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ABSTRACT

Nonsense mediated decay (NMD) is a pathway that regulates RNA turnover.
Since its discovery, this pathway has been implicated in a variety of cellular
processes ranging from differentiation to the restriction of viral replication.
While NMD has been heavily studied since its discovery, the understanding
of how the pathway carries out its function has been a long and convoluted
process, where the current cornerstones that establish our present
understanding of the regulatory mechanisms are continuously challenged.

In this thesis, new methods were explored with the goal to provide tools that
would simplify investigating the NMD pathway and potentially other
pathways regulating RNA. We studied the use of nucleotide conversion
methods and their applicability to yeast. Additionally, we designed a set of
reporters that allow in vivo monitoring of NMD with an easy-to-read
phenotype as an output. Moreover, we modified a reporter that was
developed during the construction of the NMD reporters to also be applicable
for alternative studies. In this particular case, we adapted one of our reporters
to the study of the SARS-CoV-2 major protease (NSP5). Overall, simplified
methods to interrogate cellular NMD were successfully constructed, in
addition to establishing a sensitive yeast-based system for the detection of
anti-viral compounds.

Keywords: mRNA degradation, metabolic labeling, nonsense-mediated
decay, Major protease, SARS-CoV-2






SAMMANFATTNING

Nonsensmedierad nedbrytning (NMD) &r en signaleringsvdg som reglerar
omsittningen av RNA. Alltsedan upptéckten av denna signaleringsvdg har
manga olika celluldra processer kopplats till NMD-reglering, sdsom
celldifferentiering och begrinsandet av virusreplikation. Fastin NMD har
studerats flitigt sedan det upptécktes, har den mekanistiska forstaelsen av
NMD varit en 1dng och komplicerad process dir de nuvarande grundldggande
hornstenarna an idag ifragasitts.

I denna avhandling har nya metoder utforskats for att tillhandahélla verktyg
som forenklar undersokandet av NMD och potentiellt d&ven andra RNA-
reglerande signaleringsvéagar. Vi har utforskat hur man kan anvinda metoder
for konversion av nukleotider och hur dessa kan tillimpas pa jdst. Vi har
ocksd designat en uppsittning reportrar som tillater in vivo-avldsning av
NMD med en tydlig fenotyp som resultat. Dessutom modifierade vi nagra av
de koncept som utvecklades under konstruktionen av NMD-reportrarna for
att dven vara tillimpliga pd alternativa studier. I det hir specifika fallet
anpassade vi ett av véira koncept till att studera NspS5-proteaset (major
protease) fran SARS-CoV-2. Pa detta sétt konstruerades ddrmed forenklade
metoder for att undersoka celluldir NMD och ett kénsligt jastbaserat system
for detektion av antivirala foreningar.

Nyckelord: mRNA-nedbrytning, metabolisk inmérkning, nonsens-medierad
nedbrytning, Major protease, SARS-CoV-2
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AIM OF THE THESIS

This thesis primarily deals with nonsense mediated decay (NMD) using
Saccharomyces cerevisiae (hereafter referred to as yeast) as a model
organism. We aimed to create new methods that simplify quantifying NMD,
either at the RNA half-life level or through reporters. It is important to note
that while all experiments were done in yeast, it is very difficult to discuss
NMD in a yeast-isolated context. Especially given that the way information
was accumulated on this pathway was through the integration of knowledge
coalescing from the study of NMD from multiple different model organisms.

While NMD is generally a well-conserved process, important differences
exist between experimental systems. Throughout this thesis, efforts have
been made to point out the differences relative to other organisms (primarily
human) when applicable. Moreover, it must be noted that NMD is a highly
complex pathway and no published work to date has determined a unified
functioning model on how the pathway works. On the upside, this leaves
plenty of room for further research and model refinement to be built on top of
the vast wealth of information that has been amassed on NMD since 1979.

Unfortunately, during the writing of this thesis the world had the displeasure
of dealing with the SARS-COV-2 pandemic. The pandemic was a trying time
for all of us and poised a unique challenge, especially for the scientific
community. I believe it is absolutely essential that we remember the lessons
we learned from this bitter experience which for me was the importance of
adaptability in facing new challenges. In light of this, some of the reporters
originally intended for NMD assessment were adapted for a viral protein
study and were incorporated in this thesis that was subsequently split into two
parts to simplify reading the thesis. The aims of each paper included in this
thesis are summarized as follows:

I.  In paper I, we aimed to adapt a new metabolic labeling
method to determine RNA half-life in a simplified manner to
yeast.

II.  In paper II, we aimed to create reporters that reflect the
NMD status of the cell and characterize them in the deletion
collection.
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III.  In paper III, we aimed to modify a concept that was
developed in paper II to monitor the suppression of a viral
protein by chemical inhibitors.

I thoroughly enjoyed writing this thesis. I have gained a great appreciation of
all the hard work that has gone into the dissection of this pathway from the
past 44 years and I am proud to present the culmination of the work that has
been carried out during my PhD studies. In the end, I really hope you enjoy
reading this work as much as I have had writing it.
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INTRODUCTION - NMD

Eukaryotic cellular homeostasis is maintained through complex interweaved
systems of regulation that are divided into multiple layers. The amount of a
given protein can be regulated through transcriptional upregulation or
downregulation in response to stimuli, the transcript itself can be subject to
post-transcriptional regulation, and the translated protein can be further
modified to alter its function. An additional aspect for consideration is the
control of the half-life on both the RNA level and protein level. The half-
lives of transcripts and proteins vary between gene products and this can also
be regulated to maintain cellular homeostasis. Various previous works have
focused on different parts of these regulatory networks; however, RNA
stability has been less explored relative to transcription and translation due to
the nature of the experiments required to capture this parameter and the low
reproducibility of measured stabilities between labs using the older
techniques.

RNA molecules exist for a finite period of time. The time required for the
initial observed amount to be reduced to half is referred to as half-life and is
used as a measure of stability of a given RNA. Under certain circumstances it
becomes crucial for the cells to degrade a given transcript quickly to
circumvent the accumulation of non-productive or even toxic transcripts.
Quality control systems exist within eukaryotic cells to ensure timely
degradation of aberrant transcripts.

Nonsense mediated decay (NMD) is the best studied example of a RNA
quality control system and functions in both regulation of wild-type
transcripts and the removal of aberrant transcripts [1]. The first evidence of
NMD emerged from the studies of mutated form of the yeast URA3 locus
harboring premature termination codons (PTCs) at various positions [2]. It
was observed that URA3 transcripts originating from mutants carrying PTCs
had a reduced half-life relative to the wild-type transcripts and the strength of
reduction was dependent on the location of the PTC within the open reading
frame of the transcript [2]. Within a short time of the previous work, a study
on a mutant PTC containing allele of the B-globin gene from a thalassemia
patient found that the mutated transcript had a reduced half-life relative to the
wild-type allele [3]. The authors of the study correctly speculated that the
effect is caused by RNA instability due to a nonsense (termination codon)
mutation. The next set of experimental evidence came from the studies of
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alleles of unc-54, lin-29 and tra-2 from Caenorhabditis elegans for which
extragenic suppressors could be found [4]. They identified suppressors for
these mutations and named them Suppressors of Morphogenesis in Genitalia
1-6 (SMG1-6) and correctly postulated that the identified suppressors affect
RNA stability [4]. Their results indicated that the currently unidentified
process (later to be known as NMD) was acting through trans-acting proteins.
Orthologs of some of these proteins were then identified in yeast by studying
the changes in fhis4-38 mRNA stability and were termed Up frameshift
proteins (UPF1-3) [5], [6]. The term NMD was coined in 1993 [7]. The
authors studied the effect of having a PTC in a normally stable mRNA in
yeast. Combining the knowledge from previous studies they showed that
addition of PTCs rendered the PGK1 transcript unstable and that the extent of
the destabilization is dependent on the location of the PTC within the open
reading frame (with earlier occurring PTCs being more destabilizing) and
that the process was controlled by the trans-acting factor Upfl. This process
was termed NMD due to the fact that all observed substrates up to that point
have been PTC-containing transcripts.
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NMD PROTEINS

The NMD pathway is now known to not only target PTC-containing
transcripts but also to regulate wild type transcripts. The functionality of the
pathway depends on three core factors (UPF1, UPF2 and UPF3), which have
been shown to be conserved in a large number of cukaryotic cells [8].
Disruption of any of these three factors in yeast has been shown to stabilize
known NMD targets in addition to a significant portion of the transcriptome

[9].

UPF1 is an ATP-dependent RNA helicase and is the most conserved out of
the core proteins [8]. UPF1 is a highly modular protein that is extensively
regulated. It mainly consists of a cysteine-histidine-rich (CH) located
towards the N-terminal part of the protein, an RNA helicase region located
centrally in the protein and a C-terminal serine and glutamine rich (SQ)
domain [10]. The SQ domain and the N-terminal region have a high density
of S/T-Q dipeptides, which are the target of the protein kinase SMG-1 in
higher eukaryotes hence conferring a phosphorylation based regulation of
UPF1 by SMG-1 [11], [12]. It is of note that the S. cerevisiae homolog of
UPF1 has a reduced density of S/T—Q dipeptides motifs and this is a
consequence of the loss of SMG-1 in yeast evolution [8]. Although UPF1 is
still a phosphoprotein in yeast, the identity of the kinase responsible for the
phosphorylation is not known [13] and a clear requirement for
phosphorylation in yeast has not been established. UPF1 contains a highly
processive helicase domain [14]. The helicase domain is divided into multiple
sub-domains: RecAl and RecA2 are the catalytic subdomains while 1B and
1C are regulatory subdomains [15]-[17]. Finally, the CH domain is required
for interaction with UPF2 and the auto-inhibition of the helicase domain of
UPF1 [18]-[20]. It has been shown that in mammalian cells the concentration
of UPF1 surpasses that of UPF2 and UPF3 indicating that UPF1 may serve
functions beyond its role in the NMD pathways. This is indeed the case as it
has been demonstrated that UPF1 participates in additional decay pathways
besides NMD [21]. Moreover, UPF1 possesses a E3-ubiquitin ligase activity
[22] that promotes the degradation of the MYOD protein, which functions in
the regulation of myogenesis [23].

