest that UPF1 and UPF3 might
have a role in stimulating release of ribosomes from mRNAs, which goes in line
with the findings presented in Chapter 4 where translation of a subset of

proteins is altered in the absence of these NMD factors.
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5.2. Results

5.2.1. NMD is supressed in upflA and upf2A strains

| performed initial experiments using wt, upflA and upf2A strains expressing
either GFP or GFP with a PTC at codon position 6, previously constructed by a
Brogna lab member, to obtain preliminary results (Jianming Wang PhD thesis,
2015). | verified the strains by Northern blotting of total cell culture RNA. The
membrane was first stained with methylene blue to visualise RNA and assess
its loading and then hybridised with a GFP-specific probe (Material and
Methods) (Figure 5.1). The data is representative of three biological repeats +

standard deviation (SD) (Figure 5.1).

The expression of GFP harbouring a PTC at position 6 in the wild type strain
was reduced to 20 £ 5% compared to the wild type reporter (Figure 5.1C, lane 2
versus lane 1). The mRNA levels were restored to 42 + 4% and 94 £ 7%
relative to wild type GFP reporter gene expression in upflA and upf2A strains,
respectively (Figure 5.1C, lanes 4 and 6). NMD is expected to be equally
suppressed in both mutants (Wen and Brogna, 2010). Even though NMD was
not fully suppressed in upflA, it can still be concluded that absence of either
UPF1 or UPF2 leads to significant stabilisation of the NMD substrate, as

previously reported (Wen and Brogna, 2010).
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Figure 5.1 — NMD is suppressed in the absence of UPF1 and UPF2. (A) Schematic
of the GFP reporter genes expressed in the analysed strains (Jianming Wang PhD
Thesis, 2015). The strains either possess a complete functional GFP sequence or a
GFP gene containing a PTC at codon position 6. (B) Methylene blue staining of total-
cell RNA showing equal sample loading and satisfactory RNA quality. (C) Northern
blotting analysis of total RNA from wild type GFP (1), wild type PTC6 (2), upflA GFP
(3), upflA PTC6 (4), upf2A GFP (5) and upf2A PTC6 (6), hybridised with a GFP-
specific probe. The data is represented as a mean percentage of GFP mRNA signal
derived from three biological replicates + SD, where the percentage of GFP PTC6
MRNA signal in each strain is calculated relative to that of functional GFP mRNA of the

corresponding strain.
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5.2.2. NMD factors seem to affect ribosome release from mRNAs

To assess whether the absence of NMD factors affects the release of
ribosomes from mRNASs, | carried out polysome fractionation of the strains
detailed in section 5.2.1 and analysed the RNA by Northern blotting using a
GFP-specific probe, to assess the distribution of the GFP reporter mRNA

relative to the number of ribosomes associated with it (Figure 5.2).

The functional GFP mRNA (containing no mutations) is associated with
translating ribosomes, being present throughout polysomal fractions (Figure
5.2A, C, E, lanes 1-7) and at a very low level in the remaining fractions (Figure
5.2A, C, E, lanes 8-12), in all strains analysed. However, it is interesting that
there is a shift towards polysomes of a higher molecular weight in upflA,
indicated by arrows under the blots (Figure 5.2C, lanes 1-4, relative to Figure
5.2A, lanes 1-7). This is consistent with the prediction of the ribosome release
model that UPF1 may stimulate ribosome dissociation from mRNA and
therefore more ribosomes are globally bound to mRNAs in its absence, perhaps
regardless of whether they are NMD substrates or not, indicating a role of UPF1

in general translation.

As the PTC occurs very early in the NMD reporter gene — at codon position 6 —
only one or two translating ribosomes would be expected to be bound to it
before they terminate at the PTC. | detected the NMD reporter gene only in light
fractions, but not in monosomes or disomes in the wild type strain (Figure 5.2B,
lanes 10-12), which could be due to low levels of this mRNA. In upf2A (Figure
5.2F, lanes 7-9), and particularly in upflA (Figure 5.2D, lanes 4-9), there are

more ribosomes associated with PTC6 containing mRNA compared to the wild

191



type (Figure 5.2B). The results are in line with the ribosome release model, as
in the absence of NMD factors, more ribosomes are associated with the PTC-
containing mMRNA. The results obtained were reproducible in two biological

replicates.

These preliminary results indicated that UPF1 may affect the distribution of
ribosomes (or other mMRNP components) on mRNAs and that in its absence,
more proteins associate with mRNAs. However, NMD was not fully suppressed
in upflA strain (Figure 5.1C, lane 4), which might influence reporter mRNA
distribution in polysomal fractions. For this reason, and to test whether any
phenotypic effects would be observed when analysing the remaining GFP
reporters (PTC27 and PTC140), | decided to transform wild type and upflA
strains (to focus on any UPF1 related effects first) with plasmids expressing all

NMD reporters, and then repeated these experiments.
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Figure 5.2 — NMD appears to affect ribosome release from mRNA. Polysome
fractionation traces followed by Northern blotting from (A) wild type GFP, (B) wild type
PTC6, (C) upflA GFP, (D) upflA PTCS6, (E) upf2A GFP and (F) upf2A PTC6 polysomal
fractions, analysed via hybridisation with a GFP-specific probe. Traces represent the
absorbance profile (OD,s4) recorded during the fractionation. The gradient was split into
12 fractions: polysomal, 80S, 60S, 40S and light fractions, as indicated. mMRNA shows
higher ribosome loading in the mutants compared to the wild type. The arrows under
the Northern blots indicate the observed shift of GFP mRNA towards heavier
polysomal fractions, when wild type and upflA functional GFP mRNA, as well as PTC6
MRNA, is compared between all three strains. The intensity of (G) wild type GFP
mMRNA and (H) PTC6-containing mRNA signal for each lane of the wild type, upflA and
upf2A strain was determined using Image J software and was expressed as a

percentage of the total signal.
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5.2.3. NMD is position-dependent and it is fully supressed in newly transformed

upflA strains

As discussed in section 5.2.2, | transformed wild type and upflA strains with
plasmids expressing GFP NMD reporters (Materials and methods), to repeat
polysome fractionation experiments in order to test the ribosome release model.
Firstly, 1 analysed total-cell RNA from these strains to assess whether NMD
suppression is complete in upflA strain. The data is representative of three

biological repeats, with = SD (Figure 5.3C).

The results are consistent with previous observations that NMD is position-
dependent in S. pombe (Wen and Brogna, 2010). As shown in Figure 5.3,
PTCB6, which occurs very early in the sequence, induced strong NMD in the wild
type strain, as the level of PTC6 containing mRNA was reduced to 10 + 3%
compared to that of wild type (Figure 5.3C, lane 2). PTC27 containing mRNA
showed reduction to 19 + 5% (Figure 5.3C, lane 3), while GFP containing a
PTC at position 140 was unaffected by NMD with an mRNA level of 96 £+ 7%
relative to wild type (Figure 5.3C, lane 4). NMD is therefore more prominent the
earlier a PTC occurs within a gene, which is in line with previous findings. The
MRNA levels were restored in upflA strains (Figure 5.3C, lanes 6-8) with NMD
substrates stabilised to 75 + 10% of PTC6 (Figure 5.3C, lane 6) and 84 + 9% of
PTC27 (Figure 5.3C, lane 7), while PTC140 showed 87 £ 11% signal relative to
the wild type GFP level in upflA strain (Figure 5.3C, lane 8). NMD is efficiently
suppressed in upflA strains, which can therefore be used for further

experiments.
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Figure 5.3 — NMD is position-dependent and supressed in the absence of UPF1.
(A) Schematic of the reporter gene expressed in the analysed strains. The strains
either possess a complete functional GFP sequence or a GFP gene containing a PTC
at codon position 6, 27 or 140. (B) Methylene blue staining of total-cell RNA
demonstrating satisfactory RNA quality and loading. (C) Northern blotting analysis of
total-cell RNA from wild type GFP (1), wild type PTC6 (2), wild type PTC27 (3), wild
type PTC140 (4); upflA GFP (5), upflA PTC6 (6), upflA PTC27 (7), upflA PTC140 (8)
cells. Hybridisation was carried out with a GFP-specific (I) and RpL32-specific (Il —
loading control) probe. The percentages below the lanes show GFP mRNA levels
relative to that of the functional GFP reporter in each strain. The data is derived from

the average of three biological replicates + SD.
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5.2.4. NMD reporter mRNA was detectable only at an unexpectedly low level in

polysome fractionation samples of upflA strain

Since the NMD phenotype of the strains | obtained was verified (as detailed in
section 5.2.3), | carried out polysome profile fractionation followed by Northern
blotting using a GFP-specific probe to assess GFP mRNA distribution (Figure
5.4), and compare it between strains, firstly of the NMD reporters affected by

NMD (PTC6 and 27) as well as functional GFP.

As previously shown, functional GFP mRNA, expressed at moderate levels, is
associated with translating ribosomes, being present throughout polysomal
fractions in both strains (Figure 5.4A, B, lanes 1-7). GFP mRNA containing a
PTC at codon position 6 is detected in the wild type strain mostly in the light
fractions (Figure 5.4C, lanes 10-12) and only at a very low level in fractions
corresponding to the 80S and disome (Figure 5.4C, lanes 6-9). This result is
consistent with only one or two ribosomes at most being able to engage in
translation with the mRNA before they terminate upon encountering a PTC at
codon position 6. Similarly, since a PTC at codon position 27 is early in the
seqguence, it is expected that only 3 or 4 ribosomes would be able to bind to this
GFP mRNA before termination. This is indeed observed in the wild type strain
by detecting GFP mRNA mostly in light fractions (Figure 5.4E, lanes 10-12) as
well as in low molecular weight polysomal fractions (Figure 5.4E, lanes 4-9).
Northern blotting results therefore represent expected physiological conditions

well in wild type.

GFP mRNA was distributed primarily throughout polysomal fractions in the

upflA strain (Figure 5.4B, lanes 1-7), and was well expressed, comparable to

198



the wild type. However, it was surprising that, although the total cell culture
RNA analysis showed that NMD is efficiently suppressed and reporter mRNA
levels are comparable to the functional GFP mRNA levels in the absence of
UPF1 (Figure 5.3C, lanes 6, 7), a very low amount of PTC6 mRNA, and even
less of PTC27 mRNA, was detected in polysome profiling fractions (Figure
5.4D, F). The amount of RNA was expected to be comparable to the functional
GFP level (Figure 5.4A, B), however, much less was observed, which raised the

guestion why this proportion of RNA is undetectable.

The results were reproducible in at least three biological replicates. To confirm
that NMD was suppressed in the cells used for polysome fractionation, I
repeated the experiment by using aliquots of the cultures to carry out the total-
cell RNA analysis and performed the polysome fractionation on the remainder.
In this way | made sure that both results came from a single culture. However,
the outcome remained unchanged, NMD reporter mMRNA was stabilised in the
upflA strain based on total-cell culture RNA, yet mRNA levels in the polysomal

samples were again very low (data not shown).
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Figure 5.4 — NMD reporter mRNA was detected at an unexpectedly low level in
upflA polysome fractionation samples — Polysome fractionation traces followed by
Northern blotting analysis of RNA from (A) wild type GFP, (B) upflA GFP, (C) wild type
PTCS6, (D) upflA PTCS6, (E) wild type PTC27 and (F) upflA PTC27 polysomal fractions,
analysed via hybridisation with a GFP-specific probe. Traces represent the absorbance
profile (ODyss) recorded during the fractionation. The gradient was split into 12
fractions: polysomal, 80S, 60S, 40S and light fractions, as indicated. The intensity of
(G) wild type GFP mRNA, (H) PTC6-containing mRNA and (I) PTC27-containing
MRNA signal for each lane of the wild type and upflA strain was determined using
Image J software and was expressed as a percentage of the total signal. The means of

three independent biological repeats + SD are demonstrated in the graph.
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5.2.5. NMD reporter mRNA does not pellet during polysomal clearing stages

As a significant proportion of NMD reporter mRNA was missing upon polysome
fractionation of upflA strain, | investigated if the RNA might be lost during this
procedure, whilst processing the samples. After cell lysis, the lysate was
cleared from cell debris and nuclei by centrifugation. Therefore, | examined
whether RNA pelleted during these clearing stages. RNA from the pellets
derived from the 1st and 2nd clearing step of all examined stains was analysed

by Northern blotting (Figure 5.5).

The results show that a proportion of ribosomal RNA pellets during the cell
lysate clearing stages. This was detected in both the wild type and to a lesser
extent in upflA, visualised by methylene blue staining (Figure 5.5A, lanes 1-3
and 7-9, compared to lanes 4-6 and 10-12). The difference is even more
prominent during the 2" clearing stage (Figure 5.5A, lanes 10-12), which

indicates that overall RNA in upflA may be more prone to degradation.