The UPF2 protein can be thought of as a bridging component interacting
with both UPF1 and UPF3 [24] and this interaction is required for NMD in
yeast. UPF2 interacts with the UPF1 CH domain to prevent its inhibition of
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the UPF1 helicase domain. There are some studies that specifically used a
UPF2 knockout to examine the effects on spermatogenesis and liver function
and development [25], [26], however, in both of these cases the effects are
confined to UPF2 function on NMD rather than an alternative function.

UPF3 is the least conserved of the three core factors [8]. Yeast UPF3 is
required for NMD since deletion of any of the core proteins leads to the
upregulation of a set of 907 overlapping transcripts [9]. The UPF3 protein
contains nuclear localization signals and nuclear export signals and hence can
shuttle between the nuclear and cytoplasmic compartments [27]-[30]. It also
contains an RNA recognition motif domain (RRM) that interacts with UPF2
instead of RNA [19], [31], [32], although there is evidence that UPF3B (see
below) can bind RNA [33]. In humans, UPF3 is unique among NMD core
proteins due to the presence of two sister proteins UPF3A and UPF3B, of
which UPF3B is considered the primary NMD factor with UPF3A acting as
backup or as an antagonist in certain situations [34]-[36]. Of interest is the
recent observation of UPF3A involvement in the genetic compensation
response in zebrafish that offers an explanation for phenotypic discrepancies
between knockouts vs. knockdowns[37]—[39]. Specifically, a PTC-containing
transcript of Capn3, a calcium-dependent cysteine protease, was able to
trigger compensatory expression of Capn8 and Capnl2 while a knockdown
of Capn3 was not, and this effect was mediated through the association of
UPF3A with COMPASS (complex of proteins associated with Setl) [37].

Additional proteins other than the core proteins have been identified in
multicellular organisms and are referred to as SMG-1 and SMG5-9. SMG-1
is the previously discussed kinase that is required for UPF1 phosphorylation
(discussed in more details in NMD models below), and no equivalent of it
exists in yeast. SMG-8 and SMG-9 regulate the kinase activity of SMG-1
[40] and also do not have a yeast equivalent. The last set of proteins (SMG-5,
SMG-6, SMG-7) function after PTC recognition with SMG-5 and SMG-7
acting as a heterodimer that recruits the CCR4-NOT complex hence allowing
deadenylation, decapping and exonucleolytic degradation of target RNA [41].
This represent the first branch of transcript degradation while the second
branch is carried out by SMG-6 through the activation of its endonuclease
activity after its interaction with the SMG-5/SMG-7 complex [42], [43]. The
equivalent of SMG-5/SMG-7 in yeast is EBS1 and the equivalent of SMG-6
is NMD4, although the yeast equivalent has lost its endonucleolytic activity
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[44]. However, the roles of the yeast equivalents are less clear than for their
mammalian counterparts.
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NMD SUBSTRATES

NMD targets both natural transcripts and faulty transcripts. Faulty transcripts
can arise from mutations on the DNA level, transcriptional errors,
PTC-introducing recombination events (e.g. VDI recombination), and
splicing errors. On the other hand, natural transcripts that are targeted by
NMD are seemingly normal transcripts that harbor specific NMD triggering
features. Examples of such features include: upstream open reading frames
(uORFs), atypically long 3’-untranslated regions (3-UTRs) and translation
frameshifting sequences. Below examples of NMD substrates in yeast are
presented.

Inefficiently spliced introns. The RPL28 (CYH2) gene carries an
inefficiently spliced intron [45], [46]. This inefficient splicing causes part of
the cytoplasmic transcripts to contain the intron when it should be removed
during the maturation process, and translation of these intron-containing
transcripts triggers NMD due to the presence of PTCs originating from the
intron. The intron-containing substrate of RPL28 has been long used as an
initial test for NMD efficiency due to the large accumulation of the intron-
containing isoform when NMD is inactivated [47]. When assessing NMD
efficiency, the ratio of the intron-containing RPL2S§ transcript vs. mature
form is used as a first pass test before carrying out the more technically
challenging RNA half-life measurements [48]-[50].

uORFs. ALRI and CPAI are the best known examples of uORF-based
NMD regulated transcripts. CPAI encodes the small subunit of carbamoyl
phosphate synthetase, which is required for the synthesis of carbamoyl
phosphate. The 5° untranslated region (5'-UTR) of the CPAI transcript
contains a single uORF called the arginine attenuator peptide, which is
responsive to the level of arginine in the media. The presence of arginine
causes ribosomes to stall at the uORF stop codon, consequently activating
NMD to degrade the CPAI transcript [51]. This regulation was utilized to
identify an extragenic suppressor of the arginine mediated negative regulation
of CPAI called “CPAR” as UPFI [51] (also detailed in paper II). ALRI
encodes a plasma membrane magnesium transporter. The ALRI 5’-UTR
contains three uORFs of which uORF 3 is primarily responsible for the
NMD-mediated degradation of the ALRI transcript [52]. Discovery of this
regulation of ALRI offers an explanation for the observed level of increased
PTC read-through in yeast cells mutated in the core NMD proteins [53]-[56],
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which is partly due to increased intracellular magnesium concentration as a
consequence of the stabilization of the ALRI transcript [52].

Atypically long 3’-UTR. 3’-UTRs are typically short in yeast with a range
of 50-200 nucleotides [57]. A number of transcripts with a 3’-UTR length of
around 350 or higher have been shown to be regulated by NMD [49], [58].
Sometimes the RNAs harboring such long UTRs can be produced with UTR
species of variant lengths due to alternative end processing [59], and not all
the different UTR length species are targeted by NMD. The MAK31 RNA for
example can have a 3’-UTR of a length of either 200 nucleotides or 920
nucleotides [49], and only the latter is downregulated by NMD. On the other
hand, the MPA43 RNA can have a UTR length of either 300 or 600
nucleotides and both are regulated by NMD [49]. Finally, other transcripts
like PGAI only has one identified major length of 750 [49] and seems to be
constitutively targeted by NMD under standard growth conditions.

Translation frameshifting sequences. £S73 is the best example of a gene
in yeast that undergoes +1 ribosomal frameshifting. The EST3 gene is
arranged into two ORFs. The 5’-most ORF is 276 nucleotides in length and is
overlapped with the downstream 270 base pair ORF by a heptameric
sequence (CUU-AGU-U) [60]. +1 frameshifting at the heptameric site causes
the sequence to be read as CUU-GUU (leucine and valine) while skipping the
central A nucleotide [60]. Transcripts that fail to undergo the frameshift will
encounter an internal stop codon instead, hence rendering them NMD
substrates.

The above are just few examples of the many substrates of NMD in yeast.
While the previously mentioned features are a good starting point to assess
whether a prospective transcript is NMD regulated or not, the presence of any
of these features does not absolutely indicate that a given transcript is NMD
regulated. As an example, the YAP! and GCN4 transcripts both contain
uORFs in their 5’-UTR. However, both are resistant to NMD due to the
presence of a stability element in the transcript that binds Publ and
circumvents NMD activation [61]. Moreover, the SSY5 transcript carries a
long 3’-UTR [49] and should theoretically be targeted for NMD degradation.
However, the transcripts evades NMD by a still undefined mechanism [62].
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NMD MODELS

The most important question that needs to be asked is: how are PTCs
recognized by the NMD machinery? Two widely accepted models are
prevalent to explain NMD substrate selection. The first model is the SURF
model [63] and the second model is the faux 3’-UTR model [64].

The SURF model is an exon junction complex (EJC)-dependent model
suitable for explaining NMD on spliced transcripts. EJC is a multimeric
protein complex of which the core consists of elF4A3, Y14/MAGOH
heterodimer and the BTZ protein [65], [66]. The EJC is deposited on a given
transcript in a strictly splicing-dependent manner [65] with the majority being
deposited 20-24 nucleotides upstream of exon-exon junctions [67]-[69].
UPF3 is capable of binding to the EJC either in the nucleus or cytoplasm [66]
and recruits UPF2 to the complex, hence the EJC serves as an anchor point
for NMD proteins [70]. Upon encountering a stop codon upstream of an EJC,
the NMD machinery would recognize it as a PTC since normal termination
codons are in the last exon, hence would not normally have a downstream
EJC. Recognition of the PTC by the NMD machinery depends on the action
of the SURF complex, which consists of SMG-1 (complexed with SMG-8
and SMG-9), UPF1, ERF1 and ERF3 [63], [71]. The association of the SURF
complex with the PTC is thought to delay translation termination [72] and
allows the detection of this aberrant messenger ribonucleoprotein particle
(mRNP), hence allowing for the bridging of the SURF complex with the EJC
[73] through NMD core proteins interaction. Subsequently, UPF1 is
phosphorylated by SMG-1, and the SMG-1 complex along with eRFs
dissociate and the ribosome is recycled [63]. Phosphorylated UPF1 helicase
activity is further stimulated by the interaction with UPF2 [74]. Furthermore,
the phosphorylation of UPF1 causes it to interact with a complex consisting
of SMG5, SMG7, SMG6, and protein phosphatase 2A [75]. This complex
then dephosphorylates the UPF1 protein. The phosphorylation-
dephosphorylation cycle leads to activation of NMD on the transcript and
recruitment of enzymes involved in degrading the free 5 and 3’ ends [76],
[77] that are generated by SMG6 endoribonuclease activity at the PTC [78].