GFP reporter mRNAs are detected in clearing pellets of wild type strains,
particularly the functional GFP (Figure 5.5B, I, lanes 1-3, 7-9). which is
expected, considering it is more abundant compared to the NMD reporters. On
the contrary, very little GFP mRNA is detected in the clearing pellets of the
upflA strain (Figure 5.5B, I, lanes 4-6, 10-12), which, therefore, cannot account
for mMRNA missing from polysomal fractions. Interestingly, overall RNA quality is
low in upflA strain, as demonstrated by Methylene blue staining (Figure 5.5A)
and hybridisation with RpL32 where very little to no RpL32 is detected (Figure
5.5B, Il, lanes 4-6, 10-12). RNA seems to be more susceptible to degradation in

upflA in these conditions and that it why it is lost during the procedure.
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Figure 5.5 — NMD reporter mRNA does not pellet during clearing stages. (A)
Methylene blue staining of RNA isolated from 1st and 2nd polysome clearing stages,
from wild type and upflA strains. (B) Northern blotting analysis of RNA hybridised with
() GFP-specific and (Il — loading control) RpL32-specific probe of: 1st(1-6) and 2nd (7-

12) polysome clearing from wild type and upflA strains, as indicated.
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5.2.6. Modifications to the lysis buffer lead to an improved RNA yield and

demonstrate that UPF1 and UPF3 may have a minor effect on ribosome release

Polysome fractionation conditions result in satisfactory RNA quality in the wild
type strain, in which the quantity and observed association of NMD reporter
genes’ mRNA with polysomal fractions was as expected. However, | attempted
to improve the procedure to address the absence of detectable GFP mRNA in

upflA strain.

| wanted to investigate whether the mRNP composition of NMD substrates
becomes modified in upflA strain in such a way that RNA extraction efficiency
is low or makes RNA particularly prone to degradation. These may be the
reasons why the RNA could not be recovered from polysomal fractions, which
could be dependent on the lysis buffer composition used in the polysome
profiling procedure. Therefore, | introduced modifications to the lysis buffer,
based on literature (Hu et al.,, 2010). Major changes included addition of 500
Mg/mL heparin to further stabilise RNA, as well as addition of 1% Triton X-100
after cell lysis to release any RNA that is potentially in complexes or granules.
These changes were made to assess whether recovery of the reporter mRNA
would be enhanced (Figures 5.6-5.9). The modifications were previously shown
to successfully recover RNA from upflA Saccharomyces cerevisiae strain (Hu

et al., 2010).

UPF3 was recently demonstrated to play a role in stimulating ribosome
recycling upon translation termination (Neu-Yilik et al., 2017). Hence, this could
be one of the key factors that contribute to UPF1-mediated ribosome release,

as predicted by the model. | tested the role of UPF3 by generating upf3A strains
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expressing the described reporter genes. As before, total cell RNA was
analysed by Northern blotting and hybridisation with a GFP-specific and RpL32-
specific probe (as a loading control), which showed efficient NMD suppression
in both upflA and upf3A strains (data not shown). The same culture was then
used for polysome fractionation. The data is presented for each of the reporter

RNAs in all three strains, to allow a more readily comparison (Figures 5.6-5.9).

As previously observed, wild type GFP mRNA is present throughout polysomal
fractions in all three strains analysed (Figure 5.6A, B, C, lanes 1-7). In case of
GFP PTC6, mRNA is present predominantly in the fractions corresponding to
the ribosomal subunits as well as the monosome in the wild type strain (Figure
5.7A, lanes 7-10). In the mutant strains, the GFP PTC6 mRNA has a similar
distribution, although the presence of relatively more mRNA in fraction 6 in the
mutants demonstrates a minor shift towards the heavier polysomal fractions, in
comparison to the wild type (Figure 5.7A, B, C, lane 6). Interestingly, relatively
more MRNA is detected in the light fractions and those fractions that
correspond to the ribosomal subunits in both upflA and upf3A strains (Figure

5.7B, C, lanes 9-12).

Comparable results were observed in case of GFP mRNA containing a PTC at
position 27. In the wild type strain, mRNA is present predominantly within the
fractions corresponding to ribosomal subunits, monosomes and disomes
(Figure 5.8A, lanes 7-10). However, in the mutants, there is proportionally more
MRNA in the heavier polysomal fraction (Figure 5.8B, C, lane 6) and,
particularly in upf3A, there is a shift towards the heaviest polysomal fractions

(Figure 5.8C, fractions 1-5, when compared to the wild type strain — Figure
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5.8A). Again, a notably higher proportion of mRNA is found in association with

the ribosomal subunits and residing in soluble fractions.

The distribution of GFP gene containing a PTC at position 140 (Figure 5.9)
follows a very similar pattern to the functional GFP gene (Figure 5.9) in all three
strains. This is consistent with the fact that NMD is not observed in this reporter

MRNA (Figure 5.3C, lane 4).

The analysis using a modified lysis buffer was performed only once, due to time
constraints and time-consuming nature of the experiments. The results are
presented as they demonstrate an improvement in the recovery of previously
undetectable GFP reporter mRNA, however, more biological replicates are

necessary to assess reproducibility of the experiments.
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Figure 5.6 — GFP mRNA is present primarily in polysomal fractions, moderately
expressed. Polysome fractionation traces followed by Northern blotting analysis of
RNA from (A) wild type GFP, (B) upflA GFP, (C) upf3A GFP polysomal fractions,
hybridised with a GFP-specific probe. Methylene blue staining is shown bellow each
Northern blotting panel, demonstrating polysome profiling and RNA quality as well as
loading. (D) The intensity of wild type GFP mRNA for each lane of the wild type, upflA
and upf3A strain was determined using Image J software and was expressed as a

percentage of the total signal.
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Figure 5.7 — PTC6 GFP mRNA shows a minor shift towards heavier polysomal
fractions in upflA and upf3A strain. Polysome fractionation traces followed by
Northern blotting analysis of RNA from (A) wild type PTC6, (B) upflA PTC6, (C) upf3A
PTC6 polysomal fractions, hybridised with a GFP-specific probe. Methylene blue
staining is shown bellow each Northern blotting panel, demonstrating polysome
profiling and RNA quality as well as loading. mRNA is missing from fraction 8 (panel B,
fraction 8) of the upflA strain as the RNA pellet was lost during extraction. (D) The
intensity of the PTC6-containing mRNA for each lane of the wild type, upflA and upf3A
strain was determined using Image J software and was expressed as a percentage of

the total signal.
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Figure 5.8 — PTC27 GFP mRNA shows a minor shift towards heavier polysomal
fractions in upflA and particularly in upf3A strain. Polysome fractionation traces
followed by Northern blotting analysis of RNA from (A) wild type PTC27, (B) upflA
PTC27, (C) upf3A PTC27 polysomal fractions, hybridised with a GFP-specific probe.
Methylene blue staining is shown bellow each Northern blotting panel, demonstrating
polysome profiling and RNA quality as well as loading. (D) The intensity of the PTC27-
containing mMRNA for each lane of the wild type, upflA and upf3A strain was
determined using Image J software and was expressed as a percentage of the total

signal.
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PTC140 mRNA distribution
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Figure 5.9 — PTC140 GFP mRNA distribution follows a similar pattern as the
functional GFP mRNA. Polysome fractionation traces followed by Northern blotting
analysis of RNA from (A) wild type PTC140, (B) upflA PTC140, (C) upf3A PTC140
polysomal fractions, hybridised with a GFP-specific probe. Methylene blue staining is
shown bellow each Northern blotting panel, demonstrating polysome profiling and RNA
guality as well as loading. (D) The intensity of the PTC140-containing mRNA for each
lane of the wild type, upflA and upf3A strain was determined using Image J software

and was expressed as a percentage of the total signal.
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5.3. Discussion

This chapter details attempts to assess the ribosome release model of position-
dependent NMD. The model proposes that in the case of premature translation
termination, the release of ribosomes and other mRNA-associated components
from mRNAs leads to the destabilisation of the mRNP and triggers subsequent
degradation of the mRNA (Brogna and Wen, 2009; BrognaMcLeod and Petric,
2016). | assessed this hypothesis by utilising NMD mutant strains that express
NMD reporter genes and performed polysome fractionation to analyse their
MRNA distribution throughout polysomal fractions. If, as the model predicts,
UPF1 and potentially other NMD factors, affect the release of ribosomes from
MRNA, in their absence, we would detect relatively more mRNA associated

with heavier polysomal fractions.

Initial experiments have demonstrated that PTC6 GFP mRNA shifts towards
heavier polysomal fractions in upflA, and to a lesser extent in upf2A strain,
when compared to its distribution in the wild type strain. The wild type GFP
MRNA was also reproducibly associated with heavier polysomal fractions in
upflA mutant relative to the wild type strain. These results were in line with the

prediction of the ribosome release model.

Upon obtaining new strains in which NMD suppression in the NMD mutants was
more readily observed, the mRNA levels and the distribution observed in the
polysomal samples were as expected in the wild type strain. PTC6 and PTC27
MRNA could potentially be associated with one or two ribosomes before
translation terminates and the mRNA is degraded. This is exactly what we

observed, with the mRNA being at low levels, present predominantly within the
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light fractions, and fractions corresponding to the ribosomal subunits,
monosome and disome. However, a much lower proportion of RNA was
detected in the mutant strains in which the quantity was expected to be
comparable to the wild type GFP. | hypothesised that this mRNA may be
undetectable as it could potentially form complexes/granules. Alternative means
of extracting the RNA, although improving RNA yield, did not improve PTC-
containing mMRNA detection. | also assessed whether these mMRNAs became
trapped within the nuclei or heavy cellular particles or if they are particularly
loaded with the ribosomes and hence form a pellet at the very bottom of the

ultracentrifugation tube, however, none of these was the case.

The RNA quality of the upflA strain was lower than that of the wild type. |
considered that the mRNA could potentially be particularly prone to degradation
in this strain under the conditions used. Therefore, | modified the polysome
fractionation protocol based on literature (Hu et al., 2010). | introduced heparin
to the lysis buffer, which binds to and stabilises RNA, and further inhibits RNase
activity, and added Triton X-100 upon lysis to release any RNA trapped in
granules or fat bodies. These modifications significantly improved RNA yield
from polysome samples. | observed a minor shift towards heavier fractions
which is in line with the prediction of the ribosome release model. However, |
found that a considerable proportion of mMRNA associates with the soluble
fractions and ribosomal subunits, which suggests that either translation initiation
is impaired or that the mRNA remains associated with ribosomal subunits upon
termination. It also needs to be considered that using heparin can affect the

polysome fractionation quality in yeast as heparin competes with ribosomes to
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bind mMRNA. This could potentially lead to polysome dissociation, which could in

turn affect mRNA distribution.

In conclusion, the results indicate that the NMD factors could affect ribosome
loading on NMD-targeted mRNAs. Additional experiments are needed to further
substantiate and clarify the data presented in this chapter. One potential
approach could be polysome fractionation paired with ribosome profiling where
ribosome footprinting could identify whether the positions of ribosomes on PTC-
containing mRNA and their abundance change in NMD mutants compared to
the wild type strain. Also, as GFP is an exogenous gene, it could behave
differently to endogenous genes. Therefore, | created endogenous NMD-
reporter genes using CRISPR/Cas9 approach (explained in Chapter 6) to
repeat the experiments detailed in this Chapter. | obtained the strains; however,
| could not perform the analysis due to time constraints. Further efforts should

be made to investigate this model in the future.
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Chapter 6: CRISPR/Cas9 approach as a novel and
efficient method to manipulate S. pombe genes

6.1 Introduction

Fission yeast S. pombe has been extensively used as a model organism, due to
the ease of its use in laboratory conditions, fast growth rate and a fairly easy
manipulation of its genome. S. pombe genome contains a higher percentage of
intron-containing genes relative to the budding yeast S. cerevisiae, therefore, in
studies looking at eukaryotic gene expression, particularly gene splicing, it is
often the model of preference compared to S. cerevisiae (Kupfer et al., 2004).
An array of methods to modify genes, to introduce mutations, gene deletions or
protein tagging, has been developed over the years, ranging from PCR-based
gene targeting to allele replacement (pop-in pop-out method) (B&ahler et al.,
1998; Krawchuk and Wahls, 1999; Gao et al., 2014). CRISPR/Cas9 gene
editing is an up and coming method to introduce changes in the gene of
interest, with minimal alterations to the genome, and has only recently been
implemented in S. pombe (Jacobs et al., 2014). The aim of my work was to
optimise CRISPR/Cas9 approach in our laboratory conditions, based on
published data, to generate reagents for studying NMD and translation, and to

compare its efficiency to more traditional methodologies.

As outlined in Materials and Methods, the CRISPR/Cas9 approach utilises
gRNA that forms a complex with the Cas9 enzyme, leading it to the target gene
by aligning with the genome just upstream of the protospacer adjacent motif
(PAM), thereby allowing Cas9 to perform a double strand break (Figure 6.1)

(Cong et al., 2013; Mali et al., 2013). The break can be repaired via non-
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homologous end joining that introduces random mutations or, if a template
homologous to the target site but containing the desired mutations is supplied,
the double strand break is repaired via homology-directed repair (HDR) whilst
introducing the desired alteration (Figure 6.1) (Cong et al., 2013; Jacobs et al.,

2014).
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Figure 6.1 — CRISPR/Cas9 gene editing approach overview. (A) Schematic of the
two components required for CRISPR/Cas9 editing in S. pombe — a plasmid
expressing Cas9 (blue) and gRNA (purple) required to direct Cas9 to the region of
interest, and a homologous recombination (HR) template (red) containing the desired
change (yellow) (point mutation, insertion, deletion or protein tag). (B) Schematic of
Cas9 and gRNA expressed in the cells. Target gene is shown in red with protospacer
adjacent motif (PAM) indicated in blue while the 20-nucleotide sequence upstream of
the PAM indicated in orange is the sequence that will be recognised by the gRNA. (C)
gRNA and Cas9 form a complex that is guided to the target gene by gRNA aligning
with the target sequence. Cas9 then introduces a double strand break, which is
repaired by the HR template supplied to the cells (shown on the right), incorporating
the desired alteration. (D) Schematic of the gene after homology-directed repair and
successful editing. Introduced changes prevent the gRNA from aligning to the locus
again, and Cas9 from binding to this region, which prevents further alterations to the

target gene.
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In this chapter, | present how to most effectively create gRNA and homologous
templates to use in CRISPR/Cas9 gene editing, to introduce specific mutations
and to perform protein tagging in S. pombe, based on published data (Jacobs et
al., 2014). | used the CRISPR/Cas9 approach to generate endogenous NMD
reporters by introducing PTCs at different positions along the sequences of
ade6 and ade2 genes, which can further be used in studying NMD in S. pombe
cells (Figure 6.2A). Ade6 was chosen as a candidate, as the mutants have a
red colony phenotype, which would significantly help with screening and
estimating the efficiency of mutagenesis. Ade2 was selected as it contains
introns, and could therefore be used in studying splicing-dependent NMD. | also
tested the efficiency of CRISPR/Cas9 editing in tagging proteins by creating
strains expressing a small ribosomal protein RpS2801 tagged with 3xHA either
at its N- or C-terminus (Figure 6.2B). The strains can be utilised in translation
studies in the Brogna lab. Detailed gRNA and HR template design for ade2 and

ade6 editing and RpS2801-HA tagging is outlined in the Appendix 8.7.

High efficiency, flexibility, minimal edits to the genome, and relatively fast strain
generation could make the CRISPR/Cas9 approach a method of preference in

the future.

223



PTC11 PTC45 PTC244 PTC490
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Figure 6.2 — Schematic of the desired target gene edits to be generated by
CRISPR/Cas9 approach (A) Schematic of ade6 (red) and ade2 (yellow) genes with
desired mutations — PTCs — indicated along the sequence. (B) Schematic of the
RpS2801 gene tagged with HA, either at the N- or the C-terminus. Only the tag is

introduced and no selectable marker or any additional sequences are present.
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6.2 Results

6.2.1 CRISPR/Cas9 gRNA design

As detailed in the Introduction, gRNA represents a key component of the
CRISPR/Cas9 gene editing system as it forms a complex with the Cas9
nuclease and leads it to the desired gene locus, enabling double strand
breakage and successful editing. One of the key steps of CRISPR/Cas9

approach, therefore, is gRNA design and its efficient expression in the cells.

When designing the gRNA, the key sequence to consider is the protospacer
adjacent motif (PAM) that enables Cas9 to efficiently bind and cleave the
desired target site. The PAM motif is a 3-nucleotide sequence 5-NGG-3’ in the
gene of interest, N being any nucleotide. Gene-specific target gRNA is
designed as a 20 nucleotide sequence just upstream the PAM (Figure 6.3) (Ran
et al., 2013). When gRNA is expressed in the cells, it forms a ribonucleoprotein
complex with Cas9 that binds DNA and anneals with the target locus. Sufficient
target homology, and the presence of the PAM motif just downstream of the

alignment, trigger Cas9-induced DNA cleavage (Ran et al., 2013).

It is important for the desired change to be close (within 5-10 nucleotides) of the
PAM, or ideally adjacent to the PAM, so that once successful editing has
occurred, the gRNA is no longer capable of aligning perfectly with the target
and Cas9 is unable to cleave and alter the site any further (Cong et al., 2013).
The necessity of the PAM motif to be close to the editing site can be a limiting
factor when designing specific mutations. However, as it is a fairly frequent

sequence in the genome it allows a degree of flexibility (Ran et al., 2013).
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Figure 6.3 — Gene-specific gRNA sequence design. Firstly, a 5-NGG-3' PAM
sequence is selected (blue) close to the desired mutagenesis site, ideally at or 5-10
nucleotides within the desired alteration. If there are none such PAMs, the closest one
is selected and a silent mutation is introduced at or close to the chosen PAM within the
HR template, to abrogate further Cas9 cleavage after mutagenesis has occurred. Once
the PAM is selected, a 20-nucleotide sequence just upstream of the PAM is chosen as
the target gRNA, as indicated (orange represents its forward strand, while green its

reverse strand).
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Alternatively, introducing an additional silent mutation close to or at the PAM,
within the HR template, is enough to render the target immune to further Cas9

cleavage, once the editing has been accomplished (Jacobs et al., 2014).

Once the desired gene-specific gRNA sequence is chosen, it has to be
expressed in the cells. Apart from the 20 nucleotides aligning to the target gene,
additional sequences are required for the gRNA to fold properly and to form a
complex with Cas9. Jacobs et al designed a plasmid, pMZ374, which contains
the rrkl promoter under which gRNA will be expressed, the rrkl leader
sequence, a placeholder for the gene specific gRNA to be cloned in and the
remaining sequences important for Cas9 binding, allowing efficient gRNA

expression in S. pombe (Jacobs et al., 2014).

| utilised two approaches to clone the gene-specific target sequence into the
gRNA placeholder of the pMZ374 plasmid. Detailed gRNA design for ade2 and

ade6 mutagenesis and RpS2801-HA tagging is outlined in the Appendix 8.7.

The first approach involved cloning using PCR, by amplifying the whole plasmid
with two hybrid primers, where each contains a 20 nucleotide gene-specific
gRNA sequence (as shown in Figure 6.3) and 20 nucleotides aligning within the
placeholder, so that the gene specific gRNA introduced is in frame with the
leader and remaining gRNA sequences (Figure 6.4A). The primers amplify the
plasmid in opposite directions, generating a linear DNA molecule, which is,
upon Dpnl treatment to remove template DNA, transformed into E. coli, where it
becomes circularised (Figure 6.4A). Plasmids resulting from plasmid
preparation in E. coli were first checked by restriction enzyme digestion to

ensure that no major rearrangements occurred and the correct insertion was
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then verified by sequencing. Only gRNAs designed to generate ade2 gene
containing a PTC at position 12 and ade6 gene containing a PTC at position 45
were cloned into the pMZ374 vector in this manner (Figure 6.4B). This
approach was not successful for any other gRNA, probably due to the length of
the plasmid being approximately 11.5 kb and the PCR reactions of such long

DNA not being efficient.
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Figure 6.4 — Cloning the gene-specific gRNA sequence into its placeholder on
pMZz374 plasmid using PCR approach. (A) Schematic of the procedure. Two hybrid
primers aligning with the plasmid placeholder and containing a 20-bp gene specific
gRNA sequence at the 5’ end are used in a PCR reaction to amplify the whole plasmid,
introducing the required sequence. The reaction is treated with the Dpnl enzyme to
eliminate the template. The PCR product is re-circularised upon its transformation into
E. coli cells. The plasmid is amplified by plasmid preparation and its correct integration
is verified by sequencing. (B) Two gRNAS, one to generate PTC12-containing ade2
and second to create PTC45-containing ade6, were generated as described, and were
visualised by agarose gel electrophoresis and ethidium bromide staining as a band of

approximately 11.5 kb, shown on the right.
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The second approach involved cloning using Gibson assembly of two DNA
fragments, one generated by restriction enzyme digestion and second by PCR.
The pMZ374 plasmid was digested using Spel and Stul restriction enzymes
creating an approximately 10 kb long desired fragment (Figure 6.5A). The
hybrid primers described above were used in two PCR reactions that amplify
fragments of the plasmid surrounding the integration site so that the ends of the
resulting PCR products overlap with the digested plasmid (Figure 6.5B, PCR1).
The two PCR products were joined together in another PCR reaction using end
primers (Figure 6.5B, PCR2). In this way, | generated a DNA fragment that
contains gene specific gRNA at the desired location, and a 100-bp nucleotide
overlap with the plasmid backbone at each end. Due to the overlapping ends,
the plasmid backbone generated by restriction enzyme digestion and the PCR
product are joined together using Gibson Assembly Master Mix (NEB) (Figure
6.5C), which is then transformed into E. coli. Upon plasmid preparation, the
plasmids were first checked using restriction enzyme digestion to test whether
any rearrangements occurred. Correct integration of gene specific gRNA into its
placeholder, in frame with the gRNA leader sequence on one side and the
remaining gRNA sequences on the other, was tested via sequencing. Using this
approach, gRNA-expressing plasmids for all the remaining ade2 and ade6 gene
mutations (Figure 6.6A; B) as well as two gRNAs for N- and C-terminal
RpS2801 protein tagging were generated. All the plasmids screened by
sequencing (three plasmids for each of the gRNAS) had correct integration,

making this approach exceptionally efficient.
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Figure 6.5 — Cloning the gene-specific gRNA sequence into its placeholder on the
pMzZ374 plasmid using Gibson Assembly Master Mix. (A) Schematic of restriction
enzyme digestion of the pMZ374 plasmid using Stul and Spel restriction enzymes to
cut the region of the desired insertion site out of the plasmid backbone. The two
resulting fragments are visualised by agarose gel electrophoresis and ethidium
bromide staining on the left, with the fragment of approximately 10 kb in length being
the one desired, purified from the gel to be further used in the Gibson assembly
reaction. (B) Schematic of PCR reactions used to introduce gene specific gRNA into its
pMz374 plasmid placeholder and generate the second fragment to be used in the
Gibson assembly mix. Two hybrid primers containing (from 5 to 3' end) a 20-
nucleotide gene specific gRNA sequence and 20 nucleotides that align with the
integration site on the plasmid are used in two PCR reactions with flanking primers,
amplifying the two regions surrounding the placeholder (PCR1), generating left and
right PCR products (L and R). Agarose gel electrophoresis of such fragments used for
PTC24-containing ade2 gRNA construction is shown on the right, as an example.
PCR1 reaction products share 20 bp of homology and are used in another PCR
reaction (PCR2), which joins them together and creates a second DNA fragment used
in the Gibson assembly reaction. Agarose gel electrophoresis visualising the product of
PCR2 reaction for PTC24-containing ade2 gRNA construction, together with the
digested plasmid is shown on the right, as indicated. (C) The digested plasmid and
product of the PCR2 reaction, that share approximately a 100 bp overlap at their ends
were finally joined together using Gibson Assembly Master Mix, creating a plasmid

expressing both Cas9 and gRNA targeting the gene of interest.
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Figure 6.6 — Cloning gene-specific gRNA sequence for ade2 and ade6 gene
editing into pMz374 plasmid using Gibson Assembly Master Mix. Agarose gel
electrophoresis and ethidium bromide staining of (A) left and right PCR1 products, as
detailed above (Figure 6.4B), for ade2 (left) and ade6 (right) gene editing, as indicated,
(B) two pMz374 plasmid fragments generated by Stul and Spel restriction enzyme
digestion (2), (C) purified pMZ374 restriction enzyme digestion fragment (2) and PCR2
products (Figure 6.4B), used in a Gibson assembly reaction to generate a plasmid
expressing gRNA and Cas9 for creating PTC24 (3), PTC53 (4) and PTC70-containing
(5) ade2 strains, (D) purified pMZ374 restriction enzyme digestion fragment (2) and
PCR2 products, used in a Gibson assembly reaction to generate gRNA and Cas9
expressing plasmid for creating PTC11 (3), PTC244 (4) and PTC490-containing (5)

adeb strains.
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6.2.2 Creating HR templates for CRISPR/Cas9 induced gene mutagenesis

To create specific mutations, it is necessary to supply the cells with a DNA
molecule that is homologous to the target gene, but contains the desired
alterations, termed as the homologous recombination (HR) template. If this
were not supplied, the double strand break introduced by Cas9 would be
repaired by non-homologous end joining (NHEJ), resulting in the introduction of
random mutations. NHEJ is only favourable if the goal is to inactivate the gene

rather than to introduce specific changes.