The SURF model can explain how NMD is triggered on spliced transcripts;
however, it lacks the ability to explain how non-spliced transcripts are
targeted by NMD and is less relevant to yeast because it contains few introns.
The faux 3’-UTR model is an alternative model which was derived from

10
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yeast experimental data. It suggests an alternative mechanism for NMD
activation based on the length of the 3’-UTR rather than proximity to the
EJC. The model hinges on the conjecture that translation termination at a
PTC is slow and inefficient compared to a normal termination codon [64],
[79], which allows for the assembly of the UPF1 complex. The recognition of
PTCs in this model is based on the distance to the poly-A binding protein
(PAB1). Normally, PAB1 would bind ERFI and ERF3 to stimulate
translational termination; however, in this case the long distance between
PTCs and PAB1 would compromise the ability of PABI to promote
termination. Instead UPF1 would associate with ERF1 and ERF3 and trigger
NMD on the transcript [64]. This simpler model is able to explain NMD on
non-spliced transcripts and is the relevant model for explaining NMD in
yeast. A condensed visual summary of both models is depicted in Figure 1.

SURF model Faux 3-UTR model
A -
| Intron | PABT
ExonT AAAAN Transcript AAAAN
Splice/Deposit EJC PTG encounter

during translation

®. ¢ _© ®

@ | A | (PaB1
Exonl || Exon2 )AAAAn -~ Transcript AAAAN

PTC detection/
NMD activation

y

.\

NMD activation
e o
-
P |
. Transcript AAAAN

Long distance to PAB1

N

@ Nuclear cap Normal stop Exon junction Translation
binding complex codon complex initiation factor

elF4E
# Premature stop ) A
@ codon AAAANn Poly-A tail _ Ribosome n NMD complex

Figure 1 - NMD models. The SURF model is an EJC-dependent model that hinges
on anchoring of the NMD factors to the EJC and subsequent NMD activation,
should a premature stop codon be encountered. The faux 3’-UTR model proposes
that NMD is activated due to the long distance that would separate the premature
termination codon from the PABI protein.
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CRITIQUE TO CURRENT NMD MODELS

The models described for NMD have endured for a relatively long period
since their publication. However, new data relating to the hypothesized slow
termination, release factor binding to UPF1, PABI requirement for PTC
discrimination and the transcript resistance to NMD post EJC clearing, has
strongly challenged the notion that NMD transcript recognition can be fully
captured by the simplistic models above. None of these critiques should be
viewed as completely discrediting the models. Rather, they call for expansion
and refinement of what is currently known, especially considering that the
models above give a reasonable starting point for studying NMD activation.

Slow termination at PTCs. Both models hypothesize that termination at
PTC is slow, which could be a cue for NMD activation since it would be
detected as an aberrant termination. However, recent data indicated that no
difference in ribosomal occupancy was detected between an NMD sensitive
3°-UTR vs. a non-NMD sensitive 3’-UTR [80]. Hence, NMD activation is
not dependent on ribosomal stalling. As this result was produced using
human cells lysates, it is not clear whether the same holds true for yeast. The
ribosomal stalling at the CPA/ uORF has been shown to be important for
NMD activation on that particular transcript at least [81], [82].

Release factors binding to UPF1. Experiments using purified proteins
showed that in yeast, UPF1 can bind both ERF1 and ERF3 while UPF2 and
UPF3 can bind ERF3 [83], [84]. On the other hand, a study that uses human
UPFs found no such interaction for UPF1. Instead an interaction between
ERF3a and UPF3B was found [85], which raises questions about the UPF1
recruitment as a part of the SURF complex being mediated by ERFs.

PABI1 requirement for PTC discrimination. Experiments using reporters
that lack a poly-A tail, which is a binding site of PAB1, have shown that the
poly-A itself had no effect on NMD discrimination [86]. This was done using
PTC-containing reporters that had a ribozyme attached downstream of the
stop codon causing the transcript to lose its poly-A tails. Then, the RNA half-
life of the PTC-containing reporter is compared to a PTC-less equivalent in a
yeast strain mutated for SKI7 to prevent exosomal degradation of the
transcripts [86]. The PTC-containing transcript degraded faster in an NMD-
dependent manner indicating that the presence of the poly-A tails is not a
requirement for NMD recognition of the PTC [86]. While these results

12
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indirectly show that PAB1 is not required for NMD, a direct effect of PAB1
that is independent from its binding to the poly-A tail cannot be ruled out.
Hence, another experiment was done in a strain lacking PAB! and RRP6 (an
rrp6 deletion is required to suppress the inviability of pabl deletion strains),
and still PTC-containing reporters were degraded in an NMD dependent
manner. This indicates that PABI does not play a role in NMD target
recognition [86]. Furthermore, additional data showed that the interaction of
UPF1 and ERF3 in yeast is not affect by PABI1. This rules out a situation in
which PAB1 outcompetes UPF1 for ERF3 binding, therefore suppressing
NMD [87].

Transcript resistance to NMD post EJC clearing. A previously held view
on EJC-based NMD was that NMD can only occur during the first round of
translation, called the pioneer round, due to the subsequent displacement of
the EJC complexes by the elongating ribosomes [88]. Transcripts are initially
bound at their cap with nuclear cap binding complex (CBC) consisting of
CBP20 and CBPS80, which later is exchanged for elF4E. The pioneering
translation round would occur on the CBC-bound form of the transcript, and
would cause the triggering of NMD in case of PTCs occurring in proximity
of an EJC. However, after this round EJCs are stripped from the transcript by
the ribosomes and since the SURF model heavily hinges on an EJC
requirement for NMD activation further activation of NMD on a transcript
should be theoretically impossible even if it contains a PTC. This has been
proven incorrect since elF4E-bound transcripts have been found to undergo
NMD as well [89], [90]. Additional support for the possibility of NMD being
triggered in any round of translation came from a yeast study that placed
NMD core proteins under an inducible promoter. This study showed that post
induction, pre-existing NMD targets got destabilized again, indicating that
transcripts do not acquire immunity to NMD after completing the first round
of translation [91].

There are attempts at proposing models that unify data from various systems
to create a more general framework of PTC recognition. An “extended” faux
3’-UTR proposes that a long 3’-UTR is the primary determinant for NMD
and that the EJC involvement is an evolutionary adaptation in mammalian
cells rather than being a general NMD recognition mechanism in all
organisms [92], explaining how EJC-cleared transcripts can still be targeted
for NMD. The model also proposes that it is the physical distance between
PABI and PTC due to RNA folding is what determines NMD activation
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rather than the absolute length of UTR downstream of the PTC [92]. Even
with all this data and models, there is currently no model that explains the
exact steps required for NMD target recognition that is universal across
organisms.
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METHODS FOR STUDYING NMD

NMD has been studied using different methods varying from early screens
aimed at identifying NMD core proteins using a phenotype that only becomes
apparent when NMD is inactivated, such as the his4-38 mRNA [93], [94],
biochemical techniques to determine NMD protein interaction partners [48],
RNA-seq to measure difference in transcript steady-state in strains mutated in
NMD core proteins vs. wild type strains [95], and RNA half-life
measurements in NMD inactivated strains compared to wild type strains [96].
This section will primarily focus on methods that are utilized for the study of
RNA half-life as they are most relevant for this thesis. Not all of the methods
that will be discussed below have been explicitly used for studying RNA
half-life in an NMD context, however, description of them will be added as
there is no real technical obstacle for their application for studying NMD.
Moreover, example works using the methods in NMD studies have been
added when applicable.

RNA half-life measurement is considered the gold standard for identifying
NMD substrates since direct measuring of half-lives can unmask indirect
effects on RNA steady-state levels due to the true NMD target being
upstream in a pathway. The main classes of techniques to study RNA half-
life are: transcriptional inhibition either using temperature sensitive alleles of
genes involved in RNA metabolism or chemical inhibition; gene control
using modified promoters under exogenous control; and metabolic labeling
using modified nucleotide analogs.
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TRANSCRIPTIONAL INHIBITION

The core concept behind transcriptional inhibition studies is the prevention
of formation of new RNA transcripts upon introducing the cells to specific
cues, be it a non-permissive condition for normal RNA synthesis/export or
chemical inhibitors. This causes the already existing RNA molecules to decay
in a time dependent fashion following first order decay kinetics. The amount
of RNA remaining at a given time point can be calculated using the following
equation: abundance(time) = abundancescadystate * gl kdecay ™ time) - ywhere kdecay
is the decay rate [97]. Fitting the data from a transcriptional inhibition study
using nonlinear least squares allows the calculation of a transcript’s half-life
using the equation half-life = In(2)/kdecay [97].

An early example in yeast of using transcriptional inhibition used the
temperature sensitive rnal-ts136 allele [98]-[100], which is required for
cytoplasmic RNA export [101]. This allele was created using 1-Methyl-3-
nitro-1-nitrosoguanidine (MNNG) mutagenesis and selection for colonies
that grew at 23°C but failed to grow at 36°C [98]. Subsequently, RNA and
protein accumulation were checked using radioactive labeling. Both showed
a sharp decline upon switching to a non-permissive temperature [99]. The
sharp decrease in RNA accumulation was likely due to the lack of export of
transcripts encoding proteins required for transcription, rather than a direct
effect on RNA synthesis. Nonetheless, this allele was used to indirectly infer
RNA half-lives by measuring the decline in protein synthesis post
temperature shift, since no new transcripts are exported to the cytoplasm for
protein synthesis [100]. Now we know that this is unlikely to truly reflect
RNA half-life given that both RNA and proteins can have different
modifications that would cause the half-lives of these two molecules not to
correlate and this is even disregarding the effect of the temperature shift
would in itself have on translation. The method based on the rnal-ts136
allele was not widely adopted due to its indirect nature and the difficultly in
applying it genome-wide.

The temperature sensitive allele of RPBI (rpbl-1), which encodes the largest
subunit of RNA polymerase II, is an alternative to the rnal-ts136 allele. The
allele was constructed by hydroxylamine hydrochloride mutagenesis of RPB1
on a plasmid and then reintroduction into yeast while selecting for cells that
grow at 24°C but not at 36°C [102]. Unlike the rnal-ts136 allele, the effect of
the rpbl-1 allele is directly on RNA synthesis, hence sampling time points

16



Hanna Alalam

post the temperature shift allows the measurement of RNA half-life directly
since no new transcripts are produced and existing transcripts start decaying
in a time-dependent manner. Pairing of microarray or RNA-seq data from
strains carrying the rpbl-1 allele allows the monitoring of RNA decay
genome-wide. Therefore, due to its direct effect and ease of adaptability to
genome-wide studies, using the rpbl-1 allele became a popular way of
studying RNA stability. Chemical inhibitors can also substitute for the rpb /-1
allele since conceptually they follow the same experimental rationale, but
allow the use of any strain rather than temperature-sensitive strains, hence
greatly simplifying handling. Thiolutin and 1,10-phenanthroline are two
examples of compounds that inhibit RNA polymerase II [103], [104] that are
used for RNA stability studies in yeast, while actinomycin D has mostly been
used with mammalian cell lines [105]. When using RNA polymerase
inhibitors, the shift to a non-permissive temperature that is employed when
using rpb1-1 is exchanged for a chemical addition step to inhibit transcription
and then similarly rpbl-1 a sample time series is used to determine RNA
stability. A visual presentation of an example transcriptional inhibition
experiment is presented in Figure 2.

1

|| shiftto3a7ce Time
Ja or add —
[/ \ chemical

\ inhibitor Analysis Result

RNA amount

el Omin 5min xmin E

E Microarray . qPCR ;E RNA-seq

Figure 2 — Example of a transcriptional inhibition experiment. Log phase cells are
shifted to a condition that is not permissive to the synthesis of new RNA hence
causing the preexisting RNA to decay. Sampling after the shift and analysis using
a variety of techniques allows the RNA decay to be measured.

Transcriptional inhibition has been used in multiple studies to determine
RNA half-life in yeast. Wang et al used the rpbI-1 allele in combination with
microarrays to determine RNA half-life [106]. Grigull et al. used a number of
transcriptional inhibitors that included thiolutin and 1,10-phenanthroline and
compared the half-lives measurements using these inhibitors vs. rpb1-1 allele
measurements  with  the study, concluding that thiolutin and

17



Simplified Nonsense: New Methods for Interrogating NMD

1,10-phenanthroline treatments results were the most similar to rpbI-1 [107].
Geisberg et al. combined RNA-seq with a modified form of transcriptional
inhibition termed “anchor away” [108], which depends on the nuclear
depletion of a FRB-tagged Rpbl and anchoring it to FKBP-tagged Rpl13A
upon the addition of rapamycin [109]. Lastly, Guan et al. used thiolutin in
combination with microarrays to measure the RNA half-lives with both a
wild type strain and a upfI deletion strain [110].

Transcriptional inhibition studies have been widely applied, however, they
are not without disadvantages. Comparison of the data derived using the
rpbl-1 allele vs. an alternative method of RNA stability analysis revealed
that even at 30°C the rpbl-1 allele strain suffered from a global decrease in
RNA synthesis rate by 2.7 fold [111]. Moreover, half-lives calculated using
rpbl-1 correlated with data sets that were measured under heat shock and
osmotic stress rather than unstressed cells [111]. This indicates that the rpbI-
I method is not suited to measuring RNA half-life that reflects cells’
physiological condition, as the method itself causes an activation of the stress
response pathway and alters RNA metabolism even under the permissive
condition. Similarly, thiolutin and 1,10-phenanthroline interfere with various
cellular signaling pathways including: target of rapamycin complex
(TORC1), high osmolarity glycerol response (HOG1), and protein kinase C
(PKC), as well as causes the induction of processing bodies (P-bodies)
specifically by thiolutin [112]. All of these issues offer an explanation to the
low correlation seen between various transcriptional inhibition studies and
the discrepancies in RNA half-lives when comparing to the values obtained
from more recent data sets derived using newer techniques. Hence, the
current recommendation is to avoid using transcriptional inhibition as a
method to study RNA stability whether using chemical inhibitors or allelic
inhibitors.

18



Hanna Alalam

GENE CONTROL

Gene control is essentially transcriptional inhibition scaled down to a single
transcript. The transcript of interest is placed under an exogenously
controlled promoter, and a time series is sampled post addition of the
transcriptional inhibitor that is specific to the promoter used. To date, the
glucose-sensitive GALI promoter and tetracycline repressor (TetR) fusion
protein-based promoters have been used for this purpose. This technique has
not been used for global assessment of RNA stability due to its poor
scalability; however, it does offer the advantage of being less disruptive than
global inhibition of RNA synthesis.

The yeast GALI promoter is highly sensitive to the carbon source in the
media, being induced approximately 1000-fold in galactose media relative to
growth in the presence of glucose [113] and was initially utilized for gene
control. Constructs carrying the transcript of interest are fused to the GALI
promoter and grown in galactose media followed by the addition of glucose
to inhibit the transcription of new transcripts of the target, and samples are
taken in a time series following glucose addition. The addition of glucose
serves as the equivalent of temperature shift/inhibitor addition discussed
above and allows for the quantitation of the degradation of the preexisting
transcript prior to glucose addition. GALI-based constructs have been used to
assess the half-life of a small set of transcripts [114]-[116], although it must
be pointed out that the authors in the previous studies chose to combine gene
control with the rpbI-1 allele to avoid artifacts arising from the switch in the
carbon source. A GALI-based gene control system was also used to assess
the nuclear escape rate of the PTC7 intron and calculate the contribution of
NMD to this process by using a upf2 deletion strain [117]. The use of this
system is not always desirable as it limits the choice of carbon source to use,
moreover, wash steps to remove the previous carbon source adds an
additional layer of technical difficulty to those assays especially when
handling a larger number of samples. Newer studies tend to move away from
GALI-based systems and opt for orthogonal systems.

Newer forms of gene control abandon the use of endogenous promoter in
favor of orthogonal systems. TetR fusion proteins are most widely used
system for this purpose. TetR is a bacterial transcriptional repressor that
binds to an operator named tetO with high affinity and specificity to prevent
the expression of the tetracycline exporter (tet4d) in the absence of
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tetracycline [118]. Uncontrolled expression of TetA has a significant fitness
cost for the carrying bacteria [119], hence TetR is highly efficient in
preventing the expression of TetA and only dissociates to allow expression
when tetracycline is present. Given these properties, tetR from the Tnl0
transposon was chosen for the initial use in eukaryotic systems. Gossen et al.
constructed the first synthetic transcription system for use in mammalian
cells line by fusing the tetR to a 127 C-terminal fragment of the herpes
simplex virus VP16 transcriptional activator and called it a “tetracycline-
controlled transactivator” (tTA) [120]. tTA was paired with a minimalistic
cytomegalovirus promoter (CMV) in which fetO sites were implanted and
this gave rise to a system in which the absence of tetracycline (or its analogs)
would cause the TetR moity from tTA to bind its operator, effectively
recruiting the VP16 activation domain to the minimal promoter and allowing
transcription [120]. In the presence of tetracycline, TetR would dissociate
from fetO and shut down expression causing the expression levels to be
controlled by the amount of tetracycline added to the media [120].

The previous is considered an example of a “tet-off” system since the
presence of tetracycline causes the expression to be turned off. Following the
success of the tet-off system the same group developed a reverse system that
used a reverse tTA (rtTA) [121]. The concept is identical to the tet-off system
but instead of the wild type fefR, a mutant form was created through random
mutagenesis that binds to its operator in the presence of tetracycline rather
than its absence (rtetR) hence the expression/repression is reversed relative to
the tet-off system therefore it is called a “tet-on” system [121]. Since the
conception of these two core systems, additional components that fuse TetR
to alternative effectors such as transcriptional repressors, e.g. fusion of TetR
to KRAB transcription repression domain from the human kox1 protein,
created a system that causes transcriptional repression in the absence of
tetracycline when paired with a fully functional CMV promoter that has been
modified with terO sites [122].

The tTA based systems has been adapted to yeast by using a minimal CYC/
promoter instead of the minimal CMV promoter [123]. The transcriptional
repressor fusions (either to tetR or rtetR) were also adapted for yeast by
exchanging the mammalian transcriptional repressors for general
transcriptional repressor from yeast e.g. SSNI1, TUPI and SUM1 [124], [125].
Given the simplicity of the systems described, their adaptation for use in
RNA decay studies is not surprising since the only requirement is the
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addition of tetracycline at the point the transcriptional shutoff is required. An
excellent example of use of tetracycline-based systems is the work of
Baudrimont et al. who took advantage of a rtetR/SUMI fusion to create
substitutional promoters that retain all wild-type regulation by careful design
of the insertion position of the fetO site in wild type promoter, thus allowing
measuring decay in near wild type contexts [124]. Another example is the
work of Dehecq et al. that used a tet-off system to show the effect of the
deletion of NMD4 in combination with EBS/ on the decay on an NMD
transcript [48]. The orthogonal systems described are easy to use and are well
suited when studying a single transcript; however, they do require time-
consuming construction prior to the beginning of the experiment.
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METABOLIC LABELING

Metabolic labeling is based on the usage of modified nucleosides that are
incorporated into cellular RNA upon exposure. Earlier studies used a
radioactive nucleotide like [’H]-adenine or radioactive [**P]-phosphate [126],
[127]. This kind of labeling did not get widely adopted for RNA stability
studies both due to the effect of radioactive nucleotides in eliciting cellular
damage and the laborious experimental protocols involved in using
radioactive labels. Radioactive labeling is now largely superseded by non-
radioactive modified nucleosides. The most common example of non-
radioactive nucleotides used to metabolic labeling is uracil modified with a
thiol group such as 4-thiouracil (4-tU) and 4-thiouridine (4-sU).