To create HR templates for ade2 and ade6 gene mutagenesis, | used the
overlapping PCR approach. The first round of two PCR reactions was carried
out, using genomic DNA as a template, amplifying the surrounding region of
approximately 300 bp, whilst introducing the desired alteration (Figure 6.7). The
first PCR reaction used a forward primer aligning to a sequence approximately
300 bp upstream of the desired mutation and a 50-nucleotide long reverse
primer perfectly complementary to the target gene from its 3’ end (to ensure its
hybridisation with the target sequence), while containing the desired mutation
close to its 5’ end. The same principle was used to generate the second PCR
product — a 50-nucleotide forward primer containing the mutation at its 5’ end
and otherwise perfectly aligning with the target gene, paired with the primer
hybridising with a sequence approximately 300 bp downstream of the mutation
site. In this way, two PCR products (left and right, L and R) are generated,
containing 30 bp-overlapping ends, which are used in the final PCR reaction
that joins them together into a complete HR template including the desired

mutation (Figure 6.7). Sequencing the HR template confirms whether the
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desired change is indeed introduced. Products of the first and second round of
PCR reactions used to create ade2 and ade6 mutagenesis HR templates,

visualised by agarose gel electrophoresis, are shown in Figure 6.8.
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Figure 6.7 — Creating HR templates for ade6 and ade2 gene editing, using a PCR-
based approach Schematic of PCR reactions used to create an HR template
containing a desired point mutation (indicated with an asterisk). A 50-nucleotide long
reverse primer designed to contain its 3’ end pairing with the gene of interest while also
containing a desired mutation towards its 5’ end was used in the left PCR reaction with
another flanking primer aligning approximately 300 bp upstream of the site of interest.
The same principle was used on the right side, as shown. Two PCR reactions generate
fragments that have a 30 bp overlap, which allows them to be joined together via
another PCR reaction, using flanking primers, finally creating an approximately 600 bp-
long HR template, containing the desired mutation. Agarose gel electrophoresis and
ethidium bromide staining, displaying products of the first and second PCR reactions to

generate PTC24-containing ade2 HR template, is shown on the right, as an example.
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Figure 6.8 — Generating HR templates for ade2 and ade6 gene editing Agarose gel
electrophoresis and ethidium bromide staining of (A) left and right PCR products
obtained in the first PCR reaction, as detailed above (Figure 6.7, PCR1), for ade2 (left)
and ade6 (right) gene editing, (B) PCR products obtained by joining the left and right
fragments in the second PCR reaction (Figure 6.7, PCR2), representing HR templates
for creating ade2 (left) and ade6 (right) gene mutants — PTC12 (2), PTC24 (3), PTC53
(4), PTC70 (5)-containing ade?2 strains (left) as well as PTC11 (2), PTC45 (3), PTC244
(4), PTC490 (5)-containing ade6 strains (right). Bands of a very low signal are

indicated with a red asterisk.
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6.2.3 Creating HR templates for CRISPR/Cas9 induced protein tagging

To be able to tag target genes, it is again necessary to supply the cells with a
DNA molecule that is homologous to the gene of interest and contains the tag in
frame with the coding sequence. To generate HR templates for protein tagging,

| again implemented an overlapping PCR approach.

To create HR templates for N-terminal protein tagging, | firstly amplified the
3xHA tag (3xHA) from a pFA6a-3HA-kanMX6 plasmid, by using two hybrid
primers (Figure 6.9A, PCR1). The forward primer contained, from its 5’ to 3’
end, 20 nucleotides aligning with the sequence just upstream and containing
the start codon of the target gene and 20 nucleotides aligning to the start of the
HA tag, while the reverse primer contained 20 nucleotides aligning to the
sequence just downstream of the start codon and 20 nucleotides homologous
to the very end of the HA tag. Additionally, the forward primer contained a silent
mutation within the range of the chosen PAM motif, to make sure that upon
introducing the tag, Cas9 can no longer cut and alter the gene of interest. In
such a way, a PCR product, containing the HA-tag flanked with gene-specific
sequences, is generated, where start codon is perfectly in frame with the HA
tag and the coding sequence (Figure 6.9A). On the other hand, using genomic
DNA as a template, two PCR reactions were carried out amplifying
approximately 300 bp of the desired RpS2801 gene surrounding the insertion
site (Figure 6.9B, PCR2). In such a way, a 300-bp DNA fragment upstream and
including the start codon and a 300-bp DNA fragment downstream of the start
codon were generated. The three PCR products containing the indicated

overlapping ends were used in the final PCR reaction (Figure 6.9B, PCR3),
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generating RpS2801 N-terminal tagging HR template that contains the HA tag
just downstream of the start codon, in frame with the gene coding sequence,
together with the silent point mutation in the gene’s 5’ UTR, to render the target
gene immune to further alternations by Cas9 once the tag is introduced. The
products of all described PCR reactions, visualised by agarose gel
electrophoresis and ethidium bromide staining are shown in Figure 6.9. Upon

successfully obtaining the HR template, it was further verified by sequencing.
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Figure 6.9 — Creating HR templates for N-terminal protein tagging, using a PCR-
based approach Schematic of PCR reactions used to create HR template containing a
desired tag (3xHA in this case). (A) Schematic of the pFA6a-3HA-kanMX6 plasmid
used to amplify HA in a PCR reaction (PCR1), using hybrid primers containing a 20-
nucleotide sequence aligning with HA (red) and a 20-nucleotide sequence of the gene
of interest at its 5' end (green). The gene specific sequence of the forward primer
contains 20 nucleotides upstream and including the start codon (blue) as well as a
silent mutation (light green) to ensure Cas9 will not cut the region again after the
desired change is introduced. The gene specific sequence of the reverse primer
contains 20 nucleotides downstream of the gene start codon. Agarose gel
electrophoresis and ethidium bromide staining of HA amplified with RpS2801 gene
specific flanking arms is shown on the left. (B) Genomic DNA is used as a template in
two PCR reactions (PCR2), amplifying approximately 300 bp from each side of the
integration site. The left PCR product is amplified up to and including the start codon,
while the right PCR product generates an approximately 300 bp-long fragment, just
downstream of the start codon. Two such PCR2 reaction products amplifying RpS2801
gene fragments are visualised using agarose gel electrophoresis and ethidium bromide
staining shown on the right. PCR products from PCR1 and PCR2 reactions contain
overlapping ends and are used in the final PCR reaction (PCR3), creating an HR-
template used for N-terminal RpS2801-HA tagging, as visualised in agarose gel

electrophoresis — bottom right.
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To create HR templates for C-terminal protein tagging, | again amplified the
3xHA tag using two hybrid primers, one of which contained, from the 5’ to 3’
end, 20 nucleotides aligning with the sequence just upstream of the gene stop
codon and 20 nucleotides aligning to the start of the HA tag, while the reverse
primer contained 20 nucleotides aligning to the sequence including, and just
downstream of, the stop codon, as well as 20 nucleotides homologous to the
very end of the HA tag. The reverse primer contained a point mutation within
the range of the chosen PAM motif; to render the target gene immune to further
alternations once the tag is introduced (Figure 6.10A). In such a way, a PCR
product containing the HA tag flanked with gene-specific sequences is
generated, where the coding sequence is perfectly in frame with the HA tag and
the stop codon (Figure 6.10A). Using genomic DNA as the template, two PCR
reactions were carried out amplifying approximately 300 bp of the desired
RpS2801 gene surrounding the insertion site. A 300-bp DNA fragment
upstream of the stop codon as well as a 300-bp DNA fragment downstream and
including the stop codon was generated (Figure 6.10B). The three PCR
products contain overlapping ends and were used in the final PCR reaction,
generating an RpS2801 C-terminal tagging HR template that contains HA tag in
frame with the gene coding sequence, terminated by a stop codon, together
with the silent point mutation in the gene 3' UTR (Figure 6.10B). Using this
method, | created the HR template for RpS2801 C-terminal tagging. The
products of all PCR reactions, visualised by agarose gel electrophoresis and
ethidium bromide staining are shown in Figure 6.10. Upon successfully

obtaining the HR template, it was further verified by sequencing.
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Figure 6.10 — Creating HR templates for C-terminal protein tagging, using a PCR-
based approach Schematic of PCR reactions used to create the HR template
containing the desired tag (3xHA in this case). (A) Schematic of the pFA6a-3HA-
kanMX6 plasmid used to amplify HA in a PCR reaction (PCR1), using hybrid primers
containing a 20-nucleotide sequence aligning with HA (red) and a 20-nucleotide
sequence of the gene of interest at the 5’ end (green). The gene specific sequence of
the forward primer contains 20 nucleotides upstream of the stop codon while the gene
specific sequence of the reverse primer contains 20 nucleotides downstream of and
including the gene stop codon, as well as a silent mutation (light green) to ensure that
the region will not be cut again by Cas9 after the desired change is introduced.
Agarose gel electrophoresis of HA amplified with specific flanking arms of the RpS2801
gene is shown on the left. (B) Genomic DNA is used as a template in two PCR
reactions (PCR2), amplifying approximately 300 bp from each side of the integration
site. The left PCR product is amplified upstream of the stop codon, while the right PCR
product generates an approximately 300 bp-long fragment downstream of, and
including, the stop codon. Two such PCR2 reaction products amplifying the RpS2801
gene are visualised using agarose gel electrophoresis and ethidium bromide staining
shown on the right. PCR products from PCR1 and PCR2 reactions contain overlapping
ends and are used in the final PCR reaction (PCR3), creating the HR-template used for
C-terminal RpS2801-HA tagging, as visualised using agarose gel electrophoresis —

bottom right.
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6.2.4 CRISPR/Cas9 gene editing approach efficiency

Upon transforming the Cas9 and gRNA-expressing plasmid, as well as the
appropriate HR template, the colonies were screened in several ways. In case
of ade6 editing, the red colony phenotype indicated that the editing was
successful (Figure 6.11A; B; C; D). However, to determine that the desired
change was introduced, the strains were verified by colony PCR paired with
sequencing (Figure 6.11E). As ade2 mutations do not cause any visible
phenotypic effects, the correct mutagenesis was analysed by colony PCR and

sequencing (Figure 6.11F).
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Figure 6.11 — Verifying ade2 and ade6 mutant strains. (A) PTC11-, (B) PTC45-, (C)
PTC244- and (D) PTC490-containing ade6 mutant strains, obtained using the
CRISPR/Cas9 gene editing approach, visualised as red colonies, while the white
colonies represent the cells in which the editing process did not occur. The strains
were further verified by colony PCR paired with sequencing. (E) An example
sequencing trace is shown for ade6 gene mutagenesis (PTC11-containing gene) with
the introduced PTC highlighted in blue. (F) Ade2 mutant strains lack visible phenotypic
characteristics, so the correct mutagenesis was verified solely by colony PCR and
sequencing. The graph illustrates an example sequencing trace for ade2 gene

mutagenesis (PTC24-containing gene) with the introduced PTC highlighted in blue.
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To screen for 3xHA protein tagging, the region of the insertion was typically
amplified using colony PCR, and the size of the product was compared to that
of the original, parental product. If the tag was introduced, the size of the DNA
fragment should be larger that the original fragment by the size of the tag. All
seven colonies tested, both in case of N-terminal and C-terminal protein
tagging, contained the insertion, meaning that the tagging efficiency of the
CRISPR/Cas9 approach was 100% (Figure 6.12A; B). Protein extracts from five
of these colonies were analysed by SDS-PAGE/Western blotting, to determine
whether the protein is indeed successfully expressed with the tag (Figure
6.12C). RpS2801 was successfully HA-tagged in 60% of the colonies tested
(Figure 6.12C, lanes 5, 7, 8, 10, 11, 13). As ribosomal protein genes are
typically present in the cells in two copies in S. pombe (Coddington and Fluri,
1977; Gross and Kaufer, 1998), the second, untagged copy is probably
preferentially expressed in the remaining 40% of cells in which RpS2801-HA

was not detected (Figure 6.12C, lanes 4, 6, 9, 12).
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Figure 6.12 — Verifying RpS2801 strains tagged with HA. (A) Agarose gel
electrophoresis of colony PCR amplifying the region of 3xHA insertion in RpS2801-HA
C-terminally tagged strains. Seven colonies were tested (3-9) and the size of the
product was compared to that of the wild type (2), parental strain. The shift in size
towards higher molecular weight of approximately 100 bp, of the size of the 3xHA tag,
suggests that the tag was integrated in all 7 colonies analysed. (B) Agarose gel
electrophoresis of colony PCR used to amplify the region of 3xHA insertion in
RpS2801-HA N-terminally tagged strains. Seven colonies were tested (3-9) and the
size of the product was compared to that of the wild type, parental strain (2). The shift
in size towards higher molecular weight of approximately 100 bp, of the size of the HA
tag, suggests that the tag was integrated in all 7 colonies analysed. Two faint bands in
the wild type strain (2) are due to a cross-contamination with a colony of the tagged
strain, as the tip containing a residue of the transformed strain was accidentally dipped
into this PCR reaction. (C) Western blotting of protein extracts of wild type as a
negative control (2), RpL25-HA tagged strain as a positive control (3), RpS2801-HA C-
terminally tagged strains derived from colonies 1-5 (lanes 4-8) and RpS2801-HA N-
terminally tagged strains derived from colonies 1-5 (lanes 9-13). Bands corresponding
to C-terminally HA tagged RpS2801 were detected in cells derived from colonies 2, 4
and 5 while bands corresponding to N-terminally HA tagged RpS2801 were detected in

cells derived from colonies 2, 3 and 5.
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The efficiency of CRISPR/Cas9 gene editing approach to generate the desired
strains — mutants as well as tagged proteins is summarised in Table 6.1. The

mutagenesis efficiency was calculated as a number of successful mutants out

of the total number of colonies screened for each of the strains.