4-tU 1is usually used for metabolic labeling in yeast while 4-sU is used in
mammalian cell lines. This is due to yeast being able to transport 4-tU
efficiently but not 4-sU [128]. 4-tU is activated intracellularly in yeast for
RNA incorporation through the pyrimidine salvage pathway by the uracil
phosphoribosyltransferase (Furl) enzyme. On the other hand, mammalian
cells do not have an active pyrimidine salvage pathway [129], hence cannot
activate 4-tU for RNA incorporation. However, in both cases RNA labeled
with the thiol-modified bases can be separated from non-labeled RNA
through biotinylation of the thiol group followed by streptavidin separation
[130], [131]. In a recent advancement, chemical conversions schemes were
conceived that alleviate the need for laborious streptavidin separation [132],
[133]. SLAM-seq (thiol(SH)-linked alkylation for the metabolic sequencing
of RNA) utilizes iodoacetamide to alkylate the 4-tU or 4-sU leading to
formation of derivatives that base pair with guanine during reverse
transcription, hence causing that position to be detected as a thymine to
cytosine conversion in the RNA-seq output [132]. The thymine to cytosine
conversion rate can then be used to calculate RNA half-life if samples are
taken in a time series (discussed in paper I). Similarly to SLAM-seq, TUC-
seq (ThioUridine-to-Cytidine-Sequencing) causes thymine to cytosine
conversion by utilizing an osmium tetroxide (OsO,) solution in an
ammonium chloride buffer (NH4Cl) buffer that causes the conversion of 4-sU
into cytosine [133].

Unlike transcriptional inhibition methods, metabolic labeling allows for more
flexibility in experimental design pertaining to how cells are exposed to the
label. There are two major schemes that have been utilized for metabolic
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labeling namely pulse-chase and approach to equilibrium. A pulse-chase
scheme consists of adding the modified nucleotide (label) for a short period
of time followed by replacing the labeling media with media containing an
unmodified nucleotide followed by time series sampling. The disappearance
of the labeled RNA from the samples originating from the chase can then be
used to calculate the RNA half-life by using similar first order decay
equations to the ones described for transcriptional inhibition. In contrast to
pulse-chase, approach to equilibrium follows the increase the labeled fraction
following the exposure to the label. A time series sampling is carried out after
the introduction of the label and labeled fraction is isolated. The increase in
the labeled fraction is dependent on the decay rate and is described in the
equation:

. - i
abundance(time) = abundancegqysiae * (1 — el *decey ~herowth) *timely

where kdecay is the degradation rate and kgrowth is the growth rate that is
used to compensate for the dilution of RNA due to active growth [97]. Hence
the half-life can be calculated using half-life =In(2)/(kdecay). An example

experiment using metabolic labeling using either a pulse-chase or approach to
equilibrium is depicted in Figure 3.
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Figure 3 — Example of a metabolic labeling experiment. In a pulse-chase scheme,
log phase cells are labeled by 4-thiouracil for a set period followed by chasing by
uracil. A sample time series is taken during the chase and analyzed to measure
RNA kinetics. In this scheme, the chase causes a reduction in the fraction of
labelled RNA. In an approach to equilibrium scheme, the chase step is omitted and
instead a time series sample is taken after the addition of the label and analyzed to
measure RNA kinetics. In this scheme, the fraction of labelled RNA increases
rather than decreases.
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The majority of recent RNA half-life datasets from yeast uses some form of
metabolic labeling. Munchel ef al. used 4-tU and streptavidin separation with
a pulse-chase scheme and RNA-seq to calculate the decay rate of mRNA at a
genome-wide scale under multiple conditions including: replete glucose,
glucose starvation, galactose growth, and glucose-to-galactose shift [134].
Neymotin et al. used 4-tU and streptavidin separation with an approach to
equilibrium scheme and RNA-seq to determine the kinetics of coding and
non-coding transcripts [135]. Lastly, our lab wished to avoid the using the
laborious streptavidin separation and adapted SLAM-seq using 4-tU for use
in yeast in order to compare the RNA half-lives in a wild type strain
compared to a NMD mutant strain [136].

Metabolic labeling is currently the most common technique for measuring
RNA half-life by virtue of its ease of use and its minimally perturbing nature
and scalability. However, the currently used labels are not completely
innocuous since 4-tU has been found to modestly induce P-bodies [112].
Nevertheless, we expect that metabolic labeling will continue being the
dominant method for RNA half-life in the future especially with the advent of
the simplified chemical conversion methods.
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NMD AND HUMAN HEALTH

NMD has been heavily studied due to its intimate association with human
health. Among others, NMD has important roles in normal developmental
processes, lymphocyte development, human disease arising from PTC and
resistance to viral disease. NMD involvement in these various processes has
prompted the search for NMD-inhibiting drugs that represent a viable
therapeutic avenue for exploration depending on the underlying condition.
Therefore, methods that facilitate NMD studies are important for studying the
processes above.
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NMD IN DEVELOPMENTAL PROCESSES

NMD functions in a highly regulated manner rather than being a simple on-
or-off switch, making it suitable for processes that require coordinated
changes in the stability of a target subset of transcripts such as differentiation
processes [137]. Indeed a decrease in NMD efficiency seems to be important
for the differentiation of various cell types as was found in neuronal
differentiation [138], adipocyte differentiation [139], myogenesis [140] and
endoderm differentiation [141]. This section is limited to the two well-studied
examples of NMD involvement in differentiation of neuronal cells and
myogenesis.

An early hint of the involvement of NMD in neuronal development came
from the observation that mutations in UPF3B caused intellectual disability
in humans [142]. Further evidence came from the identification of a
micro-RNA (miR-128) that suppresses a subset of factors involved in NMD,
e.g. UPFI during mouse brain development [143]. Additional support for the
requirement of NMD downregulation for neural cell differentiation was
derived from the observation that forced expression of UPF[ when it should
be downregulated inhibited this differentiation [138]. Collectively, these
pieces of evidence point to the possibility that particular NMD target
transcripts that are required for neuronal differentiation are downregulated
when the NMD efficiency in the cell is high. Hence, when differentiation is
required, the inhibition of NMD factors by miR-128 causes a drop in the
NMD efficiency which allows the normally degraded pro-differentiation
factors to accumulate and initiate the process. In line with this hypothesis,
SMAD?7, a differentiation factor for neurons, was found to be an NMD target
and that its knockdown prevented the differentiation of neuronal cells [138].
However, the results indicating that NMD is required for neuronal
differentiation were challenged by the observation of reduced differentiation
ability of neural progenitor cells derived from older mouse embryos when
UPF3B is downregulated [144]. These results do not have to be necessarily
conflicting and could rather mean that the oscillation of NMD efficiency
from low to high is required to first commit the cells to the differentiation
process and then allows the completion of the process [137]. However, such
an explanation needs to be treated with care especially since two different
NMD factors were depleted in each study.
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Similar to neuronal differentiation, NMD downregulation was shown to be
important for myogenesis, and this is dependent on the alteration between the
activity ratio of two different RNA decay pathways, NMD and Staufen-
mediated decay (SMD) [140]. SMD is a pathway somewhat analogous to
NMD and is dependent on UPF1 and STAU-1 [145], [146]. In the SMD
pathway, a STAU-1 binding site (SBS) positioned downstream of a stop
codon causes the decay of the SBS-carrying transcript if STAU-1 binds to it,
and this decay occurs in a UPF1-dependent manner [145], [146]. The SMD
and NMD pathways are in competition due to overlap between UPF2 and
STAU-1 binding sites on UPF1. Consequently, binding of one will exclude
the binding of the other and reduce the efficiency of the corresponding
pathway [140]. A study in C2C12 myoblasts (MBs) showed that the
efficiency of SMD increases relative to NMD during differentiation to
myotubes (MTs) [140]. This has important implications for differentiation
because the decay of the PAX3 mRNA, which is an SMD target, promotes
myogenesis [147], while concurrent downregulation of NMD allows the
MYOG transcript, which encodes a transcription activator required for
differentiation [148], to stabilize. This promotes differentiation in a single
coordinated action through altering the relative activity of SMD to be greater
than NMD [140]. MYOG is not the only UPF1-sensitive factor involved in
the differentiation. A subsequent study showed additional more complex
roles that UPF1 can carry out during this differentiation [149]. The MYOD
protein, another important factor for differentiation, is prototypically
degraded via the E3-ubiquitin ligase activity of UPF1, while the MYOD RNA
levels are not affected [149]. The decrease of UPF1 during differentiation
[140] allows for the accumulation of MYOD as well as MYOG to promote
myogenesis. The previous two examples paint an intricate picture on how
NMD can shape developmental processes and it would not be surprising if
additional examples of such interactions are identified in other pathways.