Mutation

Efficiency

ade6 PTC at position 11

87.27% - the fraction of red colonies out of
the total number; 75% of tested colonies
had the correct mutation upon sequencing

ade6 PTC at position 45

57.14% - the fraction of red colonies out of
the total number; 25% of colonies tested
had the correct mutation upon sequencing

ade6 PTC at position 244

87.02% - the fraction of red colonies out of
the total number; 80% of colonies tested
had the correct mutation upon sequencing

ade6 PTC at position 490

89.95% - the fraction of red colonies out of
the total number; 75% of colonies tested
had the correct mutation upon sequencing

ade2 PTC at position 12

Mutagenesis was unsuccessful — 0%

ade2 PTC at position 24

75% of colonies tested had the correct
mutation upon sequencing

ade2 PTC at position 53

33.33% of colonies tested had the correct
mutation upon sequencing

ade2 PTC at position 70

66.67% of colonies tested had the correct
mutation upon sequencing

RpS2801, C-terminally tagged with HA

100% of colonies tested contained an
insert in the gene while 60% expressed
the protein tagged with HA

RpS2801, N-terminally tagged with HA

100% of colonies tested contained an
insert in the gene while 60% expressed
the protein tagged with HA

Table 6.1 — CRISPR/Cas9 editing efficiency. The table details the efficiency of the
approach based on the percentage of correct mutants out of the total number of

colonies screened.
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6.3 Discussion

This chapter details implementation of CRISPR/Cas9 approach in our
laboratory conditions to create reagents, such as endogenous NMD reporter
genes and small ribosomal protein-tagged strains, to study NMD and translation

in S. pombe.

Two key components required for successful CRISPR/Cas9 editing in S. pombe
are the pMzZ374 plasmid expressing Cas9 and gRNA targeting the locus of
interest, as well as an HR template that introduces the desired modification.
The plasmid already contains the rrkl1 gRNA expression system into which
gene-specific gRNA needs to be cloned (Jacobs et al., 2014). By far the best
method to clone this sequence in our laboratory conditions was by using the
Gibson Assembly Master mix, detailed in section 6.2.1. This is a multistep
process, requiring several PCR reactions, restriction enzyme digestion and also
a Gibson assembly reaction; however, this multistep process was very efficient,
achieving 100% correct integration. This method is indeed less laborious than
cloning the fragment by amplifying the complete plasmid, as, due to the
plasmid’'s length (11.5 kb), the PCR reaction can often be inefficient and can
require extensive troubleshooting. HR templates were generated using the
overlapping PCR approach, as explained in sections 6.2.2 and 6.2.3. Whilst
optimising the PCR reactions, increasing the length of the overlap between the

fragments that are joined together provides the cleanest PCR results.

Evaluating CRISPR/Cas9 efficiency when looking at the ade6 mutagenesis
phenotypically as a fraction of red colonies out of the total number, showed that

it ranged from as little as 57.41% to a remarkable 89.95%, with an average of
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80.35%, meaning that this approach is extremely successful in generating
mutant strains. When the red colonies were screened for correct mutations
induced by homology directed repair, via sequencing, between 25% and 80% of
colonies (average 63.75%) contained the desired mutations. The remaining
displayed other small insertions or deletions suggesting that Cas9 did introduce
the cut, but that this was repaired by the NHEJ mechanism. Modifying the
guantity of the HR template supplied to the cells could therefore significantly
increase editing efficiency. Regarding ade2 gene mutagenesis, the colonies do
not have a visible phenotype, and were therefore solely screened by
sequencing. The efficiency of correct integration ranged from 33.33% to 75%
(average 58.33%), with the remaining colonies typically preserving the parental
gene or containing other mutations. Several attempts were made to create a
PTC12-containing ade2 gene, however, they were unsuccessful; all colonies
screened showed that the parental gene was preserved, suggesting that the
designed gRNA most probably triggered Cas9-induced cleavage inefficiently.
Therefore, the key to successful editing depends upon gRNA selection as well
as balancing the amount of HR template added to the cells. The efficiency of
protein tagging was remarkably 100%, with all colonies tested having the
desired 3xHA insert. Only 60% of cells expressed the protein tagged with HA,
while in the remaining cells the second untagged copy of the gene is probably

preferentially expressed.

CRISPR/Cas9 shows comparable efficiencies to more traditional methodologies
such as PCR-based gene targeting. The advantages of CRISPR/Cas9 system

are the flexibility, the ability to introduce specific changes of interest however
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small, and to inactivate only parts of proteins rather than having to carry out
complete deletions. Pop in pop out allele replacement can also be used to
introduce specific changes into the genome; however, in our experimental
conditions, its efficiency in ade6 mutagenesis was much lower than that of the
CRISPR/Cas9 approach — with the average efficiency being only 20.33%,

peaking at 55.32%.

The main advantage of using CRISPR/Cas9 system compared to traditional
approaches was demonstrated to be in protein tagging, as large selection
cassettes are not introduced in the genome, no linker sequences are required
and the changes to the genome are minimal. Additionally, when performing N-
terminal tagging, the gene stays under control of its endogenous promoter,
maintaining its endogenous expression, rather than the promoter region being
changed, which would alter the expression levels of the protein of interest and

potentially modify its function.

Design of gRNA used for mutagenesis is crucial and, to prevent the gRNA
being inefficient at inducing Cas9-mediated DNA cleavage, several gRNAs
should typically be designed and tested, which in turn might lengthen the
procedure and increase its costs. Additionally, Cas9 overexpression in S.
pombe can be toxic to the cells and is selected against (Jacobs et al., 2014). |
did observe that the CRISPR/Cas9 mutant strains exhibited slower growth
compared to the wild type. Cas9-expressing plasmid contains the ura4 gene as
a selectable marker, which allows the plasmid to be eliminated from the cells
using 5-FOA counter-selection. Therefore, a fast 5-FOA counter-selection,

which would eliminate the Cas9-expressing plasmid, should be carried out
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shortly upon selecting the correct mutant strains. This would prevent the toxic
effect of prolonged Cas9 expression. Further important aspects to consider are
off-target effects that have been reported in the literature, but can be minimised
by careful gRNA design. Off-target gRNA binding sites can be identified by
ChiP-seq of gRNA complexes with catalytically inactive Cas9 while GUIDE-seq
can profile all double strand breaks that could be introduced genome-wide by

Cas9 (Zhang et al., 2015).

In summary, the results presented in this chapter demonstrate that
CRISPR/Cas9 is an efficient method of gene editing, due to introducing minimal
alterations to the genome, its high efficiency, flexibility, as well as fast strain

creation.
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Chapter 7: Conclusions

7.1. Ribosome release model

With my PhD research, | aimed to improve general understanding of the
translation dependent process of nonsense-mediated mMRNA decay (NMD).
This is widely considered to be an active mRNA surveillance process requiring
the concerted action of several proteins to recognise and to target “aberrant”
transcripts for rapid degradation (Brogna and Wen, 2009). Here, | investigated
an alternative hypothesis that NMD, rather than being the active process so far
envisaged, occurs as a passive consequence of the release of ribosomes and
other mRNA-associated proteins from an mRNA upon translation termination. A
long stretch of the coding sequence normally protected by translating
ribosomes would then become exposed and susceptible to nucleolytic attacks
(BrognaMcLeod and Petric, 2016). This hypothesis was formulated as the
ribosome release model of NMD (BrognaMcLeod and Petric, 2016). We
postulated that mRNAs are generally more stable in cells depleted of NMD
factors, because these proteins play a broad role in mRNP remodelling,
including, at least in the case of UPF1, a role in the release of post-termination
ribosomal subunits. We based this model on the extensive evidence indicating
that UPF1 is an RNA helicase and an mRNP remodelling enzyme (FranksSingh
and Lykke-Andersen, 2010; Fiorini et al., 2015), and on the report that UPF1
can associate with elF3 (Isken et al., 2008); an important ribosome-recycling

factor (PisarevHellen and Pestova, 2007).

| tested the release model directly, by examining whether PTC-containing

transcripts would remain associated with post-termination ribosomes, and as
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such, would sediment in heavier fractions upon polysome fractionation in cells
depleted of NMD factors than in normal cells. The results of this experiment
were, however, not conclusive. Although, in line with the model, PTC containing
transcripts were found in heavier polysome fractions in NMD mutants, the shift
was modest. Furthermore, the results could not clearly be interpreted because,
for reasons that remain unexplained, most of the NMD reporter mRNA was lost
during polysome fractionation. The results remain thus largely inconclusive
requiring further experiments and probably adopting an alternative approach.
Nevertheless, the release model may be generally correct, as it was reported
that NMD reporters indeed associate with heavy polysomes in UPF1 deletion
strain in S. cerevisiae (Hu et al., 2010). Additionally, it was recently reported
that UPF3 in fact stimulates ribosome release after peptide disassociation
(Midhlemann and Karousis, 2017; Gao and Wilkinson, 2017; Neu-Yilik et al.,
2017). These observations appear to confirm the key predictions of the release

model.

7.2. NMD factors partially associate with polysomes and affect translation

Our model of NMD makes the prediction that UPF1 and other NMD factors
might affect the general process of translation, as detailed above. | tested this
by comparing the total translation yield of wild type versus UPF1 and UPF3
deletion mutants. For this purpose, | used polysome fractionation paired with
puromycylation, which allowed me to compare proteins being synthesised by a
certain number of ribosomes at a given time, between the normal cells and the

mutants.

257



The effect of UPF1 and UPF3 on translation differs, with more proteins having
de-regulated translation in the absence of UPF3 than in the absence of UPF1.
The data indicates that, even though UPF1 is involved, UPF3 has a
predominant role in the general process of translation. As proteins translated
fully by a single ribosome are more affected by NMD, | anticipated finding the
most prominent effects in monosomal translation (Heyer and Moore, 2016).
Indeed, the majority of proteins whose translation was altered in UPF3 deletion
strain relative to normal conditions are those that are fully translated by a single
ribosome. Therefore, UPF1 and particularly UPF3 seem to regulate translation
of a subset of transcripts. It would be important to identify these proteins as
their characteristics could help explain the reason behind their translation being

altered in the absence of UPF3 and UPF1.

Additionally, |1 assessed the global distribution of NMD factors with mRNAs,
relative to translation. | found that UPF1 and UPF3 do bind translating mRNAs;
however, | discovered that each has a different mode of association. UPF1 only
partially binds translating mRNAs, with a large proportion of UPF1 also co-
fractionating with the small ribosomal subunit and associating with other cellular
compartments other than translation circuits. UPF1 potentially interacts with the
40S, as upon polysome breakdown induced by puromycin, it shifts towards the
light fractions, however, majority still remains bound to the small ribosomal
subunit. UPF3, on the other hand, associates primarily with translating mRNAs,
with its mode of association being either to mRNA directly, or via mRNP
components other than the ribosome. Potentially, its association is via the EJC,

as previously observed (Le Hir et al., 2001).
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7.3. UPF1 associates with stress granules

By analysing the distribution of UPF1 in the cells relative to translation, | also
observed that UPF1 associates with other cellular compartments rather than
translating mRNAs, in contrast to previous studies that have linked UPF1
almost exclusively to the translating mRNA pool. | found UPF1 association with
heavy cellular entities, which do not represent translating polyribosomes,
particularly interesting. | tested whether these may represent stress granules by
looking at their formation under stress conditions both biochemically, using
polysome fractionation, as well as microscopically, by observing the distribution
of UPF1-GFP in cells. | indeed detected an accumulation of UPF1 in
cytoplasmic granules upon heat shock and upon increasing high salt stress
conditions. UPF1 almost entirely re-localises to these cytoplasmic
compartments upon stress, however, its association is reversible and UPF1 is
released from these cytoplasmic foci after the stress conditions are overcome.
The protein composition of these particles, identified by mass spectrometry
analysis, indicates that these are stress granules. However, it is unclear
whether UPF1 may play a role in their formation, which would be very
interesting to further investigate. As | identified many factors associating with
the granules, | could observe their localisation in the cells upon stress
conditions in normal versus UPF1 deletion cells. If UPF1 plays a key role in the
formation of the granules, | would not observe them in upflA. A model detailing

the cytoplasmic roles of UPFL1 is presented in Figure 7.1.
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Figure 7.1 — Model detailing the cytoplasmic role of UPF1. UPF1 binds translating
MmRNAs, either via association with ribosomal subunits or directly with mRNAs,
potentially improving ribosome scanning via its helicase activity (top panel). UPF1 also
plays a role in triggering degradation of PTC-containing mRNAs (middle panel) as well
as sequestering mRNAs that are no longer being translated in the cells into ribosome-
free cytoplasmic granules (bottom left panel). Upon stress, global translation is
supressed and in such conditions, UPF1 almost entirely re-localises into such
granules, increasing their number and size (bottom right panel). 5° CAP — 5’ capping
complex; 43S — pre-initiation complex 43S; UTR — untranslated region; START — start
codon; STOP - stop codon; PABPC, poly(A) binding protein, cytosolic; eRF —
eukaryotic release factor; PT — post-termination; elF — eukaryotic initiation factor; 40S —

small ribosomal subunit; 60S — large ribosomal subunit.
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7.5. Monosomes translate full length proteins

Monosomes, single ribosomes translating individual mRNA molecules, have
long been considered as initiating ribosomes that generate only short
polypeptides, while multiple translating ribosomes, polysomes, were thought to
be the sites of efficient translation which could translate full polypeptides. A
recent report (Heyer and Moore, 2016) challenged this view, demonstrating that
the majority of monosomes represent elongating ribosomes that can translate
specific transcripts fully, requiring only a single ribosome at a time. The data
that | obtained in this study goes in line with these findings, as polypeptides of
high molecular weight have been observed in the monosomal fraction, with the
signal being dependent on translation.