V(D)J recombination is a recombination process that occurs in developing
lymphocytes and is important for the production of a diverse repertoire of T-
cell receptors and antibodies to allow the recognition of antigens originating
from diverse pathogens [150]. V(D)J recombination causes the joining of
heavy and light chains of antigen receptors, termed variable (V), diversity
(D), and joining (J) in a variety of configurations in order to combat
pathogens. However, this process does not always lead to a productive
arrangement. In fact, two thirds of such events lead to introduction of PTCs
through frameshifts, and such PTCs are recognized by NMD [151]. It is
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important that the PTC-containing transcripts originating from such non-
productive recombination be downregulated as they are expected to impact
the efficiency of the immune response through the production of dominant-
negative truncated proteins [152]. This is supported by the observation that
NMD efficiency is very high in activated B-cells leading to almost complete
removal (~95 %) of PTC-containing immunoglobulin transcripts [153]. This
function of NMD exemplifies how NMD can act as a “vacuum cleaner” to
protect functional proteins from the dominant effects of truncated proteins
that arise from propensity of biological systems to have a level of inaccuracy
in their function whether it is a process like transcription or as in this case
recombination.
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HUMAN DISEASES

Single base polymorphisms (SNPs) that lead to the formation of stop codons

are estimated to account for ~20 % of disease-related SNPs [154]. This is
logical considering that mutations that lead to the alteration of amino acid
identity can still produce a sufficiently functional protein while this is less
likely for truncated proteins. Considering that NMD is important for the
recognition and subsequent degradation of PTCs, it has emerged as an
important modifier of disease manifestation. NMD in this situation can act as
a double-edged sword. In some cases, it is important that NMD degrades a
given transcript to prevent truncated proteins from affecting the healthy form
of the proteins hence causing either asymptomatic or mild -clinical
manifestation of the disease. In other cases, NMD mediated degradation
reduces the amount of a truncated protein that still retains some beneficial
activity, hence causing a more severe manifestation of the disease. There are
many examples of diseases where NMD is involved [155] but, this section
will be limited to two examples where NMD has opposing effects on the
manifestation of disease.

The typical example discussed in the context of NMD protection of
heterozygotes is that of PB-thalassemia. Hemoglobin, the oxygen-carrying
protein in red blood cells, is composed of two chains of a-globin and two
chains of B-globin. B-thalassemia major manifests when two copies of the p-
globin gene are mutated with PTCs causing the inability to produce
hemoglobin, which results in severe anemia requiring lifelong blood
transfusions for survival [156]. In comparison, heterozygote carriers are
asymptomatic, indicating that one copy is sufficient to support adequate
hemoglobin production. Thus, the disease is considered recessive [156].
When a dominant form of the disease in heterozygous carriers (B-thalassemia
intermedia), which displays milder symptoms than p-thalassemia major, was
identified, it prompted an investigation into the molecular mechanism of this
form of the disease [157]. It was found that in these patients a PTC in the last
exon of the B-globin gene was responsible for the phenotype [157]. This PTC
cannot be detected by NMD due to its position late in the transcript. This
allows for the accumulation of truncated B-globin, which in turn places an
increased requirement for proteolytic decay to remove the excess protein
leading to reduction in the efficiency of erythropoiesis [157]. This situation
exemplifies the importance of NMD recognition of PTCs in the protection of
heterozygotes from pathogenesis.
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NMD triggered due to PTCs is not always beneficial in a disease context.
Unlike [-thalassemia, Duchenne muscular dystrophy (DMD), a disease
causing progressive weakness in the muscles due to mutations in the
dystrophin gene [158], [159], is worsened when NMD is activated on the
DMD transcript [160], [161]. This is supported by the observation that
patients carrying a rare NMD-insensitive mutation in the transcript suffer
from a milder form of the disease called Becker muscular dystrophy due to
the truncated peptide retaining some activity [155], [161]. This situation
exemplifies a situation where NMD suppression is beneficial for treatment. In
line with this, the recommended treatment for DMD is a small molecule
called Ataluren that causes stop codon read-through, hence suppressing NMD
[162].
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RESISTANCE TO VIRAL DISEASE

NMD serves a role in the restriction of viral RNA replication [163], [164]
due to genomic configurations, unique in evolution, that viruses have to
adopt. These may resemble NMD-triggering features. Viral genomes are
usually compact due to size constraints of packing genomic material into
viral capsids. As a consequence, strategies such as alternative splicing and
multicistronic expression are utilized by viruses. Such strategies lead to the
production of RNAs that have long 3°-UTRs hence causing them to be
targeted by NMD [165]. Viral NMD targeting will force the viruses to evolve
specific mechanisms to evade NMD and ensure their replication. These
mechanisms are broadly categorized into cis and frans mechanisms. Again,
examples of such evasion mechanisms are many; therefore, the section will
be limited to one example per category. A more complete list can be found in
a recent review [165].

The cis mechanisms consist of specific sequences that prevent the function of
NMD. The Colorado tick fever virus (CTFV) is a member of the Reoviridae
virus family and is the causative agent of the Colorado tick fever [166].
CTFV protein VP9 is a 36 kDa product of RNA segment 9 with can be
extended into longer form through a stop codon read-through [167]. The
location of the stop should normally activate NMD, however, an RNA
hairpin structure in the vicinity prevents NMD activation by promoting stop
codon readthrough, although the exact details of the mechanism are not
known [166], [168].

The trans mechanisms are mediated through virally encoded proteins that
globally downregulate NMD by targeting NMD proteins rather than shielding
specific viral transcripts. The human T-cell lymphotropic virus type 1
(HTLV1) is a positive-sense RNA virus implicated in adult T-cell leukemia
and HTLV-1-associated myelopathy (reviewed in [169]). The HTLV-1 tax
protein has been shown to prevent NMD degradation of the HTLV-1
transcripts as well as endogenous NMD targets [170], [171]. This action was
mediated by the binding of tax to UPF1 and both lowering its binding affinity
for RNA and inhibiting its ATPase activity [171]. Viral protein-mediated
inhibition of NMD as well as cis mechanisms represent an interesting avenue
of research that can clarify the regulation of the NMD pathway as well as
shed a light on virus-host interactions that may assist in identifying additional
therapies.
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CONCLUDING REMARKS ON NMD

NMD is a highly complex pathway and much effort has gone into dissecting
it. The previous sections discussed NMD from its discovery to the latest
advancements in our understanding of the pathway supplemented with
various examples. It is without a doubt that many other aspects of NMD
regulation remain to be elucidated. 1 for one look forward to how the
intricacies of the NMD pathway will unravel in the future and what new
therapies are going to be developed based on an expanded understanding of
NMD.
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INTRODUCTION - SARS-COV-2

Coronaviruses are human pathogens that cause respiratory symptoms. The
first human coronavirus (HCoV) was called strain B814 (after the sample
number) and it was isolated from the nasal washing from a male child
suffering from the common cold by culturing it using human embryo tracheal
tissue [172]. After the isolation of strain B814, multiple other strains were
isolated, of which strains 229E and OC43 became the best characterized
[173]. The official designation of the name “coronaviruses” came from a
letter sent by eight virologists describing the work that had been done in
isolating novel respiratory viruses and rationalizing the naming based of
images acquired of the viruses with electron microscopy using negative
staining [174], [175]. They described the coronaviruses as “...has a
characteristic electron microscopic appearance resembling, but distinct from,
that of myxoviruses. Particles are more or less rounded in profile; although
there is a certain amount of polymorphism, there is also a characteristic
"fringe" of projections 200 A long, which are rounded or petal shaped, rather
than sharp or pointed, as in the myxoviruses. This appearance, recalling the
solar corona, is shared by mouse hepatitis virus and several viruses recently
recovered from man, namely strain B814, 229E and several others.” [175].

The discovered coronaviruses were generally understudied due to the mild
nature of the illness they cause and the similarity of their symptoms to other
viruses. The first highly pathogenic coronavirus was severe acute respiratory
syndrome coronavirus (SARS-CoV), also referred to as SARS-CoV-1, which
originated from southern China [176]. The SARS-CoV virus caused the first
pandemic of the 21* century between 2002 and 2004 [177] and resulted in
over 8000 infections with a case fatality ratio of ~10 % [176]. Two additional
human coronaviruses (HCoVs) were identified after the initial SARS-CoV
pandemic, one being identified from a 7-month infant suffering from
bronchiolitis in 2004, and the other from a patient suffering from pneumonia
in 2005. These viruses were called HCoV-NL63 (NetherLand 63) and HCoV-
HKU1 (Hong Kong University 1), respectively, and both caused mild
symptoms in immunocompetent patients [178], [179]. Eight years after the
end of the SARS-CoV pandemic, another highly pathogenic coronavirus was
isolated from a 60 year old man who died from acute pneumonia in Saudi
Arabia [180]. The newly isolated virus was named Middle East respiratory
syndrome—related coronavirus (MERS-CoV) and led to an additional 2062
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infections (from April 2012 to December 2022) with a case fatality ratio of
36 % [181]. The latest coronavirus to be isolated is severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which is the causative agent of the
recent devastating coronavirus disease 2019 pandemic (COVID-19).

SARS-CoV-2  was originally identified in patients suffering from
pneumonia caused by an unknown etiology in Wuhan, China [182].
Sequencing of the patients’ samples lead to the identification of a viral
particle that showed the highest similarity to a bat SARS-like CoV (bat-SL-
CoVZ(C45) that was found in all the tested samples [182]. Subsequent
isolation of the virus in mammalian cell lines further strengthened the
possibility that a new coronavirus, distinct from previous coronaviruses that
caused severe disease in humans had been isolated [182]. Further
reconstruction of the viral genome from the sequenced samples solidified the
conclusion that a new betacoronavirus from the Sarbecovirus subgenus of the
Coronaviridae family has been identified and is the cause of the pneumonia
that the patients in Wuhan were suffering from [182]. In the following
sections, a general overview of the SARS-CoV-2 virus will be presented.
Topics such as variant tracking and vaccines are considered beyond the scope
of what is relevant for this thesis and will not be included.
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PROTEINS

SARS-CoV-2 carries one of the largest genome for RNA viruses at ~ 30 kb
[182], and its genome encodes 26 proteins divided into three classes:
nonstructural proteins (NSPs), structural proteins and accessory proteins
[183]. The transcription and translation processes of SARS-COV-2 are
complex and many aspects of those processes are still not clear. To simplify
the discussion, a brief summary for each protein from the non-structural and
structural protein classes is presented first, as they are better characterized
than the accessory proteins, before the replication cycle of the virus is
described.
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NSPS

NSPs range in size from 13 to 1299 amino acids and carry out the functions
required for the production of new viral particles. There are a total of 16
NSPs, with many mapped interactions with human proteins [184]. Below a
brief summary of the NSPs is presented.