7.7. Ribosome-independent puromycylation uncovers that complete proteins
can be released from the ribosome as peptidyl-tRNAs

Puromycin, as reviewed earlier, is an antibiotic that binds to the ribosome A site
and gets incorporated into the nascent polypeptide chain, in a reaction
catalysed by the ribosome (Pestka, 1971; DavidBennink and Yewdell, 2013).
However, upon polysome fractionation and subsequent puromycin treatment, |
observed puromycylation occurring in fractions that are void of ribosomes, a
reaction not affected by translation inhibition with anisomycin, or by EDTA

treatment. The reaction is therefore not driven by the ribosome.

The proteins that | found to be puromycylated independently of ribosomes do
not represent all proteins present in the sample, but a reproducible subset of
proteins. This suggests that a specific feature of these proteins renders them

susceptible to puromycin incorporation. As the reaction of puromycylation
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normally occurs between a peptidyl-tRNA and puromycin in the ribosome active
site, | hypothesised that during translation a fraction of polypeptides might be
released from the ribosome with a tRNA still attached to them, possibly due to
ribosome stalling, and that these peptidyl-tRNAs can react with puromycin in a
ribosome-independent manner. The release of peptidyl-tRNAs during
translation was largely reported in bacteria, where these products are
eliminated by the action of peptidyl-tRNA hydrolase (Cruz-Vera et al., 2004,
Kossel, 1970). It is unclear how frequently this process occurs in eukaryotic
organisms, where peptidyl-tRNAs were mainly reported to arise during the NGD
process, due to ribosome stalling (Harigaya and Parker, 2010). Two
homologues of the bacterial peptidyl-tRNA hydrolase (Pth and Pth2) were
identified in eukaryotes, with Pth2 demonstrated to possess such enzymatic
activity, suggesting that its substrates indeed occur in the cells. Thereby, it is
possible that peptidyl-tRNAs that arise during translation are indeed substrates

for ribosome-independent puromycylation.

| tested this hypothesis by experiments detailed in Chapter 3. Destabilising
peptidyl-tRNAs by alkaline treatment has led to a reduction in puromycylation,
going in line with the hypothesis. Probably the most direct evidence in favour of
the hypothesis comes from treatment with hydroxylamine, a chemical that
destroys peptidyl-tRNAs (Bresler et al.,, 1968), which indeed abolished
ribosome-independent puromycylation. Proteins that undergo ribosome-
independent puromycylation were identified as highly expressed proteins in the
cell, which is expected, since the more frequently translation occurs in the cell,

the higher the probability that peptidyl-tRNAs might arise.
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The discovery of ribosome-independent puromycylation not only requires a re-
evaluation of using this method to report solely translation sites in the cell but
also, most importantly, indicates the existence of previously overlooked
eukaryotic translation by-products, peptidyl-tRNAs that significantly contribute to

overall gene expression.

It is necessary to confirm directly that the substrates for ribosome-independent
puromycylation are indeed peptidyl-tRNAs, by performing protein affinity
purification of puromycylated proteins and subsequent mass spectrometry
analysis, to assess the exact nature and location where puromycin

incorporates.
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8.1. S. pombe strains

8. APPENDIX

Stock

Strain name

Genotype

Source

MP1

pyli4
(wt h+)

h+ ade6-210 arg3D
his3D leul-32 ura4DS/E

Dr Janet F. Partridge
(janet.partrigde@stjude.org)(Petrie
et al., 2005)

MP2

py115

h- ade6-210 arg3D
his3D leul-32 ura4DS/E

Dr Janet F. Partridge
(janet.partrigde@stjude.org)(Petrie
et al., 2005)

MP3

h+ RpS2801-HA

h+ ade6-210 arg3D
his3D leul-32 uradDS/E
RpS2801:HA:kanMX6

This study

MP4

h+ RpS2802-HA

h+ ade6-210 arg3D
his3D leul-32 uradDS/E
RpS2602:HA:kanMX6

This study

MP5

upflA

h+ his3D leu1-32
ura4D18 arg?
upfl::KanMX6

Brogna lab (Jikai Wen)

MP6

upf2A

h+ his3D leu1-32
ura4D18 arg?
upf2::KanMX6

Brogna lab (Jikai Wen)

MP7

upfl-flag

h+ ade6-210 arg3D
his3D leul-32 ura4DS/E
upfl:5flag::hphMX6

Brogna lab (Jianming Wang)

MP8

upfl-flag
RpS2801-HA

h+ ade6-210 arg3D
his3D leul-32 uradDS/E
UPF1:5FLAG::hphMX6
RpS2801:HA:kanMX6

This study

JM28

JM1-GFP

h+ ade6-210 arg3D
his3D leul-32 ura4DS/E
pREP41-GFP

Brogna lab (Jianming Wang)

JM27

JM1-PTC6

h+ ade6-210 arg3D
his3D leul-32 ura4DS/E
pREP41-GFP N6

Brogna lab (Jianming Wang)

JM30

JM2-GFP

h+ his3D leu1-32
ura4D18 arg?
upfl::KanMX6 pREP41-
GFP

Brogna lab (Jianming Wang)

JM29

JM2-PTC6

h+ his3D leu1-32
ura4D18 arg?
upfl::KanMX6 pREP41-
GFP N6

Brogna lab (Jianming Wang)

JM32

JM3-GFP

h+ his3D leu1-32
ura4D18 arg?
upf2::KanMX6 pREP41-
GFP

Brogna lab (Jianming Wang)

JM31

JM3-PTC6

h+ his3D leu1-32
ura4D18 arg?
upf2::KanMX6 pREP41-
GFP N6

Brogna lab (Jianming Wang)

MP9

wt GFP

h+ ade6-210 arg3D
his3D leul-32 ura4DS/E
pREP41-GFP

This study

MP10

wt PTC6

h+ ade6-210 arg3D
his3D leul-32 ura4DS/E
pREP41-GFP N6

This study

MP11

wt PTC27

h+ ade6-210 arg3D
his3D leul-32 ura4DS/E
pREP41-GFP N27

This study
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MP12

wt PTC140

h+ ade6-210 arg3D
his3D leul-32 ura4DS/E
pREP41-GFP N140

This study

MP13

upflA GFP

h+ his3D leu1-32
ura4D18 arg?
upfl::KanMX6 pREP41-
GFP

This study

MP14

upflA PTC6

h+ his3D leu1-32
ura4D18 arg?
upfl::KanMX6 pREP41-
GFP N6

This study

MP15

upflA PTC27

h+ his3D leu1-32
ura4D18 arg?
upfl::KanMX6 pREP41-
GFP N27

This study

MP16

upflA PTC140

h+ his3D leu1-32
ura4D18 arg?
upfl::KanMX6 pREP41-
GFP N140

This study

MP17

upf3A GFP

h+ his3D leu1-32
ura4D18 arg?
upf3::KanMX6 pREP41-
GFP N140

This study

MP18

upf3A PTC6

h+ his3D leul-32
ura4D18 arg?
upf3::KanMX6 pREP41-
GFP N140

This study

MP19

upf3A PTC27

h+ his3D leu1-32
ura4D18 arg?
upf3::KanMX6 pREP41-
GFP N140

This study

MP20

upf3A PTC140

h+ his3D leu1-32
ura4D18 arg?
upf3::KanMX6 pREP41-
GFP N140

This study

MP21

upf3A

h+ his3D leu1-32
ura4D18 arg?
upf3::KanMX6

Brogna lab (Jikai Wen)

MP22

upf3A

h+ his3D leu1-32
ura4D18 arg?
upf3::HphMX6

Brogna lab (Jikai Wen)

MP23

upfl-flag
RpS2502-HA

h+ ade6-210 arg3D
his3D leul-32 uradDS/E
UPF1:5FLAG::hphMX6
RpS2502:HA:kanMX6

This study

MP23

upf3-flag
RpS2502-HA

h+ ade6-210 arg3D
his3D leul-32 uradDS/E
UPF3:5FLAG::hphMX6
RpS2502:HA:kanMX6

This study
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8.2. Media

Reagent Quantity (for 1 L) Final concentration
glucose 30¢g 3%
yeast extract 5¢ 0.5%
adenine-HCI 225 mg 1.31 mM
uracil 225 mg 2.01 mM
L-histidine 225 mg 1.45 mM
YES L-leucine 225 mg 1.71 mM
L-lysine 225 mg 1.23 mM
arginine 225 mg 1.3 mM
agar (solely for 0
solid media) 209 2%
ddH,0 toll
Reagent Quantity (for 1 L) Final concentration
glucose 209 2%
potassium
hydrogen phtallate 39 14.7mM
dibasic sodium
phosphate 2249 15.5 mM
L-glutamic acid 3.38¢g 2.3 mM
adenine-HCI 225 mg 1.31 mM
uracil 225 mg 2.01 mM
L-histidine 225 mg 1.45 mM
EMMG L-leucine 225 mg 1.71 mM
L-lysine 225 mg 1.23 mM
arginine 225 mg 1.3 mM
50x_salt stock 20 mL 1x
(recipe below)
1000x vitamin stock
: 1ImL 1x
(recipe below)
10000x mineral 0.1 mL 1x

stock (recipe below)
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Reagent Quantity (for 1 L) Final concentration
potassium
dihydrogen 05¢g 3.7mM
phosphate
potassium acetate 0.36¢g 3.7mM
magnesium
sulphate 05¢g 2 mM
heptahydrate
sodium chloride 0.1¢g 1.7 mM
calcium chloride
dihydrate 0.1g 0.7 mM
di-ammonium
sulphate 5¢ 37.8 mM
boric acid 500 ug 8.1 uM
cupric sulfate
pentahydrate 40 g 0.16 M
potassium iodide 100 ug 0.6 uM
ferric chloride
MB hexahydrate 200 pg 0.7 uM
manganese
sulphate 400 pg 2.4 uM
monohydrate
sodium molybdate
dihydrate 200 Hg 0.8 M
zinc sulphate
heptahydrate 400 ug L4 uM
glucose 59 0.5%
biotin 10 ug 41 nM
calcium
pantothenate 1 mg 2.1 M
nicotinic acid 10 mg 81 uM
myo-inositol 10 mg 55 uM
uracil for ura4-
strains or leucine for 150 mg 1.3 mM
leul- strains
Reagent Quantity (for 1 L) Final concentration
yeast extract 5¢ 0.5 %
sodium chloride 59 85 mM
magnesium chloride
NZY hexahydrate 29 10mM
NZ amine 10 g 1%
ddH,O TollL
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. Final
Reagent Quantity (for 1 L) concentration
pantothenic acid 1g 81.2 mM
1000x vitamin nicotinic acid 10 g 81.2 mM
stock inositol 10 g 4.2 mM
biotin 10 mg 40.9 uM
Reagent Quantity (for 1 L) Final concentration
boric acid 59 80.9 mM
magnesium
sulphate 49 33.2 mM
zinc sulphate
heptahydrate 49 13.9mM
10000x mineral ferric chloride
stock hexahydrate 29 74 mM
molybdic acid 04¢g 0.32 mM
potassium iodide 1g 6.02 mM
cupric sulfate
pentahydrate 0449 1.6 mM
citric acid 10 g 47.6 mM
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8.3. Plasmids

. Selectable
. Resistance .
Plasmid name . . marker in Comments
in E. coli
yeast
pFA6a-3xHA- amp KanMX6 PCR based ggne editing - C-terminal
KanMX6 3xHA tagging of a target gene
Vector used for the episomal

expression of GFP (from an nmt41

pREP41-GFP amp LEU2 promoter), obtained by cloning the

GFP ORF into the multiple cloning

site (Jikai Wen PhD Thesis)

Vector expressing an NMD reporter

pREP41-PTC6 amp LEU2 gene — GFP with a PTC at codon

position 6 (Jikai Wen PhD Thesis)
Vector expressing an NMD reporter

pREP41-PTC27 amp LEU2 gene — GFP with a PTC at codon
position 27 (Jikai Wen PhD Thesis)
Vector expressing an NMD reporter

pREP41-PTC140 amp LEU2 gene — GFP with a PTC at codon
position 140 (Jikai Wen PhD Thesis)

Vector containing a Cas9 gene and
oMZ374 amp URA4 an rrk1 placeholder for cloning gene-

specific gRNA sequence and
element for gRNA expression
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8.4. Plasmid maps

pFA6a-3HA-kanMX6

4248 bp
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8.5. Primers used for C-terminal protein tagging

Primer Description Sequence
name
MP1 RpS2801_Ctl F | ACCGGTTCTCGGTAAGTTTG
MP2 RpS2801_Cil R | GGGGATCCGTCGACCTGCAGCGTACGA
~ ~ | ACGCAATCTTCTGGCCTCAC
MP3 RpS2801_Cir F | GTTTAAACGAGCTCGAATTCATCGAT
~ 7 | AGCTGCTTTGGCCCATTGTT
MP4 RpS2801_Cir_F | [GTGTGTACATACTGCGTTTT
MP5 RpL2502_CH_F | cGTAAGAGTGTTCCCCATGC
MP6 RpL2502 Cil F | GGGGATCCGTCGACCTGCAGCGTACGA
AAGGAAGCCAATGCGGTTGG
MP7 RpL2502_Ctl_F GTTTAAACGAGCTCGAATTCATCGAT
T T | TAGCTTAAAAACTAGTTTAATAATTCAC
MP8 RpL2502_Ctl_F

AATGGGGGTCCTCTAGTTCC
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8.6. CRISPR/Cas9 gene editing
8.6.1. Ade6 gene primer design

Ade6 sequence with indicated designed PTCs:

CGACGACAAG TATTCTTTCA ACTTGGTGGT GAGGTAAACG AAATCCAGCC
TGGTGCAGTA

61 TAAGGTATAA CGACAACAAA CGTTGCTTTA TATATGGATA ACGACATATA
CATTTATTTC
121 TTGAAAAAAT AGCAAAGCTA TATTGATTTT AGCGTATGCT GCTTTAAAGT
TGCATTTCAC
181 AATGCTTGGA AATGTAACGA TGACAGAATT AATACGATGC AAAACTCAAA
TAATAAACTG
241 CGCACTAACT CACTACAATA AACAACTTTG AAAAAAAGAT TCGTTTTTTC
AACATTTACC
301 ATCTCATTAA GCTGAGCTGC CAAGGTATAT ACATACTTCA TCGAATATGA
GCGAAAAACA
361 GGTTGTAGGG ATCCTTGGRG GTGGTCAATT GGGCCGAATG ATGGTAGAGG
CAGCCCATCG
N11
GGA — TGA

421 CTTAAACATC AAATGCATCA TCTTGGATGC AGCAAATTCT CCTGCCAAAC
AAATTGATEEG
481 AGGICGTGAG CACATTGATG CATCATTTAC TGACCCCGAT GCAATTGTTG
AACTGTCTAA

N45

GGA — TGA
541 GAAGTGCACG TTATTAACAA CTGAAATTGA GCATATTAAC ACTGATGCCT
TGGCAGCCGT
601 TACGAAATCT GTTGCTGTTG AACCCTCTCC TGCAACTCTG CGATGCATTC
AAGACAAATA
661 TCTTCAAAAA CAGCATTTAC AGGTTTTTAA GATTGCACTT CCTGAATTTT
GCGATGCACC
721 TGACCAGGAA AGTGTTGAAA AAGCAGGCCA AGAGTTTGGT TATCCTTTTG
TACTGAAAAG
781 TAAAACATTG GCTTACGACG GTCGTGGAAA TTACGTTGTT CATCAACCAT
CTGAGATTCC
841 TACTGCCATC AAAGCACTTG GTGATCGTCC GCTTTATGTT GAAAAGTTCG
TTCCTTTCTC
901 CATGGAAATT GCAGTGATGG TAGTACGCAG TTTAGACGGA AAAGTTTATG
CTTATCCTAC
961 AACTGAGACC ATTCAAAAGG ATAATGTTTG TCATTTAGTA TATGCCCCTG
CTCGTCTTCC
1021 CTTCTCAATT CAACAGCGTG CTCAAACCCT TGCCATGGAT GCGGTGCGCA
cTT1TGAAGY

N244
GAA — TAA

1081 CGCTGGTATA TATGGTGTAG AGATGTTTGT TTTGCAAGAT GGTGAGACCA
TTTTACTCAA
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1141 CGAAATTGCT CCTCGGCCTC ACAATTCAGG TCACTACACC ATTGAAGCTT
GCCCAACTTC

1201 TCAGTTTGAA GCTCACTTAC GGGCCATATG TGGTCTTCCT TTCAGCGAAA
TCAACACCCA

1261 ACTCTCGACT TCCACAACTC ATGCGTTGAT GGTAAATATT TTAGGTACTG
ATGATCCTGA

1321 TTATGTTTCA AAGATCGCTA AACGTTCTCT GTCCATTCCC GGTGCAACTT
TGCATCTTTA

1381 TGGTAAAGCT GAATCTAGAA AGGGTCGCAA GATGGGACAC GTTACCATCA
TTTCTGATTC

1441 ACCTCAAGAA TGTGAACGTA GGTATCAGAT GCTTCTTGAC GTCAAAGATC
CTGTCGAATC

1501 ACCTGTTGTT GGTATTATCA TGGGTTCGGA TTCTGATTTA AGCAAGATGA
AAGATGCTGC

1561 CGTCATTTTA GATGAATTCA AGGTGCCTTA CGAACTTACT ATTGTTTCAG
CTCACCGCAC

1621 ACCAGATCGC ATGGTTACTT ATGCTCGTAC CGCAGCTTCA AGAGGGTTGC
GTGTGATTAT

1681 TGCTGGTGCT GGTGGTGCCG CTCATTTGCC TGGTATGGTT GCTGCAATGA
CACCTCTTCC

1741 AGTAATCGGC GTTCCTGTAA AAGGAAGCAC TCTTGACGGA GTTGACTCTC
TTCACTCTAT

1801 TGTTCAGATG CCTBEMGGITG TCCCTGTCGC CACTGTTGCT ATCAATAATA
GCCAAAATGC

N490
CGA — TGA

1861 CGGTATTTTA GCCTGTCGTA TACTTGCTAC ATTTCAACCC TCCCTTTTGG
CTGCTATGGA

1921 GAGCTTTATG GACAATATGA AAGAGATTGT TTTAGAAAAG GCTGATAAAT
TAGAAAAAGT

1981 TGGTTGGAAA AATTATTCTG CATAGGCGAC CATAGACATA ACTGTTAAAT
GATTTTGCTT

2041 GCTTTTTGTT TTAAATAATA TTTTATTTTG AAATTCTAGA TTGTAAAATG
TATTCTAAAA

2101 AGTGATTAAA AATTAAAAAT AAAAACCCCC CGAATAATGT GCTGCGACGC
AATTAAAAAA

2161 AATAAGAATC CTGAATAATG TGCTGTGAAG CAGTTGAAAG AAAATTAAAG
AACCCAATAT

2221 AATATGCTAT AAAGCAATCA AAAAATAATA GTAAGAAACC CAAATAAAAC
CCCGTTGACC

2281 ATGTTCCCAA TTAAATTAAC GCATATTAAT GCAAAAAATG CAATATTAAG
ACTAGTTATT

2341 AAACC

PAM motifs | coding sequence, UTR
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Primers

MP125 | sgRNA_ade6N11_ | CAGGTTGTAGGGATCCTTGG
F GTTTTAGAGCTAGAAATAGC
MP126 | sgRNA_ade6N11_ | CCAAGGATCCCTACAACCTG
R TTCTTCGGTACAGGTTATG
MP127 | ade6_N11_L_F ACTTGGTGGTGAGGTAAACGA
MP128 |ade6_N11 L R CGGCCCAATTGACCACCTCAAAGGATCCCTACAA
CCTGTTT
MP129 | ade6_N11_R_F AAACAGGTTGTAGGGATCCTTTGAGGTGGTCAAT
TGGGCCG
MP130 |ade6_N11_R_R AGAGTTGCAGGAGAGGGTTC
MP131 | sgRNA_ade6N45_ | CCTGCCAAACAAATTGATGG
F GTTTTAGAGCTAGAAATAGC
MP132 | sgRNA_ade6N45_ | CCATCAATTTGTTTGGCAGG
R TTCTTCGGTACAGGTTATG
MP133 | ade6_N45_L_F TGCTTGGAAATGTAACGATGACA
MP134 | ade6_N45_L_R CATCAATGTGCTCACGTCCTCAATCAATTTGTTTG
GCAGG
MP135 | ade6_N45_altL_R CATCAATGTGCTCACGTCCTCAATCAATTT
MP136 | ade6_N45_R_F CCTGCCAAACAAATTGATTGAGGACGTGAGCACA
TTGATG
MP137 | ade6_N45_altR_F AAATTGATTGAGGACGTGAGCACATTGATG
MP138 | ade6_N45_R_R GGCAGTAGGAATCTCAGATGGTT
MP139 | sgRNA_ade6N244 | GATGCGGTGCGCACTTTTGA
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F

GTTTTAGAGCTAGAAATAGC

MP140 | sgRNA_ade6N244 | TCAAAAGTGCGCACCGCATC
R TTCTTCGGTACAGGTTATG
MP141 | ade6_N244_L_F AAACATTGGCTTACGACGGTC
MP142 | ade6_N244_L R ACCATATATACCAGCGCCTTAAAAAGTGC
MP143 | ade6_N244_altL_R | ACCATATATACCAGCGCCTTAAAAAGTGCGCACC
GCATCCA
MP144 | ade6_N244_R_F TGGATGCGGTGCGCACTTTTTAAGGCGCTGGTAT
ATATGGT
MP145 | ade6_N244_altR_F | GCACTTTTTAAGGCGCTGGTATATATGGT
MP146 | ade6_N244_R_R GTAACGTGTCCCATCTTGCG
MP147 | sgRNA_ade6N490_ | TCTATTGTTCAGATGCCTCG
F GTTTTAGAGCTAGAAATAGC
MP148 | sgRNA_ade6N490_ | CGAGGCATCTGAACAATAGA
R TTCTTCGGTACAGGTTATG
MP149 | ade6_N490_L_F GATGAAAGATGCTGCCGTCA
MP150 |ade6_N490_L R ACAGTGGCGACAGGGACACCTCAAGGCATCTGA
ACA
MP151 | ade6_N490_R_F TGTTCAGATGCCTTGAGGTGTCCCTGTCGCCACT
GT
MP152 | ade6_N490_R_R GTCGCAGCACATTATTCGGG
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8.6.2. Ade2 gene primer design

Ade2 sequence with indicated designed PTCs:

CTAAGCATTT TATATTCTAT TTGACTATTG ATTGCCAATA AGCCTTTACG AGCGCATAAC

61 CATTATTTAC AAATAGCTTC AAAGTCAAAC TTTGAAGTCA ATAATAATTA
AAGAAATATG
121 ATCATATATT CTGATCTTTG TAATGGTGTT GGTCATAAAT TATACTGTTT
AACCGCTAAT
181 TTTGCTATAT CGTAACGTTA AGTGGAAAAA TAACCTTGAT CTTAGTGGTG
ATCAAGAATG
241 ACTACACAAG GCAGCGGCTA ACCGTACTTA CCGTTTTCAG CATCACCAAA
ACGGAGATCT
301 AATAAAAACA TAGAAGAAAA ATATGGCTTC AGTGCGAGAA ACTGGTGTAA
ATGTTTCCAA

N12

TCC —» TGA
361 CGACGAGTAA GAAAATTCTT TGAGAAGAAT TTACTATTCA CACAGAATAA
CCGTCGTCCT
421 TGGCAGTCAA IGEJGTGACG AAGGAAAGGG TAAACTTGTT GATATCCTTT
GCGATAATGT