NSP1. NSP1 is the protein encoded closest to the 5’-proximal end of the
SARS-COV-2 genome and is expressed early during the infection cycle
[185]-[188]. Studies in SARS-COV-1 showed that NSP1 binds the ribosomal
40S subunit and occludes efficient translation of the host’s transcripts, while
allowing the translation of SARS-COV-1 specific transcripts [188].
Additionally, a template-dependent RNA cleavage function was identified for
NSP1, hence representing a two-pronged approach of inhibiting the host
translation while promoting the translation of viral transcripts [188]. NSP1
from SARS-COV-2 showed similar activities to those demonstrated for
NSP1 from SARS-COV-1. Specifically, SARS-COV-2 NSP1 was shown to
bind to the 40S ribosomal subunit to prevent the translation of cellular
mRNA [189]. Interestingly, it was shown that SARS-COV-2 transcripts
themselves do not completely escape the translation inhibition imposed by
NSP1, although the transcripts that carry the viral 5°-UTR are more
efficiently translated [189]. This led to the hypothesis that NSP1 expression
imposed a limitation on the number of active ribosomes that are capable of
translation and this limited pool of active ribosomes would be shifted to the
translation of viral transcripts due the translation-enhancing function of their
5’-UTR [189]. Additional work has also shown that SARS-COV-2 NSP1
can further prevent host mRNA translation through preventing nuclear export
via its interaction with the mRNA export receptor heterodimer NXF1-NXT1
[190].

NSP2. NSP2 was found to be important for evading cellular immunity. The
evasion function of NSP2 is mediated through stabilizing the GIGYF2/4EHP
translational repressor complex and causing increased translational repression
of type I interferon B [191], [192]. This was further supported by the
observation that knockdown of either GIGYF2 or 4EHP strongly reduced
viral replication in infected cell lines and increased the detectible amount of
type I interferon § [191].
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NSP3, NSP4, and NSP6. NSP3, NSP4, and NSP6 are required for the
formation of double membrane vesicles (DMVs), in which the viral replicates
while being shielded from the immune response [193], [194]. Additionally,
NSP3 participates in other functions by virtue of its multi-domain nature,
which is not surprising considering that it is the largest protein in SARS-
CoV2 with a size of ~ 214 kDa (Mariano et al., 2020). Specifically, NSP3
contains a papain-like protease domain (PLpro) required for the maturation of
NSP1, NSP2 and NSP3 [195]. PLpro activity is not limited to the maturation
of viral protein but also for immune evasion through the cleavage of the
Ubiquitin and Ubiquitin-like Interferon-stimulated Gene 15 protein (ISG15)
[194].

NSP5. NSP5 is usually referred to by the name major protease (or 3CLpro).
The protease has 11 cleavage sites and is required for the maturation of the
vast majority of the NSPs (hence the name major protease) [196]. The major
protease is a highly attractive drug target due to the lack of human homologs
combined with its high conservation in coronaviruses, hence giving the
possibility of developing pan-coronal antivirals [197], [198]. The only
currently approved oral anti-viral is called Paxlovid, which was developed by
Pfizer. Paxlovid is a combination of nirmatrelvir and ritonavir and is used to
target the major protease.

NSP7, NSP8, NSP12 and NSP13. NSP12 in association with NSP7 and
NSPS8 constitute the viral polymerase complex, also called the replication
transcription complex (RTC) [199]. NSP12 is the RNA-dependent RNA
polymerase (RdRp) and it possesses some activity without its main co-factors
[200]. However, NSP7 and NSP8 are required for full activity [201]. NSP8
functions in the production of RNA primers required for NSP12, while NSP7
acts to stabilize NSP8 [202], [203]. NSP13 is an RNA helicase [204] that
interacts with the core polymerase complex (NSP7,NSP8 and NSP12), likely
to facilitate copying the RNA sequences that contain secondary structures
[183]. Additionally, NSP13 is involved in viral RNA capping due to its RNA
S'-triphosphatase activity [204].

NSP9. NSP9 is an RNA binding protein with an unknown function [205]. It
could be speculated that NSP9 has a role in RNA synthesis due to its
interaction with NSP8 [206].
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NSP10, NSP14 and NSP16. SARS-COV-2 transcripts are capped through
four reactions: initially NSP13 produces a pp-RNA through its RNA 5'-
triphosphatase activity followed by the addition of guanosine monophosphate
to the pp-RNA through an unknown enzyme; finally two methylation steps
produce cap0 and capl through the action of N’-methyltransferase (N’-
MTase) activity of NSP14 and 2'-O-methyltransferase (2'-O-MTase) activity
of NSP16, respectively [207], [208], [194]. NSP10 is a co-factor required the
2'-O-MTase activity of NSP16 [208]. Additionally, NSP14 participates in
maintaining viral genome integrity via its 3’ to 5’ exonuclease activity [209].

NSP15. During the course of SARS-COV-2 replication, double-stranded
RNA intermediates are produced due the production of a negative sense copy
of the positive sense genome that contains a poly-U stretch [210]. The poly-U
stretch is recognized by the MDAS and subsequently activates the type I
interferon (IFN) response [211], [210]. NSP15 is an endoribonuclease that
cleaves at uridine residues, hence it functions in immune evasion by reducing
the IFN response through limiting the length and abundance of poly-U
stretches in the negative sense RNA [210].
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STRUCTURAL PROTEINS

Structural proteins constitute the components required for the physical shell
of the viral particles as well as to arrange the genome within it. There are four
structural proteins in SARS-CoV-2 and they are encoded by the most 3’ third
of the genome. Below a brief description of each is presented.

Spike protein. The spike protein (S protein) is a transmembrane glycoprotein
consisting of two subunits named S1 and S2 [212]. The S protein functions as
a trimer and is required for binding the human ACE2 receptor and mediating
the fusion of viral particle with the host cells [213], [214]. The S1 subunit
contains an N-terminal domain, the receptor-binding domain (RBD), and two
subdomains (SD1 and SD2) [213]; the RBD domain is responsible for
binding to the ACE2 receptor [214]. The S2 subunit spans the viral
membrane and consists of a fusion peptide (FP), two heptad-repeat regions
(HR1 and HR2), a transmembrane domain (TM), and a cytoplasmic tail (CT)
[213], [214]. The FP and HR1 and HR2 are essential for viral fusion
processes [214], which is initiated through the cleavage of the S protein
through host proteases, e.g Transmembrane Protease Serine 2 (TMPRSS2)
and furin [215].

Nucleocapsid protein. The nucleocapsid protein (N protein) is an RNA
binding protein that is highly similar to the N protein from SARS-CoV-1.
The primary function of the N protein is binding the viral genome to form a
ribonucleoprotein complex that is required for the assembly of new virus and
may also facilitate replication and transcription [216]. Additional functions
besides the packing function have also been attributed to the N protein. e.g.
prevention of viral protein degradation and antagonization of IFN [217],
[218]. Interestingly the N protein from the mouse hepatitis virus has been
shown to inhibit NMD [219] and the SARS-CoV-2 N protein has an
interaction with UPF1 [184] hinting at the possibility that it also can inhibit
NMD. However, no evidence of this has been found thus far.

Envelope protein. The envelope protein (E protein) is a small protein with a

primary function in viral assembly and release [220]. The interactions of the
E protein with the M protein and NSP2 and NSP3 facilitates the production
of spherical viral particles by inducing the curvature of the ER membrane
[221].
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Membrane protein. The membrane protein (M protein) like the E protein is
primarily involved in viral assembly and release [220]. The M protein also
plays a part in viral immune evasion by inhibiting the activation of Nuclear
Factor Kappa B [222].
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REPLICATION CYCLE

The SARS-COV-2 large RNA genome necessitates coordinated replication
and translation to ensure both adequate production of viral particles and the
assembly of new viral particles. Significant efforts have gone into dissecting
the replication of coronaviruses, which is fortunate considering that these
pathways are shared with SARS-COV-2. Here, a brief description of the
replication is presented based on a recent review that incorporates currently
known aspects of coronavirus replication [223]. It is helpful to refer to the
protein description section above while reading this section.

The viral genome is a positive-sense RNA, which allows it to be directly
translated upon S protein-mediated entry into the cells. Initially two large
poly-protein peptides are translated from the genome, namely ppla and
pplab, which encode the NSPs. NSPs originating from ppla are more
abundant than from pplab due to the requirement of -1 ribosomal shift to
produce pplab. The maturation of the NSPs from this pseudo polycistronic
arrangement (referred to as pseudo since there are no stop codons between
the NSPs as opposed to true polycistronic arrangements from prokaryotes) is
carried out by proteolytic cleavage of the poly-protein by NSP3 and NSPS5,
which auto-catalyze their own excision. Once the initial sets of NSPs are
produced, the next step of the viral replication cycle aims at creating a
cellular environment conducive to the production of new viral particles. This
environment preparation step is multifaceted and requires the coordinated
actions of multiple NSPs. NSP1 directs translation toward viral transcripts
while NSP2, NSP3 and NSP15 impairs the immune response. During this
time, the DMVs that are formed by the action of NSP3, NSP4 and NSP5 are
converted into what is called a replication organelle, which are characteristic
of coronavirus infection, and function as a site for viral RNA synthesis that is
shielded from cellular immune surveillance. All the steps above are crucial
for establishing the RTC, which is perhaps the most important complex for
the virus. The RTC is responsible for generating negative sense copies of the
viral genome, which is then used to create more positive copies of the
genome to produce additional NSPs or new viral genomes.