N24
TGG — TGA

481 TGATGTCTGT GCTCGCTGTC AGGTATGTTA CAAAAGCTTT ATATAGTGGT
GAACCGAACG
541 AGGTGATATT GTGTAAAATT TTTTTTCACT CTACTTTGAC TCTTAAGTGC
GGGAGCTCGC
601 GGAATTACTG CCGATGAAAA ATAACATTTT TAATAAAAAA TTTAATTTTT
TGTTTAAATG
661 TTAATACAAA TCTGCTAAAT GACTTTTCCT ACTTGGTACA GTCAAGAAAA
GTATTTTAGA
721 GCTCACTGGA TAAGACGATC TGCATCAGTA ACAAATAAAT TTATACCAAT
TCTGAATGGT
781 TTCTTCTTTT TGATTTAATT ATGGAGGTTA CCTTTATGAT CTTGCCAGCT
TTTTTGTTTG
841 CTTGTATT GATTTTTCAA ATATATAGCT AACTTTTATT TTTAGGGTGG
TAACAATJCA
901 GGTCATACCA TTGTTGCTAA TGGTGTCACT TACGATTTTC ACATTCTTCC
THelGdAC
N70 N53
FCASSTGA GGT — TGA
961 GTAAATCCTA AATGCCAGAA CTTGATTGGT TCTGGTGTTG TCGTCTATTT
ACCTGCTTTT
1021 TTTAGTGAGT TAGAGAAACT TGAGCAAAAG GGTTTGAAAT GTAGAGATCG
TATTTTCATT
1081 TCTGATCGCG CTCATCTAGT ATTTGACTAC CATCAACGTG CAGATGCTTT
AAACGAGGCA

1141 GAGCTCGGAA AACAAAGCAT CGGAACAACC GGAAAGGGTA TTGGTCCTGC
TTATTCCACC
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1201 AAGGCTACTC GCAGCGGTAT TCGTGTTCAT CACTTGTATC ATTGGGCTGA
ATTTGAAGCT

1261 CGTTACCGTA AGAACGTTGC TGACTTGCAG AAACGTTATG GTGCTTTCGA
GTATGATGTT

1321 GAAGCTGAAC TCATTCGTTA TAAGGAATTG GCTCAAAGAC TTAAGCCATT
TGTCATTGAT

1381 GCTGTTGCGT TCATGTATGA AGCTTTACAA AGCAAGAAAC GTATCCTTGT
CGAAGGTGCT

1441 AACGCTTTGA TGCTTGATTT GGACTTTGGA ACTTATCCAT TCGTTACCAG
CTCTAACACT

1501 ACTGTTGGTG GTGTTTGCAC TGGTTTGGGT GTTCCTCCTC AGCGCATTGC
TAACTCCATC

1561 GGTGTAGTGA AAGCTTATAC AACTCGTGTA GGCGCTGGTC CTTTCCCAAC
GGAACAGCTC

1621 AACGAAATTG GTGACCATCT TCAAAGTGTT BEBAGAGAAG TIGATGTTAC
CACCGGTCGT

N303
GGA — TGA

1681 AAACGCCGCT GCGGCTGGCT TGATTTGGTC GTTGTCAAAT ACTCTACTAT
GATCAATGGT

1741 TACACTTCTT TGAACCTTAC CAAGCTTGAC ATTTTGGATG CCTTGGATGA
GATCAAAGTT

1801 GCTGTTGCCT ACATTATTAA CGGTAAACGC ATTGAAACTT TTCCTGCTGA
TCTTGATTCT

1861 CTTGAAGAAG CCGAGATTGT ATACGAAACT TTCCCTGGTT GGAAAGTTCC
TACAACAGGT

1921 ATCACTCATT GGGATCAGAT GCCTGAGAAT GCCAAGAAAT ACATAGAGTT
CATTGAAAAG

1981 TTTGTTGGTG TTCCCATCAC TTTCATCGGT GTTGGTCCTG GTCGTGATGA
CATGCIIGELT

2041 AAGGAGTAAG TTACGATTTA CAACTAGATA TCCTCACCAT TCTTCACTAC
TTTCTTTATC

2101 TAAATTTTGT TTATTATACA TCTTATTTTA GCTCTTTTCC ATTTATTTTT
ATAGTGCTTT

2161 TCTTTTTTTC GAATAGATTC ATAAAGCATA TAACTTTTTG ATTGTAATTT
TATTTAAACG

2221 TAACAATAAA GCTTGAAAGG CGAACAATAG CACAGAAATA ATTTTGATTT
AAATCCAACC

2281 AGTATGGAAT TAGTATATGT AGTAAGAGAA AAGAGATTAT GCAATGTAGA
ATAAACTTAC

2341 ACCGATCTTT AAAATAATTT AATCAAGGAT ATCCGTATCA AGGTACACAA
TGCGA

PAM motifs] coding sequence, UTR
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Primers

MP153 SgRNA_ade2N12_F GGTGTAAATGTTTCCAATGA
GTTTTAGAGCTAGAAATAGC

MP154 SgRNA_ade2N12_R TCATTGGAAACATTTACACC
TTCTTCGGTACAGGTTATG

MP155 ade2N12_L_F AGCCTTTACGAGCGCATAAC

MP156 ade2N12_L_R CAAAGAATTTTCTTACCCATCATTTCAAA
CATTTACACCAG

MP157 ade2N12_R_F CTGGTGTAAATGTTTGAAATGATGGGTA
AGAAAATTCTTTGAGA

MP158 ade2N12_R_R TTCATCGGCAGTAATTCCGC

MP159 SgRNA_ade2N24_F CCGTCGTCCTTGGCAGTCAA
GTTTTAGAGCTAGAAATAGC

MP160 SgRNA_ade2N24_R TTGACTGCCAAGGACGACGG
TTCTTCGGTACAGGTTATG

MP161 ade2N24_L_F GCCTTTACGAGCGCATAACCA

MP162 ade2N24_L_R GTTTACCCTTTCCTTCGTCACCTCATTG
ACTGCCAAGG

MP163 ade2N24_R_F TCGTCCTTGGCAGTCAATGAGGTGACG
AAGGAAAGGGTA

MP164 ade2N24_R_R TCGTCTTATCCAGTGAGCTCT

MP165 SgRNA_ade2N53_F TTTTAGGGTGGTAACAATGC
GTTTTAGAGCTAGAAATAGC

MP166 SgRNA_ade2N53_R GCATTGTTACCACCCTAAAA
TTCTTCGGTACAGGTTATG

MP167 ade2N53_L_F GGGAGCTCGCGGAATTACT
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MP168 ade2N53_L_R CCATTAGCAACAATGGTATGTCAAGCAT
TGTTACCACCCTA

MP169 ade2N53_R_F TAGGGTGGTAACAATGCTTGACATACCA
TTGTTGCTAATGG

MP170 ade2N53_R_R TTTGTTTTCCGAGCTCTGCC

MP171 SgRNA_ade2N70_F GATTTTCACATTCTTCCTTC
GTTTTAGAGCTAGAAATAGC

MP172 SgRNA_ade2N70_R GAAGGAAGAATGTGAAAATC
TTCTTCGGTACAGGTTATG

MP173 ade2N70_L_F GATGTCTGTGCTCGCTGTCAG

MP174 ade2N70_L_R GGCATTTAGGATTTACGAGTCCTCAAGG
AAGAATGTGAAAATCGT

MP175 ade2N70_R_F ACGATTTTCACATTCTTCCTTGAGGACT
CGTAAATCCTAAATGCC

MP176 ade2N70_R_R TGTTTTCCGAGCTCTGCCTC

MP177 SgRNA_ade2N303_F CAAAGTGTTGGAAGAGAAGT
GTTTTAGAGCTAGAAATAGC

MP178 SgRNA_ade2N303_R ACTTCTCTTCCAACACTTTG
TTCTTCGGTACAGGTTATG

MP179 ade2N303_L_F CTTGTCGAAGGTGCTAACGC

MP180 ade2N303_L_R TAACACCAACTTCTCTTCAAACACTTTG
AA

MP181 ade2N303_R_F TTCAAAGTGTTTGAAGAGAAGTTGGTGT
TA

MP182 ade2N303_R_R CCAACCAGGGAAAGTTTCGT
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8.6.3. RpS2801-HA protein tagging primer design
C-terminal tagging

1. Primers to incorporate sgRNA into the pMZ374 vector

SsgRNA_RpS2801Cterm-F AGATTGCGTTAAAGCTGCTT gttttagagctagaaatagc

SgRNA_RpS2801Cterm-R AAGCAGCTTTAACGCAATCT ttcttcggtacaggttatg

2. Primers to amplify 8-HA tag from pFA6a-3HA-kanMX6 plasmid with (ENCISPEcItic

RpS2801_3HA_hybrprimer_F EICACCCCACAAGATICEET tacccatacgatgttcct
RpS2801_3HA_hybrprimer_R G cactgagcagcgtaatc

3. Primers to amplify flanking regions homologous to the target site from genomic DNA:

RpS2801_CRISPR_C_term_L_F GGTTCTCGGTAAGTTTGGGA
RpS2801_CRISPR_C_term_L_R ACGCAATCTTCTGGCCTCAC
RpS2801_CRISPR_C_term_R_F TAAAGCTGCTTEGGCCCATTGTTGTTAAGAGC

RpS2801_CRISPR_C_term_R_R TACAAGGACTCTGGAAAAGGGG

N-terminal tagging

1. Primers to incorporate sgRNA into the pMZ374 vector

SsgRNA_RpS2801Nterm-F GAGGATAATGGATTCTTCTA gttttagagctagaaatagc
sgRNA_RpS2801Nterm-R TAGAAGAATCCATTATCCTC ttcttcggtacaggttatg

2. Primers to amplify 3-HA tag from pFA6a-3HA-kanMX6 plasmid with FEHcISpecilic

RpS2801_3HA_N_term_F [FACATATCAACACEATAATE tacccatacgatgttect
RpS2801_3HA_N_term_R ACACECAACTIRIAGCAAGARTE gcactgagcagegtaate

3. Primers to amplify flanking regions homologous to the target site from genomic DNA:

RpS2801_CRISPR_N_term_L_F GGGAATCAAGACTGTGCTTCT
RpS2801_CRISPR_N_term_L_R CATTATCCTCTTGATATGTATAAGAGTGC
RpS2801_CRISPR_N_term_R_F GATTCTTCTAAAGTTCCTGTTAAATTGG

RpS2801_CRISPR_N_term_R_R ACGAACAGGTCCTTAACGT
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Desired sequence (final)

C-terminal tagging
Start codon; 3xHA; stop; point mutation

TCTTATACATATCAAGAGGATAATGGATTCTTCTAAGGTTCCTGTTAAATTGGCAAA
GGTCATTAAAGTGCTCGGTCGCACCGGTTCTCGGTAAGTTTGGGAAACTTGTCAG
TTTATTGTTAAATTCAACATATTGTATTCACATAAATTGATTTGTGTTAAACGAATAA
ACATAAAAGATTCTAATTATTCCTCGCTTTTGTATATCCAGCAAGCAATGATTACTA
ACTTCTCTGTAGTGGTGGAGTCACCCAAGTCCGTGTCGAATTTATGGATGACACTT
CTCGTTCTATCATTCGTAACGTTAAGGGACCTGTTCGTGAAGATGACATCTTGGTT
CTTCTTGAATCAGAGCGTGAGGCCAGAAGATTGCGTTACCCATACGATGTTCCTG
ACTATGCGGGCTATCCGTATGACGTCCCGGACTATGCAGGATCCTATCCATATGA
CGTTCCAGATTACGCTGCTCAGTGCTAAAGCTGCTTEGGCCCATTGTTGTTAAGA
GCATCTTTGCAAAAAATATAATCTCGTTACACCTTTTACGATTCAA

N-terminal tagging
Start codon; 3xHA; stop; point mutation

TCTTATACATATCAAGAGGATAATGTACCCATACGATGTTCCTGACTATGCGGGCT
ATCCGTATGACGTCCCGGACTATGCAGGATCCTATCCATATGACGTTCCAGATTAC
GCTGCTCAGTGCGATTCTTCTAAAGTTCCTGTTAAATTGGCAAAGGTCATTAAAGT
GCTCGGTCGCACCGGTTCTCGGTAAGTTTGGGAAACTTGTCAGTTTATTGTTAAAT
TCAACATATTGTATTCACATAAATTGATTTGTGTTAAACGAATAAACATAAAAGATTC
TAATTATTCCTCGCTTTTGTATATCCAGCAAGCAATGATTACTAACTTCTCTGTAGT
GGTGGAGTCACCCAAGTCCGTGTCGAATTTATGGATGACACTTCTCGTTCTATCAT
TCGTAACGTTAAGGGACCTGTTCGTGAAGATGACATCTTGGTTCTTCTTGAATCAG
AGCGTGAGGCCAGAAGATTGCGTTAAAGCTGCTTTGGCCCATTGTTGTTAAGAGC
ATCTTTGCAAAAAATATAATCTCGTTACACCTTTTACGATTCAA
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