An important aspect to consider is how the structural proteins are expressed.
Unlike the NSPs they are not expressed as one large polyprotein and each of
them carries its own stop codon, which makes the synthesis of the
downstream protein difficult. Coronaviruses utilize a discontinuous
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transcription strategy to overcome this problem by generating translation-
competent sub-genomic RNA fragments (sgRNAs). The last third of the
SARS-COV-2 genome encodes the structural proteins and contains
sequences called transcription regulatory sequences (TRSs). Once the RTC
reaches such a sequence, it can stop transcription and skip over to another
TRSs located at the beginning of the genome called the TRS leader (TRS-L).
This skipping action creates a truncated negative sense fragment of the
genome that carries the coding sequence of a protein (or multiple proteins)
and the 5’-UTR of the genome, which is most likely done to prevent the
down regulation of the translation of such fragments by NSP1 once they are
converted into a positive sense SgRNAs. It is of note that while these sgRNAs
can code for more than one protein, they are expected to act as a mono-
cistron due to the presence of stop codons in the structural proteins. Utilizing
the trick highlighted here, SARS-CoV-2 can express its full protein
repertoire, which leaves one last remaining step: to assemble and release new
viral particles. The viral release step is less well studied. However, the
structural proteins play a role in assembling new viral particles, which are
then released either through exocytosis or lysosomal trafficking. The
structure of the viral genome and aspects of viral protein production during
replication are presented in Figure 4.
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Figure 4 — Genome of SARS-CoV-2 and protein production. A densely coding
genome is directly translated into two large poly-proteins via ribosomal
frameshifting. The poly-proteins are processed into mature NSPs through the
action of NSP3 and NSP5. On the other hand, structural and accessory proteins
are produced via sub-genomic RNA.
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CORONAVIRUSES AND YEAST

The pandemic caused by SARS-CoV-2 had severe consequences world-
wide. It also caused multiple nuisances such as lockdowns and travel
restrictions. The scientific community was faced with a unique situation of
lack of lab supplies since the majority of the available resources were
channeled towards combating SARS-CoV-2. This was particularly disastrous
for RNA labs such as ours, since SARS-CoV-2 studies utilized similar
reagents to what is used for the study of RNA in other organisms. We
decided that instead of completely halting our scientific activity, we would
also join the efforts of combating SARS-CoV-2. We reasoned that yeast can
easily be used to identify possible inhibitors for NSP5. The past success with
expressing active PLpro from SARS-CoV in yeast encouraged us to pursue
this further [224]. Prior to initiating this concept, we had been developing
reporters for NMD in yeast cells. Some of those reporters were based on an
earlier concept that aimed to define changes in NMD based on differential
toxicity. However, we quickly abandoned those designs due to their high
toxicity in the cells. Nonetheless, it turns out that with minor modifications to
that NMD reporter (from thesis paper 1) we could turn it into a cleavage
reporter for NSP5 instead, which allowed detection of anti-viral compounds
with a high sensitivity (detailed in thesis paper III). Subsequent to our initial
report of NSP5 expression in yeast [225], other groups expressed NSP5 in
yeast and found a unique niche for using yeast in mapping the effect of
substituting every position in NSP5 with all possible amino acids [226] or
identifying mutations that would cause resistance to nirmatrelvir (the active
ingredient of Paxlovid) [227]. Recently, another genetic system in yeast was
developed to assess the viral capping protein (NSP14) and was able to
identify important functional residues [228]. It is our hope that additional
systems will continue being developed using yeast, as the safety and ease of
handling would allow faster dissemination of these experimental systems to
address key aspects of SARS-CoV-2 biology as well as lead to the
identification of new antivirals.
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CONCLUDING REMARKS

In conclusion, the pandemic has been a difficult time for us all. It is
important to realize that this represents a wakeup call from nature not to
neglect observing our surroundings until the situation is severe. While many
people consider the pandemic to be over, this is not true. New infections are
occurring every day and new variants are likely to emerge, hence, a new
severe pandemic is not a matter of “if” rather a matter of “when”. On a more
positive note, it was great seeing what science can accomplish when
resources and minds are aligned to a singular goal.
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SUMMARY AND FUTURE PERSPECTIVES
PAPER |

RNA half-life study methodologies vary. In paper I, we show that the
methodologies used for RNA half-life studies are not equally reliable and
some methods have little biological relevance. We also show that methods
based on nucleotide conversion can easily be adapted to yeast and the
resulting half-lives calculated from such methods are highly correlated to
more recent and robust methods. The output of paper I is summarized as
follows:

e SLAM-seq was adapted for use for yeast as an alternative
for the laborious pull-down based approaches.

e RNA half-lives were calculated on a genome-wide scale in a
wild-type strain and an NMD knockout strain and 225 new
transcripts targeted by NMD were identified.

e  We show that a pulse-chase approach gives highly correlated
half-life values to those obtained with the approach to
equilibrium scheme, only when the samples are analyzed by
SLAM-seq and not by pull-down approaches.

In the future, we envision that SLAM-seq will be useful for any kind of
biological question that aims to investigate aspects of RNA metabolism in
yeast. We are aiming to produce additional SLAM-seq data sets from
different stress conditions and assess how different stressors affect RNA
dynamics. However, additional experiments to refine the method further will
be carried out. In our work, we matched our label concentration to another
work that used the pulse-chase approach. However, other groups use different
label concentrations and it is not clear what effect it would have on our
application. Moreover, we used strains that are auxotrophic for uracil,
therefore necessitating adding a small amount of uracil during the labeling
phase, and the effect of using strains that are prototrophic for uracil on the
labeling efficiency has not been investigated. The above points will be
addressed experimentally. However, we speculate that an increase in labeling
efficiency will be observed both with increasing the label concentration and
using a prototrophic strain while omitting uracil from the labeling media.
This is likely to require the use of longer read lengths compared to what we
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used in our publication to compensate for increased misalignment that stems
from the increase of number of mismatches expected for each transcript.
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PAPER I

NMD reporters that were used in early studies of NMD depended on rare
mutant transcript forms that render them NMD sensitive. In paper II, we
constructed NMD sensitive reporters in a systematic manner and identified a
design that is able to detect changes in NMD even with strains mutated in
NMD factors that have a relatively mild effect on NMD. Additionally, we
characterized two of our designed constructs using the yeast deletion library
in order to identify other factors that possibly influence NMD efficiency. The
output of paper Il is summarized as follows:

e Multiple NMD reporters were designed and tested in an
NMD proficient background and an NMD defective
background. In these reporters, growth was used as the
phenotype that is coupled to NMD as this will allow the
transfer of the reporter to other laboratories without the
requirement of any specialized equipment to read the output.

e We show that the requirement for the amount of different
auxotrophic markers to support growth varies. This allows
for additional reporter design to be made with a prior
expectation of how much background growth is to be
predicted.

e The results of characterization of the reporters in the yeast
deletion library show that the histidine marker-based
reporter performs better than the leucine marker-based
reporter in detecting weak NMD factors. Additionally, we
provide support to the recent observation that TMA20
influences NMD and we identify VPS2/ as an influencing
factor to the efficiency of NMD only under the condition
where NMD is challenged by strongly expressing an
NMD-targeted transcript.

Currently, we are investigating how the deletion of VPS2/ might be
influencing NMD through analyzing downstream targets such as VMA
proteins (check paper II for details). The designed constructs offer the
possibility to investigate how NMD is affected by different conditions such
as environmental stress or frans-acting viral proteins. We speculate that our
simple system should facilitate such efforts; moreover, we plan to expand the
repertoire of our reporters to include an intron-containing reporter as the
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current system cannot detect possible NMD effects that are coupled to
splicing. One critique to the current system is the dependence on amino acid
drop-out condition, which in itself might have an unexpected effect on NMD.
In order to address this we started preparing vectors that carry GFP hence
circumventing the need to use auxotrophic markers.
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PAPERIII

When the pandemic first began, in vitro methods were used to identify anti-
virals that target the SARS-CoV-2 major protease. However, as knowledge
accumulated on the major protease it became clear that these methodologies
were not optimized and this resulted in large fraction of false positive
compounds that did not have any effect on the major protease in vivo (check
paper III for details). In paper III, we created a sensitive in vivo yeast-based
system that allows the identification of anti-virals more reliably and allows
compounds that are expected to be cytotoxic to be ruled out earlier as
compared to in vitro methods. The output of paper IIl is summarized as
follows:

e We show that functional SARS-CoV-2 major protease can be
expressed in yeast and phenotypically causes slow growth most
likely due to cleavage of yeast proteins.

e We optimized the parameters of a sensitive readout positive selection
system for inhibitors of the SARS-CoV-2 major protease in yeast
based on a bacterial RNA toxin. The system allows the detection of
anti-viral activity of various potential inhibitors by inhibiting the
toxicity that results from coupling the major protease to activation of
the toxin.

We expect the design of this system to be compatible with other proteases
that represent viable therapeutic targets from other pathogens; hence we plan
to build similar systems intended for different proteases. Furthermore, the use
of fluorescent markers as the direct protease substrate is being considered to
replace the toxin. Finally, work-flows to completely convert the system into
an automated system are being explored.
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